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Analysis and management of geo-hazards through integrated
approaches

Leonardo Cascini!

Abstract

The paper proposes different approaches to overcome the limits of current landside research, usually based on a
monodisciplinary vision that limits its diffusion. The proposed approaches essentially follow two different paths,
respectively defined as the horizontal and the vertical path, both aimed at the generalization of knowledge. The
first analyzes landslides in their current spatial and temporal condition while the second one connects, through
different topographical scales, the contributions of various disciplines that study landslides from different points
of view. For all the approaches, the paper provides the results obtained and the period of time necessary to
achieve them, strictly linked to the path followed.

Keywords

landslides, analysis, inter-disciplinary, multi-scale

Introduction this perspective, researchers are paying an increasing
attention to big data and their correlations to solve
many issues of great practical interest.

Although this field of research is very promising,
the presentation focuses on a completely opposite
approach, based on the chain of "cause and effect”
which is typical of the physical sciences. From this
perspective, it is preliminarily necessary to understand
whether the poor generalization of knowledge is due
to the need for greater understanding of many crucial
issues related to landslides or other reasons.

It is my belief that this is essentially due to the
limited application of the multidisciplinary approach
invoked by the ICGdR Consortium which invites us
to break down the barriers and to share the knowledge.
Starting from this assumption, the basic principles of
the developed approaches and explanatory examples
of their application to different types of landslides are
provided in the following sections.

Several geo-hazards threaten the urbanized areas all
over the world. The documents of the International
Consortium on Geo-disaster Reduction (ICGdR,
www.icgdr.com) mentions earthquakes, volcanic
activity, landslides, tsunamis, intensive erosion, and
hydro-meteorological events, encouraging the
implementation of multidisciplinary approaches to
improve their understanding and the related risk
management.

However, these multidisciplinary approaches as
well as a full sharing of knowledge are far from being
systematically applied to landslides, which are often
linked to many other geo-hazards and, nevertheless,
usually analyzed through single disciplines (e.g.,
Geology, Geomorphology, Geography, Geotechnics,
Geomechanics). Then the acquired knowledge often
remains confined for a long time in well-defined
research areas, without the diffusion it deserves.
Indeed, there is a need for a paradigm change.

Aware of the progress recorded in recent decades - Classification systems introduce and describe a
thanks to the efforts devoted in many disciplinary  variety of landslides that differ in shape, mechanisms,
sectors - and following the suggestions of the ICGdR  materials involved and many other factors. Having no
Consortium, the question is: how can we pursue a specific references in the literature, when the author
broader generalization of the available knowledge? decided to investigate possible common features

An answer to this complex question is today  between so different phenomena, the first problem to
pursued essentially through the Artificial Intelligence  solve was the possibility of grouping landslides into a
(AI) which implicitly refers to the theory of "Complex more limited number of classes. This issue was
Systems" as defined in Physics (Parisi,1999). From  addressed observing that landslides described in all

Basic principles of the proposed approaches
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the classification systems fall into two main classes
called “existing landslides” and “first-failure
landslides”, respectively.

This observation led to investigating the possible
differences between the two classes of phenomena for
which the only reference available in the literature
(Leroueil et al.,, 1996) indicated, on a
phenomenological basis, totally different evolution
stages. The suggestion of these authors was
considered worthy of further investigation for several
reasons among which the residual shear strength
usually mobilized along the slip surface of an existing
landslide and a significant higher value of the shear
strength in a first-failure landslide such as those
caused in quarries. The conclusion from these and few
other considerations was that i) existing landslides are
the result of the long geological history underlying
their origin and evolution stages while ii) first-failure
phenomena are comparable to the initial stage of an
existing landslide even if the evolution in time and
space is quite different where the anthropic triggering
factors prevail.

This gave rise to two different research activities.
The first aimed to identify common kinematic
features for deep-seated existing landslides and first-
failure phenomena. The second one dedicated to
connecting the geological history of a site with the
landslides present inside to understand their spatial
location and evolution in the near future.

The first line of research follows an horizontal
path focusing the attention on landslides that can be
very different from each other but all in their current
spatial and temporal configuration. This research can
be considered concluded as the theoretical framework
has been completely defined and the results obtained
are particularly promising as illustrated below.

The second line of research is, vice-versa, vertical
in nature as it analyzes the evolution of the territory
over time through a multi-scale approach which can
be developed following a bottom-up, top-down or a
mixed path as defined in Cascini (2015). All are
markedly multidisciplinary approaches and blend
together the contributions usually provided by
Geology, Geotechnics and other disciplines involved
in studying the landslides.

The experience acquired so far clearly highlights
that the best results, in terms of quality and time, are
provided by the top-down approach especially if the
geological maps developed at the smallest (territorial)
scales are translated into thematic maps capable of
correlating the geological evolution of a territory with
the current state of landslides and their possible future
evolution. The explanatory examples discussed in the
following also highlight other potentialities of this
approach which can correlate different geo-hazards
together highlighting the role of each of them on the
global risk that affects an area.

11

Common kinematic features of deep-seated
landslides

As summarized in Babilio et al. (2021), understanding
and quantifying the time evolution of landslides has
always engaged researchers for the consequences of
such phenomena on the stability of buildings and
infrastructure and the loss of life, as in the case of the
Vajont landslide which caused 1,917 victims.

The scientific literature reports both mechanical
and phenomenological approaches to forecast a
landslide evolution. Mechanical approaches develop
limit equilibrium, coupled or uncoupled stress-strain
analyses and other sophisticated analyses, depending
on the objectives to be pursued and the available data.
They are usually applied to a single landslide case
study and the results obtained cannot be generalized.
On the other end, phenomenological approaches
implemented as black box models often fail in the
prediction of the landslide collapse time. Indeed, there
is a lack of criteria to forecast the landslide evolution
on a consistent basis.

Fifteen years ago, the University of Salerno started
a research activity to bridge this gap through the
analysis of the landslide dynamic equilibrium based
on the inverse approximation of the cumulative
displacement vs. time relationship.

The first research task consisted in collecting well
documented landslides in the scientific literature.
Then, the displacement trend of each landslide (e.g.,
Figure la) was divided into a sequence of activity
phases distinguished with the aid of the landslide
triggering factors (Figure 1b).

This preliminary and fundamental step allowed the
recognition, in the dimensionless space, of common
growth properties of different landslide displacements,
independently from the volume of the landslide mass,
the involved geomaterials, etc. (Figure 1c¢).

The third step implemented a power-law
regularization of the experimental data to compute the
time derivatives of the dimensionless cumulative
displacements up to the third order (velocity,
acceleration and jerk).

This procedure allowed us to understand and
quantify the behaviour of all the monitored landslides
through a stability chart which relates a different
stability regime to each of the dimensionless
displacement trends in Figure 1c (Babilio et al., 2021).

Once calibrated and validated, the model was used
to test its ability to predict the evolution of all the
landslides in the dataset.

The results obtained demonstrate that this
objective, unimaginable until a few years ago, can
now be achieved when an adequate characterization
of the landslide and reliable measurements of its
movements are available.
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Figure 1. a) Dimensional displacement of the
landslides collected in the dataset, b) isolating the
activity stages through the shape of the displacement
trend and the triggering factors for the case study of
Bindo Cortenova, c¢) from dimensional to
dimensionless displacement trends.

The multi-scale approach

Another possibility to enhance the landslide analysis
and related risk management is provided by the multi-
scale approach which is able to connect each other the
skills of the many disciplines that, from different
points of view, study the landslide.

Greatly simplifying the problem, we can say that
Geological sciences usually analyse through heuristic

SIZE AND SCALE OF THE STUDY AREA
1:100,000

1:25,000
1:5,000

1:1,000

Figure 2 Bottom-up and top-down paths.

methods large areas to investigate the predisposing
factors of the landsliding while the engineering
approaches are much more interested in quantifying
the role played by triggering factors on a single slope.
Indeed, merging the two different approaches allow
passing from large areas to small ones or vice-versa.
This can be done through the paths suggested in
Cascini (2015), respectively named bottom-up and
top-down approaches (Figure 2). Explanatory
examples of these paths are provided in the following
sections.

Example of the bottom-up approach

The bottom-up approach starts from studies
developed at large/detailed scale on landslides
representative of a well-defined geological context
and the results achieved are progressively generalized
to broader contexts than those analysed in detail.

These studies are developed through in situ and
laboratory investigations and engineering models
implemented to quantify the stability of few slopes
and their evolution over time.

In this perspective, a proper analysis of the effects
caused by the landslide triggering factors is of
fundamental relevance since the displacements for an
existing landslide and the mobilized volumes and
runout for the first-failure phenomena strictly depend
on these factors.

The applicability of the results achieved in areas
much broader than those analysed in detail is obtained
through statistical and/or heuristic methods which
must be calibrated on the case studies analysed in
depth. This process allows us to frame all the
landslides in a geological context with a considerably
less effort than would have been necessary through
detailed investigations of every single landslide
present in the area.

The presentation provides an explanatory example
of this path by referring to a complex geological unit
of weathered gneisses whose heterogeneity varies
from site to site and, sometimes, to a marked extent in

12
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Figure 3 a) In-situ investigation of landslides studied in detail and b) identification of the landslide predisposing

factors in a geologically homogeneous area.

the same site and along the same vertical. Figure 3a
indicates the in-situ investigations developed in the
first step of the research activity when four different
landslides were analysed in detail.

Then, the obtained results were generalized over
an area of about 10 km?, Figure 3b, by implementing
the geological model based on the landslides studied
in detail (Cascini, 2015).

The time required to start and conclude the
research activity was approximately 15 years.

Example of the top-down approach

Rainfall-induced shallow landslides involve several
geo-environmental contexts and different types of
soils. In clayey soils, they affect the most superficial
layer, which is generally constituted by physically
weathered soils characterised by a diffuse pattern of
cracks. These landslides, which usually develop over
large areas through a multiple sequence of phenomena,
frequently cause significant consequences in terms of
environmental and economic damage. Indeed,
landslide susceptibility zoning is a relevant issue for
land use planning and/or design purposes.

The report proposes a multi-scale analysis
implemented through the top-down approach to reach
this goal. The reliability of the approach is tested and
validated over an area in southern Italy affected by
widespread shallow landslide that can be classified as
earth-slides and earth-slide-flows (Cascini et al.,
2015). Specifically, by moving from a small scale
(1:100,000) to a medium scale (1:25,000), with the
aid of heuristic and statistical methods, the approach
identifies the main factors leading to the landslide

13

Figure 4 Identification of a) areas and b) slopes
affected by shallow landslides, c¢) geotechnical
analyses to quantify the landslide evolution.
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spatial occurrence (Figure 4a), and effectively detects
the areas potentially affected (Figure 4b).

Finally, at large scale (1:5,000) physically based
models (TRIGRS and TRIGRS-unsaturated) allow the
quantitative landslide susceptibility assessment in
sample areas representative of those that are affected
by shallow landslides (Figure 4c).

Considering the reliability of the results obtained
and the time of 3 years required to develop the
research activity, the proposed approach seems useful
for analysing other case studies in similar or different
geological contexts.

A new frontier for the geo-hazard analysis
and management

The reliability and performance of the top-down
approach led to formally defining the steps to follow
moving from small to large scale, recently tested in
the emergency management of the Casamicciola
Terme area (island of Ischia, southern Italy), severely
damaged, in November 2022, by a large number of
landslides (Figure 5a-b). In this case study the
territory was preliminarily divided into macro-sectors

selected on the basis of their geological history
(Figure 5c).

Then, each macro-sector was divided into sectors and
territorial units, referring to their evolution caused —
over the last hundreds of years — by landslides, floods,
etc. This type of zoning, adequately supported by
geotechnical analyses, has made it possible to
quantitatively assess the landslide risk and to outline
the links between volcanic, seismic, landslide and
alluvial hazards affecting a large area (Figure 5d).
This objective was achieved after just 2 months by a
highly multidisciplinary study group made up of 20
scientists and technicians.

This procedure is currently being applied to on-
going research on a much larger area, namely
southern Italy which extends for 68,000 km? in the
centre of the Mediterranean Sea (Figure 6a). Although
the research is only at the beginning, the results
achieved so far appear promising as it concerns the
relationships between geology and geo-hazards as
well as the relationships that exist between many of
them (Figure 6b-d). The presentation will provide
every useful detail to understand the major points and
results achieved so far.

fschia Ialend

Legend
Average volocity [mem/year]
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Figure 5 a) The territory of Casamicciola Terme (island of Ischia, NA — Italy) affected by the landslide event
dated November 2022, b) examples of consequences caused by the landslides, c) territory zoning based on
geological criteria, d) relationships between the geo-hazards threatening the territory (average velocity of the
vertical component displacement provided by the satellite data (https://land.copernicus.eu/).
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Figure 6 a) Hydrographic District of the Southern Italian Apennine in red; b) geodynamic macrozonation of the District
territory: (I) Apennine chain, (II) Tyrrhenian area, (III) Bradanic foredeep, (IV) Apulia foreland, (V) Calabro Arc; c) zoning
the macro-sectors of the Calabria region; d) the Crotone basin affected by a megalandslide according to the literature.

Concluding remarks

The case studies discussed in the presentation and
summarized in this report highlight that sharing
knowledge and linking geology and geotechnics are
among the most promising ways to improve landslide
analysis and related risk management.

Among these, the analyses introduced in section 3
and the top-down approach dealt with in section 4.2
appear particularly promising, especially if the latter
is based on a territory zoning developed with the aid
of geological sciences and deepened in few
representative areas through the geotechnical models.

The author hopes for a broad discussion during the
symposium to share this opinion and to have the
opportunity of testing the described approaches in
many other geological areas of the world.
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Abstract

On 28 September 2018, an earthquake
followed by tsunami in Central Sulawesi
caused severe damage and resulted in a death
toll of more than 2,000 people. The epicenter
of the M7.4 earthquake was northeast of Palu
City, at a relatively shallow depth of 10
kilometers. The earthquake occurred at
18:02:45 Central Indonesian Time. Seven
aftershocks were recorded until 18:21 with
magnitudes of M4.7 to M6.3. The M7.4
earthquake was followed by a series of
tsunami waves as high as 6 m. The earthquake
caused liquefaction and earth flows, which
affected a 380-hectare area in Sigi District
and Palu City.

Sulawesi Island has several geological
structures, one of which is the Palu Koro
Fault. The fault is 240 km long north to south,
crossing Palu City to Bone Bay. The Palu
Koro Fault is an active sinistral fault which
moves north 25-30 mm/year. As a result,
earthquakes often occur in the area. One of the
important historical earthquakes is the 1927
M6.3 earthquake which was followed by a 15
m high tsunami wave causing 2,500
casualties. The 2018 earthquake was also
caused by the Palu Koro Fault. Other notable
phenomena caused by the 2018 earthquake
were tsunami, liquefaction, and earth flows.
The expert opinion is that the tsunami was
most likely caused by a submarine landslide.
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The landslide occurred in Palu Bay between
200 and 500 m deep. Meanwhile, the
liquefaction that occurred in several areas was
then followed by earth flows. The
liquefaction was caused by earthquake
induced shaking in a soil layer dominated by
saturated fluvial and alluvial sediments.

Since 2014, Gadjah Mada University has
carried out research related to seismic activity
in Palu, Central Sulawesi. The research on
sediment thickness using microtremors
indicates that the mountainous area has a low
seismic hazard index while the coastal plain
has a high seismic hazard index. The sediment
thickness in Palu ranges from >125 m to <25
m. The sediment thickness can influence the
amplification of seismic waves; thicker
sediment in an area means higher
amplification and the damaging effects of the
earthquake are more significant as a result.

This research can be used to guide the
recovery and future development plan for
Palu City. Changing the mindset from a
culture of ‘being prepared to respond’ to
being a ‘resilient city’ is a long process and
can take generational change. Palu is making
good progress on this journey, however, given
the damage and the high death toll from the
28 September 2018 earthquake, continued
mitigation efforts from relevant stakeholders
and the community is still very much
required.
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Accurate Prediction of Landslide

Manchao He
Accurate prediction of landslide is the key to disaster prevention and mitigation. At
present, the success rate of landslide early warning is relatively low and the early-
warning time is lagging. In response to these problems, a new monitoring and prediction
method based on the academic idea of "the sufficient and necessary condition for
landslide occurring is the change of Newton force" has been proposed. First, the
Newton force change law of rock mechanics was proposed for the first time in the field
of rock mechanics, and a double-block mechanics model based on Newton force change
measurement was constructed, and a complete set of landslide Newton force
measurement theory was formed. Then the monitoring and prediction system and the
NPR anchor cable suitable for landslide monitoring with high constant resistance and
large deformation were independently developed. The warning mode and warning level
of landslide with Newton force was proposed and an integrated landslide control
technology was formed. Finally, the system was implemented in 723 monitoring points
in 26 demonstration areas in China. All 14 landslide disasters within the scope of the
deployment were successfully predicted, more than 100 lives and hundreds of millions

of equipment and property was saved.
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Abstract

For the United Nations Office for Disaster
Risk Reduction (UNDRR), the word appears
in the definition or vulnerability: “The
conditions determined by physical, social,
economic and environmental factors or
processes which increase the susceptibility of
an individual, a community, assets or systems
to the impacts of hazards.”, in susceptibility
risk assessment, for soil liquefaction. But as
the word has a broad meaning, it can be used
for several other risks such as the
susceptibility of forests to hurricane damage
(Imbert et al., 1996; McNulty, 2002), forest
fires (Ghorbanzadeh et al., 2019), floods
(Zhao et al., 2018), seismic amplification
(Jena et al., 2020) or for multi-hazard
purposes (Karakas et al., 2023). But many
susceptibility scales today are derived from
the machine learning approach, which often
creates relative scales based on various
indicators.

For example, the use of susceptibility in
landslide studies is essentially applied to
hazard, it is based on an empirical scale of the
probability of a hazard at a given location
based on the assessment of predisposing
factors and summarizing them in a relative
hazard scale (Ferrari et al., 2016; Fell et al.,
2008; Corominas et al. 2023). It is often used
to qualify the failure hazard or reactivation on
the basis of various choice indicators.

The degree of destruction depends on the
types of objects and their sensitivity to the
level of intensity of the dangerous
phenomenon. This sensitivity can be cross-
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referenced with the relative frequency of the
intensity of the hazard, which makes it
possible to qualify the level of risk. In fact,
risk matrix approaches are based on the above
statement, which uses both susceptibilities to
qualify the hazard and vulnerability or the
level of damage.

These empirical or expert approaches are
so common that certain rules need to be
developed to avoid problems, such as classes
definition. In addition, as can be seen from the
comparison with observations, uncertainty
can appear to be significant (Cardinali et al.,
2002). This is why it is necessary to develop
different ways of introducing uncertainty into
these approaches. This can be done by
weighting the data or by asking to assess the
possibility of belonging to each class of
damage and risk, or by using methods such as
the Bayesian approach to distribute weights
over neighboring classes. Examples of these
approaches will be given. Examples of these
approaches will be given.
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Debris Flow and Road Infrastructure Vulnerability, Risk and
Resilience

Mike G Winter!

Abstract

The provision of safe, reliable and resilient networks is a fundamental requirement placed by society on those
responsible for our transport systems. Resilience can be viewed at a number of levels ranging from asset, through
link, node, and route, to network; each must be resilient in order to achieve the goal of a resilient road network. In
this paper a personal view of resilience, the effects of climate change thereon and upon our assets is given. Risk
and vulnerability are considered and applied examples of quantitative risk assessment described along with their
application. Two case studies are presented to illustrate the potential challenges of both asset redundancy (or
diversion) and recovery, the latter in terms of potentially complex governance.

Keywords

Debris flow, road, infrastructure, vulnerability, risk, resilience

Introduction Typically, the focus of engineers is on assets, and while
this often considers how different assets interact at

Foad andl l}ig.hway .infra;tructureh perf(;;m @ either a nodal or route level, the bigger picture is
und?lmenta ro'e mensuring t © smooth and effective represented by the route or the network (Fiddes et al.
running of society. They provide a means to move 2024)

goods in a timely manner and access to education,
employment, health opportunities, and to social and
leisure activities. Industries that tend to be particularly
dependent on transport generally, and road transport
specifically, include forestry, fishing, agriculture and ~ REDUNDANCY
tourism as well as manufacturing. o

In this paper a short overview of some of the key
challenges that face geotechnical engineers is given
using case studies to illustrate key points.

RELIABILITY
{ability to operate

2 under a variety of
diversion routes)

The provision of a reliable and resilient network is thus coniNons)

a key objective for governments and their transport and

road authorities. Natural hazards such as inter alia

landslides, floods and wildfires present major

challenges to the achievement of this objective and

these challenges are significantly compounded in the RESISTANCE FE.«.CS:;ST H
light of ongoing climate change. In this context {physical ' recover from
resilience can be defined as “... the ability of assets, At dsraption)
networks and systems to anticipate, absorb, adapt to, Fig. 1 The components of resilience (after Reeves et al.
and/or rapidly recover from a disruptive event” (Anon. 2019, b).

2011). Reeves et al. (2019a, 2019b) delivered guides to
enhancing resilience for road and rail and illustrated the
components of resilience as the four Rs (Fig 1):

Effects of climate flux

° Redundancy (spare capacity or diversion  The effects of climate change in terms of changing
routes). rainfall patterns, increased temperatures and other key
. Reliability (ability to operate under a variety ~ impacts are well known at a conceptual level.
of conditions). However, the precise magnitude of these changes
° Resistance (physical robustness). remains the subject of significant uncertainty, and in
° Recovery (respond and recover from  addition the weather patterns associated with climate
disruption). are inexorably linked to variability and extremes

(Winter et al. 2010a). Winter et al. (2010b) articulated
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the uncertainties inherent in climate flux within the
Rumsfeldian framework of:

° Known knowns: These include historic and
recent climate trends, their relation to current patterns
and the fact of climate change (the sequence of
greenhouse gas emissions, global warming, and
climate change and instability).

° Known unknowns: The precise degree and
nature of climate change and some of its impacts,
particularly in the light of the variability in climate
change forecasts and likely instability in year-on-year
climate patterns. These impacts might, for example,
include the reaction of vulnerable human populations
to both climate change and instability.

° Unknown unknowns: The nature of some
other impacts of climate change, although as these are
genuinely unknown unknowns these will really have to
wait until our knowledge is more complete — that these
are unknowns is after all the point. Possibly the real
value of this element of the framework is as a reminder
that there will always be issues that arrive
unexpectedly out of left field.

Such climate change has a fundamental effect on the
resilience of a network and Winter (2024)
demonstrates the transition from a low frequency base
in which resilience can be increased, at least in
principle, through a scenario in which the recurrence
interval matches the recovery time and resilience can
barely be maintained. This culminates in a scenario in
which the recurrence interval reduces (frequency
increase) so as to be greater than the time required to
recover, and resilience inevitably declines as full
recovery is not possible between events (Fig. 2).

Risk and vulnerability

Typically, we consider the risk to a person or object as
the product of the hazard (H), the elements at risk (E,
the person or object), and the vulnerability of the
elements at risk (V), or:

R=HxXExV

Clearly, there is a need to evaluate each component of
this equation in order to properly assess risk
assessment. Despite the tendency of many
geoscientists and engineers to focus on the hazards it is
important to note that the elements at risk and
vulnerability are equally important in a risk
assessment. The proportion of resources allocated to
each element is situationally dependent and Winter et
al. (2024) presented a case in which the lack of data on
the elements at risk led to the greater share of resources
being allocated to that part of the assessment.
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Fig. 2 A simplified, conceptual illustration of the effects of
repeated hazard events on infrastructure system resilience
when the recovery period is greater than the recurrence
period thus creating a decrease in system resilience over time.
As adapted from the original by Dijkstra & Dixon (2010),
representing vulnerability, and sequentially adapted by Milne
et al. (2016), Reeves et al. (2019a, 2019b) and added to by
Winter (2024).

Until relatively recently the assessment of vulnerability
for landslides was an area that was relatively poorly
understood and applied. However, this has changed
substantially in the last decade or so as the concept of
fragility curves has been adopted from seismic
engineering (Fig. 3).

- D

Protatriity

5.0
Volume (m

Fig. 3 Hypothetical fragility curve illustrating the
probabilities of a given damage state being exceeded and the
conditional probabilities for each damage state for a 5,000m?
event (adapted from Winter et al. 2014).

The vulnerability to debris flow for impacted buildings
has been expressed using fragility curves and/or
probabilities of exceedance of damage states (Haugen
& Kaynia 2008; Jakob et al. 2012; Quan Luna et al.
2011; Papathoma-Khole et al. 2012), while Winter et
al. (2014) developed fragility curves for the effects of
debris flow on road infrastructure and Mavrouli et al.
(2014) developed such curves for building as part of
the same project.
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The concept of fragility also lends itself to being based
on the results of modelling and in that sense has been
widely applied including to damage related to both
highway and railway embankments and cut slopes
(Argyroudis & Kaynia 2015), to cantilever retaining
walls (Argyroudis et al. 2013), to the settlement of
bridges (Peduto et al. 2018) and to moisture ingress and
scour of embankments (McKenna et al. 2021).

As noted in the introduction the resilience of road
infrastructure is heavily dependent upon the resilience
of the individual assets (Fiddes et al. 2024) but the
overall performance is dependent upon the resilience
of the individual assets that exist on the links between
nodes, the route and ultimately the network. To this end
Argyroudis et al. (2019) developed the concept of
Systems of Assets — a combination of interdependent
assets exposed not to one, but to multiple, hazards
depending on the environment within which these
reside (Fig. 4). This multi-element, multi-hazard
approach presents a far more realistic, real-world,
approach to understanding and assessing the behaviour
and the fragility of assets and Systems of Assets
subjected to one or a sequence of similar or disparate
hazards and may be expected to come to the fore in
future studies.

& -

Fig. 4 Transport infrastructure in diverse ecosystems exposed
to multiple hazards: High capacity and speed roads (e.g.
motorways) in mountainous areas.

Quantitative risk assessment

The use of fragility curves to express vulnerability as
part of quantitative risk analysis is a potentially
powerful tool. While such studies are as yet rare, recent
quantitative risk assessment work has at least been
informed by the vulnerability of people to debris flow
hazards as considered through the means of fragility
curves (Winter & Wong 2020; Winter et al. 2024).
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Such QRA can be a powerful tool to understand both
the absolute risk at a given site but also the relative risk
between different sites. Work on three sites in Scotland
is illustrated in Fig. 5 and can be used to aid the
prioritization of budgets between sites and routes
(Winter & Waaser, 2024a). The QRA results presented

in Fig. 5 include the A83 Rest and be Thankful, for
which the risk is presented both without and with
mitigation, the A85 Glen Ogle and the A82 Glen Coe.
Each of the QRAs considers the risk to road users in
moving vehicles while the A82 Glen Coe QRA
additionally considers the risk to road users who stop
in car parks that are built on material from past debris
flows.

Case studies

Luib debris flow Isle of Skye, Scotland

The Luib debris flow on the Isle of Skye in Scotland
occurred on 30 September 2022 in response to
significant rainfall of around 120mm, with a peak 15-
minute rainfall of 7.8mm (i.e. an intensity of
31.2mm/hr). The area is subject to high rainfall with a
mean for the years 2002 to 2022 of 3,918mm (minima
2,732mm; maxima 4,983mm). Details of the event and
a detailed rainfall analysis are presented by Winter &
Waaser (2024b).

The debris flow blocked the road for slightly in excess
of two hours after which the eastbound (downslope)
carriageway was reopened to alternating one-way
traffic controlled by traffic lights. The response to the
event is an exemplar of recovery (see Fig. 1) but it does
raise a number of issues regarding redundancy.

The section of the AS87 trunk (strategic) road in
question forms a single link between the village of
Broadford to the southeast and the junction with the
A863 at Sligachan to the northwest, a distance of
approximately 26km. While there is no suggestion that
a larger single event, or series of events, that may close
the road for a longer period is likely, without a road-
based, on-island diversion the question as to what
would happen in such a case is relevant.

The diversion would involve both road and ferry route
via the Outer Hebrides, with between 142km and
303km by road and between two and three ferries with
a sailing time of between five and six hours (plus
waiting times). It seems clear that any longer-term
closure in this area would cause major access issues for
the largest settlement on the Isle of Skye, Portree,
which is located to the north and west.
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Fig. 5 F-N curves based on the Wong et al. (2004) approach for the A83 Rest and be Thankful, before and after mitigation
measures, A85 Glen Ogle and A82 Glen Coe, for both mobile traffic/road users and static elements at risk (parked vehicles and

people) and those combined (after Winter et al. 2024).

Fig. 6 The Luib debris flow. The A87 road is at the base of
the slope.

Kosova landslide, Bosnia & Herzegovina

The Kosova landslide occurred on 19 May 2014
following a prolonged period of heavy rain and
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flooding that caused significant disruption in Bosnia
and Herzegovina and other parts of the Balkans. As of
20 May, an estimated 24 lives had been lost in Bosnia
and Herzegovina as a direct result of the floods with a
further seven people still missing. The rainfall was the
highest in 120 years of recorded measurements.

The landslide is located on the west bank of the Bosna
River, which forms the boundary between the
Federation of Bosnia and Herzegovina and Republika
Srpska. These two entities, along with the District of
Brcko, form the country of Bosnia and Herzegovina.
The landslide is described by Winter et al. (2020)
including damage and morphology, geology, future
impacts, investigation and monitoring, and
governance.

The Kosova landslide is a translational slide movement
over a significant area. It has already wreaked
considerable damage to the village and rendered a
significant number of properties uninhabitable; it
would not be inappropriate to describe these properties
as having been completely destroyed. It has also caused
significant damage to the main road that runs in close
proximity to the postulated location of the toe. The
Kosova landslide clearly presents a major operational
risk for the M17 (E73) road and thus to the road
authority.
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Fig. 7 View of the northern lateral margins of the Kosova
landslide. Scarp features and damaged buildings are evident.
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Given the attendant risk to houses on the flood plain
there is a case to be made that the Municipality and/or
the Canton should be involved. The potential for
damming the Bosna River should there be a substantial
downslope movement, also brings both the River Basin
Agency and the Civil Protection Agency into that
forum. However, given that the Bosna River forms the
border between the Federation of Bosnia and
Herzegovina and the Republika Srpska at this location,
any flooding (both upstream and downstream) would
affect both the Federation and the Republika; it thus
seems appropriate that the relevant agencies from the
latter should also be involved. In this context
consideration ought to be given to a national, Bosnia
and Herzegovina, effort to monitor the landslide and to
effect remediation risk reduction where necessary.
The damage to date is relatively slight compared to the
potential for future damage. This clearly brings into
play a need for a joined-up multi-entity and/or national
approach to the investigation, monitoring and
remediation of the Kosova landslide.

Closing Remarks

The successful operation of a safe, reliable and resilient
road network is challenging. Such challenges are
significantly magnified by the ongoing process of
climate change and its associated uncertainties. The
increased frequency (and magnitude) of events such as
landslides, debris flows and floods can rapidly lead to
a situation in which the time required to recover from
an event is greater than the interval between successive
incidents leading to an inevitable reduction in
resilience.

In order to achieve resilience a view that encompasses
not only the asset but the links and nodes, the route and
ultimately the asset must prevail.
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Risk assessment can inform decision-making including
the allocation of budgets but also be an important tool
for understanding and articulating issues surrounding
resilience and the lack thereof.

As climate change progresses, we will see some
extreme examples and although largely hypothetical in
terms of its likelihood, the Isle of Skye case study
articulates a ‘worst case’ scenario in terms of achieving
resilience through redundancy. The example of the
Kosova landslide in Bosnia and Herzegovina illustrates
the challenges associated not only with the impacts of
a potentially significant event but also the need for
effective and appropriate governance.

There is an exciting and challenging road ahead.

Acknowledgments

The views presented here are the views of the author
and are not intended to reflect those of any other
individual or organisation.

References

Anon. (2011) Keeping the country running: Natural
hazards and infrastructure, A guide to improving the
resilience of critical infrastructure and essential
services. UK Cabinet Office. London.

Argyroudis S, Kaynia AM, Pitilakis K (2013)
Development of fragility functions for geotechnical
constructions: application to cantilever retaining walls.
Soil Dynamics and Earthquake Engineering, 50: 106-
116.

Argyroudis S, Kaynia AM (2015) Analytical seismic
fragility functions for highway and railway
embankments and cuts. Earthquake Engineering and
Structural Dynamics, 44(11): 1863—1879.

Argyroudis SA, Mitoulis SA, Winter MG, Kaynia AM
(2019) Fragility of transport assets exposed to multiple
hazards: state-of-the-art review toward infrastructure
resilience. Reliability Engineering and System Safety,
191: 1-22.

Dijkstra TA, Dixon N (2010) Climate change and slope
stability in the UK: challenges and approaches.
Quarterly Journal of Engineering Geology &
Hydrogeology, 43(4): 371-385.

Fiddes G, Waaser T, Winter MG (2024). Geotechnical
asset data to enhance road network resilience. Geo-
Resilience 2023: Proceedings, Geo-Resilience 2023
Conference, Paper 1.3, 8p (Eds.: Toll D G, Winter M
G). Cardiff, Wales. British Geotechnical Association,
London.

Haugen ED, Kaynia AM (2008) Vulnerability of
structures impacted by debris flow. Landslides and



Proceedings of the
22nd International Symposium on Geo-disaster Reduction

Engineered Slopes: From the Past to the Future (Eds:
Chen Z, Zhang J-M, Ho K, Wu FQ): 381-387. CRC
Press, London.

Jakob M, Stein D, Ulmi M (2012) Vulnerability of
buildings to debris flow impact. Natural Hazards,
60(2): 241-261.

McKenna G, Argyroudis SA, Winter MG, Mitoulis SA
(2021) Multiple hazard fragility analysis for granular
highway embankments: moisture ingress and scour.
Transportation Geotechnics, 26, 100431: 12p.
Mavrouli O, Fotopoulou S, Pitilakis K, Zuccaro G,
Corominas J, Santo A, Cacace F, De Gregorio D, Di
Crescenzo G, Foerster E, Ulrich T (2014) Vulnerability
assessment for reinforced concrete buildings exposed
to landslides. Bulletin of Engineering Geology and the
Environment, 73(2): 265-289.

Milne FD, Winter MG, Reeves SJ, Knappett JK,
Dawson S, Dawson A, Peeling D, Peeling J, Brown MJ
(2016) Assessing the risks to infrastructure from
coastal storms in a changing climate. Published Project
Report PPR 800. Transport Research Laboratory,
Wokingham.

Papathoma-Khole M, Keiler M, Totschnig R, Glade T
(2012) Improvement of vulnerability curves using data
from extreme events: debris flow event in South Tyrol.
Natural Hazards, 64(3): 2083-2105.

Peduto D, Elia F, Rosario Montuori R (2018)
Probabilistic analysis of settlement-induced damage to
bridges in the city of Amsterdam (The Netherlands).
Transportation Geotechnics, 14: 169—182.

Quan Luna B, Blahut J, van Westen CJ, Sterlacchini S,
van Asch TWJ, Akbas SO (2011) The application of
numerical debris flow modelling for the generation of
physical vulnerability curves. Natural Hazards & Earth
System Sciences, 11: 2047-2060

Reeves S, Winter M, Leal, D, Hewitt A (2019a).
Roads: an industry guide to enhancing resilience. The
Resilience Shift & TRL, Wokingham.
(https://www.resilienceshift.org/publication/primer-
roads/)

Reeves S, Winter M, Leal D, Hewitt A (2019b) Rail:
an industry guide to enhancing resilience. The
Resilience Shift & TRL, Wokingham.
(https://www.resilienceshift.org/publication/primer-
rail/)

Winter, MG (2024). The John Mitchell Lecture 2023:
road asset, socioeconomic and fatality risk from debris
flow. Quarterly Journal of Engineering Geology and
Hydrogeology, 57(2): 1-23.

Winter MG, Waaser T (2024a). Applications of
quantitative risk assessment for debris flow and road
users. Invited Theme Lecture. Proceedings, Fifth
International Conference on  Transportation

25

Geotechnics: Sustainable and Evolving Technologies
for Urban Transport Infrastructure, November 2024,
Sydney.

Winter MG, Waaser T (2024b) Debris flow at Luib on
the AS87 strategic road: Isle of Skye, Scotland.
Quarterly Journal of Engineering Geology and
Hydrogeology, 57(2): 1-10.

Winter MG, Wong JCF (2020) The assessment of
quantitative risk to road users from debris flow.
Geoenvironmental Disasters, 7(4): 1-19.

Winter MG, Dent J, Macgregor F, Dempsey P, Motion
A, Shackman L. (2010a). Debris flow, rainfall and
climate change in Scotland. Quarterly Journal of
Engineering Geology & Hydrogeology, 43(4): 429-
446.

Winter MG, Dixon N, Wasowski J, Dijkstra T (2010b)
Introduction to land use and climate change impacts on
landslides. Quarterly Journal of Engineering Geology
& Hydrogeology, 43(4): 367-370.

Winter MG, Smith JT, Fotopoulou S, Pitilakis K,
Mavrouli O, Corominas J, Argyroudis S (2014). An
expert judgement approach to determining the physical
vulnerability of roads to debris flow. Bulletin of
Engineering Geology and the Environment, 73(2):
291-305.

Winter MG, Reeves SJ, Smajlovi¢ S, Ghataora G,
Sehi¢ D, Zejnié H (2020) The Kosova landslide,
Bosnia and Herzegovina. Quarterly Journal of
Engineering Geology & Hydrogeology, 53(4): 523-
529.

Winter MG, Waaser T, Fiddes G (2024) Quantitative
risk assessment for static and mobile road users:
methodology and application at A82 Glen Coe,
Scotland. Geoenvironmental Disasters, 11(12): 1-16.
Wong HN, Ko FWY, Hui THH (2004) Assessment of
landslide risk of natural hillsides in Hong Kong. GEO
Report No. 191: 120p. Geotechnical Engineering
Office, Hong Kong.

Mike Winter (-*+)

! Winter Associates Limited, Kirknewton, EH27 8AF,
United Kingdom
E-mail: mwinter @ winterassociates.co.uk



mailto:mwinter@winterassociates.co.uk

Proceedings of the
22nd International Symposium on Geo-disaster Reduction

Contribution to Global Warming Countermeasures via Use of
Wood for Ground Reinforcement

Masaho Yoshida!”

! Department of Civil Engineering, National Institute of Technology, Fukui College, Sabae, Fukui
916-8507, Japan

* Corresponding author. Tel: +81-778-62-8305; E-mail: masaho @fukui-nct.ac.jp

Abstract

Unequal settlement owing to soil
liquefaction is a type of earthquake damage to
structures such as detached houses. If the
inclination of the house is large, then
reconstruction or repair work is required.
Even if the inclination is minor, cracks in the
foundation and outer walls as well as
problems in opening and closing doors may
occur over time.

Hence, we propose a liquefaction
countermeasure to increase the density of the
ground such that it is equivalent to the volume
of logs using logs as an improvement material
in loose saturated sandy soil under and around
the structure at depths below the groundwater
level as shown in Fig.1. (Yoshida et al.,
2009). This method contributes to global
warming through carbon storage because
carbon-containing wood is stored
underground for a long time as a ground-
reinforcement  material.  This  lecture
introduces  the  background in the
development of this method and presents
some recent studies.

Examples of these studies are as follows:
This method is based on the principle of
densification and does not consider the effect
of the presence of wood, which is stiffer than
soil, in soil, i.e., an increase in the liquefaction
strength due to the shear resistance of the
composite soil and logs. Simple shear tests
were conducted using a model ground to
clarify the effect of log stiffness on
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liquefaction resistance in saturated sandy soil.
Consequently, the shear resistance increased
by installing the column in the ground, and a
greater column stiffness increased the shear
modulus of the composite ground.

Shaking table tests under a 1 g gravity field
were conducted using saturated sandy soil
with the same relative density using the same
diameter and length of the log but different
log-replacement ratios. Consequently, the
shear stiffness of the soil and liquefaction
resistance increased with the replacement
ratio of the logs, although the relative density
remained the same.

i

N E—
bog E

toose,
saigated
) layer

Fig. 1 Principle of proposed method
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Abstract

Rock masses are often connected with
severe deep-ground sliding, rotational and
translational sliding, mudflows but also with

systematic  structural instabilities and
rockfalls. Responsible for these variant
sliding mechanisms are the different

geological models that have developed after
their genesis, tectonism, metamorphism,
alteration, weathering or also recent tectonic
activity. Geological model of sedimentary
varied and heavily sheared rock masses like
flysch are examined. Geological models
characterized by severe alteration, like in
ophiolitic melanges, have their own rubrics
and can present different sliding mechanisms.
In an environment of distinctive and /or deep
weathering profiles, like in crystallic rocks of
gneiss or granites or other, we can identify
structural failures, multiplanar slides or
classic rotational isotropic failures. These
various failure modes are directly linked to
rock mass types composed within these
diverse geological models. The geotechnical
design-analysis can then be relied on a
comprehensive geological model using
realistic parameters and an acknowledged
failure mechanism.

For example, flysch series that is
composed of varying alternations of
competent sandstones and weak, of low
generally strength, pelitic sediments, and is
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associated with orogenesis, deformed from
light fracturing and/or folding to severe
thrusting and shearing. The flysch has thus
suffered from large com-pression, and very
weak rock masses have been produced. In
these cases, the original structure is no longer
recognizable, and blockiness is lost.
Additionally, siltstone members (or clayey
rocks as clayshales and claystones) are very
vulnerable to weathering, and fissility may be
developed parallel to the bedding when these
rocks are exposed to the surface or are very
close to it from wetting — drying processes.
Therefore, the special weathering profiles and
groundwater conditions but also the
paleogeographic evolution that can be met in
a flysch environment complete the possible
geological model. Consequently, numerous
lithotypes and rock mass entities can be
produced in a flysch environment. As a result,
slope failure mechanisms in flysch formations
are different according to the siltstone-
sandstone participation, the intensity of
tectonic disturbance and the weathering
degree. Several conceptual geological
models, related to numerous landslide case

studies, are illustrated and analyzed in
accordance to the different sliding
mechanisms.

Finally, since the evaluation of the

principal anticipated failure mechanism is
essential for the selection of the appropriate
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geotechnical parameters, be it the overall rock
mass strength, intact rock strength and joint
strength, used for the stability analysis, a
standardization of the qualitative engineering
geological characteristics and the assessment
of the behavior in slope stability for flysch
rock masses is analyzed.
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Multiscale modeling of multiphase flow interaction with mitigation
structures
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Abstract

Debris flows are multiphase flows consisting of water, fine-grained, and coarse-grained sediments, whose complex
behavior poses challenges for understanding the process dynamics, and mitigating the effects on the territory.
Standards for designing effective protection measures are lacking, and are unlikely to become available soon. A
variety of simulation methods exist, ranging from microscopic to macroscopic scales, offering tools to model
multiphase flows and address the above challenges. Discrete methods represent flows as assemblies of colliding
particles. They are useful for studying particle clogging, but appear inadequate for capturing the entirety of events
due to computational demands. Continuum-based numerical methods, such as depth-averaged and three-
dimensional models, offer more comprehensive simulations. Depth-averaged models efficiently simulate the entire
process, but struggle with flow-structure interactions. In contrast, three-dimensional models, while more complex,
excel at studying specific aspects like the impact of debris flow against mitigation structures. This study focuses
on the Gran Valley catchment, leveraging historical data and existing mitigation structures. It explores how
different modeling approaches contribute to understanding the dynamics of debris flows and their interaction with
protective measures. By examining both the process dynamics and structural interactions, the research aims to
provide insights into effective mitigation strategies

Keywords
Debris flows, numerical modelling, mitigation structures

Introduction insights into flow patterns, deposition zones, and
potential failure scenarios.

In this paper, we explore the contributions of
discrete and continuum-based numerical techniques to
the understanding of debris flow dynamics and their
interaction with mitigation structures. Drawing on data
from the Gran Valey catchment - a region with a
history of debris flow events and with installed
mitigation measures - we conduct a comparative
analysis of different modeling approaches. By
examining their strengths, limitations, and potential
synergies, we aim to develop a multiscale framework,
with the final goal of increasing our ability to predict
and mitigate the impacts of debris flows in vulnerable
areas.

Debris flows represent a significant natural hazard,
characterized by the rapid movement of a mixture of
water, fine-grained, and coarse-grained sediments
down steep slopes. These events are often triggered by
intense rainfall, snowmelt, or seismic activity, posing
threats to communities, infrastructure, and the
environment in mountainous regions worldwide. The
heterogeneous composition and complex behavior of
debris flows make them challenging to model
accurately. Advanced numerical techniques and
extensive field observations are then required to
understand their dynamics and mitigate their impacts.
Effective protection measures against debris flows
rely on a comprehensive understanding of their
behavior and interaction with mitigation structures.
While physical barriers, such as slit-check dams and

retention basins, can help reduce the risk posed by = Discontinuum-based approach
these events, their design and implementation require 2 pjscrete numerical modeling approaches represent
careful - consideration of local topography, flow  gebris flows as interacting particles (Fig. 1), allowing
dynamics, and sediment characteristics. Numerical for detailed analysis of particle motion, collision, and
modeling plays a crucial role in assessing the  a99regation (e.g., Cundall and Strack, 1979; Galindo-
effectiveness of mitigation measures, providing  Torres, 2013). These models simulate individual
particle behaviour, considering factors like size, shape,

Numerical modeling
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density, and surface roughness (e.g., Zhou et al., 2016).
While highly accurate at capturing particle-level
interactions, they are computationally demanding,
leading to a struggle in simulating large-scale debris
flow processes (e.g., Leonardi, 2015).

A key strength of discrete modeling is its ability to
simulate particle clogging in mitigation structures,
such as barriers and check dams (e.g., Shen et al.,
2018), by tracking individual particle movements and
interactions. This helps assess barrier effectiveness and
identify potential failure modes. Discrete models also
investigate flow stratification, sediment segregation,
and the formation of levees and lobes during debris
flow propagation (e.g., Zhou et al., 2016).

However, scaling up simulations for large-scale
events is challenging due to the high computational
cost of simulating numerous, limiting the model spatial
and temporal resolution. This can hinder the accurate
representation of long-distance propagation, channel
avulsion, and the interaction of multiple debris flows
merging downstream (e.g., La Porta er al., 2024).
Despite these limitations, discrete modeling is valuable
for understanding particle-scale processes and
evaluating the performance of mitigation structures at
the local level.

Continuum-based approach

Continuum-based numerical models represent debris
flows as continuous fluid-solid mixtures (Fig. 1), using
balance equations for mass, momentum, and energy
(e.g., Pudasaini, 2012). These models simulate flow
dynamics over large spatial and temporal scales (e.g.,
Pirulli, 2010) and can be divided into depth-averaged
models and three-dimensional models.

Depth-averaged models, or two-dimensional
models, simplify debris flow dynamics by averaging
flow properties over the vertical dimension (e.g.,
Savage & Hutter, 1989). They are computationally
efficient and can simulate the entire debris flow process
from initiation to deposition (e.g., Pirulli et al., 2011),
making them suitable for large-scale hazard
assessment (e.g., La Porta et al., 2024). However, they
cannot capture three-dimensional flow features or
flow-structure interactions, potentially oversimplifying
flow dynamics.

In contrast, three-dimensional models provide a
detailed representation of debris flow dynamics,
accounting for spatial variations and topographic
features (e.g., Leonardi, 2015), by solving the full
three-dimensional Navier-Stokes equations. These
models can simulate complex flow phenomena (e.g.,
Gray and Tang, 2018) and flow-structure interactions,
providing insights into energy dissipation, pressure
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distribution, and structural loading (e.g., Pasqua et al.,
2022). However, they are computationally intensive
and require high-resolution topographic data (e.g.,
Pastor et al., 2011), making them challenging to apply
over large spatial domains. These models also require
a more detailed parameterization of turbulence,
sediment transport, and bed roughness, which may
introduce uncertainty and complexity into the
modeling process (e.g., Mangeney et al, 2010).
Despite these challenges, three-dimensional modeling
offers valuable insights into specific aspects of debris
flow behavior, such as flow-structure interaction and
sediment deposition patterns.

Multiphase flow

Micro-scale

> Macro-scale
(discontinuum)

{continuum)

Fig. 1 Discrete (micro) vs. continuum (macro)
representation of a multiphase flow.

Comparative analysis

In this section, we conduct a comparative analysis of
discrete and continuum-based numerical modeling
approaches applied to debris flows, using data from the
Gran Valey catchment as a case study. We examine
their performance in replicating past debris flow
events, predicting the effectiveness of mitigation
structures, and capturing the overall dynamics of debris
flow propagation. By comparing the strengths and
limitations of each modeling approach, we aim to
identify opportunities for improving hazard assessment
and risk management in vulnerable areas.

The Gran Valley catchment serves as a valuable
testbed for evaluating debris flow models and
mitigation strategies due to its history of past events
and installed mitigation measures. In this section, we
provide an overview of the catchment characteristics,
past debris flow events, and implemented mitigation



measures. We then conduct a detailed analysis of
debris flow dynamics and interaction with mitigation
structures using both discrete- and continuum-based
numerical models.

Gran Valey Catchment

The town of Saint-Vincent, nestled at the base of
Mount Zerbion in Aosta Valley Region (Italy), is prone
to rapid landslides due to the steep slopes and fractured
rock that characterize the upper Grand Valey basin.
Historical records detail frequent debris flows often
triggered by intense rainfall in spring or summer,
involving thousands of cubic Glendameters of material
(Leonardi & Pirulli, 2020). To safeguard Saint-Vincent
and surrounding areas from such events, defense
structures were constructed along the Grand Valey
channel. These include two check dams near the
Perriere hamlet (Figs. 2 and 3), with a couple of steel
net barriers and a terminal check dam further
downstream.

< Confluence

Fig. 2 Grand Valey catchment. A: main release
channel; B: secondary release channel; Area 1, Area 2:
triggering areas; (1) the two check dams located close
to Perricre. The arrow indicates the confluence of the
two channels (modified after Leonardi and Pirulli,
2020).

To assess the impact forces of debris flows on
defense structures, the Aosta Valley Region
government, in collaboration with Politecnico di
Torino, implemented a monitoring system. This system
equips the upper check dam with sensors, converting
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its 18 vertical steel beams into transducers capable of
measuring horizontal loads from the flowing mass.
These sensors monitor both the impacts and intervals
between them, recording strain at the base of the steel
beams at preset intervals. Upon detecting a sudden
strain change, the system captures continuous high-
speed data streams, enabling a time-history of force
measurements even during rapid events such as debris
flows (Leonardi & Pirulli, 2020).

Two debris flow events recorded by the above
described monitoring system are used here: on June 9%
and July 11 2016 (Fig. 3), respectively.

The mass mobilized in both events was retained
almost completely by the two filter barriers at Perriere.
For this reason, the estimation of the involved volumes
was made on the basis of the material removed from
the basins after each event: 1875 m? in the June event
and 4420 m? in the July event (Leonardi et al., 2021).
The available data was used for comparison with the
different numerical approaches proposed in the
following section.

Fig. 3 The check dams in Perriere filled afted the July
11% 2016 debris flow event.

Numerical results

Depending on the aspect to investigate, the most
appropriate numerical approach has to be selected to
obtain useful and meaningful results. With this in mind,
different numerical methods have been applied to
analyse the dynamic behavior of flow movements
occurring along the Grand Valey catchment.

The first approach was devoted to an overall
analysis of the process dynamics. As detailed in the
numerical section, depth-averaged continuum models
are well suited to these purposes. In the last decades,
these methods have been widely validated and it has
been proven their capability to reproduce the entire
debris flow process, despite the loss of in-depth
information concerning the velocity profile during
movement. The depth-averaged RASH3D code
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(Pirulli, 2010) has been then used to reproduce the
Grand Valey event that occurred on July 11% 2016.
This event caused the filling of the two basins existing
upstream of the 2 check dams located near Perriere. It
was also characterized by the release of material from
both branches in which the Grand Valey splits in the
upper part of the slope (Area 1 and Area 2, Fig. 2).
Branch B activates only during the most intensive
rainfall events.

An intriguing aspect that emerges is that, despite
the material being released simultaneously from Area
1 and Area 2, the flow from Area 2 is delayed
compared to Area 1 (Leonardi et al., 2021). This
behavior aligns with the site survey interpretations.
The initial surge from Area 1 likely caused clogging of
the first barrier. Approximately 300 seconds later, a
subsequent surge carrying woody debris arrived from
Area 2, flowing over the deposit in the retention basin
soon after the initial event, and clogging the second
barrier (Fig. 4).
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Fig. 4 Modeling of the event on July 11 with a
Voellmy rheology (modified after Leonardi et al.,
2021)

Moving to the analysis of the flow-structure
interaction, especially with reference to the check dam
equipped with the monitoring system. It emerged the
need of moving to a fully three-dimensional approach
that guarantees a detailed description of the mass in-
depth velocity distribution. To retain the capability of
simulating the entire debris flow process, a coupling
between a depth-averaged and a fully three-
dimensional model was proposed (Pasqua et al., 2022).
This allows to have a computationally efficient tool
and an appropriate level of accuracy when the flow
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impact the structure. A comparison between
monitoring recordings and numerical results is given in
Figure 5 to highlight the good match between
measured and computed forces acting on the central
elements (07, 08 and 10) of the filter impacted by the
flow in Perriere.
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Fig. 5 Numerical results obtained with the
coupled depth-averaged and three-dimensional
continuum-based numerical model for the July 11
debris flow event. Comparison between measured and
simulated impact force F against the Perriere
monitored check dam. The forces are scaled to the
dynamic load applied to barrier cross-section, while the
time is scaled with the time of first impact (to)
(modified after Pasqua, 2023).

Focusing on the flow-structure interaction, some
aspects are however uncatchable by a continuum
model, even if three-dimensional. This mainly
concerns the possible clogging of the barrier filter and
its sizing on the basis of the granulometric composition
of the flowing mass. This analysis requires that the
numerical model is able to describe particles that are
part of the movement and their behavior. For this
reason, a discrete-based numerical model is necessary.
This allows to investigate the possible clogging of the
filter and its development over time, in reason of the
granulometric characteristics of the moving mass.

In order to give an interpretation to the signals
recorded on St. Vincent site, the discrete element
method (DEM) is here proposed. The type of load
exerted on the barrier is evaluated by assuming the
barrier itself is hit by a single surge of grains (Fig. 6).

The output is plugged into a finite-element model
(FEM) of the barrier as a time-history of external
actions. A dynamic analysis is then performed,
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studying how the bending moments at the base of the
beams evolve. The strain at the base is then compared
to the site recordings. the main factor that determines
amplitude and sign of €., is My, rather than My. This is
confirmed by the FEM computations of &,.
Notwithstanding the many simplifications adopted in
the procedure, the model is able to capture the order of
magnitude of the recorded strains (Fig. 7).

v [mis]

0% e’ 4

Fig. 6 Schematic of the mechanism of force
transmission to be barrier, and corresponding strain
field on the beams. The strongest granular arches are
highlighted with red boxes (modified after Leonardi et
al., 2019).

Conclusions

Debris flows are complex natural phenomena that pose
significant risks to human life, property, and
infrastructure in mountainous regions worldwide.
Effective mitigation of these hazards requires a
thorough understanding of their dynamics and
interaction with mitigation structures. In this paper, we
have provided a comprehensive analysis of discrete
and continuum-based numerical modeling approaches
applied to debris flows, using data from the Grand
Valey catchment as a case study.
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Our analysis highlights the strengths and
limitations of each modeling approach, as well as their
potential synergies in providing comprehensive
insights into debris flow dynamics and mitigation
strategies. While discrete models excel in capturing
particle-level interactions and clogging phenomena,
continuum-based models offer a broader understanding
of flow dynamics and can simulate the entire debris
flow process. By integrating these approaches into
comprehensive analyses, we can enhance our ability to
predict and mitigate the impacts of debris flows in
vulnerable areas.

Moving forward, future research should focus on
refining numerical models, integrating data-driven
approaches, validating models with field data,
improving mitigation structure design, and increasing
public awareness and community engagement. By
addressing these challenges and embracing emerging
technologies and methodologies, researchers can
contribute to the development of more effective debris
flow mitigation strategies, ultimately saving lives and
protecting communities from the devastating effects of
debris flows.
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Fig. 7 Time-history of the bending moment registered
at the location where the strain gauges are installed, and
comparison with the results of the DEM numerical
simulations (modified after Leonardi et al., 2019).
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Abstract

Forests are often considered
environmentally friendly barriers against
granular geophysical flows (Liang et al. 2023;
Perzl et al. 2021). To harness these barrier
effects, it is essential to model the interactions
between flows and forests in detail. However,
the complexity of flow-forest interactions
poses significant challenges for traditional
physical  experiments and  numerical
simulations. = Key challenges include
simulating flow-tree contact and modeling the
biomechanical behaviors of trees. To address
these issues, we propose a novel numerical
simulator based on the Material Point Method
(MPM) and the Level-Set Discrete Element
Method (LSDEM). This simulator utilizes the
GJK algorithm (Bergen 1999) for contact
detection and employs a sampling point level-
set strategy to create a realistic contact
manifold. Validation of the simulator is
achieved  through  comparison  with
experimental results and analytical solutions.
Findings from numerical parametric studies
indicate that the biomechanical behaviors of
trees significantly influence the mobility of
dry granular flows. In forests with squared
tree patterns, shock-shock interactions can
enhance flow mobility. Additionally, tree
uprooting dissipates flow kinetic energy and
reduces flow momentum, though it also
produces wood-laden flows, which can
intensify the destructive potential of these
flows. The results of this study provide new
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insights into the ability of cultivated or natural
forests to mitigate granular geophysical
flows.
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Abstract

Maps and inventories of geo-hazards are
the key data in building reliable predictive
models, in particular when using data-driven
approaches and machine learning. Errors and
omissions in the datasets propagate easily and
with unpredictable effects on the final results.
For landslide hazard data contamination may
often include unmapped occurrences,
misclassification, lack of information on
material, type, and age, wrong or absent
separation of kinematic zones. Studies and
recommendations exist that precisely state
what should be desirably included in a
complete and useful landslide inventory but,
despite this, to go from theory to practice
remains extremely challenging. Hopefully,
some solutions to this problem are suggesting
themselves from the wide and flourishing
realm of artificial intelligence. Among them,
we will briefly summarize here examples of
new Al methods and applications capable to
improve the automated mapping of landslides
in event-based circumstances, the generation
of multi-temporal inventories from existing
archives of EO data, the classification of
landslide typology based on 3D topology, the
delimitation of kinematic zones into
detachment, runout, and deposition areas
where such information is missing.

These techniques, when carefully adopted
along with more traditional approaches, may
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constitute a set of tools able to support a semi-
automated and self-improving operational
pipeline which, starting from available maps
and datasets, might be routinely used over
large areas to produce missing information,
reduce errors and omissions, and extract
model calibration parameters for hazard
prediction and prevention purposes.
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Abstract
Landslides triggered by extreme rainfall
events pose a significant threat to

communities in many regions of the world.
These events occur when heavy rainfall
exceeds the drainage capacity of soils, leading
to unstable conditions. As a result, mass
movements are mainly triggered by an
increase in pore pressure and an associated
decrease in soil strength.

Shallow landslides are one of the most
dangerous categories of mass movements,
mainly because they often develop into rapid
mass movements that take on characteristics
of debris avalanches and flows. As climate
change continues to influence global weather
patterns, the frequency and intensity of these
events is expected to increase, increasing the
likelihood of landslides occurring. This poses
an increasing threat to communities living in
landslide-prone areas.

Due to the large number of areas prone to
shallow landslides, regional modelling of this
type of slope instability is crucial for assisting
administrations and disaster management
agencies in risk mitigation, especially in
hazard assessment for land management
decisions and in predicting the temporal and
spatial distribution of events for early warning
systems.

In this work we present the application of
shallow landslide modelling at a regional
scale using a physically based slope stability
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model, namely the HIRESSS model (Rossi et
al., 2013, Tofani et al., 2017).

The model is applied in two different
study areas in Italy: in the Valle d’Aosta
region in northern Italy and in the Marche
region in central Italy. These areas have been
hit by intense rainfall, which has led to
numerous shallow landslides. During the
Marche event, on September 15, 2022, the
region was hit by an unprecedented rainfall
event with a cumulative rainfall of 204 mm in
twelve hours, triggering 700 shallow
landslides that caused major damage and cost
lives.

The work deals with the simulation of
past events for the two study areas using the
HIRESSS model and focuses on both data
preparation and validation of the results.

The results are critically analyzed to
determine the advantages and disadvantages
of the model for real-time prediction of
shallow landslide prediction and the early
warning system.
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Abstract
This lecture focuses on recent
advancements in geotechnical

characterization and failure analysis utilizing
numerical simulations based on the Material
Point Method. It addresses two specific areas:
site characterization and failure analysis.

In terms of site characterization, the
presentation explores the modeling of Cone
Penetration  Tests  (CPTs), including
validation examples in clay and sand,
discussions on employing state-dependent
models for CPT validation across (Fig. 1)
various drainage conditions, modeling
experiences in layered soils with thin layers of
soft clay, and the determination of state
parameters via multivariate regression based
on MPM CPT simulations.

For failure analysis, it examines the
application of MPM in simulating landslides
and tailing dam failures. Case studies include
a lab-scale retrogressive landslide in
liquefiable soil and an analysis of a tailing
dam failure, illustrating failure modes and
contributing factors.

The lecture showcases recent research
findings, particularly highlighting the
predictive capabilities of integrating critical
state models with the Material Point Method.
It offers valuable insights for researchers and
practitioners in geotechnical engineering,
providing an  overview of  recent
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advancements and challenges in both site
characterization and failure analysis.
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Fig. MPM simulation of CPTs in sand: effect
of the initial state parameter.
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Abstract

»Atypical® or ,.silent” tsunamis  refer to
tsunami waves that are not primarily induced
by earthquakes, but by other phenomena, such
as volcanic flank collapses or landslides.
Submarine and coastal 1 andslides can
induce tsunami waves that reach extremely
high heights of up to several tens of meters.
These tsunamis typically impact areas within
approximately 100 km of the landslide
source. Due to the short time between wave
initiation and arrival at the coast in addition to
the challenges in detecting the triggering
landslide, early warning is extremely
difficult. One first step towards reducing
landslide-induced  tsunami risk is to
understand which parts of the coastline are
prone to this type of hazard so the affected
communities can be made aware and further
measures can be taken by local authorities.

In this study, we first conducted a
systematic global review of historic
submarine and coastal landslide-induced
tsunami cases documented in the literature to

get a better understanding of this
phenomenon. We collected data on
parameters characterizing the triggering

landslides and the resulting tsunami waves
and we categorized the cases regarding the
landslide trigger and type of water body.
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To get a more detailed understanding of
where tsunami-inducing landslides can occur,
we opted for an expert-based framework. In
two online workshops and one survey, we
identified 37 parameters and together with a
group of international experts on landslides
and tsunamis rated them regarding their
importance for submarine and coastal
landslide susceptibility and wave generation.

The outcomes are currently being
translated into a GIS-based heuristic mapping
approach for a pilot area in Indonesia, a
country highly prone to different types of
tsunamis due to the long coastline and high
seismic and volcanic activity. We are working
with publicly available data, so the mapping
approach can be extended to further areas in
Indonesia and beyond.
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Abstract

Despite the pivotal role that the soil water
characteristic curve plays in unsaturated soil
mechanics, the experimental procedures and
measurement techniques commonly used for
their determination still have some limitations
in deriving representative SWCC for the soil
and processes under consideration. These
include, among others, loss of hydraulic
contact, reduced hydraulic conductivity,
unfeasible equilibration periods, artificial
testing conditions that differ from those in the
field, hydraulic hysteresis, and limitations in
the measurement range. On the other hand,
field data obtained from hydraulic monitoring
of the shallow unsaturated zone of slopes
indicate possible deviations from the
hydraulic responses predicted by the
commonly applied procedures. Therefore,
further efforts should be made to improve the
understanding of different rainfall infiltration
related phenomena and their effects on the
stability of slopes, especially considering the
change in boundary conditions forced by the
ongoing climate change.

This contribution presents some of the
results on determining the SWCC of soils by
physical slope modelling tests. The study
encompasses uniformly graded fine sand — the
type of soil that has been used extensively in
small-scale landslide modelling, but for
which high nonlinearity and steepness in the
shape of SWCC typically makes hydraulic
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characterization difficult. A 30 cm high slope
inclined at 35 degrees and instrumented with
soil moisture and pore water pressure sensors
was subjected to a range of rainfall intensities,
to obtain steady-state conditions on soil
moisture and soil suction. Initial experience
showed that the approach is useful not only
for determining SWCC, but also for
investigating other phenomena associated
with rainfall-induced landslides.
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Abstract

This presentation is a report on the liquefied
ground flow in Uchinada Town, Ishikawa
Prefecture Japan caused by the 2024 Noto
Peninsula earthquake. At 16:10 JST (07:10
UTC) on 1 January 2024, a MJ7.6 (Mw 7.5)
earthquake struck 7 km north-northwest of
Suzu city located on the Noto Peninsula of
Ishikawa Prefecture, Japan. The reverse-
faulting shock achieved a maximum JMA
seismic intensity of 7 and Modified Mercalli
intensity of X—XI (Extreme). The shaking and
accompanying tsunami caused widespread
destruction the Noto Peninsula,
particularly in the towns of Suzu city, Wajima
city, Noto town and Anamizu town, with the
neighboring prefectures of Toyama and
Niigata also suffering significant damage.
About 250 people were killed by the
earthquake even in the depopulated and aging
area. The power and water outages continued

on

for a long time in the Noto Peninsula.
Extensive liquefied ground flow was occurred
in Uchinada town, more than 100 km away
from the epicenter. This was the boundary
between the reclaimed land and the inland
side of Uchinada Dune, and was an area with
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a high risk of liquefaction. As the roads
became undulating, many houses became
sloping and displaced, making them
uninhabitable. In this study, we clarified the
effect on the amount of ground flow by
comparing the old version of the topography
with the current topography, and examined
the relationship of the amount of ground flow

with slope of the house.
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Fig. 1 Inclination of house by the liquefied
ground flow
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Abstract

On October 5, 2021, a small-scale
catastrophic loess landslide occurred in
Niangniangba town, Tianshui City, Gansu
Province in China. The landslide with a
volume of approximately 15,360 m3 buried 2
houses and damaged another 2 houses. On the
basis of field investigation, unmanned aerial
vehicle  photography, and numerical
simulation, the characteristics and dynamic
processes of the Zhongzhai landslide are
analyzed, and the potential destructive zone
of the unstable loess mass is preliminarily
assessed. The Zhongzhai landslide is a typical
rainfall-reactivated flow-type loess landslide,
and its failure mode is creep-tensile type. The
upper sliding mass is the typical retrogressive
failure, and the lower sliding mass shows
thrust load caused failure. The runout
simulation results show that the entire sliding
process of Zhongzhai landslide lasted for
approximately 35 s, with a maximum velocity
of 12 m/s. The maximum travel distance of
the sliding mass is 130 m. In addition, the
presence of masonry buildings has a great
influence on the sliding distance. Simulation
results of potential destructive zone of the
unstable loess mass show that the travel
distance of the unstable loess mass is
approximately 250-295 m, the thickness of
the deposited mass is approximately 2.7-3.3
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m in the potential destructive zone, and the
maximum velocity is 28 m/s. This work
contributes to improving the understanding of
evolution law, dynamic processes, and risk
prevention of this kind of landslide in loess
plateau areas.

Fig. 1 Photographs showing details of the
Zhongzhai landslide.
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Strength behavior of red clay in the Qinghai-Tibetan Plateau
considering climate warming

Zhihong Zhang!, Fuchu Dai?, Yanhai Yu3

Abstract

Under the background of global warming, the degradation of permafrost in the Qinghai-Tibetan Plateau (QTP) has
led to frequent freeze-thaw geo-disasters. It is of great significance to investigate the effect of freeze-thaw on
damage of soils under climate warming conditions. However, fixed freezing and thawing temperatures are set in
most experiments, the impact of climate warming on the mechanical behavior of soils is ignored. Employing
increased freezing temperature to reflect the climate warming, a series of freeze-thaw cycling tests were conducted
on red clay specimens taken from the QTP under fixed and variable temperature paths. Triaxial tests and nuclear
magnetic resonance (NMR) tests were conducted to investigate the freeze-thaw cycling effect on the shear strength
and the corresponding micro-mechanism. Triaxial test results indicate that the measured shear strength of
specimens under fixed and variable freezing temperature paths significantly decreases with the increase of freeze-
thaw cycling numbers, yet, different descent trends have been found, S-type descent is for variable temperature
path and exponential type is for fixed temperature path. NMR test results indicate that the red clay exhibits a
bimodal pore size distribution. As the freeze-thaw cycling number increases, the micro-porosity gradually
decreases, while the macro-porosity gradually increases. Compared to the pore size distribution for specimens
under fixed freezing temperature path, the macro-porosity for specimens under variable freezing temperature path
first decreases and then increases with the increase in the freezing temperature. It means that the structural damage
of specimens under variable freezing temperature path is more severe, which verified the variation of shear strength
from a microscale perspective.

Keywords
freeze-thaw cycling; climate warming trend; red clay; shear strength; microstructure

Introduction

The Qinghai-Tibet Plateau (QTP) is known as the third
pole of the world, which is distributed with the largest
area of frozen soil in the middle and low latitudes
(Zhao et al., 2004; Luo et al., 2020; Li et al., 2023; Yan

et al., 2023). With global warming, the climate of the e S

QTP has become warmer (as shown in Fig. 1), which Tl (year)

leads to an increase in the thickness of active layer ~ Fig. 1. Changes of annual average air temperature in
(Guo et al., 2013; Kuang et al., 2016; Li et al., 2019;  the QTP.

Arenil averags 3 iempetstone 1

Zhang et al., 2019; Biskaborn et al., 2020; Lin et al., At present, extensive experimental studies on
2023; Zhang et al., 2023). The strength of soil in the =~ FTC effect on mechanical behavior of soils have been
active layer will weaken under the influence of freeze- ~ conducted, and significant results have been achieved.

thaw cycles (Ye et al., 2019; Lu et al., 2019; Wang et~ Xie et al. (2015) conducted multiple FTC tests on soil
al., 2020; Lu et al., 2023). Red clay is widely used as ~ specimens at a freezing temperature of -40°C and a
the natural engineering material in the QTP due to its ~ thawing temperature of 20°C. As the number of FTC
low compressibility, low permeability, and high  increases, the uniaxial compression strength decreased
strength (Sani et al., 2019; Lang et al., 2021; Zeng et significantly within 6 FTCs. Wang et al. (2018) carried
al., 2022). Therefore, it is necessary to study the  out multiple FTCs and triaxial tests on clay at a
strength of red clay after freeze-thaw cycling (FTC) freezing temperature of -25°C and a thawing
under the trend of climate Wa_rmlng in QTP. temperature of 10°C. The results showed that the

strength and cohesion decreased exponentially with the

increase in FTCs, while the internal friction angle

increased exponentially. Tang et al. (2018) and Kong
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et al. (2023) performed FTC and triaxial tests on soil
specimens at a freezing temperature of -10°C and a
thawing temperature of 10°C. They found that the
strength of expansive soils and loess decreased
significantly with increasing FTC numbers. Zhang et
al. (2019) carried out multiple FTCs and triaxial tests
on loess at a freezing temperature of -15°C and a
thawing temperature of 20°C. The strength of lime-
stabilized loess decreased by about 15% to 25% from
the initial state after 3 FTCs. It is also found that most
of the FTC tests were conducted within a temperature
range between -20°C and 20°C (Xu et al., 2018; Zou et
al., 2019; Zheng et al., 2021; Xu et al., 2022; Chen et
al., 2024).

The freezing temperature is one of the most
important factors affecting the influence of FTC on soil
behavior, which has attracted widespread attention. Liu
et al. (2009) found that the failure stress increased with
decreasing freezing temperature. Christ et al. (2009)
found that the strength of sand increased with the
decrease in freezing temperature. Wang et al. (2017)
conducted triaxial tests on specimens frozen at
different freezing temperatures (-10°C, -5°C, and -
2°C). The measured shear strength decreased linearly
as the freezing temperature raised from -10°C to -2°C.
However, it was also found that the freezing
temperature had a weak effect on the strength of silty
sand in the QTP (Liu et al., 2016). Zhou et al. (2018)
conducted several FTC on loess at different freezing
temperatures, and they found that the freezing low
temperatures from -6 °C to -12 °C did not have a
significant effect on the test results at the same FTC
number.

All of the above FTC tests are carried out at a
fixed freezing and thawing temperature. In fact, the
freezing temperature gradually increases due to the
climate warming. Therefore, it is of great significance
to carry out the FTC tests under the variable
temperature path (VTP) to investigate the influence of
climate warming trend on the shear strength of red clay.

In this study, FTC tests were carried out on a red
clay under variable temperature path (VTP) and fixed
temperature path (FTP). A series of triaxial shear and
NMR tests were carried out on the specimens after
FTC. The test results were analyzed to investigate the
influence of FTC on the shear strength of red clay
under the trend of climate warming. The research
results can provide a theoretical reference for the
engineering construction and ecological environment
management in red clay areas of the QTP.
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Materials and Methods

Materials

The red clay used in this study was taken from a slope
near Nanggian County, Yushu Prefecture, Qinghai
Province, in the eastern part of QTP. The location
where the soil was taken is shown in Fig. 2.

Fig. 2. Sampling location.

The retrieved red clay was dried naturally, crushed
and sieved through a 2 mm sieve. The coefficient of
uniformity Cu and coefficient of curvature Cc are 4.64
and 0.54, respectively. The basic physical
characteristics of red clay were shown in Table 1.
Table 1. Basic physical properties of red clay.

Natural

- - Liquid Plastic
moisture Specific o o
content gravity limit limit
o (%) (%)
243 2.78 45.5 23.9
Dry Optimal Maximum
density moisture  Dry
(gfem’) content density

(%) (g/em?)
1.63 18.9 1.685

Specimen preparation

The soil particles were mixed with distilled water to
achieve a water content of 24%. The soil mixture was
wrapped in a plastic wrap for 24 hours to ensure that
the moisture was evenly distributed throughout the
soil. Then, the soil specimen was compacted in five
layers. The surface was scraped after each layer was
compacted to ensure even compaction of specimens.
The specimens were cylindrical with a diameter of 50
mm and a height of 100 mm.

Testing procedure

Freeze-thaw cycling tests

The FTC tests were carried out in two groups. One
group was the freeze-thaw cycling (FTC) test under
FTP, with the freezing temperature at -17°C and the
thawing temperature at 20°C. The other group is the
FTC test under VTP, the freezing temperature
gradually increased during the FTC, the detail of which
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was shown in Fig. 3. The freezing and thawing
durations of both groups were set to 12 hours to ensure
that the specimens were completely frozen and melted,
which was defined as one FTC. The number of FTC
was set to 0, 1, 2, 3, 4, 5, 6, and 7. The FTC test was
carried out in a temperature-controlled test chamber,
which had a temperature range of -20°C to 25°C with a
precision of 0.1°C

s s RsEERERBEEED
Fig. 3. Flow chart of FTC test under VTP.
Triaxial shear tests

A BS01015 fully automated triaxial instrument was
used for the triaxial test. The initial confining pressures
were 50 kPa, 100 kPa, 200 kPa, and 400 kPa. The
triaxial test was conducted with unconsolidated and
undrained triaxial shear (UU). The axial shear rate was
0.4 mm /min. As the axial strain reached 20%, the
triaxial test was ceased.

Nuclear magnetic resonance tests

NMR technique was used to measure the pore size
distribution of the soil specimen (Li et al., 2021). The
instrument used for the NMR tests was a MesoMR 14-
060H-1 low-field nuclear magnetic resonance
machine. The tests were performed using a Carr-
Purcell-Meiboom-Gill (CPMG) pulse sequence. The
parameters of the pulse sequence are shown in Table 2.
A pin-spin relaxation time (T2) signal curve can be
obtained after the NMR test. T2 is in direct proportion
to the pore radius r (Song et al., 2023)
1 F

F~p2_

2 ey

where p» is the surface relaxivity, and F' is the shape
factor, assumed to be a constant in practice (Tian et al.,
2019). According to Eq. (1), the pore size distribution
of the tested soil sample can be reflected by the T2
signal curve. The NMR test was carried out with the
same specimen after FTC for O, 1, 3, 5, and 7 times.
Before the NMR test, the specimen was saturated by
vacuum to ensure that the specimen was in a saturated
state.

Table 2. Parameters of the CPMG pulse sequence.
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Sampling Main Pulse Pulse
frequency  frequency 90° (45  180° (us
(kHz) (MHz) ) ks)
250 12 13.52 27.04
Regulate Regulate  Regulate g p o imo
firstdata ( analog digital

. " (mSmS)
msms) gain (dB)  gain
0.002 10 3 0.2

Results and Discussions

Triaxial test results

Figs. 4 and 5 display the stress-strain curves of soil
specimens after FTP-FTC and VTP-FTC, respectively.
The deviatoric stress increases with the increase of the
confining pressure, while decreases as the number of
FTC increases. The deviatoric stress decreases
significantly after the first FTC, then gradually
stabilizes after 5 FTCs. In addition, the variation of
FTC and freezing temperature have no obvious
influence on the type of stress-strain curves. The
deviatoric stress under different initial confining
pressures increases with the increase of axial strain and
then stabilizes, which exhibits a strain-hardening type.
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Fig4. Stress-
strain curves of specimens after FTP-FTC under
confining pressures of: (a) 50 kPa; (b) 100 kPa; (c)
200 kPa; and (d) 400 kPa.

k=2

Iz ehik srey

Fig.5. Stress-strain curves of specimens after VTP-
FTC under confining pressures of: (a) 50 kPa; (b) 100
kPa; (c) 200 kPa; and (d) 400 kPa.

The deviatoric stresses of the strain-hardening
type curves at 15% axial strain are taken as the shear
strength. Fig. 6(a) shows the variation of the shear
strength of specimens after FTP-FTC and VTP-FTC.
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The shear strength of the specimens gradually
decreases with an increase in the FTC number. The
magnitude of strength reduction increases with an
increase of the initial confining pressure. The decline
trend of the shear strength after FTP-FTC is
exponential. It can be roughly divided into three
phases: rapid descent (FTCs less than 3 times), slow
descent (FTCs less than 5 times) and stabilization
(FTCs more than 5 times). However, the descent trend
of the shear strength of the specimens under VTP
exhibits a S-type. The shear strength decreases more
rapidly after the first and fourth FTC; while for the
remaining cycles, the shear strength shows a slower
decreasing trend. Unlike VTP, the descent trend of the
shear strength of the specimens under FTP exhibits an
exponential type.

Comparison between the test results after FTP-
FTC and VTP-FTC shows that the shear strength after
the first three FTCs is slightly higher under the VTP
than under the FTP. However, from the fourth FTCs
onwards, the shear strength of the specimens subjected
to VTP-FTC is slightly lower than that of the
specimens subjected to FTP-FTC. The shear strength
difference between the two test groups increases with
the initial confining pressure.

Cohesion and internal friction angle are two
important indicators to evaluate the shear strength of
soils. Fig. 6(b) illustrates the measured cohesion and
internal friction after FTP-FTC and VTP-FTC. As the
number of FTC increases, the cohesion of the
specimens gradually decreases and tends to stabilize.
Compared with the initial state, the cohesion

' | -

Calosion (LPy

Fig.6. Variation curves of (a) peak deviatoric
stress, (b) cohesion and internal friction angle of red
clay with the number of FTP-FTC and VTP-FTC.
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decreases by 37.2% and 38.2% after seven FTP-FTCs
and VTP-FTCs, respectively. The internal friction
angle also exhibits a decreasing trend, although the
change is not noticeable. The variation of cohesion and
internal friction angle with the number of FTC was
curve-fitted, the fitted equations are as follows:

Corp =31.5+16.7/(1+0.9N"°) @
Prrp = 6+2.2/ (1+0.1N*?) 3)
Cyrp = 22.14+26.1/(1+0.42N"°) @)
Pyrp = 5.6+2.49/(1+0.00007N"*) 5)

where c is cohesion; ¢ is internal friction angle; and N
is the number of FTC.

Comparison between the test results after FTP-
FTC and VTP-FTC shows that most of the reduction of
the cohesion occurs after the first FTC. During the first
three FTCs, the cohesion under VTP is slightly higher
than that under FTP; afterwards, it shows to be lower.
The internal friction angle of specimens exhibits a
similar trend. Hu et al. (2017) found that there exists a
most unfavorable freezing temperature during the
freezing process of the soil, which makes the worst
mechanical properties of the soil after experiencing
FTC at this temperature. For the tested red clay, the
most unfavorable freezing temperature range is
between -13°C and -11°C, and the FTC at this freezing
temperature range causes the greatest attenuation of
shear strength, cohesion, and internal friction angle.
Nuclear magnetic resonance results

Fig. 7 presents the 7> spectrum curves of red clay after
FTP-FTC and VTP-FTC. The 7> spectrum curve
exhibits a distinct bimodal distribution characteristic.
According to Eq. (1), it reflects the bimodal pore size
distribution of the soil specimen. Before FTC, the T
spectrum area of peak 1 accounts for approximately
95% of the total area, primarily between 0.01 and 4.82
ms, while the 7> spectrum area of peak 2 accounts for
approximately 5% of the total area, primarily between
7.31 and 72.32 ms. Based on the relationship of 7> and
pore radius r, peak 1 corresponds to micropores, while
peak 2 corresponds to macropores. After the FTCs, the
signal intensity of the 7> spectra corresponding to peak
1 gradually decreases, while the signal intensity of the
T, spectra corresponding to peak 2 increases. This
means an increase in the macro-porosity of the red soil,
i.e., an enhancement of the structural damage.

Fig. 8(a) shows the relative change in the area
below T spectral curves with the number of FTC under
FTP and VTP. During the first five FTCs, the area
below 7, spectral corresponding to peak 1 gradually
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decreases while the area below 7, spectral
corresponding to peak 2 increases. After five FTCs, the
change of the area below T» spectral curve is weak,
indicating that the pore structure of the red clay reaches
a new stable state. Fig. 8(b) shows the comparison of
the relative change in 75 spectrum area corresponding
to the macropore after FTP-FTC and VTP-FTC. It can
be seen that the area for specimen after VTP-FTC is
higher than that after FTP-FTC. The results indicate
that the macro-porosity of specimens subjected to
VTP-FTC is larger than that subjected to FTP-FTC,
which verified the shear strength behavior of the red
clay at the microscopic scale.

The above results demonstrate that the structural
damage of specimens caused by FTC is mainly caused
by pores redistribution. Therefore, a damage factor
based on the area below T, spectrum is introduced. The
damage factor is defined as #, which can represent the
change of 7> spectral area after FTC.

iy

\t T ey k2
- “‘ /’/"“\\\ 1

Fig. 7. (a) and (b) T» spectrum curves of red clay after
FTP-FTC and VTP-FTC.

The greater the value of #, the greater the deterioration
to soil structure. The formula of # is

n= Z IN /z IMI(‘mpUre,N — z IO /Z IM[cmpore,O (6)
Z I() /Z IMiCrapm‘e,()

where Iy is the signal amplitude corresponding to the 7>
value of specimen without FTC, and In is the signal
amplitude corresponding to the 7, value of specimen
after N FTCs. Imicroporeo the signal amplitude
corresponding to the 7> value of peak 1 without FTC,
and Ivicropore,N 18 the signal amplitude corresponding to
the 7> value of peak 1 after N FTCs.

The variation of # with the increase of FTC under
FTP and VTP can be fitted as Eq. (7) and Eq. (8), the
result is illustrated in Fig. 8 (c) and (d).

n= 3(1—870‘41\’)

@)
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n=34 (1 —e N ) (8)

Fig. 8(c) and (d) show that as the FTC increases,
the damage factor gradually increases and then reaches
a stable state. This suggests that pores redistribution
caused by FTC significantly affect the shear strength of
red clay. Therefore, special attention of pores
redistribution should be paid in engineering practice.

T r—
Mavrapor

s T, spectral areo

IO

i
i deae ek R} i
1 1 \ 1 i
weihav gy Tigd

Fig.8. (a) and (b) Relative change in area below T»
spectral curves of red clay after FTP-FTC and VTP-
FTC; (c) and (d) Variation of # with the number of

FTP-FTC and VTP-FTC.
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Conclusions

In this paper, the deterioration mechanism of red clay’s
strength under climate warming trend was analyzed
from the macro and micro scales through triaxial shear
and NMR tests. The conclusions are summarized as
follows.

(1) As the FTC increases, the shear strength of red
clay declines significantly. The decline trend of the
shear strength after FTP-FTC is exponential. It can be
roughly classified as three phases: rapid reduction,
slow reduction and stabilization. For the specimens
after VTP-FTC, the strength declines rapidly after the
first and fourth FTC, which exhibits a S-type descent
trend.

(2) With the increase in the number of FTC, the
cohesion of the post-freeze-thaw red clay under FTP
and VTP decreases significantly. While the angle of
internal friction decreases slightly with insignificant
changes. Both trends can be fitted by Logistic model.

(3) Comparative analysis of the results of
specimens under FTP and VTP revealed that there
exists a most unfavorable freezing temperature
between -13°C~-11°C, at which the strength of red clay
decreases the most after FTC. In engineering practice,
attention should be paid to avoid FTC at this
temperature.

(4) Under the action of FTC, some of the
micropores are developed into macropores, leading to
the loosening structure and the attenuation of the shear
strength. With climate warming, the freeze-thaw effect
is more significant, leading to a larger volume of
macropores inside the red clay and a greater degree of
shear strength attenuation.
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Abstract

Toppling of rock slopes with fractured slab
structure is quite common accounted in the
slopes of hydro-powers and highway
engineering, and it has become one of the
potential threatens of  engineering
construction and safe operation. The field
investigation found that toppling mostly
occurs on slope with tectonic stress
concentration, strong river down erosion and
slopes with a set of discontinuities dipping
steeply into the free face. From a macroscopic
point of view, toppling is neither a collapse
nor a slide, but a discontinuous deformation.
The traditional limit equilibrium method is
not suitable for the slope stability assessment.
In this study, taking a toppling slope with
metamorphic schist in the Qinling mountains
as an case, as shown in figure 1. The whole
process of toppling is simulated with the
discontinuous deformation analysis (DDA)
method considering the effect of mountain
uplift and river down erosion, as shown in
figure 2. The results show that with the river
down erosion, the fractured rock slabs
sheared along the inter-layers of the schistose
surface under gravity and toppled to the slope
face. It is a slow evolution process induced by
the river erosion rather than a sudden failure.
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Fig. 2 The simulated results fr the toppling.
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Abstract

Shallow deposits of volcanic and pyroclastic
materials are widespread in the Campania
region, due to the past explosive activity of
both Campi Fegrei and Vesusius volcanoes.

In the last centuries several rainfall-
induced  catastrophic  flow-like  mass
movements occurred in the inland areas (e.g.
Sarno and Quindici 1998, Cervinara 1999,
and Nocera Inferiore 2005) along the
coastline (Atrani 2010, and before Salerno
and Vietri sul Mare in 1954) and on the
beautiful island of Ischia (Monte Vezzi
2006, up to the latest disaster Nov. 2022).

Significant scientific efforts have been
pursued at the University of Salerno, where
Prof. L. Cascini established in the latest 90s’
what is now GEG (Geotechnical Engineering
Group), that has been jointly working with
geologists, geomorphologists, hydrologists,
hydraulic engineers and experts from other
disciplines including social sciences and
experts of risk related to natural hazards and
also to other human-related risks.

Moving along this path the past and future
flow-like mass movements are nowadays
conveniently discriminated into four main
classes, namely Debris Flows (DF), Debris
Avalanches (DA), Hyperconcentrated flows
(HF), and Flash Flood (FF).

A first clear distinction among the
multiple possible triggering mechanisms was
proposed by Cascini et al. (2008). The role
of bed entrainment during flows propagation
was outlined (Cuomo et al., 2016) in this
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district and in other similar contexts in many
countries. Indeed, the transition from one
type of flow to another are currently under
investigation (e.g., Cascini et al., 2022).

The Casamicciola case study is another
breakthrough due to multiple cascading
effects along slopes and piedmont areas,
with different geohazards interacting in short
time scales. Thus, a robust geomechanical
framework is relevant to individuate and
thoroughly analyse all the possible slope
instability scenarios and the related flow-like
mass movements. Such accurate analyses
were casted for enhancing the risk zoning,
promoting a rationale urban planning and
especially for the safeguard of the local
populations and tourists.
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Abstract

Fluid—debris interaction with structures is a
phenomenon that still poses severe challenges
for its multifaceted complexity and strong
physical coupling, leaving consistent degrees
of uncertainty when anticipating the urban
fabric resilience. A numerical framework
capable of simulating free-surface flows, fluid
driven objects, impacts, and structural
elasticity, is offered by the fully Lagrangian
framework of the open-source DualSPHysics
solver. Within its Smoothed Particle
Hydrodynamics-based  environment, a
structural model able to deal with dynamic
impacts and hydroelastic deformations is
proposed and implemented using the coupling
with the core module of the Chrono library
[1]. Distributing the structural properties
according to a lumped parameters approach
[2] and using DEM contact methods, the
hydroelastic response of a 3-D box-shaped
building under fluid/debris impact 1is
investigated. The structure is, hence,
discretized using a set of 3-D elastic super
elements capable of six degrees-of-freedom
motion, mutually exerting bending moment,
shear and normal forces via linear mechanical
restrictions. Figure 1 shows the main features
of the code in handling a violent impact of a
breaking water column on to a deformable U-
shaped wall; the model provides a realistic
representation of the coupled and interactive
fluid-structure deformation. This preliminary
work identifies an innovative and powerful
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high-fidelity approach for more complex
applications to come, in which the
approaching column contains boulders and
debris.

Breaking water columu

Initin] configuration

Muin splash

Fig. 1 Snapshot of the evolving dambreak
impact on a flexible structure.
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Abstract

The Neapolitan Volcanic Area (NVA)
hosts three active volcanic sources: Somma
Vesuvius and Ischia, currently in a quiescent
phase, and Campi Flegrei, which is now
experiencing an unrest phase. Although the
significant differences in the geological
setting and eruptive behavior of the three
areas require a specific approach for long-
term hazard assessment, we cannot ignore the
necessity of a comprehensive view of their
potential effects. Here we present a review of
our efforts to globally assess volcanic hazard
from Neapolitan sources on both a regional
and local scale. An application to the Naples
megacity, which is endangered by the
possible emplacement of pyroclastic fall and
flow products from Campi Flegrei and
Somma-Vesuvius, is presented.

Furthermore, the complexity of drawing
comprehensive volcanic hazard and risk maps
will be discussed. These maps could be
successfully used as a basic tool for decision-
making regarding territorial management and
future planning throughout an entire region.
Nevertheless, single subsets of the multi-
source maps (Fig. 1) can also be drawn on a
larger scale with different formats and
become effective in managing volcanic crises,
establishing preparatory, response, and
recovery actions related to volcanic risk.

Finally, we will discuss the key role of hazard
indices and hotspots in disaster risk
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management. We will start from the results of
Totaro et al. (2020), in which maps of
monothematic and synthetic indices were
drawn to describe the hazard status of the
Naples and Pozzuoli municipalities. A hazard
hotspot map was also elaborated to identify
both the areas with high hazard for single
dangerous events and those characterized by
the concomitance of several hazards.

Punta :
Imperatore *

Risk classas

011 033 08610

Fig. 1 Risk classes represented on the ortho-
photo map for Ischia Island
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Abstract

The advent of new technologies has enabled
the development of methodologies and tools
that facilitate the acquisition of essential
information for the protection of human life,
buildings and environment. During the last
decades, a particular attention has acquired
the preservation of cultural heritage, which
often lives in high hazardous conditions, such
as the Archaeological site of Pompeii
(Southern Italy). The ancient city of Pompeii
is a complex area extending over more than
40 hectares and it comprises a large number
of buildings and monuments of inestimable
value. The site is situated in an area where a
high volcanic hazard meets a widely
recognised active seismotectonic context and
a significant hydrogeological hazard, all
under the impending influence of climate
change. In these conditions, the development
of monitoring strategies to assess the
evolution of the health state of the heritage
became fundamental to let proactive
maintenance activities.

This paper is focused on an innovative
methodology developed to monitor the
Archaeological site of Pompeii (Southern

Italy). In particular, the methodology
considers multi-scale (data and time
resolution) and multi-level (assessment

accuracy) approaches and it consists of three
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screening levels: Local, General and Detailed
Assessment.

The paper fully describes the General
Assessment Level (GA) also showing
examples of its application.

Bk s e e c i S
- - —
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Fig. 1 A view of the archaeological site of
Pompeii with Vesuvius in the background.
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Abstract

Italy suffers from a high number of
landslides which represent a critical issue
from both social and economic point of view.
According to the Italian Landslide Inventory
(IFFI - https://idrogeo.isprambiente.it/app/)
the Italian territory is affected by more than
600.000 landslides interacting with urban
centers, lifelines, road/rail infrastructures,
Cultural Heritage and strategic buildings. In
this context, approximately 20 years ago,
ISPRA set up a support system to manage
measures aimed at mitigating hydro
geological risk and in a broader sense to the
reduction of geo disasters the support system
is called ReNDiS.

ReNDiS is actually a web-GIS based
tool, which  supports the  Italian
Environmental Ministry’s policies to plan and
to fund countermeasures to reduce the
landslide risk and related effects and
disasters, among others. The system currently
collects a significant number of interventions
(approximately  25.000) for different
typologies of hazards (see Fig. 1). The data
referred to the landslides contain more than
8000 mitigation projects. For each project, the
database provides the implementation status,
the required funds, the geographical
information and all the technical elements
relevant to the design level adopted. The
present work reports the description of
ReNDiS system as fundamental tool for
territorial and land use planning as well as a
useful decision support system able to
proactively guide the governance and
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mitigation policies of geo-disasters facing the

landslide risk.
== -

Fig. 1 Distribution of hazards on the Italian territory
collected by ReNDiS system.
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Abstract

During May 2023, Emilia-Romagna region
(Northern Italy) was hit by two severe
hydrogeological events (1-3 May, and 16-17
May 2023), that caused 15 casualties, 36.000
internally displaced people, 5.500 assisted
people and 8.500 rescuers.

Ground effects were very relevant: on
main watercourses, there were floods
affecting floodplains and embankments in the
central-eastern sector. In the Romagna basins
and tributaries of the Reno, water levels were
close to the historical maximum. On the
minor river network there were significant
increases in hydrometric levels leading to
bank erosion and potential flooding of the
neighbouring area. 23 rivers flooded, with the
interruption of 200 roads. Many landslides
occurred along slopes with  fragile
hydrogeological conditions affecting the road
network.

The activities of the National Civil
Protection Service covered not only
emergency management, but also the
forecasting and post-event residual risk
assessment phase.

In the forecasting phase, criticality
bulletins were issued concerning the expected
ground effects. This made it possible to
predict which areas would be most affected
by the events. Forecasting and monitoring
activities were carried out by the National
Early Warning System for Hydraulic and
Hydrogeological Risk.
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Following the events, the National Civil
Protection Service carried out technical
activities for the post-event residual risk
assessment: field surveys, analysis of satellite
images, use of optical and LIDAR drones, etc.

Field surveys were very useful for:
landslides and flooded areas delineation,
event scenario assessment; residual (post-
event) risk evaluation, identification of
alternative routes, etc. They were carried out
by Regional technicians, supported by DPC
technical officers and researchers of Research
Institutes and Universities as CNR-IRPI,
CNR-IGAG, ISPRA, and the University of
Florence.

Remote sensing (RS) data provided
crucial information of the extension of the
disaster in the short aftermath of the event. In
flooded areas RS data can be used to quickly
assess the degree of the damages and to
identify safe and reliable roads for emergency
needs. The extensive use of ICT facilitated
technical evaluation activities.

The general aim of technical assessment
activities is to assess residual risk conditions
after hydrogeological events and, based on
these, to plan non-structural prevention
measures to be taken pending the
implementation of structural interventions,
which take longer.



Proceedings of the
22nd International Symposium on Geo-disaster Reduction

Civil Protection Technical volunteering: a fundamental

contribution to reduce the emergency cost and lessons learned
P. Angeli!, C. Ambrosio!, M. Cagelli!

! Net.PRO
* Corresponding author. E-mail: ing.marco.cagelli@gmail.com

Abstract

Following the seismic events that occurred in
Umbria and Marche in 1997, the Civil Protection
Department began using the GNDT damage
assessment checklists to provide a homogeneous
tool that provided a certain judgment on the state
of damage to buildings with two purposes:
facilitate the identification of the needs for
temporary housing to assist the affected
populations; - calculate an estimate of the costs for
the reconstruction or repair of the asset. This
model was afterwards improved and implemented
by further experiences such as the 2009 earthquake
in L'Aquila where freelance technicians were
involved for the first time. During the 2012
earthquake in Emilia Romagna, technicians
qualified to compile Aedes forms were involved, a
qualification which was obtained following specific
training courses. In fact, with the issuing of the
Decree of the President of the Council of Ministers
of 5 May 201, the damage detection, emergency
response and usability model for ordinary
buildings in post-seismic emergencies and the
related compilation manual were approved and it
was indicated that specifically trained technicians
could be used to support post-earthquake
inspection campaigns.

The earthquake swarm of 2016 and 2017 in Central
[taly involved a vast area and put the new
procedures to the test involving the Civil
Protection Department and the National Council
of Engineers.

The drafting of hundreds of thousands of
checklists and the involvement of thousands of
technicians allowed three important aspects to
emerge:

- the availability of many technicians to be directly
part of the Civil Protection System to give a rapid
response to the needs of asses the usability of
buildings;
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- the need to improve national legislation to
allow better numerical modeling of structural
units, more consistent with the damage patterns
detected in the areas affected by the earthquake; -
the effectiveness of the technical volunteering
system in reducing the assistance costs to the
population and the time required to prepare a
certain assessment of the damage following the
events.

The desire of many technicians to contribute
during an emergency to supporting the affected
populations led, in 2019, to the birth of NET.PRO,
a national network of civil protection technical
volunteer associations which today has more than
300 volunteer technicians and is present in nine
regions. The association has so far been mobilized
for the flood emergency in Emilia Romagna and, at
the time of writing this abstract, is involved in the
expeditious survey of the vulnerability of the
buildings of the municipalities in the Campi
Flegrei area.

Since 2019, specialist training has made it possible
to guarantee the availability of specialists for
damage assessment:

for residential
checklists;

- for structures with large spans via Aedes -
GL checklists;

- for buildings listed by the Ministry of

Cultural Heritage through A-DC and P-ES
checklists; - for buildings subject to geological
instability via Ageotec checklists.
NET.Pro technicians of the association ordinarily
carry out various activities: - raising awareness of
the prevention of natural risks in schools of all
levels, to show the correct procedures to follow in
the event of seismic, flood and landslide events;

- support the local authorities in drafting
emergency response plans;

via Aedes

buildings
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- participation in National awareness events
such as "lo non rischio”;

- provide contributions to the national debate
on seismic vulnerability of existing buildings; -
draw up procedures that comply with the
regulations regarding the safety of technicians
inside buildings already affected by the earthquake
and operating during the assessment damage
phase; - participation in various national and local
Civil Protection trainings.

- support Local Authorities in defining the priority
of intervention between various unsafe buildings.
Some evidence emerged from the activities in the
earthquake area:

- generally, two generations after the seismic event
the population forgets the effects and the drama
experienced, effectively canceling the priority of
the structural safety of buildings when they want
to renovate their building;

- the historical Italian building heritage,

made of load-bearing masonry, is the subject of
constant modifications over time, generally with
reduction of the wall masses for the construction
of openings, doors, windows, wardrobes... which
reduce the effectiveness of the box behavior of
masonry buildings;
- the damage assessment cannot ignore a field
analysis of the single structural unit as there are
notable differences in the construction methods
and the useful life of the buildings is such as to
have allowed constant, and sometimes significant,
changes in structural behavior. This last point has
led to highlighting some necessary precautions in
the application of national legislation in the
structural field to guarantee safety assessments
congruent with the real behavior of the structural
unit.
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Abstract

Debris flows in recently burned
watersheds pose significant hazards to life
and property, especially where they have been
absent or less common in the past. These
flows are able to progressively entrain and
transport large amounts of burned and
unburned sediments downstream, up to low-
gradient areas where human structures are
often located. Collection of the event
locations and magnitudes, properties of the
triggering rainfall, burn severity, runout
paths, and other environmental features of the
affected sites is of paramount importance to
start a reliable analysis.

This contribution provides a summary of
the first outcomes related to post-fire debris
flows affecting mountainous sectors of the
Campania region, southern Italy. Here,
wildfires occur mostly between July and
September, during the dry season, and are the
result of both accidental and intentional
human caused ignitions, like in the rest of
Italy. Post-fire debris flows are very common
in steep watersheds that in the late summer-
autumn period are hit by short-duration high-
intensity rainfall associated to convective
cells. The basic knowledge presented in this
work derives from the analysis of
predisposing and triggering conditions of
some recent events causing also severe
damage to human structures (Esposito et al.,
2017; Esposito et al., 2019). These events are
included in an inventory of 113 post-fire
debris flows described in the work of Esposito
et al. (2023) together with properties of the

60

triggering rainfall. Fire-induced geotechnical
changes in soils properties, that promote
enhanced runoff and erosion processes
transitioning into debris flows downstream,
are discussed in the article of Peduto et al.
(2022).

The acquired knowledge represents thus
the first step towards reliable hazard and risk
assessments for the whole region.
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A first review of coastal hazards in the active volcanic caldera of
Campi Flegrei, Italy.

Fabio Matano!

Abstract

The coastline of the Campi Flegrei active volcanic district is one of the most densely urbanized rocky coastal zones
in Italy. Here, coastal cliffs are formed by volcaniclastic deposits and include remnants of ancient volcanic edifices
formed in the last 15 ka. Due to the petrographic, geotechnical and geostructural properties of volcaniclastic
deposits, these cliffs have been affected by rapid recession processes since their origin. A review of the initial
analysis and monitoring activities, with the objective of achieving a quantitative understanding of the retreat
processes that are contributing to the geomorphic evolution of the Campi Flegrei rocky coast, is presented. The
research is based on the use of geomatic techniques and focuses on four main coastal cliffs: Coroglio, Punta
Epitaffio, Torrefumo and Baia dei Porci, which are located in different sectors of the Campi Flegrei area. The
results demonstrated that mass wasting processes are effectively contributing to the dismantling of coastal cliffs
in the Campi Flegrei volcanic area. Episodic cliff failures can displace large volumes of rock, resulting in sudden
and localized cliff recession. However, despite the occurrence of numerous small-scale failures, which are
typically between 10 and 2 m3, the frequency of larger collapses remains higher. The findings of the multi-temporal
monitoring of landslides demonstrated that after the main failure, landslide scars can be affected by further
collapses. Furthermore, deposits eventually formed at the cliff toe can be rapidly eroded by the sea wave action
and by rainfall-induced surface runoff. The short-term retreat rates were found to range from 0.001 to 0.025 m/yr
during the period 2013-2016, while the mid-term rates varied between 0.17 and 1.2 m/yr. Keywords

coastal cliff, failures, erosion, volcanic caldera

Introduction resistance to erosion of the outcropping sediments
(loose to welded ash, pumices, scoria), as well as by
the local action of natural factors, such as sea waves,
wind, rain, salt spray, wetting and drying cycles,
changes in temperature and bioerosion. Many
landslides affected the Campi Flegrei coastline in the
past years. The tuffaceous cliffs are often affected by
rock falls that caused sudden and localized reces-sions
by displacing hundreds to thousands cubic meters of
rocks (Fig. 2). This paper presents a first review of the
analyses and monitoring activities aimed at achieving
a quantitative knowledge about retreat processes that
are contributing to the geomorphic evolution of the
Campi Flegrei rocky coast. The research is based on
the use of geomatic techniques and focuses on several
coastal cliffs (Fig. 2), located in different Campi
Flegrei sectors.

Many sea cliffs worldwide are affected by retreat
processes, mainly occurring with landslides, surface
erosion and weathering (Trenhaile, 1987; Sunamura,
1992; Hampton and Griggs, 2004). Retreat processes
of cliffs developed in volcanic rocks (lava, tuff, etc.)
can be explained by the mineralogy of the rocks,
weathering, gases given off by the volcano and
presence of water in the cliff, favouring periodic large
rockfall (Douglas et al., 1994; Matsukura et al., 1994).
In Italy, nearly 2,850 km of coasts are occupied by
rocky shores and cliffs (Iadanza et al., 2009) which are
directly in contact with the sea water and are exposed
to landslides. This represents a serious risk for liv-ing
people, as well as for buildings, roads and railway
networks. The coastline of the Campi Flegrei active
volcanic district (Figs. 1 and 2) is one of the rocky
coastal zones more densely urbanized of Italy. Here,
coastal cliffs are made by volcaniclastic deposits and
include remnants of ancient volcanic edifices formed  The Campi Flegrei (Fig. 2) is an active volcanic area
in the last 15 ka (Peccerillo, 2005). The cliffed  located in southern Italy, along the Tyr-rhenian coast,
coastlines of the Campi Flegrei area are among the  and corresponds to a quasi-circular depression
most affected by dismantling processes in Italy. extending for about 200 km2, a large part of which
Generally, retreat of volcaniclastic sea cliffs is develops off the Pozzuoli Bay (e.g., Santacroce et al.,
promoted by weak mechanical properties and low  2003; Peccerillo, 2005; D’ Auria et al., 2015).

Campi Flegrei geological setting
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The catastrophic eruption of the Campanian Ignimbrite
took place about 39 ka BP, causing the formation of a
large caldera that was reshaped by the more recent
phreato-plinian eruption of the Neapolitan Yellow Tuff
(NYT; Scarpati et al., 1993; Denio et al.,2004),
occurred 15 ka BP. The NYT consists mostly of
pyroclastic-flow and minor fall deposits that occur as
two different diagenetic facies: lithified and non-
lithified (Scarpati et al., 1993). The lithification is the
result of a diagenetic zeolitisation process (Norin,
1955). Within the central part of Campi Flegrei, the
unlithified facies outcrops mainly in the western part of
the study area (Baia dei Porci, Torrefumo and Punta
epitaffio cliffs; Fig. 2) whereas the lithified facies
occur mainly in the eastern part (Coroglio cliff; Fig. 2)
(e.g., Scarpati et al., 1993).

Then volcanic activity is subdivided in three main
epochs when minor explosive events occurred creating
at least 52 monogenic phreato-magmatic vents,
interrupted by long periods of quiescence. The latest
eruption, known as “Monte Nuovo Eruption”, occurred
in the 1538 A.D (e.g., Pappalardo & Mastrolorenzo,
2012). Currently, the caldera is characterized by unrest
conditions, as demonstrated by widespread fumaroles,
thermal springs, earthquakes and ongoing ground
deformation. = The  current  geomorphological
configuration of the Campi Flegrei was determined by
the action of volcanic and geomorphic processes
occurred in the last 15 ka, after the NYT eruption.
Relics of volcanic edifices partially dismantled by sea
erosion and landslides were identified along or near the
present coastline and in the submarine part of the
caldera. The inland volcanoes were also affected by
slope instability processes, and some of them result
partially col-lapsed because of volcano-tectonics
forming crater lakes. Landslides due to earthquakes,
rain-storms, marine erosion, or human actions have
repeatedly affected the slopes of ravine and streams, as
well as the steep scarps of gullies and coastal cliffs
through time.

Methods and results

The geomorphic evolution of the Torrefumo cliff
(years 1956 to 2016), located in Monte di Procida
municipality, was investigated by Esposito et al.
(2018), by comparing digital elevation models (DEMs)
derived from the processing of archive aerial images
and airborne lidar data (Fig. 3). This activity allowed
quantifying volumetric changes and maximum retreat
of the cliff top edge. The mid-term average retreat rates
(1956-1974 and 1974-2008) were calculated by
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applying the method of Young and Ashford (2006) that
considers the total eroded volume, the average sea cliff
height and length. The short-term geomorphic changes
that affected part of this cliff were detected by
comparing 3D point clouds acquired by Terrestrial
Laser Scanning (TLS) in two multi-temporal surveys
(years 2013 and 2016) by Esposito et al. (2020). A cliff
failures inventory map was developed, and the
magnitude-frequency distribution of the events was
calculated.

At the Baia dei Porci cliff, a large rockslide occurred in
October 2013 threatening a series of buildings located
close to the cliff edge, located in Monte di Procida
municipality (Fig. 4). The mass movement was
monitored until January 2016 to assess its geomorphic
evolution (Esposito et al., 2017). In this case, the
“Structure-from-Motion”  (SfM) photogrammetry
technique was used and four surveys (years 2013,
2014, 2015, 2016) were executed from a boat and a
Remotely Piloted Aircraft System (RPAS). Moreover,
a topographic survey of ground control points was
carried out to guarantee the exterior orientation of
images. Comparison of the 3D point clouds derived
from the processing of photogrammetric data allowed
accurate identification of the areas where geomorphic
changes occurred, as well as quantifying volumes of
material mobilized during and after the 2013 main
failure.

Fig. 1 Typical rock fall affecting Campi Flegrei coastal tuff
cliffs (Trentaremi, Naples).
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Fig. 2 Location on shaded relief of the Campi Flegrei volcanic area. The circles are the studied cliffs.
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Fig. 3 DEMs of difference (DoDs) related to the two analyzed time intervals; negative elevation changes (reddish colors)
highlight erosion, as well as positive changes (bluish colors) highlight deposition. Orthophotos of the year 1956 (above) and
1974 (below) are shown in background (Mod. from Esposito et al., 2018).

Long-range Terrestrial Laser Scanner (TLS)
applications were aimed at characterizing the
geostructures of the Coroglio cliff, located in Naples,
and the structural pattern of Punta Epitaffio tuffaceous
coastal cliff, located in the Bacoli municipality
(Matano et al., 2015, 2016; Caputo et al., 2018).
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Fig. 4 Change detection and sediment budget by M3C2-
derived multitemporal point clouds. On the left, comparison
results are showed for 2013-14, 2014-15 and 2015-16. Real
images (right) were used for a qualitative validation of the
computed changes (Mod. from Esposito et al., 2017).

Regarding the Punta Epitaffio cliff, the geostructural
analysis was based on the method of automatic
extraction of discontinuity orientation by TLS data, as
proposed by Fanti et al. (2013) and modified in Matano
et al. (2015). The 3D digital model of the Punta
Epitaffio cliff derived from TLS data, provided a base
for the classification of rock discontinuities by
geostatistical analysis. In detail, the workflow of
geostructural data processing included: 1) statistical
analysis of spatial orientation of the facets of the 3D
mesh derived by the TLS survey point cloud; 2)
extraction of the best-fit attitudes (dip and dip
direction) of discontinuity sets for each sub-planar
patch of the rock face; 3) cluster analysis of best fit
structural discontinuities; 4) definition of all the
discontinuity sets and geo-structural classification of
3D model facets; 5) kinematic analysis for the
definition of possible failure mechanisms.

The procedure adopted in the study of the Coroglio
cliff consisted in an integration of geomorphological
analysis, structural field survey, Terrestrial Laser
Scanner data acquisition and processing, 3D digital
model (triangle mesh) development and analysis,
geostructural classification of discontinuity orientation
data, and 2D vertical cartography elaboration,
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managed with Geographical Information Systems. The
3D model was derived from a filtered point cloud, and
each triangular facet characterized by its spatial
orientation (dip and dip direction) and elevation data at
1:500 scale. With an integration of a statistical analysis
of mesh facets of the 3D model based on their spatial
orientation, structural field data from field surveys in
selected sectors and data from literature, we identified
the orientation of six main discontinuity sets (F1 to F6).
The pattern of mapped discontinuities sets has been
utilized for producing the vertical geostructural map of
the Coroglio cliff, that is relevant for kinematic
analysis of unstable blocks along the cliff surface.
Analysis of Terrestrial Laser Scanning (TLS) datasets
referred to multi-temporal (2013-2015) acquisitions,
were aimed at evaluating volumetric changes and
average retreat rates of the Coroglio tuff cliff (Fig. 5).
The multi-temporal analysis was carried out in
different steps. The obtained point clouds were aligned
and georeferenced using the ICP algorithm. In order to
analyse morphological changes on the cliff surface two
different approaches were used and combined: a)
distance calculation between two 3D point clouds (3D
Cloud-to-Cloud comparative analysis) acquired on
different dates using Multiscale Model to Model Cloud
Comparison (M3C2) algorithm to obtain main
morphological changes, b) GIS-based 2.5D processing
approach which relies on a rasterization/gridding
process of the point clouds to map the limits of the
main morphological changes occurred and to calculate
the volumetric changes that occurred in recent years
with a very high degree of accuracy. Finally, a
morphometric analysis was carried out to evaluate both
retreat rates and failure indices with GIS tools.

Fig. 5 Geostructural map of Coroglio cliff (Mod. from
Matano et al., 2016).

In order to assess the rockfall hazard for the Coroglio
coastal cliff, two comprehensive datasets were used.
The first one refers to multi-temporal acquisitions of
topographic data with a Terrestrial Laser Scanner
(TLS) aimed at assessing volumetric changes and
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average retreat rates of the cliff (Caputo et al., 2018).
This dataset includes volumetric changes related to 247
rockfall events, with magnitude ranging from 0.002 m?
to 6.81 m?, over an observation period of 1.85 years
(from April 29, 2013, to March 4, 2015). The second
dataset comes from an extensive monitoring activity
(from December 2014 to October 2018) carried out in
the field by Matano et al. (2020). Specifically, five
unstable tuff blocks were monitored with electrical
crack gauges and clinometers, along with temperature
probes. Further data were gathered from a weather
station located near the top of the cliff.

Based on the aforementioned datasets, a first part of
this work focuses on the elaboration of Frequency-
Magnitude (F-M) curves differentiated in relation to
the volcanic geo-material involved (Neapolitan Yellow
Tuff and Trentaremi Tuff), and to the different portions
of the cliff where the same instabilities occurred. This
made it possible to enucleate the most active portions,
i.e., those in which the frequency values are greatest.
The second part of the work focuses on evaluating the
role played by two meteorological variables, namely
air temperature and precipitation, on the rockfall
inception. This revealed that the incidence of rainfall
was four times greater than the change in air
temperature.

Conclusion

Outcomes presented in this paper highlight that mass
wasting processes are effectively contributing to the
dismantling of coastal cliffs in the Campi Flegrei
volcanic area. Episodic cliff failures, like the one
occurred along the Baia dei Porci cliff site, can displace
huge masses of rock that induce sudden and localized
cliff recessions. Notwithstanding, monitoring of the
Torrefumo cliff performed by means of TLS showed
that small-scale failures, between 10-2 m3 and 1 m3,
are more frequent than larger collapses. The TLS-
based monitoring activity also highlighted that those
failures are quite superficial and involve an average
rock thickness lower than 1 m. This could be related to
a general weakness of the surficial material induced by
weathering processes, or by the occurrence of
incoherent deposits of ash, pumices and scoria that are
easy to be affected by grain-by-grain surface erosion.

Findings gained by the multi-temporal monitoring of
the Baia dei Porci landslide (Fig. 4) demonstrated that
after the main failure, landslide scars can be affected
by further collapses, as well as deposits eventually
formed at the cliff toe can be rapidly eroded by the sea
wave action and, secondly, by rainfall-induced surface
runoff. The sea wave action could be one of the most
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important drivers inducing retreat of cliffs in the Campi
Flegrei area, but additional accurate measurements are
necessary to ascertain this. An indirect marker of the
sea wave action is the massive retreat measured for the
Torrefumo cliff (1.2 m/yr), in the time period 1956-
1974. Interruption of this ac-tion with the seawall
induced a dramatic decrease to 0.17 m/yr of the cliff
retreat rate (1974-2008). On the other hand, it did not
lead to a stable equilibrium condition of the slope, as
testified by short-term retreat rates ranging from 0.001
to 0.025 m/yr during 2013-2016. These rates are com-
parable with the ones measured along the Coroglio tuff
cliff, ranging from 0.05 to 0.10 m/yr, during 2013-2015
interval (Caputo et al., 2018).

Moreover, the contrasting measured retreat rates of
Torrefumo and Coroglio cliffs could also be related to
the different volcaniclastic facies cohesion.
Specifically, the natural retreat rate of the Torrefumo
cliff (1,2 m/y), where more unlithified deposits occur,
is higher than that of Coroglio cliff (0,05-0,10 m/y),
made up mainly of lithified tuff facies.

Geostructural maps and analysis of the tuff coastal
cliffs with TLS surveys and processing show accuracy,
precision and resolution that are adequate and
consistent for the scope of geomechanical analysis of
rock failures (Matano et al., 2015, 2016). In summary,
the described findings high-light that dismantling of
the analyzed volcanoclastic coastal cliffs is due to a
complex interaction of marine and subaerial processes.
Some processes have been analyzed in this research,
but more research is necessary for a complete
knowledge of the cliff behavior.

The work also showed the importance of using multi-
temporal survey techniques (such as those referable to
Terrestrial Laser Scanners), for the construction of the
dataset necessary for the generation of F-M curves. In
addition, the role of instrumental monitoring — possibly
prolonged over the years — was highlighted for the full
understanding of the factors controlling the cause-
effect relationships and, therefore, for the definition of
the most appropriate risk mitigation interventions
(whether structural or nonstructural, such as warning
systems).
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Abstract

Large dams are essential infrastructures as they
provide vital water resources to local communities.
Their importance has become even more pronounced
in recent times due to the increasing frequency of
drought periods caused by pressing climate changes.
As a result, ensuring the functionality, structural
integrity, and safety of dams has emerged as a top
priority, especially in regions prone to seismic activity.
Indeed, powerful earthquakes have the capacity to
undermine the stability of dams, posing significant
risks of triggering flash floods that can pose grave
threats to both lives and property. Over recent decades,
innovative performance-based approaches have been
developed to assess the seismic behaviour of dams and
estimate the associated financial and social risks of
irreversible damage or failure due to earthquakes. In
this framework, it is essential to establish suitable
seismic performance index and ensure they remain
within specified target values across various seismic
scenarios. According to international standards (e.g.,
FEMA, 2005; USACE, 2004), assessing the seismic
performance of dams involves verifying that stability
and serviceability conditions are maintained against
anticipated ground motions, which can have either a
low or high probability of occurrence throughout the
dam’s lifespan. This strategy helps prevent
catastrophic failures and uncontrolled water releases
during extreme (low probability) events and ensures
the dam's operational conditions (and that of the entire
facility) during less severe (high probability)
earthquakes. Adhering to these principles, the Italian
seismic code for dams, NTD14, defines four limit
states with different probabilities of exceedance (PVR)
over a specific period (VR). These include two
serviceability limit states (Operational Limit State and
Damage Limit State) and two ultimate limit states (Life
Safety Limit State and Collapse Limit State), based on
the extent of damage caused by seismic loading and the
occurrence of uncontrolled water release.These limit
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states must be evaluated through appropriate analyses
to verify that the specified conditions are not reached.

Field observations and theoretical studies suggest
that accelerations within the dam structure and the
magnitude  of  earthquake-induced  permanent
displacements are crucial for evaluating the dam's
response to significant ground motions. Specifically,
comparing the peak acceleration at the dam crest to that
in the foundation soils or at the dam base offers a
quantitative assessment of the amplification effects
during seismic shaking. This comparison can identify
a non-linear dam response, characterized by reduced
soil shear stiffness and permanent deformations. The
settlement of the dam crest resulting from earthquake
loading is closely linked to the level of damage caused
by the seismic event and can serve as a performance
index, reflecting the dam's overall seismic response
and the extent of damage caused by seismic loading.
Thus, predefined threshold values for crest settlement
can be established to determine the occurrence of a
specific limit state.

This study presents a comprehensive dataset
consisting of both case studies and numerical analyses
of seismic-induced damages to dams.The dataset
obtained following the classification described above
is represented in the following figure where the
proposed performance indexes are also represented
together with the intervals of settlement ratio
(represented with arrows in the plots) suggested by
Swaisgood (2003) for each level of damage. This
dataset enables the definition of appropriate threshold
values for crest settlement, which can be used as
reference benchmarks in performance-based seismic
analyses of dams.
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Figure 1: Dataset considered to define threshold values of the non-

dimensional  crest . settlement for  different. dam 196)6

RD=Concrete/bituminous rockfill, HF= Hydraulic fill, HED=
omogeneous earth, ZED= Zoned earth).
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Abstract

Earthquake-induced building damage
and geological disasters have caused
incalculable losses to human beings.
Geological hazards such as gullies, collapses,
landslides and debris flows are especially
common in loess areas due to intense surface
cutting, and the impact of earthquake damage
is severe and extensive. Therefore, it is
necessary to conduct special research on the
attenuation characteristics of ground motion
in loess areas, which provides a very
important theoretical basis for the hazard
analysis of major earthquakes, improving the
level of seismic resistance and seismic
zonation in loess areas.

We have collected, screened, and
organized 1092 station records from 141
seismic events that occurred in the Loess
Plateau region of China between 2001 and
2019. The fitting values were obtained by
selecting the high horizontal peak ground
acceleration values from the stations and
utilizing a two-step regression method to fit
the attenuation relationship of horizontal
ground motion response spectra in the Loess
Plateau region of China. The distribution
trends of the residuals with the magnitude and
distance were analysed, and the attenuation
relationships in this paper were compared
with the models of Wang and Yu.

The results show that most of the
observed values are within +1 times the
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standard deviation of the acceleration
attenuation curve, and the model proposed in
this paper effectively reflects the trend of
response spectrum attenuation with distance
in the loess region of China.
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Figure 1. Seismic and station distribution map
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Abstract

Instability of slope induced by earthquake
seriously affects casualties and property
losses and hinders earthquake rescue, so the
study of slope displacement under earthquake
1s of great significance. For the slope
reinforced by frame prestressed anchor rod
structure under earthquake, the calculation
method of slope displacement and axial force
of anchor rod under seismic action were
derived by combing Newmark method and
limit analysis method. This method proposed
in this paper comprehensively considers the
amplification effect of  earthquake
acceleration on the slope surface, the inertial
force of reinforce structure and the dynamic
change of axial force of anchor rod. The
solution program of this method was
compiled in MATLAB and its rationality was
proved by a numerical model in FLAC3D
software. The results show the slope
displacement calculated by the method
proposed is consistent with the variation law
of slope displacement obtained by traditional
methods. Regardless of whether the
anchoring force is considered or not, the slope
yield acceleration obtained by this method is
very close to the slope yield acceleration
obtained by the Bishop method. The critical
sliding surfaces obtained by the two methods
are very close, and the sliding points are
located at the foot of the slope. Compared
with the Bishop method, this method can
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consider the amplification effect of seismic
force on the free surface of the slope and the
gravity of the supporting structure. Ignoring
the change of the axial force of anchor rod
will make the slope displacement larger,
while not considering the amplification effect
of the seismic acceleration on the slope
surface and the gravity of the reinforce
structure will make the slope displacement
smaller. This method proposed in this paper
comprehensively considers the above factors
and is more accurate. In the process of
landslide mass sliding, the axial force of the
anchor rods increase gradually, and the
growth rate of the axial force of the lower
anchor rods are larger than that of the upper
anchor rods. The increase of anchor rod
prestress and elastic modulus will reduce the
seismic displacement of the slope, and the
increase of the dip angle of the anchor rod will
increase the seismic displacement of the
slope. The dip angle of the anchor rod should
be minimized without affecting the grouting
effect of the bolt.
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Fig.2. Calculation model of slope reinforced
by frame prestressed anchor rod structure

Acknowledgments

This study was supported by the National
Natural Science Foundation of China (Grant
No. 52068048), Youth Science and
Technology Fund Program of Gansu Province
(Grant No. 22JR5RA286), Higher Education
Young Doctoral Fund Project of Gansu
Province (Grant No. 2022QB-045) and the
Hongliu Excellent Young Talents Program of
Lanzhou University of Technology.
References

Mario P, Randall W. Jibson, A seismic
landslide susceptibility rating of geologic
units based on analysis of characteristics of
landslides triggered by the 17 January,
1994 Northridge, California earthquake,
Engineering Geology, Volume 58, Issues
3—4, 2000, Pages 251-270, ISSN 0013-

71

7952, https://doi.org/10.1016/S0013-
7952(00)00038-7.

Hoe IL, Dov L, Nelson N.S.C, Post-
earthquake investigation on several
geosynthetic-reinforced soil retaining walls
and slopes during the Ji-Ji earthquake of
Taiwan, Soil Dynamics and Earthquake
Engineering,Volume 21, Issue 4, 2001,
Pages 297-313, ISSN  0267-7261,
https://doi.org/10.1016/S0267-7261(01)00
011-2.



Pvonroodinoc nf thoe

«EARLY WARNING» SYSTEM FOR RISK PREVENTION
FROM EXTREME STORMS

Angela Di Leo', Fabio Dentale', Anna Sansanelli!, Eugenio Pugliese Carratelli'

! Department of Civil Engineering, University of Salerno, 84084 Fisciano, Italy
* Corresponding author. Tel: +39-089969088; E-mail: andileo@unisa.it

Abstract

The coastal environment is a highly
complex dynamic system influenced by
natural and human factors that contribute to
its spatial and temporal evolution.

Specifically, the Southern Tyrrhenian Sea,
and in particular the Campania coastal area, is
heavily affected by human activities and
extreme weather/marine events can cause
extensive landscape, as well as social and
economic damage.

The work presented here is aimed at
developing a real time system to forecast and
manage the potential risks for citizens and
infrastructure deriving from overtopping
events of extreme sea storms.

In particular, the wave forecast data on a
regional scale, which allow us to see an
estimate of the offshore waveform
characteristics, acquired from WRF/ NOAA
(Weather Research and Forecast) or from
ECMWF (European Center for Medium-
Range Weather Forecasts) or similar systems,
they will constitute the boundary conditions
for a propagation model that will allow the
identification of the wave characteristics on
coastal structure.

The propagation model is necessary
because the action of the wave motion near
the coast does not only depend on the offshore
marine weather climate and the exposure of
the area, but also on the effects that small
variations in the bathymetry or the presence
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of obstacles induce on propagation towards
the ground (refraction, shoaling, etc).

The daily assessment of the overtopping
flow can be done using the wave parameters
calculated at multiple points identified in
relation to the different coastal structures and
compared with the safety limits defined by the
Eurotop Manual. This procedure, developed
using analytical methodologies or using
advanced numerical models, will allow
identifying any critical situations in relation to
the danger to human life.

To correctly evaluate the wave
characteristics in front of the maritime
structures, the entire numerical procedure will
initially be calibrated using experimental field
data detected by suitable instrumentation for
wave monitoring.
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Abstract

The increased availability of high-quality data
from post disaster field reconnaissance and
their collection in open-source datasets and/or
databases enabled the use of modern and
innovative tools. An interesting and
promising example of such tools is
represented by those based on Artificial
Intelligence (AI) techniques. Using a large
amount of data, Al based tools can be used to
develop models to solve problems in the field
of geotechnical earthquake engineering. In
this connection, the 2010-2011 Canterbury
earthquake sequence in New Zealand
represents and ideal case study thanks to the
amount and quality of information available
through the New Zealand Geotechnical
Database (NZGD) and to the significant
damage due to abundant manifestation of
liquefaction-induced lateral spreading (Figure
1, Durante and Rathje, 2021a, b). Such data
are used to train and test different types of Al
models, based on Random Forest and Neural
Network algorithms. The developed models
compare favorably against observed data.
Explainable AI methods (e.g., tools used in
this study to check that results are compatible
with physics-based behaviors) are then used
to ensure that the models are able to correctly
reproduce  the  physics behind the
phenomenon. These computationally
expensive analyses were carried out utilizing
cloud-based computing capabilities offered
by the Texas Advanced Computing Center
(TACC) available to the natural hazard
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community through the cyberinfrastructure
DesignSafe (Rathje et al, 2017).
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Fig. 1. Regional-scale lateral

spreading
displacement maps for the 22 February 2011
Christchurch earthquake. (a) Observed and
(b, ¢) predicted displacements using Al
models (Durante and Rathje, 2021a, b).
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Abstract

On December 18, 2023, an earthquake-
induced liquefied loess landslide occurred in
Minhe County, Qinghai Province, China. The
landslide, which is called Minhe landslide
thereafter, quickly mobilized into a flowlike
sliding after its initiation, with a horizontal
distance of 3200 m, and caused 20 deaths. The
source of water in the loess layer is a key issue
in clarifying the initiation and movement
mechanisms of the Minhe landslide.

During the field investigation, portable
dynamic cone penetration tests were
conducted to understand the strength of soil in
each layer. In order to explore the
groundwater distribution and soil
permeability, electrical resistivity
tomography and in situ permeability tests
were conducted. The cyclic loading triaxial
tests on intake specimens are intended to
replicate the failure process of various soil
layers under a PGA of 0.4g, and investigate
the seismic liquefaction of loess under
varying overlying soil thicknesses. A pore
pressure controlled ring shear test was also
designed to simulate the liquefaction behavior
of loess flow. The cyclic loading triaxial tests
and the ring shear test are on going.

The permeability tests showed that
geological and topographic factors control the
high water content of loess rather than
irrigation. The failure process of the Minhe
landslide is summarized in Fig. 1. The
earthquake triggered the liquefaction of
saturated loess in the source area, causing it to
flow out of the natural valley and form a
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flowlike landslide. After that, the overlying
alluvium in the source area lost its support,
forming a rotationally inclined structure. The
liquefied loess swiftly passed through the
motion area and gradually slowed down,
entering two villages and causing devastating

disasters.
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Fig. 1 Failure process of the Minhe landslide
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Abstract

ReNDiS is a web-GIS open data
developed by ISPRA as part of the technical-
scientific support provided to the Italian
Ministry of the Environment and Energy
Security to monitor the implementation of
hydrogeological risk mitigation measures and
to manage the evaluation of funding requests
from all Italian Regions, since 1999 [Gallozzi
et al., 2020]. Information is organised starting
from individual mitigation measures. Design
phases of the projects, type of solutions
adopted and accounting data are collected for
all of them. Each measure is subdivided into
lots (corresponding to a single project) and
these lots may be composed of one or more
types of works. The database implements also
the types of works that can be recognized as
soil bio-engineering techniques: from this
detailed classification it is possible to estimate
which measures implement some of them,
either entirely or in combination with other
‘traditional” works.

So far, about 25.000 mitigation measures
financed with a total of more than 17 billion
Euro were already collected and monitored in
ReNDiS. Among the surveyed measures,
detailed and reliable technical information
about the types of works and hazard mitigated
is available for more than 3.000. Within these
measures, 65% include works for landslide
risk mitigation and 51% include works for
hydraulic risk mitigation. Among landslide
risk mitigation, 17% of the types of works fall
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within soil bio-engineering category, while
for hydraulic risk mitigation the percentage is
11.8%. Among the types of works for
landslide risk mitigation, selective vegetation
cutting is the most commonly used in areas
where the overburdening of vegetation has a
destabilising action that prevails over root
reinforcement. Moreover, it is found that
vegetation reinforcement is, to a large extent,
combined with structures or reinforcements
made of biodegradable materials such as
wood, bio-mats, bio-nets and stones. The
most adopted traditional engineering works
include reinforced concrete piles and walls,
cortical reinforcement through steel mesh,
and drainage systems. Soil bio-engineering
solutions are used to improve soil strength
over time, thanks to root growth, and they are
used to cover large areas, thus mitigating
especially shallow landslides and erosion
phenomena over large areas. Given the
landscape, cultural, economic and
sustainability  interests  involved, the
monitoring of such bio-engineering solutions
through the ReNDiS database is a
fundamental tool for planning new landslide
mitigation works throughout Italy, in order to
reduce visual impact with the same efficiency.
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Abstract

A novel hybrid rock discrete fracture
analysis (RDFA) method has been developed
through the integration of the rock failure
process analysis (RFPA) (Tang et al. 2020)
and the discrete element method (DEM)
(Cundall 1971). RDFA offers a
comprehensive framework for simulating the
continuous-discontinuous behaviors within
rocks, encompassing fracture and
fragmentation phenomena.

Utilizing a newly devised nodal updating
scheme, RDFA allows for adaptive node
adjustments at critical crack tips while
satisfying  strength  criteria, effectively
capturing the initiation and propagation of
zero-thickness cracks. Furthermore, the
unified global equilibrium equation has been
deduced, enabling the simultaneous solution
of continuous and discontinuous problems
using a unified computational model.
Meanwhile, it facilitates the automatic
transformation of rock materials from
continuum to discontinuum.

Notably, RDFA accommodates the
inherent heterogeneity of rock masses,
allowing for the synchronized consideration
of localized damage and the evolution of fine
cracks. RDFA was successfully calibrated via
the Brazilian splitting test, demonstrating
alignment with the analytical solutions.
Subsequently, the uniaxial compression tests
were conducted on the rock specimens
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containing single or double flaws. The results
show that as the flaw inclination angle (a)
increases from 0° to 60°, the distance between
the initiation position of cracks and the flaw
tip decreases exponentially. The crack
initiation stress follows a non-linear pattern,
decreasing initially and then increasing with
the growth of a. Besides, it was used to model
the progressive landslide and capture
multiscale fracturing process and failure
characteristics.

Fig. 1 Landslide modelled by RDFA
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Abstract
Groundwater flow is considered to be an
important  triggering factor of many

geological disasters, but it is still a challenge
to accurately characterize groundwater flow.

Here we present a novel method of
characterization of groundwater flow using
actively heated fiber optics based thermal
response test (ATRT) in grouted boreholes. A
series of numerical models are set up to study
the effect of the grout and the jacket of an
actively heated fiber-optic cable on the
simulated thermal response measured along a
heated borehole. The findings are utilized to
further develop existing groundwater flow
rate estimation procedures based on the
moving infinite line source model (Diao et al.
2004). The developed approach is
demonstrated in a case study in a borehole
near a bank collapse site that penetrates
different aquifer layers. Accordingly,
significant local groundwater flow rates

(9%x1077-5%1078 m-s~1) are found that vary

with depth. The values derived by the TRT
interpretation closely match the expected

rates (2x1076-7x1076 m-s ~1), which supports

the good applicability of the estimation
procedure in the field.

77

Heatng saase

Terperntare

AT

Terrperatsn fea %

Fig. 1 Temperature response curve of the
heat source with different groundwater flow
rates.

Acknowledgments

This work was supported by the National
Natural Science Foundation of China (Grant
No. 42277124, 41977217).

References

Diao N, Li Q, & Fang Z. (2004). Heat transfer
in ground heat exchangers with
groundwater  advection.  International
Journal of Thermal Sciences, 43(12),
1203-1211.



Proceedings of the
22nd International Symposium on Geo-disaster Reduction

Study on Deformation Mechanism and Warning Model

of Step-like Landslide in Three Gorges Reservoir Area
Fei Guo'?, Xiaohu Huang' 2, Maolin Deng' 2, Qinglin Yi':?

! Key Laboratory of Geological Hazards on Three Gorges Reservoir Area, Ministry of Education,
Yichang 443002, China;

2 College of Civil Engineering & Architecture, China Three Gorges University, Yichang 443002,
China.

* Corresponding author. Tel: +86-15926968669; E-mail: ybbnui.2008 @ 163.com

Abstract

Since the impoundment in 2003, more than 5000
landslides or potential landslides have been identified
in the Three Gorges Reservoir area, and these hazards
seriously threaten the continued operation of the Three
Gorges reservoir and the safety of dams, waterways,
and residents. By studying the deformation
characteristics, inducing triggering factors, and
instability mechanism of landslides, it is helpful to
evaluate the stability of landslides and construct early
warning and prediction models. Taking the Bazimen
Landslide in the Three Gorges Reservoir Area as an
example, the deformation characteristics and
instability mechanism of the landslide are studied by
comprehensively analyzing the data of rainfall,
reservoir water level, manual and automatic GNSS
monitoring, combined with the field macro inspection
and exploration data, and the reasonable early warning
criterion and threshold are determined. The research
shows that: (1) the overall deformation of the Bazimen
landslide is obvious and in the creep deformation stage.
The landslide deformation is mainly concentrated in
May to September every year, and the landslide
accumulation curve presents typical "step-like"
deformation characteristics. (2) The deformation of
landslides is controlled by slope structure, lithology,
and other factors. The decline of reservoir water level
is the main driving factor of landslide deformation and
is positively correlated with the decline rate of
reservoir water. In addition, severe rainstorms and
continuous rainfall will promote landslide deformation
in the stage of water-level decline, reservoir low water
level operation, and water level rise, which is the
second driving factor of landslide. (3) The threshold
displacement rate for "step-like deformation" of
Bazimen Landslide is 4.6 mm/d, the threshold of 7-d
cumulative rainfall is 60 mm, the threshold of reservoir
water level is 159 m, and the threshold of reservoir
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water level decline rate is 0.4 m/d, obtained by refined
data analysis and improved tangent angle method.
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Abstract

The identification of regional loess
earthquake landslides provides basic data for
landslide disaster risk control. In this paper,
the method of deep learning is applied to
automatically identify and classify typical
earthquake landslides in the loess area of
China based on remote sensing image data.
Firstly, based on the landslide field survey
data in Gansu Province and Ningxia
Autonomous Region, the Disaster Prevention
Research Institute uses visual interpretation-
assisted remote sensing images to select
landslide and non-landslide  samples;
Secondly, the GoogleNet network model
algorithm is used to automatically identify
and classify earthquake landslide and non-
landslide in loess; Finally, the accuracy of the
classification and recognition results of the
model was evaluated to analyze its
application effect on the identification of
seismic landslides in loess area. The results
show that the identification accuracy and
efficiency of loess seismic landslides are high
by using this method, and the key areas of
landslides can be quickly determined in
remote sensing images. Therefore, the method
proposed in this paper can quickly evaluate
the same type of landslide area, and can
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provide technical support for its emergency
investigation and large-scale landslide
disaster investigation.This is an example text
template for the Abstract submission to the
21* International Symposium on Geo-disaster
Reduction. The Abstract should be concise
and self-contained, clearly stating main
conclusions of your presentation. Please
avoid scientific or engineering symbols,
acronyms and bullets.
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Abstract

Turbidity currents are commonly known as
the key process for delivering terrestrial
matter to the deep-water environments and
thus inferred to be the main carrier that brings
macro and microplastics to the seafloor of
submarine canyons, channels, and trenches,
etc. Researchers have pointed out that the
seafloor of submarine canyons is the
preferential accumulation zone of ocean
plastics. Effects of canyon topographies on
the plastic accumulation after a turbidity
current event have not yet been well
understood, although it may determine the
final fate of plastics and the impact area of
plastics on deep-water ecosystems. For this
problem, we make attempts through several
flume experiments to investigate the
difference between microplastic
accumulation on two different types of
canyon topographies, in which one is the
straight-type canyon, and the other is the
sinuous-type one. Results show that the
microplastics preferentially settle at the
canyon heads where wavy sediment deposits
simultaneously form due to the turbidity
current propagation. The distribution of
microplastic-enriched areas is related to
specific depositional phenomena caused by
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the canyon topography. The canyon sinuosity
strengthens the ability of the seafloor for
trapping more microplastic particles. Due to
the lack of direct observation on the process
of microplastics transport by turbidity
currents, the present study is complementary
to the field-related studies to a certain extent
and is of great significance in predicting the
location of microplastic enrichment in the
submarine canyons and the ecological and
environmental effects caused by it.
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Investigation of the Fuyang shallow landslides triggered by an
extreme rainstorm on 22 July 2023 in Zhejiang, China

Qing Lii'?, Junyu Wu!**, Zhongxuan Liao'?, Zihao Deng!~

Abstract

An extreme rainstorm hit Fuyang district, Zhejiang province, China, on 22 July 2023. A record-breaking
320 mm of rain fell in less than 48 hours. In the early evening of 22 July, more than 145 shallow landslides
emerged in a 20 kmz2 hilly area of Fuyang amid turbulent flash flooding and claimed 5 lives. Post-event
field investigations was urgently carried out to decipher the characteristics and initiation mechanism of
the landslides. The main findings are summarized as follows: (1) The week-long rainfall preceding the
event and the intense storm on 22 July are primary triggers for the landslides. Besides rainfall, soil
heterogeneity and presence of hollows likely contribute to quicker slope destabilizations. (2) The
dominant moso bamboo has an extensive and interconnected root system, which could significantly
stabilize slopes by enhancing soil strength and restricting cracks.

Keywords

Rainstorm; Shallow landslide; Field survey
Introduction background to this event, the disaster situation in
the affected area, and the disaster characteristics

An extreme rainstorm hit three towns in Fuyan . . .. . .
Yang  identified by the preliminary investigation.

district, Zhejiang, China (Fig. 1), in the early
evening at approximately 17:30 local time on July
22, 2023. A total of 320 mm of rain fell in less than
48 hours, which is incredibly rare even in the rainy
season for this region, nearly twice the monthly
average for July in Fuyang. Hundreds of landslides, -8
dominantly debris flows initiated by debris slides,
occurred in the hilly area of Fuyang amid turbulent
flash flooding. The catastrophe caused 5 casualties,
3 residents missing, 26 houses crushed or
damaged, 21 roads closed, croplands inundated N
and a four-day standstill for three towns (Wang et [ &
al. 2024).

The rainstorm delivered a record amount of
precipitation to the hilly area in Fuyang, triggering
more than 145 shallow landslides (Fig. 1), most of
which initiated the debris flows. As shown in the
remote sensing image of Qingong Village (Fig. 2d),
one of the most severely affected villages, the
majority of these landslides head near the  Fig, 1Landslide distribution map of the study area.
topographic divides, and their toes adjoin the
buildings. The converging floodwaters and debris
flows caused severe damage to buildings and
properties in Qingong Village (Fig. 2). This study focuses on an approximately 250 km2

Post-disaster investigations were carried out to ~ area which is located in the eastern part of Fuyang
decipher initiation mechanism of the clustered  district, northwestern Zhejiang Province, China.
landslides. This article mainly presents the  This area features rugged and overlapping hills.
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Fig. 2 Sorne post- dlsaster ﬁeld views in Qingong Vlllage

The moso bamboo currently occupies a vast
majority of the area. Fig. 3 shows the geological
map of the study area, located at the southeastern
margin of the Yangtze Para-platform. The
Proterozoic Jiangshan-Shaoxing Fault Zone runs
several kilometers south of the area. The
Proterozoic strata are divided into two main
groups: the  Neoproterozoic, sedimentary
Heshangzhen Group, hosting 75% of the Fuyang
landslides, and the igneous Shuangxiwu Group,
which forms a triangular outcrop area with 22% of
the landslides (Fig. 3).

Fuyang has a humid subtropical climate with
most precipitation occurring during the monsoon
from June to September. The average July rainfall
is 178 mm (Zhang 2018), but over 404 mm fell in
the week before the landslides. From July 21 to 22,
2023, a record-breaking 320 mm of rain fell, nearly
twice the monthly average. Data from the Ki6go
weather station (Fig. 4b) show a sudden downpour
of 77.8 mm in one hour around 18:00, leading to a
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flood. The 24-hour accumulated rainfall map (Fig.
4a) indicates that the heaviest rainfall and
landslide areas do not completely overlap, likely
due to geomorphology and lithology influences.

Landslide characteristics

A landslide in Qingong Village was targeted for
thorough investigations which included landslide
geometries, post-failure topographies,
stratigraphic characteristics, erosion features of
the propagation path, and debris characteristics in
deposition areas. Additionally, an unmanned aerial
vehicle was used to reconstruct 3D terrains of the
landslide scars for better geomorphological
interpretation. The landslide occurred in a
Proterozoic  sedimentary  stratum, mainly
composed of the conglomerate. This landslide
initiated at an elevation of about 150 m on the slope
and rapidly evolved into a debris flow,



Proceedings of the
22nd International Symposium on Geo-disaster Reduction

120007 £
1

120°05°E
1

Sersaraanm |

OIII"I'L:

1200 Distributian of e e
o l';lliﬂ 5::1:[!5 T [P U"‘-,J Anranl. thrvel gravel and wboay
L Aburaal, foodplan, taks grace! and petbie depout
- | - ANt Mobtic Crpstabviirie gnantote
(o MG,‘::,M R [ #edestic dyobtic orpsalvitric ignimbeite
- ? - (ostme I 1w tw st with argudar pyrecimtic fragments infercatated with muthtone
® Shoarguiwy T | [FE] ststerse ard it intirealited wih tulf
Sacp WO - Ohuarts ghotnin, uifacocus Glilume
T Arpdiing iedoscabined with andestic tull2roccia |
*  Landsides R Fektssoths sntitnre wih mudsens comglomanre ot the Sasr Pl
o Frilty PROTLN (]| Shrsnemse aexs rrvaditores intirtsath, meth grarss tong ugwinss foree)
- Disbese ‘,;“.“ BB Corgomemate a1 the bowe. gading Ligwands 1o gotenits
| B Ansose dwosc crvtab v i [
ko Tulfae s sand muditnse krlercaibed with tullaceos b "‘:‘:;"
e E';_;l Angeic vitric M sth anpier pumios

Plutenic cock
{"‘3 Thirs alage potinws s grarie poratyry

wime (o] - Socood stage grasie porgtyry

Socond stage rctwrnaly porphyritic potmvs feldyur grartn
™ Second-dage irsemaly porphyetic potasse fedsguar grante
L
v B Fretstoge smphbcbtn
Hypabryual rech

Pommary
Quarts hhaghrprn

Fig. 3 Geology of the study area. Black dots represent landslides. Red solid lines show faults. Inset shows
spread of two main groups of the Heshangzhen Group and the Shuangxiwu Group (Cai 2001).

&

(a)

- — — — =
12000 E T | @x2n 5
N | 10 1w =
E 1700 - 300, by 22 =
w ' Tw £
3 w— Ay (v B
s = — Curmuéatus reniet

- m n0 g
3 8
x § » 00 35
-8 T E
€ u J " vvm— o 3

2 {A"l\l e v wa W b )
Weather station distrizution 190 — fiSpt— = N =
= | ® xoe | E
Landslides otcurrence a4
= 1700 - 1R 00. Aoy 27 I !
Fw ol ] ‘§
= — B
2 1300 p
& | ~
A o @ EE ; 1 F
Weather statios = 3 4 dL ' o E
' Landsides 719 10 i Na n e <
1%0 W0 __
Cumulative rainfall | [@ k1600 I8
24 h betece langstide | £ 10 Lanilititen Soiaienat I-m £
occurence | T 700100, aity 22 - - =
z .n# 34 £ w I’m £
b = -
LR Low 10 Cw 1300 &
£ £ f— | =&
0 25 Skm :g 2 I I 100 5

—
120°00" E 120005 € 0 o =
| ] s L2 nan a Lze) e M
Oate Ly 2023}

Fig. 4 a. Map of 24-h rainfall amounts before landslides occurred. b. Hourly rainfall intensity and
accumulated rainfall recorded at three weather stations closest to the struck area

eroding a channel over 300 meters in length. In the
following, detailed reconnaissance observations
and topographic features of the landslide will be
described.

Landslide zones and field observations

Based on field observations and reconnaissance
mapping, we delineated the landslide into four
distinct zones and several subzones. These zones
exhibit different deformation patterns, geometric

shapes, topographic features, stratigraphic shapes,
topographic features, stratigraphic conditions and
material properties (Fig. 6i).

the upper part (zone Ai; see Fig. 6a) and
partially exposed fractured conglomerate bedrock
downslope (zone A2, Fig. 6b). The rough sidewall
of zone A2 suggests that the dislocated material is
likely colluvium consisting of 5- to 20-cm
conglomerate detritus within a loose matrix of
nonplastic silt. The original layer in zone A2, less
than 1 m thick and characterized by limited sorting
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and chaotic structure, is interpreted as old
landslide or colluvial deposits. Surface material in
zone A1 consists of gravelly soil grading to finer
material toward the apex. The soil layer thickens
upward to the top of zone A1, where a gentler bare
surface was observed. The thin colluvium in zone
A2 likely reached saturation and an unstable state
earlier due to its steeper incline and higher
permeability, leading to retrogressive failure of the
residual soil in zone A1.

Zone B, the transport zone, can be subdivided
into three subzones (B1 to B3), each with distinct
features. Zone B1 is a narrow, relatively flat scour
zone with numerous felled, intertwined bamboo
oriented downhill (Fig. 6¢). The moso bamboo's
expansive rhizome system, which robustly
connects multiple adjacent bamboo roots (Fig. 6d),
is beneficial for reinforcing the soil's lateral
mechanical performance. This root system anchors
the surficial material, stabilizing the slope and
hindering larger destructive mass slides. Zone Bz,
on the left bank of two converging upland channels
(Fig. 6f), is a superelevated area experiencing
intense scour from downslope material. This rapid
flow stripped vegetation and soil, exposing bare
bedrock and creating a high-scoured track. A new
gully, formed by post-disaster water flows,
separates Zone B2 from Zone Bi1 (Fig. 6f). These
flows come from Zone C, a small gully less than 1 m
deep and wide (Fig. 6e), originating in a zero-order
basin where a small debris slide occurred. Zone B3
is a narrow, V-shaped valley deeply cut into
bedrock (Fig. 6g), showing strong bedrock control.
Ancient colluvial talus deposits, 1 to 5 meters thick,
with angular gravels at the bottom and finer silt-
clay upward, rest on the conglomerate rock. The
debris flow eroded and widened the channel,
significantly increasing its volume and impact

Zone D is the landslide deposit area (Fig. 6h).
Debris, including logs, soil-rock mixtures, and
construction waste, filled the area between two
concrete houses and a brick cottage. The debris
shattered the cottage's side wall but left the
concrete houses intact, piling up 3 to 5 meters high
and blocking the cottage owners' way home.

Post-failure geometry and topography

The top view of the landslide and its drainage basin
was mapped via photogrammetry (Fig. 7, right).
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The landslide width varies, starting at 10 m at the
main scarp, widening to 15 m at the turn, then
narrowing to 5 m at the toe. The scar area above
the turn is in a convergent, spoon-shaped region,
ending in a steep inner gorge. The source and
upper transport areas are in gently sloping basins
(see A-A’ to C-C’). As channels merge below the
turn, the basin steepens (D-D’ to H-H’), potentially
accelerating mass movement but resulting in a
short travel distance due to energy dissipation and
valley houses, with a travel angle of 26.5°.

The landslide scar shows a slope decrease from
top to toe, with a pronounced drop at the turn (Fig.
7, top left). The source area slopes uniformly to SW
at 221° and 41.7° steepest angle. After the turn, the
flow path orients to WSW (245-251°) with a slope
of 25.1°. Outcrop joint measurements at three key
sites show consistent attitudes, confirming the
underlying bedrock’s integrity (Fig. 7, bottom
right).

Discussion

Potential factors contributing to the 22 July 2023
landslides

Through meticulous field reconnaissance and
laboratory testing, we acquired new insights into
the factors contributing to the initiation of the 22
July 2023 landslides, which are summarized as
below:

Extreme precipitation preceded the landslides.
Starting on July 15, over 404 mm of nearly
continuous heavy rainfall fell in the area, including
a record-breaking 320 mm storm two days before
the event, with a maximum hourly rainfall of 78
mm. This continuous rainfall saturated the slopes
and triggered the shallow landslides on July 22. The
prolonged rainfall and extreme storms played a
major role in triggering the Fuyang landslides. The
spatial heterogeneity of soil allowed quicker
infiltration through looser regolith, leading to
instability in specific slope areas. It is inferred that
the thin colluvium in zone Az reached saturation
and became unstable earlier due to its steeper
slope and higher permeability compared to zone
A1, leading to



Proceedings of the
22nd International Symposium on Geo-disaster Reduction

= T A, G : |

Fig. 6 Different zone views of the landslide.

Longitudinal profile of the SL1
‘o . Top view of the SL1 basin 4
QUTEO 4 \
v Tu‘l::‘;:nl :'J::':J:ﬂ Lqend A
& Surmtof iy | T
() Stosogran L3
of Joleas
1w Elevationasl,
T Conlor irm

B Sourcs arva | Hnn—_,-"f——.
£ Tampon .

00

Travel pagle =265

=
-]

0 100 b w %0

Transverse sections in the drainage basin £ | O Desavtares

Hevation 5 2

S Extant of Mndibde
(m) 5 Ao

Fig. 7 Top left: longitudinal profile of landslide. Bottom left: transverse sections in the drainage basin; red
stripes mark the extents of the landslide. Right: Drainage basin of landslide.

85



Proceedings of the
22nd International Symposium on Geo-disaster Reduction

retrogressive failure in zone A1. Field observations
also identified small hollows at the landslide sites,
which may have facilitated rapid accumulation of
runoff and subsurface flow, increasing erosion and
pore-water pressure, thereby degrading slope
stability.

Bamboo roots limit landslide expansion

Systematic studies indicate that herbaceous plants
stabilize slopes better than woody plants
(Lobmann et al. 2020). Despite shallow roots, moso
bamboo in this region has an extensive root system
that significantly stabilizes slopes with thin soil
cover. Fresh bamboo stumps found below the SL1
source area, along with intact surrounding soil,
confirm the roots' stabilizing role. Additionally,
desiccation cracks, typically found on clay-rich
slopes, were rare. Research shows abundant
vegetation prevents these cracks, enhancing slope
stability (Bordoloi et al. 2020). Thus, moso bamboo
distribution likely mitigated damage from the
event.

Conclusions

In this article, we review the event features,
geographic, geologic and hydro-meteorologic
conditions of the area, and summarize the
observations and data obtained at a Indslide site.
Based on these, we gain new evidence and insights
into the landslide characteristics and initiation
mechanism and. Main conclusions are
summarized as follows:

Landslide initiation mechanism: (a) Prolonged
rainfall and an extreme storm were the primary
factors in the July 22, 2023, Fuyang landslides. (b)
Soil heterogeneity allowed quicker infiltration
through looser regolith, causing instability. (c)

Convergent  topography intensified flow
concentration and erosion, degrading slope
stability.

The dominant indigenous moso bamboo has an
extensive and interconnected root system, which
could significantly anchor and stabilize the slopes,
especially with thin soil cover.
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Clustering mechanisms of landslides triggered by the rainstorm in
July 2023 in Beijing, China

Hao Ma!, Fawu Wang!

Abstract

From July 29 to August 2, 2023, Beijing experienced a rare, extremely heavy rainstorm with a peak
accumulative rainfall of 745 mm, which broke the historical rainfall record of this area for the past 140 years.
The resulting sudden floods and geological disasters destroyed a large number of roads, houses, bridges, and
other infrastructure in the mountainous areas of western Beijing. By detailed manual visual inspections, the
landslides in the western mountainous areas, which were most seriously affected by the rainstorm, were first
identified through multi-period optical remote sensing images. Then, GIS-based spatial analyses were conducted
to understand the relationship between landslide distribution and meteorological, geological, and geomorphic
factors. The remote sensing interpretation identified 15,383 shallow landslides in a study area of 3,250 km?. The
landslides covered an area of 19.3 km? in total and represent 0.59% of the study area. The landslides are
characterized by rotational sliding or translational sliding in shallow residual gravel soil, and the depths of
landslides are generally less than 3m. The spatial analysis shows that the landslide distribution density has a
close relation with the precipitation, except the northwestern area with the maximum density of landslides. The
low anti-weathering ability of muddy dolomite is the main cause of the high landslide density in this area. In
addition, the slope gradient, slope aspect, topographic position, and elevation also affected the landslide
distribution.

Keywords
Extreme precipitation, rainfall-induced landslides, landslide map, Beijing

Introduction does not receive much rainfall. The rainstorm lasted
about 83 hours from July 29 to August 2. During this
period, the average cumulative rainfall in the whole
Beijing city reached 331 mm, accounting for ~60% of
the annual average rainfall (599.5 mm). The
maximum cumulative rainfall observed by the
meteorological monitoring station reached 745mm,
which broke the record in Beijing since the first
meteorological monitoring data was available 140
) . . 3 years ago (State Council Information Office of the
mn r.alnfall-affected regions  (Tsai, ?[ al., 2010). People’s Republic of China, 2023). The rainfall center
Against the backdrop of global climate change,  i'ycated in the western mountainous areas (Fig. 1),

extreme  p recipitation events  are becoming ;14 the extreme rainfall has caused a large number of
increasingly common and are hitting various parts of landslides, debris flows, and debris floods in these
the .\fvorld (Westra. et al.,. 2013), even in many areas. As of August 9th, the statistical data indicates
traditionally arid and low-rainfall areas (Donat, et al., 33 deaths and 19 people missing, 59,000 houses and
2016). These rare extreme precipitation events in 119 bridge collapsed, 147,000 houses severely

typically less rainy areas are likelier to trigger damaged, and 225,000 acres of crops affected
unexpected landslides (Tian, et al., 2022). (Securities Times, 2023)

From July 29, 2023 to August 2, 2023, a rare
extreme rainfall event occurred in Beijing City, which
is located in an area of northern China that typically

Landslides and related mass movement processes are
widespread natural hazards that occur in mountainous
areas and frequently cause severe damage to
infrastructure, properties, and human life (Zhang, et
al.,, 2023; Froude and Petley, 2018). Rainfall is a
primary trigger of landslides, especially shallow ones
(Kim et al., 2021). Heavy rainstorm events can trigger
up to tens of thousands of landslides simultaneously

In order to investigate the geological hazard
effects of this extreme precipitation event, this paper
establishes an inventory to catalog the landslides in
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the western mountainous areas (WMAs) of Beijing,
which were most severely affected by this extreme
precipitation event. Statistical analyses were also
conducted to identify the primary controlling factors
for the spatial distribution of landslides.

RETING

CHINA

Logemis

3 Beijing boundary
Arca of infenest

== Mapm nvers

Fig. 1 Location map of the area of interest with the
spatial arrangement of the cumulated rainfall.
(Source: Beijing Meteorological Service;
http://bj.cma.gov.cn)

Study area

The WMAs are located at the northern end of the
Taihang Mountains, accounting for approximately
31.2% of the mountainous area of Beijing. The
tectonic activity in this area is active. The NE
compartmentalized fold structure composed of
Tiaojiashan syncline, Jiulongshan-Xiangyudaliang
syncline, Beiling anticline, and their intervening
narrow anticlines, shaped the basic tectonic
framework of this region. From the late Paleozoic to
the Mesozoic, the crust in WMASs exhibits continuous
subsidence and depression, accumulating thick
sedimentary strata with a thickness of 6000-7000
meters. Later, affected by the early Cretaceous
Yanshan Movement, the WMAs began to uplift into
mountains. Complex crustal activities formed the
multilayered strata in WMAs. The lithological types
of the WMAs mainly include Cambrian and
Ordovician limestone, dolomite and coal; Jurassic
sandstone, shale, and conglomerate; Jurassic and
Cretaceous volcanic rocks and granite.

The main types of landforms include medium-
sized mountains, low mountains, hills, and mountain
valleys. Erosion landforms are developed. The ridges
generally trend northeastward, consistent with the
regional structural direction. The elevation in the
mountainous areas generally ranges from 1000 to
1500 meters. The highest altitude is 2303 m a.s.l. Soil
erosion in WMAs is severe, and approximately half of
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the land has a soil layer thickness of less than 30 cm.
The WMAs belong to a semi-humid monsoon
continental climate, characterized by hot and rainy
summers and cold and dry winters. Additionally, due
to its significant relative elevation differences and
complex terrain, the climate shows clear vertical
zonality.

Data and methods

Remote sensing interpretation

Landslide interpretation based on optical satellite
images is an effective method for establishing
regional landslide inventories. Visual manual
interpretation is still a commonly used method for
landslide cataloging (Sun et al., 2024). Compared
with emerging Al-based automatic mapping
algorithms, visual interpretation takes longer but has
higher accuracy (Huang et al., 2023). In this study,
we fully utilized manual visual interpretation to
identify and catalog the landslides, resulting in a rich
and accurate landslide inventory.
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Fig. 2 Comparison of images before and after the

studied extreme precipitation event.

The data used to produce and verify the
landslide inventory is mainly sourced from high-
resolution optical satellite images provided by
SIWEIlearth (a map service platform led by China
Siwei Surveying and Mapping Technology Co., Ltd).
The SIWElearth provides high-quality satellite
images with a resolution ranging from 0.8 to 2 meters
covering the entirety of China from January 2018 to
the present. These images have been precisely merged
with an overall cloud cover of less than 20%. To
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target our research areas of interest, we mainly
utilized images taken on May 13, 2023 (before the
studied event, Fig. 2a) and August 19, 2023 (after the
studied event, Fig. 2b). It can be observed that there is
high vegetation cover in the pre-event image (Fig. 2a)
and low or no vegetation cover in the post-event
image (Fig. 2b), and there are clear signs of sliding.

The delimiting and mapping procedure for the
landslide areas was carried out using Omap software
(developed by Beijing Ovital Software Co., Ltd.),
which provides both 2D and 3D visualization
perspectives of the required optical satellite imagery.
The 3D view produced by Omap allows for fully
flexible navigation over a virtual mosaic of
periodically updated satellite images, including
features such as free zoom, rotation, and angle of
view. Furthermore, Omap directly links the historical
imagery catalog of the SIWElearth database and
supports commonly used graphic vectorization
operations, including marking points, lines, and
polygons. Therefore, the identification, delimiting,
and labeling of landslides can be completed in one
sitting through the Omap software. All identified
landslides were marked as points and polygons. The
point feature indicates the initial position of registered
landslides, and the polygon covers the entire
identifiable area affected by a landslide.
Environmental factors

Precipitation, geology, and geomorphology are
important factors that induce rainfall-induced
landslides. Rainfall data comes from publicly

accessed data by the Beijing Meteorological Bureau.
Geologic  factors mainly include lithology,
stratigraphic age. The lithology of the study area is
based on the 1:1,000,000 geological map. Based on
the characteristics and research objectives of the
WMAs, four geomorphological factors were selected,
including elevation, slope, aspect, and position. These
geomorphological factors were extracted from the
DEM data from “ALOS PALSAR 12.5 m DEM”
using GIS platforms. Position refers to the
geomorphic features that describe relative location
and specific slope surface shapes, and is divided into
six categories: ridge, upper slope, middle slope, lower
slope, valley, and flat slope, according to the rules
proposed by Weiss (2001). Utilizing visually
interpreted landslide point and polygon data, we
extracted attribute values such as quantity and area.
Results and analysis

Landslide inventory

After careful comparison of satellite images pre- and
post- the rainfall event, a total of 15,383 landslides
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were identified. An average of 4.7 landslides per
square kilometer were identified within the study
area. Figure 3a presents the distribution of these
landslides, and Figure 3b depicts the quantity density
of landslides within the study area. The statistics
indicate that there are three main landslide
concentration areas within the study area, distributed
respectively in the eastern, northeastern, and
northwestern parts. The landslide concentration area
in the northwestern part of the study area has the
highest density of landslide distribution, reaching a
maximum of 109 landslides per square kilometer (Fig.
3b). In addition, there are some local landslide
concentration areas in the central and southwestern
parts of the study area.
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The total area of identified landslides is 19.3 km?,
which accounts for 0.59% of the area of interest. An
individual landslide ranges ~40 m? < A, < 2.1 x 10°
m? in the landslide area (A, in m?). Figure 4 presents
the statistics of landslide quantity within different area
ranges. The majority of landslides caused by this
rainfall event have an area of less than 3000 m?
accounting for 93% (Fig. 4). Among them, 70% of
landslides have an area of less than 1000 m?. A total
of 521 landslides has an area greater than 3000 square
meters, among which there are 85 landslides with an
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area greater than 8000 square meters. The larger
landslides commonly exhibit  long-distance
fluidization movement.

Spatial distribution

Rainfall

The rainfall is the main trigger for the landslides
in this event. From Fig. 3b, it can be observed that the
distribution of landslides is closely related to the
amount of rainfall. The location of the landslide
concentration area in the eastern part of the study area
is basically consistent with the position of the rainfall
center in the eastern part of the study area. In addition,
the statistics in Fig. 5 also indicates that the region
with the highest rainfall exhibits the highest density of
landslides. Therefore, the distribution of rainfall is an
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Exceptionally, in contrast, the northwestern
region, which has the densest distribution of
landslides within the study area, experiences the
lowest rainfall. In the southwestern part of the study
area, where the rainfall center (with rainfall exceeding
400mm) is located, there is only a small number of
landslides. Figure 5 also indicates that the density of
landslides in the area with the lowest rainfall (5.38 per
square kilometer) is second only to the area with the
highest rainfall (5.78 per square kilometer).
Therefore, it can be expected that besides rainfall,
there are other factors controlling the distribution of
landslides.
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Lithology

Rock lithology is closely related to rock strength
and slope stability, and commonly plays a crucial role
in the distribution of landslides in many regional
landslide trigger events (Sun et al., 2024; Huang et al.,
2023). For the WMAs, complex lithology types
extracted from a 1:1,000,000 geological map were
simplified and categorized in Fig. 6, based on
stratigraphic ages (Fig. 6a) and predominant rock
types (Fig. 6b). According to the distribution of
landslides, it can be observed from Fig. 6a that the
most densely distributed area of landslides in the
northwest and northeast parts of the study area are
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both characterized by Sinian carbonate rocks. The
lithologies in the landslide-prone area in the eastern
part of the study area are more complex, mainly
a
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Figure 7 provides a statistical breakdown of the
number of landslides developed within geological
formations of various ages and rock types. In terms of
geological ages, the highest number of landslides
occurred in the Sinian formations (42%), followed by
the Jurassic (26%) and Cambrian (16%) formations.
The highest number of landslides occurred within
carbonate rock formations (55%), significantly
surpassing other rock types such as volcanic rocks,
sandstones, and conglomerates. However, when the
number of landslides in each geological unit is
divided by the area of the formation to obtain
landslide density for comparison, a noticeable change
in the statistical pattern emerges. For the stratigraphic
ages, the formations with the highest landslide density
are from the Permian period, followed by the
Cambrian, Carboniferous, and Ordovician periods.
For the main lithologies, the formations with the
highest landslide density are a combination of
sandstone and conglomerate, followed by carbonate
rocks and volcaniclastic rocks.

Topographic factors

Topographic factors can also significantly affect
the formation and distribution of landslides. This
study primarily focuses on the influence of elevation,
position, slope aspect, and slope gradient (Fig. 8). The
elevation was divided into 15 intervals, excluding an
interval above 1400 m (Fig. 8a). The remaining 14
intervals were spaced 100 m apart. The statistical
results show that the number of landslides increases
initially with elevation and then decreases. The
number of landslides reaches its peak value of 2400 in
the elevation range of 400 m-500 m. 78% of
landslides are distributed within the elevation range of
200 m to 800 m.

Slope positions are divided into 6 categories (Fig.
8b), according to the topographic position index. The
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statistics indicate that the highest number of
landslides, reaching 4750 occurrences, is developed at
ridge positions, constituting 31% of the total. In
addition, landslides formed on middle slopes and
valley slopes also account for a significant proportion,
with 21% and 23% respectively.
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Fig. 8 Statistics of affecting factors: geomorphology.
a) elevation, b) topographic position, c) slope aspect,
d) slope. Note: RD-ridge, US-upper slope, MS-middle
slope, LS-low slope, VL-valley, FS-flat slope

The slope aspect is divided into eight categories
(Fig. 8c). The highest number of landslides occurs in
the southeast direction, accounting for 18% of the
total. The number of landslides in the east and south
directions follows as the next highest, accounting for
16% and 14%, respectively. The landslides occurred
in the slope aspect from east to south account for 48%
of the total number.
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The slope gradient in the study area is from 0° to
72.69°. Each 5° interval is divided into a slope
interval. As shown in Fig. 8d, the number of
landslides increases initially with slope gradient and
then decreases. Approximately 55% of the landslides
are located within the slope gradient range of 20° to
35°. The highest number of landslides falls within the
25° to 30° range, constituting 21% of the total.

Conclusions

To study the geological hazard effects of extreme
rainfall in July 2023 in Beijing, this research
identified 15,383  landslides through  visual
interpretation of satellite images in the western
mountainous areas of Beijing. The clustering effect of
geological hazards caused by this extreme
precipitation event was analyzed through GIS spatial
analysis and factor statistics. The results indicate that
there are three main landslide cluster areas in the
eastern, northeastern, and northwestern parts of the
study area. Among them, the landslide cluster area in
the east has the largest area, and its location is
essentially consistent with the center of the rainfall.
The landslide cluster area in the northwest has the
highest landslide distribution density, which is related
to the specific rock types in the area. For the entire
study area, the highest number of landslides develops
in carbonate rock formations, while the highest
landslide density occurs in formations composed of
sandstone and conglomerate. In terms of stratigraphic
age, the highest number of landslides occurs in the
Sinian strata, while the highest landslide density is
observed in the Permian strata. In terms of terrain
factors, landslides are most likely to occur at
elevations of 400 to 500 meters, ridge positions,
southeast-facing slopes, and slopes with gradients of
25 to 35 degrees.
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Abstract

The disaster chain evolution of the
landslide-river ~ blockage-impulse  wave
involves complex dynamic processes and
multi-phase coupling which impose a great
challenge in developing accurate simulation
models. In this research, an extended coupled
discrete element method (DEM) and
computational  fluid dynamics (CFD)
numerical method is proposed. The VOF
model is introduced to describe the river
surface evolution and track the formation and
propagation of landslide induced impulse
waves. Additionally, a virtual sphere model is
suggested to address numerical instability
resulting from particle size nearing mesh size.
The accuracy and validity of the extended
coupled method are verified using a series of
test cases involving three-phase interaction
and free surface evolution. Based on this, the
disaster chain simulations of the landslide-
river blockage-impulse wave are carried out
and further applied to reproduce the river
blockage and impulse wave process of the
10.11 Baige landslide event .The disaster
dynamic evolution and the landslide-river
interaction mechanism are investigated
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comprehensively. The results show that the
coupled effects of landslide-river-terrain
drive the disaster evolution, The landslide
mass drives impulse wave propagation, while
rivers increase kinetic energy dissipation and
have opposing effects on landslide deposition
along flow directions; the simulated
migration path, deposit morphology and wave
erosion area of the Baige landslide are in high
agreement with the field survey results about
the Baige landslide. The extended coupled
DEM-CFD method proposed in this research
provides a robust tool for the understanding of
the river blockage and impulse wave
evolution mechanism. It is of reference value
for the disaster prediction and disaster
mitigation strategies.
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Abstract

The interaction between slow-moving
landslides and human settlements is
challenging for both scientific and technical
communities involved in identifying the most
suitable strategies for land-use planning and
urban management that take into account the
landslide dynamics and their potential
variation under the effect of ongoing climate
change.

From this point of view, landslide
characterization (in terms of both geometrical
and kinematical issues) and the estimation of
the vulnerability of structures (e.g., buildings)
and/or infrastructure (e.g., roads) interacting
with them represent key steps for quantifying
the risk as well as in the setting up of
forecasting models provided that reliable
input data are available. The latter profitably
include information gathered from non-
invasive spaceborne remote monitoring (e.g.,
Differential Interferometric techniques) and
virtual surveying (e.g., Google Street view
imagery) to be integrated with ancillary multi-
source data acquired by adopting geological,
geomorphological and geotechnical criteria.

In this regards, the methodological
frameworks (Peduto et al., 2018; Ferlisi et al.,
2019) developed by the authors on the topic
in the last few years highlighted that the use
of conventional and innovative multi-source
monitoring/survey data, if properly integrated
according to a multidisciplinary approach,
can enhance the studies aimed at addressing
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the two abovementioned key of
quantitative risk analyses.

The feasibility of the adopted methods is
here presented with reference to well-
documented case studies in southern Italy,
wherein a rich sample of multi-temporal
slow-moving landslide-induced damage to
buildings and roads was collected.

Once further validated, the proposed
approach could be part of a general procedure
to prioritize building/road (extraordinary)
maintenance activities and
scheduling/implementing risk  mitigation
strategies by way of structural and/or non-
structural measures.

steps
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Abstract
Weather-induced landslides pose
significant threats to human lives and

properties worldwide. Territorial landslide
early warning systems (Te-LEWS) have
proven to be a cost-efficient tool to inform the
public about the imminent landslide risk
(Piciullo et al., 2018). Figure 1 shows a
scheme of the main components of a Te-
LEWS based on a clear distinction among
landslide models, warning models and
warning systems (Calvello, 2017).

Warning models employed within Te-
LEWS are typically based on rainfall
thresholds, which empirically relate the
occurrence of landslides to rainfall event
characteristics. However, meteorological
monitoring does not allow to take into
account critical soil properties controlling the
initiation of the triggering process. Depending
on these conditions, landslides may be
triggered in response to a large variety of
rainfall combinations.

This research aims at developing and
testing a methodology for improving the
performance of regional warning models by
means of local monitoring data. The proposed
procedure has been already applied in some
selected test areas (Pecoraro and Calvello,
2021). Currently, the research activities are
focused on the development of a diffuse low-
cost network of sensors and a proper real-time
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data transmission, analysis and processing to
improve the warning procedures.
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Fig. 1 Framework identifying the main
modules of Te-LEWS (modified from
Calvello 2017).
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Simulation of landslide dam breach using a 3D-SPH approach
Shuang Li, Ming Peng”

Abstract

Landslide dam breaches pose a significant risk of catastrophic flooding, leading to extensive downstream
economic and property losses. Accurately simulating the process requires modeling erosion and slope instability.
Traditional mesh-based methods struggle to capture the large deformation and instability of soil slopes directly.
Therefore, we introduce a numerical simulation framework based on mesh-free methods. This framework
incorporates an erosion rate model to simulate gradual erosion and utilizes the Drucker-Prager plasticity model to
capture soil slope deformation. Validation of the model was conducted through simulations of three benchmarks:
column collapse, bottom flushing induced by dam-break flows, and landslide dam breach. Comparison with
experimental data confirmed the accuracy of the proposed algorithm. Compared to traditional mesh-based
methods, our approach enables direct simulation of large deformations in side slopes. The landslide dam breach
process unfolds in two stages: headward erosion followed by overall erosion. The onset of overall erosion coincides
with the occurrence of slope instability. We employed the proposed method to examine the impact of the internal
friction angle ¢ on the evolution of dam slope morphology. Increasing ¢ reduces slope instability and deformation,
thus delaying the lateral expansion of the breach.

Keywords

Landslide dam, SPH, Erosion, Large deformation

Introduction capable of simulating 3D conditions remains to be
explored.

We propose a novel framework based on
Riemann-SPH for simulating the 3D dam breach
process. The algorithm can directly couple erosion-
induced downcutting and slope instability within the
spillway. In essence, downcutting leads to an increase
in the overhanging face, triggering slope instability.
The de-stabilized soil, in turn, affects the fluid
dynamics, influencing the erosion process. The
. . - proposed method enables the 3D simulation of the
with slope instability. evolution of dam slope morphology, which is difficult

Currently, the latest 3],) finf:-scale simulations of -, hieve with existing grid-based models (Hu et al.,
landslide dam breaches primarily rely on Flow-3D 5., 4)

software using the finite volume method (FVM) (Hu et
al., 2024; Mei et al., 2022; Zhang et al., 2023; J. Zhang
et al., 2024) However, due to the limitations of grid-
based methods, they cannot accurately capture the At a certain inflow rate, a dam undergoes breaching
large deformation movements associated with slope  due to soil deformation and erosion, as depicted in Fig.
instability of the soil. The Smoothed Particle 1(a). To simulate this process, we propose a dam
Hydrodynamics (SPH) method, as a mesh-free  breaching model based on the meshless method,
approach, offers advantages in handling large  involving four different types of SPH particles and
deformations and fluid-soil coupling (Bui and Nguyen, three interfaces, as illustrated in Fig. 1(b).

2021), making it suitable for simulating the process of For different SPH particles, fluid particles
overtopping-induced erosion and slope instability in  simulate fluid based on the Newtonian fluid model; soil
dams. Zhou et al. (2024) and Chen et al. (2023) have particles simulate soil based on the elastoplastic solid
conducted pioneering work in SPH simulations of dam  model; fluidized soil particles simulate soil particles
breaches. However, their validations were limited to  activated by erosion, with similar governing equations
2D scenarios. The development of a mesh-free model  to fluid particles but different density and viscosity;

Under overtopping conditions, dams can experience a
rapid breach, resulting in substantial flooding and
causing severe downstream hazards (Peng and Zhang,
2012; Shen et al., 2020) The precise 3D simulation of
dam breach processes, particularly those equipped with
spill-ways, presents a significant research challenge
(Hu et al., 2024) This challenge involves accurately
representing significant deformations in both fluid and
soil, erosion phenomena, and the integration of erosion

Methodology
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boundary particles are used to simulate non-slip
boundaries.

Different types of particles form various
interfaces: the mixture interface (Rezavand et al.,
2020) defines the mixture between fluid particles and
fluidized soil particles; the Adami boundary (Adami et
al., 2012) defines the impermeability of boundaries.
The erosion interface defines the erosion process of
particles, yvhich will be elaborated on next section.

LAl

Fig. 1. [lustration of (a) overtopping breach of a dam
and (b) various types of SPH particles and interfaces
involved in the proposed method.

Governing equation

In the Lagrangian framework, both the soil and fluid
must satisfy the conservation equations for mass and
momentum. In this study, the fluid is treated as a
Newtonian fluid, while the soil is considered an
elastoplastic solid. Although both adhere to the same
mass conservation equation, their momentum
conservation equations differ. The motion of the water
body is governed by pressure p, whereas the soil is
controlled by Cauchy stress o, specifically (Bui and
Nguyen, 2021; Liu and Liu, 2010):

fls

dp ==pV-v,,
dr ’ (1)

f _ _
p‘/ ddL =-Vp+nVv/ +p'g

! (2

P ddl =Ve+p'g
! (3)

where superscript f and s represent fluid and soli,
superscript f|s denotes fluid or soil. v is the velocity
vector, p is the density, p is the pressure of the fluid, #
is the fluid dynamic viscosity, g is the gravity, and
d &
de ot
derivative.

The SPH kernel function W is utilized to
discretize the governing equations, and the Riemann
dissipation terms proposed by Zhang et al. (2017) and

8
el e

the  material
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S.Zhang et al. (2024) are employed to address pressure
and stress oscillations:

dp,.f‘s fs fs =\ fs
S e
j (@]
dv/ ow
f i * f
o o _ZZP VWV, + 2277"9"// o
J J ij
+p/g; 5)
Dv;
pis L = 220‘ V,»"VUV/ + p[sg,'
Dt I (6)

where V9~ Vi Vi is the relative velocity vector, v",
P, ¢" are the inter-particle average velocity, pressure,
and stress. The detailed definition of the inter-particle
average variable can be found in Zhang et al. (2017)

and S. Zhang et al. (2024).

Constitutive model

Both fluid and fluidized soil are treated as weakly
compressible fluids, where the equation of state (EOS)
is used to define the one-to-one correspondence
between pressure and density:
p= C; (p'/ —,D(')/) )
where po is the initial fluid density, and co is the
artificial speed of sound. cp = 10 Unax is adopted to
ensure that pressure fluctuations are less than 10%
(Morris et al., 1997) and Umax is the anticipated
maximum fluid speed.
The non-eroded soil is treated as an elastoplastic
solid defined by the Drucker-Prager (DP) criterion,
where the yield criterion is given by (Bui et al., 2008):

fULT)=a,l+T, —k, ®

where I; = tr(o) is the first invariant of the stress tensor
and J, = s:s/ 2 is the second invariant of the deviatoric

a k .
stress tensor. ¢ and "¢ are defined as :

tan ¢ 3c
0!¢ = ’kz' = 2
J9+12tan® ¢ 9+12tan” ¢

)
where ? is the friction angle and c is the cohesion.
More details on the SPH implementation of the DP
model can be found in (Bui et al., 2008) and the stress
diffusion term (Feng et al., 2021) is also adopted.
Erosion model

To simulate the erosion of dam soil under overtopping
conditions, an erosion rate model is used to define the
gradual loss of soil material due to erosion. For a soil
particle a, its height /& gradually decreases over time at
a rate defined as (Chang and Zhang, 2010; Huang et
al., 2021):
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dh

a

=K, (z,—-7¢

dt ¢ ( ¢ ) (10
where Kj is the coefficient of erodibility, z, is the shear
force induced by fluid and z° is the critical shear force.
Note that, according to Zhou et al. (2024), it is assumed
that the shear force and critical shear force are parallel
to the surface of the dam, hence both are scalars. 7, is
calculated using the logarithmic velocity distribution
(Wang et al., 2016):

2
T u
_—a _ (KD)2 [_“J
f
p b (11)

where represents the average velocity of fluid
particles and fluidized soil particles near soil particle a,
and it is computed based on the SPH kernel function:

z ui Wai‘/i + Z MmWame

ZWai‘/i

i

ua

T

u

a

+ z Wame
m (12)

where indices i and m refer to fluid particles and
fluidized soil particles, respectively. The critical shear
stress 7° is defined based on the critical Shields
parameter, and its calculation method can be referred
to in Wang et al. (2016).

Numerical results

2D column collapse

The benchmark of column collapse is used to validate
the Riemann-SPH method for simulating the
elastoplastic behavior of soil particles. The laboratory
experiment conducted by Nguyen et al. (2017) is
adopted. In this experiment, a column consisting of
granular materials with a length of 0.2 m and a height
of 0.1 m undergoes gravitational collapse after the
sudden removal of a barrier, as is shown in Fig. 2.

Fig. 3 presents the simulated results compared with the
experimental outcomes. It is observed that under the
influence of self-weight, large deformation occurs at
the slope angle of the granular material, followed by
forward movement. Conversely, at the rear of the
column, where the velocity is zero, no deformation or
disturbance occurs. As the motion progresses, the
velocity gradually decreases until it eventually comes
to a halt, forming a deposition body. Overall, the
morphology of the column during motion obtained
through the Riemann-SPH simulation aligns with the
experimental observations, forming a smooth velocity
field.
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Fig. 2. Schematic of the initial state of column collapse.
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Fig. 3. Comparison between the Riemann-SPH results
and the experimental results for the flow progress of
the granular column at different moments.

Bottom flushing by dam-break flows

To validate the two-phase model used in this study for
simulating the mixture of fluid and fluidized soil,
laboratory experiments of bottom flushing by dam-
break flows (Fraccarollo and Capart, 2002) are used as
benchmarks. In a tank measuring 2.5 m in length, 0.1
m in width, and 0.35 m in height, a sediment measuring
2.5 min length and 0.06 m in thickness is installed, as
is shown in Fig.4. The sediment, comprising PVC
spheres with a diameter of 0.0035 m, is placed at the
bottom of the tank. A dam-break flow with a length of
Im and a height of 0.1 m is released suddenly from one
side of the tank, resulting in the movement of the dam-
break flow along the upper surface of the sediment and
the formation of a two-phase mixed fluid at the
interface.

i

b D .

1 |
_l :uu‘-m |

Fig. 4. Schematic of the initial state of the bottom
flushing by dam-break flow

Fig. 5 illustrates the simulated progression of the
dam-break flow over the sediment at different
moments, juxtaposed with experimental data.
Following the release of the dam-break flow, localized
scouring forms pits (r = 0.25 s). Subsequently, the
water flow transports sediment along the interface (t =
0.5 s, 0.75 s). Finally, the leading edge of the fluid
gradually thins out, accompanied by a decrease in
velocity (¢ = 1.0 s). The numerical simulation depicts
the motion of the flow and entrainment consistent with
the experimental findings. However, in the later stages
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of the experiment (# = 1.0 s), the height of the sediment
on the right side exceeds the experimental results,
attributed to the assumption of a two-phase mixture
problem. Similar treatments and outcomes can be
found in Wang et al.(2016).

il

Fig. 5. Comparison between SPH simulation results
and experimental data for the case of bottom flushing
by dam-break flow at different time points.

Landslide dam breach

A laboratory experiment on the breach process of dams
conducted by Zhang et al., (2023) was utilized to
validate the algorithm proposed in this study, which
couples erosion and slope instability. The dam has a
height of 0.3 m and a width of 0.4 m, with an upstream
slope angle of 40° and a downstream slope angle of
30°. A trapezoidal region is excavated as the spillway,
with widths of 6 cm and 2 cm at the top and bottom
respectively, and a height of 4 cm. The dam is placed
on a slope with an inclination of 6°, and the upstream
inflow rate is 0.5 L/s.

F1g 6. Schematic of the laboratory experiment‘ of
landslide dam breach.

Fig. 7 depicts snapshots at different moments
obtained from the SPH simulation. Under the
overtopping action in the upstream, initial erosion
occurs primarily at the spillway's crest (=19 s). At =
38 s, there is overall scouring at the spillway crest, and
slight instability occurs on the slopes. Subsequently,
there is a general erosion, and the slopes gradually
collapse (¢ = 60 s), ultimately resulting in the complete
removal of the spillway area (t = 80 s).
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Fig. 7. Shapshots of the breach process of the dam at
different moments

Fig. 8(a) further demonstrates the comparison
between the simulated and experimental longitudinal
profiles, showing good agreement between the two.
Figure 8(b) illustrates the comparison between the
simulated and experimental dam-breaching discharge,
accurately predicting the timing and magnitude of peak
flow. In conclusion, the dam breach process can be
divided into two phases: headward erosion and overall
scouring. During the headward erosion phase, erosion
mainly occurs on the downstream slope of the dam,
while the top of the dam has not yet shifted overall. At
this stage, there is minimal occurrence of slope
instability. During the overall scouring phase, both the
downstream slope and the top of the dam experience
erosion simultaneously, leading to widespread slope
instability and a significant increase in breach
discharge. The onset of the overall scouring of the dam
body coincides with the occurrence of slope instability.
Similar categorization was also observed in Zhang et
al. (2023), but the occurrence of slope instability was
not analyzed.

140 Shide view

Fig. 8. Comparison of simulated results  with
experimental data: (a) longitudinal profiles, and (b)
discharge.

Discussion

The friction angle ¢ is a crucial parameter controlling
the strength of the soil, which directly influences the
slope instability process. Building upon existing
experiments, this study compares the differences in the
breach morphology of dams under two friction angle
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conditions: ¢ = 19° and ¢ = 57°. Following Pickert et
al. (2011), the width w of the breach top is selected as
a quantitative descriptor for the evolution of the breach.
The variation of w over time under different ¢
conditions is depicted in Fig. 9. With the passage of
time, under different friction angle ¢ conditions, the
width w exhibits a trend of growth, eventually
expanding to the entire width of the flume, which is 40
cm. However, as the friction angle increases, the rate
of expansion of w gradually slows down. This is
attributed to the higher friction angle leading to
increased soil strength, making slope instability less
likely to occur and thus delaying the process of slope
expansion. Fig. 10 further illustrates the slope
morphology at different time points. In the early stages
(t = 20 s, 40 s), the results under different friction
angles ¢ are generally consistent. However, as time
progresses, larger friction angles tend to maintain slope
stability more effectively (t > 60 s), resulting in steeper
slope angles and slowing down the lateral expansion of
the breach.

-
2.

Fig. 9. Evolution of breach width under different
friction angles ¢.

Fig. 10. Side slope morphology at different time
intervals under varying friction angles ¢.

Conclusion

This paper proposes a novel meshless method for
simulating the breach process of dams, enabling the
simulation of 3D landslide dam breach processes. The
algorithm presented in this paper is validated through
three cases, and the influence of soil strength on the
expansion of the breach is discussed using this
algorithm. The key concluding remarks are drawn as
follows:
(1) The proposed method can directly simulate the
gradual erosion of the dam body and the process
of slope instability, thereby achieving the

simulation of the 3D evolution of the dam body's
shape.

(2) The landslide dam failure process can be divided
into two stages: headward erosion and overall
erosion. During the headward erosion stage,
erosion primarily occurs on the downstream slope
of the dam. In the overall erosion stage, the erosion
process accelerates rapidly, affecting both the top
and downstream slopes of the dam
simultaneously. The occurrence of slope
instability coincides with the onset of overall
erosion.

(3) The friction angle ¢ affects the evolution of the
breach by influencing the strength of the soil. A
higher ¢ results in better stability of the slope.
With a higher ¢, fewer soil particles experience
instability, thus slowing down the evolution of the
breach.

Future improvements to the algorithm should include

consideration of seepage and sedimentation effects on

the breach process of dams. Additionally,
implementing GPU acceleration will enable the
simulation of field-scale breach processes.
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Abstract

Granular materials are involved in various
geophysical flows, like avalanches, debris
flows and pyroclastic density currents. A
comprehensive understanding of the granular
mechanics is necessary to correctly model
these hazardous phenomena and, hence, to
better assess and mitigate the associated risks
in mountainous areas. Due to the high
complexity of the granular rheological
behavior, several aspects of the granular
dynamics are yet to be fully understood (e.g.,
Sarno et al., 2018a). Our work is based on the
integration of laboratory measurements,
theoretical —approaches, and numerical
modeling. Through laboratory activities we
measure the local values of the significant
quantities, velocity and volume fraction.
These measures are used to develop and test
suitable rheological models. Numerical
modeling, then, allows simulations under
various conditions (e.g., unsteady flows).

The experimental setup is composed of a
Plexiglas flume equipped with high-speed
cameras, no-flicker LED lamps and a load cell
at the outlet, while the investigated material is
made of resin beads. A particle image
velocimetry (PIV) approach is employed for
the velocity measurements (Sarno et al.,
2018b). For the estimation of the volume
fraction, the stochastic-optical method SOM
(Sarno et al., 2016) is adopted. This latter
method allows an indirect estimation of the
near wall volume fraction under controlled
illumination conditions by leveraging a
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measurable quantity (denoted as 2D
concentration) and a transfer function by
Monte Carlo simulations. The measurements
are, then, successfully compared with a
compressible multilayer model, based on a
depth-averaged approach and on a slightly
modified y (/) rheology (Sarno et al., 2022).
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Point Cloud Alignment in Slope Terrain with Quadruped Robot

Assistance
Xiaohang Shao!, Chun Liu'?, Yanyi Li'

Abstract

Robots are coming to play important role in the traditional field of engineering for their exceptional mechanical
capabilities and flexible movement abilities. The quadruped robots equipped with professional surveying
instruments will significantly contribute in field investigations and mapping in complex slope terrains. However,
challenges persist in terms of integrating point cloud alignment of surveying observations with robotic motions.
To address these limitations, this paper proposes a novel system and an alignment assistant module focusing on
introducing an optimal trade-off between accuracy and efficiency in point cloud processing of complex terrain
environments. In contrast to rough alignment method between point cloud sets, it utilizes the transformation results
based on SLAM techniques, which sets up initial values of gradient directions in the translation and rotation
components. Experimental results show that, compared to the direct ICP registration method, an average error of

3.16 centimetres is achieved costing 4.11 seconds between two station-based point cloud sets.

Keywords
Slope Investigation, LiDAR, quadruped robot, SLAM

Introduction

With the rapid development of autonomous unmanned
systems, mobile robot plat-forms, such as quadruped
robots, are assuming an increasingly pivotal role in
traditional surveying and observation domains.
Quadruped robots possess exceptional mechanical
capabilities and flexible movement abilities, enabling
them to effectively navigate complex terrains.
Consequently, in our point of view, they can make a
substantial contribution to field investigation of
surveying and mapping.

In order to achieve continuous and stable field
motion, quadruped robots require real-time and robust
localization and mapping capabilities. The multi-
sensor fusion SLAM technology, which incorporates
Light Detection And Ranging (LiDAR), im-ages, and
Inertial Measurement Unit (IMU), becomes the
mainstream solution in this field. For example, VINS-
Mono is a typical representative of low-cost methods
that primarily couple visual cameras with IMUs (Qin
and Shen, 2018); LIO-SAM integrates LiDAR and
IMU measurements to achieve robust localization,
while simultaneously generating point cloud maps of
large-scale environments (Shan et al., 2020); In
contrast to the aforementioned graph-based backend
optimization solutions, FAST-LIO employs an
efficient and tightly-coupled iterative Kalman filtering
method, which exhibits superior performance in
scenarios with high dynamic motion conditions (Xu
and Zhang, 2021). However, in the practice of

integrating surveying with quadruped robot, field
observations often generate a large amount of point
cloud data. It is subsequently a topic worth of study to
leverage the aforementioned techniques to enhance the
efficiency and accuracy of point cloud processing in
complex terrain environments.

This study proposes a method for point cloud
alignment assisted by a quadruped robot, leveraging
the terrain adaptation capabilities of a multi-degree-of-
freedom robotic platform. By incorporating SLAM
techniques and automated registration methods, this
approach achieves an optimal trade-off between

accuracy and efficiency in complex terrain
environments.
Method

System Overview

In contrast to rough alignment method between point
cloud sets, we proposed an alignment assistant module
utilizing the mobility and flexibility of quadruped
robots. Point cloud observations in complex terrain
scenarios are usually performed by station-based laser
scanner. In this context, the proposed alignment
assistant contributes to point cloud aligning in
translation, rotation and fine registration. The primary
procedure of the technology is as follows.

1) The quadruped robot collects point cloud data at
the initial station, and conducts path planning to the
next station based on the so-far observations. 2) During
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its’ traveling to the next station, a SLAM technique is
employed to continuously obtains its transformations
in translation and rotation. 3) Before performing
station-based laser scanning at a new location, the
quadruped robot triggers an auto levelling by control-
ling its related joints of legs in order to keep horizontal
balance. These aforementioned processes are then
repeated until all observation tasks are finished to
execute.

_ Pough
Nigrmant
Point Goud Sath ol Leveiing Pont Cloud |
SalA Planning | | Triggering Sat B

|

Fe
Registranon

Trarmtabion Ficttion

Aagerrent Assetant
Fig. 1. Flowchart of Alignment Assistant of Quadruped

Robot.
Transformation Constraints in Alignment Assistant

The point cloud alignment is to find the transformation
matrix to transform coordinates of points from two
different sets based on points’ feature descriptors. For
a pair of point cloud sets with co-observed region P and
Q,P={pi,p2 ..., P}, pi€R3,and Q = {q1, q2, ..., qm},
qi€R? are aligned and referenced point cloud sets
respectively. In the alignment process, the optimized
transformation matrix T* = [ R | t ] is estimated based
on points sharing the same feature. It can be presented
as a nonlinearized least square problem as shown in
following equation:

N
1
NZ lai = R - pi + Dl M

where {pi, qi} is the nearest point pair in P and Q sets,
N is the number of pairs with-in a pre-defined distance
threshold, R is the rotation matrix of 3x3, and t is the
translation vector of 3x1.

In assistance of the SLAM technique, the
transformation matrix of the robot from two stations
can be used as the initial estimation To=[ Ro | to ], and
the rotation component Ry can be decomposed to three
rotations around x-y-z axis as follows:

Ry=Rx*Ry"R, (2)

As shown in Fig. 2, the quadruped robot can control
the related leg joints after triggering auto levelling in
slope terrain, so the station-based laser scanner on the
workbench of the robot maintains horizontal balance
while acquiring point cloud data.

- okl . 3
Fig. 2. Auto-levelling of the quadruped robot on a
complex slope terrain.

In this context, the rotation component can be
assumed to degrade to a Z-axis-only rotation matrix as
shown in following equation:

Ry =R, =[coscos@ —sinsin@ 0
sin 3)
cos@0001]
where 0 is the rotational angle around Z-axis. Then, the
optimal alignment transformation matrix can be
expressed as:

T* =Ty + AT = [AR - Ro|At + t,] 4)

where AR and At are optimal increment values. Eq. (1)
can be following presented as:

N
1
SO llai—[AR- Ropi + to) + 8]l (5)
i=1
Experiment

Datasets in Slope Terrain

The point cloud datasets were acquired in a challenging
field environment with intricate terrain variations, as
depicted in the Fig. 3. Six black-white check-boards
were strategically placed within this scenario to
facilitate accurate estimation of results. During the
experiment, the quadruped robot employs auto-
levelling control to maintain its back within a specific
range of inclination at station A. Subsequently, the
laser scanner positioned on the workbench atop its
back initiates the collection of point cloud data. After
completing the scanning task, the quadruped robot
makes route planning and navigates to next station
where it will replicate the aforementioned scanning
procedure.
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Fig. 3. Scenario description
checkboard set up for result estimation. (a) and (c) are
RGB colour images for station A and B. (b) and (c) are
the corresponding intensity images acquired from the
station-based laser scanner.

We have acquired point cloud data from two stations
within this slope scenario as shown in Fig. 4, exhibiting
a relative descent of approximately 19 meters. The
location of Station A is situated at the lower section of
the slope, while Station B is positioned at the higher
portion. The vertical separation between these two
stations amounts to approximately 10 meters.
Considering the scene coverage, we conducted a
preliminary screening of the point cloud within a 15
meters range, with the scanner as the central reference
point. Due to the proximity of station B to a section of
nearly vertical cliff, some parts in the selected circle
range lack point cloud data.

Additionally, during the robot's movement from
point A to point B, a Simultaneous Localization and
Mapping (SLAM) technique is employed based on
multi-sensor observations including LiDAR, images,
and integrated IMU to ensure continuous and robust
localization. The transformation component derived
from the inter-station transformations is subsequently
utilized for alignment assistance in practical
applications.

Fig. 4. Point cloud datasets coloured in relative height
of axis-Z. (a) and (b) are acquired from two
corresponding stations and pre-processed with a
scanning range of 15 meters.

Datasets in Slope Terrain

The point cloud alignment assistant provides support in

three aspects: translation, rotation, and fine
registration. The translation component is derived from

the three-dimensional translation vector within the
transformation matrix obtained from SLAM results.
Meanwhile, the rotation component arises from a
degenerate two-dimensional rotation matrix present in
the transformation matrix, as auto-levelling effectively
eliminates two degrees of freedom other than the
vertical Z-axis.

The original two sets of point cloud are referenced
in a station-centred independent coordinate system
(Fig. 5 a). After applying the aforementioned
translation and rotation, the two sets are initially
aligned as depicted in Fig. 5 b, where the trajectory of
the quadruped robot from station A to station B is
represented by the yellow line. Then, the initial
alignment results are followed by the utilization of an
iterative closest point (ICP) method for fine
registration (Besl and McKay, 1992). This
unsupervised automatic technique for aligning point
clouds produces outcomes as illustrated in Fig. 5 c. As
contrast, a rough ICP result is shown in Fig. 5 d without
alignment assistance in translation and rotation for a
comparison in the following section.

(a)

(o) |

rF-3

Fig. 5. Results of point cloud alignment between
station A (blue) and B (red). (a) the original station-
centred point clouds, (b) initial alignment after
transformation assistance, (c) the final fine registration
result, (d) roughly automatic alignment result based on
the ICP technique.

Comparisons of Results

In order to make comprehensive comparisons on
alignment results between the prosed method and the
rough ICP, we conduct four tests by changing number
of sample points, as shown in Table 1. It is worth
noting that this parameter has a decisive impact on
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accuracy due to the characteristics of ICP method in
randomness and automation. A large number of
sampling points also implies time-consuming iterations
to find optimal gradient directions.

Table 1. Comparison of fine registration between the rough
ICP and the proposed technique

Rough ICP Ours
Test-1 Test-2  Test-3  Test-4
Points 50000 100000 100000 215440
RMSE(cm) 33.98  30.56 30.67 27.56
Time(s) 21.17 4274 3.46 4.11

In practice of test 1 and test 2, achieving a 10%
improvement in accuracy requires more than double
the time cost. However, our proposed method exhibits
remarkable efficiency advantages, for example, more
than 90% drop in time cost from test 2 to test 4. In test
4, despite doubling the number of points, only an
additional 19% execution time is incurred while
achieving better performance in RMSE than in test 3.
Additionally, to be clarified, the computational
platform used for these experiments was an Intel (R)
Core (TM) 19-1094 X CPU @3.36HZ with a maximum
of 28 threads available for parallel computation.

A detailed comparison between the proposed
method and rough ICP results on alignment accuracy
is performed based on the six involved black-white
check-boards. Three dimensional distances of paired
checkerboard’s centres are calculated between two
aligned point cloud sets, as illustrated in Table 2.

The distance error of the proposed method is notably
lower than that of rough ICP, with an average decrease
of almost 60% to 3.16 cm as illustrated. However, it
should be noted that the distribution of these extreme
values across the six checkboards lacks consistency as
they appear on different checkboards. This observation
suggests a potential correlation between this
phenomenon and the inherent randomness associated
with the ICP method.

Conclusion

This paper introduces a technique for point cloud
alignment in assistant with a quadruped robot in
complex terrains. It utilizes the position and rotation
from the robot’s SLAM results to establish initial
registration values, meanwhile reduces the complexity
of rotation solving through horizontal balancing
control of the robot. Experimental results in the typical
slope scenario with changing terrains shows that the
proposed method enhances final registration accuracy
as well as concurrently mitigating computational costs.

Table 2. Evaluation and comparison on the
checkboard alignment results (cm)

Rough ICP Proposed
1 8.02 4.03
2 8.91 2.99
3 7.01 3.71
4 7.39 2.60
5 8.28 3.13
6 7.71 2.48
Avg 7.88 3.16
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Abstract

Shaziba landslide is a major geological
disaster caused by heavy rainfall in 2020 in
Enshi Hubei Province, China. The landslide is
located at the upper reaches of the Qingjiang
River, a tributary of the Yangtze River, with
coordinates of 30.36° N and 109.30° E. The
length of the landslide is about 1500 m, the
maximum transverse width is 320 m, and the
volume is estimated to be 1.0x10” m>.

On 17 July 2020, the first fresh crack in the
Shaziba landslide was found, ittle sliding
mass entered Qingjiang River until 18 July.
owever, on 19 July, about 3x10° m? of debris
on the west side slipped into the gully along a
slope of about 270°. Some of the sliding mass
entered the Qingjiang River in the form of
debris brought by the water flow into the
gully. On 20 July, the deformation scope
expanded, and about 2.5x10° m? of debris in
the west side slipped into the gully. At about
5:30 am on 21 July, more debris in the west
gully slipped into the Qingjiang River. On 21
July, by 6:00 am, the volume of mass that
flowed into the Qingjiang River reached
about 1.5x10% m>.

Based on the detailed engineering
geological survey of the landslide, the
regional  geological environment and
triggered factors are analyzed. We conducted
some ring shear tests of sliding zone soil to

investigate the cohesion, internal friction
angle and friction coefficient (Fig.1).
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Fig. 1 Ring shear result of the sliding zone
soil.

The Shaziba landslide runout process was
simulated for the spatial and temporal
variation of thickness, running speed of the
landslide. The rate-and-state dependent
friction law of the sliding zone soil, and soil
particles mixed to result shear strengthen in
the sliding process were the possible
explanation for the failure mechanism.
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Abstract

On December 18, 2023, an Ms 6.2 earthquake
struck Jishishan Bao'an, Dongxiang, and
Salar Nationality Autonomous County,
Linxia Hui Autonomous Prefecture, Gansu
Province. The earthquake had an epicenter
depth of 10 km and a maximum intensity of
VIII. The study provides an intuitive and
detailed co-seismic landsliding scene in the
meizoseismal ~area  based on  our
comprehensive field surveys immediately
after the earthquake. This moderate-to-strong
earthquake triggered more severe co-seismic
landslides than expected, including the
Zhongchuan Town mudflow, which resulted
in the loss of >20 lives. Most of the co-seismic
landslides are small-to-middle scale shallow
ones and concentrated in the loess area in
Zhongchuan, Guanting towns of Qinghai
Province and Dahejia, Shiyuan, Liugou towns
in Gansu Province. Loess collapses are the
most common co-seismic landslide type and
are usually distributed on steep cut-slopes of
roads and loess terraces where human
activities are intense. The second-most
common loess slides tend to occur on valley
slopes covered by thick loose loess.
Landslides in the bedrock area are less
frequent and the majority are compound geo-
disasters involving rockfalls and debris
avalanches that originated in the upper part of
the slopes and tend to cluster at the northern

end of Jishishan Mountain. Generally, the
distribution and occurrence mechanism of the
co-seismic landslides are closely related to the
lithology, terrain, hydrogeology, and seismic
response of the areas where they originated.
Lots of discontinuities (i.e., cracks or holes)
and suspended loose debris on the slopes pose
potential threats of re-sliding and should be
given more attention.

Fig. 1 Field survey routes, investigation
points, and the detailed study cases of the co-
seismic landslides.
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Coastal hazard in tuffaceous cliff under the influence of climate
change: The case of Capo Miseno (Gulf of Naples)
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Abstract

In Italy, there are many volcanic areas in coastal domains. Scientific interest in these areas is primarily focused on
volcanic and seismic hazards, with relatively little attention paid to processes such as landslides and coastal
erosion. This research aims to identify the main predisposing factors to rockfall/rockslide phenomena in the
tuffaceous coastal cliffs of the Campi Flegrei volcanic area (Southern Italy). In addition, it attempts to assess
possible relations between the different predisposing factors and the triggering factors. In Campi Flegrei area,
significant erosion processes affect a large part of the coastal cliffs, which are mainly composed of fractured
volcanic tuff and pyroclastic deposits. The large landslide that affected the Capo Miseno cliff on March 25, 2015,
was used as an example. The event, a rockslide phenomenon, occurred on the right side of Miseno promontory
causing the detachment of approximately 90.000 m? of material from the slope. This reshaped the morphology of
the coastline. In order to ascertain the factors that may have contributed to the occurrence of this landslide, a
multistep analysis was conducted, incorporating a range of datasets, including field surveys, geomechanical
analyses, UAV surveys, and meteo analyses. The example of Capo Miseno serves to illustrate the evolution of
tuffaceous cliffs, which is strictly related to both predisposing and triggering factors. The findings of this study
represent a significant advancement in the understanding of coastal hazards in volcanic high coasts in the Campi
Flegrei area. These have led to an accurate zonation of these coasts through the ranking of coastal sectors according
to the degree of hazard of coastal landslide occurrence. Furthermore, an analysis of the correlations between the
different influencing factors may prove highly valuable for early warning actions and policies, given the urbanised
nature of this area.

Keywords
Coastal hazards, Volcanic cliff, Campi Flegrei, Italy

detachment of about 87.000 m* of material from the
slope, reshaping the morphology of the coastline.

This research aims to identify the main predisposing
factors to rockfall/rockslide phenomena in the
tuffaceous coastal cliffs of the Campi Flegrei volcanic
area (Southern Italy), attempting to assess possible
relations between the different predisposing factors
and the triggering factors.

Introduction

Campi Flegrei area is located on the Tyrrhenian side of
southern Italy, near Naples. It is an active volcanic
caldera considered among those with the highest
volcanic risk in the world and is used as a reference to
understand mechanisms controlling volcanic activity.

Landslides in this area have been recognized since the
Roman imperial period as reported in a comprehensive
landslide geodatabase of the area referring to the last

two centuries (Esposito & Matano, 2023).

According to the latter, more than 100 landslides have
occurred in the coastal sector in the considered time
span. So, it is important to understand the main causes
that lead to the triggering of landslide phenomena, as
they represent a high risk both for coastal navigation
and for urban settlements. In fact, despite the high
coastal instability, the area registers strong
urbanization and it is a popular tourist destination
during the summer season.

The large landslide that affected the Capo Miseno cliff
on March 25, 2015, was used as an example. The event
was a rockslide phenomenon that occurred on the right
side of the Miseno promontory which caused the

Study area

Campi Flegrei area is an active volcanic area located in
the central part of the Campanian Plain, southern Italy.
It corresponds to a quasi-circular structure extending
for about 200 km2, a large part of which develops off
Pozzuoli Bay (Sacchi et al., 2011, 2020) while the
islands of Ischia, Procida, and Vivara represent the
insular sector (Aucelli et al., 2020). Campi Flegrei
corresponds to a complex volcanic system setting
within a poly-caldera structure (Fig. 1) formed as a
consequence of two explosive super-eruptions (the
Campanian Ignimbrite (39 ky BP, Isaia et al., 2016)
and the Neapolitan Yellow Tuff (15 ky BP Deino et al.,
2004) followed by three epochs of volcanic activity (15
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- 10.6 ky BP, 9.6 —9.1 ky BP, and 5.5 - 3.5 ky BP,
Smith et al., 2011). The youngest phreatomagmatic
eruption occurred in Monte Nuovo in 1538 AD (Di
Vito et al., 1987). This area has been characterized
since the Early Holocene by sudden vertical ground
movements (bradyseismic crisis) that have induced
great modifications in inland areas and led to abrupt
coastal changes (Aucelli et al., 2017).

Despite these volcano-tectonic activities, intense
urbanization occurred in this area since historical
times. In addition, the study area is inhabited by
approximately 500,000 people, and it is visited each
year by thousands of tourists due to the wide range of
cultural and environmental attractions (Mattei et al.,
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Fig. 1 Geological map of Campi Flegrei area
Capo Miseno Landslide

The analyzed landslide event was a rock slide type that
occurred on the right side of Miseno promontory,
which caused the detachment of about 87.000 m* of
material from the slope, reshaping the morphology of
the coastline.

The detachment area interested about 5000 m? with a
horizontal thickness of collapsed material between 5
and 30 m, a vertical thickness between 5 and 20 m and
a volume of deposed material of about 100.000 m* (Fig.
2). This event was selected because it is one of the most
important landslide events occurred in the last decades
in a sector where other evidence of ancient events can
be observed. In addition, it is oriented transversally to
the direction of occurrence of the predominant wave

events (WSW-WNW) as demonstrated by the Ponza
buoy analysis (Aucelli et al., 2022). Despite the
transversal wave action characterizing this sector, even
this area was subject to extreme events, with less
intensity than the opposite sector, coming from E-SE.

Fig. 2 Main characteristics of Miseno Landslide

Methods

In order to determine the predisposing factors involved
in this large landslide event, a multistep analysis
considering different information was carried out and
reported in the following sections.

Literature review and geomorphological analysis
of ancient maps

The analysis started with an intense literature review of
previous work to obtain information regarding the
number of events that previously occurred in the area.
In addition, the historical morpho-evolution that
occurred in the area in the last 200 years (since the end
of 1700) was considered by using ancient maps derived
from different sources.

The original dataset included additional historical
pictures and maps. They were discarded due to
distortions of the images and georeferencing issues.
Geological and geomorphological surveys

Careful geological and geomorphological surveys were
carried out along the whole promontory to recognize
the main geomorphological features characterizing the
cliff and map the main indicators of slope instability.
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UAY Survey

In a third step, the analysis provided the comparison
with a survey carried out in 2014 on the contiguous
cliff known as 'Spiaggetta Verde', which shares broad
characteristics with Miseno cliff to understand the
geomorphological characteristics of the cliff before the
landslide occurrence. The drone used for high-
resolution image acquisition was a DJI™ Phantom 4
RTK quadrotor UAV platform equipped with a 4 K
video camera with a 1/2.3” CMOS sensor, 94-degree
field of view, and 12.4 MP images.

Flights were performed at a height of 100 m, defining
a resolution (Ground Sample Distance) of 3 cm. The

images were acquired with an overlap of 80% and were
successively elaborated with Structure from Motion
(SfM) techniques (AgiSoft Metashape 2.0.3 software,
Over et al. 2021, Tursi et al., 2023).

In addition, to define the failure mechanism of the
tuffaceous cliff, field data from two structural stations
(S1 and S2) were selected and analyzed, whose
locations are reported in Fig. 3. The two stations were
selected according to the procedures proposed by the
International Society for Rock Mechanics (ISRM) and
are both located in the central part of the cliff where the
most representative geostructural conditions can be
observed.

40
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Fig. 3 Wide shot showing the studied sea-cliff and the identified homogeneous geo-structural sectors. The red lines mark the
area of the geo-structural stations. Stereographic projections of the joint sets affecting the two sectors

Meteorological analysis

The above-mentioned analyses were integrated with
the analyses of a database of meteo parameters
measurements derived from a weather station,
measuring rain, temperature, wind and atmospheric
pressure. This database (Fortelli et al., 2019)
encompasses 262944 measurements acquired with a 10
min frequency for 1826 days spanning from January
2014 to December 2018 (Matano et al., 2020).

On March 25, 2015, the meteorological situation was
characterized by the presence of a barometric deep low
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over the central-western Mediterranean, associated
with the typical frontal surfaces of mid-latitude
barometric depressions.

Since there was no data availability concerning sea
conditions, the wave height reached as a consequence
of this event was evaluated through a deductive
procedure that reproduces the energy transferring from
winds to the sea surface.

In the considered coastal sector, two wind datasets
were considered, derived by Bacoli and Denza Capo
Posillipo weather stations. Bacoli weather station is
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located close to the landslide site but on the leeward
side respect to Capo Miseno, while Denza-Capo
Posillipo weather station is located far away from Capo
Miseno but it is well exposed to South-East winds since
there are no significant obstacles in this direction.

In order to evaluate information regarding Hs
(significant wave height), the two wind series were
used separately. The analysis of the wind speed
diagrams highlights a division of the whole event into
two sub-events, the first of lesser intensity, preparing
the wave base conditions on which the second sub-
event acted. The reconstruction of the wave motion
(offshore conditions) through the Groen-Dorrestein
diagram, allows estimating the characteristics of wave
height.

Capo Miseno eastern cliff has a fetch equal to 30 km in
the South-East direction, and this value was used to
enter in Dorrestein nomogram. For the waves entering
the Gulf of Naples the same wind characteristics were
considered, aggregating the values of Bacoli and Capo
Posillipo through an averaging operation. In this case,
the event was considered completely developed (not
limited for fetch). To evaluate the height of diffracted
waves, the Irribarren equation was applied.

Results and Discussion

Miseno cliff has been affected by large landslide
phenomena at least since the end of the 7" century as
reported by ancient geomorphological maps
underlying that these events cyclically affected the
promontory since a long time.

Based on the collected data through UAV analysis is
possible to observe that the studied cliff was
characterized by steep, up to overhanging walls
affected by a fracture network, which locally isolates
blocks in precarious equilibrium. The geotechnical
analysis allows defining the main characteristics of the
rock forming the cliff (Table 1) and to evaluate the final
value of Rock Mass Rating (RMR) equal to 38 and 59
respectively for S1 and S2 stations. On this basis the
rock composing this cliff can be classified as a poor
rock and fair rock, as suggested by Beniawski (1989)
and Romana (1985) classifications. In addition, the
accurate detection of structural discontinuities resulted
in understanding the possible failure mechanism and
their kinematic analysis demonstrating that the
possible failure kinematics are toppling, planar and
wedge sliding.

Table 1. Main geomechanical characteristics of the S1
and S2 stations.

S1

Parameter S2
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UCS 5 MPa 5 MPa
RQD 71% 91%
JRC 6 6
SOD 435 mm 970 mm
Jv 13.391/m  7.33 /m
VRU 0.60 m* 1.09 m?
c 293 kPa 363 kPa
o) 34° 41°

E 17 GPa 45 GPa
RMR 38 59
SMR 31 49

After the evaluation of the main predisposing factor,
the analysis provided the study of possible triggering
factors. Among them, attention was paid to sea
conditions determined through an analysis of
meteorological parameter datasets.

The anemometric event that affected the Campania
coast on 25 March 2015 began on the evening of the
24" when around 10:00 PM-CET (9:00.PM-UTC) the
wind suddenly increased its speed from a modest value
up to values with numerous peaks over 10.3 m/s (max
13.4 m/s), with a prevalent direction between E and SE.
The analysis of wind and rain intensity in the previous
10 days gives evidence of a long-lasting light winds
condition before 25 March, so underline an almost
calm sea condition before March 24. Rainfall has also
been very scarce, with amounts scarcely infiltrating,
limiting their action to surface top soils. Following the
procedure described in the methods section by using
the wind condition, it was possible to estimate the wave
height on the day of landslide occurrence which is
equal to Hs=2.51.

However, even though these large landslide events
occur frequently and cyclically, it is important to note
that the landslide body is dismantled very quickly due
to wave action (Fig. 4). In fact, a total percentage of
78% of the emerged landslide body has been eroded in
the last 9 years, leaving only the crown zone as clear
evidence of the event (Table 2).
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Fig. 4 Landslide body variation for time ranges measured on
five longitudinal sections (t0-t4).

Table 2. Meters of landslide body variation

Year t0 tl t2 t3 t4
2015 569 832 109 103 78
2016 356 71.6 879 89.3 48.5
2017 29.7 57 75.2 79.3 42
2019 276 47.1 584 64.7 33.8
2021 259 453 485 51.7 43.9
2024 228 373 34 39 26

Conclusions

Miseno cliff shares broad characteristics with several
tuff cliffs from the Campi Flegrei coastal area affected
by severe retreat processes. In this research, we focused
the attention both on predisposing and triggering
factors of a landslide event that occurred on March 25,
2015. However, these are not the only aspects that need
to be evaluated, since other stressful conditions should
be better assessed. Among others the seismic
component should not be neglected this area suffers
recurrent seismic swarms due to bradyseism crises that
may contribute to the occurrence of these events.

In general, the results of this research provide
important advances in the knowledge of coastal
hazards in volcanic high coasts in Campi Flegrei area,
leading to an accurate zonation of these coasts i.e. the
division of the coastal area into sectors, and the relative
ranking according to degrees of actual or potential
hazard of coastal landslide occurrence.

In addition, the analysis of the correlations between the
different influencing factors could prove highly
valuable for early warning actions and policies,
especially considering that it is a densely urbanized
area.
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