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Editorial of the New Open Access Book
Series “Progress in Landslide Research

and Technology”

Kyoji Sassa

Abstract

The Kyoto Landslide Commitment 2020—A Commit-
ment to the ISDR-ICL Sendai Partnerships 2015-2025,
the Sendai Framework for Disaster Risk Reduction 2015-
2030, the 2030 United Nations Agenda Sustainable
Development Goals, the New Urban Agenda, and the
Paris Climate Agreement was established with signatures
by 90 partner organizations in November 2020 (Sassa in
Landslides 18:5-20, 2021). To secure and provide a
global and stable platform for the Kyoto Landslide
Commitment 2020 to be continued until 2030 and
beyond, an open access book series was proposed by
the KLC2020 Secretariat in 2022. The high-level panel
discussion during the Fifth World Landslide Forum
examined the proposal, and all panelists and participants
accepted the proposal. Then, the Launching Declaration
of the ICL Open Access Book Series “Progress in
Landslide Research and Technology” for the Kyoto
Landslide Commitment 2020 was adopted by all panelists
and the onsite and online participants of WLF5 on 3
November 2021 (Sassa in Landslides 19:1-5, 2022). This
article is a progress report of the founding two issues of
“Progress in Landslide Research and Technology” in
2022 for all authors, potential readers of this book series
as well as KL.C2020 signatory partners, KL.C2020 official
promoters, and ICL members.

Keywords

Open access book series * Kyoto Landslide Commitment
2020 e ICL journal landslides ¢ ICL book series P-LRT

K. Sassa (X))

The International Consortium on Landslides and KLC2020
Secretariat, Kyoto, Japan

e-mail: secretariat@iclhq.org

© The Author(s) 2023

1 Introduction

A new open access book series “Progress in Landslide
Research and Technology (P-LRT)” has been launched in
2022 as the core platform for the prometon of Kyoto Land-
slide Commitment 2020—A Commitment to the ISDR-ICL
Sendai Partnerships 2015-2025, the Sendai Framework for
Disaster Risk Reduction 2015-2030, the 2030 United
Nations Agenda Sustainable Development Goals, the New
Urban Agenda and the Paris Climate Agreement.

The International Consortium on Landslides launched the
ICL official journal, Landslides: Journal of the International
Consortium on Landslides. It was the first international
journal on landslides, aiming to integrate landslide research
in many fields of science as a scientific field studying land-
slide phenomena, namely landslide science. Vol. 1 in 2004
was comprised of 80 pages/issue x 4 issues, namely 323
pages/year. This journal was well received by many scientists
studying landslides. This journal's total number of pages
increased to 3977 pages/year in 2021 over the last 19 years. It
is now a good platform for landslide science.

In order to promote the Kyoto Landslide Commitment
2020, practical application of the recent progress in landslide
research and technology for landslide disaster risk reduction
must be sought for practice and society. To pursue this aim, a
new open access book series, “Progress in Landslide Research
and Technology” was founded. The target readers of the open
access book series are practitioners and other stakeholders
who apply in practice the most advanced knowledge of sci-
ence and technology for landslide disaster risk reduction.
Articles must be written in a simplified way that is easily
understandable by these practitioners and stakeholders.

I. Alcantara-Ayala et al. (eds.), Progress in Landslide Research and Technology,
Volume 1 Issue 2, 2022, Progress in Landslide Research and Technology,

https://doi.org/10.1007/978-3-031-18471-0_1
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2 Categories of P-LRT

1. Original articles reporting the progress of landslide
research and technology (minimum 8 pages)

Articles must be written user-friendly for practice. An author
is requested to write an easy-to-understand article, allowing
readers to apply it for practice without searching for refer-
ences in other publications, with a substantial number of
figures, photos, elaborate explanations, and videos when
necessary. Thus, P-LRT limits the minimum page number
for each category. The maximum limit of pages is not
pre-decided. The followings are eight regular categories of
P-LRT.

2. Review articles (minimum 8 pages)

Review of landslide research and technology in a thematic
area of landslides. A review article integrating a series of
research and technology of the author or its group is also
welcome.

An active researcher and active research group have
published a specific topic or finding as short articles in many
journals. For practical purposes, a long article integrating all
related findings is effective to understand the whole concept
and apply it to practices.

3. ICL landslide lessons (minimum 20 pages)

Lessons by global and emerging experts with distinguished
achievements in one of the specific aspects in understanding
and reducing landslide disaster risk.

This category is a new category. Then, no article was
published in Vol. 1, No. 1, and Vol. 1, No. 2.

More than 20 pages of landslide lessons are expected in
Vol. 2 in 2023 which is useful for landslide risk reduction
activities.

4. IPL/WCoE/Kyoto Commitment activities (minimum
8 pages)

Progress or achievements of the projects of the International
Programme on Landslides (IPL) and the World Centres of
Excellence on Landslide Risk Reduction (WCoEs), and the
Kyoto Landslide Commitment.

This category was included in “Journal Landslides” until
2021. However, this category in “Journal Landslides” was
terminated and moved to P-LRT. IPL ad WCOE and Kyoto
Landslide Commitment are activities for landslide risk
reduction.

5. Teaching tools with online extras (minimum 8 pages)

User-friendly teaching tools with extras (i.e., photos, illus-
trations, videos, guidelines & manuals) online to fill the gap
between the available level of science and technologies and
their practical use in society. This category cannot be inclu-
ded in any journal. Very necessary and useful for mastering
some technologies. Vol. 1, No. 1 includes LS-RAPID land-
slide simulation manuals 58 pages) for the whole process
from stable ground to initial local failure, progressive failure,
creating a landslide body, rapid landslide motion, and ter-
mination with 17 video tutorials. Vol. 1, No. 2 includes
“Teaching tools “Undrained dynamic loading ring shear
testing with video” (35 pages) with 16 video tutorials. Vol. 1,
No. 2 includes another teaching tool “How to Teach Remo-
tely the Vegetation Works to Protect Slopes against Mass
Wasting: A Case of Using Video Materials in Bhutan.”

6. Technical notes & Case studies (minimum 4 pages)

Technical note and case studies on landslides and landslide
disaster risk reduction practice. Each issue of Vol. 1,
No. 1 and No. 2 includes one technical notes and case studies.

7. World Landslide Reports

Landslide reports from landslide-prone developing countries
and urbanizing areas of the developed countries from around
the world. No book processing charge, but limited to
approximately 40-50 pages (around 10% of the total page)
per issue. These categories are planned to accommodate
Landslide reports mainly from landslide-prone developing
countries. 3 reports were submitted from Bangladesh, Viet-
nam, and Iran to Vol. 1, No. 2.

8. Introduction of KLC2020 Official Promoters (1-3
pages)

KLC2020 Official Promoters are eligible for this category.
The introduction of the official promoters is published in all
issues throughout the year.

Remarks for categories

“Editorial” is an article written or invited by the Editorial
Board. This is one of categories of this book series which will
be published in front of regular categories of articles. Edito-
rials are not open-call categories. But proposals for Editorial
are welcome. Please contact the Secretariat of the Kyoto
Landslide Commitment 2020, <E-mail: klc2020@iclhq.org>.



Editorial of the New Open Access Book Series ...

3 Photo/lllustration on the Front Cover
of P-LRT

The front cover of each issue includes a photo or an illus-
tration published in the issue. The editorial board examined
the cover photo/illustration of Vol. 1, No. 1 and selected one
photo from “Early warning system against rainfall-induced
landslide in Sri Lanka by Konagai et al.” The final design of
the cover will be made by Springer Nature. The selected
cover photo is shown in Fig. 1. Photo/Illustration on the
Front cover of Vol. 1, No. 2 is not yet decided at the time of
writing this article.

4 Contents of Vol. 1, No. 1

The founding issue is very special. Three forewords from the
ICL, the International Union of Geological Sciences, the
International Union Geodesy and Geophysics, and three
greetings of the 5th World Landslide Forum from United
Nations Organizations which support the International
Consortium on Landslides, the International Programme on
Landslides, and the Kyoto Landslide Commitment 2020 are
published before the table of contents.

After the table of contents before regular categories, three
articles are presented prior to articles in regular categories;
(1) Preface for aim and outline of this book series, (2) History
of the International Consortium on Landslides as the proposer
of the Kyoto Landslide Commitment 2020, and (3) Pro-
gramme of the ICL “International Programme on Landslides.”

Forewords

e President Nicola Casagli of the ICL (with video)

e President John Ludden of the International Union of
Geological Sciences IUGS) (with video)

e President Kathy Whaler of the International Union Geo-
desy and Geophysics IUGG) (with video).

Greetings of the Sth World Landslide Forum

e Mami Mizutori, Special Representative of UN
Secretary-General for Disaster Risk Reduction/Head of
UN Office for Disaster Reduction

e David Malone, UN Under-Secretary-General/Rector of
United Nations University (with video)

e Shamila Nair-Bedouelle, Assistant Director-General for
Natural Sciences of UNESCO (with video).

S
—_
o

Fig. 1 Cover photo of Vol. 1, No. 1 Aranayaka landslide in Kegalle District, Sri Lanka occurred in May 2016, after a long rainfall and killing 127
persons and destroying 75 houses (Technical Cooperation for Landslide Mitigation Project by JICA. All rights reserved)
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Preface

Aim and Outline of the Book Series “Progress in Landslide
Research and Technology” (9 pages) by Kyoji Sassa and
Matjaz Mikos.

Introduction of ICL and IPL

e International Consortium on Landslides: from IDNDR,
IGCP, UNITWIN, WCDRR 2 & 3 to Kyoto Landslide
Commitment 2020 (35 pages) by Kyoji Sassa, Paolo
Canuti, Peter Bobrowsky, and Nicola Casagli.

This article describes the history of ICL starting from
IDNDR (International Decade for Natural Disaster Reduc-
tion) and the UNESCO-IUGS Joint programme IGCP-425:
Landslide Hazard Assessment and Cultural Heritage (1998—
2003) to Kyoto Commitment 2020.

e International Programme on Landslides—A Short Over-
view of its Historical Development (19 pages) by Matjaz
Mikos, Kyoji Sassa, Qunli Han.

This article describes the initial foundation of the
International Programme on Landslides—IPL at UNESCO
in 2002. The current second stage of IPL was defined and
established by the 2006 Tokyo Action Plan “Strengthening
Research and Learning on Landslides and Related Earth
System Disasters for Global Risk Preparedness.” The ICL
exchanged a Memorandum of Understandings to promote
IPL with each of the ICL supporting organizations: five
UN organizations and 2 global stakeholders on science and
engineering. All IPL activities in the past were
overviewed.

Review of the Founding Issue of P-LRT for all regular
articles other than the above of Vol. 1, No. 1 was made by
Sassa S (2022).

5 Authors and Articles in Vol. 1,
No. 1 and No. 2

On the day of writing this article, both issues have not yet
been published. Vol. 1, No. 1 is now being processed for
publication in Springer Nature. It will be published in
December 2022. All accepted articles of Vol. 1, No. 2 have
been sent to Springer Nature. It will be published in
December 2022.

Two initial issues are reviewed to share the information
of the founding issues of the open access book series with
readers, authors/editors/official promoters, and other people
involved in understanding and reducing landslide disaster
risk.

Figure 2 presents the authors of articles in the main six
categories (Editorial, Original articles, Review articles,
IPL/WCOE/KLC activities, Teaching Tools, Technical
Notes and Case studies) excluding six forwards/greetings
and introduction of 16 official promoters in Vol. 1, No. 1.
The total number of authors is 120 persons from 24 coun-
tries, UNESCO and the International Geosynthetics Society.
The largest number of authors are from Japan and Italy, both
are 20. More than 5 authors are from Canada (8), Slovenia
(7), Indonesia (6), Thailand (6) and USA (6), Czech (5),
France (5), Sri Lanka (5), and UK (5).

Figure 3 presents the authors of articles in the main seven
categories (Editorial, Original articles, Review articles,
IPL/WCOE/KLC activities, Teaching Tools, Technical
Notes and Case studies, and World Landslide Reports) in
Vol. 1, No. 2.

The total number of authors is 102 persons from 18
countries/regions. The largest number of authors is 31 from
Japan. More than 5 authors are 14 from Vietnam, 9 from
Canada and Croatia, 7 from India, 6 from China and
Ukraine, and 5 from Chinese Taipei.

6 Title and Contents of the Open Access
Book Series

At the launching of this book series, the ICL terminated all
other book publications and proceedings such as books for
the triennial World Landslide Forum and proceedings for the
annual IPL Symposium in 2022. Therefore, ICL publication
is the following one journal and one book series.

Landslides: Journal of the International Consortium on
Landslides

Progress in Landslide Research and Technology: Book

Series of the International Consortium on Landslides
Different from most other book series, each issue title of
this book series is the book series title + Volume
Number-Issue number + publication year as below.
Book Series Title: Progress in Landslide Research and
Technology

Issue Title for Vol. 1, No. 1: Progress in Landslide Research
and Technology, Volume 1 issue 1, 2022
Issue Title for Vol. 1, No.2: Progress in Landslide Research
and Technology, Volume 1 issue 2, 2022

Table 1 presents the total pages and the breakdown of
Vol. 1, No. 1, and Vol. 1, No. 2 of P-LRT. The total number
of pages is 426 pages for Vol. 1, No. 1, and 413 pages for
Vol. 1, No. 2.
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Fig. 2 The number of authors from each country, United Nations organization, and international organization in the six categories of articles
published in Vol. 1, No. 1

Fig. 3 The number of authors from each country/region in the seven categories of articles published in Vol. 1, No. 2
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Table 1 Total pages and Vol. 1, No. 1 Vol. 1, No. 2
breakdown of Vol. 1-1 and Vol. ’ :
1-2 Breakdown Number Number Breakdown Number Number
of articles of pages of articles of pages
Front matters 3 7 Front matters 3 7
Forewords/greeting 6 12 Forewords 0 0
Table of contents 1 4 Table of contents 1 5
Editorial (ICL history 3 63 Editorial 1 7
and IPL overview)
Original articles 11 123 Original articles 13 150
Review articles 1 5 Review articles 6 73
IPL/WCOE/KLC 10 116 IPL/WCOE/KLC 4 58
activities activities
Teaching tools 1 58 Teaching Tools 2 42
Technical notes and 1 8 Technical notes 1 7
case studies and case studies
World landslide reports 0 0 World landslide 3 34
reports
Official promoters 16 28 Official promoters 16 28
Back matters 1 2 Back matters 1 2
Total 54 426 Total 51 413

The Vol. 1, No. 1 issue contains 27 articles (total 373
pages) with DOI numbers, and the Vol. 1, No. 2 issue
contains 30 articles (total 371 pages) with DOI numbers. The
category of original articles constitutes the largest number of
articles (11) and the largest number of pages (123 pages) for
Vol. 1, No. 1, and those numbers are 13 articles and 150
pages respectively for Vol. 1, No. 2.

The category of the IPL/WCOE/KLC activities includes
10 articles with 116 pages in Vol. 1, No. 1, and 4 articles and
58 pages in Vol. 1, No. 2. The category of Teaching tools
with video tutorials includes 1 article in Vol. 1, No.1, 2
articles in Vol. 1, No. 2. Teaching tools with video tutorials
will be very effective in the technical transfer for the land-
slide risk reduction. The new category of articles in Vol. 1,
No. 2 is the World Landslide Reports from developing
countries. The book processing fee is free for this category.
The KLC2020 official promoters are introduced at the last of
each issue.

7 Rate (%) of the Numbers of Articles
and Pages of Each Category

We analyzed the rate of the number of articles and pages of
each category and the difference between the No. 1 and
No. 2 issues in the four pie charts of Figs. 4 and 5.

Figure 4 presents Rate (%) of six categories (Editorial,
Original articles, Review articles, IPL/WCOE/KLC, Teach-
ing Tools, Technical notes and Case studies) in Vol. 1,
No. 1.

The largest category both in the article number and the
page number is the original article, and 40.74 and 32.98
respectively. The next category both in the article number
and the page number is [PL/WCOE/KLC activities.

IPL/WCOE/KLC activities were included in Landslides:
Journal of International Consortium on Landslides until the
year 2021. But this category in the Journal was terminated
and moved to this book series. The maximum number of
pages of this category in the Journal was 6 pages. The
maximum number of pages is not specified in this book
series, but the minimum number of pages is specified as 8
pages. A Report of Word Centre of Excellence (WCoE)
from India in Vol. 1, No. 2 is 29 pages. Other reports are 19
pages from Japan, 17 pages from Canada, and others. Those
reports of activities of WCoEs, IPL (International Pro-
gramme on Landslides) projects, and other KLC2020
activities are very important for Kyoto Landslide Commit-
ment. Those long articles shall promote the understanding
and reducing landslide disaster risk in other countries and
regions.

Figure 5 presents Rate (%) of seven categories (Editorial,
Original articles, Review articles, IPL/WCOE/KLC activi-
ties, Teaching Tools, Technical Notes and Case studies, and
World Landslide Reports) in Vol. 1, No. 2.

The largest category both in the article number and the
page number is original article, and 43.33 and 40.43
respectively. Both rates are greater than those in Vol. 1,
No. 1 (40.74 and 32.98).

The next category both in the article number and the page
number is Review articles, and 20.00 and 19.68 respectively.
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Editorial articles articles IPL/WCOE/KLC Tools. Notes Reports

Fig. 5 Rate (%) of seven categories (Editorial, Original articles, Review articles, IPL/WCOE/KLC, Teaching Tools, Technical Notes and World
Landslide Reports) in Vol. 1, No. 2

This is different from those in Vol. 1, No. 1. The upper The number of articles for Technical notes and Case

limit of page number is not specified in all categories. studies is very small.
However, the rate of the number of articles and number of The definition of original articles in the Journal “Land-
pages are close both in No. 1 and No. 2. slides” is original scientific research and investigation.
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The definition of original articles in P-LRT is original
articles reporting the progress of landslide research and
technology.

Namely original articles in Journal “Landslides” requires
originality in scientific research and technology. Many
papers undergo changes in categories from original articles
to Technical Notes and Case studies during the review
process of the Journal Landslides. During the further pro-
gress of the publication of P-LRT, we will examine what is
the best edition of the book series for the technical and
scientific knowledge transfer to promote landslide disaster
risk reduction.
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Key Techniques of Prevention and Control
for Reservoir Landslides Based
on Evolutionary Process

Huiming Tang, Liangging Wang, Changdong Li, and Zongxing Zou

Abstract

The essence of reservoir landslide treatment is to change
its evolution process. It is hard to guarantee the
effectiveness and safety of the landslide prevention and
control technology that ignores the evolution processes.
Guided by the thought of evolution, this study introduced
some key techniques of reservoir landslide prevention and
control. Seven evolution modes are summarized for rock
slides and the optimal control measures suitable for each
evolution mode and different evolution stages are
suggested. The dynamic stability evaluation method is
proposed considering the evolution process of the slip
zone soil strength. This study introduces the methods for
determining optimal pile positions for step-shaped sliding
surfaces, the optimal plane arrangement of stabilizing
piles, and their reasonable embedded lengths. Finally, two
demonstration bases for comprehensive prevention and
control of large reservoir landslides that were established
in the Three Gorges Reservoir area (TGRA) were
introduced, which is of great scientific and application
value to the improvement of reservoir landslide preven-
tion and control techniques.
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1 Introduction

Landslide, one of the world’s major geohazards, are often
accompanied by huge social and economic losses and poses
a great threat to human lives as well as sustainable devel-
opment. Water is one of the main driving factors of landslide
evolution, especially for those located in reservoir areas
(Zhang et al. 2021). The hydrogeological conditions have
undergone significant and continuous changes under the
impact of the long-term fluctuation of reservoir water level
and seasonal rainfall, which increased the difficulty of
reservoir landslide prevention and control. For instance,
since the first impoundment in 2003, a total of 4256
large-scale landslides have been identified in the
world-renowned Three Gorges Reservoir area (TGRA),
costing the government up to 100 billion RMB in the
treatment, yet many challenges remained (Tang et al. 2019).
Reservoir landslide has become an important factor threat-
ening the safety of waterborne transport and engineering
construction in reservoir areas, and it is urgent to carry out
in-depth research on its prevention and control.
Deficiencies still exist in the current research on reservoir
landslide prevention and control. On the one hand, reservoir
landslides have the basic characteristic of evolution, which is
accompanied by different evolution modes and evolution
stages that are highly related to the landslide’s structural
development, deformation failure patterns, and deterioration
law of physical and mechanical parameters. The design of
reservoir landslide control measures that ignore these factors
fails to fully consider the synergistic effect of the
landslide-control-structure system, which makes it difficult
to guarantee its control effect and long-term stability of

1
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landslide. On the other hand, although institutions world-
wide have attached great importance to the role of large
in-situ test bases in geohazard research, few relevant
demonstration bases have been built in the field of reservoir
landslide prevention and control. Therefore, it is essential to
carry out the study on reservoir landslide prevention and
control techniques based on evolutionary processes and
construct relevant demonstration bases.

2 Evolution Modes of Reservoir Landslide

By analyzing the geological structure, development pattern,
evolutionary characteristics, and evolutionary process of
reservoir landslides, seven types of rock landslide evolution
modes are summarized as shown in Fig. 1. Seven evolution
mode include progressive slip along gentle-dip layer I,
progressive slip along gentle-dip layer II, bucking failure
along steep-dip layer, creep slip along deep layer, plastic
flow slip of weak interlayer, breakthrough abrupt slip in
inclined cross-cutting layer and toppling failure in steep
anti-dip layer. Each of the above evolution modes is divided
into three evolutionary stages, and the corresponding evo-
lutionary features of each evolutionary stages are described
as follows.

For the mode of progressive slip along gentle-dip layer I
(Fig. 1a), vertical tension cracks appear on the surface of the
slope’s frontal part under the manual excavation or river
cutting in its stage I, named the leading edge unloading
rebound stage. Then, in the crack extension stage (stage II),
surface water seeps in along these cracks and accelerate the
process of erosion or dissolution, so the cracks continue to
expand in depth, which causes a new unloading effect on the
rock mass behind the cracks, forming multiple sets of par-
allel tension cracks. Eventually, in the sliding surface pen-
etration damage stage (stage II), the sliding mass keeps
creeping until the mechanical properties of the slip zone are
weakened to fail to balance the sliding force.

Different from the previous mode, progressive slip along
gentle-dip layer II’s cracks develop from the trailing edge to
the leading edge of the landslide (Fig. 1b). In stage I, also
called the trailing edge tension fracture formation stage, the
crack is formed under the joint effect of the tensile stress and
surface water at the trailing edge of the landslide. In stage II,
(crack extension stage), the cracks develop from the surface
to the deep until the underlying weak interlayer of the
landslide is cut. In stage III (sliding surface penetration
damage stage), the weak layer or sliding zone of the land-
slide is further softened and cracks expand into the trenches
under the continuous effect of rainfall and gravity. When
heavy rainfall continues in the landslide area, the sliding
surface gradually penetrates, and the trailing edge fissure
water provides lateral gradient force. Once the sliding force

of the upper rock mass exceeds the resistance force pro-
viding by the sliding surface, the landslide occurs.

In stage I of bucking failure along steep-dip layer mode
(Fig. 1c), also called the slight bending and deformation
stage, the buoyancy between rock layers gradually increases
and the shear strength of weak layer gradually decreases
under the effect of rainfall and groundwater. Affected by
this, the stratum of the landslide’s shallow surface of the
upper part began to creep, and the lower part is squeezed
under gravity. In the creeping and squeezing, the trailing
edge rock starts cracking and bending at the slope toe.
During this process, the landslide comes to stage II (bending
bulge loosening stage), and the interlaminar dislocation of
the landslide shallow stratum gets increasingly intense. It led
to the formation of a tension collapse zone at the trailing
edge and a bending shape with a tension fracture zone at the
toe of the landslide. Finally, with the gradual penetration of
the tension fracture zone and the gradual enlargement of the
tension collapse zone, the leading edge of the landslide
slides out along the tension fracture zone and the rock
stratum at the trailing edge slides along the sliding surface,
that is, collapse slip stage (stage III).

The creep slip along deep layer mode includes three
stages: deep slip zone formation stage (stage I), creep-slip
stage (stage II), and start-slip destabilization stage (stage III)
(Fig. 1d). During stage I, various factors such as gravity,
tectonic movement, river undercutting and rainfall make the
deep shear stresses of unstable slopes develop and concen-
trate, and then the creep shearing occurs locally. Further, in
the stage II, some shear creeping surface are gradually
penetrated from the local to the whole affected by gravity,
rainfall, and other external loads. Finally, affected by the
river erosion and water level fluctuation, deformation and
failure occur in the location of steep terrain with ground-
water retention, and even overall sliding failure.

As shown in Fig. le, the evolution stages of plastic flow
slip of weak interlayer mode differ significantly. In the
trailing edge crack formation stage (stage I), the deep weak
layer flows to the free face affected by various external
factors, causing tensile stress in the middle and rear part of
the landslide. Cracks begin to appear under tensile stress and
gradually increase and deepen with the continuous plastic
flow of the landslide. In the subsequent crack extension stage
(stage II), the sliding mass moves along the weak structural
plane as a whole with the tension cracks developed. The
sliding mass disintegrates under differentiated plastic flow
developed in the uneven weak layer. Finally, the sliding
zone expends laterally driven by the finest path of shear
stress elimination. The expending process is terminated by
its slipping-off separation in the overall slip disintegration
stage (stage III).

At the beginning of breakthrough abrupt slip in inclined
cross-cutting layer mode, affected by tectonic stress and
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Fig. 1 Seven evolution types and stages of reservoir rock landslide
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unloading rebound effect, initial fissures and joints develop
in the shallow surface layer parallel to the slope surface,
which is summarized as the intra-layer tensile fracture for-
mation stage (stage I) (Fig. 1f). Under internal and external
effects, the strength of the rock mass continues to decrease.
Therefore, the tension fracture continues to expand and the
local sliding surfaces start connecting, which is called the
tension fracture development stage (stage II). With the
continuous expansion of tension fracture, the sliding surface
continues to develop towards the slope toe. When the sliding
surface is totally formed, the whole rock mass falls, which is
the cut layer fracture penetration stage (stage III).

For the toppling failure in steep anti-dip layer mode
(Fig. 1g), initial toppling is its stage I, where, the rock mass
undergoes interlayer shear movement due to a strong
unloading rebound. Then, a certain depth of unloading zone
is formed near the surface of the landslide, where the tension
fracture is developed. The rock stratum begins to bend
extensively towards the free surface and the tension fracture
or tension deformation developed along the existing trans-
verse joints, results in further segmentation of the rock
column. Subsequently, the intact rock column is divided into
several short rock columns by the new tension fracture and
the existing transverse joints. The slope enters the
self-stabilizing creep stage (stage II), in which the rock mass
deforms at a low rate. With the rise of water level, a unified
tension shear fracture surface is formed in the front part of
the slope and shear slip occurs. The steep failure surface
develops in depth and finally intersects with this tension
shear fracture surface in front of the slope. Then, an inter-
connected shear surface is formed and results in an overall
slicing slip, that is, the formation of unified shear surface and
failure stage (stage III).

3 Suitability of Reservoir Landslide Control
Measures Based on the Evolution Process

The evolution mechanism is an important aspect in the study
of reservoir landslides. Most of the reservoir landslides are
nurtured by tectonic dynamics and river valley dynamics,
then evolve due to human engineering construction, and
finally occur under the action of disaster-causing factors
such as earthquakes, rainfall and reservoir water. During the
evolution process, the landslide constantly undergoes
structural changes and parameter deterioration, resulting in
different forms of deformation and failure. The essence of
reservoir landslide control is to change its evolution process.
The effectiveness and long-term safety of reservoir landslide
control measures that ignore this process are hard to guar-
antee. According to the division of seven reservoir landslide
evolution modes and corresponding evolution stages, the
specific control measures suitable for reservoir landslides in

different evolution stages are suggested in Table 1. These
measures have been successfully employed in the landslide
management of the TGRA and have achieved satisfactory
results.

Hongshibao landslide is a typical landslide management
demonstration project in the TGRA that considered the
landslide evolution process (Tang et al. 2019). Hongshibao
landslide area is about 600 m long from north to south,
higher in the south and lower in the north, with an elevation
of 270-70 m and a width of about 500 m from east to west.
Due to the characteristics of landslide evolution, various
engineering countermeasures were used to reinforce the
slope, including slope reduction and load shedding for the
suitable slope position, setting retaining walls to improve the
shallow stability and the arranging stabilizing piles in the
slope. As shown in Fig. 2, the most effective protective
measures are cantilever piles and anchor piles. Two rows of
anti-slip piles were arranged to solve the problem of deep
and shallow anti-slip stability of the site slope, and also to
solve the slope stability problem caused by the reservoir
water level changes sharply between 175 and 145 m. Based
on the monitoring and observations reported, the above
control measures have an effective and obvious control effect
on the Hongshibao landslide.

4 Evaluation of Reservoir Landslide Dynamic
Stability

With the evolution of landslides, the stability of landslides
constantly evolves and develops, which is a dynamic pro-
cess. Therefore, dynamic stability evaluation is required to
evaluate the stability state of landslides.

Dynamic Stability Evaluation Method

In the evaluation of landslide stability, a dynamic stability
evaluation method is proposed considering the evolution
process of the slip zone soil strength. Firstly, the constitutive
model and shear strength evolution model are developed for
describing the relation between shear stress and shear dis-
placement, and the relation between shear strength and shear
displacement, respectively.

The strength properties are evolving during the process of
the deformation and failure of slip zone soil, and the process
is of continuous damage (Yan et al. 2022). From the aspect
of damage theory, soil damage is regarded as a process of
accumulation of plastic deformation in the soil and weak-
ening of soil strength. Consequently, soil can be divided into
two parts Fig. 3a: a damaged part and an undamaged part (or
intact part). So, based on the Lemaitre strain equivalence
hypothesis, the shear strength of slip zone soil can be for-
mulated by,
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Table 1 Recommended reservoir landslide control measures based on evolution process

Type
(@)

(b)

(©)

(@

(e)

®

(@)

Evolution mode

Progressive slip
along gentle-dip
layer I

Progressive slip
along gentle-dip
layer II

Bucking failure
along steep-dip
layer

Creep slip along
deep layer

Plastic flow slip of
weak interlayer

Breakthrough
abrupt slip in
inclined
cross-cutting layer

Toppling failure in
steep anti-dip layer

Structural characteristics

(D Gentle dip angle bedding rock
structure;

@ Medium to thick hard rocks;

@ Horizontal bedding plane

(D Gentle dip angle bedding rock
structure;

® Medium to thick hard rocks;

@ Horizontal bedding plane

(D Steep dip angle bedding rock
structure;

@ Thin to medium bedding rock
stratum;

@ Horizontal bedding plane

(@ Steep dip angle in the upper part
and gentle dip angle in the
lower part bedding rock
structure;

(@ Concave bending bedding plane

(D Bedding rock structure or
quasi-homogeneous rock mass;

@ Soft plastic belt under sliding
mass

(D Steep anti-dip bedding rock
structure;

@ Thin to medium bedding rock
stratum;

@ Slight toppling bedding plane

(D Steep anti-dip bedding rock
structure;

@ Thin to medium bedding rock
stratum;

@ Toppling bedding plane

Evolution stages

Stage I

Stage 11

Stage III

Stage I

Stage 11

Stage III

Stage 1

Stage 11

Stage IIT

Stage |

Stage 11

Stage III

Stage 1

Stage 11

Stage III

Stage I

Stage 11

Stage III

Stage 1
Stage 11

Stage III

Leading edge
unloading
rebound

Crack
extension

Sliding surface
penetration
damage

Trailing edge
tension fracture
formation

Crack
extension

Sliding surface
penetration
damage

Slight bending
and
deformation

Bending bulge
loosening

Collapse slip

Formation of
deep sliding
zone

Creep-slip

Start-slip
destabilization

Trailing edge
crack formation

Crack
extension

Overall slip
disintegration

Intra-layer
tensile fracture
formation

Tension
fracture
development

Cut layer
fracture
penetration

Initial toppling
Self-stabilizing
creep

Formation of
unified shear
surface and
failure

Recommended control measures

Surface drainage

Surface drainage and the certain support measures in
leading edge

Anchor cable support can be set when the slope is
steep, and stabilizing piles combined with
corresponding drainage measures can be set when the
slope is gentle

Surface and underground drainage

Surface and underground drainage, slope excavation
and load shedding in the rear part

The combination of slope excavation and load
shedding and prestressed anchor cables setting,
supplemented by corresponding drainage measures

Surface drainage

Surface and underground drainage, and slope toe
pressed and backfilled if necessary

Slope excavation and load shedding in the rear part,
stabilizing pile set in the front part and supplemented
by corresponding drainage measures

Surface and underground drainage

Underground drainage and supplemented by real-time
monitoring of slope surface and deep slope
displacement

Relocate residents if landslide is very large

Surface and underground drainage

Drainage is the main concern, and anti-slip piles
should be set at the front edge of the slope

Drainage and front support protection. Relocate
residents if landslide is very large

Surface drainage

Surface and underground drainage, the front part is
supplemented by certain support measures

Anchor cable support

Surface drainage

Drainage, real-time monitoring of landslide

Prestressed anchor cable support, and backfill pressure
monitoring in the leading edge
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©=Ku(l —D)+1,.D (1)

where 1 represents the shear stress in the microelement; u is
the shear displacement; the damage degree D is a physical
value reflecting the evolution process, which varies with the
shear deformation of the soil, ranging from O to 1. K as the
shear stiffness with a unit of kPa/mm, the slope of linear
deformation stage in Fig. 3b. 1, is the residual strength of the
damage part, see in Fig. 3c.

The damage degree directly reflects the evolution of shear
stress in the slip zone soil, and it can be solved from the
perspective of statistical damage theory. So, it is assumed that
the microelement strength of the slip zone soil obeys Weibull
probability distribution in the process of shear damage:

-2 Q]

Thus, the shear stress evolution equation of the slip soil is
obtained as follows:

Ku, (u <uy) B
Kulew |- (%) ]} o)

cofien[-(2) ) b

where the parameters K, uy and 7, can be obtained by shear
stress-shear displacement curve. The parameters 1y and m in
the model can also be further determined based on the
properties of the curve. When the soil shear deformation is
before the yield point, only elastic deformation occurs, that
is u <uy; when the soil deformation exceeds the yield point,
the damage occurs in the soil, that is u > u,.

Meanwhile, by adopting the property of peak point of 7—u
curve, the model parameter uy and m can be solved as,

K (up - uy) Uy — Uy

Uy =
Ka,—7,\
(Kyup — ’C,)ln (ﬁ) "l In (Kvupffr)
Tp—1Tr

where up, and 1, are the shear displacement and shear stress
corresponding to the peak point of the 7—u curve, respec-
ot

tively, in this peak point, it requires ELFM
—r

Based on the shear constative model and the linear rela-
tion between the model parameters and the normal stress, the
evolution model of shear strength 7y with the shear place-
ments is expressed as (Fig. 4),

m =

(4)

= 07 T|u:u,,: Tp-

Tp, (u<u,,)

Kafew[- ()"} s)
+ T,{l —exp [— (”X") } }, (u > u,,)

Tsg =

The shear strength of the slip zone soil evolves with the
displacement, which leads to the stability factor of landslide
evolves with the displacement. According to the force bal-
ance condition of the landslide slice along the sliding surface
direction (Fig. 5), the residual thrust P; of slice i based on the
strength reduction method is as follows:

Pi:Pi_l(IOS(O!,'_l 7O(i)+Ti7Ri/Fr (6)

where P;_; represents the residual thrust of slice i — 1; o;_;
and o; are the inclination angles of the sliding surface at slice
i — 1 and slice i, respectively, for the anti-warping part of the
landslide, the value is negative; 7; represents the sliding
component of the gravity of the slice i, T; = W;sin;; R; is
the anti-sliding force of slice i,R; = 1;l;; 1; represents the
shear strength provided by the slip zone at the slice i, which
can be calculated by the shear constitutive model; F, is the
overall strength reduction factor.

Based on the equilibrium analysis of forces at the slice i in
the direction perpendicular to the sliding surface, the normal
stress gy; is formulated by,

Pi_y sin(o—y — o) + W/ cosa;

ni — 7
. : )

where W is the effective gravity of slice i, W' = W}, + Wy,
and W}, is the effective gravity of the part of slice i below the
groundwater level, that is, the effective gravity of the soil
below the water level is used to calculate the anti-sliding
force regardless of whether there is a stable seepage field or
not.

Then, under the condition of the preset strength reduction
factor F., calculate the residual thrust P, by one from the first
slice at the rear edge of the landslide by Eq. 6. When the
landslide is in a critical state, that is limit equilibrium state,
the strength reduction factor F; in this state is defined as the
stability factor F; of the landslide. Since the Eq. 6 for
solving the residual thrust contains the shear strength t;,
which is an exponential function obtained from the shear
constitutive model (Eq. 5). In the shear constitutive model,
all parameters are related to the normal stress o,;, so the
evolution of shear strength t; with displacement u is related
to the normal stress ¢,,;, and each landslide slice has different
normal stress. Therefore, the solution of landslide stability
factor is a highly nonlinear problem with an analytical
expression of stability factor, which can only be calculated
by an iterative method. The detailed flow of the landslide
dynamic stability evaluation method is shown in Fig. 6.

The Case Study of Outang Landslide

The Outang landslide, a typical large deep bedding bedrock
landslide in TGRA, is located in Anping Town, Fengjie
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Fig. 2 Cross section of the Hongshibao landslide, whose toe is affected by fluctuations of the TGR level. Drainage ditches, retaining walls, lattice
beams and stabilizing piles were constructed to stabilize this actively creeping landslide (Tang et al. 2019)

YA Before %dy - / Ty (b)
deformation |~ .
N— N - — — — — Ks
i { p=g/ !
o - L
dy : \/ Intact 'Da 1 0<Ds1 =
i 17 : T Uy u
] F 3
H C
i J (c)
|..T..|1.—— - -n.——r'\— -— v
| ;
‘ = | After deformation -
0 » D=00<D<1
X >
(a) Uy u

i

Fig. 3 The microelement damage mechanics model of the slip soil during shear process (Yan et al. 2022)
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Fig. 4 The t—u and t,—u curves of slip zone soil (Yan et al. 2022)

County, Chongqing City. The landslide is 1990 m long in
the N-S longitudinal direction and 899 m wide in the E-W
transverse direction, with a total area of 1.769 million m?>
and a total volume of 89.5 million m>. The landslide is
composed of Slide 1, Slide 2 and Slide 3 (Fig. 7a and b), the
front elevation of the landslide is 90-102 m, and the rear
elevation is 705 m. The slip zone soil is mainly the
argillization product of carbonaceous claystone and car-
bonaceous shale, which is black and gray black, with high
clay content, luster and good toughness (Fig. 7c and d).
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Fig. 5 Force analysis of the

slices of a landslide (Yan et al.

2022)

Fig. 6 Flow of landslide
dynamic stability evaluation
method (Yan et al. 2022)
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Fig. 7 a the plain view of the
landslide; b the main section of
the landslide; ¢ the overall view
of the landslide; d the slip zone of
the landslide (Yan et al. 2022)
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The stability evolution of Outang landslide without con-
sidering groundwater condition and 175 m water level
condition is analyzed respectively. From Fig. 8, it shows that
with the increase of landslide displacement, the landslide
stability factor decreases at a gradually decreasing attenua-
tion rate, and the stability factor tends to a constant value
under large displacement, which is consistent with the strain
softening phenomenon of the slip zone soil: the shear
strength gradually decreases with displacement and tends to
be constant until reaching the residual strength stage. It also
shows that the displacement required for a constant stability
factor is greater than the displacement required for the slip
zone soil to reach the residual strength stage. It is attributed
to that the Outang landslide is a deep giant landslide, and the
normal stress of the slip zone is high stress, up to 2000 kPa,
the strain softening phenomenon of the sip zone soil is less
obvious under large normal stress, and the displacement
required to decay from peak strength to residual strength
increases.

T T T T T T T T T
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—— Condition considering 175m water level
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Fig. 8 Stability evolution characteristics of Outang landslide (Yan
et al. 2022)
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Without considering the reservoir water level, the stabil-
ity factor of Outang landslide gradually decreases from
1.587 to 1.316 and remains constant, indicating that the
landslide deformation has a significant impact on the sta-
bility of the landslide. Under the condition of 175 m reser-
voir water level, the landslide stability factor gradually
evolves from 1.434 to 1.168, and then remains constant.
Comparing the stability of the landslide with or without
considering the reservoir water, it is concluded that the
reservoir water has a significant impact on the stability of
Outang landslide, and the attenuation amplitude of the peak
stability factor with the water level AF,_,, is 0.153, and the
attenuation amplitude of residual stability factor with the
water level AF,_,, is 0.148. The main reason for the effect of
reservoir water on landslide stability is that the reservoir
water causes the reduction of the effective gravity of the
anti-sliding section of the landslide. The front part of the
Outang landslide has a small inclination angle and even an
inverted section, which is the main anti-sliding section.
Affected by the reservoir water, the effective gravity of the
anti-sliding section decreases, resulting in the reduction of
the effective normal stress and anti-sliding force of the
landslide, which leads to the reduction in the landslide sta-
bility factor. Therefore, the drainage engineering is a feasible
measure for preventing and controlling large-scale
landslides.

5 Key Techniques of Reservoir Landslide
Prevention and Control

Determination of Optimal Pile Position for Landslide
with Step-shaped Sliding Surface

Previous determinations of the optimal stabilizing pile
location have generally been based on the idealized
assumption of arc-shaped sliding surfaces. This assumption,
however, may involve considerable error especially for the
identified numerous colluvial landslides located in the
TGRA of China that have step-shaped sliding surfaces. To
address the problem, a strategy, termed the local safety
partitioning (LSP) methodology, for accurately determining
optimal pile locations for step-shaped configurations. Instead
of assuming the sliding surface to be arc-shaped, this strat-
egy considers the actual sliding shapes.

The LSP methodology contains a framework of several
implantation steps, in which the Swedish slice method is
initially employed to calculate the local safety factors of each
soil slice above the sliding surface; then, several landslide
mass partitions are identified as high-safety partitions and
low-safety partitions, and finally the stabilizing pile is placed

— /A B———— Hard rocks
Sliding mass- o/ .
\ = 3 Weak rocks
== R ..,:' ;:‘ =
= - = . v
5\'\6\“
siepP d

Stabilizing locations

Fig. 9 Schematic diagram for the landslide with stepped sliding
surface and local partitions of high and low safety (Tan et al. 2018)

between high-safety masses and low-safety masses, as
schematized in Fig. 9.

The LSP methodology basically contains four sequential
calculation steps:

(i) Divide the landslide mass into slices, designated I in
Fig. 10. For each slice we generally require the bot-
tom brim to be a straight line, thus a careful slicing
should be conducted. This is in line with the Swedish
slice method.

Acquire the Ky; of every individual slice, then draw
the local safety-slice number curve to find out the
mutational points on the curve. Procedures for iden-
tifying the mutational points would be executed
including: first calculate out the slopes of every
adjacent two Ky ; values, next make subtraction of two
adjacent slopes and acquire the slope subtraction
values, then identify the biggest value of slope sub-
traction. Thus, the mutational point corresponds to the
mid slice of the three subsequent slices. For example,
slices 5, 6 and slices 6, 7 in Fig. 10 have the biggest
slope subtraction, then slice 6 corresponds to the
mutational point on the curve. Further, when the
Ki;—slice number curve has more than one inflec-
tion, the procedure should be repeated around each
inflection until all the mutational points are identified.
Identify partitions by mutational slices (slices cover-
ing mutational points) as denoted by III in Fig. 10,
then calculate the local safety factor (Kp) of each

(i)

(iii)
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Slice number
partition (IV in Fig. 10). For this step, adjacent two colluvial landslides with pile improvement encouraged
mutational slices would be identified as the two engineers to pay more attention on the design and effec-
boundaries of the local partition. As illustrated in tiveness of stabilizing piles. With further studies on the
Fig. 10, the Kj;—slice number curve has three landslides and stabilizing piles, more and more researchers
mutational points, denoting the mutational slice No. 7, have realized that landslide is a three-dimensional object
14 and 20. Then, four partitions were identified by the rather than a two-dimensional profile, the conventional
three slices, characterized by discriminating high and uniformly distributed driving force acting on the stabilizing
low K. piles should be replaced with the three-dimensional spatial
(iv) Put the stabilizing pile in between two partitions, distributed driving force in plane. Therefore, the engineers

where behind the pile (opposite to the sliding direc-
tion) contacts the partition with high K; and in front
the pile contacts the partition with low K.

The performance of the presented methodology is illus-
trated using the Jinle No. 2 landslide case for well-rounded
demonstration and using the Yancun landslide case for
additional validation. The results indicate that analysis of a
reinforced landslide employing the LSP methodology
acquires the largest factor of safety and smallest deflection,
shear force and bending moment on the pile body compared
with any other case from a series of positions which incor-
porating traditional positions for arc-shaped sliding surfaces.
The presented methodology provides a simple but accurate
determination of the optimal stabilizing pile location for
stepped sliding surfaces, although it may involve errors and
unexpected limitations when applied to arc shapes and
peculiar scenarios.

Optimal Plane Arrangement Method of Stabilizing Piles
Among the current reinforcement structures, it is preferable

to use the stabilizing piles to ensure safety of landslides,
especially the large-scale colluvial landslides. Many

have to reconsider the corresponding issues related to the
design of stabilizing piles, especially in the aspects of the
pile spacing, stability of landslide and plane arrangement of
piles. Though there are still several literatures that involve
the soil arching effect, three-dimensional distribution char-
acteristics of driving force and the concept of plane
arrangement of stabilizing piles for colluvial landslides;
unfortunately, only few of them can perform the quantitative
studies on the whole optimal plane arrangement of stabi-
lizing piles based on soil arching effect and the
three-dimensional distributed driving force.

A novel optimal plane arrangement of stabilizing piles in
terms of the provided half simplified flattened ellipsoid
model, which can be used to describe the three-dimensional
characteristics of sliding mass for colluvial landslides has
been presented (see Fig. 11). By studying the friction soil
arching effect between the adjacent stabilizing piles, a rea-
sonable pile spacing model for stabilizing piles was deduced
in consideration of the driving force and shear strength of
sliding mass as well as the dimension of pile cross-section.
Furthermore, the concept of stability limit was put forward to
confine the rational arrangement region for stabilizing piles;
consequently, the region beyond the rational arrangement
region is not necessary to set piles anymore (see Fig. 12).
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Fig. 11 Sketch of half flattened ellipsoid model for describing the
spatial morphology of sliding mass for colluvial landslides. (V is the
maximum depth of sliding mass, Q is the maximum horizontal distance
from the pile to the crest, d is the width of landslide in the section along
the pile-row, section J is the longitudinal profile with x distance to the
major slip profile, 2n is the depth of sliding mass in section J, m is the
distance along the oy axis direction in section J) (Li et al. 2015)

Boundary

Major slip profile

Landslide

Driving force

Stability limit
Stability limit

Rational arrangement region

Fig. 12 Sketch of stability limit and rational arrangement region for
stabilizing piles in a colluvial landslide (Li et al. 2015)

The friction soil arching effect was used to obtain the
reasonable range of pile spacing. The corresponding calcu-
lation model can be utilized to determine the upper limit of
the pile spacing because of the consideration merely on the
effect of the friction soil arching. The solution of the

reasonable net pile spacing S based on the friction soil
arching can be obtained as (Li et al. 2015):

5 c-a-(2H+1)

~q-(1—tang) —7-H- (cos0 - tan @ — sin 0) ®)

As stated above, the calculation model for net pile
spacing (S) depends on the effect of the friction soil arching.
Consequently, the pile spacing presented by Eq. 8 should be
the maximum pile spacing. It is assumed that the total
number of needed stabilizing piles is N, and any maximum
net pile spacing S; can be written as (Li et al. 2015):

S — c-a-(2H+1)
" gi-(1—tan@) —7y-H - (cos-tan ¢ — sin0)

©)

where ¢; is the driving force intensity of the number i sta-
bilizing pile along the ox direction, i = 1,2,...,N.

Erliban landslide located in Yichang City, China, was
taken as an example to exhibit the optimal plane arrange-
ment of stabilizing piles for colluvial landslides. Erliban
landslide is a typical colluvial landslide located on the left
bank of the Xiangxi River in Yichang City, China (Li et al.
2013). In view of the technical regulation of geological
investigation and engineering design for landslide control in
reservoir region of Three Gorges in Hubei Province (The
head office for prevention and control of geohazards in the
Three Gorge Reservoir Region of Hubei Province, 2003),
the safety factor (F;) of Erliban landslide should be 1.15, i.e.,
Fy=1.15.

In the light of the definition of scale factor and the geo-
metrical relationship, the position of stability limit of Erliban
landslide can be obtained as X =57.8 m in the XOY
coordinate system presented in Fig. 14. Therefore, the sta-
bility coefficient of landslide is 1.02 in the major slip profile
and is 1.15 at the stability limit section of X = 57.8 m (see
Fig. 13). The blue curve with red dots shows the change
trend of the stability coefficient of landslide from the major
slip profile to the stability limit section.

Based on the confinement of rational arrangement region
by the stability limit, the corresponding rational arrangement
region for Erliban landslide can be determined by the bold
magenta dash dot line in Fig. 13. Considering the impact of
the pile length above the slip surface on pile spacing, an
improved optimal non-uniformly spaced arrangement model
was put forward. In view of the comparison between the
conventional uniformly spaced arrangement and the
improved optimal non-uniformly spaced arrangement, the
improved optimal non-uniformly spaced arrangement
method only requires 25 stabilizing piles rather than the 31
stabilizing piles in the conventional scheme, with an
obtainable saving of 19.4% in the number of stabilizing piles
(Li et al. 2015).
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Fig. 13 Determination of the location of stability limit and rational arrangement region for Erliban landslide (Li et al. 2015)

Reasonable Embedded Length Determination Method of of subgrade reaction of the hard rock (Kh), the coefficient of

Stabilizing Piles

The reinforcement effect of landslides is influenced by the
design parameters of stabilizing piles, especially the
embedded depth has a great influence on the effect of sta-
bilizing piles. For instance, the Jurassic strata are charac-
terized by hard and weak interbedded rocks. Determining a
reasonable embedded length is crucial to the design of piles
that stabilize landslides. However, the presence of upper
hard and lower weak bedrock presents a challenge when
attempting to determine the reasonable embedded length of
stabilizing piles. It is generally accepted that stabilizing piles
can be set to stabilize a landslide. In engineering practice,
strength design is always used to design stabilizing piles by
focusing on bending moments and shear forces. However,
pile deformation is rarely considered, especially when
complex layered bedrock is present. Therefore, it is neces-
sary to determine the reasonable embedded length of piles in
bedrock with upper hard rock and lower weak rock based on
the deformation control requirements set by industrial
standards.

There is typically a negative power function relationship
between the embedded ratio (w) of a pile and the horizontal
displacement of the pile head (xh) (Li et al. 2019), so the
reasonable embedded ratio can be obtained if the allowable
horizontal displacement of the pile head is known.

To better describe the embedded condition of the pile, an
embedded pile ratio (w) can be defined as the ratio between
the embedded pile length and the total pile length. According
to industrial standards (TB 10,025/J127; Standardization
Administration of China 2006), the allowable degree of pile
deformation (xhp) should be less than 1/100 of the pile
length above the slip surface (k1), and it should also not
exceed 10 cm. As pile head deflection is mainly dependent
on the embedded length ratio of the pile (), the thickness of
the upper hard rock layer in the bedrock (7h), the coefficient

subgrade reaction of the weak rock (Kw) (see Fig. 14), and
the driving force per unit width behind the landslide (P), the
horizontal displacement of the pile can be expressed as
follows (Li et al. 2019):

xh :f(wa Th7 Kha KW) P)
Xng £0.01k
Xpe <10 cm

(10)

Here, xha is an upper limit on the horizontal displacement of
the pile head. For a given landslide, 41, Th, Kh, Kw, and
P can be determined. Consequently, due to the negative
power function relationship between the embedded ratio and
horizontal displacement (see Fig. 15), the reasonable
embedded ratio (wr) for piles can be expressed as below (Li
et al. 2019):

w, = axb,

Xha SOO]/’!]
X <10 cm

(11)

where a and b are undetermined constants that can be
obtained from the completed work (Li et al. 2019).

The No.l Majiagou landslide is approximately 540 m
long and 200 m wide, approximately 9.7 km?® in area and
1.3 million m® in volume, and has an average thickness of
12.7 m (Qinghai Province No. 906 Engineering Investiga-
tion and Design Institute 2006). The pile spacing (L) is
7.0 m. The total length of the stabilizing pile (k) is 22 m
with a cantilever section length (h;) of 14 m and an
embedded section length (h,) of 8 m. The current horizontal
displacement of the pile head in the No. 1 landslide is
roughly 15.0 cm. Assuming the presence of a lower weak
rock layer, it is necessary to obtain the reasonable embedded
length of the stabilizing pile to control pile deformation. In
the original design scheme, the embedded length of pile (%)
is 8 m. According to industrial standards (TB 10,025/J127,
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Fig. 15 Approach for determining the reasonable embedded ratio of a
pile (Li et al. 2019)

2006) and the second surveying and designing institute of
the National Department of China Railway (1983), the rec-
ommended common embedded ratio of stabilizing piles
ranges from 1/3 to 1/2. Consequently, to limit pile defor-
mation, we consider embedded pile lengths (k,) of 9, 10, 11,
and 12 m. The calculated pile deformation levels found for
these conditions are shown in Fig. 16 (Li et al. 2019).
Based on the assumption of an upper hard rock layer and
a lower weak rock layer, the reasonable embedded length of
piles for the Majiagou No. 1 landslide can be investigated in
detail. By calculation by the above-mentioned model, it can
be obtained that the reasonable embedded ratio (w,) of the
piles is 0.435. Therefore, the corresponding reasonable
embedded length (h,,) of a pile is 10.8 m, i.e., the embedded
length (h,,) of a pile is at least 10.8 m to maintain pile head
deformation within 10 cm as an industrial standard.
According to the embedded ratios of stabilizing piles, the
embedded ratio (w) should increase from the current value of
0.364-0.435 to meet industrial standards. Therefore, the
embedded ratio of stabilizing piles should be carefully

Horizontal displacement (cm)
8 10
1 1

Depth (m)

Embedded length of pile h,=8 m
Embedded length of pile h,=9 m
Embedded length of pile h,=10 m
Embedded length of pile h,=11 m
Embedded length of pile h,=12 m

304

Fig. 16 Calculation results for pile deformations based on different
embedded lengths (Li et al. 2019)

considered during piles design due to its crucial influence on
pile behavior (Li et al. 2019).

6 Demonstration Bases for Reservoir
Landslides Prevention and Control

Huangtupo Landslide Demonstration Base

The Badong Huangtupo landslide demonstration base is
located in the Huangtupo landslide area, which is the largest
reservoir landslide by volume in TGRA (Tang et al. 2015a, b)
(Fig. 17). This demonstration base is the largest underground
landslide monitoring and testing facility in the world built to
foster research, teaching, academic exchange on TGRA
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geohazards. The station was designed and constructed and
has been operated, by the China University of Geosciences
since 2012. Over 10,000 people with a variety of
geology-related backgrounds from >20 countries have visited
this demonstration base.

The Huangtupo landslide demonstration base consists of
a tunnel complex and a series of monitoring systems
(Fig. 17). The tunnel complex, built in the Huangtupo
riverside sliding mass #1, consists of a main tunnel with a
length of 908 m and a width of 5 m, five branch tunnels (5—
145 m long, 3.5 m wide), two test tunnels, and 35 obser-
vation windows. The test tunnels exposed the sliding zones
of the landslide, facilitating their direct observation and the
execution of scientific experiments, such as large-scale
in-situ mechanical tests and deep deformation monitoring.
The monitoring systems measure deformation as well as
hydrologic, meteorological and hydro-chemical variables.
The deformation system is composed of a slope surface
displacement measurement unit and an underground dis-
placement measurement unit. The slope surface displace-
ment unit includes a number of GPS (Global Positioning
System) and BDS (BeiDou Navigation Satellite System)
measurement points, as well as an IBIS-FL (Interferometric
Radar) monitoring system (Fig. 17). The underground dis-
placement unit includes nine deep inclinometer boreholes, a
number of crack meters installed on the ground and the walls
of tunnels, and many hydrostatic level gauges that measure
the settlement of the tunnels in the sliding mass. The
hydrologic system includes a number of devices that allow

for observation of the water level of the Yangtze River, the
groundwater level, and water discharge of the tunnels
(Fig. 17). A small meteorological station is located on the
landslide and provides rainfall data. All these monitoring
devices, except the inclinometers, have recently been
updated with real-time acquisition and automatic transmis-
sion features (Tang et al. 2019).

In addition to the aforementioned monitoring system, the
3D deformation monitoring network techniques were also
applied in the Huangtupo landslide demonstration base,
including the flexible inclinometer (Zhang et al. 2018) and
the pipeline trajectory inertial measurement instrument
(Zhang et al. 2020).

The flexible inclinometer consists of a controller and a
flexible inclinometer probe, of which, the length of the
flexible inclinometer probe and the interval of the units can
be customized depending on the specific application condi-
tions before encapsulation (Fig. 18a). Encapsulated by sili-
cone, the flexural rigidity of the flexible inclinometer probe
can be ignored relative to the landslide mass, with dis-
placement coupling well to the landside mass. With the
advantages of good deformation coupling, large deformation
capacity, and automatic measurement, the flexible incli-
nometer is suitable for continuous real-time monitoring of
landslide deep displacement that undergoes multi evolu-
tionary stages.

The pipeline trajectory inertial measurement instrument
based on deformation-coupled pipeline trajectory measure-
ment is deployed to fill the deficiencies of traditional
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instrumentation for measuring landslide displacement dis-
tributed along lateral direction (Fig. 18b). The developed
instrument, primarily comprised of a single shaft gyro,
two-axis accelerometers, and an external roller encoder, is
designed to expediently calculate a pipeline trajectory with
an Eulerian transformation when obtaining several basic
physical variables, e.g., the axial linear velocity, pitch angle,
roll angle, and azimuth angle. The pipeline trajectory inertial
measurement instrument combined with pipeline and rope
can be see as a pipeline track measurement system. With the
pipeline trajectory measured at different times and compared
with the benchmark trajectory, the pipeline track measure-
ment system possesses the ability to reflect the displacement
evolution feature of landslides. The results of prototype
simulation tests imply a single measurement accuracy of a
12 ¢m/100 m span and a singly periodic multiple (more than
five times) measurement accuracy of a 3 cm/100 m span,
which meets medium-precision displacement measurement
requirements for a landslide.

Majiagou Landslide Demonstration Base

The Majiagou landslide demonstration base is located in the
Majiagou landslide in Zigui of TGRA. This demonstration
base provides a platform to study the landslide stability
during the reservoir operation, the interaction mechanism
between the landslide and stabilizing structures, and the
optimization design of stabilizing structures (Hu et al. 2017).
An integrated, in-situ multi-parameter monitoring system
was designed and installed during the test pile construction.
The system included surface displacement and borehole
monitoring, as well as experimental pile monitoring
(Fig. 19). The surface deformation monitoring relied on five
GPS stations and two fiber-sensing cables. The borehole
monitoring system includes 15 boreholes, distributed along
the main sliding direction, with different types of sensors

installed to measure the deep displacement of the Majiagou
landslide. The monitoring of the experimental piles (40 m
long) relied on earth pressure gauges, stress gauges, strain
gauges and fiber sensors. The earth pressure gauges were
positioned on the surface of the piles to measure the lateral
earth pressure. The stress gauges, strain gauges and
strain-sensing fibers were installed in the stabilizing piles to
measure the axial stress and the deflection of the piles. In
each test pile, 26 stress gauges and strain gauges were
installed to measure the longitudinal pile stress and strain.
The thermo-sensing fibers were distributed along the
experimental piles to monitor the change of temperature
within the landslide.

7 Conclusions

This study introduced the recent advances in key techniques
for reservoir landslide prevention and control based on
evolutionary process.

The reservoir rock landslides can be divided into seven
types based on the evolution modes, namely, progressive
slip along gentle-dip layer I, progressive slip along
gentle-dip layer II, bucking failure along steep-dip layer,
creep slip along deep layer, plastic flow slip of weak inter-
layer, breakthrough abrupt slip in inclined cross-cutting layer
and toppling failure in steep anti-dip layer, respectively.
Then, according to the classification of the seven reservoir
landslide evolution modes and corresponding evolution
stages, the specific control measures suitable for reservoir
landslides in different evolution stages are suggested and
successfully employed in the management of Hongshibao
landslide located in the TGRA.

A dynamic stability evaluation method is proposed con-
sidering the evolution process of the slip zone soil strength
for the evaluation of landslide stability. This method is a
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Fig. 19 Majiagou landslide demonstration base (Tang et al. 2019)

two-step regime: the constitutive model and shear strength
evolution model for describing the relation between shear
stress and shear displacement, and that between shear
strength and shear displacement, respectively; and calcula-
tion of the stability factor as a function of the shear strength
determined from the shear displacement of the slip zone soil.
Then, we introduce three key techniques of reservoir land-
slide prevention and control: (1) determination of optimal
pile position for step-shaped sliding surface, (2) the optimal
plane arrangement method of stabilizing piles and (3) a
reasonable embedded length determination method of sta-
bilizing piles. In the first technique, we mainly address the
actual sliding shapes rather than assuming an arc-shaped
sliding surface, by adopting the so-called local safety parti-
tioning (LSP) methodology. The second technique aims at
solving the problem of unevenly distributed driving force
that has not been properly addressed in conventional
two-dimensional treatment. Further, the third technique
gives the reasonable embedded length of piles in bedrock by
incorporating the pile deformation into the supporting
structure, which is important especially when complex lay-
ered bedrock is present.

Last, two demonstration bases for reservoir landslides
prevention and control are introduced. The two demonstra-
tion bases with comprehensive monitoring system realize
excellent applications of the new prevention and control
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techniques based on landslide evolution process, which can
provide technical support for the landslide control of the
same kind.
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Landslide Research and Technology
in Patent Documents

Matjaz Miko$

Abstract

Science, Technology, and Innovation play a crucial role in
the Sendai Framework for Disaster Risk Reduction 2015—
2030 (SF DRR). The International Consortium on Land-
slides (ICL) initiated the Sendai Landslide Partnerships
2015-2025 as a voluntary commitment to SF DRR. In
2020, the ICL launched the Kyoto 2020 Commitment for
Global Promotion of Understanding and Reducing Land-
slide Disaster Risk (KLC 2020) as a follow-up of the
Sendai Landslide Partnerships 2015-2025. Closely related
to the above-mentioned Innovation are patents as a form of
intellectual property rights and are often used as an
innovation assessment parameter. This article reports on a
study conducted to look at the patent documents that are
available in open-access databases in order to evaluate
how well they relate to the field of landslide research and
technology. Landslide-related patent documents were
extracted using different search terms in the patent
document titles, abstracts, claims and/or their general text
from the Google Patents, using the Espacenet tools from
the European Patent Office, and the Derwent Patent Index
inside the Web of Science offered by Clarivate Analytics,
respectively. The extracted patent documents were ana-
lyzed with regard to the applicant respectively inventor
affiliation (academic, non-academic, country of affiliation)
and to the technical field of a patent using well-known
patent classifications. The most active countries claiming
landslide-related patents were recognized. Furthermore,
review and research articles in SpringerLink and SCOPUS
databases were searched to study how often scientific
articles are citing landslide-related patents. The results of
the study can be summarized as follow: (i) in the Google
Patents database there are 15,000 + landslide-related

patent documents, and in the Espacenet and the Derwent
Innovation index database 5000+, respectively. In the
patents titles, abstracts, and claims, processes are more
often used to describe the patent than the technology;
(i) the number of technological (non-science) based
patents is higher than that of academic (science-based)
patents, with some specific field of applications, where the
situation is the opposite; (iii) with regard to the different
areas of technology to which landslide-related patent
documents pertain, the -categories “G-Physics” and
“E-Fixed constructions” are clearly prevailing: “G” for
debris flows and landslides, and “E” for fallings rocks and
mudflows; (iv) the majority of landslide-related patents are
filled and/or granted in China, followed by Japan and
South Korea, USA and EU member countries—five major
emerging economies (called BRICS) are outperforming
developed countries, with a very prevailing Chinese
contribution; (v) only a fraction of the order of a few
one-in-thousands of landslide-related patents documents
are cited in journal review and research articles.

Keywords

Citations ¢ Innovation ¢ Intellectual property
Landslides ¢ Patents ¢ Technology transfer

1 Introduction

Technological learning and innovation are essential for
economic growth and development, and are major determi-
nants of long-term improvements in income and living
standards. While in the more advanced economies techno-
logical progress involves the generation of new knowledge
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2014). Strengthening the technological capabilities of
developing countries will be critical for the achievement of
the 2030 Agenda for Sustainable Development (UNCTAD
2019). The status and trends of innovation can be assessed
through patent analysis, as was done for India by Abraham
and Moitra (2001), or e.g. technological development of a
selected technology such as UAV (Unmanned Aerial Vehi-
cle) can be reviewed through patent analysis of its hardware
and software as done by Chen et al. (2016).

But technological progress is not only important for
economic growth and development, but also plays a role in
increasing society resilience against natural disasters. Cal-
laghan (2016) claims that disasters decreasing the number of
factors of production would stimulate innovations that will
reduce the use of them—technological innovation is there-
fore of great importance in mitigating climate disasters,
including natural disasters.

Science, Technology and Innovation thus play a crucial
role in the Sendai Framework for Disaster Risk Reduction
2015-2030 (UNISDR 2015). This is more clearly visible in
the Science and Technology Roadmap to Support the
Implementation of the Sendai Framework for Disaster Risk
Reduction 2015-2030 (UNISDR 2019). Cui et al. (2021)
studied scientific challenges of research on natural hazards
and disaster risk, with the emphasis on China. As one of the
short-termed goals (2021-2025) for China, technology
platform construction was named, including policy com-
munication in science and technology innovation. Closely
related to innovation are intellectual property rights, among
them also patents. Hu et al. (2018) studied the innovative
response to climate disasters in modern and historical China.
In modern China (investigated period 2005-2013), past
climate disasters have led to an increase in the number of
disaster-mitigating patents that boost also innovations in
other fields. In historical China (investigated period 11 to
1910) climate disaster only spurred innovations in disaster
mitigation fields and not in others. They concluded that it is
important for policymakers, including governments, to
increase investment into research and technological devel-
opment sectors after climate disaster.

As a widely known example, we may name the Rein-
forced Earth®, originally invented in 1963 as a method of
using composite earth as a supporting structure—until
nowadays claiming numerous patent families, trademark and
design rights as forms of intellectual property (RECo 2022).

An inventor receives a patent, if (i) the invention is new,
(ii) an “inventive” step is recognizable, and (iii) the idea has
to be industrially applicable or useful (Ullberg 2020). The
patent system grants and enforces temporal exclusive,
transferrable, and licensable private rights on inventions—
that provide solutions to (mostly) technical problems in the
area of products and processes (Ullberg 2020). Patents are an
important result of progress in science and technology and

related innovation activities—but not all patents are
science-based, they can also be non-science-based (Wang
and Li 2018). University-owned patents are more related to
scientific questions while corporate-owned patents are more
connected with direct commercial goals (Sterzi 2013).

Bae et al. (2014) analyzed existing patents related to
real-time monitoring and detection technology for landslides
on natural terrain. The purpose of patent analysis was to
understand landslide hazard technology trends and to
develop new advanced technology. The study searched
patent data using key words related to landslide monitoring
and detection in Korea, the USA, Japan, China (Hong
Kong), Europe, and Taiwan. The patents were divided into
five main categories and five to seven subcategories in each
main category and analyzed by year, country, and applicants.
The results were utilized to derive a portfolio of promising
technologies for each country.

Jeli¢ (2018) presented systematic overview of patented
inventions created in twenty-first century by Serbian scien-
tists and inventors in the field of seismic safety of structures
and landslide remediation, as well as examples of their
specific application.

The International Consortium on Landslides (ICL) ini-
tially launched a book series entitled “ICL Contribution to
Landslide Disaster Risk Reduction” (CLDRR; Springer
2022b) to publish integrated research on all aspects of
landslides. As decided by the Kyoto 2020 Commitment for
Global Promotion of Understanding and Reducing Landslide
Disaster Risk (KLC 2020), this book series was in 2022
replaced by an open-access book series entitled “Progress in
Landslide Research and Technology” (P-LRT), published by
Springer Nature (Sassa 2021b). The book series is one of the
ICL main contributions to the KLC 2020 Landslide Com-
mitment. Many signatories of the KLC 2020 Landslide
Commitment are active in technology development and
technology transfer (Konagai 2021a; 2021b; 2021c; 2021d).
This article is well aligned with the title and aims of the new
ICL book series, as well as it is a contribution to the KLLC
2020 Landslide Commitment activities (Sassa 2021a).

In this study, the focus was given to the field of progress
in landslide research and technology as can be evaluated by
the wealth of landslide-related patents in freely accessible
databases of patent documents, using the basics of patent
searching (Clarke 2018).

The following research questions were defined when
working for this study:

e what is the number of landslide-related patent documents
in diverse databases;

e what is the share of landslide-related patent documents
coming from academic institutions, research institutions,
ministries or other public bodies, and industry;
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¢ in which technical fields landslide-related inventions are
claimed,;

e which countries
technologies;

e how often scientific journals cite landslide-related patent
documents?

are leaders in patenting landslide

2 Materials and Methods

2.1 Meaning of the Term “Patent”

When searching in databases or on the web for information
related to patents, we should bare in mind that the English
word “patent” has several meanings (Lexico 2022):

e patent as noun with synonyms such as copyright, licence,
legal protection, right, ... or adjective with synonyms
such as patented, licensed, protected, ... (this meaning is
of relevance for this study);

e patent as adjective with synonyms such as obvious, clear,
evident, apparent, ... (and this is not relevant for this study).

and results of a search must be checked for this difference
(for more definitions on the term “patent” you may see
(Collins 2022)). Furthermore, some publishers (e.g. Springer
Nature) demand that all the authors of a manuscript reveal
their potential competing interests among them also whether
they held any patents related to the content of published
articles. This fact complicates any search for patents in their
database (i.e. SpringerLink).

2.2 Patent Documents Databases

There are different search engines available to search for
patent documents, among others:

e Espacenet is a free-of-charge patent search engine offered
by the European Patent Office (EPO 2022a) that includes
130 + million patent documents from around the world
(EPO 2022b).

¢ Google Patents is a patent search engine created by Google
that includes 120 + million patent publications from
100 + patent offices around the world (Google 2022).

e Derwent Innovations Index is a research tool within Web
of Science (Clarivate 2022a) with patent information on
more than 30 million inventions detailed in over 65
million patent documents from over 50 patent issuing
authorities, including information on patent citations.

e Innography PatentScout™ is a private web-based plat-
form (Clarivate 2022c).

The Espacenet database of inventions and technical
developments covers the period from 1782 to today. The
following definitions are helpful to understand the elements
of patent documents (EPO 2022b):

e Applicant: A person (i. e. natural person) or an organi-
zation (i. e. legal entity) that has filed a patent application.
There may be more than one applicant per application.

e Claims: Part of a patent application or specification.
Defines the technical features for which protection is
sought. There are dependent and independent claims.
Independent claims contain the main features of the
invention. Any independent claim can be followed by one
or more dependent claims.

e Classification: Patent classification is a system of sorting
inventions and their documents into technical fields
covering all areas of technology. Espacenet shows the
International Patent Classification (IPC, established in
1971; IPC 2022) and the Cooperative Patent Classifica-
tion (CPC 2022), where available. Every patent docu-
ment, regardless of whether it is an application or a
granted patent, is given one or more classification sym-
bols by an examiner indicating that it is allocated to a
specific area of technology.

e Country codes: consist of two letters indicating the
country or organization where the patent application was
filed or granted.

e Description: Part of a patent application or specification.
Discloses the invention as claimed, specifies the technical
field to which the invention relates and indicates any prior
art the applicant is aware of.

e Inventor: A person designated as an inventor in a patent
application. An inventor can also be an applicant. An
inventor is always a natural person. There may be more
than one inventor per application.

e Patent family: Set of interrelated patent applications filed
in one or more countries to protect the same or a similar
invention by a common inventor and linked by a common
priority (or priorities).

In the Google Patents database one can search among
patent titles, abstracts, claims, or in all three of them.

In the Derwent Innovations Index one can search among
patent titles (“Title”), patent titles and abstracts (“Topic”),
inventor names (“Inventor”), patent assignee names
(“Assignee”) and patent numbers (“Patent Number”).

2.3 Patent Classifications

Patent offices worldwide use the International Patent Clas-
sification (IPC 2022). There are approximately 70 000 dif-
ferent IPC codes for different technical areas, grouped to
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classes A to H: A-Human necessities, B-Performing opera-
tions; transporting, C-Chemistry; metallurgy, D-Textiles;
paper, E-Fixed constructions, F-Mechanical engineering;
lighting; heating; weapons; blasting engines or pumps,
G-Physics, H-Electricity.

The Cooperative Patent Classification (CPC 2022) is an
extension of the IPC and is jointly management by the
European Patent Office (EPO) and the US Patent and
Trademark Office (USPTO 2022). It is divided into nine
sections, A-H (as in IPC) and Y, and there are approximately
250,000 classifications entries (CPC 2022). Not being part of
the IPC, the Class Y is for general tagging of new techno-
logical developments and cross-sectional technologies.
There is available a statistical mapping of the IPC to CPC
classification, if needed.

2.4 Patent Documents Citations

Looking at patent documents, a research question whether
and to which extent these documents are cited in scientific
literature, specifically in the indexed journals that are
available in diverse databases. We used SpringerLink and
SCOPUS to look at the total number of landslide-related
patents cited. To look at the individual review and original
research articles citing landslide-related patent documents,
we have selected Web of Science (Clarivate 2022b) as a
global citation database with almost 1.9 billion cited refer-
ences from over 171 million records.

3 Results and Discussion
3.1 The Number of Landslide-related Patent
Documents

We used a set of over 30 search terms in the three databases
(Espacenet, Google Patents, and Derwenta Innovations
Index) and the results are shown in Tables 1, 2 and 3. We
tried to cover the variety of landslide forms (Hungr et al.
2014), without going into too much detailed description of
different forms—mainly the terms “earth”, “debris”, “falling
rock/stone”, “landslide”, “mudflow”, “rock avalanche”, and
“rockfall” were used. We intentionally did not want to add
some typical technological solutions (structural measures),
such as “retaining wall” or “drainage”, since they have very
high number of patent documents (e.g. “retaining wall(s)”
with over 100,000 patent documents having this term in their
description).

Typically, the largest number of landslide-related patent
documents were found when searching in all text fields or
description (Espacenet), and less when looking only in the
Title or Abstract. For the Google Patents database, the best

option was to look at the “Title, Abstract, and Claims”—
only Abstracts or Claims can yield too high numbers (i.e.
135,828). For the Derwenta Innovation Index, only Title and
Topic was searchable, yielding comparable number of patent
documents. Comparing all three databases, the most patent
documents are related to “Retaining walls” followed by
“Landslide(s)”, “Debris flow(s)”, “Mudflow(s)”, “Rock fall
(s)”, and “Falling rock(s)”. It is clear that more general terms
describing processes rather than technology are prevailing—
overlooking the search term “Retaining walls” as a
geotechnical technique not applicable only in landslide dis-
aster risk reduction. In total, a rough estimation is that in the
Google Patents database there is 15,000 + landslide-related
patent documents, and in the Espacenet and the Derwent
Innovation index database 5000+, respectively.

3.2 Patent Documents, Inventors
and Applicants

For the analysis of science and non-science-based
landslide-related patents we used only the Espacenet data-
base and the selected 18 search terms in “Claims” (Table 4).
The Inventors respectively Applicants were grouped into
Academic institutions and Research institutions for
science-based patents, and to Ministries and Industry for
non-science-based patents (for search terms see the legend at
the end of Table 4). General conclusion can be that the
number of technological (non-science) based patents is
higher than that of academic (science-based) patents, with
some specific field of applications, where the situation is the
opposite (e.g. “Debris flow(s)”, “Landslide displacement”,
“Landslide monitoring”).

3.3 Patent Documents and Technical Field

We have classified the landslide-related patent documents
from two databases: (i) the Espacenet using 4 search terms
(Debris flow(s), Falling rock(s), Landslide(s), Mud flow(s))
in Title, and (ii) Derwent innovation Index using the same 4
search terms in Topic. We applied the International Patent
Classification (IPC 2022), and the results are given in Tables
5 and 6. The total number of patent documents in Tables 5
and 6 can vary as patents documents can be attributed to
more than just one category. The Derwent Innovation Index
database yields more landslide-related patent documents
than the Espacenet database.

In both databases, the prevailing patent documents are
found by searching the term “Landslide(s)”, followed by the
term “Debris flow(s)”, “Falling rock(s)” and “Mud flow(s)”.
With regard to the different areas of technology to which
landslide-related patent documents pertain, the categories
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Table 1 Results of landslide-related patent documents found in the Espacenet database (EPO 2022b)

Search term

Earth flow(s) = Earth-flow(s)
Earth slide(s) = Earth-slide(s)
Debris flow(s)

Debris flow early warning

Debris flow monitoring

Deep seated landslide(s) = Deep-seated landslide(s)

Earthquake landslide(s)

Earthquake induced landslide(s) =
Earthquake-induced landslide(s)

Falling rock(s) = Falling-rock(s)
Falling stone(s)

Landslide(s)

Landslide activity

Landslide dam break
Landslide deformation
Landslide depth

Landslide detection
Landslide disaster(s)
Landslide displacement
Landslide drainage
Landslide early warning
Landslide early warning method
Landslide early warning system
Landslide emergency
Landslide hazard

Landslide mitigation
Landslide monitoring
Landslide observation
Landslide reinforcement
Landslide retaining
Landslide risk

Landslide safety

Landslide stability
Landslide susceptibility
Landslide velocity
Landslide vulnerability
Mudflow(s)

Mud flow(s) = Mud-flow(s)
Preventing landslide(s)
Rainfall-induced landslide(s)
Rock avalanche(s)

Rock fall(s) = Rock-fall(s)
Shallow landslide(s)

Submarine landslide(s)

Part of the patent document

Title
14
10
1141
33
56

1

10

3

385
212
3383

36

48
110
79

83
27
20
13
42

285

13
39
12
18
20

82
103
73
12

171
15
43

Abstract
68

39

1742

47

84

4

39

4

976
635
7028

94

68
309
131
10
155
29
24
27
63

448

11
13
121
29
64
22

130
700
108
18

380
30
52

Claims

93
17
2170
58
113

25

1166
430
8520

108

117
301
172
12
72
21
22
18
163

439
10
21
19
116
32
61
36

234
2162
143
18
13
722
30
62

Title, abstract or claims
162

60

2787

79

141

6

48

4

2008
1090
11,985
6

5
154
15
144
472
205
16
173
36
35
34
191

579
11
28
32
182
48
96
41

382
2661
238
27
18
1026
44
68

Description
580

135

11,315

124

273

8

276

45

9765
3195
50,733
88

.
490
46
373
2446
466
39
208
24
38
93
621
11
1442
58
103
52
408
87
274
91
16
20
1309
12,615
888
104
97
4855
286
359

All text fields
691

188

11,754

140

286

12

291

47

10,111
3718
52,423
88

9
503
52
390
2484
478
42
281
40
48
101
651
12
1504
58
106
63
454
96
288
94
16
20
1542
13213
988
109
103
5235
293
398
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Table 2 Results of
landslide-related patent
documents found in the Google
Patents database (Google 2022)

Search term

Earth flow(s)

Earth slide(s)

Debris flow(s)

Debris flow early warning
Debris flow monitoring
Deep seated landslide(s)
Earthquake landslide(s)
Earthquake induced landslide(s)
Falling rock(s)

Falling stone(s)
Landslide(s)

Landslide activity
Landslide dam break
Landslide deformation
Landslide depth
Landslide detection
Landslide disaster(s)
Landslide displacement
Landslide drainage
Landslide early warning
Landslide early warning method
Landslide early warning system
Landslide emergency
Landslide hazard
Landslide mitigation
Landslide monitoring
Landslide observation
Landslide reinforcement
Landslide retaining
Landslide risk

Landslide safety
Landslide stability
Landslide susceptibility
Landslide velocity
Landslide vulnerability
Mudflow(s)

Mud flow(s)

Preventing landslide(s)
Rainfall-induced landslide(s)
Rock avalanche(s)

Rock fall(s)

Shallow landslide(s)

Submarine landslide(s)

Part of the patent document

Title Abstract
518 38,674
279 56,539
6781 135,828
123 604
215 8914

0 19

65 409

14 82
1075 9431
470 9015
4694 10,354
3 109

12 72

121 1152
106 728
252 1304
262 1672
201 1155
67 785
322 863
134 418
147 491

44 261
147 1163
243 817
845 2304
825 2390
116 1178
62 629
118 659

37 1507
67 1650
24 43

33 529

69 450
4614 10,961
2211 52,130
477 3109
35 153
164 13,586
2288 29,891
32 128

57 154

Claims

135,828
135,828
135,828
6064
46,251
42
453
103
12,913
17.808
10,813
304
113
1338
1535
2192
1316
1664
950
1183
610
862
297
1065
999
2534
2719
1243
756
727
912
1170
71
1313
535
13,784
124,229
2450
199
15,558
37,681
148
413

Title, abstract
and claims

254
87
3845
108
158
0

54
10
490
129
3872

10
105
98
204
224
197
46
299
119
134
39
121
133
788
759
99
48
98
34
49
21
32
60
3756
1334
304
29
66
1455
26
50
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Table 3 Results of Search term Part of the patent document

landslide-related patent

documents found in the Derwent Title Topic

Innovation Index database Earth flow(s) = Earth-flow(s) 5 22

(Clarivate 2022a) Earth slide(s) = Earth-slide(s) 2 13
Debris flow(s) 1082 1854
Debris flow early warning 35 67
Debris flow monitoring 49 73
Deep seated landslide(s) = Deep-seated landslide(s) 1 1
Earthquake landslide(s) 23 95
Earthquake induced landslide(s) = 1 1
Earthquake-induced landslide(s)
Falling rock(s) = Falling-rock(s) 140 496
Falling stone(s) 342 1011
Landslide(s) 3273 6553
Landslide activity 0 2
Landslide dam break 0 1
Landslide deformation 63 127
Landslide depth 4 12
Landslide detection 39 62
Landslide disaster(s) 211 444
Landslide displacement 101 159
Landslide drainage 4 5
Landslide early warning 81 136
Landslide early warning method 21 25
Landslide early warning system 24 33
Landslide emergency 13 20
Landslide hazard 24 61
Landslide mitigation 0 1
Landslide monitoring 316 454
Landslide observation 1 6
Landslide reinforcement 8
Landslide retaining 4 6
Landslide risk 43 118
Landslide safety 12 26
Landslide stability 23 46
Landslide susceptibility 12
Landslide velocity 0
Landslide vulnerability 3 4
Mudflow(s) 48 146
Mud flow(s) = Mud-flow(s) 112 497
Preventing landslide(s) 58 225
Rainfall-induced landslide(s) 11 15
Rock avalanche(s) 7 11
Rock fall(s) = Rock-fall(s) 210 662
Shallow landslide(s) 14 24
Submarine landslide(s) 34 49

Legend Topic = Title and Abstract
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Table 4 Landslide-related patent documents with at least 100 claims found in the Espacenet database (EPO 2022b), with respect to inventors and
applicants’ category

Landslide-related patent documents Inventors and applicants from

Search term No. of Claims Academic institutions Research institutions Ministries Industry
Debris flow(s) 2170 605 480 48 705
Debris flow monitoring 113 30 21 5 51
Falling rock(s) = Falling-rock(s) 1166 183 105 14 525
Falling stone(s) = Falling-stone(s) 430 76 64 3 190
Landslide(s) 8520 1988 935 110 3659
Landslide deformation 108 56 19 2 28
Landslide detection 117 25 17 2 47
Landslide disaster(s) 301 106 55 8 91
Landslide displacement 172 91 15 2 49
Landslide hazard 163 83 28 11 44
Landslide monitoring 439 173 51 3 170
Landslide risk 116 46 32 3 28
Mudflow(s) 234 24 39 3 31
Mud flow(s) = Mud-flow(s) 2162 176 170 13 773
Preventing landslide(s) 143 13 13 1 50
Rock fall(s) = Rock-fall(s) 722 55 45 6 264

Legend abbreviations used for Academic institutions (College, University, Univ), Research Institutions (Institute, Research, Res, Inst), Ministries
(Ministry, Min), Industry (Co, Comp, Eng, Ltd, Plc)

Table 5 International Patent Classification (IPC 2022) used for classification of patents and utility models according to the different areas of
technology to which they pertain. Selected landslide-related patent documents from the Espacenet database (EPO 2022b), with respect to the field
of IPC

Search term in title

Category of IPC Debris flow(s) Falling rock(s) Land-slide(s) Mud flow(s)

A Human necessities 14 5 70 2
A01 Agriculture; Forestry;, Animal husbandry; Hunting; Trapping; Fishing 11 2 58 2
B Performing operations; Transporting 25 14 84 3
C Chemistry; Metallurgy 9 2 22 1
D Textiles; Paper 0 4 1 0
E Fixed constructions 512 309 1276 75
EO01 Constructions of roads, railways, or bridges 115 283 126 3
EO02 Hydraulic engineering; Foundations; Soil-shifting 419 55 1115 21
E03 Water supply; Sewerage 22 0 68 0
E2] Earth or rock drilling; Mining 22 18 107 53
F Mechanical engineering; Lightning; Heating; Weapons; Blasting 21 24 67 6
G Physics 660 52 2125 42
GOI Measuring; Testing 295 35 1235 30
G06 Computing; Calculating or counting 210 15 512 5
GOS8  Signalling 233 20 700 12
G09 Educating; Cryptography; Display; Advertising; Seals 34 2 112 0
H Electricity 33 8 158 1
HO02 Generation, conversion, or distribution of electric power 9 3 56 0
HO04 Electric communication technique 21 2 94 1
A-H Total patent documents 1141 385 3383 103

Legend Categories A to H are taken from the IPC
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Table 6 International Patent Classification (IPC 2022) used for classification of patents and utility models according to the different areas of
technology to which they pertain. Selected landslide-related patent documents from the Derwent Innovation Index database (Clarivate 2022a), with

respect to the field of IPC

Search term in topic

Category of IPC Debris Falling Land- Mud
flow(s) rock(s) slide(s) flow(s)

A Human necessities 89 22 566 32
A0l Agriculture; Forestry; Animal husbandry; Hunting; Trapping; Fishing 47 7 419 25
B Performing operations; Transporting 224 90 683 102
B65 Conveying; Packing; Storing; Handling thin or filamentary material 8 8 123 5
C Chemistry; Metallurgy 40 11 163 88

Textiles; Paper 3 5 17 1
E Fixed constructions 734 336 2525 268
E01 Constructions of roads, railways, or bridges 142 178 276 15
E02 Hydraulic engineering; Foundations; Soil-shifting 530 89 2059 51
E03 Water supply; Sewerage 58 0 219 4
E21 Earth or rock drilling; Mining 68 105 249 199
F Mechanical engineering; Lightning; Heating; Weapons; Blasting 83 45 214 49
G Physics 872 78 3186 80
GOI Measuring; Testing 375 43 1791 48
G06 Computing; Calculating or counting 256 22 856 16
GOS8 Signalling 326 26 1029 15
G09 Educating; Cryptography; Display; Advertising; Seals 34 7 130 2
H Electricity 78 20 420 14
HO2 Generation, conversion, or distribution of electric power 23 4 129 6
HO4 Electric communication technique 47 10 249 8
A-H Total patent documents 1854 496 6553 497

Legend Categories A to H are taken from the IPC

“G-Physics” and “E-Fixed constructions” are clearly pre-
vailing: “G” for debris flows and landslides, and “E” for
fallings rocks and mudfiows. Other IPC categories are much
less present—in the order of a few percentages.

Within the category “E-Fixed constructions”, the most
abundant is category “E02-Hydraulic engineering; Founda-
tions; Soil-shifting” (roughly one third of all landslide-
related patent documents). Within the category “G-Physics”,
the most abundant is category “Gl- Measuring; Testing”
followed by “GO08-Signalling”.

3.4 Patent Families, Country of Publication

For the analysis of landslide-related patent documents with
regard to the country of publication we used patent family
distribution in the Espacenet, the Google Patents, and the
Derwent Innovation Index databases for 4 search terms in
titles of patent documents (“Debris flow(s)”, “Falling rock
(s)”, “Landslide(s)”, “Mud flow(s)”). In all three databases,
the most abundant category of patents was related to

“Landslide(s)”, followed by “Debris flow(s)”. For country
codes we used the two-letter abbreviations from the Espa-
cenet. The search string for the Espacenet database was
limited to the Title. The search string for the Google Patents
database was limited to Title, Abstract, and Claim: e.g.
(TT = (debris flow)) (AB = (debris flow)) (CL = (debris
flow)) country:EP. The search in the Derwent Innovation
Index was performed for Topics, covering patent titles and
abstracts, and country of publication was searched in the
Patent Number. The results are given in Tables 7, 8 and 9.

The majority of all landslide-related patents are filled
and/or granted in China (abbr. CN). This is a bit less so
pronounced for patents related for falling rock(s) and mud
flow(s). Due to China contribution, the five major emerging
economies: Brazil, Russia, India, China, and South Africa,
are outperforming the rest of the world, also major devel-
oped countries: USA, European Union, Japan and Republic
of Korea. The majority of landslide-related patents are issued
by national patent offices in single countries, and thus the
contribution of the World Intellectual Property Organization
(WIPO) and the European Patent Office (EPO) jointly is only
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Table 7 The number of patent families of landslide-related patent documents from the Espacenet database (EPO 2022b), with respect to the

country of patent publications

Code Country of patent publication

AT Austria

AU Australia

BR Brazil

CA Canada

CH Switzerland

CN China

DE Germany

EP European Patent Office (EPO)

FR France

GB United Kingdom

IN India

IT Italy

JP Japan

KR Republic of Korea

RU (SU) Russian Federation (Soviet Union)
™ China Taipei

UsS United States of America

WO World Intellectual Property Organization (WIPO)
ZA South Africa

Total patent documents

Legend Country codes are taken from the Espacenet

a few percentages, in all three databases. This is in line with
the general picture of the world patent applications.

Cheng and Drahos (2018) studied China Patent Office
and concluded that in 2011 the Chinese patent office over-
take U.S. in terms of patent applications and became the
biggest patent office in the world. From 2010 to 2020, the
proportion of international patents granted to inventors from
high-income countries fell from 78 to 48% (NSB & NSF
2022). The U.S. share of international patents declined from
15 to 10%. The same share declined from 35 to 15% for
Japan and 12% to 8% for the EU-27. In contrast, China’s
share of international patents increased from 16% in 2010 to
49% in 2020.

WIPO (2021) reports that in 2020 in total 45.7% of all
patent applications worldwide was filled in China (1,497,159
out of 3,276,700 applications). With regards to patent
applications, China was followed by USA, Japan, Republic
of Korea, Germany, France, UK, Switzerland, India, and the
Netherlands—considering resident and non-resident patent
applicants. In the field of landslide-related patents, India and
the Netherlands are much less active, and also USA are
behind Japan and Republic of Korea, but in front of EU
member countries.

Search term in title

Debris flow(s) Falling rock(s) Landslide(s) Mud flow(s)
1 9 5 1

3 4 10 7

1 4 2 4

2 3 6 10
3 11 6 1
1052 128 2802 38
0 8 11 6

3 16 14 6

0 6 5

2 3 7

0 0 0

1 7 0
32 67 311 6
58 181 112 0

0 (0) 2(2) 81 (48) 9 (11)
8 5 21 5
17 11 27 30
20 8 36 10
4 2 3 3
1157 386 3460 104

Following the undisputed China as number one, the next
strongest countries in patent applications are: USA and
Republic of Korea for debris flow(s), Republic of Korea and
Japan for falling rock(s) and for landslide(s), and USA for
mud flow(s).

3.5 Patent Documents Citations

The annual number of patent applications in the world can
be taken from the World Bank data (World Bank 2022a, b),
the data for 1990, 2000, 2019 and 2020 are presented in
Table 10. Worldwide, there is a steady growth of patent
applications, from less than 1 million in 1990 to over 3
million in 2020. Residents of countries where patent appli-
cations were filled, are generally outnumbering
non-residents for many countries, but not in Australia,
Brazil, Canada, India, South Africa, and USA.

Looking at the World Bank data (data.worldbank.org),
since 2000 the ratio between the number of scientific and
technical journal articles published in the World to the
number of patent applications in the World is roughly 1:1, in
favor of the patent applications for a few 10%—in 2000:
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Table 8 Selected landslide-related patent documents from the Google Patent database (Google 2022), with respect to the country of patent

publication

Code Country of patent publication
AT Austria

AU Australia

BR Brazil

CA Canada

CH Switzerland

CN China

DE Germany

EP European Patent Office (EPO)
FR France

GB United Kingdom

IN India

IT Italy

JP Japan

KR Republic of Korea

RU (SU) Russian Federation (Soviet Union)
™ China Taipei

UsS United States of America
WO World Intellectual Property Organization (WIPO)
ZA South Africa

Total patent documents

Legend Country codes are taken from the Espacenet

1,377,500 patent applications to 1,066,335 articles; in 2018:
3,325,500 patent applications to 2,554,319 articles. Both
categories are growing, but the ratio remains approximately
stable. The annual productivity of scientific articles can also
be estimated using Scimago data (SJR 2022) that gives the
productivity in 2021 in the world close to 5 million citable
documents (articles, reviews, and conference papers). This
estimate is higher than the of the World Bank, since also
conference papers are taken into account.

For the analysis on patent document citations in scientific
articles, we have selected two databases, SpringerLink and
SCOPUS. The search string for SpringerLink was done
within Articles “patent AND (landslides OR “debris flow”
OR “falling rock” OR mudflow)”, and the search string for
SCOPUS database was: ALL (“debris flow” OR “falling
rock” OR landslide OR “mud flow”) AND patent AND
(LIMIT-TO (DOCTYPE, “AR”)) AND (LIMIT-TO (SUB-
JAREA, “EQART”) OR LIMIT-TO (SUBJAREA,
“ENGI”)) AND (LIMIT-TO (SRCTYPE, “j”))—the search
was for landslide-related and patent-related articles pub-
lished in journals limited to two subject areas of “Earth and
Planetary Science” and “Engineering”, respectively, for the
period between 2012 and 2021. The results of this search are
given in Table 11. Even though SCOPUS was limited to

Search term in title, abstract, and claim

Debris flow(s) Falling rock(s) Landslide(s) Mud flow(s)
2 0 0 0
9 3 3 3
10 1 1 1
22 1 2 14
5 0 1 0
3142 284 3508 1059
120 1 5 27
37 5 6 18
17 0 0 0

0 0 5

0 0 0

0 0 0
78 143 145 11
90 54 66 9
14 (0) 0 (0) 82 (20) 22 (22)
14 2 3 2
114 4 19 52
75 6 23 30
0 0 0 0
3880 494 3937 1341

only two subject areas, the number of citing landslide-related
patent documents was comparable to SpringerLink. The
absolute number of citations is extremely low (a few tens of
citations per year only), having in mind the total number of
landslide-related patent documents (Tables 7, 8 and 9). Only
a fraction of the order of a few one-in-thousands of
landslide-related patents documents are cited annually in
journal review and research articles. This situation does not
change, if we add mentions of patent documents to their
citations.

Finally, we have selected 10 landslide-related journals
from the Web of Science database that regularly publish
scientific articles and technical papers on landslide science
and technology. Half of them were as such already recog-
nized by Miko§ (2017), who studied top publications in
geological engineering and engineering geology. We sear-
ched for those published articles in these ten journals that are
citing patent documents and are to some extent related to
landslide risk reduction. Table 12 shows all those 45
landslide-related articles that cite a patent document as a
reference (14 articles) or at least mention patents in the text
(31 articles). This analysis is another proof that
landslide-related patent documents are extremely rarely cited
in scientific literature if measured by journal articles.
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Table 9 Selected landslide-related patent documents from the Derwent Innovation Index database (Clarivate 2022a), with respect to the country
of patent publications searched in the Patent Number

Code
AT
AU
BR
CA
CH
CN
DE
EP
FR
GB
IN
1T
JP
KR
RU (SU)
™
Us
WO
ZA

Country of patent publication
Austria

Australia

Brazil

Canada

Switzerland

China

Germany

European Patent Office (EPO)
France

United Kingdom

India

Italy

Japan

Republic of Korea

Russian Federation (Soviet Union)

China Taipei

United States of America

World Intellectual Property Organization (WIPO)

South Africa

Total patent documents

Legend Country codes are taken from the Espacenet

Search term in topic

Debris flow(s)

1

12

2

9

2
1739

1887

Falling rock(s)
2
5
3
7
4

232
52
22
10
4

16
162
7(0)

26
28

484

Landslide(s)
0

21

20

17

7
5659
15

49

13

4

46

16
400
235
77 (0)
32
140
141

6553

Mud flow(s)
0

11

10

34

1

337

18 (0)

118
66

514

Table 10 Patent applications in the World Bank database (i.e. World Development Indicators), given for selected countries where patents were

filled, and separately for residents and non-residents (World Bank 2022a, b)

Country 1990
Australia -
Austria 2025
Brazil 2389
Canada 2549
China 5853
France 12,378
Germany 30,724
India 1147
Italy -
Japan 333,230
Korea, Republic of 9082
Russian Federation -
South Africa 1093
Switzerland 2987
United Kingdom 19,310

United States of America 90,643

World

687,700

Residents
2000
1928
1961
3179
4187
25,397
13,870
51,736
2206
7877
387,364
72,831
23,377
895
2083
22,050
164,795
874,800

2019
2637
2066
5464
4238
1,243,914
14,103
46,632
19,454
9229
245,372
171,603
23,337
567

1369
12,061
285,113
2,231,800

2020
2368
2124
5280
4452
1,345,243
12,771
41,260
23,141
10,061
227,348
180,477
23,759
542

1384
11,990
269,586
2,304,400

1990
670
5148
24,375
5,365
4260
8605
2673
34,360
16,738
4943
1081
8928
80,520
309,800

Non-residents

2000 2019
20,073 27,121
340 208
14,104 19,932
35,435 32,250
34,804 173,317
3483 1766
10,406 20,802
6332 34,173
1396 898
49,501 62,597
29,179 47,372
8960 12,174
2400 6347
468 348
10,697 7189

131,100 336,340
502,700 994,300

2020
26,926
173
19,058
30,113
173,538
1542
19,845
33,630
947
61,124
46,282
11,225
6146
301
8659
327,586
972,300
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Table 11 Number of journal review and research articles in SpringerLink and SCOPUS citing landslide-related patent documents (Elsevier 2022;

Springer Nature 2022a)

Year

2021
2020
2019
2018
2017
2016
2015
2014
2013
2012
In total

SpringerLink

Patent-related Citing patent
articles documents
27 3

19 4

11 2

13 -

18 4

10 1

23 1

11 1

6 1

7 1

SCOPUS

Mentioning Patent-related Citing patent Mentioning

patents articles documents

2

— NN

37 1
22 -
10 =
16 -
20 1
13 2
21 -
6 —
11 -
4 _

patents

2

Table 12 Cited landslide-related patent documents in the ten selected landslide-related journals from the Web of Science database (Clarivate

2022b)

Journal

(period under study)

Acta Geotechnica

(2006-2022)

Bulletin of Engineering
Geology and the

Environment
(2015-2022)

Articles citing a patent
(WoS citations)

Wau et al. (2021) (1 citation)

Di Prisco and Pisano (2014)
(5 citations)

Kahraman et al. (2022) (no citations)

Ying et al. (2021) (1 citation)

Wang et al. (2021b) (no citations)

Xue et al. (2021) (no citations)

Wang et al. (2021a) (7 citations)
Zhou et al. (2021) (1 citation)

Wei et al. (2020) (4 citations)

Citation from the text

A patented additive was developed to be added to
the air injection to accelerate consolidation of soft
ground so that the fractures remain stable for
longer time

A recently patented device (tensioned elements
TFEG®—Guided Extrusion Force Transfer) has
been taken as a reference for numerical analyses,
trying to keep the geometrical configuration as
simple as possible, but sufficiently accurate to
reproduce the most relevant structural details

Patented hard rock Tunnel Boring Machine
(TBM) cutterhead equipped with microwave
generating mechanism

Patented microwave assisted rock cutting method

A casing and grouting method for micropiles,
small-diameter drilled piles

The research team of the author developed
patented triaxial apparatus for unsaturated soil that
can control the suction in soil

A patented soil matric potential sensor was used in
the study (Patent No.: DE10164018B4)

Patented rock straight shear rheometer

A patented electrically conductive wick drain and a
specially designed automated power supply to
carry out field electroosmosis tests on a sludge
landfill site

Patented SH agent made of modified PVA and
water is a nontoxic liquid and a soluble polymer,
has 6% solid matter and generates a film and a
silk-like web in soil after drying, and the film is
insoluble in water

As a references

Wu (2015)

No

Feng et al. (2019)
Lindroth et al. (1991)

Groneck and Amour
(2000)

No

(continued)



42

M. Miko3

Table 12 (continued)

Journal
(period under study)

Computers and
Geotechnics
(1985-2022)

Engineering Geology
(1965-2022)

Articles citing a patent
(WoS citations)

Jiang et al. (2020) (no citations)

Cui et al. (2019) (13 citations)

Mastrorocco et al. (2018)
(12 citations)

Li et al. (2017) (6 citations)

Fan et al. (2017) (6 citations)

Ghobadi et al. (2015) (7 citations)

Li et al. (2020) (2 citations)

Cai et al. (2019) (26 citations)

Vitel et al. (2015) (74 citations)

Park et al. (2011) (5 citations)

Fan and Hsieh (2011) (13 citations)

Cividini et al. (2011) (1 citation)

Chupin et al. (2009) (18 citations)

Comina et al. (2021) (no citations)

Li et al. (2021) (2 citations)

Citation from the text

Patent pending floating ball method (FBM) is a
groundwater level monitoring technique for
vacuum preloading

A patented non-disturbance sampling technique for
rock cores under high in situ stress relaxation
during the coring procedure

Patent pending Leica™ TruView is a plug-in that
allows visualization of 3D Virtual Reality (VR)

A patented device for estimating joint roughness
coefficient (JRC) and peak shear strength of rock
joints by the National Patent Office of China

Deep dislocation displacement monitoring of the
slip surface is typically obtained from the advised
method in the patented “device about measuring
the depth of slip surface and deep dislocation
displacement”

Patented method Hydroxylating Conversion
Treatment (HCT)] has been used to protect
carbonate stones such as marble, limestone and
travertine

A new design with non-uniform thickness
geotextile mats, where the height of geotextile
mats varies, i.e. shorter mats were used close to the
bottom while relatively higher mats were used for
the top layers, was proposed and patented to
enhance the stability of dike

The artificial ground freezing technique was
patented by German mining engineer F. H. Poetsch
in 1883

Patented by Poetsch in Germany in 1883, the
artificial ground freezing technique

(AGF) appeared 150 years ago in coal mines in
South Wales

The electric discharge occurs through the
Electro-power impact cell (Korea patent 10—
2009-0,113,602)

A series of connecting elements are used to
incorporate reinforced earth embankments with
soil nails. The connecting element, improved from
a patented connecting method (Chou and Fan
2004), consists of a series of stainless steel wire
ropes and stainless steel pipes

A key point of the technology used in this study is
represented by a valve, internationally patented by
Visconti Fondazioni (Milan, Italy), that seals the
bottom section of the casing

A sleeved grout pipe and a double packer are used
to inject grout into sand. A patented cement-based
grout, similar to those manufactured for
fieldworks, is utilized

In this study, the application an innovative (patent
pending) soil improving system by injections of a
sand/gravel mixture was evaluated

The B-P shear test system consists of a YSD-200
two-dimensional fracture tester for rock and soil
with a special fixture, which was developed and
patented

As a references

No

Meng et al. (2007)

US (2001)

No

No

Chou and Fan (2004)

No

No

(continued)
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Table 12 (continued)

Journal
(period under study)

Geomorphology
(1987-2022)

Geotextiles and
Geomembranes
(1984-2022)

Articles citing a patent
(WoS citations)

Tan et al. (2020) (2 citations)

Massimi et al. (2016) (2 citations)

Vayssiere et al. (2019) (5 citations)

Chambers et al. (2011) (109 citations)

Prior and Hooper (1999)
(30 citations)

Florinsky (1996) (26 citations)

Koerner and Koerner (2018)
(36 citations)

Hou et al. (2017) (25 citations)

Koerner and Koerner (2013)
(85 citations)

Liu et al. (2009) (8 citations)

Koerner and Koerner (2006)
(86 citations)

Hazarika (2006) (68 citations)

Koerner and Koerner (1996)
(6 citations)

Citation from the text

A patented door-opening system is utilised to
assist the door opening process for initiating debris
flows uniformly and quickly

Twisting Theory (TWT) and Twisting Algorithm
(TWA) were developed by M. Buscema in 2010 at
Semeion Research Center of Sciences of
Communication in Rome and are protected
(Buscema 2014)

The automatic resistivity profiling (ARP) uses a
patented multi-electrode device that is connected
to wheel-based electrodes that roll over the ground
surface

Mobile resistivity mapping was undertaken using
the automated resistivity profiling

(ARP) technique, which uses a patented
multi-electrode device (Geocarta SA, France) in
order to make direct current (DC) measurements of
subsurface electrical resistivity along profiles with
the aim of producing horizontal property maps

The Enhanced Surface Rendering (ESR) is a
patented method used for high-quality data
acquired in water depths greater than 250 m, to
display data as an artificially illuminated surface
depicting bottom morphology and/or acoustic
amplitude

Digital elevation models (DEMs) and DEM
analysis methods are used for fault recognition as
about 90% of fault geomorphic indices can be
defined quantitatively—also the patented
technique of thalweg revealing

In 1966, H. Vidal of France wrote the first of
several papers on “reinforced earth”, a technique
he initiated, developed, patented and promoted
(Vidal 1969)

Zhang (2005) proposed a patented
horizontal-vertical (H-V) reinforcement that
attached several small inclusions vertically to the
horizontal reinforcement

In 1966, H. Vidal of France wrote the first paper
on reinforced earth, a technique he initiated,
developed, patented and promoted (Vidal 1969)

The second method is to embed two shielded thin
copper wires in the Prefabricated vertical drain
(PVD),—this method has been patented (Ren
2004)

Flexible sand-filled tubes were made as early as
1957, but they were not very successful.
Eventually in 1967, a patent was granted to a
Danish firm

Geofoam usage dates as far back as the 1960s,
when a patent for using geofoam as pavement
insulation was granted in the USA

Efforts to form flexible sand-filled tubes were
made as early as 1957, but were not very
successful. Eventually, in 1967, a patent was
granted

The process of joining two sheets of geotextiles to
form erosion control mattresses was developed in
1965, and numerous patented systems are available

As a references

No

Buscema (2014)

No

Eliason and Eliason
(1987)

Vidal (1969)

Zhang (2005)

Vidal (1969)

(Ren, 2004)

(continued)
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Table 12 (continued)

Journal
(period under study)

Journal of Geotechnical
and Geoenvironmental
Engineering
(2000-2022)

Landslides (2004-2022)

Natural Hazards
(1989-2022)

Rock Mechanics and
Rock Engineering
(2000-2022)

Articles citing a patent
(WoS citations)

Holtz (2017)

Rossi et al. (2018) (96 citations)

Xiao et al. (2017) (17 citations)

Lu et al. (2014) (77 citations)
Du et al. (2020) (no citations)

Kazeev and Postoev (2017)
(4 citations)

Castanon-Jano et al. (2017)
(27 citations)

Ishida et al. (2017) (66 citations)

Citation from the text

Some years ago, French architect Henri Vidal
invented a system he called Terre Armée
(Reinforced Earth) for construction of retaining
walls. Reinforced Earth has three primary
components: select granular backfill, galvanized
steel strips for reinforcement, and precast concrete
facing panel elements. Worldwide patents were
granted in 1966, and by the early 1970s the
technology was well established in France and
several other countries

Innovative circular-shaped airframe fully
supporting flight dynamics of a multicopter drone,
patented in Italy and patent pending in EU and
USA

Soil mixture to promote vegetation for slope
protection and landslide prevention (patented in
1980’s)

Patented PSINSAR™ technique

A transparent experimental device to study the
migration mechanism of fine particles in aquifers
during water injection was patented

Institute of Environmental Geosciences of Russian
Academy of Sciences (IEG RAS) has developed
the criteria for limit state of the soil mass, and the
methodology of the limit-state calculations, and
these numerical simulations received three patents.
Based on the patented methodology for limit-state
analysis, a new practical method to increase slope
resistance has been developed and patented. It
involves construction of artificial cuts similar to
erosional downcuts of natural gully or ravine

Since 1975, numerous devices have been invented
to improve the dynamic behavior of falling rock
protection barriers. In total, 174 patent families
(inventions) have been found describing a new
energy dissipating device or a new barrier in which
these devices play an important role. The 174
patent families represent 120 different assignees,
Fatzer (a company of the Brugg group) and Pfeifer
Isofer being the most significant in both numbers
of applications and granted IPR (intellectual
property rights)

Acoustic emission (AE) monitoring due to the
stress memory effect has been applied to stress
measurement in rocks, the application was
patented by Kanagawa and Nakasa (1978)

As a references

No

No

Thomel (1998)
Von Allmen (2004)
Moreillon (2006)

Kanagawa and Nakasa
(1978)

4 Conclusions and Further Work

The analysis of landslide-related patent documents, using three
patent databases (Escapenet, Google Patents, Derwent Inno-
vation Index) was performed to assess to which extent land-
slide science and technology is mirrored in patent applications,
and what is the share of academic versus non-academic
institutions. In the second part of the analysis, technical fields
of patent applications were studied and countries that are the

most productive ones with regard to landslide-related patent
applications were searched for. The study finished by patent
citation analysis in published scientific literature. The results of
this study can be summarized as follow:

(i) In the Google Patents database there is 15,000 +
landslide-related patent documents, and in the Espa-
cenet and the Derwent Innovation Index database
5000+, respectively. In the patents’ titles, abstracts
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and claims, processes are more often used to describe
the patent than the technology.
The number of technological (non-science) based
patents is higher than that of academic (science-based)
patents, with some specific field of applications,
where the situation is the opposite.
With regard to the different areas of technology to
which landslide-related patent documents pertain, the
categories “G-Physics” and “E-Fixed constructions”
are clearly prevailing: “G” for debris flows and
landslides, and “E” for fallings rocks and mudflows.
The majority of landslide-related patents are filled
and/or granted in China, followed by Japan and South
Korea, USA and EU member countries—five major
emerging economies (called BRICS) are outperform-
ing developed countries, with a very prevailing Chi-
nese contribution.
(v) Only a fraction of the order of a few one-in-thousands
of landslide-related patents documents are cited in
journal review and research articles.

(i)

(iif)

(iv)

Further analyses of landslide-related patent documents
may be done with regard to other scientific information
sources such as conference proceedings, or also to social
media such as Twitter or Researchgate. Nevertheless, it is
quite obvious that landslide-related patent documents are not
studied by landslide scientists and researchers, hopefully this
important category of intellectual property finds much more
application in real word solutions when planning and exe-
cuting landslide disaster risk reduction.
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Scalable Platform for UAV Flight Operations,
Data Capture, Cloud Processing and Image
Rendering of Landslide Hazards and Surface
Change Detection for Disaster-Risk

Reduction

David Huntley, Drew Rotheram-Clarke, Roger MaclLeod,
Robert Cocking, Philip LeSueur, Bill Lakeland, and Alec Wilson

Abstract

This International Programme on Landslide (IPL) Project
202 paper presents a scalable remote piloted aircraft
system (RPAS) platform that streamlines unoccupied
aerial vehicle (UAV) flight operations for data capture,
cloud processing and image rendering to inventory and
monitor slow-moving landslides along the national rail-
way transportation corridor in southwestern British
Columbia, Canada. Merging UAV photogrammetry,
ground-based real-time kinematic global navigation satel-
lite system (RTK-GNSS) measurements, and satellite
synthetic aperture radar interferometry (InSAR) datasets
best characterizes the distribution, morphology and
activity of landslides over time. Our study shows that
epochal UAV photogrammetry, benchmarked with peri-
odic ground-based RTK-GNSS measurements and satel-
lite InSAR platforms with repeat visit times of weeks
(e.g., RADARSAT-2 and SENTINEL-1) to days (e.g.
RADARSAT Constellation Mission) provides rapid
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landslide monitoring capability with cm-scale precision
and accuracy.

Keywords
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satellite systems

1 Introduction

Unoccupied aerial vehicle (UAV) photogrammetry is
increasingly incorporated into local, regional and national
geohazard monitoring protocols for vulnerable economic
infrastructure and communities (Casagli et al. 2017; Turner
et al. 2015; Rossi et al. 2018; Sestras et al. 2021). Opti-
cal UAV imagery and light detection and ranging (LiDAR)
data captured during field surveys are desktop-processed to
generate point cloud digital surface models (DSMs) and
digital elevation models (DEMs). UAV photogrammetry,
when benchmarked with satellite synthetic aperture radar
interferometry (InSAR) and ground-based real-time kine-
matic (RTK) global navigation satellite system (GNSS)
measurements, provides cm-scale resolution geospatial data
for geohazard mapping and landscape change-detection
monitoring (Booth et al. 2013; Handwerger et al. 2021;
Huntley et al. 2021a, b, c a, b).

1.1 Monitoring for Landslide Hazards,

Change-Detection, Disaster-Risk Reduction

From environmental, logistical and transportation safety
perspectives, rapidly deployable UAVs offer a low-carbon
footprint alternative to geological mapping using fixed-wing
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aircraft and helicopters, particularly along linear transporta-
tion routes and around remote northern communities. In
Canada, high-resolution photogrammetry and change-
detection monitoring (cf. Huntley et al. 2021a, b) requires
a UAV with an optical sensor payload in excess of 250 g,
subscription-based commercial software for flight plans and
data acquisition, along with trained and certified operators
and observers following strict Transport Canada (TC) regu-
lations for operating remote piloted aircraft systems (RPAS).
The number of UAVs and appropriately trained field oper-
atives available limits the duration and spatial coverage of
surveys, and generic utility as a geohazard monitoring tool.

In this paper, we apply an easily scalable RPAS platform,
developed by Spexi Geospatial Inc. (www.fly.spexigeo.com
[URL 2022]), to landslide inventory mapping and change-
detection monitoring in western Canada. This RPAS
streamlines UAV flight operations for data capture, cloud
processing and image rendering to aid in the inventory and
monitoring of slow-moving landslides along a strategically
important section of the national railway network traversing
the Thompson River valley in south-central British Colum-
bia (BC) (Fig. 1a). Combining field-based landslide inves-
tigation with multi-year geospatial and in-situ time-series
monitoring leads to a more resilient railway national trans-
portation network able to meet Canada’s future socioeco-
nomic needs, while ensuring protection of the environment
and resource-based communities from landslides related to
extreme weather events and climate change.

1.2 Study Area

Landslides along a ten-kilometre stretch of the Thompson
River valley between Ashcroft and Spences Bridge (Fig. 1b)
have negatively impacted critical railway infrastructure,
arable land, fisheries, and other natural resources since the
1880s (Fig. 1b). In the late nineteenth century, prehistoric
mass movements reactivated as sudden onset, rapid retro-
gressive flow-slides during the fall and winter months at a
time when terraces were intensively irrigated for agricultural
land use, and toe slopes were incised and over-steepened
during railway construction (Stanton 1898; Clague and
Evans 2003).

Field-based geological and geophysical mapping, com-
bined with InSAR analyses (Fig. Ic), and in situ
semi-continuous monitoring, provide insight into landslide
activity, deformation mechanisms, and potential acceleration
triggers along this critical section of the national railway
transportation corridor (Bunce and Chadwick 2012; Jour-
nault et al. 2018; Huntley et al. 2019a, b; Holmes et al.
2020). Each of these techniques record increased landslide
activity in winter, when river and groundwater levels are
lowest (Macciotta et al. 2014; Hendry et al. 2015; Schafer

et al. 2015; Journault et al. 2018). Permanent GNSS mon-
uments on Ripley Landslide record cumulative annual dis-
placement on the order of 10 cm year ' to 20 cm year ',
peaking in winter (Bunce and Chadwick 2012; Macciotta
et al. 2014; Hendry et al. 2015; Huntley et al. 2021a).

RADARSAT-2 and SENTINEL-1 InSAR results from
2013 to 2020 indicate similar magnitudes and spatial-tem-
poral patterns of displacement (Journault et al. 2018; Huntley
et al. 2021b, ¢). From south to north along the railway
transportation corridor, these include the following landslides
of concern with an average 1D line-of-sight (LoS) displace-
ment greater than 3 cm year : Ripley Landslide, Red Hill
Slide, South Slide, North Slide, and Goddard Slide (Fig. 1c).
Regions of highest landslide activity intersecting with railway
infrastructure correlate with cutbank erosion and channel bed
scour on the outside bends of the river.

The economic importance of this transportation corridor,
along with the need to understand and manage the safety risk
related to the landslides that threaten the route, mandate the
Thompson River valley a research priority for NRCAN and
the GSC. As part of the International Consortium on
Landslides (ICL) International Programme on Landslides
(IPL) Project 202, landslides in the Thompson River valley
serve as field laboratories to test and compare the reliability
and effectiveness of different static, dynamic, and real-time
monitoring technologies (e.g., Huntley et al. 2017; Huntley
et al. 2019a, b).

Multiple landslides were surveyed each day, depending
on areal extent of the flight plans, weather conditions, and
time of day (Fig. 2). Flights were undertaken on October 20
(Nepa Slide, Ripley Landslide, South Slide) and November
01 2021 (Red Hill Slide, North Slide). For each survey,
UAYV RTK base stations were established over stable GCPs
(e.g., NP-02, Fig. 3). Geo-referenced image files captured
during flights were stored on UAV memory cards, and then
downloaded to cloud storage for later desktop processing.

2 Method of Investigation

2.1 Remote Piloted Aircraft System Monitoring
Accurate and precise elevation models derived from UAV
datasets serve as baseline references for rigorous landslide
change-detection monitoring (Casagli et al. 2017; Rossi et al.
2018; Sestras et al. 2021). Repeat UAV surveys aim to
capture changes in morphology of landslides in proximity to
at-risk railway infrastructure (Fig. 2). To improve the
understanding of landslide geomorphology and kinematics,
and to benchmark UAV, we incorporated ground-based
RTK-GNSS surveys and satellite InSAR displacement rates
into the monitoring strategy for the Thompson River valley
(Huntley et al. 2021a, b, c). Under ideal conditions, each
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year, monthly change-detection flights could be flown to
catch seasonal changes in landslide displacement. In prac-
tice, poor weather conditions, limited human resources, and
other unforeseen challenges result in less consistent UAV
time-series datasets.

2.2 RPAS Landslide Inventory
and Change-Detection

The GSC operated a DJI Phantom 4 between 2016 and 2021
(Huntley et al. 2021a). Although the 24-megapixel camera
required flight altitudes < 30 m above ground level, longer
flight times and more batteries, and generated a large number
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of images per flight plan, this UAV allowed flexible, inex-
pensive acquisition of aerial imagery. UAV surveys took
between one day (Ripley Landslide and North Slide) to two
days (South Slide and Nepa Slide) to execute, depending on
areal extent of the flight plan, weather conditions, and time
of day. Survey flight planning was conducted using Map
Pilot (2016-2020), while Pix4D Mapper structure-
from-motion (SfM) photogrammetric software enabled pro-
duction of 2 cm-resolution DSMs from orthomosaiced aerial
images. These DSMs were benchmarked with multi-year
RTK-GNSS datasets (Fig. 3; Huntley et al. 2021a, b). This
standardized  process =~ was  time-consuming  and
data-intensive, requiring weeks to months of desktop pro-
cessing to yield meaningful outputs.
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Fig. 2 Landslide of concern along the Thompson River valley railway corridor: flight plan footprints and DEMs generated from point clouds for
the 2021 UAV surveys. Flight statistics generated using the Spexi Geospatial platform. Orthomosaic DSMs are shown in Fig. 3

Spexi Geospatial Inc. has developed a flight operations
platform for autonomous UAV flight and data capture and
back-end cloud processing, analytics, and rapid sharing
capabilities that rivals the computing capabilities of com-
mercial software, but is more cost-effective and intuitive to
operate (www.fly.spexigeo.com [URL 2022]). Enabling
automated data acquisition, processing, and rapid sharing
capabilities through a standardized process meant faster
response and faster results. The RPAS ensured that platform
technology did not require hardware installations, and that
cloud-hosted software was accessible on most desktop and
mobile devices connected to the internet.

In 2021, the GSC began operating a DJI Phantom 4 Pro
V2 with a 48-megapixel optical payload, and a DJI Matrice
300 with 35 mm lens; both with RTK capabilities. These

upgrades allowed flight altitudes > 70 m above ground
level, shorter flight times and fewer battery changes, and a
smaller number of images and file sizes per flight plan.
Flight plans for Ripley Landslide, South Slide, North Slide
and Nepa Slide (Fig. 2) were set up using Spexi Geospatial
and DIJI platforms prior to fieldwork. Flight and pho-
togrammetry variables included: altitude above ground level
(72 m = 2 cm per pixel resolution); front and side overlaps
for photograms (80% and 70%, respectively); flight direction
(0-180°); speed (8 m s Y; and gimbal pitch (-90° for
planform photograms). Contour maps (50 cm intervals),
DEMs, DSMs, and orthomosaic photograms were readily
generated from selected imagery and point clouds using the
Spexi Geospatial platform (Figs. 2; and 3b—e), and exported
into Global Mapper and ArcGIS software for further
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processing and change-detection monitoring. Useful plat-
form review products included metadata reports on survey
parameters, UAV and camera properties, camera locations
with X, Y, and Z error estimates, point cloud parameters,
and coordinate systems.

Change-detection monitoring focused on the most active
landslides identified during inventory: Ripley Landslide
(2016-2018) and North Slide (2019-2021). For Ripley
Landslide, planimetric displacement was first mapped using
co-relation processing (cf. Lucieer et al. 2014; Turner et al.
2015; Tiirk 2018) on hill-shaded UAV DSMs with 1.5 times
exaggeration, and the sun at azimuth 310 and 45° altitude.
Areas of vegetation and recent track ballast work on
hill-shaded images were masked prior to processing to
reduce the areas with substantial change not related to slide
movement. Two images were created for E/W (X) and N/S
(Y) displacement, while elevation changes (Z) were derived
from the 2016 and 2018 DSMs. These values were added
and squared to produce a single raster containing positive 3D
displacement values, with larger values representing more
displacement (Fig. 4; Huntley et al. 2021a).

For the North Slide, a more sophisticated, but less per-
sonnel time-consuming approach was possible with recent
advances in cloud-based data storage and processing. Fol-
lowing the methodology of Gojcic et al. (2021), we
employed a fully automated deformation analysis workflow
that estimated 3D displacement vectors from point cloud
data. Dense 3D displacement vector fields were estimated by
searching for corresponding cloud points across DSM

3D displacement RTK-GNSS
v A—) )
d-GNSS 5cm yr-!

0 H
0.6
i " B

0.6
Bathymetry
metres depth

Fig. 4 Ripley Landslide surface displacement data derived from UAV
overflights in 2016 and 2018 and multi-beam bathymetry data collected
in 2018; plotted with RTK-GNSS (average annual rate for 2017, 2018
and 2019) and d-GNSS displacement data (November 2018 to June
2019, expressed as cm year ). Stable d-GNSS unit—yellow dot; active
d-GNSS unit—>black and white dot; inactive d-GNSS—black dot.
Active GCP—blue dot (modified from Huntley et al. 2021a)

epochs at September 2019 and September 2021. The dis-
placement patterns and magnitudes derived from UAV
photogrammetry were evaluated with RTK-GNSS mea-
surements of GCPs collected on the same days as the UAV
surveys, and high-temporal resolution differential InSAR
results from a RADARSAT Constellation Mission (RCM)
time-series spanning August 2020 to September 2021.

2.3 RPAS Landslide Benchmarking

UAV photogrammetry provides cm-scale resolution geospatial
data for geohazard mapping and landscape change-detection
monitoring when benchmarked with RTK-GNSS measure-
ments that provide the three-dimensional coordinates of
moving points on landslides (e.g., Turner et al. 2015; Rossi
et al. 2018). Prior to UAV surveys, a prime ground control
point (GCP) was established on a stable post-glacial terrace
near Black Canyon (Fig. 1b). The absolute position of
this base station (WGS84 + NAD83 UTM Zone 10
E5614082.268 N619963.25, 390.648 m asl) was determined
from a post-processed RINEX file using the Canadian Spatial
Reference System Precise Point Positioning tool after a
nine-hour occupation. The reported absolute positional accu-
racy was 0.8 cm horizontally and 1.3 cm vertically (95% ZX).

All RTK-GNSS surveys used the 2016 prime GCP
coordinate values as the stable reference (Fig. 1b). Addi-
tional GCPs were established on, and adjacent to landslides
of concern (Fig. 3a) using distinctively painted stable boul-
ders and anthropogenic features. RTK-GNSS rover mea-
surements at GCPs occupied for a minimum of two minutes
at 1 Hz were reported with horizontal precisions of better
than 2 cm and vertical precisions of 3 cm. All RTK-GNSS
positioning data were reviewed, corrected for antenna lay-
backs, heights and edited for erroneous data points (Huntley
et al. 2017, 2021a).

At each GCP station, ground observations were made of
slope gradient, surficial materials, material texture, material
thickness, slope morphology, moisture conditions, ongoing
geomorphic processes, land cover, and nearby anthro-
pogenic activities. These observations corroborated terrain
and landslide classifications determined from optical satellite
imagery and UAV photogrammetry.

2.4 RCM Landslide Benchmarking

RCM SAR datasets were examined to further refine the
spatial and temporal distribution of landslide activity
(Fig. 5a). Twelve RCM scenes from the end of August to
early December, 2020, and twenty scenes from January to
September 2021 were acquired during descending orbit
passes (west-ranging) at a nominal ground resolution of 3 m,
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with an ideal revisit frequency of 4 days (Huntley et al.
2021b, c). RCM data was processed using GAMMA soft-
ware following the methodology of Samsonov et al. and
Dudley et al. SAR images were precisely aligned with a
chosen master using normalized cross-correlation to yield
SAR data cubes that could be analyzed spatially, or in time
(Fig. 5b, step 1).
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InSAR processing and landslide change-detection bene-
fited from an accurate high-resolution DEM to simulate and
remove the topographic effects from the interferograms
(Barret et al. 2012; Hu et al. 2019). Co-registered RCM
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Fig. 5 Differential InSAR analysis of RCM time-series results.
a Extent of North Slide: (I) active slide toe (0.08 km?) with tension
cracks, sparse vegetation and steep scarp faces (post 2000); (II) inactive
slide main body and head scarp (0.55 km?) with sparse vegetation, and
subdued scarp faces and slide blocks (ca. 1880); (III) inactive slide
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(IV) stable postglacial slopes and terraces supporting irrigated crops
and cattle pasture. b Generalized InSAR processing steps followed in
this paper (modified from Huntley et al. 2021b). ¢ RCM interferogram,
2020/08/30-2020/09/11 (28 days). d RCM interferogram, 2020/08/14—
2020/08/30 (16 days). e RCM interferogram, 2020/08/26—2020/08/30
(4 days). UAV-derived SFM-DSM overlain at 50% transparency for
topographic context (modified from Huntley et al. 2021b, c)
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data, UAV photogrammetry (2 cm pixel-resolution), and
ground-based RTK-GNSS measurements (x, y, z &+ 3 cm)
(Fig. 5b, step 2; Fig. 6). DEMs were resampled and aligned
with the multi-master interferograms to provide a height
value for each SAR pixel. This helped to remove topo-
graphic signals in interferograms (Fig. 5b, steps 3 and 4),
corrected orbit information as needed, and provided the
relationship between SAR and map data used later for pro-
jecting results back into map space (Huntley et al. 2021b, c).
Additional RCM processing created a robust time-series for
LoS displacement of GCPs in 2021. RTK-GNSS measure-
ment from 2019-2020 are shown for comparison (Fig. 6a).

3 Results and Discussion

3.1 Ripley Landslide

At 0.089 km?, Ripley Landslide has the smallest flight plan
footprint and areal extent (0.026 km?) (Fig. 2). Orthomosaic
images and DSMs from 2016 to 2021 capture the active
floodplain of Thompson River at ca. 260 m asl, and railway
infrastructure crossing a gentle to steep slope (<12 to > 35°)
with subdued translational-rotational slide blocks, tension
cracks, closed depressions, and prominent head and side
scarps. A glacial outwash terrace, with a surface elevation of
360 m asl, lies upslope and east of the active landslide.
Fifteen permanent GCPs were established on stable boulders
and anthropogenic features in 2016 (Fig. 3b). Nine earth
material units are recognized from ground observations in
the vicinity of GCPs, and on UAV imagery from 2016 to
2021 (Figs. 2 and 3b; Huntley et al. 2020). GCPs along the
CN and CP tracks (RL-01, RL-04, RL-09 and RL-10) are
established on cobble and boulder ballast up to 3 m thick.
This anthropogenic layer overlies up to 25 m of glaciola-
custrine clay and silt, and glacial boulder-rich diamicton
(basal till) with shear surfaces 10-15 m below surface,
resting on fractured andesite (Huntley et al. 2019a, b;
Huntley et al. 2020).

Upslope of the tracks, unconsolidated sediment thickness
decreases in the main slide body, with GCPs established on
silt and sand-rich alluvial outwash, colluviated till and gla-
ciofluvial gravels. Beneath RL-02, -08 and -11, this veneer
covers up to 5 m of glaciolacustrine clay and silt draped on
fractured andesite and rhyolite. Above the head scarp, GCPs
are established shallow deposits (< 2 m thick) of colluvium
and glaciofluvial outwash resting on igneous bedrock
(RL-03, RL-05, RL-07, RL-15).

Change-detection monitoring

Repeat UAV surveys of Ripley Landslide in 2016 and 2018
characterized the spatial extent, magnitude and direction of

landslide movement (Fig. 4). UAV photogrammetry reveals
that over much of the slide body, movement is to the NW,
except along the northern and southern flanks, where dis-
placement is W. In contrast, channel scour along the slide
toe and submerged bedrock bounding the landslide drives
the body mass generally to the W.

Co-relation results from 2016-2018 show > 50 cm NW
displacement of blocks along steep-dipping, retrogressive
backscarps to the main slide body. This high value is con-
sistent with the InNSAR and GNSS monument data that
captured significant displacement in 2017 (Bunce and
Chadwick 2012; Huntley et al. 2021a). Displacement along
the tracks reflects subsidence of the slide body (also
expressed in deformation of the lock-block retaining wall),
and the addition of ballast during routine safety mainte-
nance. A zone of high displacement at the south flank of the
slide foot is likely the consequence of toe-slope erosion as
evidenced by the 15 m-deep scour pool mapped by the
bathymetric surveys (Fig. 4). Across much of the foot slope
however, 3D displacement values are lower, reflecting
translational movement of the slide mass over sub-horizontal
failure planes beneath the tracks and river.

Between 2017 and 2019, five GCPs recorded significant
horizontal displacement on the landslide; RTK-GNSS mea-
surement precision and accuracy discounted GCPs showing
3 cm or less movement. Upslope of the train tracks, on the
main slide body, RL-10 recorded 8.7 cm of movement to the
NNW. Disturbance during track maintenance accounted for
the anomalous vector for RL-10 and slower displacement
rate. Downslope of the tracks, across the slide toe, 11.3 cm
of WNW displacement was measured at RL-02; RL-04
displaced 16.4 cm NW; and RL-09 moved 18.3 cm NW
over the three-year observation period. The remaining GCPs
were on stable portions of the slope, and adjacent to the
landslide (Huntley et al. 2021a).

A new UAV and RTK-GNSS change-detection program
was initiated in 2022 following significant slope modifica-
tion during a stakeholder geotechnical investigation in
2020-2021 (Huntley et al. 2021c). The DEM and DSM
captured in October 2021 (Figs. 2 and 3) will serve as the
baseline for further RPAS change-detection monitoring at
Ripley Landslide.

3.2 Nepa Slide

The flight plan footprint for Nepa Slide is 0.254 km?, with
the disturbed land covering 0.136 km”. The 2021 orthomo-
saic image and DSM capturing the active floodplain of
Thompson River at ca. 265 m asl, and railway infrastructure
crossing a gentle toe slope (< 12°). The main translational
slide body consists of sparsely vegetated hummocky blocks
and closed depressions, flanked by prominent head and side



Scalable Platform for UAV Flight Operations, Data Capture ...

57

W121°17

N50°41’
A ¥.05N

N50°40'
0%.06N

w121°19’ W12117
I active 11 1880 Il prehistoric 1V stable

20.40 cm yr-1

LANDFORM N
e TERRACE
+ SCARP
LANDSLIDE
—/ SCARP
EPHEMERAL m 100 200 300
GULLY SCALE
GCP STATUS _
— E 8.
© STABLE g_é, NSA2 -§ )
O POSSIBLY ACTIVE $g S S NS-07
:4 3 |
® ACTIVE 35 8§ 55cm
_% IJ.'-muary' 'February‘ March | April 'May %% a
2021 _‘3 January 'February' March April 'May
C) RTK-GNSS = 2021

March 2021 to September 2021

S NSt
NS-100

g

Fig. 6 Geomorphology, change-detection monitoring, and at-risk
railway infrastructure. a Extent of North Slide and footprint of UAV
flight plans (2019, 2020, and 2021)—yellow line. b Plan view
orthomosaic image of the “Solar Slump” showing distribution of
terrace and landslide scarps, ephemeral gullies, and GCPs across the
slide toe; with RTK-GNSS displacement vectors shown for NS-07, -08
and -09. ¢ March to September 2021 UAV change detection results
using cloud-processing solution M3C2 (after Gojcic et al. 2021),

< A
Y ,
Yo\
L :
RN N
a %
InSAR vertical
displgcement (cm) -
o Sy
InSAR vertica

J“".-{ s -. RCM
; 13 5 l March 2021 to September 2021
2

NS-08
0
-5.8
g bl
> B
3 " January February March  April  May
2021
7 NS-09
-2 cm
3 " January February March = April  May
2021
B
NS-01
8 T T T T T
January February  March April  May

2021

showing stable (green dots), possibly active (yellow dots), and active
GCPs (red dots). d RCM change-detection results for January to
September 2021, showing LoS vertical displacement of active GCPs.
e Surficial geology and geomorphology in vicinity of subsidence and
tension cracks encroaching on railway infrastructure: Ap-Fs—alluvial
plain, disturbed by slow-moving slide; Cz-Fs—active colluvium,
disturbed by slow-moving slide; GLb—glaciolacustrine blanket deposit
(underlying Ap and Cz)
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scarps. A dendritic network of ephemeral channels, infilled
with saturated silt and sand-rich alluvial outwash and
organic sediments, and fed by springs and irrigation runoff,
incises these blocks. A glacial outwash terrace with a, sur-
face elevation of 390 m asl, lies upslope and east of the
active landslide (Fig. 2).

Nineteen GCPs were installed on Nepa Slide in 2021
(Fig. 3c) to establish whether portions of the main body are
reactivating. Below the CN and CP tracks, NP-09, -10 and -
11 rest on cobble and boulder ballast up to 3 m thick. Like
Ripley Landslide, this anthropogenic layer overlies > 10 m
of fine-grained glaciolacustrine deposits and boulder-rich till
with shear surfaces extending under Thompson River. GCPs
on stable terrain north of the slide body (NP-01, NP-02,
NP-03 and NP-04) sit on a wind-reworked alluvial silt and
sand veneer draping boulder-rich till (< 3 m thick). These
coarser surface units overlie glaciolacustrine silt and clay >

20 m in thickness. Along the southern flank, boulder-rich
till (2-5 m thick), resting on fractured andesite and rhyolite,
underlies NP-05, NP-06, NP-07 and NP-08. Across the main
slide body and upslope of the tracks, GCPs (NP-12 to
NP-19) sit on slide blocks comprising colluviated till and
glaciofluvial sand and gravel (<5 m thick), overlying
glaciolacustrine clay and silt beds (>10-15 m thick).

Change-detection monitoring

As part of the new UAV and RTK-GNSS change-detection
program initiated in 2022, the orthophoto mosaic, DEM and
DSM of Nepa Slide captured in October 2021 (Figs. 2; and
3) will serve as the baseline for further RPAS and InSAR
change-detection monitoring.

3.3 Red Hill Slide

The Red Hill Slide flight plan footprint is 0.457 km?, with
the 2021 orthomosaic image and DSM capturing a 0.298
km? rotational-translational landslide with moderate to steep
slopes between > 12° and < 37° and 145 m of relief
(Fig. 2). Vegetation-free slide blocks with back scarps 5—
20 m high are incised by a steep-sided ephemeral gully
channeling irrigation and hillslope runoff. The stratigraphy
exposed above the active river floodplain (ca. 265 m asl)
comprises glaciolacustrine silt and clays, truncated and
overlain till diamicton, sand and gravel outwash, and
wind-reworked silt-rich alluvial terrace formed at 410 m asl.

Change-detection monitoring
The DEM and DSM of Red Hill Slide captured in November

2021 (Figs. 2; and 3) will serve as the baseline for further
RPAS and InSAR change-detection monitoring.

3.4 South Slide (South Extension)

At 0.464 km?, the South Slide (South Extension) shares the
largest flight plan footprint with the North Slide (Solar
Slump) (Fig. 2). The “South Extension” has an approximate
area of 0.144 km®. The October 2021 orthomosaic image
and DSMs captures the active floodplain of Thompson River
and tributary alluvial fan at ca. 265 m asl. Railway infras-
tructure crosses the slide toe with slopes ranging from > 12
to < 27°. The slide body consists of a northern portion with
eroded slide blocks and closed depressions, relatively free of
vegetation cover; and a southern extension showing no
surficial evidence of movement (e.g., tension cracks, slide
scarps). A glacial outwash terrace with a surface elevation of
400 m asl lies upslope and east of the active landslide.

Eleven GCPs were positioned across the headwall, toe
slope and south extension of South Slide in 2016 (Fig. 3d).
GCPs along the CN and CP tracks (SS-01, SS-02, SS-03,
SS-04, and SS-09) are established on thick (>15 m)
glaciolacustrine clay, silt and glacial boulder-rich diamicton
(basal till). The toe slope is excavated to accommodate the
CN and CP tracks, and draped in a cobble and boulder
ballast up to 5 m thick. Upslope of the tracks, unconsoli-
dated sediment thickness increases in the main slide body,
with SS-05 to SS-11 established on silt and sand-rich allu-
vial outwash, overlying glaciolacustrine and till units > 25
m in thickness.

Change-detection monitoring

Although InSAR analysis delimits an extensive area of
displacement between SS-01 and SS-05 (Fig. lc), repeat
RTK-GNSS surveys have not taken place since installation.
The South Slide (South Extension) orthophoto mosaic, DEM
and DSM, captured in October 2021 (Figs. 2, 3 and 6a), will
serve as the baseline for further RPAS and InSAR
change-detection monitoring.

3.5 North Slide (Solar Slump)

The merged mosaics and DSMs (Figs. 2, 3e and 6b) capture
the baseline surface condition of the North Slide, long with
the extent of bare earth and vegetation growth (e.g., grasses,
shrubs, and trees). Metre-scale anthropogenic features (e.g.,
train tracks, signals bungalow, solar panel array) are
resolvable in the orthophoto mosaic and DSM. Geomorphic
features visible include: terraces graded to 340 m and 300 m
asl, with steep river-cut scarps; ephemeral gullies draining
the inactive nineteenth century slide surface; active slide
blocks, scarps and tension cracks across the “Solar Slump”;
and the toe bulge in the active floodplain of Thompson River
(Figs. 2 and 3e).
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In 2019, eleven permanent GCPs were installed across
the North Slide toe slope; another station was added in 2020
on the floodplain toe slope bulge; and a thirteenth installed at
the NW limit of the active toe slope in 2021 (Fig. 2d). On
the Thompson River floodplain (ca. 270 m asl), a boulder
veneer drapes back-tilted clay and silt beds beneath NS-12.
Bedrock does not outcrop in the survey area. Inactive and
active slide blocks with GCPs are incised by ephemeral
gullies and by cut-bank erosion during high river stages
(during summer months).

Over the slide toe, GCPs are established boulders resting on
boulder-rich diamicton (basal till) and glaciofluvial sand and
gravel outwash (5-10 m thick) overlying > 20 m of glacio-
lacustrine clay and silt. Landslide scarps across the “Solar
Slump” form subparallel to the orientation of the river channel.
In the northwest, cutbank erosion along a 200 m section of
Thompson River has exposed and triggered a series of slumps
in terraced glaciolacustrine and till deposits below 280 m asl.
These small slumps (< 50 m?) are directly impacting railway
infrastructure (Fig. 6b, e) and contributing to slope unloading.
Landslide scarps follow the arc of relict back-rotated slide
blocks (GCPs NS-05, NS-06, NS-10 and NS-11), and increase
in size and activity toward the river (GCPs NS-07, NS-08 and
NS-09). Tension cracks are extrapolated beneath railway bal-
last close to the solar panel array and signals bungalow (be-
tween GCPs NS-04, NS-05 and NS-13).

Southeast and upslope of the CP tracks, retrogressive
translational back-rotated slide blocks and scarps from the
1880 landslide are now subdued features due to 140 years of
wind deflation, soil creep, and surface runoff. Slopes > 12°
are draped in a veneer of colluviated till, glaciofluvial out-
wash and glaciolacustrine sediments. The historical landslide
and active “Solar Slump” are gullied by ephemeral streams
that drain to a coarse alluvial fan prograding into Thompson
River along the western margin of the toe slope (Fig. 6b).

Change-detection monitoring

RTK-GNSS measurement precision and accuracy discounts
points showing 3 cm or less movement (NS-01, NS-02,
NS-03, NS-04, NS-05, N-06, N-10 and NS-11). Those GCPs
with annual differences of > 3 cm were considered robust
measurements. Between 2019 and 2020, NS-07, NS-08 and
NS-09 all showed displacement vectors to the NNW (Fig. 6
b). Maximum annual displacement values of 15.77 cm year
(NS-08) and 20.40 cm yeatr_1 (NS-07). Significantly, the
displacement vectors indicate movement toward the scour
pools lying adjacent to the “Solar Slump” (Figs. 2 and 5a).
Aligning the GCPs and manually picking tie points to
improve point cloud registration between the two surveys
significantly enhanced the quality of the M3C2 point cloud
comparison results (Fig. 6¢). A qualitative assessment of
preliminary results of point cloud-based change-detection

monitoring for the North Slide is presented here. An area of
436 m* with displacement values > 5 cm between Septem-
ber 2019 and September 2021 lies NW of the CP track
(NS-07, NS-08 and NS-13), extending onto the Thompson
River floodplain (NS-12). Individual slide block surfaces are
resolved, with RTK-GNSS measurement at NS-07 recording
10 cm of NW displacement between March and September
2021. Localized displacement SW of NS-10 records the
formation of colluvial cones by a small debris fall along the
river embankment. Significantly, UAV change-detection
photogrammetry shows the extent of encroachment by the
active portion of the landslide on railway infrastructure
(ballast and tracks; Fig. 6e).

The 2020 RCM InSAR results reveal severe deformation
at the North Slide “Solar Slump” from the end of August to
middle September (Fig. Sc—e). Several fringes indicate
movement of approximately 2-5 cm over 28-day (Fig. 5¢)
and 16-day periods (Fig. 5d), indicating a rapid and complex
deformation pattern in the most affected zones. The 4-day
interferogram (Fig. 5e) shows nearly a full fringe cycle,
indicating a rapid and complex deformation pattern on
shorter time scales. Maximum deformation over this 4-day
period is estimated to be ~ 2 cm.

We are currently developing a robust multi-year RCM
time-series. The January to May 2021 interval is briefly dis-
cussed here, but the aim is to extend coverage on either side
of this time-series (Rotheram-Clarke et al. In prep.). The
spatial extent captured by RCM showing the cumulative
deformation from January 5, 2021 to May 9, 2021 (Fig. 6d) is
very similar to that seen with the UAV imagery. The colour
stretch is & 5 cm, indicating measurement of approximately
5-6 cm of line-of sight deformation at NS-07 and NS-08.
There is also uplift between NS-07 and NS-12, which is
where back-tilted clay-silt beds are exposed in the active
floodplain (Huntley et al. 2021b). Research efforts are now
directed at comparing the two time-series and converting
satellite LoS displacements to correspond with movement
vectors derived from UAV and RTK-GNSS datasets.

4 Conclusions and Evaluation

Proactive landslide disaster-risk management requires
knowledge of the timing and magnitude of ground displace-
ment events. NRCAN-GSC, through IPL Project 202, pro-
vides foundational geospatial information on landslides and
other geohazards threatening natural resources, national
socioeconomic infrastructure, communities and public safety.

This paper demonstrates the investigative capacity of a
RPAS for landslide monitoring along the Canada’s national
railway transportation corridor. UAV photogrammetric tech-
niques allow the representation of large surfaces with dense
spatial sampling. Orthomosaic 3D time-series offer clear
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advantages with respect to InSAR time-series analysis pro-
viding only LoS displacement measurements over large areas,
and RTK-GNSS surveys of GCPs which provide data that are
spatially accurate, but necessarily limited to a small number of
control points. UAV photogrammetry and RTK-GNSS sur-
veys show landslides have a significant motion that is only
partly captured by satellite InNSAR monitoring. This is a clear
demonstration of a limitation in east-west-up-down sensitive
InSAR, since failing slopes are largely moving NW or SE, so
a significant amount of movement is likely not recognized by
satellite monitoring alone.

The RPAS presented in this paper generates high spatial
resolution epochal geo-coded imagery suitable for landslide
disaster-risk management. UAV photogrammetry, when
benchmarked with RTK-GNSS, satellite InSAR, and other
geospatial and temporal datasets will help stakeholders
develop a more resilient railway national transportation
network able to meet Canada’s future socioeconomic needs,
while ensuring protection of the environment and
resource-based communities from natural disasters related to
extreme weather events and climate change.

4.1 RPAS Evaluation

We demonstrate the Spexi Geospatial RPAS allows trained
UAV pilots to quickly and easily capture imagery, and
transfer processed data to stakeholders (e.g., government
agencies, railway industry, remote communities) in a timely
manner. The time elapsed from flight request to data delivery
is comparable to commercial SfM applications. The RPAS is
capable of simultaneous deployment on multiple land-
slides > 3 km” allowing for more productive fieldwork.
Geospatial datasets (orthophoto mosaics, DEMs and DSMs)
have processed X, Y, Z accuracies of 3 to 5 cm: comparable
to RTK-GNSS and InSAR measurements. Resulting datasets
from the collected and processed imagery with a pixel res-
olution of 2.5 cm can easily resolve small surface features
(e.g., GCPs, railway ties, bedrock fractures and tension
cracks). Orthophoto mosaics, DEMs and DSMs captured in
2021 (Figs. 2 and 3) will serve as the baseline for further
RPAS landslide change-detection monitoring along the
national railway corridor in the Thompson River valley, and
elsewhere across Canada.

Across NRCAN (and other Federal Agencies), there are
numerous applications for UAV photogrammetry (Fig. 7). In
addition to monitoring landslides along the national railway
corridors, the RPAS presented in this paper has applications
for modelling tsunami run-up in coastal communities, map-
ping active faults, monitoring volcanic hazards, recognizing
geohazards along pipelines and power transmission right-of-
ways, delineating permafrost deterioration in northern regions,
and for deployment during bedrock mapping traverses.

GEOLOGICAL
MAPPING

COMMUNITIES &
PUBLIC SAFETY GEOHAZARD

MAPPING

ENVIRONMENTAL MINES,
CHANGES OIL & GAS
RIVERS &
SOILS AND
CROPLANDS RESERVOIRS
FOREST PIPELINES &
RESOURCES POWERLINES
MARINE & COASTAL BRIDGES &
INFRASTRUCTURE TUNNELS
RAILWAYS &
HIGHWAYS

Fig. 7 UAYV applications broadly relevant to mandates of NRCAN and
other government departments (e.g., Department of National Defence;
Environment and Climate Change Canada; Innovation, Science and
Economic Development Canada; National Research Council Canada;
Parks Canada; Public Safety Canada; Royal Canadian Mounted Police;
Transportation Safety Board; Fisheries and Oceans Canada; Infrastruc-
ture Canada; Canadian Coast Guard; Canadian Police College; and
Canadian Transportation Agency)
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Ongoing Persistent Slope Failures at the Toe
of a Giant Submarine Slide in the Ryukyu
Trench that Generated the AD 1771 Meiwa

Tsunami

Kiichiro Kawamura, Kazumasa Oguri, Mutsuo Inoue, Kan-Hsi Hsiung,
Taishi Kudaka, and Ken Takai

Abstract

This study investigates sedimentation processes and
associated submarine sliding on the floor of the Ryukyu
Trench. Three dive surveys were conducted using the
manned submersible Shinkai 6500 (hereafter 6K) in the
trench. The AD 1771 Meiwa tsunami was generated by a
giant submarine slide on the landward trench slope in this
region. Dive survey site 6K#1469 was located on a mouth
of the submarine canyon in the forearc basin. Dive survey
site 6K#1468 was located on the uppermost part of the
submarine slide, where steps and fissures were observed.
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Dive survey site 6K#1467 was located at the toe of the
submarine slide, which is covered by a muddy sediment
layer. Core sample 6K#1467 measured 36.3 cm long and
comprised muddy sediments interlayered with silt and/or
sand laminations. The paleocurrent direction of the
laminated sediments is mostly from north to south,
indicating that they were not transported along with the
trench but were from the landward slope, probably via
repeated small submarine slides. The sedimentation rate
for sample 6K#1467 was estimated at 2.42 mm/year
using a depth profile of 2'°Pb., concentration within
10 cm deep and a date for the sediment of ~ 50 year
ago. Based on the sedimentation rate and the number of
laminae, the typical recurrence interval of the silt/sand
layers is calculated to be ~ 6 year. We interpret these
results as indicating that repeated small submarine slides
have occurred persistently (recurrence interval of ~ 6
year) at the toe of the investigated giant submarine slide
in the Ryukyu Trench over the last 50 year.

Keywords

Submarine slide * Shinkai 6500 * ITRAX « 2!%Pp
Paleocurrent * Ryukyu Trench

1 Introduction

Numerous coralline and reef boulders are considered to have
been deposited by paleo-tsunamis on the Sakishima Islands
at the southeastern end of Japan (Goto et al., 2010; Hisa-
mitsu et al. 2014). Araoka et al. (2013) reported that eight
tsunamis have struck the Sakishima Islands during the
last ~ 2400 year (250 & 100 BC, AD 200 £ 100, AD
550 + 100, AD 800 £ 100, AD 1100 &+ 100, AD
1400 £ 100, AD 1600 £ 100, and AD 1800 % 100), as
inferred from radiocarbon dating of 92 Porites boulders. The
latter two events are consistent with historically recorded
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events that occurred in 1625 and 1771, respectively (Araoka
et al. 2013; Hisamitsu et al. 2014).

The giant 1771 Yaeyama tsunami (or 1771 Meiwa tsu-
nami) resulted in runups of up to 30 m and 12,000 deaths on
the Sakishima Islands in the southwestern Ryukyu Arc
(Nakamura et al. 2009; Okamura et al. 2018). Nakamura
et al. (2009) proposed that this tsunami was caused by an
earthquake of moment magnitude (Mw) 8.0 that occurred in
subducted sediments beneath the accretionary wedge.
However, Okamura et al. (2018) reported that a submarine
slide on the accretionary prism is a plausible source of the
1771 tsunami, based on a simple simulation and seismic
survey results.

Most such submarine slides occur on the hanging wall of
active thrust faults (Kawamura et al. 2009; Yamada et al.
2009), whereby the hanging wall is thrust upward during
fault motion which subsequently collapses to initiate a
submarine slide. A submarine slide results from slope
instability caused by steepening of the hanging wall through
cumulative thrust motion. The thrust events might be
recorded in downslope basins as submarine slide deposits.

In this study, we investigate the sedimentation processes
of turbidite layers in the Ryukyu Trench floor. Our results
show that these layers have resulted from repeated small
submarine slides originating from the landward trench slope
that are caused by small collapse of the hanging wall of the
frontal thrust. The recurrence interval of the slides is cal-
culated roughly at ~ 6 year. We conclude that the hanging
wall of the frontal thrust has collapsed by repeated retro-
gressive submarine slides for at least ~ 50 year ago.

2 Tsunamigenic Submarine Slides

Submarine slides are generally formed by source area, main
track and depositional area (Fig. 1). The source and depo-
sitional areas are formed by extensional and compressional
deformations, so that these are characterized by subsidence
and uplifting, respectively. These seabed vertical motions
could generate a tsunami. The size of the tsunami wave
would not only be controlled by its geological architecture,
but also by deformation speed, physical and mechanical
properties of seabed materials and water depth of the sub-
marine slides (Kawamura et al. 2017).

There are many historical accounts of tsunamigenic
submarine slides. We briefly introduce the representative
recent historical examples except for the 1777 Meiwa tsu-
nami mostly following Kawamura et al. (2014).

The Lisbon earthquake of around Mw 8.5 occurred on
November 1, 1755 on the Sao Vincentre Fault, off the coast
of Portugal. Large tsunamis devastated Lisbon and other
North Atlantic coasts both in Europe and Africa. Gracia et al.
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Fig. 1 General topography and internal structure of submarine slides
(After Kawamura 2020)

(2003) showed the probability for tsunamis genesis partly by
submarine slides on the hanging wall of the thrust fault.

On March 27, 1964, a moment magnitude Mw 9.2
earthquake generated large tsunamis of tsunami magnitude
(Mt) 9.1 in Alaska (Abe 1979). Plafker and Mayo (1965)
described localized tsunami waves excited by submarine
slides that occurred in river deltas, terminal moraines, and so
on. The tsunamis were approximately 3.0-4.5 m high and
hit many bay areas about 19-20 min after the earthquake.

On June 15, 1896, the Meiji Sanriku earthquake gener-
ated devastating tsunamis with a maximum run-up of 37 m,
and caused the worst tsunami disaster in Japanese history,
despite having a surface wave magnitude (Ms) of only 7.2
and a low seismic intensity (Tanioka and Satake 1996). Abe
(1979) showed that in spite of the low Ms, the Mt of this
event was up to 8.6. To explain the discrepancy between Ms
and Mt, the 1896 Sanriku earthquake has been variously
attributed to slow rupture along the fault (Kanamori 1972),
submarine slides (Kanamori and Kikuchi 1993), and addi-
tional rapid uplift of a sediment wedge (Tanioka and Seno
2001). Kawamura et al. (2012; 2014) supported the sub-
marine slide scenario on the basis of topographic analysis
and the geologic architecture.

On 1 April, 1946, Ms 7.1 earthquake occurred and gen-
erated large tsunamis (Mt = 9.3) along the Alaskan coastline
that killed 167 people. Fryer et al. (2004) suggested that
these tsunamis resulted from submarine slides (the Ugamak
Slide), with head scars at water depths of approximately
200 m in the coastal area.

On 17 July, 1998, tsunamis with maximum wave heights
of 15 m inundated Sissano in Papua New Guinea following
Mw 7.1 earthquake (Kawata et al. 1999). Based on detailed
seafloor mapping data, Tappin et al. (2001, 2008) concluded
that the large tsunami was caused by a submarine slide
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located offshore from the lagoon. This tsunami was rapidly
excited by the earthquake (Newman and Okal 1988), but it
was generated by subsequent submarine slides ( 2008).

On 12 January, 2010, the Haiti earthquake (Mw = 7.0)
exhibited a primarily strike—slip motion, it nevertheless
generated a tsunami (Hornbach et al. 2010). The earthquake
caused liquefaction in several river deltas, which prograded
rapidly and were prone to failure. It was concluded that the
earthquake initiated a slide-generated tsunami along the
shoreline.

Similar tsunamis occurred at Bay of Palu, induced by an
earthquake in Sulawesi Island of Indonesia on 28 September,
2018 (Mw = 7.5) (Sassa and Takagawa 2019). These were
excited by submarine slides along the bay due to liquefaction
of coastal regions (Sassa and Takagawa 2019). Maximum
run-up height was 11.3 m and average inundation distance
was ~ 200 m (Sassa and Takagawa 2019). The number of
casualties was 2000 and the number of missing persons
exceeds 5000.

In summary, all of these historical examples of tsunamis
induced by submarine slides and/or presumable ones were
excited by earthquake activity. These examples strongly
suggested that the preconditioning factors on submarine
slopes play an important role in excitation of the tsunami-
genic submarine landslides. Therefore, understanding the
preconditioning factors, not only using monitoring systems,
but also using topographic analyses are significant to reduce
the loss of the lives by tsunamis. Size and frequency of small
submarine landslides could demonstrate the state of the slope
stability.

3 Detailed Bathymetry and Dive Surveys

The landward trench slope of the southwestern Ryukyu Arc
is composed of a steep upper slope, forearc basin, and
accretionary prism from north to south (Okamura et al. 2018;
Fig. 2). These forearc structures west of 122° 40" E have
been disrupted owing to tectonic movements related to arc—
continent collision at Taiwan, back-arc rifting of the Oki-
nawa Trough, and the high subduction obliquity of the
Philippine Sea Plate (PSP), which contains ridges and sea-
mounts (Okamura et al. 2018) and is converging with the
Amur plate at a rate of 62—72 mm/year (Seno et al. 2005). At
the Amur plate, the prism has been sliding to the west, rel-
ative to the arc, along dextral strike-slip faults that are clearly
imaged by bathymetric mapping along the landward prism
margin (Okamura et al. 2018; Fig. 2). The fault motion is
interpreted to have been caused by slip-partitioning of the
oblique subduction of the PSP (Okamura et al. 2018).

We conducted three dive surveys using the manned
submersible Shinkai 6500 (hereafter 6K) in the Ryukyu
Trench region during cruise YKI16-11 by the vessel
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Yokosuka. The dive surveys are referred as 6K#1467,
6K#1468, and 6K#1469 (Figs. 2 and 3). Survey 6K#1467
was performed on 1 September 2016 on the Ryukyu Trench
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floor at the foot of the landward trench slope. On the lower
slope at a water depth of 6350 m, we collected a sediment
core sample from the flat seafloor (sample 6K#1467MG)
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using the Monterey Bay and Aquarium Research Institute
(MBARI) type corer. At 6160 m water depth, we discovered
an outcrop comprising of three horizontal brown sediment
layers each of which measured ~ 20 cm in thickness. At
6115 m water depth, we collected a sediment core sample
from the landward trench slope (sample 6 K#1467MR)
using an MBARI corer, following which we left the seafloor
at 6093 m water depth (Figs. 3 and 4).

Survey 6K#1468 was conducted on 2 September 2016.
We landed on the seafloor at a depth of 3653 m at a site
located at the foot of a cliff that might represent a lateral wall
of submarine channel and/or headwall scar of the submarine
slide that generated the 1771 Meiwa tsunami (Okamura et al.
2018). The slope extends over a distance of ~ 1.8 km
from ~ 3600 to ~ 3100 m water depth. The entire slope is
covered with thick sediment, with no apparent faults,
microbial mats, or colonies of chemosynthetic organisms.
On the gentle slope extending from ~ 3100 to 2900 m
water depth, we observed several fault-related cliffs oriented
mostly E-W and small outcrops of layered sedimentary
rocks. The slope from ~ 2900 to 2500 m water depth was
not covered by fresh soft sediment, but instead comprised of
partially hardened mud rocks at the seafloor (Figs. 3 and 4).

Survey 6K#1469 was performed on 3 September 2016.
We landed at a water depth of about 2600 m, where the
seafloor was flat and gray-colored, with several small dunes.
We observed a step oriented NNE-SSW, which might rep-
resent the western wall of a shallow channel. The step has a
relief of ~ 1.0-1.5 m and exposes two units of strata.
Farther eastward, we observed the western wall of the
channel (Figs. 3 and 4).

4 Descriptions of Core Samples

Core sample 6K#1467MG was 35.5 cm long and was col-
lected at 23°13.3014'N, 124°9.0358'E in 6371 m of water
depth (Fig. 3). This core is composed of dark-olive-gray
(2.5Y3/1) ashy silty clay throughout. The clay contains
interbeds of fine- to medium-grained sand at 4, 8.4, 12, 14,
22, and 27 cm in core depth. A dark-olive-black (7.5Y2/2)
silty clay layer was observed at 5-6cm, and a
yellowish-olive-black (10Y3/2) clay at 13.0-13.5 cm
(Fig. 5).

Core sample 6K#1467MR was a length of 37 cm and was
collected from a gentle slope with a thick cover of soft mud
at 23°14.2477' N, 124° 9.2242" E in 6115 m of water depth
(Fig. 3). This core is composed of olive-black (7.5Y3/1)
ashy clayey silt throughout. The clayey silt is massive above
16 cm and is interbedded with darker-colored laminae below
16 cm. An olive-black (5Y3/1) clay layer (2 mm thick)
occurs at 20 cm (Fig. 5). The bedding planes in this core

have a dip of 5-10°, as discovered during vertical penetra-
tion by the corer.

Core sample 6K#1468MG was 38 cm long and was
collected at 23° 37.8476" N, 124° 25.4856" E in 3653 m of
water depth (Fig. 3). The sampling site is characterized by
mud on a flat seafloor with small mounds of about 20 km in
diameter. The core sample is yellowish gray (2.5Y4/1) at 0-
6 cm, gradually becoming darker at 6-12 cm, dark grayish
yellow (2.5Y4/2) at 12-35 cm, and brownish black
(2.5Y3/2) at 35-38 cm (Fig. 5).

Core sample 6 K#146OMR was 26 cm long and was
collected at 23° 59.5252' N, 124° 13.4547" E in 2583 m of
water depth (Fig. 3). The seafloor at the sampling site is
characterized by a flat floor with small white mounds (10-
15 cm in diameter). The core sample is composed of bio-
turbated calcareous ooze, with numerous planktonic for-
aminifers and calcareous nannofossils throughout. The core
color changes gradually with depth, being dark olive (5Y4/3)
at 0-24 cm as a brownish surface oxidized layer, and dark
olive gray (2.5Y3/1) at 24-39 cm as a grayish anoxic layer.
The color at the boundary between these two layers is lighter
than the grayish layer at 18-22 cm and is pale gray at 24—
30 cm (Fig. 5).

5 Methods
5.1 Natural Gamma Radiation and Gamma-Ray
Densitometry

In order to detect chemical characteristics of lamina, Natural
gamma radiation (NGR) and gamma-ray attenuation
(GRA) bulk densities were measured over 2 cm intervals
using a multisensor core logger (MSCL). Here, we briefly
explain these measurement methods, details of which can be
found in Blum (1997).

Potassium (40K), thorium (23 2Th), and uranium (238U) are
radioisotopes that have a sufficiently long decay life to
produce an appreciable amount of gamma rays. Minerals
that fix K, U, and Th, such as clay minerals, are the principal
source of NGR. Other sources include arkosic silts and
sandstones, potassium salts, bituminous and alunitic schists,
phosphates, certain carbonates, some coals, and felsic or
mafic igneous rocks.

The bulk density of sediments and rocks is estimated
from the measurement of GRA. GRA data can provide a
precise and densely sampled record of bulk density, which is
an indicator of changes in lithology and porosity. GRA
records are frequently used for core-to-core correlation.
Another important application of GRA measurements is the
calculation of acoustic impedance and the construction of
synthetic seismograms.
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Fig. 4 Photographs taken during the dive surveys. The locations of the
photographs are shown in Fig. 3. A: Sediment core collected from
muddy seafloor in the Ryukyu Trench, 6K#1467. B: Parting lineations
on a deep-sea fan in the Ryukyu Trench, 6K#1467. C: An E-W step
with a height of ~ 1 m, 6K#1468. D: An E-W step with a height
of ~ 0.5 m, 6K#1468. E: An E-W headwall scarp with a height

of ~ 0.5 m and mudstone blocks measuring several centimeters in
diameter, 6K#1468. F: An E-W headwall scarp with a height
of ~ 0.5 m high and mudstone blocks measuring several centimeters
in diameter, 6K#1468 and G: Lateral wall with a height of ~ 1 m high
along a valley, 6K#1469
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5.2 Grain Size Determinations

Grain size distributions were determined using a Mastersizer
laser diffraction grain size analyzer (Sysmex Co. Ltd.).
Approximately 0.1 g of wet sediment sampled at a 1 cm
interval (2 cm interval for 6K#1468MG) was disaggregated
in boiling water in a glass beaker and then left for 24 h. Each
sample was further disaggregated by ultrasonic treatment for
30-60 s just before measurement.

5.3 Analysis of Element Contents

Element profiles were measured on the split face of the core
samples using an ITRAX XRF core scanner (Cox Analytical
Systems). First, a flat surface was made on each core sample,
following which element contents were measured at 0.2 mm
intervals, for 10 s at each point. The analytical conditions of
the scanner were 30 kV and 55 mA.

5.4 2'%pp_, measurements

219pp is a natural radionuclide of the uranium decay series
and has a half-life of 22.3 year. In sediments, >'°Pb origi-
nates from (1) the decay reaction of 226Ra within the mineral
matrix (supported fraction), and (2) the adsorption of 2'°Pb
atoms onto the surfaces of particles, derived from the decay
of ***Rn in the water column or from the atmosphere (un-
supported fraction) (Koide et al. 1972). Unsupported 210py,
also termed excess 2'°Pb or 210Pbe,‘, can be used to deter-
mine mass accumulation rates over a time scale of about
100 year (e.g., Nittrouer et al. 1979). '¥’Cs (half-life of
30 year) is an artificial radionuclide dispersed into the nat-
ural environment mainly by nuclear bomb tests after 1953.
The maximum '*’Cs fallout was recorded in 1963, with
fallout levels decreasing after the cessation of atmospheric
nuclear bomb tests. In the marine environment, 137Cs has
been supplied both by atmospheric fallout and by sediments
discharged by rivers (Smith and Ellis 1982; Ritchie and
McHenry 1990). Since '*’Cs is used as a chronological
tracer, '*’Cs profiles in sediment are commonly used in
conjunction with 2'°Pb, profiles to determine sediment
accumulation rates (e.g., Baskaran and Naidu 1995; Kato
et al. 2003).

5.5 Magnetic Fabric Analyses

To obtain an indication of the sedimentary fabric, we mea-
sured the anisotropy of magnetic susceptibility (AMS) using
an AGICO KLY-4S anisotropy magnetic susceptometer.

Test specimens were encased in plastic cubes with a volume
of 7 cm®. The resultant measurement interval through the
cores was therefore ~ 1.9 cm. The obtained AMS values
are represented by magnetic ellipsoids, of which the maxi-
mum, intermediate, and minimum axes are denoted by Ki,.x,
Kint, Kmin, respectively. In general, the magnetic ellipsoid
indicates the degree of alignment of magnetic particles in
sediments (i.e., the magnetic fabric; Tarling and Hrouda,
1993). In this study, we used the following parameters: P
(degree of anisotropy) = Kpax/Kmin, F (degree of folia-
tion) = K;,/Knmin, and L (degree of lineation) = K. /Kin-
Paleomagnetism was measured on the same AMS plastic
cube samples and using a superconductive magnetometer
(2G-Enterprises, CA, US). We conducted step-wise
alternating-field demagnetization during measurements of
paleomagnetism. Since declination data are gradually shifted
downward due to twisting to twisting during coring, mag-
netic north was corrected accordingly using the least-square
method to reconstruct the in situ north direction of the core.

6 Results
6.1 Physical Properties and Grain Size
Distribution

Core-sample density values based on the GRA measure-
ments range from 1.2 to 2.0 g/cm3 (Fig. 5). In the uppermost
4-5 cm, density values are mostly 1.5-1.6 g/cm®, reflecting
a high water content. Density values increase gradually with
burial depth, reflecting burial consolidation. NGR counts
increase with burial depth because of the increase in
radioactive nuclei in a given sample volume with increasing
burial consolidation.

Grain size distributions show a peak at ~ 10 pm diam-
eter in cores 6K#1467MG and 6K#1467MR. Due to the
presence of laminae, sand-sized particles are found in several
horizons in the core sediments. Grain size distributions show
mostly silty clay with peaks at ~ 5-10 um diameter in
cores 6 K#1468MG and 6K#1469MR. In these cores, the
grain size of sediment in the shallow horizons (<~ 5 cm
deep) is larger than that in the deeper horizons (>~ 20 cm
deep).

6.2 Element Profiles

We measured 56 elements, of which four representative
element (Mn, K, Ca, and Al) profiles are presented in Fig. 5.
These profiles enabled two types of parallel bands to be
identified in cores 6K#1467MG and 6K#1467MR. One type
is low-Computed Tomography (CT)-value bands, which are
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characterized by high Mn and K, and low Ca and Al values,
as depicted by broken red lines (three lines for sample
6 K#1467MG) in Fig. 5a. The other type is high-CT-value
bands, which are characterized by low Mn, high K, relatively
high Ca, and moderate Al values, as shown by broken gray
lines (28 lines for sample 6K#1467MG and 8 lines for
6K#1467MR) in Fig. 5a, b.

6.3 2'°Pb., Measurements

21OPbeX concentrations measured in the sediments and a
depth for sample 6K#1467MG were presented in Fig. 6 and
Table 1. The '°Pb,, concentration was ~ 666 Bg/kg at 0—
1 cm depth and gradually decreased with increasing burial
depth to ~ 200 Bg/kg at 7-8 cm depth. The trend in
219pp, . concentration showed a constant exponential decline
with burial depth without any vertical mixing related to
bioturbation. The absence of significant sediment mixing
was also supported by X-ray CT images (Fig. 5b).

6.4 Magnetic Fabrics

Most of the magnetic susceptibility values in the studied
cores lie between 0.1 x 107> and 1.5 x 107> SI units. There
are sharp peaks in the range of ~ 2.0-3.0 x 107> SI units
in silt layers (Fig. 5).

Paleomagnetic directions in all of the core samples were
mostly stable from 50 to 800 G during the stepwise alter-
ation of field demagnetization. In this study, we used
declination and inclination data under 200 G conditions.
Paleomagnetic inclinations are mostly 40-50° downward for
the Brunhes chron, but those of 6K#1467MR vary from 70
to 5° downward.

The magnetic susceptibility of the samples is 4-9 x 10~
SI throughout the cores (Fig. 5). This range reflects differ-
ences in the content, type, and/or amount of magnetic min-
eral grains. Following Tarling and Hrouda (1993), the
magnetic minerals contributing to the magnetic susceptibility
and its anisotropy in our samples were assumed to be fer-
rimagnetic and paramagnetic mineral grains.

Values of P, F, and L for samples 6K#1468MG and
6K#1469MR are mostly 1.02 throughout the cores (Fig. 5).
These values indicate that the magnetic mineral grains are
arranged with a low degree of preferred orientation (almost
random) in the sediment, most likely as a result of intense
bioturbation. In contrast, values of P and F in 6K#1467MG
and 6K#1467MR change from 1.03 to 1.10 downward, but L
values are low throughout the cores (Fig. 5). This pattern of
values shows that the magnetic mineral grains are arranged
with a strong preferred orientation, most likely as a result of
the parallel laminae in the core sediments.

Fig. 6 Lower-hemisphere stereoplots of K. (solid squares),
K, (open triangles), and K,,;, (solid circles) for core samples
a 6K#1467MG, b 6K#1467MR, ¢ 6K#1468MG, and d 6 K#1469MR.
In (b), gray points indicate original data, and black points depict
data that were rotated mostly parallel to a slope of about 10° tilted
southward
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Table 1 *'°Pb,, profile data for Depth (cm)
sample 6K#1467MG

0-1

1-2

2-3

4-5

7-8

7 Discussion

As mentioned above, core samples 6K#1467MG and
6K#1467MR are characterized by two types of sediment
bands. One is three low-CT value bands of clay layers, and
the other is high-CT-value of sandy and silty laminae. The
total number of laminae can be counted 28 sandy and silty
laminae using element profiles as shown in Fig. 5. The
sedimentary grains in the thick laminae could be supplied
from a shallower slope than the carbonate compensate depth,
because these consist of relative high Ca at 5, 15, 22, and
25 cm deep. In contrast to these thick laminae, thin laminae
without high Ca might be formed by sedimentary grains
supplied from a slope area directly above the trench floor.

7.1 Paleocurrent Analysis of the Core Samples
We used paleomagnetic north directions in each core under
200 G AF demagnetization conditions because these mea-
surements are stable. We corrected the K,,,,,, directions of the
AMS using paleomagnetic north in each core following the
method of Kawamura et al. (2002). The corrected data,
magnetic susceptibilities, and AMS data for each core are
illustrated in Fig. 6 with respect to present-day north as a
reference frame.

The corrected K, directions show some consistency
(Fig. 6). K. directions are concentrated along NW-SW for
6K#1468MR and WNW-ESE for 6K#1469MR, and are
sub-parallel to the slope direction, whereas those for
6K#1467MG dip to the south at < 10°, suggesting imbri-
cation of the sedimentary grains.

In contrast, K., directions for sample 6K#1467MR dip
south at ~ 5° and paleomagnetic inclinations are 40-50°
downward, whereas the inclinations of sample 6K#1467MR
are shallower with increasing burial depth owing to the
downslope gradient of the bedding plane. Therefore, we
tilted the dataset of 6K#1467MR by 10° southward to adjust
for the downslope gradient. As a result, the post-rotation
plots are similar to those for 6K#1467MG (Fig. 6b).

According to Kawamura et al. (2002), the paleocurrent
directions for 6K#1467MG and 6K#1467MR can be inter-
preted as indicating flow from north to south.

excessPb (Bg/kg)
666.1 = 11.2
5559 £ 8.5
388.8 £ 5.6
296.6+5.0
204.2£3.9

Mass Accumulation Rates on the Trench
Floor

7.2

Figure 7 presents a >'°Pby, profile for sample 6K#1467MG.
The cumulative mass for >!°Pb,, was calculated as:

W= /prdD

where W is the cumulative mass of sediment (g/cmz), p is the
dry bulk density of the sediment (g/cm?), and D is the depth
from the top of the core (cm).

Mass accumulation rates were calculated from the >!°Pb,,
profile (Fig. 7). To consider compaction of the sediment
buried, the mass accumulation rate was expressed in g/cm?/
year using *'°Pb., concentration and cumulative mass
(g/cm?). For sample 6 K#1467MG, exponential mass accu-
mulation curves were fitted (Koide et al. 1972). The calcu-
lated mass accumulation rate was 2.42 g/cm?*/year.

7.3 Submarine Sliding at the Toe of the Ryukyu
Accretionary Prism

The paleocurrent direction of the laminated sediments is
estimated to have been from north to south, indicating that

: +
€ %/
2
< /
§ ¥
S5} i
= /
o /
=
o
D
L

——y=674.77 " e-0.16821x%) R =0.96025
10 : : :
100 2lnpbex (Bq kg-1) 1000

Fig. 7 >'°Pb., profile for sample 6K#1467MG
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the sediments were not transported along the trench but
rather from the landward slope, probably from repeated
submarine slides. The mean sedimentation rate for
6K#1467TMG was calculated at 2.42 mm/year using *'°Pbe,
concentration measurements and an age for the 10 cm
horizon of roughly 50 year ago. Using the estimated sedi-
mentation rate and the total number of laminae detected
using element profiles within 10 cm deep (8 laminae as
shown in Fig. 5), we simply calculated that the recurrence
interval of the silt/sand layers is typically ~ 6 year for
sample O6K#1467MG. These results indicate that
repeated ~ 6-year-interval submarine slides have occurred
continuously at the toe of the landward trench slope in the
Ryukyu Trench over the last ~ 50 year, suggesting that the
toe of the accretionary wedge is in a continually unstable
state with respect to the triggering of submarine slides.

8 Summary

(1) We performed three dive surveys using the 6K manned
submersible in the Ryukyu Trench. These dive sites
were near a large submarine slide that generated the AD
1771 Meiwa tsunami.

(2) Dive site 6K#1468 was on the uppermost part of the
submarine slide, where recent steps and fissures were
observed. Dive site 6K#1467 was located at the toe of
the submarine slide, which was covered by a muddy
sediment layer. No chemosynthetic biocommunities
were observed. Core sample 6K#1467MG comprised
muddy sediments interlayered with silt and/or sand
laminations.

(3) The paleocurrent direction of the laminated sediments
was from north to south, indicating that the sediments
were not transported along the trench but rather from
the landward slope, probably as a result of the occur-
rence of repeated small submarine slides.

(4) The sedimentation rate for core sample 6K#1467MG
was calculated as 2.42 mm/year by *'°Pb,, measure-
ments through the core and an age for the 10 cm
horizon of ~ 50 year ago.

(5) We infer that small submarine slides repeated at an
interval of ~ 6 year have occurred persistently at the
toe of the landward trench slope in the Ryukyu Trench
during the last ~ 50 year.
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Experimental Simulation of Landslide Creep
in Ring Shear Machine

Netra Prakash Bhandary

Abstract

Soil material undergoes a volumetric change when
deformed, and the change continues until the material
reaches its critical state. In granular soils, the critical state
is one that exhibits the least frictional resistance, but in
clayey materials, the frictional resistance decreases further
upon shearing due to particle reorientation in the plane of
failure, and the material volume attains a stable or steady
state only after a large amount of shear deformation,
which depending on the material type varies from a few to
tens of centimeters. This state of shear deformation is
generally known as the residual state. This article focuses
on residual-state creep shear tests on common clayey
materials for the purpose of experimentally simulating the
landslide creep and understanding the displacement
behavior of large-scale creeping landslides. As a general
understanding, the deep-seated creeping landslides dis-
place as a result of residual-state shearing of clayey
material in the slip surface. So, a modified bishop-type
torsional ring shear machine was developed for studying
the residual-state shear creep behavior of clayey soils. In
the ring shear tests, the material is first sheared under a
strain-controlled pattern, and after the sample reaches its
residual state of shear, different sets of constant shear
loads are applied until the sample fails again and again.
The test results reveal that at the residual state of shear,
the creep behavior is exhibited only after a load
equivalent to the residual frictional resistance of the
material is applied. Moreover, it was understood that the
displacement required for the beginning of the tertiary
stage of creep of particular soil material, i.e., the early
stage of creep failure is the same for all sets of creep
loads.
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1 Introduction

Large-scale creeping landslides often refer to massive mass
movements that slide down the mountain slopes at a
creeping rate of displacement, ranging from a few to tens of
centimeters a year. Depending on the geohydrological con-
ditions, the displacement rate fluctuates, but in many cases, it
is found to be only a few centimeters a year. Such a slow rate
of land sliding is often also referred to as creeping dis-
placement, and the soil material in the slip surface of such
landslides is often found to be clayey, which is generally
found and considered to be in its residual state of shear due
to continuous landslide displacement for a long time.

Even when the geohydrological conditions do not
change, the landslide activity continues under the influence
of gravitational force-produced shear component along the
shear surface that can be considered almost equal to the
amount of shear resistance produced along the shear surface,
i.e., a condition of limit state failure. However, Patton (1984)
describes that such landslides keep moving even when the
slip surface shear resistance is slightly greater than the
driving shear forces. If we consider that the stress conditions
on the slip surface material do not change for a certain
duration but the landslide is in constant downslope move-
ment, we can compare this situation with creep phe-
nomenon, which basically is time-dependent rise in strain
under a constant applied stress. So, it is considered that the
large-scale landslide displacement behavior can be under-
stood through shear creep tests on clayey materials. How-
ever, due to already occurred large shear deformation (or
displacement), the shear resistance along the slip surface
cannot be treated as that of an only slightly sheared soil
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material. So, use of a ring shear machine has been in practice
for the last several decades, especially when evaluating
landslides and large deformation ground problems. The ring
shear machine can shear an annular soil specimen for nearly
infinite amount of shear deformation and helps to measure
peak and residual shear resistances of a clayey soil material.
In general, the shear strength of a soil is defined as its
maximum resistance to applied shear force (Skempton 1964;
1985; Bishop et al. 1971; Lupini et al. 1981, Giba and Ega-
shira 1992; Gibo 1994; Nakamura et al. 2010). When a soil is
sheared, the developed shear resistance first reaches a peak
value at a comparatively short time or less deformation.
During this process, the soil material undergoes volume
change due to vertical movement of soil particles and
depending on the outward (known as dilation) or inward
(known as contraction) movement of the particles, the
developed peak shear resistance is high or low. The peak
shear resistance, especially for overconsolidated or dense
materials, is attained when the rate of outward vertical
movement (i.e., dilation) of soil particles is maximum.
Immediately after the peak value, upon further shearing, the
shear resistance drops gradually until fully softened shear
resistance is achieved, which is generally known as critical
state (refer to Fig. 1). Shearing beyond the critical state may
result in slight volume change (normally contraction), which
is basically due to reorientation of clayey particles in the
shear zone, but after the reorientation process is over, no
further volume change is theoretically supposed to take place,
and the frictional resistance exhibited remains constant. This
very state is referred to as residual state of shear for clayey
soil materials (Skempton 1964, 1985; Lupini et al. 1981).
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Fig. 1 General trend of pre- and post-peak shear resistance and shear

deformations in ring shear tests (based on Skempton 1985)

So far, most creep tests on soil materials have employed a
triaxial compression cell or an oedometer (such as Ter-
Stepanian 1963; Yen 1969; Waker 1969; Campanella and
Vaid 1974; Nelson and Thompson 1977; Patton 1984; Feda
1989; Picarelli et al. 2001; Picarelli et al. 2004; Augustesen
et al. 2004; Leoni et al. 2008; Yin et al. 2010; Brandes and
Nakayama 2010, etc.), but these methods largely differ from
the state of shear explained above, i.e., creep shear behavior
of the slip surface material or the landslide creep, which
may be ideally defined as a time-dependent slow displace-
ment under no change in driving forces or stresses and
can be represented by creep displacement curves shown in
Fig. 2.

At residual state of shear, a clay material is supposed to
have zero to negligible cohesion and no effect of dilation or
contraction. What helps the slip surface material at this state
develop shear resistance is the true inter-particle frictional
force generated amongst the soil particles. So, the existing
creep test methods do not truly help understand the mech-
anism of creeping landslide displacement. So, for this study,
an existing torsional ring shear machine was modified to
make it also capable of measuring residual-state creep dis-
placement under any amount of applied constant shear
stresses. A special care was taken not to let the residual-state
slip surface material undergo strength recovery due to period
of shear stagnation while changing from ordinary shear to
creep shear. So, in this article, the focus mainly goes onto
introducing the residual-state creep shear test method for the
experimental simulation of landslide creep, understanding
the residual-state creep displacement behavior of different
types of clayey materials, and linking the findings of this
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experimental study with the creeping type landslide dis-
placement behavior.

2 Material and Method

2.1 Modified Ring Shear Machine

A torsional ring shear machine (Bishop et al. 1971) was used
in this study after a few special modifications. The annular
specimen container of the ring shear machine measures 8 cm
inner diameter and 12 cm outer diameter with a total depth
of 3.2 cm. To perform the residual-state creep tests, the ring
shear machine was modified based on the transitional change
of the strain-controlled motor-driven shear into creep load

shearing without completely releasing the applied shear
stress, which is capable of measuring the creep displacement
with respect to time under the application of a constant creep
load, as shown in Fig. 3. The lower part of the ring shear
machine has been designed to allow the applied creep load to
act directly on the slip surface of the test specimen, and the
displacement or deformation due to the creep load can be
recorded in the displacement recorder unit. The deformation
of the specimen with respect to time and the corresponding
changes in the volume of the specimen, if any, during the
creep tests can be recorded automatically. The testing pro-
cess involves strained-controlled shearing, confirmation of
residual state, application of various creep shear stresses
(or stress-controlled shearing) and recording of time-
displacement histories.
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2.2 Test Materials

Landslide slip surface materials generally are clayey soils
composed of common clay minerals such as smectite,
chlorite, and illite. These minerals generally have very high
specific surface area, higher cation exchange capacity, and
greater affinity to water. For this reason, large-scale creeping
landslides have been extensively studied from clay miner-
alogical perspective and are often interpreted as a long-term
geomorphological process influenced significantly by min-
eralogical changes (e.g., Yatabe et al. 1991; 2007, Torii et al.
2006). So, in this study, all tests were conducted using
commercially available kaolin clay, Toyoura sand powder
finer than 75 pm, and their mixtures with commercially
available Na-bentonite powder (with about 50% smectite
content) in different desired proportions. The mix proportion
of Na-bentonite in kaolin and the sand powder was 5, 10, 15,
20, and 25% by weight. The main purpose of increasing the
amount of Na-bentonite in the test samples was to achieve
decreasing residual strength or residual friction angle (¢,) of
the test samples. The physical properties and ring shear
results of the tested mix samples are presented in Table 1. In
the ‘sample name’ column, SP refers to sand powder, K
refers to kaolin powder, B refers to bentonite powder, and
the figures after these notation letters refer to the percentage
of the material mixed in that test sample. For example,
SP100 refers to 100% sand powder, K100 refers to 100%
kaolin while SP95+B5 refers to 95% sand powder and 5%
bentonite, K75+B25 refers to 75% kaolin and 25%
bentonite.

Table 1 Physical properties and ring shear results of the clayey soils

2.3 Experimental Program

In the residual-state shear creep tests, two main steps were
followed: (1) ordinary ring shear tests and (2) residual-state
shear creep tests. The ordinary ring shear tests were con-
ducted to achieve the soil materials residual state of shear.
This state was confirmed when the shearing had reached a
state of constant values for the load-cell reading and dial
gauge reading after about 10 cm of shear displacement. In
the residual-state shear creep tests, the first creep load was
calculated on the basis that the applied shear stress was 90%
of the residual-state shear resistance, which is referred in this
study as ‘Residual-state Creep Stress Ratio’ and is denoted
by Rrcs. A 90% residual-state creep stress ratio is denoted
by Rrcs = 0.9. Then, the material specimen was left under
creep loading for several hours and displacement was
recorded with the passage of time. After one set of creep test
was considered or observed to have been over, the creep
load was increased in subsequent steps and time-
displacement histories were recorded. The overall
experimental flow of the residual-state shear creep tests is
shown in Fig. 4. The applied Rrcs values in case of all
tested samples varied from 0.9000 to 1.0300 in a step of
0.005.

All material samples were prepared for the tests by first
uniformly mixing them with appropriate amount of distilled
water and then deairing for complete saturation. The deaired
liquid samples were then poured into the specimen maker
and consolidated under a pressure of 98.1 kN/m* until the
primary consolidation was confirmed to be over. Then, the

Sample Solid Density, Liquid Plastic Plasticity Grain size distribution (%) Residual friction
name Gs (g/cm3) Limit, LL Limit, PL index, PI <2 pm 275 um 75425 pm angle, ¢r (°)
(%) (%) (%)

SP100 2.623 - - - 14.5 85.5 0 29.46

K100 2.609 475 27.1 20.3 67.0 33.0 0 26.28
SP95+B5 2.627 35.8 15.6 20.2 19.0 81.0 0 25.62
K95+B5 2.618 52.5 20.3 323 63.0 37.0 0 24.95

SP90 +B10  2.634 52.8 18.6 342 24.9 75.1 0 23.44
K90+B10 2.636 66.2 21.9 44.4 61.0 39.0 0 22.36
SP85+B15 2.653 71.8 19.2 52.6 27.0 73.0 0 21.09
SP80+B20 2.660 94.0 19.9 74.1 32.0 68.0 0 19.58
K85+B15 2.653 83.8 21.8 62.0 51.0 49.0 0 18.91
SP75+B25 2.678 108.8 24.8 84.0 342 65.8 0 16.96
K80+B20 2.673 98.6 20.8 77.8 49.0 51.0 0 15.19
K75+B25 2.692 122.8 28.8 94.1 46.4 53.8 0 11.03

SP Sand powder; K Kaolin powder, B Bentonite powder
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Fig. 4 Overall experimental flow
of residual-state creep test
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specimen was transferred into the ring shear machine’s
sample container and consolidated again under a pressure of
196.2 kKN/m?. However, to avoid unwanted machine friction
due to high normal pressure, all shear tests were conducted
under a normal pressure of 98.1 kN/m” (with an overcon-
solidation ratio of 2.0). The shearing condition was con-
firmed to be fully drained by allowing sufficient time to
dissipate excess pore water pressure, for which the average
rate of displacement through the slip surface was set at
0.15 mm/min. At first, strain-controlled shearing was con-
ducted until the residual state of shearing was achieved and
residual strength was obtained. Then, the strain-controlled
shearing was stopped for about 10 min, and preparations for
the creep test were made.

To avoid confusions and discrepancies due to unknown
parameters, some important assumptions were made in this
study, which are as follows:

o At the residual-state of shear, there is no influence of
further displacement on the shear resistance of the slip
surface soil.

e The amount of recovered shear strength, if any, due to
reduction in the rate of shear (e.g., Bhat and Yatabe 2015;
Scaringi et al. 2018) or due to the state of no shear is
negligible.

e The effect on the shear resistance due to lack of unifor-
mity in sample preparation, if any, effective stress appli-
cation accuracy, etc. is negligible.

Creep loading

system

=—! Displacement sensor }—

Increase
creep load

Data processing /

Interpretation

The change in the shear behavior due to changes in the
value of the Rgcs, if any, is negligible.

There is no influence of any amount of displacement in
the amount of shear resistance if the sheared material has
already reached its residual state

3 Results and Discussion

Creep deformation in soil materials is often explained in
three stages, as also illustrated in Fig. 2. In the beginning,
the deformation increases rapidly but slows down to a cer-
tain value; this stage is known as primary creep. Then, the
rate of deformation becomes constant; this is known as
secondary creep. Finally, the deformation rate starts to
increase exponentially leading to complete failure; this stage
is known as tertiary creep. So, in this study, the test results
are basically summarized in three stages of creep.

Of the residual-state shear creep test results of total 12
clayey material samples (refer to Table 1), four representa-
tive test results for the K100, SP100, K75+B25, and SP75
+B25 samples are presented respectively in Figs. 5, 6, 7 and
8, and the basic parameters obtained from the test results in
Figs. are summarized respectively in Tables 2, 3, 4 and 5.
Owing to the space constraint, the test results for the other
eight samples are not presented but all those results are used
in interpreting the residual-state creep failure behavior in
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Fig. 5 A typical set of residual-state shear creep test results of the K100 sample (i.e., 100% kaolin powder)
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Fig. 6 A typical set of residual-state shear creep test results of the SP100 sample (i.e., 100% sand powder)

subsequent discussion. As indicated in the above figures and
tables, #, refers to the elapsed time up to the end of primary
creep (or beginning of the secondary creep), J, refers to the
amount of displacement corresponding to #;, #; refers to the
time when secondary creep ends and tertiary creep begins
(i.e., final stage of creep failure), and J, refers to the amount
of displacement corresponding to f.

Particularly in the figures above, it is evident that for all
cases of Rrcs, the amounts of displacement at the time of
failure, i.e., at the beginning of the tertiary creep, are more or
less the same (also refer to Tables 2, 3, 4 and 5). It indicates
that regardless of the amount of applied creep stress, the soil

material in its residual state of shear fails only after a certain
amount of displacement is achieved. So, in this study, this
typical amount of displacement is named as ‘critical dis-
placement’ and is denoted by J.. In case of the K100 sample
(Fig. 5), an averaged critical displacement is around
1.758 mm. Likewise, it is 1.414 mm for SP100 sample
(Fig. 6), 4.014 mm for K75+B25 sample (Fig.7), and
2.89 mm for SP75+B25 sample (Fig. 8).

Although the test results of other eight samples are not
presented, the critical displacements for the SP95 +BS5, K95
+B5, SP90+B10, K90+B10, SP85+ B15, SP80+B20, K85
+ B15, and K80 +B20 samples were estimated to be
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Fig. 7 A typical set of residual-state shear creep test results of the K75+B25 sample (i.e., 75% kaolin powder and 25% bentonite powder)
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Fig. 8 A typical set of residual-state shear creep test results of the SP75+B25 sample (i.e., 75% sand powder and 25% bentonite powder)

1.925 mm, 1.974 mm, 2.104 mm, 2.250 mm, 2.363 mm,
2.653 mm, 2.783 mm, and 3.136 mm, respectively. All
these values of critical displacement are plotted against the
values of angle of residual friction (¢,) (as presented in
Table 1) in Fig. 9. Except for a few points, the trend of
decrease in critical displacement with increased angle of
residual friction is quite linear. This trend clearly reveals that
the critical displacement is inversely proportional to residual
friction characteristic of a clay material.

The concept of critical displacement may be understood
further through coefficient of friction. Basically, any material
exhibits two types of frictional behaviors as governed by
coefficient of static friction ug (i.e., frictional resistance in
rest) and coefficient of kinematic friction y (i.e., frictional
resistance while in motion). The coefficient of static friction

is usually greater than the coefficient of kinematic friction,
which means a stationary object always needs a greater force
to move than to keep it in motion. In a soil material too, the
initial force required shear it is always greater than the force
required to keep it shearing. So, in this case too, in the
beginning the coefficient of static friction (us) governs the
displacement, e.g., in primary and secondary stages of creep,
but as soon as the displacement reaches its critical value, the
coefficient of kinematic friction (4) comes into scene to
govern the frictional behavior, which leads to accelerated
displacement and thereby to complete failure. So, the
amount of displacement required for transitional change of
U 10wy 1s understood as critical displacement in this study.

The test results also reveal that creep deformation for Rgcg
values equal to or below 1.0 does not progress to secondary
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Table 2 Summary of the Test No Rres H o1 1 e Remarks

residual-state creep tests on the

K100 sample (refer to Fig. 5) (sec) (mm) (sec) (mm)
1-11 1.0200 18 1.401 152 1.751 Failure
1-10 1.0175 20 1.392 268 1.749 Failure
1-9 1.0150 28 1.340 606 1.750 Failure
1-8 1.0125 62 1.358 1502 1.760 Failure
1-7 1.0100 136 1.375 3846 1.782 Failure
1-6 1.0075 558 1.380 14,370 1.755 Failure
1-5 1.0050 1688 1.391 69,220 1.758 Failure
1-4 1.0025 19,632 1.591 515,252 1.761 Failure
1-3 1.0000 4222 1.072 - - No failure
1-2 0.9500 3916 0.784 - - No failure
1-1 0.9000 3544 0.483 - - No failure

Table 3 Summary of the Test No Rres 4 5y t e Remarks

residual-state creep tests on the

SP100 sample (refer to Fig. 6) (s) (mm) () (mm)
1-8 1.0300 10 0.9144 48 1.1580 Failure
1-7 1.0250 18 0.8493 108 1.1321 Failure
1-6 1.0200 36 0.9648 272 1.1621 Failure
1-5 1.0150 94 0.8824 1094 1.1604 Failure
1-4 1.0100 420 0.8294 8182 1.1074 Failure
1-3 1.0075 1850 0.8612 29,294 1.1284 Failure
1-2 1.0050 10,770 0.9026 129,170 1.1412 Failure
1-1 1.0000 5074 0.8099 - - No failure

Table 4 Summary of the Test No Rgcs 91 01 te Oc Remarks

residual-state creep tests on the

K75 + B25 sample (refer to ®) (mm) ®) (mm)

Fig. 7) 1-10 1.0250 3 3.6904 4 4.1049 Failure
1-9 1.0200 6 3.6306 10 3.9984 Failure
1-8 1.0175 10 3.7883 16 4.0843 Failure
1-7 1.0150 18 3.7513 28 3.9941 Failure
1-6 1.0125 38 3.7064 64 3.9554 Failure
1-5 1.0100 106 3.9788 172 4.1854 Failure
1-4 1.0075 338 3.8878 602 4.1014 Failure
1-3 1.0050 1324 3.6644 2468 3.8657 Failure
1-2 1.0025 10,292 3.6680 18,264 3.8382 Failure
1-1 1.0000 3806 2.9752 - - No failure

and tertiary stages (e.g., first three test cases in Fig. 5), which
means regardless of the length of time, the clay material does
not fail in creep. However, as soon as the Rgrcs value gets
greater than 1.0, the creep failure does take place, and the
trend is greater the Rrcg value, shorter the time up to failure.
Moreover, amongst the tested samples, Rgrcs = 1.03 was
found to be the upper limiting value revealing any greater

value would result in instantaneous failure. This more or less
indicates that creep failure in residual state of shear of clayey
materials is exhibited from a shear loading equivalent to
residual shear resistance to an increase in shear loading by
3% of the residual shear resistance.

Furthermore, variation of failure time (¢;) with
residual-state creep stress ratio (Rrcs) for all tested samples
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Ta!ole 5 Summary of the Test No Rres 4 o1 1 Je Remarks
residual-state creep tests on the
SP75+B25 sample (refer to (s) (mm) (s) (mm)
Fig. 8) 1-11 1.0300 2 2.4643 4 2.9556 Failure
1-10 1.0250 4 2.5363 8 2.9187 Failure
1-9 1.0200 10 2.5953 20 2.9247 Failure
1-8 1.0175 20 2.6451 36 2.8942 Failure
1-7 1.0150 38 2.6635 76 2.9312 Failure
1-6 1.0125 92 2.6756 168 2.8945 Failure
1-5 1.0100 276 2.6764 504 2.8757 Failure
14 1.0075 918 2.6753 1622 2.8545 Failure
1-3 1.0050 3826 2.6766 7428 2.8624 Failure
1-2 1.0025 20,294 2.5452 56,892 2.7925 Failure
1-1 1.0000 6460 1.9825 - - No failure
Fig. 9 Relation between critical 5
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is shown in Fig. 10. It is more than clear from this figure that
the failure time (#;) is a function of residual-state creep stress
ratio (Rrcs) and residual friction angle (¢,). For a particular
sample, there is a fine trend of curvilinear decrease in log-
arithmic time of failure (i.e., log(#;)) with the increase in
residual-state creep stress ratio (Rrcs), while #; is seen to get
longer with a greater angle of residual friction (¢,). This
tri-parametric relationship between failure time (#),
residual-state creep stress ratio (Rrcs), and angle of residual
friction (¢b,) can be well considered an important basis for
predicting residual-state creep failure of clayey materials.
Moreover, establishment of a numerical relationship
between these three parameters is considered to help predict
creeping landslide displacements. For example, if a landslide
can be precisely assessed to give representative angle of
residual friction of the slip layer clay and state of shear stress
application, the time required up to complete sliding can be
very well estimated.

Residual friction angle, @, (°)

4 Concluding Remarks

Application of creep deformation theory in predicting
deep-seated landslide failures has been a topic of interest to
landslide researchers for a long time. However, most of the
work done so far is focused on understanding creep failure
behavior of soil materials within the range from strain
hardening to strain softening, which does not adequately
explain the creep failure mechanism of clayey materials that
have already reached a state of residual friction, such as in
large-scale creeping landslides. In this study, a modified ring
shear machine was used to conduct ordinary ring shear tests
and residual-state creep shear tests. Altogether 12
lab-prepared clay samples were used in the test sets, and the
recorded time-displacement data series were interpreted to
understand the residual-state creep deformation behavior of
clayey materials. One of the most important understandings
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is when Rrcs < 1.0, no clay material exhibits creep failure
in the state of residual shear, but it takes place only when
Rrcs > 1. In addition, the amount of displacement required
for tertiary creep to begin in a particular clay material was
found to be the same regardless of the amount of creep load
applied. This amount of displacement (i.e., critical dis-
placement) is inversely related with the residual shear
strength (or the angle of residual friction) of clay materials.
Furthermore, the time until complete failure or the failure
time (f;) is a function of residual-state creep stress ratio
(Rrcs) and angle of residual friction (¢,). Finally, a
numerical relationship between these three parameters needs
to be established for predicting landslide creep displacement
and failure.
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Abstract

Vietnam’s mountainous regions often encounter land-
slides, frequently resulting in fatalities, infrastructure
damage, and landscape destruction. A landslide suscep-
tibility map is an effective tool for mitigating disaster
impacts on hazard-prone areas. This study investigates the
applicability of the Analytic Hierarchy Process to produce
a landslide susceptibility index. Eight major impact
factors are analyzed using SAGA, a GIS-based toolkit,
including slopes, aspect, land use, soil type, elevation,
distance to road, distance to stream, and antecedent
rainfall. Four landslide susceptibility maps are produced
corresponding to frequency scenarios of 3-day antecedent
rainfall data which is taken from Regional Frequency
Analysis (RFA). We assess the modeling performances
using Area Under the Curve (AUC) index and the results
show that the AHP model has good performance. The
findings demonstrate a significant influence of rainfall
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antecedent conditions on the susceptibility map of
landslides in this study area.

Keywords
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Landslide density index

1 Introduction

Landslide is one of the most regular natural catastrophes in
mountainous areas. The term landslide refers to the move-
ment of a mass of rock, debris, or earth down a slope under
the influence of gravity (Cruden and Varnes 1996). In places
that are impacted by landslides, it is common to have sig-
nificant damage to numerous houses, as well as infrastruc-
ture and agriculture. Landslides are governed by many
causative factors, namely geological, hydrological, land
cover, morphological, and other factors (Reichenbach et al.
2018). Understanding the influences and mechanisms of
these factors on landslides would be significant for the
prevention and mitigation of damage from the landslides.

The landslide susceptibility map is considered an effec-
tive way to prepare and react in advance to avoid disasters.
The map would highlight potential areas for landslides that
are likely to occur in a specific area under the influences of
causative factors (Brabb 1985). Many approaches have been
applied for developing susceptibility maps and can be cat-
egorized into five classes (i) geomorphological mapping,
(i1) analysis of landslide inventories, (iii) heuristic approa-
ches, (iv) process-based methods, and (v) statistically based
modeling methods (Khan et al. 2019).

The above methods can be grouped into quantitative and
qualitative techniques. Quantitative techniques tend to
develop susceptibility maps based on evaluating relation-
ships between landslides inventory and governing factors for
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projecting probabilities of landslides (Guzzetti et al. 1999;
Khan et al. 2019; Reichenbach et al. 2018). On the other
hand, qualitative techniques estimate landslide sites accord-
ing to the use of landslide inventory subjectively and tradi-
tionally (Khan et al. 2019; Guzzetti et al. 1999). On the one
hand, quantitative techniques are likely to give more appro-
priate susceptibility zonation for high-quality monitoring
data. On the other hand, qualitative techniques are more
suitable for large areas but often provide low-quality data.

One of the qualitative techniques- the Analytic Hierarchy
Process (AHP) method (Saaty 1987; Saaty and Vargas 1991)
can be a practical approach to solve data quality problems.
This approach is widely used in landslide susceptibility
analysis (Pradhan and Althuwaynee, Reichenbach et al.
2018; Pourghasemi et al. 2012). The method is especially
suitable to provide zonation at provincial and regional
scales. AHP would rank and weigh the contribution of fac-
tors based on the expert judgments (Hansen 1984). Each
causative factor have been analysed attentively for figuring
out its impacts on landslide susceptibility analysis. The
assessment can be called semi-quantitative (Reis et al. 2012;
Van et al. 2016). It can be used efficiently to predict land-
slide susceptibility over large areas (Kanungo et al. 2012).

The results of a landslide susceptibility zonation strongly
relies on landslide monitoring data; however, the quality of
monitoring data in Vietnam is poor and limited to access
(Chuang and Shiu 2018). In addition, data collection from
many regions in Vietnam is mainly based on reports from local
people and local committees. However, these reports may
contain some spatial and temporal misleading for mapping and
identifying landslide mechanisms (Hung 2011). Some datasets
are provided by different authorities, such as transportation
sectors and flood and storm committees, leading to many
complications in collecting data for research projects.

Selecting appropriate rainfall data for landslide analysis
is one of the concerning problems. Many pieces of land-
slides susceptibility research have been carried out using
annual rainfall data instead of antecedent rainfall (Hung
2011). Meanwhile, antecedent rainfall is a significant trigger
corresponding to most landslide incidents in the region
(Naidu et al. 2018; Pradhan et al. 2017). In this research
region, most of the landslides are strongly correlated to
3-days antecedent rainfall caused by tropical storms and
monsoon (Phuoc et al. 2019). Therefore, the analysis of the
landslide susceptibility index based on yearly rainfall is still
questionable, affecting the accuracy of the maps. This gap
can be covered by selecting appropriate antecedent rainfall
periods of data for estimating the susceptibility index of
landslides.

The projection of the susceptibility index offers a scien-
tific foundation for predicting the occurrence of landslides.
Nevertheless, these pieces of research are still limited in the
study area. As mentioned before, research on landslides

often relies on yearly rainfall and may fail to include the
frequency terms (Pradhan et al. 2017; Phuoc et al. 2019).
Additionally, the quality of the findings might be signifi-
cantly impacted by short and insufficient monitoring periods
and low-density monitoring stations of precipitation data
(Naidu et al. 2018). To enhance the predictability of land-
slide susceptibility, the Regional Frequency Analysis (RFA),
which is used to calculate rainfall frequency, is added into
the modeling of landslide susceptibility (Hosking and Wallis
1997, 2005; Phuoc et al. 2019).

The RFA algorithm provides likelihood spatial distribu-
tion maps of different antecedent periods and various fre-
quencies of rainfall (Nguyen and Nguyen 2017). These maps
are useful for investigating terrain instability based on GIS
analysis (Pradhan and Althuwaynee, Pradhan et al. 2017,
Hansen 1984). The application of this method can overcome
the limitation of current spatial and temporal data which can
make important contributions to increasing the certainty of
landslide susceptibility calculating.

Therefore, this research aims to investigate the impact of
rainfall frequencies on landslide susceptibilities using RFA
and AHP methods. The RFA approach evaluates and pro-
vides the spatial distribution of antecedent rainfall in various
frequencies. A GIS-based AHP analysis would be practical
to generate landslide susceptibility zoning in large areas. The
landslide susceptibility map, represented according to rain-
fall return periods, would be critical for preventing and
mitigating landslide hazards in the research region.

2 Case Study

The study focuses on evaluating landslide susceptibility for
three mountainous districts of the Quang Ngai province
(Fig. 1). This study area covers an area of 1.352 km?. The
highest altitude of the study area is 1694 m and is in the
west, near the Central Highland provinces and the Truong
Son Mountain range. Quang Ngai Province’s lowland area is
east of the study area.

This region is very susceptible to landslides and has lately
had several occurrences. Landslides often occur in this region
between September and December, which is also a time of
heavy rainfall (more than 70% of the region’s annual 2500 mm
rainfall is accounted for by rainfall from tropical storms and
tropical monsoons). According to reports from local natural
disaster management authorities, extreme antecedent rainfall is
the principal trigger of landslides in the region.

The natural condition of the mountainous area has
increasing the risk of landslides. Firstly, the steep slope ter-
rain is a major cause for the instability of shallow landslides.
A considerable proportion of natural forests are replaced by
forest plantations, agriculture, or bush which enhances the
erosion and instability of land, leading to soil mass
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Fig. 1 Location of the study area and the landslide inventory map

movement on the shallow surface. Another problem is the
high density of streams together with high antecedent rain-
falls making it a significant contribution to the high risk of
landslides in the region. Finally, rapid investment in road
infrastructure, resulting in changing terrain in road buffering,
increases slope instability along these roads.

3 Materials and Methods

A GIS-based multi-criterion analysis is used for developing
landslide susceptibility maps. Seven landslide causative
factors, including slopes, aspects, elevation, soil types, land
use, distance to road, and distance to stream, were used to
spatially investigate the landslide susceptibility of the region
(Khan et al. 2019; Reichenbach et al. 2018; Pourghasemi
et al. 2012). The method also utilized the advantages of
spatial analysis to highlight the probability of landslides
based on an analysis of geographical, topographical, and
meteorological data and landslide events (Khan et al. 2019;
Chuang and Shiu 2018). To ensure the projection of sus-
ceptibility, high-quality geographical distribution data of
influencing factors are collected and analyzed (Hansen et al.
1995; Feizizadeh et al. 2014; Pham et al. 2017). The whole
procedure is carried out on QGIS 3.12. and on the SAGA
toolkit. Maps are also generated by using QGIS 3.12.

A database of 339 landslides that occurred between 2010
and 2018 was used in this study to construct the susceptibility
assessment and validation. The database was compiled using
data from landslide inventories based on Landsat satellite
images and yearly reports from the flood and storm commit-
tee. The landslide locations were then split into two groups
using spatial randomization, with 237 locations as a training
dataset and the remaining 102 locations as a testing dataset.

To develop landslide susceptibility and lessen uncertainty
in the outcomes, we prepare and collect high-resolution
geographical and temporal data on the causative factors. In
addition, rainfall data was taken from RFA for 3-day ante-
cedent rainfall following two common frequencies of P50%
and P20% and two extreme frequencies of 2% and 1%
instead of using annual rainfall data. The diagram of the
entire process is represented in Fig. 2.

An AHP processing pair-wise comparison matrix is sug-
gested after consulting with experts and literature reviewing.
Contribution weights of environment factors (slopes, aspects,
elevation, land used, soil types, and distance to rivers) and
human activities factors (distance to roads) are analyzed
according to the training dataset. These causative elements,
coupled with four maps of 3-day antecedent rainfall according
to four frequencies (P50, P25, P2, P1%), are utilized to con-
struct landslide susceptibility indices after reclassifying
geographical distribution following contribution weights.
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Fig. 2 Diagram of landslide susceptibility project using AHP and RFA methods corresponding to four frequencies scenarios of rainfall

These maps are utilized for generating a landslide suscepti-
bility map with five classifications (very high, high, medium,
low, and very low) using the Natural Break classifier. These
susceptibility thresholds were then manipulated to build the
landslide susceptibility maps for the research area corre-
sponding to each rainfall frequency. The quality of projection
results is validated using Area Under the Curve (AUC) index
and Landslide Density (LD) using the testing dataset.

3.1 Landslide Causative Factors

This research produces a landslide susceptibility index based
on the relative importance of eight influencing factors:
rainfall, slope, elevation, aspect, distance to streams, dis-
tance to roads, land use, and soil type.

e Rainfall: Phuoc et al. (2019) indicated that 3-day ante-
cedent rainfall is the most significant trigger of landslides.
The inventory also highlights that landslides happened in
the region annually and more incidents were recorded
corresponding to extreme rainfall events. Thus, we
examine the impacts of precipitation triggers for two
groups of 3-day antecedent scenarios: (i) regular rainfall
scenarios correspond to frequency p = 50% (P50) and
25% (P25); (ii) extreme rainfall scenario group with

frequency p = 2% (P2) and 1% (P1). Maps of the distri-
bution of rainfall are produced for each rainfall scenario.
These maps represent better temporal and spatial resolu-
tion than other interpolation methods (Nguyen and
Nguyen 2017). This research used RFA-based rainfall
data observed for many years from 75 rain gauge stations
for the interpolation. The spatial distribution of 3-day
antecedent rainfall for the research area is shown in Fig. 3.
Terrain slope: Terrain slope is the most significant variation
in landslide causatives. The review from Reichenbach et al.
(2018), and Naidu et al. (2018) have accentuated the crit-
ical role of the factors in the instabilities of the interested
area. The terrain slope in the research area was prepared
from the SRTM DEM (30 x 30 m) using the QGIS 3.12.
The obtained results are subsequently classified into dif-
ferent classes based on correlation with landslide occur-
rence and ranging from 10 to 70° with 10° steps.

Terrain aspect: The terrain aspect has a strong interrela-
tionship with land cover, soil strength, and moisture,
which directly influence landslide initiation (Khan et al.
2019). Therefore, assessing the influences of terrain
directions on landslides would contribute to the projec-
tion of landslide susceptibility. The aspect layer for the
research is also generated from the collected DEM.

Soil type: Due to differences in shear strength and
hydraulic conductivity, soil types respond differently to
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rainfall (Chuang and Shiu 2018). Consequently, reaching
a saturated situation, which is an important trigger to
landslides, is more likely to be a unique value associated
with each soil type. Integrating the relationship between
spatial distribution of soil types and occurred incidents
would enhance certainty for landslide susceptibility
assessment. Spatial distribution soil types data in the
research area is provided by local management agencies
and processes in ESRI ArcGIS.

Land-cover: According to Khan et al. (2019), land cover
is the main influential parameter of slope stability. A good
vegetation cover would work effectively in retaining
water, reducing erosion, and improving the stability in the
area (Reichenbach et al. 2018). The research has used a
land-use map in the year 2010 for slope instability
investigation for the province.

Distance to roads: In mountainous areas, the development
of transportation may lead to a reduction in the stability of
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Fig. 3 Spatial distribution of 3-day antecedent rainfall corresponding to four frequencies P50%, P25%, P2%, and P1%

the slope and eventually landslides. Therefore, distances
from the road become a significant trigger to landslide
occurrences. In the research, a database of the trans-
portation system is collected from local authorities and
processed to use in landslide susceptibility analysis.
Distance to stream: Many studies have commonly used
the factor—distances to streams—to analyze landslides
susceptibility (Khan et al. 2019). The contribution of
spatial distributions of the rivers and springs in landslides
is evaluated in a GIS environment using data from
authorities.

Elevation: is the height of the terrain surface that affects
landslide occurrences (Varnes 1984). Rocks appearing at
higher elevations are less weathered due to
geo-environmental factors. Therefore, landslides often
have less frequency in very high elevation areas (Pham
et al. 2019). In this study area, the inventory data shows
that the most susceptible to landslide incidence is with in
elevation range of 720-900 m.
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3.2 Analytic Hierarchy Process Method

The AHP method has been used widely to develop an
appropriate landslides susceptibility map. A pair-wise com-
parison matrix provides an estimation of landslide causative
factors’ contribution. A range with numerical values from 1
to 9 was recommended for comparing criteria by Saaty
(1987). Each of these numbers shows the degree of impor-
tance in a way that 1 shows equal importance and 9 show the
extremely strong importance of a criterion compared to
another quantitative criterion (Saaty 1987).

The greatest weight in the AHP method represents a layer
having the most significant impact on determinations of the
objective. In other words, the criteria for weighing each
information unit are also based on the greatest effect played
by that factor in the layer. A range with numerical values
ranging from 1 to 9 was proposed to compare the criteria. In
addition, Consistency Ratio (CR) and Consistency Index
(CI) would be calculated to estimate the consistency of the
AHP process (Saaty 1987). Note that the CR value must be
less than 0.1. If not, the pair-wise table is considered
inconsistent (Saaty 1987).

CI:/lmax_n
n—1

(1)

CI

CR =—
RI

2)
where: A, represents the largest Eigenvector of the matrix
and n represents the total causative factors (order of the
matrix) used in the projection. CR (Consistency Ratio) and
CI (Consistency Index), RI (random index) is the average
value of CI for a randomly generated pairwise matrix.

To estimate the contribution and correlation of each
causative factors to the phenomena, a frequency analysis
was established for landslide events. 102 landslides were
used to figure out the relationship between landslides and
rainfall characteristics in the research area. Another 237
landslides were utilized in spatial analysis, and 102 land-
slides were used to validate the result.

3.3 Regional Frequency Analysis Method

The regional frequency analysis method was first proposed
by Hosking and Wallis in 1997. The method can be used
with any kind of data (Hosking and Wallis 1997). In this
work, it is regional rainfall. In the regional rainfall frequency
method, the index rainfall is computed as the average of the
local series (Hosking and Wallis 1997), based on an
L-moment procedure (Ngongondo et al. 2011). However, in
this study, we used a likelihood of observed sample-based
Bayesian Markov chain Monte Carlo (MCMC) procedure as

suggested by Gaume et al. (2010). Because it uses the full
likelihood function, which is aneffective and flexible way to
represent information for a site, whether it is count, interval,
or magnitude.

Following Dalrymple (1960), the quantile of
non-exceedance probability F at site i may be written:

Xi(F) = px(F) (3)

where x(F) is the regional quantile of non-exceedance
probability F, the index rainfall pi is the average value of the
sample for site i.

A Bayesian MCMC procedure is now relatively common
for hydrological applications (Gaume et al. 2010; Nguyen
et al. 2014). Following the Bayes’ theorem, the likelihood of
the sample given the parameters of the statistical model
L(D|6) can be related to the likelihood or density of prob-
ability of the parameters given the sample p(6|D).

L(D|0)p(0)
p(D)

where p(0) is the prior distribution of 8, p(D) is the proba-
bility of sample D, which is unknown.

The inference approach applied herein is directly derived
from Gaume et al. (2010). It is based on the likelihood of the
available data sets and a Bayesian MCMC algorithm for
estimating the growth curve parameters and their posterior
distribution according to the observed data set. The likeli-
hood of the observed sample (D) is calculated as follows:

L(D|0) = lj IJ_1 fo (E)] (5)

where fy is the probability density function of the selected
statistical distribution for the regional growth curve, and 6
corresponds to the vector of parameters of the distribution
selection to be estimated.

The study will only briefly present this procedure. The
details of the algorithm are included in the R software library
nsRFA. This method has been applied to the Central and
Central Highlands regions of Vietnam (Nguyen and Nguyen
2017).

p(0|D) = (4)

4 Result and Discussion

4.1 Analytic Hierarchy Process
Based on the contribution from experts and literature
reviews, a pair-wise comparison matrix has been introduced
for AHP for landslide susceptibility maps production (See
Table 1). With CI =0.1005 and CR =0.072 < 01, the
matrix is adequate for further analysis.
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The analysis of the recorded landslides shows a strong
correlation between distance from stream and distance from
roads to landslide zonation. While spatial distribution of
landslides is strongly correlated to the distance to trans-
portation systems and stream system, the highest proportion
of landslide events falls into the closest area to the stream
with a 200 m buffer distance. It is also marked that the

influence of road on the phenomena is more likely limited in
areas lower than 600 m buffer zone, while the impacts of
distance from stream tend to continue and reduce steadily
until over the distance of 1000 m.

Investigating the impact of soil types also highlights that
those landslides are more likely to happen in areas with Epi
Lithi Ferralic Acrisols as the most instability soil and Epi

Table 1 AHP pair-wise comparison matrix for landslide susceptibility analysis

Slope Rainfall

Slope 1 3 3 5
Rainfall 0.333 1 0.333 3
0.333 3 1 5
1

3

Land use Road

Land use
Road 0.2 0.333 0.2

Aspect 0.2 0.333 0.333

0.333 3 0.333 3
0.143 0.2 0.2 0.333
0.111 0.143 0.111 0.2

Soil map
River

Elevation

Table 2 Landslide causative factors classes weight
Classes
0-10
10-20
20-30
3040
40-50
50-60

> 60
Noth
Northeast

Causatives factors

Slope (°)

~N O 9 W W=

—

Aspect

East
Southwest
South
Southwest
West
Northwest
Soil type Epi Lithi Ferralic Acrisols
Epi Lithi Humic Acrisols
Hapli Ferralic Acrisols
Hapli Humic Acrisols
Others
Land use Forest
Residental area
Timber

Agriculture
Bush

N WO = = WO = = WO W W

Rating

Aspect Soil map River Elevation Weight
5 3 7 9 0.318
3 0.333 5 7 0.122
3 3 5 9 0.217
0.333 0.333 3 5 0.058
1 0.333 3 5 0.078
3 1 5 7 0.155
0.333 0.2 1 3 0.034
0.2 0.143 0.333 1 0.018
Causatives Factors Classes Rating

Rainfall (mm) 380-499 1

499-616 2

616-733 3

733-850 4

850-967 5

967-1084 6

1084-1201 7

1201-1318 8

1318-1435 9

Elevation (m) < 145 1

145-175 9

175415 3

415-565 5

565-720 7

720-900 9

900-1135 5

> 1135 1

Distance to road (m) 0-200 7

200-400 5

400-600 3

> 600 1

Distance to stream (m) 0-200 7

200-400 5

400-600 3

> 600 1
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Lithi Humic Acrisols as the second. So, these soil types are
respectively assigned with points of 9 and 7 in contribution
factors. From 2010 to 2018, forest production and bust
accounted for the highest landslide frequencies in terms of
land cover (Table 2).

4.2 Landslides Susceptibility

Implementation GIS-based AHP analysis with RFA rainfall
data and other seven causative factors on SAGA toolkit
generated four landslides susceptibility maps. These maps
are then used to calculate a mean of landslide susceptibility
map as a basis for classifying based on Landslide Suscep-
tibility Indexes (LSIs) following the natural break approach.
There are five levels of susceptibility for this phenomenon
represented in Table 3 and Fig. 4: very low, low, medium,
high, and extremely high. Spatial distributions of landslide
susceptibility find a strong correlation with slopes map,
which is the most contributing factor. Most of the high and
very high risk of landslides fall into 40-50° terrain slopes.

Table 3 Susceptibility level

However, spatial distributions of slides also indicate the
contribution of other factors to landslide susceptibility.
Figure 4 represents the statistical index of the mean of
landslide susceptibility. Susceptibility is in a range from 1.7
to 7.7. Whereas the value in the range of 10% percentile and
90% percentile are 3.3 and 6.2, respectively. The deviation
of the result represents the consistency of the projection,
with the mean value being 4.2 and the standard deviation
being 0.87.

Figures 5 and 6 highlight the impacts of rainfall on the
landslide susceptibility index in the area. Four landslide
susceptibility maps were produced using AHP according to
different 3-day antecedent rainfall frequencies—50, 25 2,
and 1%. There is a significant increase of landslides in
high-risk areas according to the increasing rainfall frequen-
cies. The proportion of high and very high increases doubled
compared from P25 to P2%. There was a significant increase
in very high landslide susceptibility following the rising of
rainfall frequencies from P50% to P1%. In contrast, the
proportion of low susceptibility areas reduced from 25% in
P50% to over 5.2% in P1%. The figure for medium sus-
ceptibility is more likely to remain the same in comparison
to these frequencies, which account for a quarter of the
research area.

Leyel Landslideisusceptibilifyfindex Landslide susceptibility shown in Fig. 5 would be useful
Very low LSI'<3.29 for natural disaster prevention sectors in the development
Low 3.29 < LSI < 4.02 plan in this research region. Undoubtedly, it would highlight
Medium 4.02 < LSI < 4.68 locations at considerable risk of landslide based on real-time
High 4.68 < LSI < 5.41 precipitation and then make decisions for evacuation and
-, LSI > 5.41 prevention. Conseque'ntly', the damage to properties, infras-
tructure, and human life in the area is reduced.
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Fig. 7 Landslide density for five landslide susceptibility levels for 4
rainfall frequencies

Figure 7 indicates the agreement on project landslide
susceptibility following the AHP process for this study area
and recorded events. The obtained results represent that most
landslide susceptibility falls into high and very high cate-
gories. In the maps of P50%, the proportion of high and very
high classes is just over 20% while accounting for 80% of
landslide density. The significant figure is very high with
only 4% of the area but accounts for 48% of landslide
density. Some landslides fall into low and very low classes.
However, the proportion of these two levels is very low,
with under 10% of a recorded landslide. The increase in
landslide density is marked at the highest level. On the other
hand, the percentage of landslides in the lower class has
decreased following frequencies.

The AUC assessment has been highlighted appropriately
of the AHP method in producing landslides susceptibility
maps (see Fig. 8). The AUC index based on training land-
slide sites is slightly higher than the testing data. The AUC
indexes of different rainfall return periods models are around
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0.75. This assessment indicates that the application of AHP
is suitable for landslide susceptibility predition in this region.
So, applied parameters for this study can be utilise for other
tropical monsoon climate areas where rainfall is the most
significant trigger of landslides. The obtained results can
also propose a fundamental reference for further studies that
should approach more modern methods in landslide sus-
ceptibilities such as machine learning and deep learning to
improve computing efficiency.

5 Conclusion

The research has represented a method to generate a land-
slides susceptibility map by application of the Analytic
Hierarchy Process to produce an index for landslide pro-
jections. Eight major impact factors are analyzed to highlight
the importance of causative factors. The slope is the highest
contributing factor to landslides with a weight of 0.318,
while land use is the second-highest factor. The smallest
contribution weight to landslide susceptibility in the area is
elevation, which accounts for only 0.018. With CI = 0.1005
and CR = 0.072 < 01, the matrix is adequate for further
analysis in regional scale or event place have similar
conditions.

Result also highlights the importance of selecting rainfall
in landslide susceptibility prediction. Landslide susceptibil-
ity maps that result from different scenarios can be used to
produce landslides warning according to rainfall forecasting.
Application of Regional Frequency Analysis (RFA)s in the
analysis provide an alternative approach for investigation the
influence of rainfall on zonation of landslides susceptibility
in the area where precipitation is the most dominatant trigger
for landslide events.
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Suffosion Landslides as a Specific Type
of Slope Deformations in the European Part

of Russia

Oleg V. Zerkal and Olga S. Barykina

Abstract

Landslide classification systems are based on the analysis
of mechanisms of slope deformation and consideration of
landslide-forming earth materials. The main types of
landslide movement are fall, topple, slide, spread and
flow. Within the European part of Russia, a specific type
of slope deformation is often observed, where suffosion
(the process of washout and mechanical removal of fine
particles from saturated soils under the influence of
infiltrating groundwater flow) plays an essential role.
Suffosion landslides are defined as a type of complex
landslide formed in regions characterized by alternating
horizons of unsaturated and saturated sands, loams and
clays. Such hydrogeological conditions occur in the
European part of Russia, most of which is occupied by
the East European Plain. In the East European Plain, suf-
fosion landslides are confined to the valleys of large rivers
and their tributaries (Volga, Oka, Don, etc.), where their
volumes can reach several million m®. In the Volgograd
and Moscow regions, suffosion can result in soil decom-
paction at the base of slopes, or the formation of
underground cavities in massifs, niches and grottoes on
slopes, ultimately leading to the formation of suffosion
landslides. Suffosion landslides are complex displace-
ments of waterlogged soil masses formed as a result of
suffosion and the subsequent associated collapse of the
sides of suffosion cavities and niches. Indicators of
suffosion landslides are: (1) the presence of a prograding
fan of finely dispersed material at the base of slope and
adjacent terrain, whose boundaries often exceed the
landslide limits; and (2) a large number of ledges of
different sizes on the surface of the landslide body created
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by uneven settling of blocks into the roof of suffosion
cavities, and on the sides of suffosion niches. Suffosion
landslides are often elongated, horseshoe-shaped, or co-
shaped with a narrowing in the central part formed in
saturated soils breaching from an underground suffosion
cavity. Suffosion landslides do not have a marked sliding
surface. Rather, soil displacement occurs over layers with
strongly dispersed groundwater. The displacement rate of
such landslides depends on the scale and speed of
development of mechanical suffosion at the base of the
slope.

Keywords

Suffosion ¢ Suffosion landslides ¢ Typology
Mechanisms ¢ East European plain

1 Introduction

At present, landslide typology is based on analysis of the
mechanism of slope deformation and consideration
landslide-forming material types. The main types of land-
slide movement are considered as fall, topple, slide, spread
and flow (Varnes 1978; Zolotarev and Jani¢ 1980; WP/WLI
1993b; Cruden and Varnes 1996; Hungr et al. 2014). Of
course, there are many intermediate, “complex” landslide
types in nature, combining different displacement mecha-
nism. Such “polyphase landslides” have been called “com-
plex” (where at least two types of movement are involved)
or “composite” (when two different types of movement
occur in different areas of the displaced mass) (Varnes 1978;
Cruden and Varnes 1996; WP/WLI 1993a). In the Varnes
(1978) landslide classification system, rock, debris, and soil
are distinguished among landslide-forming material types. In
specialized classifications, one can additionally distinguish
landslides in permafrost (or cryogenic landslides) (McRo-
berts and Morgenstern 1974; Zerkal and Strom 2021), slides
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in periglacial clays (Hutchinson 1988), and slides in sensi-
tive clays (or quick clays) (Mitchell and Markell 1977; Locat
et al. 2011). Hungr et al. (2014) suggested using geotech-
nical material typing (rock, clay, mud, non-plastic (or very
low plasticity) sorted soil, debris, peat and ice) when
updating the Varnes classification system (Hungr et al.
2014). Recent studies of landslide activity in the plains and
lowland areas of European Russia, recognize a specific type
of mass wasting and slope deformation formed through
suffosion. This paper outlines our current research into for-
mation of suffosion landslides.

2 Suffosion

The widespread occurrence of suffosion throughout the ter-
ritory of the East European Plain was first noticed by A.
P. Pavlov, who introduced the term “suffosion” (Pavlov
1898), and is now recognized as the process of sediment
washout—the mechanical removal of small particles from
saturated earth material—under the influence of filtering
groundwater flow. In contrast to karst, in which dissolution
rock material takes place, the main process in suffosion is
mechanical removal of poorly consolidated bedrock and
unconsolidated surface deposits. In natural conditions,
mixed (chemical-mechanical) removal of material from rock
massifs is, of course, not uncommon. For example, when
dissolution of cement in rocks occurs, followed by the
mechanical removal of small particles from a deposit.
Another difference between suffosion and karst is the speed
of the process. While the rate of formation of karst cavities
can be very slow (especially in carbonates due to their low
solubility), the rate of formation of suffosion cavities is
primarily controlled by the intensity of the filtering
groundwater flow speed and head gradient.

The main conditions influencing suffosion activity are:
(1) the presence of unstable earth materials susceptible to
suffosion; and (2) the possibility of intensive groundwater
flow, especially with large groundwater level fluctuations.
The free movement of the smallest particles in soil pores,
under the influence of the filtered groundwater flow, deter-
mines the suffosion stability of the slope. Suffosion failure
begins when the velocity and head gradient of groundwater
flow reaches critical values. At which time, fine particles
smaller than the diameter of the pore channels can be
transported and carried away by groundwater. The removal
of large quantities of fine particles from the soil is accom-
panied by a gradual increase in the diameter of the pore
channels.

Suffosion failure can result in an increase in soil porosity
and permeability that can extend to a considerable depth and
cause a reduction in slope strength. Under conditions of
favorable transport (removal) of fracture products by the

filtration flow beyond the zone of suffosion development,
underground cavities in massifs, depressions, sinkholes and
closed depressions develop on the surface, while niches and
grottos form on the slopes.

Massifs, composed of fine-grained soils with mixed-
grained sands or with internal structures characterized by
interstratification of sand, silt and clay are most susceptible
to suffosion. High suffosion activity is typical for slopes of
riverbanks, lakeshores and coastlines as well as around water
reservoirs. Such slopes are located in the zones affected by
surface water level changes and accompanied by sharp
changes—increasing to critical values—in groundwater
level gradients.

3 Suffosion Landslides. General Concepts
3.1 Formation Mechanism and Delineation
Signs of Suffosion Landslides

“Suffosion landslides” or “landslides of suffosion genesis”
are triggered by a reduction of soil strength characteristics at
the base of a slope due to suffosion decompaction of the soil,
or by destruction of suffosion cavity roofs and flanks of
suffosion niches on a slope, followed by landsliding of
material.

As such, suffosion landslides are displacements of satu-
rated soil masses caused by suffosion and subsequent col-
lapse of suffosion cavity sides. Such landslides develop
regressively through successive cycles of collapse in suffo-
sion cavities or niches due to loss of sand, sandy loam or
clay loam through groundwater flow in the aquifer. Col-
lapsed, saturated and unstructured masses move in the
direction of the slope in the form of a flow (Fig. 1). This
process often masks the primary genesis of the slope
deformation, making it difficult to identify suffosion
landslides.

Suffosion landslides do not have a clearly defined sliding
surface. Soil displacement occurs over a layer of heavily
watered (i.e. saturated) sand. The landslide masses move
impulsively by leaps, sometimes at a very high velocity,
depending on the scale and speed of development of
mechanical suffosion of sand particles at the base of the
slope. Sub-vertical displacement often prevails over hori-
zontal movement at the crown and head of suffosion land-
slides when underlying water-saturated sandy sediments
have a significant thickness.

Several features indicate the leading role of suffosion in
landslide formation. At the sites where suffosion landslides
spread, removal fans composed of fine-grained sediment are
often observed prograding at the base of the slope and over
adjacent territory, whose contours often exceed the landslide
boundaries. Another genetic characteristic of suffosion
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Fig. 1 A general scheme for the formation of a suffosion landslide. 1. Loam and sandy loam. 2. Saturated sands. 3. Clays. 4. Pre-slope relief. 5.

Suffosion landslide. 6. A fan of fine material removal. 7. Landslide crack

landslides is a large number of scarps of different sizes
across the landslide body. These scarps form as a result of
irregular settling of soil blocks into the roof of underlying
suffosion cavities, and along the sides of suffosion depres-
sions. Suffosion landslides are often elongated, horseshoe-
shaped, or co-shaped with a constriction in the central part
formed in the area of a breach of saturated soils from an
underground suffosion cavity. The direction of the long axis
of the landslide basin inherits the direction of the under-
ground suffosion channel formed in the slope massif.

Hutchinson (1981) described suffosion-induced land-
slides across England from Cromer to Overstrand (Norfolk),
in the Christchurch Bay coastal cliff (Hampshire), and in
Newhaven (East Sussex). In these landslides, suffosion in
aquifer sand interlayers enclosed in beds of clay, silty clay
and silt caused overlying sand layers to collapse. Collapsed
soils were crushed, then clay and sand were mixed with
flowing groundwater to form mudslides. Hutchinson (1981)
did not present results of in-situ measurements of the rate of
development of such landslides, but noted that in Newhaven,
according to a comparison of the topographic maps of 1898
and 1926, the rate of coastal retreat was 0.2 m per year. This
rate was assumed to be consistent with the rate at which the
sand bed collapsed under the action of suffosion.

3.2 Suffosion Landslides in Landslide
Classification Systems

Suffosion landslides are specific in the nature of their
development, and characterized by their displacement pat-
terns. Therefore, in many landslide classification systems,
where “suffosion landslides” are recognized as a separate
type of displacement, they are classified as a group/class of
“complex” or “composite” landslides.

Pavlov (1903) was the first to describe suffosion land-
slides as a separate type of slope displacement observed in
the Volga River valley. Rodionov (1937) presented a
scheme for the classification of landslide phenomena on the

Black Sea coast of the Caucasus and distinguished sixteen
landslide types united in three groups according to the
structure of landslide-forming earth material. He included
suffosion landslides in third group (special cases of dis-
placement), distinguishing as a separate type of displacement
the slope deformations caused by suffosion-induced removal
of soil particles. Among the main causes of suffosion land-
slides, Rodionov (1937) indicated high content of dust par-
ticles and significant groundwater gradients. Later Rodionov
(1939) proposed a division of suffosion landslides into three
sub-types (Table 1). Klevtsov (1964), who studied landslides
in the foothill areas of the Caucasus, proposed different
sub-types of suffosion landslides formed where fine-grained
“dusty sands” lay at the base of loess strata (Table 2).
Hutchinson (1988) identified landslides caused by suffo-
sion material removal at the base of a slope as “slides caused
by seepage erosion” within complex slope movements,
where as Tikhvinsky (1988) distinguished two sub-types
caused by the removal of suffosion material at the base of a
slope (Table 3). Most recently, Khomenko (2011) proposed
three types of displacements to distinguish among suffosion
landslides caused by suffosion removal of material (Table 4).

4 Suffosion Landslides in the European Part
of Russia

Much of the European part of Russia is occupied by the East
European Plain, framed to the south by the Caucasus
Mountains and to the west by the Ural Mountains. The main
areas of landslide activity in the Eastern European Plain are
confined to the valleys of large rivers and their tributaries
(Volga, Oka, Don, etc.) (Zerkal and Strom 2017). Suffosion
landslides are most widespread in the middle and lower parts
of the right (west, high) side of the Volga River valley. This
is due to the peculiarities of the hydrogeological properties
and structure of Quaternary deposits in the area, which are
characterized by alternating horizons of unsaturated and
saturated sands, loams and clays in the section (Fig. 2).
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Table 1 Sub-types of suffosion

. . Landslide sub-type
landslides after Rodionov (1939)

Suffosion-consistent
landslides

Suffosion landslides

Suffosion-structural
landslides

Table 2 Sub-types of suffosion

i Landslide sub-type
landslides after Klevtsov (1964)

Suffosion-structural
landslides

Suffosion-plastic
landslides

Suffosion-subsidence
landslides

Table 3 Sub-types of suffosion
landslides after Hutchinson
(1988) and Tikhvinsky (1988)

Landslide sub-type

Slide caused by seepage
erosion

Suffosion landslides

Landslide characteristics

« Displacement of a slope or a portion as a result of suffosion processes

* Presence of bedrock and unconsolidated sediments capable of changing
consistency

« Alternation of sandy (suffosion-unstable) and clayey deposits

— Slope structure does not significantly affect development of landslide
phenomena

« Displacement is a consequence of suffosion processes developed in the
slope

« Slope structure is not predisposed to development of “classical” types of
landslides

« Slope displacement caused by suffosion processes in layers dipping
towards the slope

Landslide characteristics

* Displacements caused by suffosion of sandy earth materials under
conditions of:

(a) Rapid lowering of river water levels during floods and inundations

(b) During low tides in the seas

(c) Intensive thawing of the winter frost zone in the near-slope parts of the
massifs

(d) Surface bursting of underlying pressurized water-bearing horizon

(e) Rapid watering of sandy bedrock and unconsolidated deposits on slopes
by atmospheric and technogenic waters

(f) Formation of head waters

* Displacement caused by suffosion of sandy material
* Suffosion conditions require strong moistening of enclosing clay soils

* Displacement caused by the suffosion of sandy material

* Base of loess strata experiencing subsidence

* Accompanied by a change in bedding structure and compaction with
watering

Landslide characteristics

* Landslides caused by suffosion material removal at the base of a slope
* Seepage erosion within complex slope movements

* Displacements caused by the suffosion removal of sandy material at the
base of a slope

* Landslide activity due to the ongoing suffosion removal of sandy material

* Subsequent landslide activity caused by other factors

In the area of Quaternary glaciations, the section is formed
by alternating glacial loams and fluvioglacial sands of different
glaciation stages. Outside the area of glaciations, the structure
of the section includes subaerial deposits (loess, elastic silt),
alternating alluvial (of different-age terraces) and marine (dif-
ferent stages of transgression) sands, loams and clays.

4.1 Suffosion Landslides in the Volga River
Valley

The first detailed descriptions of landslides caused by “fri-
able sediments from springs flowing out of the

mountain” date back to 1724, when the buildings of the
Uspensky Monastery in Simbirsk (now Ulyanovsk) were
deformed as a result of landslide displacement.

Active study of landslides on the slopes of the right (west,
high) side in the middle and lower parts of the Volga River
valley started at the beginning of the 20th Century and was
connected with construction of the railway network in this
region (Martin 1911; Vasilevsky 1929). One of the largest
landslides occurred on July 12, 1941 on the bank of the
Volga in the southern part of Stalingrad (now Volgograd).
The landslide formed on a slope composed of Upper Pleis-
tocene Khvalyn clays (about 20 m thick), underlain by
Middle Quaternary Khazar sands. The landslide covered the



Suffosion Landslides as a Specific Type of Slope ... 103

Table. 4 Sub-types of suffosion ' 5 dglide Landslide characteristics
landslides after Khomenko (2011) sub-type

Type I * Landslides on slopes composed of water permeable, non-water-saturated dispersed

soils

» Underlain by non-water permeable rocks outcropping at the base of the slope

» Suffosion landslide formation is preceded by groundwater encroachment of the lower
part of water permeable dispersed soils

* One or more niches are formed as a result of suffosion withdrawal under the action of
filtration flow, which emerge on the slope

» Formation of a suffosion scarp in the lower part of the slope, as a result of which, a
landslide is formed

Type 11 * Suffosion landslide caused by the seepage failure of water-saturated sand beds
* Groundwater horizon in the lower part of the sand bed experiences a very rapid rise in
flow
* Alternatively, a very rapid lowering of the discharge base (as in the case of a fall in the
water level of a river or reservoir) is present
* Landslide occurs as a structure less flowing mass of water-saturated sand

Type 11T « Suffosion landslide formed by seepage failure of water-saturated sands, which are
overlapped by water proof sediments (e.g. clays)
» Groundwater experiences an increase in the head gradient
* At critical values head gradient, overlying clay horizon will be destroyed
* Landslide develops as a flow of unstructured mass of saturated sand transporting clay
blocks after their collapse into a suffosion cavity
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Fig. 2 The European part of Russia—the research territory of suffosion landslides

entire thickness of the Khvalyn clays up to their base. The the front. The basin exited to the Volga River through a
landslide, which lasted about 40 min, formed a depression relatively narrow neck 110-140 m wide. In the part of the
10-12 m deep, 250 m along the axis, and up to 275 m along landslide that advanced into the Volga River and in the half
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of the landslide basin adjacent to the bank, the displaced soil
was a non-structural saturated mass (Cheprasov 1972;
Tikhvinsky 1988). The upper part of the basin was filled
with displaced blocks of Khvalyn clay. Researchers noted a
decrease in the average thickness of 0.6 m in the Khazar
sands beneath the landslide body, which is about one third
less than the thickness of the Khazar sands outside the
landslide. This reduced thickness can be seen as a conse-
quence of their removal by suffosion during the preparation
and development of the displacement.

In addition to the lower part of the Volga valley near
Volgograd, suffosion landslides are widespread in the mid-
dle part of the Volga valley between Ulyanovsk (formerly
Simbirsk) and Saratov (Cheprasov 1972; Rogozin and
Dunaeva 1962; Rogozin and Kiseleva 1965; Tikhvinsky
1988) and in the piedmont areas of the Caucasus (Klevtsov
1964).

4.2 Suffosion Landslides in Moscow Region

A peculiarity of the geological structure of the Moscow
region is the wide distribution of erosion-cut Quaternary
fluvioglacial and alluvial-fluvioglacial silty sands interbed-
ded with glacial clay loams (with a total thickness up to 35—
40 m), overlying fine-grained silty sands with interlayers of
loams and clays of Lower Cretaceous age (with a total
thickness up to 50-55 m). As a rule, these strata contain
groundwater horizons, including pressurized (artesian)
groundwater. These hydrogeological condition are favorable

Fig. 3 The suffosion niches at
the “Karamyshevo” landslide site,
left bank of the Moscow River
valley, Moscow. A—the landslide
deformations; B—the suffosion
niche; C—the suffosion fan

for the development of suffosion and the formation of suf-
fosion landslides (Fig. 3).

The “Vorobyovy Gory” landslide site, located on the
right bank of the Moscow River valley, is one of the areas
where landslide displacements are associated with active
suffosion. In this section of the Moscow River valley, the
right bank is up to 70 m high (Barykina et al. 2021). It is
composed of Quaternary fluvioglacial sands interbedded
with glacial clay loams that are underlain by Cretaceous
sands with interlayers of loams and clay. Jurassic clay beds
occur only at the base of the slope. In the middle and lower
parts of the slope, numerous springs are observed as a
consequence of groundwater discharge.

Landslide at “Vorobyovy Gory”site is a complex,
multi-stage landslide. The volume of soil involved in the
landslide deformation is estimated at 2 million m* (Barykina
et al. 2019). The study of landslide structure showed that the
upper tier of landslide blocks is composed of Quaternary
sands and loams, as well as Cretaceous sands. Often the
landslide is marked by the absence of some horizons of
Cretaceous sands, which may be due to their destruction by
suffosion.

The Cretaceous-age sands that make up the slope on the
“Vorobyovy Gory” site were investigated to determine suf-
fosion stability. According to stratigraphic data, sand strata
susceptible to suffosion include: (1) the Volgushinskaya
formation (K;vlg), Vorokhobinskaya formation (K;vr), and
Ikshinskaya formation (K;ik) (Aptian Stage, 113—-121 Ma).
(2) The Butovskaya formation (K;bt) (Barremian Stage,
121-131 Ma). (3) The Kotelnikovo formation (K;kt),
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Gremyachevskaya formation (K,gr), Savelievskaya forma-
tion (K;sv), and Dyakovskaya formation (K;dk) (Hauteriv-
ian Stage, 131-134 Ma). (4) The Kuntsev formation (Kkn)
and the upper part of the Lopatin formation (K;lp,) (the
Berriasian Stage, 139-145 Ma).

Quartz with varying degrees of ferruginization dominated
the mineral composition of all studied sands. Sands were
diverse and dissimilar in their grain-size composition. The
results of the grain-size analysis (Fig. 4) show that sands of
the Volgushinskaya, Savelievskaya, and Dyakovskaya for-
mations are unimodal, while those of the Ikshinskaya and
Gremyachevskaya formations are bimodal, which is typical
of sands of marine genesis. The dominant particle dimension
in almost all the formations is 0.10-0.25 mm, except for the
Volgushinskaya formation (0.25-0.50 mm).

Suffosion-stability of Cretaceous sands was evaluated in
two ways: (1) by calculation; and (2) by using physical
simulation. To determine the suffosion properties of sands,
the computational method used the coefficient of hetero-
geneity of the grain size distribution of soils, calculated as
the ratio of fractions containing 60% and 10% (K,, = dgo/d;0)
(cf. Istomina, 1957). Suffosion-resistant soils include sands
with K, < 10. Suffosion-unstable are sands with K, > 20.
Soils in the transition region can be both suffosion-stable and
suffosion-unstable.

The next step was to estimate the size of particles that can
move through soil pore spaces under the influence of
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filtering groundwater flow. For the studied sands, values
obtained for the maximum particle sizes that can be moved
by the filtration flow as a result of suffosion—ranged from
0.019 mm for the Volgushinskaya formation, 0.131 mm for
the Vorokhobinskaya formation, to 0.075 mm for the
Ikshinskaya formation, and for the Gremyachevskaya for-
mation, 0.057 mm. The homogeneous sands of the
Butovskaya formation proved to be suffosion-resistant
(K, > 10.8).

The determination of suffosion stability of the sands in
the physical model confirmed the results of the simulation.
The least homogeneous Vorokhobinskii sand was the least
resistant to suffosion: the intensity of sand particle removal
was 0.000104 g/cm’*s. The same values for suffosion par-
ticle removal were obtained for sands of the Ikshinskaya
formation (0.000104 g/cm’*s). A slightly lower intensity of
particle removal was characteristic of the Volgushinskaya
formation sands (0.000094 g/cm’*s) and sands of the Gre-
myachevskaya formation (0.000083 g/cm>*s). The sizes of
grains removed by the filtration flow in the modeling of
suffosion mostly coincided with the sizes obtained from
calculations.

These results confirm the susceptibility of Cretaceous
sands in the “Vorobyovy Gory” area to suffosion processes,
which in turn, influences the development of landslide pro-
cesses. Sands of the Butovskaya formation in the upper tier
landslide blocks have a thickness close to that of undisturbed
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form.
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lkshinskaya form.
===\/orokhobinskaya

form.
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Fig. 4 Integral graphs of the granulometric composition of the studied soils
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bedding. Sands of other formations in the blocks of the
upper landslide tier are characterized by a decrease in
thickness, completely disappearing in places.

Kotlov (1962) earlier suggested a suffosion genesis for
some of the landslide deformations in the “Vorobyovy
Gory” area: “Natural suffosion is most widely developed on
the right (west) high bank of the Moscow River in places
where the groundwater horizon, enclosed in Jurassic, Cre-
taceous and Quaternary fluvioglacial sands, outcrops at
surface. On the “Leninskie Gory” (now the “Vorobyovy
Gory”) one can see hundreds of springs, most of which serve
as foci of suffosion. Currently, there are several such sites on
the slope of the “Vorobyovy Gory” (Fig. 5).

Suffosion outflow is promoted by significant hydrody-
namic pressure during filtration flow. In the central part of
the “Vorobyovy Gory” (Kotlov 1962), the drop in ground-
water level across the landslide body is 20.7 m over 330 m,
with the average values of i = 0.066. At a number of sites,
the groundwater level slope increases up to an i = 0.08-0.1
and more. A localized suffosion fan of finely dispersed earth
material is clearly seen in the middle and lower parts of the
slope.

Fig. 5 Mid-slope suffosion niche at the “Vorobyovy Gory” site. A—
the suffosion niche

Estimates of the amount of material eroded showed that
the volume (of Cretaceous sand loss) was from 50 to
100 mg/l1 (Kotlov 1962). Considering groundwater dis-
charge is confined to Lower Cretaceous and Quaternary
fluvioglacial sands at the base of slope with the addition of
more outlets (sources), removal of earth material by suffos-
ion significant in scale. Over geological time, this has led to
the formation of suffosion cavities and niches on the slope,
that further contributed to active landslide deformations.

5 Conclusion

Suffosion is the process of washing out and mechanical
removal of small particles from saturated soils under the
influence of filtrating groundwater flow. Suffosion particle
removal rate is controlled by the intensity of the filtering
groundwater flow and head gradient. Destruction of soils by
suffosion can result in their de-consolidation at the base of a
slope, or in the formation of underground cavities in massifs,
niches and grottos, which undoubtedly affect the stability of
slopes.

Suffosion is only rarely considered in the analysis of
landslide activity. Suffosion landslides are described in
regions with alternating of horizons of unsaturated and sat-
urated sands, loams and clays in section.

Displacement of saturated soil masses occurs as a result
of sediment removal and the subsequent collapse of suffos-
ion niche sides associated with it. Suffosion landslides
develop regressively in the form of successive cycles of
cavity or niche collapse. Resulting unstructured masses
move (as flows) in the direction of the surface slope. At the
landslide head, sub-vertical movements often prevail over
horizontal movements when displacement occurs.

Signs of suffosion landslide genesis are: (1) the presence
removal fans comprising fine material at the base of slope
and extending into adjacent territory the contours of which
often exceed the landslide boundaries. (2) The presence of a
large number of ledges of different size on the surface of the
landslide body, formed by irregular subsidence of soil blocks
into the roof of suffosion cavities and on the sides of the
suffosion niches. Often, when compared to the undisturbed
part of the slope, a significant decrease the thickness of
suffosion-unstable sandy soils in the landslide body is
recorded.

Suffosion landslides are often elongated, horseshoe-
shaped, or co-shaped with a narrowing in the central part
formed in the area of breakthrough of saturated soils from an
underground suffosion cavity. The long axis of the suffosion
landslide is inherited from the direction of the underground
suffosion channel formed in the slope massif.

Thus, suffosion landslides are specific in their develop-
ment and are characterized by peculiarities of their
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displacement. Therefore, in many landslide classification
systems, where “suffosion landslides™ are recognized as a
separate type of displacement, they are referred to a
group/class of “complex” or “composite” landslides. Suffo-
sion landslides are divided into several sub-types according
to the peculiarities of formation and displacement (Tables 1,
2, 3 and 4).

One of the regions where suffosion landslides are wide-
spread is the East European Plain, which occupies the
European part of Russia. The main areas of occurrence of
suffosion landslides are confined to the valleys of large rivers
and their tributaries (Volga, Oka, Don, etc.), where their
volume can be up to several million m® (e.g., the landslide of
July 12, 1941 on the bank of the Volga). Suffosion land-
slides are also widespread in the Moscow area. The study of
the landslide at “Vorobyovy Gory” site (a complex,
multi-storeyed landslide) has shown that suffosion plays a
significant role in the formation of the upper tier of landslide
blocks. Our simulation and physical modeling confirm the
susceptibility of sandy earth materials to suffosion processes.

In conclusions, future development of landslide classifi-
cation systems should pay attention to suffosion landslides
as a separate type of displacement in regions underlain by
unconsolidated fine-grained clastic bedrock and surface
earth materials.
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In Situ Triaxial Creep Test on Gravelly Slip
Zone Soil of a Giant Landslide: Innovative
Attempts and Findings

Qinwen Tan and Huiming Tang

Abstract

In recent years, numerous landslides catastrophes have
occurred, generating considerable financial losses and
other tolls. The deformational and mechanical properties
of sliding zone soil would be of primary significance to
landslide research, as the sliding zone basically controls
the initiation and mobility of the landslide. An in situ
triaxial test was carried out on a sample from the sliding
zone of the Riverside Slump 1# landslide, a subdivision
of the Huangtupo landslide in the Three Gorges area of
China. The test results indicate that a. the sliding zone
exhibits low compressibility due to the high rock content
(54.3%) and long-time consolidation by the overlying soil
mass; b. only decaying creep occurs without abrupt
failure, and a constitutive equation with both linear and
nonlinear viscoplastic terms is deduced to accurately fit
the test data; c¢. the surface with an orientation of 35°
presents anisotropic traits in terms of displacement,
possibly due to cracks that formed at similar orientations
within the sample cube; and d. the creep behavior of the
landslide may be closely related to the properties of the
sliding zone soil. When a similar stress magnitude to that
of the in situ stress environment is applied to the sample,
the sliding zone soil behavior matches the landslide
behavior. The test results indicate that the Huangtupo 1#
landslide will continue to creep, as interpreted from the
deformation and properties of the sample. However,
unavoidable limitations of the test and extreme external
factors, namely, unexpected rainfall and water fluctuation,
cannot be ignored.
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1 Introduction

The sliding zone of a landslide has been recognized as a
critical part that controls the initiation, motion, and even
morphology of the landslide. Owning to its significance,
studies on the properties of sliding zone soil were common
throughout the past few decades, with the intention of
gaining a better understanding and control of landslides.
Traditional testing measures utilized on the sliding zone soil
basically consist of shear tests (direct shear and ring shear)
and triaxial tests, and most of these tests were conducted as
indoor experiments. Indoor experiments have been long
recognized due to superiorities such as convenient operation
and accuracy control, but flaws inevitably exist, mainly due
to the following aspects: a. the samples are structurally
disturbed (loss of in situ stress); b. the sample constituents
are usually changed by screening to achieve a finer mixture;
and c. the sample size. These flaws have raised the concerns
for researchers, who have tried various measures to address
them. Boldini et al. (2009) conducted large-scale ring shear
tests with a DPRI-6 ring shear apparatus developed at the
Disaster Prevention Research Institute (DPRI), Kyoto
University, to more accurately analyze tsunamigenic land-
slides. Jiang et al. (2016) emphasized the structure of the
sliding zone soil by means of computed tomography
(CT) scanning on undisturbed coarse-grained soil and
mechanical testing on fine-grained soil. On the other hand,
Pirone et al. (2015) and Tang et al. (2014) both intended to
reduce experimental errors by combining indoor tests and
in situ monitoring to more accurately predict landslides.
Soil deformation develops over time and ultimately cea-
ses, depending on the applied stress magnitude, and this
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process is time consuming. Consolidation theories of the
early ages rarely consider the time factor; however, stress
and strain always increase with time. Thus, stress—strain
equations that do not consider time cannot accurately
describe the soil deformation. In this sense, creep test has
become increasingly necessary to investigate soil properties,
including deformation traits and constitutive laws. Wahls
(1962) conducted sets of soil compression tests under
diverse loading rates, and the results showed that the primary
consolidation was a time-dependent deformation, revealing
that creeping also occurred during primary consolidation.
Kabbaj et al. (1988) carried out in situ consolidation tests at
various low strain rates and a series of indoor tests at normal
strain rates, then discovered that the in situ tests exhibited
larger deformations than those of the indoor tests. Notably,
the above conclusions were drawn only through creep tests
that were conducted with a sufficient time duration. Defor-
mation occurs not only during an increase in stress but also
during the consolidation and water drainage under constant
stress; this trait of the creep test distinguishes creep from
normal deformation. These fundamental discoveries have
motivated numerous studies on creep tests in recent years,
and deeper knowledge of the sliding zone soil properties and
deformation has been achieved (Chang et al. 2021; Liao
et al. 2021).

In recent years, studies on soil deformation traits and
stress—strain relationships have become increasingly preva-
lent (Amiri et al. 2016; Miao et al. 2022), as soil behavior
under external forces undoubtedly have a significant impact
on engineering practices. However, most stress—strain rela-
tionships were determined in laboratories, where in most
cases, the soil was disturbed, and the sample was remolded.
The internal structure of the sliding zone soil mainly origi-
nates from the long-time consolidation that makes the soil
matrix dense and cohesive; if the soil is remolded, loss of
internal structure usually leads to a decrease on the strength.
This is noteworthy for the sliding zone soil, which is usually
buried deep beneath the slope surface, and therefore the
consolidation degree is significant. This question has been
discussed by Chen and Liu (2014) who carried out in situ
tests and found that the in situ residual strength was less than
the peak but greater than the residual strength measured in
the laboratory. Similar results were reached by Wen et al.
(2016) and Gao et al. (2010), who compared in situ test
results with lab test results and reached the same conclu-
sions. Therefore, neglecting the structure destruction would
lead to overestimation of the deformation and, as a result,
descriptions from the constitutive model may incorporate
some errors.

In this paper, the deformation response of sliding zone
soil was investigated by means of triaxial testing, in which
the soil sample remains undisturbed. This is an innovative

approach used to learn more about the soil behavior in its
natural environment. To implement this testing scheme, a
testing tunnel in the Three Gorges area, China, was utilized
as the in situ testing site; at this site, the sliding zone of the
Huangtupo 1# landslide is exposed.

2 Materials

2.1 The Huangtupo Landslide

The Huangtupo landslide is the largest reservoir landslide
located on the south bank of the Yangtze River in the Three
Gorges area of China (see Fig. 1a). The landslide is devel-
oped in the strata of the Middle Triassic Badong Formation
(T,b? and T,b) and is mainly composed of mudstone,
pelitic siltstone, and argillaceous limestone. The crown ele-
vation of the landslide is approximately 600 m.a.s.l (meter
above sea level), while its toe varies from 50 to 90 m but is
submerged by the Yangzte River (Fig. 1c). The landslide has
a volume of nearly 70 million m®> and covers an area of
1.35 km?, identified as the largest and most complex land-
slide in the TGR area of China. The Huangtupo landslide is a
large composite deformation body composed of multiple
landslides of different stages. It occurs under the influence of
specific environmental geological conditions and external
dynamic factors and evolves through long-term geological
history. Based on previous studies, a landslide geotechnical
model is established (Fig. 2), where the effects of rainfall,
reservoir water, weak interlayer and cracks on landslide were
briefly revealed.

Four sublandslides can be recognized based on geomor-
phic features and evolution history in the slope, namely, the
Riverside Slump 1#, Riverside Slump 2#, Garden Spot
Landslide and Substation Landslide, and the spatial rela-
tionships among the sliding surfaces of the four sliding
masses were shown in Fig. 1b. Monitoring data (from GPS
and borehole inclinometers) indicate that Riverside Slump
1# has deformed the most, meaning that it has the highest
risk of failure. Therefore, a group of tunnels under the
Riverside Slump 1# were constructed in 2010 (Tang et al.
2015; Hu et al. 2012a, b) to expose the landslide structures,
carry out tests, and install monitoring instruments. The
tunnel group is composed of a main tunnel and five branch
tunnels (BR-1 to BR-5) (Fig. 1b). The test focused in this
paper was carried out at the end of BR-3, where the sliding
zone soil was exposed (presented in Fig. 1c); other four
branch tunnels were not considered for the test mainly due to
either not reaching the sliding zone or inconvenient testing
environment.

According to the exposure by the main tunnel, the No. 1
landslide is a typical bedding landslide. The material
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composition of the landslide mass is mainly gravelly soil and
block from the third segment of the Badong Formation
(T,b%). Information of the main tunnel reveals that the
gravelly soil of the No. 1 landslide mass is brown red and
medium dense. The gravel is argillaceous limestone, light
grey, gray yellow and strongly weathered. The particle size
of gravel is 5-20 cm with the content about 30-60%. Rock
blocks are locally visible, which are composed of argilla-
ceous limestone and limestone of grey-green and blue-grey
color. The soil is silty clay, brown red, plastic to hard plastic
state, and the ratio of soil to rock is 2:8-3:7. As exposed by
the test tunnel and boreholes, the contact between the sliding
zone and bedrock is mostly in bedding mode, and the contact
interface with underlying bedrock is obvious, where the
interface is clear and the phenomenon of cutting layer is
locally seen. The boundary between the sliding zone and the
overlying landslide body is not clear, showing a gradual
transition state. The sliding zone is composed of silty clay
with gravel and debris. Its thickness varies from 50 to
100 cm, and the ratio of soil to rock is 6:4 to 8:2. The
composition of gravel and fragment is argillaceous limestone
with a diameter of 1-5 cm, mostly in the form of grinding
circle-sub-angular. The bedrock of the No. 1 landslide
belongs to the third segment of the Badong Formation (T2b3)
in the middle Triassic. The rock mass integrity is good, it is
medium-thick layer with a thickness of about 20-40 cm.
And the landslide and material properties of soil and rocks is
shown in Fig. lc.

2.2 Evolution Mode of the Landslide

Figure 2 presents a schematic of evolution process of the
Huangtupo landslide (Tang et al. 2015; Deng et al. 2017).
Along the axes of the Guandukou Syncline (Fig. 3a), the
dip-slope of the Huangtupo landslide emerges and evolves
into a gravitationally unstable state. The slope will keep
stability to avoid fully sliding until it is deformed by the
precedent long-term gravitational deformation (PLTGD) of
toppling and deep-seated creep (Fig. 3b). The PLTGD
gradually reduces the integrity and strength of the rock mass,
and this reduction process will continue and deteriorate
under the role of the river cut. When the integrity and
strength of the rock mass are reduced to a certain extent that
insufficiently maintains the slope stability, large-scale land-
slides occur, which we call pre-landsides as shown in
Fig. 3c. Subsequently, the Huangtupo landslide undergoes
long-term dismantling under the influence of river erosion,
rainfall, and river water fluctuation (Fig. 3d).

3 Methodology

3.1 Instrument Employed for the Test

The YXSW-12 instrument was used for the test, which was
developed jointly by the Changjiang River Scientific
Research Institute (China) and Zhaoyang Experimental
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Instruments Co., Ltd. (China). The testing system comprises.
a. components such as a vertical loading unit (jack), hori-
zontal loading unit (hydraulic pressure pillow), deformation

gauge and counterforce frame, as plotted in Fig. 4, and b. a
power and control unit, composed of a personal computer
(PC) that acts as a command center and collects data, an
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Fig. 4 Structural representation of the YXSW-12 instrument

EDC-series servo driver for converting and transmitting the
signals, and a servo valve, booster and an oil source for
supercharging the vertical and horizontal loading units.

Specifically, the hydraulic pressure pillow expands when
charged wit