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Foreword by Mami Mizutori

More landslides can be expected as climate change exacerbates rainfall intensity. The
long-term trend of the last 40 years has seen the number of major recorded extreme weather
events almost double, notably floods, storms, landslides, and wildfires.

Landslides are a serious geological hazard. Among the host of natural triggers are intense
rainfall, flooding, earthquakes or volcanic eruption, and coastal erosion caused by storms that
are all too often tied to the El Niño phenomenon. Human triggers including deforestation,
irrigation or pipe leakage, and mine tailings, or stream and ocean current alteration can also
spark landslides. Landslides can also generate tsunamis, as Indonesia experienced in 2018.

Globally, landslides cause significant economic loss and many deaths and injuries each
year. Therefore, it is important to understand the science of landslides: why they occur, what
factors trigger them, the geology associated with them, and where they are likely to happen.

Landslides with high death tolls are often a result of failures in risk governance, poverty
reduction, environmental protection, land use and the implementation of building codes.
Understanding the interrelationships between earth surface processes, ecological systems, and
human activity is the key to reducing landslide risk.

The Sendai Framework for Disaster Risk Reduction, the global plan to reduce disaster
losses adopted in 2015, emphasizes the importance of tackling these risk drivers through
improved governance and a better understanding of disaster risk.

One important vehicle for doing that is the Sendai Landslide Partnerships 2015–2025 for
global promotion of understanding and reduction of landslide risk facilitated by the Interna-
tional Consortium on Landslides (ICL) and signed by the leaders of 22 global stakeholders,
including the UN Office for Disaster Risk Reduction (UNDRR), during the Third UN World
Conference on Disaster Risk Reduction in Sendai, Japan.

The Sendai Landslide Partnerships—featured on the Sendai Framework Voluntary Com-
mitments online platform—helps to provide practical solutions and tools, education, and
capacity building, to reduce landslide risks.

The work done by the Sendai Partnerships can be of value to many stakeholders including
civil protection, planning, development and transportation authorities, utility managers, agri-
cultural and forest agencies, and the scientific community.
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UNDRR fully supports the work of the Sendai Landslide Partnerships and ICL and looks
forward to an action-oriented outcome from the 5th World Landslide Forum to be held in
November 2020 in Kyoto, Japan. Successful efforts to reduce disaster losses are a major
contribution to achieving the overall 2030 Agenda for Sustainable Development.

Mami Mizutori
United Nations Special Representative of the

Secretary-General for Disaster Risk Reduction
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Foreword by the Assistant Director-General for the
Natural Sciences Sector of UNESCO for the Book
of the 5th World Landslide Forum

xiii

As the world slowly recovers from the COVID-19 global pandemic, and looking back at the
way this crisis developed, it becomes evident that as a global community we were not prepared
for an event of this scale. Although not commonly perceived as such, biological hazards such
as epidemics are included in the Sendai Framework for Disaster Risk Reduction 2015–2030.
In that sense, the preparedness approach for a pandemic is very similar to that of a geophysical
natural hazard such as landslides.

Although natural hazards are naturally occurring phenomena, the likelihood of their
occurrence and of associated disasters is rising. Climate change, urban pressure,
under-development and poverty and lack of preparedness are increasingly transforming these
natural hazards into life-threatening disasters with severe economic impacts. Therefore,
Disaster Risk Reduction (DRR) is gaining momentum on the agenda of the UN system of
Organizations including UNESCO. While the Sendai Framework for Disaster Risk Reduction
2015–2030 is the roadmap for DRR, other global agendas including the Sustainable Devel-
opment Goals, the Paris Climate Agreement and the New Urban Agenda have targets which
cannot be attained without DRR.

In shaping its contribution to those global agendas, UNESCO is fully committed in sup-
porting its Member States in risk management, between its different mandates and disciplines
and with relevant partners. The International Consortium on Landslides (ICL) is UNESCO’s
key partner in the field of landslide science. The Organization’s support to the Consortium is
unwavering. Since ICL was established in 2002, the two organizations have a long history of
cooperation and partnership and UNESCO has been associated with almost all of ICL
activities. I am very glad that ICL and UNESCO are mutually benefitting from their
collaboration.

The 5th World Landslide Forum (WLF5) is expected to represent a milestone in the history
of landslide science particularly for scientists and practitioners. One of the major outcomes of
WLF5 will be the Kyoto 2020 Commitment for global promotion of understanding and
reducing landslide disaster risk (KLC2020). This commitment is expected to strengthen and
expand the activities of the Sendai Landslide Partnership 2015–2025. With UNESCO already
engaged as a partner, the adoption of this international commitment will raise global aware-
ness on landslide risk and mobilize wider partnerships that draw together stakeholders from all
levels of society, across different regions, sectors and disciplines.

It is my great pleasure to congratulate the organizers for holding this event and assure you
that UNESCO is fully committed in contributing to its success. As part of that contribution,
our Organization is proud to host a session on landslides and hazard assessment at
UNESCO-designated sites such as natural World Heritage sites, biosphere reserves and
UNESCO Global Geoparks. This session aims to assess landslide impacts on our shared
cultural and natural heritage, providing the best opportunity to generate public awareness and
capacity development for landslide disaster reduction.



I am confident that WLF5 will contribute to further advance the knowledge of both
scientists and practitioners regarding landslide disaster risk reduction. This book paves the
way for the science, knowledge and know-how which will feature in the deliberations of the
Forum. UNESCO commends all of the contributors to this publication. I look forward to an
enhanced collaboration between UNESCO and ICL in future activities and undertakings.

Shamila Nair-Bedouelle
Assistant Director-General for Natural Sciences

UNESCO
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Preface I

xv

Understanding and Reducing Landslide Disaster Risk

Book Series: ICL Contribution to Landslide Disaster Risk

The International Consortium on Landslides (ICL) was established in pursuance of the 2002
Kyoto Declaration “Establishment of an International Consortium on Landslides,” with its
Statutes adopted in January 2002. The Statutes define the General Assembly of ICL as
follows: in order to report and disseminate the activities and achievements of the Consortium,
a General Assembly shall be convened every 3 years by inviting Members of the International
Consortium on Landslides, individual members within those organizations, and all levels of
cooperating organizations and individual researchers, engineers, and administrators. The
General Assembly developed gradually prior to, during and after its first meeting in 2005. In
the light of the 2006 Tokyo Action Plan, the Assembly was further facilitated at, and following
the First World Landslide Forum held in November 2008. On the occasion of each of its
triennial forums, ICL publishes the latest progress of landslide science and technology for the
benefit of the whole landslide community including scientists, engineers, and practitioners in
an understandable form. Full color photos of landslides and full color maps are readily
appreciated by those from different disciplines. We have published full color books on
landslides at each forum. In 2019, ICL created a new book series “ICL Contribution to
Landslide Disaster Risk Reduction” ISSN 2662-1894 (print version) and ISSN 2662-1908
(electronic version). Six volumes of full color books Understanding and Reducing Landslide
Disaster Risk will be published in 2020 as the first group of books of this series.

The Letter of Intent 2005 and the First General Assembly 2005

The United Nations World Conference on Disaster Reduction (WCDR) was held in Kobe,
Japan, 18–22 January 2005. At this Conference, ICL organized session 3.8 “New international
Initiatives for Research and Risk Mitigation of Floods (IFI) and Landslides (IPL)” on 19
January 2005 and adopted a “Letter of Intent” aimed at providing a platform for a holistic
approach in research and learning on ‘Integrated Earth System Risk Analysis and Sustainable
Disaster Management’. This Letter was agreed upon and signed, during the first semester of
2005, by heads of seven global stakeholders including the United Nations Educational, Sci-
entific and Cultural Organization (UNESCO), the World Meteorological Organization
(WMO), the Food and Agriculture Organization of the United Nations (FAO), the United
Nations International Strategy for Disaster Risk Reduction (UNISDR-currently UNDRR), the
United Nations University (UNU), the International Council for Science (ICSU-Currently
ISC), and the World Federation of Engineering Organizations (WFEO).

The first General Assembly of ICL was held at the Keck Center of the National Academy of
Sciences in Washington D.C., USA, on 12–14 October 2005. It was organized after the
aforementioned 2005 World Conference on Disaster Reduction (WCDR). ICL published the



first full color book reporting on Consortium activities for the initial 3 years, 2002–2005 titled
“Landslides-Risk analysis and sustainable disaster management”. In the preface of this book,
the Letter of Intent for Integrated Earth System Risk Analysis and Sustainable Disaster
Management was introduced. Results of the initial projects of the International Programme on
Landslides (IPL) including IPL C101-1 Landslide investigation in Machu Picchu World
Heritage, Cusco, Peru and previous agreements and MoU between UNESCO, ICL and the
Disaster Prevention Research Institute of Kyoto University including UNESCO/KU/ICL
UNITWIN Cooperation programme were published as well in this book.

The 2006 Tokyo Action Plan and the First World Landslide Forum 2008

Based on the Letter of Intent, the 2006 Tokyo Round-Table Discussion—“Strengthening
Research and Learning on Earth System Risk Analysis and Sustainable Disaster Management
within UN-ISDR as Regards Landslides”—towards a dynamic global network of the Inter-
national Programme on Landslides (IPL) was held at the United Nations University, Tokyo, on
18–20 January 2006. The 2006 Tokyo Action Plan—Strengthening research and learning on
landslides and related earth system disasters for global risk preparedness—was adopted.
The ICL exchanged Memoranda of Understanding (MoUs) concerning strengthening coop-
eration in research and learning on earth system risk analysis and sustainable disaster man-
agement within the framework of the United Nations International Strategy for Disaster
Reduction regarding the implementation of the 2006 Tokyo action plan on landslides with
UNESCO, WMO, FAO, UNISDR (UNDRR), UNU, ICSU (ISC) and WFEO, respectively in
2006. A set of these MoUs established the International Programme on Landslides (IPL) as a
programme of the ICL, the Global Promotion Committee of IPL to manage the IPL, and the
triennial World Landslide Forum (WLF), as well as the concept of the World Centres of
Excellence on Landslide Risk Reduction (WCoE).

The First World Landslide Forum (WLF1) was held at the Headquarters of the United
Nations University, Tokyo, Japan, on 18–21 November 2008. 430 persons from 49
countries/regions/UN entities were in attendance. Both Hans van Ginkel, Under
Secretary-General of the United Nations/Rector of UNU who served as chairperson of the
Independent Panel of Experts to endorse WCoEs, and Salvano Briceno, Director of UNISDR
who served as chairperson of the Global Promotion Committee of IPL, participated in this
Forum. The success of WLF1 paved the way to the successful second and third World
Landslide Forum held in Italy and China respectively.

The Second World Landslide Forum 2011 and the Third World Landslide
Forum 2014

The Second World Landslide Forum (WLF2)—Putting Science into Practice—was held 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, UNDRR, UNU, ISC, WFEO) and two ICL members from 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. It attracted 864 participants from 63 countries.

The Third World Landslide Forum (WLF3) was held at the China National Convention
Center, Beijing, China, on 2–6 June 2014. A high-level panel discussion on an initiative to
create a safer geoenvironment towards the UN Third World Conference on Disaster Risk
Reduction (WCDRR) in 2015 and forward was moderated by Hans van Ginkel, Chair of
Independent Panel of Experts for World Centers of Excellence (WCoE). In a special address to
this high-level panel discussion, Irina Bokova, Director-General of UNESCO, underlined that
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countries should be united to work against natural disasters and expressed commitment that
UNESCO would like to further deepen cooperation with ICL. Ms. Bokova awarded certifi-
cates to 15 World Centres of Excellence.

The Sendai Landslide Partnerships 2015 and the Fourth World Landslide
Forum 2017

The UN Third World Conference on Disaster Risk Reduction (WCDRR) was held in Sendai,
Japan, on 14–18 March 2015. ICL organized the Working Session “Underlying Risk Factors”
together with UNESCO, the Japanese Ministry of Land, Infrastructure, Transport and Tourism
(MLIT) and other competent organizations. The session adopted ISDR-ICL Sendai Partner-
ships 2015–2025 (later changed to Sendai Landslide Partnerships) for global promotion of
understanding and reducing landslide disaster risk as a Voluntary Commitment to the World
Conference on Disaster Risk Reduction, Sendai, Japan, 2015 (later changed to Sendai
Framework for Disaster Risk Reduction). After the session on 16 March 2015, the Partner-
ships was signed by Margareta Wahlström, Special Representative of the UN
Secretary-General for Disaster Risk Reduction, Chief of UNISDR (UNDDR), and other
representatives from 15 intergovernmental, international, and national organizations. Fol-
lowing the Sendai Landslide Partnerships, the Fourth World Landslide Forum was held in
Ljubljana, Slovenia from 29 May to 2 June in 2017. On that occasion, five volumes of full
color books were published to disseminate the advances of landslide science and technology.
The high-level panel discussion on 30 May and the follow-up round table discussion on 31
May adopted the 2017 Ljubljana Declaration on Landslide Risk Reduction. The Declaration
approved the outline of the concept of “Kyoto 2020 Commitment for global promotion of
understanding and reducing landslide disaster risk” to be adopted at the Fifth World Landslide
Forum in Japan, 2020.

The Fifth World Landslide Forum 2020 and the Kyoto Landslide
Commitment 2020

The Fifth World Landslide Forum was planned to be organized on 2–6 November 2020 at the
National Kyoto International Conference Center (KICC) and the preparations for this event
were successfully ongoing until the COVID-19 pandemic occurred over the world in early
2020. The ICL decided to postpone the actual Forum to 2–6 November 2021 at KICC in
Kyoto, Japan. Nevertheless, the publication of six volumes of full color books Understanding
and Reducing Landslide Disaster Risk including reports on the advances in landslide science
and technology from 2017 to 2020 is on schedule. We expect that this book will be useful to
the global landslide community.

The Kyoto Landslide Commitment 2020 will be established during the 2020 ICL-IPL
Online Conference on 2–6 November 2020 on schedule. Joint signatories of Kyoto Landslide
Commitment 2020 are expected to attend a dedicated session of the aforementioned Online
Conference, scheduled on 5 November 2020 which will also include and feature the Decla-
ration of the launching of KLC2020. Landslides: Journal of the International Consortium on
Landslides is the common platform for KLC2020. All partners may contribute and publish
news and reports of their activities such as research, investigation, disaster reduction admin-
istration in the category of News/Kyoto Commitment. Online access or/and hard copy of the
Journal will be sent to KLC2020 partners to apprise them of the updated information from
other partners. As of 21 May 2020, 63 United Nations, International and national organiza-
tions have already signed the KLC2020.
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Call for Partners of KLC2020

Those who are willing to join KLC2020 and share their achievements related to understanding
and reducing landslide disaster risk in their intrinsic missions with other partners are invited to
inform the ICL Secretariat, the host of KLC2020 secretariat (secretariat@iclhq.org). The ICL
secretariat will send the invitation to the aforementioned meeting of the joint signatories and
the declaration of the launching of the KLC2020 on 5 November 2020.

Eligible Organizations to be Partners of the KLC2020

1. ICL member organizations (full members, associate members and supporters)
2. ICL supporting organization from UN, international or national organizations and

programmes
3. Government ministries and offices in countries having more than 2 ICL on-going members
4. International associations /societies that contribute to the organization of WLF5 in 2021

and WLF6 in 2023
5. Other organizations having some aspects of activities related to understanding and

reducing landslide disaster risk as their intrinsic missions.
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Appendix: World Landslide Forum Books

WLF Place/participants Title Editors Publisher/pages

WLF0
(1st
General
Assembly)
2005

Washington D.C.,
USA
59 from 17
countries/UNs

Landslides-Risk
Analysis and
Sustainable Disaster
Management

Kyoji Sassa,
Hiroshi Fukuoka,
Fawu Wang,
Goghui Wang

Springer/377 pages
ISBN:
978-3-540-2864-6

WLF1
2008

Tokyo, Japan
430 from 49
countries/regions/UNs

Landslides-Disaster
Risk Reduction

Kyoji Sassa,
Paolo Canuti

Springer/649 pages
ISBN:
978-3-540-69966-8

WLF2
2011

Rome, Italy
864 from 63 countries

Landslide Science
and Practice
Vol. 1 Landslide
inventory and
Sustainability and
Hazard Zoning

Claudia
Margottini, Paolo
Canuti, Kyoji
Sassa

Springer/607 pages
ISBN:
978-3-642-31324-0
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Preface II

Landslides, among the most devastating natural disasters in the world, have been, annually,
killing thousands of lives, affecting millions of people, and causing billions of dollars of
property damage globally. Understanding the causes of specific landslides and their failure
mechanisms will help us developing appropriate mitigation measures. Specifically, as land-
slides directly affect our lifeline infrastructures, applying appropriate engineering judgement
while designing sustainable and suitable prevention works using locally available manpower
and resources is very important for any strategic landslide management planning. With the
advancement of new technology and knowledge, there has been a significant enhancement in
the resources available for the analyses of landslides and debris flow disasters, prior to
developing their mitigation measures. Dissemination of such information through scientific
platforms such as publication, conferences, and global lecture series play an important role in
reducing the impact of landslide disasters globally and developing resilient community. More
importantly, methods pertinent to in situ and laboratory testing, numerical and experimental as
well as physical modeling, and tools available for landslide risk assessment advance very
quickly and utilization of globally available resources for landslide testing, modeling, and risk
assessment help in promoting global partnership on landslide hazard mitigation. This volume
of the book series is intended to compile articles from all over the world, specifically related to
recent development on testing, analyzing, modeling, and risk assessment techniques to reduce
landslide hazards.

Divided into six parts, this volume includes 5 keynote lectures and 45 peer-reviewed papers
in five different research areas pertinent to the theme of this volume, namely, recent devel-
opment in physical modeling of landslides, recent development in numerical modeling of
landslides, recent development in soil and rock testing techniques, application and analysis
methods, recent advancements in the methods of slope stability and deformation analyses, and
recent development in disaster risk assessment.

The Keynote lectures have been authored by global experts on numerical and physical
modeling of landslides, laboratory, and in situ testing of soil and rock, stability and defor-
mation analysis, and landslide risk assessment and cover case studies associated with each
topics including but not limited to the seismically induced landslides such as due to the 2015
Gorkha earthquake 1994 Northridge Earthquake, rainfall-induced landslides such as the 2014
Oso Landslide in Washington, and large landslides that occurred along the Jinsha River in
China.

Eight different articles authored by lead scientists in physical modeling of landslides from
seven countries in four different continents, such as from New Zealand, Indonesia, Malaysia,
Japan, China, the USA, and Italy, cover the topics ranging from laboratory-based modeling of
rock blocks to saturated as well as partially saturated soils, engineered to natural as well as
tailings and submarine slopes, flume based to full scale as well centrifuge modeling, and
caused by construction practices to wildfire as well as rainfall and earthquakes. Likewise, 17
different articles authors by global leaders on numerical modeling of landslides and debris
flows, specifically from Taiwan, the UK, Belgium, Spain, Austria, Japan, Italy, Vietnam, and
Serbia, cover various aspects of numerical modeling ranging from 1D to 3D, rock slope to soil
slope, locally developed to commercially available software as well as GIS and remote sensing
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techniques, simple rendering to virtual reality techniques, rockfall to debris flows as well as
dam break, natural to submarine slopes, finite element to discrete element as well as consti-
tutive modeling, and saturated to unsaturated slopes. Moreover, nine articles authored by
global scientific research leads from Italy, Sri Lanka, China, Indonesia, Japan, and the USA,
on various aspects of soil and rock testing techniques as well as application and analysis
methods, cover testing methods ranging from direct shear to ring shear as well as cyclic or
monotonic simple shear tests, simple to customized tests, and laboratory to field tests. On the
other hand, four papers authored by scientists from Turkey, Japan, and the UK on recent
advancements in the methods of slope stability and deformation analyses cover topics ranging
from 2D to 3D analyses methods, analysis techniques for movement mechanism to counter-
measure design, soil to rock slopes, limit equilibrium to finite element as well as deformation
analyses, and effects on shallow landslides to tsunami generating coastal slopes. Likewise,
eight articles authored by global experts on landslide disaster risk assessment from Canada,
India, Italy, Indonesia, Slovenia, New Zealand, Hong Kong, and Japan, cover various aspects
of disaster risk assessment techniques ranging from saturated to unsaturated slopes, soil to
rock slopes, and various causative factors spanning from wildfires to rainfall as well as
earthquakes.

All papers published in this volume went through rigorous peer review process and were
accepted with at least one affirmative review decision. The author would like to acknowledge
the tireless work of the associate editors of this volume, Drs. Beena Ajmera, Sabatino Cuomo,
Katsuo Sasahara, and Ryosuke Uzuoka for effectively handling the review process, specifi-
cally assigning the manuscripts to appropriate reviewers, and making decisions based on the
reviewers’ suggestion and their own judgement. Moreover, the author thanks over 50
reviewers who dedicated their time and effort to go over the manuscripts, review them, and
provide constructive suggestions to improve the quality of the manuscripts.

Fullerton, CA, USA Binod Tiwari
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Introduction—Testing, Modeling and Risk
Assessment

Binod Tiwari, Beena Ajmera, Sabatino Cuomo, Katsuo Sasahara,
and Ryosuke Uzuoka

Abstract

There has been a significant progress in landslide
mitigation strategies in recent years. Recent advancement
in physical or experimental and numerical modelling,
testing methods to evaluate soil properties, and comput-
ing capabilities for slope and deformation analyses as
well as landslide risk assessment lead the global scientists
to prepare in advance for landslide hazard mitigation. The
papers collected in this volume, authored by global
leaders in scientific research pertinent to landslide hazard
mitigation, provide testament of the progress we made
recently on landslide hazard mitigation, specifically on
recent development in testing, modelling and risk assess-
ment methods.

Keywords

In-situ testing � Laboratory testing � Experimental
modeling � Numerical modeling � Slope stability �
Deformation analysis � Risk assessment

Background

While evaluating mass movement such as landslides and
debris flows, properties of materials involved in the process
play an important role. The material testing methods,
instrumental as well as computational sensitivities, and
accuracy levels have progressively been improved with the
development of newer technology. Moreover, with the
development of better technology every year, mass move-
ment modeling techniques, both numerical and experimen-
tal, have significantly been improved in the past decade.
Such modeling capabilities help researchers significantly to
understand the mass movement behavior and perform sen-
sitivity analyses at significantly lower cost compared to full
scale models. One area that has significantly improved with
the development of robust technology and efficient modeling
techniques is landslide or debris flow risk assessment.
Recent advancement in testing, modeling and risk assess-
ment have been discussed routinely in various conferences
and forums in the past, including the World landslide Forum
4 (Mikos et al. 2017a, b). Volume 4 of this book series
(Tiwari et al. 2020) incorporates papers by leading scientists
in the world who are making tireless efforts in research
pertinent to the recent development and advancement in
testing, modeling, and risk assessment for the mitigation of
hazards caused by landslides, debris flows and other mass
movements. This volume includes five keynote lectures and
45 peer reviewed papers in five different research areas
pertinent to the theme of this volume. The entire volume is
divided into six parts—(I) Keynote Lectures, (II) Recent
Development in Physical Modeling of Landslides,
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(III) Recent Development in Numerical Modeling of Land-
slides, (IV) Recent Development in soil and rock testing
techniques, application and analysis methods, (V) Recent
advancements in the methods of slope stability and defor-
mation analyses, and (VI) Recent Development in Disaster
Risk Assessment. Presented in the subsequent sections are
the brief descriptions of the papers covered in each part. All
of these papers were peer reviewed and accepted with at
least one affirmative review decision. The editors of this
volume express their appreciation to the reviewers who have
provided their valuable time to review the manuscript sub-
mitted in this volume.

Part I—Keynote Lectures

Tiwari and Ajmera (2020) has compiled state of the practice
knowledge regarding shearing behavior and resistance of
soil, specifically fully softened and residual shear strength,
and recommended the procedure for utilizing residual and
fully softened shear strengths for slope stability analysis in
practice. In this key-note paper, the authors outlined the
details regarding currently available testing methods and
their benefits as well as limitations, regression equations to
estimate such strengths with easily measurable index prop-
erties, and the influence of pore water chemistry as well as
mineralogical compositions on these shear strengths. The
authors also outlined various interpretation techniques to
obtain shear strength parameters from laboratory test results
and their influence in slope stability analysis results.

Stark and Xu (2020) describes the 2014 Oso Landslide in
Washington focusing on the use of three computer programs
to estimate the runout characteristics with the intent of
comparing the results obtained with the field observations.
The paper describes the two-phase failure of the landslide in
which significant strength losses occur resulting in 1.4 km of
movement and destroying a residential community. The
material is described to undergo brittle failure during the
second phase. Stark and Xu (2020) also describe the previ-
ous landslide history in the region. From their comparison of
the runout results obtained from DAN3D, FLO-2D and
Anura3D models, the authors find the runout zone is
under-predicted by the FLO-2D model. The results from
DAN3D and Anura3D were both found to be in good
agreement with the field observations.

Pradel (2020) presents recent advancements geomechan-
ical modelling, specifically in slope and deformation analy-
sis, and provided some guidelines to use the results of such
modelling in landslide stabilization practice. Two applica-
tions are considered in the key-note paper, which suit well
for slope stability modelling. In the analysis of slope repairs
and landslide stabilizations that combine multiple structural
elements (e.g., several rows of piles with tiebacks),

numerical modelling can enhance understanding. The seis-
mic performance of slopes also greatly benefits from mod-
elling, especially in the cases where dynamic amplification
and permanent seismic displacements are a major concern.

Ajmera and Tiwari (2020) provided an extensive review on
slope stability and deformation analysis methods available in
practice. Such analyses range from easily developable excel
spreadsheets to specific software programs as well as GIS
software. This key-note paper details with the methods
commonly used in practice for slope stability analysis both for
natural as well as engineered slopes and outlines the impor-
tance of back analysis method to analyze stability of land-
slides. In this paper, the authors have included case studies
available in the literature to illustrate some of the slope sta-
bility and deformation analysis methods.

The study by Zhang et al. (2020) presents a protocol for
managing the risk of landslide hazard chains. This protocol
is stated to quantify the amplification and overlapping effects
of multiple hazards. This protocol is applied to landslide
hazard chains for two large landslides that occurred along
the Jinsha River. For these landslides, the measures imple-
mented to reduce short and long-term risks and conse-
quences are also described in the paper. The paper also
presents an extensive list of future research avenues associ-
ated with landslide hazard chain risk management.

Part II—Recent Development in Physical
Modeling of Landslides

Chen and Orense (2020) investigated the use of a magnetic
tracking system applied at the laboratory-scale to measure
the behaviour of the blocks as they propagate downslope.
The system consists of permanent magnets as trackers and
magnetometers as receivers. For various combinations of
pile height, block volume and surface inclination, the dis-
placements and orientations of the permanent magnet, rep-
resenting one of the blocks undergoing movement, are
monitored from which kinematic quantities are captured to
highlight the behaviour of the blocks as they flow down the
chute. The results obtained coincide very well with image
analysis from video camera.

Yanto and Apriyono (2020) presents a new physically-
based method for translational landslides to calculate the
factor of safety. The proposed method was used to calculate
the factor of safety for unsaturated and saturated materials. It
is stated that unlike the previous methods, the method pro-
posed in this study estimates the depth of the sliding surface
as a function of the bearing capacity. Yanto and Apriyono
(2020) compared the results from their method against field
observations of landslides in the Sirampog and Kandang
Serang subdistrict in Western Central Java. It was stated that
there was good agreement.
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Azmi et al. (2020) carried out an integrated analysis of
rainfall-induced landslides through a laboratory test, as well
as laboratory and numerical analyses. A set of
laboratory-scale soil slopes was subjected to instability
through different modes of rainfall intensities and slope
inclination to clarify the process of failure initiation. A nu-
merical analysis was also performed to confirm the effect of
these factors on landslide occurrence. The results of the
experiment and analyses concluded that the unsaturated
slope stability analysis, setting the initial conditions and
boundary condition, is important in dealing with the issues
presented in their experiments.

Centrifuge model slope experiments with the increase of
groundwater level were implemented by Hiraoka et al.
(2020) to develop warning and evacuation alerts for workers
in construction sites for slope excavation. Three cases of
model slope with different slope angles were set up for the
experiment. The results showed that the model slopes col-
lapsed with groundwater while they did not collapse without
groundwater under same slope angle. Shear deformation was
measured by strain meters installed at the surface layers of
the slopes. The deformation showed accelerative increase
prior to the failure. Standard deviation of the increase of the
deformation could be the criteria for alert. The slope might
collapse soon when the increase of the deformation velocity
exceeded the criteria based on the standard deviation.

To study the failure of tailing dam slopes, Hu et al.
(2020) conducted a series of flume tests. The model slopes
were constructed using iron waste deposits from the
An-Nigh tailing pond in China and prepared to various rel-
ative densities. Hu et al. (2020) found that the failure
mechanism varied based on the relative density with sudden
collapses occurring when the relative density was less than
35% and progressive failures occurring when the relative
density was greater. Specifically, sudden failure resulted
when the saturation of caused densification of the soil mass
resulting in the formation of crack that increased the pore
pressure at the toe of slope. The authors also noted that
multiple sliding surfaces initiating at the toe of the slope
extending further upslope were characteristic of the pro-
gressive failures observed in their tests.

Tiwari (2020) measured velocity of infiltration of rain-
water in model slope with different vegetation cover density
under artificial rainfall to examine the influence of vegeta-
tion on surface runoff or infiltration during rainfall. Defini-
tion of vegetation cover, that the author considered, was ratio
of area covered with leaves of a plant to that of slope surface
area. Velocity of vertical infiltration of rainwater was larger
until a certain value of vegetation cover density and it was
almost constant above that threshold value. The result
showed that the vegetation encouraged rainwater infiltration
into the slope. Factor of safety of the slope was lower in the
slope with vegetation cover of more density according to the

slope stability analysis conducted by modelling the effect of
a degree of saturation and vegetation cover density on shear
strength of the soil in the slope.

Carey et al. (2020) studied potential failure mechanisms
of submarine landslides in the laboratory. Specifically, the
study evaluates mechanisms for both shallow and deep
submarine landslides considering both the impacts of
earthquakes and elevated pore pressures, separately. The
experimentation is performed in a modified dynamic back
pressure shear box using soils collected from the Tuaheni
Landslide Complex off the east coast of New Zealand. From
the results obtained, Carey et al. (2020) observed several
different failure patterns. These observations were used to
describe two potential failure mechanisms that submarine
landslides may be subjected to.

The effect of rainfall infiltration on the stability of layered
slopes were studied using flume tests in Capparelli et al.
(2020). The study presents the results from three tests
modeling slopes with (a) one layer comprised entirely of
volcanic ash, (b) two layers consisting of pumice and vol-
canic ash and (c) three layers consisting of pumice between
two layers of volcanic ash. Based on the results obtained, the
authors conclude that the stability of the slope depended on
the pumice layers in the models. The behavior of the pumice
was noted to be dependent on the initial humidity and the
intensity and duration of the rainfall applied. Capparelli et al.
(2020) found that the ash hampered the drainage of pore
pressures generated during the rainfall events, which will
result in a reduction in the soil suction and the associated
shear strength. As a result, localized shallow slope failures
were observed in the one and three layer models., but not in
the two layer model.

Part III—Recent Development in Numerical
Modeling of Landslides

Ruiz-Carulla et al. (2020) proposes a model to replicate the
fragmentation of a rockfall event. This model is, then,
implemented in RockGIS, which is a three-dimensional
trajectory rockfall simulator. To verify the proposed model,
the authors used UAV surveys and digital photogrammetry
to determine the block size distribution of a fragmented
rockfall in Mallorca, Spain. The results from RockGIS were
verified with the field observations finding good agreement
between the two. It is also found that some of the smaller
fragments are deposited along the path taken by the rockfall,
while larger fragments reach a protection gallery causing a
multi-impact effect.

Havenith (2020) discusses the use of virtual reality to
visualize landslides. To do so, three-dimensional surface and
geological models for several landslides sites with the intent of
using them to perform slope stability analyses were
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developed. In the paper, the author uses virtual reality tech-
nology to study the internal structure of a landslide site.
Require inputs for the development of this visualization along
with the issues encountered during the process are described
within the paper. Havenith (2020) notes that the acceptance of
virtual reality will require the integration of its environment
with existing computers and requires further critical evalua-
tion for the applications in which it is employed.

Su et al. (2020) introduced a novel landslide model
developed by coupling a DEM model with DAM for sim-
ulation of flow-like landslides, in which the DEM was
employed in the landslide initiation area to better simulate
the failure mechanism of slope, and the DAM was adopted
in the landslide runout and deposition phase, where the
landslide has developed into flow-like landslide with
fluid-like behaviour. Finally, the new coupled model was
validated against an experimental test case. The coupled
model was able to accurately capture the detailed dynamics
of flow-like landslides.

Mergili and Pudasaini (2020) deal with the challenges in
modelling complex cascading landslides. The focus is put on
the propagation and interaction of flow processes, with
special reference to the physical processes, the numerical
implementation, and model parameterization. Some impor-
tant cases are treated such as landslide-reservoir interactions;
entrainment, deposition, and stopping; improved numerical
schemes; guiding parameter sets; and dynamic adaptation of
key parameters to flow dynamics. Promising approaches are
presented for most of these aspects, and the need for further
research is outlined.

Chen et al. (2020) demonstrated an application of recip-
rocal Green’s functions on the forecast of submarine land-
slide tsunami. Some precautions that should be taken in
applying this approach in submarine landslide tsunamis
different from seismic tsunamis were included. Possible
solutions to overcome difficulties using this approach were
also recommended. Finally, suggestions based on reciprocal
Green’s functions were advanced to build a practical forecast
system for submarine landslide tsunamis.

Fully coupled flow-deformation analysis using finite
element method framework PLAXIS 2D were adopted by
Yang et al. (2020) to simulate hydraulic response and
deformation of slopes. Shear strength of an unsaturated soil
was modelled by combining Bishop’s effective stress and
extended Mohr–Coulomb criterion by Vanapali. They sim-
ulated model slope deformation in previous literature to
validate the applicability of the model at first. And then they
applied to simulate rainfall infiltration and deformation of
assumed slope with shallow depth under constant rainfall
intensity. The simulation revealed that slope displacement
could be divided into three stages, namely constant, accel-
erated and critical deformation stages.

Nakatani et al. (2020) investigate the case of landslide
dam formations in mountainous regions, with special refer-
ence to the case when landslide dam outburst occurs, and
large scale debris flow devastates the downstream area. For a
case history, the pre- and post-event digital terrain models
are used, and the landslide dam outburst scenario is
numerically simulated by comparing the results with the
downstream deposition. Then, the installation of one closed
type Sabo dam is considered in the torrent, and this prevents
the sediments from moving downstream.

Gatti et al. (2020) described a first version of the simu-
lation tool developed within the SMART-SED project. The
two main components of the SMART-SED model consist in
a data preprocessing tool and in a robust numerical solver,
which does not require a priori identification of river beds
and other surface run-off areas, thus being especially useful
to provide accurate input data to more localized landslide
and debris-flow models. The results of a complete numerical
simulation were reported and possible future developments
of the model were discussed.

The paper by Dang et al. (2020) examines the potential of
additional landslides formed from the blocks remaining from
the Mr. Rung Landslide in Myanmar in July 2015. The study
focuses on rainfall-induced slope failures, whose stability is
assessed with the use of results from ring shear tests inputted
into LS-RAPID simulations. For their study, Dang et al.
(2020) evaluate various groundwater table levels to deter-
mine the volume of any induced landslides and their asso-
ciated velocities for the development of plans for landslide
disaster mitigation. From the results obtained, it was con-
cluded that the potential landslides would occur when the
pore pressure ratio reached between 0.35 and 0.39. A rise in
the groundwater table was found to correspond to an
increase in the likelihood of deeper landslides. Dang et al.
(2020) stated that the results could be used to develop
real-time early warning systems to determine the need for
excavations of individuals that may be affected by potential
failures.

Loi et al. (2020), based on site investigation and
multi-temporal satellite images, presented the adverse effects
of urbanization and estimated hazard zoning caused by a
potential landslide using the ring shear tests and integrated
simulation model. The 2014.8.20 landslide disasters in
Hiroshima, Japan was selected as the case study to examine
the adverse effect of urbanization. The results of hazard
assessment of rainfall induced landslides in Midori and Yagi
area may give effective information for the local government
authorities in Hiroshima city.

Krušić et al. (2020) presented material entrainment
analyses in RAMMS debris flow software, as well as
numerical models of final flow heights for two case studies
from the Republic of Serbia. Results of the analyses showed
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that entrainment materials affected final results of trans-
portation model, runout distance, deposition area and vol-
ume of debris flow. In both cases entrainment volume was
very huge, but it was much less than initial volume. The final
results were validated with pre- and post- event DEMs and
analysis of ERT geophysical results.

New elasto-viscoplastic constitutive equation was pro-
posed by Wakai et al. (2020) for 2D-FEM to simulate
creeping displacement of landslides and applied to Tomuro
landslide with snowmelt water in Japan. Two new control
constitutive parameters were incorporated in the equation.
They were based on the relationship between total factor of
safety derived by existing slope stability analysis methods
and displacement velocity measured in the field for actual
landslides. The simulation proved the validity of the model
to simulate horizontal displacement of Tomuro landslide if
not only rainfall intensity but also snowmelt water intensity
was adopted in the simulation.

Kitazume et al. (2020) simulated debris flows caused by
rainfall after an eruption with ash fall at Mt. Fuji using a
method that combines Cellular Automaton (CA) and Multi
Agent (MA) Systems. The CA/MA method can realize
high-speed calculations because large-scale simultaneous
equations do not need to be solved and the results can be
easily imaged. Although local rules must be set experi-
mentally and calibrated, the CA/MA method can easily
reflect knowledge and experiences of experts such as geol-
ogists, geomorphologists, and geotechnical engineers.

Measurement of displacement on the surface of under-
cutting for a centrifuge model slope was implemented by
Pipatpongsa et al. (2020) in order to examine the validity of
inverse velocity method proposed by Fukuzono for pre-
dicting failure time of undercutting wall in open-pit coal
mining area. Displacement on the model slope was recorded
by a high-speed VDO camera and analyzed by image pro-
cessing software. The result suggested that the inverse
velocity method was valid for prediction of failure time of
the model experiment.

Martinelli et al. (2020) provided a new solution to estimate
the true velocity of the liquid phase at the node of the boundary
layer and implemented a coupled hydro-mechanical model
using MPM. The validation of such implementation was
achieved by simulating a 1D infiltration problem and com-
paring with the MPM results with those obtained through the
commercial software PLAXIS. With the help of this newly
implemented boundary condition, rainfall-induced landslides
could be better investigated using MPM.

Centrifuge model slope experiments subjected to earth-
quake shaking and following rainfall were implemented by
Xu et al. (2020) to reveal the effect of cracks in the slope
generated by earthquake on instability of the slope at fol-
lowing rainfall event. Cracks were not generated on the
slope by shaking due to insufficient shaking intensities and

only small displacements were induced unfortunately in the
experiments. While this kind of challenging experiment
might be necessary to reveal the mechanism of
rainfall-induced landslides after generating cracks on the
slope by earthquakes and their trial should be appreciated.

Nakase and Nakata (2020) propose a model using the
discrete element method to evaluate the traveling distance of
a collapsed rock mass when slope collapse occurs. A new
model parameter to evaluate the reach distance and accu-
mulation state of collapsed soil called rotational friction is
introduced. To determine the range of appropriate values for
the rotational friction, numerical simulations are conducted
to reproduce laboratory experiments for finding the repose
angle of various sands. A parametric study for a bedrock
slope collapse is also presented under various hypotheses.

Part IV—Recent Development in Soil
and Rock Testing Techniques, Application
and Analysis Methods

Given the occurrence of several deadly debris flow events in
pyroclastic soil deposits in southern Italy, Tufano et al.
(2020) noted the need to characterize the shear strength of
these deposits. To do so, they conducted nearly 100 direct
shear tests from soils collected from different strata in four
landslide sites. The tests were used to determine the Mohr–
Coulomb shear strength parameters. Tufano et al.
(2020) found a linear relationship between the drained fric-
tion angle and the sum of the sand and gravel contents of the
mixtures. They further found that the materials tested high
cohesion values which they attributed to the effects of
reinforcement by roots, soil crushing and/or the interlocking
and angularity of the soil grains. The study also examined
the inherent variability in the shear strength parameters by
estimating the lower bound values corresponding to the 10th
percentile data.

The impact of void ratio, dry density and moisture con-
tent on the Young’s modulus of elasticity of residual soils
was studied by Nimani et al. (2020). To do so, the authors
conducted triaxial tests on 29 silty clay and sandy clay
residual soil samples from several landslide sites in Sri
Lanka. In this study, the secant Young’s modulus of elas-
ticity values corresponding to 50 and 70% of the maximum
deviator stress were examined. The authors found that the
moduli values depend on the void ratio, dry density and
moisture content. Specifically, they noted that the void ratio
had a strong influence on the moduli values than the dry
density. Furthermore, Nimani et al. (2020) found that higher
moduli values could be expected in soils with lower water
contents.

Liu et al. (2020) conducted a series of pull-out friction
tests and triaxial shear tests on soil-root composites to
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evaluate the impact of the friction between the soil-root
interface. From the results, the authors find that the root
diameter has a little influence on the surface roughness.
Additionally, it is noted that an increase in the soil moisture
content results in a reduction in the pull-out shear stress. Liu
et al. (2020) use the generalized equivalent confining pres-
sure to further discuss friction of the soil-root interface. The
generalized equivalent confining pressure is defined as the
difference between the confining pressure between the
reinforced and unreinforced soil at a constant shear strength.
The paper concludes that the generalized equivalent con-
fining pressure will be larger for horizontal roots as opposed
to vertical roots.

The long-term stability of the Mae Moh lignite mine,
which is the largest open pit mine in Thailand, was studied
by Wongchana et al. (2020). This stability is dependent on
the creep behavior of the claystone material found at this
mine, which was stated to behave like a rock when dry and
like a soil when the moisture content is high. To study the
creep behavior of this material, the authors performed a
series of customized triaxial creep tests. The creep behavior
at the open-pit mine was then modeled using Plaxis 3D. The
results found that the behavior of the claystone at the open
pit mine was better simulated using the soft soil creep model
than the Mohr–Coulomb model.

Istiyanti et al. (2020) evaluated the relationship between
the water content and the shear strength of tephra layers from
the Aso Volcano in Japan. They measured the shear strength
using a Yamanaka-type soil hardness and direct shear box.
Both disturbed and undisturbed samples collected from two
sites were tested in the study. The authors conclude that the
shear strength results from both tests were the same. They
found that the maximum shear stress varies with the mois-
ture content. Furthermore, the authors conclude that higher
shear strengths were obtained from the undisturbed samples
than the reconstituted samples.

In Bhat (2020), four clayey soils were used to preform
ring shear tests at six different strain rates. The four clayey
soils tested in this study consisted of a commercial kaolin
clay and three soils collected from landslide sites in Japan
and Nepal. The author studies the effect of strain rate on the
residual shear strengths of the soils. The author found that
the residual shear strength was not affected by the strain rate
when the strain rate is between 0.073 and 0.162 mm/min.
However, when the strain rate is between 0.162 and
0.586 mm/min, the residual shear strength was found to
increase with an increase in the strain rate. This impact was
found to be greater in soils with higher plasticity indices.

Loose unsaturated pyroclastic soil deposits experience
static liquefaction and collapse upon shearing. To study the
impact of soil suction on the changes in shear strength,
Moscariello and Cuomo (2020) conducted suction controlled
simple shear tests. They stated that these tests allow for the

coupling of hydro-mechanical behavior better reproducing
the in-situ conditions. The results obtained were compared
with those from direct shear and triaxial tests. From the
results, the authors observed dilative behavior when the
pyroclastic soils were in the unsaturated condition, while
contractive behavior was observed when the soils were sat-
urated. Moscariello and Cuomo (2020) found that the suction
rate had an impact on the stress ratio obtained at failure.

The paper of Amjera and Tiwari (2020) deal with soil
cyclic mobility, that is the loss of shear strength in a soil
subjected to cyclic loading resulting from a reduction in the
effective stress. Several mixtures of powdered montmoril-
lonite and kaolinite clay minerals mixed with ground quartz
are prepared in the laboratory and used to perform static and
cyclic simple shear tests. A relationship between the nor-
malized undrained strength ratio and the post-cyclic effective
stress ratio is thus obtained. The latter is used to assess the
reduction in the factor of safety of a slope affected by
landslide in a site of the Lokanthali region of Nepal after the
2015 Gorkha earthquake.

The fluctuations in the shear strength as a result of
acoustic emissions were studied by Jiang and Wang (2020).
The relationship between these parameters was studied with
the use of a customized servo-hydraulic controlled ring shear
tests using glass beads of different sizes to represent the
granular materials. The study found that shear strength was
strongly correlated with acoustic emissions. Furthermore, it
was concluded that the rate of acoustic emissions increased
with an increase in the shear velocity. These increases were
further stated to depend on the particle size. Jiang and Wang
(2020) also concluded that they were unable to establish a
relationship between the magnitude of the stress drops and
the frequency-size distribution of acoustic emissions.

Part V—Recent Advancements in the Methods
of Slope Stability and Deformation Analyses

3D FEM analysis was performed by Katayama et al.
(2020) to validate the effect of caisson type piles to stabilize
open cut walls in landslide area. The early closer method
was adopted in open cut works in the project and appropriate
construction method against large deformations was exam-
ined by the analysis. The analysis showed not only the
rebound of the excavated bottom was suppressed but also
displacement of the pile and increase in rebar stress could be
restricted.

Ersöz et al. (2020) assessed the stability of fifty-five rock
slopes in the Western Black Sea Region, Turkey using limit
equilibrium procedures and basic quality system, which was
developed in China. The rock slopes studied had a variety of
different rock types, whose strengths were primarily cate-
gorized as weak to medium. The paper stated that most of
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the rock materials encountered in the studied slopes were
moderately weathered. Ersöz et al. (2020) found that the
results from the limit equilibrium analyses matched well
with the field observations, from which it was noted that the
majority of the slopes were stable except for the occurrence
of surficial failures. However, the results from the basic
quality system did not agree with the field observations
unless the strength was larger than 50 MPa. This was stated
to be a consequence of the fact that the basic quality system
relied more heavily on unconfined compressive strengths
and rock soundness than the discontinuity features.

Analysis of updated database for shear tests results of
soils in Saint Lucai, in the Caribbean, was carried out by
Vardanega et al. (2020) and combined them with the results
by the Government of Saint Lucia. Existing regression
equation for internal friction angle with physical properties
such as liquid limit, plastic limit, plasticity index, silt–clay
fraction and water content were re-examined using updated
database and improved correlations were proposed. These
equations were derived to decide soil strength parameters for
simple slope stability analysis for road construction projects
in Saint Lucia.

The possibility of tsunami generation because of land-
slides occurring in the steep flanks of Mt. Gamalama vol-
canic island in the Molucca Sea were studied by Saaduddin
et al. (2020). The paper focuses primarily on the stability of
the flanks considering both static and seismic conditions.
The pressure of magma is also considered in the stability
analyses. The study finds that all four sections analyzed in
the study were stable under static conditions. However, the
combination of seismic loads and pressure from the magma
were noted to lead to instability of the sections. Saaduddin
et al. (2020) found that massive landslides were triggered.

Part VI—Recent Development in Disaster Risk
Assessment

Sattler et al. (2020) note that slope stability calculations
typically ignore the impacts of fluctuations in the matric
suction and unsaturated soil mechanics, but that these con-
siderations can significantly influence the stability of a slope.
To demonstrate this, they consider the Ripley Landslide in
the Thompson River Valley as a case study describing the
changes in its movement rates as a function of weather
patterns, soil moisture deficit, and matric suction. Their
results indicated that the downslope movement is correlated
with soil moisture deficit values with greater movements
occurring in wetter years. The study further finds that a delay
in the matric suction values behind the soil moisture deficit
values. The authors find that river elevation has an impact on
stabilizing the Ripley Landslide with higher river elevations
corresponding to more stable conditions. They also noted

that the river elevation was not solely responsible for the
varying displacement rates find that rapid snowmelt can lead
to unstable conditions due to the delay in time between the
snowmelt and the resulting increases in river elevations.
Snow melting leads to reduced soil suction combined with
the lack of buttressing support from the river elevation
causing potential failures.

In their study, Sarkar and Pandit (2020) describe three
rock mass classifications systems, namely, the geological
strength index, the rock mass rating, and the slope mass
rating. These methods are then used to determine geotech-
nical parameters required to perform rock slope stability
analyses. The authors look at several vulnerable rock slopes
in the Lesser and Higher Himalayas in Uttarakhand, India.
From these slopes, it is determined that the different rock
mass classification systems are interdependent. The paper
also includes an example of a numerical model developed to
determine the rock slope stability using the geological
strength index and the rock mass rating to establish the
necessary input parameters.

Mass movements in the Comba delle Foglie watershed,
located in northwest Italy, following the Susa Valley wildfire
were described in Vacha et al. (2020). This study attempts to
identify the characteristics of the debris flows and watershed
along with the process involved in the triggering of debris
flows. With the use of satellite imagery and field surveys, the
authors map the burn severity of the watershed, which was
found to be moderately burned. Vacha et al. (2020) noted
that the wildfire resulted in the generation of a discontinuous
hydrophobic level, whose effects will vary with time, but
were difficult to quantify through aerial images and field
surveys. As a result, it is concluded that the relationship
between the impacts of the wildfires and the occurrence of
the debris flows were hard to establish. The determination of
this relationship was further hampered by the amount of time
that elapsed between these two events.

Wilopo et al. (2020) describes the work undertaken to
identify sliding surfaces and crack patterns associated with
soil creep were at the location a new sports hall is being
constructed for the Unika Soegijapranata Campus in
Indonesia. The paper describes the results from a geological
surface and seismic refraction testing at the site, which was
undertaken due to the formation of cracks in the building
foundation during construction. These cracks were sug-
gested to be a result of soil creep. Based on the results
obtained, Wilopo et al. (2020) had several recommendations
for the construction, including the need to shift the location
of the sports hall and recommended that water infiltration be
limited in the northeast area with drainage being directed to
the southwest.

Peternel et al. (2020) aimed to provide real-time predic-
tions of landslide dynamics for slopes threatening Koroška
Bela, Slovenia. The authors instrumented and monitored two
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landslides—namely, the Urbas landslide and Čikla landslide
for 7 and 4.5 months, respectively. Peternel et al.
(2020) found higher movement rates during the rainy period
at the Urbas landslide. However, rapid displacements at the
Čikla landslide occurred during rainfall in September and
during the rainfall events in November. It was concluded
that landslide dynamics were found to correlate with the
groundwater level, morphology and size of the landslide
mass.

The lack of quality spatial input data is stated to be a
hindrance in the calculation of landslide risk. In de Vilder
et al. (2020), the landslide hazard in the Franz Josef and Fox
Glacier Valleys in New Zealand is studied, which was
selected due to the region’s lack of earthquake-induced
landslide inventories. The authors use the inventories from
three other earthquakes in the region to determine the
probability that the landslide volume would exceed a given
value under different levels of ground shaking. Four different
sets of assessments are performed by de Vilder et la. (2020).
It is found that New Zealand earthquakes primarily triggered
shallow debris avalanches. This was stated to be a result of
three factors including (a) the dominance of these types of
landslides in previous databases, (b) the limited depth of
failure as a result of the bedrock conditions and (c) fracturing
of the schist rock mass in the valleys.

Kwan et al. (2020) has examined the use of remote
sensing technologies for the identification and monitoring of
landslide hazards, post-landslide responses and in the design
of landslide prevention and mitigation measures. They found
machine learning techniques can be applied to allow for the
identification of geological features from aerial images; and
when combined with convolutional neural networks, such
applications can be used to delineate landslide boundaries
with accuracies of about 80%. It is further stated that the use
of satellite images may improve the results obtained. Kwan
et al. (2020) also state that the identification of rock outcrops
from aerial images appears to be promising. The use of
unmanned aerial vehicles and handheld laser sensors in
landslide-related applications is also discussed.

The study by Tanaka et al. (2020) examined the impact of
vegetation on slope failures that occurred in a watershed
along the Habiu River in Atsuma, Japan. These slope

failures were triggered by the 2018 Hokkaido Eastern Iburi
Earthquake. Tanaka et al. (2020) also studied the impact of
slope angle, rainfall, and geology on the instabilities
observed. They found that the regions affected by slope
instabilities were covered with Coniferous plantations, while
no instabilities were observed in Hardwood natural forest. It
was also stated that root resistance needs to be considered
when examining slope stability.

Conclusions

While evaluating landslides for possible mitigation measures
or prevention planning, detailed analysis is needed. Proper-
ties of the materials involved in the landslide process,
geometry of slope and water table, are among the parameters
needed for stability analysis of slopes. Moreover, numerical
and physical modelling of landslides help us to evaluate the
landslides and understand associated failure mechanism.
There have been significant progresses in recent years
regarding slope stability and deformation analysis tech-
niques and landslide risk analysis. As such, frequent col-
lection of such developments in books such as this volume is
important to prepare the society against landslide disasters.
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Recent Developments in the Evaluation
and Application of Residual and Fully
Softened Shear Strengths for the Stability
Analyses of Landslides

Binod Tiwari and Beena Ajmera

Abstract

Shear strength is an essential component of slope stability
analyses and necessary for the design of landslide repair
and prevention works. This paper provides an in-depth
review of the shear strength of soil pertinent to landslide
analysis—fully softened shear strength and the residual
shear strength of soils. Methods currently used in practice
to measures the fully softened and residual shear strengths
are summarized along with their advantages and disad-
vantages. Specifically, this paper will present details
regarding the methods used to measure these shearing
resistances, such as direct shear, ring shear, triaxial
compression and direct simple shear tests to measure the
fully softened shear strength and the use of direct shear,
ring shear and triaxial compression tests to obtain the
residual shear strengths. Pertinent information and dis-
cussions are provided regarding the interpretation of the
shear envelopes developed from these testing methods
focusing on the use of linear and non-linear (or curved)
failure envelopes along with the interpretation of the
strengths in terms of the secant friction angles. The
various forms of curved linear envelopes presented in the
literature are discussed. The paper also includes details of
several commonly used correlations to estimate both the
fully softened and residual shear strengths. Recommen-
dations by the authors on the use, measurement and
interpretation of both the fully softened and residual shear
strengths are also included.

Keywords

Residual shear strength � Fully softened shear strength �
Direct shear � Simple shear ring shear � Triaxial shear �
Mineralogy � Pore fluid chemistry � Shearing rate

Background

An understanding of the shear strength is essential while
conducting stability analyses of slopes and design of land-
slide repair and prevention works. In this paper, the authors
will mainly focus on the fully softened and residual shear
strengths of soils as these shear strengths are more relevant
to landslide analysis. The paper will provide background
information regarding both of these shear strengths, details
regarding the methods to measure these strengths, and an
understanding of how these results should be interpreted.
Also included within this paper is a summary of the factors
that can influence the residual and fully softened shear
strengths and a number of correlations that have been pro-
posed in the literature that allows for the estimation of these
strengths.

Shearing Behavior of Soil

Behavior and shearing resistance of soil under deformation
depends on the type and nature of the soil. Figure 1 presents
the behavior over-consolidated and normally consolidated
soils during shearing. The peak strength is the maximum
shear strength achieved in a soil mass after the nearly elastic
behavior observed at the initial onset of shearing. However,
as shearing continues after the soil exhibits peak resistance,
stiff (or over-consolidated) soil starts softening through the
increase in void ratio as it gains water from outside. As a
result, shearing resistance start decreasing. The shearing
resistance of the soil when soil gets fully softened is called
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fully softened shear strength of soil. When the soil keeps on
shearing beyond this point, the void ratio does not change
due to change in moisture content; however soil
particles/platelets start reorientation and shearing resistance
keep on dropping until the soil platelets get their preferred
orientation (in most cases clay platelets align parallel to the
direction of shearing). Shearing resistance of the soil at this
stage is the lowest shearing resistance and is referred to as
the residual shear strength of soil. In the residual condition,
polished slickenslide surfaces will form when clay particles
are oriented such that their long axis is parallel to the
shearing direction. Skempton (1970) was the first to recog-
nize the fully softened shear strength of soils. He noted that
changes in the water content result in softening. This soft-
ening causes the strength to approach the strength at the
critical state over time (Skempton 1970) at which point
additional changes in shear displacements will not cause an
increase or decrease in the water content. He further stated
that the “the fully softened strength parameters c′ and u′ are
equal numerically to the peak strength parameters of the
normally consolidated clay” (Skempton 1970). If an
over-consolidated block of soil is remolded (converted to a
normally consolidated soil by removing over consolidation
history and diagenesis) at the moisture content close to its
liquid limit and sheared at normally consolidated state, it
exhibits a small peak followed by strength drop to the
residual shear strength. This peak is numerically equal to the
fully softened shear strength of soil (Fig. 1). Soil loses its
cohesion intercept at the fully softened state as its behavior
converts to that of normally consolidated soil. Residual shear
strength of the soil does not change whether the soil is
over-consolidated or not, as it can be observed in Fig. 1.
Fully softened shear strength is achieved at the point of
inflection in the shear stress versus shear displacement
relationship and corresponds to a post-peak strength loss.
The fully softened shear strength corresponds to the strength
of the soil when it is at its critical state, i.e. the state where
dilative soil gains moisture and contractive soil loses mois-
ture during shearing to come to a critical void ratio.

Different Modes of Shearing

Lupini et al. (1981) identified three modes of shearing from
ring shear tests conducted on bentonite-sand mixtures,
showing a strong relationship of these modes with clay sized
fraction and plasticity index. The turbulent or rolling mode
of shearing is said to occur when the behavior of round
particles and platy particles with high inter-particle friction
dominates the shearing behavior. In the sliding mode, the
observed behavior is dominated by the response of platy
particles with low inter-particle friction. In this mode, the
particles are strongly oriented. The transitional mode of
shearing occurs when no particle shape dominates the
shearing behavior. In this mode, both turbulent and sliding
behavior is observed.

For over-consolidated (or stiff) clays, progressive failure
occurs while the soil starts shearing. Progressive failure was
described in Bjerrum (1967), who wrote that three condi-
tions must be satisfied for this type of failure to occur. First,
he noted that a continuous failure surface can only develop
progressively if there exists a zone in which the local shear
stresses are greater than the peak shear strength. Progression
of the failure will continue if sufficient shear strains are
induced in the shear zone to cause the material to strain
beyond failure. If the material can undergo large and rapid
reductions in strength after the failure strength is surpassed,
differential movements will cause the stress concentration to
shift to neighboring zones containing material that has not
yet failed. This will lead in the advancement of the failure
zone and can lead to the catastrophic failures. As such,
residual shear strength is mobilized at the slope at its failure.

Appropriate Shear Strengths

Of utmost importance in landslide science is the use of the
appropriate shear strengths in the stability analyses and
design of prevention and repair works. Skempton (1964)
established from back-analyses that the peak strength should

Fig. 1 Behavior of
over-consolidated and normally
consolidated soils during shearing
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be used for clay deposits without joints and fissures. The
residual strength should be applied to those conditions where
large shear displacements have occurred to cause the clay
particles to form polished slickenslided surfaces as it cor-
responds to the minimum strength of the soil mass. An
example would be in the analysis of a reactivated landslide.
However, it is almost impossible to find natural soils without
fissures. As such, application of fully softened shear strength
for the analysis of natural slope without any history of failure
is more logical although it may be slightly conservative.
More specifically, the fully softened shear strength is needed
in a variety of different applications including in first-time
slope failures, in excavations involving fissured clays, and in
desiccated and compacted clay embankments. This strength
can also be used as a way to account for strength loss with
time that results from weathering, the dissipation of negative
pore water pressures and stress relaxation (Duncan et al.
2011). Therefore, fully softened and residual shear strength
parameters are more important for slope stability analysis
pertinent to landslides and these two strengths are discussed
in this paper.

Importance of Correlations

While in situ measurement of shear strength are always
preferred in practice for landslide analysis, it is nearly
impossible to measure mobilized in situ shear strength of soil
from sliding surfaces due to various reasons such as the
depth of sliding surface, inconvenience in mobilizing field
testing equipment right after the sliding, etc. However,
considering fully softened and residual shear strength of soil,
available correlations in literature to estimate these values
from index properties of sliding surface soil can be very
beneficial. Moreover, although it is widely accepted that the
residual shear strength should be measured in a torsional ring
shear device and conducting these tests is relatively straight
forward, it is not always possible due to the limited avail-
ability of such devices and conducting laboratory testing to
measure the residual shear strength can be expensive.
Measurement of the fully softened shear strength can also be
easy. Research has shown that the resulting shear strength
parameters are dependent on the different testing conditions
including the devices used. There is no general consensus in
the literature regarding the methods to be used. To address
some of these issues, correlations become extremely
important. Shear strength parameters estimated with corre-
lation equations not only allow engineers to verify their
back-analyses and laboratory test results, but they can also
provide an estimate of the strength that can used in the
preliminary designs.

Fully Softened Shear Strength

Background

Gregory (1844) appears to the first to describe a failure in a
stiff-fissured clay that had been excavated for the London
and Croydon railway (Castellanos 2014). The excavated
slope was stated to remain stable for a period of time before
the failure occurred, which Gregory (1844) attributed to be a
result of wetting and drying cycles that lead to the formation
of fissures through which water infiltrated weakening the
slope. Castellanos (2014) stated that such failures were not
described again until Terzaghi (1936). Terzaghi (1936) was
the first to note that the strengths mobilized around exca-
vations were lower than peak strengths of the clays from
laboratory tests. He further suggested that these reduced
strengths were a result of a reduction in the stress from the
excavation process, which led to the development of fissures
and the generation of negative pore water pressures. The
infiltration of water to these fissures would cause the dissi-
pation of the negative pore water pressures weakening the
clayey material increasing the likelihood of the development
of additional cracks. These additional cracks would then
contribute to aggravating this mechanism.

Fully softened strength was first used by Skempton
(1948) to describe the back-calculated strengths that was
mobilized when cuts in Brown London Clay failed. This
strength was determined to be lower than the strength of
undisturbed samples tested in the laboratory. The softening
process which reduced the strength from the laboratory
measured values to the back-calculated values was stated to
depend on time following a nonlinear trend. Henkel (1957)
also presented a relationship describing the effective cohe-
sion intercept as a function of the time to failure from con-
struction. To derive this relationship, Henkel (1957)
assumed that the effective friction angle remained constant.
The definition of fully softened shear strength as is used
today was first provided in Skempton (1970), as explained
earlier.

Measurement Methods

Several different laboratory methods have been utilized to
determine the fully softened shear strength of soils. Specif-
ically, direct shear, simple shear, triaxial, ring shear and tilt
table tests have been mentioned in the literature as means to
obtain the fully softened shear strength parameters. Addi-
tional details regarding the use of these tests for this purpose
are provided in the following subsections. For any of the
tests, it is recommended at least four specimens of a sample
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be tested at different consolidation or confining pressures to
allow the results to capture the curvature, if any, of the shear
envelope (as will be discussed in a later section of this
paper).

Historically the fully softened shear strength has been
measured using either direct shear or triaxial tests. (Bishop
et al. 1965, Skempton 1977). The results obtained from these
tests have been validated against the shear strengths obtained
from back-analyses of failures. Furthermore, several
researchers including Castellanos and Brandon (2013), De
Mello (1946), Maccarini (1993), Moon (1984), Skempton
(1964), and Thomson and Kjartanson (1985) have shown
that the fully softened shear envelopes obtained from direct
shear and triaxial tests are very similar. Tiwari and Ajmera
(2014) have demonstrated that the fully softened shear
strengths obtained from simple shear tests are similar to
those obtained from the direct shear testing.

Direct Shear Tests
The use of the direct shear test to measure the fully softened
shear strength possesses several advantages. Specifically, the
device is widely available with a relatively easy procedure to
conduct the test and interpret the data obtained. Furthermore,
the post-consolidation thickness of the sample is sufficient to
avoid end effects. The device also has several disadvantages
including that the sample fails progressively along a hori-
zontal shearing surface, which may not be the weakest plane.
Furthermore, the cross-sectional area of the sample is not
constant during the shearing process, but rather decreases
with an increase in the shear displacement.

Procedures for conducting direct shear tests can be found
outlined in ASTM D 3080/3080M-11. Direct shear tests are
typically conducted under drained conditions (that is, vol-
ume changes are permitted during the test). The remolded or
normally consolidated specimen to be tested using a direct
shear test is placed in the direct shear box between two
porous stones before the assembly is transferred to the direct
shear device. In this device, the specimen is subjected to the
desired consolidation pressure. The specimen may be con-
solidated in steps, in which process the consolidation pres-
sure is gradually increased (typically doubled) until the
desired consolidation pressure is achieved. The consolida-
tion process is monitored by collecting data related to the
vertical deformations until the primary consolidation is
completed at which point a shearing force is applied to the
box that will cause the top half of the shear box to displace at
a constant rate relative to the bottom half. During the
shearing phase, the applied shear force and the resulting
horizontal and vertical displacements are recorded. The
shearing phase should be continued until the peak shear
strength is obtained. The data obtained should be used to

create plots that illustrate the changes in shear stress and
vertical displacement as functions of the horizontal dis-
placement. The process should be repeated for several dif-
ferent vertical pressures to allow for the determination of the
shear strength parameters and to evaluate the curvature of
the shear envelope (as will be discussed in a later
subsection).

Tiwari and Ajmera (2011) performed direct shear tests on
36 different specimens prepared in the laboratory as mixtures
of sodium montmorillonite, kaolinite and powdered quartz.
They prepared their samples for testing by dry mixing the
desired proportions of montmorillonite, kaolinite and quartz
to achieve the desired soil mixture before adding sufficient
distilled water to obtain a liquidity index of one. This step
was followed by a hydration period of at least 72 h. Slurries
were, then, formed by mixing in a batch mixer. Tiwari and
Ajmera (2011) then used a cake decorator bag with a metal
tip to even distribute the sample between the porous stones
for the direct shear tests. They also measured the fully
softened shear strength of a few dozens of natural samples.
The sample preparation process for natural samples were
similar, except that Tiwari and Ajmera (2011) started with
air-dried samples rather than the dry minerals.

Castellanos and Brandon (2013), Castellanos (2014), and
Stephens and Branch (2013) conducted direct shear tests on
fifteen clays obtained from Texas, South Dakota, Ohio and
Mississippi. For their sample preparation, they soaked the
samples in distilled water for at least two days after which
they washed the samples through a U.S. No. 40 sieve with
an opening of 425 lm. It was noted in Castellanos (2014)
that some of the samples were blenderized before they were
sieved. These extremely wet samples were then allowed to
air-dry in funnels and bowels with filter paper to achieve
liquidity indices between 0.6 and 2.0 following which the
samples were placed in the direct shear box using a spatula.

Triaxial Tests
Consolidated-drained (CD) and consolidated-undrained
(CU) triaxial tests have both been used to measure the
fully softened shear strength. Like the direct shear test, tri-
axial testing systems are also commonly available. However,
it is difficult to use traixial testing to soft samples given the
difficulties associated with forming these test specimens. It is
also difficult to conduct triaxial testing at low confining
pressures. Furthermore, the measurement of the fully soft-
ened shear strengths in low permeability clay soils will
require large amount of time when performing CD triaxial
testing or will be difficult to back-pressure saturate that is
necessary for CD and CU tests.

To perform these tests, a cylindrical sample with a height
to diameter ratio of more than two is placed between two
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porous stones and surrounded by a thin rubber membrane.
The sample is confined in a cylindrical chamber filled with
water, which will be pressurized to apply a cell pressure. CD
triaxial tests are conducted following the procedures in
ASTM D7181-20. After a sample has been mounted for a
CD triaxial test, the sample is subjected to back-pressure
saturation, which is verified with the use of Skempton’s pore
pressure coefficient (or B-value). Once a sufficiently high
enough B-value is achieved (typically, 0.95, but may be
lower as dedicated by the soil being tested), the cell pressure
is increased to achieve the desired confining pressure. The
sample is, then, allowed to consolidate under this confining
pressure until the primary consolidation is complete fol-
lowing which the sample is sheared. The shearing phase is
continued until the peak deviator stress is obtained or until
the sample undergoes 20% axial strain. Data related to the
cell pressure, volume change experienced by the sample,
axial deformation and deviator stress are collected during the
shearing phase. As with the direct shear test, the process
should be repeated for at least four different confining
stresses to allow for sufficient data to be collected to deter-
mine the shear strength parameters and any curvature in the
shear envelope.

CU triaxial tests are conducted following the procedures
in ASTM D4767-20. The procedures are similar to CD tri-
axial tests with the following differences: (1) In the CD
triaxial test, the drainage valve is kept open during the
shearing phase, but this valve is closed during the shearing
phase of the CU triaxial test. (2) As the drainage valve is left
open during the shearing phase in the CD triaxial test, vol-
ume change is permitted and measured. On the other hand,
in the CU triaxial test, volume change is not permitted in the
shearing phase. Instead, the pore pressure generated is
recorded. (3) The shearing phase in CU triaxial tests is
conducted at a faster rate (typically about eight times faster
than CD triaxial tests).

Several researchers including Crabb and Atkinson (1991),
Crawford and Eden (1966), Kamei (1987), Bahmyari (2018),
Castellanos (2014), and Castellanos and Brandon (2013)
have conducted CD and/or CU triaxial tests to measure the
fully softened shear strength of different soils. Many of these
studies (for example, Crawford and Eden 1966, and Kamei
1987) do not contain details of the sample preparation pro-
cess. In other studies, only a brief description is provided.
Crabb and Atkinson (1991) tested reconsolidated slurries
that was prepared from intact soil samples obtained from
thin-wall sampling that were oven-dried and pulverized.
Bahmyari (2018) stated that Shelby tube samples were
trimmed to the correct size and tested. Castellanos (2014)
noted two different ways of preparing their samples for tri-
axial testing. In the first, whose results were also presented in
Castellanos and Brandon (2013), the samples were batch
consolidated, trimmed and tested. In the second, the slurry

was prepared using the same steps that were described for
the direct shear testing above, and placed with a spatula in a
Harvard Miniature Compaction Mold in eleven layers. The
sample was then extruded out by hand and used for the
triaxial tests.

Direct Simple Shear Tests
The use of the direct simple shear device to estimate the fully
softened shear strength provides several advantages over the
direct shear and triaxial tests. The test set-up is relatively
easy like the direct shear device, but unlike direct shear tests,
the sample is allowed to fail along the weakest plane and the
cross-sectional area remains constant during the shearing
process. As significantly smaller samples are necessary than
those required for triaxial testing, simple shear tests require
shorter times to complete the consolidation process, while it
also provides pore water pressure information. However, this
device is not widely available in commercial labs yet.

Direct simple shear tests are preformed following ASTM
D6528-17. Tiwari and Ajmera (2014) tested ten different soil
samples using the direct simple shear testing. The sample
procedures used in their study are similar to those in Tiwari
and Ajmera (2011), previously described. To perform the
direct simple shear tests, the samples is confined in a rubber
membrane and either a stack of Telfon® rings or a wire
mesh (Telfon® rings were used in Tiwari and Ajmera
(2014)). The assembly is then placed in the direct simple
shear box where it is consolidated and then subjected to a
shear force to shear the sample. During the shearing phase,
the effective normal stress, shear stress and horizontal dis-
placement are recorded. The shearing phase is conducted in
undrained conditions.

Ring Shear Tests
Although an ASTM standard (ASTM D 7608-18) exists to
measure the fully softened shear strength with the use of ring
shear device, there are a number of disadvantages of running
these tests including the following: (1) Ring shear devices
are not commonly available around the world and such tests
are expensive to conduct. (2) Very thin sample remains for
shearing after the completion of primary consolidation.
(3) The shear displacements occurring at the inner and outer
edges of the annual samples are unequal. The ring shear test
has been primarily used by Stark and his colleagues (Stark
and Eid 1997, Stark and Fernandez 2019, Stark et al. 2005,
Stark and Hussain 2015, Eid 1996, Eid and Rabie 2016, Eid
2020) to measure the fully softened shear strength. Castel-
lanos (2014) also performed some ring shear tests. Stark
et al. (2005) noted that it was necessary to increase the fully
softened friction angle obtained from a ring shear test by
2.5° as a way to account for the differences in shearing
modes between in situ and ring shear tests. However, there is
no scientific basis of such recommendation.
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Other Tests
To obtain the fully softened shear strengths of soils at very
low normal stresses, Pederson et al. (2003) conducted tilt
table tests. In their study, they only tested one soil sample—
kaolinite—under normally consolidated conditions. The soil
was tested under normal stress ranging from 1 Pa to 2400 Pa.

Interpretation Methods

The literature contains several different interpretations of the
shear envelope which defines the relationship between the
shear strength and the effective normal stress for a soil
specimen. Common interpretations can be divided into three
major categories: (1) linear shear envelopes defined by the
Mohr-Coulomb failure criteria, (2) nonlinear shear envel-
opes following either power, hyperbolic or parabolic func-
tional forms, or (3) secant friction angles. Additional
information about these interpretations are provided in the
following subsections.

Linear Interpolation with Mohr-Coulomb Failure
Envelopes
The Mohr-Coulomb failure envelope is defined by Eq. 1,
where s is shear strength, r′ is the effective normal stress, c′
is the effective cohesion intercept, and u′ is the friction
angle. Collectively, c′ and u′ are often referred to as the
shear strength parameters. It is widely accepted that linear
failure envelopes are a simple and effective way to represent
the shear strengths for a particular range of normal stresses.
This approach was adapted by the majority of the articles in
the literature when presenting test results. An example is the
work conducted by the authors in Tiwari and Ajmera (2011).
In that study, the authors noted that while a few samples
exhibited shear envelopes that were curved in nature, the
majority were linear in the range of normal stresses tested.
Furthermore, they observed negligible differences between
the average friction angle and the secant friction angle
leading to their decision to use the average friction angle
when deriving relationships to estimate the fully softened
friction angles.

s ¼ c0 þ r0 tan/0 ð1Þ

Nonlinear Failure Envelopes
Although the use of the linear shear envelope is commonly
adapted in geotechnical investigations, there is significant
experimental evidence dating back to the 1950s that suggests
that the failure envelopes are nonlinear (or curved), espe-
cially at small normal stresses. The curvature in the failure
envelopes has been attributed to the greater face-to-face
orientation of clay particles that occurs during the consoli-
dation process (Mesri and Shahien 2003). For sands and

gravels, the curvature is suggested to be a result of particle
breakage combined with reductions in the tendencies for
dilation to occur (Lee and Seed 1967, Marachi et al. 1972).

Some of the articles that have presented different func-
tional forms of nonlinear failure envelopes include: Atkinson
and Farrar (1985), Baker (2004), Bishop et al. (1965),
Charles and Soares (1984a, b), Charles and Watts (1980),
Collins et al. (1988), Crabb and Atkinson (1988), Day and
Axten (1989), de Mello (1977), Duncan et al. (2011), Gamez
and Stark (2014), Griffith (1924), Jiang et al. (2003), Lee and
Seed (1967), Lefebvre (1981), Li (2007), Maksimović
(1989a), Marachi et al. (1972), Marsal (1973). McGuire and
VandenBerge (2017), Mesri and Shahien (2003), Miller
et al. (2004), Noor and Hadi (2010), Penman (1953), Perry
(1994), Ponce and Bell (1971), Sokolovsky (1960), Terzaghi
et al. (1996), Tiwari and Ajmera (2014), VandenBerge et al.
(2019), Vesic and Clough (1968), Wong and Duncan
(1974), and Wright (2005). While a number of functional
forms are used to describe the shear envelopes, the power
function appears to the most common in the literature.
Table 1 summarizes a few of these functional forms along
with definitions of the associated variables. In this table, pa
is the atmospheric pressure. Mesri and Shahien (2003) stated
that m is equal to unity for a linear envelope and reduces to
0.85 when the plasticity index is 100. They state that m will
remain constant at approximately 0.85 for soils with plas-
ticity indices greater than 100.

VandenBerge et al. (2019) studied six function forms of
the failure envelope using shear strength and effective normal
stress results for four different soils. Specifically, they fitted a
linear Mohr-Coulomb relationship, the relationships in
Table 1 from Wong and Duncan (1974), Lade (2010),
McGuire and VandenBerge (2017), and Jiang et al. (2003)
and a modified version of the Høek-Brown relationship. They
concluded that the functional form of the failure envelope had
little influence in the range of normal stresses tested and a
small impact on the stability of two simple slopes that they
considered. However, VandenBerge et al. (2019) also con-
cluded that the largest differences in the estimated shear
strengths occurred when the relationships were extrapolated
to smaller normal stresses than the range used to determine
the curve fitting parameters. Stark et al. (2005) found that
differences in factors of safety was not significant when using
a linear or curved envelope for normal stresses greater than
2000 psf (approximately 100 kPa), but very significant at
lower normal stresses (like those in shallow slides).

In this paper, the authors present the evaluation of the
three functional forms for the shear envelopes using data
previously published in Tiwari and Ajmera (2011, 2014),
respectively. Specifically, the three functional forms con-
sidered are: (1) linear as defined by the Mohr-Coulomb
failure envelope in Eq. 1, (2) the power function first pro-
posed by Lade (2010) in Table 1, and (3) a hyperbolic
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function, described below by Eq. 2, where a and b are
curve-fitting parameters. For each of the thirty-six samples
subjected to direct shear testing in Tiwari and Ajmera (2011)
and twelve samples subjected to simple shear testing in
Tiwari and Ajmera (2014), the curve fitting parameters for
each of the three function forms were calculated. Due to
space limitations, only a few results are shown here to help
illustrate a few observations made by the authors.

s ¼ ar0 tan b
aþ r0 tan b

ð2Þ

Shear envelopes corresponding to all three functional
forms evaluated by the authors are shown in Figs. 2 and 3.
Figure 2 uses the direct shear test results for a sample pre-
pared as a mixture of 80% kaolinite with 20% quartz,
whereas Fig. 3 is based on the direct shear test results for a
sample prepared as a mixture of 20% montmorillonite with
80% kaolinite. As demonstrated in Figs. 2 and 3, when the
effective cohesion intercept was approximately zero, the
shear envelopes obtained using a power function or a
hyperbolic function were nearly identical. In fact, the coef-
ficients of determination (R2) for each of the three functional
forms were greater than 0.999. On the other hand, when an
effective cohesion value, with linear interpolation, is greater

than zero, as in the example in Fig. 3, the three functional
forms match well in the range of the normal stresses tested
(50–200 kPa), but the linear function yields higher shear
strengths than the power and hyperbolic functions, which
yield approximately the same values. The R2 values were
0.997, 0.998, and 0.994 for the linear, power and hyperbolic
functions, respectively. The suitability of these functions to
the lower normal stress ranges could not be discerned due to
the lack of testing at normal stresses less than 50 kPa in
Tiwari and Ajmera (2011).

Using the simple shear device, Tiwari and Ajmera (2014)
were able to measure the fully softened shear strength at
lower normal stresses. Through these results, it was possible
to better capture the nonlinearity of the shear envelopes at
low effective normal stresses. Figures 4 and 5 contain two
examples of the fitted linear, power and hyperbolic functions
to data obtained from direct simple shear tests conducted by
Tiwari and Ajmera (2014) on mixtures of 80% kaolinite with
20% quartz and 50% montmorillonite with 50% quartz,
respectively. Based on the results in Figs. 4 and 5, it can be
seen that none of the three options appropriately capture the
data points across the entire range of effective normal
stresses tested. However, it appears from these two figures
(and the others not presented in this paper), that the linear
functional form works best for the data points at effective

Table 1 Functional forms for several nonlinear failure envelopes presented in the literature

Functional form Additional associated variables Reference(s)

s ¼ r0 tan /
0
o þD/0 log r0

pa

� �� �
u′o = secant friction angle at r′/pa = 1
Δu′ = change in secant friction angle over one log cycle change in
stress

Wong and Duncan (1974)

s ¼ A r0ð Þb
ln sð Þ ¼ ln Að Þþ b ln r0ð Þ

A and b = curve fitting parameters Charles and Soares (1984a,
1984b)
Atkinson and Farrar (1985)
Perry (1994)

s ¼ r0 tan /0ð Þ r
0
p

r0

� �1�m m = curvature of shear envelope Mesri and Abdel-Ghaffar
(1993)

s ¼ apa r0
pa
þ t

� �b a and b = curve fitting parameters for three parameter power function
t = normalized tensile intercept with the normal stress axis

Jiang et al. (2003)

s ¼ ar0 pa
r0
� �b a and b = curve fitting parameters Mesri and Shahien (2003)

s ¼ r0 tan /0ð Þ100s
100
r0

� �1�m (u′)s
100 = secant friction angle at normal stress of 100 kPa

m = curvature of shear envelope
Mesri and Shahien (2003)

s ¼ A r0ð Þb þ c0 A, b and c = curve fitting parameters for three parameter power function Miller et al. (2004)

s ¼ apa r0
pa

� �b a and b = curve fitting parameters Lade (2010)
Tiwari and Ajmera (2014)

s ¼ apa r0
pa

� �b
þ c0 a, b and c = curve fitting parameters for three parameter power function Duncan et al. (2011)

Gamez and Stark (2014)
McGuire and VandenBerge
(2017)

s ¼ A r0 þ Tð Þb þCþ r0 tan Wð Þ A, T, b, C, and W = curve fitting parameters for five parameter power
function

RocScience (2016a, b)
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Fig. 2 Linear, power and
hyperbolic shear envelope
functional forms fitted to the
direct shear test data obtained for
a mixture of 80% kaolinite with
20% quartz in Tiwari and Ajmera
(2011)

Fig. 3 Linear, power and
hyperbolic shear envelope
functional forms fitted to the
direct shear test data obtained for
a mixture of 20% montmorillonite
with 80% quartz in Tiwari and
Ajmera (2011)

Fig. 4 Linear, power and
hyperbolic shear envelope
functional forms fitted to the
direct simple shear data obtained
for a mixture of 80% kaolinite
with 20% quartz in Tiwari and
Ajmera (2014)
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normal stresses greater than 50 kPa, but overestimates the
shear strengths at the lower effective normal stresses. Both
the power and hyperbolic functions appear to better fit
through the data points at the lower effective normal stresses,
but significantly underestimate the shear strength when the
effective normal stress is greater than 150 kPa with larger
differences observed with an increase in the effective normal
stress. The hyperbolic function appears to be more signifi-
cantly underestimate the strengths than the power function
when the effective normal stress is greater than 150 kPa.
Furthermore, as characteristic of hyperbolic functions, the
shear strength reaches a plateau (upper bound) value when
estimated using Eq. 2.

Secant Friction Angles
An alternate to representing the shear envelopes of soils with
a linear or nonlinear function is the use of secant friction

angles. The secant friction angle (/
0
s) is defined at each

effective normal stress using Eq. 3. When the failure
envelope is linear with a zero cohesion intercept, the secant
friction angles will be equal to the average friction angle.
However, for curved failure envelopes an increase in the
effective normal stress will result in a decrease in the secant
fully softened friction angle.

/
0
s ¼ tan�1 s

r0
� �

ð3Þ

Maksimović (1979, 1988, 1989a) suggested that this
relationship between the secant fully softened friction angle
and the effective normal stress followed a hyperbolic form,
which he derived using a theoretical approach. This hyper-
bolic relationship can be expressed by Eq. 4. In Eq. 4, u′B is
the basic angle of friction, Δu′ is the maximum angle dif-
ference and pN is the medium angle normal stress. The

appendix in Maksimović (1989a) presents a procedure to
calculate the parameters in Eq. 4 using three data points and
a linearized form of Eq. 4 as shown in Eq. 5. The steps to
obtain the parameters are summarized below:

(1) Hand-draw an approximate hyperbolic curve that
relates the effective normal stress to the secant fully
softened friction angle.

(2) Extrapolate the curve to obtain a value of u′o corre-
sponding to an effective normal stress of zero.

(3) Determine the values of effective normal stress (p′1) and
secant fully softened friction angle (u′1) that correspond
the highest effective normal stress value.

(4) At a secant fully softened friction angle (u′2) equal to
the average of u′o and u′1, determine the value of the
effective normal stress (p′2).

(5) Using the values obtained, calculate the parameters
using Eq. 6.

/
0
s ¼ /

0
B þ

D/0

1þ rn
pn

ð4Þ

aþ br
0
n ¼

r
0
n

/
0
o � /0 ð5Þ

a ¼ a D/0 ¼ p
0
1 � p

0
2

p
0
1

/
0
o�/

0
1

� p
0
2

/
0
o�/

0
2

pn ¼ aD/0 ¼
p1p2 1

/
0
o�/

0
2

� 1
/
0
o�/

0
1

� �

p
0
1

/
0
o�/

0
1

� p
0
2

/
0
o�/

0
2

ð6Þ

Fig. 5 Linear, power and
hyperbolic shear envelope
functional forms fitted to the
direct simple shear data obtained
for a mixture of 50%
montmorillonite with 50% quartz
in Tiwari and Ajmera (2014)
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Influencing Factors

There are a number of factors that influence the fully soft-
ened shear strength in different ways. The following sub-
sections present a brief summary of several of these factors
based on the articles published in the literature.

Weathering
Bhattarai et al. (2006) collected soils from different depths at
the Mukohidehara Landslide, Japan including from the main
scrap, and from just above and just below the sliding surface.
They conducted a series of simple and ring shear tests on the
samples obtained. From the results obtained, they estab-
lished that the fully softened shear strength increased with an
increase in the depth for depths greater than 4 m until the
sliding surface. They noted that the shear strength at the
sliding surface was approximately the same as the residual
shear strength. Bhattarai et al. (2006) found that slaking did
not alter the fully softened shear strength or the residual
shear strength, but it did have an impact on the peak shear
strength.

Mineralogical Composition
Tiwari and Ajmera (2011) found that the fully softened
friction angle was strongly dependent on the dominant
clay minerals in the soil samples. Details of the sample
preparation and testing procedures used were provided
earlier in this paper. From the results, Tiwari and Ajmera
(2011) found that an increase in the percent of montmo-
rillonite or kaolinite in the soil samples would result in a
decrease in the slope of the shear envelope. They found
that clay mineralogy had a strong influence on the fully
softened friction angle even when the clay content was
held constant. To illustrate this, consider two samples with
the sample clay content of 50%. A sample that was
composed of a mixture of kaolinite and quartz can be
expected to have a fully softened friction angle that was
approximately 20° higher than a mixture of montmoril-
lonite with quartz.

Based on the results obtained from their testing, Tiwari
and Ajmera (2011) provided insight into the sensitivity of
the fully softened friction angle to the clay mineralogy.
Specifically, they found that the fully softened friction angle
was highly sensitive to the amount of montmorillonite in the
soil sample when the total percentage of montmorillonite
was small. In samples with kaolinite as the dominate clay
mineral, the fully softened friction angle was highly sensitive
to the amount of kaolinite for high quantities of kaolinite.
This was clearly illustrated by a triangular correlation chart
that was developed and presented in Tiwari and Ajmera
(2011). A copy of this chart will be provided in the section
discussing correlations.

Pore Water Chemistry
To evaluate the influence of the pore water chemistry on the
fully softened shear strength, Tiwari and Ajmera (2015)
performed direct shear tests on a series of samples. In their
study, they tested samples from intact rocks and sliding sur-
face materials from seven landslide areas in Japan. The intact
rock samples had high concentrations of sodium chloride in
the pore fluid. This sodium chloride was leached from the
samples and tested again. As the samples collected from these
landslide areas contained large amounts of montmorillonite
and kaolinite, Tiwari and Ajmera (2015) also tested a series of
laboratory prepared soil samples with distilled water and
saline water (0.5 M sodium chloride solution).

Failure envelopes for the samples with saline water as the
pore fluid were curved and as such, Tiwari and Ajmera
(2015) presented results and correlations in terms of the
average secant fully softened friction angle. A comparison of
the average secant fully softened friction angles for both pore
fluids tested is shown in Fig. 6. This figure illustrates that the
average secant fully softened friction angle when saline water
is the pore fluid is greater than or equal to those when distilled
was the pore fluid. The only exceptions in the figure were
those samples with kaolinite as the dominant clay minerals or
with less than 9.5%montmorillonite in the soil sample. Based
on their results, Tiwari and Ajmera (2015) also presented a
series of correlations to estimate the fully softened friction
angle for samples with saline water as the pore fluid. These
correlations will be discussed in the next section.

Fig. 6 Comparison of fully softened friction angles for samples with
saline water and distilled water as the pore fluid (Source Tiwari and
Ajmera 2015)
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Available Correlations

Many articles in the literature use empirical data from the
testing procedures described above to develop correlations to
estimate the fully softened shear strength. A summary of
these relationships is provided in Table 2. Also presented in
Table 2 is information pertinent to type of testing conducted
to obtain the relationships and the parameters required for its
use. It is noted that the relationships that will be discussed in
more detail in this section are in bold in the table.

Stark and Hussain (2015) updated the correlations by
providing equations for the trend lines previously presented
in Stark and Eid (1997) and Stark et al. (2005). It is noted
that their relationships are based on results of ring shear
testing with the measured fully softened friction angles being
increased by 2.5°. The nine equations associated with the
three clay fractions for three effective normal stress values,
each are reproduced in Eqs. 7 to 15. Equations 7 to 9 cor-
respond to soils with clay fractions less than 20% and only
valid for liquid limits between 30 and 80. Equations 10 to 12
and 13 to 15 are for soils with clays fractions between 25%
and 45% and greater than 50%, respectively. These sets of
equations are valid for liquid limits between 30 and 130 and
30 to 300, respectively. Equations 7, 10, and 13 correspond
to the effective normal stress values of 50 kPa. For effective
normal stresses of 100 kPa, Eqs. 8, 11, and 14 should be
used, whereas Eqs. 9, 12, and 15 correspond to effective
normal stress of 400 kPa.

/
0
s;50 kPa ¼ 34:85þ 0:0709LLþ 2:35� 10�4LL2 ð7Þ

/
0
s;100 kPa ¼ 34:39� 0:0863LLþ 2:66� 10�4LL2 ð8Þ

/
0
s;400 kPa ¼ 34:76� 0:13LLþ 4:71� 10�4LL2 ð9Þ

/
0
s;50 kPa ¼ 36:18� 0:1143LL� 2:354� 10�4LL2 ð10Þ

/
0
s;100 kPa ¼ 33:11� 0:107LLþ 2:2� 10�4LL2 ð11Þ

/
0
s;400 kPa ¼ 30:7� 0:1263LLþ 3:442� 10�4LL2 ð12Þ

/
0
s;50 kPa ¼ 33:37� 0:11LLþ 2:344� 10�4LL2 � 2:96

� 10�7LL3

ð13Þ

/
0
s;100 kPa ¼ 31:17� 0:142LLþ 4:678� 10�4LL2 � 6:762

� 10�7LL3

ð14Þ

/
0
s;400 kPa ¼ 28:0� 0:1533LLþ 5:64� 10�4LL2 � 8:414

� 10�7LL3

ð15Þ
The correlation presented by Eid and Rabie (2016) is

based on the results of ring shear testing conducted following
the procedures in ASTM D7608 for forty shale, mudstones,
clays and silts. They suggested a relationship for the secant
fully softened friction angle that depends on the value of the
secant fully softened friction at an effective normal stress
equal to the atmospheric pressure and a curve fitting
parameter. Eid and Rabie (2016) presented the relationships
in Eqs. 16 and 17 for these two parameters. They stated that
the plasticity index in these two equations should be adjusted
based on the sample preparation method used. Specifically,
they stated that the plasticity index for the ball-milled sam-
ples are 70% greater than the plasticity index values associ-
ated with samples prepared using ASTM D4318.

/
0
f

� �
pa
¼ 34:4� 0:22PIþ 0:001PI2 � 1:77� 10�6PI3

ð16Þ

mf ¼ 0:0107þ 0:0018PI � 9� 10�6PI2 þ 1:18� 10�8PI3

ð17Þ
Castellanos et al. (2016) provided two sets of empirical

correlations for computing the fully softened shear strength
using the power function form proposed by Lade (2010) and
shown in Table 2. The curve-fitting parameters (a and b) for
the power function could be estimated from Eqs. 18 to 19.
These equations were later updated by Castellanos and
Brandon (2019), who also provided a third set of correla-
tions. The correlations for a and b presented by Castellanos
and Brandon (2019) are defined by Eqs. 20 to 22 as func-
tions of plasticity index, the product of clay fraction and
plasticity index, and the product of the fines contents and
plasticity index, respectively. In their correlation equations,
the R2 values for the equations for a and b parameters ranged
from 0.67 to 0.69 and 0.45 to 0.46, respectively. Equa-
tions 20 and 21 were updates to those presented in Castel-
lanos et al. (2016).

a ¼ 4:38� 10�5 PIð Þ2�9:00� 10�3 PIð Þþ 0:761

b ¼ 1:28� 10�4 PIð Þ2�1:27� 10�2 PIð Þþ 1:08 ð18Þ

a ¼ 1:47� 10�8 CF � PIð Þ2�1:31
� 10�4 CF � PIð Þþ 0:674
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Table 2 Summary of available correlations to estimate the fully softened shear strength

Relationshipa Test Formb References

Figure 57 CU, CD triaxial /0 ¼ f PIð Þ Ladd et al. (1977)

Figure 3 Direct shear, CU triaxial /0 ¼ f PIð Þ Moon (1984)

Figure 2 CU triaxial /0 ¼ f logPIð Þ Mesri and Abdel-Ghaffar (1993)

Figure 5.1 Ring shear /
0
s ¼ f LL;CF; r

0
n

� �
Eid (1996)

Figure 3.1 Ring shearc /
0
s ¼ f LL;r

0
n

� �
Saleh and Wright (2005)

Equation 5.4 Ring sheard /
0
s ¼ 55:3þ 16:7 log LLð Þ � 6 log r

0
n

pa

� �
Wright (2005)

Figure 5 Ring shear /
0
s ¼ f LL;CF;r

0
n

� �
Stark et al. (2005)

Figure 9 Direct shear /0 ¼ f CF;Mð Þ Tiwari and Ajmera (2011)

Figure 10 Direct shear /0 ¼ f LL;Mð Þ Tiwari and Ajmera (2011)

Figure 11 Direct shear /0 ¼ f PI;Mð Þ Tiwari and Ajmera (2011)

Figure 18 Direct shear /0 ¼ f Mð Þ Tiwari and Ajmera (2011)

Figure 1 Direct shear, CU triaxial /0 ¼ f PIð Þ Castellanos and Brandon (2013)

Figure 4 Ring shear /
0
s ¼ f LL;CF;r

0
n

� �
Stark and Hussain (2015)

Figure 7 Direct shear /0 ¼ f LL;Mð Þ Tiwari and Ajmera (2015)

Figure 8 Direct shear /0 ¼ f PI;Mð Þ Tiwari and Ajmera (2015)

Figure 10 Direct shear /
0
SW

/
0
DW

¼ f LLSW
LLDW

� �
Tiwari and Ajmera (2015)

Figure 11 Direct shear /
0
SW

/
0
DW

¼ f PISW
PIDW

� �
Tiwari and Ajmera (2015)

Figures 6 and 8 Ring shear /
0
s ¼ /

0
s

� �
pa

pa
r
0
n

� �mf Eid and Rabie (2016)

Figure 5
Figure 1

Direct shear, CU triaxial
s ¼ apa

r
0
n

pa

� �b

a ¼ f PIð Þ
b ¼ f PIð Þ

Castellanos et al. (2016)
Castellanos and Brandon (2019)

Figure 6
Figure 2

Direct shear, CU triaxial
s ¼ apa

r
0
n

pa

� �b

a ¼ f CF� PIð Þ
b ¼ f CF� PIð Þ

Castellanos et al. (2016)
Castellanos and Brandon (2019)

Figure 3 Direct shear, CU triaxial
s ¼ apa

r
0
n

pa

� �b

a ¼ f FC � PIð Þ
b ¼ f FC � PIð Þ

Castellanos and Brandon (2019)

Figure 6 Ring shear
s ¼ apa

r
0
n

pa

� �b

a ¼ f LL;CFð Þ
b ¼ f LL;CFð Þ

Stark and Fernandez (2019)

aAll figure and equation numbers noted here are based on the original article cited in the reference
bu′ = fully softened friction angle, u′s = secant fully softened friction angle, (u′f)pa = secant fully softened friction angle at the effective normal
stress equal to atmospheric pressure, LL = liquid limit, PI = plasticity index, r′n = effective normal stress, s = fully softened shear strength,
mf = curve fitting parameter, CF = clay fraction, FC = fines content, and M represents clay mineralogy
cThe correlation is based on the data presented by Stark and Eid (1994)
dThe correlation is based on the data presented by Stark et al. (2005)
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b ¼ 1:02� 10�8 CF � PIð Þ2�8:57
� 10�5 CF � PIð Þþ 0:928 ð19Þ

a ¼ 0:664e�9:09�10�3 PIð Þ

b ¼ �8:0399� 10�2 ln PIð Þþ 1:0939 ð20Þ

a ¼ 1:00� 10�8 CF � PIð Þ2�1:03
� 10�4 CF � PIð Þþ 0:634

b ¼ �5:5623� 10�2 ln CF � PIð Þþ 1:2201 ð21Þ

a ¼ 0:652e�9:32�10�5 FC�PIð Þ

b ¼ �8:6256� 10�2 ln FC � PIð Þþ 1:4988 ð22Þ
Tiwari and Ajmera (2011) used the results of thirty-six

laboratory prepared soil samples tested using the direct shear
test. The samples were prepared as mixtures of the clay
minerals, montmorillonite and kaolinite, and ground quartz.
The correlation they presented between the clay content,
mineralogy and the fully softened shear strength is presented
in Fig. 7. Figure 8 contains the correlation that they devel-
oped between the fully softened friction angle and the liquid
limit as a function of the clay mineralogy. The relationship
proposed to estimate the fully softened friction angle and the
plasticity index is shown in Fig. 9. They noted that unlike
the relationship with liquid limit, the relationship with
plasticity index could be generalized across all of the plas-
ticity indices. Tiwari and Ajmera (2011) provided a unique
perspective into the fully softened shear strength of soils by
examining their results through a mineralogical point of
view. They presented a triangular correlation chart, shown in
Fig. 10, to estimate the fully softened friction angle in terms
of the percentages of clay minerals present in the soil mass.
Their correlations were validated with the results of over 80
natural soils. For these soils, they found that the estimates
based on Figs. 5 and 6 were within 25% and were within
15% when estimated using the triangular correlation chart of
the measured values.

The authors’ previous work (Tiwari and Ajmera 2015) has
examined the influence of pore fluid chemistry on the fully
softened friction angle. They provided a series of unified
correlations to estimate the fully softened friction angle for
both soils with distilled water as the pore fluid as well as for
soils with saline water (0.5 M sodium chloride) as the pore
fluid. Figures 11 and 12 illustrate these relationships to
estimate the fully softened friction angle using the liquid limit
and plasticity index, respectively, corresponding to the
appropriate pore fluid chemistry. Tiwari and Ajmera (2015)
also presented the correlations in Figs. 13 and 14 that relate
the ratio of the fully softened friction angle with saline water
as the pore fluid to the fully softened friction angle with

distilled water as the pore fluid to the ratios of the liquid limits
and plasticity indices for these pore fluids.

Residual Shear Strength

Background and Meaning

Subsequent drops in strength after the peak values have been
achieved will cause soil specimens to ultimately reach the
residual condition. Such drops in strength is said to be
caused by dilatancy induced increases in the water and the
reorientation of particles in the shear zone. At the residual
condition, the shear strength of the soil is said to be at its
minimum. This shear strength is referred to as the residual
shear strength and is achieved after large displacements are
experienced by the soil mass. Skempton (1964) referred to
the residual shear strength as the ultimate strength.

Slickenslide surfaces are polished surfaces formed when
the plate-shaped clay particles are aligned with the direction
of the sliding. Slickenslide surfaces are indicative of the
residual shear strength being mobilized and should be in any
analyses involving this zone. Some pictures of slickenslide
surfaces are shown in Fig. 15.

Measurement Methods

The residual shear strength of soils is measured using one of
three major test methods. Specifically, it is widely accepted to
measure this strength using either the ring shear test, the direct
shear test or the triaxial test. Additional details about each of
these tests along with a brief discussion of their benefits and
disadvantages are provided in the following subsections.

Ring Shear
As the ring shear device allows for continuous shearing of
the sample in one direction, while maintaining a constant
cross-sectional area (Watry and Lade 2000), it is stated to be
the best way to measure the residual shear strength. In par-
ticular, Bishop et al. (1971) noted that only the torsional or
ring shear test can be used to achieve truly residual condi-
tions in the laboratory. Lupini et al. (1981) stated that the
ring shear device can measure the residual shear strength
with the least amount of vagueness. Hawkins and Privett
(1985a) stated that the ring shear tests are more repeatable
than the other tests. One potential issue with this device is
the non-uniform stress distribution across the annular sam-
ples used for these tests.

The development of the ring shear device for residual
strength measurements was summarized in several papers
including Bromhead et al. (1999), Hvorslev (1939), and
Boucek (1977). Harris and Watson (1997) noted that the
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Fig. 7 Relationship between
clay content, clay mineralogy and
the fully softened friction angle
(Source Tiwari and Ajmera 2011)

Fig. 8 Relationship between
fully softened friction angle,
liquid limit and clay mineralogy
(Source Tiwari and Ajmera 2011)
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Fig. 9 Relationship between the
fully softened friction angle and
the plasticity index (Source
Tiwari and Ajmera 2011)

Fig. 10 Triangular correlation
chart to estimate the fully
softened friction angle based on
clay minerals in a soil mass
(Source Tiwari and Ajmera 2011)
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Fig. 11 Correlation to estimate
fully softened shear strength for
soils with distilled and saline
water as the pore fluid using the
corresponding liquid limits
(Source Tiwari and Ajmera 2015)

Fig. 12 Correlation to estimate
fully softened shear strength for
soils with distilled and saline
water as the pore fluid using the
corresponding plasticity indices
(Source Tiwari and Ajmera 2015)

26 B. Tiwari and B. Ajmera



Fig. 13 Relationship between
the ratio of the fully softened
friction angles with saline and
distilled water as the pore fluid to
the ratio of the liquid limits with
saline and distilled water as the
pore fluids (Source Tiwari and
Ajmera 2015)

Fig. 14 Relationship between
the ratio of the fully softened
friction angles with saline and
distilled water as the pore fluid to
the ratio of the liquid limits with
saline and distilled water as the
pore fluids (Source Tiwari and
Ajmera 2015)
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Arthur Casagrande first developed the ring shear test and
was reported by Hvorslev (1939). One type of ring shear
device was developed by Bishop et al. (1971) to measure the
residual shear strength at large displacements. LaGatta
(1970) and Bromhead (1979) incorporated small, thin sam-
ples to allow for quick drainage. Mechanical simplifications
were then made to design which allowed sufficiently accu-
rate measurements to be completed in a couple days.
Additional modifications were proposed by Stark and Eid
(1994), but Bromhead et al. (1999) noted that these modi-
fications did not satisfy the simplicity and ease of use that
was originally intended by this device. Anayi et al. (1989)
also described some modifications to the Bromhead ring
shear device. Specifically, they suggested the following
modifications: (1) doubled sample thickness and (2) changes
to the shape of the torque arm to accommodate the larger
sample. Some additional modifications were proposed to the
ring shear device by Steward and Cripps (1983), Hawkins
and Privett (1985a), Stark and Eid (1993), and Dewhurst
et al. (1996).

Due to the parallel development of different ring shear
devices, each has several advantages and disadvantages. For
example, the device developed by Bishop et al. (1971)
allows gaps between top and bottom rings to be opened and
closed. As such, this allows for the device to accept wet
specimens. In this device, the sample is sheared at
mid-height. In the device development primarily by Brom-
head (1979) requires the use of drier samples shearing them
close to the upper platen. The device requires smaller strains
before the residual condition is developed.

ASTM D6467 (2013) contains the procedures for con-
ducting ring shear tests to measure the residual shear
strength of cohesive soils, specifically targeted for Bromhead
type ring shear device. There are several methods for con-
ducting these tests are different normal stresses in order to
develop the failure envelope and establish the shear strength
parameters. Tiwari and Marui (2004) examined three testing
methods for the ring shear device—namely, separate tests for
each normal stress and multistage ring shear test with

(a) increasing and (b) decreasing loads. They found that the
residual friction angle was similar regardless of the testing
method, but the cohesion intercept was different. Several
benefits were observed and noted by Tiwari and Marui
(2004) in using a multistage ring shear test instead of con-
ducting individual tests are each normal stress. First, they
stated that the use of the same sample for all of the normal
stresses tested ensured more consistency, which was not
possible when individual samples are used as variability may
still exist even if samples were from the same location. They
also noted that the required sample volume was much lower
in multistage ring shear testing than for the testing of indi-
vidual samples in separate ring shear tests. The benefits to
multistage ring shear testing were also summarized by
Bromhead (1992) and Harris and Watson (1997).

Direct Shear Testing
USACE (1986) stated that reversal direct shear tests can be
used to measure the residual shear strength since ring shear
is not readily available and conducting ring shear tests is also
expensive. Special direct shear procedure was developed by
Mesri and Cepeda-Diaz (1986). Due to the limited amount of
displacement feasible during the shearing process of the
direct shear, the residual shear strength is measured using a
multiple reversal process. ASTM WK3822 describes the
procedures for conducting such tests. Another alternative
commonly used in the literature to cut the sample at the
shearing height to reduce the number of reversals and
amount of displacement required to obtain the residual
condition. Head (1985) provided guidance on the total
amount of displacement and the percent reductions in shear
strength that can be used to define when the residual con-
dition is achieved.

Anderson and Hammoud (1988) compared different
testing procedures for the ring shear device. Specifically,
they looked at single stage and multistage shearing finding
that it multistage shearing was better in terms of test dura-
tion. They concluded that multi-stage testing might yield
incorrect results when soils have large quantities of clayey

Fig. 15 Pictures of slickenslide
surfaces developed during
landslide motion
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materials and recommended the use of single stage testing
when more than 50% of the soil mass were clay particles.
Otherwise, they suggested that multistage be used.

Meehan et al. (2010) described in great detail the pro-
cedures for preparing pre-cut polished samples for direct
shear testing. In their study, samples were prepared by
wire-cutting the consolidated specimens at mid-height. The
two halves were then polished on different surfaces using
three different methods:

(1) Wet Polish on Frosted Glass: The halves of the sample
were polished by sliding them over a wet frosted glass
under moderate hand pressure. Each half was slid a
distance of 30 cm for a total distance of 1.2 m in four
passes.

(2) Dry Polish on Telfon® Sheet: Each half was slid for a
distance of 60 cm across a dry Telfon® sheet ten times
in this method. Moderate hand pressure was applied
during the polishing process.

(3) Dry Polish on Frosted Glass: In this method, each half
was subjected to 10 passes each with a distance of
60 cm on a dry frosted glass. Moderate hand pressure
was applied during the polishing process.

For each of the three methods described above, the
sample was slid off the side of the frosted glass or the Tel-
fon® sheet to avoid disturbing the particles. The sliding
direction was held constant and aligned to the same as the
shearing direction in the direct shear test. From their expe-
riences, Meehan et al. (2010) found that the polishing pro-
cess was repeatable and unaffected by many of the different
factors including the individual preparing the sample, the
pressure applied and the number of passes. They found that
placing the polished halves in the direct shear box required
judgement and considerable experience to ensure that the
surfaces were properly lined up with the shearing plane of
the two halves of the direct shear box. Meehan et al. (2010)
found more variability in the residual shear strength data
from the direct shear tests than the ring shear tests that they
conducted. They cited that this may be due to alignment
issues in the shear box or variability of the soil fabric
occurring during polishing process. Furthermore, they con-
cluded that the sample preparation process affected the
results obtained and recommended that these types of pol-
ishing processes not be used to determine the residual shear
strength in the direct shear box.

Triaxial Testing
Bishop and Henkel (1962) first suggested the use of pre-cut
samples to measure the residual shear strength using tri-
axial compression tests. This procedure was then used by

Chandler (1966). The most recent use of triaxial testing to
measure the residual shear strength was undertaken by
Meehan et al. (2011), who performed CD triaxial tests on
precut and polished samples. Their work builds on the
efforts described in their previous study, Meehan et al.
(2010) in which precut polished samples were used to
perform direct shear tests as described in the previous
section. Meehan et al. (2011) developed a special alu-
minum mold to allow for the creation of polished surfaces

for the tests inclined at 45þ /0

2 : The polished surfaces were
formed using a variation of the wet polish on frosted glass
technique described above. Specifically, each half of the
sample was slid 0.3 m across the wet frosted glass to
achieve a total sliding distance of 1.8 m through six passes
under moderate hand pressure. Meehan et al. (2011) found
that it was more challenging to prepare the samples for CD
triaxial testing than for the direct shear tests in Meehan
et al. (2010). Furthermore, they concluded that the residual
shear strengths obtained from the triaxial tests conducted
were higher than the values from the direct shear and ring
shear tests despite their efforts to reduce the effects of end
platen restrains and use of the appropriate membrane cor-
rection. They also concluded that additional research
regarding this process was required.

Other Forms of Testing
Watry and Lade (2000) performed a couple in situ block test
to measure the residual shear strength. To do so, they iso-
lated a block of soil in a pit applying normal and shear
stresses with the use of dead weights and/or hydraulic jacks.
They noted that drained tests could be performed by filling
this pit with water and applying shear stresses slowly enough
to ensure pore pressure dissipation. Watry and Lade (2000)
said that it was possible to perform multiple tests on the
same block of soil. This could be done by increasing the
normal stress applied once the residual strength had been
obtained and re-measuring the residual shear strength at the
new normal stress. Some advantages to an in situ block test
include the ability to test irregular, natural samples whose
behavior would not be captured in laboratory tests. How-
ever, this test also has a series of disadvantages including the
cost and time required for the test set-up, insuring saturation
is achieved in the in situ conditions, and ensuring sufficient
displacement can be applied to achieve the residual condi-
tion. Chandler et al. (1981) developed a field shear box to
measure the residual strengths in situ.

Back-analyses can be considered as a form of strength
testing in the field (Chandler 1977, Hutchinson 1969). Doing
so, allows for the incorporation of different aspects that
would be ignored in a laboratory setting. One example of
this is the side shear experienced in a landslide.
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Comparison of Results from Different Tests
The literature contains several studies that examine and
compare the residual shear strengths obtained from multiple
different tests. Chandler et al. (1973) noted that the shear
strength mobilized in the field obtained through
back-analyses was higher than the values measured from the
ring shear device. However, they found that back-analyzed
residual shear strengths were lower than those from the direct
shear tests conducted. The results from Townsend and Gil-
bert (1973) were also similar. Anayi et al. (1988) performed
ring shear and direct shear tests. Their results showed similar
values of the residual friction angle from the two tests, but
noted the value from the ring shear device was slightly lower.
Ring shear, direct shear and triaxial tests were conducted by
Herrmann and Wolfskill (1966). Their study found that tri-
axial test results yield higher values for the residual shear
strength than the other two tests. The results from the direct
shear and ring shear tests were similar. This is in agreement
with the findings from Meehan et al. (2011) presented above.

Stark and Eid (1992) used a case history to examine the
residual shear strengths from different devices and sample
preparation procedures. They tested remolded samples in the
ring shear and direct shear devices. They also tested a
remolded, but pre-cut specimen in the direct shear test. This
sample was prepared following the procedures in Mesri and
Cepeda-Diaz (1986). From the results obtained, Stark and
Eid (1992) found that remolded specimens tested in either
the ring shear or the direct shear test yield residual shear
strengths that were in agreement with the field observations.
The remolded, precut specimens tested in the direct shear
device provided unconservative, but reasonable estimates
(Stark and Eid 1992). They recommended that remolded
specimens be tested in the ring shear device rather than the
direct shear device due to the time requirements necessary to
obtain the residual shear strength.

The residual friction angles from six landslide sites in
Japan were examined by Tiwari et al. (2005a). They tested
both undisturbed and remolded samples obtained separately
from shallow and deep locations of the same sliding surface
in the ring shear device. Tiwari et al. (2005a) compared the
results obtained with residual shear strengths from
back-analyses performed for each of the landslide sites. The
study found good agreement between all three sets of data.
They also noted that higher displacements were required to
achieve the residual condition in the intact samples than the
remolded samples. This confirmed that healing, as described
by Bishop et al. (1971), could take place on the failure place.

Interpretation Methods

Failure envelopes presented for previous tests have been
shown to be linear, curved for low normal stresses and linear

for high normal stress, and curved for the entire range of
normal stresses. Townsend and Gilbert (1973) also noted that
the shear envelopes were linear. Bishop et al. (1971)
observed that the failure envelopes were linear for some of
the soils they tested, while the failure envelope of other soils
were curved. Several previous studies have indicated that the
failure envelope corresponding to the residual shear strength
is curved. These studies include: Garga (1970), Skempton
and Petley (1967), Parry (1972), Kenney (1967), Chandler
(1976), Bishop et al. (1971), Brand (1995), Bromhead and
Curtis (1983), Chandler (1969), Stark and Eid (1994),
Skempton (1964, 1985), Gibo (1983, 1985), Hawkins and
Privett (1985a, 1985b, 1986), Gibo et al. (1987), Lupini et al.
(1981), Lambe (1985), Anayi et al. (1988, 1989), and Mak-
simović (1989b). It has been noted that the failure envelope is
curved for effective normal stresses below a certain value and
linear for effective normal stresses above this value. In
Hawkins and Privett (1985b), for example, curvature was
observed when the normal stress was less than 200 kPa,
while Anayi et al. (1988) stated that failure envelope was
curved when the normal stress was lower than 150 kPa.

Hawkins and Privett (1985b) stated that a single residual
friction angle should not be provided as a means to estimate
the residual shear strength. Instead, they noted that if a single
residual friction angle is provided, the corresponding normal
stresses used to derive this value should be noted. Straight
line extensions of the linear envelope developed at high
normal stresses could lead to overestimates of the residual
shear strength at lower normal stresses (Brand 1995). Ken-
ney (1967) noted that higher proportions of lattice clay
minerals will lead to more pronounced curvature in the
failure envelope and hence, unconservative estimates of the
residual shear strength at low normal stresses if a linear
envelope is assumed.

Several different forms for the failure envelope have been
suggested. One such form (Eq. 23) is provided by Mesri and

Shahien (2003). In Eq. 23, /0
r

� �100
s is the secant residual

friction angle at effective normal stress of 100 kPa and mr is
a curve fitting parameter. Gibo and Nakamura (1999) sug-
gested the use of two linear envelopes to define the failure
envelope in the residual conditions for soils. The first
envelope would apply to low normal stresses (less than
150 kPa for one of the two soils they tested and less than
200 kPa for the other soil tested), while the second would
apply for the high normal stresses (greater than 150 kPa or
200 kPa, depending on which of two soils was being dis-
cussed). At high normal stresses, the cohesion intercept
would be taken as zero, while at low normal stresses, the
cohesion intercept was non-zero. The residual friction angle
corresponding to the failure envelope for the high normal
stresses was lower than that for the failure envelope for the
low normal stresses. Boyce (1984) presented results in terms
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of the residual friction coefficient. The residual friction
coefficient was defined as the ratio of the residual shear
strength to the effective normal stress or the value of the
tangent of the secant residual friction angle.

sr ¼ r
0
n tan /

0
r

� �100

s

100
r0
n

� �1�mr

ð23Þ

Stark and Eid (1994) noted that the nonlinearity of failure
envelopes under the residual condition was most pronounced
for soils with clay-size fractions greater than 50% and liquid
limits between 60 and 220. Linear envelopes were observed
when the clay-size fraction was less than 45% or when the
liquid limit was less than 60 and the clay fractions was
greater than 50%. Soils with clay fractions greater than 50
and liquid limits less than 220 can also have linear envelopes
(Stark and Eid 1994).

Influencing Factors

Several factors will influence the residual shear strength of
soils. Some of these factors include the rate at which the
sample is strained, the chemistry of the pore fluid, the clay
content, mineralogical composition, moisture content, and
healing. The impacts of these factors is summarized in the
following subsections.

Strain Rate
The impact of strain rate on the residual shear strength is
unclear based on the results presented in the literature. An
increase in the residual shear strength with an increase in
strain rate is noted by: Lupini et al. (1981), Garga (1970),
Kenney (1967), LaGatta (1970), and Petley (1966) when the
shearing rate was between 4 � 10−5 and 10 mm/min. Petley
(1966) noted that the residual shear strength increases
observed in their study could be ignored. Suzuki et al.
(2001) stated that the residual shear strengths of the kaolin
clay and mudstone they tested were significantly influence
by shearing rate for rates between 0.02 and 2 mm/min.

No major differences were observed in residual shear
strengths when the shearing rate was varied between 0.01
and 0.2 mm/min by Anayi et al. (1988). Other studies that
reported no changes in the residual strength with strain rates
included: Kenney (1967), Sassa (1985), Ramiah et al. (1970)
for shearing rates between 0.02 and 60 mm/min, Skempton
(1985) for shearing rates between 0.05 and 0.35 mm/min,
Bhat et al. (2013c) with shearing rates between 0.073 and
0.586 mm/min.

Lupini et al. (1981) observed brittle behavior when the
strain rate was reduced. This behavior is stated to be caused
by a changes in the viscous drag forces. They noted that
below a threshold value, changes in the shearing rate did not

correspond to changes in the residual shear strength. This
threshold strain rate was noted by Lupini et al. (1981) to be
1 mm/min. However, they recommended that 0.048/min be
used as the threshold strain rate. Tika et al. (1996) noted
similar conclusions.

Pore Fluid Chemistry
Generally, most studies agree that an increase in the pore
fluid salinity will correspond to an increase in the residual
shear strength. Kenney (1967, 1977) stated that the residual
friction angle will increase with an increase in the sodium
chloride (NaCl) concentration in the pore fluid in soils. This
increase was noted to be as high as three times the residual
friction angle measured when the soil has distilled water as
the pore fluid. The increase is expected to be more profound
in clays with platy particles (Kenney 1967, 1977). Bjerrum
(1954, 1955) and Bjerrum and Rosenqvist (1956) also found
reductions in the pore fluid salinity corresponded to reduc-
tions in the residual shear strength.

The type of salt in the pore fluid will also have an impact
on the residual shear strengths observed. Specifically, Anson
and Hawkins (1998) stated that the introduction of calcium
carbonate to the pore fluid at a concentration of 80 mg/L
resulted in an increase in the residual shear strength in
montmorillonite, but had no effect in kaolinite (Anson and
Hawkins 1998). Ramiah et al. (1970) stated that the mea-
sured residual friction angles when calcium salts were pre-
sent in the pore fluid would be about 4° higher than when
sodium salts were present. Their work contradicts that of
Kenney (1977), who found that mixtures with sodium ions
in the pore fluid were stronger than those with calcium ions
in the pore fluid. However, the results from Ramiah et al.
(1970) are in agreement with the results presented by Moore
(1991). Moore (1991) concluded that the introduction of
divalent cations (such as calcium ions) in the pore fluid
would result in larger increases in the residual friction angle
than the introduction of monovalent cations (such as sodium
ions). It was further noted that the effect was exaggerated in
montmorillonite in comparison to kaolinite. Finally, Moore
(1991) also stated that an increase in the concentration of the
ions will correspond to an increase in the residual shear
strength.

Di Maio (1996) performed a series of direct shear tests on
samples that were consolidated and sheared to the residual
condition. In their tests, they replaced the cell water with a
sodium chloride solution and then continued to shear the
sample after the residual condition was achieved. Di Maio
(1996) found that this resulted in an increase in the residual
shear strength. However, if the sodium chloride solution was
replaced with water, the increase was reversed and the
residual shear strength dropped. They noted that soils with
higher activities resulting in larger changes.
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Tiwari et al. (2005b) measured the residual shear strength
of soils with distilled water, sea water, and the soils after
leaching of sodium chloride from the pore fluid using soils
from seven landslide sites in Japan. Intact rock samples
along with materials from the sliding surface and the main
scrap were collected and tested. From the results obtained,
they concluded that there was no consistent variation in the
residual shear strength when the soils were mixed with salt
water. However, they found that the soils with sea water as
the pore fluid had residual friction angles that were 3°–5°
higher than those with distilled water as the pore fluid.
Leaching of salinity from the intact rock samples resulted in
residual shear strengths that were similar in magnitude to the
residual shear strengths corresponding to the sliding surface
materials when they were mixed with sea water. Tiwari et al.
(2005a, b) noted that when samples were mixed with sea
water, the residual friction angle of the intact rock powder
increased by 17–23%, by 19–25% in the case of the soil
from the main scrap and by 18–29% in the materials from
the sliding surface. Furthermore, leaching of the pore fluid
from the intact rock powders would result in reductions in
the residual shear strengths by 15–32%. Finally, they con-
cluded that the increases varied with the dominant clay
mineral with montmorillonite dominated soils seeing sub-
stantial higher increases in the residual shear strength than
the kaolinite dominated soils.

Moore and Brunsden (1996) found that seasonal fluctu-
ations in the pore fluid chemistry at a landslide site con-
tributed to the movements observed. When ion concentration
in the pore fluid was high, the residual strength of the shear
zone increased resulting in a stabilizing effect on the slope.
However, the opposite behavior was observed when the ion
concentration dropped.

Clay Content
Using multiple reversal direct shear tests, Borowicka (1965)
noted that the residual friction angle decreased with an
increase in the clay fraction. Their results agreed with those
presented by Skempton (1964) and Kenney (1967). Kenney
(1967) noted that the residual friction angle depended on
both the clay content and the mineralogy.

Mineralogy
Different types of soil are expected to have different
behaviors during shearing. The clay mineralogy will not
only impact the residual shear strengths including the cur-
vature of the failure envelope (Hawkins and Privett 1985a,
b), but also the response of the soil to different pore fluid
chemistries (Di Maio and Fenelli 1994, Kenney 1967,
Müller-Vonmoos and Løken 1989, among others). Kenney
(1967) noted that smaller residual strengths should be
expected in soils with montmorillonite, while micaceous and
massive minerals should have expected to have larger

residual strengths. He further noted that for natural soils, the
residual shear strength would be strongly influenced by the
mineralogical composition, but pore fluid chemistry or strain
rate had small effect on the measured strengths. On the other
hand, for clay minerals, ion concentration in the pore fluid
was seen to have a strong impact on the residual shear
strengths measured (Kenney 1967). In a later study, Kenney
(1977) concluded that the residual shear strength of a soil
mass depends on the percent of massive minerals in the
material. It is further dependent on the salt concentration of
the pore fluid. This behavior was associated with the type of
matrix that forms in the mixtures with different percentages
of massive minerals. Specifically, when more than 50% of
the total volume is occupied by massive minerals, Kenney
(1977) stated that the residual shear strength will be con-
trolled by those massive minerals.

Di Maio and Fenelli (1994) measured the residual shear
strength of kaolin and bentonite when a 1 M solution of
sodium chloride was used as the pore fluid. They found that
the residual shear strength of kaolin was unaffected by the
pore fluid chemistry. However, they stated that bentonite
experienced large changes in the residual strength as salt
diffusion occurred. Müller-Vonmoos and Løken (1989)
found increases in the residual shear strength of kaolinite
when it was prepared with either calcium chloride, potas-
sium chloride or sodium chloride solutions as the pore fluid.
They stated that increases in the residual shear strength
depended on the concentration when sodium or potassium
ions were present in the pore fluid, but there was no
dependence of the increases in the shear strength on the
calcium concentration in the pore fluid. Similarly, Müller--
Vonmoos and Løken (1989) stated that montmorillonite with
a calcium sulfate solution as the pore fluid would cause an
increase in the residual shear strength, but again, there was
no dependence observed on the residual shear strength with
increases in the concentration of the solution.

The impact of clay mineralogy on the residual shear
strength was extensively studied by Tiwari and Marui (2003,
2005). They performed ring shear testing for thirty-six mix-
tures of kaolin, bentonite and Toyoura sand prepared in the
laboratory. From the results obtained, they found that an
increase in the smectite content of the mixtures corresponded
to large reductions in the residual friction angle. The kaolinite
content of the mixtures also had some impact on the residual
friction angles, but not as high as that with smectite. Tiwari
and Marui (2003, 2005) also concluded that regardless of the
kaolinite content in the mixture, the value of the residual
friction angle was at its minimum of 3.7° (corresponding to
the residual friction angle of smectite) when less than 58% of
the mixture was quartz and more than 42% was smectite.
Tiwari and Marui (2005) identified six different zones to
evaluate the effect of smectite content on residual friction
angle when kaolinite is constant or vice versa.

32 B. Tiwari and B. Ajmera



Moisture Content
Chowdhury and Bertoldi (1977) found that the final moisture
content in the shear zone was directly related to the residual
shear strength for the two soils that they tested (Mount
Ousley and Buttenshaw Drive soils). It was stated that a
decrease in the residual shear strength can be expected when
the final moisture content in the shear zone was increased.
Initial moisture content was not found to have any influence
on the residual shear strength obtained. Tiwari and Marui
(2004) found that the water content after ring shear tests was
similar in all of the samples. They found that this moisture
content at the end of the test was close to the plastic limit of
the soil.

Healing
Multi-reversal direct shear tests were used by Ramiah et al.
(1973) to study the healing of soils to establish the recovery
in the residual shear strength. They tested bentonite and
kaolinite with a rest period of four days during which healing
took place. Ramiah et al. (1973) found higher strength val-
ues after the rest period with the effects being more pro-
nounced in bentonite than in kaolinite. In contrast, Gibo
et al. (2002) stated that smectite dominated soils will not
undergo recovery. However, they noted that silt and sand
dominated materials will experience recovery. Stark et al.
(2005) expressed the recovery of strength as a function of
plasticity with higher plasticity soils corresponding to higher
recovery. They noted that the recovered strength gains were
lost when the soil was subjected to a small amount of dis-
placement. Bhat et al. (2013a, b, c, 2014) and Nakamura
et al. (2010) also noted that the recovery that occurred would
also be lost with a small amount of displacement.

Available Correlations

As in the case of the fully softened shear strength, there are a
number of correlations available in the literature to estimate
the residual shear strength as a function of various parame-
ters. Most of these relationships provide estimates for the
residual friction angle based on the liquid limit, plasticity
index or the clay fraction. Specifically, relationships between
the residual friction angle and the liquid limit are provided
in: Mesri and Cepeda-Diaz (1986), Haefeli (1951), Bishop
(1971), Stark and Eid (1994), Collotta et al. (1989), Cancelli
(1977), and Tiwari and Ajmera (2011). Some relationships
between the residual friction angle and the plasticity index
can be found in: Voight (1973), Kanji and Wolle (1977),
Lupini et al. (1981), Chandler (1984), Kanji (1974), Seycek
(1978), Vaughan et al. (1978), Lambe (1985), Clemente
(1992), Wisley (2003), Brandon et al. (1991), Mesri and
Shahien (2003), and Tiwari and Ajmera (2011). Finally,

Lupini et al. (1981), Skempton (1964, 1985), Borowicka
(1965), Binnie et al. (1967), Kenney (1977), and Collotta
et al. (1989) all contain relationships between the residual
friction angle and the clay fraction. Some of these correla-
tions are summarized in Table 3. In this table, those corre-
lations that will be discussed in more detail later in this
section are presented in bold.

One of the earliest correlations to estimate the residual
friction angle was provided by Skempton (1964). In his study,
Casagrande shear box tests were performed using multiple
reversals to measure the residual friction angles of several
clay samples obtained from different sites. In this study,
Skempton noted that the residual friction angles were higher
than those of the minerals citing that the presence of silts in
the soils hindered the ability of the clay particles to com-
pletely orient themselves to reach their minimum strengths.

Hawkins and Privett (1985a, b) stated that there was little
scatter in their correlations when the clay fraction was
greater than 60% and/or when the plasticity index was
greater than 45% as these soils will have low residual shear
strengths. They further added that since soils encountered in
practice typically have clay fractions between 35 and 60%
and plasticity indices between 25 and 45, the correlations
they proposed should not be used.

Several correlations to estimate the residual secant fric-
tion angle as a function of liquid limit, clay fraction the
effective normal stress have been provided by Stark and his
colleagues. The original relationship appears to be presented
in Stark and Eid (1994) and is also presented in Eid (1996).
This relationship was then subjected to a series of modifi-
cations and revisions in later publications. The latest publi-
cation appears to be present a series of equations in addition
to a correlation chart. Specifically, Stark and Hussain (2015)
provide Eqs. 24 to 39 grouped by the clay fraction to esti-
mate the secant residual friction angle at various effective
normal stresses as a function of the liquid limit. Equa-
tions 24 to 27 correspond to soils with clay fractions less
than 20% and with liquid limits ranging from 30 to 80.
Equations 28 to 31 correspond to soils with clay fractions
between 25 and 45% with liquid limits between 30 and 130.
The final set of equations (Eqs. 32 to 39) are for soils with
clay fractions greater than 50%. These are subdivided based
on the liquid limits with Eqs. 32 to 35 applicable to soils
with liquid limits between 30 and 120 and Eqs. 36 to 39 for
soils with liquid limits between 120 and 300. For material
with a clay fraction between the ranges of values noted
above, interpolation is suggested. Equations 24 to 39 also
correspond to different effective normal stresses. Specifi-
cally, Eqs. 24, 28, 32, and 36 correspond to effective normal
stress of 50 kPa, Eqs. 25, 29, 33, and 37 to 100 kPa,
Eqs. 26, 30, 34, and 38 to 400 kPa and Eqs. 27, 31, 35, and
39 to 700 kPa.
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Table 3 Summary of available correlations to estimate the residual shear strength
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aAll figure and equation numbers noted here are based on the original article cited in the reference
bu′r = residual friction angle, u′r,s = secant residual friction angle, u′f = fully softened friction angle, LL = liquid limit, PI = plasticity index,
r′n = effective normal stress, s = residual shear strength, CF = clay fraction, M represents clay mineralogy, and TT = test type, which for Collotta
et al. (1989) was either the direct shear (Figsa. 1 and 3) or the ring shear (Figsa. 2 and 4)
cThe values for the residual friction angles were taken from Tiwari and Marui (2005)
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Tiwari and Marui (2005) found that the correlation pro-
posed by Stark and Eid (1994) that depended on the clay

fraction, liquid limit and effective normal stress could
overestimate the residual friction angle by nearly five times.
They further noted that Stark and Eid (1994) correlation
could not be generalized for all types of minerals, but it only
worked for a few types. To further illustrate this point, they
presented Fig. 16, which correlates the residual friction
angle with the clay fraction and mineralogical composition
of the soil mass. It was notes that the clay fraction measured
after the test should be used in Fig. 16 instead of those
corresponding to before the test was conducted to ensure that
the residual friction angle is not underestimated. As seen in
Fig. 16, at the same clay content, the clay mineralogy can
strongly influence the residual friction angle with differences
over 20° in some cases. Tiwari and Marui (2005) also pre-
sented charts to estimate the residual friction angle as
functions of the specific surface area, percent of smectite in
the soil mass, the liquid limit (shown in Fig. 17), and the
plasticity index (shown in Fig. 18). A triangular correlation
chart with contours to estimate the residual friction angle in
terms of the clay mineralogy was also prepared by Tiwari
and Marui (2005). This has been reproduced in Fig. 19.

Correlations Between Residual and Fully Softened
Friction Angles
To the authors’ knowledge, only two sets of researchers
have examined the relationship between the residual and
fully softened friction angles. Stark et al. (2005) presented a
chart that relates the difference in these two friction angles
with the liquid limit. However, their correlation contained a
significant amount of scatter. While Tiwari and Ajmera
(2011) focused on the fully softened shear strength of soils,
their work also provided several relationships between the
residual and fully softened friction angles. The residual
friction angles included in these relationships were taken
from Tiwari and Marui (2005). Figures 20 and 21 contain
the relationship that the authors proposed between the dif-
ference in the fully softened and residual friction angles in
terms of the liquid limit and plasticity index, respectively.
They found that their relationships had less scatter than
those proposed by Stark et al. (2005) as a result of aggre-
gating the correlations with the mineralogical composition.
Tiwari and Ajmera (2011) also presented relationships
between the normalized difference of the fully softened and
residual friction angles. These differences were normalized
by the fully softened and residual friction angles, separately.
The relationships developed by Tiwari and Ajmera (2011)
are provided in Figs. 22, 23, 24 and 25. These figures relate
the normalizations to the liquid limit and plasticity indices
of the soil samples.
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Discussion

The fully softened shear strength can be measured using a
variety of laboratory tests including the direct shear, triaxial
compression, ring shear and direct simple shear. Triaxial
testing to measure the fully softened shear strength of soils
poses several difficulties including: (1) difficulty in preparing
and handling the sample for the test and (2) long testing
durations associated with saturation, consolidating and
shearing specimens. The ring shear test is not able to capture
the shearing mode in situ for the fully softened condition
(Stark et al. 2005) and thus, requires the use of a correction
factor when measuring the fully softened friction angle.

Given these issues, the authors believe that the fully softened
shear strength is best measured with the use of direct shear or
direct simple shear testing. Direct simple shear testing is
found to be better suited for determining the fully softened
shear strength at low effective normal stresses, mainly due to
the machine and instrumentation sensitivity related errors in
direct shear test specifically at very low normal stresses.

Measurement of the residual shear strength is fairly
straightforward. It is widely accepted that the torsional ring
shear test is ideal for measuring the residual shear strength.
However, the authors recommend the use of an Imperial
College type ring shear test over a Bromhead type device
due to the many benefits it has to offer. Since there is a
limited availability of ring shear devices in commercial labs,

Fig. 16 Relationship between
the clay content and the residual
friction angle as proposed by
Tiwari and Marui (2005)

Fig. 17 Relationship between
the liquid limit and the residual
friction angle as proposed by
Tiwari and Marui (2005)
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the residual shear strength can also be measured with the use
of pre-cut and polished surfaces in the direct shear or triaxial
compression tests. Procedures for preparing these samples
are explained in detail in Meehan et al. (2010, 2011),
respectively, which also note that direct shear test specimens
are easier to prepare than triaxial compression test
specimens.

Examination of the functional forms of the fully softened
shear envelopes including linear, power and hyperbolic
depictions suggested that none of those forms can accurately
capture the fully softened shear strength at every effective

normal stress. Specifically, the curvature of failure envelopes
at low effective normal stresses is best capture by power or
hyperbolic function forms. The power function is better able
to appropriately predict the shear strengths across a larger
range of effective normal stresses than the hyperbolic func-
tion, which suggests a plateau in the fully softened shear
strength. A linear Mohr-Coulomb failure envelope can
accurately capture the behavior of soils at high normal
stresses. Therefore, the ranges across which the functional
form is fitted to represent the shear envelope should be noted
and extrapolation beyond that the range of testing (especially

Fig. 18 Relationship between
the plasticity index and the
residual friction angle as
proposed by Tiwari and Marui
(2005)

Fig. 19 Triangular correlation
chart proposed by Tiwari and
Marui (2005) that relates clay
mineralogy to the residual friction
angle
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Fig. 20 Relationship between
liquid limit and the difference in
the fully softened and residual
friction angles as proposed by
Tiwari and Ajmera (2011)

Fig. 21 Relationship between
plasticity index and the difference
in the fully softened and residual
friction angles as proposed by
Tiwari and Ajmera (2011)
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Fig. 22 Relationship between
liquid limit and the ratio of the
difference in the fully softened
and residual friction angles with
the fully softened friction angle as
proposed by Tiwari and Ajmera
(2011)

Fig. 23 Relationship between
plasticity index and the ratio of
the difference in the fully softened
and residual friction angles with
the fully softened friction angle as
proposed by Tiwari and Ajmera
(2011)
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towards low effective normal stresses) should be avoided.
Similar comments can also be made regarding the failure
envelope for the residual failure envelope.

A number of factors were found to influence the fully
softened and residual shear strengths. Some of the factors
include the chemistry of the pore fluid, mineralogical com-
position, plasticity characteristics, strain rate, and the amount
of clay within the soil mass. The shear strength uses in

analyses and design should account for these factors and
potential fluctuations with seasonal changes. Additional
research is necessary to better quantify both the influence of
these and other factors on both the fully softened and
residual shear strengths.

The literature contains many correlations to estimate both
the fully softened and residual shear strengths. These cor-
relations are extremely important in order to verify

Fig. 24 Relationship between
liquid limit and the ratio of the
difference in the fully softened
and residual friction angles with
the residual friction angle as
proposed by Tiwari and Ajmera
(2011)

Fig. 25 Relationship between
plasticity index and the ratio of
the difference in the fully softened
and residual friction angles with
the residual friction angle as
proposed by Tiwari and Ajmera
(2011)
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back-calculations performed and to provide preliminary
estimates for the strengths in early design calculations.
However, these correlations are not perfect and will not
capture all of the factors influencing the shear strength and
behavior of soils globally. As such, it is still best to perform
laboratory and/or field measurements of the shear strengths.
Along those lines, it is also noted that soil test results from
the sites should not be discarded simply because they do not
agree or fit with the current correlations. Engineers should
continue to use their judgement and be able to explain their
choices and decisions rather than consider this or any other
document as absolute. If correlations are used, it is suggested
that the values obtained be reduced (or the considered factor
of safety be increased) to account for uncertainties in the
estimates.

The current understanding of both the fully softened and
residual shear strengths can hardly be considered complete.
There is still significant research that needs to be undertaken
to continue to improve the state-of-practice. For example,
future research avenues may explore: (1) the impacts of
undrained and cyclic loading on the residual and fully
softened shear strengths, (2) additional testing using triaxial
compression tests to measure both the fully softened and
residual shear strengths, (3) the influence of various factors
including pore fluid chemistry, remolding moisture content,
strain rates, mineralogy, etc., (4) development of correlations
that consider these other influencing factors, and (5) the
incorporation of reliability and probability. Case histories
related to the fully softened and residual shear strengths
should continue to be well-documented

Summary and Conclusions

In Many new developments in the understanding of the fully
softened and residual shear strengths have been made in the
recent years. A clear understanding of the background and
meaning of both of these shear strengths has emerged along
with information regarding when it is appropriate to use both
the fully softened and residual shear strengths. Develop-
ments in various areas associated with both of these shear
strengths are summarized below:

• Measurement Methods: The fully softened shear strength
can be measured in the laboratory with the use of direct
shear, direct simple, triaxial compression, and ring shear
testing. While no consensus exists, the authors recom-
mend the use of either the direct shear or the direct simple
shear for these estimates with further research required on
the use of triaxial compression tests. It is widely accepted
that the torsional ring shear is best for measuring the
residual shear strength. However, given its limited

availability, direct shear or triaxial testing can also be
performed using pre-cut and polished specimens.

• Interpretation Techniques: Fully softened and residual
shear envelopes have been defined using various function
forms ranging from the linear Mohr-Coulomb envelope to
power and hyperbolic functions. None of these forms will
accurately capture the shear strengths at all effective
normal stresses. Curvature is most pronounced at low
effective normal stresses, for which the power or hyper-
bolic function is best suited for the shear envelope. The
secant friction angles can also be used to capture the
curvature of the failure envelopes.

• Influencing Factors: Many different factors including clay
mineralogy, plasticity characteristics, strain rate, and pore
fluid chemistry will impact the fully softened and residual
shear strengths. The fully softened and residual shear
strengths used in the design and analyses should account
for the impact of these factors.

• Correlations: There are a number of correlations that exist
in the literature to estimate the fully softened and residual
shear strengths. These correlations are valuable to verify
the back-calculated strengths and to perform preliminary
design calculations. A limitation of the current correla-
tions is the lack of those that capture the influence of the
various factors that impact the shear strengths. As such,
extreme caution should be applied while using one cor-
relation method versus others.

While there is an improved understanding of both the
fully softened and residual shear strengths, much work still
remains. Several future research avenues have been identi-
fied in this paper.
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Oso Landslide: Failure Mechanism
and Runout Analyses

Timothy D. Stark and Zhengdan Xu

Abstract

This paper describes and explains the large mobility of
the 2014 Oso Landslide, which caused significant fatal
consequences. This landslide occurred in two phases,
characterized by significantly different material beha-
viour, strengths, and runout. A portion of the first phase
underwent significant undrained strength loss (liquefac-
tion) and travelled over 1.7 km over a nearly horizontal
valley surface and devasted a residential community. The
second phase underwent brittle failure with much less
strength loss and runout than the first phase. The first
phase slide mass is composed of insensitive, overconsol-
idated glaciolacustrine silt and clay, material not tradi-
tionally recognized as susceptible to a large undrained
strength loss or liquefaction. A new rheology, appropriate
for liquefied overconsolidated glaciolacustrine silt and
clay, is presented and used in the runout analyses. The
large runout occurred in two directions, which allows
various runout models to be compared. Three numerical
runout models were used to investigate their applicability
to similar landslide configurations and future hazard and
risk assessments. These runout analyses show the impor-
tance of: (1) using a digital terrain model in the runout
analysis, (2) modeling field representative shear strength
properties and failure mechanisms, and (3) predicting
runout distance, splash height, and duration for risk
assessments and to improve public safety for this and
other slopes.

Keywords

Landslide � Runout analysis � Failure mechanism �
Stability analyses � Colluvium � Shear strength �
Undrained strength loss � LiDAR

Landslide Overview

On 22 March 2014 a large and fast moving landslide
destroyed the Steelhead Haven Community near Oso,
Washington along the North Fork of the Stillaguamish River
in Snohomish County. This landslide is considered the
deadliest in the history of the continental U.S. with 43
fatalities (Wartman et al. 2016). The entire landslide
involved approximately 8.3 million cubic meters of glacial
deposits and water filled colluvium from prior landslides
present along the slope toe. The colluvium-derived flowslide
travelled more than 1.7 km to its distal edge on the south
side of SR530 that connects Oso and Darrington, Wash-
ington. During various site visits (May 22 through 24, 2014;
February 28, 2015; April 16, 2015), the first author exam-
ined various landslide features and exposed geology,
obtained soil samples for laboratory testing to estimate
engineering properties, reviewed aerial photographs, and
conducted stability analyses to assess the impact of changes
in slope geometry with time. This paper summarizes the
material properties measured during the investigation, the
resulting two phase failure mechansim, and accompanying
runout analyses.

Subsurface Conditions

The crest of the Oso landslide slope is located at at an ele-
vation of approximately 270 m on the north side of the
west-trending valley of the Stillaguamish River, which is
around elevation 75 m. This corresponds to a slope height of
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about 200 m. The width of the Stillaguamish River Valley
floor at this location varies from 2.0 km to more than
6.0 km. This slope is part of a large overconsolidated glacial
terrace deposit that developed after the last advance of
continental glacial ice sheets into the Puget Sound. The 2014
landslide occurred at a relatively narrow reach of the river,
where it flows north and then west along the slope toe. The
river erosion, especially at the eastern end, has caused a
number of landslides in the lower portion of the slope
including landslides in 1937, 1951, 1952, 1967, 1988, and
2006, (see 2006 landslide in Fig. 1).

Knowledge of the pre-2014 landslide subsurface condi-
tions is important for understanding the failure mechanism,
because a comparison of the initial and final locations of the
various glacial soil deposits aided the understanding of
landslide initiation, movement, number of phases, and run-
out. Based on the exposed landslide headscarp, hand and
shovel excavations during various site visits, geologic maps,
borings before (Shannon and Associates 1952) and after the
landslide (Badger and D’Ignazio 2015), and soil samples
collected and tested herein, the subsurface profile prior to the
2014 landslide is shown in Fig. 2 and is located at the
cross-section location shown in Fig. 1.

The slope subsurface profile consists of (from top to
bottom):

• Recessional Outwash: tan to light brown unsaturated
cohesionless fluvial deposits, medium dense to dense fine
to coarse sands with cross-beddings. The thickness of this
outwash is about 40 m from elevation 270 to 230 m. The
top of this deposit is referred to locally as the Upper
Plateau or Whitman Bench (see Fig. 2).

• Glacial Till: light grey unsaturated, stiff to very stiff,
overconsolidated, and unsorted mixtures of clay, silt,

sand, and gravels with scattered cobbles and boulders.
The thickness of this layer is approximately 23 m from
elevation 230 to 207 m.

• Advanced Outwash: tan to light brown unsaturated fluvial
medium dense coarse sand and sandy gravel with local-
ized clay and silt interbeds. The Advanced Outwash
thickness is approximately 30 m from elevation 207 to
177 m.

• Advanced Glacio-Lacustrine: light to dark grey, medium
stiff to stiff, unsaturated to saturated with horizontally
laminated low to high plasticity clays and silts with
occasional fine sands laminae. The thickness of this layer
is approximately 82 m, from elevation 177 to 95 m, and
was also involved in most, if not all, of the prior low
elevation landslides caused by river erosion along the
slope toe. The unsaturated condition of the Advanced
Glacio-Lacustrine deposit is evident in surficial exposures
and in available borings.

• Sands and Gravels: well sorted fine to medium grained
sands and gravel with possible artesian pressures.

• Fluvial deposits/colluvium: oxidized deposits of loose
saturated sands and silts forming the river floodplain,
mixed with debris from prior landslides exposed near
base of slope, and is youngest deposit and not part of
stratigraphic sequence.

Prior Landslide History

The 2014 landslide occurred in a slope with a history of prior
landslides. Modern accounts of landslides in the lower
portion of the slope date back to 1932 (Thorsen 1969). More
recent high resolution topographic relief images generated
by LiDAR (Light Detection and Ranging) show many large
prehistoric landslides including one at the location of the
2014 landslide have occurred in this valley (see Fig. 3).

The documented history of landsliding at this site reveals
two types of event: (1) large prehistoric landslides that
involve the upper glacial terrace deposits, i.e., the Whitman
Bench (see Figs. 2 and 3), which are similar to the 2014
landslide, and (2) smaller landslides in the lower portion of
the slope between 1932 and 2014 were primarily caused by
river erosion. Landslides involving the Whitman Bench
exhibit significantly greater runout because of the greater
elevation and potential energy of the source material than the
low elevation landslides.

The occurrence of a large prehistoric landslide at the
location of the 2014 landslide is important because it created
the Ancient Landslide Bench shown in Fig. 3 that supported
and protected the Whitman Bench from landslides primarily
caused by river toe erosion and precipitation. Based on the
geometry of neighboring high elevation landslides also

Fig. 1 Aerial view of 2006 landslide, location of cross-section in
Fig. 2 (solid line), and outline of sides of 2014 landslide (dashed lines)
(image courtesy of Rupert G. Tart)
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shown in Fig. 3, it is anticipated that the ancient landslide at
this location occurred through the weak varved lacustrine
layers in the upper portion of the Advanced Glacio-
Lacustrine deposit and evacuated some of the overlying
Whitman Bench. After this landslide, a bench or ledge was
created that supported the overlying Whitman Bench slope
and protected the Whitman Bench from oversteepening by
landslides in the lower portion of the slope until after 2006.

The ancient slide mass travelled down the slope and
across the Stillaguamish River, where it was eroded over
geologic time. This is easy to visualize because the ancient
slide mass consisted primarily of two unsaturated sandy
outwash deposits that are quickly eroded by the river as
witnessed after the 2014 landslide. During a site visit only
two months after the 2014 landslide, a significant amount of
these sandy outwash deposits had already been eroded by the
Stillaguamish River (see Fig. 3) and exposed the underlying
Advanced Glacio-Lacustrine clays. This explains the lack of
a significant portion of the ancient slide mass being present
on the valley floor prior to the 2006 and 2014 landslides.

Using aerial photographs of the 1937, 1951, 1952, 1967,
1988, and 2006 landslides assembled by the Seattle Times
(https://projects.seattletimes.com/2014/building-toward-
disaster/), Kim et al. (2015) and Sun et al. (2015) show only
the lower portion of the slope and the Advanced
Glacio-Lacustrine Clay deposits were involved. These low
elevation landslides removed some of the Ancient Landslide
Bench but there was still sufficient width of the bench to
support the overlying Whitman Bench until after the 2006
landslide. The slide masses from these lower elevation
landslides accumulated along the slope toe or advanced only
85 m in the 1947 slide, 200 m in the 1967 slide, and 250 m
in the 2006 slide from the slope toe, respectively, based on
aerial photographs because of their low elevation, low
potential energy, and lack of significant strength loss. Nev-
ertheless, in each of these low elevation landslides the slide
mass would move the active river channel to the south away
from the slope toe. The river would then start eroding the
prior landslide debris to the north until it was again under-
mining the Advanced Glacio-Lacustrine Clays again. Based
on the dates of prior landslides and aerial photographs, it

Fig. 2 Slope cross-section at location shown in Fig. 1 prior to 2014 landslide with phreatic surfaces inferred from inverse stability analyses except
where observed in borings drilled from the Whitman Bench or in the slide mass

Fig. 3 2013 LiDAR-derived topography showing the Oso landslide in
context with the Ancient Landslide Bench (see shaded area) (base
courtesy of Puget Sound Lidar Consortium)

Oso Landslide: Failure Mechanism and Runout Analyses 49

https://projects.seattletimes.com/2014/building-toward-disaster/
https://projects.seattletimes.com/2014/building-toward-disaster/


took about 35 to 40 years for the river to erode enough
landslide debris/colluvium to initiate another landslide in the
lower portion of the slope. Each of these landslides would
remove some of the Ancient Landslide Bench especially on
the eastern end where the river flowed almost north directly
into the slope (see Fig. 3). This timing of 35 to 40 years is
important because only eight years elapsed between the
2006 landslide and the large 2014 landslide, not 35 to
40 years, so a different failure mechanism had be involved in
the 2014 landslide.

2014 Landslide

The 2014 landslide is significantly different than the 1937,
1951, 1952, 1967, 1988, and 2006 landslides in the fol-
lowing four main aspects:

(1) River erosion did not play a significant role because the
river channel had been pushed significantly south of the
slope toe by the 2006 landslide,

(2) 2014 landslide occurred only eight years after the 2006
landslide not 35 to 40 years,

(3) Slide mobility was much greater, resulting in the slide
mass travelling more than 1.7 km in comparison to
85 m, 200 m, and 250 m in the 1947, 1967, and 2006
landslides, respectively.

(4) 2014 slide mass is much larger than the 1937, 1951,
1952, 1967, 1988, and 2006 slide masses.

As a result, a different failure mechanism than river toe
erosion had to initiate the 2014 landslide. The first factor
considered for the 2014 landslide is precipitation. The 2014
landslide occurred during a dry sunny morning after a period
of unusually intense rainfall. Nearby precipitation gauges
with 86 years of data indicate that the rainfall during the
twenty-one days (March 1 through 21) preceding the land-
slide was significantly greater than average (Keaton et al.
2014). In particular, these data show the 45-day period
before the landslide was wetter than 98% of the same 45-day
period in the 86-year historical record (Iverson et al. 2015).
Cao et al. (2014) and Henn et al. (2015) show that the
cumulative precipitation for the 21 days prior to the 22
March 2014 landslide corresponds to a return period of
about 97 years making the 21 days prior to the landslide the
wettest (403 mm of rainfall) on record at the Darrington,
Washington rain gauge. It is anticipated that this intense
rainfall, higher groundwater, and increased runoff along the
eastern side of the 2014 landslide mass triggered a landslide
that removed the small remaining portion of the Ancient
Landslide Bench on the eastern end (see dashed circle in
Fig. 3), and undermined the Whitman Bench discussed

below. This resulted in initiation of the 2014 two-phase
failure mechanism described below.

Even with a record rainfall in March 2014, the Oso
landslide is the only large landslide in the valley and region
so this site had a unique feature, i.e., an oversteepened
and/or undermined Ancient Landslide Bench on the eastern
end. LiDAR images show no other ancient landslide bench
in this area was oversteepened and/or undermined to the
extent the eastern bench was in Fig. 3.

Phase I Slide Mass

Based on inverse 2D limit equilibrium stability analyses
using the software packages SLIDE and SLOPE/W and the
soil properties in Stark et al. (2017) that are reproduced in
Table 1, Fig. 5 shows the probable failure surface for the
initial instability that triggered the first phase (Phase I) of the
2014 two-phase failure mechanism. Table 1 shows the
measured drained fully softened and residual strength
envelopes for the fine-grained deposits. These strength
envelopes are stress-dependent and Table 1 presents the
range of effective stress friction angle from low to high
normal stress.

The Phase I instability initiated in the eastern portion of
the Ancient Landslide Bench slope (see Fig. 3) where the
bench had been oversteepened by prior sliding in the lower
portion of the slope. The failure surface in Fig. 5 is based on
field observations and inverse stability analyses that yielded
a factor of safety of about unity (1.0) for a variety of com-
pound failure surfaces and piezometric levels estimated from
the inverse analysis of the 2006 landslide.

Compound slip surfaces were primarily considered
because of the observed internal distortion of the slide vol-
ume during each of the two phases and the differing soil
types in the upper portion of the slope, i.e., outwash sands,
glacial till, and varved silts and clays in the Advanced
Glacio-Lacustrine deposit that contain weak horizontal lay-
ers as discussed above. Circular failure surfaces are only
applicable to homogeneous soil deposits. However, a cir-
cular search also was conducted, which confirmed the crit-
ical failure surface is a compound slip surface.

Colluvial Flowslide of Phase I

The important aspect of the Phase I initial slide mass is that it
quickly impacted the water filled, softened, and disturbed
colluvium that had accumulated along the lower portion of
the slope during prior river induced landslides. At the
western end of the slope, a 0.9 to 1.2 km2 sedimentation
pond with a depth of about 4.6 m had been constructed in

50 T. D. Stark and Z. Xu



the colluvium after the 2006 landslide to reduce the amount
of sediment entering the river due to precipitation, emergent
stream(s) and seepage from the slope, and river flooding.
Therefore, the colluvium had an abundance of water
between the blocks of overconsolidated clay and within the
loose matrix of disturbed colluvium filling these interstices.
Many of the “intact” clay blocks were likely also at or near
saturation. All of this helped produce a fluid or liquefied
behavior after it was impacted by the Phase I slide mass,
which is described below. The Phase I slide mass was
moving rapidly downslope during its descent of about
150 m when it impacted the colluvium causing a large
undrained strength loss, which allowed the colluvium to
flow across the river and valley. The large undrained
strength loss was evident by the runout of over 1.7 km and
trees from the upper plateau still being vertical halfway
across the valley.

With the large and rapid impact force from the Phase I
initial slide mass, the blocky, softened, and water filled
colluvium disintegrated into a fluid with the soil particles
becoming suspended in a fluid matrix causing a flowslide
using the classifications in Hungr et al. (2014). The fluid
colluvium then flowed quickly across the valley like a
flowslide ahead of the main Phase I slide mass. The rapidity
of the flowslide is evident by the burial of vehicles traveling
along SR530 near the middle of the valley. Without the large
and rapid push of the Phase I initial slide mass, the collu-
vium would not have undergone this large undrained
strength loss because similar colluvium was present prior to
the low elevation landslides in 1937, 1951, 1952, 1967,
1988, and 2006 and these slide masses did not flow past the
river and across the valley. Therefore, the large-scale and
significant undrained strength loss of the colluvial mass

appears to be contingent on a sufficiently large and energetic
impulse from above, which was delivered by the Phase I
slide mass from the Whitman Bench in 2014 (see Fig. 5).

The fluidized material incorporated water ponded along
the slope toe, about 400 mm of rainfall in the twenty-one
days before the slide, and water that had infiltrated the 2006
landslide derived colluvium. This allowed the colluvial mass
to lose significant strength and flow across the river and
entraining further quantities of water filled colluvium and
river alluvium. This is a similar mechanism proposed by
Sassa (1985) for shallow landslides surcharging downslope
loose granular soil so rapidly as to cause “impact liquefac-
tion” a process which Sassa (2000) later duplicated in an
undrained torsional ring shear apparatus.

Figure 6 shows rafted blocks of unsaturated outwash
sands and glacial till from the Whitman Bench traveled to
near the alignment of SR530. Conversely, the liquefied
colluvium flowed over SR530 and continued for another
0.5 km on the west side of the hill shown in Fig. 6.

Some of the field observations that confirm the fluid
nature of the colluvium are piles of rafted outwash sand and
overconsolidated glacial till from the Whitman Bench near
SR530 and some still upright trees that were carried on top
of the rafted sand blocks from top of the slope to south of the
river (see Fig. 7). The fluidized colluvium moved farther
than the outwash sands from the Whitman Bench (Phase 1),
which was riding or rafting along on some of the fluidlized
colluvium. The rheology of the disturbed colluvium (fluid
like) was clearly different from the rheology of the initial
Phase I slide mass, which involved unsaturated overcon-
soldiated materials, e.g., outwash sands and glacial till, and
remained frictional instead of exhibiting fluid/liquefied
behavior.

Table 1 Input parameters for 2D
limit equilibrium slope stability
analyses

Description of
geologic
deposit

Total
and
saturated
unit
weights
(kN/m3)

Estimated peak and measured fully
softened effective stress friction angles

Measured residual
effective stress friction
angle

Recessional outwash 20.0 280 N/A

glacial till 20.0 350 N/A

Advanced outwash 19.0 300 N/A

Low plasticity
advanced
glacio-lacustrine

20.0 340 to 250 270 to 200

High plasticity
advanced
glacio-lacustrine

20.0 320 to 210 190 to 120

Sands and gravels 19.0 350 N/A

Prior slide debris
(Colluvium)

16.5 320 to 210 190 to 120
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Phase II Slide Mass

The mobility of the colluvium and Phase I initial slide mass
caused unbuttressing of the upper slope, which initiated a
retrogression into the intact material of the Whitman Bench.
Based on inverse limit equilibrium stability analyses, Fig. 5
shows the probable compound failure surface for the
Phase II slide mass that primarily involved the upper por-
tion of the slope. The Phase II slide mass involves unsat-
urated and intact outwash sands, glacial till, and the upper
portion of the Advanced Glacio-Lacustrine clay deposit.
The unsaturated portions of the outwash sands and glacial
till deposits exhibited frictional behavior which resulted in
the formation of large landslide blocks instead of a flow-
slide as observed in the colluvium. As a result, the Phase II
slide mass was much less mobile and is not responsible for
any of the property damage or loss of life in the valley. The
top of this slide mass forms the new landslide bench (see
Fig. 6) that will protect the overlying Whitman Bench for
many years to come because the river cannot directly erode
this bench or the Upper Plateau due to the lower portion of
the Phase II slide mass covering the lower portion of the
slope.

Figure 7 shows an aerial photograph of the slope in July
2013, the location of the 2006 headscarp, and the extent of
the Phase 1 and 2 slide masses in 2014. The Phase II slide
mass primarily involves the Whitman Bench while the Phase
1 slide mass involves part of the Whitman Bench and the
slope below the 2006 headscarp. The Phase II slide mass
also involves the mature trees that were located on the
Whitman Bench prior to the 2014 landslide and are now on
the new landslide bench shown in Fig. 6.

Aerial photographs show the Whitman Bench slope
remained stable for over one hundred years and LiDAR
images of adjacent slopes show similar slopes have remained
stable for much longer. However, landslides involving the
lower portion of the slope will continue to occur as the river
erodes the 2014 landslide debris and undermines portions of
the new and still tree-covered landslide bench (see arrow in
Fig. 6) but these lower elevation slides will not directly
impact the Whitman Bench. Based on river migration and
erosion rates calculated for the 1937, 1951, 1952, 1967,
1988, and 2006 landslides, it will take at least 300 years to
remove enough of the Phase II slide mass and landslide
bench to oversteepen and/or undermine the Whitman Bench
sufficiently to cause another large landslide that moves past
the river and across the valley as in 2014. This time estimate
is based on aerial photographs from 1937, 1951, 1952, 1967,
1988, and 2006 that identified the location of the river at
each time so the rate of migration could be estimated using
the time between each photograph. As a result, studying the
effect of the river on the new landslide bench using LiDAR

images, as shown in Fig. 4, is important to evaluate the
landslide hazard and risk with time as discussed below.

Figure 6 shows the Phase II slide mass stretched or
spread out as it moved down the slope but did not become
highly mobile like the colluvial flowslide. The runout of the
Phase II slide mass was limited, because it was mainly
frictional and its leading edge collided with the back edge of
the Phase I slide mass. On the western end, the Phase II slide
mass actually over-rode the northern edge of the Phase I
slide mass because some Advanced Glacio-Lacustrine Clay
from the Phase II slide mass was found overlying the trees
and outwash sands of the Phase I slide mass (see dashed
circle in Fig. 6).

Seismic Records

The two-phase failure mechanism described above is also in
agreement with nearby seismograph recordings that show
two distinct ground motions separated by about two minutes.
Figure 8a shows the various ground motion recording sta-
tions near the 2014 Oso Landlside. The recording stations
designated as JCW, B05A, and CMW are located at dis-
tances of approximately 10, 17, and 22 km, respectively,
from the 2014 landslide. Figure 8b presents the ground
motions from recording station JCW (Jim Creek Wilderness
Station at: 48°12′13″N 121°55′00″W). Figure 8b show two
distinct ground motions with durations of 96 and 70 s sep-
arated by about two minutes.

The first ground motion recording started at 10:37.30 on
22 March 2014 and ended at 10:40.00 while the second
motion started at 10:42.00 and lasted only 1.5 min. Hibert
et al. (2014) conclude that these ground motions correspond
to two separate landslide events (Phase I and II) with the

Fig. 4 Erosion of sandy outwash deposits by Stillaguamish River two
months after landslide
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events having different characteristics and runouts. The first
ground motion is indicative of a large landslide mass with a
velocity and acceleration of 19.4 m/s and 1.0 m/s2, respec-
tively (Hibert et al. 2014). This first motion is larger than the
second motion and caused the colluvial flowslide. The sec-
ond ground motion is more impulsive and indicative of a
complex breakaway sequence that merged into one landslide
(Hibert et al. 2014), which is in agreement with the retro-
gressive nature of the Phase II slide mass. Because of the
fluid nature of the colluvial flowslide, a separate ground
motion was not detected for this movement.

Figure 5 illustrates the large slope movements involved
in the two-phase failure mechanism, which was initially
described in a 1 June 2015 Seattle Times newspaper article
(Doughton 2015). The Phase I slide mass moved first with
significant speed and momentum, as described by an
eyewitness (described below), and impacted the
water-filled colluvium that had accumulated along the
lower part of the slope. The Phase I slide mass pushed
some of the water filled colluvium in front of it across the
river, the valley, the unexpecting neighborhood, SR530
highway, and beyond. The steep valley slope then
remained unsupported and some two minutes later the
Phase II slide mass slid down the evacuated slope but did
not move far because the materials were primarily unsat-
urated, dense, and frictional so it stopped at the back edge
of the Phase I slide mass.

Unlike other large flow landslides, e.g., La Conchita in
2005, videos of the slide are not available so the proposed
failure mechanism may not represent all aspects of the
failure mechanism. For example, the geometry of the Phase I
slide mass is subjective because the slide mass and scarp
were removed. The Phase I slide mass geometry was esti-
mated using results of inverse analyses of the 1967 and 2006
landslides to estimate groundwater and shear strength con-
ditions that were used to predict the 2014 critical compound
failure surface shown in Fig. 5.

Runout Analyses

The two-phase failure mechanism shown in Fig. 5. is used
below to conduct runout analyses and assess the accuracy of
existing runout models. This is important because the failure
mechanism is the first and most important input parameter
for a runout analysis. If the failure mechanism is incorrect,
the runout analysis will not accurately predict the slide mass
runout because the kinematics of the slide movement will
not be correct.

As a result, the failure mechanism proposed by Stark
et al. (2017) is used in the runout numerical models DAN3D,

Fig. 5 Two-phase failure
mechanism prior to 2014
landslide with the Phase 1 failure
surface based on field
observations and inverse slope
stability analyses at cross-section
location shown in Fig. 1

Fig. 6 Aerial view and extent of sand (dashed line) pushing and
over-riding fluidized colluvium from slope toe, a new landslide bench
(see arrow), and the Phase II slide mass overriding the back end of
Phase I slide mass (dashed circle) (image courtesy Rupert G. Tart)
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Anura3D, and FLO-2D and the results are compared to field
observations made between 22 and 24 May 2014, or about
two months after the landslide, by the first author (see Figs. 4
and 7). In particular, the runout results are compared to field
observations of the final shape, distance, splash heights,
consistency, shear strength, and depth of the slide mass,
post-event topography, and ground motions recorded during
the two-phase landslide to assess the accuracy of the
analyses.

Fig. 7 Photographs showing: a recessional outwash sands and near
vertical trees stopped north of SR530, b distrubed colluvium in
foreground, blocks of outwash sand with trees in valley, and new
landslide bench and scarp in background, and c nearly vertical tree from
upper plateau in Phase I just south of override zone of Phse II

Fig. 8 Aerial view of slope in July 2013 and outline of the 2014
Phase I and II slide masses ((c) 2014 Google)

Fig. 9 a Aerial photograph from Google Earth showing proximity
seiemic recording stations to Oso Landslide and b ground motions from
recording station JCW from Pacific Northwest Seismograph Network
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Liquefied Shear Strength

Another important input for the runout anlayses is the value
of liquefied strength used to model the disturbed water-filled
colluivum after being impacted by the Phase I slide mass.
This section describes how the liquefied strength was esti-
mated and the value selected for the runout analyses reported
herein.

Given field observations of the flow characteristics of the
water-filled colluvium (see Fig. 11), the colluvium was
modeled using the empirical liquefied strength ratio corre-
lation (Stark and Mesri 1992 and Olson and Stark 2002)
developed from earthquake-induced liquefaction flow slides
involving contractive granular materials. The field lique-
faction case histories analyzed by Stark and Mesri (1992)
have an effective overburden stress at the middle of the
liquefiable layer that ranges from 0.4 to 5.4 kg/cm2 with an
average and standard deviation of 1.2 kg/cm2 and
1.1 kg/cm2. These liquefaction case histories exhibit a range
of liquefied strength of 0.02 to 0.33 kg/cm2 with an average
of 0.11 kg/cm2, which is used below for the runout analyses.
The liquefied strength applied in the liquefied rheology
model was estimated using the following relationship from
Stark and Mesri (1992) and Olson and Stark (2002):

sl ¼ 0:033 to 0:075� rv � uð Þ ð1Þ
where sl = liquefied shear strength; rv = prefailure total
vertical stress; and u = prefailure pore-water pressure. The
liquefied strength ratio sl=ðrv � uÞ, of 0.07 was estimated
using a normalized penetration resistance of six as discussed
below.

Because the blow count for the heterogeneous water-filled
colluvium that flowed past SR530 was not known prior to the
2014 landslide, a representative value was estimated based on
field observations by the first author. This resulted in a nor-
malized blowcount of six (6) with the blowcount normalized
to an effective vertical stress of 1 kg/cm2 (1 tsf) and a standard
penetration test energy efficiency of 60%. This resulting value
of (N1)60 is six (6) and was used to estimate the liquefied
strength ratio of 0.07 from the empirical relationship in
Eq. (3) of Olson and Stark (2002).

The liquefied strength ratio of 0.07 was selected for a trial
flow analysis, which yielded good agreement with field
observations and was not varied in subsequent DAN3D
runout analyses even though lowering this ratio may have
produced better agreement between the calculated and
observed runout on the west side of the slide mass and
Engineer Hill as shown below. In fact, the liquefied strength
ratio could have been varied from about 0.033 to 0.075 as
discussed above to improve the agreement with field
observations but was not to evaluate the runout models.

The use of a liquefied strength ratio from earthquake-
induced flow slides was first proposed by Oldrich Hungr for
a presentation on the 2014 Oso Landslide to the Vancouver
Geotechnical Society in Vancouver, British Columbia on 15
April 2015 (Hungr, 2015) with the first author. This is a
creative feature of the dynamic analysis presented in Aaron
et al. (2017) because this empirical method was developed
by Stark and Mesri (1992) for static and seismic flow failures
involving saturated, loose granular soils not overconsoli-
dated glacial silts, clays, and till.

The basal resistance used with the liquefied rheology
described above does not have an explicit dependence on
shear rate, i.e., it is a constant and purely plastic strength.
However, the inverse analyses performed by Olson and
Stark (2002) includes flow and momentum effects on the
liquefied strength. As a result, the expression in Eq. (3)
indirectly includes the effects of viscosity and shear rate in
the empirical relationship.

DAN3D Results

DAN3D is a depth-averaged numerical solution of the
equations of motion in 2D developed by McDougall (2006)
and Hungr and McDougall (2009). Depth-averaged means
the governing mass and momentum balance equations are
integrated and averaged with respect to the depth of pre-
dicted flow. The depth-averaged solution, when assuming
shallow depth of flow, eliminates the depth-wise dimension
(neglecting any shear stress in the depth direction). Thus, the
2D solution corresponds to the model that simulates the
motion across a 3D terrain (McDougall 2006). The equations
of motion are solved by the smooth particle hydrodynamics
solution method (Monaghan 1992).

Additoinal details of the DAN3D analysis of the 2014
Oso Landslide are described in Aaron et al. (2017). The
2014 Oso Landslide was modeled as two separate events
during the DAN3D (Hungr and McDougall 2009) simula-
tion. These two events refer to the movement of the Phase I
and Phase II slide masses, respectively, identified by Stark
et al. (2017), which is shown in Fig. 5. The DAN3D results
show that the Phase I slide mass traveled a long distance and
was stopped by Engineer Hill near the center of the runout
zone. This protruding area (see “EH” in Fig. 10) consists of
slide debris from a historic landslide that initiated on the
south side of the valley and moved northward over part of
the valley.

The DAN3D Phase I results show good agreement with
field observations on the east side of Engineer Hill (EH) but
the western portion of the runout zone exhibits a shorter
runout than observed. The Phase II slide mass was much less
mobile due to its frictional behavior and only moved a short
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distance past or south of the Stillguamish River. This runout
distance is in agreement with field observations because the
downslope end of the Phase II slide mass impacted with the
rear of the Phase I slide mass creating an override zone just
south of the river (see Fig. 6) and described below.

Figure 6 presents an aerial photograph that shows the
Phase II override zone (see dashed red lines) where some of
the grey glaciolacustrine silts and clays overrode the trees
and recessional outwash sands from the upper plateau or
Whitman Bench in Phase I. The DAN3D simulation extends
a little past the override zone on the west side but is in good
agreement on the east side of the Phase II slide mass. As a
result, DAN3D can effectively model the two extremes of
slide mass rheology, i.e., fluid flow and frictional, in the
runout analysis of the 2014 Oso Landslide. However,
DAN3D is not presently commercially available due to the
passing of Oldrich Hungr.

ANURA3D Results

This section discusses runout analyses for the 2014 Oso
Landslide performed using the Material Point Method
(MPM), which is applied generally for the simulation of
materials that undergo large and time-dependent deforma-
tions (Sulsky et al. 1994). The governing equations are
standard mass and momentum conservations in the MPM.

The MPM uses a combination of the Lagrangian and
Eulerian descriptions of continuum materials. In an MPM
analysis, the materials are represented by a collection of
disconnected points and a background computational mesh
where the points can move throughout the mesh and carry
the material properties assigned from point to point. This
information is transferred to the nodes of the mesh, where

the linear momentum balance equation is solved. The mesh
solution then is mapped back to update the information of
the material points (Bandara et al. 2016; Bardenhagen et al.
2000).

The nodes of the computational mesh do not retain any
data, which means that the mesh itself remains fixed during
the analysis but the material points can move to different
locations in the computational mesh during the analysis. The
computational mesh also facilitates the definition of the
analysis boundary conditions.

The MPM is incorporated in the Anura3D software
package developed by the MPM research community (Yerro
et al. 2018). This software package allows the analysis of
displacements along a 2D cross-section of the slope and
topography adjacent to the slope consisting of one or
two-phase materials. Anura3D does not allow input of a
digital terrain model to generate a plan-view of the slide
mass runout like DAN3D but the runout can be calculated
for each cross-section and plotted on a plan-view as shown
below.

The use of a two-phase material model makes it possible
to simulate the phase change from solid to fluid, e.g., soil to
water, in a fully saturated material. However, only the
water-filled colluvium along the slope toe was considered
saturated and susceptible to a phase change because the
other materials involved in the 2014 landslide are unsatu-
rated, overconsolidated, and not susceptible to a phase
change. Representative soil properties were used in Anu-
ra3D for the various materials involved to assess the accu-
racy of the model and not properties that provided the best
agreement with field observations.

The stratigraphy, material properties, and two-phase
failure mechanism used in the Anura3D model are illus-
trated in Fig. 12 and shown in Table 1. The residual strength

Fig. 10 Aerial view after 2014 landslide showing: observed bound-
aries of runout (see red dash lines) and travel distances (see yellow solid
lines) on both east and west side of Engineer Hill (EH) (image courtesy
of Rupert G. Tart and dated 24 March 2014; IMG_5806.jpg)

Fig. 11 Photograph showing Phase I intact grey glaciolacustrine silts
and clays and recessional outwash sands behind fluidized colluvium
north of SR530
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properties for Slip Zones 2 and 4 were measured using
torsional ring shear tests while the other shear strength
parameters were estimated.

In the Anura3D analysis, the fixity of the Phase I slide
mass is released to initiate the slope movement and runout
processes while the Phase II slide mass is kept fixed until
runout of Phase I is complete. After the Phase I slide mass
stops moving, the Phase II slide mass is then allowed to
move by releasing its fixity. This results in the two distinct
phases or slide movements being modeled and acting sepa-
rately. This allows Anura3D to calculate the duration for
Phases I and II, which can be compared to the ground
motions recorded during the 2014 landslide to investigate
the accuracy of the Anura3D model. In addition, the calcu-
lated runout distances, slide mass depths, and splash heights
are compared with field observations to assess the accuracy
of the Anura3D model below.

Anura3D allows the analysis of displacements only along
a 2D cross-section not over a digital terrain model. As a
result, the analysis conducted herein used three
cross-sections to calculate the runout distance and behavior
of the slide mass east and west of Engineer Hill and across
Engineer Hill (see Fig. 8). Afterwards, the results from these
three cross-section are compared to the runout observed at
these locations to assess the accuracy of the MPM.

Figure 13 shows the simulation results at time steps of 0,
8, 24, 28, 80, and a total of 138 s, i.e., 80 s for Phase I and
58 s for Phase II, for the western cross-section shown in
Figs. 10 and 12. The results illustrate that the Phase I slide
mass moved down slope and started impacting the
water-filled colluvium within eight seconds of the release of
the Phase I slide mass in the model. At eight seconds, the
now disturbed or impacted water-filled colluvium is assigned
a liquefied strength and it is pushed across the river and
flows as a near liquid across most of the valley. This flow
behavior continues until 80 s of total elapsed time and the
unsaturated materials near the top of the Phase I slide mass
are able to travel about 1.2 km in this short period of time
(80 s). A distance of 1.2 km is shorter than the observed
final runout of the colluvium of about 1.7 km on the west
side of Engineer Hill because the unsaturated material of the

upper slope did not travel as far as the water-filled collu-
vium. These numerical results are consistent with field
observations that the intact glacial materials of the upper part
of the slope stopped just north of the SR530 at t1 = 80 s.
Therefore, Anura3D reasonably predicts the runout of the
unsaturated glacial materials as they were transported on the
water-filled colluvium across part of the valley. This is
significant because it suggests that Anura3D can simulate
entrainment of slide material.

The cross-section after twenty-four seconds of slide
movement shows a splash of colluvium occurring on the
north side of the river, which decreases in height as it con-
tinues across the river. These results also match field
observations of slide debris and tree damage occurring as
high as 10 m in trees just on the southside of the river near
the western edge of the slide mass. The field observations
show a splash height of over 12 m west of the cross-section
analyzed and west of the main direction of runout. As result,
it is reasonable that the splash height observed is less than
that calculated by Anura3D, which shows a splash height of
about 30 m just past the river at a time of 28 s (see Fig. 13).

The splash height of 30 m estimated by Anura3D is more
consistent with an eyewitness account by John Reed repor-
ted in the Seattle Times that estimated the splash height in
the direction of runout of about 30 m:

… When it hit the water, it shot way up, way taller than the
tallest trees,” Reed said. “Then I saw this big black wall—it
must have been more than 100 feet (30 m) high—rise high
above the (Steelhead Drive) neighborhood. The houses, in
comparison, looked minuscule. It was unbelievable…. John
Reed; (Seattle Times, 3/27/14, https://old.seattletimes.com/html/
localnews/2023709258_mudslideedge1xml.html).

After 80 s of slide movement, runout of the Phase I slide
mass converges and essentially stops. It takes about 58 s
after the stoppage of Phase I (80 s) for the Phase II slide
mass to complete runout for a total runout time of about
138 s. Figure 13 shows at the end of the simulation, the
maximum calculated runout on the western cross-section is
about 1.5 km, which is in good agreement with field
observations of about 1.7 km on the west side of Engineer
Hill.

Movement of the Phase II slide mass after 58 s also
includes the downslope portion overriding the rear of the
Phase I slide mass. After 58 s, the new landslide bench is
visible in the upper part of the slope (see Fig. 13 at
t2 = 58 s). All of these runout and slide behavior charac-
teristics are consistent with field observations.

The cross-section and surface topography for the eastern
cross-section are similar to the western cross-section (see
Fig. 13 at t1 at 0 s). As a result, the east cross-section is not
presented herein before discussing the results in this para-
graph. In the eastern cross-section, the Phase I slide mass
also reached the river after about twenty-four seconds of

Fig. 12 Slope stratigraphy and failure surfaces for Anura3D runout
model
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movement and splashes to a height of about 30 m on the east
side of the slide mass. This calculated splash height of 30 m
is comparable to that observed in trees along the eastern side
of the slide mass given the height of the tree base above the
evacuated area. The small calculated splash height of about
5 m along the eastern boundary of the slide mass near
SR530 is also in agreement with field observations that show
a similar splash height at this distance and a slide mass depth
of only about 5 m. In summary, the Anura3D results for the
eastern cross-section are in agreement with the observed
splash heights and slide mass depths along the eastern
cross-section.

Given the similarities between the east and west
cross-sections and the topography south of the river prior to
movement, the east cross-section also produced a runout of

about 1.5 km. This is also in excellent agreement with the
observed runout on the east side of Engineer Hill. Coinci-
dently, DAN3D also provided excellent agreement with the
observed runout on the east side of Engineer Hill. However,
DAN3D did not provide a good runout prediction on the
west side (too short) of Engineer Hill while Anura3D did
provide good agreement on the west side. It is anticipated
that the DAN3D analyses would have been in better agree-
ment if the liquefied strength ratio was lowered but it was
decided not to change the original ratio of 0.07 estimated by
Professor Oldrich Hungr (Aaron et al. 2017). In summary,
DAN3D and Anura3D provided good predictions of the
observed runout with Anura3D giving better agreement on
both the east and west sides and the top of Engineer Hill as
discussed in the next paragraph. The results for the

Fig. 13 Anura3D runout behaviors for west cross-section at time steps of: 0, 8, 24, 28, 80, and a total of 138 s in Phases I and II (80 + 58 s)
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cross-section that passes through Engineer Hill (see Fig. 10)
are also interesting because a splash height was observed in
some of the trees on top of Engineer Hill. The top of
Engineer Hill is about 16 m above the SR530 pavement and
there was slide debris on and damage to trees on top of
Engineer Hill about 3 m above the ground surface. The force
of the slide mass was evident by the presence of at least one
vehicles being pushed to the top of Engineer Hill.

The Anura3D simulation results for the Engineer Hill
cross-section show at a time step of 42 s the Phase I slide
mass reach Engineer Hill and causes a splash of about 20 m.
Given the top of Engineer Hill is about 16 m above the
pavement of SR530, a total splash height of about 20 m is in
agreement with observations of slide debris on and damage
to trees at a height of about 3 m above pre-existing ground
on top of Engineer Hill for a total splash height of about
19 m. This agreement between field observations and cal-
culated runout reinforces the usefulness of the Anura3D
analysis.

The final runout topography from Anura3D was com-
pared with slide mass depths derived from subtracting the
2006 and 2014 LIDAR images. The two topographies
compare well except for the upper portion of the slope,
which indicates lower mobility of the Phase II slide mass
than actually observed. Several factors may result in this
Phase II difference, which include the ground motions that
were recorded (see Fig. 9b) were not modeled in the Anu-
ra3D analysis, which can impact the kinematics of the flow
failure, simplifications used to model the complex subsur-
face conditions involved in the 2014 landslide, and esti-
mating the effective stress parameters for the outwash sand
layers and glacial till at the top of the slope because these
materials were not tested by Stark et al. (2017).

Another means to verify the accuracy of the Anura3D
model and runout prediction is to compare the duration of
the simulated Phase I and II runouts with the ground motions
recorded during the 2014 landslide. For example, the ground
motions recorded at station JCW during the 2014 Oso
landslide on 22 March 2014 show the ground velocity time
histories for the two phases of slope movement have dura-
tions of 96 and 70 s for Phases I and II, respectively, (see
Fig. 8b). These two ground motions are separated by about
162 s of quiet or no significant ground motion. This quiet
period cannot be modeled in Anura3D because the Phase II
slide mass does not start moving until its fixity is removed
by the user. The fixity can be removed after 162 s manually
but it is not released by Anura3D to simulate the kinematics
of the actual failure. The observed durations of slope
movement of 96 and 70 s are a little greater than the Anu-
ra3D durations of 80 s for Phase I and 58 s for Phase II but
these durations are in reasonable agreement.

In summary, Anura3D provided a good simulation of the
runout behavior of the 2014 Oso Landslide, i.e., runout

distance, splash height, slide mass depth, and duration on the
west side of Engineer Hill, using field representative input
parameters. This bodes well for use of Anura3D to predict
runout of other slopes along the Stillguamish River Valley.

FLO-2D Results

FLO-2D is a 2D finite difference model that simulates
non-Newtonian floods and debris flows. FLO-2D was
developed by O’Brien et al. (1993) and uses fluid behavior
to predict runout behavior. The model adopts the continuity
equation and 2D equations of motion to govern the consti-
tutive behavior of a fluid. In a debris flow analysis,
sediment-involved flows with high volumetric concentration
are treated as homogeneous fluid based on Peng and Lu
(2013). By inputting a digital elevation model to define the
ground surface topography of the analysis area, the fluid
flows along the terrain low spots and the range of runout can
be predicted.

The following three factors dominate the behavior of the
flowing materials in this rheology analysis: (i) yield stress,
(ii) viscosity, and (iii) influence of turbulence and dispersion on
flow. An expression of the total shear stress mobilized in the
hyper-concentrated flow incorporating these three factors is
given by the following equation fromO'Brien and Julien (1988):

s ¼ sy þg
dv

dy

� �
þC

dv

dy

� �2

ð1Þ

where sy is the yield stress that is required to trigger the flow
of the sediments, g is the viscosity of the sediment during
flow, C is the inertial shear stress coefficient, and dv

dy is the

rate of shearing strain in flow. The sum of first two terms in
Eq. (1) is the shear stress assumed in the Bingham plastic
rheology model (Schamber and MacArthur, 1985; O'Brien,
1986), which introduces a linear stress–strain relation-
ship. Normally Bingham fluid behavior applies to
hyper-concentrated flow of clay and quartz particles in water
under low shearing rates (Govier and Aziz, 1982).

The viscosity and yield stress in Eq. (7) are determined
using the following empirical correlations:

g ¼ a1e
b1Cv ð2Þ

sy ¼ a2e
b2Cv ð3Þ

where ai and bi are empirical coefficients and Cv is the
sediment concentration by volume not mass. A rheology
model that incorporates the three factors above, i.e., yield
stress, viscosity, and turbulence and dispersion on flow,
enables FLO-2D to simulate a variety of flooding and debris
flow problems.
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To be implemented in FLO-2D, the total shear stress
expression in Eq. (1) is depth-integrated and rewritten in
slope form as presented in O'Brien and Julien (1993).
A rheology model that incorporates the three factors above,
i.e., yield stress, viscosity, and turbulence and dispersion on
flow, enables FLO-2D to simulate a variety of flooding and
debris flow problems.

O’Brien et al. (1993) obtained empirical coefficients for
several different mudflow matrices through laboratory tests,
which are referred to herein for determination of the yield
stress and viscosity factors to model mudflow materials. The
properties of water-filled colluvium are closest to those of
the Aspen Pit I mudflow materials (see O’Brien et al. 1993)
based on comparison of index properties, e.g., liquid limit
and clay-size fraction of 0.32 and 31%, respectively.

According to the flow properties of the Aspen Pit I
mudflow summarized by O’Brien et al. (1993), a1 ¼
0:036; b1 ¼ 22:1; a2 ¼ 0:181; andb2 ¼ 25:7 are used for the
water-filled colluvium in the FLO-2D analysis herein. The
yield stress and viscosity are also sensitive to the sediment
concentration. As the volumetric sediment concentration
varies from 0.1 to 0.4, the values of these two factors can be
changed by three orders of magnitude (O’Brien et al. 1993).
Considering a porosity of 0.61 for the water-filled colluvium
based on a saturated unit weight of 16.5 kN/m3, the volu-
metric sediment concentration is taken to be 0.39. Subse-
quently, the yield stress and viscosity can be calculated
through Eqs. (2) and (3), respectively.

An advantage of the FLO-2D software package over the
Anura3D pacakge is a digital terrain model (DTM) can be
imported to initialize the FLO-2D analysis. The rupture
surface for the Phase I slide mass is then added to the DTM
to define the volume of the Phase I slide mass as the volume
of material between the rupture and ground surfaces. The
evacuation zone for the Phase I slide mass is obtained by
subtracting the post-Phase I topography from the pre-event
topography. On the basis of the DTM, grids with a size of
50 m by 50 m were created and elevation points were
interpolated to discretize the slide mass. In the FLO-2D
analysis, only the water-filled colluvium in Phase I is
assumed to flow like a liquid during the simulation. Thus,
flow input parameters were only assigned to grids corre-
sponding to the initial location of water-filled colluvium.

The hydrograph at each grid, reflecting the change of flow
volume with time, is assumed to be triangular-shaped
(Wanielista 1990; Coroza et al. 1997; SWCB 2008; Li
et al. 2010; Croke et al. 2011; Peng and Lu 2013) for sim-
plification. Thus, the input source of flow debris linearly
increases from zero to a peak and then linearly decreases to
zero at each grid. These increases and decreases are occur-
ring over each time step, which is 0.1 s for the anlayses
performed herein. The peak of discharge is determined by
the grid area and average colluvium thickness in the

corresponding grid, and the assumed time span of 60 s is
comparable to the main portion of the first recorded event
duration.

The FLO2D runout (blue) is compared to the actual
(orange) and DAN3D (green) runout zones in Fig. 14. In
particular, Fig. 14 shows the FLO-2D analysis significantly
under predicts the runout on the east side of Engineer Hill
and the largest portion of the runout goes towards the west
along the channel of the Stillguamish River. The runout goes
primarily west along the river channel because of the
decrease in elevation of the channel instead of across the
river valley. This is due to FLO-2D only allowing surface
topography to influence flow direction and distance instead
of potential energy or kinematics of the slide mass as dis-
cussed below.

In an effort to improve the runout prediction by FLO2D,
the water-filled colluvium was modeled as water in a sub-
sequent analysis instead of a soil. Using the flow properties
of water, reduces the resistance of the colluvium to flow and
should yield a larger runout zone than the first analysis that
utilized mudflow properties for the colluvium. It was antic-
ipated that this analysis might give better agreement with the
observed runout and is the best chance of improving the
comparison between FLO-2D and field runout observations.
The results of the FLO-2D runout analysis that uses water,
i.e., little flow resistance, for the water-filled colluvium is
shown in Fig. 14. The revised FLO-2D runout (see light blue
area) is compared to the actual (orange) and DAN3D (green)
runout zones in Fig. 14. This comparison still shows the
largest portion of the runout going towards the west along
the river channel and still does not provide a good estimate
of the actual runout even assuming the colluvium has the
resistance of water. As a result, it is concluded that FLO-2D

Fig. 14 Comparison of runout zones for: FLO-2D using mudflow
properties (see dark blue area) and water for the colluvium (light blue
area), DAN3D (green area), Anura3D (yellow lines), and observed
impact zone (orange area)
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is best suited for situations where only topography, not slide
mass potential energy or kinematics, controls slide mass
runout.

In Fig. 14 the DAN3D results include both Phases I and
II with Phase I being darker green in color than Phase II,
which stops just south of the river. The DAN3D results are
in excellent agreement with field observations on the east
side of Engineer Hill and a little short of the observed runout
on the west side of Engineer Hill. The DAN3D results are
also in excellent agreement with the runout reaching Engi-
neer Hill in the middle of the debris field and causing some
splashing on the top of the hill. The Anura3D runout results
east and west of Engineer Hill are in good agreement with
field runout observations (orange) but the results are only
available for the three cross-sections analyzed.

FLO-2D does provide a better estimate of the runout zone
in the westernmost portion of the landslide than DAN3D but
this does not compensate for the great deviation from field
observations in other portions of the slide mass. Anura3D
does not provide an estimate of the influence zone if a
cross-section is not drawn in the desired area so its results
also have some limitations.

In summary, FLO-2D is able to provide a preliminary
estimate of the runout or impact zone of a flood or fluid
flowslide. However for planning and risk assessment activ-
ities, the FLO-2D results should be supplemented or
replaced by another runout analysis, e.g., DAN3D and/or
Anura3D, to capture the effect(s) of slope potential energy
and kinematics to accurately predict runout and risk to
infrastructure and public safety.

Summary

This paper summarizes the slope history, investigation, and
analyses used to determine the two-phase failure mechanism
of the 22 March 2014 landslide near Oso, Washington that
destroyed more than 40 homes and fatally injured 43 people
and the accuracy of available runout analsyes to simuate the
observed behavior. The key findings are:

• The 2014 landslide occurred in two phases with Phase I
consisting of an initial landslide involving the Upper
Plateau, i.e., Whitman Bench, that was over-steepened by
the 2006 landslide. Phase II is a retrogressive landslide in
the Upper Plateau caused by evacuation of the Phase I
slide mass, which left the upper terrace unbuttressed.

• Rainfall in the 21 days before the 2014 landslide is the
wettest on record and corresponds to a 97-year return
period and contributed to initiation of the Phase I land-
slide on the eastern end of the ancient landslide bench.

• Slope toe erosion by the Stillguamish River did not
contribute to initiation of the Phase I landslide because it
had been pushed south by the 2006 landslide.

• The Phase I landslide impacted, pushed, and over-rode
the water filled, disturbed, and softened colluvium along
the slope toe, causing a large undrained strength loss
similar to the mechanism proposed by Sassa (1985 and
2000) that enabled the colluvium to flow about two km
across the valley and carry the recessional outwash
sands and trees from the upper plateau across part of the
valley.

• Phase II did not exhibit a large runout because the
materials are overconsolidated, unsaturated, frictional,
and were stopped by the back of the Phase I slide mass.

• Future LiDAR hazard mapping should identify the fol-
lowing two areas because they pose a high risk of a large
runout across the valley floor: (1) slopes that have been
oversteepened and/or undermined by prior sliding, river
erosion, and/or other landslide activity, e.g., see adjacent
landslides in Fig. 3, and (2) areas that are not steep over
the entire slope length because of a significant accumu-
lation of colluvium along the slope toe and do not
exhibit an ancient landslide bench sufficiently wide to
support the Upper Plateau, e.g., 2014 landslide. There-
fore, slope height alone is not a good indicator because
many other slopes along this river valley have a similar
or greater height than the 2014 landslide but have a slope
profile, i.e., ancient landslide bench, that is sufficient to
maintain stability of the Upper Plateau or Whitman
Bench.

• The runout results from DAN3D and Anura3D are in
good agreement with field observations in respect to the
final distance traveled, post-event topography or slide
mass depth, observed splash heights, and duration of each
phase of slope movement.

• It is recommended that a range of liquefied strength ratio
be used for the runout analyses to bracket the range of
runout and impact to infrastructure and public safety for
risk assessments.

• The runout analysis performed using FLO-2D is not in
agreement with field observations because the code uti-
lizes a fluid flow model so the slide mass primarily
follows the low spots in the ground surface topography
and the effects of slide mass potential energy and kine-
matics are not incorporated. The potential energy of the
Phase I slide mass caused the water-filled colluvium
along the slope toe to be pushed across the Stillguamish
River and undergo a large undrained strength loss, which
is not modeled in FLO-2D. As a result, FLO-2D sig-
nificantly under predicted the runout zone of the 2014
slide mass.
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Numerical Modelling for Slope Stabilizations
in Modern Geotechnical Practice

Daniel Pradel

Abstract

Until recently geomechanical numerical modelling of
slopes and landslides was mostly performed for academic
research purposes and for the engineering design of high
earth embankments. In recent years, the use of Finite
Element and Finite Difference modelling packages has
become commonplace, and allowed complex analyses to
be performed by practicing engineers in firms of all sizes.
Although these software packages have widespread use in
geotechnical engineering, there are two applications that
are particularly well-suited for slope stability and land-
slide modelling. The first one, is the analysis of slope
repairs and landslide stabilizations that combine multiple
structural elements (e.g., several rows of piles with
tiebacks). The second is the seismic performance of
slopes, e.g., designs where dynamic amplification and
permanent seismic displacements are a major concern.
This paper presents recent advancements for the practical
design of slopes, the advantages for designers of
performing geomechanical modelling, and provides
guidelines for their use in modern slope engineering
and landslide stabilization practice.

Keywords

Landslide� Slope stability �Geomechanical modelling �
Finite element method � Finite difference method �
Stabilizing piles � Tieback � Landslide stabilization �
Seismic slope movement

Introduction

In large urban environments where steep topographic relief
is present, hillside lots are often developed out of necessity.
The added costs associated with hillside projects are gener-
ally justified by the lack of flat available undeveloped land,
or because their views make hillside lots attractive devel-
opments that can be sold at a premium price. Unfortunately,
landslides are a common hazard in hillside projects that
practicing geotechnical engineers must confront, especially
when slopes are steep and adverse underlying geologic
conditions are present.

Until several decades ago, most slope stabilizations were
designed using traditional limit equilibrium methods of slope
stability analysis, e.g., using the method of slides. In seismic
areas, these analyses were generally supplemented with
simple pseudostatic limit equilibrium calculations, which
where eventually replaced by simplified seismic deformation
analyses based on Newmark (1965) sliding block analogy.
As seismic deformations relied on more complex ground
motion and soil properties, efforts grew to standardize the
use of these methods and industry practice, e.g.,
ASCE/SCEC (2002) in California.

Compared to researchers in academic intitutions who
were early adopters of geomechanical modelling techniques
and embraced them for landslide analyses, practicing engi-
neers have generally lagged in implementing numerical
methods for the design of slope stabilizations and evaluation
landslide hazards. Nevertheless, during the last decade the
use by practicing engineers of geomechanical numerical
models has increased significantly. For example, it is now
common in the USA for most geotechnical firms to own one
or more licenses of FLAC (Itasca 2019), PLAXIS (Bentley
2019), RS2 (Rocscience 2019), and competing geotechnical
numerical packages. Consequently, the high-end geome-
chanical modelling that was until very recently limited for
multi-million-dollar projects is nowadays becoming
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increasingly available for the analysis of ordinary slope
repairs and landslide stabilization projects.

In this author’s experience, the use by practitioners of
numerical techniques to evaluate landslide hazards and
design slope stabilizations varies considerably. In the USA,
this variability is largely the result of differing economic
conditions (e.g., cost of land) and local engineering con-
straints (e.g., seismicity). In this author’s opinion, there are
two slope stability applications that are particularly
well-suited for geomechanical modelling, are being
increasingly used by practicing engineers, and should be
strongly encouraged due to their potential benefits; i.e.:

(a) Slope stabilizations using structural elements, i.e., pro-
jects where soil-structure interaction is important.

(b) Dynamic slope stability analyses, i.e., projects where
ground motion amplification and permanent seismic
displacements need to be evaluated.

In this paper we will present recent advancements in
geomechanical numerical modelling techniques that are
important for landslide stabilizations in geotechnical prac-
tice. Its main purpose is to provide guidelines for the prac-
tical and more widespread use of numerical techniques in
modern slope engineering and landslide stabilizations.

Landslide Stabilizations Using Structural
Elements

Introduction

In urban environments where steep and/or adverse geologic
conditions are present, deep-seated landslides often affect
multiple properties. Since many homeowners on the
periphery of slope failures are reluctant to allow stockpiling
on their properties, and/or provide access through their land,
logistically these landslides tend to be very difficult to sta-
bilize using traditional grading techniques. Under such
conditions, property lines often impose constraints that make
conventional landslide stabilizations difficult,
time-consuming and expensive.

To stabilize hillside properties and reduce long-term
maintenance/repair costs, property owners in the USA fre-
quently opt to mitigate landslide movements within the
confines of their properties. This approach often necessitates
using structural elements, such as drilled shafts, to improve
the stability of a limited portion of their properties.
Often, property owners request designs that only stabilizes
the lot’s building pad (e.g., Fig. 1).

Because of property line constraints, practicing geotech-
nical engineers often propose solutions to repair the slope or

improve its stability involving alone or in combination:
drilled shafts, soil nails, anchors, tiebacks, and dewatering
(e.g., Fig. 2). An example of such practice in California is
described in Pradel (2018).

One of the main advantages of using drilled shafts to
stabilize slopes, is that they can be placed very precisely
along property lines, top and toe of slopes (Fig. 4); hence,
significantly restricting the area where the stabilization is
performed. For developers and engineers, the ability to
control the limits of the stabilization also allows partial
removal and recompaction of a landslide by grading, veri-
fication and localized disruption of the landslide basal plane
(e.g., using a compacted fill key or buttress), and can facil-
itate the total removal of a landslide (Figs. 2 and 3). For
these reasons drilled shafts are widely used and considered
versatile elements in slope stabilization techniques.

Traditional Techniques for the Design of Slope
Stabilizations that Incorporate Structural
Elements

To design landslide stabilizations with structural elements,
geotechnical engineers often utilize various methods of
analysis in combination (Carder and Temporal 2000). The
employed design procedures and methods of analysis
depend mostly on the failure mechanisms being considered,
as well as their criticality. Importantly, these methods can
vary significantly for the same design element. For example,
different design approaches may be used to prevent the
adverse consequences of soil flow between piles; some
engineers may rely on arching theory (e.g., Ito and Matsui
1975, 1981), others on deformation analyses (e.g., numerical
predictions), whereas some engineers may simply opt for a

Fig. 1 Photo of a failed landslide stabilization in Calabasas, California.
The project used a single row of stabilizing piles (drilled shafts) near
the scarp that were insufficiently deep to resist the effects of the slide
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narrow pile spacing considered to be adequate for a full
transfer of passive pressures (e.g., the 3 shaft diameter
center-to-center spacing suggested in Broms 1964).

The most commonly used methods to evaluate the global
stability of a slope stabilized using structural elements can be
divided into the following groups:

(a) Limit Equilibrium Methods: Methods belonging to
this group include Taylor’s friction circle method and
methods of slices, such as the Bishop, Janbu, and
Spencer methods (Duncan and Wright 2005). These
methods, which were designed for the analysis soil
masses were not intended for the direct determination of
structural demands, such as bending moments in piles.
Nevertheless, in practice the contribution from a

structural element has traditionally been considered by
adding a resisting force that is considered to be com-
patible with the expected movement of the sliding mass.
In limit equilibrium methods, landslide movement is
generally assumed to occur according to a

Fig. 2 Photos taken during a landslide stabilization in Encino,
California. The project used two rows of stabilizing piles and tiebacks
which allowed the completed removal and recompaction of the
landslide

Fig. 3 Photos taken during construction of the drilled shafts and
tiebacks shown in Fig. 2 (Top image: reinforcement of the drilled shafts
with steel I-beams; Bottom image: exposed tieback anchor blocks
during landslide removal)
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rigid-perfectly-plastic model, with the sliding mass
moving as a single rigid block in the downslope
direction. Because of this assumption, displacements
are often not kinematically acceptable and pressure
distributions on stabilizing piles, anchored walls and
buttresses cannot be defined; hence, practicing engi-
neers must make reasonable pressure distribution
assumptions to obtain the demands (e.g. bending
moments) necessary for the design of stabilizing piles.
Such procedure is exemplified in NAVFAC (1986) for
the design of stabilizing piles by the method of slices.
A more modern procedure using Taylor’s friction circle
method was proposed by Hassiotis et al. (1997).

(b) Earth Pressure Theory Method: For simple slope
stabilizations, where stabilizing piles are installed near
the top of slope (Fig. 1), practicing engineers some-
times use earth pressure theories (e.g., Coulomb or
Rankine theories) to design stabilizing piles. To stabi-
lize landslides, residual strength is generally used for
the calculation of the active pressure coefficient (Ka)
and a triangular lateral pressure distribution is assumed
to be acting on piles. Conversely, when piles are placed
along the toe of slopes (Fig. 4), passive conditions
prevail and soil pressures are calculated using the pas-
sive pressure coefficient (Kp). Because bending
moments in stabilizing piles quickly become excessive,
anchorage systems (e.g., tiebacks) are almost always
required for piles along the toe of landslides (Fig. 4).
Near the scarp, active pressure conditions are present,
and piles can often be designed to cantilever on the
order of 10 m, beyond that they generally require
anchorage systems. In this author’s experience, this
methodology is most often used to design stabilizing

piles located near the scarp (Fig. 1) and along the sides
of a building or slope, i.e., along the edge of areas
needing landslide protection while allowing movement
of the slope below.

(c) Hybrid Equilibrium/Deflection methods: For the
analysis of slopes stabilized using vertical structural
elements (such as micropiles and drilled shafts), prac-
ticing engineers sometimes complement their limit
equilibrium slope stability calculations with pile
deflection analyses. In the USA, these analyses are
often performed with the LPILE program from Ensoft
(2019). In the LPILE analyses, stabilizing piles are
generally subjected to the unfactored forces (or pressure
distributions) predicted from limit equilibrium methods
(“a”) or earth pressure theories (“b”). The LPILE
analyses consider the pile rigidity and often result in
modifications of the original designs.

(d) Deflection Theory-Based Methods: Several authors
including Reese et al. (1992) and Boekmann and Loehr
(2013) have proposed methods that truly combine the
traditional method of slices with pile deflection theory
(as opposed to the hybrid approach under “c”). These
methods often incorporate the p-y method (e.g., Reese
and Van Impe 2011), require numerous iterations and are
relatively complex. Generally, these procedures require
calculations to be repeated until the critical slip surface,
the stiffness of the structural elements, the resisting for-
ces, and pile displacements are considered compatible.
Changing either pile diameter, spacing or length requires
a new set of iterations since demands must be consistent
with the assumed displacements of the slide mass.
Adding anchorage systems (e.g., Fig. 3) increases the
complexity to the procedure, and require additional
iterations. In this author’s experience, designers rarely
use methods belonging to this group in practice.

Although many landslides have been successfully stabi-
lized using the methods described above, in this author’s
experience, many designs either ignore displacements, use
overly conservative forces, and/or have inconsistent resis-
tance distribution among structural elements.

Sources of Uncertainty

In addition to uncertainties related to shear strength,
groundwater and subsurface conditions, designers must find
the critical failure mode that governs slope stability. When
using limit equilibrium methods, engineers generally assume
that increasing the number of failure plane searches will
sufficiently reduce uncertainty and result in a reasonable
approximation of the critical basal plane, i.e., the failure
plane that is most prone to failure.

Fig. 4 Photo of a landslide mitigation in Malibu, California. Along the
toe of the slope the project used piles and tiebacks to lateraly support
the landslide
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For the design of slopes, practicing engineers should also
consider the following factors, as they may introduce sig-
nificant uncertainty:

(a) Continuity of the critical failure plane: Analysing
landslide stabilization using discontinuous circular
failure surfaces, Yamagami et al. (2000) showed that
the placement of a row of piles in a slope results in
discontinuous critical basal planes. Importantly, when a
row of stabilizing piles was introduced the critical
surfaces that Yamagami et al. (2000) found, did not
intercept at the pile location. Since stabilizing piles are
generally socketed in bedrock and through shear
transmit significant forces into the stable ground below,
they profoundly disrupt the continuity of interslice
forces. Hence, the lack of failure plane continuity
reported by Yamagami et al. (2000) is not surprising.

(b) Contributions from multiple structural elements:
Large landslide stabilizations often require several rows
of stabilizing piles and tiebacks and are generally
complex (e.g., Fig. 2). An additional complexity for
designers is that traditional methods do not predict the
relative contribution from different pile rows; therefore,
these methods are poorly suited to evaluate the relative
contributions of multiple structural systems, e.g., pile
rows having various pile geometries and multiple
anchorage systems.

Because of the above, it is not only hard to predict the
critical failure mode for landslide stabilizations, such as the
one in Fig. 2, but it is also very difficult to obtain the
associated lateral pressures and structural demands acting on
multiple piles and tiebacks, especially when these have
diverse geometries and stiffnesses.

The critical collapse mechanism depicted in Fig. 5 was
predicted by the Discontinuity Layout Optimization tech-
nique (LimitState 2020). It exemplifies how complex and far
from obvious the critical failure mode can become for large
landslide stabilizations. The problem with predicting the
critical failure mode for large stabilizations, such as shown
in Figs. 2 and 3, is described in detail in Pradel (2018).

Strength Reduction Method

Introduction

Although the Finite Element Method (FEM) began to be
used for dams in the 1960s (Clough 1960; Clough and
Wilson 1999), its use for the analysis of slopes and landslide
stabilizations under static conditions became widespread in
practice after the introduction of the Strength Reduction

Method (SRM) by Griffiths and Lane (1999). The SRM is
incorporated into numerous computer programs used for the
design of slopes by geotechnical engineers, including FLAC
(Itasca 2019), RS2 (2020) and PLAXIS (2019). One of the
main advantages of the SRM is its ability to obtain Factors
of Safety, which is a building codes requirement in many
jurisdictions worldwide.

The SRM involves modelling subsurface soils and rocks
as elastic-perfectly-plastic materials, while simultaneously
reducing their strengths, e.g., their cohesions, c, and friction
angles, u, by a strength reduction factor, R:

cd ¼ c

R
ð1Þ

tan udð Þ ¼ tanðuÞ
R

ð2Þ

The reduction is repeated iteratively by a FEM or Finite
Difference (FD) program, until equilibrium is no longer
satisfied and the slope fails in a quasi-natural manner. The
highest value of the strength reduction factor that satisfies
equilibrium and is kinematically acceptable is equivalent to
the Factor of Safety, FOS, of the slope:

FOS ¼ Rmax ð3Þ
In engineering practice, the SRM has multiple advan-

tages, including:

Fig. 5 Critical failure mode and kinematically acceptable displace-
ments predicted using LimitState: Geo (LimitState 2020) for the
landslide stabilization depicted in Figs. 2 and 3
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(a) Predicted critical failure mechanisms are generally
self-evident. This is especially important for stabiliza-
tions where several structural elements are combined,
i.e., where the critical failure mechanism may be diffi-
cult to anticipate (e.g., Fig. 5).

(b) No assumptions about the location and shape of the
critical failure surface are required. Hence, the engineer
must not characterize the shape as circular, noncircular
or convex, nor be concerned about the initiation and
exit points of the failure surfaces.

(c) No restrictive hypotheses about interslice forces direc-
tion, location or magnitude are needed (e.g., similar to
the constant thrust force angle hypothesis in Spencer’s
method).

(d) Predictions can be easily obtained for probable, opti-
mistic and pessimistic scenarios, by modifying slightly
the FEM or FD analyses used for the SRM. With
adequate field instrumentation (e.g., slope inclinometers
and load cells) these scenarios may be used to assess the
safety of operations, and to evaluate during construction
how realistically the adopted soil properties were
estimated.

(e) The mesh used for the SRM can be modified and
subjected to earthquake time-histories for assessments
of seismic performance.

For safety reasons, the ability to obtain benchmarks for
realistic, as well as potentially adverse scenarios, (as
described under “d”, above) is especially important for
landslide stabilizations requiring deep cuts and slopes that
may be subject to a sudden rise in groundwater pressures.
A great advantage, is that benchmark predictions from
numerical models may analyzed within the framework of the
observational method (Peck 1969), or modified/rerun mul-
tiple times during construction operations (e.g., after alter-
ations of the original stabilization scheme were required in
the field). Similarly, when the numerical model is subject to
earthquake time-histories (as in “e”, above), geotechnical
engineers may use the predicted accelerations, velocities and
displacements to evaluate anticipated performance and
increase the confidence of simpler Newmark method seismic
deformation analyses (e.g., Makdisi and Seed 1978; Bray
and Rathje 1998; Bray and Travasarou 2007).

Implementing the SRM for soil and rock slopes without
structural elements is straightforward and results in critical
failure surfaces that are generally very similar to those pre-
dicted by limit equilibrium methods that consider both forces
and moment equilibrium (e.g., Fig. 6).

In anchored slopes, where the failure plane is intercepted
by tiebacks or soil nails, bonding failures are often the
critical mode of failure; hence, implementation of the SRM

is also straightforward and the contribution from multiple
anchorage systems may be easily obtained (e.g., Fig. 7).

Stabilizing Piles

The load transfer between the soil and a laterally loaded pile
is governed by soil-structure interaction, and often analyzed
using a p-y method (e.g., Reese and Van Impe 2011) by
practicing engineers. In slopes, lateral movements depend on
local rigidities, complex displacement fields, and various
other factors; consequently, structural demands on stabi-
liziing piles are hard to calculate.

In a landslide repair where a row of small diameter piles
has been installed at large spacings from each other, the soil
retained behind the piles will tend to flow between the
deformable piles, and the piles will carry a small percentage
of the total downward forces. Converselly, large diameter
closely spaced piles (e.g., Figs. 2 and 3) will prevent most
soil flow and result in a performance similar to that of a rigid
and continuous retaining wall.

Soil-structure interaction (SSI), including the effect of
pile spacing, diameter and rigidity, can be fully modelled
using a three-dimensional (3D) numerical mesh. Although
this approach is elegant and can solve most SSI related
concerns, building a 3D mesh is time-consuming and
therefore not recommended for practical applications.

A suitable and less numerically intensive approach is the
creation of equivalent two-dimensional (2D) FEM or FD
models, where the structural elements are connected to the
soil mesh by nonlinear springs. With an appropriate
non-linear spring formulation, this approach permits large
movements of the soil mesh relative to the piles, while
simultaneously providing loading of the structural elements
that is consistent with the p-y method.

In landslide stabilizations, allowing flow between piles
while simultaneously providing a reasonable load transfer
onto the piles is crucial for the determination of realistic
bending moments and shear forces. In practice, two
approaches are available to model this load transfer:

(a) Using spring stiffnesses derived from published p-y
curves (e.g., Reese and Van Impe 2011; Ensoft 2019).

(b) Developing site specific p-y curves from push-over
analyses. These analyses must be performed for each
representative pile, and model by FEM or FD the per-
formance of the pile pushed laterally at selected depths
(Fig. 8).

Since in landslide stabilizations the predicted soil dis-
placements tend to be very large compared to the pile
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displacements, the use of complex nonlinear p-y curves,
such as the ones in LPILE (Ensoft 2019) are in the author’s
opinion rarely justified for SRM analyses. Simple bilinear
(elastic-perfectly-plastic) springs derived from push-over
analyses are, considered sufficiently accurate to obtain rea-
sonable structural demands for most design projects.
An example of a pile push-over analysis is illustrated in
Fig. 8, note that because of symmetry only half the space
between stabilizing piles needs to be discretized.

Nevertheless, the analysis needs to repeated for multiple
depths (i.e., when soil properties change and as vertical
stresses increase).

An example of a SRM solution where the critical failure
plane was disrupted by two rows of stabilizing piles that
were installed to protect a rural highway in Ohio, USA, is
illustrated in Fig. 9. Note that in this project, two closely
spaced rows of piles were rigidly connected at the top to
create a structural moment resisting frame. Connecting piles

Fig. 6 Factors of safety obtained
by limit equilibrium (FOS = 1.69
obtained by Spencer method) and
Strength Reduction Method
(FOS = 1.67 obtained by RS2
from RocScience 2019) for small
dam (all dimension shown in
meters)
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Fig. 7 Critical failure mode and soil nail forces predicted by the Strength Reduction Method (FOS obtained by FLAC from Itasca 2019) for a
30 m high slope

Fig. 8 Pushover analysis of 3 m diameter pile at a depth of 8 m for development of its p-y curve (note: because of symmetry, only half the
spacing between piles was discretized in the horizontal direction)
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with grade beams, slabs and/or pile caps (e.g., Fig. 10) is
advantageous, since it significantly reduces total pile dis-
placements and maximum bending moments.

For the analyses in Fig. 9, pushover analyses were per-
formed at 10 different depths using the procedure illustrated
in Fig. 8. Note that in Fig. 9 the critical failure plane pre-
dicted by FLAC became discontinuous at the location where
the piles where installed. It is clear that the piles created a
disruption of the failure plane. Interestingly, the predicted
critical failure mode is discontinuous, in a manner that is
consistent with the findings in Yamagami et al. (2000).

Complex Stabilizations Using Piles and Anchors

Large landslide stabilizations often combine several different
vertical structural elements, such as drilled shafts and

micropiles, and inclined anchorage systems, such as tiebacks,
soil nails, anchors and geogrids (Fig. 3). As previously indi-
cated, finding the critical slope stability failure mechanism is
often difficult when multiple structural elements are used in a
landslide stabilization. Hence, for landslide repairs such as the
one shown in Fig. 2, experienced geotechnical engineers
using limit equilibrium methods alone may result in missing
critical failure mechanisms such as the ones in Figs. 5 and 9.

Unlike the SRM, limit equilibrium techniques require
multiple trial and error attempts (i.e., involve guessing);
hence, depending of the designers experience, there is
always a significant probability of missing the critical failure
mode. Because numerical modeling techniques such the
SRM (e.g., FLAC, RS2 and PLAXIS) and theory of plas-
ticity (LimitState 2020) do not require assuming/guessing
the presumed location and shape of the failure surface, these
methods are less likely to miss the critical failure mecha-
nism. In practice, this makes the SRM a more robust tech-
nique for slope engineering, which should be encouraged,
especially for the design of large/complex slope stability
projects. In this author’s opinion, SRM should be used in
addition to traditional limit equilibrium analyses, and not be
used alone; in combination, these methods vastly improve
confidence in assessment of slope stability, hence, safety.

Dynamic Slope Stability

Introduction

Seismic events such as the 1994 Northridge, 2011 Tohoku
and 2015 Gorkha Earthquakes have demonstrated the vul-
nerability of slopes to seismically induced landslides on
residential developments, roads, and earth dams (Harp and
Jibson 1995; Tiwari et al. 2013; Pradel et al. 2013; Tiwari
et al. 2018).

Fig. 9 Deformed mesh (shown
in black), maximum shear strains
(blue), and pile bending moments
(grey) predicted using FLAC for a
landslide stabilization in Ohio,
USA. To protect the road, two
rows of piles (shown in yellow)
were used; the piles were rigidly
connected at the top to form a
moment resisting frame

Fig. 10 Pile supported wall constructed along a highway in Ohio, to
protect a road from an active landslide. A concrete cap connects two
rows of steel piles, rigidly; on the right side of the cap, precast concrete
panels placed between the piles’ steel flanges to create a retaining wall

Numerical Modelling for Slope Stabilizations … 73



For many years, practicing engineers have favoured using
simple limit equilibrium methods to assess the seismic vul-
nerability of slopes and used the pseudostatic method rou-
tinely. In the USA, the pseudostatic method was widely used
in geotechnical engineering practice until about the 1980s,
with seismic coefficients on the order of 0.05–0.25 g.
Starting in the 1990s, simplified dynamic deformation
analyses based on Newmark’s method (e.g., Makdisi and
Seed 1978; Bray and Rathje 1998) slowly began to replace
traditional pseudostatic analyses for the design of slopes.

As dynamic deformation analyses became increasingly
complex, efforts to standardize the selection of seismic input
parameters and improve the quality of predictions became
necessary; one such efforts in California is exemplified in
ASCE/SCEC (2002). To encourage the use of dynamic
deformation analyses, certain societies distributed spread-
sheets during short-courses and seminars.

To assess the expected seismic performance of hillsides
in California, it became standard during the 2000s to obtain
shear wave velocity profiles, by SCPT (Seismic Cone Pen-
etration Test), ReMI (Refraction Microtremor technique) or
suspension logging techniques. Although the use of dynamic
deformation analyses represents a significant improvement
in the standard of practice, it should be recognized that
Newmark based methods were not developed for the direct
evaluation of slopes reinforced with piles and anchors;
hence, although their use may be justified in many instances,
FEM and FD techniques are, in our opinion, preferable for
landslide stabilizations where dynamic SSI is important and
should be modelled.

For many large engineering firms, dynamic modelling of
earth dams and landslides, became feasible when the FOR-
TRAN code of the QUAD4 computer program was pub-
lished (Idriss et al. 1973). Two decades later, Hudson et al.
(1994) produced a modified version of the original FEM
program, known as QUAD4M, that ran on desktop com-
puters. Like SHAKE (Schnabel et al. 1972), QUAD4 and
many other programs developed at UC Berkeley during the
1970s, QUAD4M uses the equivalent linear method for the
determination of soil damping, shear stresses, velocities and
accelerations. Furthermore, QUAD4M was not intended to
be used for SSI analyses and could not be used to directly
evaluate seismic effects and structural demands in piles and
tiebacks. An example of the use of QUAD4M for the
analysis of landslide movement during the Northridge
earthquake is described in Pradel et al. (2005).

Although designers still use QUAD4M regularly in
practice, the use of programs such as PLAXIS, and FLAC,
has become widespread in engineering practice during the
last decade. Importantly, these programs have allowed small
engineering firms to perform on desktop computers, the
sophisticated numerical analyses that a couple of decades
earlier would have required a mainframe computer, thus

would have been restricted to large engineering firms and
researchers in universities. As a result, many small compa-
nies in the USA are capable today of advanced SSI and
liquefaction analyses, which they perform routinely. These
enhanced capabilities should, in this author’s opinion, be
encouraged as they will improve significantly the state and
quality of geotechnical practice.

Examples of modern numerical modelling using the
computer program FLAC (Itasca 2019) for the prediction of
seismic slope movements are shown in Fig. 11 (Pradel et al.
2013) and Fig. 12 (Tiwari et al. 2018). Both examples
illustrate that quality predictions of movements reported in
case histories can be obtained using relatively simple soil
models and widely available modelling techniques.

Recommended Practice

In hillsides where the subsurface geometry is well defined,
modern dynamic analyses require the following characteri-
zation of all subsurface materials:

(a) Densities and shear wave velocities (vs);
(b) Damping characteristics;
(c) Shear strength gain/degradation.

The above properties may be obtained through a combi-
nation of field testing (e.g., SCPT and ReMI for vs), labo-
ratory tests, and adoption of published findings (e.g.,
damping and modulus reduction curves). Additionally, to
use programs such as PLAXIS or FLAC for the design of a
new hillside development or for a major landslide stabi-
lization, ground motion time-histories must be available.
Importantly, these time-histories must be “within ground
motions” so that they can be directly applied along the base
of the FEM or FD model.

Depending on the type of modeling selected by the
designer and the specific computer program he/she is using,
time-histories may be applied as accelerations, velocities,
displacements or shear stresses.

When analyzing case histories ground motions should be
as realistic as possible, but for new developments they will
largely depend on how much risk is tolerable and how
conservative the engineers were during the ground motions
selection process. In modern practice, peak ground acceler-
ations and response spectra obtained using probabilistic
seismic hazard analyses (PSHA) methods for specified
probability of exceedance (e.g., 2% in 50 years) are gener-
ally preferred. Generally, PSHA results are used to modify
the scale and frequency content of existing earthquake
records that designers consider appropriate for potentially
damaging local fault rupture mechanisms. Design
time-histories are often obtained by spectral matching or
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similar scaling techniques and, depending on local practice
and acceptable risk, 5–10 time-histories are usually selected
for seismic designs.

When analyzing slopes that were adversily affected by an
earthquake (i.e., case histories), nearby ground motion
recordings may be few and, therefore, the total number of
input time-histories for numerical modeling may be limited
(e.g., Tiwari et al. 2018). For the analysis of case histories,
ground motions should preferably be derived from “rock
stations” (seismic station where the seismograph was
installed on a bedrock outcrop) located in the vicinity of the
site. In situations were only nearby “soil stations” are
available, surface ground motions should be deconvoluted in
order to generate depth appropriate “within motions”, i.e.,
time-histories at a depth equal to the base of the model and
that have not been subject to near surface soft-ground
amplification.

Simplified Soil Modelling

Complex soil modelling can significantly increase compu-
tational times and is rarely justified for the design of land-
slide stabilizations. Traditionally, dynamic FEM analyses
were performed using the equivalent linear method (ELM).
The main advantages of ELM are its simplicity and short
computational times, and its main disadvantage is that linear
properties remain constant throughout the history of shaking.
As a result, soil elements are generally over-damped and too
soft during quiet periods in the excitation history, and con-
versely, elements are under-damped and too stiff during

strong shaking. Other disadvantages resulting from the
constant stiffness and damping in the ELM, include:

(a) ELM does not directly provide information on irre-
versible displacements. Hence, plastic yielding and/or
landslide slippage is not predicted directly.

(b) The spatial variation in properties that corresponds to
different levels of motion at different locations during
an earthquake is not considered.

(c) The interference and mixing phenomena that occur
between different frequency components in a nonlinear
material are missing from an ELM analysis.

(d) The adopted stress–strain curves are always in the shape
of an ellipse, a shape that cannot be modified.

Although permanent landslide displacements may be
successfully estimated from the ELM stress predictions
using empirical procedures that are unrelated to the method,
a more robust approach is desirable.

An elegant approach to avoid over-damping during quiet
periods and under-damping during strong shaking is to use
hysteretic damping (Fig. 13). Using the Massing rule, this
approach only requires that backbone shear moduli curves
be selected for each material (e.g., Fig. 14).

As shown in Fig. 14, published and/or experimentally
obtained damping and modulus degradation curves may be
used to select a numerical model’s backbone hysteretic
curves. Please note that at large strains, damping in pub-
lished curves often deviates from what the modulus reduc-
tion curves (G/Gmax) ultimately predict. This discrepancy is
generally the result of an overestimation of the shear strength

Fig. 11 Deformed mesh and
maximum shear strains of
Fujinuma dam during the 2011
Tohoku earthquake

Fig. 12 Deformed mesh and
maximum shear strains at
Lokanthali, Nepal, during the
2015 Gorhka earthquake
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inferred when creating backbone stress–strain curves from
the modulus degradation curves. In projects, this discrepancy
is usually a concern when shear strains exceed about 0.2%
(Chiu et al. 2008).

The previously described methodology allows soil stiff-
ness and damping to be adequately characterized at small
strains (less than 0.2%) and ensures proper wave propaga-
tion modelling. For landslides, slippage along weak surfaces
and plastic flow of soil between piles must be allowed.
Slippage and plastic flow can be modelled by letting shear
failures (i.e., slippage) develop in the soil, e.g., in accor-
dance with a Mohr–Coulomb or similar failure criteria.
Using this approach, the backbone stress–strain curves cre-
ated by the hysteretic damping model cannot exceed the
shear stresses predicted by the failure criteria, hence, have a
clear upper bound (as shown in Fig. 13).

Model Boundaries

Trapping of energy within a model is a major concern in
dynamic FEM and FD analyses. To minimize wave reflec-
tions at model boundaries, it is recommended to use a quiet
viscous (i.e., absorbing) boundary along the base of models,
and “free-field” boundaries along the vertical edges of the
model, as shown in Fig. 15. Alternatively, the use of

Fig. 13 Stress–strain loops and
accumulated strains predicted
with backbone curves and
hysteretic damping

Fig. 14 Comparison of experimental (“target”) modulus reduction and
damping curves, with built-in numerical model (“FLAC”) backbone
hysteretic curves. These curves were used for the prediction shown in
Fig. 13
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extended boundaries to prevent boundary reflections/effects
can be an option, but should be carefully assessed, especially
when time histories are moderate to long duration events.

Because, FEM and FD modelling of slopes often involves
vertical boundaries having different lengths and soil condi-
tions, angled wave reflections often act on these boundaries.
An elegant technique to reduce reflections is to use vertical
“free-field” boundaries (Fig. 15), i.e., boundaries with
properties (e.g., damping) that are continuously adjusted to
closely match an independently computed one-dimensional
solution.

The modeling techniques described above, are simple
enough to provide reasonable seismic modeling of hillsides
and landslides; therefore, they are generally recommended.
Examples of dynamic modeling using the previously
described techniques are exemplified in Pradel et al. (2013)
for the downstream landslide at Fujinuma dam (Fig. 11), and
in Tiwari et al. (2018) for the movement at Lokanthali
(Fig. 12).

More complex modelling is needed when hillsides are
subject to liquefaction and/or lateral spread. Analyses for
such slopes require the use of a more complex constitutive
models that are capable of predicting excess pore pressures,
such as the Finn (Byrne 1991), Wang (Wang et al. 2006)
UBC-Sand (Byrne et al. 2004) or PM4Sand (Boulanger and

Ziotopoulou 2017) models. An example of an analysis using
the Finn model is exemplified in Fig. 16 for the analysis of a
viaduc north of Seattle, Washington.

Conclusions

Geomechanical numerical tools are today widely available in
engineering practice, and sophisticated predictions are no
longer limited to researchers in academic institutions and
designers in large engineering firms. The examples shown
herein, illustrate that numerical modelling is extremely well
suited for slope stability practice and the design of
real-world landslide stabilizations.

Numerical techniques are particularly well-suited for the
analysis of landslides stabilized with multiple structural
elements, where their interaction often makes the critical
mechanism not always obvious. Additional advantages of
using geomechanical numerical modeling include: accurate
modelling of soil-structure interaction, and the ability to
predict benchmarks that may be used during construction
operations to assess safety, and may even be analyzed within
the framework of the observational method.

For seismic analyses, numerical techniques are powerful
and extremely well-suited for the analysis of seismic per-
formance of slopes and landslides. To obtain reasonable
predictions, it is important to use silent and free-field
boundaries, otherwise energy will become trapped within the
model and excessive seismic landslide/slope movements will
be predicted; additional guidelines for the use of simple
models in practice are presented above. The examples pre-
sented herein, show that excellent predictions of landslide
movements can be obtained using simplified models, using
backbone hysteretic curves to model soil performance.

For both landslide stabilizations and seismic analyses, the
examples shown above, show that numerical modelling has
major advantages compared to traditional methods (e.g.,
limit equilibrium and deformation analyses); therefore,
geomechanical numerical tools can significantly improve
geotechnical engineering practice.

Fig. 15 Boundary conditions used for dynamic analyses to prevent
trapping of energy within a model
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Fig. 16 Example of slope movement predicted for the design of a
viaduct where liquefaction results in lateral spread. a Excess pore water
pressures from ground liquefaction; b deformed mesh and contours of

horizontal movement; c exaggerated structural displacements, axial
loads on viaduct column (blue), bending moments in piles (light blue)
and contours of horizontal movement
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Recent Advances in the Methods of Slope
Stability and Deformation Analyses

Beena Ajmera and Binod Tiwari

Abstract

Landslides are among one of the most devastating natural
disasters affecting millions of people, causing tens of
thousands of deaths and resulting in millions to billions of
dollars of damage annually. Examination of historical data
suggests an increase in the number of slope failures along
with an increase in the two major triggers—an increase in
the number of significant earthquakes and wetter than
average annual precipitations. These trends highlight the
continued need to improve landslide science and under-
standing. This paper presents a summary of the recent
advances in knowledge pertinent to the methods of slope
stability and deformation analyses starting with the state of
practice as detailed by Prof. J. Michael Duncan in 1996.
Specifically, the paper focuses on the improvements to the
computational and graphical capabilities with the wide-
spread use and availabilities of computers, the ability to
perform macro level stability analysis for regions, the
advent of probabilistic slope stability analyses, develop-
ments in slope stability analyses of unsaturated slopes, and
new methods to perform deformation analyses. Several case
studies highlighting these advances are also included.

Keywords

Slope stability � Macro level stability analyses �
Probabilistic slope stability � Unsaturated slopes �
Deformation analyses � Back-analyses

Background

One of the most devastating natural disasters are mass
movements such as slope failures, landslides, debris flows,
rockfalls, etc. Examination of the number of mass movement
disasters around the world from 1903 to 2019 demonstrates
an increasing trend, as illustrated in Fig. 1. The mass
movements included in Fig. 1 are the number of avalanches,
landslides, mudslides, rockfalls, and subsidence. Mass
movements included in this figure include the cases with at
least one of the following: (1) deaths of at least ten indi-
viduals, (2) at least 100 people were reported as being
affected, (3) the disaster resulted in the declaration of a state
of emergency and/or (4) a call for international assistance.
These disasters result in thousands of deaths and billions of
dollars of economic damage annually. Figure 2 summarizes
the number of reported injuries and deaths around the world
from 1903 to 2019, while the number of people affected
during this time period is shown in Fig. 3. In Fig. 2, the
large number of deaths in 1949 were a result of the Khait
Landslide in the Soviet Union, which was triggered by the
1949 Khait Earthquake. The landslide buried 33 villages
resulting in a very high death toll (Yablokov 2001). The
large number of injuries in 1987, shown in Fig. 2, were
primarily from a rainfall-induced landslide in Villatina,
Columbia (Ojeda and Donnelly 2006). In Fig. 3, there are
four peaks in the number of affected people. The peak in
1996 is a result of a rainfall induced landside in Rio de
Janeiro, Brazil (Jones 1973). In 1986 and 1995, peaks are a
result of landslides in India. The 1986 landslide occurred in
Uttar Pradesh, India, but information regarding the trigger-
ing factor for this failure is not provided (EMDAT 2020).
The landslide in 1995 is attributed to a flash flood in Kullu
Valley, Himachal Pradesh, India (Prasad et al. 2016). The
final peak in Fig. 3 in 2010 is a result of a rainfall-induced
slope failure in Guangxi, China (EMDAT 2020). Shown in
Fig. 4 are estimates of the economic damage from 1951 to
2019 globally.
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It is noted that records for the number of mass movement
disasters along with resulting deaths and economic damages
are more complete in the recent years than the historical
records. However, the data still indicates some important
trends while illustrating that much work still remains.
Specifically, improvements in the understanding of the fac-
tors affecting slope stability, development of better analysis
methods incorporating new knowledge and better tools
combined with the increased technology allowing for slope
stabilization, early warning systems, etc. is reflected in the

reductions for the number of deaths seen around the world.
On the other hand, increased developments, rising costs of
construction and better reporting and estimations of the
losses is reflected in the increasing economic damage over
the recent years.

Two of the major triggers of slope failures are earthquakes
and rainfall. Shown in Fig. 5 are the number of significant
earthquakes recorded from 2150 BC to 2017. Significant
earthquakes are those events in which at least one of the
following occurred: (1) the earthquake resulted in deaths,

Fig. 2 Global estimates of the number of injuries and deaths from mass movement disasters from 1903 to 2019 (EMDAT 2020)

Fig. 1 Number of mass movement disasters reported from 1903 to 2019 (Data from EMDAT 2020). Mass movements included in this figure are
avalanches, landslides, mudslides, rockfalls and subsidence
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(2) it caused damages of at least one million dollars, (3) the
magnitude of the earthquake event was at least 7.5, (4) the
Modified Mercalli Intensity (MMI) was X or greater, and/or
(5) a tsunami was generated as a result of the earthquake.
A look at the historical trends in the number of significant

earthquakes suggest an increase in the number of earthquake
events. It is, again, noted that recent records are likely more
complete than the older information presented in this figure.

Annual global precipitation anomalies can be used to
understand the changes in precipitation occurring each year.

Fig. 3 Estimates of the global number of people affected by landslides by 1903–2019 (EMDAT 2020)

Fig. 4 Economic damage resulting from mass movement disasters in 1951–2019 (EMDAT 2020)
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The annual precipitation anomaly was the difference between
the total annual precipitation at each weather station and the
average precipitation at that station over the century defined
from 1901 to 2000. The annual global precipitation anomaly
was then computed by dividing the world into a grid. In each
grid cell, the average precipitation anomaly was calculated by
taking the mean of the annual precipitation anomalies from
each weather station. Averaging these values across the grid
yielded the annual global precipitation anomaly. Figure 6
shows the variation in the global precipitation anomaly from
1901 to 2015. Positive numbers represent that the annual
precipitation during that year was greater (wetter) than the
average precipitation over the 100 years from 1901 to 2000,
while negative values indicate that the annual precipitation
was less (drier) than the average precipitation. The figure
illustrates that 30 of the past 50 years from 2015 and 11 of the
last 15 years from 2015 have experienced wetter than aver-
age rainfalls. The increases in the precipitation observed in
Fig. 6 may be attributed to climate change. More evaporation
is expected to occur as the average temperature of the surface
of the Earth increases. An increase in evaporation will
translate to increases in the amount of precipitation that
occurs (Bluden and Arndt 2016).

Since earthquakes and rainfall events are two of the major
triggers of slope instabilities around the world, the increase
in the number of significant earthquake events combined
with the trends towards higher than average annual

precipitations around the world and increasing urban and
infrastructure development to meet the demands of growing
populations suggest that an increasing number of slope
failures may be observed. The disastrous consequences
including casualties, injuries and substantial economic losses
highlight the continued need to improve landslide science
and understanding. It is, therefore, not surprising to see the
significant number of people around the world that have
made great strides in landslide science. Through this paper,
the authors will attempt to summarize some of the recent
advances in slope stability methods and deformation
analyses.

Historical Perspective of Slope Stability
and Deformation Analyses

The last comprehensive summary of the state of practice of
slope stability and deformation analyses was prepared by
Prof. J. Michael Duncan nearly 25 years ago in 1996
(Duncan 1996). Since his summary, there have been many
developments in landslide science that pertain to both topics.
Before these new developments are discussed, it seems
pertinent that a brief summary of the state of practice in 1996
be provided.

By 1996, the landslide community had a strong under-
standing of the parameters and soil properties that should be

Fig. 5 Number of significant earthquakes around the globe from 2150 BC to 2017 (NOAA 2020)
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used in evaluating the stability of slopes at the end of con-
struction, when considering multistage loading and in the
long term. Duncan (1996) summarized this information as
shown in Table 1. In addition, several different methods
were available to analyze the stability of slopes under plane
strain (two-dimensional) simplifications. A summary of
these methods and their associated assumptions were pro-
vided in Duncan (1996). Three-dimensional slope stability
analyses were starting to appear in the literature with the
majority of the studies focused on comparing factors of
safety obtained from three-dimensional analyses to those
calculated from two-dimensional methods. After closely

examining the studies in which factors of safety from the
latter were less than the former, Duncan (1996) concluded
that the factor of safety obtained using three-dimensional
analyses should be greater than those obtained from
two-dimensional methods in agreement with Cavounidis
(1987).

On the topic of deformation analyses of slopes, Duncan
(1996) summarized the methods developed by Poulos et al.
(1972), Resendiz and Romo (1972), Clements (1984) and
Walker and Duncan (1984). However, the paper focused on
the use of finite-element analyses to estimate the deforma-
tions. This technique was introduced about thirty years

Fig. 6 Global precipitation anomaly from 1901 to 2015 (US EPA 2016)

Table 1 Parameters and soil
properties to use in slope stability
analyses for different types of
soils (Adapted from Duncan
1996)

Condition Free-draining layer Impermeable layer

End of
construction

• Use total unit weights
• Include external water pressures and
internal pore pressures from steady state
seepage analyses

• Use effective shear strength parameters

• Use total unit weights
• Include external water pressures, but not
internal pore pressures

• Use total stress shear strength parameters

Multistage
loading

• Use total unit weights
• Include external water pressures, but not
internal pore pressures

• Use undrained cohesion for the shear
strength

Long term • Use total unit weights
• Include external water pressures and
internal pore pressures from steady state
seepage analyses

• Use effective shear strength parameters

Recent Advances in the Methods of Slope Stability … 85



earlier by Clough and Woodward (1967). Duncan (1996)
summarized the characteristics and limitations, and provided
guidance on the use of the linear elastic, multilinear elastic,
hyperbolic, elastoplastic and elastoviscoplastic stress–strain
relationships. Using the New Melones Dam as a case study,
he concluded that finite-element deformation analyses could
accurately predict the behavior of the dam and illustrated its
use towards designing the instrumentation for the dam.

Developments in Slope Stability
and Deformation Analyses

In the 25 years since Duncan (1996), there have been many
advances in slope stability and deformation analyses. Some
of the advances the landslide community has seen include:
improved computational and graphical capabilities with the
widespread use of computers, the ability to perform macro
levels stability analyses for regions, growth in three-
dimensional analyses, the advent of probabilistic slope sta-
bility analyses, developments in the stability analysis of
unsaturated slopes, and new methods to perform deforma-
tion analyses. Each of these will be discussed in more detail
in the following subsections.

Improvements to Computational and Graphical
Capabilities

Duncan (1996) summarized a vision by Whitman and Bailey
(1967) about how computers may be used in the evaluation
of slope stability in the future. He commented that when he
wrote that paper, the computation power available to
geotechnical engineers was making a reality of their vision,
but today, the personal computers with their powerful
hardware and graphical capabilities that each engineer has at
their fingertips far surpasses their vision. A quick search
yields a list of over 50 commercial programs that can be
used by geotechnical engineers to perform two-dimensional
and/or three-dimensional stability analyses using a variety of
methods from very simple to highly complicated. Duncan
(2013) noted that some of these programs allow for the
performance of computations that are so complex that it is
impossible to verify the results without the use of another
program. Citing the floodwall failures in New Orleans after
Hurricane Katrina in 2005, he illustrates that SLIDE
(RocScience, Inc. 2002), UTEXAS (Wright 2004) and
SLOPE/W (GEO-SLOPE 2018) were all, at the time,
ill-equipped to handle the hydraulic fracturing induced
cracks in the back of the floodwalls, which without the use
of multiple computer programs could have gone undetected
yielding incorrect results. This issue was later resolved in all
three of these programs (Duncan 2013). As a result, it is

recommended that the analyses be performed using at least
two different programs to ensure that an error has not been
made.

Outside of the numerous commercial programs available,
spreadsheets are also a powerful and simple tool that can be
used to evaluate the stability of slopes, to search for critical
failure surfaces, and to perform probabilistic slope stability
analyses (Duncan 2013). Ajmera and Tiwari (2018) pro-
vided detailed step-by-step procedures for the creation of
Excel spreadsheets to determine the factor of safety for four
commonly used slope stability methods. These are the
Ordinary Method of Slices (Fellenius 1927), Bishop’s
Simplified Method (Bishop 1955), Simplified Janbu Method
(Janbu et al. 1956; and Janbu 1973) and the Lowe and
Karafiath Method (Lowe and Karafiath 1959). The use of
spreadsheets to perform probabilistic slope stability analyses
was described by several researchers including Low (2003),
Low and Tang (2004, 2007) and Cao et al. (2017).

Case Study
A landslide located at the 62+000 km station along the
Charali-llam Road in Ilam District in the Eastern Develop-
ment Region of Nepal is used as an example to demonstrate
the power of Excel spreadsheets. The landslide, which first
occurred before 1984 and reactivated in 1992, covers
approximately 12 hectares of land. In August 1994, due to
the excessive rainfall in the region, the landslide was
responsible for the collapse of 64 m of the Charali-Ilam road
and caused settlements of more than 30 cm per day. Figure 7
contains an aerial view of the slope failure. A topographic
map of the region from Tiwari and Douglas (2012) is shown
in Fig. 8. Additional details of this landslide can be found in
Tiwari and Durate (2013). A cross-section along the center
of the slope failure in Block A (Fig. 9) was analyzed using
Excel spreadsheets developed using the procedures outlined
in Ajmera and Tiwari (2018) and compared with those
obtained using RocScience Slide 6.0 (RocScience, Inc.
2002). For simplicity in the Excel spreadsheet calculations, a
saturated unit weight of 18.66 kN/m3, representing the
weighted average of the saturated unit weights by depth of
the sliding mass was used. The cohesion and friction angle
along the sliding surface were taken to be 0 kPa and 28.6°,
respectively. The same parameters were also used in the
RocScience Slide model for equivalent comparisons.

A summary of the factors of safety obtained from the
Ordinary Method of Slices, Bishop’s Simplified Method and
the Lowe and Karafiath Method using the Excel Spread-
sheets and from the RocScience Slide model are presented in
Table 2. As seen from Table 2, the factors of safety values
from the Excel Spreadsheets differed by less than 5% of
those calculated using RocScience Slide 6.0, illustrating the
powerful nature of spreadsheets. The authors note that
although they made some simplifying assumptions to the
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models to perform these calculations, the inclusion of a few
additional columns would have allowed for the inclusion of
stratigraphy. Similarly, the inclusions of landslide repairs
works, pseudo-static analyses and external loading condi-
tions could also be easily built into the spreadsheets.

Case Study
Tiwari et al. (2010) performed over 140 different seismic
slope stability analyses on a cross-section of the 2005
Bluebird Canyon Landslide (Richter and Trigg 2008),
shown in Fig. 10, to evaluate how different two-dimensional

Fig. 7 Aerial view of the slope failure at station 62+000 km on the
Charali-llam Road (Source Tiwari and Duarte 2013)

Fig. 8 Topographic map of the landslide showing block divisions
(Source Tiwari and Douglas 2012)

Fig. 9 Cross section analyzed at
the Center of Block A (Source
Tiwari and Douglas 2012)

Table 2 Comparisons of factors
of safety calculated using excel
spreadsheets and RocScience
Slide 6.0

Method Excel Spreadsheets Rocscience Slide 6.0 Diff. (%)

Ordinary Method of Slices 1.09 1.05 3.8

Bishop’s Simplified Method 1.03 1.07 3.7

Lowe and Karafiath 1.06 1.11 4.5
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slope stability methods will respond to the seismic excitation
and variations in the ground water table. They performed
each of the analyses using RocScience Slide for nine dif-
ferent methods, which include the Ordinary Method of Sli-
ces, Bishop Simplified, Janbu Simplified, Janbu Corrected,
Spencer, Morgenstern and Price, and two Army Corp of
Engineers Methods. Excel spreadsheets were also used to
perform the slope stability calculations using Bishop’s
Simplified Method.

An example of the results obtained from Tiwari et al.
(2010) is shown in Fig. 11, which presents the values of the
factors of safety for each of the different methods as a
function of the depth to the water table when the slope is not
subjected to seismic loading. The results obtained show that
the Ordinary Method of Slices yielded the most conservative
values for the factor of safety. Figure 12 contains two sets of
results for two different seismic coefficients of 0.1 and 0.5
for each of the different methods. While not all of the

methods are recommended for seismic slope stability anal-
yses, pseudo-static analyses were performed using all of
them (Tiwari et al. 2010). They found that it was not

Fig. 10 Cross-section of the
Bluebird Canyon landslide
analyzed in Tiwari et al. (2010)
(Source Richter and Trigg 2008)

Fig. 11 Comparison of the variation in the factors of safety with depth
to the water table for each of the nine methods used (Adapted from
Tiwari et al. 2010)

Fig. 12 Factors of safety computed from each of the different methods
evaluated for seismic coefficients of (top) 0.1 and (bottom) 0.5
(Adapted from Tiwari et al. 2010)
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possible to compute the factor of safety for all of the seismic
coefficients using all of the methods. In fact, only two
methods could be used for all of the seismic coefficients
studied. The computational tools available to engineers
today allow for such parametric studies to be performed
easily providing a better understanding and a comparison of
the different scenarios.

Macro Level Stability Analysis for Regions

Recent advances in technology and the increasing avail-
ability of digital data has made it possible to perform macro
level slope stability for regions. These macro level slope
stability analyses allow geotechnical engineers to develop
landslide susceptibility maps, prioritize mitigation efforts
and better understand the influence of different factors on
slope failures. Many approaches have been proposed to
evaluate landslide hazards on a regional scale. Some of these
approaches include:

(a) Site investigations to identify and map slopes that may
be susceptible to failure (Neely and Rice 1990),

(b) Determination of patterns from slope failures to predict
future instabilities (DeGraff and Canuti 1988; Wright
et al. 1974; and DeGraff 1985),

(c) Multivariate analyses of factors that will influence slope
instabilities based on previous observations (Carrara
et al. 1977; Pike 1988; Mark 1992; Roth 1982; Carrara
1983; and Neuland 1976),

(d) Development of rankings of instability likelihood based
on causative factors (Anbalagan 1992; Anbalagan and
Singh 1996; Hollingsworth and Kovacs 1981; Brabb
et al. 1972; Smith 1988; Campbell 1975; Fowler 1984;
Seely and West 1990; Skirikar et al. 1998; Dhakal et al.
1999; Pathak and Nilsen 2004; and Montgomery et al.
1991),

(e) Probability based analyses (Hammond et al. 1992; Sidle
1992; Burroughs 1984; Bourroughs et al. 1985; and
Dunne 1991), and

(f) GIS based methods (Varnes 1984; Hansen 1984; van
Westen 1994; Bonham-Carter 1994; Carrara et al. 1995;
Hutchinson 1995; Soeters and van Westen 1996; van
Westen et al. 1997; Aleotti and Chowdhury 1999;
Guzzetti et al. 1999; Gorsevski et al. 2003; Thapa and
Dhital 2000; Dhital 2000; Saha et al. 2002; Sarkar and
Kanungo 2004; Bhattarai et al. 2004; Tiwari et al.
2004).

Approaches (b) and (c) has been extensively used in
earthquake-induced slope failures with the creation of data-
bases with instabilities dating back to the 1960s. Some
examples of such studies include: Bonilla (1960), Plafker

et al. (1971), Morton (1971), Morton (1975), Harp et al.
(1981, 1984, 2011), Rymer (1987), Rymer and White
(1989), Keefer and Wilson (1989), Harp and Keefer (1990),
Harp and Jibson (1996), Fukuoka et al. (1997), Keefer and
Mason (1998), Bozzano et al. (1998), Okimura and Torii
(1999), Esposito et al. (2000), Marzorati et al. (2002), Wang
et al. (2003), Sassa et al. (1995), Keefer (2000, 2002), Sato
et al. (2005, 2007), Chigira and Yagi (2006), Mahdavifar
et al. (2006), Zhang and Wang (2007), Yamagishi and
Iwahashi (2007), Kamp et al. (2008), Qi et al. (2010),
Gorum et al. (2011), Xu et al. (2012a, b), Alfaro et al.
(2012), Collins et al. (2012), Lacroix et al. (2013), Wartman
et al. (2013) and Tiwari et al. (2017).

Anbalagan (1992) and Anbalagan and Singh (1996)
proposed the landslide hazard evaluation factor approach,
which is a numerical rating scheme that assigns different
values to causative factors based on their impact towards
slope instabilities. In their method, geology, slope mor-
phology, relative relief, land use and land cover, and
groundwater conditions are considered as the causative
factors. A rating value is assigned to each of these factors
with higher values corresponding to greater landslide risk.
Anbalagan (1992) summarizes the appropriate ratings for
different categories of the causative factors. The sum of these
ratings is taken as the landslide hazard evaluation factor,
which can have a maximum value of ten. Higher values of
the landslide hazard evaluation factor correspond to higher
hazard potentials. A limitation of landslide hazard evaluation
factor approach is major triggering factors such as earth-
quakes and rainfall events are not included in the hazard
assessment.

Most of the studies that use GIS based methods do so to
create maps delineating regions of landslide hazards by
extending different concepts of the landslide hazard evalu-
ation factor. They focus on demarking zones of different
levels of hazards focusing on a variety of spatial data
including geology, surface cover, land use, relief, slope
characteristics, etc. However, GIS can be a very powerful
tool that allow for detailed slope stability analyses at the
micro and macro scales. Example of its use for stability
analyses at the macro scale is presented here, while a sub-
sequent section in this paper will discuss the use of GIS to
perform three-dimension slope stability analyses.

Case Study
Bhattarai et al. (2004), Tiwari et al. (2008), and Tiwari and
Do (2011) used ArcGIS to perform automated three-
dimensional factor of safety calculations for a 200 km
Krishanabhi-Kurintar sector of the Prithvi Highway in Nepal
to assist local highway maintenance authorities in prioritiz-
ing roadside maintenance and bridge protection works.
A picture of a slope failure observed along this sector is
given in Fig. 13. Given the difficulties of predicting the
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exact volume and configuration of mass movements com-
bined with the need to have realistic modelling to ensure
valuable results, Bhattarai et al. (2004) and Tiwari et al.
(2008) determined equivalent depths of one-dimensional
failure planes that yield equivalent factors of safety as that
from a three-dimensional analysis. To do so, they used 100
three-dimensional existing slope failures to back-calculate
one-dimensional depths to the sliding surface when the
slopes had a factor of safety of one, as expressed by Eq. 1. In
this equation, c is the cohesion, c is the unit weight, u is the
friction angle, n is the number of slices in the rotational
failure, zi is the average depth to the sliding plane for the i-th
slice in the rotational failure, b is the inclination of the
one-dimension sliding plane and z is equivalent depth. The
results were then grouped based on the geological and
geomorphological conditions of the slope areas. As less than
18% variation in the equivalent one-dimensional depths to
the sliding surface were found within each of the ten
petrological zones in the study area, Bhattarai et al. (2004)
assigned a constant sliding zone depth to each of those
regions in their ArcGIS model.

FSrotational ¼ FStranslational ¼ 1 ð1Þ

¼ cþ c � tan/ð Þ �Pn
i�1 zi�cos2bð Þ

c �Pn
i�1ðzi � sinb � cosbÞ ¼ cþ c � z � cos2b � tan/

c � z � sinb � cosb

The parameters needed to perform the slope stability
analyses were inputted into ArcGIS. Samples from over 170
different locations were tested to establish the unit weights
and shear strength parameters required. Bhattarai et al.
(2004) noted that the friction angle and cohesion values with
each petrological zone varied by less than 10% and there-
fore, assigned constant cohesion and friction angle values to

each of the ten zones within the study area based on the
petrological regions. The peak (u'peak) and residual (u'r)
friction angles used in the study for each zone are summa-
rized in Table 3. Contours relating the unit weights to the
spatial location were used to determine the density at any
point. No information regarding the ground water level in
the study area was available. As the ground water table will
have a significant influence on the factor of safety obtained,
Bhattarai et al. (2004) and Tiwari et al. (2008) developed
watershed polygons using ArcHydro based on stream levels
and digital elevation models (DEMs) in the region. With this
information, Bhattarai et al. (2004) was able to calculate the
factor of safety for each 1 m by 1 m cell in the model using
the Spatial Analyst tool. Through their verification of the
results with field testing, they found that 80% of the recorded
slope failures in the region were in the low stability zones
identified in the ArcGIS model, while the remaining 20%
were in the medium stability zone.

Later, Tiwari and Do (2011) performed a parametric
study to examine the influence of the ground water table as
well as seismicity in the area. They developed hazard level
maps for pore pressure ratios (defined as the ratio of the
depth of the water above the sliding plane to the depth to the
sliding plane) ranging from 0 to 1. In their analyses, they
considered different seismic coefficients ranging from 0.05
to 0.5. Three examples of the hazard level maps they
developed are shown in Fig. 14. Factors of safety in cells of
very high hazard were less than 1.2. In high hazard cells, the
factor of safety was calculated to be between 1.2 and 2.
Medium, low and very low hazard cells had factors of safety
between 2.0 and 3.0, 3.0 and 4.0 and greater than 4.0,
respectively. Tiwari et al. (2008) noted that the concurrent
occurrence of an earthquake during a rainfall event could
increase the hazard potential by 2.4 times. Their results
illustrated how the ground water conditions and seismicity in
the region could impact the hazard potential. Combinations

Fig. 13 Picture of slope failure along the Krishanabhi-Kurintar sector
of the Prithvi Highway in Nepal (Source Bhattarai et al. 2004)

Table 3 Peak and residual friction angles assigned to each petrolog-
ical zone (Adapted from Bhattarai et al. 2004)

Zone no. u'peak (°) u'r (°)

1 24 22

2 32 31

3 28 26

4 28 27

5 21 20

6 35 33

7 27 26

8 28 28

9 26 24

10 26 23
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of both factors could be easily studied for the entire region
once the ArcGIS model was developed.

Case Study
Using the 3D Deterministic Analysis Method, Tiwari et al.
(2004) and Tiwari (2007) performed a macro level study on
the Higashi Kubiki County of the Niigata Prefecture, Japan
utilizing ArcGIS tools. They modify the method proposed
by Hovland (1977) to perform the analyses. The resolution
of forces for the stability analyses is detailed in Fig. 15,
which shows that the landslide area was divided into a series
of vertical columns to determine the factor of safety of the
slope. Following the modifications, the factor of safety can
be calculated using Eqs. 2 and 3, in which w is the strike as
described by Hovland (1977), A is the aspect of the steepest
sliding surface, w0 is the orientation of the displacement
vector, and b is the steepest slope of the sliding surface.

FS ¼
P

x

P
y Aþ P

x

P
y BP

x

P
y C

ð2Þ

where,

A ¼ c � sinh
cosaxz � cosayz

B ¼ c � z � cosb� cw � hw sinh
cosaxz � cosayz

� �� �
tan/

C ¼ c � z � sinayz
axz ¼ A � tanðcosw � tanbÞ ð3Þ

h ¼ A � cosðsinayz � sinaxzÞ
where,

w ¼ 90� ðA� w0Þ
Unit weights and shear strength parameters were assigned

based on the soil/rock types using the results from a
sequence of laboratory tests conducted on samples obtained
from the study area. Weighted average values based on the
depth of the soil/rock type were used to establish the average
unit weight of the column. Using the results from Fukumoto
(2004), Tiwari et al. (2004) noted that the majority of
landslides in the region had width to length ratios of 0.3–0.7
and width to depth ratios between 4 and 10. Thus, they
stated landslide blocks 100 m long, 50 m wide and 8 deep
were representative three-dimensional blocks for the
expected slope failures. Tiwari et al. (2004) further assumed
that the sliding surfaces were ellipsoidal. They prepared
slope units in the region with the use of reverse DEMs.
Reverse DEMs are DEMs with mirrored contour fields; that
is, contour fields equal to -1 times the original contour value.
Slope units were established by dissecting two watershed
polygons that corresponded to flow accumulations in the
DEM and reverse DEM. These polygons are developed by
connecting ridges to ridges and valleys to valleys in the
DEM and reverse DEM, respectively, with the use of Arc-
GIS 3D Analyst tools. Spatial Analyst tools in ArcGIS were
used to determine the parameters required to compute the
factor of safety using Eqs. 2 and 3 using columns that had
dimensions of 10 m by 10 m in plan. A comparison of the
results obtained with the existing failures in the region
showed that 83% of these failures were located in very high
and high hazard zones, in which the factors of safety were
computed to be less than 2 (Tiwari et al. 2004). They noted
that in such macro level analyses, the hazard potential should
be evaluated as opposed to the absolute value of the factor of
safety due to the various uncertainties in the model.

The case histories presented here illustrate the possibili-
ties of using ArcGIS models to perform quantitative hazard
assessment as opposed to the development of hazard zona-
tion maps. The use of ArcGIS could also be easily extend to
the finite element methods using a procedure called 3D
FEM GIS (Tiwari et al. 2004). Tiwari (2007) noted that
additional layers should be added to the ArcGIS model such

Fig. 14 Distribution of hazards for a dry slope with no earthquake,
b saturated slope with no earthquake, and c dry slope with earthquake
with seismic coefficient of 0.5 (Adapted from Tiwari and Do 2011)
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as a map of the infrastructure in the region, using which the
potential risk to a community could be ascertained. These
risk calculations could include considerations for the loca-
tion of the infrastructure and their associated importance
along with the spatial distribution and densities of individ-
uals. Such information could allow stakeholders to deter-
mine the vulnerability of a region to existing or potential
landslide risks.

Growth of Three-Dimensional Slope Stability
Analyses

Three-dimensional slope stability analysis methods have
been used since 1969 with the first method proposed by
Anagnosti (1969) as an extension of the Morgenstern and
Price (1965) method. Since then, several three-dimensional
slope stability analyses methods have been proposed. The
majority of these methods are extensions of two-dimensional
approaches (Kalatehjari and Ali, 2013). Duncan (1996)
summarized the available three-dimensional slope stability
methods at the time he wrote his paper. However, several
new three-dimensional methods have been proposed by
various researchers since then. Some of the methods not
discussed in Duncan (1996) or proposed after are summa-
rized here.

Extending the Azzouz and Baligh (1978) method for
vertical cuts in cohesive soils, Cavounidis and Kaloger-
opoulos (1992) proposed a three-dimensional method for
cylindrical slip surfaces with conical ends. They assumed
that the axis of rotation corresponded to the crest of the
vertical cut and calculated factors of safety using the
moment equilibrium equation. They found that although the
factor of safety from the three-dimensional method was
greater than that obtained from two-dimensional calcula-
tions, the difference between the values decreased as the

length of the cylindrical central section increased when
keeping the length of the conical ends constant.

A generalized three-dimensional slope stability analysis
method based on variational analysis and rigorous limit
equilibrium analysis was proposed by Leshchinsky and
Huang (1992a). This method is an extension of a
two-dimensional slope stability method proposed by
Leschinsky and Huang (1992b) and assumes that the slip
surface is an extended log-spiral or a symmetrical surface.
Factors of safety are calculated by solving a series of
simultaneous linear equations and three nonlinear equations
using an iterative process.

Extensions of the Simplified Bishop Method and the
Simplified Janbu Method to three-dimensions were proposed
by Hungr et al. (1989). In doing so, they neglected all of the
inter-column shear forces. They assumed that all of the shear
forces along the failure surface were parallel to the line of
symmetry. They also assumed the failure surface was rota-
tional. When the failure surface was non-rotational, an axis
of rotation was defined following the approach from Fred-
lund and Krahn (1977). Hungr et al. (1989) found that the
extension of Bishop’s Simplified Method to
three-dimensions yields factors of safety that are accurate for
rotational and symmetric sliding surfaces, but the results are
conservative for non-rotational and asymmetric failure sur-
faces. The extension of the Janbu Simplified Method to
three-dimensions resulted in factors of safety that were more
conservative than from Bishop’s Simplified Method when
the slopes had bilinear slip surface geometries.

Hungr et al. (1989) noted that extensions of the Mor-
genstern and Price and Sharma’s Method would be devel-
oped in a few years after their publication. An extension of
the Morgenstern and Price method to three-dimensions was
proposed by Lam and Fredlund (1993). They assumed
rotational failure surfaces, one direction of movement and
proposed five different functions to represent the

Fig. 15 Resolution of forces for
three-dimensional stability
analyses using Hovland’s method
(Source Hovland (1997) modified
by Tiwari et al. (2004))

92 B. Ajmera and B. Tiwari



inter-column forces. Through their finite-element analyses,
Lam and Fredlund (1993) later ruled out three of these
functions as insignificant and found that the force function
had little influence on the factors of safety calculated.

All of the three-dimensional methods proposed before
1996 depended on symmetry or assumed sliding directions
in order to establish the shear stresses on the failure surface.
Yamagami and Jiang (1996, 1997) appear to be the first to
use directions for shear stresses on the failure surface. They
extended Janbu’s Simplified Method to generalized slopes
and slip surfaces. Inter-column forces were assumed to be
related to the angle of the base of the column. The minimum
factor of safety from horizontal and vertical force equilib-
rium equations was determined through interval calculations
in which the direction of the shear stresses were altered.

The generalized Janbu (1957) method was extended to
three-dimensions by Huang et al. (2002). In this method,
factor of safety is calculated using two-directional force and
moment equilibrium equations. Huang et al. (2002) neglec-
ted the horizontal inter-column shear forces, but calculated
the vertical inter-column shear forces using an additional
moment equilibrium equation. The shear forces at the base
of the columns was assumed to be a unique constant and
calculated using the secant method using the directional
factors of safety. Two iterative procedures were required to
calculate the directional factors of safety and the direction of
the shear forces along the base of the column.

Extensions of the Simplified Bishop’s Method, Simplified
Janbu’s Method and Morgenstern and Price Methods that
considered the direction of shear stresses on the failure
surface were proposed by Cheng and Yip (2007). For all of
the methods, Cheng and Yip (2007) assumed that the slip
surface was circular. For the extension of the Morgenstern
and Price method, they used an arbitrary inter-column force
function with mobilization factors. Factors of safety were
calculated in both of the horizontal directions through an
iterative process in which the mobilization factors were
changed until overall moment equilibrium was satisfied and
a unique factor of safety was established in both directions.

Ganjian et al. (2010) used the upper bound theorem of
limit equilibrium analyses to propose a three-dimensional
method to determine the factor of safety of slopes subjected
to surcharge and seismic loading. They assumed rotational
failure surfaces and calculated the factors of safety using the
energy dissipation method. Nadukuru et al. (2011),

Michalowski and Martel (2011), and Nadukuru and
Michalowski (2013) developed a series of stability charts to
calculate the factor of safety of slopes subjected to seismic
loading to avoid iterative processes. The charts presented by
Nadukuru et al. (2011) can only be applied to those slopes
with inclinations greater than 45°, while those prepared by
Michalowski and Martel (2011), and Nadukuru and
Michalowski (2013) are based on pseudo-static approaches
for curvilinear cone sections passing through the toe of the
slope.

Many computer programs commercially available today
allow landslide scientists to perform three-dimensional slope
stability analyses. Some programs will allow the user to
export sections from a three-dimensional model to an anal-
ogous two-dimensional program to compute factors of safety
at particular sections. An example of two- and
three-dimensional factors of safety calculations using
RocScience Slide (RocScience, Inc. 2002) and Slide3
(RocScience 2017), respectively is provided in the case
study from Wang et al. (2015b).

Case Study

Using the case study from Wang et al. (2015b), RocNews
(2017) presented a comparison of the factors of safety cal-
culated using two- and three-dimensional methods. The
landslide involves four soil layers and an additional weak
layer along which the failure occurs. RocScience Slide and
Slide3 were used to model the slope geometry, soil layers
and the ground water table. The soil properties used for each
of the layers are provided in Table 4, where c’ and u’ are the
effective cohesion and friction angle, respectively, and c is
the unit weight. Images of the models created in both pro-
grams are shown in Fig. 16. The factors of safety were
calculated using Bishop’s Simplified Method, Janbu’s Sim-
plified Method and Spencer’s Method along with their
three-dimensional extensions, as proposed by Cheng and
Yip (2007). The factors of safety calculated for each of these
models are summarized in Table 5, in which FS2D and FS3D
represent the two-dimensional and three-dimensional factors
of safety, respectively.

The use of ArcGIS to perform the regional level slope
stability analyses was discussed earlier. However, this pro-
gram also has several tools that can be used to perform
three-dimensional slope stability analyses, as demonstrated

Table 4 Properties of the soil
layers in the RocScience slide and
Slide3 models (Adapted from
RocNews 2017)

Layer Soil 1 Soil 2 Soil 3 Soil 4 Weak layer

c’ (kPa) 9.8 58.8 49.8 64 9.8

u’ (°) 30 25 30 35 20

c (kN/m3) 22 24 26 27 20
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by Tiwari and Douglas (2012), Tiwari et al. (2003), and
Tiwari et al. (2004). These studies used Hovland’s (1977)
method to calculate the factors of safety. They also used the
models created to calculate the two-dimensional factors of
safety at several sections within the landslides studied.
Comparing the factors of safety from the two-dimensional
and three-dimensional analyses, they found that the latter
factor of safety was greater than the former, in agreement
with the conclusions made by Duncan (1996). All three
studies noted that the cost of using ArcGIS methods was not
much higher than the traditional two-dimensional analyses
and while it may have been a little more time-consuming to
build to the models at the start, the multi-dimensional use
and ability to customize combined with the functionalities to
spatial distribute prevention works and the visual and ana-
lytical analyses capabilities were well worth the time
investment.

Case Study
Tiwari and Douglas (2012) preformed three-dimensional and
two-dimensional slope stability analyses for the landslide
located at the 62+000 km station along the Charali-llam

Road in Ilam District in the Eastern Development Region of
Nepal, shown in Figs. 7, 8 and 9. Modifications to Hovland’s
(1977) method described in Fig. 8 and by Eqs. (2) and (3)
were used for the calculations. Step-by-step procedures of
the ArcGIS methodologies used are detailed in Douglas
(2014).

Tiwari and Douglas (2012) calculated the
two-dimensional factor of safety at three different sections,
corresponding to the central section and sections located on
the left and right side, for both of the landslide blocks.
Two-dimensional factors of safety were calculated using the
same tools and methodologies as for their three-dimensional
factor of safety computations. However, instead of summing
the A, B and C parameters in Eqs. (2) and (3) across the
landslide body, the summations were limited to 1 m wide
polygons. These polygons were aligned parallel to the cross
section of interest.

While the study contained two different water table
locations, the results, shown in Table 2, corresponded to the
highest water level. As seen from Table 6, the factor of
safety obtained from the two-dimensional analyses depended
on the cross-section analyzed. In Table 6, FS2D,left, FS2d,mid,
and FS2D,right represents the two-dimensional factors of
safety at the left, central, and right, respectively, sections of
each block (Fig. 8). FS2D,avg is computed using Eq. 4.
Table 6 further shows that the midsection of the landslide
blocks did not necessarily correspond to the most critical
section of the landslide. Even the average of the
two-dimensional factors of safety along the three sections
analyzed was lower than the factor of safety obtained from
the three-dimensional analyses. Orientation of the critical
section, that is, the section that has lowest two-dimensional
factor of safety, depends on the magnitude and orientation of
the transverse slope (Tiwari et al. 2003).

FS2D;avg ¼ FS2D;left þFS2D;mid þFS2D;right
3

ð4Þ

Probabilistic Slope Stability Analyses
and the Incorporation of Risk

In the mid-1970s, Alonso (1976), Tang et al. (1976a, b) and
Harr (1977) first introduced probabilistic approaches to slope

Fig. 16 Pictures of the models created in RocScience Slide3 (top) and
Slide (bottom) (Source RocNews 2017)

Table 5 Factors of safety from
two- and three-dimensional
analyses in RocScience slide and
Slide3 (Adapted from RocNews
2017)

Method FS2D FS3D FS2D/FS3D

Bishop’s simplified 1.076 1.295 0.831

Janbu simplified 1.026 1.259 0.815

Spencer’s 1.125 1.445 0.779
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stability. Probabilistic slope stability analyses will need to
incorporate several different sources of uncertainties
including:

• Uncertainty in trends of the observations, as described by
Neter et al. (1990), Li (1991), and Baecher (1987),

• Spatial variabilities, as summarized by Lacasse and
Nadim (1996), DeGroot (1996), and Vanmarcke (1997a,
b, 1983), and

• Random testing errors, as explained by Baecher (1987),
Jaksa et al. (1997), and Kulhawy and Trautman (1996).

Similar to deterministic slope stability methods, proba-
bilistic slope stability techniques also vary in terms of the
assumptions made, their limitations, their ability to solve
complex problems and complexity. To deal with the math-
ematical demands involved in probabilistic slope stability
analyses, researchers often apply assumptions to simplify the
methodology. One approach is the use of simple slope sta-
bility analyses methods as the basis for the incorporation of
probability. For example, the method proposed in Vanmar-
cke (1980) uses a simple ordinary method of slice approach
to perform probabilistic slope analyses on frictionless soils
with circular slip surfaces. Other studies that use an ordinary
method of slice approach include Honjo and Kuroda (1991),
Tang et al. (1976a, b), Bergado et al. (1994), Yucemen and
Tang (1975), and Harr (1977). Claes (1996) uses Janbu’s
stability charts while Wolff (1991), Priest and Brown (1983),
and Wolff and Harr (1987) build probability into force
equilibrium methods.

The methods proposed by Matsuo and Kuroda (1974),
Cornell (1972), McGuffey et al. (1982) and Vanmarcke
(1977b) apply only to frictionless soils. Other methods
restrict the slope geometry as a way to reduce the complexity
of the problem. For example, the work in Anderson et al.
(1984), Yucemen and Al-Homoud (1990), Alonso (1976)
and Vanmarcke (1977b) is applicable only to circular or
cylindrical slip surfaces. A common assumption in several of
the methods is to ignore spatial variabilities. Some examples
of such methods are those proposed by Nguyen and
Chowdhury (1984), Wolff and Harr (1987), Tobutt and
Richards (1979), and Duncan (2000). Another common
assumption is to disregard the correlations between soil
properties. A few probabilistic slope stability methods that

employ this assumption include Li and Lumb (1987),
Christian et al. (1994), Tobutt and Richards (1979), Van-
marcke (1980), Anderson et al. (1984), and Tang et al.
(1976a, b).

The use of Monte Carlo simulations in probabilistic slope
stability analyses were considered uneconomical until about
the 2000s. However, several researchers had proposed
methods employing these simulations. To do so, they
ignored either correlated random variables or spatial vari-
ability in the soil properties due to the difficulties associated
with generating random values to preserve the correlations
between the various parameters. Monte Carlo simulations
require the use of computers due to the iterative process
involved. Some methods that incorporate Monte Carlo
simulations in probabilistic slope stability analyses include:
Kim et al. (1978), Major et al. (1978), Tobutt (1982),
Nguyen and Chowdhury (1984, 1985), Priest and Brown
(1983), Kim and Sitar (2003), Griffiths et al. (2011), and
Shinoda et al. (2006).

Case Study
Duncan (2000) presents an example of deterministic and
probabilistic stability analyses performed for a slope that
failed in August 1970 in a new Lighter Aboard Ship terminal
in the Port of San Francisco. The entire failure was noted to
take place in San Francisco Bay Mud, which had a liquid
limit and plasticity index of approximately 50 and 20,
respectively. Detailed slope stability analyses were carried
out on the cross section illustrated in Fig. 17. The undrained
shear strengths obtained from a series of laboratory and
in-situ tests are presented in Fig. 18. Previous experience
with the San Francisco Bay Mud suggested that slopes
inclined at 45° would have factors of safety near 1.25. For
cost reduction purposes, steeper trench slopes at approxi-
mately 49° were proposed. After significant soil testing to
measure the undrained shear strength of the San Francisco
Bay Mud (Fig. 18), the deterministic factor of safety for the
steeper trench slope was established to be 1.17. Given the
extensive soil testing and analyses, this was considered
suitable and excavations at this slope commenced. After
150 m of the trench had been excavated, two slope failures
occurred. The cause of the failure was studied by Duncan
and Buchignani (1973). They found that creep induced
strength losses in the San Francisco Bay Mud had yielded

Table 6 Factor of safety values
obtained from ArcGIS analyses
(Adapted from Tiwari and
Douglas 2012)

Block Cohesion
(kPa)

FS3D FS2D,
left

FS2D,
mid

FS2d,
right

FS2D,avg/
FS3D

FS2d,mid/
FS3D

A 0 0.88 0.84 0.86 0.91 0.98 0.97

A 10 0.96 0.91 0.93 0.99 0.98 0.97

B 0 1.03 1.12 0.99 1.03 0.98 0.92

B 10 1.20 1.26 1.08 1.12 0.96 0.90
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undrained shear strengths lower than those measured by the
in-situ and laboratory testing.

In the probabilistic slope stability analyses performed by
Duncan (2000), a Taylor series method was used to incor-
porate reliability. The results of their analyses suggested that
the most likely value of the factor of safety was indeed 1.17,
but it had a coefficient of variation of 0.16. The probability
of failure was computed as 18%. Based on these analyses,
Duncan (2000) suggested that this factor of safety may have
been too low when combined with the high coefficient of
variation. However, he notes that whether the design would
have been changed as a result of these analyses is hard to say
in retrospect.

Slope Stability for Unsaturated Slopes

The past 25 years have seen an expansion in unsaturated
slope stability analyses. It is well accepted that the infiltra-
tion of rainwater will result in an increase in the pore water
pressure or cause a reduction in the soil matric suction in
partially saturated slopes. This reduction in the soil matric
suction will cause a reduction in the shear strength of the
materials along the sliding plane, which could possibly result
in a failure. The infiltration of rainfall into the unsaturated
pore space will also result in the flow or compression of air
that is present, affecting water infiltration (Touma and
Vuclin 1986; Sun et al. 2015; and Cho 2016). However,
general slope stability analyses often ignore air flow because
of the difficulties in measuring pore air pressure and ana-
lyzing air flow. As such, analyses are widely performed
using infiltration analyses, as proposed by Richards (1931)
in which only the flow of water is considered and flow of air
is ignored (Sun et al. 2015). Some of the studies that have
coupled hydromechnical and slope stability analyses
include: Griffiths and Lu (2005), Lu and Godt (2008), Borja
and White (2010), Alonso et al. (1995), Burscarnera and
Whittle (2012), Lu et al. (2013), Smith (2003), Wang et al.
(2015a), Hamdhan and Schweiger (2011), and Borja et al.

(2012). Several of these studies (Wang et al. 2015a; Borja
and White 2010; Borja et al. 2012; Hamdhan and Schweiger
2011; and Alonso et al. 1995) ignore air flow by setting that
the pore air pressure equal to atmospheric pressure by
assuming that air will flow more freely than water.

The influence of air flow in the pore space has been
considered in the work done by Hu et al. (2011), Zhang et al.
(2009), Sun et al. (2015), Tiwari et al. (2014b, c), and Cho
(2016). Hu et al. (2011) studied the factor of safety of a
homogenous soil, as calculated using the Morgenstern-Price
method, with a coupled three-phase model. The slope was
subjected to a long, heavy rainfall event. The inclusion of air
flow through the pore space was found to decrease the sta-
bility of the slope as a result of reductions in the progression
of the wetting front. Using a water–air two phase flow
model, Zhang et al. (2009) and Sun et al. (2015) evaluated
the influence of air flow on the slope stability analyses
results. Zhang et al. (2009) also found the calculated factor

Fig. 17 Typical cross-section
analysed at the Light Abroad Ship
terminal in the Port of San
Francisco (Source Duncan 2000)

Fig. 18 Depth-wise variation of the undrained shear strength of the
San Francisco Bay Mud encountered at the slope failure at the Lighter
Abroad Ship terminal (Source Duncan 2000)
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of safety is lower when pore air pressure in the unsaturated
regions is included. They further found an increase in the
impact of the pore air pressure with an increase in the dis-
tance between the sliding surface and the ground water table.
Sun et al. (2015) noted that capillary pressure will result in
higher factors of safety, but pore air pressures will result in
less stable conditions. Tiwari et al. (2014b, c) used the air
and water permeability values simultaneously to calculate
the deformation of the slope and propagation of the wetting
front after a rainfall event. In their study, they verified the
results obtained from numerical calculation with the physical
experimental model test results. Moreover, variation in
suction with the duration of rainfall at different depths was
also established with tensiometer data.

Lu and Godt (2008) modified the equation to calculate the
factor of safety for infinite slopes to incorporate the suction
stress, as defined by Lu and Likos (2004, 2006). The mod-
ified equation, as expressed by Eq. 5, reveals that the suction
stress will act to increase the factor of safety above the
ground water table and that the pore water pressure beneath
the ground water table will act to reduce the factor of safety.
In Eq. 5, u’ is the effective friction angle, b is the inclination
of the ground surface, c’ is the effective cohesion, c is the
unit weight, Hss is the depth to the sliding surface from the
ground surface, and rs is the suction stress as defined by
Eq. 6, where h, hr, and hs are the volumetric water content,
residual volumetric water content and saturated volumetric
water content, respectively, while S and Sr are the degree of
saturation and residual degree of saturation, respectively.
The pore air and water pressure are represented by ua and uw,
respectively. Two phenomena, namely the inter-particle
physico-chemical forces and the inter-particle capillary for-
ces, are stated to be the cause of the suction stress (Lu and
Godt 2008), which will reduce in magnitude as the soil
approaches saturation. Lu and Godt (2008) note that suffi-
cient long, heavy rainfall may reduce the suction stress in the
upper part of a slope leading to the occurrence of shallow
landslides. Iverson et al. (1997) noted that such failures may
cause debris flows since the material involved is saturated or
close to saturated.

FS ¼ tan/0

tanb
þ 2c

0

c�Hss � sin 2bð Þ �
rs

c � Hss
tanbþ cotbð Þtan/0

ð5Þ

rs ¼ � h� hr
hs � hr

ua � uwð Þ ¼ � S� Sr
1� Sr

ua � uwð Þ ð6Þ

A theoretical approach towards modeling one-dimension
suction stress profiles above the ground water table is pre-
sented by Griffiths and Lu (2005) for different types of soil.
They consider both infiltration and evaporation in their
approach. The one-dimensional model obtained in then

substituted into two-dimensional slope stability analyses
performed using finite-elements. Based on the results
obtained, Griffiths and Lu (2005) note that inclusion of
suction will result in higher values for the factor of safety of
unsaturated slopes. The sensitivity of this factor of safety
value is found to depend on the elevation of the ground
water table, the types of soils involved and the infiltration
conditions.

Fredlund et al. (2017) prepared a comparison between the
factors of safety obtained from two-dimensional and
three-dimensional analyses in unsaturated soil slopes. Their
comparisons are performed using SVSLOPE (SoilVision
2019) using two simple slope geometries representing a
steep and shallow slope face with varying values of the
effective and unsaturated shear strength parameters. Fred-
lund et al. (2017) found that with an increase in either the
effective cohesion, effective friction angle or unsaturated
shear strength, a monotonic increase in the difference
between the two- and three-dimensional factors of safety is
observed. Differences on the order of 4–9% were noted in
the factors of safety values of the shallow slope when the
unsaturated shear strength is taken as zero. However, when
the unsaturated shear strength friction angle was taken as
15°, the difference was found to be higher and between 9 and
16%. The differences in the two- and three-dimensional
factors of safety were larger (between 12 and 18%) in the
steep slope geometry analyzed by Fredlund et al. (2017)
when the unsaturated shear strength friction angle was taken
as 15°. For unsaturated slopes, Zhang et al. (2015) found
very different results. They concluded that the factor of
safety from three-dimensional analyses was as much as 60%
larger than the factor of safety from two-dimensional
analyses.

While examining the literature related to the slope sta-
bility analyses of the partially saturated slopes, the authors
noted an inconsistency in the unit weights that were being
used for the factor of safety computations. In several studies,
including Montgomery and Dietrich (1994), D’Odorico et al.
(2005) and Chiang and Chang (2009), the saturated unit
weight is used in both the unsaturated and saturated zones of
the slope. de Vleeschauwer and De Smedt (2002) and
Acharya et al. (2006), on the other hand, used the dry unit
weight in the regions that were unsaturated and the saturated
unit weight in the remaining zones. Collins and Znidarcic
(2004) used the effective unit weight for the saturated
material and the total unit weight for the unsaturated zones in
their analyses, whereas Vanacker et al. (2003) and Gabet
et al. (2004) used the total unit weight in both regions. The
most realistic representations for the unit weight were use of
the moist unit weight in the partially saturated zones of the
slope and the saturated unit weights for the materials beneath
the ground water table, as adapted by Burton and Bathurst
(1998) and Sidle and Ochiai (2006). Readers are cautioned
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with the use of the unit weights applied to the different zones
of materials when performing slope stability analyses in the
unsaturated materials. The values used should be consistent
with the conditions expected in the field.

Methods for Deformation Analyses

The most commonly used method for determining the
deformation in slopes is probably the Newmark rigid block
model proposed in Newmark (1965). The method is devel-
oped assuming that the slip surface behavior can be modeled
as rigid perfectly plastic. Permanent deformations com-
mence when inertial forces from earthquake motion exceed
the yield resistance of the slip surface. They continue to
accumulate until the forces applied by the earthquake drop
below the yield resistance of the material along the slip
surface and the velocity of the sliding block matches that of
the stable underlying soil. Since 1965, several additional
models for the estimations of deformations have been pro-
posed including decoupled models that separate the soil
response from the deformability (Seed and Martin 1966;
Makdisi and Seed 1978; Bray and Rathje 1998; and Rathje
and Bray 1999) and couple stick-slips models (Lin and
Whitman 1983; Chopra and Zhang 1991; Kramer and Smith
1968; and Rathje and Bray 1999, 2001).

Seed and Martin (1966) and Makdisi and Seed (1978)
proposed some of the earliest decoupled models. They pre-
sented a two-step procedure in which a preliminary dynamic
analysis is first carried out to determine the equivalent
acceleration that corresponds to a slippage length based on
the average seismic stress history along the slip surface. This
equivalent acceleration is then used in Newmark’s method to
determine the permanent displacement. Using a lumped
mass shear beam to determine the effects of coupling and
decoupling on the response observed, Lin and Whitman
(1983) found that decoupled approach could led to uncon-
servative displacements especially when the sliding mass
depth increased.

Chopra and Zhang (1991) used a generalized single
degree of freedom system for their deformation calculations
of earth dams. They uniformly distributed the mass and
elasticity of the soil along the height of dam in their
approach. From their results, Chopra and Zhang (1991)
found that decoupling results in unconservative estimates of
the deformation when the ratio of the yield acceleration to
maximum acceleration is large. However, they found that the
opposite is true when the ratio of the yield to maximum
acceleration is small. Rathje and Bray (1999) expanded the
work completed by Chopra and Zhang (1991) to incorporate
mode shapes into the single degree of freedom system when
calculating deformations. They concluded that the dis-
placements will also depend on intensity, frequency and

duration of the seismic event. Building on their work, Rathje
and Bray (2001) introduced scaling factors to modify the
response from single degree of freedom system to incorpo-
rate the effects of topography.

One of the implicit assumptions made in Newmark’s rigid
block analysis was ignoring the influence of the downward
stabilizing movements on the displacements. Stamatopoulos
(1996) and Baziar et al. (2012) stated that the downward
displacement of a sliding block would result in an increase in
the factor of safety as it moved towards a more stable
geometry. This will result in an increase in the yield accel-
eration and thereby, should cause a reduction in the resulting
displacements of the sliding blocks. They modified the rigid
block model incorporate the downward stabilizing effect.
Stamatopoulos (1996) and Baziar et al. (2012) both show
that the incorporation of the downward stabilizing effects
will reduce the displacements measured. Baziar et al. (2012)
further finds that the effects of the incorporation of the
downward stabilizing movements will be greater when the
sliding lengths are smaller.

Other techniques obtain the deformations of slopes with
the use of finite-element analyses. In these techniques, the
permanent deformation is obtained integrating by the strains
induced in each element across the mesh. The permanent
strains for each element are calculated from a variety of
different methods. One method was proposed by Kuwano
et al. (1991) in which the slope movement depends on the
laboratory determined potential deformation of unrestrained
soil elements. Their procedures required two sets of finite
element calculations. From the first finite element calcula-
tions, the initial and dynamic shear stresses are computed.
These stresses are used to preform cyclic tests to measure the
strain potential. The strain potential represents the strain that
develops in the soil mass when it is allowed to freely deform.
These strain potentials are then inputted into a second finite
element analyses, using which the expected deformations of
a slope can be predicted. A three-dimension extension of this
method was proposed by Orense and Towhata (1992) and is
based on their previous work in Towhata et al. (1991, 1992).

Yasuda et al. (1991a, b, 1992) also proposed a method to
estimate deformations requiring the performance of two
static finite element analyses. Static stresses are computed in
the first of these analyses. To do so, estimates of the elastic
properties of the soil layers is required. During the second
finite-element analyses, the stiffness of the soil is reduced to
model the softening induced by an earthquake while the
static stresses are kept constant. This reduction in stiffness
must be appropriately determined to be able to capture the
deformations induced. Yasuda et al. (1991a, b, 1992) stated
the difference in the displacements between these two
methods is stated to be the earthquake-induced deforma-
tions. Similar procedures were previously proposed by Lee
(1974) and Serff et al. (1976).
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Nonlinear inelastic soil models can also be used within
the finite element analyses to compute the permanent slope
deformations. For example, Finn et al. (1986) proposed a
cyclic stress–strain model that can be incorporate in
finite-element analyses to determine the permanent slope
displacements. Advanced constitutive models were proposed
by Prevost (1977), Mizuno and Chen (1982), Kawai (1985)
and Daddazio et al. (1987), among others.

Case Study
Tiwari et al. (2018) analyzed deformations induced at
Lokanthali, Nepal after the 2015 Gorkha Earthquake. The
gentle sloping terrain in the region makes the deformations
observed at this site very interesting. The average inclina-
tions at the site were about 4°. Figure 19 contains a few
pictures of the scarp-like features observed. A series of
in-situ and laboratory tests were performed to determine the
undrained shear strength, dynamic characteristics and
strength reduction of the underlying soils. Numerical anal-
yses were performed using FLAC (Fast Lagrangian Analysis
of Continua, Itasca 2015). The FLAC analyses were per-
formed using shear wave velocities of 200 m/s for the
deconvolution and wave propagation analyses for three
undrained shear strength results. Ground motions from three
local stations (namely, THM, PTN and KATNP located
1.4 km, 4.3 km, and 6.3 km away, respectively) were
applied. These three undrained shear strengths correspond to
the lower bound shear strengths, the most likely strength
estimate and the median strength. Additional details about
each of these parameters can be found in Tiwari et al.
(2018).

Shown in Fig. 20 are some of the deformed meshes that
Tiwari et al. (2018) obtained from their FLAC analyses.
Table 7 summarizes the predicted displacements from their
analyses. Maximum lateral displacements around 0.5 m and
vertical drops approximately 1 m were observed at the site.
From the results of their numerical modeling, Tiwari et al.
(2018) concluded that the predicted maximum displacements
depended on undrained shear strength and seismic recording
used in the analyses. Furthermore, these shear strengths

affected the failure surfaces that were observed in the
models.

Analysis to be Performed for Landslides

The design of slope stabilization works requires an estimate
of the residual shear strength. This parameter can be estab-
lished through a variety of methods including with the use of
laboratory testing, correlations and back-analyses of failed
slopes. Direct shear and rings shear tests conducted on the
soil samples collected from the sliding surface can be used to
measure the residual shear strength in the laboratory. If
laboratory testing cannot be performed, various correlations
for the residual shear strength available in the literature can
provide another method of estimating the residual friction
angle for the slope materials.

One of the most common methods to estimate the residual
shear strength is through back-analyses of the failed slope.
Different regions around the world have varying guidelines
for the performing back-analyses. Tiwari et al. (2005)
summarized the adapted practices in the United States and
Japan. In the United States, the residual friction angle is
back-calculated by setting the factor of safety to one and
assuming the effective cohesion is zero. By contrast,
back-calculations for the residual friction angle in Japan are
performed assuming that the factor of safety is equal to 0.98
and that the effective cohesion is equal to the average depth
to the sliding surface in meters. The use of these methods to
back-calculate the residual friction angle was included in
Tiwari et al. (2005) for six landslide sites. The results
obtained are summarized in the case study below.

Tiwari and Marui (2001) proposed a different technique
to estimate the residual shear strengths. In their method, a
correction factor is applied to the residual friction angle and

Fig. 19 Pictures of the scrap-like features observed at Lokanthali,
Nepal (Source Tiwari et al. 2018)

Fig. 20 Deformed meshes from FLAC analyses for a lower bound,
b most likely and c median undrained shear strengths (Source Tiwari
et al. 2018)
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the effective cohesion values after a slope stability analyses
is performed using measured or estimated residual shear
strengths. The correction factor is suggested to be equal to
the ratio of the one and the calculated factor of safety. They
note that this correction factor will account for any variations
in the geometry, ground water table (and associated pore
pressures) and soil shear strengths that might exist at the
time of failure.

Case Study
Six landslides in the Niigata Prefecture, Japan were exam-
ined by Tiwari et al. (2005). Stabilization work at these
landslide sites, which included the construction of 3 m
diameter drainage galleries, allowed them to collect
undrained block samples from the failure planes for each of
the slopes. The samples collected from the sites were sub-
jected to ring shear tests using a modified Imperial College
and NGI-type ring shear apparatuses. Soil properties and
testing conditions are summarized in Tiwari et al. (2005).
The average residual friction angle from the laboratory tests
were used to perform slope stability analyses using Spen-
cer’s Method. In addition, Tiwari et al. (2005) performed
back-analyses for each of these sites using the procedures
recommended by both the United States and Japan.

A summary of the results obtained in provided in Table 8.
Tiwari et al. (2005) did not expect either of the methods to
capture the residual shear strength parameters for all of the
slopes. They found that the method adapted in the United
States would agree well with the laboratory test results when

the effective cohesion values were close to or equal to zero.
On the other hand, when the laboratory test results indicate
effective cohesion values greater than zero, the method used
in Japan will provide a better fit with the laboratory test
results. This could have been due to the use of linearly
interpolated values of cohesion and friction angles.

Discussion

Duncan (1996) noted that engineers “must have a thorough
mastery of soil mechanics and soil strength, a solid under-
standing of the computer programs they use, and the ability
and patience to test and judge the results of their analyses to
avoid mistakes and misuse.” With the widespread avail-
ability of computer programs to perform slope stability
analyses, these requirements are now more critical. Engi-
neers should not only compare their results with what is
believed to be the correct value, but with the improvements
in in-situ sensors and better surveying tools, engineers can
also validate their results with the observations in the field.
The use of spreadsheets can supplement the verification of
results for which slope stability charts were being used.
More complicated analyses should be performed using more
than one computer program to capture inaccuracies and to
avoid obtaining incorrect results. Computer programs are
also frequently being updated and modified based on new
research. As such, engineers should note the key assump-
tions made and the limitations of the models used in the

Table 7 Displacement
predictions from each FLAC
analyses for each of three ground
motions applied and for each
undrained shear strength
considered (Adapted from Tiwari
et al. 2018)

Station THM PTN KATNP

Component East–
West (cm)

North–
South (cm)

East–
West (cm)

North–
South (cm)

East–
West (cm)

North–
South (cm)

Lower
bound

224 177 77 123 240 199

Most likely 150 117 47 80 168 128

Median 139 71 33 49 95 63

Table 8 Back-calculated and
measured residual shear strength
parameters along with estimated
factor of safety value based on
laboratory test results (Adapted
from Tiwari et al. 2005)

U.S. method Japanese method Average laboratory results

Landslide ur’ (°) ur’ (°) c’ (kPa) ur’ (°) c’ (kPa) FS

Okimi 12.7 9.1 13 1.7 11.6 1.016

Yosio 14.3 9.7 5.8 4.6 12.2 1.098

Mukohidehara 19.7 15.4 11 0 19.4 0.987

Engyoji 16.2 11.2 8 8.3 7.8 0.772

Iwagami 15.1 10.4 9.6 8.1 11.9 1.038

Tsuboyama 11 6.3 7 2.7 9.9 1.057
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computer programs within their reports and other docu-
mentation as older user manuals for software may become
obsolete or hard to find at a later point when these analyses
may be required again.

The use of GIS provides engineers with a versatile tool to
not only rank the likelihood of instability based on causative
factors, but also to perform more detailed analyses with the
use of three-dimensional methods to calculate the factor of
safety for a region. Once a model has been developed within
the GIS framework, it is possible to quickly perform sensi-
tivity studies to evaluate the impact of various triggering
factors such as seismicity and seasonal fluctuations in the
ground water levels. One of the major advantages of the use
of GIS appears to be the visualization capabilities that it
provides allowing for the development of maps that can be
easily disseminated and understood by the various
stakeholders.

There does not appear to be much advancement in the
methods to perform three-dimensional slope stability anal-
yses since 1996. Most, if not all, of the three-dimensional
slope stability analysis methods, currently available, are
extensions of two-dimensional counterparts. In doing so, the
assumptions made during the derivations of the
two-dimensional methods inherently translate into assump-
tions and limitations for the three-dimensional analyses.
Furthermore, additional assumptions and constraints are
placed in order to remove the indeterminacy of the problem.
It is believed that additional research is required to develop
better three-dimensional slope stability analyses methods.
Perhaps, it is time for the profession to re-define
three-dimensional slope stability analyses starting with the
fundamental concepts, which may lead to methods with
fewer assumptions and more realistic determinations of the
factors of safety.

One of the major changes in three-dimensional slope
stability analyses has been a result of the availability of
computing power and visualization tools that allow engi-
neers to more quickly and with better graphics understand
and solve slope stability problems. These functionalities
become apparent in the number of computer programs and
GIS platforms that exist to analyze slope stability in two- and
three-dimensions. Previous case histories studied using
ArcGIS have illustrated the utility of this program by illus-
trating that:

• In addition to the use of the program to perform regional
level slope stability analyses, it can be easily used to
perform three-dimensional slopes stability calculations at
the individual landslide scale.

• A model developed for three-dimensional analyses can be
easily used to determine factors of safety along any
two-dimensional section at any alignment within the

landslide body. In performing such calculations, it is
possible to easily identify critical two-dimensional sec-
tions, which may not always correspond to the central
section through a landslide mass.

• These analyses may be used to design landslide preven-
tion or repair works that can be better suited for the sta-
bility issues that arise at any given site allowing for more
economical and more confident designs.

Current probabilistic slope stability analyses add value
to the deterministic factor of safety values that are obtained
from conventional slope stability analyses. However, it
appears that the methods that are available at the time this
paper was written seem to make several simplifying
assumptions focusing on incorporating reliability only to
those parameters which are expected to have the greatest
impact on the probability of failure. Engineering judge-
ment, as with all slope stability evaluations, becomes a
critical component in establishing to which factors quanti-
fied uncertainties will be included and which will be
ignored. In addition to the selection of methods, caution
should be employed when evaluating the values of the
numerous parameters required. What may appear to be an
outlier for the deterministic analyses might be an extreme
value in the probability functions. On the other hand, data
that is clustered may not be most representative of the
variations that could be encountered, possibly having
detrimental effects on the probabilistic calculations
performed.

Most recent engineering graduates have likely been
introduced to deterministic methods and are quite comfort-
able with utilizing them to evaluate slope stability. The lack
of formal training on theories associated with probability and
statistics with applications at many institutions may be one
of the culprits as to why these techniques have not gained
large popularity and widespread use in landslide science.
Another cause could be misperceptions regarding the sig-
nificant amount of data, time and effort that may be required
to incorporate these types of analyses into routine practice.
However, work by several researchers including Duncan
(2000) and El-Ramy et al. (2002) has shown that small
additional efforts are required.

Future work in the field of probabilistic slope stability
analyses may result in methods that incorporate additional
sources of uncertainty. That is, more comprehensive analy-
ses that incorporate spatial variability and/or correlations
between soil properties may become available. Work that
illustrates the potential variability of various parameters
including extreme values for different types of soils will be
beneficial in providing the landslide community with better
ideas as to the best-suited probabilistic models for those
parameters.
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Performance of slope stability analyses on slopes with
unsaturated materials requires the incorporation of the suc-
tion stress into the existing two- and three- dimensional
analyses methods. It also requires an understanding of the
appropriate shear strengths as the degree of saturation varies
of the material varies. The shear strengths used in the
analyses should provide a gradual variation of the parame-
ters as the condition of the soil moves from dry to saturated
(or vice versa). Additionally, the seasonal fluctuations in the
changes in the soil suction should be accurately captured in
the analyses to ensure that the results are meaningful. Means
to measure and/or estimate the soil suction values, especially
for natural slopes, require further research.

Summary and Conclusions

Historical data indicates an increase in the number of land-
slides causing over 10,000 deaths and displacing millions of
people globally each year. This increase may be partly
attributed to an increase in the number of significant earth-
quakes and annual precipitations that exceed the average
rainfall amounts observed during the century from 1901 to
2000. These trends point out the need to continue improving
the understanding of landslide science and the development
of methods that better simulate field conditions for analyzing
slope stability and deformations. In this paper, the recent
advances in these areas since the state of practice was
summarized by Duncan (1996) are described. Specifically,
the advances in slope stability and deformation analyses in
the past 25 years can be summarized as follows:

• Improvements to computational and graphical capabili-
ties: The availabilities of powerful personal computers
with graphical capabilities has resulted in the develop-
ment of over fifty commercial computer programs that
can be used to compute two- and three-dimensional
factors of safety. In addition, the availability of
spreadsheets also presents a powerful tool for geotech-
nical engineers to evaluate slope stability, compute
deformations and even perform probabilistic slope sta-
bility analyses.

• Macro level analysis for regions: Advances in technology
and the availability of digital data has allowed for the
evaluation of slope stability at a larger scale for regions
prone to slope failures. This has allowed for the creation
of landslide susceptibility maps and provided tools to
understand how different controlling factors influence the
stability of slopes at a regional level. GIS based methods,
such as those proposed by Prof. Tiwari and his col-
leagues, extend the use of this tool to evaluate quantita-
tive hazard potentials.

• Growth of three-dimensional slope stability analyses:
While several methods for performing three-dimensional
slope stability analyses existed at the time of Duncan’s
(1996) paper, several new methods have emerged. Most
of these methods are still extensions of widely accepted
two-dimension slope stability methods with some addi-
tional assumptions geared towards removing the inde-
terminacy of unknowns from equilibrium assumptions.
Several commercial computer programs as well as GIS
software can be used to perform three-dimensional slope
stability calculations fairly easily.

• Probabilistic slopes stability analyses: A number of
methods to perform probabilistic slope stability analyses
are available in the literature. These techniques vary in
terms of the assumptions, level of complexity and limi-
tations that allow for the reduction in the number of
probability distribution functions that are included in the
slope stability evaluations. While methods incorporating
Monte Carlo simulations existed in 1996, it is much
easier and more economic to perform such simulations
today. The development and use of these methods can
allow landslide scientists to make more informed evalu-
ations of the factor of safety and the probability of failure
for slopes.

• Slope stability of unsaturated slopes: Significant research
in the slope stability analyses of unsaturated slopes has
occurred resulting in the development and use of coupled
hydromechanical and slope stability analyses using
existing two- and three-dimensional slope stability mod-
els. Inclusion of suction in the slope stability analyses
results in an increase in the factor of safety, while con-
siderations of the air flow through the pore space tends to
cause a reduction in the factor of safety.

• Deformation analyses: While the Newmark sliding block
method is still widely used to estimate the deformations
of slopes, several new methods have been proposed in the
literature. These methods will either decouple or couple
the soil response from the deformability. Some of the
newer methods have focused on incorporating other fac-
tors such as the influences of topography and downward
stabilizing movements into the deformation estimates.

• Analyses to be performed for landslides: To design the
repair works for landslides, an estimate of the appropriate
shear strength at failure is necessary. Back-analyses with
assumed effective cohesion values to calculate the resid-
ual friction angle are common and depend on the
accepted practice within a country. Methods involving
tested residual shear strengths and correction factors have
also been proposed and may be the most appropriate to
balance variations in several slope stability parameters at
the time of failure and the one used for slope stability
analysis.
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Engineering Risk Mitigation for Landslide
Hazard Chains: The Baige Landslides
on the Jinsha River in 2018

Limin M. Zhang, Jian He, and Te Xiao

Abstract

On 10 October and 3 November 2018, two large
landslides occurred at Baige on the Qinghai-Tibet
Plateau, and completely blocked the Jinsha River.
Accordingly two landslide dams formed and breached
sequentially, with the breaching of the 3 Nov. dam
generating a flood larger than the 10,000-year return
period flood over a river reach of approximately 400 km,
endangering the serial cascade dams and towns along the
river. These were two typical large-scale hazard chains
originated by landslides. This paper presents a five-phase
protocol to manage the risks of landslide hazard chains,
which includes definitions, multi-hazard assessment,
exposure assessment, multi-vulnerability assessment,
and multi-risk assessment. The protocol is illustrated in
the case of the Jinsha River landslide hazard chains. How
the hazard chains developed in space and time are
introduced. The major engineering measures for mitigat-
ing short-term and longer-term risks are described,
including the use of a 15 m deep diversion channel to
reduce the dam failure flow rate and flow quantity,
removal of two cofferdams along the river to avoid flood
amplification effects, flood regulation using six reservoirs
over 630 km downstream, load relief at the crest of the
instable slope to increase its stability, and removal of part
of the residual landslide barrier to minimize future
landslide dam risks. Finally, several scientific topics are
suggested for further study.

Keywords

Hazard chain � Landslide � Landslide dam � Dam
breaching�Multi-hazard risk management� Jinsha River

Managing the Risks of Landslide Hazard
Chains

Some of the most challenging civil engineering projects in
the world are being constructed in the eastern margin of the
Qinghai-Tibet plateau, including the Sichuan-Tibet railway
and many cascade large dams on the Yalung Tsangbo River,
the Parlung Tsangbo River, the Nu River, the Lancang
River, the Jinsha River, the Yalong River and the Dadu
River. The natural environment in this area is characterized
by large tectonic movements and uplift due to collision by
the Indian plate, deep river incision, and diversified climate
conditions. In particular the seven major rivers cut into the
plateau deeply, forming valleys up to 5000 m deep.
Accordingly, this area is one hotspot of natural hazards
including strong earthquakes, landslides, debris flows, gla-
cier avalanches, and flash floods. How to ensure the safety of
critical infrastructures and communities in this area is a
grand challenge.

When proposing any strategies to safeguard a large
engineering system, four “what” questions should be
answered: (1) what can go wrong? (2) what is the likelihood
that it will go wrong? (3) what are the consequences if it
goes wrong? and (4) what can we do to reduce the conse-
quences? Once the first question is answered or a particular
danger is clearly identified, the associated risk can be con-
tained to a certain extent. Yet, “unexpected” hazard sce-
narios arising from cascading effects can lead to disastrous
consequences because such hazards are not prepared for.

Cascading hazards are symbolized by a chain of events in
which an initiating event causes a chain of hazardous events,
the outcome of one event being the cause of one or more

L. M. Zhang (&) � J. He � T. Xiao
Department of Civil and Environmental Engineering, The Hong
Kong University of Science and Technology, Kowloon, Hong
Kong, 999077, China
e-mail: cezhangl@ust.hk

T. Xiao
e-mail: xiaote@ust.hk

© Springer Nature Switzerland AG 2021
B. Tiwari et al. (eds.), Understanding and Reducing Landslide Disaster Risk,
ICL Contribution to Landslide Disaster Risk Reduction,
https://doi.org/10.1007/978-3-030-60706-7_6

109

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-60706-7_6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-60706-7_6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-60706-7_6&amp;domain=pdf
mailto:cezhangl@ust.hk
mailto:xiaote@ust.hk
https://doi.org/10.1007/978-3-030-60706-7_6


other events. The initiating event can be a strong earthquake,
an intense rainstorm, or a glacier avalanche. For instance, the
Wenchuan earthquake (lead hazard) triggered numerous
landslides. Some landslides blocked rivers and formed
landslide dams, which later broke and inundated much larger
areas downstream the dams (e.g., Cui et al. 2009; Chen et al.
2011; Liu et al. 2013, 2016; Zhang et al. 2014). Some
hanging landslide deposits on steep terrains reactivated
during subsequent rainstorms, turning into deadly debris
flows, jamming the rivers, aggravating the flood risk, caus-
ing significant changes in the river eco-system (Zhang et al.
2014, 2016b; Fan et al. 2019a). Significant hazard chains in
the eastern margin of the Qinghai-Tibet plateau include the
1786 earthquake-landslide-damming hazard chain in Luding
on the Dadu River (Dai et al. 2005), the 1933 Diexi
earthquake-landslide-damming hazard chain on the Minjinag
River (Liu et al. 2016), the 1988 moraine lake break-debris
flow hazard chain in Midui Gully, Tibet (You and Cheng
2005), the 2000 Yigong landslide-damming-flooding hazard
chain (e.g., Zhou et al. 2016), the 2018
landslide-damming-flooding hazard chain on the Jinsha
River (e.g., Zhang et al. 2019) and the 2018 glacier
avalanche-debris flow-damming-flooding hazard chain on
the Yarlung Tsangbo River (Chen et al. 2020).

As critical infrastructures are being constructed in the
hazardous environment, how a hazard chain impacts a large
engineering system and how to mitigate the engineering
risks emerge as challenging issues. This paper presents a
systematic multi-hazard risk management protocol for future
landslide hazard chains, and recaps, within the framework of
the proposed protocol, the engineering measures adopted to
mitigate the risks to the large cascade dams and other key
infrastructures along the Jinsha River posed by the Baige
landslide hazard chain in 2018.

Landslide Hazard Chains on the Jinsha River
in 2018

The Landslide and Damming at Baige on 10 Oct.
2018

The Jinsha River is 2290 km long, with a basin area of
approximately 340,000 km2 and an elevation drop of
approximately 3250 m. The annual average flow rate
increases down the river, from 879 m3/s at Batang (Fig. 1) to
1700 m3/s at Panzhihua and further to about 4500 m3/s at
Yibin that is the start of the Yangtze River. Given the rich
hydropower resources, more than 25 large dams have been
planned along the river for clean energy production (Fig. 1).
As of October 2018, the Yebatan dam and the Suwalong
dam were under construction, while the six dams from
Liyuan to Guanyinyan in Fig. 1 have been constructed.

On 10 Oct. 2018, a large landslide occurred at Baige,
Jiangda County, Tibet, China on the Jinsha River (Figs. 1
and 2). The landslide scar was located at the right bank of
the river at an elevation of approximately 3700 m, and the
landslide front blocked the river with an internal relief of
over 800 m and a travel distance of 1500 m. The total vol-
ume of the landslide was about 25 � 106 m3, the frontal part
of which forming a landslide dam (Fig. 2b) with a maximum
height of over 61 m and a maximum length of about 1500 m
along the river. The primary bedrocks at the site are pla-
gioclase gneiss and serpentinite. A tension zone had been
observed in the shattered rock mass after experiencing a long
period of downward movements. Fan et al. (2019b) and
other have studied the mechanisms of the slope failure.

As the incoming flow rate that time was as large as 1680
m3/s, the lake water level rose rapidly, inundating the
upstream villages (Fig. 3). When full, the landslide lake
would reach elevation 2931 m, stretching 48 km upstream
and having a lake volume of 249 � 106 m3.

The Landslide and Damming on 3 Nov. 2018

About three weeks after the successful disposal of the
landslide dam formed on 10 October, a second slide
occurred at the same site on 17:15, 3 November, with
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Fig. 1 Location of the Baige landslides and the cascade dams on the
Jinsha River
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additional source and entrainment volumes of about 3 � 106

m3 and 8 � 106 m3, respectively. The landslide debris
deposited on the breach formed earlier, forming a new dam
96 m in height to the lowest crest and about 1,000 m in
length along the river and blocking the Jinsha River once
again (Fig. 4). Typical cross sections of the new dam across
and along the river are shown in Fig. 5. With an incoming
flow rate of about 800 m3/s, the lake volume increased
rapidly. When full, the lake volume would reach 750 � 106

m3 and the lake would extend 72 km upstream.
The magnitude of the new landslide dam formed on 3

Nov. 2018 was much larger than the first dam formed on 10

Oct. 2018. Hence a new strategy had to be developed to
manage the risks of the new landslide dam.

Principle of Hazard-Chain Risk Management

The damming on 10 Oct. 2018 was the first record in recent
history that the Yangtze River was completely blocked.
Given such a significant landslide incident, the four ‘what’
questions raised earlier must be answered and a risk man-
agement plan must be made immediately and yet scientifi-
cally. Based on the experiences gained in coping with the
cascading hazards associated with the Wenchuan earth-
quake, a protocol of multi-hazard risk assessment has been
proposed to help answer these questions (Zhang et al. 2014;
Chen et al. 2016; Zhang and Zhang 2017; Zhang 2019). The
proposed protocol consists of five phases, including defini-
tions, multi-hazard assessment, exposure assessment,
multi-vulnerability assessment, and multi-risk assessment:

(1) Definition of the time and space scales for hazard
analysis, the risk sources, and the initiating events.

(2) Multi-hazard assessment, which includes identifying
the hazard scenarios and links among these scenarios,
and quantifying their occurrence probabilities.

(3) Assessment of interactions among the elements at risk
considering possible amplification effects.

(a) 

(b)

~El 2900m

0 100 200
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~El 3700m

K2
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Fig. 2 a The landslide (K1, K2 and K3 are tension zones that may lose
stability); b the landslide dam that blocked the Jinsha River completely
(photo credit a Zhang LM; b Ganzi Daily)
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(4) Multi-vulnerability assessment, which quantifies the
vulnerability of the elements at risk in each affected area
to one or multiple hazards.

(5) Multi-risk assessment, in which the risk of the cascad-
ing hazards is expressed as the sum of all risks posed by
these hazards, as well as new hazards derived from the
hazard interactions.

The protocol emphases hazard interactions and the lifecycle
concept. How all the initial hazards (i.e., the landslides)
evolve over a long period within or outside the formation
catchments must first be investigated. Starting from a lead
hazard, one should investigate each individual derived haz-
ard over its entire lifecycle from the formation of the hazard
to the cessation of further development, for example from the
formation of a landslide dam to the breaching of the dam,
from the formation of a loose soil deposit to the cessation of
reactivation and erosion in the deposit, and from

sedimentation to the incision of a stream. Next, the impacts
of all identified cascading hazards over their life spans need
be evaluated, bearing in mind that some hazard scenarios can
still be unexpected. Efforts must also be made to quantify the
amplification and overlapping effects due to the interactions
among two or more hazards.

The impact of a dam break covers a large area along the
river from the catchment upstream of the dam to the
potential flood areas downstream of the dam. In space and
time scale (Fig. 6), the risk analysis for a landslide- dam
hazard chain includes six steps:

• monitoring and forecasting,
• dam-break probability evaluation,
• dam breaching analysis,
• flood routing analysis,
• dam safety evaluation, and
• flood consequence assessment.

Fig. 4 The second landslide at
Baige on 3 Nov. 2018 (photo
credit China News)
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Hydrological parameters such as lake volume, lake water
level and inflow rate influence the dam safety. These
parameters should be treated as stochastic processes instead
of independent variables due to the correlation in time scale.
The flow rate in the Jinsha River is large so that any land-
slide dam would fail most likely by overtopping. Overtop-
ping occurs when the lake water level exceeds the dam crest
level. The probability of dam failure is closely related to the
hydrological parameters. The uncertainty is largely on the
time of dam failure rather than whether the landslide dam
will fail or not. The next two components are to simulate the
dam breaching process and flood routing downstream of the
dam. The breaching parameters significantly affect the flood
consequence downstream. If there are dams downstream,
then the dam safety and the feasibility of using the down-
stream reservoirs to regulate the flood should be evaluated.

In this study, an empirical model (Peng and Zhang 2012c)
based on statistical data is used to simulate the breaching
process when only geometrical parameters are available,
while a physical model, DABA (Chang and Zhang 2010) is
used when more soil properties (e.g., coefficient of erodi-
bility and critical shear stress) are available. The outputs of
the dam breaching simulation are peak outflow rate,
breaching duration and breach size. With the breaching
parameters predicted, a river analysis program, HEC-RAS
developed by USACE (2016), is used to simulate the flood
routing in the river downstream of the dam. Detailed simu-
lations in a specific case can be referred to Zhang et al.
(2016a,2019) and Chen et al. (2020).

This paper will focus on the practical risk management,
but will not go into the mathematical aspects of
multi-vulnerability assessment and multi-risk assessment.

The First Test of System Coping Capability:
Breaching of the Landslide Dam Formed
on 10 Oct. 2018

The large dams on the Jinsha River, in the past, were
designed considering floods due to rainfall but the floods
from breaching of either man-made or natural dams are not
considered. In this section of the Jinsha River, the 10-, 20-,
100-, 1000-, and 10,000-year return period flow rates are
5510, 6180, 7640, 9610, and 11,500 m3/s, respectively. Any
floods larger than the design levels can pose a serious con-
cern. The flood can amplify significantly if two or more
dams fail.

Once the river was dammed on 10 Oct. 2018, the lake
water level rose rapidly as the incoming flow rate was as
large as 1680 m3/s. The landslide dam was naturally over-
topped beginning 17:30, 12 October, and breached in about
21 h. The life span of the landslide dam was 2.7 days. The
dam breaching flow, peaked at about 10,000 m3/s, reaching
approximately the 10,000-year return period flood. The flood
marched along the river, posing huge risks on the down-
stream hydropower projects and residents. Both empirical
and numerical methods have been applied to forecast the
dam-breaching hydrograph and the river flow (e.g. Zhang
et al. 2019). Figure 7 shows the result of a flood routing
analysis conducted at the Hong Kong University of Science
and Technology.

At that time the river had not been closed at the Yebatan
dam site (58 km downstream) and the Lawa dam site
(139 km downstream). The first project hit by the
dam-breaching flood was the Suwalong dam. The Suwalong

Landslide dam
Barrier lake

Flood routing analysis

Dam breaching analysis

Dam-break probability evaluation

Flood consequence 
assessment

Monitoring & forecasting

Q

t Q

t

Sediment transport

Dam safety evaluation 

Satellite & UAV
Landslides
Hydrology
Element at risk

Dam

Diversion 
channel

Element at risk
Vulnerability
Warning & evacuation 

River clearance
Reservoir regulation 

P

t

Hw

t

C

t

Fig. 6 Landslide dam risk management

Engineering Risk Mitigation for Landslide Hazard Chains … 113



dam will be a 112 m high asphalt corewall rockfill dam. It is
located 225 km downstream the landslide (Fig. 1). The river
closure for the dam was performed in Nov. 2017 and the
cofferdams had been constructed before the landslide hap-
pened. The upstream cofferdam is 50 m high, designed for a
20-y return period flow rate, 6180 m3/s. As shown in Fig. 7,
the flow rate at the site reached 7600 m3/s on 13 Oct. 2018,
larger than the design flow rate. All the diversion tunnels and
the emptying tunnel were fully mobilized to pass the flood.
The highest water level reached 2426.34 m, only 3.5 m
below the design level of 2429.85 m. The cofferdam was
nearly overtopped, as shown in Fig. 8.

The flood coping capability of the dams under construc-
tion is shown to have been brought to its limit in the first
dam break event. Any larger floods will result in serious
consequences.

Systematic River-Basin Risk Management

Likely Hazard Chain Triggered by the 3 Nov.
2018 Landslide

When a significant hazard like to 3 Nov. landslide dam is
identified, the most important first step is to monitor

geological, hydrological and socio-economic conditions in
the influence zone and answer two “what” questions “what
can go wrong” and “what are the consequences if it goes
wrong”. This requires a prompt assessment of the incoming
river flow rate and the lake level at the landslide dam site and
along the river, the influence zone of the floods, the safety of
the community affected, the safety of the large dams already
constructed downstream the landslide dam (Fig. 1), as well
as any derived hazards due to the interactions between the
flood and the natural environment and the engineering sys-
tems. Two examples of a derived hazard are the failure of
one or more downstream dams due to the flood from the
landslide dam break, and the collapse of some bridges
leading to cutoff of the road network.

Dam Breaching and River Flood Routing
Analyses

A dam-breaching analysis assuming the dam will overtop
naturally has been conducted (Zhang et al. 2019), indicating
that the peak flow rate at the dam site could reach 55,579 m3/s
(Fig. 9). Given this hydrograph, the dam-breaching flood
routing in the river reach up to 650 km downstream the
landslide site is shown in Fig. 10a. The peak flow rate far
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Fig. 8 The upstream cofferdam
of the Suwalong asphalt corewall
rockfill dam (photo credit
PowerChina)
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exceeds the 10,000-year return flood at the dam site (11,500
m3/s). The flow discharge attenuates along the river, but still
exceeds the 10,000-year return period flood at Suwalong
(12,000 m3/s) 225 km downstream, and Benzilan (13,400 m3/
s) 382 km downstream. However, the flow rate at the first
existing reservoir, the Liyuan reservoir 634 km downstream,
will drop to 8444 m3/s, smaller than the 100-year flood,
10,400 m3/s.

The results of the above analysis imply that risk mitiga-
tion measures, both structural and non-structural, must be
taken to reduce the risks.

Engineering Risk Mitigation Measures

Division channel. An efficient and effective way to reduce
the risks of landslide dams is the use of a diversion channel
as in the disposal of many landslide dams caused by the
Wenchuan earthquake (e.g. Cui et al. 2012; Chen at et al.
2015). The diversion channel works by reducing the lake
volume and the area of inundation, and keeping the over-
topping erosion in a more controllable manner. In the Baige
case, a diversion channel 15 m in depth, 220 m in length,
3 m in bottom width and 42 m in top width was excavated
(Fig. 11). The channel lowered the lake volume from
757 � 106 m3 to 494 � 106 m3 and the lake area from 20.1
to 15.1 km2 (Fig. 3). Overtopped at 04:45 on 12 November,
the dam experienced a 33.3-h long breach initiation phase.
The outflow increased dramatically at 14:00, 13 Nov., and
peaked at 33,900 m3/s at 18:20, 13 Nov. 2018.

A second round of overtopping erosion and flood routing
analyses was performed. Figures 9 and 10b show the
hydrographs with the diversion channel. At the dam site the
peak flow rate is reduced from 56,467 to 33,900 m3/s. Along
the river, the peak flow rates at Suwalong, Benzilan and
Shigu are significantly smaller with the help of the diversion
channel (Table 1), although the flood level above Benzilan

still exceeds the 10,000-year return period flood. The flood
in the densely populated communities below Benzilan,
however, has been lowered from a 200-year level to below
the 100-year level. Hence the flood risk has been signifi-
cantly reduced.

Prevention of hazard amplification effects. When
handling the safety of cascade reservoirs along the Jinsha
River, a key issue is to avoid the overlapping of floods from
the failure of two or more dams. Shown in Fig. 8, the 50 m
high Suwalong upstream cofferdam was stressed to its limit
when stricken by a flood of 7600 m3/s. When full, the cof-
ferdam would retain a reservoir of approximately 126 � 106

m3. After the formation of the 3 Nov. landslide dam, it was
apparent that the flow rate at Suwalong could be more than
two times of its flood passing capacity (Table 1), hence the
dam is deemed to break. A dam breaching analysis shows
that (Fig. 10b), the flow rate at Suwalong would reach
19,023 m3/s even after a diversion channel had been exca-
vated at Baige. The Suwalong reservoir would be filled
quickly and the cofferdam would be overtopped. The flow
rate would be more than doubled (43,000 m3/s) due to the
overlap of the incoming dam-breaching flood from Baige
and the flood from the break of the 126 � 106 m3 reservoir.

To prevent the amplification effects, it was decided to
excavate a large channel through the cofferdam, 33 m in
depth, 10.89 m in bottom width and 120.57 m in top width
(Fig. 12). The channel was completed two days before the
breaching of the Baige landslide dam. Later this was shown
to be extremely effective. The entire cofferdam essentially
eroded (Fig. 12b) and little flood amplification occurred
(Fig. 13).

River-basin flood regulation. The landslide dam is one
element of the cascade dam system on the Jinsha River
(Fig. 1). Hence a system approach was applied to regulate
the river flood and mitigate the flood risks during both the
first dam break on 12 Oct. and the second dam break on 12
Nov. 2018.

After the first dam failure, 300 � 106 m3 of water was
released from three reservoirs (Liyuan, Ahai and Jinanqiao,
Fig. 1) before the arrival of the flood. The emptied space
was larger than the landslide lake volume, 249 � 106 m3. In
the end, 100 � 106 m3 of water was intercepted as of 8:00,
15 Oct. 2018.

After the second dam failure, 807 � 106 m3 of water was
released from six reservoirs (Liyuan, Ahai, Jinanqiao,
Longkaikou, Ludila and Guanyinyan, Fig. 1) before 14:00,
12 Nov. 2018. The total reservoir capacity for regulating the
dam breaching flood was 1.353 billion m3, much larger than
the landslide lake capacity, 750 � 106 m3. On 15 Nov., the
flood entered the Liyuan reservoir at a maximum flow rate of
7410 m3/s, while the releasing flow rate was only 4490 m3/s

Fig. 9 Dam breaching hydrographs for the landslide dam formed on 3
Nov. 2018 (Zhang et al. 2019)
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(Chen 2019). The large dam breaching flood then became a
regular flood and came to an end. Similar dam-breaching
flood water regulation through upstream and downstream
reservoirs was exercised during the risk management for the
Hongshiyan landslide dam formed by the Ludian earthquake
in 2014 (Shi et al. 2017).

Non-Structural Risk Mitigation Measures

The dam-breaching floods exceeded the 10,000-year return
period flood above Benzilan, which was beyond the level
most civil infrastructures were designed for. Hence many
large bridges over the Jinsha River were destroyed by the
flood (Fig. 14a). The flood was at 100–200 year levels in
Judian and Shigu. Accordingly these communities were
severely flooded (Fig. 14b).

In flood risk management, the most important task to save
human lives is timely warning and evacuation (Peng and
Zhang 2012a, b). During the Oct. 2018 flood, approximately
10,500 people were evacuated. During the Nov. 2018 flood,

approximately 67,500 people from Tibet, Sichuan and
Yunnan were excavated. No fatality was caused by the two
dam-breaching floods.

Systematic Longer-Term Risk Management

Managing Residual Landslide Risks at Baige

Landslides occurred at Baige twice in 2018, caused by
long-term tensile deformation of the rock masses. Defor-
mations continue in three large areas (K1, K2 and K3 in
Fig. 2a) and new landslides can occur in the future. There-
fore, it is necessary to monitor the ongoing slope deforma-
tions, evaluate the possibility of the formation of new
landslide dams, and assess their consequences.

To prevent the formation of a very large future landslide
dam, two major actions were taken in June-July 2019 by the
China Anneng Corporation. First, the barrier 2.5 � 106 m3

in volume above elevation 2915 m was removed, forming a
200 m wide platform (Fig. 15a) on the opposite side of the
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landslide. This will provide room to accommodate the
landslide debris should a large landslide occur in the future.
Second, part of the slope in the K1 area, approximately
0.5 � 106 m3 in volume, was excavated to relief the load
and enhance the stability of the slope (Fig. 15b).

Given the new configuration of the site after the barrier
removal, analysis was performed using EDDA 2.0 (Shen

et al. 2018) to simulate the damming caused by the insta-
bility of K1, K2, K3, and their combinations. Assume a total
volume of K1, K2 and K3 of 4.01 � 106 m3. When all the
blocks slide at the same time, a dam can form 66.2 m in
height and 46.2 m above the terrain after the breaching of
the 3 Nov. 2018 landslide dam (Fig. 16). The flood risks of
the dam may be comparable to that of the 10 Oct. 2018 dam.
This demonstrates the importance of removing the barrier.
Uncertainties should be cautioned, of course, on the scale of
future landslides and barriers at the Baige site.

Fig. 11 Use of a 15 m deep, 220 m long diversion channel to mitigate
landslide dam risk at Baige: a excavation; b water flowing through the
channel; c breaching of the landslide dam (photo credit a Red Star
News; b Xinhua Net; c Visual China Group)

Table 1 Benefit of the diversion
channel in mitigating the
dam-breaching flood risk

Site Distance to
landslide dam
(km)

Observed peak flow rate
with diversion channel
(m3/s)

Peak flow rate with
diversion channel
(m3/s)

Peak flow rate if no
diversion channel
(m3/s)

Baige 0 33,900 34,348 55,579

Suwalong 225 19,800 19,023 29,119

Benzilan 383 15,700 14,218 21,442

Shigu 559 7,170 8,048 11,328

Fig. 12 Removal of the cofferdams at Suwalong to avoid hazard
amplification: a removal of the upstream cofferdam; b after the
dam-breaching flood (photo credit a, b PowerChina)

Engineering Risk Mitigation for Landslide Hazard Chains … 117



Managing Longer-Term Landslide Risks
at Baige

This study focuses on the landslide hazard chains initiated at
a single site, Baige on the Jinsha River. Many other chal-
lenging hazard scenarios must be considered in the future:

• The risks of the dams under construction downstream the
Baige landslide site should be examined. The
flood-passing capacity of concrete dams and earth dams
are different, with the latter subject to erosion failure. The
flood-coping capacity of a dam project is also different at
different stages of construction: smallest capacity shortly
after river closure and increased capacity when a spillway
or a flood releasing sluice is available.

• A large landslide can occur anywhere along a river, for
instance at a site near a densely populated area. A com-
prehensive survey is necessary to identify potential
landslides along the river.

• A large landslide can occur in or near the reservoir of a
large dam, directly impacting the safety of the dam.
Recall the case of the 1963 Vaiont dam failure in Italy
(Hendron and Patton 1985).

• While the cascade reservoirs along a river can work
together to regulate the flood, chances can arise when a
natural dam or an engineered dam fails and endangers the
entire dam system.

• The eastern margin of the Qinghai-Tibet plateau is a
seismically active area. Upon a strong earthquake,
numerous landslides can be triggered and a major river
can be blocked at multiple places at the same time. How
to cope with such extreme event is an open issue.
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Fig. 13 Potential doubling of the flood by breaching of the upstream
cofferdam at Suwalong and minimized amplification after the cofferdam
has been removed

Fig. 14 Consequences caused by the dam-breaching flood: a damage
to infrastructures; b flooding of densely populated communities (photo
credit a Xinhua Net; b Dongfang IC)

Fig. 15 Actions to prevent the formation of a very large future
landslide dam: a removal of the barrier material above 2915 m to make
room for future landslide debris; b load removal at the slope crest at
Baige (photo credit a SASAC; b Mr. Q. T. Yang)
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Suggested Scientific Topics for Further
Research on Landslide Hazard Chain Risk
Management

Management of the risks of a hazard chain is an emerging
scientific challenge. In handling the Baige and other land-
slide hazard chains, several scientific issues are encountered
and should be further studied:

• Use of remote sensing to identify intensive tension zones
and potential landslides in a river catchment;

• Identification of long-range landslide hazard chains
originated from glacier avalanches kilometers away (e.g.
the Yalung Tsangbo landslide in Oct. 2018);

• Determination of the escalating points on a landslide
hazard chain;

• Ability to expect “unknown” events on a hazard chain so
that significant sources of danger are considered in
engineering planning and design;

• Stress testing of landslide damming for a cascade reser-
voir system considering all likely triggers (Stress testing
has been shown to be an effective means of managing the
risks of low frequency high consequence events (e.g.,
Zhang et al. 2017);

• Theory for evaluating the reliability of a highly correlated
engineering system (e.g. the cascade dams) subject to rare
loading (e.g. dam-breaching floods of over 10,000-year
return period);

• Technologies to delineate the internal structure of a large
landslide barrier, so that necessary mechanical properties
of the barrier can be interpreted to assist assessment of the
stability and erodibility of the damming materials;

• Technologies to control the pace of the progression of the
dam erosion failure process;

• Risk-based engineering risk mitigation measures for
landslide dams considering various uncertainties;

• Evolution of riverbed morphology after breaching of a
large landslide dam;

• Reappraisal of the risks of cascade dams and optimization
of the operations of reservoir systems considering the
impact of landslide hazard chains.

Summary

The paper presents a protocol to manage the risks of land-
slide hazard chains, and illustrates the protocol in the case of
the Jinsha River landslide hazard chain in Oct. and Nov.
2018.

The proposed protocol consists of five phases, including
definitions, multi-hazard assessment, exposure assessment,
multi-vulnerability assessment, and multi-risk assessment.
The protocol emphases hazard interactions and the lifecycle
concept. Attention is also paid to the quantification of the
amplification and overlapping effects due to the interactions
among two or more hazards.

When a significant hazard like the 3 Nov. 2018 landslide
dam is identified, the most important first steps are to answer
two questions “what can go wrong” and “what are the
consequences if it goes wrong” following the proposed
five-phase multi-hazard assessment protocol. This requires a
prompt assessment of the likely flood levels at the landslide
dam site and along the river, the influence zone of the floods,
the safety of the community affected, the safety of the large
dams already constructed downstream the landslide dam, as
well as any derived hazards due to the interaction between
the flood and the natural environment and the engineering
system. The next step is then to answer the question “what
can we do to reduce the consequences?” and to implement
pertinent structural and non-structural risk mitigation
measures.

In the case of the Jinsha River landslide hazard chains,
the structural engineering measures included the use of a
15 m deep diversion channel to reduce the dam erosion flow
rate and flow quantity, removal of cofferdams along the river
to avoid amplification effects, flood regulation using six

N

Fig. 16 Deposition depth above the residual of the 3 Nov. 2018 land-
slide dam
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reservoirs already constructed downstream, load relief at the
crest of the instable slope to increase its stability, and
removal of part of residual landslide barrier to accommodate
future landslides and minimize future landslide dam risks.

New technologies are yet to be developed in the future to
better manage the risks of similar landslide hazard chains on
the eastern margin of the Qinghai-Tibet plateau and the rest
part of the world.
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Application of Magnetic Tracking System
in Laboratory-Scale Rock Avalanche Model
Tests

Xiaoyu Chen and Rolando P. Orense

Abstract

Many researchers have been investigating the mechanism
of rock avalanches in the laboratory using flume tests,
where dry rigid blocks are released on an inclined chute
and the motion of the blocks are monitored using video
cameras supplemented by image-based processing tech-
nique. In this paper, a recently developed sensing
technique, which consists of permanent magnets as
trackers and magnetometers as receivers, is used to
examine the behaviour of the blocks as they propagate
downslope. For this purpose, a permanent magnet, whose
density, shape and surface characteristics are adjusted to
be similar to the other blocks, is incorporated into the pile
of blocks at specific locations. Since a permanent magnet
generates static magnetic field, its flux density is detected
by the magnetometers positioned appropriately adjacent
to the flume. From the readings obtained, the magnet’s
location and orientation at any given time is determined
using an optimisation algorithm. For various combina-
tions of pile height, block volume and surface inclination,
the displacements and orientations of the permanent
magnet, representing one of the blocks undergoing
movement, are monitored from which kinematic quanti-
ties are captured to highlight the behaviour of the blocks
as they flow down the chute. For comparison purposes,
the movement of the blocks were also monitored by video
camera. The results obtained using the magnetic tracking
system coincide very well with those monitored using
image analysis from video camera. These highlight the
capability of the proposed magnetic tracking system in
capturing key kinematic quantities during the downslope
motion of the blocks, including translations and rotations.

Keywords

Rock avalanche � Laboratory experiment � Magnetic
tracking system

Introduction

Rock avalanches are a common form of mass movement
involving materials (such as dry rock) that are fragmented
before or during the slope failure. They are considered a
significant hazard mainly because of their prodigious
capacity for destruction. Hungr et al. (2001) suggested that
the term “rock avalanche” be reserved for flow-like move-
ments of fragmented rock resulting from major, extremely
rapid rock slides. Hence, a key feature which differentiates
rock avalanche from other mass movement phenomena (e.g.
rockfall) is that it exhibits a flow-like manner which causes
the granular particles to interact with each other and move as
a mass of fragments. Rock avalanches may involve the
failure of entire mountain slopes, involving tens to hundreds
of million m3 and long travel distances. Hence, many
researchers have been investigating the process involved in
rock avalanche motion for the purpose of predicting runout
distance and velocity.

Small-scale laboratory experiments have been conducted
by many researchers using diverse techniques to study the
effects of various factors on the behaviour of the avalanche
mass (e.g. Manzella and Labiouse 2008, 2009; Okura et al.
2000). These include the use of high-speed cameras where
the blocks’ movements are recorded through the flume’s
transparent sidewalls and then analysed using digital image
correlation (DIC), particle image velocimetry (PIV) and
other image-processing techniques. However, such
image-based techniques generally require a clear light path,
which results in two main disadvantages: (1) it is only
possible to capture the displacements at the boundary while
the behaviour inside the moving mass cannot be detected;
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and (2) the interface frictions at the transparent boundary
may extensively influence the behaviour of the captured
movements.

This paper introduces a novel magnetic tracking tech-
nique which can capture the kinematic qualities associated
with the downslope motions of granular blocks in the lab-
oratory scale. The sensing technique consists of a permanent
magnet as tracker and magnetometers as receivers. The
magnet, whose density, shape and surface characteristics are
adjusted to be similar to the other blocks, is incorporated into
the pile of blocks at specified locations. Since a permanent
magnet generates static magnetic field, its flux density is
detected by the magnetometers appropriately positioned near
the flume. From the readings obtained, the magnet’s location
and orientation at any given time is determined using an
optimisation algorithm. Hence, key kinematic quantities,
including translations and rotations of the representative
block during the downslope motion, can be quantified and
analysed to provide insights on the behaviour of the moving
blocks.

Magnetic Tracking System

Background

Magnetic tracking is a type of position sensing technique
which requires a tracking target (tracker) and a reference
array (receiver). A permanent magnet is used as the tracking
target and incorporated as one of the blocks in the rock
avalanche experiment. Note that the static magnetic field
generated by the permanent magnet can be detected by the
magnetometer array arranged appropriately in the vicinity of
the flume. The magnetic flux density adjacent to the per-
manent magnet carries information about its relative loca-
tions and orientations with respect to the receiver (i.e.
magnetometers). When the tracker (the block with a per-
manent magnet inside) moves along with other “normal”
blocks, the position of that tracker block at any moment can
be calculated by analysing the magnetic field it generates.
Therefore, displacement is derived from the change in
position over a given period of time.

Some of the advantages of the proposed magnetic
tracking system in the study of mass movements in a labo-
ratory scale are as follows: (1) non-invasive operation on
trackers allows displacement sensing to be free from any
disturbance; (2) the static magnetic field generated by a
permanent magnet is not likely to be shielded by rock and
soil due to their magnetic permeability very close to air and
water; (3) because of the same reason listed above, the
displacement under the surface and within the moving mass

can be investigated, which leads to a better understanding of
the interaction behaviour; and (4) without battery or auxil-
iary circuits and devices required, permanent magnets as
trackers are easy to set up and it is also possible to further
reduce the size of tracker to meet the need of the laboratory
tests.

Note that magnetic tracking technique has been proposed
by many researchers for human medical applications. For
example, Schlageter et al. (2001) developed a system cap-
able of tracking a permanent magnet with a 2D-array of 16
cylindrical Hall sensors. Meng et al. (2004) investigated the
use of magnet-based localisation in wireless capsule endo-
scopic technique.

Due to space limitations, detailed aspects of the tracking
system, such as: (1) the mathematical model of static mag-
netic field produced by permanent magnet that has been used
in the proposed tracking system; (2) the tracking algorithm
and optimisation technique developed; and (3) calibration
and verification of the tracking system using high-order
polynomials for position correction, are not discussed here;
readers are referred to the works of Chen and Orense (2017,
2019, 2020). Only the outline of the experimental work and
some obtained results are presented in the next sections.

Algorithm to Determine Tracker Information

It is essential to develop an algorithm to calculate the loca-
tion information of a tracker (or multiple trackers) from the
data collected by magnetometers. Each set of data collected
by a magnetometer at a specific point comprised of
three-axis magnetic flux densities. The proposed algorithm
can calculate the coordinate point (x, y, z), using the mag-
netic flux densities.

The relationship between the magnetic flux density at a
spatial point and the location of a point is given by:

~B ¼ l0m
4pr3

2coshr̂þ sinhĥ
� �

ð1Þ

~B ¼ Bx
* þBy

* ¼ 3
l0m
4pr3

sinhcosh � x̂þ l0m
4pr3

ð3cos2h� 1Þ � ŷ ð2Þ

wherem is the magnetic moment of the dipole whose unit is A
m2; l0 is the permeability of a vacuum (free space), and B is
measured in Tesla. The values of r and h provide the infor-
mation of the location of the magnetic tracker in polar coor-

dinates.br and bh are unit vectors shown in Fig. 1. Although the
above equations are easy to understand, it is difficult to
develop an effective algorithm based on the above equations
because during any movement, the direction of the tracker or
the direction of the magnetic moment is not constant.
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In reality, the magnetic flux density at a spatial point is
not only dependent on the relative distance from the magnet,
but also on the orientation of the magnet (i.e. the magneti-
sation direction). To solve the location (x, y, z) and the
orientation (m, n, p) of a tracker, 6 independent equations are
required. However, considering that the size of the tracker is
much smaller than the distance between the tracker and the
magnetometers and the tracker is either a disc magnet or an
electromagnetic coil, spinning around the axis of the mag-
netisation direction will not change the spatial distributions
of the magnetic flux densities. Hence, the magnetic posi-
tioning in this case is actually a 5-D positioning because, in
addition to the 3 unknowns related with location, there are
only 2 more unknowns required to indicate the orientation.
As a result, it is more convenient to change the above

equations into the following ones, including a unit vector M
*

0

indicating the direction of the magnetic dipole:

B
*

i
¼ BT

3 M
*

0 � R
*

i

� �
� R*i

R5
i

�M
*

0

R3
i

0
@

1
A ð3Þ

Ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi � aÞ2 þðyi � bÞ2 þðzi � cÞ2

q
ð4Þ

R
*

i ¼ ðxi � a; yi � b; zi � cÞ ð5Þ

M
*

0 ¼ ðm; n; pÞ ð6Þ

where BT is a constant parameter related to the magnet being

used; B
*

i is the magnetic flux density detected by magne-
tometer i, where the location of the magnetometer i is

indicated by ðxi; yi; ziÞ; ðm; n; pÞ denotes the magnetization
direction of the magnet with m2 þ n2 þ p2 ¼ 1; and ða; b; cÞ
is the location of interest. The schematic of the magnetic
sensor system is shown in Fig. 2. In order to develop the
algorithm required, Eq. (3) can be expanded as:

Bxi ¼ BT
3½m xi � að Þþ n yi � bð Þþ p zi � cð Þ� � xi � að Þ

R5
i

� m

R3
i

� �

ð7Þ

Byi ¼ BT
3½m xi � að Þþ n yi � bð Þþ p zi � cð Þ� � yi � bð Þ

R5
i

� n

R3
i

� �

ð8Þ

Bzi ¼ BT
3½m xi � að Þþ n yi � bð Þþ p zi � cð Þ� � zi � cð Þ

R5
i

� p

R3
i

� �

ð9Þ

where Bxi, Byi and Bzi are the x, y and z components of B
*

i

respectively. An effective algorithm should be able to solve
the equations for the position of the tracker ða; b; cÞ and the
orientation ðm; n; pÞ using the inputs of Bxi, Byi and Bzi, and
also with the known position of the magnetometer ðxi; yi; ziÞ.
In order to solve the above high-order nonlinear equations, a
Levenberg–Marquardt (L–M) algorithm (Levenberg 1944;
Marquardt 1963), the Interior Pouint Method and a linear
algorithm are used (Hu et al. 2006). Due to space limitation,
the appropriate equations for these algorithms are not pre-
sented here; however, these can be coded easily in
MATLAB. The nonlinear optimisation methods require
initial starting point from which the iterations can begin.
Hence, the linear algorithm is used to provide a set of initial
guesses of the unknowns, which are then used as inputs to
nonlinear optimisation algorithms.

Laboratory-Scale Rock Avalanche
Experiments

Hardware and Materials Used

The permanent magnet employed in the tests used neody-
mium as material, which is considered the strongest avail-
able magnet material. The cylinder-shaped magnet, shown in
Fig. 3a, has a diameter of 15 mm and height of 20 mm with
a residual magnetism (Br) of 1.32–1.37 T (Tesla). The
receiver array consisted of 16 Freescale magnetic sensor
(MAG3110, as depicted in Fig. 3b), which has a full-scale
range of ±1000 µT and a sensitivity of 0.10 µT. The
communication between sensors and computer was done
through Arduino Uno by I2C interface, illustrated in Fig. 3c.

Fig. 1 Schematic of the magnetic flux density generated by a magnetic
dipole
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The rigid blocks used in the experiments are 3.5 cm
cubes and made of mortar, as shown in Fig. 4. The tracker
block has a permanent magnet inside, with a layer of mortar
as a cover material, which is the same material that makes up
the normal block. The surface of the tracker block, whose
density was adjusted to the same value as the normal block,
i.e. 2.3 g/cm3) is painted black and red for easy identification
in subsequent image analyses. The static friction angle of the
tracker block and normal block is 24–25°.

Experimental Set-Up

The laboratory tests involved releasing the pile of rigid
blocks positioned in an inclined surface and ending with a
horizontal depositional area. The flume used is 0.5 m wide
and 1.0 m long. Detailed test configuration is shown in
Fig. 5a. The tracker block is placed at a specified location
within the pile mass, and indicated by the dark shade in the
figure. The 16 magnetometers are arranged adjacent to
flume, as indicated in Fig. 5b. The motions of the blocks are
initiated by opening the trap door, as shown in Fig. 5c.
Parameters such as initial volume, relative tracker location
and slope inclination are changed.

Experimental Results

Validation

In order to validate and confirm that the magnetic tracking
system can determine the location of the tracker, several
flume tests were conducted and its locations as monitored by
the magnetometers are compared with those determined by
processing the images taken by the video camera at a speed
of 30 frames/s. Figure 6a shows a typical results, where it is
clear that there is a good agreement between the two tech-
niques. Note that the image analysis can detect the move-
ment only on the x-z plane. Moreover, multiple tests are
conducted with the tracker released at the same location
from piles having the same width, length and height; Fig. 6b
shows typical results where it is observed that the tracker’s
movements as determined by the magnetometers are more or
less similar. Note that there are minor discrepancies, partly
due to the fact that movement of the tracker block is influ-
enced by collisions that cannot be perfectly reproduced
during the motion.

Fig. 2 Schematic of the
magnetic sensor system in the
global coordinate frame

Fig. 3 Hardware used in the experiments: a permanent magnet;
b magnetometer; and c Arduino Uno

Fig. 4 Tracker block (with a permanent magnet inside) and the normal
block used in the experiments
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Other Kinematic Quantities

The examples above indicate that the proposed magnetic
tracking system can capture the position of a tracker with
acceptable accuracy, Hence, the kinematic information of
tracker, including linear velocity and acceleration, can be
derived by differentiating displacements with respect to time.
With known orientations at consecutive timestamps, it can
be expected that the average angular velocity (unit: rad/s)
within that time interval can be estimated by:

xaverage ¼ Dh
Dt

¼
arccosð M

*

t1 �M
*

t2

kM* t1k�kM
*

t2k
Þ

Dt
ð10Þ

where M
*

t1 ¼ mt1 ; nt1 ; pt1
� �

;M
*

t2 ¼ mt2 ; nt2 ; pt2
� �

, t1 and t2
are two consecutive timestamps with Dt ¼ 0:01s; Dh is the
angle between two consecutive orientation vectors; also, it is

easy to show that kM* t1k ¼ kM* t2k ¼ 1.
Figure 7 shows the rotational motion of the tracker

extracted from one of the flume tests. It shows the change in
the tracker orientations and directions of angular velocity
with respect to the local reference frame of the tracker (a
description in Lagrangian specification). Assuming that an

axis (orientation vector, M
*

) is attached to the tracker, the
blue vectors in Fig. 7 can be regarded as the axis during the
motion. Also, the local vector frame (composed of ex, ey and
ez) is moving with the tracker and parallel to the global
coordinate system (X, Y and Z) shown in Fig. 5b. Therefore,
one can imagine a camera following the tracker, with the
blue vector illustrating its orientation at a given moment. For

example, at t = 0, the orientation vector starts from M
*

0 and

ends at M
*

s after the whole journey. It is a way of looking at
the tracker motion which the observer is always following as
it moves through space and time.

Another way of looking at the rotations of the tracker is to

plot the direction angles of the orientation vector (M
* Þ with

respect to time, as shown Fig. 8. As mentioned above,
angular velocity is estimated using Eq. (10), and the angular
acceleration is calculated by taking the time derivative of
angular velocity. Results are shown in Fig. 9. From Fig. 9a,
it can be inferred that after around 0.49–0.68 s, the tracker
reached the inclined surface of the flume, in which the z-axis
velocity (absolute value) decreased a lot significantly and the
x-axis velocity also decreased because of collision; mean-
while the angular velocity also dropped, as shown in Fig. 9b.

These observations are supported by images taken at
t = 0.55, 0.58 and 0.61 s, as shown in Fig. 10. Also, Fig. 9a

Fig. 5 Experimental set-up: a position of tracker block and test
configuration; b schematic of magnetometer array along the flume and
on the deposit area (note: magnetometers are placed at the vertices of
the array shown, with the origin of the coordinate system located at the
toe of the slope); and c setup of the magnetic tracking system with an
additional video camera for recording motion through a transparent
sidewall

Fig. 6 Validation tests: a comparison between data from magnetic
tracking system and from images; b multiple tests showing similar
results
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shows that after around 1 s, the z-axis velocity decreased to
�0, and the x-axis movement started to decelerate, indicat-
ing the tracker has reached deposit area.

Chen and Orense (2020) reported some of the rock ava-
lanche behaviour they observed by changing the volume of
the moving mass, relative location of the tracker and incli-
nation of the slope. Their results highlight the influence of
the initial volume on runout distance from the analysis of the
distributions of tracker’s velocity and acceleration. They
note that the movement of the block is divided into two
phases based on the distributions of translational kinetic
energy. The result shows that the movement within the
depositional area is more important in terms of its contri-
bution to the longer runout from a larger initial volume. In
addition to translational motions, rotational characteristics of
a moving particle can be obtained. As highlighted by their

experimental results, larger volume tends to inhibit the
rotations while producing propulsions to block in front.

It should be mentioned that in many rock avalanche studies,
it has been suggested that the scale of the laboratory experi-
ments should be large enough to satisfy the continuum
assumption so that the mechanical behaviour of an “ideal
granular avalanche” can be reproduced. In the laboratory tests
conducted in this research, the depth of the moving mass was
less than at least ten times the size of the rigid block, as sug-
gested by Drake (1991). While the results presented herein pose
an issue on the effectiveness of the current configuration to
study granular avalanche, the experiments showed the interac-
tions between moving particles can be observed, which actually
implies a flow-like behaviour. Although extrapolating the results
herein to predict the behaviour of real rock avalanche or rockfall
may not be straight-forward, it is hoped that they can still
indicate suggestive observations for better understanding the
downslope motions of granular particles.

Fig. 7 Rotational motion of the tracker extracted from one of the flume
tests, where ex; ey and ez are the unit vectors of x, y and z axis,

respectively. M
*

0 and M
*

s are the orientations of the tracker before and
after motion

Fig. 8 a Definition of direction angles, where a, b and c are the

direction angles of M
*

to unit basis vectors of x, y and z axis,

respectively; and b direction angles of M
*

with respect to time

Fig. 9 a Linear velocity along 3 axes. Note that Vy is significantly
smaller than the other velocity components since the major movement
direction is along the x-axis. b Angular acceleration and angular
velocity

Fig. 10 Sequence of photos from the flume test
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Concluding Remarks

In this paper, a magnetic system was developed and applied
in tracking the position of a block (with a permanent magnet
inside) to investigate the dynamic movement of blocks in a
rock avalanche. Kinematic quantities, including displace-
ment, linear and angular velocities and kinetic energies, can
be derived. As a result, the interaction between the blocks
during the dynamic movement can be investigated in detail.

While only one block of reference is used to represent the
entire moving mass, the focus was on studying how the mech-
anism, which influences the macro behaviour (motion of entire
mass), could affect the micro behaviour (one block). While only
one block is tracked here, more trackers can be easily be added
and supported by multi-object tracking algorithm and the
dynamic behaviour of blocks at different parts within themoving
mass could be studied with due consideration of the magnetic
interference between the magnets.
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A Simple Physically-Based Distributed
Translational Landslide Model

Yanto, Sumiyanto, and Arwan Apriyono

Abstract

Detailed landslide susceptibility mapping (LSM) requires
a skillful landslide model. Considering that translational
landslide is the most type of landslides occurred in the
world, a well-behaved translational model is sought. This
study presents a simple physically-based distributed
translational landslide model. In this model, the incident
of landslide is detected from the value of factor of safety
(FoS) which is computed based on Mohr–Coulomb
failure criterion. In here, FoS is calculated as the ratio
of shear strength and shear stress. The lower the FoS, the
higher the possibility of a landslide to occur. The model
input data consists of soil cohesion c (kg/cm2), soil
specific weight c (g/cm3), depth of surface of rupture (m),
slope of surface of rupture b (degree) and friction angle u
(degree). Application of the model was performed in
Sirampog and Kandang Serang, two subdistricts in
Western Central Java that underwent the most frequent
landslides in the region. Model validation was conducted
by comparing the values of FoS of unsaturated and
saturated soils and identifying FoS in the sites where
landslide events recorded. Several goodness of fit indices
to measure the model performance are accuracy (ACC),
success index (SI), average index (AI) and distance to
perfect classification (D2PC). Under unsaturated condi-
tion, the result shows that the number of grids having FoS
less than 1 are 0% and 0.6% for Sirampog and Kandang
Serang respectively, indicating no landslide occurrence.
When the soil gets saturated, 17.6% and 36% of area have
FoS less than 1 for Sirampog and Kandang Serang
respectively. This shows that the landslide occurred in

this region is rainfall-induced landslide. Overall, the
model shows a good performance with ACC, SI, AI,
D2PC values are 0.82, 0.58, 0.54, 0 and 0.64, 0.49, 0.49,
0 for Sirampog and Kandang Serang respectively.

Keywords

Translational landslide � Physical model � Factor of
safety � Landslide susceptibility map

Introduction

Many parts of the world are susceptible to landslide (Allen
and Voiland 2017). An accurate landslide susceptibility
mapping (LSM) is therefore important for landslide hazard
assessment and landslide mitigation planning (Brabb 1985).
A number of approaches have been used for estimating LSM
around the world such as Frequency Ratio (Choi et al. 2012;
Silalahi et al. 2019), Landslide Numerical Risk Factor (Roy
and Saha 2019), Analytical Hierarchical Process (Abedini
and Tulabi 2018), Logistic Regression (Lombardo and Mai
2018) and many others. The most applied methods in
developing LSM are statistical techniques, artificial neural
network and machine learning algorithm (Chang et al. 2019;
Dou et al. 2020; Segoni et al. 2020; Tien Bui et al. 2019).
The physically-based model is useful in understanding the
landslide physical mechanism through linking hydrology,
geomorphology and geotechnical science with different
degree of simplification. Nonetheless, physically-based LSM
is very limited (Formetta et al. 2014, 2016; Segoni et al.
2020).

Physically, a landslide occurs if the slope stability dis-
turbed. This happens as the maximum capacity of soil to
bear load or stress (shear strength) is lower than the applied
load or stress (shear stress) (Das 1994). The ratio of shear
strength to shear stress is called factor of safety (FoS).
Hence, suitable estimation of FoS in space is critical as it is
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valuable for not only an appropriate LSM but also poten-
tially useful for the development of landslide early warning
system. Accordingly, a trustful physically-based distributed
landslide model is sought.

A few number of physically-based distributed model for
landslide are found in literature such as GEOtop model
(Formetta et al. 2014) and NewAge-JGrass hydrological
model (Formetta et al. 2016). In both model, FoS is calcu-
lated from the simplification of infinite slope equation
(Formetta et al. 2014). This is one of methods for modelling
translational landslide, one of the most common landslide
types occurred in the world (Postance et al. 2018). Trans-
lational landslide often occurs in the presence of a layer
separating strong and weak soil. This layer is called surface
of rupture. Therefore, trustworthy estimation of the depth of
surface of rupture is critical. GEOtop and NewAge-JGrass
model are dissimilar in determining this depth.

This study presents a physically-based distributed trans-
lational landslide model. The modelling framework is sim-
ilar to the aforementioned model. However, we offer
different approach to estimate the depth of surface of rupture.
In here, we estimate this depth based on soil bearing
capacity.

Model Description

The model presented here is in the first stage of develop-
ment. At current form, the model is very modest. However,
we show it useful in mapping landslide susceptibility zone.

The model lies on the Mohr–Coulomb failure criterion
(Hackston and Rutter 2016; Labuz and Zang 2012). Fol-
lowing the theory, FoS in this model is defined as the ratio of
shear stress and shear strength. Shear stress is resistive force
per unit area in soil due to applied shear force and shear
strength is ability of soil to resist external load against fail-
ure. The model is schematically presented in Fig. 1.

According to the Mohr–Coulomb theory as shown in
Fig. 1, shear strength per unit volume is calculated as follow:

sr ¼ cþ r tgu ð1Þ

r ¼ Na

L2=cosb
¼ cL2H cosb

L2=cosb
ð2Þ

sr ¼ cþ cH cos2b tgu ð3Þ
In here, sr is shear strength (kg/cm2), Na is normal force

(kg), L is grid size (m), c is soil cohesion (kg/cm2), c is soil
specific weight (kg/cm3), H is depth of surface of rupture
measured from ground elevation (m), b is slope of surface of
rupture (degree) and u is friction angle (degree).

As presented in Fig. 1, shear stress is natural force acting
on the surface of rupture mainly coming from soil block
above the surface. Accordingly, shear stress sa (kg/cm2) is
formulated as follow:

sa ¼ Ta

L2=cosb
¼ cL2H sinb

L2=cosb
¼ cH sinb cosb ð4Þ

In here, Ta is shear force (kg). Based on the
above-mentioned formulation, the FoS can be straightfor-
wardly expressed as follow:

FoS ¼ sr
sa

¼ cþ cH cos2b tgu
cH sinb cosb

ð5Þ

According to the FoS formulation, it can be inferred that
landslide will occur in the areas with FoS less than 1.

Model Configuration and Input

As shown in Fig. 1, the model is run in distributed mode.
Computation of FoS is performed in each grid separately.
The code is written using R programming language which
can be run either in R software or through Terminal or
Windows Command Prompt. The input data should be
written in comma separated value (csv) file format. The
output from the model is a landslide susceptibility map.

For each grid, input data required to run the model are
geographic location, soil cohesion, soil specific weight,
depth of surface of rupture and slope of surface of rupture.
The slope of surface of rupture is deemed to be the same as
the slope of land surface for simplicity. The slope along with

Fig. 1 Schematic representation of the model
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its corresponding geographic location is derived from the
Digital Elevation Method (DEM) by Shuttle Radar Topog-
raphy Mission (SRTM) at 30 m � 30 m resolution. In
addition, soil cohesion, soil specific weight, depth of surface
of rupture are obtained from soil test using in situ Cone
Penetration Test (CPT) and laboratory tests.

While slope, geographic location, cohesion and specific
weight can be easily and unquestionably defined from their
original sources, determination of the depth of surface of
rupture is quite challenging. This is because no referenced
number can be used for the specific purpose. As an alter-
native, we set the depth of surface of rupture for the model as
the depth of soil obtained from CPT where the cone tip
resistance reaches up to 250 kg/m2 which is usually used to
define the hard soil layer for designing building foundation.

Translational landslide usually takes place when the soil
above surface to rupture gets saturated, partially or fully.
Under saturated condition, cohesion and friction angle will
variedly drop with the rate depending on the soil types,
initial soil water content, etc. While soil cohesion could
decrease to averagely 22%, soil friction angle could decline
to about 50% (Lakmali et al. 2016; Minnesota Department of
Transportation 2019). As soil parameters in this study were
obtained under unsaturated condition, it is necessary to
estimate their values under saturated soil using the afore-
mentioned number.

To test the model, we run the model under unsaturated
and saturated soils. It is expected that no grid will have FoS
values less than 1 under unsaturated condition and some
grids will possess FoS values less than 1. Hence, we can
prove that the landslide occurred in this area is induced by
rainfall.

Model Testing

Study Area and Data

To examine the model performance in mapping landslide
susceptibility zone, we run the model on Sirampog subdis-
trict, Brebes, Central Java, and Kandang Serang subdistrict,
Pemalang, Central Java, Indonesia as shown in Fig. 2.
Sirampog and Kandang Serang have an area of 69 km2 and
74 km2 respectively. These places have the most frequent
landslide events in the Western Central Java counting 3
events during the period of 2011–2017, (BNPB 2020).

Soil properties data to run the model were obtained from
Soil Mechanic Laboratory, Civil Engineering Department,
Jenderal Soedirman University. It was collected during the
period of 2005–2016 with some absent data in the period of
2008–2009. The soil properties are then interpolated to the

30 m � 30 m SRTM DEM raster points. In here we used
Inverse Distance Weighting (IDW) interpolation technique.

Model Results

To assess the goodness of fit (GOF) of the model, we cal-
culated several GOF indices (Formetta et al. 2016) and
shown in Table 1. It can be inferred that the model perfor-
mance is quite good where Sirampog produces better per-
formance than Kandang Serang.

Table 2 also presents the FoS values from the model
along with the summary of model parameter values gener-
ated from IDW interpolation for the entire Sirampog and
Kandang Serang area and the values for each site where
landslide occurrences recorded, i.e. Site 1, Site 2 and Site 2
for both subdistrict as presented in Figs. 3 and 4. Moreover,
While the values of many model parameters are similar, soil
cohesion in Sirampog and Kandang Serang shows large
different. In Sirampog, the dominant soil type is organic silt,
while in Kandang Serang, the dominant soil is sandy clay.

The minimum values of FoS in Sirampog and Kandang
Serang are 1.27 and 0.91 respectively. The FoS values less
than 1 in Kandang Serang account for 0.6% of the total area,
indicating that under unsaturated condition, landslide unli-
kely occurs. Moreover, it can also be seen in Table 2 that the
minimum FoS values of saturated soil are 0.39 and 0.27 for
Sirampog and Kandang Serang respectively. The grids
having FoS less than 1 under saturated condition in Siram-
pog and Kandang Serang are 17.6% and 36% respectively
which correlated with the variability of soil cohesion in the

Fig. 2 Study area to test the performance of the model
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two places. Accordingly, it can be inferred that the landslide
events are rainfall-induced landslide.

Sirampog Subdistrict

The LSM of Sirampog overlaid with the sites of recorded
landslide is presented in Fig. 3. As shown in Fig. 3, the
landslide susceptible zones are more distributed to the
eastward, while in the westward there exists less susceptible
areas. The map is consistent with the spatial arrangement of

elevation and land surface slope (not shown due to page
limitation) where elevation and slope increase eastward.
Moreover, the spatial pattern of LSM is corresponding to the
spatial configuration of b.

The value of FoS in Site 1, Site 2 and Site 3 is 2.33, 0.76
and 1.32 respectively showing that only 1 out of 3 sites is
correctly modelled. It can be observed that these values are
strongly correlated with the values of b. The b values in Site
1 and Site 3 are 9.17 and 16.82° respectively, which can be
considered too low to generate a landslide. In addition, it can
also be noticed that value of c decreases from 0.57 to

Table 1 Summary of GOF
indices

GOF indices Sirampog Kendang Serang Optimum

Accuracy (ACC) 0.82 0.64 1

Average Index (AI) 0.54 0.49 1

Success Index (SI) 0.58 0.49 1

Distance to Perfect Classification (D2PC) 0 0 0

Table 2 Summary of model
parameter values

Model
Parameter/Result

Sirampog Kendang Serang

Range Site
1

Site
2

Site
3

Range Site
1

Site
2

Site
3

c (kg/cm2) 0.08–
6.15

0.49 0.51 0.57 0.06–
0.31

0.30 0.29 0.31

c (g/cm3) 1.55–
1.71

1.56 1.56 1.56 1.54–
1.57

1.55 1.55 1.56

H (m) 2.77–
11.53

7.17 7.15 7.08 2.57–
7.63

7.31 7.22 7.41

b (°) 0–56.17 9.17 28.30 16.82 0–87 4.19 9.71 26.62

u (°) 30.05–
40.46

30.82 30.90 30.86 28.95–
36.88

29.34 29.60 29.72

Unsaturated FoS 1.27–Inf 6.50 2.23 3.84 0.92–Inf 11.30 4.92 1.81

Saturated FoS 0.39–Inf 2.33 0.76 1.32 0.27–Inf 4.37 1.89 0.68

Fig. 3 Landslide susceptibility
map of Sirampog along with
landslide sites
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0.51 kg/cm2 as the b increases from 16.82 to 28.30°. This
conforms the inference presented previously.

Based on the above analysis, it can be roughly deduced
that the model is sensitive to the values of b, the slope of
surface of rupture. This is in accordance with other studies
showing the sensitivity of landslide model to digital terrain
model (Pawluszek et al. 2018; Segoni et al. 2020). More-
over, it brings a new challenge on the model parameteriza-
tion, particularly estimation of b.

Kandang Serang Subdistrict

The LSM of Kandang Serang along with the sites of land-
slide events is displayed in Fig. 4. As can be seen in Fig. 4,
the spread of landslide susceptible zones is quite uniform.

Moreover, about 36% of Kandang Serang’s area is suscep-
tible to landslide, higher than Sirampog which is about
17.6%. This resembles the fraction of slope more than 30°.
In Kandang Serang, about 11% areas have slope of more
than 30°, larger than in Sirampog, which is 8%. Again, this
corroborates the previous hypothesis.

In this area, there are 491 grids possessing FoS less than 1
under unsaturated condition. Theoretically, these places
should be full of landslide events record, but it is not. One
reason should be addressed is the model assumption to
equalize slope of surface of rupture with land surface slope,
which is unlikely factual for high slope values. For example,
it is dubious to have soil block can rest on the surface of
rupture with slope of more than 45° unless it has high soil
cohesion, which is not the case of hilly topography. Another
possibility is that a place with slope of more than 45° is a
massive rock formation which is not subject to Mohr–Cou-
lomb failure criterion.

To verify the above analysis, we extracted the values of b
in the places where FoS less than 1 under unsaturated con-
dition. We found that the values of b in these grids range
from 49.8 to 68.6°. This finding conforms our premise.

The values of FoS in Site 1, Site 2 and Site 3 are 4.37,
1.89 and 0.68 which correspond to the values of b. The
higher the b, the lower the FoS, signifying the sensitivity of
the model to the value of b.

Future Model Development

Model parameterization is prerequisite for developing a
skilled model (Guimaraes et al. 2003; Knowling et al. 2019;
Kuriakose et al. 2009). In line with the result of model
testing and to extend the use of the model, model parame-
terization will be directed to the estimation of b involving
geological setting, valuation of c under different soil mois-
ture to reflect the influence of rainfall on the variability of c
and the connection of the model with hydrological model,
such as VIC. The later enables the model to be run in a
simulation mode such that it can be employed for landslide
early warning.

Conclusion and Remark

A physically-based distributed translational landslide model
at its very basic form is presented in this paper. Its application
on two different regions shows that themodel produces a good
performance. However, some paucities are found and some
hypothesize proposed. Nevertheless, the model is thought to
be useful and it can be potentially extended for the develop-
ment of a landslide early warning system.

Fig. 4 Landslide susceptibility map of Kandang Serang along with
landslide sites
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Study on the Behaviour of Slope Instability
Using Physical Modelling

Mastura Azmi, Harris Ramli, Muhammad Azril Hezmi,
Siti Aimi Nadia Mohd Yusoff, and Hazwan Zaki

Abstract

Rainfall has been identified as one of the main causes of
slope failures in areas where high annual rainfall is
experienced. The slope stability is very important consid-
eration in management and is often being the most critical
safety issue or feasibility component of many civil
engineering project. An integrated analysis of
rainfall-induced landslides was carried out through a
laboratory test, as well as laboratory and numerical
analyses. A set of laboratory-scale soil slopes was
subjected to instability through different modes of rainfall
intensities and slope inclination to clarify the process of
failure initiation. Hydrologic responses of the model slopes
to the saturation process were recorded by volumetric soil
moisture sensors and tensiometer. The results of the
comprehensive investigations demonstrate that landslide
activity is closely related primarily to rainfall and soil
properties and slope geometry. A numerical analysis was
also performed to confirm the effect of these factors on
landslide occurrence. In addition, the changes in the factor
of safety and the volume mass of the failure surface were

compared and verified. From the results of the experiment
and analyses, it is concluded that the unsaturated slope
stability analysis, setting the initial conditions and bound-
ary condition is important. If engineers use the measured
porewater pressure or matric suction, the accuracy of the
analysis can be enhanced. The real-time monitoring system
of porewater pressure or matric suction can be used as a
warning of rainfall-induced slope failure.

Keywords

Rainfall � Slope failure � Laboratory test � Volumetric
soil moisture sensors � Tensiometer � Numerical
analysis � Factor of safety

Introduction

Natural disasters, such as heavy snowstorms, extreme heat
waves, landslides, floods, tsunamis, heavy rainfall and rising
sea levels, have affected human security (Tangang et al.
2012). Landslides is the movement of mass or earth mass in
the downward direction of a slope. It is also known as mass
wasting, and it usually occurs on slope faces, whether nat-
ural or fabricated. The triggering factor of a slope failure can
vary from among the slope morphology, groundwater
movement, seepage, earthquake, etc.; however, according to
Suhaila and Jemain (2012), rainfall contributed significantly
to slope failure in some cases. Malaysia is situated near to
equator with a tropical climate. Malaysia received wet and
dry season instead of the four seasons. During the monsoon
or wet season, abundant rainfall with a high intensity and
prolonged period can lead to other calamities. Floods and
landslides are some of the most common natural disasters in
Malaysia. The monsoons in Malaysia include the Northeast
Monsoon (NEM), which begins in March, and the South-
west Monsoon (SWM), which begins at the end of May, and
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these are the wet seasons in Malaysia (Suhaila and Jemain
2012). A few studies on the projection of rainfall patterns in
Malaysia indicate that the NEM would produce a higher
intensity of rainfall over a shorter period (Abdul Halim et al.
2017). The increment of 200 mm rainfall annually over the
past 15 years were highlighted, indicating the increase in the
intensity of rainfall in Malaysia (Tang 2019). Rainfall-
induced slope failure is one of the most common type of
slope failure, antecedent rainfall, precedent rainfall, duration
of precipitation and rainfall intensity are the governing fac-
tors causing rainfall-induced slope failure (Mukhlisin et al.
2015) according to Kristo et al. (2017), the rainfall intensity
variation has a significant relationship with slope stability.
The increasing trend of rainfall intensity has shown a nearly
linear relationship with reductions in slope stability. In
addition, the failure mechanism of the slope also varies in
terms of the rainfall intensity (Tohari et al. 2007). Thus, the
variation in rainfall intensity could trigger different failure
mechanisms with a certain prognosis of the linear relation-
ship between increasing rainfall intensity and the reduction
in slope stability. Another characteristic that would effect the
presence of the variation in rainfall intensity is groundwater
flow. It was found that the accumulation of groundwater
flow in a narrow period causes the groundwater table to
elevate from the normal condition (Kristo et al. 2017; Zaki
et al. 2020).

In this study, we performed a model slope experiment to
understand the process of water seepage and slope failure
caused by rainfall, and we compared and verified the result
with an unsaturated slope stability analysis. In the model
slope experiment, we created artificial rainfall on a slope and
measured the changes in water content, which acts as a load
factor during seepage, and the changes in matric suction,
which acts as a resistance factor. In addition, we identified
the time and shape of slope failure after rainfall seepage. An
unsaturated slope stability analysis was used to calculate the
change in the factor of safety due to rainfall seepage and the
factor of safety was calculated from the calculated head
value. We compared and verified the changes in the factor of
safety, as well as the time and shape of the slope failure
resulting from the rainfall with the results from the model
experiment. This paper focused on the physical modelling of
the slope that would be subjected to an extreme rainfall
intensity. The rainfall intensity is selected from two cases of
extreme precipitation in Malaysia (Zaki et al. 2020) Lastly,
at the end of this paper, we should be were able to determine
the extreme rainfall intensity based on a selected preceding
event in Malaysia, determine the variation in saturation
during the extreme intensity rainfall simulation and assess
the effect of extreme rainfall on slope stability.

Materials and Method

Soil Properties

Table 1 shows the physical properties of the soil for this
study. Mining sand which is retain at sieve sizes 2 mm from
Kampung Kuala Trong, Taiping were used. Single size
sample is used to reduce the effect of irregularity in slope
failure. Figure 1 shows the particle size distribution of the
soil and according to the unified soil classification system, it
is designated as SP (poorly graded sand with little or no fine
silty sand), with a specific gravity of 2.64 and a coefficient of
uniformity of 5.26. In direct shear test carried out under the
same conditions as the model slope, cohesion was 9.0 kPa
and the internal friction angle was 33°. The saturated coef-
ficient of permeability of the constant-head method was
calculated to be 0.00013 ms−1.

To estimate the unsaturated soil property function, the
Soil Water Characteristic Curve (SWCC) was done using
pressure plate apparatus.

The SWCC and the obtained parameters for this study are
shown in Table 2 and Fig. 2. As shown, the air entry pres-
sure ub is 2 kPa, the pore size distribution parameter n is
2.4010, the residual water content hr is 0.11974 and the
saturated volumetric water content hs is 0.98349.

Model Slope Experiment

The test facility and general arrangement of the slope model
box are illustrated in Fig. 3. The physical model is divided
into three main systems: no. 1 the model box, no. 2 water
control system (groundwater level) and no. 3 rainfall simu-
lator system, including a huge tank water equipped with a
water pump.

The main element of the test is the model box. The model
box has an inside dimension of 1 m � 1 m in the side view
and it is 1 m deep. The sidewalls of the model box consist of
10-mm-thick acrylic windows to enable the visual observa-
tion of deformations and movement along the failure sur-
face. The sidewalls of the model box are smooth and rigid to
simulate plain strain conditions. The next element in this
study is groundwater systems. Two side boxes, also known
as groundwater level (GWL) boxes (1 m � 0.5 m in the side
view and it is 1 m deep), were built at both sides of the
rectangular flume and were equipped with a valve to observe
and control the groundwater level. A big valve was placed
on the sidewall adjacent to the toe of the slope at an ele-
vation of 90 cm from bottom and was used to draw water
from main box to the GWL box. In the soil container, a finite
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slope with height of 0.7 m. The slope was constructed uni-
formly, using plywood and tamper, and it was formed in
three layers. Prior to the model slope experiment of 60°

inclination, the preceding experiment was performed in 40°
inclination. This was done to verify the seepage behaviour of
rainfall and its effect on the model slope. A water control

Table 1 The physical properties
of the mining sand

Properties Unit Mine tailing sands

Natural water content (%) 5.474

Particle size distribution Gravel (%) 2.41

Sand (%) 91.31

Fines (%) 6.286

D10 (mm) 0.19

D30 (mm) 0.4

D60 (mm) 1

Cu 5.263

Cc 0.842

Plastic limit (%) NA

Liquid limit (%) 23.5

Plasticity index 23.5

Specific gravity 2.641

USCS SP

AASTHO A-2-6
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Fig. 1 Particle size distribution of mining sand

Table 2 SWCC parameters from
fitted SWCC experimental data
using Fredlund and Xing (1994)

Soil 2 mm mining sand

Fredlund and Xing (1994) hs 0.98349

hr 0.11974

a 2.9018

m 2.4514

n 2.4010

R2 0.99612
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Fig. 2 Result of the SWCC of mining sand using pressure plate
apparatus
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system was designed to regulate the rise and drawdown of
water in the slope model. The water level control system
consisted of a water storage tank, a valve equipped with
plastic tube to draw the water from slope model boxes to the
GWL boxes then to the water storage tank and a water pump
inside water storage tank to pump the water from outlet to
inlet. The groundwater can be elevated or lowered to any
level using a water pump.

An extensive instrumentation plan was designed to assess
the changes in hydrological and geo-mechanical responses
of the slope during artificial events. To determine the cre-
ation process of a rainfall-induced slope failure, it is
important to measure the water content, which acts as a load
factor during seepage, and the matric suction, which acts as a
resistance factor. Water content was measured using a
time-domain reflectometer (TDR) sensor. The TDR sensor
uses the association between the dielectric constant and
water content (Topp et al. 1980). Electrical pulses from the
TDR-measuring device go through a probe and they are then
changed by the water content. After a simple correction
process, we found the value for the water content. The probe
for the TDR sensor was the EC-5 from Decagon Device Inc.,
and its dimensions are 8.9 cm � 1.8 cm � 1.7 cm (Bogena
et al. 2007; Decagon Devices 2006). The data logger used
was the GP2 from Delta -T Device measuring every 1 min.
Meanwhile, matric suction was measured by using a SWT5
Tensiometer also from Delta-T Device, which consists of a
sensor body and a 70-mm-long shaft fully saturated with
water. A porous stone is attached at the edge of the shaft.
The thickness of the shaft is 5 mm. Calibration is needed
before running the test because the conduct test revealed the
need for a good saturation of the sensor body and the shaft.
Small bubbles will be leading to the incorrect measurement
and they should be prevented from appearing inside the
shaft, so it is important to proceed with the saturation of the
sensor body and shaft right before calibration to ensure the
preservation of the porous stone’s saturation. Lastly, because
contact of the porous stone with the unsaturated soil causes
inevitable desaturation, calibration of the TDR and

Tensiometer takes place right before and exactly after each
main test. In the model slope of 60°, the water content and
matric suction sensors were installed and measured in four
locations (Fig. 4). All sensors location was decided based on
the location of capillary fringe. This is to ensure that the
position of sensors does not influence the groundwater level.
Sensor A was placed 20 cm above the slope toe and 5 cm
from the top of the slope, where the rainfall seepage occurs.
Sensor B was placed 15 cm from the top of the slope and
sensors C and D were placed 20 cm from the top of the
slope. In the model slope of 40° inclination, sensor A was
placed 20 cm above the slope toe and 5 cm from the top of
the slope. Meanwhile, sensor B was placed 12 cm from the
top of the slope and sensors C and D were placed 18 cm and
22 cm, respectively, from the top of the slope. A digital
camera was also used to monitor and investigate the
deformation.

Another important element in this study is the rainfall
simulator systems. The rainfall simulator was designed with
the following components: drip, flow meter, water delivery
system, water pump and water tank. Drips were selected

Fig. 3 General arrangement of a physical model

Fig. 4 a The arrangement of TSM and TDR for 40° slope. b The
arrangement of TSM and TDR for 60° slope
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based on an ability to distribute drops uniformly and produce
drop sizes similar to natural rainfall. The flow meter was
used to monitor rainfall intensity. The water delivery system
was designed to provide adequate flow to the risers while
maintaining a suitable operating pressure (Fig. 5). Finally, a
water tank equipped with a water pump was used to pump
water from the water tank to produce rain. A rainfall simu-
lator was set approximately 1.7 m above the surface of the
model slope. An intensity of artificial rainfall of 80–
120 mm/h is characterised as heavy rainfall in Malaysia.
In addition, saturated permeability was considered. The
ponding surface may happen at toe if the rainfall intensity
greater than 30 mm/h. The artificial rainfall would introduce
surface erosion and the formation of gullies. The amount of
water flowing into the 100 s rain drip was carefully con-
trolled, and it was monitored using a flow meter.

Numerical and Slope Stability Analysis

Unsaturated slope stability was determined using a seepage
analysis and slope stability analysis. The seepage analysis
was performed under unsteady conditions, and the factor of
safety was calculated using the limit equilibrium method by
applying the water head value inside the slope to the slope
stability analysis. For the slope stability analysis, which was
done under transient unsaturated seepage conditions and the
hydromechanical framework, only three additional parame-
ters were needed. These are the residual water content hr, the
air entry pressure ub, and the pore size distribution parameter
n. The soil water characteristic curve obtained from the
pressure plate tests and fit to the Fredlund and Xing (1994)

model (Azmi et al. 2016). (Rahimi et al. 2015). The
hydrological behaviour due to the infiltration of the artificial
rainfall was analysed numerically using the SEEP/W module
of Geostudio 2007. To analyse the unsteady state, we input
the matric suction that was measured from the experimental
process using the spatial function. The boundary condition
applied only to the bottom of the slope, and not to the side of
the slope, which replicate the same condition as in the model
experiment. The inclination plane of the slope was set such
that the seepage water could flow out. The results of the
seepage analysis show unsteady states, so they are shown as
the total stress, porewater pressure and water content with
changes in time, and they were applied to the slope stability
analysis. In the slope stability analysis, the limit equilibrium
method was used, which the design standards have pre-
sented. It was determined by the ratio of stress and shear
strength along the failure surface. The factor of safety was
calculated numerically using the SLOPE/W module of
Geostudio 2007. The suction stress and effective stress are
incorporated into the shear strength in the SLOPE/W mod-
ule, as follows:

sf ¼ c0 þ r0 tan ;0 ð1Þ

sf ¼ c0 þ r� uað Þþ h� hr
hs � hr

ua � uwð Þ
� �

tan ;0 ð2Þ

where ua is the pore air pressure and uw is the porewater
pressure, r’ and rare the effective stress and normal stress,
(ua-uw) is the matric suction and hr and hs are the volumetric
water contents at the residual and saturated states.

Results and Discussion

Physical Modelling

To investigate the effect of the extreme rainfall on slope
stability, a physical model is used to simulate the situation.
In this study, four cases were established with slope incli-
nation angles of 40° and 60° with a rainfall intensity of 80
and 120 mm/h. Table 3 shows all the investigated cases.

The simulation was conducted by measuring the matric
suction and volumetric water content, as in Figs. 6, 7, 8, 9,
10, 11, 12, and 13. This provides insight into the condition
of the slope during a failure. The initial part of the simulation
is meant to stabilise the reading for both TDR and TSM.
Then, the rainfall simulation is done by subjecting the slope
to the 80 mm/hour for 6 h followed by a 24-h stabilisation
period. The positioning of the TDR and TSM are similar in
each case.

Fig. 5 Components of rain simulator
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The highest volume of mass wasting was during the Case
4 simulation. This indicates that the slope in Case 4 is the
most vulnerable to slope failure. In Case 4, the slope angle at
60° with the intensity of 120 mm/h is the steepest angle and
highest intensity of rainfall, producing the most severe
combination of slope angle and rainfall intensity. All
supervision is recorded and tabulated in Table 4.

For the TDR and TSM 1 & 2, the position is on the upper
part of the slope, whereas for the TDR and TSM 3 & 4, it is
located near the toe at lower part of the slope. For both the
VMC and MS measurement in all cases, the initial trend
during the rainfall simulation shows an increase in both
parameter values. However, the reading in TSM 1 is
unpredictable for a few cases. All readings for VMC and MS
in each case drop after the rain is terminated. The difference
in value and magnitude in VMC between TDR 1 & 2 and
TDR 3 & 4 is due to the different position of the sensors.
TDR 3 & 4 show a higher initial value and higher difference
in the changes, because of the increase in saturation at that
region contributes to the rising of the water table and the
infiltration of the rain. During the simulation and stabilisa-
tion period, observations were made in order to detect any
changes or any failure occurrence throughout the simulation.
The supervision includes the total mass wasting and the time
for the initial failure to occur.

Numerical Analysis

The numerical analysis of slope stability is done using the
transient analysis in SEEP/W as a parent analysis, with a
slope stability analysis by SLOPE/W. All the cases are
modelled for a 6-h rainfall simulation. The result from the
analysis for slope stability is presented in a factor of safety
(FOS) value. The result is tabulated in Table 5. The initial
and final values of FOS for each case are shown in Figs. 14,
15, 16, and 17.

From the results, the initial and final values of FOS in
Cases 1 and 3 are similar to those in Cases 2 and 4. This
similarity is caused by the same slope angle used for the
cases. For Cases 1 and 3, the slope angle used in the sim-
ulation is at 40°, and for Cases 2 and 4, it is at 60°. The
initial FOS value similarity is due to the same initial water
table for the same slope geometry. For the final value of
FOS, the similarity is due to the saturated condition that was

Table 3 Investigated cases Case Cases 1 Cases 2 Cases 3 Cases 4

Rainfall intensity (mm/h) 80 80 120 120

Slope (°) 40 60 40 60
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Fig. 6 Pore water pressure for cases 1
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Fig. 9 Pore water pressure for cases 4

0

5

10

15

20

25

30

35

1
25

6
51

1
76

6
10

21
12

76
15

31
17

86
20

41
22

96
25

51
28

06
30

61

Vo
lu

m
et

ric
 M

oi
st

ur
e 

Co
nt

en
t (

%
)

Time (Minute)

Volumetric Moisture Content (80 
mm/hr@40 degree)

TDR 1
TDR 2
TDR 3
TDR 4

Rain

Fig. 10 Volumetric water content of cases 1
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Fig. 11 Volumetric water content of cases 2
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Fig. 12 Volumetric water content of cases 3

Table 4 Slope failure supervision

Case Volume of mass wasting (cm3) Time of failure (hour)

Case 1 4.0 4

Case 2 7.0 3

Case 3 4.25 4

Case 4 10.0 2

Table 5 Initial and final values of FOS

Cases Initial FOS Final FOS

Case 1 1.985 0.885

Case 2 1.579 0.788

Case 3 1.985 0.885

Case 4 1.579 0.788
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Fig. 13 Volumetric water content of cases 4
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achieved during the simulation. The final value of FOS is
assessed after the slope reaches its full saturation value.

Conclusion

From the results of the numerical analysis and the model
slope experiment of 40º inclination, an increase in water
contents and a decrease in matric suctions due to rainfall
seepage occurred rapidly and in large amounts, but a
decrease in water contents and an increase in matric suctions
due to drainage occurred gradually and in small amounts.

This demonstrates a hysteresis of seepage drainage proce-
dures in unsaturated soils. Even with similar behaviours in
the model slope experiment and the numerical analysis, the
difference could be considered by applying the SWCC
obtained from disturbed specimens in the numerical analy-
sis. In the model slope experiment, rainfall seepage caused
the water content to increase dramatically and matric suction
to decrease more gradually than water content, leading to the
area around the failure surface collapsing. The model slope
failure occurred when the bottom of the failure surface was
unsaturated.

Fig. 14 Initial and final values of FOS of case 1

Fig. 15 Initial and final values of FOS of case 2

Fig. 16 Initial and final values of FOS of case 3

Fig. 17 Initial and final values of FOS of case 4
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Centrifuge Modelling of Slope Failure Due
to Groundwater During Excavation

Nobutaka Hiraoka, Naotaka Kikkawa, and Kazuya Itoh

Abstract

In order to prevent occupational accidents during slope
excavation work, it is important to include slope stability
in all aspects of construction design. In slope excavation
work, the two major factors are the excavation height and
the gradient, both of which are prescribed by some
guidelines and laws. However, accidents often occur
during slope excavation work, even with the required
safety gradient, because existing guidelines fail to con-
sider the effects of water. In this study, the stability of a
slope with rising groundwater was examined for different
excavation slopes. The results show that the slope was
stable in the absence of water, but it collapsed when the
groundwater rose. We also propose a method for
predicting landslides using slope movement measure-
ments. The method uses the standard deviation from past
measured values to detect data abnormalities on current
measurements. Predictions obtained by this method were
classified under advisory, warning, or emergency warning
based on the deviation rate between the moving average
and standard deviation of past data. It was observed that
slope failure can be reliably predicted using this method.

Keywords

Slope failure � Groundwater � Centrifuge modelling �
Excavation work � Prediction of collapse

Introduction

Every year, 10–20 workers are killed due to soil collapse
during excavation work in Japan. Approximately about half
of these fatal accidents occur during slope excavation work.
In order to prevent labour accidents during slope excavation
work, it is necessary to evaluate slope stability correctly. The
stability of a slope depends on the shape of the slope, the
strength of the soil or rock, and the weight of soils or rocks.
Additionally, cracks, water, and ground structure involving
soil layers also affect stability. Information on these factors
are obtained by the ground surveys, and the excavated shape
has to be determined by numerical analysis that uses them.
Unfortunately, ground surveys are not sufficient for slope
works in Japan where a fatal accident has occurred. The
survey and/or analysis costs may not be supported by the
project budget. For relatively small and common construc-
tions, the excavation is designed according to the empirical
rules of slope height and slope gradient.

The document: “The specification for road works,” which
is issued by the Japan Road Association, is often used as the
basis for excavation angles. Article 356 of the Occupational
Safety and Health Regulations, which stipulates the slope
height and angle of excavation, is also legally applicable.
However, these slope heights and slope angles are provided
for reference only. Slope heights and angles should ideally
be designed using numerical calculations based on ground
surveys. If not, the influence of geological structures, local
geology, and water will not be included. In particular, water
can have a significant effect on slope stability. Toyosawa
et al. (2005) reported that 60% of the occupational accidents
caused by landslides are due to the effects of water. There-
fore, we conducted centrifugal tests using model slopes
within the reference range of the Road Earth Construction
Guideline and Ordinance on Industrial Safety and the
Occupational Safety and Health Regulations Article
No. 356 and confirmed the risks on slope stability caused by
rising groundwater (Hiraoka et al. 2019). In this study, it was
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verified whether slope collapse could be predicted by mon-
itoring the slope using a strain sensor. The Non-structural
measures such as monitoring is not the best policy for safety,
but it is very effective.

Experimental Setup

To complement the experimental model verification, cen-
trifugal modelling was conducted to match the stress con-
ditions with the prototype scales.

Figure 1 shows a schematic view of the soil tank. The soil
tank used for centrifugation was an aluminum container with
a height of 400 mm, a length of 800 mm, and a width of
250 mm. It had a wall equipped with a groundwater control
system. The water level control wall was equipped with a
motor, an electrode rod, a limiter switch, and a wire dis-
placement meter. It was possible to adjust the water level in
the centrifugal field on the back and front of the slope.

Masa soil was used which is a weathered soil composed of
granite. Masa soil becomes very unstable when wet and is
widely distributed in Western Japan. Soil particles having
diameters of 2 mm or more were removed in this experiment.
Figure 2 shows the grain size accumulation curve of Masa
soil. The soil was adjusted to an optimum moisture content of
17.3% and compacted at a dry density of 1.50 g/cm3 which
degree of compaction Dc is 90%. The masa soil of this

density has a permeability k = 5.15 � 10–5 m/s obtained by
falling head permeameter test and the consolidated drained
triaxial tests were performed to obtain a friction angle
of 35.9° and a cohesion of 0.7 kN/m2 at saturation, and a
friction angle of 35.6° and a cohesion of 10.0 kN/m2 at
unsaturation (w = 17.3%).

Three slope angles were tested: 40°, 60°, and 75° as
shown in Figs. 1, 3 and 4. The slope angles were chosen
according to “The Specification for Road Works” and
“Article No. 356”. According to the former document, the
excavation angle for a slope composed granite soil 5 m in
height is recommended to be within 39.8° to 45°. The
excavation angle of 40° was adopted. According to “Article
No. 356”, the excavation gradient as “other” classified
granite soil must be 75° or less for a slope 2–5 m in height,
and 60° or less for heights greater than 5 m. An excavation
of 5 m in height is midway between these two categories,
and can thus be provided with a slope angle of either 60° or
75°. Both angles were therefore reproduced in the
experiment.

In the following sentences, the scale notation is the pro-
totype scale except for time scale. The centrifugal acceler-
ation was set to 20 g. An area of flat ground of 1.4 m in
height was created in the soil tank along with a model slope
of 5 m in height (prototype scale). Using the water level
control system, water was made to flow through the soil for
more than 3 days at the groundwater level GL-0.4 m on both

Fig. 1 Experimental setup with
the soil tank walls equipped with
a groundwater control system.
Case1 includes a slope angle of
40° (model scale, Unit: mm)
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the front and drain sides of the slope. At the start of the test,
the water level was fixed in front of the slope. After reaching
20 g on the backside of the slope, the water level was
increased at a rate of 0.01 m/min (prototype scale).

Experimental Results

In each case, the initial value of the elapsed time was 5 min
before the start of the water supply after reaching 20 g.
Figure 5 shows the process of collapse for Case 1 with a
slope angle of 40°. As can be seen in the sequence of pho-
tographs of the experiment, the slope tip on the left side of the
slope collapsed due to the action of spring water after 1098 s.
The collapse proceeded up the slope thereafter, with the

collapse progressing to a height of 1.5 m after approximately
1628 s. The collapse progressed until approximately the
1800 s mark, but stopped near a height of 1.5 m. The water
supply was then cut off because the slope had become stable.

In Case 2 where the slope was 60°, the tip of the left side
of the slope began to collapse at the 1151 s mark and
expanded to the right and center, as shown in Fig. 6. The
osmotic disintegration progressed to a height of 1.5 m at the
1370 s mark, and then to 2.5 m at the 1474 s mark. Finally,
disintegration from the shoulder occurred at the 1497 s
mark.

In Case 3 where the slope angle was 75°, the tip of
the slope on the left side of the slope began to collapse at
the 1130 s mark, and collapsed to a height of 1.5 m after
1469 s and to a height of 2.5 m after 1470 s as shown in
Fig. 7. The shoulder on the left side collapsed after 1493 s,
and the shoulder on the right side of the slope collapsed after
1571 s.

In both Case 2 and Case 3, the slopes were stable
immediately after reaching a g-force of 20 g, and it could be
seen that the slopes became independent at these angles if
there was no groundwater in the slopes. In the three cases
analysed in the study, the collapse began between the 1100 s
and 1200 s marks and then increased with rising ground-
water. According to the slope criteria adopted in this
experiment, it was experimentally confirmed that the slope
collapsed under the influence of groundwater.

Figures 8, 9, and 10 plot the pressure head measured by
the pore water pressure gauge installed at the bottom up to
1800 s at 180 s intervals. In each case, the groundwater in

Fig. 2 Grain size accumulation curve for Masa soil

Fig. 3 Experimental setup for
Case 2 with a slope angle of 60°
(Unit: mm)
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the slope rose in response to the rise in groundwater at the
back of the slope. In Case 1 (slope angle 40°) where only a
partial slope collapse occurred, the water level rose at a
constant rate.

A collapse gradually progressed from the point of
approach of the slope. As a result, the bearing capacity of the
forehead was lost. In addition, the simultaneous rise in
ground water further exacerbated the collapse progression. It

is difficult to reproduce this experimentally observed phe-
nomenon using numerical analysis. In addition, it is expen-
sive to fully design and engineer a slope for each excavation
and situation. That is why empirical safety factors should be
provided to allow the setup of gentle slope angles or the
installation of appropriate drainage.

In practice, there is also a high possibility that ground-
water in a slope on a particular site will rise in response to

1099 s 1 s

1630 s 1800 s 

Fig. 5 Case 1 experimental
progression. The left slope
collapsed to a height of 1.5 m and
then became stable

 

Fig. 4 Experimental setup for
Case 3 with a slope angle of 75°
(Unit: mm)
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spring water being confined in the forehead area of the slope,
which could lead to the collapse. As this presents an
on-going high risk of collapse for the slope, it would be
necessary to stop construction work and alter the construc-
tion plan.

Prediction of Collapse Using Slope Surface
Strain

The slope surface strain sensor MPSc is set on the slope
surface as shown in Fig. 1. MPSc is made of a thin iron plate
(thickness: 0.1 mm) with 2 strain gauges stuck on both faces
as shown in Fig. 11.

Figure 12 shows the slope surface strain obtained by
MPSc during slope failure progression in Case 2. The larger
the channel number, the lower the sensor is located on the
slope. Odd numbers were set at the center of the slope, and
even numbers were set at the left side of the slope. It can be
seen that the strain values changed before the collapse near
each installation position. It will be verified whether the
collapse prediction can be performed using these measured
values. Due to manuscript length limitations, this paper
focuses on Case 2.

The authors (Hiraoka et al. 2017) proposed a method for
predicting collapse by monitoring slope movement on
excavated slopes. The method is applied to a slope after
excavation, and is an algorithm that finds the transition point

1 s 1151 s 

1370 s 1474 s 

1495 s 1497 s 

Fig. 6 Case 2 experimental
progression
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1 s 1130 s

1469 s 1470 s

1493 s 1571 s 

Fig. 7 Case 3 experimental
progression

Fig. 8 The groundwater level obtained using pore water pressure
sensors for Case 1

Fig. 9 The groundwater level obtained using pore water pressure
sensors for Case 2
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of the creep phenomenon from secondary creep to tertiary
creep. In this study, the external force on the slope is
changing as the water level continues to rise, and this col-
lapse prediction method based on the creep phenomenon
does not satisfy mechanical conditions. Therefore, this study
used an algorithm that detects anomalies based on the
amount of change in the strain value.

There are many methods for catching anomalies in
time-series data. The three sigma rule (Pukelsheim 1994)
which is also called as 68-95-99.7 rule is a statistical
method, often used in production control and quality
assessment. This rule shows the probability that, given a
normal data set consisting of a normal distribution, the data
will fall within two, four, and six times the width of the
standard deviation from the simple moving average of the
data, which are 68.27, 95.45, and 99.73%. Using this
method, collapse prediction was verified using the outliers of
the measured data. The measured surface strain on a
non-moving slope is constant. However, some noise appears
on the measured value due to mechanical noise and tem-
perature. It is assumed that the measurement value follows a
normal distribution with the amount of noise added or
deleted from the true value. If the slope is not moving, the
measured value should be close to the true value at the center
of the normal distribution. Therefore, an abnormal value can
be detected by deriving the standard deviation from past
measurement values and calculating the deviation value of
the present measurement value.

Fig. 10 The groundwater level obtained using pore water pressure
sensors for Case 3

Fig. 11 Plane view of strain sensor (MPSc)

C
ol

la
ps

e 
at

 to
e 

of
 s

lo
pe

C
ol

la
ps

e 
he

ig
ht

 o
f 0

.5
 m

C
ol

la
ps

e 
he

ig
ht

 o
f 1

.0
 m

C
ol

la
ps

e 
he

ig
ht

 o
f 1

.5
 m

C
ol

la
ps

e 
he

ig
ht

 o
f 2

.5
 m

C
ol

la
ps

e 

ch22

ch24
ch26

ch28

left

-800

-600

-400

-200

0

200

400

600

800

800 900 1000 1100 1200 1300 1400 1500 1600

Elapsed time [sec]

su
rfa

ce
 s

tra
in

 [µ
e]

C
ol

la
ps

e 
at

 to
e 

of
 s

lo
pe

C
ol

la
ps

e 
he

ig
ht

 o
f 0

.5
 m

C
ol

la
ps

e 
he

ig
ht

 o
f 1

.0
 m

C
ol

la
ps

e 
he

ig
ht

 o
f 1

.5
 m

C
ol

la
ps

e 
he

ig
ht

 o
f 2

.5
 m

C
ol

la
ps

e 

ch21

ch23

ch25

ch27

center

-800

-600

-400

-200

0

200

400

600

800

800 900 1000 1100 1200 1300 1400 1500 1600

Elapsed time [sec]

su
rfa

ce
 s

tra
in

 [µ
e]

Fig. 12 The slope surface strain obtained using MPSc for Case 2
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In this experiment, the strain values were recorded at
10 Hz, but were extracted from this raw data at 30 plot
intervals (i.e., 0.333 Hz) without any processing in order to
assume a data set in the field. According to the similarity
rule, 0.333 Hz data is equivalent to 1 min in 20 g field.
Assuming measurement at the construction site, a measure-
ment interval of about 1 min is appropriate due to the battery
and communication capacity of the sensor. Advisory,
warning, and emergency warning were classified based on
the deviation rate between the moving average and standard
deviation as shown following equation.

Advisory : ej j[ ej j þ 2r ð1Þ

Warning : ej j[ ej j þ 3r ð2Þ

EmergencyWarning : ej j[ ej j þ 4r ð3Þ

here, e is recent strain, ej j is the simple moving average of
strain, r is the standard deviation.

We use 4r (99.94% probability) instead of 3r. In the
case of 3r, the data before the collapse is too stable, and
many false alarms are detected.

The signal sensitivity depends on the sample size. As the
sample size increases, the signal becomes more sensitive
because the mean line changes slowly, resulting in larger
deviations when the data show outliers. This means that
slope deformation can be detected earlier, but the signal
release time is also longer. The sample size was validated for
60, 120 and 180 plots, with 60 plots showing good results.
The data preprocessing needs further validation.

Figures 13 and 14 show the advisory, the warning, and
the emergency warning as determined by Chapter “On the
Progression of Slope Failures Using Inverse Velocity of
Surface Movements in an Undercut Slope Model” and
Chapter “Preliminary Results from the SMART-SED Basin
Scale Sediment Yield Model”, respectively. The yellow
vertical line indicated an advisory, the red vertical line
indicated a warning, and the purple vertical line indicated an
emergency warning, which was indicated at the time it was
issued. It can be confirmed that an advisory (red line) or an

Fig. 13 The warnings (yellow lines are advisory, red lines are
warning, purple lines are emergency warning) determined by the slope
surface strain obtained by MPSc ch28 for Case 2

Fig. 14 The warnings (yellow lines are advisory, red lines are
warning, purple lines are emergency warning) determined by the slope
surface strain obtained by MPSc ch22 for Case 2

Fig. 15 All alerts (advisory, warning and emergency warning) obtained by each strain sensor for Case 2
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emergency warning (purple line) is warned before the col-
lapse near the sensor occurs, respectively.

Figure 15 shows the results of a strain gauge measuring the
left side of the slope, where the collapse progressed quickly,
overlaid with the resulting warnings. An alarm is effectively
sounded before each collapse event by any of the sensors.
Although there are still operational issues, the prediction
accuracy can be improved if the information combined mul-
tiple sensor alerts. In addition, it means that occupational
accidents at the excavation site can be prevented.

Conclusion

This research obtained the following key points.

• It was found in this study that slopes excavated using the
slope angles recommended by the “Ordinance on Indus-
trial Safety and Health” and “The Specification for Road
Works” were stable. However, if the groundwater in the
slope rose, the slope became susceptible to collapse.

• In the case of excavation work where there is a possibility
of rising groundwater, effective countermeasures include
decreasing the slope angle.

• It was verified that it is possible to predict slope failure by
the strain on the slope surface. Abnormal values can be
detected by deriving the standard deviation from past
measurement strain values and calculating the deviation
value of the current measurement strain value. These
results confirmed that slope failure can be predicted by
time series measurement of strain.
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Effects of Relative Density in Progressive
Sliding of Tailing

Wei Hu, Xiaoyan Zhang, and Huawei Hu

Abstract

Ruptures of tailing deposits can exhibit flow-like behavior
and cause major disasters. An extensive mass of tailings
can be transported over large distances at high velocity
and flood downstream villages, resulting in the loss of a
large number of lives and huge property losses. We
present a series of flume tests to observe the process of
tailing slope failure when subjected to a water flow.
Progressive flow slides were observed in a range of tailing
deposits with varying relative densities, in which
hydraulic conductivity reduced with increasing relative
density. The generation of pore pressure caused a sudden
collapse of the dam for very loose, loose and medium
dense materials, and is also evident in seismic signals and
acoustic emission signals. In dense tailing slopes,
progressive failure occurred, with several successive
sliding surfaces, and several seismic signals correspond-
ing to rising acoustic emission signals. The water inflow
into dense slopes is slower due lower hydraulic conduc-
tivity, resulting in successive sliding starting at the slope
toe and progressing within the soil mass. The runout,
internal displacement and peak flow velocity tend to be
quite similar with an increase in relative density up to
0.35, and become less pronounced for denser tailings
slopes. A relative density of 0.35 is a transitional density
from a sudden overall failure to a progressive slope
failure.

Keywords

Tailing dam � Progressive failure � Relative density �
Flume test

Introduction

Tailing dams are built to store waste from mining exploita-
tion. Tailing deposits in the impoundment ponds are a
potential hazard that could lead to catastrophic failure of the
tailings, as occurred at a dam in Mochikoshi gold mine,
which failed after the Izu-Ohshima-Kinkai earthquake of
January 15, 1978 in Japan (Ishihara 1984), and a mine
tailing dam collapse caused by a small-magnitude earth-
quake on 5 November 2015, in Brazil. The collapse of
tailing material can result in significant loss of life and
property. On August 10, 2008, a failure of an iron ore tailing
impoundment in Shanxi province, northwest China, caused
277 deaths (Yin et al. 2011). Recently, a mining dam col-
lapse in southeastern Brazil on Friday 25 Jan 2019, resulted
in deadly flooding that caused at least 99 deaths, while over
250 people remain missing (Schmidt and Leister 2019); the
reasons for this tragic event are still under investigation.

The failure mechanisms of tailing dams have been studied
by a number of authors. Caldwell and Charlebois (2010)
stated that in most cases the failure of tailing dams was not
triggered by a single factor, but was a consequence of a
series of minor incidents. Failure can also be induced by
rainfall, such as the Merriespruit Harmony Mine tailing dam
failure on 22 February 1994 in South Africa, caused by a
heavy rainstorm(Van Niekerk and Viljoen 2005), and the
Stava tailing dam failure in Italy in 1985 (Chandler and
Tosatti 1995). Apart from earthquakes or rainfall, piping,
overtopping, or combination of these can also trigger failure.
Agurto-Detzel et al. (2016) investigated the seismic signals
recorded by the Brazilian Seismographic Network for the
tailings dam failure of 5th Nov, 2015 in Brazil, and
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suggested nearby earthquakes should be taken into account
in risk evaluation for tailing dams. Wu and Qin (2018) found
that the dam breach size, flow discharge, flow velocity, and
deposition volume could have an influence on the conse-
quences of a tailings dam failure. The failure process could
be simulated by numerical (Donald and Chen 1997; Cascini
et al. 2016) or physical models (Ochiai et al. 2004; Olivares
and Damiano 2007; Okada and Ochiai 2008; Bowman et al.
2012; Papa et al. 2012). Cuomo et al. (2014) investigated the
propagation pattern of mobilized material and its velocity,
thickness and runout distance, using the model ‘GEO-
Flow_SPH’. The variation of flow depth with velocity in
small-scale flume tests suggested that grain-to-grain or
grain-to-fluid collisional interactions play an important role
in flowslide behavior (Spence and Guymer 1997). Using
flume tests, Hu et al. (2015) studied post-earthquake huge
debris flows in southwest of China due to damming and
breaching. Wang and Sassa (2001) investigated the sliding
distance and pore pressure generation caused by a
rainfall-induced flow slide within a small flume. Despite
previous research on flow-like landslides, the roles played by
the relative densities of tailing materials are still unclear.

Here we present the results of flume test experiments on
instrumented artificial tailing slopes, with different relative
densities of tailing materials, subjected to a concentrated
flow. Pore pressures, internal displacement, surface dis-
placement, seismic signals, and acoustic emissions were
monitored. The runout was measured after failure using 3D
topography. Finally, we discuss the influence of the initial
relative density on the mode of rupture.

Experimental Materials

The granular material used in the flume tests was collected
from the iron waste deposits from a tailing pond in An-Ning,
in Miyi county, about 75 km from the northeast border of
Panzhihua province, China. Figure 1a shows an aerial view
of the An-ning tailing pond, which consists of a main dam
and a sub-dam. To obtain representative soils from the site,
tailings were collected from 15 different locations at this site.
They were then washed and oven-dried, prior to sieving
(British standard 1377 2 1990). The grain size distributions
are given in Fig. 1b. The material was found to be well
graded, ranging from silt to sand, with 95% of the grains
smaller than 2 mm. The maximum and minimum dry den-
sities are 2.267 and 1.785 g/m3, respectively. The tailing
samples from Md2 (Fig. 1a) were used to prepare the flume
tests because of the site’s accessibility.

Instrumentation of Flume Tests

The tests were carried out using an instrumented flume, 2 m in
length, 0.35 m in width and 0.55 m in height, with an incli-
nation of 20°. The floor was covered by sand grains glued to a
rubber sheet to reproduce a high frictional contact to prevent
the base from sliding. The side-walls of the flume were made
up of transparent plexiglass sheets, to allow the sliding process
to be recorded using cameras (Sony/HDR-CX210E). Details
of the instrumentation are given in Fig. 1c.

Pore pressure sensors from Yom Electronic Technology
were installed to monitor pore pressure. Transducers No. 1, 2,
3 and 4 were installed on the floor of the model at distances
from the back of theflumeof 20 cm, 30 cm, 50 cm and 70 cm,
respectively. Transducers No. 5, 6 and 7 were installed 20, 40
and 60 cm from the back and 12 cm above the floor. The pore
pressure transducers on the floor of the model were installed
before the prepared samplewas added, while the pore pressure
transducers in the middle layer of the model were installed
after the formation of the first layer. The internal movement
was measured using a linear displacement transducer at the
upper end of the flume, which was connected to a built-in
styrene foamball (2 cm in diameter and 0.1 g inweight)with a
0.5 mm thick stiff wire. A 160 g counterweight at the lower
end of the flumewas installed to balance the pulling resistance
of the transducer and also to minimize the relative movement
between the ball and the surrounding soil. A laser-point dis-
placement transducer (ZSY/ZSDL100) was installed above
the slope tomeasure the vertical displacements of the soilmass
in the middle of the slope. A seismic accelerometer (Wilcoxon
Research Company, 731A/P31) with high sensitivity
(100 V/g) was positioned under the flume floor 50 cm from
the back of the flume to monitor the vibrations generated by
the movement of the overlying soil mass. High-frequency
(100–400 khz) acoustic emissions (AEs) were measured with
a high-sensitivity (40-Db amplification) wideband AE trans-
ducer (Physical acoustics,Mistral Group, inc.) on both sides of
the walls. A 3D laser scanner (Pentax S-3 � 80) was installed
to map the surface of the slope during and after the flume tests.
Some selected tests were performed after retrogressive sliding
to obtain 3D scanner data during the tests. The runout distance
and the three-dimensional topographic profile of the slope
could be accurately obtained using the Surfer software appli-
cation. A concentrated water inflow from the rear of the slope
was used to trigger sliding, and the discharge was accurately
controlled by a flow meter and a flow valve.

A total of 14 tests were carried out. Seven tests were
conducted with different relative tailing densities
(RDs) ranging from 0.03, 0.1, 0.25, 0.35, 0.45, 0.6 to 0.75.
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Spence and Guymer (1997) suggested that the limits of the
relative density can be defined as follows: extremely
loose, <0; very loose, 0–0.15; loose, 0.15–0.35; medium
dense, 0.35–0.65; dense 0.6–0.85; very dense, 0.85–1. The
soil with the relative density of 0.35, at the boundary of
loose and medium dense, was tested three times, while the
relative density of 0.25 for loose and 0.45 for medium dense
was tested twice to verify the repeatability of the results. The
soil was compacted layer by layer to reach the target density
to prepare a homogeneous sample. The slope was prepared
as a right-angled trapezoid shape with an upper length of
0.55 m and a lower length of 0.85 m and a height of 0.25 m.
The thickness of the first layer was 12 cm, while the thick-
ness of the second layer was 13 cm. An amount of water was
added to the dry soil to produce the desired initial water
content, which was set to be 8% for all the tests. The
hydraulic conductivity k evaluated by constant-head tests
decreased from 0.00531 cm/s to 0.000281 cm/s for the tests,
with a relative density range from 0.1 to 0.95. It should be
noted that the hydraulic conductivity decreased sharply
when the relative density increased from 0.1 to 0.35
(Fig. 1d).

Results

The rupture process could be simply categorized as wetting,
precursory slides and general failure. The time for water
arrival of front (before sliding initiation) of different relative
densities (RDs) ranges from 2614 to 3414 s, as shown in
Fig. 2. The time required for the saturation and pore pressure
build-up is dominated by hydraulic conductivity (Hu et al.
2017, 2018), which increased greatly with the increase in
relative density, and thus affected the time from saturation to
failure. With lower RDs, sudden failure occurred with a
pronounced slip surface, and the time from initiation to
failure just few seconds while the slope with RDs = 0.45
and 0.6 failed progressively, accompanied by fluidizing, and
those tests from first collapse to general failure lasted for
6528 s and 13,454 s respectively. It slowed down the failure
from sudden failure to progressive failure, and the time from
saturation to general failure increased from approximately
2655–16,868 s. No major failure occurred for RD = 0.75,
the test was terminated after last for 21,241 s when a small
collapse occurred at the toe. Details of monitoring data at

Fig. 1 a Location map of An-Ning tailing dam in Miyi county and the
3D view of An-Ning tailing dam; b particle size grading of the tailing
deposits collected from different sites at the tailing dam and the one

used in experiments; c set-up of the flume apparatus; d hydraulic
conductivity of the tailing deposits with relative density ranging from
0.1 to 0.95
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failure are given for each experiment with different relative
tailing densities and therefore different hydraulic conduc-
tivities, but the same hydraulic boundary.

As the deposit became progressively saturated by a con-
stant water head (10 cm) at the back of the slope,

densification could be observed in loose tailing slopes with
RDs = 0.1 and 0.25, but not in the dense slopes. Wang and
Sassa (2001) also found that, along with water infiltrating
towards the base of the sample and a wetting front parallel to
the base, densification could occur in loose or medium soils.
The acoustic emissions were generated by particle–particle
interactions such as sliding and rolling friction, and rear-
rangement of the particle contract network (release of contact
stress and stress redistribution); thus, the detection of acoustic
emission signals is an indication of material deformation
(Smith et al. 2014). Acoustic emission signals were detected
after approximately 500 s (Fig. 3k, l), but the seismicity
signals were not detected before 2629.5 s. Densification was
also evident from the surface displacement measured by a
laser-point displacement transducer which started to rise after
338 s and continued to increase to 5.75 mm before general
failure at 2631.25 s for the slope with RD-0.1. This densifi-
cation was due to the progressive decrease of capillary
cohesion with the water infiltration. With an increase of rel-
ative densities, densification become less pronounced and the
acoustic emission signals before rupture decreased, as shown
in Fig. 3k–m, with the cumulative acoustic emission

Fig. 2 The relationship between the relative density and time required
for saturation and general failure

Fig. 3 Results of tests with relative tailing densities ranging from RD = 0.1 to 0.6 a–e The progressive failure process as observed by camera; h–
i sketches of the progressive failure modes; k–o acoustic emission (AE) amplitudes and cumulative acoustic emission energy
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decreasing from 4E5 eu for test tailings with RDs = 0.1 to
approximately 3E5 eu for test tailings with RDs = 0.35, and
then slightly increasing for higher relative densities. Hu et al.
(2018) suggested that acoustic emission signals could be
more suitable than seismic signals for capturing the move-
ment of the soil in a flume test.

The general failure modes of the slopes with different
relative tailing densities is quite different. General failure of
the slope with an RD = 0.1 happened in the form of one
block sliding downward along a circle slip surface, leading
to the collapse of the whole slope within an extremely short
time (less than one second) (see Fig. 3a, f). The general
failure induced a seismic signal with a sharp increase of
amplitude, an increase in internal displacement and a sharp
increase in the acoustic emission signals. Correspondingly,
internal displacement occurred only during the macroscopic
failure at 2631.5 s. With continuous sliding, the velocity of
the internal sliding, the acoustic signal, and the amplitude of
seismicity reached a peak.

The failure process of the flume tests with medium tailing
densities of RDs = 0.45 and 0.6, corresponding to a pro-
gressive failure, is clearly captured in six collapses, in which

several sudden rises in acoustic emission signals could be
observed (Fig. 3n, m).

The internal displacement increased gradually for relative
tailing densities as they increased from 0.1 to 0.35, and then
gradually decreased (Fig. 4a). This tendency could be veri-
fied from the runout distance measured using
three-dimensional topography after the general failure
(Fig. 4b). The runout distance increased gradually with the
increase of RDs to 0.35 and then gradually decreased due to
the more pronounced progressive failure, resulting from the
partially dissipated energy during each sliding. The slope
with RDs = 0.6 exhibited a larger runout in comparison to
the test with RDs = 0.45, because the soil mass and water at
the rear pushed forward the previous failed soil mass during
its sliding movement. Since the cumulated potential energy
increasing with the increase the density from 0.03 to 0.35,
the duration of the vibration signal after general failure
increased, with an increase from 3 s for the test with
RDs = 0.1 to 5 s for the tests with RDs = 0.25 and 0.35. It
then decreased to 4 s for the tests with RDs = 0.45 and 0.6,
due to the energy dissipation caused by the several phases of
sliding that occurred before general failure. The peak

Fig. 4 Quantitative measurements for tests with different relative tailing densities (RDs) after general failure a internal displacement against
relative density; b runout distance against relative density; c sliding velocity at the final failure
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acceleration also increased from 6 mg for the test with
RD = 0.1 to 8 mg for the tests with RDs = 0.25 and 0.35,
and then decreased to 4 mg for the test with RD = 0.6. Hu
et al. (2017) suggested that gentle vibration was recorded
because of the more gradual failure process and the higher
viscosity of the fluidized mass.

The velocity of the movement was calculated from the
internal displacement versus time during the general failure
(Fig. 4c). The initiated slide experienced acceleration,
deceleration and steady slow-sliding periods, where the peak
velocity increased from 0.537 m/s for RDs = 0.1 to
0.861 m/s for RD = 0.35, and then decreased. This indicates
that very loose and loose slopes can suffer a sudden failure in
an extremely short time. Okada and Ochiai (2008) explained
this could be due to the lower shear resistance caused by the
excess pore pressure and an increase in cohesive resistance.
Even for dense slopes, the peak velocity is greater than
0.05 m/s, which is categorized as a very rapid rupture
according to the landslide velocity scale suggested by
(Cruden and Varnes 1996). This could, to some extent,
explain why the tailing dam failures are always very rapid.

Conclusion

We have presented experiments on artificial tailing deposits
subjected to a concentrated flow, and highlighted the role of
the relative density of the deposits and pore pressure gen-
eration on the progressive slope failure mechanism. The
relative density controlled the hydraulic conductivity,
resulting in sudden failure for very loose and loose slopes to
progressive failure for medium dense slopes. This was
suggested by seismic and acoustic precursory signals and by
the pore pressure generation. In very loose and loose slopes,
progressive saturation caused a densification of part of the
soil mass, generating a crack in the middle part of the tailing
dam, as well as a sudden pore pressure rise at the toe; finally,
the entire slope suffered a sudden rupture. The relative
density of 0.35 is a transition from loose to medium dense
and the failure process showed also a transition from sudden
failure to progressive failure by successive sliding, verified
by three repeated tests. The failure of the dense tailing slope
corresponded to successive sliding, starting at the toe and
progressing inwards to the slope, until the total rupture of the
slope. This succession of events led to a smaller amplitude
for the seismic and acoustic emission signals and the internal
displacement and runout was shorter than those of loose
slopes. This, to some extent, could provide guidance to
engineers by demonstrating that increasing the relative tail-
ing densities during construction could slow down the time
to failure for the same hydraulic conditions and give some
warning when progressive sliding takes place before the

global destructive slope rupture. Although increasing the
relative tailing densities could increase the time to failure,
the slope rupture will still be able to develop if the time of
saturation is long enough.
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Experimental Studies on the Effect
of Vegetation Density to Change
Underground Seepage Rate and Stability
of Slopes

Binod Tiwari

Abstract

Vegetation plays in an important role in the amount of
surface runoff or infiltration after a rainfall event,
specifically on slopes. High infiltration or seepage reduce
shearing resistance of soil through the reduction in matric
suction of partially saturated slopes, ultimately causing
slope instability. On the other hand, low infiltration
increases surface runoff and velocity of surface flow,
which ultimately causes soil erosion. In this study, three
different slopes were prepared using fine sand, specifi-
cally at the same dry density and geometry, but with three
different vegetation cover densities. The slopes were
instrumented with tensiometers at different depths. The
slopes were subjected to a rainfall event with an intensity
of 30 mm/h and advancement of the wetting front of the
seepage water and soil matric suction were recorded with
time duration after the rainfall. The experimental result
shows that up to certain threshold vegetation cover
density, amount of surface flow increases causing soil
erosion. For the vegetation density above that threshold,
vegetation covers intercept the rainwater and the inter-
cepted water is gradually passed to ground. Moreover,
vegetation cover will ease the flow of surface runoff
water. These actions, on the other hand, increase the
seepage velocity. As such, less dense vegetation cover
triggers more rainfall induced soil erosion and denser
vegetation cover increases the instability associated with
rotational or translational slides.

Keywords

Rainfall induced landslides � Vegetation cover � Soil
erosion � Suction � Translational slides

Background

Rainfall is one among the major triggers of landslides. With
the effect of global climate change, number of rainfall
induced landslides and the loss due to such landslides have
been reported more frequently all over the world. While
studying the effect of rainfall on triggering landslides, it is
important to consider various factors that cause rainfall
induced landslides. These factors include but not limited to
—(a) intensity and duration of rainfall, (b) density of soil,
(c) shearing resistance of soil, (d) soil moisture content,
(e) slope inclination, (f) depth of soil, and (g) vegetation
cover. Effect of intensity and duration of rainfall on trig-
gering rainfall induced landslides has been covered exten-
sively in the literature (e.g. Piciullo et al. 2017; Xue et al.
2016). Tiwari et al. (2018, 2013) conducted extensive
laboratory-based model experiments to evaluate the effect of
soil density on slope stability. Most of the shallow slopes are
in partially saturated condition in dry season. As such, soil
mass exhibit higher shearing resistance due to apparent
cohesion as a result of matric suction. Infiltration of rain-
water through the soil mass will reduce this matric suction to
negligible value as the wetting front proceeds into the slope.
Such reduction in apparent cohesion reduces the shearing
resistance of soil, mostly by reducing the effective normal
stress. Tiwari and Caballero (2015), through
laboratory-based experiments, has presented the effect of
slope gradient on the seepage velocity and its influence on
slope stability.

Rainfall has two-fold effects on slopes. A part of the
rainfall converts into surface run-off, which may cause soil
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erosion if the soil is prone to soil erosion problems. Other
part of the rainfall infiltrates underground through soil. This
will cause a reduction in soil suction and increase in pore
water pressure, which ultimately reduces shearing resistance
of soil. Portions of the water converting into surface run-off
or infiltration depend on the vegetation cover, soil density,
and type of soil. However, there are not much information
available in the literature on how the density of vegetation
cover affects the infiltration rate or seepage velocity of water
on a slope. This study focuses on the influence of vegetation
density on seepage velocity.

Experimental Methods

In this study, three different slopes were prepared in a
Plexiglas container with fine sand mixed having 2% mois-
ture. Specific gravity of the sand was 2.65 and the sand
classified as SP material. Length and width of the slopes
were 1.83 m and 1.22 m, respectively. Dry density of the
slope was maintained to be 14.94 kN/m3. Thickness of the
slope model was 30 cm. throughout the slope. Slope gradi-
ent for models were kept at 45°. In order to measure matric
suction with time, miniature tensiometers were installed at
three different locations, at the depth of 8.9 cm along the
central cross-section of the slope as presented in Fig. 1. All
slopes were identical in geometry and density of sand.
However, these three slopes are covered with different
densities of vegetation covers (ratio of area of vegetation
cover to total surface area of the slope). First slope (Slope 1)
was prepared without any vegetation cover, while second
slope (Slope 2) was prepared with 20% vegetation cover and
the third slope (Slope 3) was prepared with 90% vegetation
cover. There is no specific rational to choose these densities.
Figure 2 presents the photographs of the slopes. For vege-
tation cover, we just used the leaves of a plant as opposed to
growing those vegetations naturally.

All slopes were subjected to rainfall at the intensity of
30 mm/h using a specially designed sprinkler system, pre-
sented in Fig. 2, until the wetting front advanced to the
bottom of the slope to saturate the entire soil mass.
Advancement of the wetting fronts were traced with per-
manent ink markers on all three sides of the Plexiglas con-
tainer (outside) in every 15 min in order to calculate the
seepage velocity. To monitor timewise variation in suction
under the ground and at mid-section of the slope and verify
the seepage velocity obtained with the advancement of
wetting front, miniature tensiometers were installed at three
different locations along the slope (Fig. 1).

The soil sample used to prepare the slopes were mixed
with different amounts of moisture and compacted in a direct
shear test box at the dry unit weight exactly same as that on
the experimental slopes and shearing resistance of the soil

samples were measured, separately, at four different normal
stresses—50, 100, 150 and 200 kPa, in order to evaluate the
variation in shearing resistance with moisture content (or
degree of saturation). This is an indirect way of measuring
total shearing resistance of the soil without measuring soil
suction. Direct shear test method outlined in the ASTM
D3080 was followed to measure the shearing resistances of
the soil, except saturating the soil sample. The direct shear
test was conducted at constant total stress and at the shearing
that was calculated based on the consolidation data.

Experimental Modelling Results

Presented in Fig. 3 are the advancement of wetting front due
to rainwater infiltration in every 30 min in Slope 1 (0%
vegetation cover density), Slope 2 (20% vegetation cover
density) and Slope 3 (90% vegetation cover density). As can
be observed in Fig. 3, it took over 2.5 h for the wetting front
to fully advance to the bottom of the soil layer in Slope 1
whereas it advanced in less than 2 h to the bottom of the soil
layer in Slopes 2 and 3. More interestingly, as a result of
higher surface runoff (although the surface runoff was not
measured and the discussion here is anecdotal) due to the
lack of vegetation cover, seepage velocity (velocity of
advancement of the wetting front) at the top of the slope was
significantly less than that along the slope and the toe in
Slopes 1 and 2, while it was similar throughout the slope in
Slope 3. Presented in Fig. 4 is the comparison of the
advancement of wetting front in all three slopes after 1 h of
the initiation of rainfall. It is evident that the seepage pattern
on the top of the slope was similar in Slopes 1 and 2 until the

Fig. 1 Longitudinal section of the slope and location of tensiometers
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first hour of rainfall, while there was a significant increase in
seepage velocity in Slope 3 compared to the other models.
However, along the sloped portion and at the toe of the
slope, both Slopes 2 and 3 exhibited similar seepage pattern,
demonstrating much higher seepage velocity than that in
Slope 1. For this study, we performed seepage velocity
analyses at the mid-way of the slope.

Advancement of wetting front with time was used to
calculate the seepage velocity in the slopes having different
vegetation cover densities. Suctions values measured with
the tensiometers at different depths during the entire rainfall
events were used to verify the information obtained with the
wetting front advancement. Shown in Fig. 5 is the infor-
mation pertinent to change in suction with duration of

Fig. 2 Slopes prepared with three different vegetation covers—(top)
0% vegetation cover density (Slope 1), (middle) 20% vegetation cover
density (Slope 2) and (bottom) 90% vegetation cover density (Slope 3)

Fig. 3 Advancement of wetting front in every 30 min in slope 1 (top),
Slope 2 (middle), and Slope 3 (bottom)
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rainfall in Slope 3 at the tensiometer location at the middle of
the slope. Other tensiometers exhibited similar results. As
can be observed in Fig. 5, suction reduces suddenly from
68 kPa (suction of the compacted fill prior to rainfall) to
negligible suction in 24 min. The seepage velocity calcu-
lated with this suction information and the seepage velocity
calculated with the wetting front data at the tensiometer
location were similar concurring the results obtained from
the wetting front information.

Seepage velocity at different durations were calculated by
dividing the depth of the wetting front from the surface with
corresponding time. Seepage velocities at the center of the
mid-section of all slopes are presented in Fig. 6. As it is
evident from Fig. 6, seepage velocity decreased slightly with
time for Slope 1 (0% vegetation cover density). However,
there was a significant reduction in seepage velocity with
time in Slopes 2 (20% vegetation cover density) and 3 (90%

vegetation cover density). More importantly, Slopes 2 and 3
exhibited similar seepage velocities with duration of rainfall.
Regression equations to estimate seepage velocity with time

Fig. 4 Comparison of the wetting front advancement after the rainfall
duration of an hour in all three slopes; V.D. refers to vegetation cover
density

Fig. 5 Variation of suction with time at the mid-slope in Slope 3

Fig. 6 Comparison of seepage velocities with time in all three slopes;
V.D. refers to vegetation cover density

Fig. 7 Comparison of shear envelopes obtained for the soil used to
prepare the model at three different degrees of saturation (S)

Fig. 8 Variation in internal friction angle of soil with degrees of
saturation (S)
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for Slopes 1, 2, and 3 are presented in Eqs. 1, 2, and 3
respectively.

Seepage velocity ¼ �1:4 � time in hoursð Þþ 9 ð1Þ

Seepage velocity ¼ 16:239 � time in hoursð Þ�1:219 ð2Þ

Seepage velocity ¼ 16:669 � time in hoursð Þ�1:089 ð3Þ

Soil Test Results

As mentioned earlier, soil used in the model preparation
were mixed with moisture contents that provides the degrees
of saturations (S) of 7% through 100%, mostly, in every 7%
increment and direct shear tests were conducted to obtain the
variation in shearing resistance with degrees of saturation.
Presented in Fig. 7 is the shear envelopes obtained from the
direct shear tests. To avoid data cluster, shear envelopes for
soils compacted with only 3 different degrees of saturation
have been presented in Fig. 6. As can be observed in Fig. 7,
angle of internal friction did not vary significantly with an
increase in the degree of saturation. However, cohesion
(apparent) has significantly decreased with an increase in the
degree of saturation. In order to quantify the variation in
internal friction angles of the soil with the degree of satu-
ration, friction angles were plotted against the degrees of
saturation, as presented in Fig. 8. Figure 8 clearly demon-
strates that friction angle of the sand gradually decreased
with an increase in the degree of saturation and the relation
could be fitted with a linear regression as presented in Eq. 4.
Likewise, to evaluate the effect of moisture content on
apparent cohesion, cohesion values were plotted against the
degrees of saturation for the tested soil samples and the
result is presented in Fig. 8. As can be seen in Fig. 9, there is
a logarithmic reduction in the apparent cohesion with an
increase in the degree of saturation, as presented in Eq. 5.
These relationships are later used to analyze the stability of
the slopes at different durations of rainfall.

f ¼ �0:1 � S þ 36 ð4Þ

c ¼ �4:765� ln Sð Þþ 21:835 ð5Þ
where, f = friction angle in degrees

S = degree of saturation in %, and

c = cohesion intercept in kPa.

Effects of the Seepage Velocity and Shear
Strength of Soil on Slope Stability

In order to evaluate the effect of the increase in seepage
depth (or thickness of wetting front) and reduction in
shearing resistance with the duration of rainfall, the results
obtained from the data recorded with tensiometer, regression
equation developed for the seepage velocity, and regression
equations developed for the shear strength (cohesion and
friction angle) reduction with the degree of saturation were
coupled in the slope stability equation developed for an
infinite slope (Ajmera and Tiwari 2018). Then, variation in
the factors of safety of the slope with the duration of rainfall
was calculated following the developed equations. Reduc-
tion in the factor of safety of the slope with the duration of
rainfall in the Slope 1, Slope 2, and Slope 3 are presented in
Figs. 10, 11 and 12, respectively. As can be observed in
Fig. 10, factor of safety of the Slope 1 30 min after the
initiation of the rainfall was 3–4 times higher than that of
Slopes 2 and 3. That can be attributed to high surface runoff
as a result of the lack of vegetation cover, although we were
not able to measure the surface run-off quantity. The factors
of safety of the Slope 1 dropped by more than 3 times when
the rainfall duration increased from 0.5 to 2 h.

As presented in Figs. 11 and 12, factors of safety of the
Slopes 2 and 3 were similar throughout the rainfall period
although Slope 2 exhibited slightly higher factor of safety

Fig. 9 Variation in apparent cohesion of soil with degrees of saturation
(S)

Fig. 10 Reduction in factor of safety of the slope with duration of
rainfall in Slope 1
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compared to Slope 3, in general. However, a significant drop
in the factors of safety in Slopes 2 and 3 compared to Slope
1 can be attributed to the reduction in surface runoff quan-
tities in Slopes 2 and 3 as a result of the vegetation cover and
infiltration of intercepted rainfall underground with slight
time delay. This caused in increased seepage velocity and
earlier saturation of the slopes compared to Slope 1 that did
not have any vegetation cover. This caused a reduction in
shearing resistance as well due to the reduction in suction.
As such, factors of safety in those slopes were significantly
low. We were not able to measure the run-off quantities to
confirm and this discussion is anecdotal.

Figure 13 shows the reduction in factor of safety at dif-
ferent durations of rainfall on slopes that have vegetation
densities ranging from 0 to 90%. As evident in Fig. 13, even
20% vegetation cover caused an increase in seepage velocity
and reduced the safety factor significantly.

Although the factor of safety of Slope 1 was much higher
than other slopes, mainly due to less amount of infiltration,
Slope 1 exhibited a large surface runoff (although the
quantity was not measured) and significant soil erosion. As
such, such slopes without vegetation cover are vulnerable to
soil erosion induced debris flow disasters.

Conclusions

To evaluate the effect of vegetation cover on slope, three
different slopes were prepared in the laboratory with varying
vegetation cover densities. Those slopes were subjected to a
rainfall of 30 mm/h for over 2 h, until the slopes were fully
saturated with the rainwater infiltration. Advancement of
wetting fronts and soil matric suction values were recorded
with time to calculate seepage velocities at each slope. In a
separate experiment, shearing resistance of the soil samples
prepared at different degrees of saturation were measured
using the direct shear device and variations in internal friction
angle and apparent cohesion with degrees of saturation were
measured. Variation of seepage velocities with time and
shearing resistance with degree of saturation were augmented
in the slope stability analysis equation developed for an infi-
nite slope and variation in the factors of safety of slopes with
duration of rainfall were calculated for slopes with different
vegetation cover densities. Following conclusions can be
made based on the experimental results and their analyses.

1. When a slope does not have vegetation cover, a major
portion of the rainfall converts into runoff and it triggers
soil erosion and potential debris flow problems.

2. Vegetation cover intercepts the rainfall, breaks the flow
of runoff water, and slowly allows the water later to
infiltrate; as such, seepage velocity of the infiltrated water
increases with an increase in vegetation cover.

3. Seepage velocities on slopes do not change much with an
increase in vegetation cover after a threshold vegetation
cover density.

4. There is an excellent correlation between internal friction
angles and apparent cohesions of fine sand with degrees
of saturation. Such correlations can be directly

Fig. 11 Reduction in factor of safety of the slope with duration of
rainfall in Slope 2

Fig. 12 Reduction in factor of safety of the slope with duration of
rainfall in Slope 3

Fig. 13 Variation in factors of safety with the density of vegetation
cover at different durations of rainfall
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augmented into the slope stability analysis while ana-
lysing stability of slopes subjected to rainfall.

This study involves slopes prepared with fine sand only.
More research is recommended for different types of soils,
different slope gradients, and different densities of vegetation
covers in order to come up with the general understanding
pertinent to the effect of vegetation cover density on seepage
velocity in and safety of the slopes.

Acknowledgements The author would like to thank California State
University Fullerton for providing RSCA intramural funding to conduct
this study. This project is a part of IPL Project No. 192. As such, the
author would like to thank the International Program on Landslides for
endorsing the project. The study would not have been possible without
the hard work of CSUF Summer Interns from local high schools. The
author appreciates the hard work of high school interns Trinity Patron,
Sydney Gavela, Austin Chong, Riley Sanidad, Jeffrey Chan, and
Nathan Huynh for preparing the slope models, executing the model
experiments, and acquiring the experimental data.

References

Ajmera B, Tiwari B (2018) Using excel tools for slope stability
analysis. In: Landslide dynamics: ISDR-ICL landslide interactive
teaching tools, vol 2, pp 413–420

Piciullo L, Stefano LG, Melillo M, Brunetti MT, Peruccacci S,
Guzzetti F, Calvello M (2017) Definition and performance of a
threshold-based regional early warning model for rainfall-induced
landslides. Landslides 14(3):995–1008

Tiwari B, Ajmera B, Khalid M, Donyanavard S, Chavez R (2018)
Influence of slope density on the stability and deformation of clayey
slopes. Geotech Spec Publ (ASCE) 297:293–301

Tiwari B, Caballero S (2015) Experimental model of rainfall induced
slope failure in compacted clays. Geotech Spec Publ (ASCE)
256:1217–1226

Tiwari B, Lewis A, Ferrar E (2013) Experimental simulation of rainfall
and seismic effects to trigger slope failures. Geotech Spec Publ
(ASCE) 231(1):448–451

Xue K, Ajmera B, Tiwari B, Hu Y (2016) Effect of long duration
rainstorm on stability of red-clay slopes. Int J Geo-Environ
Disasters (Springer) 3(12):1–13

Experimental Studies on the Effect of Vegetation Density … 171



Laboratory Simulations of Submarine
Landslide Failure Mechanisms

Jonathan M. Carey, Joshu J. Mountjoy, Gareth J. Crutchley,
Barbara Lyndsell, and David N. Petley

Abstract

Submarine slopes are subject to a variety of failure styles,
ranging from large, long runout landslides to both shallow
and deep-seated landslides with limited down-slope
displacements. The upper continental slope off the east
coast of the North Island of New Zealand, hosts numerous
landslides which vary in size, volume and runout
characteristics. The region is located on an active
subduction zone experiencing regular earthquakes and is
close to the base of gas hydrate stability. Consequently,
both seismic loading during earthquakes and over-
pressure in the slope from the migration of free gas may
be plausible movement mechanisms for both shallow and
deep landslides but their potential behaviour during
earthquakes and in response to elevated pore fluid
pressures remains poorly constrained. We conducted a
series of experiments in a Dynamic Back Pressure
Shearbox on sediments recovered from the Hikurangi
subduction margin to simulate the complex stress condi-
tions in submarine landslides and explore their potential
movement mechanisms in response to elevated pore fluid
pressures and seismic loading. Our experiments success-
fully simulated a range of landslide behaviour that
advances our understanding of the variety of landslide

types observed on active continental margins. The
movement behaviours observed provide credible mecha-
nisms to explain how some submarine landslides may be
subject to episodic movement without undergoing catas-
trophic failure as a result of over pressuring by free gas
and seismic loading during earthquakes.

Keywords

Submarine landslides � Movement mechanisms �
Advanced shear testing

Introduction

Although recent advances in submarine slope surveys (e.g.
Huvenne et al. 2018), sub-surface investigation (e.g. Kuhl-
mann et al. 2017), and modelling (Urlaub et al. 2015) have
allowed submarine mass movement process to be studied
with unprecedented accuracy, the mechanics of submarine
landslide movement remain poorly constrained.

Given that most submarine landslides fail on shallow
slopes (<2°) significantly lower than the typical friction
angles of the landslide materials (e.g. Urlaub et al. 2015)
high pore pressures that greatly exceed the hydrostatic
pressure are a likely mechanism to promote instability.
These elevated pore pressures could occur from several
processes including undrained seismic loading (e.g. Sassa
et al. 2012), rapid sediment burial (e.g. Stigall and Dugan
2010), focused fluid flow (e.g. Dugan and Flemings 2000;
Sassa et al. 2012) or gas pressure from hydrate
dissociation/gas buoyancy (e.g. Riboulot et al. 2013;
Crutchley et al. 2010). However, few studies have linked
these failure mechanisms to landslide movement behaviour.

The upper continental slope on the Hikurangi Subduction
Margin, off the coast of Gisborne, New Zealand, hosts a
variety of landslide types (Fig. 1a). These include large
landslides that have run out over significant distances to
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shallow spreading failures that have moved limited distances
on the slope (e.g. Micallef et al. 2016) and deep-seated
active landslide complexes that could be subject to ongoing
episodic reactivation.

The Tuaheni Landslide Complex (TLC) has been inves-
tigated using both shallow coring and seafloor drilling
(Kuhlmann et al. 2018; Carey et al. 2019; Pecher et al. 2019)
(Fig. 1b) and is composed of subaqueous sediments com-
mon across the continental slope. Shallow gravity cores
down the TLC indicate the upper continental slope is dom-
inated by mud to sand sized particles from hemipelagic
drape, reworked landslide debris and airfall tephra (Kuhl-
mann et al. 2018). Similar materials form the shallow
spreading failures observed on the upper slope of Hikurangi
Margin where it is proposed that episodic movement may
result from high pore fluid pressures, triggered by shallow
free gas (Micallef et al. 2016).

More recently, deeper sediments from the base of the
TLC have been recovered from boreholes drilled in 2016
during the Sonne Expedition SO247 (Huhn 2016; Fig. 1
GeoB20802, Geo20831) and during the IODP expedition
372 in 2017/2018 (Pecher et al. 2019; Fig. 1, U1517).
Samples from U1517 show that the base of the landslide
(approx. 40 m bsf) is dominated by fine-grained sandy
sediments with grain size characteristics that suggest they
may be susceptible to liquefaction. Although the TLC is
located within an active subduction zone experiencing

regular tectonic activity (Wallace and Bevan 2010; Wallace
et al. 2012), its potential response to seismic loading during
earthquakes has received limited attention to date as alter-
native drivers for slope destabilisation have been the focus of
investigations (e.g. Mountjoy et al. 2014; Micallef et al.
2016).

We conducted a series of experiments in a Dynamic Back
Pressure Shearbox (DBPSB) on sediments recovered from the
TLC (Fig. 1) to study the potential movement mechanisms of
submarine landslides. The DBPSB can be used to undertake
static and dynamic direct shear testing on sediments whilst
controlling back pressure and measuring pore water pressure
in the sample (Fig. 2). The DBPSB is conceptually based on a
standard direct shear device, modified to allow the measure-
ment and control of pore pressures and dynamic application of
normal stress and shear stress. The apparatus uses 100 � 100
� 20 mm samples and provides both static and dynamic
control of: horizontal (shear) and axial (normal) force and
displacement; total stress; and effective stress. The material
response and pore water pressure can be monitored through-
out experiments (Carey et al. 2019).

We designed a series of DBPSB experiments using dif-
ferent testing configurations (Fig. 2a, b and c) to explore the
deformation mechanisms of (a) shallow submarine land-
slides in response to elevated pore fluid pressures (both
water and gas) and (b) deep-seated submarine landslide
complexes during seismic events.

Fig. 1 Study area and sample location. a Location on New Zealand’s Hikurangi Margin. b Landslides on the Tuaheni Slope including the Tuaheni
Landslide Complex (TLC) where samples for this study were recovered. Sample locations are from voyages TAN1404 (yellow sites), SO247 (blue
sites) and Exp372 (red site). Two of the locations (GeoB20831 and U1517) were drilled at the same location

174 J. M. Carey et al.



Simulating Submarine Landslide Reactivation
in Response to Elevated Pore Fluid Pressures

A series of specialist shear box experiments were designed to
simulate the generation of excess pore-fluid pressure and
associated shear displacement response in the shallow sub-
marine landslides (Carey et al. 2019). To accurately simulate
the stress conditions in the slope undisturbed samples were
consolidated at a normal effective stress of 32 kPa and then
slowly sheared at a constant displacement rate to avoid gen-
erating excess pore pressures whilst forming a shear zone. The
drained shear strength was measured during this process.
A shear-stress representing approximately 65–75% of the
drained strength was then applied to each sample and both total
normal and total shear stress were held at this stress state whilst
the normal effective stress was reduced by linearly increasing
pore pressure until the samples failed (Fig. 3a, b and c). During
each experiment the shear displacement was monitored by
measuring the horizontal (shear) displacement of the shear box.

Experiments were conducted using two different pore
fluids: water (Fig. 3a), and water plus nitrogen gas (Fig. 3b).
De-aired water was used to replicate pore-water pressure

change, representing changes to fluid movement pathways;
and nitrogen was injected into the shear surface to replicate
elevated pore gas pressures within the landslide shear zone
as a result of gas migration from a deeper gas reservoir.
Nitrogen gas was selected because it has similar physical
properties to methane for the conditions of our tests (Kossel
et al. 2013) but is safer to use.

The experiments successfully induced failure using both
de-aired water and nitrogen gas, demonstrating that either
fluid can generate similar patterns of deformation with
reducing normal effective stress (Fig. 3a and b).

In both experiments, movement was initiated at low
horizontal and vertical displacement rates before the con-
ventional failure envelope was reached (Fig. 4a and b stage
1). In general, both horizontal and vertical displacement
rates progressively increased once the conventional failure
envelope was exceeded (Fig. 4 and b stage 2), indicating that
sample failure initiated through dilation. However, the pat-
tern of displacement was not simple, as in each case
slow-episodic behaviour was observed that did not progress
to rapid failure. This episodic movement was characterised
initially by a rapid increase followed by a rapid decrease in
horizontal and vertical displacement rates (Fig. 4 and b stage

Fig. 2 The Dynamic Back Pressured Shearbox configurations (DBPSB). a Dynamic loading experiments. b Pore water pressure reinflation
experiments. c Modified set up for Pore gas pressure experiments

Fig. 3 Pore pressure reinflation (PPR) experiments conducted on shallow hemipelagic sediment at a pore pressure inflation rate of 12 kPa/hr
( modified from Carey et al. 2019). a Shear displacement (SD) behaviour in response to a linear reduction in normal effective stress (NES), at
constant shear stress (SS) during the pore water pressure (PWP) experiment. b SD behaviour in response to a linear NES, at constant SS during the
pore gas pressure (PGP) experiment. c Pore fluid pressure stress paths for PWP and PGP experiments in relation to the conventional failure
envelope (CFE) measured during standard drained shear experiments
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3). This phase of movement developed at a similar normal
effective stress (c.10 kPa) for all tests, regardless of the rate
of pore-pressure increase or pore fluid type. As this episodic
style behaviour was not associated with a measured change
in bulk sample pore pressure, it is likely to have resulted
from excess pore pressures developing rapidly along a dis-
crete, impermeable shear zone. We hypothesized that once a
critical pore-fluid pressure had been achieved the fluid
migrated into areas of the sample adjoining the shear zone,
thereby increasing the zone of deformation but allowing
some of the excess pore-water pressure to dissipate. This in
turn drove a reduction in shear displacement rate, causing
the reduction in displacement rate component of the
behaviour.

This process repeated itself to permit further cycles of
episodic behaviour without leading to run-away displace-
ment and catastrophic failure (Fig. 4 A and B, stage 3). We
suggest that in a natural system, such phases of behaviour
are likely to repeat so long as pore-fluid pressure remains
high. At the point that external forcing of high pore-fluid
pressure ceases, the rate of shear displacement accumulation
should reduce to a background level, which in many cases
will represent cessation of movement. None of the samples
transitioned to run-away failure, even when the failure
envelope was significantly exceeded.

Simulating Submarine Landslide Reactivation
in Response to Earthquake Loading

To simulate seismic loading during earthquakes we under-
took dynamic shear experiments on reconstituted
fine-grained sand samples collected from base of the TLC.
Each sample was initially consolidated at a normal effective
stress of 150 kPa to replicate the depth of the TLC shear
surface. An initial shear stress of 65 kPa was then applied to
two samples to represent a marginally stable landslide shear
surface (Fig. 5a and b). Both the normal stress and back
pressure were then held constant and dynamic shear exper-
iments were then conducted on each sample for a duration of
6o s and at a frequency of 2 Hz (120 dynamic cycles).
A displacement -controlled dynamic shear with a shear
amplitude of ± 0.5 mm was carried out on one sample
(Fig. 5a) and a stress controlled dynamic shear at an
amplitude of ± 25 kPa was carried out on the second
sample (Fig. 5b).

In both displacement and stress-controlled experiments
dynamic shear did not generate significant excess porewater
pressures or rapid displacement to failure (Fig. 5a and b).
Instead, permanent displacement occurred at a constant rate
when the shear stress either reached or exceeded the con-
ventional failure envelope. This suggested that movement

Fig. 4 Shear and vertical
displacement rate against mean
effective stress illustrating the
three stages of movement
observed in both PWP and PGP
experiments. a PWP experiment
b PGP experiment
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occurred at a constant displacement rate governed by the
degree to which the failure envelope was exceeded (Fig. 5c).
As a result of this behaviour both samples were unable to
maintain a constant volume and produced broadly similar
drained stress paths (Fig. 5c).

To simulate undrained loading a testing procedure was
adapted from a well-established dynamic simple shear
methodology (Dyvik et al. 1987). In these experiments a
constant volume is maintained during dynamic shear and the
measured change in applied normal stress as the specimen
height is maintained is equal to the porewater pressure that
would be generated in a purely undrained experiment (Dyvik
et al. 1987). In the DBPSB experiments a constant sample
volume was applied by maintaining a constant sample height
(axial displacement) and pore fluid volume (back volume)
and the reduction in mean effective stress resulting from the
reduction in applied normal stress was equal to the excess
porewater pressure anticipated in undrained conditions
(Fig. 5d and e).

Undrained dynamic shear experiments were undertaken
on two reconstituted samples (Fig. 5d and e). An initial
shear stress of 65 kPa was applied to one sample to represent
the same marginally stable slope condition used in the pre-
vious dynamic shear experiments and was subjected to a
dynamic displacement-controlled shear experiment (Fig. 5
d). A lower initial shear stress of 10 kPa was applied to the

sample used in the other undrained loading experiment to
provide a representative initial stress state analogous to the
shallow angled shear surface anticipated in the TLC and was
subjected to dynamic stress-controlled shear (Fig. 5e).The
dynamic undrained shear experiments indicate that the fine
sand forming the basal material of the TLC is susceptible to
liquefaction when the initial stress state applied prior to
undrained dynamic loading is close to the conventional
failure envelope (Fig. 5d and e). When a lower initial stress
state was applied, however, liquefaction was not observed.
Instead, permanent displacement is observed when the
conventional failure envelope is exceeded by either the
increase in dynamic shear stress or the decrease in mean
effective stress associated with the development of excess
pore water pressures.

Conclusions

A DBPSB can be used to explore the complex movement
mechanisms that may occur in shallow and deep submarines
landslides in response to elevated pore fluid pressures and
seismic loading during earthquakes. Using a variety of novel
experiments, we observed a range of failure styles all of
which have been hypothesised as potential failure mecha-
nisms in subaqueous slopes.

Fig. 5 Dynamic shear experiments undertaken on fine-grained sandy sediments from the Tuaheni Landslide Complex (TLC). a shear stress
(SS) normal effective stress (NES) and shear displacement (SD) measured during dynamic displacement-controlled shear (± 0.5 mm/2 Hz). b SS,
NES and SD measured during a dynamic stress-controlled shear (± 25 kPa/2 Hz) c Dynamic stress paths generated during the normal
stress-controlled experiments in relation to the drained failure envelope (CFE) d SS, NES and SD measured during a dynamic displacement-
controlled shear (± 0.5 mm/2 Hz) conducted with a constant sample volume. e SS, NES and SD measured during a dynamic stress-controlled
shear (± 25 kPa/0.5 Hz) conducted with a constant sample volume. f Dynamic stress paths generated during constant volume experiments in
relation to the CFE
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Experiments replicating elevated pore fluid pressures in
shallow landslides suggest that over- pressuring by elevated
pore water or gas pressures results in slow episodic shear
regulated by dilation. This movement style is a credible
mechanism to support the hypothesis that over-pressuring by
free gas can result in slow episodic movement that could
produce submarine spreading failures observed along the
Hikurangi Margin and on other continental shelves world-
wide (e.g. Micallef et al. 2007; Mountjoy et al. 2009;
Micallef et al. 2016). Experiments replicating undrained
dynamic loading on fine-grained sand sediments collected
from the base of the TLC suggest that while liquefaction
could occur in marginally stable subaqueous slopes, partic-
ularly in shallow sediments on steep slopes or sediments
with high initial pore fluid pressures, this is not a likely
failure mechanism for deeper landslide complexes such as
the TLC. Subaqueous landslides occurring along deeper,
shallow angled shear zones are likely to experience episodic
displacement as a result of undrained loading during large
earthquakes. The observed behaviour provides another
credible mechanism through which subaqueous landslides in
similar materials and active tectonic settings may be subject
to episodic movement without undergoing catastrophic
failure.
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Laboratory Tests to Simulate the Rainfall
Infiltration Process of Pyroclastic Soils
Subject to Instability

Gennaro Spolverino, Giovanna Capparelli, and Pasquale Versace

Abstract

Each year, rainfall events trigger a large number of
landslides causing damage and victims. The study and
forecast of rainfall-induced landslides is a field of great
importance. Many research activities aim to understand
landslide processes and to improve early warning
systems. Infiltration processes and underground water
circulation have an important role to define failure
processes characteristics. In this work, some results from
tests performed with a physical slope model are reported.
Some experimental tests were conduced, using pyroclas-
tic soil from Sarno area (Southern Italy—near the volcano
Vesuvio), affected by landslide events on 5 May 1998. In
these places the stratigraphy are composed from lime-
stones covered by layers of pyroclastic deposits. These
soils are the product of different eruptions of more
volcanoes like Somma-Vesuvius, Flegrei fields and other
volcanoes present in the Region no longer active.
Generally, they are incoherent deposits with variable
granulometry that range from sands, silty sands and silts
(ashes) until sands with gravel (pumice) and gravels.
Some tests considering both homogeneous and stratified
deposits of ash and pumice were carried out. During the
tests, both during evaporation and infiltration processes,
suction and volumetric water content at different depth
were measured by using the appropriate sensors. By
comparing and analysing all the collected data it was
possible to study the infiltration processes that lead to the
failure and the difference between the stratified and the
homogeneous deposit.

Keywords

Physical slope model � Flume tests � Pyroclastic soil

Introduction

To reproduce and investigate the behavior of
rainfall-induced landslides, tests can be performed in situ or
laboratory analyses can be developed with physical scale
models. The latter are based on the reproduction of the
physical characteristics of the phenomena and the boundary
conditions that control their dynamics. There are various
configurations, which differ essentially in size, in the
instruments installed, and in their intrinsic performance
potential. Physical models have been widely used to analyze
landslides (Iverson and LaHusen 1989; Eckersley 1990;
Spence and Guymer 1997; Wang and Sassa 2001; Okura
et al. 2002; Lacerda et al. 2003; Olivares et al. 2009).
Besides having evident scientific utility, such scale models
are particularly useful for all those cases which are difficult
to monitor with instruments. In fact, they make it possible to
observe behaviour that results in failure and the transient
phases that precede it. The schemes most commonly used
are those which reproduce the typical scheme of the infinite
slope and, thanks to a suitable sensor system, control various
measurements required to understand the phenomenon, such
as suction, the degree of saturation, and small displacements.
The possibility of creating and setting up large physical
models enables larger soil volumes to be analyzed and more
faithful reproduction of the natural phenomenon, while
minimizing boundary effects. With this in mind, at the
CamiLab laboratory of the University of Calabria, a large
artificial channel was built, able to reproduce a
rainfall-triggered landslide, analyze the correlated measure-
ments, and observe postfailure evolution. The physical
model was designed so as to lend the channel great flexi-
bility and versatility when used. It is equipped with a sensor
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system to measure the main physical parameters which
govern deformation and failure processes, a video recording
system, lasers to measure displacements and devices to
measure the velocities involved. The presence of two inde-
pendent channels also makes it possible to analyze the
propagation phase and allow the positioning of impact
structures so as to evaluate any mitigation strategies.

The laboratory prototype partially described in (Cappar-
elli et al. 2017) is illustrated in Fig. 1 that shows a picture of
the channel. It has a rectangular section, 1 m high, 1 m
width and 6 m long, and a lifting system that allows
applying and reaching slope inclinations up to 50°.

Rainfall was applied by using nozzle water particle
sprinkler system, which are integrated by auxiliary rain
gauges in order to verify the rainfall intensity along the
entire channel. The arrangement of the nozzles, in fact, was
optimized so as to ensure rainfall uniformity, and minimize
surface erosion.

In addition to the artificial rainfall system, further
acquisition systems are installed which permit data collec-
tion with a series of sensors for a total of 48 channels from
tensiometers, pressure transducer, laser sensors to detect the
soil level, auxiliary sensors as slope and pressure. The sys-
tem is essential for measuring and monitoring the main
parameters that control the phenomenon of landslides trig-
gered by rainfall infiltration. In addition, an equipment of
small channels, connected to the sub-surface and runoff,
allows to collect the drainage from the surface and each soil
layers and measure the water fluxes.

Several laboratory tests have recently been developed in
order to understand the dynamics underlying the instability
of loose soils whose stability, also due to the high slopes and
the low degree of cohesion, is strongly influenced by the
dynamics in conditions of partial saturation and by vertical
rain infiltration processes.

Following the research published in Capparelli et al.
(2017), here are some tests that complete the first part of the
study on some volcanic soils regarding, in particular, the
effects produced by the highly permeable layers of pumice.

In the following paragraphs, some details of the soils and
the area of origin are first indicated and then a summary of
the results obtained from the experiments.

Tests With the Physical Model

Pyroclastic soils have been collected in April 2015, along the
slope of Pizzo d’Alvano, close to the village of Episcopio,
near Sarno, a town 30 km from Naples (Italy), about 15 km
far from the volcano Vesuvius. Three pyroclastic ash sam-
ples and two pumice samples, originated by different erup-
tions, were collected. In May 1998, in this area, numerous
and rapid mud-flows devastated the town, causing an enor-
mous number of victims. In these places the stratigraphy are
composed from limestones covered by layers of pyroclastic
deposits. These soils are the product of different eruptions of
more volcanoes like Somma-Vesuvius, Flegrei fields and
other volcanoes present in the Region no longer active. The

Fig. 1 Physical model: a Side view b Frontal view
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ashes, coming out after the eruption and carried by the wind,
travel for kilometers from the eruption zone, providing a
non-uniform stratigraphy for the entire area (Del Prete et al.
1998; Del Soldato et al. 2018; Cascini et al. 2008). Generally
they are incoherent deposits with variable granulometry that
range from sands, silty sands and silts (ashes) until sands
with gravel (pumice) and gravels.

Flume tests carried out and below discussed using these
soils are (Fig. 2):

– Test T1: homogeneous deposit of volcanic ash;
– Test T2: stratified deposit layer of pumice and layer of

volcanic ashes;
– Test T3: stratified deposit, layer of pumices interbedded

between two layers of ashes.

Flume Test T1: Homogeneous Deposit

A homogeneous deposit was reconstructed inside the flume.
The slope was formed by a layer of volcanic ash 20 cm
thick, occupied the entire width of the flume (100 cm) and
was 150 cm long (Fig. 2a). This geometry allows the deposit
to be assimilated to an indefinite slope. At the base of the
model there was an impervious rough bed to simulate con-
ditions similar to those of a natural slope. At the foot of the
slope a geotextile-coated drainage grid was placed. The ash
in question was sieved with a 0.4 cm mesh to eliminate
coarse contamination occurring during the sampling phase.
The artificial slope was reconstituted inside the flume by
layers, with the moisttamping technique, with volcanic ash
porosity of between 68 and 76%, typical in situ conditions.
The volumetric water content of the ash (h) was about 20%.
Inside the artificial slope, 6 tensiometers were installed to
measure suction, and 6 TDR probes to measure volumetric
water content.

The sensors were installed at depths of 5, 11 and 17 cm
below ground surface, both in the upslope and downslope

zone of the deposit. Rainfall was generated with a sprinkler
system placed about 100 cm above the sliding surface. The
nozzles were arranged so as to ensure rainfall uniformity and
avoid surface erosion. Various wetting and evaporation tests
were carried out and this work reports the latest wetting test:
with constant rainfall at an intensity of about 220 mm/h (this
intensity was the minimum that could be applied with the
first rainfall system), which lasted until slope failure (about
40 min). The suction trend during the last infiltration phase
(Fig. 3) clearly shows that saturation conditions at many of
the 6 tensiometers are swiftly reached. It is also possible to
note the instant in which the curves for tensiometers placed
downslope at 5 and 11 cm of depth change rapidly, that is
when part of the slope is detached, and a small surface
landslide is triggered. Trends in soil volumetric water

T1 T2 T3 

a) b) c) 

Fig. 2 Schematic representation of the tests with indication of the deposit and positioning of the sensors

Fig. 3 Suction trend

Fig. 4 Volumetric water content trend
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content are reported in Fig. 4, measured with the six TDR
probes.

Also in this phase, the remarkable advancement of the
wetting front can be appreciated, although some differences
are observed between the upslope and downslope zones
where, due to the non-homogeneous distribution of the
rainfall, and the sub-surface flow parallel to the slope, the
increase in water content seems to be anticipated. It should
also be pointed out that all the TDR probes, despite there
being absolute evidence that much of the deposit reaches
complete saturation conditions, detected water content val-
ues between 50 and 55%. This is doubtless to be attributed to
compaction experienced by the deposit during the previous
test phases, which had led to a reduction in width from the
initial 20 cm to around 18 cm, corresponding to a estimated
reduction in porosity of around 10%. This graph also shows
the moment in which a small landslide is detached, pro-
ducing an abrupt change in the steepness of the curve for the
TDR positioned in the most superficial part downslope. In
this case the landslide brought the TDR to the surface and
from that point onward the values measured by the sensor
are not representative of real water content. Slope failure,
consistent with the compacted configuration assumed by the
deposit during the previous test phases, did not trigger a
mud-flow. It took the form of a progressive erosion of the
more superficial soil layers, initially and chiefly concentrated
in the downslope zone, where the intense sub-surface flow
resulted in conditions of greater moisture being reached and,
at the same time, encouraged soil mobilization. The first
local failures began to occur about 20 min after the begin-
ning of artificial rainfall, and only after that did they extend
so far as to affect the points in which some of the ten-
siometers and TDR probes had been installed.

Flume Test T2: Two-Layered Deposit

We made the second test with the same geometric character-
istics as the previous, but with reduced rainfall intensity
(50 mm/h) and reconstructing a stratified deposit (Fig. 2b),
formed by a layer of pumice (5 cm), covered with a layer of
volcanic ashes (15 cm). The soil used for this test was less wet.
The porosity of the deposit was the lowest (60% < n < 70%).
Also in this test, there have been different wetting and evapo-
ration phases.We report the last stage of wetting, with intensity
of 50 mm/h (it was possible to aply a lower intensity because
the rain system was modified). In this test, we installed 6 ten-
siometers for measuring suction and 6 TDR probes for mea-
surement of the water content. The instruments were installed
to depth of 5 cm, 11 cm in pyroclastic ash below the surface of
the soil and a 17 cm into the pumice.

All the last phase duration is about 25 h, of which of
rainfall 16 divided in two moments: rainfall (9 h), not
rainfall (9 h), rainfall (7 h). The following are the trends of
the suction and the water content of the infiltration phases.
Figure 5 shows the trend of suction during infiltration. The
curves show a jump at the rainfall suspension. The figure
shows that the suction has never become zero, and in the
final part has a horizontal asymptotic behavior. The mini-
mum recorded suction is about 3 kPa. Figure 6 shows the
trends during the rainfall phases of the volumetric water
content of the soil, measured with the TDR probes. More-
over, these curves show a jump in correspondence with the
rainfall suspension.

Also in this case, the TDR probes have recorded a vol-
umetric content of water (except for the pumice) of about
50%, so it is also possible to assume in this case a volumetric
collapse of the deposit. Although we have simulated the rain
for 16 h, the slope did not show failure.

The different behavior than the first test is probably due to
the presence of pumice. It is possible that, in the range of
suction in which it is carried out the test, the permeability of
pumice is always higher than the permeability of the pale-
osoil. This means that the pumice layer allows intense
drainage, guaranteeing a water outflow greater than inflow.

Fig.5 Suction trend

Fig. 6 Volumetric water content trend
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With this configuration, the suction values do not reach zero
value and the slope is stable.

Flume Test T3: Three-Layered Deposit

The reconstituted layered deposit was 270 cm long and
60 cm wide, and it consisted of a 10 cm thick layer of
pumices interbedded between two layers of ashes. Both the
upper and lower layers of ashes had a thickness of 20 cm. In
Fig. 2c, the sketch of the longitudinal section of the deposit
is shown, with the indication of the position of tensiometers
and TDR probes. The layers were reconstituted in the flume
with the moist tamping technique, so to obtain a packing of
the soil particles which was similar as the one of natural
covers in primary deposition conditions. Also in this test
there were several wetting and evaporation cycles. During
the wetting/drying cycles, the upper layer of ashes, initially
very loose, experienced a volumetric strain in the order of
3%, which resulted in a mean reduction of the total thickness
of the deposit of about 0.6 cm, which was detected by the
laser transducers.

Aiming at detecting the effects of the layers on the
infiltration process, the deposit was equipped with 10 ten-
siometers, located at four different depths, approximately
along three alignments, orthogonal to the slope surface, near
the center of the deposit, and 8 TDR probes located at three
depths along the same alignments. The TDR probes, con-
sisting of three parallel metallic rods 10 cm long and with an
external interspace of 3 cm, were buried in the soil deposit
with the rods parallel to the slope inclination. So, the ten-
siometers were placed close to the upper and lower inter-
faces between pumices and ashes.

Figure 7 shows the trend of pore water pressure as
measured by the tensiometers installed at various depths and
positions within the layered deposit, while Fig. 8 shows the

trend of water content measured by the TDR probes. Fig-
ure 8 shows that the TDR probes placed in the layer of
pumices started registering an increase of soil water content
at quite different times, and in the same order as in the
overlying layer of ashes.

Specifically, the wetting front was registered first in the
middle alignment, after about 140 min. About 10 min later,
the wetting front inside the pumice layer in the downslope
section.

Finally, in the upslope alignment, a steep wetting front
was formed after about 200 min from the beginning of the
test. This highlights how local humidity gradients within the
top ash layer strongly affects filtration in subsequent layers
of dry pumice.

The time taken for the formation of such a high gradient
caused a delay in infiltration and an accumulation of water
inside the upper ash layer (Figs. 7 and 8).

This delay is even more evident in the graphs of Fig. 9.
Specifically, Fig. 9a, b, c reports the time at which the ten-
siometers and TDR probes installed at the various depths
recorded the arrival of the wetting front, while Fig. 9d shows
trends average. The inclination of the lines plotted in the
graphs gives an estimate of the propagation speed of the
infiltration process (i.e. the more inclined the line is, the
faster was the phenomenon), clearly showing that the phe-
nomenon progressed more slowly through the pumices than
in the ashes.

Even in this test, not mud-flow was observed but local-
ized failures in the upper ash layer were generated.

Conclusions

With physical model, some experiments were carried out by
using the pyroclastic soil of Sarno (Southern Italy), repro-
ducing on site slope condition. Three tests were carried out:Fig. 7 Pore water pressure trend

Fig. 8 Volumetric water content trend
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the first, (T1) by reconstructing a homogeneous deposit of
pyroclastic ash, the second (T2) with a deposit composed by
a layer of ash and one of pumice, the third (T3) with a
three-layer deposit.

By analysing all flume tests, the important role that
pumice layers assumed on the slope stability appeared evi-
dent. The pumices in fact, depending on the initial humidity
conditions, the intensity and the duration of the rain, have
generated different mechanisms. During flume test T2 they
have generated a draining action, avoiding a water accu-
mulation in the upper layer and that the suction reaches
values close to zero.

In the T3 test, the presence of the ashes in the layer below
the pumice changes the dynamics of the water circulation
inside the deposit. In addition to a subparallel outflow
towards the foot of the channel, an infiltration process is
generated towards the underlying layer of ash, which having
a significantly lower permeability, is unable to drain the
water downstream. This generates an accumulation of water
and a consequent reduction in sucking levels, apparent
cohesion and therefore soil strength.

The different water circulation in the deposits influenced
landslides triggering mechanisms. Localized and shallow
failure occurred in T1 and T3, while in T2 there was no
instability.

Further tests, with more complex stratigraphy, with the
control and measurement of the inflows and outflows of the
deposit, the study of the volumetric deformations of the soil
may add further elements to the understanding of these soils
and the triggering dynamics that occur.
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3D Analysis of a Fragmental Rockfall

Roger Ruiz-Carulla, Gerard Matas, Jordi Corominas,
and Nieves Lantada

Abstract

Fragmentation in a rockfall event influence the total
number of fragments, the mass distribution, and the
impact energies and runouts. Then, the probability of
impact and hazard characterization should consider
fragmentation. A fractal fragmentation model has been
proposed in order to reproduce the phenomenon. The
Rockfall Fractal Fragmentation Model has been imple-
mented in a 3D rockfall propagation simulator named
RockGIS. We present the analysis of a fragmental
rockfall that occurred in Mallorca, Spain. Fieldworks
are carried out in order to obtain the block size
distribution of the rockfall deposit. A 3D terrain model
is obtained using UAV surveys and digital photogram-
metric techniques. The obtained 3D point cloud is cleaned
of vegetation and used to create a Digital Elevation Model
(DEM). The fragmentation model parameters and the
propagation simulator coefficients have been calibrated to
accomplish both, the resultant block size distribution and
the runout distance of the blocks. The obtained results
show a good reproduction of the fragmental rockfall
studied. After the calibration is accomplished, older and
future rockfalls in the cliff may be analyzed, considering
thousands or single blocks simulations with or without
fragmentation.

Keywords

Fragmentation model � Propagation model � Fragmental
rockfall � Block size distribution � RockGIS � UAV

Introduction

Fragmentation of the rock blocks during the rockfall prop-
agation may control the number of fragments, and then, may
control the impact energies, the trajectories, and the runouts
as well as the whole characterization of the hazard. A single
rock block impact should not be the same as hundreds of
impacts against a barrier, a road or a vehicle, instead of being
the same total volume. Then, the probability of impact may
be adapted to the consideration of a single block that breaks
creating hundreds of fragments. Finally, the risk assessment
(qualitative or quantitative) may be different considering or
not the fragmentation phenomenon and it should be taken
into account when the hypothesis of no-fragmentation is
considered on the safe side, as it is not true in some scenarios
(Corominas et al. 2019).

In order to study the fragmentation phenomenon in
rockfalls, we have developed a fragmentation model based
on fractal theory (Rockfall Fractal Fragmentation Model,
RFFM) that allow the reproduction of the block size distri-
butions measured in inventoried rockfalls (Ruiz-Carulla
et al. 2017, 2019). We also have been developed a 3D
propagation simulator for rockfalls named RockGIS with the
fragmentation model implemented (Matas et al. 2017), that
has already been tested with real fragmentation tests (Matas
et al. 2020).

The present communication shows the methodologies
that we are using in order to analyze rockfall scenarios. The
methodologies combine: (a) a high-quality 3D data acqui-
sition using UAV surveys and digital photogrammetric
techniques to obtain a 3D scenario model; (b) field works
inventorying the event by measuring the deposited blocks;
(c) the calibration of the propagation rockfall simulator
including the fragmentation model, allowing to reproduce
the block size distribution generated by breakage, as well as
adjusting the runouts; and (d) the use of the calibrated model
to study other older or future rockfall events.
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We show the procedures applied in a Jurassic limestone
cliff located in the north side of Mallorca, Spain. The
rockfall case studied is located in the road Ma-10 between
the kilometric points 102 and 103. The case can be located at
https://rockdb.upc.edu/. This is a coastal local road with two
lanes between the cliff and the sea. We have been focused on
a rockfall that occurred on the 11th of September in 2019,
involving around five cubic meters. The breakage of the rock
blocks generates more than a hundred fragments, some of
them reaching the road. After the use of this case to calibrate
the model parameters, another case that has been occurred in
2015 may be reinterpreted based on some scenarios
simulated.

UAV Surveys and 3D Terrain Reconstruction

The UAV (or drones) combined with digital photogram-
metric techniques allow the generation of detailed 3D point
clouds. A DJI Inspire 2 drone (UAV, Unmanned Aerial
Vehicle) equipped with the camera X5S (17.3 � 13 mm
sensor, 5280 � 3956 pixels and 15 mm of focal length) was
used for photogrammetric purposes as well as for real-time
observations (Fig. 1). This device mount two batteries, and
can fly approximately 25 min per set of batteries, however,
we always plan the automated flights of 18 min maximum
for security and due to the flight plan estimation doesn’t take
into account possible adverse wind conditions.

The flight plan was designed before going to the field to
obtain a regular acquisition of pictures to be used in a digital
photogrammetry reconstruction. The flight plan was
designed based on the previous LIDAR data of the zone
available from the Geographic National Institute (IGN). Due
to the steepness of the cliff and the whole scenario, the flight
plan was designed combining zenital and obliquus pictures.
The flight was programmed using the web-app service
Litchi, where the drone altitude, velocity, positions coordi-
nates, and the camera orientation and tilt were defined. We
always try to maintain the same distance between the camera
(drone) and the terrain to obtain a homogeneous ground
pixel size (named Ground Sample Distance).

In order to decide the zone to be reconstructed, we carried
out a previous analysis based on the slope and the inter-
pretation of the pre-existing orthophotos to identify possible
sources of rockfalls. Figure 2 shows the Digital Elevation
Model generated based on the pre-existing airborne LIDAR,
colored by the slope. The red dots (Fig. 2) are potential
sources of rockfalls that we are interested in cover it with the
drone flight. The blue polygon in the bottom is the road
Ma-10, and the two rose tracks in the road are two protection
galleries. The orange and white hexagon on the bottom right
side is the point decided for the drone take-off and all the
flight plans are programmed from this point. Then, the flight
plan has to cover more than 700 m of road and the whole
cliff from an altitude of 150 m to the top of the cliff at
550 m. We executed three programmed flight plans doing 8
tracks at different altitudes to take obliquus pictures of the
cliff. A fourth flight plan was carried out taking zenital
pictures for the half-lower part of the cliff, obtaining more
images of the road and the galleries.

We use 542 pictures to create a point cloud with 66.3*106

points (Fig. 3, up) with the Agisoft Metashape software,
covering an area of 0.5 km2. The mean distance between the
drone and the terrain was 150 m, and the GSD obtained was
3 cm/px. The point cloud was classified to filter the vege-
tation properly. (Fig. 3, down).

The classification of the point cloud was carried out using
first the “Ground points classification” tool, and then the
“Classify Points” tool, both integrated into the Agisoft
Metashape software. The classification was then manually
supervised and corrected in some erroneous classification.
Finally, the points identified as “ground” (brown in Fig. 3,
down), “road surface” (grey in Fig. 3, down) and the
“buildings” referring to the protection galleries (red in
Fig. 3, down), are used to create a Digital Elevation Model
with 25 cm/px to be used as terrain in the RockGIS rockfall
simulator. The points identified as “low points” (purple in
Fig. 3, down), have not been used for the DEM generation
due to refers to points with two elevations in the same
planimetric coordinates. In this way, the point cloud could
also be used in a propagation simulator software based on
the 3D point cloud (Noël et al. 2017).

Finally, the point cloud and a 3D texturized mesh was
used to characterize the fracture pattern and to identify the
potentially unstable volumes for possible cleaning and
monitoring purposes, as well as to check the previously
potential sources of rockfalls identified (red dots in Fig. 2).
On this way, the software Cloud Compare
(Girardeau-Montaut 2006), and the plugins qFacets (Dewez
et al. 2016) and Compass tool (Thiele et al. 2017) are very
useful tools to characterize the joint pattern based on point
clouds. The potentially unstable volumes can be defined
based on the 3D mesh and correctly delimited using the joint
sets that allow the failure based on kinematic stabilityFig. 1 Drone used: DJI Inspire 2 with the camera X5S
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analysis criteria for planar, wedge or toppling failures
(Fig. 4).

Rockfall Fractal Fragmentation Model (RFFM)

Fragmentation of the rock mass is the reduction in particle
size due to an external action. Despite the increasing number
of studies on rockfalls, fragmentation as a consequence of
the impact on the ground surface is poorly understood. The
rock volume detached from a cliff consists of either an
individual block or a jointed rock mass. In the latter, the
intersection of joints defines individual blocks, which range
of sizes is the In-situ Block Size Distribution (IBSD)
(Elmouti and Poropat 2012). As a result of the impact, the
rockfall fragments appear scattered along the slope and, as
the rockfall volume increases, a more or less continuous
debris cover is formed. The range of sizes of the rockfall
fragments is the Rockfall Block Size Distribution (RBSD).
Here, we use fragmentation as a generic and inclusive term,
meaning the division of an initial rock block or rock mass
caused by either the breakage of the rock pieces, the dis-
aggregation of joint-determined blocks, or both
(Ruiz-Carulla et al. 2017).

We study fragmentation in rockfalls by comparing the
IBSD estimated from the detached rock volume versus the
final RBSD measured in the deposit (Fig. 5).

Perfect (1997), described fragmentation as a natural phe-
nomenon that may be characterized using fractals. The per-
formance of the fractal fragmentation model (Ruiz-Carulla
et al. 2017), simulate the processes of disaggregation and
breakage in rockfalls. The model uses the scale variant
equations and the cumulative number of fragments proposed
by Perfect (1997) and Ruiz-Carulla et al. (2019).

The use of fractals is related to the same behavior in dif-
ferent scales or orders of magnitudes, also named
scale-invariant behavior. This behavior can be identified
plotting experimental data in terms of the cumulative number
of objects versus their size in a log–log plot and observing a
trend line that can be well fitted with a power-law. The
exponent of the fitted power-law is also related to the fractal
dimension of the system studied. However, the measurement
of more than 10.000 fragments in the 7 inventoried rockfalls
and real scale fragmentation tests indicate that fragments
generated may follow either scale-invariant or variant
behavior. The latter is characterized by a change in the pro-
portion between the number of objects and their size. The
scale variant behavior implies the modification of the fractal
dimensions depending on the objects size. Then, blocks
distributions cannot be fitted with a simple power law.

We adapt the equations proposed by Perfect (1997) in
order to use an IBSD as a list of volumes as input and work
with the initial volume of each block as initiator of a new
fragment size distribution. Then, the input of the model may

Fig. 2 Digital elevation model of
the study area coloured by slope
in a 3D view
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be a single block or a list of volumes. We use the Eq. 1 to
generate the new fragments distribution from each initiator
block:

Vfrag nð Þ ¼ Vo � lmax � n�1=D; n ¼ 1; 2. . .1 ð1Þ
The V0 is the volume of each initial block. The use of the

cumulative form allows the generation of the fragments one
by one. The generated RBSD is obtained increasing n from 1
to infinite. The sequence of volume generation is as follows:
first, the largest fragment, and then, the rest of fragments are

added, ordered by decreasing sizes, until either the initial
block volume is completed or until the fragments become
smaller than the threshold defined. The threshold value is
established as the minimum volume of the fragments gen-
erated (Vmin) that is not measured and checked in the field.
The remaining mass below the threshold is computed as fine
fraction.

The largest fragment generated after breakage lmax is
defined by the Eq. 2, where q is the probability of survival of
the rock block as defined by Perfect (1997). The probability

Fig. 3 Point cloud obtained in
real color (up) and the point cloud
classified (down)
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of survival q controls the proportion of the block that sur-
vives in combination with a geometric factor b that controls
also the size relation between all the fragments generated. In
scale-variant, different sizes display different patterns of
fragmentation. For instance, the smaller blocks may offer
greater resistance to breakage than larger blocks. The
increase or decrease of the strength of the rock block as the
block size diminishes is simulated with the negative or
positive value of r, respectively. For r = 0, the scale-variant
is equal to the scale-invariant case.

lmax ¼ q bnð Þr ð2Þ

Finally, the fractal dimension D is defined by Eq. 3.

D ¼ 3þ log br � qðbnÞr½ �
log b½ � ð3Þ

Then, the model parameters are the probability of survival
q, the geometric factor b, and the scale variant factor r. From
there, the largest fragment lmax and the fractal dimension
D are calculated by Eqs. 2 and 3. The model can reproduce
continuous decreasing size fragment distributions with dif-
ferent fractal behavior from a single block.

Fig. 4 Example of a potentially
unstable block identified using the
joint pattern characterized in the
point cloud and extrapolated to
cut the 3D mesh

Fig. 5 IBSD and RBSD
characterizing the fragmentation
process before and after a
fragmental rockfall event
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Trajectory simulation with RockGIS

The Rockfall Fractal Fragmentation Model is implemented
in the RockGIS simulator. RockGIS is a 3D trajectory
rockfall simulator developed as a GIS-tool using a Digital
Elevation Model, and based on a lumped mass model (Matas
et al. 2017, 2020).

In this communication, we have been focused on the
reconstruction of a rockfall that occurred on the 11th of
September in 2019, involving around five cubic meters
single block. The breakage of the rock block generates more
than a hundred fragments, some of them reaching the road.
We measured the deposited blocks in the field with a tape,
obtaining the RBSD (Fig. 6, red dots). The source point has
been located in the cliff using pictures of the event report
from the road surveys. Finally, the impact’s energy controls
the fragmentation parameters as proposed in Ruiz-Carulla
et al. (2019). However, the relations between the impact
energy and the fragmentation parameters are calibrated for
this case to obtain a resultant block size distribution (Fig. 6,
green dots) that fits the real measurements in the field. The
fragmentation can be considered well calibrated in terms of
blocks size distribution due to the well agreement with the
field measurements.

However, the reconstruction of the rockfall with the
simulators take into account also the runouts and the stop-
ping points. In this way, the calibration uses also the resti-
tution coefficients to reconstruct the whole fragmental
rockfall phenomenon in terms of spatial and volumetric
characteristics.

Figure 7 shows the trajectories of the fragments obtained
from the calibrated simulation, colored by velocity. It can be
observed that the initial block is considered as a single block
that breaks generating new fragments in the first impact, and
then, each independent trajectory breaks again in the second
and in the following impacts depending on the impact
energy. The stopping points of the fragments simulated fit
with the field observations. Then, the calibration is consid-
ered well adjusted in both, block size distributions and
runout distances.

Discussion

After the calibration of the model parameters for the 2019
rockfall event, the model is ready for other simulations. In
2015, another rockfall event involving 50 m3 detached from
400 m of altitude reached a protection gallery destroying a
part of it. This event is simulated considering 3 scenarios,
Fig. 8a, b and c.

The scenario (a) shows a common procedure running
1000 simulations of a single block of 50 m3 without frag-
mentation. Most of the trajectories simulated reach and or
overpass the road and the protection gallery (Fig. 8a).
However, the actual rockfall event was only one of those
simulations. Figure 8b shows just one simulation of a single
block of 50 m3 without fragmentation. In this case, the block
impacts directly on the destroyed part of the protection
gallery in 2015. Finally, Fig. 8c shows the case that better
reproduces a fragmental rockfall from our point of view. The
simulation shows a single block detached from the cliff of 50
m3 considering fragmentation upon the impacts against the
terrain during its propagation. Part of the fragments gener-
ated stop before reach the protection gallery creating small
deposits along the path. The bigger fragments go further
reaching the protection gallery causing a multi-impact effect.
The affected area considering fragmentation increase in
comparison to the single block simulation without frag-
mentation, as well as the probability of impact. However,
Fig. 8c shows the results of only one simulation, and then, to
get a probabilistic evaluation of the hazard, hundreds of
simulations should be run.

Fig. 6 Block size distrbtuion from the deposit measuremnts (RBSD,
red dots) and the results from the trajectory simulator reconstruction
(green dots)
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Conclusions

This communication shows a methodology to analyze frag-
mental rockfalls. The use of UAV and digital photogram-
metry allow high-quality 3D data to characterize the
potentially unstable volumes and to obtain the terrain
reconstruction as input for trajectory simulators. At this

point, the correct vegetation filtering from the point cloud is
necessary to create a useful Digital Elevation Model. Then,
the use of our RockGIS simulator with the Rockfall Fractal
Fragmentation Model implemented allows the reproduction
of the fragmental rockfall behavior in terms of both, block
size distributions and runouts. This is an example of frag-
mentation consideration to take into account working with
hazards and risks associated with rockfall. Further analyses

Fig. 7 Results of the rockfall
simulated using RockGIS,
coloring the trajectories by
velocity from 0 to 21 m/s
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and considerations are then needed to define the hazard maps
taking into account the fragmentation implications, as well
as the implications derived to the fragility curves for
multi-impact against structures, roads, vehicles or people.
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3D Landslide Models in VR

Hans-Balder Havenith

Abstract

The present paper describes the elaboration of 3D surface
and geological models generated for a series of landslide
sites, zones marked by large incipient slope failures, or
those presenting structural characteristics of an ancient
giant mass movement. For both, surface and geological
models, high-resolution satellite or drone imagery was
draped on the digital elevation model constructed from
the same imagery or using Radar or LiDAR data. The
geological models further include geophysical data,
supported by differential GPS measurements, comple-
mented by georeferenced geological and tectonic maps
and related geological sections. The soft layer thickness
information and borehole data are typically represented in
terms of logs inside the model. For several sites also slope
stability analyses were performed, either in 2D or in 3D.
Inputs for those analyses were directly extracted from the
3D geomodels, outputs were again represented in the
models.

Some of those models, such as the one produced for
the right-bank slopes of the Rogun Dam construction site
can be quite complex and we clearly could notice that an
immersive analysis using VR technology helps under-
stand their internal structure and perform a better slope
stability analysis. Still these analyses have their limits, as
a study in Virtual Reality is purely individual (at present
time, the visiting researcher is separated from the rest of
the World). Therefore, we suggest that a real advance-
ment can only be achieved if the technological develop-
ments go along with a stronger collaboration between
scientists from the various geo-domains, who could also
be immersed in the same virtual model (*collaborative
VR).

Keywords

Landslide dynamics � Geomodel � 3D analysis �
Immersion � Collaboration

Introduction

Among all geosciences, geological-geophycal hazard
research is probably the one that presents the highest chal-
lenge with respect to spatiotemporal perception requirements
(Havenith et al. 2019). Geological hazards, including land-
slide hazards, can involve highly dynamic processes, such as
rock failure, wave propagation, changing groundwater
pressures, extremely slow creep, shearing, subsidence or
uplift movements, or rapid collapse, which occur at
micro-scale or affect wide areas, even entire mountain
structures.

While exploring related hazards within a combined model
is still well beyond state-of-the-art, recent technological and
conceptual advances should help reach this goal in near
future. At present, most single hazard components can be
assessed—at least empirically—and many underlying pro-
cesses can also be reliably simulated and some can be
coupled, but representing them in an adequate multi-scale
space–time frame is limited by existing modelling capabili-
ties. In Havenith et al. (2019) we provide a (small) overview
of what is possible today in geohazard analysis. It should be
noticed that many of those tools were actually designed for
other purposes related to geography-geomorphology, con-
struction, geotechnical engineering, or mining. The geo-
hazard scientist just adopted them for his/her applications.
The most commonly applied representation basis for col-
lected data is still the one of a 2D plane. Digital maps can be
visualised and processed by using Geographic Information
Systems (GIS). A series of elements can be added to these
maps. A series of numerical modelling tools also handle 3D
data distributions, generally with limited extent. Both the
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GIS and the modelling software can also propose 3D views
of the respective 2D targets, or of 3D in- and outputs if
implemented in the modelling software.

From the preceding it could be understood that the main
difference between GIS and numerical modelling software is
the orientation of the plane on which geographic-geological
elements are represented. Another difference relies in the
type of analysis performed with those tools as well as in the
temporal component. Usual GIS software only allows for
statistical analyses applied to data which include limited
discrete, if any, time information (e.g. seismic hazard maps
for different return periods, multi-temporal landslide inven-
tories or volcanic eruption maps, etc.). Numerical simulation
tools can produce quasi continuous time-dependent outputs
(using a time-step adapted to the type of process analysed)
for sections or 3D models. However, those outputs are
generally strongly limited in time and space (due to limited
available computation or storage capacities and/or due to
limited data availability).

A compromise is proposed by a third type of modelling
techniques that can be grouped together under the general
term of 3D visualisation tools or, more specifically, of 3D
geomodellers. Related software can represent at the same
time large maps and much smaller cross-sections or 3D
numerical models representing simulation outputs. The
geological modelling (or simply geomodelling) software is
generally not used to create the data, but it helps represent
in- and outputs in the 3D space. In addition, this software
allows for some pre-processing of information needed for
the numerical models and for the development of 3D vol-
umes on the basis of points, lines or surface data distributed
within a 3D space. As volumes are the core part of 3D
geomodels, geomodelling tools must be able to visualise
efficiently the 3D space. Therefore, their 3D visualisation
capabilities generally exceed by far those of GIS or original
numerical modelling tools. Geomodels also allow for 3D
spatial and temporal analyses (if the required data are
included in the model). Some workflows related to local
geohazard studies involving also geomodels are presented in
paragraph 4 (case studies) below.

Geomodels are only used by a limited number of geo-
scientists (typically geo-engineers), first, because geomod-
elling is time-consuming and, second, because the software
is relative expensive for most applications, while probably
all (or almost all) geoscientists, including geohazard experts,
use the freely available Google Earth® (GE) software. This
software provides some pseudo-3D view that is much more
efficient than the one proposed by common GIS tools but it
does not really exceed the basic capabilities of the latter as
all elements are distributed over or above the Earth surface
—just as in the GIS maps.

The preceding finally might suggest that we already
possess the ‘ideal’ software system combining GIS,

numerical and geological modelling tools supplemented by
GE, which covers all aspects of what is required to complete
spatiotemporal geohazard analyses. But, there is still some-
thing missing, as explained in the next section.

Immersive Models

Modelling versus Visualisation

Landslide hazard assessment involves the collection of
information about the possible slope destabilisation factors
(e.g., presence of active faults, unstable volcanic structures,
or changing groundwater pressures) for a site or a region as
well as their integration within a model that can be used for
simulations of dynamic geological processes. But, how to
represent and visualise those elements and processes in a
single digital ‘space’? Typically, input data processing and
simulations are run outside the visualisation environment—
as real-time processing and simulations require long com-
putation times. Additionally, incompatibilities of data in-
and outputs are often observed by changing the software;
some outputs can only partly be read by the post-processing
or visualisation tools.

An Integrated ‘Digital Geohazard Space’?

One of the longest lasting systematically improved systems
targeting multi-dimensional dynamic geographic analysis,
enhanced collaboration between geoscientists and interac-
tion with elements to be analysed is the ‘Virtual Geographic
Environment’ (VGE, see Lin et al. 2013). The VGE concept
has been developed over many years in order to enhance
collaboration between geoscientists using the same or sim-
ilar datasets. Yet, we note that integrated collaboration is still
extremely underdeveloped—especially in geohazard sci-
ences. This way of inefficient collaboration in most
geo-institutes is surprising if one considers that a few ‘col-
laborative virtual environments (CVEs)’ or ‘collaboratories’
have already been set up many years ago as indicated by
MacEachren et al. (2006). Their approach to collaborative
visualisation and analysis of geo-data combines mapping
elements, cognitive aspects, interaction, cooperative work,
and semiotics. They had started ‘to address the full range of
space–time collaborative situations that can involve group
work in the same or different places and at the same or
different times.’ MacEachren et al. (2006) explain that ‘the
collaboratory allows users to organize their data streams into
hundreds of individualized displays—3D visual renderings
and virtual reality rooms—that are then shared (both syn-
chronously and asynchronously) with other collaborators.’
More recently Jurik et al. (2016) developed the idea of the
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virtual worlds (VW) providing the ‘possibility to dynami-
cally modify content and multi-user cooperation when
solving tasks regardless to physical presence. They can be
used for sharing and elaborating information via virtual
images or avatars.’

Former versions of those VGEs did not specifically
involve immersive visualisation. And, notwithstanding many
technological advances and strongly enhanced availability of
VR tools, applications in geosciences and specifically in
geohazard research are still rare. Though, Kellogg et al.
(2008) clearly state that ‘an immersive visualisation system
is ideal for Earth scientists’ as it allows them to better
approach the complex multi-scale geo-processes that often
change rapidly in time and space. Their main argument in
favour of an immersive geo-visualisation is that it ‘allows
scientists to use their full visual capacity, helping them to
identify previously unrecognized processes and interactions
in complex systems. … Reaping the full intellectual benefits
of immersive VR as a tool for scientific analysis requires
building on the method's strengths, that is, using both 3D
perception and interaction with observed or simulated data’.

Now, the relatively low price of VR technology (com-
pared to the situation before the massive release of affordable
mobile systems; see paragraph below) allows most geosci-
entists to really use the advantages of 3D perception and
interaction—also in geohazard engineering. In particular, it
will ‘allow users to explore inaccessible past or future
environments or distant present environments, not only
through their static objects but through processes that mirror
their real dynamics’ (Lin et al. 2013). Garcia-Hernandez
et al. (2016) further state that 3D visualisation can provide
more insight in multi-variable data analysis.

Technological Aspects

The aforementioned widespread availability and affordabil-
ity of VR hardware enables new applications in many fields.
We developed applications to visualise fault scarps, land-
slide geometries, and our geohazard database for Central
Asian mountain ranges. Such environments require
multi-scale visualisation platforms bridging several orders of
magnitude in space (and would also in time, but until now
we have no full spatiotemporal model types visualised in
VR).

In parallel with its improved availability, the installation
and use of the VR hardware and software has also been
simplified over the past decade. Although their use remains
complex, their present degree of integration and documen-
tation make this technology much more accessible than it
has been in the past. This has been developed in such a way
that programming skills are not required any more for certain
smaller projects.

To represent the landscape in geo-models we use the
(possibly textured) DEM surface. The entire geo-model also
includes subsurface geological and seismotectonic informa-
tion (e.g. geological cross-sections, fault structures, earth-
quake hypocentres), geophysical profiles (e.g. seismic or
electrical tomography, various logs) that have generally been
processed by adapted software. Most of those data also
require georeferencing with a 3D geomodelling software
before being imported in the virtual scene. The basic data for
georeferencing are generally provided by geodetic mea-
surements completed in connection with the field surveys.

Below we first present some simple surface models of
landslides created from drone imagery and, second, some
more complex full 3D geomodels of studied landslide sites.
For representation.

Landslides and Potentially Unstable Slopes
in VR

A ‘Belgian’ Landslide Model

As indicated by Havenith et al. (2019), most of our local
geohazard-related studies now also include the preparation
of data for visualisation in VR. This preparation follows the
scheme described above, based on the creation/adaptation of
a surface model (DEM), possibly textured with remote
imagery, introduction of geophysical-geological profiles,
logs, interpolated underground surfaces (e.g. geological
layers, faults), volumes. Typically, point data, logs, surfaces
and volumes are first processed in a geomodelling software.
The example shown in Fig. 1 presents a landslide site along
the seismically active Hockai Fault Zone (HFZ) in East
Belgium. An integrated 3D geomodel made with Leapfrog®
visualises the study site in terms of its surface and subsurface
structures on the basis of the collected data. The inputs of
this model include the DEM based on high resolution
(LiDAR) surface data (possibly textured by georeferenced
orthorectified remote imagery), subsurface geophysical data:
microseismic ambient noise measurements (H/V—see logs
in Fig. 1c), seismic refraction (P-waves) tomography and
surface wave analysis results (not shown here) as well as
electrical resistivity tomography (ERT, shown in Fig. 1b).

The landslide developed in a softer conglomerate unit
(upper part in reddish-brownish layer shown in Fig. 1c, d)
that could be outlined through its seismic resonance char-
acteristics (H/V results). Related geophysical logs include
two information: first an intermediate contact could be
identified thanks to a higher frequency resonance peak
(found only within the landslide zone, as highlighted by
Mreyen et al. 2018) and the bottom of the log corresponds to
the thickness of the entire softer conglomerate. Thus, the
intermediate contact was considered to be related to the
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compaction change between the weakened conglomerate
within the landslide and the intact conglomerate below
(seismic refraction surveys showed that this contact is related
to a change of shear wave velocity from 300 m/s inside the
landslide material to 600 m/s inside the intact conglomerate;
the bedrock below is marked by a shear wave velocity of
more than 1000 m/s. Both contacts were interpolated in the
Leapfrog software to create triangulated surfaces. Between
those surfaces and for the bedrock, volumes have then been
formed as shown in Fig. 1d. For the interpretation of related
complex inputs (high-resolution terrain and subsurface data,
geophysical profiles) and outputs (modelled surfaces and
volumes) we use 3D stereo visualisation using a headset
system allowing for full immersion in a virtual environment.

The Koytash Landslide Case History

In spring 2017, Kyrgyzstan suffered high losses from a
massive landslide activation event, during which also the
largest deep-seated mass movement of the former mining
area of Mailuu-Suu, landslide Koytash, was reactivated. We
had started studying this and the neighbouring landslides
already many years ago (in 2000), by geophysics and by
using optical and radar satellite data. Thereby, we could
highlight deformation zones and identify displacements prior
to the collapse of Koytash landslide.

Multiple types of DEMs, including a very high-resolution
DEM (0.2 m) created on the basis of drone imagery acquired
in summer 2017 (after the massive failure). Figure 2 presents

an oblique view of the surface model of the landslide that
can also be viewed in our VR lab. Figure 3 (from Piroton
et al., subm.) shows map views of the same area with the
UAV DEM included (within red polygon) in the regional
TanDEM-X (11 m resolution) surface model.

The comparison of multi-temporal digital elevation
models (satellite and UAV imagery-based) highlights areas
of depletion and accumulation, in the scarp and near the toe,
respectively. The differential synthetic aperture radar inter-
ferometry analysis identified slow displacements during the
months preceding the reactivation in April 2017, indicating
the long-term sliding activity of Koytash. This was con-
firmed by the computation of deformation time series,
showing a positive velocity anomaly on the upper part of
Koytash. Furthermore, the analysis of the Normalized Dif-
ference Vegetation Index, revealed land-cover changes
associated to the sliding process.

The Rogun Right-Bank Slope Model

For the seismically active Tien Shan Mountains in Central
Asia we had created a full GIS geohazard database (Have-
nith et al. 2015) that we have now transformed into a 3D
geodatabase. For smaller sub-areas inside the Tien Shan
region, and sites of particular interest, we also developed
detailed 3D models, generally as basis for dynamic slope
stability calculations or local seismic hazard analyses.
Related 3D geodata visualisation examples include the
results of a survey completed near the Rogun Dam

Fig. 1 3D geomodel of a landslide (grey polygon in all figures) and
fault scarp site in East Belgium (created with the Leapfrog ® software)
showing (a); view to the SE of the shaded LiDAR DEM with location
of ERT profile lines, shown in (b); c view to SE of modelled DEM and

subsurface layers, inferred from H/V thickness estimates (colons);
d view to SE of combined shaded DEM and subsurface layer volumes
cut along section AA’ also shown in (c)
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construction site in Tajikistan (Figs. 4 and 5, from Havenith
et al. 2018). The initial pure 3D geomodel has been used to
create a 2D numerical model of the slope that was analysed
with UDEC (Itasca). The entire rock structure had been
represented in this model on the basis of the geological
sections, borehole data (shown in Fig. 4b) and geophysical
tomographies (see Fig. 5) included the 3D geomodel.
Rockfall simulation results were reintroduced into the model

as shown in Fig. 4d. Thus, geomodelling and numerical
modelling have been completed outside the virtual envi-
ronment—which until now has been used in our laboratory
only for visualisation purposes. In the next paragraph we
will, however, show that simulations are now also possible
directly in the virtual domain.

In his Ph.D. thesis, Ondercin (2016) outlines the possi-
bilities of physics engines belonging to the game engine
model series to simulate rock fall events almost in real-time
while visiting the virtual environment. Examples are shown
in Figs. 6 and 7. These simulations take into account the
effect of gravity, bouncing effects (according to a restitution
coefficient, see impact represented in Fig. 7) and friction,
considering also energy loss during interaction with other
objects.

What About Uncertainties in VR?

A scientific analysis, be it in 2D or in VR, is not possible
without representing the reliability of the data, and, thus,
related uncertainties. Intuitively, all people know that pre-
dicting geohazards is subjected to uncertainties.
Sword-Daniels et al. (2016) highlight the necessity of con-
sidering this uncertainty in connection with natural hazard
assessment, considering that ‘the non-linear and dynamic
nature of many complex social and environmental systems
leaves uncertainty irreducible in many cases.’ Thus, any user
and, in particular, any responsible scientist, engineer, or risk
manager, entering a virtual world where those uncertainties
do not exist would at the end mistrust what has been rep-
resented—because it has been shown as a fact (while it is not
in reality!).

Total uncertainty is typically subdivided into epistemic
and aleatory uncertainty, each of which can be represented in
a different way. Epistemic (‘we do not really know’)
uncertainties are best presented by ‘shading’ elements
affected by those, or by making them partly transparent
according to the degree of missing knowledge. Aleatory
uncertainty (‘related to the occurrence probability’) is best
visualised through the variability of possible data outputs.
For graphs, such variability is shown through the standard
deviation curves, maximum and minimum possible models,
etc.

Comparably, in a 3D geohazard space, the variability of
geohazard models (scenarios) has to be shown to represent
related aleatory uncertainties. It is likely that VR technology
could help visualise this variability of multiple possible
‘realities’ (through multiple parallel visualised models,
changing scenarios with depth—distance models are less,
front models are more likely), but according to our knowl-
edge, presently, there are no holistic solutions to do this.
Brodlie et al. (2012) stated with respect to uncertainty

Fig. 2 Oblique views of the Koytash post-collapse (summer 2017)
landslide view (UAV imagery covering the 0.2 m resolution DEM
constructed from the same images) as it can be seen in VR
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Fig. 3 Maps of Koytash landslide (upper black polygon). a UAV orthophoto map; b combined TanDEM-X (outer part) and UAV (central part)
DEM hillshades; c 0.2 m UAV DEM of the Maily-Say area; d 12 m TanDEM-X DEM of the target area

Fig. 4 3D geomodels and numerical simulation results for slopes
investigated near the Rogun Dam construction site in Tajikistan with
general view (a), surface representation by contour lines and subsurface

elements of 3D geomodel (b), modelling section showing rock falls
simulated with UDEC for M * 6.7–6.9 scenario earthquake near site
(c) and simulation results shown in virtual environment (d)
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Fig. 5 Rogun site in virtual reality. a Researcher visiting the site in
VR. b General semi-transparent surface view showing subsurface
profiles. c Illuminating collected subsurface data near the Rogun site
inside the virtual environment. d Visualisation of geophysical

(SRT) profile edited (placed at correct location) in VR. For this site
also simulations of rock falls were completed in 2D with the UDEC
(ITASCA) software. Final results are included as section in the virtual
model (see Fig. 4d)

Fig. 6 Model showing the
progression of a debris flow down
the slope. First the blocks are
allowed to settle and then are
released. A total of 2047 blocks
were used, each with a volume of
0.008 m3 (from Ondercin 2016)
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visualisation that ‘there remain significant research chal-
lenges ahead. While incorporation of uncertainty into 1D
and 2D visualisation, both as a scalar and a vector, is rela-
tively straightforward, there are difficult perceptual issues in
adding an indication of uncertainty in 3D.’

Dübel et al. (2017) provide a wide overview of possible
uncertainty visualisation (see one simple example in Fig. 8),
clearly stating that the author must decide if data visualisa-
tion, or related uncertainties or background conditions (e.g.
hillshade of terrain) should be prioritized. If uncertainty is a
major issue, then some extrinsic representation as additional
symbols may be used to indicate the local data uncertainty
value (as in the lower part of Fig. 8).

Finally, we can say that a digital geospace should be able
to manage uncertainties affecting inputs and outputs, but at
present there are no ad hoc solutions available and further

research is necessary to do so. Related studies have to
accompany the development of the basic characteristics of
the 4D geospace described below.

Conclusions

Havenith et al. (2019) describe six essential qualities of the
digital geospace—which are not specific for landslide or any
geological hazard assessment, but will certainly enhance it.
They can be summarized as this: the geospace should be
(1) multi-dimensional, considering that X,Y,Z must not
necessarily refer to the ‘geometrical space’, multiple
dimensions can also refer to multiple disciplines or multiple
parameters to be represented; (2) spatiotemporal as many
geoscientific disciplines, including those related to

Fig. 7 A cubic rockfall occurring in the same location, changing only the bounce parameter for every test. The friction factor is set at 0.6 and a
cubic shape of 1 m3 is modelled (from Ondercin 2016)
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geohazard assessment are also ‘temporal’; (3) fully interac-
tive, allowing for marking elements and modifying them;
(4) (tele-)immersive, as it can be expected that an immersive
analysis may engage the investigator, viewer, more inten-
sively in finding solutions, than an non-immersive approach;
(5) collaborative: all the preceding points essentially require
technical solutions. The goal of improving those solutions is
the improved collaboration between multi-disciplinary
teams. So, this last quality would be an all-embracing con-
sequence rather than an additional characteristic. For

geohazard research, achieving this goal could represent a
revolution as multi-disciplinarity is essential for establishing
reliable spatiotemporal models able to predict dynamic
processes that may occur anytime and anywhere with a
certain probability. Such models typically require inputs and
re-evaluation by more than one single person!

Are there now technical solutions to create a digital
geospace that could help assess geohazards better? Obstacles
outlined above first include insufficient possibilities for
interaction and collaboration in VR. Thus, present software
developed in connection with the HMD hardware does not
automatically allow for editing or collaboration in the virtual
space.

To model 3D changes over time to simulate geological
processes, changes in both geometry (expansion) and
topology (discretisation) must be considered. Despite the
progress observed in many fields, we still lack the ultimate
3D model that will allow us to integrate different represen-
tations and models from different domains.’

And even if we manage to develop fully integrated 3D
geohazard models combining outputs from multiple disci-
plines and adapted for immersive analysis, we need to check
if they really allow for an improved understanding. As
Romano et al. (1998) wrote ‘an immersive virtual environ-
ment (VE) usually requires a considerable investment.
Therefore it would be interesting to determine if a simple
desktop VE could be used to achieve a sense of presence
sufficient to provide trainees with an experience of the same
cognitive value as one in the real world without the need to
construct a full immersive VE with all its associated costs.’
This can be complemented by the conclusions of Wester-
teiger (2014) that not every problem can be efficiently solved
in VR. He considers for example vector maps as type of data
that are better represented in a 2D (desktop) digital envi-
ronment. For this author the ‘key to the acceptance of VR
methods, then, is the seamless interoperability between
(existing) desktop systems and VR environments.’

Thus, the final usability of VR in any scientific research
has to be analysed in a critical way, respectively, for each
discipline and for multi-disciplinary approaches.
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A Coupled Discrete Element
and Depth-Averaged Model for Flow-Like
Landslide Simulations

Xiaoli Su, Xilin Xia, and Qiuhua Liang

Abstract

Flow-like landslides commonly happen in mountainous
areas and may cause economic and human life losses in
the impacted areas. Computer modelling has become an
effective tool for landslide risk assessment and reduction.
Models based on discrete element method (DEM) have
been widely used for landslide prediction; however, this
method is computationally too demanding for large-scale
applications. Depth-averaged models (DAMs) have been
widely reported for simulating run-out and deposition of
flow-like landslides over large spatial domains due to its
relatively higher computational efficiency. To combine
the advantages of both types of modelling approaches,
this work introduces a novel landslide model developed
by coupling a DEM model with DAM for simulation of
flow-like landslides, in which the DEM is employed in
the landslide initiation area to better simulate the failure
mechanism of slope, and the DAM is adopted in the
landslide runout and deposition phase, where the land-
slide has developed into flow-like landslide with fluid-like
behaviour. Finally, the new coupled model is validated
against an experimental test case. Satisfactory results have
been obtained, demonstrating that the coupled model is
able to accurately capture the detailed dynamics of
flow-like landslides.

Keywords

Coupled model � Discrete element method �
Depth-averaged model � Flow-like landslide �
Granular collapse

Introduction

Landslide such as debris flow, debris avalanche and rock
avalanche are common gravity driven granular flows. The
granular material often moves at high velocities and travels
for long distances in mountainous regions (Iverson and
Ouyang 2015), bearing great damaging power that causes
severe casualties and significant economic loss (Wei et al.
2019).

Deterministic numerical methods such as limit equilib-
rium methods (LEMs), continuum approaches and discrete
element methods (DEM) have been widely and successfully
used for landslide hazard assessment. LEMs are able to
quantify the stability of slopes by calculating a safety factor,
which is simple and practical to be applied, however, they
suffer from the negligence of soil deformation behaviour and
the requirement of many assumptions about inter-slice forces
(Conte et al. 2014).

With the improvements of both soil constitutive models
and computing efficiency, continuum numerical methods
such as finite element method (FEM) have been employed in
slope stability analysis to study soil deformation behaviour,
but it is not well suited for dealing with large deformation
and post-failure movements of soils.

To overcome these issues, some alternative numerical
tools have been developed. For example, Cundall and Strack
(1979) developed the discrete element method (DEM),
which is capable of simulating the post-failure movements of
granular assemblies, as well as providing an understanding
of the mechanical behaviour of landslide materials from a
particle-scale point of view (Zhao et al. 2018), thus has been
widely used to simulate landslides. However, this method is
computationally too demanding (Mirinavicius et al. 2010),
thus frequently limited to small-scale simulation.

Observations, both in laboratory and in nature, show
granular flows in the downstream are characterized by
negligible velocity along the flow depth (Hutter et al. 1995),
and therefore it is appropriate for depth-averaged model
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(DAM) to describe granular flow dynamics. DAM provides
a good way of assessing landslide run-out as it needs neither
a precise knowledge of the mechanical behaviour within the
flow nor large amount of computational resources, thus can
be applied to real 3D topography (McDougall and Hungr
2004; Mangeney et al. 2000) more easily than fully 3D
models. However, DAM has limitations on predicting
granular flow behaviour in the region where the material has
fully dimensional characteristics of flow dynamics.

Herein we propose a new coupled model to conduct
landslide simulation, in which computationally expensive
DEM is used only in the landslide initiation region to better
simulate the soil failure mechanism, and less time-
consuming DAM is adopted in the landslide runout and
deposition domain in which the landslide has developed into
flow-like landslide with flow characteristics. The significant
advantage of the proposed coupled model is that it retains
the essential flow characteristics of the granular flow with
less computational complexity, which makes it possible to
perform more accurate large-scale landslide simulation.

The rest of the paper is organized as follows: Sect. 2
presents the coupled landslide model; the proposed coupled
model is then validated by carefully selected test cases in
Sect. 3; brief conclusions is finally drawn in Sect. 4.

The Coupled Landslide Model

The coupled landslide is applicable for flow-like landslides,
consisting of two main parts, i.e. DEM model and DAM.
The DEM model is used in the landslide initiation region to
provide spatial description of soil failure mechanics; the
DAM is employed in the landslide run-out and deposition
zone dominated by convective flow dynamics. During the
run-out and deposition phase, the depth of landslide is often
much smaller than its horizontal span. As a consequence, the
changes of vertical flow velocity are negligible compared
with its horizontal velocities.

Discrete Element Method (DEM) Model

For the adopted DEM model, the governing equations for
translational motion and rotational motion of particles are
given respectively as follows

mi
dVi

dt
¼ migþ

Xki

j¼1
ðFc;ij þFd;ijÞ ð1Þ

Ii
dxi

dt
¼

Xki

j¼1
Ti þMi ð2Þ

where t is time; mi is the mass; Vi is the velocity; g is the
gravity acceleration; Fc;ij and Fd;ij are the contact force and
damping force between particle i and j, and these forces are
summed over the ki particles in contact with particle i; xi is
the angular velocity; Ii is the moment of inertia, given by
Ii ¼ 2

5miR2
i . The inter-particle forces acting at the contact

point between particle i and j will also cause particle i to
rotate and generate a torque Ti. For a circular particle of
radius Ri, Ti is given by Ti ¼ Ri � Fct;ij þFdt;ij

� �
, Ri is a

vector from the mass centre of the particle to the contact
point. Fct;ij and Fdt;ij are respectively tangential force and
tangential viscous damping force between two particles. Mi

is the inter-particle or particle–wall rolling resistance, which
is given by Mi ¼ Mk

i þMd
i (Ai et al. 2011), M

k
i is the spring

torque and Md
i is the viscous damping torque.

Depth-Averaged Model (DAM)

In the depth-averaged model, the granular material is treated
as an incompressible Coulomb-type continuum. After depth
integration, the fluid properties such as the viscosity and
internal friction are packed into a single parameter charac-
terising the friction between the gravel and the terrain at the
landslide base (Savage and Hutter 1989).

The depth-averaged equations adopted in this work are
modified by Xia and Liang (2018). The matrix form is
written as

@q
@t

þ @f ðqÞ
@x

¼ Sb þ Sf ð3Þ

where the vector terms are given by

q ¼ h
uh

� �
f qð Þ ¼ uh

u2hþ 1
u2

1
2 gh

2

� �
ð4Þ

Sb ¼
0

�ah @b
@h þ 1

2 gh
2 @ 1=u2ð Þ

@x

� �
Sf ¼

0
� lahuuffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 þ u@h@xð Þ2
q

2
4

3
5

ð5Þ

with a ¼ 1
u2 gþ u2 @2b

@x2

� �
, in which u ¼ @b

@x

� �2 þ 1
h i1

2
, where

h is the landslide material depth, b is the bed elevation, u is
the x-direction depth-averaged velocity, l is the friction
coefficient. The factor of 1

u2 describes the effects of complex

topography in a Cartesian coordinate system. u2 @2b
@x2 is used

for representing the effect of centrifugal force.
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Boundary Conditions at the Coupling Interface

In the coupled model, the coupling takes place at the inter-
face between the DEM model and DAM by considering
conservation of mass, in which the boundary conditions of
DAM such as flow discharge q and depth h are acquired
from the DEM simulation results. As shown in Fig. 1, the
particles may be not perfectly aligned to the interface, thus a
boundary area is introduced to identify the flow variables
along the interface.

The boundary conditions are written as follows

hIF x ¼ xIFð Þ ¼ hDEM x ¼ xIFð Þ ð6Þ

qIF x ¼ xIFð Þ ¼ uIF x ¼ xIFð ÞhIF x ¼ xIFð Þ ð7Þ

where hIF and qIF are the granular depth and discharge in
the boundary area recognised as the boundary conditions of
DAM; xIF is the interface position; hDEM is gained by
averaging the vertical positions of the first three highest
particles in the boundary area; uIF is the velocity in the
boundary area calculated by considering mass conservation,
expressed as

uIF ¼ 1
N

XN

i¼1
uDEMi þ Dm

qDAMh
IF ð8Þ

where N is the number of particles in the boundary area;
uDEMi is the velocity of particle i; qDAM is the material density
in the DAM, deducted asqDAM ¼ qDEMð1� npÞ, of which
qDEM is the density of the DEM particle material, np is the
porosity of the material in the DAM. The term of Dm

qDAMh
IF is to

guarantee the mass conservation, in which Dm is presented
as Dm ¼ mDEM

t � mDAM
t . mDEM

t is the actual mass of parti-
cles feeding into the DAM region from the DEM region,

denoted as mDEM
t ¼ PN0

i¼1mi, and mi is the mass of the
particle i, expressed as mi ¼ qDEMpR

2
i , of which Ri is the

radius of particle i, N0 is the number of particles coming

into the DAM in the simulation time t. mDAM
t is the mass of

flow calculated by the interface boundary conditions,
expressed as

mDAM
t ¼

Z t

0
qDAMh

IFuIF ð9Þ

where t is the simulation time. If Dm[ 0, it means that the
mass of material feeding into the DAM region is larger than
the mass calculated through boundary condition in DAM, so
Dm is added to mDAM by increasing the velocity uIF at the
next time step; if Dm\0, it means that the mass calculated
by boundary conditions in DAM is larger than the actual
mass coming into the DAM region, so Dm is deducted from
mDAM by decreasing the velocity uIF at the next time step.

Model Validation and Result

In this section, and coupled model presented in the previous
section are validated against an experimental test case.

Experiment of Dam-Break Granular Column
Collapse

Lajeunesse et al. (2005) conducted a series of experiments
on granular material collapse. In their experiments, as
illustrated in Fig. 2, particles are inserted randomly into the
reservoir to form a loosely packed column. The granular pile
is released by quick lifting of the sliding gate, and then the
granular particles spread along the horizontal plane until
came to rest. The angle of response is 13.93°. The reason for
choosing this experiment is that by analysing and comparing
the process of granular material collapse from the experi-
ment and different models, the added value of the coupled
model for simulating granular collapse can be demonstrated.

As presented in Fig. 3, the interface between the DEM
and DAM is set at the position x where x/Li = 2.45. The
material profiles with non-dimensionalised flow height (h/Li)
and length (x/Li) of different models are measured at dif-
ferent times proportional to characteristic time sc. The

characteristic time sc is expressed as sc ¼
ffiffiffiffi
Hi
g

q
, corre-

sponding to the free-fall time of the granular material. In the
measurement of granular profile in the DEM, the particles
separated from the main portion of granular material are not
considered.

Figure 3 shows that the simulation results of the DEM
and coupled model are generally consistent with the
experimental results, which highlights that both the cou-
pled model and the DEM can provide accurate prediction
of the run-out distance and run-out durations, as well asFig. 1 Schematic of boundary conditions at the interface between the

DEM and the DAM
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deposit morphology. In contrast, the material collapse
simulated by the DAM only is not in line with the
experimental results. The granular material moves more
quickly and comes to rest earlier than the other two

models and the experiment. This may be because the
DAM neglects the vertical momentum damping at the
region of landslide initiation and thus gains bigger hori-
zontal momentum. In addition, the whole simulation takes
200 s in the DEM model, and it is 144 s in the coupled
model on the same machine. This indicates that the cou-
pled model saves 28% computing time and is more
computationally efficient compared with DEM model. The
gain of efficiency is expected to be more substantial for
real-world cases, where the DAM constitutes a much
larger proportion of the whole domain.

There exists a general trend in Fig. 3 that the DEM results
and the coupled model results converges to the experimental
observation as time goes on. At the time of t ¼ sc and
t ¼ 2sc, there is a slight difference between the DEM results,
coupled model results and experimental results, which may
be caused by the difference in particle packing patterns in the
initial settings. Although particles are randomly inserted into
the reservoir to finally form a loosely packed granular

Reservoir

Sliding gate

H

L

Fig. 2 Schematic of dam-break like granular material collapse

interface

interface

Fig. 3 Sequences of scaled
profiles of granular collapse
interface
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column both in the experiment and DEM, the initial settings
of particles are still not identical. As the granular material
collapse keeps going, the effect of initial setting of particles
on the granular flow dynamics diminishes. As a result, the
numerical simulations converge to the experiment as the
granular flow further develops.

At t ¼ 2sc and t ¼ 3sc, the flow depth predicted by the
coupled model is smaller than that by the DEM. This is
mainly because in the coupled model, DAM considers
flow-like granular materials as continuous matter and
therefore the void ratio is minimised as like densely packed
material. However, DEM discretize the material as particles
and there exists additional void between particles because of
collisions between particles when the granular material
collapses. The additional void between particles lead to a
difference on the flow depth between the DEM and coupled
model. After the particle movement come into a steady state,
there is little additional void between particles and the
granular material profile gained from the DEM and coupled
model are consistent.

Conclusion

This paper demonstrates that the newly developed landslide
model is a potential alternative, with high efficiency and
good predictive capabilities, to conventional methods for the
simulation of large-scale landslides. The new landslide
model is developed by coupling the DEM model and DAM,
in which DEM analyses the failure dynamics of soils in the
landslide initiation zone and also provides boundary condi-
tions for the DAM to simulate the overall flow dynamics in
the downstream area such as the landslide runout and
deposition zone where the predominant advective landslide
dynamics have been well developed. This longitudinal
coupling strategy reduces the spatial complexity of the
landslide simulation and thus significantly increases the
computational efficiency.

The experiment of dam-break like granular collapse is
employed to validate the coupled model. Satisfactory

solution has been obtained, which confirms the simulation
capability of the coupled landslide model.
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Advanced Methods for Simulating Complex
Landslides

Martin Mergili and Shiva P. Pudasaini

Abstract

Anticipation of complex cascading landslides, important
to inform risk management, requires the use of advanced
modelling approaches. Such approaches have become
increasingly available during the last decade, and have
been successfully applied for the back-calculation of
well-documented test cases. These back-calculations have
helped to identify the needs for further research in terms
of making reliable predictive simulations possible. This
paper summarizes the key challenges in doing so as well
as the resulting ongoing and planned model enhance-
ments. Thereby, the focus is put on the propagation and
interaction of flow processes. The main challenges are
related to the understanding of the physical processes, the
numerical implementation, and model parameterization.
Some important needs for enhancement are the better
representation of (1) landslide-reservoir interactions and
(2) entrainment, deposition, and stopping; (3) an
improved numerical scheme; (4) consideration of “slow
motion”; (5) interfaces to fall models; (6) guiding
parameter sets; and (7) the dynamic adaptation of key
parameters to flow dynamics. Further important issues,
which are not the focus of this work, are landslide
triggering and release as well as the communication of
uncertain model results.

Keywords

Cascading landslide processes�Multi-phasemass flows�
Numerical simulation � R.avaflow

Introduction

Complex—particularly cascading—landslide processes have
repeatedly led to major disasters in history, particularly in
glacierized high-mountain areas (Haeberli et al. 2004;
Huggel et al. 2005; Evans et al. 2009a, b). Figure 1 illus-
trates some examples of cascading landslide processes in
high-mountain areas. The anticipation of such processes is a
key requirement for disaster prevention. Such an anticipation
has, on the one hand, to build on detailed field and remote
sensing investigations and monitoring of potentially haz-
ardous situations. On the other hand, it has to build on
computer models, whereby the triggering (e.g. by seismic
activity or rainfall), the release (slope failure, dam break,
etc.), the dynamic motion, and the interaction with society
(exposure, vulnerability, risk) represent the most important
components. In the present work, we focus on the simulation
of the dynamic motion of cascading landslide processes,
thereby mainly considering flow-type phenomena such as
avalanches and flows of snow, ice, rock fragments, debris,
water, and different types of mixtures thereof as well as
process interactions. Mass flow models go back to Voellmy
(1955), who has first described the dynamics of flow-like
gravitational processes in mountain areas, as a response to
the disastrous snow avalanches which happened in the
winter of 1954 in parts of the European Alps. Thereafter,
progress has been slow. Even though the Voellmy (1955)
model has been refined, extended, and complemented and
other, more advanced approaches, have been developed (e.g.
Savage and Hutter 1989; Iverson 1997; Pitman and Le
2005), the most used software tools in debris flow risk
management practice such as RAMMS (Christen et al. 2010)
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still employ, at least in parts, Voellmy-type approaches,
considering mixture flows of water and debris, instead of
accounting separately for each phase. This strategy is useful
for many purposes, as the models are kept as simple as
possible, and the number of model parameters as low as
possible. However, this type of models fails to reproduce
more complex, cascading processes, where initial landslides
interact with glaciers or lakes, and develop into far-reaching
flow processes. Such phenomena require either model
chains, where each model component is tailored exactly for
the purpose it serves for (Schneider et al. 2014;
Somos-Valenzuela et al. 2016), or two- or multi-phase
models, considering each phase separately, making it pos-
sible to directly account for complex process interactions.

Worni et al. (2014) have raised the call for integrated
models. Major progress has been made in this regard after
the two-phase model of Pudasaini (2012) and the
multi-phase model of Pudasaini and Mergili (2019) had been
developed, and included in the open source GIS tool r.ava-
flow (Mergili et al. 2017; Mergili and Pudasaini 2020). This
approach considers different phases (solid, fine solid, and
fluid) separately, but with strong coupling, and is therefore
capable to simulate complex interactions between landslides,
glaciers, and lakes. It has been applied to various test cases
(Mergili et al. 2018a, b, 2020a; b; Gylfadóttir et al. 2019).
These case studies have helped in highlighting the huge
potential of using complex multi-phase flow models, but also
in identifying the major remaining challenges.

The main aim of the present work is to summarize the
main challenges particularly in terms of predictive simula-
tions, in order to build a sound basis for future improvement
of the multi-phase flow model and its implementation in the
tool r.avaflow. Thereby, some of the most important needs
for enhancement are highlighted, most of them related to
work in progress.

Methods

The main method applied for this work is the comparative
analysis of the results of previous case studies performed
with the tool r.avaflow, based on the Pudasaini (2012)
two-phase flow model and the Pudasaini and Mergili (2019)
multi-phase flow model (Mergili et al. 2018a, b, 2020a, b;
Gylfadóttir et al. 2019), and the identification of challenges
and needs for further development in the direction of
application of this computational tool for predictive simu-
lations in terms of risk management.

Results

Challenges

One of the key findings of several case studies is the fact that
r.avaflow can be successfully applied for the

Fig. 1 Schematic illustration of selected examples of high-mountain
landslide cascades. 1 = Ice avalanche impacting a lake, leading to
overtopping of the moraine dam, erosion processes, and a debris flow
downstream. 2 = Landslide impounding a river. Overtopping and
erosion of this landslide dam results in a debris flow downstream.
3 = A landslide hits a glacier and triggers a rock-ice avalanche which
impacts a proglacial lake. Again, overtopping of the dam results in

flooding or a debris flow downstream. 4 = Explosive volcanic activity
with pyroclastic flow and lahar flows triggered by lava dome collapse
and rapid melting of the glacier. Note that, in this example,
synchronous occurrence of 2 and 4 would result in a complex
multi-hazard situation. Impacts of all four cascades on society might
occur directly, but also indirectly through the disruption of critical
infrastructure
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back-calculation of even very complex events. However,
such back-calculations rely on case-specific parameter opti-
mization efforts. The optimized parameter sets work for the
event under consideration, but may fail for other events. This
was most drastically shown by Mergili et al. (2018b) for the
1962 and 1970 Huascarán events, where the optimized
parameter sets for either of the two landslides failed to serve
for the adequate prediction of the other event. Particularly,
the simulation of an important threshold effect (overtopping
of a ridge) turned out as a major challenge. This means that
predictive simulations—and therefore the anticipation of the
dynamics of future events—remains a challenge. The rea-
sons for such model failure are manifold, with the most
important aspects summarized as follows:

(1) Lacking physical understanding of the processes: ran-
domly or iteratively optimizing the parameter set might
lead to combinations which, by chance, lead to empir-
ically adequate results, but are not necessarily physi-
cally correct. This phenomenon is known as
equifinality, meaning that completely different param-
eter combinations lead to similar model results (Beven
1996).

(2) Limitations in the numerical implementation of the
physical model into the software. r.avaflow applies the
TVD-NOC numerical scheme (Nessyahu and Tadmor
1990; Tai et al. 2002; Wang et al. 2004) which was not
designed for bounded flows.

(3) Spatial variation of the key model parameters: surface
and sediment characteristics often show fine-scaled
patterns which are challenging to represent in a model.

Further, r.avaflow is limited to rapid flow-like processes, and
fails to adequately simulate slower phenomena as well as fall
or slide processes.

Enhancements

Based on the challenges identified, we try to highlight seven
of the most important and pressing needs for making com-
plex mass flow models—particularly r.avaflow—fit for use
in risk management contexts:

(1) Better representation of landslide-reservoir interactions.
Results for Lake Palcacocha in Peru (Mergili et al.
2019) have revealed that the evolution of impact waves
due to landslides entering a lake is underestimated. One
reason for this shortcoming can be identified in the
insufficient consideration of the consequences of the
relevant dynamic interactions: on the one hand, gravity
has to be considered in an enhanced way whereas, on
the other hand, dispersion of water in the impacted lake

has to be considered explicitly. Even though various
authors have previously considered such
non-hydrostatic effects (e.g. Denlinger and Iverson
2004; Castro-Orgaz et al. 2015; Yuan et al. 2018), their
adequate implementation in operational simulation
models still remains a challenge. Preliminary tests
considering those non-hydrostatic influences on
real-world case studies were promising (Fig. 2), even
though their full consideration represents a challenge in
terms of numerical implementation (Pudasaini 2020).

(2) Better representation of entrainment, deposition, and
stopping. Entrainment is considered following an
empirical approach, where an entrainment coefficient is
multiplied with the momentum or the kinetic energy of
the flow at a given raster cell in order to derive the
entrainment rate. Considering entrainment a threshold
phenomenon, as it is done in various other models,

Fig. 2 Influence of non-hydrostatic effects on a preliminary, not yet
evaluated simulation of the tsunami triggered by the 2018 Anak
Krakatau volcanic collapse. a Change of height of the water column
after t = 100 s; b evolution of the height of the water column at control
point C1 without and with the influence of non-hydrostatic effects. It is
clearly seen that the consideration of these effects result in a higher
simulated tsunami peak. Data sources: GEBCO and ALOS PALSAR
for the terrain; information provided in Grilli et al. (2019) for the
landslide dimensions
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requires threshold parameters which are often poorly
known. Advanced physically-based models for
entrainment do exist (Pudasaini and Fischer 2016).
However, though built on a sound physical basis, this
approach still has to be made ready for practical
application. The Pudasaini and Fischer (2016) model
also considers deposition of flow material. However, the
same as said for entrainment is true here. There is still a
long way from the currently used empirical and simple
physically-based models for deposition and stopping to
an approach which is advanced enough to account for
the complexity of the processes, but simple enough to
be ready for practical applications.

(3) Improved numerical scheme. The current implementa-
tion of r.avaflow (Mergili and Pudasaini 2020) uses a
number of complementary functions such as diffusion
control (Mergili et al. 2017), which are imposed upon the
NOC-TVD numerical scheme (Nessyahu and Tadmor
1990; Wang et al. 2005). Diffusion control is used to
manage the dynamics at the edges of the flow, which is
not handled in a completely satisfactory way by the
scheme in use. The development of a new, more appro-
priate scheme, where all relevant issues are implicitly
and directly considered, should be given high priority.

(4) Consideration of “slow motion”. Though not directly
life-threatening, the consideration of very slow move-
ments, such as viscous earth flows or even the growth
of lava domes, sometimes represents an important
component in the simulation of complex process chains.
Such processes are disregarded in most flow models
but, in terms of their physical principle, can be simu-
lated as soon as viscosities are considered, as it is the
case in r.avaflow (Pudasaini and Mergili 2019). In order
to avoid excessive computational times, time scaling
has to be applied, for example, to viscosity. First results
produced on the growth of lava domes have been
promising, but further tests against real-world data are
required to finally evaluate the time scaling.

(5) Interfaces to fall models. Whereas flow models, through
appropriate parameterization, can to some extent be
employed to simulate processes with limited internal
deformation of the moving mass (i.e. slide-like move-
ments), they cannot be used for the simulation of fall
processes, which follow completely different physical
principles. Here, it is necessary to make use of model
chains, by coupling models such as r.avaflow to fall
models such as Rockyfor3D (Dorren and Berger 2010).
For this purpose, suitable interfaces have to be created
in order to ensure efficient work flows. Even more

importantly, the identification of the point in space and
time where to change from one process/model to the
other is a key issue of coupling. Further, it is important
to use suitable parameters for the definition of this
critical point (Marlovits et al. 2020).

(6) Guiding parameter sets for different process types and
magnitudes. For most model parameters, it is almost
impossible to determine physically “true” values which
can be directly used for predictive simulations. Reasons
are the fine-scaled spatial patterns of some parameters,
and the impossibility to measure them at all (e.g. basal
friction). Therefore, one of the key requirements is the
availability of empirically derived parameter sets for
processes of different types and magnitudes, which are
robust enough to serve for predictive simulations. Such
parameter sets have to be based on a large number of
back-calculations of well-documented case studies.
They should also be differentiated according to the local
geomorphologic conditions. Further, parameter ranges
will be more useful than values, in order to account for
uncertainties, but also for the natural variability of the
parameters. Such ranges can be used for building sce-
narios or for the computation of likelihoods such as the
impact indicator index (Mergili et al. 2017). The case
studies presented by Mergili et al. (2018a, b, 2020a, b;
Gylfadóttir et al. 2019) will provide an important con-
tribution to the derivation of guiding parameter values
and ranges, but more studies are still required. Thereby,
automated parameter optimization and sensitivity anal-
ysis tools can be useful (Kofler et al. 2019).

(7) Dynamic adaptation of model parameters. Model
parameters such as internal friction, basal friction, or
fluid friction cannot necessarily be described through
static values, but evolve with the dynamics of the
landslide. Fluidization and lubrication effects of very
rapid flows may greatly decrease the basal friction angle
(Pudasaini and Krautblatter 2014). Appropriate rela-
tionships which account for such effects have to be
defined, in order to more realistically simulate cascad-
ing mass flow processes, and to replace the somewhat
arbitrary zonal differentiation of parameters, as applied
in previous studies (Mergili et al. 2018a, b, 2020a, b;
Gylfadóttir et al. 2019). Preliminary simulations using
exponential relationships between the friction parame-
ters were promising, but have to be further developed.
Earlier studies have already tried to adapt friction
parameters to flow dynamics, such as the work of Buser
and Bartelt (2009), who employed the concept of ran-
dom kinetic energy.
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Discussion

The present work focuses on some of the most pressing
needs for further improving our possibilities to simulate the
propagation of cascading landslide processes, considering
the physical model equations, their numerical implementa-
tion, and the parameterization. Thereby, we focus on the r.
avaflow tool which is, to our knowledge, the most advanced
and the most comprehensive open source mass flow simu-
lation tool to date, and which is actively developed. How-
ever, most of the issues addressed in the results chapter are
equally valid for any other relevant simulation tools. The
issues highlighted in the present work concern only the
computational side. The comprehensive anticipation of cas-
cading landslide processes and their consequences, however,
needs to consider more than just propagation, an issue that
shall briefly be discussed.

On the one hand, process initiation has to be understood
and simulated in an adequate way. Detailed knowledge on
potentially hazardous situations, their evolution in time, and
their sensitivity to different types and magnitudes of poten-
tial triggering events—obtained through field- and
remote-sensing-based investigations and continuous moni-
toring—represents an essential basis for reliable simulations.
When applying GIS-based slope stability models, it has to be
considered that they usually predict a patchy pattern of the
slope stability conditions which is hard to translate into
discrete mass flow release areas. As a consequence, appro-
priate strategies for coupling are required. The most
advanced approach was suggested by Bout et al. (2018),
who introduced the software tool openLISEM to couple a
hydraulic model with a slope stability model and a runout
model.

On the other hand, the translation of model results into
information useful for risk management is a tricky issue,
particular in the case that the results are uncertain (as they
always are). Model results are not true in a strict sense, but
they can create subjective truth in the minds of stakeholders
or possibly affected people. It remains a broad field of
research how to tackle the multiple pitfalls emanating from
the communication of uncertain model results of hazardous
processes to stakeholders and to the public.

Conclusions

In the present work, we have summarized the main progress
and challenges for the predictive simulation of complex,
cascading landslide processes. Thereby, we have focused on
mass flow propagation, and on the open source computa-
tional tool r.avaflow. The main challenges concern the
physical models (landslide-reservoir, interactions,

entrainment, deposition, stopping), the numerical imple-
mentation of these models (appropriate treatment of the flow
boundaries and of slow motion), and the parameterization
(derivation of guiding parameter values or ranges, and
adaptation of the key flow parameters to flow dynamics).
Promising approaches have been found for most of these
aspects, but further research is essential. However, it is not
only the propagation which is important for the anticipation
of the processes and the use of the results for risk manage-
ment, but also the appropriate consideration of the “upper”
and the “lower” parts: transferring potentially hazardous
situations into the release of mass flows, and communicating
uncertain results in an appropriate way.
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Application of Reciprocal Green’s Functions
on the Forecast of Submarine Landslide
Tsunamis

Guan-Yu Chen, Chin-Chih Liu, and Yi-Fung Wang

Abstract

Recent submarine mass failures that generated tsunami
have caused people to pay more attention because of the
resultant casualties. A submarine landslide tsunami
requires more computer time for the simulation because
of the high spatial resolution and associated short time
steps even though the computational domain is smaller
than that of a seismic tsunami. To reduce the resources to
forecast tsunamis, reciprocal Green’s functions have been
proposed and the forecast results are verified by compar-
ing with direct numerical simulations of a tsunami model
COMCOT. However, due to features different to seismic
tsunamis, some precautions should be taken in applying
this approach in submarine landslide tsunamis. Possible
solutions to overcome difficulties using this approach are
also recommended. Finally, suggestions based on recip-
rocal Green’s functions are advanced to build a practical
forecast system for submarine landslide tsunamis.

Keywords

Submarine mass failure � Reciprocal Green’s function �
Submarine landslide tsunami � Tsunami forecast

Application of Reciprocal Green’s Functions
in Submarine Landslide Tsunamis

It has long been known that landslide can generate big tsu-
namis. In the last few decades, some tsunami events after
earthquakes were bigger than the tsunami height estimated

with the earthquake magnitude. For the 1998 Papua New
Guinea tsunami (Tappin et al. 2001), 2007 Chilean tsunami
(Sepúlveda et al. 2010) and 2018 Sulawesi tsunami (Hei-
darzadeh et al. 2018), the submarine earthquake was not
considered strong enough for a big tsunami. These events all
occurred after earthquakes and are believed to be generated
by submarine mass failures (SMFs) triggered by the strong
co-seismic ground motion in submarine earthquakes.

Besides these recent events, some historical events are
also believed to be the result of SMF. The mysterious
tsunami that struck the southwest coast of Taiwan (Li
et al. 2015) is an example, which will be simulated later
as an example in the present study. Historical tsunami
events in Grand Banks, Canada (Leonard et al. 2014),
Mexico (Corona and Ramírez-Herrera 2015), Mediter-
ranean Sea (Yalciner et al. 2014) and many other places
have been considered to be the result of SMF tsunamis as
well.

On top of that, submarine landslides in Nuuanu, Storegga,
Currituck, Brunei and Currituck each had displacements
more than one thousand km3 in volume. In these locations,
very high tsunami heights have been simulated numeri-
cally and these locations are considered as possible sources
for widespread megatsunamis in the future (Harbitz et al.
2013).

In fact, SMF tsunamis may be much more frequent than
people expect and may have played an important role in the
2011 Tohoku tsunami, as the tsunami wave height in Iwate
and neighboring prefectures was much higher than the
forecast of other areas with similar earthquake intensity
along the Pacific coast of Japan (Tappin et al. 2014).

Recently, a method to quickly forecast a tsunami gener-
ated by a SMF has been proposed (Chen et al. 2020). In the
following, this approach based on the reciprocal Green’s
Function (RGF) is briefly introduced. For a deformable sea
bottom with the characteristic lengths of the source area
much larger than the depth, SMF tsunamis can be repre-
sented by the following shallow-water equations (SWEs)
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where a new source term −∂d/∂t is included in the continuity
equation (Løvholt et al. 2015):
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In the SWEs, η is the free surface elevation, P and Q are

volume fluxes along the x and y directions, t is time, g is
gravitational acceleration, and d is the water depth. On the
other hand, if the continuity equation is forced with an
impulsive forcing represented by a d-function at the source
point rs!¼ ðxs; ysÞ, the SWEs will read
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Here, gg$ is the η response, Pg
$

is the response of the

variable P, and Qg
$

the response of Q to the d-function
forcing. According to Chen et al. (2020), the d-function on
the right hand side means unit elevated volume at t = 0. The

resulting gg
$ð r*; t; r*

s
Þ, which is the elevation response at each

receiver point r!¼ ðx; yÞ, is called the Green’s Function
(GF). Both Eqs. (1) and (2) can be integrated by the Cornell
Multigrid Coupled Tsunami Model (COMCOT; Wang and
Power 2011).

Similarities between Eqs. (1) and (2) are obvious as the
left hand sides are identical: the right hand side for the SMF
tsunami is the temporal variation of the sea depth, while that
for the GF is a delta function. Applying a Laplace transform,
the SMF tsunami is solved as the convolution of GF and the
forcing −∂d/∂t:
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Thus, the continuous contribution of the slide can be
represented by a convolution.

If locations of source and receiver points are exchanged,
the elevation response to an initial impulsive elevation is the
desired RGF. The reciprocity between GF and RGF has been
shown numerically in Chen and Liu (2009), Chen et al.
(2012, 2015). Because of this reciprocity, just one RGF is
required for one vulnerable city. The forecast of SMF tsu-
namis can be achieved by the following equation:
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Features of RGF Approaches in the Forecast
of SMF Tsunamis

SMF in the 1781 Event of Taiwan

Based on echo sounder and other seismic approaches on the
survey of bottom bathymetry and bottom material, a few
SMF sites have been identified to the southwest of Taiwan.

In the following, the simulation and discussion of SMF
tsunamis are based on a historical event to the southwest of
Taiwan. These simulations extend the study of Chen et al.
(2020) with more discussion and analyses added. Following
Li et al. (2015), simulations at five stations are discussed.
These are Anping (AP), Kaohsiung (KH), Kaoping River-
mouth (KP), Fangshan (FS) and Nanwan (NW) along the
southwest coast of Taiwan, with locations indicated in
Fig. 1. The historical event occured in 1781, and has been
suggested as a result of an SMF-generated tsunami that
struck the southwest coast of Taiwan. According to the
assumption of Li et al. (2015), the tsunami is simulated and a
snapshot of the sea surface 3 min after the onset of the SMF
is shown in Fig. 2.

Fig. 1 Locations of five stations to the southwest of Taiwan. The area
enclosed by the red rectangle to the southwest of Taiwan is a uniform
Source to test the RGF approach
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Resolution Requirement

In the following, the simulation and discussion of SMF
tsunamis are based on a historical event to the southwest of
Taiwan. These simulations extend the study of Chen et al.
(2020) with more discussion and analyses added. Following
Li et al. (2015), simulations at five stations are discussed.
These are Anping (AP), Kaohsiung (KH), Kaoping River-
mouth (KP), Fangshan (FS) and Nanwan (NW) along the
southwest coast of Taiwan, with locations indicated in
Fig. 1. The historical event occured in 1781, and has been
suggested as a result of an SMF-generated tsunami that
struck the southwest coast of Taiwan. According to the
assumption of Li et al. (2015), the tsunami is simulated and a
snapshot of the sea surface 3 min after the onset of the SMF
is shown in Fig. 2.

Usually a seismic tsunami can be well-represented in a
numerical simulation because the length scale of the rupture
zone is large. For example, the forecast in Chen et al. (2015)
uses 1 min. or even 2 min. resolution. As an SMF usually has
a much smaller scale, we suspect a finer resolution is war-
ranted and execute a convergence test. Thus, simulations with
0.3, 0.1, 0.06 and 0.03 min grid cells are employed. The
maximum grid spacing, 0.3 min, is chosen because it is
approximately 1/10 of the slide width of 5 km. As is shown in
Fig. 3, 0.06 min. is suitable because the result is very close to
that of the next finer resolution: the root mean square error
divided by the maximum wave height is less than 10%.

Compared to the 1–2 min resolution used in seismic
tsunamis, 0.06 min. grid spacing consumes much more
computational resources. As has been mentioned previously,
the fine grid spacing is closely related to the small length
scale of the slide. Hence, another convergence test is exe-
cuted with an SMF of larger length scales: the original
16 km long and 5 km wide SMF were changed to a 48 km
long and 15 km wide SMF. Then, simulations with the same
0.3, 0.15, 0.06 and 0.03 min grid cells are executed. As
shown in Fig. 4, these simulations are quite consistent with
each other. With SMF three times larger in both length and
width, the acceptable resolution becomes 0.15 min which is
also enlarged approximately three times. We hence confirm
that the slide size controls the grid spacing.

Coastal Effect

Because of the high resolution required in the simulation of
SMF tsunami, coastal effects will play a more important role
compared to the simulation of seismic tsunamis. As is shown
in the second panel of Fig. 5, although the water level cal-
culated by the RGF approach in KH agrees well with the
direct COMCOT simulation for the first few waves, results
of these two approaches diverge significantly afterwards.
That is, the RGF approach cannot exactly reproduce the
direct simulation which is supposed to be close to the
propagation of the real tsunami.

An RGF is the response of linear SWEs to a unit con-
centrated forcing. Because the forcing area is small, the
amplitude of an RGF is much smaller than the unit initial
wave amplitude. Therefore, the RGF approach applies only
when the tsunami wave height is small compared to the
water depth. When the tsunami propagates directly from the
deep sea to the forecast point of the vulnerable city, this
linearity of the tsunami holds. As the tsunami propagates
closer to the shore, the water depth becomes shallower and
shallower, and the linearity assumption can be violated.
Consequently, the RGF approach may result in an incorrect
waveform after the tsunami wave interacts with the very
shallow coastal region.

This coastal effect explains the discrepancies of the
waveforms in Fig. 5. According to the arrival time of the
first tsunami wave, KH is closest to the SMF site and the
wave amplitude is the largest of all five stations. The tsunami
wave has the highest wave height and nonlinearity. There-
fore, the waveform calculated by the RGF approach cannot
well represent the high nonlinearity near the shoreline.
Hence, the blue line that represents the RGF results in the
diagram significantly deviates from the red line that repre-
sents the direct COMCOT simulation. The KP station is the

Fig. 2 The simulated water surface of the 1781 tsunami event 3 min
after the onset of the SMF
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second closest to the SMF, but the wave height is relatively
small, partly due to the orientation of the slide. Some wave
energy is trapped along the coastline and produces a few
large humps after the first few waves. However, in the direct
simulation, these trapped edge waves are less significant
because trapped waves propagate along the shoreline and
interact closely with the shallow water zone, as the example
shown in Chen et al. (2004). The energy thus is dissipated by
the local bathymetry.

Except for the wave records in AP in the top panel of
Fig. 5, all other four stations show significant coastal effects
after the first few waves. The agreement of RGF and direct
COMCOT simulations in AP is obviously due to the small
wave height. In fact, as has been exhibited in Chen et al.
(2020), the discrepancy decreases if the bathymetry is arbi-
trarily modified by increasing the nearshore water depth to

20 m. Thus, it can be concluded that the discrepancies after
the first few waves are due to nonlinear interactions with the
coastal area.

On the other hand, for the first few waves at each station,
the agreement between RGF and direct simulation methods
is very good. In the practice of tsunami forecasting, the
waveform after the first few tsunami waves is irrelevant and
hence the discrepancy between the RGF and the direct
COMCOT simulation can be neglected.

Computer Time Reduction

One significant benefit of the RGF approach compared to a
direct SWE simulation is the reduction of computer time
because an RGF can be calculated beforehand. As the

Fig. 3 Tsunami water level at
Kaohsiung simulated by various
resolutions. The slide is 16 km
long and 5 km wide

Fig. 4 Tsunami water level at
Kaohsiung simulated for various
resolutions. The slide is 48 km
long and 15 km wide
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example shown in Chen et al. (2020) with 0.06 min reso-
lution, 0.25 s time step and 10–13 precision, it takes only
4.2 s for a desktop PC with 16 GB RAM and an Intel
i7-9600 CPU. On the other hand, a direct COMCOT simu-
lation takes 77 min. For a coarser 0.3 min. resolution, the
benefit of computer time reduction is still significant: the
RGF approach uses less than 1% of the computer time in a
direct simulation. The finer the resolution of the computa-
tional domain, the more economical the RGF approach will
be.

Toward a Forecast System of SMF Tsunamis

A forecast system for SMF tsunamis can be established in
two ways: one depends on a reliable identification of the
onset of landslide, the other counts on in-situ measurements
of tsunamis. The first one is similar to a forecast system for
seismic tsunamis such as the one shown in Chen et al.
(2015). The tsunami is forecast after an SMF is detected.
After the size and location of the SMF are determined, the
tsunami can be calculated by, say, assuming an idealized
truncated hyperbolic slide whose kinematics is described in
Enet and Grilli (2007). However, the detection technology of
SMFs is not as mature as that of earthquakes. Another

approach is to directly detect the tsunami wave. In the fol-
lowing, these two approaches are discussed in detail.

Detection of SMFs

One problem in constructing a forecast system for SMF
tsunamis is that the detection technology for an SMF is not
as mature, and the area covered is not as comprehensive as
that for earthquakes. Earthquakes are serious hazards; lots of
resources have been dedicated to the mitigation of related
hazards and most earthquake-prone areas have been covered
by seismometer networks. Earthquake information usually
can be obtained promptly with very high accuracy, while
there is no way to access real-time SMF information.

As tectonic faults may extend to the sea, more and more
seismometers will be deployed on the ocean bottom. Pre-
vious studies on applying seismometer data in landslide
detection (Caplan-Auerbach et al. 2001; Lin et al. 2014)
shed light on the detection of SMFs and this trend should be
appreciated by tsunami researchers. Besides, real-time
information transmission to the land can be established via
acoustic modems, relay buoys and satellites. Thus, it is
possible to obtain real-time SMF information in the near
future.

Fig. 5 Simulated tsunami water level at five stations. The slide is 16 km long and 5 km wide. The blue line represents the RGF results, while the
red line represents the direct COMCOT simulation
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Quick Forecast of SMF Tsunami

The 1781 tsunami event had been disasterous in the south-
west coast of Taiwan. But the neighboring area such as
southeast China and northwest Luzon, Philippines, did not
suffer significant tsunamis. By comparing 13 simultions with
tsunamis generated from either earthquakes, volcanoes or
SMFs, this event is suggested as the result of an SMF trig-
gerred by a submarine earthquake (Li et al. 2015).

Previous studies have shown the deformation of the slide
does not significantly change the generated tsunami (Grilli
et al. 2015; Løvholt et al. 2015). The SMF thus can be
represented by a rigid slide body and the first order estimate
of tsunami wave magnitude can be modeled with a rigid
slide whose shape is assumed to be a truncated hyperbolic
function represented by (Enet and Grilli 2007; Chen et al.
2020)

z ¼ T

1� �
sech kbxð Þsech kwyð Þ � �½ �;

where T is the maximum thickness,

kb ¼ 2
b
acosh

1
�

� �
;

kw ¼ 2
w
acosh

1
�

� �
;

where b and w are the longitudinal and transverse length
scales of the slide, and the truncation parameter � can be set
as 0.717. The movement is described by semi-empirical
kinematic formulas provided in Enet and Grilli (2007). For
example, the slide displacement of the SMF, s(t), is given as.

s tð Þ ¼ s0ln cosh
t

t0

� �� �
:

Here t = 0 is the time when the slide starts and h is the angle
between the slide motion and the horizon. The characteristic
length and time of the landslide motion are

s0 ¼ u2t
a0

and

t0 ¼ ut
a0

;

where ut is the terminal speed. In this way, an SMF tsunami
can be simulated in a few seconds.

Based on the in-situ investigation of the sea bottom
bathymetry, including the debris of the submarine landslide
(Wu 2008), three SMF sources have been chosen in Li et al.
(2015). Of these three sources, the first one with b = 16 km,
w = 5 km and T = 250 m are chosen. The location is 22.45°
N and 119.7° E, as shown in Fig. 2, where the azimuth of
motion is −60° East and the slope angle is 3°.

Although previous studies shed light on the detection of
SMFs, available landslide information is much less accurate
than the earthquake information which is used in the forecast
of seismic tsunamis. Instead of forecasting seismic tsunamis
based on one set of tectonic parameters, a forecast for SMF
tsunamis should consider the possibility of different SMF
parameters and locations. Thus, a range of tsunami heights
and their arrival time, and thus an ensemble forecast, will be
provided.

An RGF is pre-calculated and no equation-solving is
involved; consequently the RGF approach is economical,
fast and robust. According to Chen et al. (2020), with the
RGF approach, the tsunami waveform can be obtained in 5 s
once a submarine landslide is detected. Because of the
reduced computer time in an RGF approach, a forecast for
SMF tsunamis can consider the possibility of different SMF
parameters and locations. This is quite different from seismic
tsunamis which usually are based on just one set of fault
parameters. Thus, a forecast system can be constructed using
RGF. Some background information such as the density and
cohesive property of the slide material, the bottom slope, the
water depth and possibly the range of the slide volume can
be obtained by a field survey. With all this information, a
forecast system can be constructed using RGF, as the pre-
liminary forecast system shown in Fig. 6. By combining
other information such as inundation maps, quick forecast-
ing of SMF tsunamis is possible and can be used for tsunami
hazard mitigation.

After calculating all possible parameters, a range of tsu-
nami heights and their arrival time can be broadcast as an
ensemble forecast. Hence, after a submarine landslide is
detected, SMF information such as the total volume, the
slide location, the speed of slide movement, etc. can be
estimated.

Forecast Based on In-Situ Measurement

The forecast system based on in-situ tsunami measurements
can be established by deploying nearshore tsunami sensors
such as accelerometers in buoys or pressure gages at the sea
bottom. As the water level is measured, the tsunami wave-
form can be retrieved as a constantly moving average in
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time. Thus, the information on the incident tsunami has a
solid basis and the result is reliable. When a tsunami is
detected, there will be two ways to provide the inundation
map. The simpler approach is employing the technique used
in Chen et al. (2015): only the highest wave height is used
and a simple bell-shaped waveform is used as the incident
tsunami, as is shown in Fig. 7. Hazard maps can be

calculated beforehand because the wave height is the only
variable for various tsunamis inundation scenarios. The final
hazard map can be obtained by interpolating the inundation
distance if the incident tsunami height is between two
inundation scenarios.

A more complicated approach requires more computer
time after the detection of the offshore tsunami, but the result

Fig. 6 A preliminary forecast system for SMF tsunamis. Water levels of eight harbors around Taiwan are calculated according to the SMF
information provided by the upper left panel

Fig. 7 Simulating the incidence
of bell-shaped waves can generate
inundation maps under eight
different tsunami heights from 0.5
to 12 m
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is more accurate. This method is proposed in Chen and Liu
(2020) by introducing a flow RGF. The waveform can be
reproduced and hence the coastal inundation is closer to the
real tsunami, even when the tsunami is not incident normal to
the shoreline. This approach applies well in seismic tsunamis
(Chen and Liu 2020) and should work well for SMF tsunamis.

Although deploying a tsunami sensor is a useful tool in
the forecast of tsunamis, the cost for manufacturing,
deploying and maintaining the sensor is very high. Besides,
a useful sensor should be deployed at a distance from the
shoreline so that people can have time to evacuate. That
means the cost of a tsunami sensor is much higher than a
nearshore wave monitoring system. As tsunamis are very
rare, the cost of tsunami sensors seems too high to be
practical. On the other hand, both submarine earthquakes
and landslides can be detected by seismometers. In the long
run the detection of SMFs will be very quick, economical
and reliable. Therefore, more attention should be paid to the
understanding and the detection of SMFs, and RGF should
be seen to be a useful tool in the forecast of SMF tsunamis.

Conclusions

Quick forecast of SMF tsunamis can be obtained in a very
economical way by using RGFs. Compared to seismic tsu-
namis, finer spatial resolution is required in simulating RGF
tsunamis because of the smaller spatial scales of an SMF.
The reduced grid dimensions in the nearshore area induce
coastal effects which cannot be exactly reproduced by the
RGF approach. However, the first few waves of the RGF
approach are exactly the same as the result of direct simu-
lation, and the applicability in tsunami forecast is not
affected.

If the SMF or the tsunami is detected, RGFs can provide
SMF tsunami information in a very short time. Several
scenarios can be considered before announcing the warning;
hence, an ensemble forecast can be given so that counter-
measures can be taken to effectively mitigate the hazard.
Further integrating with the detection technologies on either
SMFs or the tsunami itself shed light on the establishment of
a useful forecast system for SMF tsunamis.
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Deformation Characteristics with Porewater
Pressure Development of Shallow Landslide
Triggered by Rainfall Infiltration

Kuo-Hsin Yang, Thanh Son Nguyen, Harianto Rahardjo,
and Der-Guey Lin

Abstract

The identification of the slope deformation characteristics
upon rainfall plays an important role in providing early
warning information and implementing emergency reme-
dial actions before landslide occurs. In this study, a
coupled hydro-mechanical formulation of finite element
analysis was performed to investigate the displacement
behaviour of slopes triggered by rainfall infiltration. The
simulation results showed in good agreement with
experiment result. The model study was then carried out
to investigate the hydraulic and deformation response of
the shallow slope. The numerical results revealed that the
developed slope displacement with time can be divided
into three stages, namely constant, accelerated, and
critical deformation stages, corresponding to various rates
of slope movement and porewater pressure development
stages. Finally, the relationships of slope displacement
magnitude with the factor of safety that established from
this study can be seen as a good indicator for shallow
landslide hazard assessment.

Keywords

Rainfall-triggered landslides � Coupled
hydro-mechanical model � Landslide movement patterns

Introduction

Rainfall-induced shallow landslides is a common natural
hazard around the world, particularly for countries in tropical
regions and mountainous basins, where covered by a resid-
ual or colluvium soil deposit underlain by a less permeable
rock. It was observed that the failure plane is approximately
parallel to the slope surface with a failure depth typically
ranging from 1 to 3 m (Johnson and Sitar 1990; Bordoni
et al. 2015; Zhang et al. 2017).

Numerous past studies have been conducted to investi-
gate the hydrological response and failure mechanism of
rainfall-induced shallow landslides using various approaches
such as small-scale and full-scale laboratory tests (Wang and
Sassa 2001, 2003; Moriwaki et al. 2004; Sasahara and Sakai
2014), field monitoring (Ng et al. 2003; Leung and Ng
2016), and numerical analyses (Casagli et al. 2005; Qi and
Vanapalli 2015; Yang et al. 2017; Yubonchit et al. 2017;
Ghasemi et al. 2019; Tang et al. 2019). These studies
revealed that the soil water content and porewater pressure
(PWP) exhibit spatiotemporal variations within the slopes
when the slopes are subject to wetting and drying cycles.
The failure mechanisms of rainfall-induced shallow land-
slides primarily involve the advancement of the wetting
front, which causes the increase of PWP (loss of suction, or
development of positive PWP) within soils, leading to a
decrease in soil shear strength, and consequently resulting in
the final failure of slopes. However, few attempts have been
made to investigate the deformation characteristics (i.e.,
displacement–time relationship) of slopes subjected to rain-
fall (Alonso et al. 2003; Zhou et al. 2009; Leung and Ng
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2016; Yang et al. 2017; Tang et al. 2019) due to the complex
coupled hydro-mechanical problems (Lee et al. 2011).

The improving understanding of slopes deformation
characteristics upon rainfall at pre-failure process is essential
and important implications for landslide risk management.
Thus, a coupled hydro-mechanical formulation finite ele-
ment (FE) analysis on shallow slope was conducted in this
study to investigate the development of slope displacement
with time triggered by rainfall infiltration. The findings can
be used as further guidance for the mitigation of landslide
disasters.

Numerical Simulation

Model Validation

A full-scale landslide flume test performed by Moriwaki
et al. (2004) was used to validate the applicability of the
proposed numerical model on predicting the slope hydraulic
responses and deformation. Accordingly, the fully coupled
flow-deformation analysis using finite element (FE) method
framework PLAXIS 2D (Brinkgreve et al. 2019) was used to
analyse the simultaneous development of deformations and
PWPs within soils due to time-dependent changes of the
hydraulic boundary conditions. For modeling soil mechani-
cal response, the shear strength of an unsaturated soil was
calculated by combining Bishop’s effective stress concept
(Bishop 1959) and extended Mohr–Coulomb failure crite-
rion proposed by Vanapalli et al. (1996). The factor of safety
(FS) of the slope was calculated using the phi/c reduction
technique (Griffiths and Lane 1999).

Materials

The slope was built using loose Sakuragawa river sand,
classified as a poorly graded sand (SP) according to the
Unified Soil Classification System (USCS). The Hardening
Soil (HS) model, an elastoplastic soil constitutive model was
used to simulate the behavior of soil test. The
stress-dependent modulus in the HS model is an essential
feature to appropriately describe changes in the soil modulus
with matric suction for modeling the unsaturated soil
behavior (Yang et al. 2017).

Table 1 summaries the input soil mechanical properties
used in the numerical simulation. The saturated permeabil-
ity, ks was determined based on the best-fitted result as
3.0 � 10−4 m/s. Figure 1 presents the soil–water character-
istic curve (SWCC) and hydraulic conductivity function
(HCF) for the test soil using van Genuchten–Mualem’s
model (Mualem 1976; van Genuchten 1980). In the test,
artificial rainfall with a constant intensity of q = 100 mm/h
was applied on the entire slope surfaces. The FE mesh and
boundary conditions are described in Fig. 2.

Results and comparison

Figure 3 presents the comparison of the measured and the
numerically predicted location of the phreatic surface and
failure surface just prior to the slope failure (t = 9267 s). In
general, a good agreement can be observed between the
measured and the predicted responses. As shown in Fig. 3,
the slope failure was initialled in the upper 30˚ slope section
for both the experimental test and numerical analysis. The

Table 1 Soil properties used in
this study

Parameter Model validation Model study

soil layer Bedrock

Material model HS HS MC

Analysis type Unsaturated drained Unsaturated drained Saturated undrained

cunsat [kN/m
3] 15.7 16 24

csat [kN/m
3] 19.1 18.1 24

c′ or su [kPa] 0.1 7 500

/′ [o] 34 31.5 0

w [o] 4 1.5 –

E50
ref or Eu [kPa] 10,000 15,000 876 � 105

Eoed
ref [kPa] 10,000 10,500 –

Eur
ref [kPa] 30,000 45,000 –

tur or t 0.3 0.3 0.495

m [–] 0.5 0.5 –

Rf [–] 0.9 0.9 –
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failure surface developed along the soil–bedrock interface at
the upper slope, forming a transitional slide failure mode.

Figure 4 shows the measured and predicted surface dis-
placement with time at three selected locations (namely D1,
D3, and D5 as shown in Fig. 2) along the slope surface. The
predicted displacement trends have a good match with the
measured ones for all three selected locations. Both mea-
sured and predicted results show the slope started to move
after t = 6700 s, corresponding to the timing when the

wetting front reached the bottom of the slope and positive
PWP started to develop at the soil–bedrock interface. The
measured and predicted slope displacement approximately
reached to 51 mm at the moment of slope failure (FS = 1).
The predicted failure timing t = 9300 s also matches well
with the measured one t = 9267 s.

In summary, the location of the phreatic surface, location
of failure surface, surface displacements, and failure timing
predicted by FE analysis were in good agreement with the

Fig. 1 Hydraulic characteristic
curves: a SWCC; b HCF

Fig. 2 Numerical model for
model validation

Fig. 3 Model validation by
comparing the location of
phreatic surface and failure
surface
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observed ones from the experimentally, indicating that fully
coupled hydro-mechanical model analysis based on the
framework of unsaturated soil mechanics was applicable to
evaluate the mechanical and hydraulic responses as well as
the deformation characteristics of shallow slopes subjected
to rainfall.

Model Study

In this study, a FE slope model was established to model a
shallow slope that has a total length of 120 m and slope
angle of 30° (Fig. 5). The slope model consists of a
3 m-thick soil layer underlain by an impermeable rock layer.
The ratio of slope length to soil thickness in the slope model
is L/H = 30, which is larger than the suggested value (=25)
to ensure no interference from boundaries on the calculation
of slope deformation (Milledge et al. 2012). The FE mesh

with 15-noded triangular elements consists of 32,261 nodes
and 3968 elements in total (Fig. 5). The numerical simula-
tion was performed in two steps: initial suction of 10 kPa
was first generated and then a rainfall intensity of
q = 16.25 mm/h was prescribed on the top surface of the
slope until the failure of shallow slopes is occurrence. The
value of rainfall intensity used herein were referenced from
the Taiwan Soil and Water Conservation Bureau for 263
mass movement caused by rainfall events (Chen et al. 2015),
in which reported that mean rainfall intensity ranged from
8.9 to 64.8 mm/h.

The characterizing residual soil slopes were statistically
determined from a large database of soil properties soils
compiled from 35 landslide case studies in the literature. The
datasets cover a wide range of soil types including both
residual weathered soils and transported colluvium deposits
all over the world. The mean values of soil properties are
provided in Table 1. The bedrock was modeled using the
Mohr–Coulomb model with a very high Young’s modulus to
ensure the deformation of the bedrock is negligible in the
analysis (Camera et al. 2014). The hydraulic properties of
soil model study (i.e., SWCC and HCF) is also described in
Fig. 1.

Results and Discussion

PWP and Volumetric Water Content
(VWC) Response

Figure 6 presents the variation of PWP and volumetric water
content (VWC) with time. The results are presented for three
depths below the slope surface (denoted as Depth-1, -2, and -
3 in Fig. 5) for each selected location (Sections A, B, and C).

Fig. 4 Model validation by comparing the surface displacement and
failure timing

Fig. 5 Shallow slope model used
in this study
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The numerical results show that the development of PWP
with time generally can be divided into four stages: initial
unsaturated stage, transition stage, temporary equilibrium
stage, and development stage (inserted figure in Fig. 6). The
soil was unsaturated originally in the initial unsaturated
stage. The increase of PWP at the transition stage was due to

the loss of matric suction caused by the advancement of the
wetting front. As the wetting front past, the inflow and
outflow flux reached a balance and PWP remained equilib-
rium at the temporary equilibrium stage. Upon rainfall
infiltration reached the base of the soil (approximately at
t = 21 h), rainwater accumulated and then positive PWP

Fig. 6 Variation of PWP and VWC at: a, b Section A; c, d Section B; e, f Section C, with various depth below the ground surface
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began to develop at the soil–bedrock interface (at t = 24 h)
because the permeability of the bedrock was much lower
than that of the soil. At this stage (the development stage,
t > 24 h), the PWP exhibited a rapid increase trend as
rainfall proceeded. The rapid increase of PWP happened
later for the soil located higher from the soil–bedrock
interface because it took some time for the accumulation of
PWP to reach a higher location. Notably, slope failure
occurred at tf = 29 h when PWP at the base of the soil
reached a critical threshold (�11 kPa), corresponding to the
PWP ratio (PWP divided by total overburden pressure, u/c
H) ru = 0.2.

The variation of VWC over time (Fig. 6b, d, and f) shows
similar trends with those in the PWP (Fig. 6a, c, and e). An
increase in VWC was associated with an increase in PWP in
the transition stage. The VWC reached temporary equilib-
rium at h = 0.39, corresponding to S = 88%. The temporary
equilibrium of VWC is also known as the initial
quasi-saturated VWC, reported by Tohari et al. (2007) and
Ling and Ling (2012), as an indicator to identify the onset of
the slope movement. After rainfall infiltration reached the
base of the soil (t > 21 h), the VWC of the soil at the base
increased rapidly and becomes fully saturated (hs = 0.445) at
t = 24 h. It is worth highlighting that, in contrast to the trend
of continuous development of positive PWP in the devel-
opment stage, the VWC remained a constant value after soil
was saturated.

The Development of Slope Displacement
with Time
Figure 7 shows the slope total displacement (s–t curve) and
the variation of FS with time. It was observed that the
development of slope displacement is divided into three
stages (constant, accelerated, and critical deformation stage)
according to the rate of slope movement as suggested by Xu
et al. (2011). Table 2 summarizes the slope displacement
stage and the corresponding PWP development.

The slope deformation was not significantly developed at
t < 21 h before the rainfall infiltration reached the base of
the soil. The slope gradually moved with a low displacement
rate (v < 1 mm/h) in the constant deformation stage

(21 h < t < 24 h), where v is defined, v = (ut2 − ut1)/(t2 −
t1), where ut1 and ut2 are the displacement corresponding to
the interval time t1 to t2, respectively. In this deformation
stage, the PWP steadily increased but still remained a neg-
ative value, corresponding to the first three stages in the
PWP development. Evident slope deformation developed
with a displacement rate ranging from v = 1–3 mm/h in the
accelerated deformation stage (24 h < t < 27.2 h). The
development of evident slope deformation was triggered by
the full saturation of soil and accumulation of positive PWP
at the base of the soil staring from t = 24 h, corresponding to
the early PWP development stage (refer to Fig. 6). The slope
displacement increased rapidly with a large displacement
rate (v > 3 mm/h) in the critical deformation stage
(t > 27.2 h). This deformation stage corresponds to the late
PWP development stage when the accumulation of positive
PWP was larger than 7 kPa (ru = 0.15). The corresponding

Fig. 7 FS versus time and slope displacement curve (s–t curve)

Table 2 Slope deformation stage
and PWP development

Slope
deformation
stage

Timing Displacement
rate

Factor
of
Safety

PWP development stage PWP
value

PWP
ratio

t (h) v (mm/h) FS (kPa) ru

Constant 21–24 <1 1.43–
1.35

Initial unsaturated,
transition, and
temporary equilibrium

<0 <0

Accelerated 24–27.2 1–3 1.35–
1.10

Early development 0–7 0–
0.15

Critical 27.2–29 >3 <1.1 Late development 7–11 0.15–
0.2
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factor of safety at the beginning of the critical deformation
stage is FScr = 1.1. The final slope failure (FS = 1) occurred
at tf = 29 h. The maximum slope displacement occurred at
the upper slope (Sections A and B) reached 240 mm at the
moment of failure (Fig. 7).

Conclusion

A fully coupled hydro-mechanical analysis was carried out
to investigate the hydraulic and deformation response of the
slopes subjected to rainfall infiltration. The following con-
clusions can be drawn:

(a) The results confirmed that fully coupled hydro-
mechanical analysis was capable of accurately predict-
ing the mechanical and hydraulic responses as well as
the deformation characteristics of shallow slopes sub-
jected to rainfall.

(b) The slope deformation was highly correlated with the
development of PWP as rainfall proceeded. The slope
failure was triggered by the full saturation of the soil
and the accumulation of positive PWP at the soil–
bedrock interface. The failure surface was developed
along the soil–bedrock interface and was determined as
a transitional slide failure.

(c) The development of slope displacement with time can
be divided into three stages. In the constant deformation
stage, the slope gradually moved with a low displace-
ment rate (v < 1 mm/h) and PWP still remained nega-
tive. In the accelerated deformation stage, evident slope
deformation developed with a displacement rate rang-
ing from v = 1–3 mm/h and the PWP become positive
at the base of the soil. In the critical deformation stage,
the displacement increased rapidly with a large dis-
placement rate (v > 3 mm/h) when the accumulation of
PWP reached a critical threshold.
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Debris Flow Simulations Due to Landslide
Dam Outburst and Considering Effective
Countermeasures

Kana Nakatani, Ken’ichirou Kosugi, and Yoshifumi Satofuka

Abstract

Recently, deep-seated landslides, DSLs, have become
more frequent due to heavy rain events. Due to DSLs, there
have been some cases of landslide dam formations in
mountainous regions.When landslide damoutburst occurs,
large scale debris flow might devastate the downstream
area. Therefore, debris flow scenarios, arising from land-
slide outbursts, are studied to predict and prevent the
damages in the downstream regions. In this study for the
purpose of simulation, we applied the Hyper KANAKO
systemwith the digital elevationmodel, DEM, taken before
and after the landslide dam formation. First, we simulated
the landslide dam outburst scenario by comparing it with
the downstream deposition. When the sediment diameter
and the fluid phase density were set to 0.2 m and
1,000 kg/m3, respectively, the results were satisfactory.
Then, we considered an effective countermeasure installa-
tion in the torrent by setting one closed type sabo dam with
an effective height of 15 m. We found that setting the sabo
dam in the downstream side of the torrent prevented the
sediments from moving downstream; this setup effectively
prevented the damage. Therefore, simulations are useful for
landslide dam outburst hazard mapping and for effective
countermeasure implementation.

Keywords

Debris flow � Simulation � Landslide dam � Hazard
mapping � Countermeasure

Introduction

Recently, deep-seated landslides, DSLs, have become more
frequent due to heavy rain events. Due to DSLs, there have
been some cases of landslide dam formations in mountain-
ous regions. When landslide dam outburst occurs, large scale
debris flow might devastate the downstream area. Therefore,
debris flow scenarios, arising from landslide outbursts, are
studied to predict and prevent the damages in the down-
stream regions. Debris flow simulation is an effective tool for
investigating the landslide dam outbursts that occur due to
overtopping and debris flow flooding, as well as for inves-
tigating the downstream depositions due to the outbursts. For
debris flow simulation, several models and systems have
been proposed and applied. However, the Takahashi model
is widely applied, and it demonstrates good results not only
in the experimental cases but also in the real debris flow
disaster cases (Takahashi 2007). Some studies have con-
sidered the DSLs, large landslide dam formations, and out-
bursts. However, most of the studies have focused on the
debris flow peak discharges due to outbursts. In 2018, Braun
et al. had conducted simulation studies on the formation and
the stability of landslide dams in China using SPH analysis.
However, only a few studies were aimed at understanding
the downstream side of landform changes, such as the
deposition distributions in Japan.

In this study, we focused on a landslide dam formed in
the Akatani area, Nara Prefecture, Japan, due to typhoon
No. 12 in 2011, which had occurred in the Kii peninsula.
A landslide dam was formed due to a DSL, an outburst
occurred due to overtopping, and a debris flow moved
downstream. Detailed data was observed and collected
through surveys. We applied debris flow simulations to
achieve our goals. Therefore, first we did a back analysis of
the simulation settings that could describe the observed
landslide dam outburst situation. Then, we simulated the
effective countermeasure implementations in the down-
stream region of the landslide dam. In this study, we aimed
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to show that debris flow simulations could be useful for
landslide dam outburst hazard mapping and for effective
countermeasure implementation.

Simulation Target and Methods

Akatani Landslide Dam Formation in 2011 Nara
Prefecture, Japan

The simulation target was the landslide disaster that occurred in
the Kii peninsula, Japan due to typhoon No. 12 in 2011 (Mat-
sumura et al. 2012; Kinoshita et al. 2018). In this study, the target
regionwas in theAkatani area, Nara Prefecture, Japan. Due to the
long-duration and the high intensity of the rain, a DSL occurred
with a sediment volume of approximately 9 million m3. Due to
the DSL, a landslide dam with approximately 85 m height was
formed in the Akatani river, which is a tributary of the Kawarabi
river. Figure 1, which has been taken from theMinistry of Land,
Infrastructure, Transport and Tourism in Japan,MLIT, shows the
landslide dam that was formed in 2011 due to a DSL, and Fig. 2,
which has been edited to Kinoshita et al. (2018) shows the ele-
vation difference before and after the disaster.

Many researchers had conducted countermeasure works
in the Kii peninsula, including the Akatani area, after the
DSL and the subsequent formation of landslide dams.
However, structural countermeasures, especially for DSLs,
are expensive and time consuming. Thus, we also needed to
consider non-structural countermeasures, such as simulating
hazard mappings. Therefore, we first aimed to consider the
debris flow scenario due to the landslide dam outburst that
occurred in 2011.

Simulations for Debris Flow Due to the Landslide
Dam Outburst in the Akatani Area 2011

The authors used a debris flow simulation system, which was
based on geographic information system, GIS, called the
Hyper KANAKO system (Nakatani et al. 2012). In the
Hyper KANAKO system, the numerical simulation of the
debris flow takes into account the erosion/deposition due to the
equilibrium concentration that is based on the model presented
by Takahashi et al. (2001) and Takahashi (2007). The
Hyper KANAKO system includes equations for momentum,
continuation, riverbed deformation, erosion/deposition, and
riverbed shearing stress. Moreover, an integrated model (Wada
et al. 2008) was developed and implemented, incorporating the
influences not only on the 1D simulation areas, such as the
steep mountainous valley area but also on the 2D simulation
areas, such as the alluvial fans. The effects of the sabo dams or
the check dams on the 1D areas were simulated based on the
model developed by Satofuka and Mizuyama (2005).

We set the Akatani River area, where the landslide dam
had formed, as the 1D simulation area. Typically, 2D sim-
ulation areas are set at the valley exit where there are alluvial
fans and residential areas that help in analyzing the high-risk
area. However, in this study, we set the 2D simulation area
from the confluence to the Kawarabi River, as shown in the
right portion of Fig. 2. The right portion of Fig. 2 shows the
orthophoto taken by MLIT after the disaster. We considered
the deposition distribution in the Kawarabi River as a debris
flow hazard, because a change in the riverbed, especially
large deposition, might reduce the discharge capacity of the
main river and cause flooding/deposition around the main
river.

Fig. 1 DSL and landslide dam
after the 2011 disaster (taken
from MLIT)
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The top portion of Fig. 3, shows the longitudinal figure in
the 1D area. Fixed bed was set from the digital elevation
model, DEM, taken before the disaster, and the initial bed
was set from the DEM taken after the disaster. The DEM
was obtained by MLIT through the airborne laser scanning
method with a 1 m mesh resolution. The difference between
the initial bed and the fixed bed is a movable bed layer, and
the landslide dam showed a maximum height of 82 m at
1,825 m downstream from the 1D upstream end. The bottom
portion of Fig. 3, shows that the river width was set from the
DEM that was taken after the disaster. To consider the risk
factor of the landslide dam outburst due to overtopping, we
assumed that the overtopping and the erosion occurred in the
entire width of the river.

Figure 4 shows that for the debris flow simulation, we
supplied water from the upstream end. Initially, we supplied
water at the rate of 1,000 m3/s from the upstream end of the
landslide dam. From 40 s before the overtopping occurred,
we supplied water at the rate of 300 m3/s until the simulation
ended.

For simulating a debris flow, it is important to set the
parameters in relation to the constituent materials of the
debris flow. There are two parameters which are as follows:
(a) the representative grain diameter ‘d’, whose unit is m, is
for sediments behaving as a solid phase, and (b) fluid phase
density ‘q’, whose unit is kg/m3, is for finer materials
behaving as a fluid phase. We referred to the disaster reports
and also conducted field surveys in the Akatani and

Fig. 2 DSL and landslide dam
after the 2011 landslide disaster
(left: edited to Kinoshita et al.
2018; right: the simulation area
with the orthophoto taken from
MLIT after the 2011 landslide
disaster)

Fig. 3 Longitudinal figure
(top) and river width (bottom) in
the 1D simulation area, set from
DEM taken from MLIT
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considered 0.2 m and 1.0 m as the values for ‘d’. Further-
more, for ‘q’, we considered the values 1,000 kg/m3 in the
usual situation of stony debris flow, and 1,400 kg/m3 in the
scenario when most of the fine sediments behaved as fluid
phase indicated by recent studies (e.g., Nakatani et al. 2018;
Takahashi 2007). We considered the four cases that are
listed in Table 1. Other parameters used in the simulation are
listed in Table 2.

Simulation Results and Effective
Countermeasures

Simulation Results

Figure 5 shows the simulation results of the deposition
thickness for the 2D area that have been compared with the
actual situations reported by Kinosita et al. (2018). The area
bordered by the purple line indicates a deposition of more
than 300 cm. In the east section (right portion of the figure)
of the Kawarabi River, the purple dotted line shows the
downstream end of the deposition that is more than 1 cm. By
comparing the simulation cases, we concluded that Case 1
with ‘d’ and ‘’ whose values are 0.2 m and 1,000 kg/m3

were in good agreement to the observed situations of the
deposition distributions.

Simulations Considering the Effective Structural
Countermeasures

Using debris flow simulations, we can estimate the distri-
bution of numerical values such as the deposition thickness,
flow depth, and velocity, and can also estimate the hazard
zoning of the target area. In this paper, we found that Case 1
showed a good agreement with the observed deposition.
Typically, removing the sediments of the landslide dam and
the DSL as well as draining the upstream water of the
landslide dam are conducted for disaster mitigation planning.

However, in this study, we considered a simple disaster
mitigation planning to set a single sabo dam at the down-
stream side of the landslide dam using debris flow simula-
tion. This method illustrated how we could apply
simulations for considering effective countermeasures. We
applied the debris flow scenario due to the landslide dam
outburst, as described in Case 1. We considered to set a
single closed type sabo dam with effective height of 15 m in
the four installation sites, whose distances from the upstream
end were set as 2,372.5 m, 2,517.5 m, 2,682.5 m and
2,767.5 m, respectively. We selected the four sites from the
trial simulations which had relatively smaller slopes and
better effective sediment capturing characteristics compared
to the surrounded sites. The locations are shown in Fig. 2.
Other settings such as the supplied discharge and the
parameters were kept the same.

Figure 6 shows the simulation results of the deposition
thickness in the 2D area. We also considered the sedimen-
tation volumes, which were moved to the 2D area from the
simulated 1D Akatani River area, with and without the
installed sabo dam, as listed in Table 3. From the deposition
distribution shown in Fig. 6 and the numerical values listed
in Table 3, it is evident that setting a sabo dam at the

Fig. 4 Water supply from upstream

Table 1 Simulation cases

Case Representative grain-diameter
(m)

Fluid phase density
(kg/m3)

1 0.2 1,000

2 0.2 1,400

3 1.0 1,000

4 1.0 1,400

Table 2 Simulation parameters

Parameter Value Unit

Simulation time 10,000 s

Time step 0.01 s

Mass density of sediment 2650 kg/m3

Concentration of movable bed 0.65

Erosion velocity coefficients 0.007

Deposition velocity coefficient 0.05

Manning’s coefficient 0.03 s/m1/3

1D simulation points interval 5 m

Number of 1D points 5

2D simulation mesh size 10 � 10 m � m

Number of 2D meshes 51 � 62
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downstream side was more effective than setting it up at the
upstream side. Setting a dam at 2,767.5 m from the upstream
end (dam 4), decreased the sediment movement to the
Kawarabi River by 4% compared to when there was no sabo
dam. When the sabo dam was set on the downstream side,
the distance from the downstream of the landslide dam to the

upstream of the sabo dam increased. Furthermore, by com-
paring the four installation sites it was observed that the
slope of the installation site decreased when the dam was set
on the downstream side. Therefore, the capacity of the sabo
dam to store sediments increased when the sabo dam was set
on the downstream side.

Fig. 5 Simulation results of the
deposition thickness for the 2D
area (right) and the observed
deposition (left) as reported by
Kinoshita et al. (2018)

Fig. 6 Simulation results for the
deposition thickness in the 2D
area by taking the sabo dam
setting into consideration as
described in Case 1
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Conclusions and Future Works

In this study, we focused on a large debris flow that occurred
due to the landslide dam outburst in the Akatani area, Nara
Prefecture, Japan, due to typhoon No. 12 in 2011, that had
occurred in the Kii peninsula. For the purpose of simulation,
we applied the Hyper KANAKO system with the DEM
landform data, taken before and after the landslide disaster,
respectively. First, we considered the simulation settings that
described the actual landslide dam outburst situation and
compared it with the deposition distribution. It was observed
that a sediment diameter of 0.2 m and a fluid phase density of
1,000 kg/m3 showed satisfactory results. Then, we considered
the effective countermeasure implementation in the torrent by
setting a single closed type sabo dam with an effective height
of 15 m. We found that setting the sabo dam in the down-
stream of the torrent was effective in preventing sediments
from moving downstream to the Kawarabi River and thereby
preventing the damage around the river. Therefore, simulations
can be useful for landslide dam outburst hazard mapping and
for considering effective countermeasures.

However, we considered only one landslide dam outburst
event and only one sabo dam installation in the Akatani area.
Since 2011, large volume of sediments weathered away from
the DSLs and there have been several sediment runoffs from
the landslide dams. Some countermeasure works, such as
removing sediments and setting up of water passes, have
also been conducted on the landslide dams.

In our future works, we will focus on other events,
countermeasures, and effective use of numerical simulations
in preventing disasters.
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Preliminary Results from the SMART-SED
Basin Scale Sediment Yield Model

Federico Gatti, Luca Bonaventura, Alessandra Menafoglio,
Monica Papini, and Laura Longoni

Abstract

In this work we describe a first version of the simulation
tool developed within the SMART-SED project. The two
main components of the SMART-SED model consist in a
data preprocessing tool and in a robust numerical solver,
which does not require a priori identification of river beds
and other surface run-off areas, thus being especially
useful to provide accurate input data to more localized
landslide and debris-flow models. Furthermore, a geosta-
tistical tool is available to downscale SoilGrids particle
size fractions (psf) data to a given resolution. The psf data
is employed also within the SCS-CN method, used to
model the infiltration process. The results of a complete
numerical simulation are reported and possible future
developments of the model are discussed.

Keywords

Sediment yield modelling � Geostatistical kriging �
Semi-implicit finite volume method � 2D shallow water
equations

Introduction

Hydrogeological instability is a major concern for inhabited
areas, due to its negative consequences as a natural hazard
for people and infrastructures. Appropriate tools to identify
areas prone to instabilities should include available infor-
mation in flexible and easy-to-use databases, which are
presently not fully exploited, as one can also deduce simply
by the fact that this point is among the objectives of the
present call.

The SMART-SED project (Sustainable Management of
sediment transpoRT in responSE to climate change conDi-
tions) stems out from the above considerations. Part of this
project consists in the development of a tool able to simulate
sediment transport resulting from slope erosion. The project is
regarded as a reaction to demands of local territorial man-
agement institutions and professionals which lack the proper
decision-making support tools regarding hydro-geological
natural hazards (Brambilla, D., Papini, M., Ivanov, Vladislav
Ivov, Bonaventura, L., Abbate A, Longoni, n.d.).

In this paper, we describe a first version of the simulation
tool developed in the SMART-SED project. While not
directly useful for modelling and prediction of landslide
evolution, this kind of model can help to highlight the
regions of greatest sediment yield and mobility, thus iden-
tifying critical areas where more specific landslide and
debris-flow models can be applied.

Conceptual Scheme of the Model

The simulation tool is divided in two modules. A first module
is able to downscale, via geostatistical methods, digital soil
maps, while a second module solves the model equations with
a finite volume—finite difference numerical scheme. In the
first module, digital soil maps for the prediction and stochastic
simulation of terrain-related quantities are used to estimate the
input parameters of the second module.
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Input data consist in rasters of digital soil maps taken
from the SoilGrids repository, see (Hengl et al. 2017) and
DTMs, as well as meteorological data in an ASCII file for-
mat. In the following, we first present the model equations
and their numerical discretization, and later the geostatistical
downscaling module.

Model Equations

The model solves the 2D shallow water equations for the
surface runoff, coupled with transport equations for the
sediment concentration and water content in the soil. These
equations are coupled by source terms that represent the
precipitation, infiltration and evaporation processes. The
ground elevation is given on a spatial domain X a
byaDigitalTerrainModelðDTMÞ, which is based on a Carte-
sian uniform mesh. A basin subdomain Xb is then identified
a priori by geometric considerations, which includes a
drainage subdomain Xd that varies in time. We denote with
H; g the depth of the surface runoff water layer and the water
free surface from zero orography height, respectively, and
with u 2 R

2 the surface water velocity. In the drainage
subdomain, the following conservation laws are assumed:

@tHþr � Huð Þ ¼ 1� lð Þp� f ð1Þ

@tuþ grgþ u � ruþ c uð Þu ¼ 0 ð2Þ
Here, p is the rainfall rate, f is the infiltration rate, g the

gravity field, l an indicator function which is equal to one in
regions with snowfall and c a friction coefficient defined
according to (Rickenmann 1994).

Furthermore, if we denote with hg the water depth in the
gravitational layer, with hsd the sediment layer depth and
with hsn the depth of the snow layer, the following conser-
vation laws hold in the basin subdomain:

@thg þr � fg ¼ f � evþ s; ð3Þ

@thsd þr � fsd ¼ w ð4Þ

@thsn ¼ lp� s; ð5Þ
where ev is the evapotranspiration computed via Hargreaves
model (Hargreaves and Allen 2003), s the snow melting rate
computed with the Degree-Day approach (Day 2006), and w
the sediment source term defined according to the Gavrilovic
approach (Gavrilovic 1988). The dynamic of infiltration is
modeled via the classical SCS-CN model, see e.g. (Ponce
and Hawkins 1995) and the improvements proposed in
(Michel et al. 2005):

F ¼ SP

Pþ S
; ð6Þ

where F is the cumulated infiltrated water, P is the cumu-
lated total rainfall and S is the potential maximum soil
moisture retention function of the Curve Number, which is a
function of the soil texture. The gravitational flux f g is
modelled as:

fg ¼ hgug; ð7Þ
where ug represents the water velocity vertically averaged
over the layer. This velocity is modeled as ug ¼ bgn; where
bg is a function of the soil characteristics and of the water
level in the layer, while n is the unit vector determined by the
terrain slope b:

n ¼ rb

rb
: ð8Þ

The solid flux is defined via dimensional analysis con-
siderations following (Zhang et al., 2009), (Papini, M.,
Ivanov, V., Brambilla, D., Arosio, D., Longoni, 2017) as:

fsd ¼ arbbq; ð9Þ
where a; b 2 R and q ¼ hsdu.

Numerical Discretization

To solve these equations numerically, we adopt for the sur-
face runoff equations a first order semi-implicit Eulerian–
Lagrangian discretization. This choice ensures good numer-
ical stability also in case of Courant numbers greater than one,
see (Casulli 1990) and (Casulli and Cheng 1992). Given input
data rasters with a resolution DxDy, this results in a discrete
surface layer depth equation is given for each cell by:

½1þ g
Dt2

Dx2
aiþ 1

2;j
Hn

iþ 1
2;j
þ ai�1

2;j
Hn

i�1
2;j

� �

þ g
ðDt2Þ
ðDy2Þ ðaði;jþ 1

2ÞH
n
ði;jþ 1

2Þ þ aði;j�1
2ÞH

n
ði;j�1

2ÞÞ��
ðnþ 1Þ
ði;jÞ

� g
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aiþ 1

2;j
Hn

iþ 1
2;j
gnþ 1
iþ 1;j

� g
Dt2

Dx2
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2;j
Hn

i�1
2;j
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Gn
i;j ¼ gni;j þDt 1� lð Þpni;j � Dtf ni;j

� Dt
Dx

aiþ 1
2;j
Hn

iþ 1
2;j
Funiþ 1

2;j
� ai�1

2;j
Hn

i�1
2;j
Funi�1

2;j

� �

� Dt
Dy

ai;jþ 1
2
Hn

i;jþ 1
2
Fvni;jþ 1

2
� ai;j�1

2
Hn

i;j�1
2
Fvni;j�1

2

� �
;

ai�1
2;j
¼ 1

1þDtcn
i�1

2;j

; ai;jþ 1
2
¼ 1

1þDtcn
i;j�1

2

Note that this set of equations defines a linear system to
be solved at each time step. whose matrix is symmetric and
positive definite. Here Fun

i�1
2;j

and Fvn
i;j�1

2
denote the

semi-Lagrangian discretization of the convective term of the
surface runoff momentum equations. For the other conser-
vation laws, a first order explicit time upwind finite volume
scheme (LeVeque 1992) is employed. While well known
since a long time, the outlined method has not yet been
applied to basin scale simulations. Its distinctive advantages
consist in its numerical robustness and efficiency, which
allows to use time steps that are only limited by accuracy,
rather than by stability considerations, and in the fact that no
a priori identification of river beds and other run-off areas is
necessary. This enables a much more realistic description of
the actual run-off during long range simulations.

Geostatistical Downscaling

The potential maximum soil moisture retention is a function
of soil texture. Soil texture can be determined from
particle-size fractions (psf), i.e. the relative percentages, in
terms of soil composition, of clay, silt and sand, the three
categories in which grains of fine earth are divided
depending on their size (Soil texture, 2014). The psf data are
compositional, i.e. vectors of positive components with a
unit-sum constraint:

X
1� i� 3

zi ¼ 1 ð11Þ

where zi; i ¼ 1; 2; 3 are the fractions of clay, silt and sand,
respectively. To avoid spurious correlations among ratios,
(Kim 1999), the standard approach to the statistical analysis
of compositional data is that proposed in (Aitchison, 1982).
In this setting, the data are transformed through appropriate
isomorphisms e.g. via an Isometric Log Ratio transform,
(Martin-Fernandez et al., 2012), to operate within the
Aitchison geometry without modifying the classical statis-
tical techniques based on the Euclidean metric. The Soil-
Grids data are then downscaled to match the desired

resolution a Compositional Area To Point Regression
Kriging method (Togni 2019). Finally, we perform a geo-
statistical Conditional Simulation to analyze, in a Monte
Carlo setting, how the uncertainty propagates to the output
of a numerical simulation (Soares 2001). In Fig. 1, we pre-
sent an example of realization of the downscaled field, for a

Fig. 1 Raster objects with an isotropic resolution of 20m that
represent sand (top) and silt (bottom) percentages of the topsoil of a real
scenario (Caldone catchment (Ivanov et al. 2020)). These are results
from Conditional Simulation based on the Compositional Area to Point
Kriging
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raster resolution of Dx ¼ Dy ¼ 20m starting from SoilGrids
data with a resolution Dx ¼ Dy ¼ 250m. Generation of
multiple maps enables to estimate the uncertainty affecting
psf data in the study area.

We want to remark here the importance of using Soil-
Grids data in our model. Indeed, at such length-scales, most
of the time psf data are very difficult or impossible to be
determined.

Numerical Results

We report here some results for the case of raster resolution
of Dx ¼ Dy ¼ 20m on a realistic scenario concerning the
Caldone catchment, (Ivanov et al. 2020), see Fig. 2. The axis
of the Caldone valley is oriented to the north-east and all the
plots in Figs. 2, 3, 4, 5, and 6 are oriented to the north. The
input data include a potential maximum soil moisture
retention given by Fig. 3 and a rainfall rate p ¼ 1mm=h
constant on the whole basin domain. 5 simulated days were
considered with 100 time steps per hour. Initial fields are set
to zero and the threshold under which surface run-off is set
to zero is 1mm. In Fig. 4 we have the final time height of the
snow hsn, in Fig. 5 and Fig. 6, top line, are shown final
simulation time results of velocity and surface runoff height

fields u;H, finally in Fig. 6, bottom line, we show the final
time water content in the gravitational layer hg and sediment
height hsd.

From these results we can see that the river bed is
determined automatically by numerical model during the
simulation, see Fig. 5. No flattening of the non-convex
regions has been necessary, in contrast to what is required by
most numerical models of this kind. Finally, areas of high
sediment yield are highlighted. This ability to describe fine
details of the surface run-off processes without unrealistic a
priori assumptions on the flow path makes of this modelling
framework a very useful tool to provide input parameters
and boundary conditions for more localized landslide and
debris-flow models.

Conclusions and Future Developments

Future developments consist in the addition of the exfiltra-
tion process that occurs once the gravitational layer reaches
its maximum capacity water content hg;max. To account for
this phenomenon, the equations have to be modified as:

@tHþr � Huð Þ ¼ 1� lð Þp� f þ e; ð12Þ

Fig. 2 Isolines of the DTM
height (in meters) used with raster
size 20m� 20m
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Fig. 3 Maximum potential soil
moisture retention map, in meters,
computed with the psf given by
results shown in Fig. 2. Note that
here are only shown values
related to the basin zone

Fig. 4 Height of the final time
snow in meters
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@thg þr � fg ¼ f � evþ s� e; ð13Þ

where e denotes the exfiltration rate. A full validation of the
proposed model and a parallel implementation of its second
module are other possible updates, as well as its coupling to
localized models of landslides and debris flow. Finally, the

incorporation of the treatment of subgrid scale orographic
features proposed in (Casulli, 2019) would allow for even
finer resolution runs at a reduced computational cost.
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Fig. 5 Orography contour map,
in meters, superimposed with the
final simulation time velocity
field (red arrows)
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Hazard Assessment of a Rainfall-Induced
Deep-Seated Landslide in Hakha City,
Myanmar

Khang Dang, Doan Huy Loi, Kyoji Sassa, Do Minh Duc,
and Nguyen Duc Ha

Abstract

One of the most disastrous landslide events happened in
Myanmar was Chin state landslides due to abnormal
heavy rainfall in July 2015. The landslides destroyed and
damaged nearly 3,000 buildings and killed 5 people. In
particular, a deep-seated landslide occurred at Mt. Rung,
Hakha city on 27 July 2015 was a serious event in the
history of the Chin state with about 500 m wide and
1,000 m long. On the day of the landslide occurrence, an
intense rainfall of 180 mm fell within a short time span in
the Hakha area. This research aims to assess the potential
rainfall-induced landslides of the remained body on the
slope of July 2015 landside based on assumed pore
pressure ratio (ru), soil parameters from the ring-shear
tests and computer simulation. In the simulation, pore
pressure ratio ru was gradually increased from 0 (no
groundwater) to 0.5 (groundwater table at ground surface)
to simulate two potential cases of rainfall-induced land-
slides with the depths of 30 and 60 m. The landslides
started when pore pressure ratio reached 0.35 and 0.39
which are corresponding to the groundwater level height
equal to 71 and 80% of the total thickness of the sliding
layers. The volumes and velocities as well as the affected
areas of the landslides were also calculated. The method
would provide an assessment of landslide hazard

triggered by rainfall and the result would be of great
help for the authorities in the management of slope
disasters.

Keywords

2015 hakha landslides � Rainfall-induced landslide �
Ring-shear apparatus � LS-RAPID � Landslide risk
assessment

Introduction

Myanmar is one of the Asian countries has been experienced
many geological hazards including earthquakes and land-
slides. In the country’s mountainous regions, such as Chin
State, Shan State, landslides recently have been a major
natural disaster. A Report from the UN Office for the
Coordination of Humanitarian Affairs (2015) stated that, in
2015, Myanmar experienced heavy monsoon rains, and
cyclone Komen triggered landslides and the most wide-
spread flooding in decades, leaving 125 dead and 1,676,086
temporarily displaced. Particularly, the most devastating
landslide event on record in Myanmar occurred in July 2015
and completely destroyed 1,162 buildings, damaged 1,825
buildings and caused 5 fatalities (Mon et al. 2018). The
western part of Myanmar was severely hit by rain flood due
to the impact of cyclone Komen and caused hundreds of
landslides which severely blocked all roads and even swept
away several houses in Hakha, the capital of the Chin State.
Due to the massive damage and persisting landslide risk,
settlements in the city were resettled in a new location.

In 2017, a group of researchers from the International
Consortium on Landslides (ICL) in cooperation with the
Department of Geology Survey and Mineral Exploration
(DGSE) carried out a detailed field survey on a large-scale
landslide occurred at Mt. Rung in Hakha city (Fig. 1).
According to the research from Kyi et al. (2019), before the
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Mt. Rung landslide, the local people were noticed by
warning signs of the initial cracks on the slope, the increase
of water level on the roads, and the deterioration of houses.
Therefore, they were evacuated to safe locations and no one
faced to death in this event, but a school and 540 houses
located under the slope could continue to living in the
dangerous area. During the investigation, an Unmanned
Aerial Vehicle (UAV) was employed to take aerial photos of
the whole landslide and its surrounding areas. A soil sample
was also taken from a valley wall of the displaced landslide
block for laboratory tests. Then the Digital Surface Models
(DSM) was created by Agisoft PhotoScan software. Land-
slide dynamics parameters will be measured from the
ring-shear tests using a new ring-shear apparatus ICL-2 at
the UNITWIN laboratory in Kyoto University, Japan. These
parameters and DSM then will be used to analyse the further
landslides which may occur in this slope by LS-RAPID
software.

The LS-RAPID model has been developed and improved
from 1988 (Sassa 1988; Sassa et al. 2004, 2010, 2012,
2014a, b; Dang et al. 2016). The ICL-2 is a new type of
undrained dynamic-loading ring-shear apparatus (UDRA)
which was developed based on a series of developments of
ring-shear apparatus from DPRI-1, 2, 3, 4, 5, 6, and DRPR-7
(Sassa et al 2004). The first UDRA is a compact and
transportable one ICL-1 with maximum loading capacity and
undrained capacity of 1000 kPa. The second one is ICL-2

which is a high-stress UDRA with maximum loading
capacity and undrained capacity of 3000 kPa. The new
ring-shear apparatus and the landslide simulation model
LS-RAPID have many successful applications in analyzing
mechanism of landslide initiation and motion, estimating
potential landslide volume, landslide velocity as well as
assessing the landslide hazard zonation. They were applied
to simulate earthquake-induced landslides (Sassa et al. 2010,
2012; Tsuchiya et al. 2013; Setiawan et al. 2016),
rainfall-induced landslides (Gradiški et al. 2013; Igwe et al.
2014; Loi et al. 2017; Cuomo et al. 2017; Tien et al. 2018;
Arbanas et al. 2017; Lam et al. 2018; Sodnik et al. 2018;
Dang et al. 2019; Setiawan et al. 2019) or combination of
earthquake and rainfall-induced landslides (Sassa et al.
2014a, b; Dang et al. 2016).

In this study, we do not attempt to reveal the mechanism
of initiation and motion of the 2015 Mt. Rung landslide in
Hakha city but, in order to reduce the landslide risk, examine
the probability of the other landslide occurrence in the future
from the remaining blocks when heavy rainfall occurs. As
rainfall infiltrates a hill, the water content increases in the
soil and results in the pore water pressure rising which will
cause landslide. This study allows future displacement sce-
narios to be predicted from expected pore water pressure
ratio scenarios. The landslide hazard area will be estimated
by the LS-RAPID then it may be referred to the landslide
disaster mitigation planning. The economical early warning

Fig. 1 Overview of the 2015 Mt. Rung landslide. a Location of the landslide in Hakha city, Chin state, Myanmar, b Aerial photo of the landslide
(view from the town, the yellow dot line shows the estimated border of the landslide)
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is the prediction of large cumulative rainfalls which are
similar to the landslides in 2015. The measures for landslide
mitigation are also briefly discussed because the potential
landslide is estimated as a deep-seated with a very large
volume.

Study Area and Field Investigation

Geological and Climate Settings

Hakha city is the capital of Chin State, Myanmar, located in
the Northwest of the country, about 1,870 m a.s.l. The city is
situated at the foot of Mt. Rung with its peak of about
2,280 m a.s.l. As shown in Fig. 2, the area is mainly covered
by sedimentary and metasedimentary rocks of the Falam
Mudstone-Micrite Formation. The Formation is composed
of grey to black mudstone, silty mudstone, and sandstone
turbidites. In which, sandstones are mostly fine-grained and
some are calcareous and carbonaceous (Mon et al. 2018).
According to Kyi et al. (2019), heavily jointed nature and
numerous local folds are observed in this area due to tectonic
process of the Indo-Burma plate.

The climate in the study area is characterized by a very
seasonal variation of the Southwest monsoon belt with
pronounced rainfall occurring in the months of May to
October.

The dry season is from November to April with a small
value of rainfall (Htun et al. 2019). The monthly rainfall of
the Hakha area in rainy season of the period from 1989 to
2015 is presented in Fig. 3 with the average monthly rainfall
of about 250 mm. The rainfall intensity of July 2015 was
more than two times higher than other months of the pre-
vious year which would be equal to a 1-in-1,000-year rain-
fall. In particular, as stated in the report of the Government
of the Union of Myanmar (2015), rainfall of the last seven
days of July 2015 fell more 30% than that of any other
month over the past 25 years (Fig. 4).

Field Investigation

An investigation on the Mt. Rung landslide was conducted
by the ICL group in cooperation with the Department of
Geology Survey and Mineral Exploration (DGSE) of
Myanmar on 19 June 2017, around 2 years after the event.

Fig. 2 Geological map of the Hakha and its environs (from Mon et al.
2018)

Fig. 3 Monthly precipitation in Hakha city in rainy season for period
of 1989–2015 (from Mon et al. 2018)

Fig. 4 Daily and cumulative precipitation for HaKha in July 2015
(from the Government of the Union of Myanmar 2015)
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A quadcopter UAV (DJI Phantom 4) was employed to
acquire aerial photography of the landslide. Recently, there
has been a significant improvement in the spatial resolution
of remote sensing technology for landslide monitoring in
particular with the introduction of unmanned aerial vehicles
(UAVs) which is a flexible and cost-effective method
(Lucieer et al. 2014). 424 digital images of the entire land-
slide area were captured then used to generate digital surface
model (DSM) and ortho-photographs by Agisoft PhotoScan
software based on photogrammetric processing achieving
geometric accuracies of 0.3 to 0.5 m. Figure 5a shows an
aerial photograph (orthomosaic) of the Mt. Rung slope
acquired by UAV photographs and Agisoft PhotoScan
software. Longitudinal sections of the slope were also esti-
mated based on the DSM (Fig. 5b). The whole landslide and
surrounding residential area are clearly visible. Locations of
the affected houses were presented on the figure based on
comparison with Google Earth images taken on 17
December 2013 (before landslide event) and on 17 January
2016 (after the landslide event). The head scarp of the
landslide is located at the elevation of 2,270 m a.s.l with a
maximum width of around 600 m and a longitudinal length
of 1,000 m. Figure 6 shows soil sampling at a valley wall of
the displaced landslide block for laboratory tests. The valley
wall provides the exposed soil layers to avoid surface soils.
Sampling location is presented in Fig. 5a.

Ring-Shear Testing and Computer Simulation

Ring-Shear Tests

The high-stress dynamic-loading undrained ring-shear
apparatus ICL-2 developed since 2012 (Sassa et al. 2014a)
is the most improved and advanced type in ring-shear
apparatus series so far. The apparatus can reproduce the
processes from the initial stage, stresses changes due to pore
water pressure increasing or seismic loading, to the forma-
tion of a sliding surface and the post-failure motion. The
detailed and updated description of the ICL-2 as well as its
applications are presented in Sassa and Dang (2018).

In this study, two potential landslides are estimated based
on the current topography and longitudinal section of the Mt.
Rung slope (Fig. 5b). The fist one is shallower with its
sliding surface located at around 30 m depth and the second
one is deeper with its sliding surface at around 60 m depth.
Then, two undrained monotonic shear stress control tests on
the Hakha sample were conducted to measure the soil
parameters under normal stresses of 500 kPa and 1,000 kPa
corresponding to the sliding surfaces of 30 m and 60 m
depths, respectively (Fig. 5b). For each test, the sample was

saturated with de-aired water and placed in a vacuum tank at
least 24 h before testing (Fig. 7b). Then, the saturated
sample was placed into the ring-shear box (Fig. 7a) which
was already percolated by CO2 and filled with de-aired
water. Therefore, fully saturated sample was successfully
prepared which was confirmed by BD value of more than
0.95 (Sassa et al. 2014a). After that, the sample was con-
solidated to the planned normal stress of 500 and 1,000 kPa

Stadium

a

b

Fig. 5 Orthophoto mosaic of the Mt. Rung landslide acquired by UAV
on 19 June 2017 (a) and longitudinal section of the Mt. Rung slope
with potential sliding surfaces (b)
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in the drained condition. The shear box was then changed to
the undrained condition, and shear stress was loaded grad-
ually at a rate of 1 kPa/s. When shear stresses became high
enough, effective stress path reached the failure line, failure
occurred and the lower half of the shear box started to move
in a clockwise direction. Mobilized shear resistance, pore
water pressure, shear displacement during the tests are
monitored by load cells and displacement sensors. In the
case of undrained shearing on saturated soil, pore water
pressure was generated in progress with shear displacement
due to volume reduction when soil particles were crushed.
Shearing was continued in each test until the shear dis-
placement reached 10 m. Figure 7c shows the sample after
shearing and the upper shear box was taken out.

The testing results are shown in Fig. 8 and Table 1.
During the shear displacement, the pore pressure generated
was not well monitored by the pore pressure sensor due to
permeability of the sample decrease. It should also be
mentioned that grain crushing of sand and/or particle

orientation of clay lead the structural changes in the shear
zone which will consequently result in a slower dissipation
rate for generated excess pore pressure.

Landside Susceptibility Assessment Using
LS-RAPID Model

Soil parameters derived from the ring-shear tests (Table 1)
together with slope geometry, estimated sliding surface
position were used as input parameters to LS-RAPID
model for analysing the Mt. Rung landslide susceptibility.
The concept of the simulation method and its application
are presented in Sassa and Dang (2018). We analyse the
possibility of the two potential landslides with the depths
of 30 and 60 m due to the influence of the pore water
pressure acting on the sliding surfaces caused by rainfalls,
which was the triggering factor of the 2015 Mt. Rung
landslide.

Fig. 6 Photos of soil sampling at
a valley wall of the displaced
landslide block. a Photo of
sampling location from the top of
gulley, b Photo of sampling,
c Sieving of sample
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Pore pressure ratio ru was gradually increased from 0
(represents no groundwater) to 0.5 (represents groundwater
table at ground surface) in consideration of ground water
rising due to rainfalls. The pore pressure ratio ru = 0.5 is the
worst scenario when the slope is fully saturated. The stability
analyses of the two cases conducted in LS-RAPID are shown
step by step in Fig. 9 in which the influence of pore pressure
ratio ru is clearly presented at every moments of the slope
failure. The depths of moving mass are depicted from orange
to red colours. In the shallower landslide case, when pore
pressure ratio reached 0.39, local failure occurred in the
middle part of the slope (Fig. 9a). When pore pressure ratio
reached 0.5, the main landslide body is formed and moving
downward with the maximum velocity of 15.2 m/s (Fig. 9b).
The landslide stopped after 89 s with calculated volume of
around 1.4 � 106 m3 (Fig. 9c). While, in the deeper

Fig. 7 a Photo of ring-shear box after setting, b Samples in vacuum
tank for saturation, c Sample after shearing

Fig. 8 Results of undrained monotonic shear stress control tests on
Hakha sample with normal stress of 500 kPa (a) 1,000 kPa (b) and
combined graph of shear strength reduction in progress of shear
displacement (c)
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landslide case, failure starts when ru reached 0.35 (Fig. 9d),
the main body is formed and moving downward when ru
reached 0.5 with maximum velocity of 15.2 m/s (Fig. 9e).
The landslide stopped after 86 s with its volume of around
4.5 � 106 m3 (Fig. 9f).

Conclusions

This study presents the application of LS-RAPID model in
the landslide hazard assessment based on the field inves-
tigation data and soil parameters derived from the
ring-shear testing. The simulation model is used for the
small area that is assumed as the homogeneous slope. Pore
water pressure/groundwater level increase caused by rain-
falls is used as the triggering factor of the future landslide
on the Mt. Rung slope in Hakha city, Chin state, Myanmar.
It is determined from the current topography and longitu-
dinal section that the potential sliding surfaces are located
at the depth of around 30 and 60 m with the slope angle of
250.

The potential landslides occur when the pore water
pressure ratio ru reaches 0.35 and 0.39 in the cases of deeper
landslide and shallower landslide, respectively. In the former
case, groundwater level is equivalent to around 71% of the
depth of the 60 m-sliding surface (or around 17.16 m from
the ground surface) while it is around 80% of the depth of

the 30 m-sliding surface (or 6.13 m from the ground sur-
face) in the latter one. These results indicate that the deeper
landslide is easier to occur when groundwater rises. In both
cases, the whole landslide masses are formed and move
down to the city area when ru reached 0.5 corresponding to
the groundwater level is at the same level of the ground
surface.

For mitigating the landslide risk, it is feasible to establish
a real-time slope failure warning system that is based on
pore-water pressure and groundwater level monitoring sys-
tem installed on the Mt. Rung slope. When the pore pressure
ratio is close to 0.35 or groundwater level is around 17.16 m
from the ground surface, evacuation is recommended for the
people living under the slope between its toe and the city
stadium (as shown in Figs. 5a and 9).
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Table 1 Values of soil
parameters from ring-shear tests
and parameters used in
LS-RAPID model

Parameters Shallower landslide
(30 m depth)

Deeper landslide (60 m depth)

up, degree 39.4 36.2

um, degree 39.4 36.2

sss, kPa 60 113

DL, mm 6 2

DU, mm 550 250

k = rh/rv 0.4 0.4

Bss 0.8 0.8

cp, kPa 100 150

c, kN/m3 20 20

up—friction angle at peak; um—friction angle during motion; sss—steady state shear resistance at sliding
sureface; DL—shear displacement at the start of strength reduction; DU—shear displacement at the start of
steady state; k—lateral pressure ratio; Bss—pore pressure generation rate; cp—peak cohesion at sliding
surface; c—unit weight of soil mass
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(c)

(d)

(e)

(f)Stadium Stadium

StadiumStadium

Stadium Stadium

ru=0.39 ru=0.35

ru=0.5 ru=0.5

ru=0.5 ru=0.5 

Fig. 9 Simulation results on the two potential Mt. Rung landslides with the depths of 30 m (a–c) and 60 m (d–f)
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Landslide Hazard Zoning Based
on the Integrated Simulation Model
(LS-Rapid)

Doan Huy Loi, Kyoji Sassa, Khang Dang, and Hong Le Luong

Abstract

Urbanization has been related to natural disasters such as
landslides and debris flows that can cause fatality,
destruction of infrastructure and environmental impacts.
From 19 to 20 August, 2014, heavy rainfall occurred in
Hiroshima city causing many landslides and debris flows.
This disaster killed 74 people, 255 houses damaged and a
total of 4,576 houses were affected reported by the
Ministry of Land, Infrastructure, Transport, and Tourism
of Japan (MLIT). The cumulative rainfall from 8:30 PM
of August 19 until 04:30 AM of August 20 reached
248 mm at Miiri rain gauge station in Hiroshima. This is
the main reason caused the Hiroshima disasters. Although
intense rainfall in the short time was the trigger,
urbanization into the foot of steep mountain slope lead
to increase the loss of life. This paper presents the adverse
effects of urbanization on basis of site investigation and
multi-temporal satellite images and estimate hazard
zoning causing by a potential landslide using the ring
shear tests and integrated simulation model.

Keywords

Hiroshima disaster � Urbanization � Ring shear test �
Integrated simulation model � Land-use change

Introduction

Urbanization is the process by which people migrate from
the countryside to urban areas (Goryakin et al. 2017) and
land-use change from agricultural to non-agricultural (Li
et al. 2017). Urban area have higher population densities and
greater concentration of facilities which can lead to huge
economic losses and casualties when landslide occurs
(Moore and McInnes 2016; Luo et al. 2019). For example,
catastrophic event occurred in May 2014 in Afghanistan.
This mudslide killed 2,700 people, destroyed 300 houses
and affected over 14,000 houses (Wikipedia). On 17 May
2016, a rainfall-induced landslide occurred in Aranayaka,
Kagelle District, Sri Lanka. The landslide mass travelled
over an approximately 2-km distance and resulted in 127
deaths and destroying 75 houses (Dang et al. 2019). On 9
January 2018, the terrible mudflow ravaged Montecito,
California triggered by heavy rainfall leading to 23 deaths, at
least 167 injuries and 408 damaged houses (Kean et al.
2019; Luo et al. 2019). More recently, disastrous
rainfall-induced landslides in the Hiroshima, Japan in July
2018 caused extensive damage including 107 fatalities.

LS-RAPID is an integrated computer model that can
simulate the initiation and motion of a landslide using soil
parameters obtained from the ring-shear apparatus. This
simulation model LS-RAPID was developed from the
geotechnical model for the motion of landslides (Sassa et al.
2010). The LS-Rapid model has been widely applied all the
world for rainfall induced landslide (Dugonjić Jovančević
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et al. 2013; Gradiski et al. 2013; Vivoda et al. 2013;
Dugonjić Jovančević and Arbanas 2017; Senthilkumar et al.
2017; Cuomo et al. 2017; Quang et al. 2018; Loi et al. 2017,
2018; Sodnik et al. 2018; Tien et al. 2018; Dang et al. 2019;
Setiawan et al. 2019).

Hiroshima city is the biggest city in Chugoku region with
population of about 1.17 million (Sakatani 2014). Many debris
flows and landslides took place in Hiroshima city in the early
morning of August 20, 2014 (Fig. 1). The deconstruction
results are 74 deaths, 255 homes destroyed and 4562 houses
were affected according to MLIT report. The objectives of this
paper are to briefly assess the urbanizations and their conse-
quences and conduct hazard assessment of rainfall induced

landslide in Yagi and Midori, Hiroshima. The 2014.8.20
landslide disasters in Hiroshima, Japan was selected as the
case study to examine the adverse of urbanization.

Process of Urbanization in Yagi and Midorii

After the war, the population of Hiroshima city growth fasts
from 137,000 in 1945 to 1.17 million in 2015. It became a
major urban center as Japan's tenth by population. Settle-
ment areas had expanded into hill slope especially along the
torrents which pose major economic and social risks. The
establishment of settlements in unstable areas is often due to

Fig. 1 Study area in Hiroshima
city (Google earth)

Fig. 2 Urbanization in Midorii-8
and Yagi-3 (Modify from
Fukuoka et al. 2014)
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a

b

c

Fig. 3 Damaged houses in
Yagi-3 (Fukuoka et al. 2014)
(a) and Google earth photos
comparison of pre- and
post-disaster in Yagi-3 (b) and
Midori-8 (c)
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a lack of landslide information and complacency related to
the potential landslide hazard. The border of residences
expanded to hill slope and toward the exit torrents year by
year which is illustrated in Fig. 2. The border of residences
rapidly expands from 1948 to 1969 and slowly from 1969 to
2009. Due to many settlement areas located close to the
mountainous areas, Hiroshima has more high-risk areas for
sediment disasters than other Prefectures.

Characteristics of the Debris Slide—Debris
Flow Disasters in Hiroshima

A lot of countermeasures and preparedness against
sediment-related disasters has been implemented in Hir-
oshima Prefecture after landslides and debris flows on 29
June 1999. However, urban development leads to increasing
risk for residents in the mountainous area.

Fig. 4 a The hyetograph of daily
rainfall from 1990 to 2014 at
Miiri station b Disaster alert and
issue of evacuation

Table 1 Previous landslide
disaster by heavy rainfall in
Hiroshima prefecture (Hiroshima
Crisis-Management Department
Crisis-Management Division
2014)

No Date Disaster name Death toll

1 01/07/1967 Heavy rain disaster 149

2 01/07/1972 Heavy rain disaster 35

3 21/07/1988 Heavy rain disaster 14

4 29/06/1999 Hiroshima earth and sand disaster 31

5 11/07/2012 July heavy rain disaster 5
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The 1999 event occurred in the area of sparse population,
while the 2014 event occurred in the area of dense popula-
tion. Thus, 2014 disaster became the extensive damage even
with a relatively narrow range. The most catastrophic land-
slides and debris flows occurred in Midorii and Yagi areas of
Hiroshima city which were studied in detail in this research.
Like the 1999 disasters, the 2014 landslides took place in
heavily weathered granitic sand “masa” on sliding surface,
resulting in landslide-induced debris flows (Fukuoka et al.
2014). Most of them were shallow (0.5–2.0 m deep). Fig-
ure 3a presents severely damaged housed in Yagi-3 where
debris flows claimed 41 casualties. The comparison of
google earth photos of the most devastated area pre- (left)
and post-disaster (right) was shown in the Fig. 3b, cwhich
enables to assess the affected buildings. Red circles show the
26 and 14 completely damaged houses in Yagi-3 and
Midorri-8, respectively.

Triggering Factor

The rainfall data (daily rainfall from 1990 to 2014) was
collected from the Japan Meteorological Agency at Miiri
station. The hyetograph of daily rainfall from 1990 to 2014
is shown in Fig. 4.

Fig. 5 3D view comparison of landslide deposits by Air photo
interpretation by GSI (a) and LS-RAPID (b)

b 

a 

c 

Fig. 6 Final simualtion results with different depths of unstable slope
(a 0.9 m; b 1 m and c 1.5 m)
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From Fig. 4a, daily precipitation at Miiri station is less
than 200 mm, except on 20 August 2014. In the 2014 Hir-
oshima landslide disasters, Hiroshima meteorological
observatory of JMA announced this disaster at 1:15 a.m. on
August 20. After two hours, debris flows and landslides
occurred and the Hiroshima government issued the evacua-
tion counsel at 4:15 am. It indicates landslide disaster alert is
not directly related to evacuation counsel. This is one of the
reasons that many people were killed in 2014 landslide
disasters. The cumulative rainfall from 20:00 PM of 19
August until 04:00 AM of 20 August reached 248 mm at
Miiri rain gauge station in Hiroshima. This is main reason
caused the Hiroshima disasters.

Table 1 presents the previous landslide disaster by heavy
rainfall in Hiroshima prefecture. It indicates that Hiroshima
has experienced with disasters especially the Hiroshima
disaster in 1999. This disaster claimed 31 dead and very
similar to the 2014 Hiroshima disaster. After the 1999 Hir-
oshima debris flow disaster, the Landslide disaster reduction
law which intends to promote the designation of landslide
potential risk zones was adopted in 2000. However, some
areas in which landslides occurred in 2014 have not been
designated as special caution areas under the law. It means
urbanization is too rapid for land-use management and
measures to reduce natural disasters.

Hazard Mapping Using LS-RAPID

LS-RAPID is a 3D landslide simulation model that can be
simulated the initiation and motion of a landslide triggered
by rainfall and earthquake. The main soil parameters for
LS-RAPID were obtained from ring shear apparatus. The
detail of LS-RAPID is described in Sassa et al. 2010. The
LS-RAPID and ring shear apparatus were used to estimate
hazard area and time of occurrence in the 2014 Hiroshima
disaster (Loi et al. 2018). The estimated hazard area is
similar to the actual landslide moving area reported by the
Geospatial Information Authority of Japan (GSI) (Fig. 5). In
addition, the time of landslide occurrence is closed with
actual occurrence that was reported by Hiroshima city office.

The purpose of this study was to apply the LS-RAPID to
estimate a potential landlsides triggerred by heavy rainfall in
the future. For the landslide dynamic parameters using in
this paper see Loi et al. (2018) Table 1 page 163.

Based on the field investigation, soil depths (potential
unstable mass) from 0.5 m to 1.5 m were used in the model.
The LS-RAPID model uses pore water pressure ratio ru as a
triggerring factor. The pore-water pressure is:

ru ¼ u

r
¼ Zw:cw

Zs:cs

 

 

 

a 

b 

c 

Fig. 7 Final simualtion results with different pore water pressure ratios
(a 0.2; b 0.3 and c 0.4)

264 D. H. Loi et al.



Here, Zw is vertical depth of ground water flow, cw is unit
weight of water, cs unit weight of soil, Zs is vertical landslide
depth.

When the soil full saturation Zw = Zs, ru = 9.8/18.5 =
0.53 that is the worst case scenario. In the case of 2014
Hiroshima disaster, landslides took place when pore-water
pressure ratio reached 0.27.

For analysis of influence of the depth of potential unstable
slope, we selected maximum value ru = 0.53 (ru increasing
from 0 to 0.53) and changed value of depth from 0.5 to 1.5 m.
With the value Zs changing from 0.5 to 0.8 m, there was no
unstable slope. On Fig. 6a we can see that small unstable
slope can be found when Zs = 0.9 m was given at each
mesh. Figure 6b shows the landslide simulation for landslide
depth of 1 m at each mesh. Three lanslides were found but
only the left landslide reached residential area. The central
landslide was a local slope failure. Many landslide were
found in Fig. 6c (Zs = 1.5 m). The biggeset landslide moved
to Yagi community. It was the serious scenarios. The pore
water pressure ratio ru = 0.53 represents full saturation
which is a very low probability scenario. Therefore, inorder
to examie a realistic scenario, the authors fixed value Zs =
1.5 m and used different values of ru = 0.2; 0.3 and 0.4
(water table at 75% layer height). On Fig. 7a, we can see that
only one unstable slope moved and spread as the same in
Fig. 6a while the volume was approximately 1.7 times the
volume of the model with ru = 0.53 and Zs = 0.9 m. Model
with ru = 0.3 shows that the final deposit (Fig. 7b) and the
landslide volume (Table 2) were similar to those with ru =
0.53 and Zs = 1.0 m. Model with ru = 0.4 (Fig. 7c) shows
that landslide mass can move a long distance and attack the
Midori community. This landslide volume was about 18,777
m3. The large diferences in the modelled landslide volumes
were found in Table 2 for different scenarios.

Discussions

Landslides and debris flows present fatal hazard in Hir-
oshima in the past. The hazard assessment of rainfall
induced landslide should be well conducted in the process of

development land use planning in Hiroshima prefecture. The
LS-Rapid model using parameter from ring shear apparatus
is of wide applied by landslide researchers. The results of
hazard assessment of rainfall induced landslide in Midori
and Yagi area may give effective information for the local
government authorities in Hiroshima city. Research on
rainfall induced landslide is need to investigate reliable pore
water pressure at each mesh. However, the main limitation
of the model is that only one pore water pressure was given
for all mesh as the triggering factor. Future research should
consider the potential effects of rainfall more carefully, for
example, improved LS-Rapid model with linking to a
hydrological model. In addition, different pore water pres-
sure in each mesh should be used in the improved model.
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Numerical Models of Debris Flows
with Entrainment Analysis-Case Studies
from the Republic of Serbia

Jelka Krušić, Biljana Abolmasov, and Miloš Marjanović

Abstract

The results of material entrainment analysis in RAMMS
debris flow software, as well as numerical models of final
flow heights for two case studies from the Republic of
Serbia are presented. Both cases were triggered after
extreme rainfall period in May 2014. These debris flow
processes started with initial sliding of huge volume
block, prolonging to behave as flowing process. They are
situated in different regions of country and quite different
in sense of geology, gravel size, geometry etc. Results of
the analysis showed that entrainment material affects final
results of transportation model, runout distance, deposi-
tion area and volume of debris flow. In both cases
entrainment volume is very huge, but it is much less than
initial volume (about 11% of total volume in both case
studies). Final results are validated with pre- and post-
event DEMs (Digital Elevation Models and analysis of
ERT geophysical results.

Keywords

Debris flow � Entrainment � RAMMS � Validation

Introduction

The entrainment of material is important part of flow-type
processes, which consider change in volume and momentum
during transfer of material procedure of incorporating the

eroded sediment into the debris flow. Therefore it is important
part of runout modelling. There are different approaches for
modelling entrainment from empirical methods that require
the input of user-prescribed volume growth rates (Takahashi
1991; Hungr et al. 2005; Iverson 2012) to process based
methods that simulate entrainment as a function of basal shear
stress conditions (Iverson 2012). Many observations of
entrainment are made in different parts of the world (Hungr
et al. 2005; Iverson et al. 2011; Frank et al. 2015). RAMMS
debris flow software, based on Voellmy (1955) rheology, was
specially designed for snow avalanches (Bartelt et al. 2013;
Christen et al. 2007; 2010a; b). Nevertheless, it is also suitable
for modelling of other processes such as rock avalanches and
debris flows (Schraml et al. 2015; Sosio et al. 2008).

One of the observation tests of entrainment was made by
Frank et al. (2016) in Swiss Alps and used for improvement
in RAMMS debris flow software After continuous monitor-
ing and measurement on debris flows and avalanches in two
catchments, it was resulted in defining specific erosion rate as
a default. Beside three main inputs (Digital Elevation Model,
source area, rheology parameters) it is necessary to define
entrainment zones. Zones were registered by field observa-
tions and comparison of pre- and post -event topography.

In this paper will be presented two case studies from
Serbia, already tested in RAMMS. In both cases entrainment
volume is very huge, but it is much less than initial volume
(about 11% of total volume in both cases). Final results were
validated comparing two epoch DEM and ERT field
investigation.

Case Studies

The Selanac Debris Flow

The Selanac debris flow was triggered in May 2014 as a
consequence of cyclone Tamara (Ivette) event. In wider
region over 100 mm of rain has fallen during the 14–15 May
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2014 (more than 200 mm for 72 h). That resulted in that
huge block of material started to flow throw two old gullies.
Estimated initial block has volume of about 450.000 m3.
Dimensions of debris flow are 1.2 km long and about 350 m
wide in widest part which is in source area (Fig. 2).

The oldest geological formation is Palaeozoic- “Drina”
formation. It is a complex of Lower (1C1,2) and Middle
Carboniferous age (2C1,2) phyllite, metasandstone, clay and
graphitic schists, limestone, diabase, tuff and tuffite. In the
“Jadar formation” Pz is developed as a complex of sand-
stone, argillophyllite and black limestone Both formation are
transgressively overlain by sandstone, shale and limestone of
the Permian, which pass into the block bituminous limestone
of the Upper Permian (P3). Lower Triassic (T1) and Middle
Triassic (T2) consist of dolomite, dolomitic limestone,
sandstone, limestone, and andesite with pyroclastics. The
Jurassic (J1,2) consist of oolitic to nodular, limonitized to
siliceous limestones, sandstone, shale, conglomerate, chert,
spilite, amphibolite, gabbro and serpentinite. The Jurassic
(J1,2) weathered offiolitic melange is the main formation
involved in debris flow process.

Deposited material is from matrix of fine gravel to very
huge boulders of ophiolites over 1.5 m in diameter. Some
amount was transported further with Selanačka river, so in
all results actually is shown total runout including transport
in river valley after the deposition zone. All results in sim-
ulations were compared with deposited material measures.

The Leva Reka Debris Flow

The Leva reka debris flow was occurred near city of Kral-
jevo during the same event in 2014. Huge block started
firstly as slide and prolong as a flow. Travel distance is not
so huge in comparison to length of source area and depo-
sition area, so this is very possible flow-slide type of
movement. As a previous case, the material made natural
dam, making small lake on river in the bottom of valley.
Also material destroyed a road across the river valley, and on
that way made a problem in transportation in some parts of
municipality for few days. Similar material was transported
throw river even further, but in these case that amount was
not as huge as in Selanac debris flow. Total travel distance
from source to deposition area was about 300–400 m, and it
is 100 m wide in deposition zone. Deepest part in source
area is 15 m. The geographical position of both case studies
is presented on Fig. 1.

From geological part, debris flow occurred in the thick
weathered core of flysch (Cretaceous period—K13+4), pre-
dominantly sandstone, clay schist, claystone and marl, and

secondary conglomerates and marly-sand limestone. Wider
area is also made of the flysch formation.

RAMMS (Rapid Mass Movement Software)

RAMMS DBF software is FVM (Finite Volume Method)
software for modelling of debris flows, based on well used
rheological Voellmy (1955) model. It is one-phase model
which assumes the initiation mass starts to move as a plug
defining shear stress in different points of transportation
path.

The mass balance equation incorporates the field vari-
ables flow height H (x, y, t) and flow velocity U (x, y, t) and
is given by:

Qðx; y; tÞ_¼ @tHþ @xðHUxÞþ @yðHUyÞ ð1Þ
where Q(x, y, t) describes the mass production source term,
and Ux and Uy represent the depth-averaged velocities in
horizontal directions x and y (Christen et al. 2010a; Frank
et al. 2016). The depth-averaged momentum balance equa-
tions account for the conservation of momentum in two
directions x and y

Fig. 1 Position of case studies on the map of Serbia
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Þ
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where the earth pressure coefficient ka = p is normally set to
1 when running the standard Voellmy–Salm friction
approach, cx and cy represent topographical coefficients
determined from the digital elevation model, Sg is the
effective gravitational acceleration, and Sf is the frictional
deceleration indirections x and y (Christen et al. 2010b).

The frictional deceleration Sf of the flow is determined
using the Voellmy friction relation and specifies the
dry-Coulomb term (friction coefficient l) scaling with the
normal stress and the viscous or turbulent friction (coeffi-
cient n depending on the flow velocity U (Christen et al.
2010a; Bartelt et al. 2013):

Sf ¼ lqgHcosuþ qgu2

n
ð4Þ

where q is the mass density, g is the gravitational acceler-
ation, u is the slope angle, and Hgcos u is the normal stress
on the overflowed surface. The tangent of the effective
internal friction angle of the flow material can be defined for
the resistance of the solid phase (the term containing l
which extensively controls deceleration behaviour of a more
slowly moving flow. The resistance of the viscous or

turbulent fluid phase (the term including n prevails for a
more quickly moving flow (Bartelt et al. 2013).

Entrainment Model

The erosion algorithm in the RAMMS model, is defined
using the maximum potential erosion depth em and a specific
erosion rate. The erosion algorithm predicts the maximum
potential depth of erosion em as a function of the computed
basal shear stress in each grid cell:

em ¼ 0 for s\sc ð5Þ

em ¼ dz=dsðs� scÞ for s� sc ð6Þ
and the shear stress s is approximated using the depth–slope
product:

s ¼ qghS ð7Þ
The potential erosion depth (per kPa) dz/dt controls the rate
of vertical erosion (in the z-direction) as a linear function of
channel-bed shear stress.

When the critical shear stress sc is exceeded, sediment
can be entrained from the channel. Entrainment stops when
the actual erosion depth et reaches the maximum potential
erosion depth em (Eq. 6). Normally, the specific erosion rate
is implemented using the default value dz/dt = −0.025 m−1.
Detailed position of source, deposited and potential eroded
area for both cases are shown on Fig. 2.

Fig. 2 Main geometrical
parameters for Selanac (a); and
Leva reka (b)
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Results and Discussion

For entrainment testing of the Selanac debris flow was used
estimated eroded depth of 12 m. Comparison of two epoch
DEM data were used for defining differences in deposition,
erosion and source area. Hence, the most precise is depth of
source area, since there is eroded material and deposited
material in transport zone. As critical shear stress we used
default value of 1 kPa, and rate proportionality factor
dz/dt = 0.1 m/kPa. Greater values of proportionality factor
over predict erosion volume. Results of volume and

transportation of material with/without entrainment were
compared. Considering entrainment of material deposition
heights are little bit larger, but total volume is quite greater.
Entrainment influenced in outflow in Selanačka river (Fig. 3).

For Leva reka, the same parameters were used as default,
with estimated maximum eroded depth of 6 m. Final model
show greater and more real height in deposition zone than
model without entrainment included (Fig. 4). Also, some
other options were tested for greater potential erosion depth
(o.2 m/kPa), which resulted in over prediction of erosion
depth (almost 20 m).

Fig. 3 Entrainment model for
Selanac (a); Final deposition
model (b)

Fig. 4 Entrainment model for
Leva reka (a); Final deposition
model (b)
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In both cases percentage of eroded material is small
comparing total volume of debris flow. Regarding to VG
index (Frank et al. 2016) that percent is very small (Table 1)
calculated with equation:

VG ¼ Vfinal=Vini ¼ ðViniþVeroÞ=Vini ð8Þ
where Vini is initial volume, and Vero-eroded volume.
This small values are real regarding to very huge initial

volume and depths in main block (Selanac 30 m maximum,
Leva reka 17 m maximum) and could be concluded that is
connected with large occasions and deep source areas.

For best fitted parameters were used 0.11 for µ and
500 ms−2 for n for Selanac and 0,35 for µ and 1000 ms−2 for
n for Leva reka. Results of analysis and modelling without
entrainment influence are presented in (Krušić et al. 2019).
For the second case study, some preliminary results were
published in Krušić et al. (2018), but since that was first
testing, it should be emphasized that in further investigation
with more precise topography more precise model is made
which is shown here.

Validation

Main comparison was made with analysis of pre vent and
post event DEM, and ERT investigation. Comparison of two
epochs DEM helped in better defining source area and pre-
cise eroded zone. Estimated deposition volumes, heights and
erosion depths are given in Table 2

Conclusion

Entrainment has a very important role in modelling of debris
flows. However, this methods are new and still improving in
runout numerical models. Most of them are made regarding

to voluminous monitoring on the field. Algorithm imple-
mented in RAMMS is a result of continuous field investi-
gation in Swiss Alps. Better validation of entrainment needs
better observation of event on the field. Here we compared
with experienced prognosis on the field and potential depth
regarding to DEMs and ERT investigation. Comparing
previous models without erosion effect, main difference is in
deposition heights and generally deposition volume and
runout distance, which are more precise using it.
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Numerical Simulation of a Creeping
Landslide Case in Japan

Akihiko Wakai, Deepak Raj Bhat, Kenta Kotani, and Soichiro Osawa

Abstract

Creeping landslides are one of the major natural disasters
in mountainous regions. Therefore, study of the creeping
behavior of a landslide and associated Geotechnical
issues are important. This study has addressed and
evaluated the creeping behaviour of a the Tomuro
landslide Gunma, Japan induced by snow melt water
using the 2D-FEM based elasto-viscoplastic constitutive
model as a case study. Two new control constitutive
parameters were incorporated in the numerical model for
the first time to better understand the creeping behaviour
of a landslide. Such control constitutive parameters were
estimated based on the relation between the total factor of
safety, calculated by the various Limit Equilibrium
Methods such as Ordinary Method of Slice (Fellenius
1936) (case I), Bishop’s Method (1955) (case II), Janbu’s
Simplified Method (1973) (case III), and Finite Element
Method (case IV), and the field monitoring displacement
rate of the Tomuro landslide. In addition, the snowfall
precipitation was also considered during the calculation
of total factor of safety using both limit equilibrium
methods and finite element method. Others required
material parameters for landslide simulation were calcu-
lated based on the field investigation and laboratory tests
of the collected blocked samples. First, the predicted and
measured time histories of horizontal displacement of the
Tomuro landslide was compared for the validity of the
proposed numerical model and found in good agreements
with each other. Then, the simulation results of deforma-
tion pattern and shear strain pattern were presented and
discussed. Finally, the possible failure mechanism along

the slip surface of a landslide induced by snow melt water
was discussed.

Keywords

Numerical simulation � Snow melt water � Creeping
behaviour � Tomuro landslide

Introduction

Terzaghi (1950) was most likely the first to consider the
relationship between soil creep and landslides. Ter-Stepanian
(1963) has introduced the threshold approach to explain soil
creep in simple natural slopes by considering the zone of
creep and its rate as being dependent on the groundwater
level. Calvello et al. (2008) have presented an extensive study
using a numerical model that focuses on active landslides
controlled by rainfall-induced pore pressure fluctuations with
movements concentrated within a relatively narrow shear
zone above which the sliding mass moves essentially as a
rigid body. Fernández-Merodo et al. (2014) have proposed a
2D-viscoplastic finite element model for slow-moving land-
slides and also applied this model to the Portalet landslide of
Spain as a case study. Bhat and Yatabe (2016) have proposed
a new regression model to understand the creeping behavior
of clayey soils along the sliding surface at the residual-state
of shear based on the residual-state creep test results of clayey
soils (Bhat et al. 2011, 2012, 2013).

Previous studies (e.g., Conte et al. 2014; Picarelli et al.
2004; Ter-Stepanian 1963) have highlighted that creeping
landslides are controlled by the groundwater fluctuations
therefore; groundwater fluctuations should be incorporated
in the numerical simulation of such landslides. However,
most of previous numerical approach (e.g., Picarelli et al.
2004; Patton 1984; Ter-Stepanian 1963) of soil creep and
associated problems are focused on the laboratory creep tests
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(i.e., consolidation/oedometer test and triaxial test), which
could not address the fluctuation of groundwater level.
Based on the theoretical, experimental, and numerical
models, a few researches (e.g., Bhat and Yatabe 2016; Bhat
et al. 2014a, b; Huvaj and Maghsoudloo 2013; Picarelli et al.
2004; Patton 1984; Ter-Stepanian 1963) have tried to
address these issues till 1950 to until now; but they are not
fully understood, especially in relation to the displacement
behavior of a creeping landslide. Huvaj and Maghsoudloo
(2013) have simulated the fluctuation of groundwater level
in different phases to understand of displacement behavior of
a slow-moving landslide, but the exact value of the defor-
mation at any required point (location) couldn’t be captured
perfectly. Recently, a few researchers (e. g., Savage and
Chleborad 1982; Ishii et al. 2012; Conte et al. 2014; Fer-
nández-Merodo et al. 2014, etc.) have proposed a
2D-Elasto-viscoplastic constitutive model using finite ele-
ment method based on the field instrumentation and moni-
toring results, but they are only considered the single control
constitutive parameter based on the trial and error method,
which could not control the displacement rate of the land-
slide, and also far to address the realistic field problem of
creeping behavior of a landslide induced by snow melt
water. Therefore, the main objective of this study is to
address the above-mentioned problems by the help of FEM
based numerical simulation and analysis of a landslide
induced by snow melt water.

Study Area

The Tomuro landslide of Gunma prefecture of Japan has
been considered in this study (Wakai et al. 2019, Bhat et al.
2019; Bhat and Wakai 2019). Figure 1 shows the simplified

topographical map of Tomuro landslide, showing the loca-
tion of Sampling point, Piezometers and Extensometer. The
size of Tomuro landslide has been measured approximately
135 m � 110 m. Figure 2 shows the variation of the rainfall
and snowfall precipitation. The snow has accumulated at a
thickness of 2 to 73 cm on the surface of landslide body
during the period of 2014/2/8 to 2014/2/25. The maximum
snowfall was recorded up to 73 cm on 2014/2/15. After the
2014/2/25, the deposited snow was starting to melt, and the
groundwater level was also starting to rise. The Piezometers
were installed at the location of BV-1 and VB-2 for moni-
toring the groundwater level of the landslide body. The
results of the groundwater fluctuations at the boreholes
(BV-1, and BV-2) are presented in Fig. 3. In this study, the
results of groundwater fluctuations during the period of
2014/1/14 to 2015/7/6 are considered (Fig. 3).

The extensometer was installed at S-1 to measure the
horizontal displacement of the landslide mass. The variation
of the displacement rate during the period of 2014/1/14 to
2015/7/6 is presented in Fig. 4. The maximum displacement
rate of 9.9 mm/day was recorded on 2014/3/4, where the
groundwater level was also recorded maximum at the VB-1
and VB-2. From the comparative study of groundwater level
and displacement rate with various time periods, it is
understood that the displacement rate depends upon the
fluctuation of the groundwater level. When the groundwater
level is rising, the displacement rate is also increased and
vice versa. The creep displacement of the landslide as
directly related to the groundwater condition (Patton 1984).
Eberhardt et al. (2007) have also agreed with Ter-Stepanian
(1963) and Patton (1984). The fluctuation of groundwater
should be considered to better understand the creeping
behavior of a landslide (Bhat et al. 2017a, b). In this study,
the groundwater fluctuation is considered for the stability

Fig. 1 The simplified
topographical map of Tomuro
landslide, showing the location of
Sampling point, Piezometers and
Extensometer
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analysis using the various limit equilibrium methods and
finite element method, as well as the numerical simulation of
the Tomuro landslide.

Numerical Simulation

Most of the previous 2D-Elasto-viscoplastic constitutive
model (e.g., Conte et al. 2014; Fernández-Merodo et al.
2014; Ishii et al. 2012), one parameter was considered,
which was calculated based on trial and error method after
calculating the results of displacement rate. This means that
the displacement rate couldn’t directly control in the previ-
ous two-dimensional Elasto-viscoplastic constitutive mod-
els. Moreover, such usual previous approaches are time
consuming, tedious and difficult for estimating the appro-
priate parameters for the better simulation. However, the
newly proposed numerical model has incorporated two new
control constitutive parameters ( _/; n) for the first time for
directly controlling the displacement rate and factor of safety
of the landslide. Moreover, the newly proposed method is
capable to easily estimate the exact control constitutive
parameters for the better numerical simulation of the
creeping behavior of the landslide, which may help for
investigating the realistic field problem of a creeping land-
slide in the future. The basic concept of the proposed relation
between the displacement rate and local factor of safety with

new control constitutive parameters ( _/; n) is shown in Eq. 1.
Such Eq. 1 has been incorporated in the 2D- Elasto-
viscoplastic constitutive model for the first time.

_cmax �
_/

Fs;localn
ð1Þ

where, _cmax is displacement rate, Fs;local is local factor of
safety, and _/; n are new control constitutive parameters,
which can directly control the displacement rate and local
factor of safety of the sliding block/mass. The detail of the
newly proposed model has discussed by Wakai et al. (2019),
Bhat et al. (2017a, b, 2018, 2019), and Bhat and Wakai
(2019).

The proposed numerical model is applied to analysis the
creeping behavior of Tomuro landslide of Gunma, Japan.
Figure 5 shows the 2D-finite element mesh used for the
analysis, which is prepared based on the geological
cross-section of the slope of such landslide site. The base of
the model is assumed to be fully impervious and fixed, and
the lateral side (left and right) is constrained by hinged. The
hydraulic head is imposed at the lateral boundaries based on
the field monitoring results of groundwater fluctuation. The
variations of the groundwater level fluctuations of 8.63–
10.62 m and 9.7–11.61 m below the ground surface were
recorded for VB-1 and VB-2 respectively from 2014/1/14 to
2015/7/6 (Fig. 3). S-1 shows the location of point (i.e., node
199 or element 278) of extensometer which was considered
in this study. The main cause of using the S-1 only is that
S-1 is the nearest to the cross-section x−1−x−1, and also
shows the maximum displacement rate of the landsilde body
compared to other three installed extensometers reading
during 2014/1/14 to 2015/7/6 (Figs. 1 and 4).

The two new unknown control constitutive parameters
( _/; n) are estimated based on the relation between the total
factor of safety and displacement rate based on the Eq. 1.
Initially, the total factor of safety (Fs) is calculated using the

Fig. 2 Variation of the rainfall and snowfall precipitation

Fig. 3 Groundwater fluctuation in boreholes (BV-1, BV-2)

Fig. 4 Time variation of displacement rate at S-1
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various Limit Equilibrium Methods (LEM) based on the
slices and Finite Element Method (FEM). In LEM Methods,
three frequently used methods are used to calculate Fs of
Tomuro Landslide of Gunma, Japan. At first, the ordinary
method of Slices (Swedish Method of Slices or Fellenius
1936) is used, which is referred as Case I. Bishop’s method
(1955) has used to address the limitation of the ordinary
method of slices, which is referred as Case II. Again, Janbu’s
Simplified method (1973) is also used to incorporate the
drawback of the Bishop’s method (1955), which is referred
as Case III. Finally, the FEM Method is also used to address
the drawback of the LEM, which is named as Case IV.
In FEM method, Shear Strength Reduction Method (SSRM)
is used to estimate the Fs of Tomuro Landslide of Gunma,
Japan.

Matsuura et al. (2017) have highlighted the influences of
snow cover on landslide displacement in winter period in
Japan. Matsuura et al. (2003) have also reported that snow
melt water and/or rainwater are closely related to ground-
water level and landslide displacement. Therefore, the
snowfall precipitation (Fig. 2) is also considered during the
calculation Fs of the landslide body. After the calculation of
Fs, the relations between _cmax and Fs have been established
for the cases I–IV. After that, the general equations are
obtained based on the well fitted curve between _cmax and Fs.
Then, the unknown two new control constitutive parameters

( _/; n) were estimated by solving of these general equations
for each case. The method of estimating the new control
constitutive parameters ( _/; n) has presented by Wakai et al.
(2019), Bhat et al. (2017a, b, 2018, 2019) and Bhat and
Wakai 2019) in details. The other required materials
parameters for the landslide simulation (Table 1) are esti-
mated based on field and laboratory test results. The sum-
mary of the material parameters for landslide simulation is
tabulated in Table 1.

Results and Discussion

Results of Deformation Pattern and Shear Strain
Pattern

Figure 6 shows the results numerical analysis of deformation
pattern at the end (i.e., 2015/7/6) in the case IV
ð _/ ¼ 0:00089; n ¼ 53:398Þ. The red dot line shows the
result of a maximum deformation pattern of each node at the
end of the numerical simulation with compare to without the
deformation (i.e., initial condition). The maximum defor-
mation of 0.26921 m was obtained at node 199 (i.e., S-1) on
2015/7/6 (i.e., at the end) from the analysis results of
deformation pattern of numerical simulation for the
case IV ð _/ ¼ 0:00089; n ¼ 53:398Þ (Fig. 6). Similarly, the

Fig. 5 Finite element model of
Tomuro landslide

Table 1 Material parameters for landslide simulation

Materials parameters Weathered soil/rock Sliding surface Pumice tuff

Case I Case II Case III Case IV

Young’s modulus, E (kN/m2) 5000 1000 50,000

Poisson’s ratio, m 0.40 0.30 0.45

Cohesion, cʹ (kN/m2) 50 0 5000

Internal friction angle, /ʹ (°) 35 15.2 30

Dilatancy angle, w (°) 0 0 0

_a (day−1) – 0.00089 0.000489 0.00023 0.0011 –

n – 53.398 46.4900 55.833 67.233 –

Unit weight, c (kN/m3) 24 20 26
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maximum deformation of 0.26921, 0.26735 and 0.26683 m
were obtained at the same node 199 (i.e., S-1) on 2015/7/6
(i.e., at the ends) based on the numerical analysis results of
deformation pattern for the case I ð _/ ¼ 0:000489;
n ¼ 46:49Þ, case II ð _/ ¼ 0:00023; n ¼ 55:833Þ and case III
_/ ¼ 0:00111; n ¼ 67:233ð Þ respectively. From the com-

parative analysis of the simulation results of deformation
pattern in the cases I–IV, it was found that the value of the
deformation at node 199 is almost the same. Moreover, the
maximum deformation was occurring at the same node 199,
where the maximum displacement of the landslide body was
recorded during field monitoring. Hence, any one case
(method) among these four representative cases (i.e. I–IV)
can be used to understand the deformation pattern of a
creeping landslide induced by snow melt water in the future.

Similarly, Fig. 7 show the results of the shear strain
pattern of numerical simulation at the end (i.e., 2015/7/6) in
the case IV ð _/ ¼ 0:00089; n ¼ 53:398Þ. The value of the
maximum shear strain of 0.93865 was obtained at S-1 (i.e.,
element 278) on 2015/7/6 (i.e., at the end) from the
numerical analysis results in the case IV ð _/ ¼ 0:00089; n ¼
53:398Þ (Fig. 7). Similarly, the value of maximum shear
strain of 0.92647, 0.91059 and 0.90419 were found at the
same location point S-1 (i.e., element 278) on 2015/7/6 (i.e.,
at the end) based on the numerical simulation results of
deformation pattern for the case I ð _/ ¼ 0:000489;
n ¼ 46:49Þ, case II ð _/ ¼ 0:00023; n ¼ 55:833Þ and case III
_/ ¼ 0:00111; n ¼ 67:233ð Þ respectively. Based on the

comparative study of the simulation analysis results of shear

strain pattern in the cases I–IV, it was found that the max-
imum shear strain has exhibited on the sliding surface soils.
Moreover, the results of overall shear strain trends of each
case were found almost same. The maximum shear strain
value is also almost same and occurred at the same element
278 (i.e., S1), where the maximum displacement rate of the
landslide body was recorded during the field monitoring.
Therefore, any one case (method) among the four repre-
sentative cases (i.e., I–IV) can be apply to study the shear
strain pattern of a slow-moving landslide induced by snow
melt water in the future.

Results of Time Histories

Figure 8 shows the comparison of predicted time histories of
displacement in model and measured displacement in the
field. Here, the predicted time histories of displacement were
measured at the same point S-1 (i.e., node 199), where the
displacement was measured in the field. Moreover, the
horizontal component of displacement was considered for
predicting time histories of displacement in the model. In
field monitoring, the measured time histories of horizontal
displacement at S-1 has slightly increased from 2014/1/14 to
2014/2/14. After that, it was rapidly increased until
2014/4/29. Then, it has almost constant from 2014/4/29 to
2015/7/6. Similarly, the predicted time histories of hori-
zontal displacement at S-1 has slightly increased from
2014/1/14 to 2014/2/17. After that, it has also rapidly

Fig. 6 Results of deformation
pattern (Case IV)

Fig. 7 Results of shear strain
pattern (Case IV)
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increased from 2014/2/18 to 2014/5/14. Then, it has also
almost constant until 2015/7/6. The maximum horizontal
displacement of 0.2717 m was recorded at the end of the
field monitoring. Similarly, the maximum displacement of
0.2617, 0.2673, 0.2668, and 0.2692 m was obtained by the
numerical method in the cases I–IV respectively. In
numerical method, the results of maximum horizontal dis-
placement at the same point (i.e., S-1) is almost same and
they are also following the similar trends with respect to
time. Therefore, any one case (method) among the four
representative methods (i.e., cases I–IV) can be used to
predict the horizontal displacement of a landslide body in the
future.

Failure Mechanisms

The distribution of local factor of safety (Fs;local) in various
location points along the slip surface during the maximum
and the minimum displacement rate were checked for better
understanding of the failure mechanisms along the slip
surface. Figure 9 shows the location of different points (i.e.,
1–12) where the distribution of local factor of safety (Fs;local)
was observed during the maximum and minimum

displacement rate. The maximum displacement rate of
8.9586, 10.2385, 10.1426, and 9.4537 mm/day were noted
at the S-1 on 2014/3/5 in the cases I–IV respectively, where
the maximum raised in ground water level was also recorded
on that day (Figs. 3 and 8).

Figure 10 shows the results of variation of the Fs;local with
different location points during maximum displacement rate
in the cases I–IV. Similarly, the minimum displacement rate
was found at the S-1 on 2014/3/5 in the cases I–IV, where
the minimum raised in ground water level was also recorded
on that day. The distribution of Fs;local with different location
points along the slip surface during the minimum displace-
ment rate in the cases I–IV is presented in Fig. 11. It can
thus be suggested that the change in mobilized shear stress
along the slip surface due to ground water fluctuation has a
major role in landslide displacement. In addition, when the
mobilized shear stress along the slip surface is increased, the
Fs;local will be decreased and vice versa (Figs. 9 and 10). In
the other word, the failure mechanism of a creeping land-
slide is strongly dependent on shear stress mobilized along
the slip surface due to the change in ground water level. The
previous researchers (e.g., Ter-Stepanian 1963; Patton 1984;
Picarelli et al. 2004; Eberhardt et al. 2007, etc.) have also
agreed on it.

Fig. 8 Comparison of predicted
and measured time histories of
horizontal displacement at S-1

Fig. 9 Location of the observed
point for measuring Fs,local
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Conclusions

The creeping behaviour of Tomuro landslide induced by
snow melt water has been studied using the 2D-Elasto-
viscoplastic constitutive model. The numerical simulation
results of deformation pattern and shear strain pattern have
been presented to evaluate the creeping behaviour of clayey
soils along the sliding surface of Tomuro landslide owing to
groundwater level fluctuations by snow melt water. The
results of predicted and measured time histories of horizontal
displacement at S-1 has been compared and found in good
agreements with each other. It is understood that the mobi-
lized shear stress along the slip surface due to the change in
groundwater level fluctuations has played a major role for
movement of a creeping landslide. It is believed that this
study will be useful to understand the creeping behaviour of
a landslide induced by snow melt water in the future and at
the same time, long-term monitoring and management of
such landslide induced by the snow melt water will be much
easier.
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Numerical Simulation of Debris Flows After
Ash Fall at Mt. Fuji

Takashi Kitazume, Takahiro Abe, and Satoshi Goto

Abstract

Mt. Fuji is the largest polygenetic volcano in the Japanese
archipelago. Its last eruption was Hoei in 1707. Since it has
been dormant for over 300 years, not only people live near
Mt. Fuji, but the area supports many economic activities in
Japan. Because volcanic eruptions are accompanied by
sediment movements, debris flow occurs due to heavy
rainfall after ash fall, snow-melting volcanic mud flow, etc.
Debris flow occurs frequently and intensively when ash
has accumulated. Herein we simulate debris flows caused
by rainfall after an eruption with ash fall using a method
that combines Cellular Automaton (CA) and Multi Agent
(MA) Systems. The CA/MA method can realize
high-speed calculations because large-scale simultaneous
equations do not need to be solved and the results can be
easily imaged. Although local rules must be set experi-
mentally and calibrated, the CA/MA method can easily
reflect knowledge and experiences of experts such as
geologists, geomorphologists, and geotechnical engineers.

Keywords

Mt. Fuji � Debris flow � Numerical simulation � Cellular
automaton � Multi agent system

Introduction

Mt. Fuji is the largest polygenetic volcano in the Japanese
archipelago. Its last eruption was Hoei in 1707. Since it has
been dormant for over 300 years, not only people live near
Mt. Fuji, but the area supports many economic activities in
Japan.

Against this background, the “Emergency mitigation
measures sabo plan for volcanic eruption of Mt. Fuji” was
issued in March 2018 to respond to various disasters asso-
ciated with the eruption of Mt. Fuji. This plan assumes
hazards based on the deformation of ground and terrain
during and after the eruption of Mt. Fuji. Hazards include
pyroclastic flows, lava flows, debris flows after ash fall, and
snow-melting volcanic mudflows.

Because debris flow occurs frequently and intensively
when volcanic ash is deposited, herein we simulate debris
flows caused by rainfall after volcanic eruptions with ash
fall.

Numerical Analysis Method

For debris flow simulation after ash fall, a lightweight and
high-speed simulation tool based on the Cellular Automaton
(CA) and Multi Agent (MA) systems were used (Kitazume
et al. 2018; Nishimura et al. 2018; Abe et al. 2019). In CA,
the analysis region is divided into regularly arranged spatial
grids (cells), where each cell has an arbitrary environment or
state in step s. The state quantity of step s + 1 is sequentially
determined by considering the interaction with the state
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quantity of the adjacent cell (also referred to as a local rule).
The changes in the environment and the entire analysis area
are expressed because all cells change synchronously. Cells
are represented as a digital elevation model generated from
LiDAR data, etc., and debris flow simulation methods using
this model have been widely used (Scheidl and Rickenmann
2011; Han et al. 2017). On the other hand, the MA system
arranges multiple elements called “agents” that recognize
and act on the environment or state. Agents perform actions
that affect each other. The environment and state are
expressed as the sum of complex phenomena.

In this study, the simulations use the following local
rules:

(1) The cell is a square, and the state change in the attention
cell (i, j) is determined from the relationship between
the state of the cell and eight neighbor cells (Fig. 1).
Each cell contains elevation information for the base
surface.

(2) Agents are water and sediment (ash fall).
(3) For each agent, the minimum gradient at which the flow

starts is given as a parameter. Agents move to a
neighbor cell when the gradient between the cell of
interest and the neighbor cell exceeds the minimum
flow gradient.

(4) The minimum flow gradient of the sediment agent
decreases as the water agent amount in the same cell
increases.

(5) The distribution amount of the flow destination to each
adjacent cell is determined by the ratio of the gradient
between the cells.

(6) The debris flow may cross a ridge at the momentum of
the flow. Then the amount corresponding to the kinetic
energy is introduced to express its straightness (inertia).

(7) The analysis ends when the movement of each agent
disappears in all cells. It is also possible to end at the
specified step.

The calculation results based on this method are verified
by comparing the actual sediment flow caused by heavy
rainfall in Aso-Saishigahana region (Fig. 2, Seki et al. 2020
publication decision).

Analysis Model and Analysis Conditions

Analysis Model

The analysis area is about 45 km in the east–west direction
and about 55 km in the north–south direction of Mt. Fuji
(Fig. 3). A digital elevation model (10-m mesh) was
downloaded from the Geographical Survey Institute’s basic
map information site (accessed: 2019.08.13).

Figure 4 shows the analysis model. It consists of 990,000
square cells measuring 50 m � 50 m (900 in the east–west
direction and 1,100 in the north–south direction).

Analysis Conditions

Table 1 shows the list of cases considered as well as their
conditions and parameters. Cases 1–4 consider a summit
eruption with different levels of rainfall and minimum flow
gradients. Cases A–D consider four hillside eruptions.

Figures 3 and 5 show the ash fall and deposition condi-
tions. Two patterns are assumed. One is a summit eruption
and the other considers a hillside eruption. The basement is
set as the initial surface thickness where outflow may occur.

(1) For the summit eruptions, a concentric surface thickness
distribution with a depth of 1.5 m at the summit and a
depth of 0.0 m at an elevation of 2,200 m, is assumed.
The total sediment volume is approximately 17.2 mil-
lion m3.

(2) For the hillside eruptions, the concentric surface thick-
ness distribution has a depth of 0.5 m at the center of each
crater and a depth of 0.0 m at a radius of 3.0 km. The total
sediment volume is about 4.7 million m3.

The simulations considered two rain conditions (total
rainfall 500 mm and total rainfall 1,000 mm) and three
minimum flow gradient of sediment (ash fall) (30°, 40°, and
50°).

Figure 6 shows the flow characteristics of the agents
defined by the volume ratio of water to sediment. The
behaviours of sediment and water agents are modeled as the
following three categories.Fig. 1 Attention cell and neighbor cells in the CA method
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(1) When Vr is 0 to Vrlim, sediment and water agents flow
according to the same minimum flow gradient hs0.

(2) When Vr is from Vrlim to Vr2, each agent flows
according to its minimum flow gradient.

(3) When Vr is larger than Vr2, each agent flows according
to hwmin.

All cases are analysed for 1000 steps.

Analysis Results

The flow conditions shown in each figure span a range with
a sediment thickness of 10 cm or more.

Erosion (m)

Deposition (m) (a)

Deposition (m)

Erosion (m)(b) (c)

Fig. 2 Comparison of observed deposition/erosion areas and calcu-
lated deposition/erosion areas (Seki et al. 2020 publication decision).
Aso-Saishigahana where the sediment flow occurred due to heavy
rainfall, July 2012. a Observed deposition/erosion areas. Elevation

difference value obtained by LiDAR-DEM acquired in 2010 and 2013.
b Calculated deposition/erosion areas at 50 steps when the rain ended.
c Calculated deposition/erosion areas at 350 steps where sediment flow
stopped
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Summit Eruption

Case 1: In the simulation, part of the ash fall accumulated on
the summit flows out (Fig. 7). Sediment more than 10-cm
thick reaches all areas except for Lake Motosu and Mt.
Ashitaka, which are located on the northwest and southeast
side of the summit, respectively. The sediment reaches
Fujiyoshida City, Gotemba City ! Susono City !
Numadu City, Fujinomiya City ! Fuji City.

Case 2: Most of the ash fall accumulated on the summit
flows out (Fig. 8). During the flow process, more than 1.5 m
of sediment is re-deposited on the hillside, especially on
Osawa River and Tempo Crater. Sediment more than 10-cm
thick reaches all areas except Lake Motosu and Mt. Ashi-
taka, which are located on the northwest and southeast side
of the summit, respectively. Sediment reaches Fujiyoshida
City, Gotemba City ! Susono City ! Numadu City,
Fujinomiya City ! Fuji City.

Case 3: The rate of ash fall deposited on the summit
increases (Fig. 9). Because the amount of sediment depos-
ited on the mountainside during the flow process is small,
the amount of sediment that reaches urban areas does not
change much.

Case 4: Because the rainfall increases compared to
Case 1, most of the ash fall that accumulates on the
summit flows out (Fig. 10). Although the reach is similar

Crater A  

Crater D  ..
.
.

 Crater B
Crater C  Gotemba

City

Fujiyoshida 
City

Fujinomiya 
City

Fuji City

Susono
 City

Numadu
 City

Mt. Ashitaka

TagonouraFuji River 
Estuary

Lake
Kawaguchi

Lake
Motosu

Lake
Yamanaka

Suruga Bay

 about 45 km
 a

bo
ut

 5
5 

km

Fig. 3 Analysis area. Add the place name and assuming four craters to
the display by Geographical Survey Institute Geographic Map Viewer

Fig. 4 Three-dimensional
display of the analysis model.
Elevation display is by
50 m � 50 m cell
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to Case 1, the amount of sediment flowing into each urban
area increases.

Four Hillside Eruptions

Crater A: The sediment flows into Fujiyoshida City and
Lake Yamanaka (Fig. 11).

Crater B: Sediment flow reaches to Gotemba City and
eventually Susono City and Numadu City. However, sedi-
ment flow to LakeYamanaka does not occur because the ridge
on the northeast side of the crater cannot be passed (Fig. 12).

Crater C: Sediment flow reaches Fujinomiya City, Fuji
City, and Tagonoura, and eventually flows out to Suruga
Bay (Fig. 13). Sediment does not flow east due to the
mountain. Inflow to the Fuji River is very limited.

Crater D: Sediment flow reaches Fujinomiya City, Fuji
City, and Tagonoura. It eventually flows out to Suruga Bay
(Fig. 14). The amount of sediment flowing into the Fuji
River is relatively large.

The CA/MA method can provide high-speed calculations
because large-scale simultaneous equations do not need to be
solved. Hence, the analysis results can be easily visualized.
Although local rules must be set experimentally and calibrated,
experiences of experts such as geologists, geomorphologists,
and geotechnical engineers can be easily reflected.

Furthermore, an animation can reveal the change of a
complicated situation. For example, at locations where
sediment is deposited, the flow temporarily stops, but
resumes due to continuous rainfall.

Tasks and Future Plans

The above results are based on specific assumptions such as
the location of craters, amount of ash (sediment) that erupts,
amount of rainfall, and local rules governing sediment flow.
Therefore, the simulations may differ from the actual situa-
tion of sediment flow. By performing simulations under
highly accurate eruption scenarios that reflect expert
knowledge such as volcanology, the reliability of analysis
and evaluation will increase.

The CA/MA simulation tool used in this report is applied
to a pre-analysis–type hazard map arrangement according to
different eruption scenarios. In this analysis, a computer with
OS: Windows Server 2016 Standard, CPU: Intel Xeon Gold
6143 CPU @ 2.80 GHz, Memory: 1.13 TB was used. The
calculation time to solve a model with 990,000 cells in 1,000
steps was about 50 min per case. In addition, about an hour
was required to combine the movie output.

Table 1 Analysis case Case no Assumed crater Total rainfall (mm) Minimum flow gradient (°)

1 Summit 500 40

2 Summit 500 30

3 Summit 500 50

4 Summit 1000 40

A–D Hillside
A, B, C, and D

1000 40

 thickness  1.5m at the top

thickness  0.0m at an EL. 2,200m

Mountain

Sediment

thickness 0.5m

diameter 6.0km

Fig. 5 Initial surface thickness of sediment with the potential for
outflow

θs0

θwmin

Vr1
Vr2

Vr 

θ
Minimum flow 

gradient 

Minimum flow 
gradient of 
sediment

Minimum flow 
gradient of 

water

Cri cal water 
reten on Vrlim

Volume ra o of water 
to sediment

Parameter Parameter

Reduc on 
route of θs

Reduc on 
route of θw

Fig. 6 Flow characteristics of the agents
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The calculation time depends on the number of cells and
number of steps. However, to more precisely grasp the state
of the sediment flow, the cell size must be reduced while
increasing the number of cells. This will increase the cal-
culation time. On the other hand, the CA/MA method does
not require matrix calculations because it is an explicit
method. Hence, parallel processing is easy, which will sig-
nificantly reduce the calculation time.

In the future, it will be possible to refine the parameter
settings in the CA/MA method to reduce the calculation time
by accumulating survey and analysis examples (teacher data)
of actual sediment transport phenomena and machine
learning. Hence, utilizing this high-speed analysis method,
we aim to calculate and evaluate the movement of debris in
real time during a heavy rain forecast using a preset model
and parameters for each cell.

Thickness (m)

Thickness (m)Fig. 7 Sediment flow in Case1
(steps 100, 300, 500 and 900)
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Thickness (m)

Thickness (m)
Fig. 8 Sediment flow in Case2
(steps 100, 300, 500 and 900)
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Thickness (m)

Thickness (m)

Fig. 9 Sediment flow in Case3
(steps 100, 300, 500 and 900)
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Thickness (m)

Thickness (m)Fig. 10 Sediment flow in Case4
(steps 100, 300, 500 and 900)
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Thickness (m)Fig. 11 Sediment flow in
Case-A (steps 50 and 450)

Thickness (m)
Fig. 12 Sediment flow in
Case-B (steps 50 and 450)
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On the Progression of Slope Failures Using
Inverse Velocity of Surface Movements
in an Undercut Slope Model

Thirapong Pipatpongsa, Krit Aroonwattanaskul, and Kun Fang

Abstract

The undercutting method applied together with the
cut-and-fill technique has been realized through open-pit
coal mining. To predict the time of slope failure, a method
of forecasting slope failure time by the inverse velocity of
slope surface proposed by Fukuzono (1985 in A new
method for predicting the failure time of a slope. Japan
Landslide Society, Japan, pp. 145–150) is employed in
practice. However, the characteristics of slope movements
in undercut slopes are different from those of typical
slopes due to arch action across the pit; therefore, more
investigations are required to examine whether this
method can be effectively used to predict the failure time
for an undercut slope. In this study, the undercut slope
failure prediction technique following this approach was
examined via geotechnical centrifuge modelling. The
movement distributions of the slope surface were
recorded by a high-speed VDO camera and analysed by
the image processing software. This study confirms that
the inverse of the average surface velocity is qualitatively
valid for a centrifuge model of undercut slope.

Keywords

Physical model � Monitoring � Undercut slope

Introduction

Slope instabilities involve excessive surface movements
caused by several factors, e.g. gravity, geological activity,
hydrological influence and sequence of excavation. These
factors affect different movement configurations and modes
of failure. To predict the time of slope failure, a method
of forecasting slope failure time by the inverse velocity of
slope surface proposed by Fukuzono (1985) is practically
employed.

Fukuzono (1985) proposed the monitoring method for
predicting the onset of slope failure using straight line or
curves drawn by the inverse of the surface velocity crossing
the axis of time. The monitoring of the changes of surface
displacement in large-scale rainfall-induced slope failure has
been carried out in various base conditions including flat and
convex. Based on the experimental results, the relation of
acceleration and velocity of surface displacement was built.
With the transformation of the equation, the relation between
inverse number of velocity (1/v) and time (t) were
demonstrated.

In fact, Fukuzono’s method was based on Saito and
Uezawa (1961)’s assumption proposing that the increment of
the logarithm of creep rupture is proportional to the loga-
rithm of strain rate. Herein, the method proposed by Fuku-
zono is related to tertiary creep stage since slope failure
occurs at the final stage of tertiary creep in the process of
time to failure.

Consequently, the inverse numbers of the velocity of
surface displacement with respect to time are appeared in
linear line or convex/concave curve. The failure time of
slope can be estimated by the point at which the tangential
line of the curve/line crosses the axis of time.

Fukuzono’s original work still has many unclear points
such as type of physical model, triggering mode, measure-
ment procedures, and mode of failure. Moreover, Fuku-
zono’s approach had been developed based on typical slopes
using observation points in downward movement, not
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undercut slopes using observation areas with surface
movement in various directions. The characteristics of slope
movements in undercut slopes are different from those of
typical slopes due to arch action across the pit; therefore,
more investigations are required to examine whether this
method can be used to predict the onset of failure.

The undercutting method together with the cut-and-fill
technique has been realized through open-pit coal mining
(Pipatpongsa et al. 2013). Previous researchers have carried
out some studies on deformation of undercut slope model
and presented by displacement vectors (Khosravi et al.
2011). This measurement might not be effective enough to
track the onset of slope failure because displacement vectors
show only accumulative movements at each time interval of
snap shot before the failure. The undercut slope failure
prediction technique following Fukuzono’s approach has
been examined by using 1G physical model (Minamide et al.
2019). Comparisons between undercut slope models with
and without shear pin reinforcement confirmed that the
inverse velocity approach is effective for forecasting the time
of undercut slope failure under the suitable conditions of
resolution setting.

However, the inverse velocity approach for predicting the
time of slope failure time of an undercut slope using
geotechnical centrifuge modelling has not been adequately
reported. Hence, this study (Aroonwattanaskul et al. 2019)
performed at Geotechnical Centrifuge Centre of Disaster
Prevention Research Institute (DPRI), Kyoto University
aims to examine the reliability of the failure time prediction
for centrifuge model of an undercut slope.

Materials and Methods

Materials Properties

The physical models were made of Edosaki sand. Basic prop-
erties of Edosaki sand are shown in Table 1. The internal fric-
tion angle of the compacted sand was tested by a direct shear
apparatus. Also, the direct shear apparatus was used to measure
the interface friction angle and the apparent adhesion between

moist Edosaki sand and a Teflon sheet by fitting a piece of the
Teflon sheet in the lower part of the shear box.

Three specimens were prepared with a diameter and
height of 50 and 100 mm to conduct the unconfined com-
pression test. The average of these three values is selected as
the unconfined compressive strength (rc) of moist Edosaki
sand in the slope model. The model was divided into two
parts as shown in Fig. 1, the basal support, and slope part;
each of which was compacted to the bulk unit weight
c = 15.3 kN/m3. Basal support was placed on a rigid plane
covered by sandpaper while the slope part was inclined by
the angle 40° on a rigid plane covered by a Teflon sheet for
simulating the low friction interface plane.

After the preparation of basal support and slope part, the
trapezoidal trench was excavated through the basal support
as shown in Fig. 2. Finally, the marking lines were drawn on
the surface every 5 cm from bottom of the slope part for
clear observations. A high-speed VDO camera was installed
above the model to observe the movements of an undercut
slope as shown in Fig. 3.

Justification on Low-Frictional Interface

A case study of the Mae Moh open-pit coal mine in Thailand
is considered in this study. The presence of some weak and
thin clay seams in the under burden of coal seams and
claystone layers becomes a significant problem because of
their extremely low strength causing some slope instability
in Mae Moh open-pit mine. These clay seams have the

Table 1 Basic properties of Edosaki sand

Parameter Value

Water content (w) 10%

Bulk unit weight (c) 15.3 kN/m3

Unconfined compressive strength (rc) 14.7 kN/m2

Interface friction angle (/i) 17.5°

Apparent adhesion (ci) 0 kN/m2

Internal friction angle (/) 40.9°
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Fig. 1 Slope model configuration and dimensions
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potential to slip when the toe of the slope is excavated while
the portion of slope above the excavated pit has the potential
to fail if the excavated span reaches its maximum span
because of sufficient basal supports.

Due to the aforementioned problem, the potential sliding
surface is made of a Teflon sheet so that a low-frictional
interface can be simulated in the physical model. The
interface friction between sand and a Teflon sheet (/i =
17.5°) is much less than the internal friction of sand
(/ = 40.9°); therefore, this interface can be considered as a
thin weak layer of clay seams underlying a sliding layer.

Experimental Setup

The physical models of an undercut slope, narrow side slope
model, and wide side slope model, were conducted. The
schematic illustrations of the model slopes are shown in
Fig. 1a as a narrow side slope model and Fig. 1b as a wide
side slope model. Dimensions of the physical models are
listed in Table 2. During the test, the centrifugal acceleration
was gradually increased until 50 g while monitoring the
initial collapse of the model. The movement distributions of
the slope surface were recorded through a high-speed VDO
camera and analysed by using the image processing software
“Flow Expert 2D”. This software shows the result in the
form of velocity vectors of instantaneous velocity. However,
the limitation of this software is only a 2D analysis.
Therefore, the deformation along the depth direction and the
displacement of soil mass inside the surface cannot be
observed. Figure 3 shows the schematic of a high-speed

VDO camera installation and lighting system for an undercut
slope model.

A high-speed VDO camera fixed to the arm of the cen-
trifuge and not perpendicular to the slope surface in a narrow
side slope model. Therefore, the dimension of the slope
surface needs to adjust in the calibration process of image
processing software by substituting 76.6 mm as a projected
length instead of 100 mm as a real length. The results were
primarily in the form of instantaneous projected velocity
Vprojected and were converted to the instantaneous slope
surface velocity Vslope = Vprojected/cos 40°. For a wide side
slope model, using a similar procedure with a different

Fig. 2 Physical model of undercut slope (left) and mode of failure
(right)

Fig. 3 Schematic of a high-speed VDO camera installation

Table 2 Dimensions of the physical model

Dimensions of model Narrow side
slope

Wide side
slope

Slope width (cm) 20 63

Slope length (cm) 22.5 15

Slope thickness (cm) 5 5

Slope angle (°) 40 40

Pillar width (cm) 5 21.5

Pillar length (cm) 17.5 5

Pillar thickness (cm) 5 5

Top trench width (cm) 12 22

Base trench width (cm) 10 20

Average undercut width
(cm)

11 21
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corrected value in the calibration process. The procedure of
velocity acquisition and the different methods to find the
suitable setting parameters in velocity analysis are described
in details by Fang (2019). Brief setting parameters are listed
in Table 3. The resolution used in the image processing was
512 � 512 pixels.

Results

Characteristics of Velocity Vectors

In the process of velocity acquisition, the displacement
vector of each grid point in the selected monitoring area, the
interrogation window can be searched at different times.
Searching for the correlation coefficient is operated by
shifting sub-domain in the search window for every 1 pixel
and the highest correlation coefficient can be found, which
represents the position of the grid point. Therefore, the
velocity of each grid point can be calculated from the
obtained displacement and the time frame interval using the
check area and the exploration area.

Results of image processing software in the narrow side
slope model are shown in Fig. 4 from the initial movement
until the slope failure occurred. Confining supports restrict
the model from lateral movements, resulting in a symmet-
rically downward movement. The increasing velocity vec-
tors started from the central part of the slope above the
excavated area of basal support (Fig. 4a, b) and spread to the
adjacent part until reaching the excavated width (Fig. 4c).
After 0.39 s, the arch-formed crack completely detached
from the stable scarp (Fig. 4d).

The stability of the scarp could be explained by arch
action. The arching failure in undercut slope involves pro-
gressive failure of stacks of arch. The velocity vectors at the
central part are straight downward with similar magnitude as
rigid body motion. However, the magnitude of velocity
vectors near the corner of the pillars is a little lower than the
central part of the slope due to the load transfer to the basal
supports.

The characteristics of displacement vectors which show
the accumulative movements of the slope part is different

Table 3 Summary of various parameter setting

Parameter Value

FPS (frame per second) 500

1/FPS (second per frame) 0.002

Frame interval (frame) 60

Grid interval-x direction (mm) 10

Grid interval-y direction (mm) 10

(a) Velocity vectors before failure (t=t0)

(b) Velocity vectors before failure (t=t0+0.05 s)

(c) Velocity vectors before failure (t=t0+0.09 s)

Fig. 4 Velocity vectors in a narrow side slope model
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from the velocity vectors by showing the maximum dis-
placement at the centre of the slope. Herein, lateral dis-
placement vectors moved to approach to the centre as
reported in Khosravi et al. (2011). Velocity vectors in a wide
side slope model with an average undercut width 21 cm and
reproduced test showed a similar movement characteristic as
illustrated in Figs. 5a–d and 6a–d, respectively.

Predicted Failure Time of Undercut Slope Model

The inverse of the average surface velocity in the narrow
side slope model is plotted with time as shown in Fig. 7. The
fluctuation of inverse of the average surface velocity is
uneven; however, there is a portion where the downward
sloping straight line can be observed and nearly reduced to
zero when the slope failure occurred. The red dotted line
shows the slope of inverse velocity curve while the black
dotted line shows the experimental failure time of a slope at
which the detached part moved from the remaining part with
the clearly visible crack width around 2–3 mm observed by
the naked eye. Due to the limitation in observation, the
actual failure can occur earlier than this observed time.

The predicted failure time is determined by drawing an
extended straight-line correlating with the gradient of inverse
velocity crossing the axis of time. The result revealed that
the predicted failure time in this experiment was far from
actual failure time. The predicted failure time under the
narrow side slope (11 cm in model), the first wide side slope
(21 cm in model) and the second wide slope are listed in
Table 4. The difference in prediction appeared in a narrow

(a) Velocity vectors before failure (t=t0)

(b) Velocity vectors before failure (t=t0+0.01 s)

(c) Velocity vectors before failure (t=t0+0.03 s)

Fig. 5 Velocity vectors in a wide side slope model

(d) Velocity vectors after failure (t=t0+0.39 s)

Fig. 4 (continued)
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range between 0.11 ± 0.01 s (model) or 3.45 ± 0.31 s
(prototype) indicates the sufficiently precise prediction. If the
initiation of cracks can be determined by more accurate
method such as particular image processing technique, the
predicted failure time would be relatively close to the
experimental failure time. Therefore, Fukuzono’s method
could be effectively used to predict the failure time of an
undercut slope in the centrifuge model test.

Monitoring Regions

The monitoring region is important for predicting failure time
in an undercut slope. Four different regions were selected to
compare the predicted failure time as shown in Fig. 8a–d.
The sizes of the monitoring regions are listed in Table 5 for
both model and prototype scales using the similitude.
A scaling (model/prototype) law 1/N is applied to a length
where N = 31.4 represents the centrifugal acceleration rela-
tive to the gravitational acceleration at failure. Hence, the
area in prototype is N2 = 986 times that of the model. As a
similitude velocity scale ratio is 1, the centrifugal acceleration
does not affect the inverse velocity but crack widths 2–3 mm
(model) representing 62–94 mm (prototype) might enlarge
the discrepancy in prediction. The predicted failure time
shown in Fig. 9 indicated that the inverse of the average
surface velocity for predicting the failure times determined
for all types of monitoring region were comparatively parallel
to one near the onset of failure; thus, they are all good for
prediction. But that of the total area was higher; thus its offset
predicts the time closer to the actual failure time at 0.48 s
(model) or 15.1 s (prototype) judged by the definition of
failure initiation used in this study.

(b) Velocity vectors before failure (t=t0+0.02 s)

(c) Velocity vectors before failure (t=t0+0.04 s)

(a) Velocity vectors before failure (t=t0)

Fig. 6 Velocity vectors of the reproduced test in a wide side slope
model

(d) Velocity vectors after failure (t=t0+0.25 s)

Fig. 5 (continued)
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Discussion

The judgement indicating that the total area was the best
monitoring region is depended on definition of the actual
failure; thus, the conclusion would be different if the

definition of failure was changed by including local failure
initiation or the failure observation technique was improved.
In practical application, the primary instrument for moni-
toring longitudinal deformations is the inclinometer. So, the
velocity can be determined by the relationship between slope
displacement and time, following the method of failure time
prediction from the inverse of the velocity. But, it is difficult
to cover the total area of slope for monitoring slope move-
ment in the actual site. After conducted many undercut slope
experiments, the failures were found to be normally occurred
only above the excavated part until reaching the undercut
width. Therefore, the monitoring region at the site can be
focused on this area.

(a) Inverse of the average surface velocity

(b) The predicted time of failure

Fig. 7 Portion of inverse of the average surface velocityTable 4 Comparisons between the predicted time of failure and the
experimental failure time

Type Narrow side
slope

Wide side
slope

Wide side
slope

Prediction
(s)

0.37 0.40 0.74

Experiment
(s)

0.48 0.52 0.84

Difference
(s)

0.11 0.12 0.10

Average Model scale: 0.11 ± 0.01 s
Prototype scale: 3.45 ± 0.31 s (at 31.4 g)

(d) Velocity vectors after failure (t=t0+0.42 s)

Fig. 6 (continued)
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Conclusion

The movements of the slope surface were recorded and
analysed by the image processing software. The velocity
vectors start to move downward with the same magnitude
from the centre and expand to the adjacent part until
reaching the excavated width. Although the velocity vectors
were partially different in amounts and directions from the
displacement vectors, both measurements show a similar
tendency by which the onset of failure can be interpreted. In
spite of inconsistency in the predicted results to the actual
failure time, three centrifuge models can confirm that the
inverse of the average surface velocity is qualitatively valid
for an undercut slope model.

(a) Failure area

(b) Total area

(c) Half area

Fig. 8 Monitoring regions

Table 5 Sizes and areas of monitoring regions in the model scale and
the prototype scale using the scaling law determined by a scale factor
N = 31.4

Monitoring
regions

Model scale
(width � length)

Prototype scale (failed at
31.4 g) (m2)

Failure area 11 cm � 5 cm 5.42

Total area 20 cm � 22.5 cm 44.37

Half area 20 cm � 10 cm 19.72

Area over
the pit

11 cm � 10 cm 10.84

(d) Area over the pit

Fig. 8 (continued)
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Rainfall Boundary Condition in a Multiphase
Material Point Method

Mario Martinelli, Wei-Lin Lee, Chjeng-Lun Shieh, and Sabatino Cuomo

Abstract

The Material Point Method (MPM) is an emerging
computational tool to simulate the complex dynamic
process of rainfall-induced landslide. In this field,
hydraulic boundary conditions play an important role.
In recent researches, the average relative velocity of pore
water with respect to the solid skeleton is considered as
Darcy’s velocity usually. Hence, rainfall intensity (mm/h)
can be assigned to the node of the mesh as a velocity
boundary directly. However, the evolution of true veloc-
ities of liquid and solid phases has missed so far in the
investigation of the landslide process. In order to keep the
information of true velocities in the simulation, this paper
provided a new solution to estimate the true velocity of
the liquid phase at the node of the boundary layer and has
been implemented a coupled hydro-mechanical model
using MPM. The validation of such implementation was
achieved by simulating a 1D infiltration problem and
comparing with the MPM results with those obtained
through the commercial software PLAXIS. With the help
of this newly implemented boundary condition,
rainfall-induced landslides can be better investigated
using MPM.

Keywords

Material point method � Boundary condition � Rainfall �
Landslide

Introduction

The Material Point Method (MPM) is a mesh-free method
particularly suitable for simulating large deformation pro-
cesses of history-dependent materials.

The original formulation of MPM was initially developed
by Harlow (1964) for fluid mechanics and, then, it was
applied to solid mechanics (Sulsky et al. 1994) and dry
granular materials (Wieckowski et al. 1999; Wieckowski
2003). Later, the method was extended to handle saturated
soils (Jassim et al. 2013) using the acceleration of both solid
and liquid as primary unknowns (as–al formulation). MPM
has been used to successfully simulate several geotechnical
problems, such as cone penetration tests (Beuth and Vermeer
2013; Ceccato 2015; Ghasemi et al. 2019), close-ended and
open-ended pile installation (Phuong et al. 2016; Galavi
et al. 2019), collapse of dams (Alonso and Zabala 2011) and
riverbanks (Bandara and Soga 2015). MPM is also particu-
larly suitable for studying slope instability and rainfall-
induced landslides (Cuomo et al. 2019a, b).

Rainfall-induced landslide is a complex physical
dynamics process, which has to consider the hydro-
mechanical response, such as the interactions of soil, pore
water, and pore air. In this field, Yerro et al. (2015) proposed
a three-phases dynamic formulation of MPM (soil, liquid,
and air) using single layer of material point (1-point), where
the total velocities of soil, liquid, and air are the primary
unknowns. This formulation can capture evolution of gas
pressures and it is particularly accurate in case of high
suction, low degree of saturations and high derivative of the
degree of saturation (Ceccato et al. 2019).
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In many landslide applications, the gas can be assumed to
flow freely in the soil matrix and the influence of gas pres-
sure can be neglected (Touma and Vauclin, 1986). Under
this hypothesis, Bandara et al. (2016) and Wang et al. (2016)
proposed a simplified approach where the momentum bal-
ance of gas is neglected, and the gas pressure is assumed
constant.

In Bandara et al. (2016) the primary unknowns are the
absolute acceleration of the solid skeleton and the seepage
velocity of the fluid in the solid matrix (a–w formulation),
whereas the relative acceleration of the liquid with respect to
the solid skeleton is neglected. This framework is particularly
suitable for boundary conditions written in terms of water
pressures and in terms of seepage flow (or rainfall intensity).

Wang et al. (2016) propose a generalization of the orig-
inal two-phase dynamic formulation of Jassim et al. (2013),
which allows simulating the behaviour of partially saturated
soils. However, this framework was only used when
boundary conditions are expressed in terms of pore pressure
(e.g. ponding condition), and not in terms of seepage flow
(e.g. rainfall intensity). An application of this formulation for
a landslide failure is shown in Lee et al. (2019).

The ideal case of “ponding” boundary condition can result
in an extreme infiltration rate, which in some cases may be
higher than the saturated soil permeability, and it may lead to
over-conservative failure predictions, and in some cases dif-
ferent failure modes. Previous literature investigated the case
of excessive amount of rainwater compared to soil infiltration
capability resulting in ponding condition at ground surface
and water runoff (Cuomo and Della Sala 2013). In order to
properly simulate the effect of rainfall on the slope stability
and the following run-out distances, a proper infiltration
boundary condition must be used.

Using the formulation of Wang et al. (2016) as frame-
work, this paper describes a generalized algorithm used to
incorporate the rainfall boundary condition. The numerical
scheme is then validated in the simple case of 1D condition,
against a well-established commercial code (PLAXIS) used
as benchmark.

MPM Formulation for Partially-Saturated Soils

Model Equations

In the simplified two-phase formulation (Wang et al. 2016),
the governing equations for gas phase are neglected. The
mass exchange of air and water between liquid and gas
phase are also neglected and the air pressure is set to zero.

The media is divided in two phases (solid, liquid) and the
corresponding phases (ph) are denoted by the subscripts of
s and l, respectively. The subscript of m indicates the mixture.

The dynamic behaviour of the partially-saturated porous
medium is described under the following general
assumptions:

• isothermal condition,
• no mass exchange between solid and liquid,
• solid grains are incompressible,
• smooth distribution of porosity in the soil,
• small spatial variations of water mass.

The motion of the partially-saturated media is described
by the system of two momentum balance equations (liquid
phase and solid phase), using separate velocity fields, vl and
vs for liquid and solid phase respectively:

qlal ¼ rpl þ qlb�
nSlll
krelkl

vl � vsð Þ ð1Þ

1� nð Þqsas ¼ r � r� nSlplIð Þþ qm � nSlqlð Þbþ nSlll
krelkl

nSl vl � vsð Þ

ð2Þ
The vectors al and as are the acceleration of the liquid and

solid phases, respectively; pl is the liquid pressure, r is the
total stress tensor of the mixture and I is unit stress tensor, ll
is the dynamic viscosity of the liquid; kl is the intrinsic
permeability of the solid skeleton, and b is the body force
vector. The term krel is given by a relationship between the
soil permeability and saturation, which is equal to 1 for a
fully saturated soil and it decreases with the degree of sat-
uration. However, in this study krel is set constant to 1.

The total volume (V) is summation of the volume of the
solid phase (Vs) and the volume of the voids (Vvoid). The
porosity is n and defines as Vvoid/V. The degree of saturation
is Sl, whereas the volume of liquid (Vl) fills the volume of
voids. According to Eq. (2), the seepage velocity (or Darcy’s
velocity) (w) can be defined as nSl(vl − vs).

The mass balance equation for solid phase results as

@n

@t
¼ 1� nð Þr � vs ð3Þ

Under the assumption of a barotropic liquid phase, the
time derivative of the liquid density is only function of time
derivative of the pore water pressure. For the partially sat-
urated soil, the suction (s) is equal to pa − pl, where pa is the
air pressure which is set to zero.

The mass balance equation for liquid can be derived as
follows:

@pl
@t

¼ Kl

1� Kl
Sl

@Sl
@s

� � 1� nð Þ
n

r � vs þr � vl
� �

ð4Þ
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where Kl is the bulk modulus of liquid, and s is the suction
equal to pa − pl, where pa is the air pressure which is set to
zero.

The concept of Bishop effective stress is used here to
include the effect of the partially saturation in the soil beha-
viour, and the effective stress (r′) is equal to r − SlplI. The
general form of material stress–strain relationship can be
presented incrementally as dr′ = Dde, where D is the tangent
matrix, de is the strain increment vector. In case of large
deformation, the Jaumann stress rate is adopted which writes
the material time derivative of the Cauchy stress tensor as
follows dr′ = Dde + r′WT − Wr′. The first term is the rate
of change due to the material response; the other two terms
represent the change of stress due to rotation and the term
W is the skew part of the velocity gradient tensor.

A linearised relation between the degree of saturation and
suction is used, which is written as:

Sl ¼ 1� avs ð5Þ
where av is a constant value. The effect of the saturation on
the relative permeability is not considered in this study, and
the hydraulic conductivity is kept equal to the saturated one.

Discretization and Algorithm of Material Point
Method

The discretized form of Eqs. (1) and (2), both written per
unit volume of mixture, is shown as follows:

Mlal ¼ f extl þ f gravl � f intl � f drag ð6Þ

Msas ¼ f exts þ f gravs � f ints þ f drag ð7Þ

where f ext is the vector of nodal external forces, f grav is the
vector of body forces, f int is the vector of nodal internal
forces, M is the nodal mass matrix and f drag is the vector of
drag forces.

In MPM, the continuum body is represented by a cloud of
points, called material points (MPs). They carry all infor-
mation of the continuum body, such as density, velocity,
strain, stress, material parameters and external loads
(Al-Kafaji 2013). They are not physical particles, like for
example single solid grains described in Discrete Element
Method, but they represent a portion of continuum body.
A schematic representation of MPM and the background
mesh is shown in Fig. 1.

A single computational cycle is described as follows.

(a) The nodal forces are computed based on the informa-
tion stored at the material points by means of the shape
functions.

(b) The nodal acceleration al is determined by Eq. (6).
(c) The nodal acceleration as is determined by Eq. (7).
(d) If rainfall boundary condition is specified, the nodal

accelerations are adjusted in order to comply with the
rainfall. This point is described in detail in the next
paragraph.

(e) The material point velocities are computed from the
nodal accelerations, and the nodal velocities are finally
computed as the ratio between nodal momentum and
nodal mass.

(f) Strain increments are then computed at the location of
each material point.

(g) The increments of pore water pressure and effective
stress are computed using Eq. (4) and Bishop effective
stress equations, respectively.

(h) Displacement and position of each material point are
finally updated.

The explicit integration scheme, such as the one pre-
sented above, is conditionally stable. The size of the time
step for stable solution depends on the properties of the
materials: it decreases with stiffness and with low perme-
ability (Mieremet et al. 2015).

Rainfall Boundary Condition

The vectors f ext in Eqs. (6) and (7) are computed using loads
stored at the material points, which are derived from dis-
tributed loads acting at the surface boundary of the contin-
uum body. In case of “ponding” condition, the external load
is set to zero f ext ¼ 0

� �
and step (d) of the computational

cycle is not performed. The resulting seepage flow in the soil
is not controlled, as it is directly determined by the gradient
of pressures and soil permeability (Eq. 1).

In case of rainfall specification, the following steps are
defined.

Fig. 1 Spatial discretization in MPM (Yerro et al. 2015)
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Step 1 definition of the free-surface nodes, i.e. nodes
shared between active (with at least 1 MP) and non-active
elements (see Fig. 2), and calculation of the outer normal
n at node i as:

ni ¼
P

MP mMP rNiP
MP mMP rNi

�� �� ð8Þ

where mMP is the mass of each material point and rNi is the
gradient of the shape function at node i.

Step 2 the liquid and solid accelerations at free-surface
nodes are computed assuming the “ponding” condition, i.e.
f ext ¼ 0.

Step 3 the liquid and solid velocity are computed as

v�l;tþ 1 ¼ vl;t þ alDt ð9Þ

v�s;tþ 1 ¼ vs;t þ asDt ð10Þ

where Dt is the increment of time in the calculation.
Step 4 The rainfall boundary condition is imposed at the

free-surface nodes if the seepage flow is higher than the
rainfall intensity, which reads as follows:

nSl v�l;tþ 1 � v�s;tþ 1

� �
� w

h i
� n� 0 ð11Þ

If this condition is met, correction to the velocity field of
both liquid (Dvl;n) and solid (Dvs;n) phase along the normal
direction is applied such that:

nSl v�l;tþ 1 þDvl;nn� v�s;tþ 1 � Dvs;nn
� �

� n ¼ wn ð12Þ

where wn is the component of the rainfall velocity normal to
the surface.

Equation (12) can be rewritten as follows:

Dvl;n � Dvs;n ¼ �
nSl v�l;tþ 1 � v�s;tþ 1

� �
� w

h i
� n

nSl
ð13Þ

The velocity correction in both phases should fulfill the
condition that momentum of the mixture is conserved, i.e.:

mlDvl;n þmsDvs;n ¼ 0 ð14Þ

where ml and ms are the liquid and solid nodal masses.
It follows, that:

Dvs;n ¼ �mlDvl;n
ms

ð15Þ

Dvl;n ¼ �
nSl v�l;tþ 1 � v�s;tþ 1

� �
� w

h i
� n

nSl 1þ ml
ms

� � ð16Þ

The final velocities and the acceleration field are then
computed:

vl;tþ 1 ¼ v�l;tþ 1 þDvl;nn ð17Þ

vs;tþ 1 ¼ v�s;tþ 1 þDvs;nn ð18Þ

al ¼ vl;tþ 1 � vl;t
Dt

ð19Þ

as ¼ vs;tþ 1 � vs;t
Dt

ð20Þ

Validation Case: 1D Infiltration Problem

Geometry, Material and Boundary Conditions

The proposed implementation is validated considering a 1D
infiltration problem, for both “ponding” and rainfall
boundary condition.

A 1D soil column is considered for this study, with an
initial height of 1.05 m and with a uniform grid size of
0.025 m. Six material points are assigned initially in each
triangular element of the mesh.Fig. 2 Definition of free-surface nodes and outer normal
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The computational mesh and the material point distribu-
tion is shown in Fig. 3. The boundary conditions are set for
both liquid and solid phase. The velocities are fully fixed in
both directions at the bottom boundary, whereas on the
vertical boundaries they are fixed only in the X direction.

The initial stress state in the soil column is initialized
assuming a geostatic condition, with a k0 coefficient set to
0.5. The water table is defined at the bottom of the column
and a linear suction profile is consequently initialized, which
is zero at the bottom and approximately 10.2 kPa at surface.

The material is considered as elastic body and relative
parameters are listed in Table 1. It is worth noticing that the
saturated soil permeability is 0.2 mm/s.

Two rainfall conditions are considered, set constant for
the entire calculation: “ponding” condition, by applying an
extremely large rainfall velocity w (which is equivalent to
setting only zero pore pressure at free-surface as Eq. (11) is

never met), and a rainfall of 0.5 mm/s, which is still larger
than the saturated permeability.

The results of the proposed MPM implementation are
discussed in the next paragraph where they are also com-
pared against the well-established commercial code
PLAXIS, used as benchmark.

Model Results

The infiltration process is simulated for approximately 60 s,
long enough to get the soil fully saturated.

The ponding boundary condition is defined applying zero
external load at surface throughout the entire simulation. In
this case, the water is free to flow vertically and thus the pore
water pressure at the free surface remains zero.

The results are shown in Fig. 4 as profile of pore water
pressure at different time instants. The results of PLAXIS are
plotted with a red dashed line and the result of MPM with
black dots at several depths (0.1, 0.3, 0.5, 0.7, 0.9 m) and at
surface.

In this case, very large gradients of pore pressure are
induced in the soil body, especially close to the free surface
where the ponding condition is applied, and the seepage flow
can be larger than the saturated permeability. Overall, the
entire soil column needs approximately 40 s to be fully
saturated, and about 50 s to reach the final hydrostatic
configuration.

If the rainfall boundary condition is specified, the seepage
flow at surface cannot be greater than the maximum rainfall,
specified by the user. In this case the results are shown in
Fig. 5. Although the specified rainfall intensity (0.5 mm/s) is
still larger than the saturated permeability, after 30 s, almost
the entire column still presents positive pore pressures
(suction) which identifies the condition of partly-saturation
of the soil body. As before, tensile tensions are assumed

Fig. 3 a The geometry and the computational mesh; b the boundary
conditions for the soil and liquid phase; c the distribution of the
material points

Table 1 List of material
parameters in MPM

Parameter Value Unit

Young’s modulus 5000 kPa

Poisson’s ratio 0.0 –

Density of solid grains 2700 kg/m3

Density of water 1000 kg/m3

Porosity 0.33 –

Bulk modulus of water 200,000 kPa

Dynamic viscosity of water 10−6 kPa s

Intrinsic permeability 2 � 10−11 m2

Linear model parameter (av) 0.01 –
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positive. After 40 s, only the bottom third of the soil column
is saturated. In this case, the final hydrostatic conditions are
only met after 60 s.

Overall, a good agreement is observed between MPM
solution and PLAXIS.

Conclusions

This study presents and validates an algorithm which allows
including the infiltration boundary condition in a multiphase
dynamic MPM model. The algorithm is written using both
liquid and solid true velocities fields instead of the Darcy’s
seepage velocity, used in other implementations.

This allows expanding the capabilities of the dynamic as–
al formulation (Zienkiewicz et al. 1999), already widely used
in several MPM simulations (e.g. www.anura3d.com), in the
field of rainfall-induced landslides focusing on both the
triggering and runout.

It is worth mentioning that the proposed algorithm is val-
idated only for small deformations. Validation in case of
extremely large deformations, where material points cross
elements of the background mesh, will be part of future work.
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Response of Slopes to Earthquakes
and Rainfall

Jiawei Xu, Ryosuke Uzuoka, and Kyohei Ueda

Abstract

Earthquakes can cause landslides on many scales in
mountainous areas and pose danger to the residential area
at the bottom of mountains. In some areas where the
earthquake intensity is not high enough to cause large soil
movement, the shaking effect on the stability of slopes
during the following rainfall is not significant. However,
in certain areas, shaking-caused large cracks on the slope
surface play an important role in the stability of slopes
subject to the following rainfall. The effect of pre-shaking
on the slope stability when the slope is subject to rainfall
is still not fully studied. In this study, centrifuge model
tests on slopes subject to earthquakes and rainfall were
carried out and due to insufficient shaking intensities and
soil suction in the unsaturated slope, cracks were not seen
on the surfaces of the slopes after shaking and only small
displacement was induced, which made it difficult to
specify the influence of earthquakes on the stability of
slope subject to the following rainfall. The soil displace-
ment and mobilization patterns of two slopes in this study
were similar and the negative contribution of shaking to
the slopes were not thoroughly investigated. However, the
intensity and duration were the main factors that affected
the occurrence and mode of the slide caused by rainfall; a
uniform rainfall distribution is also necessary to validate
the triggering mechanism of slide in the model tests.

Keywords

Slope � Earthquake � Rainfall � Landslide � Centrifuge
model test

Introduction

Earthquakes and rainfall are two common natural disasters
causing slopes failure such as landslides and large soil
movement in mountainous areas. In the past several earth-
quakes such as 1995 Kobe Earthquake (Tomita et al. 1996),
1999 Chichi Earthquake (Hotta et al. 2005), 2008 Sichuan
Earthquake (Tang et al. 2011), 2011 Tohoku Earthquake
(Usui et al. 2012), and 2016 Kumamoto Earthquake
(Geospatial Information Authority of Japan 2016), a lot of
slopes didn’t display failure or slide, but only cracks were
left on the surfaces and the slopes still remained stable. It
was known that water infiltration into soil in slopes will
cause the increase in pore water pressure or reduction in soil
suction (especially in unsaturated soil slopes), the continual
drop of the shear strength of soil contribute mostly to the
failure of slopes that are pre-shaken by earthquakes.
Numerical analyses were carried out by researchers on the
slope stability during rain infiltration (Cho and Lee 2001; Qi
and Vanapalli 2015; Cai and Ugai 2004; Sharma and Nak-
agawa 2010; Tian et al. 2017) and the decrease in soil shear
strength caused by suction losses and raised water tables
were regarded as two main reasons why slopes failed during
rainfall events. Physical model experiments such as
large/small-scale model experiments at 1 g (Wang and Sassa
2001; Montrasio and Valentino 2004; Sharma and Naka-
gawa 2010), field tests (Ng et al. 2003; Springman et al.
2013; Rahardjo et al. 2005; Chen et al. 2018), and centrifuge
model tests (Take et al. 2004; Tamate et al. 2012; Bhat-
tacherjee and Viswanadham 2018) were also conducted to
investigate the behavior of slopes and mechanisms of slope
failure during rainfall. Studies on the seismic response of
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slopes or embankments to earthquakes were also carried out
by different researchers using various methods including
centrifuges model tests (Matsuo et al. 2000a, b; Liang and
Knappett 2017), numerical modelling (Xiong et al. 2014),
and shaking tables tests (Koga and Matsuo 1990; Matsumaru
et al. 2012). However, the impact of rainfall on the stability
of slopes after earthquakes was not fully studied in previous
research.

In this study, two centrifuge model tests were performed:
one was on an unsaturated slope subject to shaking and then
rainfall and the other was on an unsaturated slope subject to
only rainfall. An inflight rainfall simulator was designed and
applied to the tests where rainfall-caused slide was replicated
and its triggering mechanism was also analyzed.

Methodology

Small scale centrifuge models were used to simulate the
prototype behavior of unsaturated infinite slopes in a cen-
trifugal acceleration field of 50 g. An inflight rainfall sim-
ulator was designed and used to model rainfall in the
centrifuge models.

Test Program

Two centrifuge model tests were carried out in the Kyoto
University centrifuge and the test program is summarized in
Table 1.

Centrifuge Modelling Scales

Since soil is highly stress dependent and the geotechnical
centrifuge can provide an accelerated field of N times Earth’s
gravity for a model scaled down by 1/N, results from the
tests can be extrapolated to a prototype situation. This is the
basic scaling law of centrifuge modelling, that stress simi-
larity is achieved at homologous points by accelerating a
model of scale N to N times Earth’s gravity. Centrifuge
scaling factors of common parameters are given in Table 2.

Experimental Setup

The centrifuge model tests were carried out on the shaking
table in Kyoto University centrifuge. The centrifuge has an

effective radius of 2.5 m and a maximum capacity of
24 g-ton. The shaking table is integrated with the swing
basket of the centrifuge and has maximum accelerations of
50 g for dynamic tests and maximum displacement ampli-
tudes of ±5.0 mm in the model scale. Both slopes were
made of unsaturated soil with the same degree of compaction
and the rainfall intensities were also the same. The centrifuge
model test geometry and instruments are shown in Fig. 1.

Markers were put between soil and the transparent wall,
and a high-speed camera fixed in front was used to view and
photograph the testing.

Inflight Rainfall Simulator

Rainfall simulator (in Fig. 2), which was made with 18
nozzles, was mounted on top of the container. A rain droplet
in the centrifuge should have a size of 50 times smaller than
that in the prototype. Air pneumatic nozzles were used to
model small rain droplets with average size of 20–40 µm in
the tests. A water tank providing water supply was on
connected with the container and an air cylinder was placed
on the centrifuge arm to provide air supply. Nozzles were
also carefully arranged to produce as uniform rainfall as
possible. A remote control was used to control the solenoids
valves so that starting and ending of rainfall could be real-
ized inflight. In this study, the lower part of the slopes in
tests got more uniform rainfall rather than the upper part, and
this was because the distance of the nozzles above the upper
part of the slopes were much smaller due the height limita-
tion of the container and slope base. But the rainfall patterns
above the lower parts of slopes were quite uniform so
analyses of displacement caused by rainfall were mainly
conducted in the lower parts.

Since the rainfall intensity is defined as the ratio of the
amount of rain in a given period of time and the amount of
rain is usually represented by the water head, according to
the centrifuge modelling scales for length and time, the
rainfall intensity in the model scale should be N times larger
than that in the prototype scale. In this test, the model rainfall
intensity was selected as 250 mm/h, which corresponded to
5 mm/h in the prototype scale.

Soil Material

Masado, which is usually silty sand or sand with silt and
commonly found in West Japan, was used. The soil was

Table 1 Test program Test Description

A Slope subject to shaking and then rainfall

B Slope subject to only rainfall
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named Well-graded sand with silt (SW-SM) using the
ASTM classification system. Masado has a uniformity
coefficient Cu of 7.46, curvature coefficient Cc of 1.01,
maximum dry density of 1.77 g/cm3, and optimum water
content of 13%. Since Masado sand used in the tests has a
fines content of around 10%, it’s not considered appropriate
to adopt relative density as a density index. Instead, the
degree of compaction, defined as the ratio of soil dry density
to its maximum dry density, is used as a density index. The

degree of compaction of the soil here was 87% with a dry
density of 1.55 g/cm3. The initial degree of saturation in the
slope was about 37.7%. The slope rests on a wood base with
an angle of 20°, which is normal compared with natural
infinite slopes and the interface between soil and base was
covered by sand paper. The reason why water was used
instead of other heavy fluid to mix the slope and model
rainfall was because high suction existed in the slope and it
was unlikely to cause liquefaction in the slope during
shaking. Since there is practically no seepage flow or dif-
fusion of water, the dynamic time scaling factor of 1:
N should apply. Subsequent to the earthquake, any dissipa-
tion of excess pore pressures would be modelled using a
time scaling factor of 1: N2.

Test Results and Discussion

Test A: Slope Subject to Shaking and Rainfall

In Test A, shaking (Fig. 3) was excited once the centrifugal
acceleration reached 50 g. Rainfall with a model intensity of

Table 2 Centrifuge scaling
factors

Parameter Prototype-model ratio

Length N

Density 1

Time (dynamic) N

Time (diffusion) N2

Frequency 1/N

Stress 1

Fig. 1 Centrifuge model test
geometry and instrument

Fig. 2 Rainfall simulator
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250 mm/h was introduced after shaking was completed. The
displacement vectors (Fig. 4) of the slope during shaking
and rainfall were obtained through image analyses and
progressive failure of the slope was shown in Fig. 5.

The slope didn’t show large displacement during shaking.
The largest displacement occurred around the toe of the
slope which was 3.67 mm in the prototype scale and the
direction was about 28.6°. However, rainfall caused dis-
placement developed very fast and flow slide initiated 50 s
after the rainfall started and presented a final shape shown in
Fig. 4b.

The slope initially had a fast increase in displacement and
sudden slide occurred, which was about 0.1 s in the model
scale after the rain started. The soil above the sliding soil
kept moving and secondary slide in the upper part took again
soon (in Fig. 5d–f). Displacement in various sections of the
infinite slope were examined. Different sections of the slope
were chosen and designated as A-A, B-B, C-C, D-D, and
E-E (in Fig. 6) and displacement of three points (10, 30,
50 cm below the initial slope surface) in each section (in
Fig. 6) were selected for discussion.

Surface soil displayed the largest displacement and trav-
eling speed in all sections. First slide started from the
beginning of rainfall and ended 50 s afterwards and the soil
slightly below the slope surface traveled at an increasing rate
till it suddenly collapsed. A1 had a displacement of 9.1 mm
in the model scale while B1 only showed only 2.3 mm.
Then, surface soil in the upper part away from A-A section
was mobilized and moved at high speed which could be seen
in the displacement of B1. After the first slide concentrating
below A-A completed, new slide above A-A started to
develop and extended to the upper part farther.

Though A1 showed the largest final displacement of
19.8 mm and B1 19.3 mm, most of B1 displacement
developed during the second slide rather than the first slide.
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Fig. 3 Input motions during shaking in test A

Fig. 4 Soil displacement of the slope caused by shaking (a) and
rainfall (b) in test A

(e) 95.4 s (f) 129.3 s

(a) 0 s (b) 54.3 s

(c) 55.9 s (d) 73.4 s

Fig. 5 Progressive failure process of the slope during rainfall in test A
(time in the model scale)

Fig. 6 Slope sections for displacement analyses
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In C-C, D-D, and E-E sections, the displacement was not
mainly induced by the first slide but the second slide. The
maximum traveling velocities of soil in B-B section were
18.6 and 18.2 mm/s in the model scale. The second slide had
an impact range as far as E-E section where displacement
was negligible.

Rainfall-caused slide was along a plane 2 cm at most
below the slope surface, while the highest water table was
about 2.6 cm below the slope surface according to pore
water pressures in Fig. 8, which meant the surface failure
took place above the phreatic line. PWP near the base
foundation (P2, P4, P5, P7, P9, and P10) kept increasing and
ceased at considerately large values when the steady state
flow was achieved. PWP near the slope surface, however,
showed quite small growth. The uppermost part of the slope
(where P11 and P12 were located) didn’t get enough rainfall
on account of nozzles being too close to the surface and soil
near this area were more stable than the lower part. This was
the main reason why D-D and E-E sections in Fig. 7 showed
little displacement.

Test B: Slope Subject to Only Rainfall

The final slope profile in test B (Fig. 9) had the similar
pattern to that in test A; the effect of pre-shaking on the
stability of the slope during rainfall was not obvious. It could
be seen from the soil displacement (Fig. 10) and PWP
(Fig. 11) in the slope in test B where only rainfall with the
same intensity and duration as those in test A was applied
that.

The slope failure was characterized by two flow slide as
well, and the first flow slide lasted for 44.7 s (A1 displace-
ment Fig. 10). As rainfall continued, soil below the slide
plane didn’t mobilize, instead, soil above A-A section
including soil between B-B section and E-E section started
moving and the second surface failure occurred and ended at
87 s. Displacement in A1 displayed the largest values both in
the first and second slide, which were 15.3 and 12.3 mm. In
the first slide, the maximum traveling velocities of soil in A-A
section were 34.7 and 20.6 mm/s in the model scale. Though
B1 in the first slide developed more displacement (5.2 mm)
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Fig. 7 Displacement in various
sections in the slope in test A (in
the model scale)
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than that in test A, the second slide induced displacement
(11.4 mm) and the total displacement (16.6 mm) were less
than the those in test A. But B2 had more displacement during
both slide: 2.7 mm in the first slide and 7.1 mm in the second
slide. Soil displacement in C-C, D-D, and E-E sections, was
slightly larger than their counterparts in test A.

PWP near the base showed basically the same changing
trend as those in Fig. 8. As shown in Fig. 10, considerately
large displacement was mainly in the lower part of the slope
where rainfall was evenly distributed to the slope surface and
PWP increased to high levels when the steady state flow was
achieved. PWP near the slope surface, showed quite small
growth.

Conclusions

Two centrifuge model tests on infinite slopes subject to
(1) shaking and then rainfall and (2) rainfall were carried in
this study. Since the shaking intensity of the pre-shaking
event was not large enough and the slopes were made up
with unsaturated soil, slope failure patterns in both tests were
similar and displacement displayed in the tests was not
significantly different.
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Fig. 8 PWP in the slope during
rainfall in test A

Fig. 9 Soil displacement caused by rainfall in test B
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Slope stability depends on the rainfall intensity and
rainfall distribution, since the intensity of the rainfall in this
study was quite low (5 mm/h in the prototype scale), to
cause large landslides, a more intense rainfall is needed.
Also, a uniform rainfall is necessary to validate the slide
triggering mechanism. The upper part of each slope didn't
get as much uniform rainfall as the lower part though the
rainfall intensity is equal in each area. The slope failure took
place during the transient flow state when pore water pres-
sures within the soil were still increasing. Surface failure

occurred above the phreatic line and the slide was mobilized
along a plane 2 cm at most below the slope surface. The first
slide was initiated at the lower part of the slopes and trav-
elled at fast speed, resulting in a following second slide away
from the collapsed soil. After the steady flow state was
reached, further displacement was induced and the phreatic
remained stable below the slope surface.

In the future study, shaking with a much higher intensity is
needed to cause cracks on the slope surface and the effect of
rainfall infiltration into cracks could be clearly investigated.
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Reproduction of Sedimentation State During
Rock Slope Failure Using the Simplified DEM
Model

Hitoshi Nakase and Yukio Nakata

Abstract

Safety estimations of nuclear facilities must assess the
risk of earthquakes stronger than that assumed in the
original design. We propose a simple model using the
discrete element method to evaluate the traveling distance
of a collapsed rock mass when slope collapse occurs. We
introduce a new parameter, rotational friction, to evaluate
the reach distance and the accumulation state of collapsed
soil. We also present the range value of rotational friction
and its evaluation method.

Keywords

Rotational friction � Repose angle � Numerical
simulation � Validation

Introduction

We have proposed a simple model (Nakase et al. 2015),
which employs the discrete element method (DEM, Cundall
(1971)) to calculate the traveling distance of collapsed rock.
In our model, the shapes of all rock masses are simplified as
spheres, and the apparent restitution coefficients are
expressed by boundary roughness. The estimated traveling
distance of a rock mass is not based on individual rocks but
on the distribution of all dropped rocks.

In this study, we introduce a new model parameter to
evaluate the reach distance and accumulation state of

collapsed soil called rotational friction. To determine the
range of appropriate values for the rotational friction,
numerical simulations are conducted to reproduce laboratory
experiments for finding the repose angle (RA) of various
sands. Next, a parametric study is performed on the actual
damage within the rotational friction range. Finally, we
confirm whether the RA of the actual damage is within the
range of the RA given by the simulation results.

Overview of the DEM Simple Model

DEM Simple Model

In our simple model, the rock mass is modeled by one sphere
instead of its exact shape. The roughness of the rock shape is
expressed by the ball spacing with the same radius on the
slope or the floor in equal intervals (Fig. 1).

When a ball is dropped onto another fixed ball, it gen-
erally rebounds with a rotation in a direction other than
vertical except when it falls exactly to the top of the fixed
ball. The apparent restitution coefficient indicates the ratio of
the vertical component in the rebound velocity to the contact
velocity. The restitution coefficient is maximized when a ball
is dropped directly above the top of a fixed ball. Hence, if the
rock mass modeled by a ball drops to the floor arranged of
fixed balls, the restitution coefficient is called the maximum
restitution coefficient. However, if a realistic rock mass
drops to the floor, the restitution coefficient is called the
apparent restitution coefficient. In a simple sphere model,
changing the spacing distance of the fixed balls on the slope
or floor alters the average apparent restitution coefficient. By
specifying the appropriate intervals for the fixed balls, the
simulation shown in Nakase et al. (2015) well reproduces the
apparent restitution coefficient for a realistic rock bounce
problem.

Figure 2 compares the simulation using the simple model
with a ball size of 6 cm to the experiment performed by
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Tochigi et al. (2009). The number of simulations is 177,
which is equivalent to that in the experiment. The maximum
restitution coefficient between the balls that is equivalent to
the rock mass is 0.48.

Figure 3 depicts the simple model in the simulation. To
restrict the initial movement without resistance, the surface
where the sample balls is initially presented is modeled by
tightly spacing the balls with a friction coefficient of 0. The
slope and floor are modeled by spacing balls with the same
diameter at intervals equal to the diameter in the vertical
view.

Figure 4 plots the cumulative distribution probability of
the arrival distance compared to the experiment. The simu-
lation reproduces the experimental results well.

Rotational Friction

When a slope collapses, the debris from the collapse accu-
mulates at a relatively large RA by interlocking due to the
unevenness of the individual rocks (Fig. 5). On the other
hand, if the shape is a sphere such as a DEM element, the
RA should be very small. We introduce rotational friction
(Sakaguchi et al. 1993) to analytically represent a large RA
using a DEM element with a spherical shape. The rotational
friction lr is described in reference to Fig. 6.

As shown in Fig. 6, the elements are assumed to make
contact with each other by surfaces and not points. A resis-
tance F* is generated at the end of the surface with respect to
the rotational moment M acting on this element, thereby
generating rotational resistance Mr. The rotational friction
lr is a parameter that defines size d of the surface, which is
obtained by multiplying element radius R.

Fig. 1 Example of our simple model

Fig. 2 Description of the experiment by Tochigi

Fig. 3 Simulation of the simple model

Experiments

Gradient direction to the slope (m)

Orthogonal direction to the slope (m)

Fig. 4 Comparison of the cumulative distribution probability
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Laboratory Experiments to Determine the RA
of Various Particles and Reproduction
Analysis by DEM

Experimental Device

Figure 7 shows a conceptual diagram of the experimental
laboratory device used to determine the RA of various par-
ticles. The lower left is an enlarged view of the container
portion for filling particles. After filling the particles, grad-
ually lifting the back of the table causes the particles to spill
from the edge of the cylinder, forming a conical peak. The
angle of the slope of this peak is the RA. The middle photo
shows the experimental results using glass beads as the
particles.

Experimental Results

Figure 8 shows the experimental results for various sand and
glass bead samples. The glass beads have a spherical shape,
and their RA is as small as 25°. The RA of the sand is larger
than that of the glass beads. The RA varies between 32° and
45°, depending on the grain shape.

Simulation Results

We performed a reproduction analysis of the experiment in
Fig. 7 using rotational friction as a parameter. The particle
size was 1 cm. Particles in contact with the cylinder and
those spilled out are shown in yellow-green. The remaining
particles are shown in brown. Figure 9 shows the simulation
results by DEM assuming a rotational friction of 0, 0.05, 0.1,
and 0.2. As the rotational friction increases, the RA increa-
ses. It is 49° at 0.2, which is a much larger RA than those of
the five types of sand materials. Figure 8 shows a RA of 30°
for a rotational friction of 0 and a RA of 49° for the rota-
tional friction of 0.2 by the orange lines together with the
experimental results. In the future, for reproduction analysis
on the accumulation of granular materials, the maximum
rotational friction is about 0.2.

Reproduction Analysis of Actual Damage

Figure 10 shows a scene of bedrock collapse occurring in
Shono, Erimo-cho in 2004. Figure 11a shows the numerical
elevation model with 0.5-m intervals for after slope collapse.
A 1-m diameter sphere was placed at the grid coordinates,
where each color represents a 10-m interval over a 14-m
elevation (white). The lower part of the slope shows
fan-shaped deposits of collapsed sediment containing rock
mass.

Figure 11b shows the numerical elevation model con-
structed by removing the sediment containing rock mass as
well as the collapsed rock shed by referencing aerial pho-
tographs and topographic maps obtained prior to the
collapse.

Table 1 shows the DEM analysis parameters used to
construct the granular model of collapsed sediment con-
taining rock mass in the simulation.

The collapsed slope is steep, and the entry angle of the
slope to the roadbed is close to vertical. Assuming that the
behavior of a relatively large diameter of rock mass is pre-
dominate, we adjusted the relationship between the spring
and damping coefficients to produce a restitution coefficient
of 0.1.

We examined the values of the rotational friction in the
range of 0–0.2 parametrically with reference to the

Fig. 5 Rock lumps deposited with a certain RA

Fig. 6 Conceptual diagram of the rotational friction
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Fig. 7 Conceptual diagram of
the experimental laboratory to
determine the RA of various
particles
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Fig. 8 Experimental results
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Fig. 9 Simulation results

Fig. 10 Bedrock collapse of Shono, Erimo-cho in 2004

Fig. 11 Numerical elevation model after slope collapse and analysis
models based on the model. a Numerical elevation model after slope
collapse. b Numerical elevation model after removing collapsed soil,
sand, and rock shed. c Numerical elevation model of the original slope
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examination in the previous section. A simple model allo-
cated and set sphere elements of 2-m diameter on the slope
and the bottom area of non-collapsed area using the same
grid coordinates at 2-m intervals as the collapsed soil and
sand model. The grid coordinates for the collapsed surface
were in 1.0-m intervals, and the friction was set to 0. The
slope collapsed by its own weight. Figure 12 shows the
initial, analyzed, and reconstructed states in the simulation.
Figure 13 shows the partial results of the parametric study
related to rotational friction.

We evaluated the simulation results using the RA for the
sediment of collapsed soil and sand as an index. To derive
the RA for the sediment on a collapsed slope, we used four
survey lines (Fig. 14, line 1 to line 4).

Table 2 compares the RA derived from these survey lines
and those from the simulations corresponding to the survey
lines. The RA increases with rotational friction. For a rota-
tional friction of 0.2, the RA exceeds that of the actual

damage. In contrast, the simulation result with a rotational
friction of 0.15 fits the actual slope collapse.

Figure 15 shows the simulation result with a rotational
friction as 0.15 and the survey lines. Figure 16 compares the
elevation-longitudinal distance relationship between the
actual slope collapse and simulation result by each survey
line. They agree well.

Table 1 DEM analysis parameters

Parameters Value

Particle diameter (m) 2.0

Density (km/m3) 2600

Spring coefficient (N/m) 2 � 106

Damping coefficient (N s/m) 1.74 � 105

Friction coefficient (°) 30

Rotational friction Variable

Fig. 12 Initial and collapse states in the simulation

Fig. 14 Survey lines to derive the RA

Table 2 RA by survey line

Rotational
friction

0 0.1 0.15 0.2 Actual
survey

Line 1 0.22 0.38 0.47 0.53 0.43

Line 2 0.36 0.34 0.53 0.57 0.51

Line 3 0.40 0.37 0.54 0.66 0.53

Line 4 0.38 0.42 0.60 0.69 0.60

Average 0.34 0.37 0.53 0.61 0.52

Fig. 15 Simulation results with a rotational friction of 0.15

Fig. 13 Results of the parametric study. Rotational friction of a 0, b 1.0, c 2.0 and d actual damage
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Conclusion

To determine the range of practical values of the rotational
friction, reproduction analysis using DEM for laboratory
experiments was performed to determine the RA of various
particles. For the five types of sand particles, an upper limit
for the rotational friction range is 0.2.

A parametric study for a bedrock slope collapse of
42,000 m3 was investigated for a rotational friction between
0 and 0.2. The RA after collapse is reasonably reconstructed
using a restitution coefficient of 0.1 and a rolling friction of
0.15. This result can be referenced to validate the values of
slope collapse simulations for similar bedrock slopes.
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Analysis of Shear Strength Variability
of Ash-Fall Pyroclastic Soils Involved
in Flow-Like Landslides

Rita Tufano, Luigi Annunziata, Enrico Di Clemente, Giovanni Falgiano,
Francesco Fusco, and Pantaleone De Vita

Abstract

Rainfall-induced shallow landslides of flow-like type are
very common in ash-fall pyroclastic soils originated from
explosive activity of the Somma-Vesuvius volcano
(southern Italy). Over the last few centuries, these
phenomena have frequently affected pyroclastic
soil-mantled slopes of mountain ranges that surround
the volcano causing hundreds of casualties. Many
researches have been focused on this topic, especially
after the occurrence of the deadly debris flow events of
May 1998, which hit Sarno Mountains causing 160
victims. Among the various aspects studied, aimed at the
assessment and mapping of hazard to landslide initiation
and propagation, the estimation of shear strength of
ash-fall pyroclastic soils still deserves to be advanced.
This is especially due to the relevant spatial variability of
geotechnical properties which are controlled by complex
stratigraphic settings. According to such a research focus,
the present paper deals with physical and shear strength
laboratory characterizations of ash-fall pyroclastic soils
and the estimation of the inherent variability. A total
number of 97 direct shear tests, supported by grain size
and Atterberg’s limits analyses, were carried out. The

high number of tests allowed to perform a statistical
analysis based on quantile regression approach and aimed
at considering the uncertainty related to the high
variability of Mohr–Coulomb’s shear strength parame-
ters. The results obtained show values, especially for the
drained friction angle (/′), generally higher than those
considered in literature. Outcomes of the study and the
approach proposed can be conceived as a benchmark for
further analyses aimed at the assessment of hazard to
initiation of this type of landslides or related
physically-based rainfall thresholds.

Keywords

Ash-fall pyroclastic soils � Shear strength parameters �
Variability � Quantile regression analysis

Introduction

Shallow landslides triggered by rainfall events occur
worldwide and involve different soil types covering bedrock.
The hazard related to the occurrence of such phenomena is
generally very high, inducing a high risk condition in areas
characterized by an extensive urbanization (Sidle and Ochiai
2006). Significant and world-wide known examples are
flow-like mass movements that periodically involve the
ash-fall pyroclastic soil mantled slopes of peri-Vesuvian
carbonate mountains, such as Sarno-Avella-Salerno and
Lattari in Campania Region (southern Italy). As a matter of
fact, ash-fall pyroclastic soils mantling these mountain
slopes are highly susceptible to landslide onset under pro-
longed rainfall followed by intense rainstorms (Fiorillo and
Wilson 2004; Napolitano et al. 2016).

Different consecutive evolutionary stages characterize
these flow-like movements: (1) initial debris slide (soil slip)
(Campbell 1974), involving a few tens of cubic meters of
ash-fall pyroclastic soils; (2) debris avalanche (Hungr et al.
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2014) that widens the depleted mass and volume along the
slope; (3) debris flow (Revellino et al. 2004; Hungr et al.
2014), when the flow-like landslide channelizes into the
hydrographic network. The initial debris slide is always
present and may evolve directly into a debris flow or into a
debris avalanche only.

The most recent and deadly events occurred in May 1998
along slopes of Sarno Mountains caused 159 casualties and
damaged severely four towns (Bracigliano, Quindici, Sarno
and Siano) located at the footslope of Mount Pizzo d’Alvano
(Bilotta et al. 2005).

Several factors related to local surficial geology, geo-
morphology, hydrology and topography have been consid-
ered as fundamental in controlling hazard to the initiation
this type of mass movements. Among these factors, also
geotechnical properties of ash-fall pyroclastic soils were
recognized as very relevant. Therefore, several studies
tackled with this topic trying to manage complex strati-
graphic settings and spatial variability of geotechnical
properties (Cascini et al. 2005; De Vita et al. 2013).

In such a scientific framework, the present study is
focused on the assessment of shear strength of ash-fall
pyroclastic soils covering Sarno Mountains by a high
number of laboratory tests to consider statistically the
inherent variability. In fact, due to the high grain size
heterogeneity as well the low stress condition, related to the
shallow depth, the estimation of shear strength in these soils
is often challenging as well as unclear the interpretations of
results of laboratory tests. To consider the uncertainty related
to results of direct shear tests, a quantile regression analysis
was carried out for the shallower soil horizon, which is the
most involved in the initial failure. The proposed approach
and the results obtained advance the characterization of
shear strength of ash-fall pyroclastic soils, representing
potentially a benchmark for the setting of distributed land-
slide hazard and stability models or physically-based rainfall
thresholds.

Geological Setting

Sarno, together with Lattari, Avella and Salerno Mountains,
belong to the westernmost sector of the Apennines Chain
and face at a short distance (10–20 km) the
Somma-Vesuvius volcano. These mountain ranges are
formed by Mesozoic carbonate platform series which were
thrust during the Miocene compressive tectonic events over
the external palaeogeographical units. Subsequently they
were faulted during the Quaternary by extensional tectonic
phases (Vitale and Ciarcia 2018). During Quaternary,
ash-fall pyroclastic deposits derived by the explosive vol-
canic activity of Somma-Vesuvius and Phlegrean Fields
volcanoes covered discontinuously these mountain ranges

(Rolandi et al. 1998, 2000). The older volcanic deposits,
mainly represented by ash-flow deposits of Ignimbrite,
pumices and ashes, erupted by the Phlegrean Field volcanoes
(39 k-years), form the “Ancient Pyroclastic Complex”
(APC), while the younger products, mainly associated to
Somma-Vesuvius explosive activity, form the “Recent
Pyroclastic Complex” (RPC) (Rolandi et al. 2000).

The most important eruptions associated with RPC are:
Codola eruption, 25 k-years B.P. (Rolandi et al. 2000);
Sarno eruption, 17 k-years B.P. (Rolandi et al. 2000);
Ottaviano eruption, 8.0 k-years B.P. (Rolandi et al. 1993a);
Avellino eruption, 3.6 k-years (Rolandi et al. 1993b);
Pompei eruption, A.D. 79 (Lirer et al. 1973); A.D.
472 (Rolandi et al. 1998) and A.D. 1631 eruption (Rosi et al.
1993). Along slopes, complete volcaniclastic series were
observed in the most conservative area only, which are
characterized by slope angle values lower than 30°, while
elsewhere they appear incomplete due to the action of the
denudational processes. Due to this phenomenon, thick-
nesses of the ash-fall pyroclastic soil mantle range from
maximum values, varying from 7 to 4 m in the slope angle
range lower than 30°, to zero for slope angle values greater
than 50° (De Vita et al. 2006a, 2013).

Volcaniclastic series along slopes have a greater com-
plexity due to the alternation of unweathered ash-fall soil
and pedogenized horizons (paleosols). In particular, con-
sidering the principal pedogenetic soil horizons (USDA
2014), lithostratigraphic features and USCS soil classifica-
tion system, a typical stratigraphic setting can be recognized
(De Vita et al. 2006b) as formed by: (1) A soil horizon,
consisting of abundant humus (Pt); (2) B soil horizon,
mainly characterised by pumiceous clasts highly subjected to
pedogenetic processes (SM); (3) C soil horizon, formed by
pumiceous pyroclasts, weakly weathered (GW or GP);
(4) Bb horizon, corresponding to a B horizon buried by a
successive depositional event and thus considerable as a
paleosol (SM); (5) Cb soil horizon, representative of a buried
C horizon (GW or GP); (6) Bbbasal soil horizon, corre-
sponding to a residual pyroclastic deposit, highly weathered
by pedogenesis (SM); (7) R horizon, consisting of fractured
carbonate bedrock with open joints filled by the overlying
paleosol, for the first few meters and below by air.

Data and Methods

Undisturbed and disturbed soil samples were taken at dif-
ferent depths in exploratory trenches, dug at the top of main
scarps of four landslides (F1, F2, F3 and F4) triggered on
May 1998 (Fig. 1). In particular, two sets of samples were
collected for geotechnical characterizations at different depth
ranges: 17 samples were taken from 1.10 to 1.30 m (B soil
horizon); 18 samples were collected from 2.00 to 2.50 m
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(C–Bb soil horizons). Undisturbed sampling was carried out
by pushing into the soil surface cubical steel boxes (12 cm
side) with an open face and a basal cutting edge. Strati-
graphic setting observed in the exploratory trenches (Fig. 1)
confirmed the existence of a volcaniclastic series corre-
sponding to that described in previous studies (De Vita et al.
2006b, 2013).

Geotechnical index properties were determined by means
of standard laboratory procedures: specific gravity of solid
particles (Gs) (ASTM D854), grain size analysis by means of
both sieving and sedimentation methods (ASTM D421 and
ASTM D422), Atterberg’s limits (wL and wP) and Plasticity
Index (PI = wL − wP) (ASTM D4318). Porosity (n) and
void ratio (e) were also estimated. 97 standard direct shear
tests (ASTM D3080) were carried out to estimate the drained
Mohr–Coulomb’s shear strength parameters, c′ and /′. All
shear tests were performed on standard specimens with
dimensions of 60 � 60 � 24 mm. Values of drained normal
stress (r′) were set around that estimated at the depth of
sampling and considering variations corresponding to depth
steps of 0.20 m. Due to grain size heterogeneity affecting the
same soil horizon, and specifically for the occurrence of a
small fraction of lapilli found both in the B and Bb soil
horizons, tangential stress (s) values at the failure resulted
significantly variable for the same r′ interval. Dilatancy
effects and crushing of coarse lapilli pyroclasts were rec-
ognized as mainly controlling this variability and therefore
values of drained friction angle (/′) and intercept drained
cohesion (c′).

To consider uncertainty related to high spatial variability
of shear strength and generalize results derived by sampling
in different areas, results of laboratory tests were aggregated

for the same soil horizon and analysed by a quantile
regression approach.

Finally, a comparison of results obtained with those
proposed in literature by various authors (Crosta and Dal
Negro 2003; Bilotta et al. 2005; Cascini et al. 2005; De Vita
et al. 2013) for ash-fall pyroclastic of Sarno Mountains was
carried out.

Results

Results of grain size analysis, by wet sieving standard pro-
cedures of American Society for Testing and Materials and
consistency limits are shown in Fig. 2. The grain size curves
present a significant variability for each soil horizon due to
heterogeneity of the analysed samples, even if belonging to
the same soil horizon. In general, considering all samples,
the gravel fraction ranges from 8.8 to 79.6%, sand fraction
from 20.4 to 69.4%, silt fraction from 0.0 to 32.2% and clay
fraction from 0.0% to 3.0%. These results confirmed the
negligible presence of clay fraction which, accounting also
for results of consistency limits (Fig. 2), allowed to consider
these soils as non-plastic. Moreover, by USCS—Unified
Soil Classification System (Stevens 1982), sampled soils
were classified as Silty Sand (SM), for B and Bb soil hori-
zons, and as Gravel with Sand, from well graded (GW) to
poor graded (GP), for lapilli C soil horizons.

Considering field recognitions about the prevailing
involvement of B soil horizon in the development of the
landslide surface of rupture, as well as the feasibility of
undisturbed sampling, the most part of samples were col-
lected for B and Bb soil horizons. While only disturbed

Fig. 1 Study area: location of
landslides F1, F2, F3 and F4 and
photographs of exploratory
trenches
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samples were collected for lapilli C horizon. Consequently,
s-r′ plots to estimate Mohr–Coulomb envelopes, for B and
Bb soil horizons, were based on a high number of data,
much greater than three, as it is recommended at least by
standard procedure. Result values of r′ and s data obtained
for each soil horizons of each landslide were aggregated to
perform different linear regression analyses, thus allowing to
assess variability of c′ and /′ (Table 1). Due to extreme
cohesionless of lapilli soil horizon, direct shear tests were
carried out on disturbed samples only, which were recon-
stituted in laboratory at the same value of void ratio as
estimated in the other experimental field and laboratory
determinations (De Vita et al. 2013).

The results obtained show values of /′ ranging from
38.5° to 53.6°, for B horizon, and from 31.0° to 61.2° for Bb
soil horizon. In some cases, results appear very high due to
the presence of coarse lapilli pumiceous pyroclasts, which
caused crushing and dilatancy phenomena. To confirm such
a finding, a consistent linear empirical relationship
(R2 = 0.7511) was found between drained friction angle (/′)
and the sum of gravel and sand grain size fractions, which
showed a control of grain size on shear strength. A unique

value of 70.1° was estimated for reconstituted samples of
lapilli C soil horizon. This very high value was interpreted as
being related to dilatancy effect due to both coarse grain
sizes and low stress levels considered in testing.

Drained cohesion (c′) was found ranging from 1.47 to
8.14 kPa for B soil horizon, and from 5.39 to 9.61 kPa for
Bb soil horizon. Due to the general cohesionless behaviour
of these soil horizons, the not negligible values of c′ were
attributed to both reinforcement of root apparatuses and
effect of crushing of lapilli pumiceous pyroclasts. Instead, a
very high value of 32.75 kPa was found for the drained
cohesion (c′) of the lapilli C soil horizon. This result,
apparently very anomalous for a typical cohesionless soil,
was understood as due to the effect of intercept (apparent)
cohesion, caused by the crushing of lapilli pumiceous
pyroclasts and favoured by the interlocking and angular
shape of grains (Mitchell and Soga 2005). Due to the limited
number of direct shear tests carried out on C soil horizon as
well as the effect of scale factor related to the limited
dimensions of the shear box in comparison to grain sizes,
results obtained were considered with a lower reliability and
not useful for any slope stability calculations.

Fig. 2 Grain size and
consistency limits of
volcaniclastic soil horizons (B, C
and Bb horizon) sampled at
landslides F1, F2, F3 and F4

Table 1 Values of Mohr–Coulomb’s shear strength parameters obtained by unique regression analyses carried out on results obtained by N tests
for samples taken in landslide crowns of four landslides (F1, F2, F3 and F4) and different soil horizons (B, C and Bb). The sample ID is made by
joining the landslide and soil horizon identifications. Depth of sampling is also shown

ID Depth (m) N c′ (kPa) /′ (°)

F1–B 1.30 9 3.63 40.70

F2–B 1.20 14 8.14 41.18

F3–B 1.30 10 1.47 53.61

F4–B 1.10 11 8.04 38.49

F2–C 1.30 9 32.75 70.12

F1–Bb 2.50 12 6.67 61.23

F2–Bb 2.00 11 5.39 56.30

F3–Bb 2.00 9 8.43 31.02

F4–Bb 2.10 12 9.61 49.02
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However, due to the wide range of variability of shear
strength parameters, a quantile regression analysis was
attempted to elaborate results of 44 direct shear tests
obtained for B soil horizon. The latter is the most involved in
initial landslides phenomena and therefore is considered as
the most representative in this study.

In particular, a quantile regression analysis was carried
out considering the 10th percentile (Fig. 3). Such a low
percentile value was conceived as representative of lower
values of shear strength occurring in zones with finer grain
sizes, thus to take into account spatial variability of shear
strength by a conservative approach. The results obtained
show values of drained friction angle /′10th = 41.5° and
drained cohesion c′10th = 3.24 kPa.

Finally, a comparison with results of Mohr–Coulomb’s
shear strength parameters known in literature (Crosta and
Dal Negro 2003; Bilotta et al. 2005; Cascini et al. 2005; De
Vita et al. 2013) was performed (Table 2). Values of drained
friction angle (/′) related to B, C and Bb soil horizons,
resulted always the highest, except for the case of Crosta and
Dal Negro (2003) and particularly for the soil horizon that
Authors identified as characterized by clay accumulation (Bt)
and with little or no apparent illuvial accumulation of
materials (Bw). In these cases, Crosta and Dal Negro (2003)
indicated a range of drained friction angle (/′) that in both
cases includes the experimental values obtained in this
research for the B soil horizon by quantile regression anal-
ysis at the 10th percentiles. Differently, drained cohesion (c′)

Fig. 3 Results of directs shear
tests carried out on B horizon for
F1, F2, F3 and F4 landslides. The
continuous black line indicates
the unique linear correlation
related to all data, while the
dotted red line shows quantile
regression analysis (10th
percentiles)

Table 2 Comparison between
Mohr–Coulomb’s shear strength
parameters estimated in this study
(for B horizon—quantile
regression at the 10th percentile)
and literature data. De Vita et al.
(2013) considered c′10th and
/′50th. Class “A” in Bilotta et al.
(2005) and Cascini et al. (2005)
means ashy soils with a finer
grain size distribution, while class
“B” ashy soils with higher
porosity values and lower specific
gravity. In Crosta and Dal Negro
(2003), Bb stands for buried
horizons, Bt for clay accumulation
and Bw for little or no apparent
illuvial accumulation of materials

Horizon c′ (kPa) /′ (°)

This research B10th perc 3.33 41.5

C 32.75 70.1

Bb 7.65 49.4

De Vita et al. (2013) B 5.00 32.0

C 0.00 37.0

Bb 3.43 34.0

Bilotta et al. (2005) Class “A” <2.94 30.0–35.0

Class “B” <2.94 36.0–41.0

Cascini et al. (2005) Class “A” 4.90–15.00 32.0–35.0

Class “B” 0.00–4.90 36.0–41.0

Crosta and Dal Negro (2003) Bb 34.02 38.5

Bt 0.00–15.00 37.8–44.9

Bw 10.00–18.34 35.5–45.9
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values resulted by this research match better with values
known in literature (Table 2).

Conclusion

Physical and shear strength characterizations of ash-fall soils
involved in rainfall-triggered shallow landslides represent a
crucial aspect for advancing the assessment of hazard to slope
instability initiation. Several attempts were made in literature
to estimate reference values for Mohr–Coulomb’s shear
strength parameters even if results obtained up to now appear
affected by a high variability due soil heterogeneity and dif-
ficult sampling. According to such a focus, this research is
aimed at advancing the characterization of shear strength for
these soils also considering the inherent variability related to
grain size heterogeneity of the same soil horizon. Preliminary
results of direct shear tests have highlighted a relevant vari-
ability, confirming the complex behaviour of these soils. In
this research a quantile regression analysis is proposed as a
possible approach to manage variability of shear strength by a
conservative approach. The obtained results can be considered
consistent due to the high number of data and potentially
advancing the assessment of hazard to landslide initiation by
slope stability distributed modelling or the assessment of
physically-based rainfall thresholds.
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Comparison of Soil Parameters and Soil
Moduli E50 and E70 of Residual Soils Used
in Stability Analysis

L. K. N. S. Kulathilake, E. H. N. Premasiri, and A. A. Virajh Dias

Abstract

Soil moduli E depends on soil skeleton, particle shape and
size, void ratio, moisture content, dry density and stress
history. Residual soil contains more silica with inorganic
clay compounds and soil structure depends on its parent
rock and weathering state. Undisturbed soil samples were
collected from two different rainfall precipitation zones of
2500 mm and above 5000 mm subjected to frequent
cycles of wetting and drying. Our study explored the
numerical relationships between standard soil physical
properties such as void ratio, dry density and the elastic
parameters such as Young’s moduli, E and secant moduli
E50 and E70 of residual soil. We found that void ratio and
dry density are fully dependent on formation character-
istics of their parent materials and strongly impact on soil
Young’s moduli, E and secant moduli, E50 and E70. The
soil moduli of residual soil with void ratio and dry density
relationships were derived. However, soil dry density had
less influence than the void ratio. The study indicates

residual soil is subjected to different precipitation and can
have the same dry density but different soil skeleton, like
loose or dense, and thus have different moduli. This may
help in the evaluation of complex forms of slope
instability.

Keywords

Residual soil � Elastic behaviour � Secant moduli � Void
ratio � Consolidated undrained strength

Introduction

Landslide are a major hazard in hill slopes and occur fre-
quently in slopes of less than 36° and above 17° (Bhandari
et al. 1992) in Sri Lanka. Frequent slope failure along the
road cut is significant if the cut slope angle exceeds 45°
(Herath et al. 2014). Stability models used to investigate cut
slope performance commonly require five major parameters.
These are: E and m (Poisson's ratio of soil) for linear elastic
behaviour; c and / for yield function, and w as dilation angle
for plastic deformation behaviour (Phien-wej et al. 2012).
The variation of soil module E for residual soils in areas with
different rainfall characteristics is a research project regis-
tered as an IPL 155 of the International Programme of
Landslides, during 2012. Failures of residual earth cutting
along the road networks are increasing (Herath et al. 2014)
and, in some areas their height exceed 15 m (Fig. 1) making
their failure a significant risk to road users. Therefore,
determining accurate elastic deformity parameters of soil
with different soil density, void ratio and strength charac-
teristics are considered essential to better understand their
potential stability.
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Parameters and Residual Soil Origins

Rainfall and Slope Failure Records

Rainfall in Sri Lanka is influenced by two monsoons,
resulting in two distinct monsoon seasons and two
inter-monsoonal seasons. The monsoonal, rain from the
South-West typically falls between May and September, and
North-East monsoonal rain falls from December to February.
The inter monsoonal periods are usually occur between
March and April and between October and November. These
periods are characterised by light, variable winds and eve-
ning thundershowers. During late 1980s, when limited
records are available, the landslide triggering threshold was
estimated at 200 mm of rainfall in a 72-h period, provided
rain in the area continued (Bhandari et al. 1992). However,
with improved rainfall data the conditional probability of
landslide occurrences as a ratio of rainfall intensity of the
month of the landslide event and average monthly rainfall of
the place against average monthly rainfall intensity (Bhan-
dari and Dias 1996) criterion worked only partially, in cases
of reactivation of recent, seasonally active landslides (Mal-
lawarachchi et al. 2014). A relationship of rainfall records of
a very large number of landslides conveys that 24 h rainfall
associated with a landslide event was generally 2–23 times
higher than average daily rainfall (Bhandari and Dias 1996).

Elastic Behaviours of Residual Soil

One of the most important recent advances in geotechnical
engineering is the realisation and acceptance of the fact that
the stress strain behaviour of almost all soils is non-linear
(Fahey 1999). Therefore, evaluation and comparison of
non-linear stress–strain response in the soil has been

accepted for evaluation of slope stability. Such factors pro-
vide a valuable contribution to numerical simulations of
slope stability. Infiltration of rainwater into a residual soil
slope may also influence slope stability by modifying the
pore-water pressure in the soil (Rahardjo et al. 2005). Usu-
ally unsaturated residual soils experience high matric suction
(i.e., negative pore-water pressure) during dry periods,
which results in an indirect increase in soil strength.
Therefore, the elastic moduli of a residual soil may have a
very high value during dry periods which may reduce
rapidly during rainstorms. The Young’s modulus of the soil
appears to increase with increasing net normal stresses and
increasing matric suctions (Rahardjo et al. 2011).

However, at low strain levels, these soils behave like
cemented soils as the stiffness of the skeleton is mainly con-
trolled by the presence of weak bonds between particles
caused by the presence of oxides and sesquioxides, and matric
suction (Francisca and Bogoda 2019). Deformities of soil are
indicated with propergation of “riedel shears” and field
observations of exceedance of elastic strarin (Figs. 2 and 3).

Riedel shears show systematic variation of the stress–
strain boundary of a failure and exceedance of elastic stain of
soil indicates by propagation of riedel shear marks at the
stress boundary of a failure as an evidence at the field.

Methodology

The stress–strain characteristics of a soil is essential for the
estimation of its response to external overloading. The
stress–strain curve obtained from laboratory tests is the basis
to determine soil parameters that characterize soil stiffness:
the elastic modules corresponding, in a sense, with Young’s
modulus E, as in the case of soil the stress–strain

Fig. 1 Roadside residual soil overlaying with completely weathered
rock (soil height is almost 18 m high)

Fig. 2 Observations of exceedance of soil elastic strain at site and
initiation of “Riedel shear marks” in a landslide before catastrophic
failure event
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relationships are not linear and the deformation is of
elasto-plastic character. Numerical interpretation of the
determination of E50 is shown in Fig. 4.

The Young’s secant undrained modulus E50 is determined
from the stress–strain curve of the consolidated undrained
shearing tests, according to the relationship,

E50 ¼ @r
@ 250

ð1Þ

where, dr is the change of vertical stress and de50 is the
corresponding strain at stress equal 50% of peak strength
value. Similarly, E70 is calculated in corresponding to the

70% of the peak strength value and the initial tangent is the
gradient of the line drawn to the initial part of the stress–
strain curve.

Results and Discussion

Residual Soil Strength Parameters, C′, /′

In residual soils, grain size distribution has a significant
influence on internal friction and percentage of clay, silts and
sand particles which could drastically change the properties
exhibited by the sample. Drained or undrained triaxial shear
and drained direct shear test are generally considered as the
most appropriate laboratory tests to determine shear strength
characteristics of soils. The preliminary finding of the study
as shown in Table 1 (Mallawarachchi et al. 2014) indicates
that the mechanical behavior of residual soils at high strain
levels is mainly controlled by the degree of weathering, the
initial void ratio and the effective stress (Francisca and
Bogoda 2019).

Interpretation of E50, E70 of Residual Soils

The study determined E50 (secant modules) and E70 as an
experiment setup to understand the behaviour of residual
soils under changing stress conditions at site. Twenty-nine
silty clay or sandy clay residual soil samples were collected
from study sites of Watawala, Koslanda, Nuwara Eliya
Landslide areas (>5000 mm) and Colombo and Sub regions
(>2500) and used in a series of triaxial experiments. The
number of soil samples collected from study sites are shown
in Table 2.

The measurements of E, E70, E50 (secant moduli), void
ratio (e0), dry density and frictional parameters (cohesion
and friction angle) were determined according to the BS
1377 and corresponding results are shown in Figs. 5, 6, 7, 8,
9 and 10.

At the initial stage of the stress–strain curve is nearly
linear dependence, but elastic strain of soils is a very small
due to overall value of the strain. Therefore, initial tangent
moduli is not frequently used in numerical model studies in
many soils compared to secant moduli of E50 and E70.

The secant moduli of E50 and E70 is widely used in many
numerical analysis and those are showing reasonable rela-
tionship with dry density and the void ratio. Void ratio,
which is directly related to packing characteristics of
geo-materials, has a strong impact on soil Young’s moduli,
E50. It is also noted that the influence of void ratio can be
taken into account by using an empirical void ratio function
considering the values of E50 and E70 both. The study made

Fig. 3 Exceedance of elastic stain of soil at site boundary of a first
time occurance of landslide and before failure
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Fig. 4 Interpretation of moduli, E50, E70 and E in a standard stress–
strain plot in CU triaxial test
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an attempt to define a comparison between the void ratio and
the elastic parameters as shown in Figs. 6, 8 and 10.

Recent findings indicate that residual soil samples can
have the same dry density but different soil skeleton such as
loose or dense, and thus have different moduli (Francisca
and Bogoda 2019). If the soil has been subjected to stress in
the past, it will impact the modulus. An over-consolidated
soil will generally have a higher modulus than the same
normally-consolidated soil (Briaud 2001).

Water content also impacts moduli. At low water content
levels, the water binds the particles, increases the stress and
suction between the particles and leads to a high soil

Table 1 Some of the recorded
parameters of residual slope
failures in different precipitation
regions

Rainfall precipitation zone (ave
annual)

Cohesion
C′

Friction
u′

E50 (at EC 100 kPa–
120 kPa) kN/m2

eo (void
ratio)

Balangoda to Bandarawela
>2500 <4000 mm

25 31 39,290 0.84

Koslanda landslide
>4000 mm

16 31 41,960 0.81

Gampola to Nuwara Eliya
>4000 mm

13 33 35,180 0.94

Watawala landslide
>5000 mm

9 32 10,710 1.15

Colombo sub region earth cuts,
deep excavation pits
>2000 and <3000 mm

17 35 56,900 0.79

5 31 25,720 0.64

7 34 11,910 1.35

Table 2 Number of samples
collected from study sites

Precipitation zone Study sites No of samples tested

Zone 1 (Avg. annual rainfall >5000 mm) Watawala 06

Koslanda 05

Nuwara Eliya 05

Zone 2 (Avg. annual rainfall >2500 mm and <3000 mm)
-Colombo and sub regions

Akuregoda 06

Kadawatha 03

Mirigama 04
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modulus. The effective confining pressure increases E50 also
significantly as in Fig. 11.

Visual characteristics of samples differ significantly from
each other and an attempt have been made to group or
classify the samples of residual soils, but most of them are
classified as a Silty Sand (SM) or Inorganic Silts (silty or
clayey fine sand with slight plasticity, ML) according to the
Unified Soil Classification System.

In addition, composition of clay mineralogy and texture
were visually assessed using standard method (BS standards
1377, 1990) which provides a basis for dividing residual
soils into many groups that can be expected to have fairly
similar engineering properties.

Collected residual soil samples usually has a yellow to
brown or brown to red in colour due to mineralogical
weathering of feldspar, and other parent rock formations.
Soil also contains Mica (silicate minerals), known as sheet
silicates because they form in distinct layers. Micas are fairly
light and relatively soft, and the sheets and flakes of mica are
flexible and give relatively low strength during testing.

Residual soil has coarse grain soil structure and, if water
content rises too much during rainfall, the particles may get
pushed apart and generate excess porewater pressures in the

soil thus reducing the effective stress and the modulus
(Rahardjo et al. 2005) and also making the slope more
susceptible to failure. However, angle of internal friction will
increase due to coarse fraction of soil skeleton and its
integrity and increase stability in the other way. Samples
also contain more sand and silt fraction compared to inor-
ganic forms of low activity clays. Therefore, structural
integrity of the soil skeleton significantly influences both
from absorbed water due to lacy mineralogy and mica.
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It was difficult to replicate the soil stress and strain history
during the experiments. Stress history is created mainly due
to soil deposition, rainfall precipitations, movement of soils,
unloading effects and re-loading effect caused by erosion etc.
The stresses in the past due to various deformities, loading
and unloading, will impact the modulus.

Conclusions and Recommendations

In this study, the relative relationship between soil physical
properties (void ratio, e0, degree of saturation, and confining
pressure), and the soil elastic moduli E, E50 and E70 has been
considered for a variety of residual soils samples collected
from two different precipitation zones of Sri Lanka.

The study focused on two major categories of residual soils,
quartz silt (silty sand, SM) and inorganic clayey silts (silty or
clayey fine sand with slight plasticity, ML). According to the
results presented, it can be observed that each void ratio
function can only be applied for a certain type of residual soil
(minimum to be satisfied with soil structure, moisture content,
dry density gradation and plasticity properties). The results do
have a strong interdependence of eo and secant moduli of E50
and E70 and not with the shear strength parameters. It is noted
that void ratio and dry density are fully dependent on forma-
tion characteristics of geo-materials and has a strong impact on
soil Young’s moduli, E, E50 and E70. However, dependence of
dry density shows relatively low consistence compared to the
void ratio. Residual soils are subjected to different precipitation
may have the same dry density but different soil skeleton, like
loose or dense, and thus have different moduli. In practice,
soils may have undergone various complex stress history
which has not been taken in to account during this study.
Therefore, further study on such issues has been recommended
with different state of stress and fully saturated soils. However,
findings of moduli E50 and E70c will account for evaluation of
complex forms of slope stability problems in residual soil.
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Influence of Plant Root Asperities
and Architectural Traits on Soil Shear
Resistance

Qi Liu, Lijun Su, and Jun Zhang

Abstract

To investigate the friction characteristic of root-soil
interface and to quantitatively evaluate the contribution
of shrub roots on soil shear strength, a new aspect of
generalized equivalent confining pressure (GECP) was
considered in the terms of the function of plant roots in
reinforced soil was equivalent to confining pressure.
Indigofera amblyantha was selected as the test plant of
which the roots were sliced and the root surface
roughness were calculated. In order to evaluate the
influence of root diameters and soil moisture content no
friction characteristics of root-soil interface, and different
root distribution patterns were launched to analyze the
influences on the shear strength of soil-root composites.
Pull-out friction tests and triaxial shear tests were
conducted on the soil-root composites prepared by
sieving and remolding. The results showed that there
was no significant difference in surface roughness of
Indigofera amblyantha roots with the gradual increase of
root diameter. The pull-out shear stress of roots in
soil-root composites presented a downward trend with the
increase of soil moisture content, which concentrated in
15–25 kPa. Under the CU condition, GECP of complex
roots (CR) is 1–2 times that of vertical roots (VR) and 2–
5 times that of horizontal roots (HR). GECP of plant roots
augmented by 20–50%, when confining pressure
increased from 50 to 150 kPa. The research results are
great guiding significance to use shrubs plants to improve

the stability of slope soil structure and prevent soil
erosion and other geological disasters.

Keywords

Indigofera amblyantha � Soil-root composite � Friction
characteristic � Shear strength index � Generalized
equivalent confining pressure � Root architectural

Introduction

Plant roots play an important role in improving the overall
stability of slope superficial soil and increasing the safety
coefficient of the slope (Watson et al. 1999; Marie et al.
2010). The main reason that roots can improve slope sta-
bility is that soil-root composite is a composite system of
which plant roots with a high deformation modulus but soil
weak. When soil-root composites are destroyed under
external load, dislocation between soil and roots occurs due
to the tremendous difference in deformation modulus. The
dislocation is constrained by frictional resistance and inter-
locking force between soil particles and plant roots. Ulteri-
orly, root tensile strength and soil compressive strength are
effectively combined by the friction of soil-root interface,
thus soil shear strength is improved (Waldron 1977; Wal-
dron and Dakessian 1981; Wu et al. 1988; Wu and Watson
1998).

The friction characteristics of root-soil interface is the key
to study the root reinforcement mechanism. The interface
friction characteristics between the roots of tree and soil
were studied that the friction coefficient decreases with the
increase of soil moisture content (Song et al. 2006; Xing
2009), and the maximum friction force at the root-soil
interface is positively correlated with root diameter (Liu
et al. 2012). The oblique traction effect of lateral roots of
Pinus yunnanensis on soil was researched by the methods of
calculation model and field direct measurement, and
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concluded that lateral roots can effectively improve the
oblique tensile strength of vegetated soil and the incremental
value of traction effect has a positive correlation with root
biomass (Zhou et al. 1999; Zhang et al. 2002).

The effect of root reinforcement on slope stability can be
evaluated directly in terms of the additional shear strength
provided by plant roots in reinforced soil. To analyze the
effect of plant roots on slope stability, many in-situ and
laboratory tests were carried out on the vegetated soil (Wu
and Watson 1998; Operstein and Frydman 2000), and the
corresponding analytical models for soil-root composites
have also been developed (Waldron 1977; Waldron and
Dakessian 1981; Wu et al. 1988). However, some
researchers have reached the consensus that the
Wu-Waldron model is potentially a significant overestimate
of actual cohesion of soil-root composites (Waldron
1981Operstein and Frydman 2000; Pollen and Simon 2005).

At present, there are many researches on the root-soil
interface frictional characteristics of tree roots, but the
existing research results cannot be fully applied to herbs and
shrubs in slope protection due to the different
bio-mechanical characteristics of different roots. Based on
the fact that the differences in depth, soil moisture content
and root characteristics may result in a substantial change in
soil shear strength. Expression of generalized equivalent
confining pressure (GECP) was derived to investigate the
influence of confining pressure and root distribution patterns
on the shear strength of reinforced soil. To explore the
effects of soil moisture content and root diameter on the
frictional characteristics of root-soil interface. As a result, the
quantitative evaluation method of GECP used to give an
intuitively understanding on the reinforcing effect of roots.

Material and Experimental Methods

Generalized Equivalent Confining Pressure
(GECP)

Roots exert a constraint to limit the lateral deformation of
soil when soil-root composites are destroyed, the effect of
roots in reinforced soil is understood as an additional con-
fining pressure to the soil. Namely, the shear strength of
reinforced soil under the confining pressure of r3 is the same
as the un-reinforced soil under the confining pressure of
(r3+ Dr3) (Fig. 1), and GECP is the deviator of confining
pressure between reinforced and un-reinforced soil at the
same shear strength.

Huang et al. (2007) proposed GECP of reinforced soil
depending on the fact that the Mohr–Coulomb strength
theory is also obeyed. The limited balance equation of
un-reinforced soil:

r1f ¼ r3Kp þ 2c
ffiffiffiffiffiffi

Kp

p ð1Þ
where, r1f—the failure principal stress of un-reinforced soil;
r3—the confining pressure; Kp—the passive earth pressure
coefficient of cohesive soil, Kp ¼ tan2 45

� þ u
2

� �

; c and u
represent respectively shear strength indexes.

The limited balance equation of reinforced soil in terms
of un-reinforced according to the deviator of confining
pressures between reinforced and un-reinforced soil speci-
mens at the same shear strength:

r1fb ¼ r3 þDr3ð ÞKp þ 2c
ffiffiffiffiffiffi

Kp

p ¼ r1f þDr3gKp: ð2Þ
In Eq. (2), Δr3 represents GECP.
Expression of GECP:

Dr3 ¼ r3
Dr1f

r1f � 2c
ffiffiffiffiffiffi

Kp
p : ð3Þ

Expression (3) indicates that GECP of soil-root com-
posite depends on the deviator of failure principal stresses of
reinforced and un-reinforced soil, the failure principal stress
of un-reinforced soil and the shear strength indexes of
un-reinforced soil.

Experimental Materials

In this paper, silty clay was taken from cutting slope on the
first phase urban expressway in Xiazhou avenue in Yichang,
China. Test soil was chosen below the surface of 0.3 m, and
impurities in the soil were removed. The soil was air-dried,
crushed and sieved through a 2.0 mm sieve. After that, soil
particle distribution and several basic physical properties
were measured (Table 1) (Jiang et al. 2009; Wang and Liang
2009).

Fig.1 The relationship of r1 and r3 of reinforced and un-reinforced
soil
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Indigofera amblyantha, the most common soil–water
conservation plant in tropical and subtropical regions, which
of roots was selected as the reinforcing material. Indigofera
amblyantha is a perennial deciduous shrub, and possesses
excellent ability for drought resistance and barren resistance
(Xu et al. 2017; Xia et al. 2018). The Indigofera amblyantha
with a growing age of a year and the same growth situation
were excavated by the whole excavated method. Normal and
straight taproots were cut by scissors based on the length of
70 mm. An electronic caliper with an accuracy of 0.001 mm
was used to measure the average diameter of the roots. The
average diameter ranged from 0.35 to 3.48 mm. The roots of
Indigofera amblyantha in the diameter range of 0.5–3.0 mm
were classified according to the range of 0.5 mm root
diameter. In addition, the roots which the average diameter
of 1.4–1.6 mm were chosen and cut based on the length of
30 and 60 mm, tensile strength of the roots were measured
(Table 2).

Experimental Methods

Root Surface Roughness

To slice the roots and measure the surface roughness, the
roots in the diameter range of 0.5–3.0 mm was selected. The
roots were sliced along the axis, the clear and visible slices
of concave-convex surface were photoed under the electron
microscope with a magnification of 200 times, and five slices
in the magnified state were obtained along the root surface.

MAPGIS software was used to process the graph and the
basic characteristics of the root surface roughness were
analyzed. A curve and a straight line were drawn along the
root concave-convex surface, and the length of each line was
calculated (Fig. 2).

Five curves and straight lines of each slice were added
respectively, and the root surface roughness was calculated
according to Eq. (4) (Xing 2009):

T ¼ Lq � Lz
Lz

� 100% ð4Þ

where, T—root surface roughness; Lq—total length of
concave-convex curve of root slice, mm; Lz—total length of
straight line on the surface of root slice, mm.

Based on the previously described procedures, the root
slices in each diameter range were processed. Five roots
were chosen from each diameter range, and 2 slices were
taken from each root. The averaged surface roughness of 10
slices as the surface roughness in each diameter range.
T value and F value of root roughness in each diameter range
were obtained based on the SPSS software.

Single Root Pull-Out Friction Test

In the test, soil moisture contents were set at 12.00, 14.37
and 16.00% according to the natural moisture content of test
soil is 14.37% (Lu and Li 2005; Zhong et al. 2015). The soil

Table 1 The basic physical properties of experimental soil

Bulk
density
(g cm−3)

Natural
moisture
content

Air dried soil
moisture
content

pH
value

Percentage of soil less than a certain size (%)

2.0 mm 1.5 mm 1.0 mm 0.5 mm 0.25 mm 0.10 mm 0.075 mm

1.80 14.37% 2.78 6.2 100 82.32 60.57 36.13 17.04 10.13 4.62

Table 2 Tensile strength indexes
of Indigofera amblyantha roots

Average
diameter
(mm)

Average tensile
resistance (N)

Average tensile
strength (Mpa)

Standard deviation of
tensile strength

Significance test
of difference

1.49 62.10 35.86 1.17 1.73

Fig.2 Analysis of root concave-convex surface
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density was set according to the actual situation of test soil
taken from cutting slope (Bulk density is 1.80 g cm-3).
Soil-root composites were remolded in a circular vessel with
61.8 mm in diameter and height of 40 mm. Single root was
buried vertically in the soil and the method of three-layer
compaction was adopted to remold soil-root composites in
the circular loading box according to the methods of soil
mechanics test standardization and specimen preparation
(Xia et al. 2015). AHP-50 Edberg digital display push-pull
meter was applied to conduct the pull-out friction tests, and
the loading rate was controlled at 10 mm/min. The single
root pull-out tests were carried out three times of each
diameter range (Song et al. 2006; Xing 2009).

There are two assumptions in the calculation model of the
single root pull-out friction test: (1) the frictional stress
distribution at the root-soil interface is uniform during the
process of single root drawing; (2) the uniformly distributed
pull-out shear stress and drawing force at root-soil interface
meet the static equilibrium (Zhao 2006), and then

s � d � l� F ¼ 0 ð5Þ
where, s—pull-out shear stress at the root-soil interface, kPa;
d—the average diameter of root, mm; l—root length in soil,
mm; F—the drawing force when root is pulled, N.

Triaxial Shear Test

The soil moisture content and bulk density designed in tri-
axial shear tests are the same as that in the single root
pull-out friction test. Root contents (Quality percentage: the
ratio of the root mass to soil mass in the specimens) was set
at 0.5%.

Soil-root composites were remolded in a circular vessel
with 39.1 mm in diameter and height of 80 mm, and the size
of circular vessel is matched with the specimen of the TSZ-1
strain-controlled triaxial apparatus. The preparation processes

of root-soil composite were consistent with the above, and
specimens of un-reinforced soil were also prepared, except
that no roots were present in the specimens.

Root distribution pattern was divided into three forms, as
shown in Fig. 3. The first form is vertical root (VR), root
length is 60 mm; the second form is horizontal root (HR),
and the root length is 30 mm; and then the third form is
complex root (CR), the content of horizontal and vertical
roots account for 1/2, respectively. Plant roots were orga-
nized in the center of soil-root composites in three forms.

A prepared specimen was put into the pressure room on
which 20 kPa confining pressure was forced. According to
the test plan in Table 3, the shear strengths of soil-root
composites and un-reinforced soil were measured by the
triaxial tests on 15% of axial strain (Zhang et al. 2010).

Results and Discussions

Surface Roughness of Indigofera Amblyantha
Roots

Figure 4 is slice pictures of the Indigofera amblyantha roots
at each diameter range.

Table 4 shows that the surface roughness is the largest in
the diameter range of 1.0–2.5 mm, varying from 6.50 to
7.50%. The root surface roughness in the diameter range of
0.5–1.0 and 2.5–3.0 mm were relatively small, which were
4.05 and 5.17%, respectively. ANOVA is adopted to achieve
the difference analysis of 5 sets of root diameter, there was
no significant difference (a = 0.134) in root surface rough-
ness of Indigofera amblyantha with the gradual increasing of
root diameter. Therefore, the phenomenon that a large root
diameter leads to a great friction effect of root-soil interface
was not observed. When the diameter range of Indigofera
amblyantha roots within 1.0–2.5 mm, the cracking resistant
of roots on soil will be strong.

Fig. 3 Root distribution patterns
in the triaxial test
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Effect of Soil Moisture Content and Root
Diameter on Pull-Out Shear Stress

Figure 5 shows the effect of soil moisture content and root
diameter on the pull-out shear stress of Indigofera
amblyantha roots. When soil moisture content are 12.00 and
14.37%, the pull-out shear stress of roots were characterized
by a decrease followed by an increase with the advance of
root diameter in root-soil composites, which is positively
correlated with the change in root surface roughness. When

the soil moisture content is 16.00%, the pull-out shear stress
of roots decreases with root diameter increases. Stated thus,
soil moisture content can significantly affect the role of root
morphology in the frictional properties of root-soil interface.

In root-soil composites, the concave-convex structure on
root surface is interlaced with soil particles, and the soil
particles at root-soil interface will move and rearrange in the
process of single root drawing and shearing, until root-soil
interface tends to be smooth. The bite force is produced due
to soil particles are closely contacted with roots in a low soil

Table 3 Triaxial test program of
soil-root composites

Control condition Experimental method

Consolidates undrained (CU)

Sample type Un-reinforced, Reinforced

Root distribution pattern Horizontal, vertical, complex

Confining pressure1 (kPa) 50

Confining pressure2 (kPa) 100

Confining pressure3 (kPa) 150

Shearing rate (mm/min) 0.12

Fig.4 Slices of Indigofera
amblyantha roots

Table 4 Surface roughness and
difference analysis of Indigofera
amblyantha roots

Diameter
(mm)

Averaged
roughness
(%)

Standard
deviation

Testing
significance of
difference

F values
between
diameters

Significant difference
between diameters

0.5–1.0 4.05 1.81 2.36 1.913 0.134

1.0–1.5 7.36 3.76 1.64

1.5–2.0 6.88 3.97 1.35

2.0–2.5 7.17 3.63 1.73

2.5–3.0 5.17 1.04 2.75
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moisture content, and the friction characteristics of root-soil
interface are positively correlated with root surface rough-
ness. When soil moisture content increases gradually, the
concentration of electrolyte in aqueous solution reduces, and
the spaces of soil particles increase. The thicken water film at
root-soil interface result in a weak strength junction between
the soil particles and the root concave-convex structure, and
the root surface morphology on friction effect of root-soil
interface is not demonstrated. On the other hand, the contact
specific surface area between root and soil is reduced due to
root diameter increases, so the pull-out shear stress of root
falls.

Effect of Root Characteristics and Confining
Pressure on GECP in Reinforced Soil

Figure 6 showed the relationship between GECP of plant
roots in soil-root composites and confining pressure under
different root distribution patterns. Among the three root
distribution types (HR, VR and CR), CR is the best to
enhance soil shear strength. Under the confining pressure of

150 kPa, when root distribution pattern is CR, GECP of the
plant roots in soil-root composites is 1.2–1.5 times that of
VR and more than 3 times that of HR. Take CR as an
example, when soil-root composites are forced by 150 kPa
confining pressure, GECP of plant roots in soil-root com-
posites is 40.10 kPa (Table 5). Namely, the shear strength of
soil-root composites in the condition is equivalent to the
strength of un-reinforced soil that subjected to the confining
pressure of 190.10 kPa.

HR doesn’t work as a “reinforcement” on soil when root
content is less, owing to soil integrity is destroyed and there
is less contact area between soil particles and root system.
However, when the root system is decussately placed in
specimens, root system bears partly horizontal shear force
that limits soil lateral deformation, because of the interaction
between soil particles and root system. Meanwhile, the rigid
modulus of soil-root composites is notably improved, which
mainly reflected in the compression modulus of specimens
increase, and soil deformation is effectively restrained
(Lewis 1956).

The variation trend of GECP resulted from the change of
confining pressure is observed in Fig. 6. From three root
distribution patterns perspectives, GECP shows the same
phenomenon with the advance of confining pressure and an
extremely significant positive correlation (Sig < 0.05) was
observed. GECP of plant roots augmented by 20–50% when
confining pressure increased from 50 to 150 kPa.

The values of GECP are positive showed that the exis-
tence of plant roots in reinforced soil plays a positive role in
shear strength. The density of soil-root composites increased
as confining pressure augments, resulting in an increase in
soil quality of per unit volume. Soil particles gap decreased
is more conducive to making plant roots joint with soil,
which limits the lateral deformation of specimens. On the
other hand, the density increases of specimens aggrandized

Fig. 5 Influence of soil moisture content and root diameter on pull-out
shear stress of roots

Fig 6 The relationship between GECP of Indigofera amblyantha roots
in the reinforced soil and confining pressure under different root
distribution patterns
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the number of soil particles contacted with root surface,
resulting in a larger contact area and presumably to a higher
cohesion of soil-root composites (De Baets et al. 2008;
Abernethy and Rutherfurd 2010).

Conclusion

There was no significant difference in surface roughness of
Indigofera amblyantha roots with the gradual increase of
root diameter. The pull-out shear stress of roots presented a
downward trend with the advance of soil moisture content
and root diameter, the pull-out shear stress was concentrated
in 17.36–32.76 kPa. The change of root surface asperities
have a significant effect on the pull-out shear stress of roots
when soil moisture content is small.

The significant relationships are found between reinforc-
ing effect and root architectural. The reinforcing effect of root
distribution patterns in soil-root composites is very low under
HR, intermediate for VR and highest for CR. The shear
strength of soil-root composites is improved when confining
pressure increase, however, the reinforcing effect of plant
roots diminishes as confining pressure augment. GECP as an
indicator to quantitatively evaluate the reinforcing effect of
plant roots on soil is intuitionistic and credible, it greatly
enriches the mechanism of plant roots’ soil-reinforcement.
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Modelling of Creep Behavior of Claystone
in Mae Moh Open-Pit Mine Using the Soft
Soil Creep Model

Pongsakorn Wongchana, Peerapong Jitsangiam,
Suriyah Thongmunee, and Tawatchai Tanchaisawat

Abstract

Mae Moh lignite mine is the largest open-pit mine in
Thailand. The current mine operation is with over 250 m
depth. The mine has been operated for over 50 years and
would have a plan for the further operation of the next
20 years approximately. With a much deeper mine
operation, this open-pit mine would be unavoidably to
deal with more stress condition complexity of slope
stability analysis, in particular for the long-term
(time-dependent) stability. The long-term slope stability
generally relates to the material “creep behavior” of
which the time-dependent effect of a small deformation
scale continually takes place under the constant stress
condition. The main component of the Mae Moh open-cut
slope is “claystone” which can be classified as the soft
rock. It has properties in between soil and rock, causing
difficulties in setting an appropriate test facility and
determining a constitutive model to investigate its creep
behavior. This study aimed to investigate the use of the
soft soil creep (SSC) model to describe the creep behavior
of the Mae Moh claystone based on a series of test results
obtained creep tests from an own customized triaxial
creep test facility designed to suit with the soft rock-like
material. Plaxis 3D, the powerful commercial finite
element program, was also used to simulate such creep
behavior using the SSC model, one of its build-in
constitutive material models. The Mohr-Coulomb

(MC) model was also used as a benchmark in the finite
element simulation. Results showed the SSC model could
better simulate the time-dependent deformation of the
Mae Moh claystone than using the MC model. It could be
noticed that the SSC model would be an option to
describe the creep behavior of the soft rock, using derived
inputs based on the soft rock properties as it can be seen
from a good agreement between test results and simula-
tion of the slope of this study.

Keywords

Creep behavior � Triaxial creep test � Soft soil creep
model � Claystone

Introduction

Over the past 50 years, Mae Moh open-pit mine has been
operated and excavated with over 250 m depth. The main
structural component of its open-cut slope is “claystone”
which could be classified as the soft rock, having properties
of between soil and rock. Thus, its complexity behaviour can
be expected. Mae Moh open-pit mine has a continue plan to
further operate for more than 20 years approximately, by
which its operation depth would be up to 500 m at the final
operational stage. Therefore, Mae Moh claystone is strongly
required to be better understood under the conditions of
more geological complexity and much higher applied stress.
Furthermore, up to the around 500 m operational depth, the
long-term stability in relation to the time-dependent move-
ment of the slope would be more crucial to determine.
“Creep” which is the time-dependent behaviour of a material
under the constant stress condition would be investigated for
the Mae Moh claystone. This study aiming to model the
creep behaviour using the soft soil creep (SSC) model in
Plaxis 3D is one of a series of creep studies on the creep
behaviour of Mae Moh claystone.
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As known, creep is one of the most essential mechanical
properties of a rock material and can deliberate an important
basis for interpreting and analyzing the circumstance of
geological tectonic movement, as well as predicting
long-term stability for rock engineering (Tsai et al. 2008;
Zhang 2012). Furthermore, time-related stability for
geotechnical engineering is even more essential nowadays as
the collapse of geotechnical engineering structures for a
period after the construction, appeared in many projects
(Yang et al. 1999). Loss of stability for geotechnical engi-
neering structures as the result of deformation, that did not
happen immediately, but the deformation occurs continu-
ously and deforms for some time. (Boukharov et al. 1995;
Damjanac, Fairhurst, & Engineering 2010). For instance,
deformation of dam and collapse of underground tunnel
occurred after decades of construction (Fan 1993; Gud-
mundsson et al. 2010). Consequently, Studies on creep
behavior of rock in relation to geotechnical engineering
structures are imperative.

In soil and rock mechanics, creep refers to the continuing
deformation of a material under constant effective stress
(Mitchell and Soga 2005). Creep behavior of the slope is a
behavior that describes the movement down due to the
influence of gravity, in the long term. The movement may be
slow, cannot find abnormalities of surface soil, but can be
observed from the steep inclines of the tree, the tilting of the
mast and including subsidence of buildings or roads
(Goodman 1993).

Creep slopes occur long–term effects of weathering and
gravity may gradually deform leading to geological struc-
tures, for example, bending, bucking, fracturing, or even
progressive failure. (Chang et al. 2015) Measurement of
creep deformation, a little movement in each year. The
motion estimation surface of the rock slope. 4–30 mm/year
during the past 10,000 years, and 80 mm /year, a higher rate
of the last 50 years. The creep behavior is related to time and
gravity. The stress causes the accumulation and reduces the
hardness of the material, leading to the erosion at the end
(Mufundirwa et al. 2010). Characteristics of rock behavior
are usually considered in the form of elastic-plastic. How-
ever, rock behavior does not have the function of time. Rock
has creep behavior or viscosity that influence time function
(Bhoi 2012). Creep behavior study has been wells studied in
many countries. Laboratory of creep is a uniaxial test and
triaxial test, nevertheless, the triaxial test can provide con-
fining pressure (Yang et al. 1999).

The major constitutive of this research material is “clay-
stone”, which is a one of sedimentary rock and its forms
from clay-size (between 1/256 and 1/16 mm in diameter) of
weathering debris. By that, the inherent characteristics of
claystone of which properties line in between rock and soil.
On the one hand, claystone on dry condition seems like a
rock behavior that hardness of strength. on the other, when

the moisture content increased, the claystone would be lost
strength as a soil behavior. Whereupon, creep behavior of
claystone should be necessarily investigated using a suitable
test facility of which the soil-and-rock material can be spe-
cially tested. Such test facility must able to test rock and soil
and it also can measure a small strain of creep behavior. The
triaxial compression test is a spacious test for determining
strength parameters. Therefore, this study used the triaxial
compression test concept to make an own customized high
pressure triaxial test facility to accommodate all test
requirements of the creep test for Mae Moh claystone. This
was called “triaxial creep tests”.

Methodology

Creep Behavior

One of important properties of soil is a creep property of
which the soil layer deform continuously when stress con-
dition has remained. the accumulation of deformation maybe
happen over a decade; therefore, the creep behavior involves
time-dependent. A slope may have experienced numerous
episodes of sliding or deformation over the decades. Whe-
ther slopes were under rains or earthquakes, stress keeps on
changing on any slopes (Mitchell and Soga 2005).

Creep refers to the time-dependent deformation of soil or
rock. Deformation causes loss of strength due to the surface
accumulates resistance to constant shear in response to shear
stress caused by loading or unloading. Creep behavior
modeling has been applied to the solution of various engi-
neering fields, such as the closure of and loads on tunnels,
chambers, and pillars.

Conceptual creep behavior is shown in Fig. 1 which can
ideally describe the creep behavior of rock and soil. From
Fig. 1, creep behavior would explicit in 3 stages which are the
primary stage, the secondary stage and the tertiary stage(failure
point). Creep behavior stages are more explained as follows.

Fig. 1 Idealized creep behavior for rock materials and cohesive soils
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• “Primary”: Stress decreases due to material resistance.
• “Secondary”: Strain rate increased slightly (reaches a

steady-state) creep behavior.
• “Tertiary”: Failure because the material is less resistant.

Referring to the secondary stage of strain in Fig. 1, Plaxis
3D which is the powerful commercialized finite element
program has a soft soil creep model that can simulate creep
behavior of soft soil with the parameters as shown in Fig. 2
based on secondary subsidence. The secondary settlement
generally occurs for a relatively long time However, testing
would take much a shorter time to observe the trend of the
movement graph.

Figure 2 shows the slope of settlements in the stages of
the primary and secondary consolidation. For the primary
consolidation stage, Settlement parameters of Cs (swelling
index) and Cc (Compressive index) can be obtained from the
Oedometer test. The primary consolidation is defined by the
relationship graph between the void ratio (e) and stress
(log-stress). For the secondary consolidation, the tests of

(1) creep tests and (2) constant rate of strain tests should be
followed. However, both of which do not have the standard
tests to follow. The parameter of the creep indication is Ca
(creep index). The creep index is defined by the relationship
graph between the void ratio (e) and time (log-time).

Laboratory

The so-call triaxial creep tests of this study was based on the
own customized triaxial test facility to address the
soil-and-rock like materials as mentioned. For this triaxial
test facility, the triaxial compression tests in accordance with
ASTM D2664 can be conducted. This triaxial compression
tests can comprehensively determine the strength of the
sample of a cylindrical stone core in an undrained condition
under triaxial compression loading. To determine the
strength of claystone, therefore, such own customized tri-
axial test facility must provide an applied force of up to 25
kN with a confining pressure up to at least 5.0 MPa. For the
accessories of such test facility to record test data, the 50 kN
load-cells with the handheld data logger to collect loading
data and the digital dial gauges to measure vertical defor-
mation the loading rate of 1 mm/min were used. The own
customized triaxial test set is shown in Fig. 3. For small
scale deformations of creep movements of a test sample, the
strain gauges with its sensitivity of the micro-strain level
were attached on a test sample to measure a sample defor-
mation during the constant compression creep tests (see
Fig. 3).

In this study, claystone samples were collected from the
Mae Moh mine and samples at the depths of 50, 100 and
150 m (see Fig. 4) to be used for the triaxial compression
tests and triaxial creep tests with the confining pressure
levels of 0.5 MPa, 1.0 MPa, and 1.5 MPa, respectively.

For the tests, the triaxial compression tests were firstly
conducted to determine the maximum compressive strength

Fig. 2 Primary and Secondary
Consolidation behavior

Fig. 3 Testing and installation equipment
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of claystone corresponding to a given confining pressure.
Based on the triaxial compression test results, the shear
strength (Mohr-Coulomb, MC) parameters of cohesion
(c) and internal friction angle (/) were determined in con-
junction with establishment of the Mohr-Coulomb
(MC) failure criterion in the shear-normal stress space.
Then, triaxial creep tests under the multi-stage loading
regimes (40%, 60%, and 80% Strength) corresponding to a
series of confining pressure levels (0.5 MPa, 1.0 MPa, and
1.5 MPa) were carried out by applying constant deviatoric
stress for one day (24 h.) on each loading step. Figure 5
shows an example of these creep test results

Based on the required parameters for the SSC model, in
this study, the creep test results were used to determine the
creep index (Ca). For the compression index (Cc) and
swelling index (Cs) of claystone, they were estimated from
the back-calculate method from the Plaxis 3D using its lab
test function (the simulation triaxial compression test).

The defined the SSC model parameters were shown in
Table 1. The MC parameters are C’(Cohesion) of
1.2 MPa and /ʹ(Friction angle)of 30.96° derived from the
triaxial compression test results. Cc, Cs and Ca are 0.07,
0.0001 and 0.01, respectively. It should be noted that Cc
and Cs from the back calculation process of this study
show good agreement with recommended values (Cc of
mudstone 0.02-0.07 and Cs of mudstone 0.001–0.01)
(Zhang 2012).

Model Comparison

Plaxis 3D was used to simulate the triaxial creep tests (see
Fig. 6) based on the SSC model and the MC model. The
creep triaxial test result was a benchmark to compare with
the simulation results.

Figure 7 shows the comparison trends. It is clearly seen
that based on the SSC model, the good agreement between
the simulation and the test results can be seen. For the
simulation based on the MC model, the strain increment with
an increase of stress and time cannot be captured. At this
stage, based on the triaxial creep test, the SSC model can be
used to explain the creep behaviour of claystone with a good
validation.

Determination Exercise of the Creep
Movement on a Slope

The slope of 120 m in width by 120 m in length by 120 m in
height was modelled using Plaxis 3D (see Fig. 8a) based on
the open-cut slope configurations of Mae Moh mine. The
assumption of only one type of the materials of claystone
with the homogeneous manner was applied to this determi-
nation exercise. The SSC model and The MC model were
used as the claystone material model with all input param-
eters and their values utilized in the model comparison
(validation) process. The creep movements were determined
corresponding to time.

Figure 8b illustrates the shade of various colors for a
25-year time. The red zone represents the maximum hori-
zontal deformation toward the slope, and the blue zone
exhibits where no movement occurs. The maximum move-
ments value at a certain node were selected to represent the
movement trend against the time as shown in Fig. 9 of
which the graph deformation (m, y-axis) and time (years,
x-axis) is illustrated.

From Fig. 9, the deformation of Mohr-coulomb (red-line)
has moved only 0.1 m in less than 1 year after the con-
struction stage. On the other hand, the result of the SCC
model occurs 1.3 m of deformation, for 5 years. Next, after
the first 5 years, the slope deformed continuously
20 mm/year. It could be said that based on the SCC model,

Fig. 4 Claystone samples collected
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Fig. 5 (1) Strain and Time under
confining pressure of 0.5 MPa.
(2) Strain and Time under
confining pressure of 1.0 MPa.
(3) Strain and Time under
confining pressure of 1.5 MPa
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the movement characteristics of the claystone slope can be
well explained in accordance with the theory of the creep of
the geomaterial. The primary stage was observed in the first
five years and the secondary stage could be defined after that
with the movement rate of approximately 20 mm/year.
However, based on this simulation, the tertiary stage or
failure is still not able to recognize.

Conclusions

The concluding remarks of this study can be summarized as
follows;

(1) the creep behavior of Mae Moh claystone can be suc-
cessfully explained using the own customized triaxial

Table 1 Parameters for the MC
model and the SSC model

Model Mohr-Coulomb Soft soil creep Source Unit

Drainage type undrianed(A) undrianed(A)

cunsat 20.4 20.4 Field lab test kN/m3

csat 25.3 25.3 Field lab test kN/m3

E 309,572 – Triaxial compression test kN/m2

t 0.15 0.15 Recommend –

C’ 1200 1200 Triaxial compression test kN/m2

/’ 30.96 30.96 Triaxial compression test °

Cc – 0.07 Back calculation –

Cs – 0.001 Back calculation –

Ca – 0.004 Triaxial creep test –

*Back calculation from Lab test by the Plaxis 3D Program

Fig. 6 Triaxial creep test simulation on Plaxis 3D

Fig. 7 Comparison between simulation results and test results

(a)                                (b) 

Fig. 8 Model simulation by PLAXIS3D version2017. a Model before
analyze, b Model after analysis, show horizontal deformation

Fig. 9 Creep characteristics of the claystone slope
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test facility to conduct the test of the triaxial compres-
sion tests and the triaxial creep tests. Triaxial com-
pression tests was performed to determine the
maximum compressive strength under three confining
pressure levels of 0.5, 1.0 and 1.5 MPa. Triaxial creep
tests in relation to a multi-stage loading method of 40,
60 and 80% maximum compressive strength with one
day of constantly remaining load for each loading
increment were performed to capture the creep char-
acteristics of Mae Moh claystone subjected to such
designed loading conditions.

(2) Test results from the triaxial creep tests can be used to
define the creep index (Ca) of Mae Moh claystone, by
which its secondary deformation under a certain pres-
sure could be detectable.

(3) The primary consolidation parameters (the compression
index (Cc) and swelling index (Cs)) of Mae Moh
claystone can be determined using the back calculation
process based on a data set of the triaxial creep test
results and Lab test function results of Plaxis 3D
program.

(4) The SSC model can be successfully used to simulate the
creep behavior of Mae Moh claystone with a good
agreement with the triaxial creep test results. The MC
model cannot be used to capture such creep behavior.

(5) The creep characteristic of the claystone slope was
demonstrated through the Plaxis 3D simulation using all
input parameters and their values as the validation
process. The creep movement based on the SSC model
after five years of the primary deformation was in the
rate of 20 mm/year.

(6) The SSC model which is one of material model options
in Plaxis 3D was promising to use to simulate the creep
characteristics of the soft rock (like claystone).
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Monotonic and Cyclic Behaviour of Tephra
Layer Landslide at Takanodai from the 2016
Kumamoto Earthquake

Satoshi Goto and Kento Okada

Abstract

The 2016 Kumamoto earthquakes, Japan, caused a large
numbers of slope failures, especially a large—scale flow
—type landslide was induced in the area near the Aso
Volcanological Laboratory of Kyoto University in
Takanodai, Minamiaso Village Kumamoto, Japan. From
the field observation, sliding surface was the tephra layer
of Kusasenrigahama fallen pumice (Kpfa) which was
deposited by the volcanic activity (around 30,000 years
ago, Miyabuchi et al. in VSJ 48(2):195–214, 2003). This
tephra layer (Kpfa) was a key soil to understand the
mechanism of this large-scale flow-type landslide, then
some soils from this tephra layer were retrieved from the
sliding surface in the field. This study is focused on the
physical properties, monotonic and cyclic direct shear
behaviour for the tephra layer (Kpfa) to understand the
mechanism of this landslide during earthquake. Constant
vertical stress and constant volume cyclic direct shear
tests were performed to study the cyclic behaviour of the
tephra layer (Kpfa). From the constant vertical stress test,
strain hardening behaviour was observed. From the
constant vertical stress test, shear displacement increased
largely during cyclic loading, despite the tephra layer
being in an unsaturated state, which were similar to the
behaviour of saturated sand during liquefaction. In the
future, this research will be developed considering the
study of particle breakage on Kpfa.

Keywords

Monotonic and cyclic shear behaviour � Tephra layer
landslide � Kumamoto earthquake � Shear strength

Introduction

On April 14th, 2016, an earthquake occurred in Kumamoto
with a magnitude of 6.5 Richter scale. Two days later,
another earthquake occurred with a magnitude of 7.3 Richter
scale. Main shock of these seismic activities caused a large
numbers of slope failures. Among them, a large-scale
flow-type landslide with the gentle sloping angle of about
12–15° were induced in the area near the Aso Volcanolog-
ical Laboratory of Kyoto University in Takanodai,
Minamiaso Village, Kumamoto, Japan as shown in Fig. 1.
This large-scale flow-type landslide was about 100 m in
width, 5–10 m in depth, and 300–600 m in length which
killed five people and destroyed at least seven houses (Dang
et al. 2016; Mukunoki et al. 2016; Chiaro et al. 2017).
Precipitation before earthquake had little effect on this
landslide (Japan Meteorological Agency 2016).

Field observation suggested that the sliding surface was
located at orange–coloredKusasenrigahama fallen pumice (Kpfa)
layer which was deposited by the volcanic activity (around
30,000 years ago, Miyabuchi et al. 2003) with depth of 7–8 m
from ground surface (Fig. 2a and b). This landslide is called a
large—scale flow—type “tephra layer landslide” in this study
(Goto and Kimura 2019). This tephra layer (Kpfa) was important
key soil to understand the mechanism of this landslide.

A series of monotonic and cyclic direct shear tests (box
shear tests) under various conditions were performed to
evaluate strength properties and seismic behavior. This study
is focused on the physical properties, monotonic and cyclic
direct shear behaviour for the tephra layer (Kpfa) to under-
stand the mechanism of this tephra layer landslide during
earthquake.
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Chigira and Suzuki (2016) summarized the
earthquake-induced landslides of pyroclastic fall deposits in
Japan and Indonesia, which occurred on gentle slopes and
were highly mobile with long runout distance. Cyclic
behaviours of the tephra layer (Kpfa) were obtained by
ring-shear tests (Dang et al. 2016), by torsional shear tests
(Chiaro et al. 2018; Umar et al. 2018) and by box shear tests
(Kasama et al. 2018).

Shallow landslides repeatedly occurred on the slopes of
Aso volcano during heavy rainfall in 1990, 2001 and 2012
(Paudel et al. 2007; Matsushi et al. 2013: Sato et al. 2017;
Higaki et al. 2019; Kimura et al. 2019; Sato et al. 2019).

Field Observation and Physical Properties
of Kpfa

Field Observation

Figure 3a shows the stratigraphy and thickness of the tephra
layer (Kpfa), Boundary layer and Dark brown layer for the
main scarp in the research area. The sliding surface was
located at the Kpfa layer at lower part-b. This research was
focused on this lower part-b of the Kpfa layer near the
sliding surface (Fig. 3a).

Figure 3b shows the Kpfa layer penetrated by boundary
layer (white layer) which may demonstrate that the pore
water pressure of boundary layer was increased during
earthquake. Figure 3c shows undisturbed sample of bound-
ary layer between Kpfa lower part—b and Dark brown layer
for direct shear tests (diameter of cutter ring is 6.0 cm).

Physical Properties of Kpfa

Table 1 shows physical properties of the tephra layer (Kpfa)
and Dark brown layer for the undisturbed samples. The dry
density (qd) for each soils are around 0.5 g/cm3. The degrees
of saturation (Sr) for the tephra layer (Kpfa) are around 70.0–
75.0%, and the degrees of saturation for the Dark brown
layer are around 97.6%. The degrees of saturation had quite
large values even though there was little rainfall before
earthquake.

Figure 4 shows the particle size distribution for the Kpfa
lower part-a and b and Dark brown layer. Particle size dis-
tribution tests were performed to observe the relation
between particle size (mm) and mass percentage passing (%)
(JIS A1204, 2009 cited in JGS 2015). It is shown in Fig. 4
that the fine contents for natural Kpfa lower part-a and b are
smaller than that for Kpfa lower part-a* and b* crushed by
wooden hammer.

Figure 5a shows natural condition of the Kpfa lower
part-b sampled near sliding surface, and Fig. 5b shows Kpfa

Fig. 1 Tephra layer landslide at Takanodai (GSI 2016)

a

b

Fig. 2 a Trphra layer lamdslide at Takanodai, b Place of the main
scarp ans samplind place
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lower part-b crushed by wooden hammer. It is recognized
that Kusasenrigahama fallen pumice (Kpfa) layer has a high
particle crushability property.

Figure 6 shows saturated permeability of Kpfa lower
part-a and b and Dark brown layer. It is shown that saturated
permeability for each soils are increasing with the increase of
void ratio and that saturated permeability for Kpfa lower
part-a and b show similar values. Saturated permeability for
Kpfa lower part-a and b is larger than that for Dark brown
layer.

Testing Method of Monotonic Direct Shear
Tests

On the monotonic direct shear test, a conventional mono-
tonic direct shear box testing machine was used. Undis-
turbed and reconstituted samples were 60 mm in diameter
and 20 mm in height. The shear displacement rate in the

constant vertical stress monotonic direct shear test was set at
0.2 mm/min.

Undisturbed samples (Kpfa lower part-b, Boundary layer,
Dark brown layer) tested with vertical stress of 10–50 kN/m2

were conducted. The reconstituted samples (Kpfa lower
part-b) were tested at 80 kN/m2 and 100 kN/m2 in addition
to 10–50 kN/m2.

Moreover, cyclic direct shear tests were conducted with a
shear displacement rate of 1.55 mm/min. Both the constant
vertical stress and the constant volume for cyclic direct shear
test was performed. The vertical loading was measured on
the load cell and the clearance between the upper and lower
parts of the shear box was set to 0.25 mm. The initial ver-
tical stress in both tests was at 100kN/m2 with the recon-
stituted samples being 60 mm in diameter and 20 mm in
height. Cyclic direct shear tests were performed to know the
dynamic behaviour of tephra layer (Kpfa) by the “method for
consolidated constant volume direct box shear tests on soils”
(JGS 0560–2009) and by the “method for consolidated
constant pressure direct box shear tests on soils” (JGS 0561–
2009).

Constant Vertical Stress Monotonic Direct
Shear Tests

Figure 7 shows the results of the constant vertical stress
monotonic direct shear test. Reconstituted samples are the
similar condition as the lower part-b of Kpfa in the field. The
dry density, water content of the samples, and the strength
parameters obtained from the tests are shown respectively in
Tables 2 and 3. Two approximate lines in Fig. 7 are shown
with only a slight deviation, hence the strength parameters c
(adhesive cohesion) and / (angle of shear resistance) in
Table 3 are similar. Therefore, it can be said that shear
strength of reconstituted samples is the same as that of
undisturbed samples.

Figure 8 shows the result of constant vertical stress
monotonic direct shear tests for Kpfa lower part-a and b,
Boundary layer and Dark brown layer which all samples are
undisturbed. It is shown that the relation between maximum
shear stress and vertical stress for Kpfa lower part-a and b
are almost similar although samples are scattered. However,
the maximum shear stress and vertical stress relation for
Dark brown layer shows different behaviour from that for
Kpfa lower part-a and b. Shear strength properties for Dark
brown layer around 100 kN/m2 may be larger than that for
the tephra layer (Kpfa).

Figure 8 also shows the relation between maximum shear
stress and vertical stress for Boundary layer between the
tephra layer (Kpfa) and Dark brown layer. It was recognized
that it was quite difficult to obtain the valuable data for

a

b

Fig. 3 a Stratigraphy and thickness, b Kpfa layer penetrated by
boundary layer (left), c Undisturbed sample of boundary layer between
Kpfa lower part –b and Dark brown layer for direct shear tests
(diameter of cutter ring is 6omm) (right)
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Boundary layer from the undisturbed samples by using
direct shear box tests.

The water content and dry density of the samples for
direct shear tests of Kpfa, Boundary layer, Dark brown layer
and reconstituted samples as shown in Table 3 have similar
physical properties in Table 2. Table 3 shows Strength

parameters of Kpfa, Boundary layer, Dark brown layer and
reconstituted samples. It is shown in Table 3 that strength
parameters for undisturbed Kpfa lower part-a and b are
similar to those for reconstituted Kpfa lower part-b and that
strength parameters for Dark brown layer are larger than
those for Kpfa lower part-a and b.

Table 1 Physical properties of
Kpfa and Dark brown layer for
the undisturbed samples

sample wet
density
qt
[g/m3]

dry
density
qd
[g/m3]

water
content
w [%]

void
ratio
e

Degree of
saturation
Sr [%]

density of soil
particle
qs [g/m

3]

Kpfa lower
part -a

1 1.103 0.505 110.1 3.622 73.7 2.425

2 1.097 0.528 107.8 3.593 72.8

3 1.093 0.525 108.2 3.621 72.5

4 1.164 0.532 118.9 3.563 81.0

Average 1.114 0.522 111.3 3.600 75.0

Kpfa lower
part -b

1 1.092 0.537 103.5 3.734 70.5 2.541

2 1.083 0.540 100.4 3.702 68.9

3 1.074 0.568 89.3 3.476 65.2

4 1.159 0.570 103.2 3.456 75.9

Average 1.102 0.554 99.1 3.592 70.1

Dark brown
layer

1 1.303 0.557 133.9 3.293 97.2 2.713

2 1.315 0.569 131.2 3.203 97.9

3 1.345 0.588 128.6 3.063 100.3

4 1.271 0.536 137.3 3.462 94.8

Average 1.309 0.563 132.8 3.255 97.6

Fig. 4 Particle size distribution
of Kpfa and Dark brown layer
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Testing Method of Cyclic Direct Shear Tests

Cyclic direct shear tests for constant vertical stress and
constant volume were performed to know the cyclic beha-
viour of tephra layer (Kpfa) during earthquake. The speed of
shear displacement was controlled, and the shear direction
was reversed when the shear stress reached +60 kN/m2 or

−60 kN/m2. The number of cycles were ten times for con-
stant vertical stress test and three times for constant volume
test.

The measurement range of the shear displacement trans-
ducer was from +10 to −10 mm. Therefore, if the shear
displacement exceeds +10 mm or −10 mm during cyclic
loading, the direction of the shear displacement is reversed at
+10 mm or −10 mm of the shear displacement.

Constant Vertical Stress Cyclic Direct Shear
Test

Figure 9a shows the relationship between shear
stress/vertical stress and shear displacement. The shear dis-
placement reaches about 1.7–1.8 mm at first cyclic loading,
and shear displacements are gradually reducing by the next
cyclic loadings.

Figure 9b shows the relationship between shear
stress/vertical stress and vertical displacement. This sample
is gradually being contracted by the cyclic loadings, and the
vertical displacement is converged around 2.5 mm. Strain
hardening occurs showing that shear displacement gradually
reduces by cyclic loadings.

Constant Volume Cyclic Direct Shear Test

Figure 10a shows the relationship between shear stress and
shear displacement. The shear displacement is gradually
increased by the cyclic loading. At the 2nd loading, the shear
displacement reached +� 10 mm or −� 10 mm. The shear
displacement increases as the number of cycles increase. The
shear displacement for constant volume test is larger than
that of the constant vertical stress test.

Figure 10b shows the relationship between vertical stress
and shear stress. The vertical stress is decreasing to zero
value of vertical stress by the first loading. It can be said that
this behavior may be similar to the phenomena of cyclic
mobility for saturated sand during an earthquake.

Fig. 5 a Natural condition of the
Kpfa lower part-b (left), b Kpfa
lower part-b crushed by wooden
hammer (right) (sampled near
sliding surface)

Fig. 6 Saturated permeability of Kpfa and Dark brown layer

Fig. 7 Result of constant vertical stress monotonic direct shear test for
reconstituted and undisturbed samples
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Soil Strengths by Yamanaka-Type Soil
Penetrometer

Table 4 shows soil strengths by using Yamanaka-type soil
penetrometer in the field. It can be shown that the strength
for Kpfa lower part—a is similar to that for Kpfa lower part

—b and that strengths for Boundary layer and Dark brown
layer are smaller than that for Kpfa lower part—a and b.
These results by Yamanaka-type soil penetrometer are sim-
ilar to the results for direct shear tests by using undisturbed
samples at low normal stress as shown in Fig. 8.

Conclusions

The following conclusions can be derived from this study:

1. The monotonic direct shear strengths of the undisturbed
and reconstituted samples of the tephra layer (Kpfa) have
similar results.

2. From the constant vertical stress cyclic direct shear test,
strain hardening occurs showing that shear displacement
gradually reduces by cyclic loadings.

3. From the constant volume cyclic direct shear test, despite
being at an unsaturated state, Kpfa behaves in a way
similar to the liquefaction of saturated sand during
earthquake. Shear displacement for constant volume test
is considerably larger than that for constant vertical stress
test.

4. This study will be developed considering the Kpfa par-
ticle breakage.

Table 2 The water content and dry density of the samples for direct shear tests of Kpfa, Boundary layer, Dark brown layer and reconstituted
samples

Vertical stress (kN/m2) Kpfa lower part -a Kpfa lower part -b Boundary layer Dark brown layer Reconstituted
sample

qd (g/cm
3) w (%) qd (g/cm

3) w (%) qd (g/cm
3) w (%) qd (g/cm

3) w (%) qd (g/cm
3) w (%)

9.86 0.504 124.09 0.511 98.65 0.521 111.07 0.596 123.99 0.580 82.8

19.72 0.471 114.00 0.550 99.26 0.555 95.9

29.53 0.502 110.88 0.535 96.11 0.592 122.45 0.595 78.8

39.39 0.476 116.50 0.547 109.90 0.637 107.51 0.570 83.5

48.54 0.432 117.87 0.576 96.59 0.590 105.84 0.606 121.73 0.590 88.1

68.21 0.642 102.95

78.07 0.625 78.3

97.08 0.619 75.9

Average 0.477 116.67 0.544 100.10 0.598 106.84 0.598 122.72 0.591 83.3

Table 3 Strength parameters of
Kpfa, Boundary layer, Dark
brown layer and reconstituted
samples

c (kN/m2) / (°)

Kpfa lower part -a 12.2 6.72

Kpfa lower part -b 11.4 5.56

Boundary layer – –

Dark brown layer 3.7 21.66

Reconstituted sample
(Kpfa lower part -b)

12.4 4.97

Fig. 8 Result of constant vertical stress monotonic direct shear test for
Kpfa lower part-a and b, Boundary layer and Dark brown layer which
samples are undisturbed
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Fig. 9 a Relationship between shear stress/vertical stress and shear displacement for constant vertical stress, b Relationship between shear
stress/vertical stress and shear displacement for constant vertical stress

Fig. 10 a Relationship between shear stress and shear displacement for constant volume, b Relationship between vertical stress and shear stress
(stress path) for constant volume

Table 4 Results of soil strengths
by Yamanaka-type soil
penetrometer in the field

Tephra layers 1 2 3 4 5 6 Average Average

Kpfa lower part -a 23.0 23.0 23.5 24.5 24.0 23.0 23.5 23.5

23.5 23.0 23.5 23.0 24.5 23.0 23.4

23.0 22.5 23.0 23.5 24.5 24.5 23.5

Kpfa lower part -b 24.0 24.0 25.0 23.5 26.5 25.5 24.8 24.1

23.0 24.5 24.5 23.0 25.0 24.5 24.1

22.0 24.0 25.0 23.5 22.0 24.0 23.4

Boundary layer 24.0 22.0 20.0 25.0 21.0 19.0 21.8 21.8

Dark brown layer 21.0 19.5 20.0 21.0 22.0 20.5 20.7 21.5

21.0 23.5 21.0 22.0 20.5 20.0 21.3

23.5 23.5 23.5 22.5 20.0 21.5 22.4

Monotonic and Cyclic Behaviour of Tephra Layer Landslide … 363



References

Chiaro G, Alexander G, Brabhaharan P, Massey C, Koseki J,
Yamada S, Aoyagi Y (2017) Reconnaissance report on geotechnical
and geological aspects of the 14–16 April 2016 Kumamoto
earthquakes, Japan. Bull New Zealand Soc Earthquake Eng 50
(3):1–29

Chiaro G, Umar M, Kiyota T, Massey C (2018) The Takanodai
landslide, Kumamoto, Japan: insights from post-earthquake field
observations, laboratory tests, and numerical analyses. Geotech
Earthquake Eng Soil Dyn 98–111

Chigira M, Suzuki T (2016) Prediction of earthquake-induced
landslides of pyroclastic fall deposits. Landslides and Engineered
Slopes. Experience, Theory and Practice. In: Aversa S, Cascini L,
Picarelli L, Scavia C (Eds.), CRC Press. 93–100

Dang K, Sassa K, Fukuoka H, Sakai N, Sato Y, Akara K, Quang LH,
Loi DH, Tien PV, Ha ND (2016) Mechanism of two rapid and
long-runout landslides in the 16 April Kumamoto earthquake using
a ring-shear apparatus and computer simulation (LS-RAPID).
Landslides 13:1525–1534

Geographical Survey Institute Map (2016) Around the Kyoto Univer-
sity Volcano Research Center in the Takanodai area of Minamiaso
village. URL: https://www.gsi.go.jp/BOUSAI/H27-kumamoto-
earthquake-index.html (Last accessed 30 Aug 2019)

Goto S, Kimura T (2019) Introduction of the special issue on “Toward
the prediction of shallow landslides induced by heavy rainfalls on
tephra-covered slopes. J Japan Landslide Soc 56:211–217 (in
Japanese)

Higaki D, Li X, Hayashi I, Tsou C, Kimura T, Hayashi S, Sato G,
Goto S (2019) Geomorphological setting of shallow landslides by
heavy rainfall on tephra-covered slopes of Aso Volcano, southwest
Japan. J Japan Landslide Soc 56:218–226 (in Japanese with English
abstract)

Japanese Geotechnical Society (2015) Japanese geotechnical society
standards, laboratory testing standards of geomaterials. 1

Japan Meteorological Agency (2016) Information related to the 2016
Kumamoto earthquake. URL: https://www.jma.go.jp/jma/menu/
h28_kumamoto_jishin_menu.html (Last Accessed: 30 Aug 2019)

Kasama K, Yamagata S, Tanaka K, Furukawa Z, Yasufuku N (2018)
Seismic stability evaluation of volcanic soil at Takanodai, Minami-
aso village, Kumamoto. Geotech J 13(3):171–181 (in Japanese with
English abstract)

Kimura T, Goto S, Sato G, Wakai A, Hayashi S, Higaki D (2019)
Evaluation of landslide susceptibility by slope stability analysis
using an estimated distribution of tephra deposits–A case study in
the northeastern part of Aso caldera–. J Japan Landslide Soc
56:240–249 (in Japanese with English abstract)

Matsushi Y, Saito H, Fukuoka H, Furuya G, (2013) Landslides of
tephra deposits on hillslope of the Aso caldera wall and volcanic
central cones by the North-Kyushu heavy rainfall at July 2012.
URL: http://repository.kulib.kyoto-u.ac.jp/dspace/bitstream/2433/
181543/1/a56b0p28.pdf [Last accessed: 19 Mar 2020]

Miyabuchi Y, Hoshizumi H, Takada H, Watanabe K, Xu S (2003)
Pumice-fall Deposits from Aso Volcano during the Past 90,000
Years, Southwestern Japan. Volcanological Soc Japan 48(2):195–
214 (in Japanese with English abstract)

Mukunoki T, Kasama K, Murakami S, Ikemi H, Ishikura R,
Fujikawa T, Yasufuku N, Kitazono Y (2016) Reconnaissance
report on geotechnical damage caused by an earthquake with JMA
seismic intensity 7 twice in 28 h, Kumamoto, Japan. Soils Found 56
(6):947–964

Paudel PP, Omura H, Kubota T, Inoue T (2007) Spatio-temporal
patterns of historical shallow landslides in a volcanic area, Mt. Aso,
Japan. Geomorphology 88:21–33

Sato G, Goto S, Kimura T, Hayashi S, Istiyanti ML, Komori J (2017)
Gravitational deformation as a precursor of shallow landslide within
tephra-covered slope deposits in the Aso caldera, Japan. J Japan
Landslide Soc 54(5):199–204 (in Japanese with English abstract)

Sato G, Wakai A, Goto S, Kimura T (2019) Strength characteristics of
gravitationally deformed slope deposits of tephra and kuroboku
soils in the Aso caldera, Japan—Application of revised
vane-shear-cone test for estimating shear strength–. J Japan Land-
slide Soc 56:250–253 (in Japanese with English abstract)

Umar M, Chiaro G, Kiyota T, Miyamoto H (2018) Monotonic and
cyclic undrained behavior of Kumamoto-Aso pumice soil by triaxial
and torsional shear tests. 16th Europian Conference on Erthquake
Engineering. 1–11

364 S. Goto and K. Okada

https://www.gsi.go.jp/BOUSAI/H27-kumamoto-earthquake-index.html
https://www.gsi.go.jp/BOUSAI/H27-kumamoto-earthquake-index.html
https://www.jma.go.jp/jma/menu/h28_kumamoto_jishin_menu.html
https://www.jma.go.jp/jma/menu/h28_kumamoto_jishin_menu.html
http://repository.kulib.kyoto-u.ac.jp/dspace/bitstream/2433/181543/1/a56b0p28.pdf
http://repository.kulib.kyoto-u.ac.jp/dspace/bitstream/2433/181543/1/a56b0p28.pdf


Shearing Rate Effect on Residual Strength
of Typical Clay Soils in Ring Shear Test

Deepak Raj Bhat

Abstract

This paper presents the effect of shear rates on residual
strength of four typical clay soils having high to low
plasticity in its soil natures. The shear rates were fixed in a
range of 0.073–0.586 mm/min. A series of tests were
performed by means of ring shear apparatus. The effect of
shear rates on residual strength of the high plasticity soils,
medium plasticity soils and low plasticity soils were
compared. The results showed that hardly increases in the
strength from the residual-state of shear after the shear
rate of 0.233 mm/min.

Keywords

Residual strength � Rate effect � Clay soils � Ring shear
test

Introduction

The residual strength of clay soils is defined as the minimum
constant value attained after large shear displacements in
low shear rates. A ring shear apparatus is being widely used
to measure the residual shear strength of a clay soils in these
days. The main advantage of the ring shear apparatus is that
it can shear the specimen continuously in one direction to
obtain the large displacement, and this allows clay particles
to be oriented parallel to the direction of shear to develop the
true residual shear strength condition (Bishop et al. 1971;
Tika 1999; Bhat et al. 2013c). Another advantage of the ring
shear apparatus is that no change occurs in the shear plane
area during shear (Tiwari and Marui 2004; Vithana et al.
2012, Bhat et al. 2014). For the precise measurement of

residual strength, the large deformation is applied to a soil
sample so that clay particles are oriented along the shear
surface in the direction of shear to the maximum possible
extent (Skempton 1985; Sassa et al. 2004; Bhat et al. 2013a
and 2013b).

The residual strength of soils is the most important
parameter in the stability analysis of ancient landslide and
reactivation potential evaluation. For the stability analysis
and design of countermeasures works against the reactiva-
tion of landslides, the shear strength parameters such as
residual frictional angle and the cohesion of soil are neces-
sary. If there is a slight change in the residual strength
parameters, the net results of the stability assessment of
landslides might also be affected. Hence, the exact value of
the shear strength parameters should be considered for the
slope stability design and countermeasure works of land-
slides. Therefore, study of shear rate effect of residual
strength seems important for estimating the exact design
parameters with high accuracy and reliability.

The residual shear strength changes with clay content of
the cohesive soil in ring shear test (Lupini et al. 1981). The
effect of shear rate between 0.002–0.1 mm/min on residual
strength was negligible in clay soils (Skempton 1985).
Yatabe et al. (1991) reported that the residual strength of
clays in fractured-zone landslide areas hardly increase with
increase in the shear rates. Tika et al. (1996) stated that some
soils show greater shear strength than the residual strength
(positive rate effect) in high shear rates, while some soils
exhibit a lower strength (negative rate effect) or a constant
shear strength (neutral rate effect) with varying in shear rates.
Suzuki et al. (2001) reported that the shear rate in a range of
0.02–2.0 mm/min significantly influenced the residual
strength of clay soils and mud stone. Bhat et al. (2013c and
Bhat and Yatabe 2015) reported that the hardly increase in
the strength from the residual-state of shear on kaolin clay in
slow shear displacement rates. The shear strength of natural
clays was increased in ring shear test when the shear rate
decreased (Gratchev and Sassa 2015).
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In summary, the previous studies have been recognized
the three types of variation of residual strength of clay soils
with variation of shear rates, which are named as positive,
neutral, and negative rate effect. In the positive shear rate
effect, the residual shear strength increases with variation of
shear rates under a given normal stress. Similarly, when the
residual shear strength does not change with variation of
shear rates for the same given normal stress, it is called
neutral rate effect. On the other hand, if the residual shear
strength of clay soil may decrease with variation of shear
rates, it is named as negative rate effect. Therefore, there is
still confusion that various of sharing rates affect the residual
strength of a clay soil or not. This study addresses such
issues by the help of ring shear test on four typical clay soils
having high plasticity to low plasticity in their soil’s nature
with varying the shear rates of 0.073 mm/min
−0.586 mm/min.

Materials and Method

In this study, four typical clayey soils were chosen for the
ring shear tests. One of them is commercially available
kaolin clay, name as “Clay soil-I” and the other three were
collected from the landslide sites in Japan and Nepal. The
second sample from Nepal (from Krishnabhir landslide area)
was confirmed to have a comparatively high amount of mica,
which is referred to as “Clay soil-II.” Similarly, the clay
sample from a landslide site in Shikoku area of Japan was
confirmed to have a comparatively high amount of chlorite,
which is referred to as “Clay soil-III,” and the clay sample
from a landslide site in Kobe area of Japan was confirmed to
have a comparatively high amount of smectite, which is
referred to as “Clay soil-IV.”

The physical properties of the tested samples are pre-
sented in Table 1. The plasticity index of the Clay soil-I was
the highest and followed by the Clay soil-IV, the Clay
soil-III, and then the Clay soil-II respectively. The clay
particle size (i.e. <2 µm) of the Clay soil-I was also the

highest, and the lowest for the Clay soil-III (Table 1).
Similarly, the grain size distribution curve of the typical clay
soils is shown in Fig. 1.

In ring shear apparatus, the lower half of the apparatus
below the plane of failure is made to rotate while the upper
part is fixed. During the running of the apparatus; resistance
develops in the upper part and such value is measured by
load measuring device (e.g. force transducer or a load cell),
which measured the shearing force due to rotation of the
lower part transmitted to the upper through the sheared soil
specimen. During the soil test, the rotation is continuous
until the resistance value will be constant, and such constant
value is called residual state of shear. Bishop et al. (1971)
type of ring shear apparatus was used in this study. In this
ring shear apparatus, the specimen container has inner and
outer diameters of approximately 8.0 centimetres and 12.0
centimetres, respectively, and an average thickness of 3.2
centimetres. The specimen is sheared through a level of 0.7
centimetres above the base of the lower plate. The ratio of
the outer to inner ring diameters is 1.5.

There are three basic major steps/stages in the ring shear
test: (a) Sample preparation: First, sample preparation was
carried out. For this, about 200 grams offiner than 425 µm dry
sample was mixed with distilled water until it turned into a
thick liquid (i.e. viscous liquid). The fully mixed thick liquid
samplewas then de-aired in a vacuum chamber to make it fully
saturated. The de-aired sample was then poured into a speci-
men mold and pre-consolidated under desired loads for about
24 h. Then, the specimen was carefully transferred from the
specimen mold to the specimen container of the ring shear
apparatus for further consolidation and shearing. (b) Consoli-
dation stage: Next, the specimen was consolidated further
before shearing was begun. In the consolidation stage, at first
an effective normal stress of 196.2 kN/m2 was applied, and
after the end of the consolidation stage, the effective normal
stress was reduced to 98.1 kN/m2 so as to achieve an over
consolidation ration (OCR) of 2. Thiswas done for the purpose
of obtaining a distinct difference in peak and residual strength
because inmost cases of normally consolidated clayey samples

Table 1 Physical properties of
the tested samples

Sample
name

Solid density,
Gs (g/cm3)

Liquid
limit, LL
(%)

Plastic
limit, PL
(%)

Plasticity
index, PI (%)

Soil classification (%)

Clay Silt Sand

Clay
soil-I

2.72 52 22 30 74 26 0

Clay
soil-II

2.74 34.1 20.7 13.4 21 59.7 19.3

Clay
soil-III

2.75 47.5 31.2 16.3 20 68.1 11.9

Clay
soil-IV

2.65 96.5 59.0 37.5 24 18.0 58.0
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in the ring shear machine, the amount of drop from the peak to
residual strength is insignificant. So, all shear tests were con-
ducted under an effective normal stress of 98.1 kN/m2.
(c) Finally, the over consolidated sample were sheared at dif-
ferent rates of shear. The shearing rates were varied from
0.073 mm/min to 0.586 mm/min (as 0.073 mm/min, 0.162
mm/min, 0.233 mm/min, 0.313 mm/min, 0.398 mm/min, and
0.586 mm/min) and the shearing was continued until a speci-
men reached its residual state.

Results and Discussion

As the representative results, the results of the various shear
rates of the Clay soil-IV is presented in terms of variation of
shear stress and volumetric strain to shear displacement in
Fig. 2. The overall ring shear test results indicated that the
peak strength and the residual shear strength of the Clay
soil-I was the highest, and followed by the Clay soil-II, the
Clay soil-III, and the Clay soil-IV. For example, at the shear
rate of 0.073 mm/min, the peak strength and the residual
strength of the Clay soil-I were noted 53.45 kN/m2 and
48.13 kN/m2 respectively. Similarly, the peak strength and
the residual strength of the Clay soil-II, the Clay soil-III, and
the Clay soil-IV were recorded 51.10 kN/m2 and 44.87
kN/m2, 43.70 kN/m2 and 24.88 kN/m2, and then 40.55
kN/m2 and 8.88 kN/m2 respectively. However, the difference
between the peak strength and the residual strength of the
Clay soil-IV was the highest (i.e. 31.67 kN/m2), followed by
the Clay soil-III (i.e. 18.82 kN/m2), the Clay soil-II (i.e. 6.23
kN/m2), and then the Clay soil-I (i.e. 5.32 kN/m2) respec-
tively. In case of the shear rates of 0.162 mm/min to
0.586 mm/min, the test results of the shear stress versus the
shear displacement and the volumetric strain versus the shear
displacement of the Clay soil-I followed the similar pattern
as the results obtained at a shear rate of 0.073 mm/min.
Similarly, the similar patterns of the stress-strain curves were
observed in the shear rate of 0.162 mm/min to
0.586 mm/min in case of the Clay soil-II, the Clay soil-III,
and the Clay soil-IV respectively. It was observed that the

Clay soil-I was the strongest and the Clay soil-IV was the
weakest. The Clay soil-IV showed the high plasticity in its
soil’s nature and the Clay soil-III, and the clay soil-II
showed the medium plasticity in their soil’s nature. Simi-
larly, the Clay soil-I showed the low plasticity in its soil
nature. Summary of the various shear rate tests of the Clay
soil-I, the Clay soil-II, the Clay soil-III, and the Clay soil-IV
are presented in the Table 2.

The residual shear strengths of the Clay soil-I were found
to vary from 48.13 kN/m2 to 49.24 kN/m2 with the shear
rates of 0.073–0.586 mm/min (Table 2). The residual shear
strengths of the Clay soil-II, the Clay soil-III, and the Clay
soil-IV were found to vary in a range of 44.87–46.0 kN/m2,
24.88–26.94 kN/m2, and 8.88–11.85 kN/m2 for shear rates
of 0.073–0.586 mm/min (Table 2). In case of the Clay soil-I,
the same values of the residual strength (i.e. 48.1 kN/m2)
were recorded for the shear rates of 0.073 and
0.0162 mm/min. The same value of the volumetric strain
(i.e. 1.4%) was also obtained with that shear rate of
0.073 mm/min and 0.162 mm/min. Similarly, the same
value of the residual shear strength and the volumetric strain
were found in the shear rates of 0.073 and 0.0162 mm/min
in case of the Clay soil-II, the Clay soil-III, and the Clay
soil-IV. In this study, the residual shear strengths for all
tested samples were found to remain almost the same for the
shear rates range from 0.073 mm/min to 0.162 mm/min (i.e.
neutral rate effect). This may lead to understand that a clay
material exhibits only negligible effect of slower shear rate
(up to 0.162 mm/min) on the residual shear resistance. The

Fig. 1 Grain size distribution curves

Fig. 2 Typical results of shear rate tests (Clay soil-IV)
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findings in this study has been confirmed the conclusions
made by the Skempton’s (1985). Moreover, the finding of
this study is also agreed with the finding of Yatabe et al.
(1991) and Bhat et al. (2013c, 2014 and Bhat and Yatabe
2015).

Lemos et al. (1985) reported that residual strength of high
plasticity soils increases and decreases for low plasticity
soils with increase in shear rate. Non plastic soils show the
negative rate effect and plastic soils show the positive rate
effect (Parathiras 1994). In this study, the plastic index of
Clay soil-IV is the highest (i.e. 37.5%) to compared with the
other tested landslides involved clay soils. Therefore, the
Clay soil-IV shows the high plasticity in its soil nature.
Similarly, the plasticity index of 16.3% and 13.4% were
found for the Clay soil-III and Clay soil-II (Table 1), which
represent the medium plasticity soil and low plasticity soil
respectively. From overall analysis of the test results, the
maximum value of the increased in shear strength of 2.97
kN/m2 from its residual state of shear was observed in case
of Clay soil-IV (high plasticity soil), followed by the Clay
soil-III (medium plasticity soil)and Clay soil-II (low plas-
ticity soil) with the value of maximum increase in shear
strength value of 2.06 and 1.18 kN/m2 respectively. Hence,
it can be concluded that the effect of the shear rates on the
residual strength are noticeable for the high plasticity soils
with compare to the low plasticity soils. From this, it
understood that the effect of shear rates on residual strength
will be slightly greater in higher plastic soils than in less
plastic soils. These results are agreed with the conclusion
made by Skempton (1985), Lemos et al. (1985), and
Parathiras (1994).

The relation between residual friction coefficient and
shear rate of the tested clay soils are presented in Fig. 3. In
case of the Clay soil-I, the same residual friction coefficient
(i.e. 0.491) were found with the shear rates of 0.073 mm/min
and 0.162 mm/min. Similarly, the value of the residual
friction coefficient of the Clay soil-II, the Clay soil-III, the
Clay soil-IV were observed 0.457, 0.254, and 0.091 for the
shear rates of 0.073 mm/min and 0.162 mm/min respec-
tively (Fig. 3). Based on those results, it was understood that
the residual friction coefficient of clay soils has not affected

by the shear rate up to 0.162 mm/min. When the shear rates
were varied in a range of 0.162–0.586 mm/min, the residual
friction coefficients of the tested clay soils were found to be
affected. The residual friction coefficients of the Clay soil-I,
the Clay soil-II, the Clay soil-III, and the Clay soil-IV were
found to vary in a range of 0.491 to 0.502, 0.457 to 0.469,
0.254 to 0.275, and 0.091 to 0.121 with variation of shear
rates from 0.162 mm/min to 0.586 mm/min respectively.
The value of increased in residual friction coefficient for the
Clay soil-I, the Clay soil-II, the Clay soil-III, and the Clay
soil-IV were found 0.011, 0.012, 0.021, and 0.030 respec-
tively. Therefore, the residual friction coefficient of clay soil
is a slight increase when the shear rate is also increased.
Lupini et al. (1981) reported that the residual friction coef-
ficient increased continuously increased in the slow the shear
rates in the ring shear tests. The results thus obtained in this
study are also in close agreements with the finding of Lupini
et al. (1981) and Gratchev and Sassa (2015).

Conclusions

This paper presents the shearing rate effect on residual
strength of four typical clay soils having high to low plas-
ticity. Three clay samples were collected from the landslide
sites in Japan and Nepal, while another sample was com-
mercially available kaolin clay. The shear tests were carried
out using Bishop et al. (1971) type of ring shear apparatus.

Table 2 Summary of shear rate
tests of the clay soils

Test no. Shear rate (mm/min) Residual strength of clay soils, sr (kN/m
2)

I II III IV

1 0.073 48.13 44.87 24.88 8.88

2 0.162 48.19 44.86 24.89 8.87

3 0.233 48.56 44.95 24.96 9.35

4 0.313 48.94 45.25 25.3 9.78

5 0.398 49.05 45.65 26.05 10.71

6 0.586 49.24 46.05 26.94 11.85

Fig. 3 Relation between residual friction coefficient and shear rate
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The shear rate was varied in a range from 0.073 mm/min to
0.586 mm/min (as 0.073, 0.162, 0.233, 0.313, 0.398 and
0.586 mm/min) and the shearing was continued until a
specimen reached its residual-state of shear. From the anal-
ysis of test results, it was understood that the negligible
effect on the residual strength of clay soils was observed in
the shear rates of 0.073–0.162 mm/min in case of the Clay
soil-II, Clay soil-III, and Clay soil-IV (i.e. neutral rate
effect). A slight increased in strength from its residual-state
of shear was observed after a shear rate of 0.233 mm/min for
all tested clay soils (i.e. positive rate effect). Moreover, the
increased in shear strength from its residual state with
increase in shear rate were slightly higher in high plasticity
soils than in low plasticity soils in a shear rate range from
0.233 mm/min to 0.586 mm/min.
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Simple Shear Tests for Unsaturated Soils

Mariagiovanna Moscariello and Sabatino Cuomo

Abstract

Rainfall-induced landslides in Southern Italy often affect
the pyroclastic soils produced by the past explosive
activity of Vesuvius volcano. Along hilly zones these
soils are mostly unsaturated and characterized by a
metastable structure, which can experience static lique-
faction upon shearing. Several authors studied the
mechanical behaviour and the wetting-induced collapse
through triaxial tests and direct shear tests. Here, a new
series of tests is performed—on remolded specimens—
through the Suction Controlled Simple Shear apparatus,
which is particularly suitable to reproduce the in-situ
stress–strain hillslope conditions and the strain/stress
paths induced by rainfall during the failure and
post-failure mechanisms. The results are discussed in
terms of shear strain, axial strain and saturation degree.

Keywords

Suction � Failure � Deformation � Wetting �
Mechanisms

Introduction

Shallow landslides are frequently triggered by rainfall in
several geo-environmental contexts, and typical examples
are those in pyroclastic soil deposits of Southern Italy, where
loose unsaturated soils experience static liquefaction and
collapse upon shearing. The stress–strain behaviour and soil
strength parameters have been investigated through triaxial

tests and direct shear tests in saturated and unsaturated
conditions, as reported by Bilotta et al. (2005) and Cuomo
et al. (2015, 2017). Particularly, suction produces a signifi-
cant increase in shear strength of both undisturbed and
remoulded soils, more evident for remoulded specimens,
probably due their different internal structure.

However, triaxial and direct shear apparatus cannot prop-
erly reproduce the rotation of the original directions of the
principal stress axes, which is a mechanism often occurring at
failure for slopes covered by shallow deposits (Cuomo et al.
2017; Sorbino et al. 2011). Moreover, the effect of shear stress
and shear deformation on soil hydraulic response is not yet
fully understood because the soil water retention was usually
investigated through volume extractor, Richard’s plate and
oedometric apparatuswhere shearing is prevented. In the same
way, the collapse of pyroclastic soils in the literature was
mostly investigated through wetting tests using standard or
suction-controlled oedometer and suction-controlled triaxial
tests, i.e. using devices that do not completely reproduce the
in-situ conditions of deposits along steep slopes.

This paper aims to go beyond the state of the art on this
topic, so that the hydro-mechanical behaviour is here anal-
ysed through simple shear tests and wetting tests in simple
shear condition.

Materials and Methods

Testing Device

The Suction Controlled Simple Shear (SCSS) device allows
applying a vertical load to a soil specimen, and a “shearing
mode” through the application of a controlled (i) horizontal
force or (ii) horizontal displacement. For this reason, the
SCSS is suitable to reproduce the in-situ conditions of a
slope and the strain and stress paths induced by rainfall
during the failure and post-failure mechanisms. The equip-
ment used for the tests was described in detail by Cuomo
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et al. (2017) and Moscariello (2017). Hereafter, the main
characteristics are briefly reported.

The axis translation technique is used to measure or apply
the matric suction (s), i.e. the difference of pore-air pressure
(ua) and pore-water pressure (uw) in the soil specimen, from
0 to 1000 kPa with 0.1 kPa resolution. Pore-air pressure is
equal to chamber pressure (pc), as the air freely move from
specimen to chamber and vice-versa through a sintered steel
ring in the top cap. The uw value can be applied either at top,
bottom or both of the specimen.

The peculiarity of SCSS is related to the shearing box,
which is cylindrical with diameter equals to 51 and 22 mm
high. The zero lateral strain conditions is ensured through a
stack of twelve hollow disks. The specimen is sheared due to
synchronized movement of two external double pendulum,
fixed on bottom and top disks. Each of 12 disks is displaced
along the shear direction using a small pivot (machined on the
upper side of each disk), which can move only inside a linear
fluting groove (machined on the lower side of each disk).

The improvements achievable through the SCSS consist
in the: (i) control of matric suction or water content upon
simple shearing, (ii) specimen volume variations prevented
or allowed (as for the tests herein reported) under stress- or
strain- control, (iii) smooth and continuous transition from
partially-to fully-saturated condition upon wetting,
(iv) monitoring of hydro-mechanical response upon wetting,
with both simple shearing and void ratio variations allowed.

Soil Tested and Experimental Programme

The experimental programme was carried out on remoulded
specimens of pyroclastic soil produced by the explosive
activity of Vesuvius volcano (Southern Italy) and involved
in catastrophic landslides of the flow-type. The pyroclastic
soils due to their nature are characterized by material
heterogeneity, complex microstructure and complex unsat-
urated hydro-mechanical behaviour. Here, the specimens

were prepared from the finer ashy soil present in the Cam-
pania region, namely ashy soil “A” (Bilotta et al. 2005),
which is typically found at the bedrock contact of the
pyroclastic deposits. The grain size distribution consists in
43.6 � 51.9% Sand, 43.9 � 54.03% Silt, and 1.4 � 4.7%
Clay.

This pyroclastic soil is very loose soil (n = 65%) with
metastable structure whether along steep slopes (Sorbino
et al. 2011). On the contrary, remoulded specimens exhibit
lower porosity (n = 60–66%). The soil specific gravity (Gs)
is 2.45; the saturation degree (Sr) is comprised between
79.6% and 99.3% (data from Migliaro 2008); the dry unit
weight (cd) is 8.41 and 8.85 kN/m3. The average water
content (w) is 51.9%, while the liquid limit (wL) is 53.8%
and the plastic limit (wP) is 49.3%.

Some SCSS tests on remoulded specimens with mean
initial porosity of 0.66 are discussed (Table 1). The
mechanical behaviour was analysed at different suction, at
constant vertical load or constant soil volume. Soil Water
Retention Curves were evaluated through two tests not
associated to soil failure or significant shear and vertical
strain upon wetting. The transition from unsaturated to sat-
urated condition was analysed through wetting simple shear
tests (Table 2) performed zeroing suction at different rates.

Shear Strength

The tests were interpreted in terms of shear stress and ver-
tical effective stress as defined by Bishop (1959), referring to
the “effective saturation degree” (Sre) as follows:

r0ij ¼ rij � ua � dij þ Sre � ðua � uwÞ � dij ð1Þ

where rij is the total stress tensor, ua is the pore air pressure,
uw is the pore water pressure, ua − uw is the matric suction
(s), and dij is the Kronecker delta.

Table 1 Shear strength tests # Test e (−) S r (−) s (kPa) r′ (kPa) r − ua (kPa)

SSRPSF03aa CV 1.6 0.7 40 120 95

SSRPSF03ba CV 1.6 0.9 53 139 95

SSRPSG23 CL 1.6 0.9 25 72 50

SSRPSG24 CL 1.6 0.9 26 119 100

SSP0115b CL 1.9 1.0 0 100 100

SSP0215b CV 1.9 1.0 0 69 69

SSP0315b CL 1.9 1.0 0 74 74

CL = Constant vertical Load, CV = constant Volume, WCL = wetting at constant vertical Load;
amultistage test bfrom Cuomo et al. (2016); e: void ratio; Sr: degree of saturation; s: suction; r’ vertical
Bishop effective stress; r – ua net vertical stress

372 M. Moscariello and S. Cuomo



Effective saturation degree is evaluated as follows:

Sre ¼ Sr � Sro
1� Sro

ð2Þ

where Sr0 is the residual saturation degree here assumed
equal to 0.31.

Two simple shear tests (SSRPSG23 and SSRPSG24)
were performed at constant net vertical stress of 50 and
100 kPa and suction 25 kPa. The results were then com-
pared to the previous tests on saturated specimens reported
by Cuomo et al. (2015).

The new tests performed in unsaturated condition show a
slight hardening (Fig. 1a), associated to dilative behaviour
(Fig. 1b), while saturated specimen upon shearing exhibited
a soil hardening behaviour associated to contractive beha-
viour. The evolution of volumetric water volume upon
shearing was also evaluated in the h − s plane and compared
with the behaviours (Fig. 2): (i) hardening for SSRPSF03b,
while (ii) the SSRPSF03a reached the maximum shear stress
(80.77 kPa) at shear strain 0.07; the Soil Water Retention
Curve (SWRC) was obtained through wetting tests in simple
shear condition shown later.

Both paths are inside the zone of the predicted SWRC
(Fig. 1c). Three more tests were performed at constant vol-
ume and different suction (Table 1). The tests on unsaturated
specimens exhibited two different behaviours (Fig. 2): i)
hardening for SSRPSF03b, while ii) the SSRPSF03a reached
the maximum shear stress (80.77 kPa) at shear strain 0.07;
the shear stress was then constant for shear strain reaching
0.2, and s decreased to 72.44 kPa at c = 0.66. The test at
constant volume on saturated specimen exhibited an hard-
ening behaviour associated to an initial high decrease
(20 kPa) of the vertical effective stress at low shear strain
(Fig. 2b) followed by an almost constant trend of r’ at larger
shear strain (c > 0.12). In Fig. 2 the evolution of volumetric

Table 2 Wetting tests e (−) Sr(−) sb (kPa) r’ (kPa) s (kPa) Ds/Dt (kPa/h)

After suction equalization Before wetting

SSRPSG03 1.76 0.85 50.17 87.72 51 −0.5a

SSRPSG04 1.79 0.84 50.26 68.37 43 −0.5a

SSRPSG06 1.8 0.84 50.1 64.85 27 −0.5a

SSRPSG09 1.62 0.88 49.52 71.87 34 −0.5a

SSRPSG14 1.65 0.81 29.03 51.25 34 −0.5b

SSRPSG15 1.65 0.89 29.23 79.14 34 −1.0 b

SSRPSG20 1.42 0.82 38.55 50.75 34 −1.0c

SSRPSG21 1.66 0.9 30.03 55.95 34 s(t)d

sb is the suction values at the bottom of the specimen after equalization; asuction is decreased at the bottom
of specimen, with an upwards inflow to the specimen; bsuction is decreased at the top of specimen, with a
downwards inflow to the specimen; cas previous group (b), but performed at constant volume; das previous
group (b), but with a specific function s(t) taken from Cascini et al. (2010) i.e. −0.06 < s(t) < −1.15

Fig. 1 Constant load simple shear tests performed on saturated
(dashed lines) and unsaturated specimens
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water content is shown. The suction was not constant for
both tests and decreased upon shearing, while volumetric
water content exhibited relevant variation only in
SSRPSF03a. The h − s path of SSRPSF03a specimen was
not completely included in the predicted bounds. Moreover,
the shear strength envelope was obtained for the shear stress
values corresponding to the maximum horizontal displace-
ment reached during all the tests. The shear strength
parameters were compared to those in the literature (Bilotta
et al. 2005 and 2008; Moscariello et al. 2018) and showed in
Fig. 3, where the failure shear envelopes obtained through
Simple Shear, Direct Shear and Triaxial tests on saturated
and unsaturated specimens are plotted. Five shear strength
envelopes specified for different testing conditions were
obtained through a curve fitting with no cohesion and the

friction angle was evaluated. Figure 3 illustrates the vari-
ability of the friction angle under different testing conditions
(Moscariello et al. 2020).

Soil Water Retention

A complete description of soil mechanical and hydraulic
behaviour in partially saturated conditions required the
identification of a suitable retention model.

Previous studies (Moscariello 2017; Cuomo et al. 2017)
showed satisfactory correspondence between experimental
data obtained through both conventional equipment
(Richard’s plate, volumetric extractor) and simple shear
device (Moscariello et al. 2020) with van Genuchten model
(1980):

hðsÞ ¼ hr þ ðhs � hrÞ
1þðasÞn½ �m ð3Þ

where a, m and n are model parameters, while hs and hr
represent the saturated and residual water content, respec-
tively and s is the matric suction. Specifically, drying and
wetting path performed through Richard’s plate, volumetric
extractor were well interpreted through both Van Genuchten
(1980) model (R2 = 0.95 � 0.99), with parameters: a = 0.01
� 0.50, n = 1.24 � 1.23, and m = 1 – 1/n = 0.19 � 0.19.
Van Genuchten (1980) model was also used to describe the
results of two wetting tests performed in simple shear con-
dition. The tests were performed keeping constant the ver-
tical stress and the shear stress, while the suction was
zeroing with a fixed rate of 0.1 kPa/h. The experimental data
considered to evaluate the parameters of Van Genuchten

0

10

20

30

40

50

60

70

80

90

τ(
kP

a)

SSRPSF03a

SSRPSF03b

a)

0

20

40

60

80

100

120

140

160

180

0 0.1 0.2 0.3 0.4 0.5 0.6

σ'
(k

Pa
)

γ (-)

b)

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

1 10 100

θ
(-

)

s (kPa)

curve fitting
lower bound
upper bound
SSRPSF03a
SSRPSF03b

c)

Fig. 2 Constant volume simple shear tests for saturated (dashed lines)
and unsaturated specimens

0

50

100

150

200

0 50 100 150 200

τ(
kP

a)

σ' (kPa)

SS_sat φ=38.69°
DS_sat φ=42.02°
TX_sat φ=38.06°
SS_unsat φ=42.47°
DS_unsat φ=34.85°

(11) DS sat
(3) DS unsat
(7) TX sat
(3) SS sat
(4) SS unsat

Fig. 3 Shear strength envelopes achieved through simple shear tests
(SS), direct shear tests (DS) and triaxial tests (TX) on saturated and
unsaturated specimens (SS, TX and DS data is taken from Bilotta et al.
2005, 2008; Moscariello et al. 2018). The numbers in the brackets are
the number of tests

374 M. Moscariello and S. Cuomo



(1980) model were extracted from the wetting tests consid-
ering only the part at constant and low shear strain
(c = 0.05). The parameters a, n, and m were evaluated fitting
simultaneously the results of both tests on the h – (uw – ua)
plane: a equal to 0.01, n = 1.58, and m = 0.36. Upper and
lower bounds of the water retention curve were estimated
using a confidence interval associated with the available data
equals to 95%.

Wetting Tests Under Different Shear Stresses

The wetting tests in simple shear conditions allowed
studying the soil mechanical behaviour in terms of hydraulic
response (SWRC), shear strain (c) and axial strain (ea), in
relation to the current value of shear stress (s) and soil
suction (s), during the whole wetting process.

In the tests performed at constant load, the soil exhibited
a similar strain behaviour during the shear stage, while
having four different strain behaviour during the wetting:
(i) contractive behaviour connected to negligible shear
strains (SSRPSG03); (ii) tendency to move from contractive

to dilative behaviour connected to moderate shear strains and
failure occurrence at low suction (SSRPSG06); (iii) failure
coupled with dilative behaviour connected to large shear
strain (SSRPSG09, SSRPSG14, SSRPSG21).
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Some differences were observed between tests performed
at the same suction rate, but carried out zeroing the suction
from different side: the shear strain and axial strain rates
were higher in the tests with suction reduction applied from
the bottom. All tests exhibited some sudden increase of c
and ea before failure coupled with the increase of the suction
measured rate. Comparing the stress path of each wetting
test with the shear strength fuse identified in previous sec-
tion, it was noticed that the sudden increase of c and ea
before failure occurred inside the shear strength fused, often
close to the lower limit (SSRPSG09, SSRPSG04 and
SSRPSG20). The failure occurred close to the upper limit of
shear strength fused in SSRPSG09, SSRPSG04, SSRPSG14,
SSRPSG20 and SSRPSG21 tests. The evolution of volu-
metric water content was analysed in h − s plane and
compared with the SWRC showed in Fig. 4. The water
content evolution was not always included in the prediction
bounds (dashed lines in Fig. 5c).

The stress ratio (i.e. shear stress divided by effective
vertical stress at failure) versus the suction measured at
failure were showed in Fig. 6. The tests wetted using the
saturation ratio equal to 0.1 kPa/h exhibited a stress ratio at

failure between 0.80 and 1.10, even if the failure was
reached at different measured suction values. The
SSRPSG21 specimen exhibited a lower stress ratio, this
behaviour could be attributed to the saturation rate adopted
upon wetting (Ds/Dt = 1 kPa/h). The highest stress ratio was
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exhibited by SSRPSG21 specimen, which was wetted at a
specific function s(t) taken from Cascini et al. (2010).

Concluding Remarks

Simple Shear (SS) tests were performed to investigate the
mechanical behaviour of a remoulded pyroclastic soil. The
saturated shear strength parameters were evaluated and
compared with those formerly achieved through Direct
Shear (DS) and Triaxial (TX) tests. A range of variation of
friction angle and failure envelope was identified. The soil
water retention response was also evaluated in simple shear
condition. The wetting tests in simple shear conditions per-
formed at several saturation rates and applying the suction
from the bottom or from the top of the specimens were
shown and discussed. The suction rate influenced the stress
ratio at which failure occurred and high suction rate (i.e.
1 kPa/h) induced the failure before approaching the shear
strength.
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Simplest Methods of Determining Dynamic
Soil Properties for Use in Co-seismic Hazard
Analysis

Beena Ajmera and Binod Tiwari

Abstract

The loss of shear strength in a soil subjected to cyclic
loading resulting from a reduction in the effective stress is
known as cyclic mobility. Although the occurrence of
cyclic mobility can have disastrous consequences includ-
ing the loss of lives due to landslides and structural failure
as well as substantial damages, quantitative evaluation of
strength loss as a result of cyclic loading is not well
described in the literature. In this study, eighteen
laboratory prepared mineral mixtures composed of pow-
dered montmorillonite and kaolinite clay minerals mixed
with ground quartz are used to perform static and cyclic
simple shear tests to establish the degradation in
undrained shear strength that results from cyclic loading.
The results are used to establish a relationship between
the normalized undrained strength ratio and the
post-cyclic effective stress ratio. This relationship is then
used to examine the expected reduction in undrained
shear strength and corresponding factor of safety against
landslide at a post-earthquake landslide site in the
Lokanthali region of Nepal after the 2015 Gorkha
earthquake. The estimates from the proposed relationship
are within 10% of the measured values.

Keywords

Seismic slope stability analysis � Dynamic soil
properties � Earthquake induced landslides

Background

Cyclic mobility is the loss of shear strength from a reduction
in effective normal stress in a soil subjected to cyclic load-
ing. It can result in reductions in the bearing capacity of the
soil such as after the 1999 Chi-Chi Earthquake (Chu et al.
2008), slope instabilities including the cases after the 1964
Alaska Earthquake (Stark and Contreras 1998; Boulanger
and Idriss 2004), the 2015 Gorkha Earthquake (Tiwari and
Pradel 2017; Tiwari et al. 2018), and the 2018 Anchorage
Earthquake (Franke et al. 2019), or lateral spreading and
settlements similar to those observed after the 1989 Loma
Prieta Earthquake (Boulanger et al. 1998). Such occurrences
result in fatalities along with significant damages.

To evaluate the stability of a slope during and after cyclic
loading, it is necessary to perform seismic slope stability
analyses or deformation analyses using dynamic soil prop-
erties. In performing seismic slope stability analyses, it is
necessary to understand the stresses acting on a slope as a
result of the cyclic loading as well as how those stresses will
impact the strength and deformation behavior of the slope
materials. To address the impact of variation in the stresses
from cyclic loading, these analyses are usually performed
using a psuedostatic approach, which was first explicitly
expressed by Terzaghi (1950). In this approach, inertial
forces acting at the centroid of the failure mass in both the
horizontal and vertical directions are used to represent the
effects of the cyclic loads. Considering these two additional
forces into the limit equilibrium procedure, Eq. 1 can be
used to find the factor of safety using the Ordinary Method
of Slices. In Eq. 1, FS is the factor of safety, c and u are the
cohesion and friction angle on the failure plane, Ln, Wn, Fh,
Fv and an are the length, weight, horizontal and vertical
inertial forces from the cyclic loading, and the inclination,
respectively, of the failure surface of the nth slice, and p is
the total number of vertical slices. Fh and Fv are typically
computed as the product of the horizontal and vertical
pseudostatic accelerations and the mass of the slice. Extra
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attention should be paid to use appropriate values of c and u
for seismic slope stability analysis as they will be different
from the peak or residual shear strength.

The impact of the stresses induced from the cyclic load-
ing on the strength and deformation of the soils is more
difficult to quantify. The impact on the strength is the focus
of this study. The changes in the strength of the slope
materials can span the entire gamut from experiencing
negligible variations to experiencing significant reductions
that can compromise the stability of the slope. Since the
focus of this study is on fine-grained soils, complete loss of
shear strength or liquefaction will not be discussed as part of
this paper.

FS ¼ Shear Strength

Shear Stresses

¼
Pn¼p

n¼1
cDLn þð Wn � Fvð Þcosan � Fhsinanð Þtan/Þ

Pn¼p

n¼1
ð Wn � Fvð Þsinan þFhcosanÞ

ð1Þ

Post-Cyclic Shear Strength Recommendations
in the Literature

There are several potential values that can be used to esti-
mate the post-cyclic shear strength. These are the peak
drained shear strength, the peak undrained shear strength, the
residual shear strength or some other intermediate undrained
shear strength values. While the literature contains several
different recommendations for the appropriate value to use
when performing seismic slope stability analyses, a con-
sensus has not been reached. Using the results from a con-
ventional static slope stability analyses performed using the
conditions at the end of the cyclic loading, Marcuson et al.
(1990) suggested that residual shear strengths be assigned to
those points along the failure surface where the factor of
safety was less than unity. At the remaining points, they
stated that the shear strength corresponding to the post-cyclic
effective stresses (that is, effective stresses accounting for the
pore pressures developed during the cyclic loading) should
be assigned. Matsui et al. (1999) provided a relationship, as
shown in Eq. 2, to estimate the degradation ratio (d) in
strength as a function of the cyclic axial strain (ec) and the
plasticity index (PI) of the material. The degradation ratio is
defined as the ratio of the post-cyclic shear strength to the
static shear strength of the material.

d ¼ �0:23ec þ k

where,

k ¼ 0:022PIþ 0:30 PI\25
0:003PIþ 0:77 PI[ 25

�
ð2Þ

Outside the work of Marcuson et al. (1990) and Matsui
et al. (1999), the only other recommendations for the
post-cyclic shear strength to be used in stability analysis are
available in MSHA (2009). MSHA (2009) provides two sets
of lower bound post-cyclic shear strengths. In the first, the
manual states that the 80% of the peak undrained shear
strength should be used for soft clays, while the residual
shear strength should be used in stiff clays. These recom-
mendations are given arbitrarily. The manual also recom-
mends shear strengths based on the liquidity index of the
material. The second set of recommendations are based on
Baziar and Dobry (1995), Yoshimine et al. (1999) and Olson
and Stark (2002). Specifically, MSHA (2009) states that if
the liquidity index is less than or equal to one or if the
material is non-plastic, the post-cyclic shear strength should
be based on an undrained strength ratio (undrained shear
strength normalized by effective normal stress) of 0.04. For
materials with liquidity indices greater than one, it is sug-
gested that the lower bound post-cyclic shear strength be
equal to approximately 1 kPa with an upper bound value
based on an undrained strength ratio of 0.04. These values
appear to be unreasonably low especially since Mitchell and
Soga (2005) stated that a remoulded soil at a liquidity index
of one will have an undrained shear strength of 3 kPa, which
is approximately three times higher than the strengths sug-
gested in MSHA (2009).

Materials and Methods

In this study, an experimental program was undertaken to
provide relationships that would allow for the estimation of
the appropriate shear strength to use in seismic slope sta-
bility analyses. Eighteen laboratory prepared fine-grained
soil mixtures and nine natural samples were tested to
determine the static shear strength using the simple shear
apparatus and the post-cyclic shear strength using a cyclic
simple shear apparatus presented in Fig. 1. The laboratory
prepared soil mixtures were developed from powdered
montmorillonite, kaolinite and quartz to obtain a wide range
of plasticity characteristics. The clay fraction (percentage of
particles finer than 2 lm) was 70% in the kaolinite used. It
had a maximum particle size of 0.02 mm. Montmorillonite
had a clay fraction of 80% and a maximum particle size of
0.075 mm. The clay fraction in ground quartz was approx-
imately 10%. The maximum particle size was approximately
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0.09 mm. The samples tested in this study ranged from
non-plastic materials to soils with plasticity indices of 431
and liquid limits of 486. The natural samples were collected
from a landslide site at a housing development project in
Mission Viejo, CA, from the montmorillonite seam under-
lying the Portuguese Bend Landslide in Rancho Palos
Verdes, CA, and from a site along the Araniko Highway in
Nepal where a landslide was observed after the 2015 Gorkha
Earthquake. For both the static and cyclic simple shear tests,
the samples were mixed with sufficient distilled water to
have an initial moisture content equal to the liquid limit of
the sample. These slurries were then hydrated in an airtight
container for at least 24 h before they were used to conduct
any testing.

Both the static and cyclic simple shear apparatus used in
this study are fully automated, computer controlled
NGI-type devices. The hydrated soil slurries are placed in a
membrane confined by a stack of Teflon-coated rings. The
sample is, then, step-consolidated to a vertical stress of
100 kPa. All of the samples tested as part of this work were
normally consolidated. When primarily consolidation at this
stress is complete, in the static simple shear apparatus, the
sample is sheared at a rate of 5% per hour (ASTM 2007)
until either the peak shear strength is observed or the sample
experiences 25% shear strain. In the cyclic simple shear test,
following the consolidation, the sample was subjected
stress-controlled constant volume undrained cyclic loading.
Cyclic loading consists of a sinusoidal wave with a fre-
quency of 0.5 Hz whose amplitude is governed by the cyclic
stress ratio. In this study, the cyclic stress ratio is defined as
the ratio of the amplitude of the cyclic shear stress to the
consolidation pressure. Cyclic loading was applied until
either the sample experienced 10% double amplitude shear
strain or 500 cycles were applied, whichever occurred first.
The post-cyclic undrained shear strength of the sample was

measured immediately following the end of the cyclic
loading using the shearing procedures as those described
previously for the static simple shear tests. It is noted that
although all of the tests in this study were conducted at a
single consolidation pressure of 100 kPa, the results are
presented in terms of the cyclic stress ratio. By doing so, it is
generally accepted that the results will be applicable to any
consolidation pressure.

Results

The variations in the undrained and the post-cyclic
undrained strength ratios with the plasticity index are
shown in Fig. 2. The post-cyclic undrained strength ratio is
defined as the ratio of the post-cyclic undrained shear
strength to the consolidation pressure. The results in Fig. 2
indicate that both undrained and the post-cyclic undrained
strength ratios increase with an increase in the plasticity
index. The undrained strength ratio appears to reduce as the
plasticity index increases above 60, while the post-cyclic
undrained strength ratio begins to reduce when the plasticity
index increases beyond 40. Figure 2 also illustrates the
degradation in undrained shear strength that occurs as a
result of the cyclic loading. The degradations in undrained
shear strength are greater in soils with lower plasticity
indices, while negligible reductions were observed in soils
with plasticity indices greater than 80.

Figure 3 shows the relationship between the degradation
ratio (d or the ratio of the post-cyclic undrained shear
strength to the baseline undrained shear strength) and the
plasticity index. The post-cyclic undrained shear strength is
between 55 and 100% of the static undrained shear strength.
Furthermore, the undrained shear strength is not observed to
experience degradations as a result of cyclic loading in soils
with plasticity indices greater than 80. For comparison, the
relationship shown in Eq. 2 provided by Matsui et al. (1999)
is also included in Fig. 3. The relationship from Matsui et al.
(1999) appears to significantly overestimate the strength
reduction (underestimate the post-cyclic undrained shear
strength) in soils with plasticity indices less than 20. On the
other hand, for soils with plasticity indices greater than 80,
the relationship appears to overestimate the post-cyclic
undrained shear strength suggesting that is even higher than
the static undrained shear strength for soils having higher
plasticity indices.

Since cyclic mobility is the loss of shear strength as a
result of the reduction in the effective vertical stress from
pore pressures generated during the cyclic loading, the
degradation in undrained shear strength is related to the
excess pore pressures generated during cyclic loading, as
presented in Fig. 4. The normalized undrained strength ratio
(Norm. USR) and the post-cyclic effective stress ratioFig. 1 Cyclic simple shear device used for this study
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(PC-ESR) are defined as shown in Eqs. 3 and 4, respectively
(Ajmera et al. 2019), where, su,pc is the post-cyclic undrained
shear strength, su is the static undrained shear strength, r′pc
is the effective normal stress at the end of the cyclic loading,
r′c is the consolidation pressure, and ru is the pore pressure
ratio, or the ratio of the excess pore water pressure imme-
diately after cyclic loading to the consolidation pressure.

Norm:USR ¼ su;pc=r
0
pc

su=r
0
c

¼ d� PC � ESRð Þ ð3Þ

PC � ESR ¼ r
0
c

r0
pc

¼ 1
1� ru

ð4Þ

A linear relationship is observed in Fig. 4 between the
logarithm of normalized undrained strength ratio and the
logarithm of post-cyclic effective stress ratio. The relation-
ship shown was established ignoring the results of the
ground quartz specimens. The results corresponding to the
ground quartz samples are merely used to provide a refer-
ence point for the parameters studied. Specifically, at a
post-cyclic effective stress ratio of one, the normalized

undrained strength ratio is also equal to one. This confirms
that there is no degradation in the post-cyclic undrained
strength when no excess pore pressures are generated during

Fig. 2 Variation in the undrained strength ratio and the post-cyclic
undrained strength ratio with plasticity index for a all of the soils tested
and b soils with plasticity indices less than 200

Fig. 3 Variation in the degradation ratio as a function of the plasticity
index for a all of the soils tested and b soils with plasticity indices less
than 200

Fig. 4 Relationship between the normalized undrained strength ratio
and the post-cyclic effective stress ratio
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the cyclic loading. As the post-cyclic effective stress ratio
increases, that is, as the excess pore pressures are generated
during the cyclic loading, the normalized undrained strength
ratio increases suggesting that the post-cyclic undrained
shear strength reduces. The best-fit power function shown in
Fig. 4 is described by Eq. 5 and has a coefficient of deter-
mination (R2) value of 0.93. Figure 4 also contains two sets
of lines representing the ±95% confidence intervals
and ±95% prediction intervals. The confidence interval
delineates the potential variation in the best-fit line repre-
senting the boundaries within which the best-fit line will lie
with 95% confidence. The prediction interval depicts the
range within which 95% of the predictions using the best-fit
line should lie.

Norm:USR ¼ PC � ESRð Þ0:753 ð5Þ
The natural samples, whose results have been included in

Figs. 2 and 3, are used to validate the relationships estab-
lished in this paper. As seen from these figures, the results
from the natural samples are in good agreement with the
relationships proposed. Figure 5 shows how the experi-
mental results of the natural samples compare to the esti-
mates from Eq. 5. In Fig. 5, only four of the results from the
natural samples are outside of the 95% prediction interval.
The relationships are further validated with the use of a case
study.

Case Study—Ground Failure at Lokanthali,
Nepal

Ground failure was observed in the Lokanthali area of
Kathmandu, Nepal during the 2015 Gorkha earthquake.
Located about 1 km east of the Tribhuvan International
Airport, this site has a very gentle inclination with an
average slope of approximately 4° (Fig. 6). At this site,
Hashash et al. (2015) reported vertical and horizontal dis-
placements of approximately 1 m and 0.5 m, respectively.
Additional details regarding the ground failure and the
impact on the surrounding area can be found in Tiwari et al.
(2018). Per Tiwari et al. (2018), the soils collected from the
site had liquid limits between 32 and 46% and plasticity
indices between 12 and 27%.

Pore pressure ratios at the end of cyclic loading for the
samples collected from this site were on the order of 0.32–
0.69 with an average of 0.54. The static undrained strength
ratio was reported to be between 0.28 and 0.40 (Tiwari et al.
2018). The degradation ratio from an experimental labora-
tory program undertaken by Tiwari et al. (2018) was found
to be between 0.71 and 0.82 with an average of 0.75. From
Eq. 4, the post-cyclic effective stress ratio will range from
1.47 to 3.22 with an average of 2.17. These values can be
used to estimate the normalized undrained strength ratio
from Eq. 5 yielding normalized undrained strength ratios
between 1.33 and 2.42 with an average 1.79. Using Eq. 3,
the degradation ratio is estimated to range from 0.75 to 0.90
with an average of 0.82. As seen from this simple example,
the estimated values for the degradation ratio are within 10%
of the measured values. When undrained shear strength ofFig. 5 Comparison of experimental results from the natural samples to

best-fit function established in Fig. 4

Fig. 6 Seismically induced ground failure site at Lokanthali, Kath-
mandu after the 2015 Gorkha Earthquake, Nepal
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the soil without strength degradation was used for seismic
slope stability analysis, the slope yielded a factor of safety
over 1.1, which is not justifiable as the slope already failed.
However, when degraded strength obtained from the labo-
ratory tests was used, the factor of safety dropped slightly
below 1.0. As such, it is recommended to use the reduced
shear strength of soil (due to cyclic loading) for
post-earthquake seismic slope stability analysis.

Conclusions

Given the potential substantial consequences of cyclic
mobility and the lack of techniques in the literature to esti-
mate the reductions in shear strength to be expected in soils
subjected to cyclic loading, eighteen laboratory prepared soil
mixtures were used to determine relationships between the
plasticity characteristics, mineralogical composition and the
post-cyclic shear strength or degradation ratio. The results
showed that the static undrained strength ratio increases with
an increase in the plasticity index when the plasticity index
is less than 60 beyond which the undrained strength ratio
decreases with an increase in the plasticity index. The
post-cyclic undrained strength ratio exhibited similar trends
reaching maximum values when the plasticity index was
approximately 40. Cyclic loading was found to cause a
reduction in the undrained shear strength when the soil had a
plasticity index less than 80 with greater reductions observed
in soils with lower plasticity indices. For soils with plasticity
indices greater than 80, the post-cyclic undrained shear
strength was approximately equal to the static undrained
shear strength. A linear relationship (Eq. 5) was proposed
between the logarithm of the post-cyclic effective stress ratio
and the logarithm of the normalized undrained strength ratio.
Using this relationship, the degradation in undrained shear
strength at Lokanthali, Nepal at the location of ground
failure during the 2015 Gorkha earthquake was estimated.
The estimated degradation ratios were found to be within
10% of the measured values suggesting that the proposed
relationship can used to determine the reduction in undrained
shear strength to be expected in soils after cyclic loading.
Use of the reduced undrained strength (due to cyclic load-
ing) for the seismic slope stability analysis provided rea-
sonable factor of safety of the failed slope at Lokanthali.
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The Acoustic Emission Characteristics
and Shear Behaviour During Granular
Shearing

Yao Jiang and Gonghui Wang

Abstract

Rapid landsliding phenomena demonstrate that their
constituent grains can flow with extremely low friction
along their runout paths. Over the past several decades,
many studies have been motivated to reveal such kind of
unusual physical process; however, the progressive
maturation of these events is still lack of enough scientific
evidence. Modern insight into the granular dynamics
indicates that the force fluctuations may be in behaviour
of abrupt perturbations of internal forces and release of
strain energy. Remarkably, such energy release events are
manifested in the generation of elastic waves, termed
acoustic emissions (AE), which deliver invaluable infor-
mation concerning the granular deformations. We thus
employed a high frequency range of AE sensor to capture
the elastic waves and examined the relationships between
characteristics of AE and fluctuations of shear resistance.
Our results suggested that there was a strong correlation
between shear resistance drops and AE events; the
characteristics and occurrence rates of generated AE
events were influenced not only by shear velocity but also
by particle size. The drops of shear resistance and the
amplitude of AE waveforms were greater with increase of

particle size, and the AE rates increase with increase of
shear velocity.

Keywords

Acoustic emission � Stress fluctuation � Granular
materials � Particle size � Shear velocity � Rapid
landslides

Introduction

Understanding the behaviour of granular materials have been
continuously attracted considerable interest in the context of
various geophysical applications ranging from earthquakes
to landslides (Scholz 2002; Clague and Stead 2012). Field
observations support that the progressive maturation of these
events may undergo different styles of movement, such as
slow, stable creep, periodicity of stick–slip or accelerative
sliding; laboratory experiments also manifest that the gran-
ular frictional properties are strongly dependent on the
sliding rate- and state- variables, showing diverse frictional
properties such as strengthening or weakening (Wang et al.
2010; Di Toro et al. 2011; Schulz and Wang 2014). Over the
past few years, insight into these granular frictional pro-
cesses has been provided by new evidence that instabilities
may be in behaviour of abrupt perturbations of internal
forces and release of strain energy (Davies et al. 2012).
Remarkably, such energy release events are manifested in
the generation of high-frequency (kHz–MHz) elastic waves,
termed acoustic emissions (AE), which deliver invaluable
information concerning the physical processes and also raise
the possibility that investigations of granular failure could
conceivably be made (Goren et al. 2011).

A significant, though still inconclusive, body of research
has involved underlying mechanisms giving rise to abrupt
release of acoustic emission occurring in intact rocks
(Lockner 1993; Yabe et al. 2003) and along existing
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discontinuities (Mair et al. 2007; Jiang et al. 2017). Michl-
mayr et al. (2012) reviewed several mechanisms for the
generation of AEs in granular geologic material during
progressive failure as well, and their observations demon-
strated that there were strong correlations between the
measured stress fluctuations and generated acoustic wave-
forms, suggesting that these signals might be sourced from
the failure of buckling force chains and frictional slip
between grain-to-grain interactions. Moreover, by simulating
a granular layer of fault gouge, Mair et al. (2007) found that
the occurrence rate of AEs showed a systematic dependence
on shearing velocity, which indicated that the frictional
contact junction area was reduced at increasing shear
velocity. Although the fact that these existing benchmark
studies do effectively providing evidence of AE activities
and deformation processes during granular shearing, there
are still many unanswered questions about the linkages
among granular material properties, mechanical conditions
and characteristics of generated AEs, respectively.

Generally, it is still a scientific challenge to better
understand the role of AEs during micro-slip instabilities
nucleation, propagation and failure among sheared granular
assemblies to date. For instance, the unexpected weakness of
some faults and sturzstroms has been attributed to the
emergence of acoustic waves that promote failure by
reducing the overburden pressure through a mechanism
known as acoustic fluidization (Melosh 1996; Collins and
Melosh 2003). The acoustic fluidization has also proposed to
explain the remote trigging earthquake (Johnson et al. 2008).
Indeed, these results clarify that the acoustic wave is
potentially crucial for understanding the rupture processes of
earthquake. However, it is unclear whether these failures are
triggered by internal or (and) external acoustic vibrations.
Herewith, we sought to evaluate the characteristics of
acoustic emissions and slip instability for locally sheared
granular materials. In the present study, we designed specific
laboratory experiments aiming at arguing the central ques-
tions concerning this intriguing topic: whether the AE events
are dependent on particle size and shear velocity.

Experimental Method

We performed a series of tests by employing a
servo-hydraulic controlled ring shear apparatus (Fig. 1). The
geometry has two independent servo-controlled load feed-
back firmware to maintain constant normal stress and shear
stress (or shear velocity), respectively. The rotating (lower)
part of the chamber is forced by a servo-controlled ram at
different constant displacement rate, while the stationary
(upper) opposes shearing through two arms with integrated
force sensors. Such fixed shear plane results in the formation
of a horizontal shear zone near where the upper- and

lower-cylinder parts meet. Sample thickness changes are
continuously monitored by using a displacement transducer.
A set of rubber gaskets between the upper- and
lower-cylinder pairs is designed to prevent leakage of sam-
ple and pore fluid. Extension work has been done to
investigate the shear behaviours for landslide materials using
this assembly (Sassa et al. 2004; Wang and Sassa 2009;
Wang et al. 2010; Schulz and Wang 2014; Xing et al. 2015)
and additional details concerning this intelligent device are
reported by Sassa et al. (2003, 2004).

We conducted a series of laboratory experiments on
granular analogues composed of spherical glass beads in a
ring shear configuration under conditions of room tempera-
ture and atmospheric humidity (Fig. 2). We used spherical
glass beads as an ideal analogy material for exploring the
role of particle size and ruling out the large uncertainly
associated with the particle shape effects (Yang and Wei
2012; Jiang et al. 2016). Experiments with three kinds of
uniform particle sizes (i.e., 1.0–1.4, 2.0–2.5 and 4.7–
5.3 mm) were conducted under shear velocity sequence
from 0.005 to 1.0 mm/s and constant vertical stress of
200 kPa. All dry spherical samples were sheared under room
temperature and humidity (about *20 °C and *50–70%,
respectively) in order to exclude the possible influence of
hydrothermal and physicochemical processes on grain-scale
frictional contact (Anthony and Marone 2005; Mair et al.
2007). Annular specimens were constructed at 3 cm wide
(within an inner diameter of 12 cm and outer diameter of
18 cm) and about 5 cm high. Additionally, we installed a
broadband frequency AE transducer (100–1000 kHz) near

Fig. 1 Schematic diagram of the ring shear apparatus. Right figure
shows that sample is assembled in the ring-shear box. One
high-frequency AE sensor was installed near the shear plane. Left
figure (top) indicates the possible mechanism for the generation of AEs
during shearing. Left figure (middle) shows cross section of the entire
specimen configuration. Normal stress is applied vertically, and shear
velocity is controlled by rotating the lower part. Left figure (bottom)
shows the SEM image of glass beads before shearing
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the shear plane to capture the generated elastic waves during
tests. Data of AEs, sample thickness and shear resistances
were simultaneously recorded with a sampling rate of
1 MHz.

Results

Time Series of Shear Resistance and AE
Characteristics

Figure 2a presents a selected section of data from an
experiment to reveal the recorded shear resistance as a
function of time. Figure 2b–c shows the monitored AEs and
sample thicknesses (vertical displacement), respectively. Our
observed results exhibit significant variations and scatter.
The general form of the shear resistance-time curve is
characterized by sawtooth-shaped fluctuations, or stress
drops (instabilities), that varies in magnitude and recurrence

time with progression of granular shearing. In response to
the shape of one cycle of instability, several characteristic
observations can be made. Single stress decrease event is
gradually preceded by initially elastic deformation, indicated
by a linear buildup shear resistance.

With continually shearing, plastic deformation becomes
dominant, leading to decrease of steepness of curve. During
these processes, sample dilations are often observed sug-
gesting the particle arrangements in structuring of force
network. Finally, the stress buildup ends by an abrupt drop
that reflects a major failure of granular assemblies, where we
captured the abrupt energy release and sample compaction
(Fig. 2b–c). Comparing the duration periods between stress
buildup and jump for each instability, the latter is often less
than one second.

It is noted that our observed dynamic instabilities are also
shear-velocity-dependent as shown in Fig. 2a. During a
series of multiple instability events, AE activity and sample
thickness show a strong correlation along with the observed
stress drops and shear velocity (Fig. 2a–c). In Fig. 2d, we
enlarge one instability event to illustrate the characteristics
of stress drop associated with acoustic waveforms which are
characterized by shorter-duration, higher-frequency signals
with more impulsive onsets. As also demonstrated in Fig. 3,
the magnitude of stress drops and the characteristics (i.e.,
magnitude and shape) of AEs qualitatively show a nontrivial
correlations with shear velocity and particle size. Figure 3a
reveals the stress drops decrease and the shape of acoustic
waveforms are also varied with increasing shear velocities.
Results also present a significant influence on particle size
(Fig. 3b): Large (4.7–5.3 mm) glass beads generally pro-
duce high stress jumps relative to the intermediate (2.0–
2.5 mm) and small (1.0–1.4 mm) glass beads, following the
same tendency of magnitude and shape for measured AEs.

Average Occurrence Rate of AE Events

The foregoing results suggest that stress drops associated
with the imposed shearing directly result in acoustic signals,
which are systematically influenced by shear velocity and
particle size. We analysed acoustic activity data from dif-
ferent tests to identify the average occurrence rate during
granular shearing. Each acoustic waveform was identified by
involving a threshold value (i.e., 0.01 V), and all data are
reported the mean value and statistical variability, with error
bars calculated by using a standard error of the mean
method. The mean number of AE per sec (time-domain) for
different particle sizes are plotted against shear velocity in
Fig. 4a. For all particle sizes, an increasing in shear velocity
promotes an immediate and sustained increase in AE per
sec. Such positive dependence on shear velocity can be
explained that more shear displacement is involved per unit
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Fig. 2 One selected result of correlations among a observed shear
resistance; b monitored acoustic emission; c recorded vertical displace-
ment at different shear velocities. It is noted that the sample dilatations
occur during stress buildups and compactions occur upon the dynamic
failures and stress drops; d detail information of recorded shear
resistance and acoustic signals for one granular instability event
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time during shearing at higher velocities. In order to further
explore the influence of shear velocity on AE rate, these data
(mean number of AE per second) are also used to normalize
the mean number of AE by unit shear displacement (per
millimeter), and the AE rates in displacement-domain are
depicted in Fig. 4b.

Dissimilarly, it is clearly noted that the AE rate exhibits a
systematic decrease with increasing shear velocity for small
(1.0–1.4 mm) glass beads, indicating that AE is not rate
independent on per unit displacement. The deficit of AE
activity in displacement domain consists with previous
observations, and also can be understood by considering the
reduction of grain-scale contacts at increasing shear velocity
(e.g., Yabe et al. 2003; Mair et al. 2007). However, it is also
supported by our results that the AE activity (AE per unit

Fig. 3 The measured shear resistance (red color) and the generated
AEs (black color) among granular materials. Note that all shear
resistances and acoustic signals for different conditions are shown in the
same scale to depict the difference. a: different shear velocities with the
same particle size. From top to bottom, the shear velocities are
0.01 mm/s, 0.1 mm/s and 1.0 mm/s, respectively; b: different particle
sizes with the same shear velocity. From top to bottom, the particle
sizes are 4.7–5.3 mm, 2.0–2.5 mm/s and 1.0–1.4 mm/s, respectively

Fig. 4 The occurrence rate of AE events as a function of shear velocity
for different particle sizes: a mean number of AEs per second; b mean
number of AEs per millimeter. It is noted that AE rates increase in
time-domain and decrease in displacement-domain at certain range of
shear velocities
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displacement) appears to be rate independent for some cases
(e.g., small and intermediate particles sheared beyond the
shear velocity of *0.3 mm/s; the large particles sheared at
our tested range of shear velocity.) To account for this, we
suggest that the AE rate is not only sensitive to the preceding
velocity conditions but also particle sizes, and both param-
eters can highly dominate the evolution of grain-scale con-
tacts. Given our assumptions, it is perceivable that small
particles would have larger contact junction area and hence
enhanced AE relative to large particles due to the amount of
particles under the same volume. Therefore, for all particle
sizes under a given shear velocity, the smallest particle size
deliver the highest AE rates no matter whether in
time-domain or in displacement-domain (Fig. 4).

Discussions

Our current investigation for sheared granular materials
notably extends the recent work where AEs and stress drops
were monitored between bare rock surfaces and rock dis-
continues (Yabe et al. 2003; Mair et al. 2007). It is con-
sidered that many degrees of freedom and complicated
evolutions of grain contact in granular system give rise to
different interpretations for the physical process. The
asperity model has been proposed to examine the source
mechanisms on bare surfaces, and the stress drop associated
with AE event is caused by coherent rupture of many
asperities (Lockner 1993; Yabe et al. 2003). When consid-
ering the deformation processes in sheared granular materi-
als, however, it has been documented that the external load
is preferentially carried by a system of grain bridges or force
chains (Mair et al. 2002; Anthony and Marone 2005; Scuderi
et al. 2014). These force chains are transient features and
highly sensitive to particle characteristics and mechanical
conditions. With progression of granular shearing, the force
chains can constantly form, stress, fail and reform, but the
failure of individual force chain is meaningless or not suf-
ficient to induce the global failure. Therefore, it is plausible
that the single stress drop event recorded in sheared granular
materials require the coherent rupture of many grain contacts
or cluster of force chains where the stored elastic energy can
be abruptly released. According to our results, such rapid
release of elastic energy is short duration and priors to the
stress drop *2 ms. The observed ultrasonic precursor
indicates that the implosive signals may be sourced from the
major restructuring of grain force network which takes place
before the rupture of stressed contact junctions.

Although we did not directly observe the evolution of
force chains and measure the population of contact area
during granular shearing, we can gain some possible insights

from the recorded AE activity. On one hand, in time-domain,
mean number of AE shows a positive systematic dependence
on the shear velocity. This type of relationship can be
applied to assess the stability of slopes and obtain velocity
profiles for sliding events. Previous studies have been
devoting linkages to field applications and real-time moni-
toring systems (Dixon et al. 2015). On the other hand, the
normalized AE activity in displacement-domain clearly
depicts a nonlinear reduction tendency. At low shearing
velocity, grain-scale contacts have time to grow and there-
fore would be expected to have larger total contact area
leading to more AE activity during deforming. At higher
shear velocity, grain-scale contacts are less mature, have
little time to develop, and therefore have smaller total con-
tact areas resulting in less AE activity. However, such
changes are constrained for large particles. According to the
numerical simulations of Morgan (1999), large-grained
assemblages would cause a reduction of coordination num-
ber (i.e., the number of other grains contacting each particle),
which result in the decrease of total contact area at grain
junctions. Perhaps this is the reason why we can observe
high AE rate for small-grained assemblages under constant
volume. The independence of AE rate (per unit displace-
ment) in our experiments indicate that the critical coordi-
nation number might exist during quasi-static deformations
of granular materials.

Conclusions

Our results highlight the links among granular material
properties, mechanical conditions and characteristics of
generated AEs, and provide some preliminary issues
regarding the extrapolation of physical approximations to
real landslide motions. The frictional properties of granular
materials are entwined with the particle properties and
mechanical conditions, and the generated AEs also exhibit
different characteristics. Our results reveal the strong corre-
lations between stress fluctuations and AE activity during
granular shearing. The magnitude and average occurrence
rate for recorded AEs are not only dependent on shear
velocity but also on particle size. However, we have not
been able to establish a clear relationship between the
magnitudes of stress drops and frequency-size distributions
of AE events for different granular materials. Herewith, as
future directions, we will concentrate on analysing the
characteristics of AE events, and endeavour to provide a new
insight into the physical processes and better understand the
fundamental mechanisms for such kind of catastrophic
phenomena in rapid landslides, if similar mechanisms likely
operate in nature.
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Recent Advancements in the Methods of Slope
Stability and Deformation Analyses



Prediction of Deformation of Caisson Type
Piles in Open cut Works
and Countermeasures Employing Early
Closure Method

Masahiro Katayama, Tsuyoshi Nakade, Tetsuji Yamaguchi,
and Masafumi Okawara

Abstract

In open cut works in landslide areas, caisson type piles
suffer much more severe deformation than predicted. The
site was studied based upon additional geological
surveys. From ground measurement results and back
analysis, measures were considered necessary to prevent
loosening associated with excavation at an early stage. In
this project, as part of open cut works, the early closure
method that has been proven to be effective in controlling
deformation in mountain tunnels was used. In order to
replicate the 3D restraint effect of natural ground, an
appropriate construction method was planned from 3D
FEM analysis. As a result, not only the rebound of the
excavated bottom was suppressed, but also displacement
of the pile and increase in rebar stress could be restricted.
We believe that this method proved to be an effective
construction method and established a prediction study
method, and that this construction method can be used as
a reference for similar construction.

Keywords

Hayama group � Landslide � Deformation � Early
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Introduction

The Hayama Group distributed around the central area of the
Miura Peninsula, Kanagawa Prefecture is known as a land-
slide prone area. In addition, since the hilly area where the
Hayama Group is distributed is an area that has undergone
rapid urbanization, ground deformation caused by new
development activities may inflict significant damage on the
surrounding area, thus requiring detailed consideration in
design and construction (Nakayama 1999, Miyamoto et al.
2004).

For this project, when a semi-underground road was
constructed by open earth cutting in a landslide area adjacent
to a residential area, we faced a difficult problem that
excessive stress was generated in the reinforcement of
caisson type piles (hereinafter referred to as piles), producing
excessive earth pressure and landslide force. The cause of
this was thought to be the loosening of the ground during
excavation and the generation of earth pressure that was
higher than expected. From this result, if the construction
was carried out as planned, there was a concern that the
restraining effect of the piles would be impaired during
construction, and that landslide movement would be inten-
sified along with the loosening. The authors, facing the
problem of open cutting excavation work at such a precar-
ious landslide site, applied the early closure method which
has in the past been tested in sites of mountain tunnel con-
struction with large deformation, and was able to complete
the construction safely. This paper describes the design
method and predictive analysis method that have been
established in order to implement these countermeasures.

Geological Overview

The construction site is located near the south eastern
Hayama Group distribution area almost in the center of the
Miura Peninsula. In Kanagawa Prefecture, the landslide
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prevention area in the Hayama Group includes 12 of the 16
landslide prevention construction locations. Therefore, it can
be said that the Hayama Group distribution area should be
studied minutely in terms of landslides. Figure 1 is the
landslide distribution map of the construction site. The scale
of landslide is about length (L) = 95 m, width (W) = 50 m,
depth (D) = 10–12 m. As shown in the cross-sectional view
of Fig. 2, this geology consists of Hayama Group mudstone,
which, from the ground surface, forms the topsoil and bed-
rock. The mudstone is classified into highly weathered
mudstone (W1), moderately weathered mudstone (W2) and
slightly weathered mudstone (W3) according to the degree
of weathering. The landslide that must be controlled is a
ship-bottom type weathered rock landslide where landslides
are assumed to have occurred near the boundary between
highly weathered mudstone and moderately weathered
mudstone, with a raised terrain at the toe of landslides. The
groundwater level is located near the boundary with topsoil
and highly weathered mudstone.

Construction Overview and Deformation
of the Piles

Construction Overview

This project is designed to construct, through open excava-
tion, a semi-underground type road with the following
dimensions: excavation depth (H) = 7–16 m, excavation
width (W) = 22–24 m, length (L) = 200 m, while prevent-
ing landslides by piles in the urban landslide distribution
area. In this design, No. 6–No. 9, No. 27–No. 31 of the piles

are of a self-supporting structure and No. 10–No. 26 piles
are designed to suppress earth pressure such as landslides as
a beam structure connecting the upper and lower piles with a
beam at the top and a floor slab (Figs. 1 and 2). After
excavating and constructing the piles (diameter 3 m) on both
the upper and lower sides, initial excavation (H = 5–9 m)
was conducted for the placement of a beam. After the con-
struction of the beam, excavation reaching to the bottom
rock was conducted to the depth of (H) = 7 m (Fig. 2).
During excavation, the equipment for measuring structure
behavior—inclinometers (in ground and piles) and rebar
stress meters (in piles) were installed as shown in Fig. 1.

Deformation of Piles
Immediately after the initial excavationwas completed and the
main excavation proceeded from the terminal side to the
starting side, the stress from the rebar stress meter (bottom
excavation) which was installed in the lower pile at No. 24 in
Fig. 3 began to increase with time, and still grew even after the
excavation was stopped, exceeding the allowable value
(180 N/mm2) of the tensile stress of the reinforcement. Then,
countermeasures were taken, and the stress reached
216 N/mm2

finally. Figure 3 compared the real behavior and
the behavior of piles on the upper side and lower side of the
No. 24, which is assumed in the original design. Initially, it
was assumed that the load from the upper ground is transferred
to the lower pile through the beam, and the lower pile inclines
to the back. However, when the initial excavation started, both
the upper and lower piles were temporarily displaced to the
excavation side (center), and when excavating in front of the
piles, the ground protruded from the foundation bottom in the
excavation release direction. At this point, therewas no sign of
inducing a landslide from the observation of dynamic
behavior on the back of the upper pile.

Cause of Deformation

Decrease in Strength Due to Ground
Deterioration After Excavation

In order to investigate the cause of the behavior of deformed
piles, it was considered necessary to grasp the ground con-
ditions during excavation, and we conducted additional
boring-based geological surveys by using boring results.
Strength and deformation characteristics were determined.

As a result, the depths shallower than GL-6.0 m (Fig. 4)
from the bottom are significantly loosened. The deformation
coefficient E was 1,200–6,900 (kN/m2), with a deviation of
about 1/4–1/20 from the original design. In addition, the
internal friction angle was about 10 to 20 (°) close to the
original design, and the adhesive strength was about 3–15
(kN/m2), about 1/3 to 1/10 of the original design value.

:Inclinometer+reinforcement bar 
stress meter (in pile)
● Inclinometer in ground
▲ Ground displacement meter

standard cross-section(NO.17)

Lower side

Upper side

Starting side
Terminal side

Fig. 1 Plan of construction points, layout of landslide locations and
dynamic behavior observation points
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Horizontal Force Generated by Stress Release
After Excavation

In order to reproduce the behavior of the piles as shown in
Fig. 3, reproduction analysis was performed using a struc-
tural analysis model shown in Fig. 4 using the physical
property values in a deteriorated state. As a result, in addi-
tion to the earth pressure calculated with the earth pressure
coefficient K = 0.35, it was confirmed that horizontal force

greater than expected was working on the lower pile. The
cause of this horizontal force is considered to be the
following.

1. Stress release due to post-excavation rebound induced a
decrease in strength.

2. It is known that the uplift area at the toe of the
ship-bottom type landslide where the lower pile is loca-
ted is in a compression zone (Watari and Kohasi (1987),
and it was assumed that the region near the lower pile
would have a large compressive stress (initial ground
pressure) compared with the upper ground.

3. Since mudstone contains a large amount of smectite, it
was assumed that there was also the effect of
time-delayed expansion pressure resulting from ground
swelling due to clay minerals.

In addition, the pile was short in length in the loosened
region, helping further generate horizontal forces associated
with excavation release stress. A part of the behavior and

Fig. 2 Standard cross-section (No. 17)
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Fig. 3 Behavior of the piles during excavation (No. 24) Fig. 4 Structural analysis model
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cause of the deformation has already been reported
(Katayama et al. (2019)).

Examination of Countermeasures

Concept of Countermeasures

In this construction, it was found that the deformation and
strength characteristics suddenly decreased during excava-
tion, and that the horizontal force at work exceeded the
expected level. Loosening due to deterioration of such
ground near the bottom had the potential of exercising an
adverse effect on the stability of piles and of inducing
landslides. It was judged that it was necessary to secure
stability by integrating the bottom with the piles at an early
stage. In addition, it was considered necessary to use rein-
forcing material that resists horizontal force at the bottom.
From this point of view, considering that it was necessary to
suppress loosening at an early stage by controlling the
loosened amount of excavation and to take preventive steps
for reinforcement, we examined the use of the early closure
method (Japan Society of Civil Engineers (2013), the
effectiveness of which has been proven especially effective
against deformations in mountain tunnels (NATM).

Overview of Countermeasures

Figure 5 shows a conceptual diagram of the countermea-
sures and the construction procedure. Construction was
determined to start from the construction starting side where
no boring had been conducted. Bench-cut excavation was
used to shorten the downward boring length in order to
reduce the excavation release force and release time – factors
related to excavation release and ground deterioration. The
bottom was closed with invert struts at an early stage. In
general, the early closure method is more effective when the
distance between the bench release surface and the invert
strut is shorter. In this construction, if the bench was
shortened, it would be difficult to obtain work space, with
safety problems associated with work in confined spaces.
Therefore, for this project, by referring to the NATM early
closure method, we decided to restrict the deformation of the
ground taking the following measures suitable for the site
conditions (Fig. 5).

1. The excavation was divided into bench cuts with a shift
length of 10 m depth, while continuing with the exca-
vation of the central portion of the cross-section.

2. Preliminary temporary concrete (t = 70 cm) was placed
to form a cover on the ground surface which was
expected to function as an inverse strut reaction body.

3. Side bench in front of the pile was excavated.
4. Invert struts (H500) were quickly installed, and the piles

on both sides were integrated into one unit through
preloading.

Prediction and Examination
of Countermeasures

Predictive Analysis

The release distance in front of the piles, the most important
element to be considered before the installation of the
inverts, was set at 10 m due to construction restrictions. In
order to quantitatively evaluate the relevance of this release
distance and the effectiveness of countermeasures, prediction
analysis after the final excavation was performed using the
analysis model in Fig. 4, following the analysis steps in
Fig. 8 here, the stress release rates before and after instal-
lation of the invert struts were set separately, and the
three-dimensional ground-restraining effect from split exca-
vation and the effect of early closure by the invert struts were
reflected in the analysis.

Setting of the Stress Release Rate

FEM excavation analysis of full step excavation and split
excavation was performed using a three-dimensional model
that simply simulated the site conditions as shown in Fig. 6.
The rate of progress of the displacement of the pile by split
excavation was compared with the case of release by full step

Fig. 5 Concept of countermeasures
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excavation. Figure 7 shows the progress of split excavation at
the foundation level (pile position) and the rate of change in
pile displacement The three-dimensional ground suppression
effect is that in the case of split excavation, the displacement
(release width 10 m) when the excavation reaches the target
pile remains 63% compared to full step excavation (100%).
Based on this result, in the analysis, the stress release rate,
after being replaced by earth pressure, was evaluated. 70% of
the total earth pressure during the main excavation was
applied before installation of the struts, and the remaining
30% was applied after installation of the struts (Fig. 8).

Predictive Analysis Results

As a result of prediction analysis, Table 1 shows the stress
level in No. 11 and No. 17 piles. When no countermeasures
were taken, it was estimated that a stress level exceeding the
allowable value would occur at the time of final excavation
(No. 11), and that when a landslide occurs, the allowable
stress level could not be satisfied for both compression and
tension (No. 11, No. 17). On the other hand, by taking
countermeasures, the stress level during excavation could be
reduced to approximately 60% of the allowable value, and

the results satisfying the allowable value were obtained even
for potential landslides. It was judged that the construction
could proceed while ensuring the integrity of the structure.

Effect of Countermeasures

Figure 9 compares the measured values before and after
countermeasures for the relative horizontal displacement
from the head of pile No. 17. The horizontal displacement
measurement is almost the same as the analytical value, and
the amount of displacement is about half that of the
No. 24 pile where deformation occurred, demonstrating
significant restraining effect. In addition, as for the rein-
forcement stress near the foundation bottom, it was con-
firmed that all the measurement values were lower than
predicted. From these results, we were able to confirm that
the countermeasures were extremely effective and the rele-
vancy of the prediction analysis method applied to this
construction method.

Furthermore, with the aim of grasping the behavior of
natural ground during this excavation, the ground swelling
was measured with an underground displacement meter on

Pile

10m

Pile

Pile

Fig. 6 3D FEM analysis model of excavation

Fig. 7 Relationship between excavation positions and pile
displacement

Fig. 8 Predictive analysis procedure
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the starting side (No. 11) where there is no loosening effect
(Figs. 10 and 11). As a result, from the start of this exca-
vation, a ground upheaval occurred from the start of this
excavation around G.L. −1.0 m directly below the founda-
tion bottom, and a rebound of about 16 mm was confirmed
by the time of the preceding temporary concrete pouring in
the central section. After construction of the preceding
temporary concrete, the rebound was able to be suppressed.
These results prove that the early closure method is an
effective method in suppressing loosening and displacement.

Conclusion

The authors describe the main findings obtained through this
study below.

1. During excavation in the Hayama Group, the surround-
ing mountain loosened greatly, leading to stress relief
from the compressive region at the rebound of the
foundation bottom and the toe of the ship-bottom type

landslide. The expansion pressure associated with the
swelling clay minerals caused a higher than expected
horizontal force.

2. The three-dimensional restraining effect of the mountain
was able to be reflected in the design for deformation of
the piles due to the loosening of excavation, and a
rational construction plan was able to be established.

3. Although the shift length was determined from con-
struction conditions, we were able to establish the eval-
uation and prediction method for such countermeasures
by using a 3D FEM analysis.

4. By applying the NATM-based early closure method, the
rebound of the foundation bottom was able to be
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Fig. 9 Horizontal displacement of piles

Fig. 10 Measurements of in-ground displacement (No.11)

Fig. 11 Rebound amount over time (G.L.-1.0 m)

Table 1 Results of prediction
analysis

No countermeasures With countermeasures

Main
excavation

During
landslide

Main
excavation

During landslide

No. 11 rc 5.5 7.4 3.7 5.7

rs 183.1 245.6 114.6 176.9

No. 17 rc 5.0 7.1 3.3 5.5

rs 156.1 223.7 89.7 157.0

Tolerance: Compressive rc = 7.2

Tensile rs = 180.0 (N/mm2)
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suppressed, controlling the increase of displacement in
piles and of stress in reinforcement.

During roadconstructionbyopencuttingofground through
the Hayama Group, unexpected deformation occurred, but we
were able to determine the cause by the reproduction analysis
through additional investigation and measurement. In addi-
tion, with these results, we were able to create an early closure
method according to the NATM, verify the effect of the
method, and establish a prediction and study method.
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Slope Stability Assessment of Weak
and Weathered Rocks with BQ System

Timur Ersöz, Merve Özköse, and Tamer Topal

Abstract

Rock slopes can be affected by weathering and human
activities. Depending on the type of the rock, the impact
of weathering and excavation can change. This leads
some strength reductions and consequently some stability
problems. Limit equilibrium analyses are widely used to
assess slope stability but empirical methods are also very
useful and quick. Basic quality (BQ) system is very
popular method which is developed in China to assess
slope stability of the rock slopes. Generally it leans on
strength and rock soundness/GSI to determine slope
stability. In this study, rock slope stabilities were assessed
with limit equilibrium method and BQ system. 55 cut
slopes located in Western Black Sea Region of Turkey
were used to evaluate the stability conditions. 39 of the
cut slopes are located in flysch deposits consisting
mudstones and sandstone/limestone alternations. Other
rock types are granite, basalt, andesite, granodiorite,
serpentinite and tuff. According to the field observations,
degree of weathering of most of the cut slopes are
moderate (38), and the rest are slightly (10) and highly
(7). Uniaxial compressive strength, point load strength
index and Schmidt hammer tests were applied to find
strength values. According to the tests, most of the rocks
are in the category of weak and medium strong (5–
50 MPa) throughout the study area. The field observa-
tions revealed that all cut slopes are stable except surficial
failures due to weathering and excavation. According to
limit equilibrium analyses, all cut slopes are stable, but

only surficial failures were observed due to degradation
which is completely coherent with the field observations.
However, BQ System revealed that most of the results are
not coherent with the field observations and limit
equilibrium results. It is concluded that rocks stronger
than 50 MPa can be assessed properly by BQ System in
the study area.

Keywords

BQ system � Excavation � Flysch � Rock strength �
Slope stability � Weathering

Introduction

Rock slopes can be affected by weathering agents as freeze
and thaw, rainfall and wind, and human activities like
excavation or blasting. Due to these activities and distur-
bances properties of the rocks change and the slope loses
stability condition in time. Depending on the type of the
rock, the impact of weathering and excavation can change.
This can lead to differential weathering and consequently
some stability problems.

There are many ways to investigate slope stability.
Maybe the most popular one is limit equilibrium analyses
but empirical methods are also very useful and quick. Slope
Mass Rating (SMR) (Romana 1985), Slope Stability Prob-
ability Classification (SSPC) (Hack 1998), Falling Rock
Hazard Index (FRHI) (Singh 2004), Rockslope Deterioration
Assessment (RDA) (Nicholson and Hencher 1997) and
QSlope (Barton and Bar 2015) are only some of the most
popular ones. They are very advantageous to use providing
quick solutions with limited data gathered from the field.

Basic Quality (BQ) system (The National Standards
compilation group of People’s Republic of China 1994) is
also a very popular method which is developed in China to
assess slope stability of the rock slopes. In general, it leans
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on strength and rock soundness in order to determine the
stability of a slope. It is very advantageous that there are
only two parameters should be used to assess whole slope.
This presents a very quick and simple data collection to
evaluate rock slope stability. Determining the strength of a
material is relatively more widespread and easier than
soundness of the rock mass. Therefore, BQ system is
developed by the users to estimate rock soundness by con-
sidering Geological Strength Index (GSI) value of the rock
mass into the equation. This improvement made it possible
to determine BQ ratings by using Geological Strength Index
values in the equation without any rock soundness test
results.

In this study, rock slope stabilities were assessed by both
limit equilibrium method and BQ system. 55 cut slopes
located in Western Black Sea Region of Turkey were used to
evaluate the stability conditions. Selected rock slopes con-
tain many different rock types namely flysch, granite, basalt,
andesite, granodiorite, serpentinite and tuff. Field perfor-
mances, limit equilibrium analyses results and BQ system
rating solutions were compared and discussed in this paper.
In addition, undisturbed and disturbed zones of the cut
slopes were assessed separately in order to evaluate the real
field conditions.

Study Area

Location of the study area is chosen as Western Black Sea
Region of Turkey, including Zonguldak, Karabük, Bolu,
Düzce, Kastamonu, Çankırı and Northern parts of Ankara
(Fig. 1). In these regions, heavy rainfalls are very famous. In
the study area, generally flysch type of deposits are domi-
nant, but also igneous and metamorphic rocks can be
observed. Among 55 cut slopes, 39 of them contain flysch
deposits and the rest are igneous and metamorphic rocks.
The study area is located around North Anatolian Fault Zone
(NAFZ) which disturbed whole region in years. Due to these
active tectonic activities, most of the cut slopes are highly
jointed. Flysch deposits are extremely affected by differential
weathering. Undercutting actions can be observed on these
kinds of rocks throughout the study area contributing surfi-
cial failures like rock falls and ravelling.

In the study area, 55 cut slopes were investigated having
different properties. 39 of the cut slopes are located in flysch
deposits consisting mudstones and sandstone/limestone
alternations. Other rock types are also abundant in the
study area namely granite, basalt, andesite, granodiorite,
serpentinite and tuff. Slope angle and height of the slopes are
in the range of 30–80° and 6–60 m, respectively (Fig. 2).

Weathering degrees of the cut slopes were determined
according to field observations and assigned according to
BS5930 (1981). As many flysch deposits consist of

alternating rock types, weighted average method (Marinos
and Hoek 2001) was used to assign weathering degree of the
cut slope. According to the field observations, it is deter-
mined that among 55 cut slopes most of them are moderately
(38), and the rest are slightly (10) and highly (7) weathered.
Excavation types of the cut slopes were also determined in
the field in addition to personal communications with Gen-
eral Directorate of Highways (KGM Turkey). According to
this, excavation type is determined as mechanical except
only one cut slope which is by smooth blasting.

Detailed study was made for strength determination of the
cut slopes. It is known that, due to weathering and excava-
tion a certain thickness on the surface of a cut slope can be
affected. In order to investigate this, samples were gathered

Fig. 1 Location map of the study area

Fig. 2 Slope height and slope angle distributions the in study area
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from both disturbed and undisturbed zones. It is important to
mention that, the disturbed zone at the surface was deter-
mined according to visual estimations on weathering degrees
and Schmidt hammer measurements. The mean rebound
values of Schmidt measurements were gathered from the
surface of the cut slope with at least ten measurements.
Afterwards, other measurements were taken from the visu-
ally decided depths from the surface. This way, the strength
differences were supported with visual estimations consid-
ering the rock disturbances.

Detailed investigation was made to assign strength values
to alternating rocks of flysch units by using weighted aver-
age method (Marinos and Hoek 2001). Oriented samples
were taken from the disturbed and undisturbed zones of the
cut slopes in order to apply uniaxial compressive strength
(UCS) (5 � 5 � 5 cm cubic) and point load index (irregular
samples) tests. According to the test results, undisturbed and
disturbed zone strength values were calculated separately
(Fig. 3). Based on the results, it is clear that most of the
rocks are in the category of weak and medium strong (5–
50 MPa) throughout the study area.

In addition to this, GSI values were also assigned dif-
ferently to the disturbed and undisturbed zones. Due to stress
relief, excavation and weathering, the GSI values should be
different than the relatively fresh parts. Because of these
impacts, additional apertures and fractures were identified on
the surfaces of the road cuts. Therefore, two different GSI

values were assigned to each road cut, namely for the dis-
turbed and undisturbed zones (Fig. 3).

Methodology

BQ System is a national standard in China (The National
Standards compilation group of People’s Republic of China,
1994) which is widely used in China to assess rock slopes.
There are two quantitative indices which are UCS and Kv

(rock integrity index). UCS can be obtained from point load
strength index or uniaxial compressive strength test. Kv, on
the other hand, can be obtained from P-wave velocity of rock
mass and intact rock. In years, a new formula is developed
(Rui-Xin and Yan-Jun 2015) in order to replace Kv with GSI
values. Other parameters used in BQ System are related to
groundwater conditions (K4) and key discontinuity attitude
(K5). In addition to them, a correction factor for key discon-
tinuity types and extensibility (k) is also introduced to obtain
more reliable results. The basic BQ value can be obtained by
the equation (Eq. 1) given as follows:

BQ ¼ 100 þ 3UCS þ 250Kv ð1Þ
where Kv can be replaced by KGSI in an equation (Eq. 2)
given below:

KGSI ¼ 1= 1þ exp 60� GSIð Þ =12ð Þ ð2Þ
Finally, the ultimate [BQ] value can be obtained by using

the basic BQ value and other correction factors (Eq. 3)
(Song et al 2019).

BQ½ � ¼ BQ �100 K4 þ kK5ð Þ ð3Þ
According to this formula, [BQ] values can give solutions

related to the stability of the rock slopes.
Throughout the study area, cut slopes were analysed by

using limit equilibrium methods. Cut slopes were investi-
gated considering discontinuity controlled failures and mass
failures.

Results and Discussion

In this study, 55 cut slopes were investigated according to
BQ System (Fig. 4). In this regard, both undisturbed and
disturbed zones of the cut slopes were assessed. According
to the results, most of the slopes-independent of being
undisturbed or disturbed zone- are in the range of below 250
[BQ] value which means that they are complete unstable.
Other values larger than 250 indicating partially or com-
pletely stable are only obtained from the undisturbed zones’
of the cut slopes.

Fig. 3 Disturbed and undisturbed UCS and GIS value distributions in
the study area
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The field observations revealed that all cut slopes are
stable except surficial failures due to weathering agents and
excavation activities. Limit equilibrium analyses were done
considering these disturbed zones which have certain depths
changing at each cut slope (Fig. 5). According to the limit
equilibrium analyses, all cut slopes are found to be stable,
but only surficial failures were obtained due to surficial
degradation. Minimum factor of safety of the undisturbed
zones was determined as 1.3 (static) and 1.1 (dynamic)
which are considerably stable. On the contrary, factor of
safety results of the disturbed zones were calculated below 1
throughout the study area (Ersöz and Topal 2018a, b;
Özköse 2019). Therefore, it is concluded that these results
are coherent with the field observations.

Limit equilibrium analyses were done by assigning
strength, unit weight, GSI, weathering and disturbance factor
to proper zones (disturbed and undisturbed) in order to
reflect the real field conditions. As indicated in the limit
equilibrium analyses section, all results are matching with
the field observations which prove the accuracy of the
related parameters.

BQ system uses discontinuity features in addition to
strength and GSI to analyse stability of the cut slopes. Fig-
ure 4 shows that most of the values are clustered below 250
[BQ] in accordance with strength values. It is observed that
values below 250 [BQ] are not only from disturbed zones
(unstable zones) but also undisturbed zones (stable zones).
Values larger than 250 [BQ] are only obtained from undis-
turbed zones (stable zones) which are coherent with the field
observation. However, according to BQ System, many stable
(undisturbed) cut slopes are below 250 [BQ] which shows
unstable conditions. This relation is not coherent with the
field observations and limit equilibrium results.

BQ values larger than 250 showing partially or com-
pletely stable conditions can be also observed from Fig. 4. In
general, these values are clustered over 50 MPa indicating
the category of strong rock. Two exceptions are observed
below 50 MPa having higher values than 250 [BQ] (encir-
cled with red). In detail, it is observed that these two cut
slopes have GSI values larger than 50.

Results show that BQ System mainly relies on UCS and
GSI values more than discontinuity features. This comes
with a solution that it can be very useful for the rocks having
strength more than 50 MPa (strong rock). Medium strong,
weak and very weak rocks (lower than 50 MPa) are
observed to be not suitable for BQ System according to the
analyses.

Conclusions

There are many ways to analyse rock slopes either with limit
equilibrium or empirical methods. BQ System is a very
popular method especially in China to assess stability of
rock slopes in a quick and easy way by using limited data. In
this study, 55 cut slopes from Western Black Sea Region of
Turkey were investigated with limit equilibrium methods
and BQ System. In this research, cut slopes were assessed
based on their undisturbed and disturbed zones. Differenti-
ation of these zones was done by Schmidt hammer mea-
surements, strength and unit weight differences in the
laboratory and field observations in the field. Thickness of
the disturbed zones was determined for each cut slope
throughout the study area. Limit equilibrium methods and
BQ System were used by considering these features.
According to the field observations, it is observed that all cut

Fig. 4 [BQ] results in relation
with UCS (MPa)
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slopes are stable except surficial failures at the disturbed
zones on the slope surface due to weathering and excavation
effects. Limit equilibrium analyses were done considering
these zones and coherent results were obtained. According to
BQ System, the rocks having strength more than 50 MPa
(strong rock) show coherent results with field observations.
Moreover, many stable cut slopes appeared at unstable zone
of BQ System which is not coherent with the field obser-
vations and limit equilibrium analyses. It can be concluded
that BQ System show very good results over 50 MPa (strong
rock). On the other hand, it shows incompatible results with
field observations for many slopes having strength lower
than 50 MPa (medium strong, weak and very weak rocks).
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Soil Databases to Assist Slope Stability
Assessments in the Eastern Caribbean

Paul J. Vardanega , Elizabeth A. Holcombe , Myrto Savva,
Casey J. Shepheard , Rose Hen-Jones , and Flavia De Luca

Abstract

Rainfall-triggered landslides are an ‘everyday risk’ to
Small Island States, such as Saint Lucia in the Caribbean,
and have the potential to destroy or damage buildings and
disrupt lifelines such as roads and pipelines. To better
evaluate these landslide hazards, efforts have been made
to develop decision-support tools linking rainfall scenar-
ios to stability for different types of road cut slope. Many
thousands of stochastic simulations can be performed
using a combined hydrology and slope stability model
(CHASM) which requires inputs of slope cross-sectional
geometry, soil and hydrological parameters which allows
representative rainfall-triggered landslide scenarios to be
produced. To use CHASM for this purpose the statistical
variation of the relevant geotechnical properties such as
friction angle needs to be assessed. This paper presents
the analysis of an updated database for Saint Lucian soils
that has been compiled using data supplied by the
Government of Saint Lucia Ministry of Infrastructure,
Port Services and Transport. The Coefficient of Variation
values of the key soil mechanics parameters are reported
and previously developed transformation models for
estimating effective friction angle are updated. The
Weibull statistical distribution is shown to be the best
fit to the friction angle data.

Keywords

Coefficient of variation � Soil database � Soil variability� Transformation models � Statistical distributions �
Tropical soils

Introduction

Landslides in the humid tropics are typically rainfall trig-
gered (e.g. Lumb 1975; Toll 2001). Considerable research
has focused on modelling rainfall triggered landslides in the
Eastern Caribbean (Anderson and Kemp 1991; Holcombe
et al. 2016; Shepheard et al. 2018a). As a developing
country, Saint Lucia is more vulnerable to the effects of
natural disasters than other nations (c.f. Alcantara-Ayala
2002) with socio-economically vulnerable communities and
lifeline infrastructure (Fig. 1) particularly affected
(Bull-Kamanga et al. 2003; Larsen and Parks 1997).

Methods to better assess geotechnical variability are
needed to enhance geotechnical design (e.g. Lumb 1966,
1970). Geotechnical databases are needed to enable mea-
sures of geotechnical variability of a soil parameter to be
determined, such as the coefficient of variation (COV); or the
best-fit probability density functions; or to develop trans-
formation models allowing a more complex soil parameter to
be estimated from basic ones (e.g. Kulhawy and Mayne
1990; Phoon and Kulhawy 1999a, b; Phoon 2017).

Recent efforts to develop a geotechnical database for
Saint Lucia have been reported by Vardanega et al. (2018)
and Shepheard et al. (2018b, 2019). In Shepheard et al.
(2019), the first 91 entries in the database were reported and
analysed. In this paper the database is expanded using data
collected during a 2018 research visit. This database was
then expanded and further analysed in the thesis of Savva
(2019).

Such geotechnical data are necessary for mechanistic
slope stability analyses such as those performed using
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CHASM (e.g. Wilkinson et al. 2002), and more recently by
placing such models within a stochastic high-performance
computing framework (e.g. Almeida et al. 2017). Potential
decision-support outputs include synthetic rainfall thresholds
for landslide triggering (cf. Larsen and Simon’s 1993,
empirical-statistical thresholds for Puerto Rico). These can
be used to assess whether a region will experience landslides
for a given storm event (this topic is discussed further in
Holcombe et al. 2021).

Soil Classification Parameters

The use of basic soil classification parameters (e.g. plasticity
index) to develop transformation models is the subject of
many studies (e.g. Kulhawy and Mayne 1990). In this paper
the COV of the liquid limit (wL), plastic limit (wP), plasticity
index (IP), the silt–clay fraction (SCF) (which is defined in
this work as the percentage passing the 0.075 mm sieve) and
field water content (w) are studied along with the soil
effective peak friction angle (/ʹp or /ʹpeak) and apparent
cohesion (cʹ).

Soil Friction Angle

The effective friction angle has been studied for soils from
various Caribbean islands e.g. Dominica (Rao 1996; Read-
ing 1991; Rouse et al. 1986; Rouse 1990) and Trinidad
(Roopnarine et al. 2012). To ensure long-term stability of
slopes the critical state friction angle (Take and Bolton 2011)
or the fully softened or residual friction angle (e.g. Eid and
Rabie 2017; Hayden et al. 2018) would be preferred.

However, in Saint Lucia only the /ʹp is typically available
from hand-powered direct shear tests in the government
materials laboratory. Shepheard et al. (2019) describe the
details of the testing process in which the stress increment is
believed to have been constant for all the tests in the data-
base (37.2–112.4 kPa). Field samples are placed directly
into the shear box without sieving, but with inevitable dis-
turbance and change in moisture content due to sample
extraction, transporting and testing (Shepheard et al. 2019).
Further verification of the shear box testing procedure would
be required if individual test data were intended for
site-specific analysis and design rather than for stochastic
modelling and diagnosis of general slope behaviour thresh-
olds (see Almeida et al. 2017).

Soil friction angle is related to changes in the Atterberg
limits (e.g. Brooker and Ireland 1965; Sorensen and Okkels
2013; Stark and Eid 1997; Stark and Hussain 2013; Wesley
1977, 2003) and clay fraction (Skempton 1985).

Building the Saint Lucia Soils Database

In 2016 a field trip was undertaken by the first two authors to
Saint Lucia where data was obtained from the digitised
records from the Saint Lucia Ministry of Infrastructure, Port
Services and Transport. This data along with other infor-
mation from past projects undertaken by the second author
was used to produce the database with 91 data entries pre-
sented in detail in Shepheard et al. (2019) and analysed in
Shepheard (2017), Vardanega et al. (2018), Shepheard et al.
(2018b).

In 2018, a follow-up visit was undertaken by another
research team from the University of Bristol (again the first
two authors were involved). In this visit, further data was
collected by scanning past data reports. This new data was
processed, added to the database and the statistical analysis
methodology presented in Shepheard et al. (2019) was
re-run. Preliminary results of this new analysis are presented
in Savva (2019). In the analysis that follows the number of
data-points (n) on each chart can vary, as for each entry in
the expanded database not all the parameters of interest were
available.

Statistical Analysis

Computation of COV can be used to assess relative vari-
ability of different soil parameters (Phoon and Kulhawy
1999a, b). Phoon (2017) gives the COV values for many
transformation models from the literature. Table 1 shows the
relevant summary statistics for the updated Saint Lucia
database. A range of soil types are present on the island of

Fig. 1 Road cut slope, Saint Lucia primary road network, after
landslide debris cleared (Photo: E A Holcombe)
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Saint Lucia (see Shepheard et al. 2019). Figure 2 shows the
soils from the expanded database plotted on the Casagrande
chart: a range of plasticity levels is shown with both silts and
clays present in the database. Figure 3 shows the pairs of /ʹp
and cʹ with a high degree of scatter shown (the COV for cʹ is
about 2.7 times that of /ʹp: see Table 1).

Regression Analysis

Past transformation models have been developed for early
versions of the Saint Lucia database. IP is often used to
estimate /ʹp (e.g. Brooker and Ireland 1965; Sorensen and
Okkels 2013). The coefficient of determination (R2) and the
number of data-points used to generate the regression (n) are
quoted for each transformation model presented along with
the p value. For the Saint Lucia soils (data from the 2016
field work) the following transformation model was devel-
oped (Shepheard et al. 2018b, 2019):

/0
p ¼ 26:4� 0:22 IPð Þ R2 ¼ 0:15; n ¼ 55; p ¼ 0:004

� �

ð1Þ
However, for the Saint Lucia soils Shepheard et al.

(2018b) also showed a superior correlation using w:

/0
p ¼ 30:7� 0:32 wð Þ R2 ¼ 0:36; n ¼ 52; p\0:001

� �

ð2Þ
Vardanega et al. (2018) showed further improvement in

R2 when /ʹp was regressed against liquidity index (IL):

/0
p ¼ 20:8� 10:2 ILð Þ R2 ¼ 0:43; n ¼ 48; p\0:001

� �

ð3Þ
Equations 1–3 are compared with updated transformation

models in the following section.

Updated Regressions

Figure 4 shows /ʹp plotted against wL for the expanded
database (the number of available data-points for the new

regressions is about double that from the previous studies).
An exponential model was found to be the best fit to the /ʹp
versus wL data:

/0
p ¼ 37:2e�0:011 wLð Þ ½R2 ¼ 0:23; n ¼ 102; p\0:001� ð4Þ
Figure 5 shows /ʹp plotted against wp for the expanded

database with an exponential relationship:

/0
p ¼ 31:0e�0:015 wPð Þ R2 ¼ 0:088; n ¼ 101; p\0:01

� �

ð5Þ

Table 1 Summary statistics for
the updated Saint Lucia soils
database (all soil types)
(SD = standard deviation)

cʹ (kPa) /ʹp (
o) wL (%) wP (%) IP (%) w (%) SCF (%)

n 153 152 115 115 120 132 119

Max 350 55 162 88 96 117 96

Average 25 24 59 31 27 32 40

Min 0 1 26 16 3 8 3

SD 31 11 22 10 15 16 24

COV (%) 125 46 38 32 58 49 59

Fig. 2 Expanded Saint Lucia Database (n = 114) plotted on the
Casagrande-style classification chart

Fig. 3 /ʹp plotted against cʹ (kPa) (expanded database)
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Figure 6 shows /ʹp plotted against Ip compared with
Eq. 1 and the following exponential relationship developed
for the updated database (reasonable agreement between
Eqs. 1 and 6 is shown):

/0
p ¼ 29:6e�0:016 IPð Þ R2 ¼ 0:23; n ¼ 104; p\0:001

� � ð6Þ
Figure 7 shows /ʹp plotted against w compared with

Eq. 2 and with the following exponential relationship
developed for the updated database (reasonable agreement
between Eqs. 2 and 7 is shown):

/0
p ¼ 39:0e�0:020 wð Þ R2 ¼ 0:39; n ¼ 114; p\0:001

� � ð7Þ
Figure 8 shows /ʹp plotted against SCF for the expanded

database with the following exponential relationship:

/0
p ¼ 26:6e�0:0079 SCFð Þ R2 ¼ 0:14; n ¼ 101; p\0:001

� �

ð8Þ
Figure 9 shows /ʹp plotted against IL compared with

Eq. 3 and the following linear relationship developed for the
updated database:

/0
p ¼ 21:4� 6:6 ILð Þ R2 ¼ 0:21; n ¼ 94; p\0:001

� � ð9Þ
The slope of Eq. 9 is smaller than Eq. 3 and the R2 is

considerably lower. Of the studied correlations Eq. 7 has the
highest R2 and is higher than for the correlation with IL
(Eq. 9). Figure 10 shows the predicted measured plot for
Eq. 7 with ± 50% bounds shown.

Multiple Linear Regression (MLR) Analysis

MLR studies of the early database were reported in Shep-
heard (2017) and Shepheard et al. (2018b). The following
correlation was found (Shepheard et al. 2018b):

/0
p ¼ 19:8� 0:14 wLð Þþ 0:77 wPð Þ � 0:46 wð Þ
R2 ¼ 0:56; n ¼ 47; p\0:001
� � ð10Þ

The same analysis was re-run for the expanded database:

/0
p ¼ 23:6� 0:078 wLð Þþ 0:42 wPð Þ � 0:31 wð Þ
R2 ¼ 0:28; n ¼ 84; p\0:001
� � ð11Þ

Fig. 4 /ʹp plotted against wL (%) (expanded database)

Fig. 5 /ʹp plotted against wP (%) (expanded database)

Fig. 6 /ʹp plotted against IP (%) (expanded database)

Fig. 7 /ʹp plotted against w (%) (expanded database)
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Statistical Models

Distributions of soil parameters are needed for stochastic
slope stability analysis. Fits of statistical distributions to the
early database were presented in Shepheard et al. (2019) in
which it was found that the Weibull distribution was the best
fit. With the /ʹp data in the extended database (n = 152), the
Weibull distribution is again shown to be the most appro-
priate (Fig. 11, Table 2). Table 2 provides a summary of the
Akaike Information Criteria (AIC) (Akaike 1974) and
Anderson Darling (AD) (Anderson and Darling 1954) test
statistics confirming the suitability of Weibull distribution
over the others. For the AIC also the Generalised Extreme
Value (GEV) fit was tested giving a value of 1278 (still
higher than the 1153 obtained using the Weibull fit).

Fig. 8 /ʹp plotted against SCF (%) (expanded database)

Fig. 9 /ʹp plotted against IL (expanded database)

Fig. 10 Predicted versus measured plot for Eq. 7

Fig. 11 Normal a Lognormal b Weibull c and Exponential d proba-
bility density functions fitted to /ʹp data from the extended database
(fitting parameters for each distribution shown on the figure)
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Summary and Conclusions

This paper has presented preliminary analysis of an expan-
ded geotechnical database for Saint Lucia. The new database
has approximately double the number of data-points avail-
able to develop transformation models to predict /ʹp. Future
work will analyse classes of soils within the database.
Interestingly, the relative strength of the previous correla-
tions with IP and w has remained consistent with slightly
higher computed R2 values for the correlations developed
using the expanded dataset. However, the models developed
using IL and a combination of wL, wP and w have reduced R2

values compared with those for the earlier version of the
database. The best predictor of /ʹp appears to be w, and with
Weibull as the best statistical distribution.
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The Mt Gamalama Instability Level
in Generating Landslide-Induced Tsunami
in Ternate Island, Indonesia

Saaduddin, Jurgen Neuberg, Mark E. Thomas, and Jon Hill

Abstract

Mt Gamalama is a volcanic island which has a history of
tsunamigenic volcanic eruptions with known events in
1608, 1840, and 1871, where tsunami generation is
suspected due to landslides or sector collapse of the steep
flanks entering the Molucca Sea threatening the coastal
population and infrastructure. The potential landslides
were investigated by applying a limit equilibrium method
and the generalized Hoek–Brown failure criteria. This
resulted in a so-called factor of safety (FoS) which
describes the Mt Gamalama slope stability level. The
critical FoS values ranging from 1.945 to 3.361 have been
obtained for the four sections of the Mt Gamalama edifice
—the north, south, west, and east sides and are considered
in a relatively stable condition. These values hold for a
static condition only under gravity and in the absence of
any volcanic activity. The application of so-called seismic
loads kh of 0.103, and 0.155, 0.457, and 0.685, and
magma pressures of 2–17 MPa due to vertical and tilted
dyke intrusion decreases FoS values (FoS < 1.000) in all
sections. We show that these additional factors destabilize
the Mt Gamalama slopes and even lead to failure.

Keywords

Mt gamalama � Instability � Landslides � Tsunami

Introduction

Active volcanoes are dynamically evolving structures which
are continuously deforming in both vertical and horizontal
directions; this leads to potential edifice instabilities. Fur-
thermore, these instabilities can cause tsunami generation,
so-called volcanic tsunamis, especially for volcanoes in
marine settings: volcanic islands, submarine volcanoes, and
coastal volcanoes. The eruption of Anak Krakatau (the child
of Krakatoa) caused a tsunami which took place in Lampung
and Banten on 22nd December 2018. PVMBG (2018)
reported that Anak Krakatau lost two third of the height of
its edifice from 338 m high to 110 m.

Mt Gamalama is another volcano in Indonesia which has
a history of tsunami generation in 1604, 1840 and 1871
(Hamzah et al. 2000; Paris et al. 2014). This volcano is a
volcanic island due to the subduction of the Molucca sea
plate and Halmahera thrust as depicted in Fig. 1. As a very
active stratovolcano, its activities lead to an inherently
unstable condition. The formation of two maars, Tolire in the
west and Laguna in the south edifice, denoted an instability
are the result of Mt Gamalama activities (Bronto et al. 1982).

The causes of instability depend on the nature of the slope
including the composition of an edifice related to the
strength or permeability boundaries and the related orienta-
tion of bedding planes, joints, and faults to the slope
geometry (Del Potro et al. 2013). Furthermore, McGuire
(1996) classified the factors destabilizing the volcanic edifice
into internal (e.g., steep slopes, magma intrusion, and vol-
canic seismicity) and external (e.g., sea level change, tec-
tonic seismicity and fault activity).

This paper is a novel project investigating the instability
level of Mt Gamalama which shows the possible occurance
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of landslides using the limit equilibrium method. In addition,
although Mt Gamalama has currently a stable edifice, this
study attempts to assess the factors that can destabilize the
edifice leading to landslides that can generate tsunamis.

Geotechnical Properties of Mt Gamalama

Geological Unit Classification

The geological formation processes result in heterogeneous
deposits making up the Mt Gamalama edifice. Bronto et al.
(1982) categorised the Mt Gamalama deposits into 32
materials which were mapped based on lava flows and
related rocks, pyroclastic, maar, lahar, and surficial deposits.
This map is used as a data source throughout this project,
since this project does not include a fieldwork component.
In addition, a report of vertical electric surveys in Mt
Gamalama is used to gain information regarding the mass
distribution in the subsurface (Achmad 2016). These two
sources comprise a diverse range of rock masses observed
at Mt Gamalama, which are used to classify the geotech-
nical units.

In order to classify the Mt Gamalama deposits, this study
considers both geological and morphological data including
the apperance and the general performance of deposits
(Apuani et al. 2005a; Moon et al. 2005; Rodriguez-Losada
et al. 2007). Based on this consideration, the deposits are
classified into six geological units; andesites, basaltic ande-
sites, breccia, pyroclastic deposits, lahar deposits, and vol-
canic ocean crust which describes materials below sea level.

The deposits are selected for four sections as depicted in
Fig. 4: section AO in the west, section OB in the east,
section CO in the south, and section OD in the north. The
selection of these sections is based on the difference of
bathymetry depth and the hazards related to these directions
(Fig. 1).

Generalized Hoek Brown Failure Criteria

The flank instability study of a volcano ideally combines
both geomechanical surveys identifying weak zones and
geotechnical analysis determining the rock strength using
numerical methods. Due to the lack of geomechanical survey
data, the Mt Gamalama instabilities were investigated using
a geotechnical analysis. Since the objective of this project is
to predict the strength of volcanic flanks, we utilized the
Generalized Hoek–Brown failure criterion. This criterion
relies on the strength of the intact material, and the inter-
action and the conditions of contact surfaces between each
rock mass (Dong-ping et al. 2016).

The Generalized Hoek–Brown criterion is a non-linear
strength calculation based on empirical data and is expressed
as:

r1 ¼ r3 þ rci mb
r3
rci

þ s

� �a

ð1Þ

Mt Gamalama

Fig. 1 Mt Gamalama is located between North Sulawesi and
Halmahera island

Fig. 2 Tilted dykes following a pressure point source model (Poppe
et al., 2019)
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where rci is the uniaxial compressive strength of the intact
rock strength which represents the relationship between the
principal stresses, r1 and r3, at failure. Variables of mb; s;
and a are rock mass constants which depend on material
constant mi, the geological strength index (GSI) and the
disturbance factor D (Hoek et al. 2002).

Regarding this failure criterion, there are several param-
eters which must be determined for all geotechnical units.
The parameters are unit weight c (kN/m3), intact uniaxial
compressive strength rci (MPa), material constant mi, GSI
(MPa), and D: Property values of the geotechnical units are
taken from the relevant literature and listed in Table 1.

Rock Mass Properties

Geotechnical properties of deposits at Mt Gamalama are still
unknown due to a lack of specific surveys, hence data from
similar volcanoes were used. Selected key properties from
reviewed literature are shown in Table 1. In this project, we
determine D as zero or minimal disturbance (Hoek 2007).

The units and the properties above are used in the cal-
culation of the factor of safety (FoS) describing the insta-
bility level of Mt Gamalama.

The Instability Level of Mt Gamalama

Slope Stability Calculation

In the field of geotechnical engineering the stability of slopes
is routinely assessed by what is known as a factor of safety
(FoS), a numerical approach in determining the slope sta-
bility. It has recently found more application in volcanology.
The FoS is the ratio between the capacity or the resisting
force Fresisting and the demand or driving force Fdriving

(Abdalla et al. 2015; Hoek 2007). This can be defined as:

FoS ¼ Fresisting

Fdriving
¼ shearstrength

shearstress
ð2Þ

For stable slopes the shear strength is greater than the shear
stress. Conversely, the slopes destabilise because the resisting
force is lower than the driving force. The slope assessment
declares stable condition when FoS is greater than 1.5, failure
when FoS less than 1.0, and potentially unstable conditions
when FoS is between these two values (Hoek 2007; Schaefer
et al. 2013). Furthermore, if FoS is 1, a state of just-stable
limiting equilibrium is reached (Duncan et al. 2014).

This project utilizes Slide 2018 from Rocscience to
calculate the FoS. This tool is a 2D (two-dimensional)

Fig. 3 The FoS values in the Mt Gamalama edifice. a section OB in
the east, b section AO in the west, c section OD in the north, and
d section CO in the south. Red crossed area represents the unstable
critical FoS. The horizontal axis shows scenarios of gravity force
(GF) and magma pressure (MP) with different angles of intrusion. The
implementaion of seismic coefficient is denoted by color differences:
blue (without seismic coefficient), orange (kh ¼ 0:103), yellow
(kh ¼ 0:155), green (kh ¼ 0:457Þ, and red (kh ¼ 0:685Þ
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modelling software of the slope stability; showing slip sur-
faces which exhibit weak zones that can lead to potential
landslides in a volcanic edifice.

For the calculation of slip surfaces in this project we
adopted the Bishop Simplified method. This method is based
on circular surfaces (Reid and Brien 2006). In addition, this
method tends to be conservative and results in tolerably
small errors despite being a simple analysis process (Hungr
et al. 1989; Saade et al. 2016).

Scenarios Applied in Calculations

The FoS calculation for Mt Gamalama applied several fac-
tors, both internal and external, i.e., gravity force, seismic

coefficient, magma pressure, and angle of dyke intrusion.
Gravity force will show the instability level of Mt Gamalama
under a static condition without any volcanic activity. By
applying the other factors, the conditions destabilizing Mt
Gamalama can be detected.

The seismic coefficient kh was the most likely factor
applied in the Mt Gamalama stability analysis as this vol-
cano is in an earthquake prone area, close to a
doubled-subduction zone. This parameter was utilized cor-
responding to ground acceleration particularly in lateral
direction. Zulkifli et al. (2017) discovered the peak ground
acceleration PGA of 0.31–1.37 g in Ternate Island. Melo
and Sharma (2004) define the relationship between seismic
coefficient kh and PGA as kh = 1/3 to 1/2 PGA. Therefore,

Table 1 Selected values of
geotechnical properties as input
parameters in analysing the Mt
Gamalama instabilities based on
the Generalized Hoek–Brown
failure criterion

Geotechnical units Geotechnical properties References

c(kN/m3) rci(MPa) GSI (MPa) mi D

Basaltic andesite 22.40 24.14 50 25 0 1, 6, 8

Pyroclastic deposit 13.20 10.40 50 13 0 4, 8

Andesite 24.70 184.00 68 25 0 7, 8

Breccia 14.71 52.00 50 18 0 2, 8

Lahar deposit 22.53 82.52 40 25 0 5, 8

Volcanic ocean crust 18.44 150.00 42 13 0 3, 5, 8, 9

(1Achmad 2016; 2Apuani et al. 2005b; 3Brown 1981; 4del Potro and Hürlimann 2008; 5Dinçer et al. 2004;
6Koca and Kıncal 2016; 7Moon et al. 2005; 8Rocscience 2018; 9Thomas et al. 2004)

Fig. 4 Slip surfaces describing the most unstable FoS in section AO, OD, OB, and CO of the Mt Gamalama edifice
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we used kh of 0.103, 0.157, 0.457, and 0.685 which are
derived from both PGA values.

In addition, magma pressure with various angles of dyke
intrusion plays a role as an internal destabilizing factor.
Schaefer et al. (2013) applied magma pressure of 2–17 MPa;
the value reaches a maximum point in the bottom of the
edifice and a minimum point in the top. This value can be
applied to Mt Gamalama and becomes a trigger for the
destabilizing condition.

Furthermore, we vary the magma pressure and the angles
of dyke intrusion rather than only a vertical one. As a stra-
tovolcano, the direction of the intrusion follows the model of
a pressure point source (Poppe et al. 2019). This model has
been adopted in Agung and Cotopaxi volcano (Morales
Rivera et al. 2017; Albino et al. 2019). The angles used are
15°, 30°, 45°, and 60° as depicted in Fig. 2.

In this project we keep the geotechnical units and prop-
erties constant and vary the scenarios. In total we applied 30
trials for each section. The modelling began from a static
condition only under gravity force and the continued appli-
cation of seismic loads with different coefficients and the
magma pressure with different angles of dyke intrusion. The
application of the scenarios yielded different FoS values.
Therefore, we were able to determine a condition that can
destabilize the Mt Gamalama edifice and generate a failure.

The Mt Gamalama Factor of Safety

The slopes of Mt Gamalama which is under the static con-
dition are stable (FoS > 1.5) for all sections. Gradually, the
critical FoS values decreased because of the variation of the
seismic coefficient and magma pressure. The result of FoS
calculation for all sections is depicted in Fig. 3.

Decreasing the critical FoS does not mean that the
geometry of weakening areas will enlarge. Therefore, based
on Hoek’s classification regarding instability level which
refers to FoS (Hoek 2007), we decided to display slip sur-
faces with FoS below 1.30 as unstable areas leading to
failure in the Mt Gamalama edifice. Further, we selected the
largest surfaces in all sections. The selection resulted in FoS
of 0.385 in section OB, 0.687 in section AO, 0.805 in sec-
tion OD, and 0.417 in section CO. The geometry referring to
these values is depicted in Fig. 4.

Discussion and Conclusion

The destabilization that takes place on the Mt Gamalama
slopes was due to the effect of seismic loads and magma
pressure as depicted in Fig. 3. Although the volcano has
high FoS values (FoS > 1.90) in all sections under the static
condition, we need to consider the additional potential fac-
tors that can generate landslides due to its location in a
double subduction zone and its potential volcanic activity.
The most likely conditions which weaken the Mt Gamalama
edifice are summarised in Table 2.

The geometry of slip surfaces as depicted in Fig. 4 shows
that the unstable areas in Mt Gamalama can reach half of the
edifice. These will generate massive landslides. Furthermore,
as the location is close to the Molucca Sea, landslides can
enter the sea and generate tsunamis. This assumption will be
the next step of this project.
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Effect of Pore Pressure Dynamics
on Progressive Failure in a Clayey
Glaciolacustrine Landslide

Kelvin Sattler, David Elwood, Michael T. Hendry, David Huntley,
Jessica Holmes, and Paul B. Wilkinson

Abstract

The cyclic fluctuations of matric suction and its influence
on unsaturated soil mechanics in the active zone is largely
disregarded in many slope stability calculations. How-
ever, the depth of the unsaturated zone can be significant,
especially in semi-arid to arid climates where large
portions of the slope are not governed by saturated soil
mechanics. Additional tools are used to characterize
historical climate and compare several factors that have
resulted in changing landslide movement rates and
magnitude. Infiltration of precipitation and snowmelt
directly contributes to matric suction losses in the head
scarp and is exacerbated by the presence of tension
cracks. While groundwater levels are primarily correlated
to changing movement rates in the Thompson River
valley, seasonal changes in matric suction can influence
the degree to which movement rates change. Climatic
events and trends over the past few years alter the
long-term soil water accumulation in the valley. By
accounting for the additional strength or potentially rapid
losses in strength due to increasing water content, it may
be possible to develop a more complete understanding of
the climate change mechanisms driving changing move-
ment rates in the translational, metastable earthen slides
that dominate the Thompson River valley.

Keywords

Variable matric suction � Infiltration � Soil moisture
deficit � Retrogressive landslides

Introduction

Periodic changes in movement rates and magnitude for
translational, compound landslides in the Thompson River
valley are often hard to anticipate due to the complex
interaction of multiple contributing factors. Near the base of
these slides, factors include elevated pore pressures trapped
in low hydraulic conductivity layers due to changing
hydraulic gradients; loss of landslide toe buttressing due to
falling river elevation; and erosion and scour removing
material from the slide’s toe (Clague and Evans 2003;
Eshraghian et al. 2007, 2008; Hendry et al. 2015). The upper
reaches of a slide mass may experience an increasing water
content in the vadose zone due to infiltration through tension
cracks or the slide mass itself by means of any single factor,
or a combination of irrigation; precipitation; snowmelt; or
near surface ground thawing, and the release of frozen pore
water (Stanton 1898; Bishop 2008). The movement of water,
both vadose and phreatic, is a universal theme causing
landslide instability throughout the valley.

The present study investigates the use of soil moisture
deficit (SMD) trends and weather patterns compared to field
measurements of matric suction, water content, and resis-
tivity over a span of several years to determine their con-
tribution to changes in landslide movement rates. SMD and
long-term weather data may be used to identify multi-year
trends resulting in vadose zone water content changes.
Increased water content can lead to deeper infiltration due to
increased hydraulic conductivity (Fredlund et al. 1994;
Leong and Rahardjo 1997). These variations in water con-
tent, and corresponding matric suction, have the potential to
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reactivate dormant slides or cause movement magnitudes to
vary from year to year.

Background

The Thompson River Valley

A high concentration of metastable, translational, and ret-
rogressive landslides occurs in the arid climatic region south
of Ashcroft, British Columbia, Canada affecting the right of
way for both Canadian Pacific (CP) and Canadian National
(CN) railways (Fig. 1). This corridor is a vital route for all
goods travelling between the Port of Vancouver and the rest
of Canada. Because of its importance, the rail corridor is one
of North America’s busiest sectors. Over the last several
years, the Thompson River corridor has seen dramatic
increases in rail traffic and increases in rail car numbers with
some trains reaching up to 2 km in length (Bunce 2008).
Closure of the corridor due to landslide activity would result
in millions of dollars in lost revenue for the rail operators
and have a direct impact on Canada’s economy.

The Ripley Landslide Extents
and Instrumentation

The Thompson River rail corridor has been problematic
since the railway’s construction in the late 1800s (Stanton
1898; Bishop 2008). The research at this landslide was
named as an International Programme on Landslides (#202)
in 2016. The Ripley Landslide has been heavily instru-
mented with, but not limited to, Shape Accel Array
(SAA) inclinometers, matric suction sensors (Macciotta et al.
2016), vibrating wire piezometers (Hendry et al. 2018),
water content sensors, and electrical resistivity tomography
(ERT) (Fig. 2). A weather station was installed and became
operational in July 2016. Wildlife cameras installed at each
end of the ERT transects to monitor animal activity confirm
weather patterns documented by the weather station and
in-ground sensors.

Regional and Local Geology

The Thompson River valley around the Ripley Landslide has
been subjected to at least three glaciations, leading to com-
plex stratigraphic sequences of glaciolacustrine deposits, till,
and glaciofluvial outwash (Ryder et al. 1991; Clague and
Evans 2003). Post-glacial river incision through weaker
stratigraphic sequences has been proposed as the initial
triggering factor for landslide movement (Clague and Evans
2003; Eshraghian et al. 2007, 2008). The failure planes in
the Thompson River valley landslides are commonly
focused in weak non-swelling clay layers of the glaciola-
custrine stratigraphy (Eshraghian et al. 2007).

The river stages create seasonal changes in the direction
of hydraulic gradients within the ground. During the winter
months when the river level is at its lowest, an upward
gradient acts on the base of the rupture surface within a
sub-till glaciolacustrine clay layer. During the spring freshet,
the high river stage exceeds the deeper groundwater pres-
sures, and this results in a reversal of the groundwater flow
regime and increases slope stability. The upward gradient
and the corresponding pore pressures contribute to reacti-
vation or increasing movement rates (Eshraghian et al.
2007).

Investigation Methods

Soil Moisture Deficit (SMD)

Soil moisture deficit summarizes a combination of climatic
conditions for a given site. Climatic highs and lows over the
observation period help identify multiyear patterns of wet

Fig. 1 High landslide concentration south of Ashcroft, British
Columbia, Canada (after Eshraghian et al. 2007; Macciotta et al.
2014; Hendry et al. 2015; Journault et al. 2017)

Fig. 2 Plan layout for the Ripley Landslide showing pertinent
instrumentation used during the current study
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and dry cycles. Soil moisture deficit is the difference
between reference evapotranspiration and precipitation over
a set period. The reference evapotranspiration is determined
using the following formula developed by the Food and
Agriculture Organization (FAO) for native prairie grassland
and is based on the Penman–Monteith equation (Allen et al.
1998).

ET0 ¼
0:408DðRn � GÞþ c 900

T þ 273 u2ðes � eaÞ
Dþ cð1þ 0:34u2Þ � d ð1Þ

where,

Δ the slope of the vapour pressure curve [kPa °C1];
Rn is net radiation at the crop surface [MJ m2 day1];
G is soil heat flux density [MJ m2 day1];
c is the psychrometric constant [kPa °C1];
T is the mean daily air temperature at 2 m height [°C];
u2 is wind speed at 2 m above ground surface [m s1];

and
es–ea is the saturation vapour pressure deficit [kPa].

The soil moisture deficit over the past decade has been
determined for the Ashcroft area based on historical records
of wind speed, relative humidity, air temperature, atmo-
spheric pressure, and precipitation. Representative data for
these factors was collected from Environment Canada and
the on-site weather station. Shortwave solar radiation on
inclined surfaces was documented by Hay (1979) for various
aspects and slope angles at Summerland, British Columbia
and applied to the evapotranspiration calculation.

Matric Potential (Suction) Monitoring

Measurement of the in-situ potential has historically proven
difficult due to method limitations, and a wide range of
possible values for suction (Guan 1996; Ridley and Wray
1996; Rahardjo and Leong 2006; Tarantino et al. 2008).
However, advancements have resulted in more efficient and
reliable monitoring due to improved manufacturing, and
increased sensitivity in sensors for both in-situ water content
and matric water potential (suction). The contribution of
matric suction can be a factor for stability in slopes with
extensive vadose zones and should be considered in many
geotechnical applications (Leroueil 1999; Blight 2003;
Siemens 2018).

The matric suction sensors used in this study measure
water potential indirectly through a printed circuit board
placed between two manufactured porous stones. The sensor
body also contains an internal thermistor. Dielectric

permittivity for the porous ceramic stones is directly corre-
lated to water content based on known values of dielectric
permittivity for air, the ceramic stone, and water which are 1,
5, and 80, respectively (Meter Group 2019). Dielectric per-
mittivity depends on the amount of water that occupies pore
spaces in the ceramic stone. As a result, a unique relation-
ship directly relates the porous stone’s dielectric permittivity
to its water content. The manufacturer has determined the
soil water characteristic curve (SWCC) for the ceramic
porous stone using mercury porosimetry. The SWCC rela-
tionship allows for computation of water potential based on
the porous stone water content. Accurate measurement of
water potential (±10% accuracy from −9 to −100 kPa)
requires intimate contact with the surrounding soil over the
entire ceramic surface to maintain water potential equilib-
rium (Meter Group 2019).

Matric suction sensors were installed at several locations
across the Ripley Landslide. The depth of the sensors was
limited by hand auger refusal on cobbles found throughout
the investigated stratigraphy. Sensors were installed at a
minimum depth of 0.3 m and a maximum depth of 2.7 m
below the ground surface (Sattler et al. 2018). Vertical
spacing between sensors was consistently 0.3 m in order to
achieve enough vertical stratigraphic resolution in the water
content and matric suction datasets. The borehole locations
were established with the intent of demonstrating how matric
suction varies within the active zone, both spatially and
temporally.

Proactive Infrastructure Monitoring
and Evaluation (PRIME)

The PRIME system uses an in-place or fixed ERT array,
which was developed by the British Geological Survey (BGS).
Ongoing surveys of the soil resistivity have been conducted at
the Ripley Landslide since the fall of 2017. By conducting
periodic measurements of the apparent resistivity between
various electrodes in the ERT array, it is possible to identify
patterns of changing resistivity related to changes in the sub-
surface volumetric water content (Gunn et al. 2015). Once the
SWCC is known, the volumetric water content can be related
to matric suction for stability calculation considerations.

The ERT network at the Ripley Landslide consists of two
perpendicular intersecting rows of ERT electrodes installed
in 20 cm deep trenches as detailed by Huntley et al. (2019).
An initial survey of electrical resistivity detailed
coarse-grained (high resistivity) and fine-grained (low
resistivity) materials in the subsurface directly below the
ERT electrodes. Subsequent surveys have analyzed changes
in the resistivity from the initial background survey. These
changes are directly correlated to temporal changes in soil
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water content and temperature (Bobrowsky et al. 2017;
Holmes et al. 2018; Huntley et al. 2019).

The ERT provides a valuable method of observation to
study the infiltration of water. The electrode array extends
across the slide mass, intersecting various tension cracks
along its length. As precipitation, snowmelt or ground
thawing occur, corresponding changes in electrical resistiv-
ity are documented and visually represented in a tomograph.
The method is particularly advantageous in the tension crack
regions where it is possible to observe the depth and extent
of surface water penetration. Currently, the ERT only pro-
vides relative changes and the actual in-situ water contents
are not known. As a result, ground truthing and determina-
tion of matric suctions are still required.

Results and Discussion

Meteorology and Soil Suction Influence
on Landslide Movement Trends

The soil moisture deficit provides one meteorological trend
indicator that helps to identify wet/dry cycles in climatic
data. A plot of the soil moisture deficit over several years
demonstrates which years were wet or dry in comparison to
other years (Fig. 3). If the soil moisture deficit drops below
zero, the soil demonstrates a surplus of water. However, the
region around Ashcroft, British Columbia is known for its
semi-arid to arid climate. As such, the region experiences a
soil moisture surplus infrequently and is typically confined
to the winter months as shown in Fig. 3.

Displacement data can be compared to soil moisture
deficit trends to indicate potential correlations to landslide
movement involving atmospheric interactions. A significant
downslope movement occurred in February 2017. The soil
moisture deficit had dropped by more than 50 mm from its
2015 peak during the summer of 2016. Figure 3 demon-
strates the landslide’s susceptibility to increased movement

rates following a wetter year with a lower soil moisture
deficit.

Previous authors have shown that increased movement
rates are more prominent when the river elevation is at its
lowest (Eshraghian et al. 2007, 2008; Hendry et al. 2015). At
the peak river elevation, the landslide movement rate
decreases significantly as the slide mass is partially but-
tressed by the river and the hydrogeologic regime changes
from an upward to a downward gradient. Movement rates
increased in winter 2017, following a wet year in 2016. The
rates stabilized over the following dry year (Fig. 3). It fol-
lows that the river elevation peaked around 268.3 masl in
summer 2016 and 270.3 masl in summer 2017. The mini-
mum river elevation dropped to 263.4 masl in winter 2017
and 263.1 masl in the winter 2018. Rates of movement
increased in winter 2017 but did not increase to the same
degree when the river elevation dropped to an even lower
level in winter 2018. From this information, it is evident that
river elevation and changing hydraulic gradients are not the
sole cause of total displacement and changing movement
rates for the Ripley Landslide.

Matric suction has been monitored at the Ripley Land-
slide since late 2017. Sensors installed in the head scarp and
slide mass have continuous records showing ongoing
changes in matric suction up to 2.7 m below ground (BG).
Comparing the matric suction to the monthly soil moisture
deficit demonstrates some correlation between the variables.
As expected, the matric suction in the head scarp and the
slide mass drops when the soil moisture deficit is lower (pore
pressures are less negative). There is a clear delay between a
decrease in soil moisture deficit and falling matric suction in
the intact slide mass as shown in Fig. 4. The delay is related
to the infiltration rate, hydraulic conductivity, and depth of
soil above individual sensors.

Total precipitation and the precipitation rate can be
expected to affect matric suction as water content changes,
moving up the wetting curve of the SWCC. During gaps in
precipitation, it is expected that evapotranspiration occurs,
and the soil moves down the SWCC drying curve. The soil

Fig. 3 Mid slide displacement at the slip surface combined with soil
moisture deficit and river elevation over the same period Fig. 4 Slide mass suction association to soil moisture deficit
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constantly undergoes hysteretic behaviour as the soil dries
out and wets through successive series of meteorological
events. A prolonged period of high-intensity precipitation
can bring the soil in the vadose zone closer to saturation.

Temperature affects the soil’s matric suction in climatic
regions where the soil tends to freeze, and winter snowpack
develops. While saturation is indicated by matric suction
approaching a value of 0 kPa, frozen water registers infinite
matric suction as the surrounding liquid turns into a solid.
During this time, suction increases in the freezing zone as
the amount of liquid water reduces, generating higher levels
of suction. A suction gradient develops, drawing more water
into the freezing zone (Fredlund et al. 2012). While the
ground is frozen and snowpack exists, water is unable to
infiltrate from the surface and evaporation ceases.

Ground thaw and snowpack melting in the spring releases
a potentially large reserve of water. The water influx
increases the soil’s hydraulic conductivity at a time when air
temperatures are lower (less evaporation) and vegetation is
inactive, resulting in deeper infiltration. Deeper infiltration is
evident in the sensors located at or above 1.5 m BG (Fig. 5).
The rapid loss in matric suction occurs when the Thompson
River elevation is at its lowest in early spring.

If the snow melts rapidly, it will take time for the
watershed to funnel resulting runoff into the Thompson
River. Furthermore, the snowpack in the mountains melts
slowly and is delayed compared to lower elevation snow-
pack melting. As a result, the river stage does not increase at
the same time as the snow is melting within the river valley.
The response is delayed, creating a potentially dangerous
situation where the matric suction in the landslide can be
dropping while the buttressing effect from the Thompson
River is at a minimum. River elevation reaches a minimum
around the same time as SMD (Fig. 3). The seasonal mini-
mum for shallow soil suction can occur around the same
time, depending on the current weather trends (Fig. 4).

The lower level of matric suction reaches a minimum
later in the summer. During the summer, infiltration is
reduced as air temperatures are elevated (more evaporation)
and vegetation takes up more of the precipitation. At this
time, the Thompson River has reached its maximum eleva-
tion and the potential for movement has decreased. After
reaching a minimum matric suction, the soil experiences a
slight increase in matric suction as the days get shorter and
vegetation reduces activity. In the late fall, suction near the
surface becomes unreliable. As the freezing front progresses
from the ground surface through the active zone, the sensors
become unable to register suction in the soil due to the
subsequent liquid–solid phase transition and loss of pressure
equilibrium between the ceramic stone and the soil pore
water. Suction data was removed when sensor temperatures
were less than zero degrees Celsius.

Net infiltration Observations

The PRIME system using ERT has been operational since
December 2017 providing weekly visual representation of
changes in soil resistivity (water content). The initial resis-
tivity survey was conducted in December 2017 and provides
a base to which all future measurements are compared. The
subsurface and surface features are described in the figure
indicating the slide mass extent and potential infiltration
zones including the slide tension cracks. Subsequent surveys
during the spring of 2018 depict changes in resistivity due to
changes in soil water content caused by snowmelt and
ground thawing (Fig. 6a–d). Timestamps attached to each
tomograph provide reference to the temporal record of
temperature and precipitation (Fig. 6e). Positive changes in
resistivity (decreasing water content) are shown by hotter
colours while negative changes in resistivity (increasing
water content) are indicted by cooler colours.

The progression of snowmelt and ground thawing is
evident in the tomography, particularly in the tension cracks.
Near surface soil indicates lower resistivity as the snow
melts and ground thaws, increasing water content. In the
tension cracks, water starts to infiltrate deeper as indicated
by a blue crescent shading in the tomograph extending into
the deeper high resistivity red shading. The wildlife cameras
help document snowmelt progression for comparison to
ERT resistivity.

Extended periods of precipitation are well understood to
have the potential to contribute to deeper infiltration. This
pattern of reduced runoff and increased infiltration are
clearly indicated by the ERT data and confirmed with onsite
precipitation data. Temperatures start to rise above freezing
concurrently with increasing cumulative precipitation. If the
snowpack is melting, the ground is thawing, and precipita-
tion is maintained over the span of several days, the soil is

Fig. 5 Temporal record of temperature and precipitation rate related to
slide mass matric suction
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subject to increasing hydraulic conductivity (up to the sat-
urated hydraulic conductivity) due to an increasing water
content. The increasing water content starts at the ground
surface and progressively makes its way downward through
the vadose zone as infiltration and percolation occurs. The
saturated hydraulic conductivity represents the maximum
possible hydraulic conductivity and is achieved approxi-
mately when the water content is equal to the AEV.
Increased water content reduces the amount of suction
generated by the soil, effectively reducing the soil’s strength
and ultimately, the landslide stability.

Summary

Methods of visualizing and interpreting changing water
content in the vadose zone have been explored for a
slow-moving, retrogressive landslide in the Thompson River
valley south of Ashcroft, British Columbia, Canada. The
landslide impacts both national rail operators, restricting the
flow of goods between the west coast and interior Canada.
Several studies have examined similar landslides in the
Thompson River valley and identified fluctuating river

Fig. 6 Changes in resistivity across ERT transects: a Resistivity
change from Dec. 5, 2017 to Jan. 2, 2018 b Field image from Jan. 3,
2018. c Resistivity change from Dec. 5, 2017 to Mar. 26, 2018. d Field

image from Mar. 21, 2018. e Temperature and precipitation over the
survey period (after Holmes et al. 2018; Huntley et al. 2019)
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elevation/pore pressures, riverbank erosion, artesian pres-
sures, and irrigation as possible contributing factors to
ongoing landslide movement. The current study analyzes
climatic factors in terms of short to long term changes in
vadose water content.

Changing water content has a direct impact on the matric
suction that can be generated near the head scarp. Further
work is required to relate changes in electrical resistivity
from the ERT to changes in soil water content. Long-term
study of meteorology combined with several other stability
factors provides a method of understanding why movements
change or occur when they do. By considering more factors
involved in changing landslide movement rates, it may be
possible to more accurately determine when movement rates
may be set to increase. With advanced warning, railway and
other transportation infrastructure authorities can properly
allocate funding and resources to prepare for potentially
costly maintenance seasons.
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Engineering Geological Investigation
and Slope Stability Analysis for Landslide
Hazard Assessment in Indian Himalayas

Shantanu Sarkar and Koushik Pandit

Abstract

The Indian Himalaya is very prone to landslides due to its
complex geology and tectonic set-up along with high
intensity rainfall and aggravated slope conditions as a
result of anthropogenic activities. Landslide hazard
assessment is very essential before any hill development
construction activity begins. Engineering geological
investigation forms the primary basis for any slope
stability assessment leading to plan for any construction
so that landslide occurrences are minimized. Engineering
geological data for rock slope stability assessment can be
very easily collected from the field. These data can be
used for rock mass characterization and classification
such as Geological Strength Index (GSI), Rock Mass
Rating (RMR) and Slope Mass Rating (SMR). The paper
describes these rock mass classification techniques and
presents some field examples. The paper also presents
application of these techniques to derive some relevant
geotechnical parameters for numerical analysis to deter-
mine the stability of slopes in terms of factor of safety.

Keywords

Engineering geology� Landslide� Slope stability�Rock
mass classification

Introduction

Landslide occurrences are very common in hilly regions all
over the world. Though these phenomenon is not so spec-
tacular as compared to the other natural hazards such as
earthquake, floods, tsunami etc. but due to its frequent
occurrences the losses resulted from landslides are quite
large. Landslides happenings are always of major concern in
the Indian Himalayas where these are quite frequent largely
because of its complex geology, tectonic instability, con-
tinuous erosion by rivers and streams, and high-intensity
rainfall substantiated by upcoming hill development activi-
ties (Sarkar et al. 2018). There were several landslide dis-
asters that occurred in the recent past in the NW part of the
Himalayas which caused loss of many lives and enormous
property.

Besides these, there have been slope failures along the
highways which are under construction (Fig. 1). It is worth
mentioning that as a result of increasing urbanization, hill
slopes are being disturbed due to various construction
activities particularly the road and building construction
(Sarkar et al. 2008). To assess the slope stability particularly
for rock slopes, engineering geological data defining the
rock mass strength are necessary. These data are mostly from
geological discontinuities/rock joints. It is well known that
the rock mass characterization is largely governed by the
properties rock mass discontinuities and based on which
several rock mass classification techniques were proposed.
Presently there are many rock mass classification methods.
The most frequently used are Rock Quality Designation
(RQD), Geological Strength Index (GSI), Rock Mass Rating
(RMR) system and Slope Mass Rating (SMR). These rock
mass classification techniques are greatly used to describe
the quality of rocks and slope stability assessment. It has
been observed that roads in the hilly regions are often con-
structed without having much knowledge on the strength of
rocks and stability of slopes. The present paper discusses the
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Fig. 1 Completely unstable debris slide due to road excavation in the Lesser Himalayas

Fig. 2 Rock slopes showing
various engineering geological
parameters for rock mass
characterisation
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Table 1 Description of SMR
classes (Romana 1985)

Class No. V IV III II I

SMR 0–20 21–40 41–60 61–80 81–100

Description Very bad Bad Normal Good Very good

Stability Completely
unstable

Unstable Partially stable Stable Completely
stable

Failures Big planar or
soil like

Planar or big
wedges

Some joints or many
wedges

Some
blocks

None

a

b

Fig. 3 Rock slide due to a planar
failure & b wedge failure (Sarkar
et al. 2018)
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importance of engineering geological data and application of
these techniques for rock slope stability assessment.

Engineering Geological Parameters

The engineering geology dealing with rock mass strength
and rock joint properties forms the most critical base for rock
slope stability assessment. This involves an in-depth
knowledge of rock mass strength, rock mass structure,
joint spacing, joint condition, RQD, hydrological condition,
joint-slope orientation and method of slope excavation.

RQD defines degree of jointing and fracturing and can
be obtained from drilled cores. Since it is not always
possible to have the drilled cores, RQD is most commonly
estimated from RQD = 110 − 2.5 Jv, where Jv is the
volumetric joint count which is total number of joints in a
unit cubic meter rock mass (Palmstrom 2005). The next
important parameter is the Uniaxial Compressive Strength
(UCS) of rock, which can be determined in the laboratory
by testing the core in uniaxial testing machine. More often
point load strength index (I) is determined by testing the
rock lumps(collected from the field) in a point load testing
machine and the UCS of the rock sample is estimated from

Very Blocky

Blocky Disturbed

Blocky

Intact or Massive

Disintegrated

75 cm

150 cm

Fig.4 The modified quantitative GSI System (Sonmez and Ulusay 2002) and different rock mass structure
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UCS = 15 * I. The UCS of rock mass can also be deter-
mined by using the rebound hammer on rock joint surface
at the site itself. The other parameters like rock mass
structure which depends upon the blockiness, joint spacing,
joint condition, hydrological condition and joint-slope ori-
entation are determined at the site only. Hydrological
condition is assessed based on the water saturation and
seepage and is described as completely dry, damp, wet,
dripping and flowing. Some of these parameters are pic-
torially explained in Fig. 2.

Rock Mass Classifications

The rock mass classification schemes most commonly used
for rock mass characterisation and slop stability assessment
are GSI, RMR and SMR. A brief about these are described
below.

Rock Mass Rating (RMR)

The Rock Mass Rating (RMR) system was developed by
Bieniawski (1973) and has been modified over the years
(Bieniawski 1979, 1989). The RMR include five input
parameters to obtain basic RMR value (RMRbasic). These are
(i) Uniaxial Compressive Strength (UCS) of rock mass,
(ii) Rock Quality Designation (RQD), (iii) Spacing of dis-
continuities, (iv) Condition of discontinuities and
(v) Groundwater condition.

The rating tables for these five parameters and the rock
mass classes are given by Bieniawski (1989). The ratings for
these five parameters are summed to yield the RMRbasic

ranging between 0 and 100. RMR has a wide application in
engineering geology and hill slope stability.

Slope Mass Rating (SMR)

Slope Mass Rating technique was developed by Romana
(1985) for stability assessment of the rock slopes. This is
primarily based on the application of RMRbasic and the
orientation of discontinuities and slope. This technique is
applicable for preliminary assessment of rock slope stability.

SMR can be determined by following relation:

SMR ¼ RMRbasic þ F1: F2: F3ð Þþ F4 ð1Þ
where are, F1 (ranges from 0.15 for very favourable to 1.00
for very unfavourable) depends on parallelism between the
slope face and the joint plane or the line of intersection
between two joint planes; F2 (ranges from 0.15 for very
favourable to 1.00 for very unfavourable) depends on the dip
of the joint plane or the plunge of the line of intersection
between two joint planes; and F3 (ranges from 0.0 for very
favourable to −60.0 for very unfavourable) depends on the
relation between the dip of the slope face and dip of the joint
plane or plunge of the line of intersection of two joint planes
and F4 (ranges from +15 for natural slopes to −8 for defi-
cient blasting) is adjustment rating for excavation method.

Fig. 5 Kinematic analysis of two
slopes having planar and wedge
failures
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The SMR values range from 0 to 100 which has been
classified into five different stability classes (Table 1).

The SMR can be calculated for probable failure mecha-
nisms such as plane, wedge and toppling failures involving
unfavourably oriented discontinuity planes. A planar failure

occurs when a discontinuity plane dips in the same direction
(within 20°) as the slope face, at an angle gentler than the
slope angle but greater than the friction angle along the
failure plane (Fig. 3). A wedge failure occurs when the line
of intersection of two discontinuities, forming the wedge

Table 2 GSI, RMR, SMR and
stability grades of studied slopes

Region Slope GSI RMR SMR Stability grade

Lesser Himalaya 1 53 64 24 U

2 49 64 56 PS

3 43 55 47.5 PS

4 42 53 13 CU

5 27 38 13 CU

6 52 59 9 CU

7 53 54 64 S

8 38 45 20 CU

9 44 63 65.5 S

10 43 51 44.5 PS

11 42 55 23 U

12 41 53 13 CU

13 50 62 47 PS

14 48 62 54 PS

15 38 48 15.5 CU

16 37 45 4 CU

17 38 48 39 U

18 39 43 15.3 CU

19 37 38 4 CU

20 44 58 18 CU

21 52 62 37 U

22 53 64 31 U

23 47 60 26 U

24 23 30 18 CU

25 48 58 58 PS

Higher Himalaya 26 42 53 18 CU

27 44 59 17 CU

28 42 53 2 CU

29 44 63 59 PS

30 48 59 57 PS

31 42 52 48.4 PS

32 38 63 42.6 PS

33 38 64 29 U

34 36 61 31.6 U

35 52 79 75.4 S

36 39 56 48.35 PS

37 42 74 53.6 PS

38 38 62 45.2 PS

Where are, S = stable, PS = partially stable, U = unstable, CU = completely unstable
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plunges in the same direction as the slope face and the
plunge angle is lower than the slope angle but greater than
the friction angle along the planes of failure. Further to know
the probable failure modes, geological discontinuities and
slope are plotted in a stereonet for kinematic analysis.
Depending on the joint slope relation it may be possible that
the slope may fail by planar and wedge both. In that case the
lowest SMR value is considered to define the stability of the
slope.

Geological Strength Index (GSI)

The rock mass classification known as Geological Strength
Index (GSI) was proposed by Hoek and Brown (1997)
which is an engineering geological assessment of the rock
mass. The GSI is essentially based on the blockiness of the
rock mass and the surface conditions of discontinuities.
A chart was proposed by Hoek and Brown (1997) which
classifies the rock mass structure into four classes. Since then
GSI has been modified several times by different authors
(Hoek et al. 1998; Marinos and Hoek 2000). Sonmez and
Ulusay (2002) later suggested a quantitative approach to
estimate more precise values of GSI. This modified quanti-
tative rock mass classification is based on the structure rating
(SR) and surface condition rating (SCR). SR depends on
volumetric joint count (Jv) while SCR depends on rough-
ness, weathering and infilling in joints. The rating for SR can
be obtained from the relationship of Jv and SR given in the
chart. The modified chart represents five rock mass cate-
gories ranging between 5 and 100(Fig. 4). Cai et al. (2004)
also suggested a quantitative measure for the GSI based on
the concept of block size considering a prismatic block
resulted from three discontinuity sets and surface conditions.

Rock Mass Characterization and Slope
Stability Assessment

Slope stability assessment of a few vulnerable rock slopes
along the National Highway in the Lesser and Higher
Himalayas of Uttarakhand state of India has been carried out
in the recent past and the study is still continuing to achieve
more findings. Some of the findings are already reported by
the authors (Sarkar et al. 2012; Neeraj et al. 2018). In these
studies GSI and RMR are primarily used for rock mass
characterization and SMR is used for slope stability assess-
ment. RMR and GSI are the two very basic rock mass
classification systems which describe the rock mass in terms
of blockiness, joint condition, rock mass strength and
hydrological condition. To know the potential failure sur-
face, kinematic analysis was carried out (Fig. 5).The study
has shown that SMR can be very well used for a rapid

assessment of slope stability particularly for road cut and
excavated rock slopes. The values of GSI, RMR and SMR
obtained for the studied slopes are given in Table 2.

The values of GSI and RMR as shown in Table 2 show
that RMR value is always little higher than the GSI value.
The relation between GSI and RMR given by Hoek and
Brown (1997) is GSI = RMR − 5 and Sarkar et al (2012)
while studying some road cut slopes in Garhwal Himalayas
found that GSI = RMR − 9. The slopes reported here show
GSI = RMR − 7 which is very close to the earlier findings
(Fig. 6).

The values of GSI, RMR and SMR are plotted to evaluate
the relation amongst each other (Fig. 7). It can be inferred
from Table 2 to Fig. 7 that SMR values in general follows
the trend of RMR as it describes the rock mass characters.
However, some slopes are showing very low values of SMR
even though the RMR is considerably on higher side which
can be explained by the adverse joint orientation with respect
to the slope.

Application of Rock Mass Classification
for Numerical Analysis

Computational methods like the traditional limit equilibrium
methods (LEM) and finite element method (FEM) combined
with shear strength reduction (SSR) technique are popular
practices in the assessment of a slope’s stability. The finite
element methods takes into account inputs of engineering

0
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0 20 40 60

Fig. 6 Relation between GSI and RMR

Fig. 7 Relationship among GSI, RMR and SMR
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Fig. 8 Field photograph of the
illustrated partially stable rock
slope in the Higher Himalayas

Table 3 Empirical correlations
for estimating deformation
modulus of rock mass, Ed (GSI &
RMR)

Researchers Correlation Remarks

Bieniawski (1978) Ed = 2 RMR − 100 (GPa) rci > 100 MPa and
RMR > 50

Serafim and Pereira
(1983)

Ed = 10^(RMR − 10)/40 (GPa) rci � 100 MPa&
RMR < 50

Hoek and Brown
(1997)

Ed = (rci/100)
0.5 * 10^(GSI−10)/40 (GPa) For rci < 100 MPa

Ramamurthy (2004) Ed/Ei = exp[(RMR − 100)/17.4]

Hoek and Diederichs
(2006)

Ed = Ei [0.02 + (1 − D/2)/(1 + exp(60 + 15
D − GSI)/11)]

Where are, Ei = elastic modulus and rci = unconfined compressive strength of intact rock, Ed = deformation
modulus of the rock mass, D = disturbance factor

Table 4 Derivation of Hoek—
Brown parameters with respect to
GSI (Hoek et al. 2002)

Parameter Expression Remarks

mb mb = mi exp[(GSI − 100)/
(28 − 14D)]

mb and mi (from tri-axial tests) are strength
parameters for rock mass and intact rock
respectively

s s = exp[(GSI − 100)/(9 − 3D)] s (s = 1 for intact rock) is a material constant

a a = 0.5 + (1/6) * [exp
(−GSI/15) − exp(−20/3)]

a is the curve fitting co-efficient

D D = 0, 0.7 & 1.0 for undisturbed
slope, good & poor blasting
respectively

D = disturbance factor due to slope excavation
method
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properties of slope mass such as elastic modulus, Poisson’s
ratio, shear strength parameters, dilation angle, unconfined
compressive strength etc. and capable using appropriate
constitutive model or failure strength criterion (e.g. Mohr–
Coulomb, Generalized Hoek and Brown model etc.). Many
times, it is a difficult task to determine all these parameters
by laboratory or field based tests. As an alternative, rock
mass classification methods can be utilized to provide a
viable solution since many of the classification methods
have well-established correlations with many of the above
engineering properties.

For example, one typical rock slope (Fig. 8) having GSI
value of 42 and RMR of 53 has been analysed for which the
engineering properties required as inputs to the finite ele-
ment code have been estimated from the established corre-
lations with rock mass classification systems e.g. GSI and
RMR as given in Tables 3, 4 and 5. In the next step, the rock
slope is modelled as an equivalent continuum slope mass to
simulate the behaviour of a jointed rock mass. The safety
factors of the slope have been computed for different loading
conditions (gravity/static and pseudo-static) and explained
with displacement contours in Figs.9 and 10.

Table 5 Empirical relations
based on rock mass classification
for estimating UCS of rock
masses

Researchers (year) Correlation

Yudhbir and Prinzl (1983) rcm/rci = exp [7.65(RMR − 100)/100]

Kalamaras and Bieniawski (1993) rcm/rci = exp [(RMR − 100)/24]

Ramamurthy (1996) rcm/rci = exp [(RMR − 100)/18.75]

Hoek et al. (2002) rcm/rci = sa (s and a can be computed from Table 4)

Where are, rcm is the equivalent unconfined compressive strength of rock mass, determined from the above
correlations

FOS = 1.19

Fig. 9 Total displacement contours with computed FoS of the illustrated slope under static condition
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Conclusions

Rock slope stability assessment is one of the important
aspects of landslide disaster mitigation/hazard assessment
particularly for hill roads. The highways in Indian Hima-
layas are very prone to landslides due to lack of proper
investigation and adequate measures. The rock mass classi-
fication techniques by collecting the engineering geological
data helps in assessing the rock slope stability. The paper
described the most commonly used techniques and their
application. The study of few rock slopes has shown the
interdependency of the rock mass classification systems. The
paper also explained about the estimation of some engi-
neering properties of rocks essential for carrying out
numerical modelling of slopes to determine the safety factor.
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First Consideration About Post 2017 Wildfire
Erosion Response and Debris Flow in Susa
Valley (NW Italy)

Damiano Vacha, Giuseppe Mandrone, Matteo Garbarino,
and Donato Morresi

Abstract

This paper contains the first results of an ongoing research
dealing with post-fire mass movements in Italy. Although
the attention of the scientific community is increasing
worldwide, very few geo-hydrological processes occur-
ring in burned areas are reported for Italy. As the
probability of occurrence and magnitude of wildfires is
expected to increase in the future because of climate
change, more efforts should be made to deepen knowledge
on interacting disturbances. Here, we present a case study
regarding the erosional response after fire recurrence in a
watershed located in NW Italy, where multiple flow
processes occurred after six months since the last wildfire,
as a consequence of different rainstorms. It contains a
description of the geological and geomorphological
background, the burn severity assessment together with
the analysis of the triggering rainfalls and the outline of the
main geomorphic effects that affected people and lifelines.

Keywords

Wildfire � Debris flow � Erosion � Fire severity � Susa
Valley - N-W Italy

Preface

Every year wildfires occur worldwide, resulting in remark-
able damage, leading to a severe modification in natural
ecosystems, causing economic losses and increasing risks for

people. They affect the hydrologic response of watersheds by
changing the infiltration rates and erodibility of the soil. This
effect is due to litter and vegetation removal, ash deposition,
soil physical alteration and generation or destruction of water
repellent soils (Parise and Cannon 2012).

Rainstorms are commonly recognized as one of the most
frequent triggering factors of post-wildfire gravitative phe-
nomena (Moody et al. 2013). Unfortunately, strong statistics
on this matter are usually lacking but cases where wildfires
could have played a major role in favouring landslides are
many. Climate crisis causing an increase in extreme events
(both for temperature and rainfalls) and land use changes
(especially in rural areas) request a special attention on these
items (IPCC 2014).

While several post-fire high-magnitude debris flows are
reported for Canada, USA, and Australia, few examples are
reported in Europe, and even less in Italy (Esposito et al.
2017, 2019; Carabella and Paglia 2019). For this reason, a
group of Italian multidisciplinary researchers is developing a
program of studies included in the ICL project No. 4938,
started in 2019 (Mandrone et al. 2019).

Introduction

Debris flow susceptibility and erosion rates in burned areas
can increase substantially with respect to the unburned sit-
uation (Moody and Martin 2001; Parise and Cannon 2008,
2012; Staley et al. 2017).

Different processes for the initiation of post-fire debris
flows have been identified: a) runoff-dominated erosion by
surface overland flow, b) infiltration triggered failure and c)
mobilization of a discrete landslide mass and increased
runoff by water cascading on easily erodible material. a) is
most frequent immediately after the fire. It is the result of
rainsplash, sheetflow and rill erosion. Surface runoff may
concentrate in hollows and in low order channels, eroding
sediments until enough material has been accumulated to
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generate debris flow (Meyer and Wells 1997; Shakesby and
Doerr 2006; Parise and Cannon 2012). Failure of shallow
discrete landslide masses b), has also been documented in
burned watershed (Cannon and Gartner 2005; Parise and
Cannon 2012). The increase in soil moisture and the
reduction of soil cohesion due to tree mortality and deteri-
oration of anchoring roots play a major role in this case
(Cannon et al. 2001). c), described as the “firehose” effect in
unburned areas, can erode material owing to the increased
kinetic energy of the flow, and involve a major area down
valley (Calcaterra et al. 2000; Larsen et al. 2006).

In dry conditions, the availability of material to be
mobilized by a flow might also increase, due to the transport
of sediments by gravity and accumulation at the bottom of
the valley. This process, called “dry ravel” is intensified in
absence of vegetation (Florsheim et al. 2016).

Methodologies

A complete description of a post-wildfire response needs to
include the analysis of multiple aspects: local geology and
geomorphology, soil characteristics, fire intensity and
recurrence, severity and regimes, precipitation regime,
modification of the soil hydraulic and geotechnical proper-
ties, soil erosional processes, event magnitude and effects.
All of these issues are under investigation using field
observations, in situ measurements, geophysical surveys,
remote sensing, laboratory test and modelling.

As a starting point, the multiple flows (debris flow and
debris floods) occurred on April and May 2018 in Bussoleno
(Susa Valley, one of the Turin 2006 Olympic valleys—
Piedmont, NW Italy), are described. The aim is to report the
phenomena, to highlight their main characteristics, to iden-
tify the processes responsible for the triggering, and lastly to
improve knowledge about post-fire watershed behaviour in
alpine regions.

The Susa Valley Case Study

The Susa Valley Wildfire, October 2017

During October 2017, nine large wildfires (>150 ha)
occurred in Piedmont, burning a total area of 10,000 hectares
of which 7000 were forests. By comparison, the average
forest area burned for the entire region, between 2005 and
2013, was 600 ha/year (regional Fire Management Plan
2015–2019).

Dry conditions (−40% of rainfall with respect to 1958–
2016 average from Jan to Oct), high temperatures (+2.1 °C
in Turin compared to 1981–2010 average for October) and
hot and dry winds (Föhn from NW) favoured fire spread.
The largest and severe fire was in the Susa Valley, were
nearly 4,000 ha burned, involving 14 basins, placed on the
left of the Dora Riparia River. The same area experienced
another wildfire in 2003, which burned approximately
480 ha (moderate and high burn severity, Ascoli et al. 2011)
but not producing instability phenomena.

Satellite imagery and field surveys were used to map burn
severity at the landscape-scale, by employing a methodology
based on US FIREMON framework (Key and Benson
2005). The analysis of spectral changes caused by 2017
wildfires was carried out using multispectral images
acquired by Sentinel-2 A/B satellites (European Space
Agency) during August 2017 (pre-fire) and August 2018
(post-fire). Normalized Burn Ratio (NBR) index was cal-
culated at 20 m spatial resolution using surface reflectance in
the near infrared (NIR) and in the shortwave infrared
(SWIR2), as expressed in Eq. 1.

NBR ¼ NIR� SWIRð Þ= NIRþ SWIRð Þ ð1Þ
The Relative delta Normalized Burn Ratio (RdNBR)

index (Miller and Thode 2007) was chosen to infer burn
severity from remote sensing as it provides relative changes
using pre-fire NBR.

RdNBR ¼ ðprefireNBR� postfireNBRÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
prefireNBR=1000j j

p ð2Þ

For the 2003 wildfire, the same methodology was applied
to Landsat 5 pre (Aug 2003) and post-fire (Sept 2003) 30 m
resolution images (Fig. 1c).

The CBI (Composite Burn Index) field protocol was used
to define RdNBR thresholds of unburned/low, moderate and
high severity classes and to validate 2017 burn severity maps
(Miller and Thode 2007; Miller et al. 2009).

The study focuses on The Comba delle Foglie watershed,
where debris flows occurred. It was characterized by mod-
erate burn severity due to the low amount of pre-fire forest
cover (due to previous wildfires), mostly dominated by
young trees of Populus tremula and Salix caprea (Fig. 1d).

Geological and Geomorphological Setting

The Comba delle Foglie (CdF) watershed is one of the 14
basins affected by the Susa Valley wildfire. It’s a steep basin,
ranging between 490 and 1790 m a.s.l., with an average slope
of 32° and an area of approximately 1.37 Km2 (Fig. 1b).
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The East–West mountain ridge is mainly formed by rock
belonging to two tectonic elements: the Upper Unit of the
Dora Maira Massif (DM) and the Lower Piedmont Zone
(PZ). DM is one of the nappes of the inner Penninic
Domain, characterized a pre-Triassic basement (DMb) and
its Mesozoic cover (DMc); the PZ, represents the remnant
of the Tethys ocean, which over-thrust the DM units with
different structural elements (Gasco et al. 2011). Micas-
chists and gneiss of the DMb, calcschists, marbles and
dolomitic marbles belonging to DMc, calcschists, serpen-
tinites, serpentinoschists and chloritoschist belonging to PZ
outcrop in the lower part of the catchment (Carraro et al.
2002) (Fig. 1a). The stream has an average slope of 28.9°
which drops in the fan at about 8.8°. The talweg, poorly
incised, is barely visible on the fan, because of the high
urbanization. The streamflow does not reach the main valley
river (Dora Riparia), but it flows into a network of irrigation
channels.

Post Fire Response

Debris Flow

In the spring of 2018, precipitation in the Piedmont area far
exceeded the annual averages, leading to many instability
phenomena. In detail:

• April 29, 2018: a debris flow hit the northern portion of
Bussoleno Municipality, coming from Comba delle
Foglie watershed, affecting the fan in several positions
and causing damages to roads. Traces of enhanced ero-
sion in the stream path were found, while debris, finer
material and floated burn residuals were deposited at the
upper portion of the fan.

• Minor debris flow and floods events were recorded on
May 2, 9 and 13, 2018.

Fig. 1 a Geological setting, b geomorphological setting and c, d burn severity map of the Comba delle Foglie watershed (2003, 2017). In the
small boxes the geographic location of the study area is provided.
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• June 7, 2018: a major debris flow, which caused severe
damage to roads, buildings and infrastructures were reg-
istered. Up to two meters of mud and debris were
deposited at the fan outlet. The event caused the complete
destruction of two houses, the compromising of two
others, structural damage to other 12 buildings. Gas,
water and electrical energy supply were interrupted, and
150 people were evacuated.

Rainfall Data

Rainfall series from rain gages (Arpa Piemonte Network)
and radar rainfall intensities were collected. Four meteoro-
logical stations are located at about 8.7 km, 7 km, 7.8 km
and 5.4 km respectively from the study area. The rainfall
intensity estimated by radar for the June 7 event showed
peaks between 60 and 100 mm/h at 12: 00 UTC. Then
between 12:00 and 12:10 about 10 mm fell with an intensity
of 60 mm/h. The cumulated rainfall on the ground relative to
the interval 11: 55–12: 25 was about 15 mm. These quan-
tities correspond to a return period of 5 years (Fig. 2).

Processes Description

Field surveys and tests led to the characterization of the main
processes occurring in the watershed, and to the discovery of
some peculiar feature. Consecutive flows events occurred in
the Comba delle Foglie six months after the wildfire.

The upper part of the basin was characterized by very
sparse vegetation constituted of shrubs and grass associated
with few trees. In this area the bedrock outcrops discontin-
uously, and the soil coverage is very shallow (up to some
centimetres).

The fire effects resulted in a patched distribution in which
bare soil was exposed near spots where the new grass was
re-growing on black charred soil. The results of the surveys
conducted in June are shown below.

High on the hillslope, traces of overland flow coalescing
into rills and then into the main drainage line at the water-
shed bottom were found. Zero-order drainage showed evi-
dence of increased erosion and sediment transport, since the
very beginning close to the divide of the catchment (Fig. 3
a). On open slopes, in condition of exposed soil, the domi-
nant erosional process was found to be the sheetflow ero-
sion, occasionally associated with rill dominated sectors
where the tree vegetation was denser (Fig. 3b).

The lower part of the basin revealed generally a higher
percentage of vegetation cover, which was dominated by
shrubs and trees. In these sectors rill and little gullies were
detected. Also, some pathway showed signs of erosional
processes due to overland flow.

In the main channel the erosion, increasing proceeding
downstream, was marked by channel incision with steep
banks and frequently exposed bedrock. At 1000 m a.s.l.,
where two second-order drainages converge, localized
debris-flow levees were found in flat areas and behind
obstacles: these well sorted deposits were constituted by
cobbles and boulders up to 500 mm in a poor silt and sandy
matrix. Other deposits were found between 1000 m a.s.l. and
900 m a.s.l., alternated with erosion dominated sectors.

Down the channel, the sorting of the deposit decreased
while the amount of matrix increased. At 900 m a.s.l., where
the slope is flattened due to a road crossing, a bigger
deposition area was found: cobble and small boulders, in a
chaotic disposition, supported by a gravelly-sandy matrix
were found.

Below the road cut, the erosion level increased again. At
650 m a.s.l. two small lobes, made of cobbles mixed with
abundant sandy-silty matrix and floated materials (wood,
char…) were found in a flat area above a road cut.

After this point, the channel is again very incised and
reaches a steep jump just above the fan (570 m a.s.l.).
A survey conducted on June 5, two days before the main
debris-flow occurrence, revealed a massive amount of debris
and material accumulated in the channel, especially at the
bottom of the last cliff overhanging the fan apex. After the
debris flow occurrence, this sector showed a marked erosion,
up to 3 m (Fig. 3c). Below this point the signs of the flow
path were clearly visible: the bedrock was exposed and
polished, and the flow splash signs could be found some
meters above the valley bottom on the trees. At 500 m a.s.l.,
the gorge ends and reaches the fan apex. Where the main
deposition zone, made of gravels and cobbles were mixed in
an abundant sandy silty matrix, was found. The original
channel incision, covered by a road pavement, was exhu-
mated (Fig. 3d).

The maximum deposit thickness (reconstructed via pho-
togrammetric modelling) was approximatively 2 m, giving a
maximum estimated volume of 20,000 m2. The coarser
fraction was concentrated in the central part of the deposit
and was approx. 600 m in length, while the fluid fraction
had propagated for a longer distance (900 m from the apex)
(Fig. 4).

Discussion

Studying the post-wildfire response usually includes a series
of uncertainties. Among these, it is worth highlighting the
following items.

The cause-effect relationship is hard to establish, since the
longer the time between the fire and the flows triggering, the
higher the probability that other factors could have influ-
enced the phenomenon occurrence.
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The evolution of the slope is usually very rapid: in a short
time there is a re-mobilization of the combustion products
(ashes, char, …), and the vegetative regrowth of herbaceous
species is usually very rapid, especially in conditions of low
or moderate fire severity. In addition, although the fire may
have been extensive and continuous, the effects on the
sub-soil are usually very uneven and depend mostly on the
type and amount of fuel, the type of soil, the style and res-
idence time of the fire and the water content of the soil.

Therefore, the transformations induced by the fire in the
first centimetres of soil are very variable, thus hard to be
sampled properly. Locally there is the generation of a dis-
continuous hydrophobic level, and where the root anchoring
function decay the soil cohesion decreases abruptly. The
availability of abundant material produced by the wildfire

combustion modifies the particle size distribution of the
erodible material, significantly increasing the finer fraction,
the organic substance and the overall volume of the
rainfall-triggered debris flow and floods.

Moreover, is hard to establish a direct correlation between
burn severity and landslide susceptibility because this
parameter comes from aerial images and field surveys but it
is always correlated to the impact of the fire on vegetation:
soil and subsoil modification is not included in this evalua-
tion and they can vary a lot in space and depth due to time
lasting and fuel availability.

The general aim of this study is to standardize these
observations in an ad hoc database so data will be available
to scientist to elaborate correlation and modelling effects of
fire on soils.

Fig. 2 10-min rainfall at the nearest rain gauge a and radar cumulated rainfall (June 7, 11: 55–12: 25 UTC) b
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Conclusions

This study describes post-fire erosion response of the Comba
delle Foglie watershed after the 2017 Susa Valley wildfire.
Due to a series of short-duration rainfall events, at least 5
flows and flooding processes were registered. The last one
(June 7, 2018) was the higher in magnitude and involved the
village causing severe damages.

Field survey and data analysis allowed to identify the
main process involved in the flows triggering: both signs of
runoff-dominated erosion by surface overland flow and
increased runoff by water cascading on easily erodible
material were detected in the field. The first process is evi-
dent in the upper portion of the watershed and caused the

entrainment of material (loose material, charred wood and
ash) in the low order and in the main channel. The second
one played a major role in correspondence of the last cliff
overhanging the fan apex; here at least tree meters of loose
deposits, burn residuals and wood were eroded and
enhanced the last debris-flow final volume.

Since no significant rainfall event have been recorded
between the end of the wildfire (Oct 2017) and the first flow
events (Apr 29, 2018), also the dry ravel process could have
played a role in increasing the sediment availability in the
channels. Doubts remain about the role of previous wildfire
and the role of burn severity, but this debris flow can be
clearly identified as wildfire induced. In other word, wildfire
effects on soil and sub-soil are for sure a predisposing factor
while rainstorms triggered several debris flows.

Fig. 3 Erosional features on low order drainage a, and open slopes b, bottom of the channel c. Deposition area and one of the evacuated houses d
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Identification of Sliding Surface and Crack
Pattern in the Soil Creep, Case Study: Unika
Soegijapranata Campus, Semarang, Central
Java, Indonesia

Wahyu Wilopo, Hendy Setiawan, Doni Prakasa Eka Putra,
and Teuku Faisal Fathani

Abstract

The development of a sports hall in the Unika Soegi-
japranata Campus in Central Java is constrained by
geological conditions. At the time of land preparation, a
crack appears on the fence of the sports hall foundation
that was predicted as a sign that they have a soil
creep. This condition has threatened the implementation
of such development. Therefore, it is necessary to know
the subsurface conditions, especially the sliding surface
location and pattern of the existing cracks in the ground.
This information is beneficial to avoid soil creep risk. In
order to support the information, both the geological
survey and seismic refraction were conducted in this
location. According to the survey, it is found that the
sliding surface was identified as volcanic breccia with the
depth from 5 m up to 20 m. There are many faults found
based on the seismic data, and many cracks appear on the
surface, which suspected as the creep crown. Some areas
of the sports hall are located in the soil creep crown.
According to the drilling data and geo-electrical survey,
the sliding surface location of the soil creep was identified
within volcanic breccia layers. It is recommended to shift
the planned location of the sports hall in order to avoid or
minimize the soil creep risk.

Keywords

Seismic refraction � Geological survey � Crack structure
and pattern � Soil creep

Introduction

In order to develop the University of Soegijapranata
(UNIKA) Campus in Semarang, Central Java, the adminis-
trators planned to construct a sports hall building in the
northwest of the existing buildings. In practice, the con-
struction of this sports hall has a problem with the many
occurring cracks in the south-western part of the foundation.
Based on the results of field reconnaissance of existing
conditions, there is much evidence of a soil movement,
which is supported by the presence of many cracks that
occur in the vicinity of the UNIKA Campus up to the
downslope in Garang River. This condition is certainly not
favorable for the development of the campus area. It is
necessary to know the geological engineering conditions at
the location where the sports hall building would be built.
Engineering geological research is focused on the method of
surface mapping and the application of seismic refraction to
explain the subsurface conditions.

Expected results of geological engineering studies will
provide an image surface and subsurface conditions of soil
and rocks, including the geological structure of the rock,
rock bedding, cracks or fractures, faults, unconformity that
affect to the movement of soil at the sites. Engineering
geological information will be much needed by civil engi-
neers to solve the problems in the construction of a sports
hall building. One of the methods to identify subsurface
conditions is by using the geophysical method. One of the
geophysical methods is seismic, which can be divided into
seismic reflection and seismic refraction (Kearey et al.
2002). The seismic refraction has been proved to identify the
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layer of soil/rock (Anomohanran 2013) and geological
structure (Alhassan et al. 2010).

Methodology

The research was conducted by field investigation and
seismic refraction surveys. It consists of collecting geo-
morphology data, lithology data, and geological structure by
using a geological hammer, compass, and magnifying glass.
The seismic survey was conducted using PASItm seismic
data logger, geophone equipment, and GPS. Seismic
refraction measurements at UNIKA campus, Gunungpati,
Semarang Regency, Central Java were carried out with a
whole line of 600 m long, which is divided into six mea-
surement channels/lines, as shown in Fig. 1. In the seismic
refraction, measurements used many geophones, which
configured in one straight line with an interval of 5 m.
Determination of seismic refraction measurement lines
direction based on the geological conditions found in the
location with considering the regional geologic conditions of
the UNIKA campus area. It aims to obtain data correlation
between the results of engineering geological investigations
with seismic refraction data presented to determine the
subsurface conditions at the project site.

Result and Discussion

The location of the UNIKA campus is located on the slope
of the hill. In general, morphology around this area is hilly
and has an elevation between 18 and 120 m above sea level.
The general direction of the spreading of hills is northwest-
southeast.

In the regional geology, the UNIKA campus is located in
the Damar formation (Thaden et al. 1975). It is composed of
tuffaceous sandstones, conglomerate, volcanic breccia, and
tuff, with a total thickness of 50–150 m (Fig. 2). According
to the observation of the physical characteristics in the field,
the rock in the Unika campus can be separated into four
lithologies from the oldest to the youngest are mudstone,
volcanic breccia, colluviums, and alluvium units. The rock
unit on the surface has been primarily weathered to form the
cover layer of soil to sand-clay sized.

The soil movement was recognized after the development
of the highway Semarang-Jakarta in the upper area of the
UNIKA Campus. The movement of soil is ranging between
0.02 and 1.57 m/year, where the highest movement occurs
during the rainy season.

Detailed observations of the crack structures in the area
where the Sports Hall building will be constructed show that
many cracks appear with the general orientation of N160°E

Fig. 1 Seismic lines at UNIKA
Campus (a shading area is
planned sports hall building)
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on the cliffs along the highway. The crack has high ranged
from 3 to 5 m and can be larger, while the width of the
fracture can reach up to 3–6 cm thick. In each 10 m dis-
tance, it can be found around 2 until 5 pieces of crack. The
frequency of occurrence of these cracks will be higher in the
direction close to the valley. The minor faults can also be
found in the direction of N40°E.

Besides the closed cracks as described above, other cracks
formed by an open force or gravity load also can be found in
the area of the UNIKA campus. The cracks are generally not
open to have a regular pattern and directed according to the

morphological control but also can be growing from stout
open-fracture trending fracture of N160°E. The distribution
of the cracks at the study site is shown in Fig. 3.

Seismic refraction measurements conducted at the project
site resulted in curve data in the form of time travel versus
distance that can be used to interpret a subsurface condition.
Those curves then converted into trajectories vertical
cross-section. It can be observed that different layers exist
based on the different patterns of the speed of the travel time,
which indicated by blue, green, and yellow color gradation
(Fig. 4). The value of the travel time and drilling data can be
used to interpret lithological types and fault structures.

Based on the value of travel time of seismic refraction
measurements, field observations, reports of the previous
study on geological engineering conditions of UNIKA
campus (Department of Geological Engineering 1995) and
geo-electric survey on the project site sports hall (PT. Seli-
mut Bumi Adhi Cipta 2011) the lithology at the site of the
project can be interpreted as follows (Fig. 5):

(a) Lithologic units with travel time >900 m/s, interpreted
as the bedrock and is obtained at a depth that varies
between 5 and 20 m from ground level. The bedrock is
a volcanic breccia unit with low weathering rates—
fresh.

Alluvium
Volcanic Breccia 
Damar Formation 
Unconformity 
Marine clay 
Unit boundary 
Fault 
Interpreted Fault 
Strike and dip 

Legend
Scale 1:100.000

UNIKA campus

Fig. 2 Regional geological map of Unika campus (Thaden et al. 1975)

Fig. 3 Distribution of cracks in the UNIKA campus (blue line is the direction of creep movement, a green line connecting the blue dots which are
the cracks, red lines are seismic survey lines)
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(b) Lithologic units with travel time 600–900 m/s, inter-
preted as sandy clay-clayey sand units, a result of
weathering of the volcanic breccia unit. This layer
located above the bedrock and has a thickness varies
from 2 to 15 m, with an average thickness of 10 m.

(c) Material units with travel time 300–600 m/s; this
lithology was started at a depth of 1.5–2 m, with an
average thickness of 5 m, estimated consists of clay-silt
size materials.

(d) Material units with travel time <300 m/s, interpreted as
a layer of fill material at the project site location, with an
average thickness of 1.5–2 m.

Interpretation of the presence of faults in the subsurface
can be made based on seismic refraction data. Faults are
interpreted from the discontinuity layer of travel time or a
sudden change travel time layer from seismic measurements.

There are only 3 lines from 6 lines that indicated the pres-
ence of fault beneath the surface, as shown in Fig. 6.

Fault below the surface is interpreted at a distance of
approximately 20 m from the measurement point Line 1,
characterized by a sudden elevation difference in travel time
on the same layer (greyish–green). The fault is estimated to
be at a depth of 15–20 m from the ground with a length field
of less than 15 m. At least two faults across the sports hall at
a distance of approximately 50 and 65 m are identified based
on the line measurement of seismic at the point L3. While
the measurement of seismic line L5 indicates a fault in the
subsurface encountered at shallow depths of 0–5 m from the
surface and 15–20 m from the ground level. This interpre-
tation is matching with the existing direction of cracks in the
foundation of a sports hall project site (Fig. 7).

The sliding surface of the movement was indicated based
on lithology and their characteristics. Volcanic breccia is

Fig. 4 Travel time of soil/rock layer based on a seismic survey in all six channels

454 W. Wilopo et al.



interpreted as a sliding surface due to impermeable materi-
als. This layer has depth with high variation from 5 m up to
25 m depending on the location. The result is in line with
previous research that mentions the sliding surface in
Gunungpati area based on the geoelectrical survey have a
depth 11–14 m (Wakhidah and Khumaedi 2014) and 12–
26 m based on the drilling log data (Nugroho et al. 2012).

Conclusion

Soil movement at Sports Hall UNIKA Soegijapranata Cam-
pus has a thick around 5–25 m. It is controlled by the pres-
ence of large fractures of the crown complex of landslide with
a sliding surface of the volcanic breccia. Based on the field

Fig. 5 Interpretation of lithology
on Line 1 and Line 4 based on the
travel time value
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observation, the landslide is active and moves slowly.
Therefore, the landmass movement will continue to move to
follow the main landslide, which has been developed. The
movement of the soil at the project site will be more pro-
gressive because (1) the increasing burden due to construc-
tion activities even when the building was finished, and

(2) the increased load due to the accumulation of a mass
influx of groundwater in fragile lands such moves. One
aspect that triggers the progressive movement is the increased
volume of soil into the groundwater of the landmass.

The results of seismic refraction measurements show the
crack of the landslide has a catchment area in the northeast

Fig. 6 Interpretation of
fault/crack (black line) based on
the travel time at Lines 1, 3 and 5
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Fig. 7 Sports hall area inside the campus and existing cracks (white dashed line is the connecting crack spots which form a crown, big white
arrows are the susceptible movement directions)

(highway Semarang-Jakarta), where the unit clayey sand
exposed at the surface. Therefore, the water will be easier to
seep into the soil and trigger the movement. It should be
arranged to minimize the infiltrated water in the northeast
area, and drainage is directed to the southwest.
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Preliminary Result of Real-Time Landslide
Monitoring in the Case of the Hinterland
of Koroška Bela, NW Slovenia

Tina Peternel, Ela Šegina, Matija Zupan, Mateja Jemec Auflič,
and Jernej Jež

Abstract

Landslides are a common and widespread phenomenon in
Slovenia, as they are in most European countries. Because
we cannot avoid the risk of landslides and must live with
it, it is important to understand and predict landslide
dynamics. Research on landslide dynamics forms the
basis of landslide hazard prevention and serves as a basic
requirement for the development of prediction models
and for defining prevention and mitigation measures. The
principal aim of this study is to form a basis to predict
real-time dynamics of landslides that have been posing a
direct threat to settlement Koroška Bela (with approxi-
mately 2200 inhabitants) for centuries. Prediction mod-
elling is based on monitoring and recognition of
displacement triggering mechanisms and their interac-
tions. The study area is located above the settlement of
Koroška Bela (NW Slovenia, Karavanke) which exhibits
a number of deep-seated landslides (the Urbas and Čikla
landslides) in weathered siltstone and claystone.

Keywords

Real-time monitoring � Landslide � Koroška Bela �
Slovenia

Introduction

Hillslope morphology, unfavourable geological and tectonic
conditions as well as climatic diversity all contribute sig-
nificantly to the high rate of exposure to landslides in
Slovenia, as in most European countries (Haque et al. 2016;
Herrera et al. 2018). Landslides in Europe are mostly con-
centrated in the mountainous areas and coastal cliffs, but
many of them are strongly controlled by unfavourable geo-
logical conditions consisting of clay layers with weak
geomechanical properties and the local hydrological setting
(Crosta 1998; Herrera et al. 2018).

In recent years, landslide prediction modelling has
become increasingly popular, and the topic is addressed by
number of authors (Sassa et al. 2010; Federico et al. 2012;
Li et al. 2012; Chae et al. 2017; Huang et al. 2017; Li et al.
2018; Gao et al. 2020). However, the reliable temporal
prediction of landslide occurrence still remains a big chal-
lenge (Gao et al. 2020). To improve prediction models
related practices in various parts of the world show that a
good understanding of landslide dynamics can be achieved
with the establishment of flexible and reliable monitoring
systems (Stumpf 2013; Intrieri et al. 2013; Mihalič et al.
2015). This kind of systems is used to implement periodic
and continuous measurements for monitoring displacement
through time and space. It can be monitored using various
surveying techniques (Michoud et al. 2012; Stumpf 2013;
Peternel et al. 2017a, b; Peternel et al. 2018). Acquisition of
systematic data on real-time displacement enables
researchers to gain a better understanding, produce better
interpretations of landslide dynamics and established corre-
lation with their triggering mechanisms.

Landslide triggering mechanisms largely depend on
hydro-meteorological data, which is very complex and
changes in time and space. Consequently, reliable temporal
prediction of landslide dynamics still remains a challenge.
The ability to simulate this process using real-time moni-
toring data (displacement velocity, ground water level and
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precipitation) can significantly improve the reliability of
landslide prediction (Intrieri et al. 2013; Krkač et al. 2017;
Devoli et al. 2018).

This paper present preliminary results of observation of
landslides above the settlement of Koroška Bela (NW
Slovenia) using real-time monitoring data. Previous inves-
tigations showed that the hinterland of Koroška Bela set-
tlement has number of source areas that have the potential to
mobilize the material there into debris flow.

Data and Methods

Study Case

The hinterland of Koroška Bela is located in the outskirt of
town Jesenice in the Karavanke mountain ridge in
north-western Slovenia.

Historical sources describe the broader area of Koroška
Bela as known to have experienced several debris-flow
events in the recent geological past. The most recent of these
events occurred back in the eighteenth century and caused
the partial or total destruction of more than 40 buildings and
cultivated areas in a Koroška Bela village located in the area
of the debris fan deposits (Lavtižar 1897; Zupan 1937).

Presently, some 2200 inhabitants live in the area of the
alluvial fan of past debris flows. With this risk potential in
mind, monitoring the sliding mass and assessing the dis-
placed material volumes is crucial, and more important than
the purely scientific value of any assessment efforts (Peternel
et al. 2017b). In this regard, the Koroška Bela hinterland was
investigated using a combination of detailed engineering
geological mapping, together with geotechnical, hydrogeo-
logical, geophysical and geodetic methods (Jež et al. 2008;
Komac et al. 2014; Peternel 2017; Peternel et al. 2017a,
2017b, 2018; Janža et al. 2018). Previous research found
out: (1) that Koroška Bela settlement lies on sequence of
diamicton layers and related subaeric sediments that had
been deposited by several debris flow events in the past
(Jež et al. 2008) and that landslide in the hinterland of
Koroška Bela mechanisms are related to: (1) geological and
tectonic conditions affecting rocks that are heavily deformed,
and, consequently, very prone to fast and deep weathering,
(2) surface and underground water circulation and infiltra-
tion in the wider landslides area and precipitation (Peternel
et al. 2018; Janža et al. 2018).

The hinterland of Koroška Bela has complex geological
and tectonic conditions (Fig. 1). Geological units of this area
are mainly represented by Upper Carboniferous and Permian
sedimentary clastic rocks, Permian carbonates and Triassic to

Lower Jurassic carbonate rocks (Jež et al. 2008). The main
slope instabilities are related to tectonic contacts between the
Upper Carboniferous to Permian clastic rocks (claystone,
siltstone, sandstone and conglomerate) and different Permian
and Triassic carbonate and clastic rocks (Fig. 1).

In terms of tectonics, the area is part of the Košuta fault
zone and is dissected by numerous NW–SE faults linking
two major fault zones (the Sava and Periadriatic fault zones)
(Jež et al. 2008). Due to active tectonics the Upper Car-
boniferous and Permian clastic rocks are heavily deformed,
and, consequently, very prone to fast and deep weathering.

Due to its lithological and structural conditions and pre-
cipitation rates, the area of the Koroška Bela hinterland is
highly prone to landslides. The upper part of the Urbas
landslide at the main scarp and the part below are dominated
by rockslides and runoff of the scree material. The main
body of both landslides is formed by heavily deformed and
weathered clastic rocks and is presumed to be a rotational
deep-seated slow-motion slide that has accelerated predom-
inately with the percolation of surface and ground water (Jež
et al. 2008; Komac et al. 2012; Peternel et al. 2018).

Landslides activity can be evidenced by hummocky ter-
rain comprised of protrusions and depressions, curved pine
trees, longitudinal tension cracks, erosion slumps and ponds
on the surface, as well as the common deformation of local
roads.

The monitoring sites have been established at the Urbas
and Čikla landslides which are considered to be the most
active parts of the Bela stream hinterland based on previous
investigations and field observations (Jež et al. 2008;
Peternel 2017; Peternel et al. 2017a; 2018).

The Urbas landslide is 420 m in length and 320 m in
width, its estimated volume is 895,000 m3 and the main
sliding direction is SW direction. The Čikla landslide has a
length of 130 m, a length of 105 m and estimated volume of
140,000 m3.

The Urbas landslide is crossed by the Bela stream,
meanwhile, the Čikla landslide is crossed by Čikla torrent
which is a tributary of the Bela stream. Both landslides have
a gully-type morphology. The sliding mass is composed of
tectonically deformed and weathered Upper Carboniferous
and Permian clastic rocks covered with a large amount of
talus material, which is prone to slope instability (Peternel
et al. 2018; Jež et al. 2019).

Recently, in April 2017, a part of Čikla landslide body
collapsed and mobilized into mass flow with a huge amount
of talus material and vegetation. The sliding material slide
few hundred meters along the Čikla torrent. In the future this
kind of event or larger could pose a direct risk to the
underlying settlement Koroška Bela.
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Real-Time Monitoring System

In order to assess the landslides dynamics it was crucial to
implement a flexible and reliable real-time monitoring sys-
tem. The Urbas and Čikla monitoring systems were estab-
lished in the frame of the project “Establishment of real-time
monitoring system for Urbas and Čikla landslide” founded
by Municipality Jesenice in order to provide real-time data
on displacements and to monitor the kinematics of the
landslides. To achieve this, different (low-cost) geotechnical
sensors were set up at specific sites on the Urbas and Čikla
landslides. Each established monitoring site consist of
(Fig. 2):

1. wire crackmeter allows to monitor the changes in the
distance between two anchor points;

2. motion detection camera automatically transmits an
image of observed area when motion is detected;

3. geotechnical sensors are wired and powered through base
station which also serves as in-situ data storage.

Precipitation data (mm) for the whole area of the hin-
terland of Koroška Bela is gathered by one rain-gauge which
is located atop of Urbas landslide.

The monitoring sites are located at the lower parts of
Urbas and Čikla landslides which are considered to be the
most active. The sliding mass of both landslides is composed
of tectonically deformed and weathered Upper Carbonifer-
ous and Permian clastic rocks covered with a large amount
of limestone talus material. Additionally, the Bela stream
and its Čikla tributary cause significant erosion and increase
the possibility of the sliding mass mobilizing downstream.
The active parts of the Urbas and Čikla landslides are
characterized by bare ground with fallen trees, rugged sur-
faces, strong gully erosion and flank ridges (Peternel et al.
2018; Jež et al. 2019).

The observation period for landslide Urbas started in June
2019, meanwhile landslide Čikla has been monitored since
12 August 2019.

The selection of the most suitable monitoring techniques
and location largely depended on the geological and

Fig. 1 Geological map of the hinterland of Koroška Bela with the spatial distribution of applied monitoring equipment
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morphological conditions (size and extent of study site,
surface material, etc.).

Figure 2 shows a schematic presentation of sensor net-
work and data management scheme that has been imple-
mented at the Urbas and Čikla landslide in order to monitor
their dynamics.

Results and Discussion

A prediction modelling at the monitoring sites (lower parts
of landslides Urbas and Čikla) was carried by analysing data
series gathered by continuous monitoring of landslide dis-
placements and rainfall data.

Table 1 shows the initial and final state of crackmeter for
2 monitoring periods. At landslide Urbas monitoring using
crackmeter started on 1st of June, meanwhile at landslide
Čikla began on August 12th due to installation issues. In this
paper we used data until December 31st, 2019. Both
crackmeteres have been collecting hourly data (with minor
interruptions).

Table 2 and graph in Fig. 3 represents the monitoring
result for the monitoring periods. In graph hourly displace-
ments are represented by dots (Urbas: red and Čikla:

orange), sometimes seen as short vertical lines—daily
fluctuation.

Rainfall is represented by daily and monthly cumulative
values.

As shown in Fig. 3 two types of displacements can be
observed:

(1) Steady displacements,
(2) Episodic rapid displacements.

During the entire monitoring period (7 months) the toe of
Urbas landslide moved for app. 42 mm. Based on Urbas
crackmeter data, landslide Urbas has experienced steady
displacements. Higher displacement rate (app. 16.5 mm)
was calculated during the November rainy period. The rough
estimate of the displacement rate during this period amounts
to app. 18.8 mm per month and appears rather steady.

Čikla landslide has shorter observation period. During the
observation period (4.5 months), the toe of Čikla landslide
moved for app. 30.0 mm. It has experienced two episodic rapid
displacements. The first one could be related to September
rainfall event with displacement rate of 15.6 mm, meanwhile
the second one (6.0 mm) is considered to be related to
November rainy period as in the case of landslide Urbas.

Fig. 2 A schematic presentation of sensor network and data management scheme in landslide monitoring system to monitor landslide Urbas and
Čikla

Table 1 Initial and final state of
crackmeter

Landslide Monitoring
period

Period length
(month)

Initial state of
crackmeter (mm)

Final state of
crackmeter (mm)

Δ (mm)

Urbas (1/6/2019–
31/12/2019)

7 16.8 58.6 41.8/7
mth

Čikla (12/8/2019–
31/12/2019)

4.5 20.7 50.6 30.0/4.5
mth
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Compared to Urbas landslide, Čikla landslide has more
unregular dynamics. The apparently steady displacement
rate occurred outside the periods 15.9.–16.9.2019 and on
14.11.2019 when considerable displacements have been
recorded. For this reason, the continuous slow displacement
rate is hard to determine.

Episodic rapid displacements that have been detected in
the toe of Čikla landslide were short in time but were
characterized by high intensity and consider to be related to
prolonged or intense precipitation. It is apparent that both
landslides exhibit rather different internal dynamics, which
is, among the others, most probably correlated to the
groundwater level and also to morphology of the terrain and
the size of the landslide masses.

Conclusions

The preliminary results of real-time landslide monitoring
suggest that the movement pattern represents a combination
of steadily sliding mass behaviour as well as episodic rapid
displacements corresponding to increased rainfall. In the
both cases (Urbas and Čikla landslides) sliding material is
moving downslope towards the bottom of the landslide toe
where the material is being fed into the stream. It is essential
to point out that surge events of larger dimensions could dam
the Bela torrent, which could pose a hydrological hazard for
the village downstream.

Table 2 Monthly amount of rainfall (mm) and cumulative monthly displacements (mm) for Urbas and Čikla landslides

Jun 2019 Jul 2019 Aug 2019 Sept 2019 Oct 2019 Nov 2019 Dec 2019

Monthly amount of rainfall (mm) 72.0 mm 260.6 mm 279.8 mm 296.4 mm 241.4 mm 444.2 mm 144.7 mm

Urbas cum. displ. (mm/mth) 3.2 2.1 1.7 2.9 4.2 16.5 11.1

Čikla cum. Dipl (mm/mth) / / 2.0 15.6 2.6 6.0 3.8

Fig. 3 Monitoring result for the period from 1 June 2019 until 31 December 2019. Graph shows cumulative daily rainfall, cumulative monthly
rainfall and hourly displacement rate measured at Čikla and Urbas landslides
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In order to estimate the real effect of meteorological and
hydrogeological conditions on landslide dynamics, the
model should consider also groundwater levels related to
precipitation, landslide displacements, geotechnical proper-
ties in correlation with groundwater levels.

In the future steps we are looking to develop prediction
model depend on the definition of threshold values that will
be calculated based on a time series of data on landslide
displacements, groundwater levels and precipitation. Data
will be gathered from a monitoring system that include
inclinometers, piezometers, rain-gauges and geotechnical
sensors (wire crack meter, tiltmeter, etc.).
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Quantitative Risk Analysis
of Earthquake-Induced Landslides

Saskia de Vilder, Chris Massey, Tony Taig, Biljana Lukovic,
Garth Archibald, and Regine Morgenstern

Abstract

Quantitative risk analysis is valuable tool in risk
management, yet the calculation of risk is often hampered
by a lack of quality spatial input data, particularly
landslide event inventories. These event inventories
provide information to determine the number, size and
spatial location of landslides triggered by discrete events
such rainfall or earthquakes. This paper presents an
approach whereby we use historical New Zealand
earthquake-induced landslide inventories to estimate the
landslide hazard for the Franz Josef and Fox glacier
valleys, West Coast, South Island, New Zealand, as no
pre-existing complete earthquake-induced landslide
inventories exist for this area of New Zealand. We
outline a methodology for the calculation of
earthquake-induced landslide magnitude-frequency rela-
tionships from the 2016 Mw 7.8 Kaikōura earthquake, the
1968 Mw 7.1 Inangahua earthquake, and the 1929 Mw
7.8 Murchison earthquake to determine the probability of
a given volume of landslide occurring for different levels
of ground shaking.

Keywords

Earthquake-induced landslides � Magnitude—frequency
analysis � Quantitative risk analysis

Introduction

Quantitative risk analysis (QRA) is an important tool for
assessing, managing and communicating the risk from
landslide hazards (Corominas et al. 2014). However, QRA
can often be difficult to undertake due to the lack of relevant
input spatial data (Westen and Soeters 2006; van Westen
et al. 2008). This is particularly true for landslides triggered
by discrete events, such as earthquakes and rainfall (Westen
and Soeters 2006), where a particular location may not have
a record of landslides generated by such an event. A land-
slide inventory provides information critical to understand
landslide susceptibility, magnitude and frequency, and
therefore landslide hazard (Guzzetti et al. 2012). In tecton-
ically active areas, the lack of magnitude-frequency and
susceptibility information for landslides generated by
earthquakes represents a limitation in an accurate and com-
plete calculation of risk for all landslide hazards. Numerous
New Zealand landslide event inventories exists for
earthquake-induced landslides (e.g. Hancox et al. 2002;
Rosser et al. 2017; Massey et al. 2018). However, no
complete landslide event inventories exist for an Alpine
Fault earthquake, which represents a major contributor to the
seismic hazard in New Zealand (Stirling et al. 2012). To
address this gap in information we use landslide event
inventory data from the other historical earthquake-induced
landslide inventories, which share similar geological, geo-
morphological and climatic characteristics with the West
Coast of New Zealand. Relationships derived from this data
are used to estimate the landslide hazard from earthquakes
for two case-study areas: the Franz Josef and Fox glacier
valleys, West Coast, South Island, New Zealand (Fig. 1).
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Case Study: Franz Josef and Fox Glacier
Valleys

Franz Josef and Fox glacier valleys are important tourist
destinations, which contain a series of tracks and walks that
allow visitors to easily access and experience a glacial
environment. Evidence of landsliding is present within each
valley, including documented instances of landslides debris
reaching the tracks, cycleways and roads in both valleys.
Earthquakes are a potential triggering mechanisms, with the
valleys located proximal, within  2 km, to the Alpine Fault
(Fig. 1a) The valleys are dominated by ice-free slopes
comprised of Alpine Schist, with the quality of the fractured
rock mass highly variable within both valleys, changing with
proximity and location relative to persistent faults through-
out the valleys (Cox and Barrell 2007).

Risk Analysis Approach

To undertake a complete landslide QRA, we use information
from historical New Zealand earthquake inventories to
forecast the generation of earthquake-induced landslides. We

use the landslide inventories from the 2016 Mw 7.8 Kai-
kōura earthquake (Massey et al. 2018), the 1968 Mw 7.1
Inangahua earthquake (Hancox et al. 2014), and the 1929
Mw 7.8 Murchison earthquake (Hancox et al. 2015). We
selected these three landslide inventories as they represent
the most complete New Zealand inventories for earthquake
triggered landslides that occurred in fractured hard rock
(such as greywacke) similar to that of schist. The three
landslide inventories also occurred in mountainous and hilly
terrain. Within this paper, we specifically detail the method
we undertook to derive landslide magnitude-frequency
relationships for different levels of ground shaking to
understand the number and size of landslides that could be
generated in earthquake events. We carried out this magni-
tude–frequency assessment in four stages, by:

1. Estimating the landslide frequency and source area
scaling relationship

2. Estimating the landslide source area to volume scaling
relationship

3. Investigating the relationship between landslide occur-
rence and peak ground acceleration (PGA), slope angle
and lithology using the Kaikōura, Inangahua, and
Murchison inventories; and

Fig. 1 Location of the Franz Josef and Fox Glacier Valley on the West coast of the South Island (a, b). c Fox Glacier Valley, including roads and
tracks within it. d Franz Josef Glacier valley, including the roads and tracks within it
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4. Combining the estimates of the annual frequency of the
representative event PGA from the Probabilistic Seismic
Hazard Model (PSHM) (Stirling et al. 2012) for New
Zealand with the relationship between landslide occur-
rence, slope area and PGA as determined in step 3.

We determine the spatial susceptibility to
earthquake-induced landsliding by applying the logistic
regression model of Massey et al. (2018) to each of the
glacier valleys. We use both the magnitude-frequency rela-
tionships, and the susceptibility model to estimate the spatial
and temporal earthquake-induced landslide hazard and
associated risk within each valley.

Methodology

Landslide Frequency to Source Area Scaling

We derived a relationship between landslide frequency and
landslide source area to determine how many landslides of a
particular size are likely to occur for a given earthquake
event. Many studies have documented an inverse power-law
relationship for landslide frequency–area distributions
(FAD), whereby smaller landslides occur more frequently
than larger landslides (cf. Tanyaş et al. 2018). The power
law exponents for Kaikōura, Inangahua and Murchison are
1.88, 2.71, and 2.62, respectively. Differences in landslide
size, type, distribution and trigger mechanism do not appear
to affect this relationship (Malamud et al. 2004).

Landslide Source Area to Volume Scaling

We convert landslide area (A) to landslide volume (V), using
the following power-law relationship:

V ¼ a:Ac

Many studies document a power law relationship between
landslide volume and landslide area (e.g. Guzzetti et al.
2009; Larsen et al. 2010). These power-law relationships
have been produced for the landslide inventories of Inan-
gahua and Murchison from field measurements of landslide
depth to calculate volume (Hancox et al. 2014, 2015), and
change models derived from digital surface models (DSMs)
from the Kaikōura earthquake (Massey et al. 2020). The
exponents for each of the three inventories are outlined in
Table 1. We take the mean of the exponents to create a mean
power law relationship.

Development of Magnitude—Frequency
Relationships

We determined the number of landslides that occurred at
different levels of peak ground acceleration (PGA) for each
earthquake event. We used PGA as it displays a strong
correlation with landslide occurrence (e.g. Hancox et al.
2002; Meunier et al. 2007; Massey et al. 2018). For Inan-
gahua and Murchison earthquakes, the PGA values were
derived from a PGA isoseismal grid generated for each
earthquake. For the Kaikōura earthquake, PGA values were
derived from ShakeMap NZ (GeoNet 2016). The PGA
values were grouped into 5 PGA bands:

1. Band 1: <0.2 g
2. Band 2: 0.2–0.35 g
3. Band 3: 0.35–0.65 g
4. Band 4: 0.65–1.2 g
5. Band 5: >1.2 g.

We determined the cumulative number of landslides for
different landslide source area categories within each PGA
band. For the landslide source area bins, we adopted bin
widths that increased with increasing landslide source area,
so that bin widths were equal in logarithmic space. For each
PGA band, we divided the number of landslides by the total
slope area which experienced that PGA, and had a slope
angle of greater than 30°, as we assumed that any slope with
an angle greater than 30° could generate landslides. We
converted the landslide source areas into volumes using our
mean exponent values (see Table 1). We then determined the
relationships between cumulative number of landslides
greater than a given volume occurring per km2 and landslide
volume (see Fig. 1). We fitted power law relationships by
defining a minimum landslide volume bin of 10,000 m3 for
bands 3 and 4, and a minimum landslide volume bin of
17,800 m3 for Band 5, as the data less than these landslide
volumes deviates from the linear log-log power law
relationship and displays the “roll-over” effect. We use these
power laws to forecast the cumulative number of land-
slides greater than a give volume class per km2 for each
PGA band. The power law scaling exponents were varied for
each PGA band based on the power law fits to the data
(Table 2).

No landslides were mapped by Hancox et al. (2014,
2015) or Massey et al., (2018) in PGA band 1, indicating
that 0.2 g is the likely threshold above which landslides tend
to occur. Only a few small landslides were mapped by
Massey et al. (2018) in the PGA band 2, indicating that
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although landslides occur at these lower PGA values, they
tend to be small in volume and few in number. Given the
lack of data to generate a meaningful relationship for Band 2
landslides, the number of landslides in each volume bin for
PGA band 2 was interpolated from the power laws derived
for PGA bands 3–5 (Table 2; Fig. 2).

Application to Franz Josef and Fox Glacier
Valleys

We use these power law relationships to forecast the number
of landslides that could occur for different levels of ground
shaking in both Franz Josef and Fox glacier valleys. We
calculated the number of landslides for a series of 8 volume
bins:

1. 1000–5000 m3

2. 5000–10,000 m3

3. 10,000–50,000 m3

4. 50,000–100,000 m3

5. 100,000–500,000 m3

6. 500,000–1,000,000 m3

7. 1,000,000–5,000,000 m3

8. >5,000,000 m3.

We did not include volume classes less than 1000 m3 as
the three earthquake-induced landslide inventories are
incomplete for these landslide volumes, and the numbers of
smaller landslides generated in earthquakes cannot be rep-
resented by the power law trends (Fig. 1). We adopted the
landslide volume bins to represent the full volume range of
landslide distributions recorded in the glacier valleys; those
documented in the literature that have occurred in the
Southern Alps (Whitehouse and Griffiths 1983; Cox and
Allen 2009; e.g. Allen et al. 2011), and those contained in
the Kaikōura, Inanghua and Murchison landslide invento-
ries. We calculated the number of landslides per volume bins
by fitting histograms to the data in Fig. 1, following the
method of Moon et al. (2005), where the width of each
landslide volume bin was used to estimate the number of

Table 1 Magnitude—Frequency Exponents for the three New Zealand earthquake-induced landslide inventories of Kaikōura (Massey et al.
2020), Inangahua (Hancox et al. 2014) and Murchison (Hancox et al. 2015)

Earthquake Inventory Log a c

Kaikōura 0 1.076

Inangahua 0 1.125

Murchison −0.05 1.165

Mean −0.017 1.122

Table 2 Magnitude–frequency exponents of the number landslides generated of a given volume for different levels of ground shaking

Earthquake inventory Log a c

Band 2a 6.59 −1.88

Band 3 6.76 −1.76

Band 4 7.33 −1.67

Band 5 7.64 −1.62
aInterpolated power law relationship from bands 3 to bands 5

Fig. 2 The cumulative number of landslides greater than a given
volume per km2 for each PGA band as determined from the three
earthquake-induced landslide inventories of Kaikōura, Inangahua and
Murchison. The trend lines for Bands 3–5 represent power laws fitted to
this data (shown as points). Trend lines for Band 2 are interpolated from
the power laws derived for bands 3–5
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landslides that could be generated within the given volume
bin per km2 of slopes with angles greater than 30°. The
number of landslides in each volume class were scaled to
each glacier valley by multiplying them by the total area of
slopes greater than 30° in each valley (Table 3).

Annual Frequency of Earthquakes

We obtained the annual frequency of the different levels of
ground shaking from the New Zealand National Seismic
Hazard Model (NSHM: Stirling et al. 2012). We
de-aggregated the NSHM to understand the fault sources
which contribute to the shaking hazards for the glacier val-
leys. The main contributor of seismic hazard is the Mw 8.1
Alpine Fault event. The second largest hazard comes from
moderate magnitude (Mw 5–Mw 6). Although the Alpine
fault is the main seismic source in the area, the section of
fault that could rupture might be located some distance away
from the glacier valleys. We therefore estimate the landslide
severity for different bands of PGA.

Discussion

The application of the Kaikōura, Inangahua and Murchison
datasets is based on the assumption that the landslides
generated during these earthquakes are representative for the
potential earthquake-induced landslides on the West Coast.
To assess their applicability we compared the exponents of
the Kaikōura, Inangahua and Murchison FAD’s with those
of global landslide inventories (cf. Tanyaş et al. 2018).
Globally, the power law exponent can range from 1.82 to
3.76, with an average of 2.55, and standard deviation of 0.37
(cf. Tanyaş et al. 2018). The Kaikōura power law scaling
exponent (1.88) falls within the range of observed landslide
inventories but is greater than a standard deviation difference

from the global mean value, while both Inangahua (2.71)
and Murchison (2.62) exponents are within the standard
deviation of the mean. For Kaikōura, the exponents may
differ from the global mean due to the complex nature of the
Kaikōura earthquake, which included the rupture of more
than 20 faults to the ground surface (Massey et al. 2018).
Differences in mapping methodology, quality and resolution
of imagery may also result in a variation in the value of the
exponent (Tanyaş et al. 2018). Use of the Kaikōura
earthquake-induced inventory by itself may underestimate
landslide hazard, highlighting the need for assessing the
three landslide datasets.

Massey et al. (2020) compares the exponents in Table 1
with global power law scaling relationships to understand
their applicability for determining landslide volume. Small
variations in the values of the exponents may result in
substantial over or under estimates of landslide volume
(Larsen et al. 2010). For all three New Zealand landslide
inventories the c exponent values are lower than global
averages. This suggest that the majority of landslides for the
New Zealand earthquakes were shallower debris avalanches,
with such failure types potentially being the dominant
earthquake-induced landslide type (Keefer 2002). Massey
et al. (in review) suggests that this may be due to the frac-
tured nature of the predominant greywacke bedrock limiting
the depth of failures. The schist rock mass of the glacier
valleys is also fractured with persistent faulting in each
valley (Cox and Barrell 2007), and therefore we assume that
shallow debris avalanches may be dominant failure mecha-
nisms during an earthquake event. This assumption needs
further verification and analysis, particularly with regards to
the structural controls and anisotropy of schist in controlling
failure depth (Clarke and Burbank 2010).

The reoccurrence intervals of ground shaking derived
from the NSHM are time-independent (Stirling et al. 2012)
and therefore do not consider time-elapsed since the last
Alpine Fault earthquake in 1717. As such, we may

Table 3 Number of landslides
generated within each glacier
valley for each band of PGA and
landslide volume

Landslide
volume (m3)

Fox Franz Josef

Band 2 Band
3

Band
4

Band
5

Band 2 Band
3

Band
4

Band
5

1000 190 650 4621 13,530 194 662 4706 13,778

5000 181 612 4306 12,527 184 623 4385 12,757

10,000 7 27 216 676 7 27 220 688

50,000 2.4 10.5 92.2 303 2.4 10.7 93.9 308

100,000 0.09 0.46 4.6 16.34 0.09 0.47 4.7 16.64

500,000 0.031 0.18 2.0 7.32 0.031 0.19 2.0 7.45

1,000,000 0.0011 0.008 0.10 0.40 0.0012 0.008 0.10 0.40

5,000,000 0.00040 0.003 0.04 0.18 0.00041 0.003 0.04 0.18

>5,000,000 0.000015 0.0001 0.002 0.01 0.000015 0.0001 0.002 0.01
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underestimate the landslide hazard. These assumptions in the
analysis and quantification of risk are important to document
and understand. Further sensitivity analysis may allow us to
understand the effect of the assumptions outlined above on
the eventual estimated risk levels (Fell et al. 2005). We
suggest our outlined method for estimating landslide mag-
nitude—frequency relationships for earthquake events pro-
vides a pragmatic first pass approach.

Conclusions

For areas with a high seismic hazard but lack of historical
records of landslide activity triggered by earthquakes, we
suggest the use of landslide inventories from similar geo-
logical and geomorphological environments. We detail a
method where we estimate the number and size of landslides
that can be generated for different levels of ground shaking.
We use the earthquake-induced landslide inventories of the
2016 Mw 7.8 Kaikōura earthquake, the 1968 Mw 7.1
Inangahua earthquake, and the 1929 Mw 7.8 Murchison
earthquake, and apply the resulting magnitude-frequency
relationships to the glacier valleys of Franz Josef and Fox,
New Zealand. We suggest that this represents a pragmatic
approach for the estimation of earthquake-induced landslide
hazard and risk.
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Role of Remote Sensing Technology
in Landslide Risk Management of Hong
Kong

Julian S. H. Kwan, W. K. Leung, and Clarence E. Choi

Abstract

Natural terrain covers over 60% of the land area of Hong
Kong. With the close proximity of developments to
hillsides and high annual rainfall, Hong Kong is under a
constant threat from natural terrain landslides. Over the
past years, the Geotechnical Engineering Office (GEO) of
the Civil Engineering and Development Department of
the Hong Kong Special Administrative Region Govern-
ment has applied state-of-the-art remote sensing tech-
niques, for example, laser scanning, photogrammetry and
interferometric synthetic aperture radar, in landslide risk
management. These include landslide hazard identifica-
tion and monitoring, post-landslide responses and residual
risk management, design of landslide prevention and
mitigation measures etc. This paper discusses the advan-
tages of remote sensing technology and their applications
to enhance the slope safety of Hong Kong. Pilot studies
applying machine learning on identification of geological
features from aerial imageries and further studies being/to
be conducted are also covered.

Keywords

Remote sensing � Natural terrain � Slope safety
management � Machine learning

Introduction

Natural terrain covers over 60% of the land area of Hong
Kong. With high annual rainfall (about 2400 mm) and the
close proximity of developments to hillsides, landslide risk
management is of vital importance to secure the lives and
properties of citizens. The Geotechnical Engineering Office
(GEO) has been devoted to ensure slope safety in Hong
Kong since its establishment in 1977.

Field instrumentation was adopted to obtain ground
movement information in the past. However, with more
focus being placed on natural terrain hazards and the
advancement in technology, the GEO has applied
state-of-the-art remote sensing techniques and conducted
relevant studies in recent years.

Advantages and Applications of Remote
Sensing Technology

Remote sensing technology has been commonly adopted for
the advantages over traditional ground instrumentation. It
can cover a large area and give geographically continuous
movement data while ground survey only provides
point-based information. It is less labour intensive and can
be applied to inaccessible areas. Some remote sensing
techniques are weather-permitting, allowing data collection
and analysis under adverse weather conditions. Moreover,
the resolution, both spatial and temporal, of remote sensing
data is very high nowadays.

The above advantages, together with the increased com-
puter processing power, explain the extensive use of remote
sensing techniques, especially at management of natural
terrain landslide risk, in recent years.

Remote sensing technology can be applied to the fol-
lowing aspects of landslide risk management:
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1. Landslide hazard identification and monitoring
2. Post-landslide responses and residual risk management
3. Design of landslide prevention and mitigation measures.

Landslide Hazard Identification
and Monitoring

A thorough understanding of the geomorphological features
of the natural terrain in Hong Kong is essential to landslide
identification, landslide susceptibility assessment and natural
terrain hazard study. The GEO conducted territory-wide
airborne light detection and ranging (LiDAR) surveys in
Hong Kong in 2011 (by fixed-wing aircraft) and in 2020 (by
helicopter). With the multi-return nature of the laser pulses,
virtual deforestation can be achieved revealing the ground
profile underneath the dense vegetation. Point density of 16
points/m2, vertical accuracy of 0.1 m and horizontal accu-
racy of 0.3 m can be achieved providing accurate topo-
graphic information of the whole Hong Kong. The
topographic information can help identify areas of past
failures (Fig. 1) and major tension cracks, to generate slope
angle map (Fig. 2) and to facilitate landslide debris mobility
modelling for quantitative risk analysis.

Besides, the GEO has established an Enhanced Natural
Terrain Landslide Inventory (ENTLI) through review of all
aerial photographs taken since 1924 (MFJV 2007). About
110,000 natural terrain landslides have been identified in

Hong Kong up to 2016 (GEO 2016). The ENTLI database
provide indispensable information for identifying the vul-
nerable catchments which warrant landslip prevention and
mitigation works. Currently, regular updating of the ENTLI
is conducted by manual inspection and interpretation of
aerial photographs. With about 10,000 new aerial pho-
tographs taken in Hong Kong each year, this process is both
time consuming and labour intensive, requiring notable
experienced professional input. With the advancement in
digital image processing techniques and machine learning
technology, computerised algorithm is being developed to
facilitate an automatic landslide identification process from
digital aerial photography (Kwan et al. 2019). A convolu-
tional neural network (CNN) has been trained using training
datasets that show boundaries of natural terrain landslides
delineated manually on aerial photographs. Trials have been
conducted over five study areas in Hong Kong. The accuracy
is in general above 80% (Fig. 3) (Arup & Shi 2019). The use
of AI technique shortens the turnaround time for the
updating of the ENTLI database and the ranking of the
vulnerable catchments. Apart from the landslide boundaries,
other landslide attributes, for example, slope angle of land-
slides and landslide area can be generated automatically on a
geographic information system platform.

Despite the promising landslide extraction results using
aerial imageries, the GEO is planning to explore the use of
satellite imageries for landslide extraction. With the more
spectral bands than aerial imageries (up to 8 bands for
Worldview-3 images versus 4 bands for aerial imageries),

Fig. 1 Reveal of landslide scars
from the digital terrain model
generated by airborne LiDAR
survey

472 J. S. H. Kwan et al.



and the high spatial and temporal resolution of satellite
images, it is expected that the use of satellite imageries
would result in better extraction results.

Another pilot study has been conducted to automatically
extract rock outcrop from aerial imageries (Fig. 4), which
helps improve the landslide susceptibility of the natural

terrain in Hong Kong. In developing territory-wide landslide
frequency map, information including rainfall, topographic,
geology and materials on ground surface are needed. The
map production requires differentiation of soil slopes and
rock outcrops, since the landslide frequency model is perti-
nent to soil slope only. In view of the large extent of natural

Fig. 2 Generation of slope angle
maps for natural terrain hazard
study and digital elevation models
for debris mobility modelling

Fig. 3 Automatic identification
of recent natural terrain landslides
from aerial imageries
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terrain in Hong Kong, a method to automatically generate
the rock outcrop distribution is required. 12,000 sample
images were extracted from the ortho-rectified aerial pho-
tographs of Hong Kong and classified into five different
types, viz. rock outcrops, grassland, woodland, badland and
urban area (Wong 2018) to train the CNN. The extent of
rock outcrop extracted by the CNN was compared with that
delineated by engineering geologists through aerial pho-
tograph interpretation at selected areas. Promising extraction
results have been obtained.

The GEO is currently conducting study to investigate the
applicability of interferometric synthetic aperture radar
(InSAR) in monitoring the ground movement of natural
terrain. With the higher temporal resolution of InSAR
satellites and the advanced algorithms for data interpretation,
there could be improvement in the accuracy despite the
known limitations of InSAR applications at steep and den-
sely vegetated natural terrain.

Post-landslide Responses and Residual Risk
Management

After the occurrence of natural terrain landslides that may
affect facilities, the GEO has to promptly identify the extents
of landslide source and trail, to assess the stability of the
failed masses and whether further failures are likely to occur.
Traceable records of the landslide morphology and volume

is also essential for understanding the cause of landslide, for
forensic investigation purpose. All these analyses can be
facilitated with the aid of remote sensing techniques.

Unmanned aerial vehicles (UAV) are promptly deployed
after the report of landslides, especially for remoted natural
terrain landslides where the access is difficult. Photographs
taken by UAV can provide a quick overview of the distri-
bution, extent, type and volume of natural terrain landslides,
and to identify whether major tension cracks and/or loose
detached soil masses are present that may result in further
landslides (Fig. 5). This provides valuable information for
the assessment of residual landslide risk.

Besides, UAV photogrammetry can generate
post-landslide digital surface model (Fig. 6). This, when
compared with the terrain model generated before landslide,
for example, by territory-wide airborne LiDAR survey,
provides accurate volume of the landslides. The digital
surface model also provides detailed morphological infor-
mation of the landslides.

Apart from photogrammetry, if needed, UAV equipped
with LiDAR apparatus are employed to provide
post-landslide topographic information with point density
much higher than that collected by fixed-wing aircraft and
helicopter.

The GEO has also applied handheld laser scanner
(HLS) for surveying landslides. HLS is a portable system
comprising a lightweight laser scanner and a data logger
(Fig. 7). Landslide survey by HLS is adopted when UAV

Fig. 4 Extract of the rock
outcrop map generated by the
CNN
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flight is not feasible due to adverse weather or obstructions
like vegetation. The HLS can be operated manually without
the need of a stable platform with a maximum detection
range of 100 m. This technology is capable of providing

rapid, high resolution topographic information for landform
mapping and slope investigation in difficult site settings (e.g.
remote landslide site, bouldery stream, etc.). Owing to its
handy, mobile, speedy and robust nature, HLS is able to
provide high quality topographic data of landslides soon
after the occurrence of landslides (Fig. 8). The functions are
further enhanced by the recent advancements in HLS, which
allow real-time review of acquisition results and
user-friendly data processing. A study on the applicability
and accuracy of HLS has been carried out, which demon-
strates that the accuracy of HLS is about 3 cm, which is
robust enough for landslide mapping and volume estimation.
HLS can be used at night since the transmission of laser
pulses is independent to the brightness level of the envi-
ronment. GEO’s experience shows that the performance
under rainy condition is satisfactory.

Fig. 5 Photograph taken by
UAV few hours after the
occurrence of natural terrain
landslides above Fan Kam Road,
Hong Kong in August 2018

Fig. 6 Generation of digital surface model of landslide scar using
UAV photogrammetry Fig. 7 Handheld laser scanner
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Design of Landslide Prevention
and Mitigation Measures

Remote sensing technology can facilitate the design of
landslide prevention and mitigation measures, for example,
rock mass discontinuity mapping. Conventionally, rock
mass discontinuity mapping is carried out on site by
geologists/engineers using a geological compass to measure
the dip angle and dip direction of rock mass discontinuities
and to record other discontinuity properties such as, persis-
tence, aperture, nature of infilling, unevenness etc. This
process is time-consuming and can be conducted at acces-
sible discontinuities only. With the advancement in remote
sensing technology and computer processing power, there
are potential benefits/advantages for adopting remote sens-
ing technology to supplement conventional rock mass dis-
continuity mapping. Handheld laser scanning or terrestrial
laser scanning can be conducted to collect the point cloud
data of the rock slope. Mesh can be generated using
geo-referenced point cloud (Fig. 9) by software.

Discontinuities can then be detected (Fig. 10) according to
parameters input by the users, like search radius for com-
bining individual meshes to form a single plane, minimum
area of planes and the overall surface orientation variability
etc. (Voge et al. 2013). Cost and time saving can be achieved
by digital rock mass discontinuity mapping especially for
inaccessible sites such as high rock slopes or slopes at
remote areas, since erection of scaffoldings is not necessary.
Under the technological advancement initiative promulgated
by the GEO, local practitioners in Hong Kong has adopted
the UAV and remote sensing technologies to carry out rock
joint mapping for slope stability analysis. Figure 11 shows
some preliminary rock joint data of a 40 m high rock slope
acquired in a project. When the digital data is supplemented
by suitable field inspection in which information of such as
rock joint infilling, aperture, unevenness etc. is obtained,
preliminary design of rock slope upgrading works can be
produced.

Fig. 8 Point cloud of landslide collected by HLS

Fig. 9 Surface model generated from geo-referenced point cloud data

Fig. 10 Example of rock joint surfaces identified. The extensive green
surfaces are buttresses

~75o

~25o

~80o

~64o

~80o

Fig. 11 Rock joint dip angle of a 40 m high slope determined using
UAV and remote sensing technologies
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Besides, topographic information collected by remote
sensing techniques, for example, airborne LiDAR or HLS,
can be used to optimize the design configurations of land-
slide debris-resisting barriers and slope works ensuring that
there would be minimum excavation and that the measures
are located at the most suitable locations where an optimal
balance of cut and fill can be achieved.

UAV, either UAV photogrammetry or coupled with
LiDAR equipment, can be used for routine inspection of
slopes and mitigation measures, for example, to inspect
whether barriers have been impacted by landslides.

Conclusion

Remote sensing technology has been commonly applied to
and can facilitate different aspects of landslide risk man-
agement, from identification of landslide hazards, residual
risk management to the design of landslide prevention and
mitigation works. With the advancement in technology,
further applications, especially in combination with machine
learning, are being explored and are expected to enhance the
accuracy and applicability. The role of remote sensing in
landslide risk management of Hong Kong is irreplaceable.
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The Characteristics of the Vegetation
Distribution Related to the Slope Failure
Caused by the Earthquake

Yoshikazu Tanaka, Kyohei Ueda, and Ryosuke Uzuoka

Abstract

The Hokkaido Eastern Iburi earthquake was occurred at
3:07 on 6th September 2018, the southern part of
Hokkaido, Japan. At the same time, many mountain
areas have slope failures in Atsuma. It is necessary to
assess the mechanisms of the landslide from geological
and topographic factors, rainfall, seismic motion, vegeta-
tion. The objective of our study investigates the relation-
ship between slope failure and vegetation of the slope in
Atsuma. This study compares the slope failure data with
vegetation distribution data and DEM data. The whole
analysis area is located in the watershed along the Habiu
river. The vegetation distribution is investigated in the
whole analysis area within the collapsing slope using
spatial analysis of GIS. As a result, vegetation on the
slope of the whole analysis area mainly distributed with
Hardwood’s natural forest and Coniferous plantation,
Weed. We do not fully clarify the classification of the
vegetation distribution on the collapsing slope of the
whole analysis area. Then, we focus on some small
watershed to consider the classification of the vegetation
distribution on the collapsing slope. The collapsing slope
area in the study area is mainly covered with Coniferous
plantations. The no collapsing area in the study area is
mainly covered with Hardwood’s natural forest. There-
fore, it is a possibility that the collapsing slopes of the
Atsuma region are affected by the vegetation on each
slope.

Keywords

Earthquake � Slope failure � Vegetation � GIS

Introduction

Mountain area occupies 70% of the national land use in
Japan. Disasters happen whenever heavy rain and an earth-
quake is occurring. Japanese climate is classified at the Cfa
in Köppen climate classification, which is constructed the
high humidity and heavy rain trough the annual. Earth-
quakes cause severe damage to the building and the road, the
slope, the agricultural field.

The Hokkaido Eastern Iburi earthquake occurred at 3:07
on 6th September 2018, the southern part of Hokkaido,
Japan. Due to the earthquake, many mountain areas have
slope failures in Atsuma. Such a huge area of the landslide
has never occurred in Japan. The huge amount of damages
occurred, including the lifeline such as water supply and
electricity, houses. In general, slope disasters are mainly
caused by topographic features and geological features,
vegetation, heavy rain, a strong wind of typhoon, an earth-
quake. The main causes of the Hokkaido Eastern Iburi
earthquake are geological factors (Chigira et al. 2019; Wang
et al. 2019), topographic effects (Kasai and Yamada 2019),
rainfall (Zhang et al. 2019), and huge earthquake motion
(Wang et al. 2019). One of the mechanisms is the volcanic
deposits behaved as a sliding layer during the landslides
(Kameda et al. 2019). It is also necessary to study the
mechanism of slope failure in terms of vegetation.

Tree root plays an important role in the soil as the
resistance for slope stability. For instance, the root distri-
bution and penetrations affected the slope stability in Thai-
land (Nilaweera and Nutalaya 1999). Plant density with the
root system influences the reinforcement of the soil (Loades
et al. 2010). Root pull-out forces are important for slope
stability based on the test results (Schwarz et al. 2011).
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Root-soil mechanical interactions depend on the root bundle
(Schwarz et al. 2010). Therefore, it is necessary to investi-
gate the effects of tree root on the slope failure in the
damaged area. However, it is not enough to study the veg-
etation on slope failures in the Hokkaido Eastern Iburi
earthquake.

The objective of this study investigates the relationship
between slope failure and vegetation of the slope in Atsuma.
Spatial analysis is useful for simply assessing slope failure.
Topology, geology, vegetation, and distribution of slope
data are analyzed using GIS.

Study Area

Geological and Topographic Features

The study area is located in the watershed along with the
Habiu river around the red line as shown in Fig. 1. The slope
of the study area is composed of volcanic ash soil. The
tephra layers consisted of the many types of volcanic ashes
from the Eniwa and Tarumae volcanoes (Nakagawa et al.
2018). Slip surface is defined as the Ta-d layer from the
Tarumae volcano 9,000 years ago and En-a layer from the
Eniwa volcano about 200,000 years ago (Chigira et al.

2019). These characteristics are commonly configured in the
Atsuma region, eastern Iburi Hokkaido.

The whole analysis area (surrounded by a red line) is
located about 15 km from the epicenter. The total of the
whole analysis area is about 23.2 km2, and the total of
collapsing area is about 4.0 km2. The slope angle of the
whole analysis area is mainly composed of 26–35 degrees as
shown in Fig. 2a. Four small watersheds are selected in
Fig. 1 to investigate the classifications of vegetation distri-
bution on collapsing and no collapsing slopes. Four small
watersheds consist of two collapsing slope areas and two no
collapsing areas. Collapsing slope area is presented by
square symbols with a brown and light brown in Fig. 1. The
total of collapsing slope area 1 is about 1.2 km2, and the
total of collapsing slope area 2 is about 0.40 km2. The slope
angle of collapsing slope area 1 is mainly distributed from
26 to 30 degrees, and the slope angle of collapsing slope area
2 is distributed from 31 to 35 degrees as shown in Fig. 2b.
No collapsing area is presented by circle symbols with black
and gray in Fig. 1. The total of no collapsing area 1 is about
0.53 km2, and the total of no collapsing area 2 is about
0.51 km2. The slope angle of no collapsing area 1 is dis-
tributed from 16 to 20 degrees, and the slope angle of no
collapsing area 2 is distributed from 21 to 30 degrees as
shown in Fig. 2c.

Rainfall

Rainfall is observed at several points of AMeDAS site,
JMA. Atsuma observation site is located near the slope
failure area. Figure 3 shows the daily rainfall and 30-years
(1981–2010) average rainfall through six days before the
earthquake. Rainfall event of the day before the earthquake
is recorded at four days.

Methodology

First, vegetation distribution of the whole analysis area
calculates the area based on the vegetation data and DEM
data, the slope failure area data. The flowchart of method-
ology for the whole analysis area is shown in Fig. 4.
Vegetation distribution of collapsing slope calculates the
area by combining the vegetation data and DEM data. The
classification of vegetation compares the whole analysis area
with collapsing slope.

Second, vegetation distribution of four small watersheds
calculates the area based on the vegetation data and DEM
data. The flowchart of methodology for four small water-
sheds is shown in Fig. 5. We select four small watersheds in
the whole analysis area to clear the classification of the
vegetation related to the slope failure. Vegetation

Fig. 1 Typical the collapsing slope in the Atsuma region (Aerial
image refers to Geospatial Information Authority of Japan)
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distribution of four small watersheds calculates the area by
combining the vegetation data and DEM data. The classifi-
cation of vegetation compares the collapsing slope area with
the no collapsing area.

The spatial analysis and mapping tool use Arc GIS
Desktop ver. 10.6. 1. The GIS data of vegetation distribution
refer to 1/25000 vegetation distribution map 2012 of
Atsuma, Horonai, and Kamihoronai presented by the Min-
istry of Environment. DEM data composes of 5 m mesh on
Atsuma, Horonai, and Kamihoronai presented by Geospatial
Information Authority of Japan. The slope failure

distribution map refers to the GIS data traced from the
orthographic images of the 2018 Hokkaido Eastern Iburi
Earthquake presented by the Geospatial Information
Authority of Japan (Kita 2018).

Results Overview in the Whole Analysis Area

The vegetation distribution on the whole analysis area and
collapsing slope as shown in Fig. 6. The whole analysis area
defines the red mark area (Fig. 1). The vegetation distribu-
tion of the whole analysis area is composed of the Hard-
wood’s natural trees 48%, Hardwood’s plantation 1.9%,
Coniferous plantation 33.4%, Logging site 1.7%, Bamboo
0.6%, Weed 13.8%, other(houses and open water area)
0.5%. Hardwood’s natural trees and Coniferous plantation
are mainly distributed in the analysis area. On the other
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hand, the vegetation distribution of collapsing area is com-
posed of the Hardwood’s natural tree 10.5%, Hardwood’s
plantation 0.1%, Coniferous plantation 6.2%, Logging site
0.4%, Bamboo grass 0.2%, Weed 0.1%. Hardwood’s natural
trees and Coniferous plantation are also mainly distributed in
the collapsing area. The investigation of the vegetation in the
whole analysis area shows the trend of the distribution,
whereas the classifications of the vegetation in the collapsing
slope are not clear. The features of the vegetation may have
disappeared in the collapsing slope. It is difficult to find the
vegetation distribution classifications peculiar to the slope
failure.

Then, this study focuses on the small watershed to
investigate the characteristic of vegetation distribution. The
small watershed is selected along the Habiu rever are to
compare the area including slope failure with the area where
little collapse has occurred. The slope collapsing area is
selected for the two sites. The almost no collapsing area are
also selected the two sites.

Results of the Selected Area

Figure 7 shows the distribution of vegetation on the col-
lapsing slope area 1 and 2. The collapsing slope area 1 is
composed of Hardwood’s natural forest 29.9%, Coniferous
plantation 69.4%, Logging site 0.4%, Weed 0.3%. Conif-
erous plantations are distributed about 2.3 times wider than
Hardwood’s natural forests. The collapsing slope area 2 is
composed of Hardwood’s natural forest 11.5%, Coniferous
plantation 88.5%. Coniferous plantations are distributed
about 7.7 times wider than Hardwood’s natural forests. The
collapsing slope area 1 and 2 are mainly distributed with
Coniferous plantation.

Figure 8 shows the distribution of vegetation on the no
collapsing area 1 and 2. No collapsing slope area 1 is
composed of Hardwood’s natural forest 90.5%, Bamboo
grass 1.2%, Weed 8.2%. It is mainly distributed with
Hardwood’s natural forests. No collapsing slope area 2 is
composed of Hardwood’s natural forest 53.2%, Coniferous
plantation 42.8%, Weed 3.8%, Other 0.2%. Hardwood’s
natural forest is distributed about 1.2 times wider than
Conifer’s plantation. Hardwood’s natural forest is widely
distributed on the no collapsing area.

Discussion

The classification of the vegetation distribution is different
between the collapsing slope area and the no collapsing area
in the selected areas. Coniferous plantation distributed wider
than Hardwood’s natural forests in the collapsing slope area.
In the no collapsing area, Hardwood’s natural forests dis-
tributed wider than Coniferous plantation. Coniferous plan-
tations are involved in the slope failure during the
earthquakes.
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Trees fallen by storm cases have been reported at the site
of the coniferous plantation slope area (Inagaki 1999). Root
resistance depends on the root system in the soil and is
related to slope failure. Then we need to investigate the
seismic behavior of trees considering root resistance related
to slope failure.

Moreover, the vegetation distribution data do not include
the growing condition of the tree. The height of the tree and
root resistance depends on the growing condition of the tree.
We need to investigate tree height and tree diameter as the
growing condition data. In the investigations of slope failure,
Unmanned Aerial Vehicles (UAV) are an effective tool in
landslide hazard management (Brook and Merkle 2019).
Aerial images are effective to obtain detailed vegetation and
damage data.

Conclusions

The objective of this study investigates the relationship
between slope failure and vegetation of the slope in Atsuma
using GIS. The new finding is the classifications of the
vegetation on the collapsing and no collapsing slopes. The
vegetation of the collapsing slope area mainly distributes
with Coniferous plantation. The vegetation of the no col-
lapsing slope area mainly distributes with Hardwood’s nat-
ural forest. Distribution of Coniferous plantation is related to
the slope failure. In future work, we need to investigate the
seismic behavior of trees considering root resistance related
to slope failure.
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Cutting-Edge Technologies Aiming for Better
Outcomes of Landslide Disaster Mitigation

Kazuo Konagai

The International Consortium on Landslides (ICL) and The
Global Promotion Committee of the International Pro-
gramme on Landslides (GPC/IPL) have been responsible
for organizing the World Landslide Forums (WLFs) every
three years since 2008. Ever since the 1st WLF, the forums
have long been the arena for landslide researchers and
practitioners to exchange up-to-date information of recent
devastations caused by landslides, cutting-edge technolo-
gies for landslide disaster mitigations and early warnings
etc. to establish synergies among all participants
worldwide.

Though the upcoming WLF5 has officially been post-
poned by one year to 2–6 November 2021 due to the global
disruption caused by the coronavirus pandemic, the WLF5
will be all the more important with the Kyoto Landslide
Commitment 2020 (KLC2020) to be launched as planned in
the final online signatory meeting on 5 November 2020; the
KLC 2020 is intended to be our action goals as the further
advanced successor of the ‘Sendai Landslide Partnerships
2015–2025 for Global Promotion of Understanding and
Reducing Landslide Disaster Risk’ in line with some of 17
Sustainable Development Goals (SDGs), particularly SDG
11, “Make cities and human settlements inclusive, safe,
resilient and sustainable,” of the United Nations.

For these important goals, the ICL has been inviting
sponsorship from industries, businesses, and government
agencies; all leading players in landslide science and tech-
nologies. They have been supporting a variety of the

ICL/IPL activities such as publishing the International
full-color journal “Landslides (Journal of the International
Consortium on Landslides), full-color books for WLFs,
exhibiting their cutting-edge technologies in WLFs, etc.
Here follow short introductions of their activities with their
names, addresses and contact information:

Marui & Co. Ltd

1-9-17 Goryo, Daito City, Osaka 574-0064, Japan
URL: http://marui-group.co.jp/en/index.html
Contact: hp-mail@marui-group.co.jp

Marui & Co. Ltd. celebrates its 100th anniversary in 2020.
Marui, as one of the leading manufacturers of testing
apparatuses in Japan, has been constantly striving to further
improve its service since its foundation in 1920, thus con-
tributing to the sustainable development of our nation and
society. Our main products cover a wide variety of
destructive and non-destructive testing apparatuses in the
fields of geotechnical engineering, concrete engineering
(mortar, aggregates, etc.), and ceramic engineering. Of
special note is that Marui has been helping manufacture
ring-shear apparatuses half-century long based on the
leading-edge idea of Dr. Kyoji Sassa, Professor Emeritus at
the Kyoto University. Marui has delivered total seven
ring-shear apparatuses to the Disaster Prevention Research
Institute, Kyoto University, and 2 to the International Con-
sortium on Landslides. Also the apparatuses were exported
to the United States of America, China, Croatia and
Vietnam.

Marui & Co. Ltd. takes great pleasure in developing,
manufacturing, and providing new products of high value
sharing the delight of achievement with our customers, and
thus contributing to the social development. The whole staff
of Marui & Co. Ltd. are determined to devote ceaseless
effort to keep its organization optimized for its speedy and
high-quality services, by the motto “Creativity and

K. Konagai (&)
Organizing Committee of the Fifth World Landslide Forum,
International Consortium on Landslides, Kyoto, 606-8226, Japan
e-mail: konagai@iclhq.org
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Revolution”, and strive hard to take a step further, as a
leading manufacturer of testing apparatuses, to answer our
customer’s expectations for the twenty-second century to
come.

Nippon Koei Co. Ltd

5-4 Kojimachi, Chiyoda-ku, Tokyo 102-8539, Japan
URL: https://www.n-koei.co.jp/english/
Contact: https://www.n-koei.co.jp/english/contact/input

Nippon Koei Co. Ltd. and its group companies conduct
many projects to support the growth of developing countries
in Asia, Africa, the Middle and Near East, Latin America
and other regions. Examples of their efforts include envi-
ronmental measures to combat global warming, develop-
ment of regional transportation infrastructure to support the
rapid growth of emerging economies, and reconstruction
assistance for regions affected by conflict and/or natural
disasters.

OSASI Technos, Inc

65-3 Hongu-cho, Kochi City, Kochi 780-0945, Japan
URL: http://www.osasi.co.jp/en/
Contact: cs@osasi.co.jp

OSASI Technos, Inc. has been making its best efforts to
develop its cutting-edge technologies for landslide early
warning. Its unique compact and lightweight sensors making
up the Landslide Early Warning System enable long-term
monitoring of unstable landslide mass movements, precipi-
tations, porewater pressure buildups, etc. in a remote
mountainous area where commercial power is often
unavailable. OSASI Technos, Inc. is also proud of its
advanced technology to transfer observed data even in areas
with poor telecom environments as proven in the successful
implementations in South Asia.

All stuff members of OSASI Technos work together for
mitigation of landslide disasters worldwide.

Godai Corporation

1-35 Kuroda, Kanazawa, Ihikawa 921-8051, Japan
URL: https://soft.godai.co.jp/En/Soft/Product/
Products/LS-RAPID/
Contact: pp-sales@godai.co.jp

Ever since its foundation in 1965, Godai Kaihatsu Co. Ltd.,
a civil engineering consulting firm, has long been providing

a variety of software and measures particularly for natural
disaster mitigation. With its rich expertise in both civil
engineering and information technology (IT), the company
has its primary goal to address real world needs of disaster
mitigation. All the staff of Godai Kaihatsu Co. Ltd. feel it
more than happy that their cutting-edge technologies help
mitigate natural disasters.

Japan Conservation Engineers & Co. Ltd

3-18-5 Toranomon, Minato-ku, Tokyo 1050001, Japan
URL: https://www.jce.co.jp/en/
Contact: go_info@jce.jp

Japan Conservation Engineers & Co. Ltd. (JCE) is a general
consulting firm working on landslide prevention research
and consulting. JCE provides various disaster prevention
technologies for debris flows, landslides, slope failures,
rockfalls, etc. In addition, JCE is proud of its expertise
having been conducting surveys and consulting works on
coastal erosions and tsunami countermeasures for about
20 years. JCE contributes to the world through its activities
in the realm of both structural and non-structural measures to
build a resilient society.

OYO Corporation

7 Kanda-Mitoshiro-cho, Chiyoda-ku, Tokyo 101-8486,
Japan
URL: https://www.oyo.co.jp/english/
Contact: https://www.oyo.co.jp/english/contacts/

OYO Corporation, the top geological survey company in
Japan established in Tokyo in 1957, is well known as one of
leading companies providing cutting-edge technologies and
measures for natural disasters such as landslides, earth-
quakes, tsunamis, and floods. Not just developing and sell-
ing measuring instruments related to disaster prevention,
OYO also delivers a market-leading services in 3D
ground/geological modeling and 3D exploration
technologies.

Kokusai Kogyo Co. Ltd

2 Rokubancho, Chiyoda-ku, Tokyo 102-0085, Japan
URL: https://www.kkc.co.jp/english/index.html
Contact: overseas@kk-grp.jp

Kokusai Kogyo Co. Ltd. as a leading company of geospatial
information technologies, has long been providing public
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services with its comprehensive expertise to address real
world needs and cutting-edge measurement technologies.
Kokusai Kogyo Co. Ltd. helps rebuild “Green Communi-
ties,” which has been of our great concern in terms of “en-
vironment and energy,” “disaster risk reduction” and “asset
management”. Kokusai Kogyo Co. Ltd. offers the advanced
and comprehensive analyses of geospatial information for
developing new government policies, maintaining and
operating social infrastructures safe and secure, and imple-
menting low-carbon measures in cities.

Influenced by the recent global climate change, extreme
rainfall events have become more frequent worldwide and
resultant hydro-meteorological hazards are creating more
deaths and devastations particularly in many developing
countries where effective advanced countermeasures are not
readily available. Kokusai Kogyo Co. Ltd. is proud of its
achievements in establishing resilient infrastructure systems
and implementing effective monitoring/early warning sys-
tems in developing countries, which have long been helping
reduce the risks from natural hazards.

Geobrugg AG

Aachstrasse 11, 8590 Romanshorn, Switzerland
URL: www.geobrugg.com
Contact: info@geobrugg.com

Swiss company Geobrugg is the global leader in the supply
of high-tensile steel wire safety nets and meshes – with
production facilities on four continents, as well as branches
and partners in over 50 countries. True to the philosophy
“Safety is our nature” the company develops and manufac-
tures protection systems made of high-tensile steel wire.
These systems protect against natural hazards such as
rockfall, landslides, debris flow and avalanches. They ensure
safety in mining and tunneling, as well as on motorsport
tracks and stop other impacts from falling or flying objects.
More than 65 years of experience and close collaboration
with research institutes and universities make Geobrugg a
pioneer in these fields.

Ellegi Srl

Via Petrarca, 55 I-22070 Rovello Porro (CO) Italy
URL: http://www.lisalab.com/engl/?seze=1
Contact: info@lisalab.com

Ellegi srl provides worldwide monitoring services and pro-
duces Ground Based synthetic aperture radar (GBInsAR) for
remote measurement of displacements and deformations on

natural hazards and manmade buildings using its own
designed and patented LiSALab system.

Its activities started in 2003 as a spin off project to exploit
commercially the Ground Based Linear Synthetic Aperture
Radars technology developed by European Commission’s
Ispra Joint Research Centre and based on the results of more
than 10 years of research. Since then Ellegi has industrial-
ized and developed the core technology of the LiSALab
system and latest LiSAmobile system represents the 5th
generation of development.

In 2003 it was the first commercial company in the world
to provide GBInSAR measurements of natural hazards and
structure.

Ellegi srl offers:

• Displacement fields measurement, control and monitoring
of the deformation caused by natural hazards, like land-
slides, rockslides, sinkhole, volcanic deformation in every
operative condition, including emergencies,

• Structural strain fields measurement, control, monitoring
and diagnosis of the deformation affecting buildings,
bridges, viaducts, dams,

• GBInSAR monitoring systems, installation, management
and maintenance in order to provide information about
natural hazards or anthropic activity, that can generate or
cause slopes failures or buildings instabilities.

In all the above-mentioned activities Ellegi srl uses the
GBInSAR LiSALab technology that represents a real
“break-through”.

Chuo Kaihatsu Corporation

3-13-5 Nishi-waseda, Shinjuku-ku, Tokyo 169-8612, Japan
URL: https://www.ckcnet.co.jp/global/
Contact: https://www.ckcnet.co.jp/contactus/

Chuo Kaihatsu Corporation (CKC) was founded in 1946,
and has been aiming to become the “Only One” consultant
for our customers. We engage in the hands-on work that will
“Remain with the earth, Remain in people’s hearts, and Lead
to a prosperous future”. We focus on road, river and dam
engineering to flesh out industrial infrastructures specifically
by means of geophysical/geotechnical/geological investiga-
tions, civil engineering surveys and project implementations.
In recent years, we make significant efforts on earthquake
disaster mitigation, sediment disaster prevention/mitigation
and ICT information services. Many achievements of ours
have already contributed to mitigation of natural disasters
such as landslides, earthquakes and slope failures in Japan,
Asia and the Pacific Region.
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IDS GeoRadar S.R.L

Via Augusto Righi, 6, 6A, 8, Loc. Ospedaletto, Pisa, Italy,
56121
URL: https://idsgeoradar.com/
Contact: info@idsgeoradar.com

IDS GeoRadar, part of Hexagon, provides products and
solutions, based on radar technology, for monitoring appli-
cations including landslides, rockfalls, complex structures,
mining and civil engineering. The company is a leading
provider of Ground Penetrating Radar (GPR) and Interfer-
ometric Radar solutions worldwide. IDS GeoRadar is com-
mitted to delivering best-in-class performance solutions and
to the pursuit of product excellence, through the creation of
application-specific, innovative and cost-efficient systems
for a wide range of applications.

METER Group, Inc

2365 NE Hopkins Court, Pullman, WA 99163, USA
URL: metergroup.com/wlf5
Contact: bryan.wacker@metergroup.com

METER Group provides accurate, rugged, and dependable
instrumentation to monitor moisture in all its phases within
an unstable slope. METER specializes in instrumentation for
near real-time monitoring of incoming moisture in the form
of rain and weather. In addition, we provide real-time
below-surface monitoring of existing moisture conditions
like moisture content and soil suction which show how the
soil profile is filling with water to saturation, including the
transition to positive pore water pressure.

The ZL6 advanced cloud data logger works together with
ZENTRA Cloud data software to simplify and speed up data
collection, management, visualization, and alerting. Our
well-published instrumentation is used worldwide in uni-
versities, research and testing labs, government agencies,
and industrial applications.

For almost four decades, scientists and engineers have
relied on our instrumentation to understand critical moisture
parameters. We’ve even partnered with NASA to measure
soil (regolith) moisture on Mars. Wherever you measure, and
whatever you’re measuring, rely on METER for accuracy,
affordability, and simplicity that will make your job easier.

Asia Air Survey Co. Ltd

Shinyuri 21 BLDG 3F, 1-2-2 Manpukuji, Asao-Ku, Kawa-
saki, Kanagawa 215-0004, Japan
URL: https://www.ajiko.co.jp/en/
Contact: service@ajiko.co.jp

Asia Air Survey (AAS), as one of the leading engineering
and consulting companies, has long been providing dis-
aster prevention and mitigation services for over 65 years,
particularly in the fields of landslide, debris flow, erosion
control, etc. AAS is proud of being the inventor of Red
Relief Image Map (RRIM), which is a cutting-edge 3D
terrain visualization method allowing great geomorpho-
logical details to be visualized in one glance, thus has
been used in various facets of disaster prevention and
mitigation.

Kiso-Jiban Consultants Co. Ltd

Kinshicho Prime Tower 12 Floor, 1-5-7 Kameido, Koto-ku,
Tokyo 36-8577, Japan
URL: https://www.kisojiban.com/
Contact: kisojiban-contactus@kiso.co.jp

Kiso-Jiban Consultants, established in 1953, is an engi-
neering consulting firm especially well known in the field of
geotechnical engineering. The areas of its comprehensive
services are listed below:

• Geological and Geotechnical Survey
• Geotechnical Analysis and Design
• Disaster Prevention and Management
• GIS (Geographic Information Systems)
• Soil and Rock Laboratory Tests
• Instrumentation and Monitoring
• Geophysical Exploration and Logging
• Distribution of Geosynthetics Products

Much-talked-about new service is Kiso-SAR System
allowing accurate estimation of both extent and rate of
landslide movements based upon a comprehensive inter-
pretation of InSAR results from geotechnical and landslide
engineering viewpoint (see the one-page introduction of
Kiso-Jiban Consultants Co. Ltd.). With Kiso-SAR system,
the following pieces of important geotechnical information
can be provided:

(1) Extent of a deforming landslide mass (and the rate of its
movement

(2) Consolidation buildup in soft clay underlying a fill
(3) Deformation buildups induced by slope cutting.

Okuyama Boring Co. Ltd

10-39 Shimei-cho, Yokote City, Akita 013-0046, Japan
URL: https://okuyama.co.jp/en/
Contact: info@okuyama.co.jp
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Okuyama Boring Co. Ltd. is proud of its achievements in
various projects to help solve many landslide problems. The
company has been offering services in geological surveys
and analyses, developing rational countermeasures against
various geotechnical problems as well as safe workflow
diagrams, and providing necessary pieces of advice for
ensuring safety during landslide countermeasure works. For
this purpose, Okuyama Boring Co. Ltd. works on monitor-
ing, observations, field surveys, numerical analyses, coun-
termeasure works, etc. of landslides.

Kawasaki Geological Engineering Co. Ltd

Mita-Kawasaki Bldg, 2-11-15 Mita, Minato-ku,
Tokyo108-8337, Japan
URL: http://www.kge.co.jp/
Contact: post-master@kge.co.jp

Kawasaki Geological Engineering Co. Ltd. as one of the
leading members of SAAM Research Group, has proactively
been involved in developing “Sustainable Asset Anchor
Maintenance (SAAM, hereafter) System,” enabling easy
maintenance of ground anchors. Its unique jack, weighing
about half the weight of a conventional jack, together with a
newly developed jig, can be applied to any type of anchor
even with a short extra length, thus allowing for in situ
lift-off tests on these anchors. The SAAM system also has an
optional weight meter that can be installed after performing a
lift-off test.

Nissaku Co. Ltd

4-199-3 Sakuragi-cho, Omiya-ku, Saitama 330-0854, Japan
URL: https://www.nissaku.co.jp/
Contact: survey@nissaku.co.jp

Nissaku Co. Ltd., founded in 1912 as a well drilling com-
pany, provides services for far-flung fields of not only
groundwater exploitation but also measures for landslides.
Having its rich expertise in these fields, Nissaku Co. Ltd.
offers general reliable one-stop technical services including
designs, investigations, analyses, constructions, and
maintenances.

Full-color presentations from the above seventeen exhi-
bitors focusing on their landslide technologies are shown on
the following pages. Their cutting-edge technologies have of
course been instrumental in the progress that we have made
in landslide risk-reduction worldwide, and we want to exert
even greater effort to aim high given the KLC 2020 as our
new action goals. The International Consortium on Land-
slides seeks volunteers willing to support our activities
introducing their brand-new technologies for landslide dis-
aster mitigation in our international journal “Landslides,”
full color books for WLFs, exhibitions at WLFs, etc. If you
are interested in being engaged in supporting ICL activities,
please contact the ICL secretariat < secretariat@iclhq.
org > .
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International Consortium on Landslides

Interna onal Consor um on Landslides
An interna onal non-government and non-profit scien fic organiza on 

promo ng landslide research and capacity building for the benefit of society and the environment 
President: Peter T. Bobrowsky (Geological Survey of Canada) 

Vice Presidents: Matjaž Mikoš (University of Ljubljana, Slovenia), Dwikorita Karnawa   
(Agency for Meteorology, Climatorology, and Geophysics, Indonesia), Nicola Casagli (University of Florence, Italy), Binod 

Tiwari (California State University, USA), Željko Arbanas (University of Rijeka, Croa a) 
Execu ve Director: Kaoru Takara (Kyoto University, Japan), Treasurer: Kyoji Sassa (Prof. Emeritus, Kyoto University, Japan)

ICL Full Members: 
Geotechnical Engineering Office, Hong Kong Special Administrative Region, China 
UNESCO Chair for the Prevention and the Sustainable Management of Geo-hydrological Hazards - University of Florence, Italy 
Korea Institute of Geoscience and Mineral Resources (KIGAM)  
University of Ljubljana, Faculty of Civil and Geodetic Engineering (ULFGG), Slovenia  

Albania Geological Survey / The Geotechnical Society of Bosnia and Herzegovina / Center for Scientific Support in 
Disasters – Federal University of Parana, Brazil/ Geological Survey of Canada / University of Alberta, Canada / 
Northeast Forestry University, Institute of Cold Regions Science and Engineering, China / China University of 
Geosciences / Chinese Academy of Sciences, Institute of Mountain Hazards and Environment / Tongji University, College 
of Surveying and Geo-Informatics, China / The Hong Kong University of Science and Technology, China / Shanghai Jiao 
Tong University, China / The University of Hong Kong, China / Universidad Nacional de Colombia / Croatian Landslide 
Group (Faculty of Civil Engineering, University of Rijeka and Faculty of Mining, Geology and Petroleum Engineering, 
University of Zagreb) / City of Zagreb, Emergency Management Office, Croatia / Charles University, Faculty of Science, 
Czech Republic / Institute of Rock Structure and Mechanics, Department of Engineering Geology, Czech Republic / 
Brown Coal Research Institute, Czech Republic / Cairo University, Egypt / Technische Universitat Darmstadt, Institute 
and Laboratory of Geotechnics, Germany / National Environmental Agency, Department of Geology, Georgia / 
Universidad Nacional Autonoma de Honduras (UNAH), Honduras / Amrita Vishwa Vidyapeetham, Amrita University / 
Vellore Institute of Technology, India / National Institute of Disaster Management, India / Agency for Meteorology, 
Climatology, and Geophysics of the Republic of Indonesia (BMKG Indonesia) / University of Gadjah Mada, Center for 
Disaster Mitigation and Technological Innovation (GAMA-InaTEK), Indonesia / Parahyangan Catholic University, 
Indonesia / Building & Housing Research Center, Iran / Italian Institute for Environmental Protection and Research 
(ISPRA) - Dept. Geological Survey, Italy / University of Calabria, DIMES, CAMILAB, Italy / Istituto de Ricerca per la 
Protezione Idrogeologica (IRPI), CNR, Italy / DIA–Universita degli Studi di Parma, Italy / University of Torino, Dept of 
Earth Science , Italy / Centro di Ricerca CERI - Sapienza Università di Roma, Italy / Kyoto University, Disaster 
Prevention Research Institute, Japan / Japan Landslide Society / Korean Society of Forest Engineering / National Institute 
of Forest Science, Korea / Korea Infrastructure Safety & Technology Corporation / Korea Institute of Civil Engineering 
and Building Technology / Slope Engineering Branch, Public Works Department of Malaysia / Institute of Geography, 
National Autonomous University of Mexico (UNAM) / International Centre for Integrated Mountain Development 
(ICIMOD), Nepal / University of Nigeria, Department of Geology, Nigeria / Moscow State University, Department of 
Engineering and Ecological Geology, Russia / JSC “Hydroproject Institute”, Russia / University of Belgrade, Faculty of 
Mining and Geology, Serbia / Comenius University, Faculty of Natural Sciences, Department of Engineering Geology, 
Slovakia / Geological Survey of Slovenia / University of Ljubljana, Faculty of Natural Sciences and Engineering 
(ULNTF), Slovenia / Central Engineering Consultancy Bureau (CECB), Sri Lanka / National Building Research 
Organization, Sri Lanka / Landslide group in National Central University from Graduate Institute of Applied Geology, 
Department of Civil Engineering, Center for Environmental Studies, Chinese Taipei / National Taiwan University, 
Department of Civil Engineering, Chinese Taipei / Asian Disaster Preparedness Center, Thailand / Ministry of Agriculture 
and Cooperative, Land Development Department, Thailand / Institute of Telecommunication and Global Information 
Space, Ukraine / California State University, Fullerton & Tribhuvan University, Institute of Engineering, USA & Nepal / 
Institute of Transport Science and Technology, Vietnam / Vietnam Institute of Geosciences and Mineral Resources 
(VIGMR). 

ICL Associates 
State Key Laboratory of Geohazard Prevention and Geoenvironment Protection (Chengdu University of Technology), 
China / Czech Geological Survey, Czech Republic / Department of Earth and Environmental Sciences, University Aldo 
Moro, Bari, Italy / Department of Sciences and Technologies, University of Sannio, Italy / Department of Earth and 
Environmental Sciences – University of Pavia, Italy / Geotechnical Engineering Group (GEG), University of Salerno, 
Italy / Niigata University, Research Institute for Natural Hazards and Disaster Recovery, Japan / Ehime University Center 
for Disaster Management Informatics Research, Japan / Tian-Shan Geological Society, Kyrgyzstan / Institute of 
Environmental Geoscience RAS (IEG RAS), Russia / Russian State Geological Prospecting University n.a. Sergo 
Ordzhonikidze (MGRI-RSGPU) / TEMPOS, environmental civil engineering Ltd., Slovenia / Institute of Earth Sciences – 
Faculty of Geoscience and Environment, University of Lausanne, Switzerland / Middle East Technical University 
(METU), Turkey / North Dakota State University, USA

ICL Secretariat:
Secretary General: Kyoji Sassa 
International Consortium on Landslides, 138-1 Tanaka Asukai-cho, Sakyo-ku, Kyoto 606-8226, Japan 
Web: http://icl.iplhq.org/, E-mail: secretariat@iclhq.org
Tel: +81-75-723-0640, Fax: +81-75-950-0910
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