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Preface

The XIV Congress of the International Association for Engineering Geology and the
Environment (XIV TAEG Congress 2023) was successfully held in Chengdu, China,
from September 21 to 27, 2023. Focusing on the main theme “Engineering Geology
for a Habitable Earth,” researchers and practitioners worldwide from academia,
industry, and government have joined us in this prestigious event. Based on the
topics discussed at the congress, the proceedings are organized into six volumes as
follows:

e Volume 1: Engineering Geomechanics of Rock and Soil Masses

e Volume 2: Geohazard Mechanisms, Risk Assessment and Control, Monitoring
and Early Warning

e Volume 3: Active Tectonics, Geomorphology, Climate and Geoenvironmental
Engineering Geology

e Volume 4: Technological Innovation and Applied for Engineering Geology

e Volume 5: Megacity Development and Preservation of Cultural Heritage Engi-
neering Geology

e Volume 6: Marine and Deep Earth Engineering Geology.

Meanwhile, on behalf of the organizing committee, we would also like to express
our deepest appreciation to the technical program committee members, reviewers,
session chairs, and volunteers for their strong support for congress.

Last but not least, our gratitude also goes to the editors and press for their great
support to the congress.

September 2023 TAEG XIV Congress 2023 Organizing Committee
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Chapter 1 )
Rock Avalanches’ Morphological e
Classification: Important Tool for Risk
Assessment

Alexander Strom

Abstract Well-grounded and timely assessment of risks provided by hazardous
phenomena in mountainous regions is an important factor of their sustainable devel-
opment. Rock avalanches are among most critical due to large volumes, extreme
mobility, ability to block river valleys. Assessment of risk produced by rock
avalanches that will occur in such regions in future inevitably, requires prediction
of the exposure that can be treated both directly—as size and shape of the area that
might be affected by moving debris, and indirectly—by estimating height and shape
of natural dam that could be formed in narrow valley, that predetermine magnitude
of inundation and of the potential outburst flood. Such assessment can be performed
using statistical relationships between initial slope failure parameters—volume and
slope height, and resultant parameters —runout and affected area, derived for rock
avalanches of different types. Their morphological classification takes into account
the confinement conditions, debris distribution along travel path, directivity of debris
motion. Further division within the selected types considers additional morpholog-
ical and geotechnical factors such as shape of the deposits in plan view, interac-
tion of rapidly moving rock avalanche debris with substrate and with obstacles.
Future efforts should be concentrated on compilation of the uniform worldwide rock
avalanches database allowing statistically representative analysis for each type and
subtype selected according to the proposed classification system.

Keywords Rock avalanche - Classification + Morphology - Risk assessment

A. Strom (B<)
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1.1 Introduction

Sustainable development of mountainous regions, prone to various hazardous
phenomena endangering population, industrial objects and infrastructure is impos-
sible without well-grounded and timely assessment of associated risks. Those
provided by rock avalanches are among most critical due to their large volumes,
extreme mobility, ability to block river valleys. Besides, being closely associated
with earthquakes and climatic events such as global warming, rock avalanches can
increase severity of their consequences significantly.

It is obvious that such large-scale rock slope failures that had occurred in the past
repeatedly almost in all mountain systems, will inevitably occur in future. Where,
how large, and when—is a challenging problem, requiring both regional and site-
specific studies and monitoring. However, if the potentially unstable high slope is
identified, the next step is to estimate size and shape of the area at a slope foot that
might be affected to assess the exposure defined as “People, property, systems, or
other elements present in hazard zones that are thereby exposed to potential losses”
(Corominas et al. 2015). In this context the “hazard zone” can be treated either
directly—as size and shape of the area that might be affected by collapsing slope
and moving debris, or indirectly—by estimating height and shape of natural dam that
could be formed in narrow valley, that, in turn, predetermine magnitude of inundation
and of the potential outburst flood.

Such assessment can be based on two main approaches: (1) the numer-
ical modelling, and (2) use of the statistical relationships between initial slope
failure parameters—volume and slope height, and resultant parameters—runout and
affected area (Iverson 2006). The first one is rather laborious and requires variable
input data that, often, can be hardly obtained. Use of the statistical relationships, in
contrast, is quite simple. On the other hand, it is efficient, if type of the anticipated
rock avalanche corresponds well to rock avalanches’ type for which the utilized rela-
tionship(s) has been derived. It determines importance of detailed classification of
this natural phenomenon.

Rock avalanches always originate as rock slides or different types—planar, wedge,
rotational, irregular, compound (Hungr et al. 2014). It should be pointed out that
transition from the initial sliding to the (predominantly) dry granular flow typical
of rock avalanches might occur quite fast, that can be illustrated by several videos
available, for example, in Landslide blog (D. Pettly, https://blogs.agu.org/landslide
blog/). Types of rock slides converting into rock avalanches listed in Table 1 in
Strom et al. (2021) can be complemented by spreads that are rather common in the
Alpine belt (Strom et al. 2021) and can be exemplified by numerous rock avalanches
that collapsed from the ca. 1 km high southern cliff of the Caucasian Rocky Range
composed of Upper Jurassic limestone underline by clayey easily deformable Middle
Jurassic flysch (Strom 2004).

After rock slides of all types mentioned above transformation into granular flow—
rock avalanche—the latter interact with the relief of the travel path and substrate over
which it moves and, thus, can behave in different ways forming deposits with quite
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variable shapes. Thus, rock avalanches can be divided in several types based on
different classification criteria. Three of them: (i) Confinement; (ii) Debris distribu-
tion along its travel path; (iii) Debris motion directivity, can be considered as most
important.

1.2 Classification Based on the Confinement Conditions

The first classification criterion—the confinement conditions allowing selection of
unconfined, frontally confined and laterally confined types is most obvious (Fig. 1.1).
Further subdivision is based on the degree of freedom of debris distribution immanent
for each of these tree basic types.

The degree of freedom of the laterally confined rock avalanches is minimal—they
can move ahead only (how far ahead—is another problem requiring special analysis)
and, thus, their subdivision is useless. In contrast, debris of the unconfined and
frontally confined rock avalanches can spread both ahead (upslope in case of frontal
confinement) and sidewise, allowing selection of several morphological subtypes.
Unconfined roc avalanches are divided into three subtypes—‘mono-directional”,
“fan-shaped” and “isometric” (Fig. 1.2). Frontally confined—into “compact” and
“widened” subtypes (Fig. 1.3).

Such subdivision is directly related to exposure assessment. Indeed, mono-
directional rock avalanche that moves strictly forward, forming a tongue of debris
whose width is more or less constant and almost equal to the headscarp base width
(Figs. 1.1a, 1.2a), might have longer runout than fan-shaped or isometric rock
avalanche that spreads sidewise significantly. The latter, however, can cover larger
area, providing larger exposure, though may be not so distant from the slope base.

Somehow similar is the behavior of rock avalanche bodies that move across
relatively narrow valleys whose opposite slopes provide frontal confinement. They

3800
\4

Fig. 1.1 Types of rock avalanches from Central Tien Shan in different confinement conditions.
a 5-km long unconfined Chaarash-3 RA; b frontally confined Kainar RA at the foot of 500 m high
slope; ¢ 2.5-km long laterally confined Chongsu RA
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Fig. 1.2 Types of unconfined rock avalanches. a Mono-directional RA in Chinese Tien Shan;
b fan-shaped RA in Chinese Tien Shan; ¢ isometric At-Djailau RA in Kyrgyz Tien Shan

Fig. 1.3 Types of frontally confined rock avalanches. a Conpact Chong-Tash RA rock avalanche
with 120 m runup, up to 2725 m, Central Tien Shan, Kyrgyzstan. Red triangles mark headscarp;
b widened Yashilkul RA, Central Pamir, Tajikistan. Black arrows mark the outer boundary of rock
avalanche whose frontal and right-side zone is composed of morain material pushed out by gneiss
boulders (see photograph in “c” made from the point marked in “b” by white double-headed arrow)
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Fig. 1.4 Frontally confined widened Karasu Lake RA of the secondary type decribed hereafter,
Central Tien Shan, Kyrgyzstan. Yellow dashed line—boundary of the dam body; yellow triangles
mark the so-called secondary scar; T—trimline of the secondary rock avalanche

also can move mainly forward, forming compact and relatively high natural dams
(Figs. 1.1b, 1.3a), or can spread along the blocked valley, sometimes both up- and
down-valley (Fig. 1.3b), or just down-valley (Fig. 1.4). It is obvious that such
spreading should reduce dams’ height and, consequently, possible volume of the
stored water that can be released afterward during dam breach.

If such spreading is more or less uniform it decreases seepage gradient influencing
dam’s erosion and piping resistance. Such effect, along with high permeability of
coarse blocky carapace with large voids that is well visible in Fig. 1.3c, supports
gradual outflow from dammed lakes increasing their longevity and decreasing prob-
ability of catastrophic dam breach and outburst flood (Fan et al. 2020, 2021). On the
other hand, the along-valley debris spreading can reduce thickness of the upper part
of the dam that can be exemplified by the Karasu Lake Rock avalanche shown in
Fig. 1.4. Such effect can be, more likely, considered as negative, as far as it increases
probability of the destruction of the dams’ crest. Such interplay of “positive” and
“negative” effects should be analyzed individually at each particular case.
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1.3 Classification Based on Debris Distribution Along Its
Travel Path

Another important rock avalanches’ classification criterion is debris distribution
along its travel path (Fig. 1.5). It characterizes rock avalanche morphology regard-
less of the confinement conditions and of the relief of the transition and deposition
area. Three main types— “primary”, “jumping”, and “secondary” rock avalanches are
selected (see Fig. 1.1) (Strom et al. 2021; Strom and Abdrakhmatov 2018).

Those ascribed to the primary type are characterized by debris accumulation
at the distal part of the travel path. For unconfined and laterally confined cases
(Fig. 1.5-1a) it looks as if almost all debris “flowed down” as far as possible. Primary
frontally confined rock avalanches (Fig. 1.5-1b) are characterized by the significant

Fig. 1.5 Rock avalanche types based on the along-way debris distribution. 1—primary rock
avalanche: 1a—in unconfined or laterally confined conditions, 1b—in frontally confined conditions;
2—jumping rock avalanche; 3, 4—secondary rock avalanches of the “classical” and the “bottleneck”
subtypes correspondingly. H—height drop (vertical distance between the headscarp crown and the
deposits tip); h—that of the secondary rock avalanche; L—runout; l—secondary rock avalanche
runout; V—entire volume, V;—volume of the compact part of the secondary rock avalanche,
V,—that of its avalanche-like part. (After Strom and Abdrakhmatov 2018, with permission from
Elsevier)
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runup (Figs. 1.1b, 1.3a), so that the lowermost part of the dam’s crest is close to the
headscarp base.

Rock avalanches of the jumping (Fig. 1.5-2) and secondary (Fig. 1.5-3, 4) types
are characterized by distinct bipartition of their bodies with compact accumulation at
the headscarp base and elongated mobile part. They can be distinguished, further, by
the style of the transition from compact to mobile part. For jumping rock avalanches
that really jumped as from the ski-jump (their sliding surface daylights much above
slope base) such transition is rather gradual, while secondary rock avalanches have
either distinct circus-like depression on the slope of compact body raising above
the mobile avalanche-like part (Fig. 1.5-3), or the latter passes through sharp valley
constriction (Fig. 1.5-4).

Importance of this classification criterion for rock avalanche hazard and risk
assessment is determined by several factors. First, by the excessive mobility of
secondary rock avalanches that provide longer runout of their mobile parts than
average runout of other types of rock avalanches of the similar volume (Strom and
Abdrakhmatov 2018). Second—by the specific shape of the primary rock avalanches
in frontally confined conditions that can be exemplified by cases shown in Figs. 1.1b
and 1.3a. As far as large portion of debris raised on the opposite valley slopes, it
reduced the effective height of rock avalanche dams—their minimal crest level. It
can be compared with the longitudinal profile of the Karasu Lake dam (Fig. 1.4) that
is much more constant. Such position of the lowermost point of the dam’s crest limits
lake depth. Besides, proximal parts of such natural dams are often composed of loose
material accumulated there after main slope failure and, usually, more vulnerable for
rapid erosion in case of overtopping. And the last, but not the list, is the possibility
of drastic change of the direction of secondary and jumping rock avalanches debris
motion, impossible for primary rock avalanches, that will be described in the next
section.

1.4 Classification Based on Debris Motion Directivity

The mobile parts of secondary and jumping rock avalanches can move either in the
same direction as the initial slope failure (“unidirectional” subtype), or can change
direction of their motion, sometimes up to 90° (“deflected” subtype). It is especially
impressive at secondary rock avalanches. In the first case distinct secondary scar that
marks the transition from the initial slope failure and ejection of the mobile part, is
well visible on the frontal slope of compact accumulation (Fig. 1.1c¢). In the second
case, secondary scar appears on the downstream slope of the dam body (Figs. 1.4,
1.6).

Such deflection requires significant transformation of the momentum, gained
during the initial downslope descent. Since momentum is a vector value, here its
directivity is changing indicating momentum transfer. Possibility of a drastic change
of rock avalanche debris motion must be taken into account for hazard and risk
assessment since the deflected rock avalanche can affect objects that otherwise can
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Fig. 1.6 Southern Karakungey secondary RA with almost 90° change of debris motion direction.
Blue arrow—direction of the intial slope failure; green arrow—that of the secondary failure

be considered as safe, being located quite far from the area endangered by the initial
slope failure. It could increase hazard produced by such rock avalanches significantly.

1.5 Interplay of Classification Criteria and Its Application

Three classification criteria described above can be combined in different ways. They
can be considered independently, as in Sects. 1.2—1.4 (see also multilevel classifica-
tion proposed in Strom et al. 2021), but, at the same time, all of them can be used
as additional criteria allowing more detailed description of a particular case study as
exemplified in Fig. 1.7. Selection of a certain order of the criteria used to describe
and classify rock avalanches depend on the purpose and objectives of the study.

Specifically, the relationships between slope failure volume and height drop (slope
height)—parameters characterizing initial state of the collapsing rock mass on the one
hand, and rock avalanche runout and affected area on the other hand, were derived for
samples selected according to confinement conditions (Shaller 1991; Nicoletti and
Sorriso-Valvo 1991; Corominas 1996; Strom et al. 2019). Such approach is obvious
since combining of all three types for runout analysis is meaningless, similarly to
combining laterally confined and unconfined events to analyze area of the deposits.
Separate analysis performed for Central Asian database provided quite high correla-
tion coefficients (R? > 0.9) for some of these regressions (Strom and Abdrakhmatov
2018; Strom et al. 2019).

If main research interest is focused on hazards and risks associated with formation
and evolution of rock avalanche dams, the priority should be also given to confinement
since such dam can originate in frontally confined conditions mainly.
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Fig. 1.7 Two variants of combination of rock avalanche classification criteria with the along-way
debris distribution as a primary one

Debris motion directivity will be quite important for prediction of the exposure,
especially if the collapsing rock mass is quite large and can collide with an opposite
valley slope obliquely. It will be interesting to analyze in future, using larger database,
how the behavior of debris depends on the collision angle.

But if we are most interested in mechanism of debris motion, it seems that here the
priority should be given to the along-way debris distribution that allows classifying
rock avalanches regardless both of the confinement conditions (compare cases la
and 1b in Fig. 1.5) and of debris motion directivity. One more quiet promising
research field is the analysis of factors governing different shapes of unconfined
rock avalanches—why some of them moved just forward forming narrow tongues
of debris, while other spread sidewise significantly. It can be hypothesized that such
variability depends on the mechanical properties (shear strength) of the substrate
at the base of moving rock avalanche (Grigorian 1979), but more field data and
geotechnical tests are necessary to prove or disprove this assumption.

1.6 Conclusions: Future Research Directions

Classification presented herein in brief and its applications are based on the analysis
of the Central Asian rockslide database mainly (Strom and Abdrakhmatov 2018).
Despite large number of cases included in the database—ca. 1000, for about 600
of which various quantitative characteristics have been provided to date, it seems
not to be large enough to perform statistical analysis of samples based more than
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on one classification criterion. Further research program includes, first, quantitative
characterization of the remaining Central Asian cases for which it has not been done
yet; second, enlargement of the study area aimed to increase number of cases that can
be ascribed to a particular type and subtype up to the amount suitable for regression
analysis.

For this purpose, it will be interesting to combine several large regional databases
(e.g., for Karakorum region, Hewitt 1988, 2011), but it requires careful comparison
of terms and parameters, to be sure that values used in both (in all of them) describes
similar characteristics.

Larger and statistically more representative samples considering several classi-
fication criteria will allow elaboration of more grounded relationships that can be
used for rock avalanche hazard and risk assessment at those sites where large-scale
rock slope failures can be anticipated. It will help to propose reasonable risk mitiga-
tion and, may be, hazard prevention measures to decision makers and local and/or
regional or state authorities.
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Chapter 2 )
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Performance Using Self-Supervised

Support Vector Machines for Regional
Landslide Risk Assessment Visualization:

A Case Study in Han-Yuan County,

Ya’an City

Yuting Ma, Mei Han, Shiyuan Zeng, Huijing Li, and Zihao Gao

Abstract In this paper, A novel application, self-supervised support vector machine
learning, is proposed to enhance the performance of an unsupervised spectral clus-
tering model in regional landslide risk assessment visualization. Taking Han-Yuan
County, Ya’an City, as the case study, we utilized spectral clustering to train the
sample set and attained the optimal kernel function parameter value of 0.03, which
was then applied to the total sample for classification prediction and an AUC value
of 0.819 was achieved. To further improve the model performance, we applied self-
supervised learning on the basis of the spectral clustering. After introducing this
approach, the model performance was substantially improved, with an AUC value of
0.954, representing an increase of 13.5% compared to the unsupervised spectral clus-
tering, and the calculation time was increased by only 0.017 s, which was negligible.
The improved algorithm also produced a landslide susceptibility risk evaluation map
for Han-Yuan County, Ya’an City, indicating that the high-risk area and the extremely
high-risk area occupied 27.05% of the entire landslide, but accounted for 83% of the
landslides, confirming the efficacy of this method in terms of enhancing the accuracy
of spectral clustering.
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2.1 Introduction

Inrecent decades, the prevention and control of geological disasters such as collapses,
landslides and debris flows has become an increasingly pressing public safety chal-
lenge for human survival and development, engineering economic construction, and
even leisure and exploration activities (Yin et al. 2020; Wang et al. 2021; Qing
and Shao 2022). Drawing on this concern, in 2022 Wang (2022) highlighted in
several issues concerning geological disaster prevention and control, the need for
the establishment and improvement of an information platform for such prevention
and control, and the application of new technologies like 5G, IoT, big data, cloud
computing, and Al to facilitate digitalization, networking, visualization, and intel-
ligent management of “One Map”. This also requires the intelligent and visual risk
assessment of landslides. In recent years, scholars at home and abroad have studied
ways to realize such visualization of regional landslides risk assessment (Cai 2021;
Chen et al. 2022; Frangov et al. 2017). However, an efficient, simple and accurate
method remains an urgent problem to be solved.

The essence of research on landslide risk assessment lies in classification.
Currently, this typically entails either deterministic or non-deterministic method (Xi
et al. 2022). Deterministic methods evaluate the risk of landslide hazard by tradi-
tional mechanical calculation models, which are based on the principle and physical
mechanism of landslide occurrence (Jiang et al. 2017; Ramzani and Dehghan 2022;
Xu et al. 2022). However, due to the clear physical meaning, high precision require-
ments for basic parameters, and difficulty in obtaining data associated with traditional
physical models, they are best suited for the study of specific monomer landslides.

The non-deterministic approach to landslide risk assessment involves both quali-
tative and statistical analyses (Liu et al. 2022), with the former relying on knowledge-
driven methods such as hierarchical analysis (Shao and Zheng 2018), fuzzy compre-
hensive evaluation (Wang et al. 2020), grey correlation analysis (Niu et al. 2019) and
expert rating (Yan et al. 2015), and the latter on data-driven methods such as infor-
mation content, artificial neural networks (Segoni 2018), monte Carlo simulations
(Nayek 2021), logistic regression (Ou et al. 2021), support vector machines (Aslam
et al. 2022), random forests (Aslam 2021) and clustering (Mao et al. 2021). While
most data-driven methods require a large amount of data, clustering algorithms do
not, allowing for rapid feature extraction. Over the past decades, a variety of clus-
tering algorithms have been developed, from hierarchical clustering to K-means to
EM and, more recently, spectral clustering (Garcia 2022; Garcia et al. 2022, 2023).

Nowadays, the spectral clustering algorithm is widely used in clustering applica-
tions due to its good performance. This algorithm transforms a clustering problem
into a graph-cutting problem, and has been applied by Du et al. (2021). to characterize
seafloor landslides, concluding that the input factor category could be appropriately
simplified when data are insufficient. As an unsupervised learning algorithm, spectral
clustering is based on graph abstraction, allowing for the clustering of data points
by calculating the eigenvalues of the graph (Zong et al. 2022; Bai et al. 2021; Zhang
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et al. 2019). Nevertheless, few studies have looked into its application in landslide
risk assessment.

This paper introduces a novel application of SVMs wherein they are used to
improve the performance of unsupervised spectral clustering. A self-supervised
approach is then adopted to further enhance the accuracy of the model, which was
applied to the case study of Han yuan County in Ya’an City. This qualitative approach
helped to assess regional risks in a relatively short time and with limited resources.
Additionally, it provided a new research idea for regional landslide risk assessment.

2.2 Description of the Study Area

In recent years, Han yuan County, located in the mountainous region of Ya’an City,
China, has been heavily affected by landslides, resulting in significant economic
losses and human casualties. The area is particularly prone to landslides due to its
steep topography and high rainfall. Since the beginning of 2021, the county has
experienced a series of severe landslides, with devastating effects. In March 2021,
for example, a severe landslide occurred in Liu ping Township, Han yuan County,
resulting in the collapse of a number of houses and the death of three people. In April
2021, another landslide occurred in Xin fa Township, Han yuan County, resulting
in the destruction of two bridges and the death of four people. Such disasters have
caused huge economic losses and displacement of local residents, and have raised
growing concern over the vulnerability of the county to landslides (Tang et al. 2015).
To mitigate the potential risks of landslides and to improve the safety of the local
population, it is essential to strengthen the landslide risk assessment and mitigation
measures in Han yuan County.

The present study was conducted in Han Yuan County, Ya’an City, China, bounded
by latitudes 30°30'N to 32°14'N and longitudes 102°33’E to 104°40’E in the UTM
Zone 50 N (Fig. 2.1). The study area covers an area of 2624 km”. Rainfall in the
area is concentrated in a single monsoonal season from June to September, with high
intensity and wide areal coverage resulting in frequent flooding. To date, no studies
have been conducted on landslides and related problems in this area, making this
study an important baseline for landslide risk assessment in the region.

2.3 Data Sources and Processing

The selection of influencing factors for landslide risk assessment is a crucial basic
step. Using independent data may introduce redundant information and generate
noise, hindering the power of the model. Despite this, there is yet to be consensus
on which conditions should be identified. In general, scholars suggest five broad
categories for impact factors, namely geology, hydrology, land cover, geomorphology
and others (Yu et al. 2014). For the purpose of this study, nine key conditioning factors



