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Abstract

Mountain transport corridors serve as critical regional and international lifelines. However, increasing cli-

matic volatility andcomplex topographical conditionsexpose these corridors tomulti-hazard threats,where

cascadingandcompoundingevents o"en result indisproportionatedisruptions. This thesis investigates the

transferability of the “ImpactChain” framework, originallydevelopedwithin theEuropeanPARATUSproject,

including the Brenner Corridor as one of the study areas, by applying it to the geographically and climati-

cally distinct context of theNotoPeninsula, Japan. Using a semi-systematic literature reviewandqualitative

comparative analysis, this study reconstructs historical hazard cascades along the Brenner Corridor (A13,

Austria) and the Noto Satoyama Kaido (Japan). By synthesising existing documentation, “Partial Impact

Chains” were developed to trace the causal links between hazard sequences and their consequences. The

results demonstrate that even literature-based, simplified “Partial ImpactChains” serve as e!ective tools for

visualising complex hazard interrelationships and enabling cross-regional comparisons. To bridge the sig-

nificant di!erences in hazard profiles and spatial scales between the two corridors, the study incorporated

an evaluation of slope protection measures as a consistent comparative metric. The comparative analysis

reveals that while the Brenner Corridor relies on protection nets and the Noto corridor on embankments

and drainage systems, both approaches contributed to mitigating cascades to a certain degree. However,

these measures remain insu!icient to fully prevent bottlenecks and major disruptions at critical mountain

passes undermulti-hazard cascades. The analysis further identifies a significant data gap and asymmetry in

documentation practices between the two study areas, whichmay act as a barrier to the cross-sectoral and

trans-regional collaboration required to e!ectively tackle potential multi-hazards. Nevertheless, the study

concludes that Impact Chains possess high potential as a “common language” to facilitate knowledge shar-

ing between distant regions. This research represents a significant step toward future collaborative multi-

hazardmitigation e!orts, proving that evenpartial adaptations of complex frameworks can yield actionable

insights.
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Kurzzusammenfassung

Verkehrskorridore im Gebirge dienen als essentielles regionales und internationales Rückgrat. Auf-

grund der klimatischen Volatilität und herausfordernder topografischer Bedingungen sind diese Kor-

ridore Mehrfachgefährdungen ausgesetzt, was o" mit Kaskaden- und Verbundereignissen einhergeht,

die zu unverhältnismäßigen Ausfällen führen können. Die vorliegende Arbeit untersucht die Übertrag-

barkeit des “Impact Chain”-Frameworks, das ursprünglich im Rahmen des europäischen PARATUS-Projekts

entwickelt wurde. Dabei wird der Brennerkorridor (Österreich) dem geografisch und klimatisch dif-

ferenzierten Umfeld der Noto-Halbinsel (Japan) als Fallstudie gegenübergestellt. Mithilfe einer semi-

systematischen Literaturrecherche und einer qualitativen Vergleichsanalyse rekonstruiert diese Studie his-

torische Gefahrenkaskaden entlang des Brennerkorridors (A13) sowie der Noto Satoyama Kaido Schnell-

straße. Durch die Synthese bestehender Dokumentationen wurden “Partial Impact Chains” entwickelt, um

kausale Zusammenhänge zwischen Gefahrenabfolgen und deren Konsequenzen aufzuzeigen. Die Ergeb-

nisse verdeutlichen, dass selbst literaturbasierte, vereinfachte “Partial Impact Chains” als e!ektive Instru-

mente zur Visualisierung komplexer Gefahreninterdependenzen und zur Ermöglichung überregionaler Ver-

gleiche dienen. Um die Diskrepanz zwischen Gefahrenprofilen und den räumlichen Maßstäben der bei-

den Korridore zu überwinden, wurde für diese Studie die Evaluierung von Hangsicherungsmaßnahmen als

konsistente Vergleichsbasis definiert. Die Vergleichsanalyse zeigt, dass sowohl der Einsatz von Schutznet-

zen am Brennerkorridor als auch der Fokus auf Böschungssicherungen und Entwässerungssysteme am

Noto-Korridor maßgeblich zur Minderung von Kaskadene!ekten beigetragen haben. Diese Maßnahmen

erweisen sich jedoch als unzureichend, um Systemausfälle und massive Beeinträchtigungen an kritischen

Gebirgspässen bei multikausalen Gefahrenkaskaden vollständig zu verhindern. Die Analyse identifiziert zu-

dem eine erhebliche Datenlücke sowie eine Asymmetrie der Dokumentationsverfahren zwischen den bei-

den Untersuchungsgebieten. Dies stellt ein Hindernis für die sektorenübergreifende und transregionale

Zusammenarbeit dar, die zur e!ektiven Bewältigung potenzieller multikausaler Gefahren erforderlich ist.

Dennoch kommt die Studie zu dem Schluss, dass „Impact Chains“ ein hohes Potenzial als “gemeinsame

Sprache” bieten, um den Wissensaustausch zwischen geografisch distanzierten Regionen zu erleichtern.

Die vorliegende Arbeit leistet damit einen wesentlichen Beitrag zu kün"igen gemeinsamen Bemühungen

zur Minderung von Mehrfachgefährdungen. Sie zeigt auf, dass auch eine teilweise Anwendung komplexer

Frameworks bereits handlungsrelevantes Wissen generieren kann.
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1 Introduction

Mountain regions o"en struggle to provide easy travel between destinations because of steep terrain, yet

these same areas face higher levels of natural hazard exposure than flatter regions. To maintain mobility,

societies develop transit corridors that concentrate transport infrastructure and ensure crucial connectivity

through themountains. These corridors support regional and international flows of people, goods, and ser-

vices, meaning that even localised disruptions can have far-reaching socio-economic impacts. At the same

time, climate changeand socio-economicdevelopment are alteringhazardpatterns and the criticality of the

infrastructurenetworks,making the resilienceof thesecorridors an increasinglyprominent concern indisas-

ter risk and transport policy debates. In recent years, it has become increasingly clear thatmountain transit

corridorsarenotonlyexposed to individualhazardeventsbutalso to situations inwhichmultiplehazards in-

teract spatially and temporally. Such interactions are, for instance, storms triggering landslides and floods,

or earthquakesweakening slopes that subsequently fail duringheavy rainfall. Thesemulti-hazard situations

can prolong disruptions, strain emergency response capacities, and challenge traditional, hazard-specific

approaches to infrastructure planning and protection.

1.1 Background

Mountain transit corridors are increasingly recognised as critical infrastructure due to their exposure to nat-

ural hazards and their role in regional and transnational connectivity. One of those threatening factors in

this geographical situation is multi-hazards, which are categorised in three di!erent ways: cascading, com-

pounding, and concurrent events (Pescaroli and Alexander 2018; Gill and Malamud 2016). These terms will

be defined in the coming Chapter 3 “State of the Art”, but what matters here is that the likelihood of such

multi-hazard events is increasing over time, particularly in relation to climate change. Changing precipita-

tion patterns and rising hazard intensity and frequency are expected to lead tomore climate-inducedmulti-

hazard situations (IPCC 2022). Also, understanding the hazard interaction is key to identifying potential risks

in case of multi-hazard occurrence. Due to their geographical constraints and cross-border connectivity,

disruptions alongmountain transit corridorsmay have significant e!ects on neighbouring countries. At the

European level, transport policy aims to reduce greenhouse gas emissions and external costs while improv-

ing accessibility through thedevelopment of the Trans-EuropeanTransport Network (TEN-T), including core

north–south corridors (European Commission 2011). Within this framework, the Brenner Corridor forms a

key section of the Scandinavian–Mediterranean corridor, concentrating long-distance road and rail flows in

a hazard-prone Alpine bottleneck (European Commission 2011; Cavallaro et al. 2024). In this context, this
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thesis exclusively focuses on the A13 Brenner Motorway for examination. The reason is that, among the

cascading hazards identified in the Noto Peninsula, Japan, the secondary study area selected for compara-

tive analysis, damage has been confirmed specifically on themotorway, whichmakes the comparisonmore

meaningful.

Additionally, in the case of the Brenner Corridor, resilience strategies have traditionally placed strong

emphasis on large-scale structural solutions, most notably the construction of the Brenner Base Tunnel

as a long-term, trans-European infrastructure project (Cavallaro and Maino 2014). At the same time, well-

established operationalmeasures exist, particularly formanaging recurrent hazards such aswinter weather

conditions, through advanced monitoring systems, predefined procedures, and coordinated emergency

protocols (Autostrada del Brennero S.p.A. 2021). However, while these measures are e!ective in address-

ing specific and largely foreseeable hazards, their capacity to cope with complexmulti-hazard scenarios re-

mains open to discussion. Structural investments and hazard-specific operational proceduresmay not fully

account for cascading or compound events, in which multiple hazards interact across short timeframes,

sectors, or national boundaries. This raises the question of whether current resilience strategies su!iciently

integrate adaptive and cross-sectoral operational measures for managing extreme and interacting hazard

events.

Many mountain corridors function as critical bottlenecks or lifelines because transport flows are chan-

nelled through a limited number of routes constrained by topography. This includes the two corridors anal-

ysed in this thesis: the Brenner Corridor and the Noto Satoyama Kaido. The importance of these corridors

becomes evident when one of these routes is disrupted; detour options are o"en limited, impractical, or

entirely absent, which can isolate certain communities or reroute substantial volumes of international traf-

fic. This dependency on a small number of vulnerable links increases the strategic importance of resilience

planning for such corridors, not only at the local but also at regional and transnational scales. The bottle-

neck and lifeline functions of mountain transit corridors also raise specific governance challenges. Respon-

sibilities for construction, maintenance, and emergencymanagement are o"en distributed across multiple

agencies and authorities, while impacts of disruptions may extend beyond administrative boundaries and

a!ect even distant regions. Consequently, designing resilience strategies for these corridors requires coor-

dination across sectors, scales, and national borders, and demands approaches that can address complex,

interacting risks rather than isolated hazard events.

TheBrennerCorridor, linkingAustria and Italy across the central Alps, is a prominent exampleof amoun-

tain transit route that combines high exposure to natural hazards with critical European connectivity. Its

road and rail infrastructure concentrates a substantial share of north–south tra!ic across the Alps, and its
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narrow valleys and steep slopesmake it susceptible to landslides, avalanches, floods, and other hazard pro-

cesses. As a result, disruptions along this corridor can propagate far beyond the immediate area, a!ecting

logistics chains, commuter flows, and cross-border mobility. On the other hand, the Noto Satoyama Kaido

on Japan’s Noto Peninsula represents a comparable case of a mountain–coastal corridor functioning as a

regional lifeline. Running through topographically complex mountainous terrain and further exposed to

hazards due to its proximity to a hazard-prone coastline, it plays a crucial role in linking local communi-

ties to larger urban centres that concentrate most essential services. Recent events, prominently the 2024

Noto earthquake, have underscored how damage to this corridor can severely constrain emergency access

and prolong isolation in hazard-a!ected areas, thereby exacerbating the humanitarian and socio-economic

consequences of such events.

Although the Brenner Corridor and the Noto Satoyama Kaido di!er in geographical context, scale, and

governance arrangements, they share key characteristics thatmake them suitable for comparative analysis.

Both concentrate critical transport flows within mountainous landscapes exposed to multiple natural haz-

ards, rely on a limited number of routes, and face the risk that disruptions can quickly escalate into wider

socio-economicandhumanitarianchallenges. At the same time, theyexemplifydi!erentgovernance scales,

one as a trans-European bottleneck, the other as a regional lifeline, creating an opportunity to explore how

scale and institutional context shape resilience strategies undermulti-hazard conditions. This point is elab-

orated in greater detail in Chapter 4, “Study Area”. To this end, the comparison focuses on howdi!erent cas-

cading event chains developed in each context—for instance, the earthquake-rainfall-landslide sequence in

Noto versus the heavy rainfall-landslide-protection failure sequence in Brenner. By examining what kinds

of impacts were documented and how slope protectionmeasures influenced these outcomes, the research

identifies empirical patterns in both corridors. As critical mountain routes highly exposed to cascading haz-

ards, these documented sequential impacts—from initial triggers to road disruptions—provide a concrete

basis for examining the role of slope protection in ensuring infrastructure resilience.

The complexity ofmanaging such corridors is further compoundedby the evolving nature of the hazards

themselves. Multi-Hazard is receiving increasing attention, given the intensity and the anticipated increased

frequency of occurrence due to climate change (IPCC 2022). This subsection introduces multi-hazard as a

research topic, while more concrete definitions and a detailed literature review are provided in Chapter 3,

“State of the Art”.

The concept of multi-hazard risk has gained prominence in disaster risk research and international pol-

icy, reflecting recognition that di!erent hazards can interact and amplify impacts in various ways, including

non-linear ones. Conceptual frameworks describe various forms of interactions, such as concurrent, cas-
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cading, and compound events, and emphasise that such processes can undermine the e!ectiveness of risk

reductionmeasures designedwith single hazards inmind. At the same time, systemic risk debates highlight

howdisruptions can propagate through interconnected infrastructure networks, further expanding the spa-

tial and temporal footprint of local hazard events. Despite the assertion that such conceptual advances,

coupled with collaborative research across sectors and regions, are necessary to address themulti-hazards

that threaten society in conjunction with climate change, attempts to apply a framework developed in one

location to a distant region are scarcely seen (Scolobig et al. 2014). Similar conceptual research includes

Albulescu et al. (2026)’s recent comparative study examining hazard responses and governance across two

study sites facing the same hazard, and the PARATUS project, which applies a single framework to multiple

study sites (Coccuccioni et al. 2023). Many assessments still prioritise single hazards or treat multi-hazard

risk at a highly abstract level without fully capturing infrastructure-specific vulnerabilities, interdependen-

cies, andgovernance constraints. Althoughhazard interactions andcascading risks arewell-recognised con-

ceptually, and increasingly explored through emerging research initiatives and collaborative projects, their

systematic integration into infrastructure planning and operational risk governance remains limited. In the

context of mountain transit corridors, these limitations are particularly pronounced. There remains a lim-

ited understanding of how interacting hazards a!ect corridors that function as bottlenecks, where transport

flows are spatially concentrated, and alternative routes are scarce. Previous studies on the Brenner Corri-

dor and other Alpine transport routes have highlighted susceptibility of these routes to individual hazards

such as landslides or floods, but only a few have systematically examined how concurrent, cascading, or

compound scenarios may disrupt corridor functionality and challenge existing resilience and governance

strategies. This gap is especially relevant in mountainous regions, where hazard interactions can rapidly

escalate impacts beyond sectoral or national boundaries.

1.2 Problem Statement

Against this background, recent cross-country comparisons of shared hydrometeorological events, such as

the 2021 floods in Romania (Alba County) and the Netherlands (Limburg Province), have demonstrated the

value of Impact Chains and tailoredmetrics for dissecting hazard impacts and adaptation responses, yield-

ing potential lessons across contexts (Albulescu et al. 2026). Yet, applications to cascading landslide se-

quences in mountain transit corridors, where slope protection measures involve sequential hazard inter-

actions, remain unexplored. The overarching aim of this thesis is to develop and compare qualitative Im-

pact Chains for documented cascading events along theBrenner Corridor (Austria-Italy) andNotoSatoyama

Kaido (Japan), as representative mountain bottlenecks/lifelines. This explores patterns of hazard interac-
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tions (e.g., heavy rainfall triggering landslides followed by floods) and the role of slope protection in these

sequences, using literature-based reconstructions. More specifically, the thesis addresses four interrelated

research questions: (1) How can the Impact Chain framework be adapted to a specific infrastructure corri-

dor through a literature-derived approach, and to what extent does this partial adaptation remain e!ective

without stakeholder workshops? (2) What are the documented di!erences in slope protection measures

between the Brenner Corridor and the Noto Satoyama Kaido? (3) What geographical, technical, or gover-

nance factors influence these observed di!erences? (4) To what extent do these slope protection measures

e!ectively mitigate or prevent cascading damage from landslides along the corridors? Detailed objectives,

sub-questions, and hypotheses are outlined in Chapter 2.

To address these, the thesis adopts a qualitative, literature-based methodology synthesising scientific

publications, o!icial reports, grey literature, and news sources. It constructs case-specific Impact Chains vi-

sualising hazard sequences and slope protectionmeasures, then performs comparative analysis to identify

similarities, di!erences, and transferable insights. This bridges multi-hazard conceptual frameworks with

practical documentation of mountain corridor disruptions, without probabilistic modelling or simulation.

Thefindingswill documenthowcascadingeventsunfold in eachcorridor, highlighting slopeprotection’spo-

sitioning within sequences and cross-case variations. Where common lessons emerge (e.g., regarding the

availability and detail of event documentation), they o!er methodological insights into the transferability

of Impact Chains; otherwise, they suggest refinements for future research directions. In doing so, this study

contributes to the visualisation of multi-hazard sequences and their consequences for transport infrastruc-

ture, providing a comparative basis for evaluating how qualitative evidence of infrastructure performance

can be integrated into conceptual hazard-sequence frameworks for similar settings.

Conceptually, it operationalises Impact Chain thinking for landslide cascades via qualitative reconstruc-

tions; practically, it provides a blueprint for comparing protection measures across corridors, potentially

adaptable to other hazard-prone routes.

1.3 Key Definition

In this section, the key concepts used throughout this thesis are defined to ensure a clear and consistent ter-

minology, while a more detailed discussion of these concepts and their theoretical background is provided

in Chapter 3, “State of the Art”. The aimof this section is to clarify the definitions of terms that are frequently

confused and used interchangeably at an early stage, thereby avoiding their misuse within this thesis. The

following key concepts are defined based on UNDRR Terminology(United Nations O!ice for Disaster Risk

Reduction (UNDRR) 2017a) and on De Angeli et al. (2022); when the terms are not available there.
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Hazard: “A process, phenomenon, or human activitywith the potential to cause loss of life, injury, prop-

erty damage, social-economicdisruption, or environmental degradation” (UnitedNationsO!ice forDisaster

RiskReduction (UNDRR) 2017b). Hazardous events represent concretemanifestationsof suchhazards atpar-

ticular places and times, whereas this term denotes the underlying type or potential (United Nations O!ice

for Disaster Risk Reduction (UNDRR) 2017c). In this thesis, it encompasses landslides and related processes

in the two study sites: the Brenner Corridor and the Noto Satoyama Kaido.

Multi-Hazard: Multiple major hazards within a given context, including simultaneous, cascading, cu-

mulative, or interrelated events (United Nations O!ice for Disaster Risk Reduction (UNDRR) 2017b). In this

thesis, it focuses on cascading events along mountain corridors in the study areas.

Disaster: Serious disruptionof community or societal functiondue tohazardous events interactingwith

exposure, vulnerability, and capacity, resulting in human, material, economic, and environmental losses

(United Nations O!ice for Disaster Risk Reduction (UNDRR) 2023). This thesis primarily examines hazard

sequences, consequences and slope protection measures in the study sites. While other elements such as

vulnerability, exposure, and risk are inherent to the study sites, they are treated as static background infor-

mation rather than variables for analysis. Consequently, these factors are not formally assessed or quanti-

fied within the scope of this research.

Risk: “The combination of the probability of an event and its negative consequences” (United Nations

International Strategy for Disaster Reduction 2009). Additionally, the following elements: hazard, exposure,

vulnerability, and capacity constitute and determine risk, and can be expressed by a risk equation (see be-

low) that enables risk estimation. Applying this same concept, De Angeli et al. (2022) emphasises that in

multi-hazard situations, the multi-hazard itself is merely a component of multi-hazard risk, and therefore

multi-hazard andmulti-hazard risk must not be used interchangeably.

Risk =
hazard→ exposure→ vulnerability

capacity

In this study, while all these components are recognised as integral to risk, the analysis primarily focuses

on the qualitative assessment of hazard interactions and the resulting damage.

Vulnerability: “The condition determined by physical, social, economic and environmental factors or
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processes which increase the susceptibility of an individual, a community, assets or systems to the impacts

of hazards” (United Nations O!ice for Disaster Risk Reduction (UNDRR) 2017d). In this thesis, vulnerability

will not be elaborated on, quantified, or assessed, but the general concepts will be referenced as needed,

particularly in the governance discussions in the Perspectives chapter, to contextualise the role of slope

protection measures in mitigating cascading risks.

Disaster RiskGovernance: "The arrangements to guide, coordinate andoversee disaster risk reduction

and related areas of policy." Here, disaster risk reduction is defined as the objective in the political context

that is supposed to prevent and reduce existing/ potential disaster risk, which contributes to strengthening

resilience(UN 2016, pp. 15–16).

Resilience: “The ability of a system, community or society exposed to hazards to resist, absorb, ac-

commodate, adapt to, transform and recover from the e!ects of a hazard in a timely and e!icient manner,

including through the preservation and restoration of its essential basic structures and functions through

risk management” (UN 2016, p. 22).

Exposure: The positioning of people, buildings, infrastructure, production facilities, and other physical

human assets in areas susceptible to hazards. It can be characterised by various attributes of the elements

at risk, including their constructionmaterials, usage patterns, monetary worth (e.g., for structures), or pop-

ulation counts (De Angeli et al. 2022, p. 2).

Damage: It refers toadverseconsequences, specifically, thosee!ects that causeharmtophysical assets,

human populations, socio-economic structures, and ecological systems (De Angeli et al. 2022, p. 2).

Impact: The complete range of outcomes from a hazardous event or disaster, encompassing both detri-

mental e!ects (such as financial losses) and beneficial ones (like economic benefits), spans human, eco-

nomic, and environmental dimensions. In the present study, this concept is narrowed to encompass solely

direct, measurable physical harm to assets; indirect e!ects or broader categories (e.g., social or environ-

mental) are excluded from consideration (De Angeli et al. 2022, p. 2).
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1.4 Thesis Outline

The remainder of this thesis is structured as follows. Chapter 2 presents the research objectives, questions,

and hypotheses in detail, clarifying the analytical focus and assumptions guiding the work. Chapter 3 re-

views the state of the art on multi-hazard risk, critical infrastructure resilience, and previous studies on

Alpine and Japanese transit corridors, and concludes by identifying the main research gaps that the thesis

seeks to address. Chapter 4 introduces the two case study areas, describing the geography, infrastructure

characteristics, and hazard contexts of the Brenner Corridor and theNoto SatoyamaKaido, and explains the

rationale for their comparative selection. Chapter 5 outlines the methodology, focusing on the adaptation

of the Impact Chain framework to capture hazard-consequence sequences through event inventories and

chronologies. Chapter 6 presents the results, while Chapter 7 discusses their implications for disaster risk

governance and infrastructure protection. Finally, Chapter 8 summarises the main insights and limitations,

and Chapter 9 reflects on governance and policy implications as well as directions for future research.
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2 Research Framework

This chapter delineates the research framework. It begins by articulating the primary research objective,

which builds directly on the background and key concepts introduced in the previous chapter. Subse-

quently, it outlines the research questions and hypotheses derived from this objective, which will be sys-

tematically addressed in the “Results” and “Discussion” chapters. The hypotheses are formulated so that

they can be answeredwith a simple yes or no. These elements are intended to clarify the scope of the study

and how the planned analysis relates to the overall aims.

2.1 Research Objectives

The thesis pursues the following main objective: to verify whether the Impact Chain framework, estab-

lished primarily in the European context through projects like PARATUS, can be e!ectively applied to a geo-

graphically and climatically distant region through a partial adaptation. This adaptation entails a literature-

derived development that focuses on hazards and consequences, a streamlined approach compared to the

extensive stakeholder workshops typically recommended alongside desk research (Albulescu and Arma#

2024; Coccuccioni et al. 2023). Specifically, the framework is applied to the Japanese case study (the Noto

Satoyama Kaido), and its validity is assessed through a comparative analysis with historical cascading haz-

ards along the Brenner Corridor motorway, a PARATUS study site where the Impact Chain was originally

applied and analysed. This approach tests the framework’s transferability beyond Europe to regions prone

tomulti-hazards under divergent conditions, such as seismic activity combinedwith heavy rainfall in Japan

versus Alpine precipitation-induced events in the Brenner area. Central to this verification is an examina-

tion of the framework’s utility for capturing hazard chaining and resultant impacts. It evaluates whether

literature-derived partial Impact Chains su!ice for meaningful insights into cascading sequences and the

role of slope protectionmeasures. To ensure comparability, the selection of cascading events is conditioned

on the involvement of landslides. These protection measures serve as the primary comparative axis, pro-

viding a focused lens for this analysis across two disparate corridors with distinct geohazard profiles.

2.2 Research Questions and Hypotheses

The following research questions guide the study.

RQ1 To what extent is the simplified Impact Chain framework transferable to geographically distant re-

gions?
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RQ1a Is the framework e!ective when developed solely from a literature review without stakeholder

workshops?

RQ1b Is the framework e!ective when limited to hazard-consequence factors?

This set of questions assess the framework’s methodological robustness by evaluating its capacity to

prioritise hazard interrelationships and structure cascading sequences based exclusively on literature-

derived data, without conventional stakeholder engagement.

RQ2 How do the slope protection measures di!er between the Brenner Corridor and the Noto Satoyama

Kaido?

This explores the structural characteristics and primary functions of the protection systems employed in

each corridor, as identified in technical reports.

RQ3 Based on their di!erence, which kind of factors influence or support this divergence?

This explores potential contextual drivers and regional rationales that underpin the selection of specific

protection measures, drawing on a synthesis of grey literature and case studies.

RQ4 Do slope protection measures help to prevent or reduce further damage from cascading e!ects in-

volving landslides along these corridors?

This evaluates the documented e!ectiveness and limitations of protectionmeasures in interrupting haz-

ard sequences, specifically examining whether they prevented or merely delayed infrastructure failure

during observed cascading events.

Correspondingly, the followinghypothesesare formulated tobe tested through thesubsequentanalysis:

H1 The simplified Impact Chain is transferable from the Brenner Corridor to the Noto Satoyama Kaido.

H1a A desk-based development of the Impact Chain is su!icient to reconstruct the chronological se-

quence of a hazard cascade.

H1b A partial adaptation of the framework serves as a valid analytical tool for prioritising hazard in-

terrelationships.

H2 Post-event documentation confirms that the Brenner Corridor relies on protection nets, whereas the

Noto Satoyama Kaido prioritises embankments.

H3 The divergence in protection measures is driven by the distinct regional hazard patterns.
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H4 The reviewed literature confirms that implemented slopeprotectionmeasures e!ectivelymitigate fur-

ther cascading damage alongmountain corridors.

To this end, the following section outlines the scope and delimitations of this study, ensuring alignment

with the research questions within the multi-hazard cascading framework.

2.3 Scope and Delimitations

This study is scoped to what is achievable within the six-month master’s thesis period, adhering to the re-

search questions outlined in this chapter within the multi-hazard research framework.

- Temporal scope: Recent cascading events amid observed climate change trends, such as increased ex-

treme rainfall intensity (past three years, 2023–2026) (IPCC 2022). This captures contemporary slope pro-

tection applications, accounts for climate impacts, and avoids unrecognised discrepancies from comparing

distant historical events.

- Methodological delimitations: Sole reliance on literature review (peer-reviewed, grey literature, reports)

for Impact Chain construction and content comparison analysis. Excludes primary data collection, stake-

holder workshops, and quantitative modelling of vulnerability, exposure, and risk. This partial adaptation

(hazards and outcomes only) tests framework transferability under realistic constraints.

- Comparative axes: Noto Satoyama Kaido (embankments, earthquake-rainfall contexts) and Brenner Cor-

ridor (natural slopes, precipitation events) as primary slope protection lenses. Selected for shared moun-

tainous motorway exposure to landslide-triggered cascades, despite geographical di!erences.

- Exclusions: Non-road infrastructure, non-cascading hazards (though relevant slope policy literature is ref-

erenced), and coastal cases like National Route 249 (misaligned with mountainous motorway axis).

These delimitations enable focused qualitative synthesis, with trade-o!s recognised in the methodology

limitations.
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3 State of the Art

This chapter reviews the state of the art, in particular, relevant to multi-hazard analysis within the frame-

workof historical cascading events onmountainmotorways. It first introduces keydefinitions andconcepts,

which are not introduced inChapter 1, for understanding concurrent, cascading and compoundevents, with

a particular focus on cascading hazard events on the Brenner motorway and the Noto Satoyama Kaidomo-

torway, highlighting their sequences, impacts and the role of risk management features. Finally, the identi-

fied research gaps are discussed regarding the e!ectiveness of slope protection andmaintenancemeasures

in preventing or reducing damage from landslides within cascading events along these corridors. Together,

these strands provide the conceptual and empirical basis for comparing how road maintenance measures

may help to prevent or reduce damage from landslides within cascading events along these corridors.

3.1 Multi-Hazard Concepts for Mountain Corridors

Two study sites that are addressed in this thesis, the Brenner Corridor and the Noto Satoyama Kaido, are

categorised as mountain transport corridors. The specific geographical characteristics and the socially sig-

nificant roles fulfilled by each motorway will be discussed in Chapter 4, Study Area but generally speaking,

mountain transport corridors concentrate critical flows of people and goods within narrow valleys, tun-

nels and passes, o"en with very limited redundancy. In such settings, multiple natural hazards, such as

landslides, avalanches, floods, rockfalls, and in some regions, even wildfires or earthquakes, can act on

the same linear infrastructure, either separately or in combination. As a result, even moderate events can

trigger disproportionate disruption when they a!ect key bottlenecks, and the cumulative or interacting ef-

fects of several hazards may di!er substantially from what single-hazard approaches would suggest. This

is particularly evident along the Brenner Corridor, where a trans-European north-south axis intersects with

a hazard-prone Alpine environment, raising complex questions about cross-border responsibilities for risk

management, emergency responseandcompensationwhendisruptionsoccur (Fikar et al. 2016). Toanalyse

such corridors in a consistent way, this thesis adopts amulti-hazard perspective, which requires clear work-

ing definitions ofmulti-hazard andmulti-hazard risk as a basis for the subsequent conceptual and empirical

chapters.

3.1.1 Multi-Hazard and Multi-Hazard Risk

This subsection first clarifies how the terms multi-hazard and multi-hazard risk are used in this thesis. The

overall argument of the thesis is grounded in a multi-hazard perspective, so it is essential to establish a
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shared understanding of these concepts. This is particularly important for the analytical framework of this

thesis, because the susceptibility of mountain transport corridors depends not only on individual hazards

but on how theymay interact over time and space, which is not captured by conventional single-hazard as-

sessments. In other words, treating hazards independently would risk underestimating corridor disruption

and systemic impacts. At the same time, there is no single, uncontested definition of multi-hazard issued

by one authoritative institution. Instead, the concept has evolved from simple overlays of several hazards

towards approaches that explicitly consider hazard interactions, cascading e!ects and dynamic vulnera-

bility as the topic has gained prominence in research and policy. In this subsection, the working definitions

adopted for this thesis are derivedprimarily from recent syntheses such asDeAngeli et al. (2022) and related

reviews, which compare and consolidate widely cited contributions in the multi-hazard literature.

In international policy documents, multi-hazard is typically framed in broad terms. For instance, UN-

DRR definesmulti-hazard as “(i) the selection ofmultiplemajor hazards that a country faces and (ii) specific

contexts where hazardous events may occur simultaneously, cascadingly or cumulatively over time, taking

into account potential interrelated e!ects. In the Sendai Framework for Disaster Risk Reduction 2015–2030,

these hazards include biological, environmental, geological, hydrometeorological and technological pro-

cesses and phenomena, underlining that multi-hazard assessments should consider a wide range of haz-

ard types rather than a single dominant threat” (United Nations O!ice for Disaster Risk Reduction (UNDRR)

2017b). At the same time, research has highlighted that multi-hazards should go beyond a simple “multi-

layer single hazard” or “all-hazards-at-a-place” perspective, in which independent hazard layers aremerely

overlaid (Gill and Malamud 2016; Liu et al. 2016). Gill and Malamud (2016), for instance, emphasise that

multi-hazard approaches need to account for interactions betweenhazards andprovide typologies of di!er-

ent interaction mechanisms. Building on this evolution, De Angeli et al. (2022) conceptualise multi-hazard

as a series of approaches in which more than one hazard in a given area is analysed together with their

interrelations, and argue that multi-hazard risk assessments must also consider multi-vulnerability by ad-

dressing interdependencies among vulnerable elements. Despite di!erences in wording, these definitions

increasingly converge on the idea that multi-hazard involves multiple hazards, their spatial and temporal

co-occurrence, and their interactions, rather than merely co-existing single hazards. This thesis adopts this

interaction-focused perspective, given that hazard chains and compounding processes are o"en the most

damaging for mountain transport corridors and their critical functions. In this thesis, a distinction is made

between the concepts of multi-hazard and multi-hazard risk. Multi-hazard is understood as an approach in

which more than one hazard and their potential interrelations are analysed within a given area, whereas

multi-hazard risk refers to assessments that explicitly consider the impacts of multiple hazards, and, where
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relevant, interdependencies among exposed and vulnerable elements (De Angeli et al. 2022). Rather than

developing newprobabilisticmodels, this thesis exploresmulti-hazard risk qualitatively by synthesising ex-

isting literature and case-based evidence, using impact chain visualisations, narrative event descriptions,

and event chronology tables for two mountain transport corridors to evaluate how similar disruption pat-

terns and hazard-sequence interactions emerge under di!erent geographical conditions. In linewith recent

work onmulti-hazard andmulti-risk, the termmulti-risk is not employed in a broad sense to cover all possi-

ble impact domains. Still, instead, the analysis focuses primarily on the impacts on transport functions and

corridor continuity, while other critical systems are noted insofar as they interact with, or depend on, these

transport links.

Drawing on the definitions outlined above, this thesis adopts a working definition of multi-hazard tai-

lored tomountain transport corridors. The analysis focuses on natural hazards that are particularly relevant

for the two study areas, namely landslides (including rockfalls and debris flows), avalanches and floods,

with wildfires and earthquakes considered where documented events indicate their relevance. These haz-

ards are examined in relation to linear transport infrastructure such as roads, railways and tunnels along the

corridors, where disruption of a small number of links can have disproportionate consequences. In terms

of temporal relationships, this thesis primarily focuses on cascading events, while also considering the in-

fluence of compound conditions and short-term extremes where they act as triggers or intensifying factors

for these sequences. This approach shi"s the attention from isolated single hazards to the dynamic interac-

tions that characterise corridor disruptions. While the UNDRR provides a comprehensive conceptual frame-

work for disaster risk, this thesis adopts a more focused qualitative approach to examine the mechanisms

of corridor disruption (United Nations O!ice for Disaster Risk Reduction (UNDRR) 2023). In this context, the

analysis prioritises the continuity of critical transport functions, specifically, the ability of key road links to

remain operational. Rather than assessing risk components independently (such as vulnerability or expo-

sure metrics), the subsequent impact chain diagrams trace the dynamic sequences between hazards, their

physical consequences, and the functional response of infrastructure. This allows for a detailed comparison

of how specific hazard processes lead to infrastructure failure and howprotectionmeasures influence these

sequences along the Brenner Corridor and the Noto Satoyama Kaido.

3.1.2 Hazard and Process Groups, Hazard Interactions

As we saw in the previous section, multi-hazards are a set of hazardous events that may interact and make

the overall damage much worse. Here are the key characteristics of multi-hazards: they interact in ways

unlike those of single hazards, which people traditionally examine in isolation or by simply superimposing
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Gill and Malamud (2016). These interactions cause further damage to the given region, its ecosystem, and

eventually lead to catastrophic financial, biological, and humanitarian losses. In order to reconstruct the

historical events for Brenner and Noto, it will be helpful to explore the established conceptual foundations,

categorisations and terminologies relevant to interactions among multiple hazards. This section explores

the main factors behind hazard interactions, namely, the categorisation of hazard and process groups, as

well as the fundamental dynamics of their interactions.

Building on the classification byGill andMalamud (2016), this thesis categorises the observed processes

into three primary groups to better alignwith the corridor-specific analysis: natural hazards, anthropogenic

hazards, and technological hazards. While they all represent phenomena with the potential for adverse

impacts, they di!er fundamentally in their origins: natural hazards arise from Earth system processes, an-

thropogenic processes stem from intentional human activities that alter the environment, and technolog-

ical hazards result from unintended failures in human-made systems. In the context of this study, natural

hazards, such as earthquakes, floods, or landslides, form the baseline for the analysis in both the Brenner

Corridor and Noto. Anthropogenic processes, such as road construction or infrastructure loading, are par-

ticularly relevant in these settings where human intervention can weaken slopes. Technological hazards,

exemplified by power outages or tra!ic accidents during storms, o"en interact with these natural events to

exacerbate disruptions along transit corridors. While recognising the potential interactions among all three

groups, this thesis primarily focuses on the sequences initiated by natural hazards, particularly landslides

and earthquakes, as they represent the most documented and critical triggers in the selected 2023–2024

events. Anthropogenic and technological factors are discussed only insofar as they appear in the historical

documentation of these specific cases.

Once these groups are identified, it is crucial to examine the interaction relationships between them.

According to Gill and Malamud (2016), these dynamics define how one hazard influences another through

three primary mechanisms:

• Triggering: A primary hazard directly initiates a secondary one (e.g., an earthquake triggering a land-

slide).

• Increased probability: A hazard enhances the likelihood of another event without directly triggering

it (e.g., heavy rain saturating soil before an earthquake).

• Catalysis or impedance: An environmental condition or hazard accelerates or inhibits the intensity

of subsequent events.

These interaction dynamics provide the necessary framework to analyse how damages were amplified
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during the multi-hazard events in Brenner and Noto.

3.1.3 Compound, Cascading, Concurrent and Extreme Events

Compound events refer to combinations of multiple extremes and/or background conditions that jointly

lead to amplified impacts, including cases where individually moderate events become critical when com-

bined. Cascading events describe chains in which an initial physical hazard triggers subsequent failures in

human and infrastructural subsystems, resulting in multi-sector disruptions that can no longer be under-

stood as a single event (Pescaroli and Alexander 2018; Alexander and Pescaroli 2019; De Angeli et al. 2022).

Extreme events are defined as “the occurrence of a value of aweather or climate variable above (or below) a

threshold value near the upper (or lower) ends of the range of observed values of the variable” (Seneviratne

et al. 2012, p. 116). In mountain transport corridors, many realistic multi-hazard events involve compound,

cascading, and extreme dynamics, for instance, when intense rainfall and/or snowmelt trigger landslides

that then disrupt tunnel operations andwider regionalmobility. Here, “intense rainfall” represents extreme

events, “intense rainfall or snowmelt which triggers landslides, disrupting tunnel operations and wider re-

gional mobility” overall represents cascading events, and if intense rainfall and snowmelt happen coinci-

dentally at the same time, it is a compound e!ect. All of the above have adverse impacts on human society

and the relevant ecosystems, of course; they all must be investigated equally, but in this thesis, cascading

e!ectswill be examined. The reason is to simplify the research process and ensure relevance between Bren-

ner and Noto. There was a set of cascading events that occurred both on Brenner and Noto in 2024. In order

to compare, we selected the case for each region involving heavy rain and landslides within the cascading

chains. Also, we paid attention towhether these events experienced any type of protectionmeasure disrup-

tions, so that we could discuss what protection measures are e!ective and what need some improvements

in the discussion and perspectives chapters, to provide recommendations for future research orientations.

3.2 Positioning the Comparative Approach within Multi-Hazard Frameworks

While multi-hazard frameworks such as Impact Chains have gained academic traction (Coccuccioni et al.

2023), their practical implementation still faces systemic barriers. As identified by Scolobig et al. (2014),

these obstacles are rooted in disjointed conceptual definitions and disparate databases across di!erent sci-

entific sectors. In the context of this thesis, such institutional fragmentation becomes even more complex

when comparing two distinct national frameworks, Austria and Japan, where scales, units, and risk cultures

di!er significantly. Furthermore, di!erences in the unique scales and units used to quantify risks and dam-

age, such as the Richter scale and the Japan Meteorological Agency scale for representing earthquake im-
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pact magnitude, also contribute to this barrier. This makes sharing results and dialogue between risk com-

munitiesdi!icult andcomplex. Suchconcernsare likely tobecomeparticularly apparentwhenseekingcom-

munication between geographically distant regions. As stated in the Introduction, the IPCC has suggested

a link between multi-hazards and climate change (IPCC 2022). For instance, condensed rain saturates the

ground, rendering it susceptible to landslides, and indeed, abnormal precipitation can trigger landslides.

It is argued that as climate change progresses, the frequency of extreme events increases, heightening the

likelihood that their impacts will trigger subsequent hazards. Considering that no region is immune to this

situation, the approach to multi-hazards should involve cooperation that transcends national and regional

boundaries. Indeed, projects such as PARATUS are international initiatives funded by the EU (Coccuccioni

et al. 2023). It is reasonable to assume that cooperation should first be established between neighbouring

countries and gradually extended to distant nations, especially when they are facing similar circumstances.

Therefore, how to overcome the aforementioned concerns in the context of increasing international coop-

eration is a topic worthy of consideration.

Here, the Impact Chain comes into play. Petutschnig et al. (2023) states that it was originally developed

as a standardised structurewithinGIZ’s Vulnerability Sourcebook to support comparisonsbetweendi!erent

locations and policy decisions. Conceptually, the approach to IC in this thesis can be seen as an extension

of that. However, this thesis does not aim for a climate risk and vulnerability assessment like Petutschnig

et al. (2023)’s work; rather, it draws inspiration from themulti-hazard analysis of the PARATUS project (Coc-

cuccioni et al. 2023). As a new challenge, it examines what lessons can be drawn by cutting out elements,

such as exposure, vulnerability, and risk and focusing solely on hazards, their consequences, and the in-

tervening role of slope protection measures. Also, while Wenzel et al. (2024) establish the broad cascading

risks for the Brenner region within the PARATUS framework, this thesis shi"s the focus toward evaluating

the transferability of such conceptual chains by comparing two geographically and operationally distinct

regions. By developing partial Impact Chains for both corridors, the analysis utilises historical documen-

tation to qualitatively examine how slope protection and maintenance practices functioned within these

cascading sequences. This approach aims not only to test the transferability of the Impact Chain framework

across disparate hazard profiles but also to clarify the systemic role of maintenance in mitigating cascade

escalation.

Thus far, we have examined the fundamental significance of comparing disasters in distant regions,

drawing upon prior research. Regarding the Brenner Corridor specifically, Wenzel et al. (2024) provide a

crucial foundation by developing Impact Chains to analyse multi-hazard interactions, such as floods and

landslides, and their cascading e!ects on cross-border mobility. From here, we shall introduce prior stud-
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ies that have addressed comparable cascading events in di!erent countries. Albulescu et al. (2026) have

recently published a paper examining the same hazards, the 2021 floods in Europe, in the two di!erent

countries, the Netherlands and Romania. This is what is known as a cross-country comparison, and in their

research, they employed Impact Chains andmetrics to examine the same flood-meteorological event.

In linewith Baxter et al. (2019), transferability is understood here as the likelihood that similar outcomes

can be achieved in a specific new context, while applicability refers to the feasibility of implementing the

framework under local constraints. Within the multi-hazard context, European DRR initiatives already em-

phasise the need to transpose e!ective measures across social, cultural, and geographical contexts, for in-

stance, through tools such as the ESPREssO Action Database (Baills et al. 2020).

3.3 Relevant Research of Brenner

Anotable recent cascading event along theBrenner Corridor occurredduringheavy rainfall from30 to 31Oc-

tober 2023 in Gries am Brenner, as documented in a couple of grey literature sources (Freiwillige Feuerwehr

Gries am Brenner 2023; Haberler et al. 2024). At the A13 near the former customs o!ice (km 33.75), a major

debris flow ruptured a protection net, burying both carriageways and engulfing vehicles, which is examined

in detail in Chapter 6. Adjacent to A13, the RoLa parking lot’s rockfall protection nets e!ectively prevented

falling of materials, highlighting functional slope protection in secondary infrastructure (Freiwillige Feuer-

wehr Gries am Brenner 2023).

Concurrently, during the same heavy rainfall night of 30–31 October 2023, multiple localised events af-

fected surrounding areas: debris flows closedObernberger Landesstraße and Vinaders; around 4:20, a hills-

lope debris flow inObernbergtal (Au district) damaged a residential building andburiedObernbergstraße at

km 3.5; rockfalls damaged Planken and Au structures; and Nösslach experienced flooding requiring vehicle

recovery (Freiwillige Feuerwehr Gries amBrenner 2023; Haberler et al. 2024). Thesemulti-hazard responses

highlight the Brenner region’s susceptibility to rainfall-triggered debris flows, with A13 disruptions exem-

plifying corridor-scale impacts on critical north-south connectivity across Europe. Although these events

introduce compounding aspects within the multi-hazard framework, this thesis focuses exclusively on cas-

cading sequences along A13 for e!iciency in slope protection comparison.

For instance, the research conducted by Laimer (2017), including case studies along the Brenner Pass,

focuses onanthropogenically induced landslides a!ecting railway lines but also examines slope instabilities

related to forest roads andhighwayswithin the samealpine setting. Althoughhis discussionofmotorways is

largely limited to “very small landslidesanderosionproblems . . . related toa somewhat insu!icienthighway

drainage system” (Laimer 2017, p. 99), themechanisms he identifies, such as inadequate drainage, fill slope
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construction, and instability of earthworks, are directly relevant to linear transport infrastructure in narrow

mountain valleys, including the Brenner motorway corridor. According to his findings, more than 70% of

landslides that occurred near Austrian railroads between 2005 and 2015 were caused by human activities,

highlighting that hazard exposure in such corridors is shaped not only by natural processes but also by tech-

nical interventions and the configuration of infrastructure (Laimer 2017). In this valley-constrained setting,

infrastructure elements are closely aligned and o"en spatially co-located, resulting in limited redundancy

and strong interdependence between di!erent transport modes, so that disruptions at critical nodes can

propagate rapidly across the corridor and lead to broader functional disruptions to regional connectivity.

3.4 Relevant Research of Noto

For the Noto Satoyama Kaido, the 2024 Noto Peninsula Earthquake (Mw 7.6) provided critical evidence re-

garding the performance of road embankments under extreme seismic and secondary cascading hazards.

As documented by the Ministry of Land, Infrastructure, Transport and Tourism (Ministry of Land, Infrastruc-

ture, Transport and Tourism 2024a) and further analysed by Chiba (2024), the damage patterns observed

along the motorway highlight how past structural interventions influenced the physical consequences of

the disaster.

According to the MLIT report (Ministry of Land, Infrastructure, Transport and Tourism 2024a), four pri-

mary tendencies were identified in the performance of road embankments:

1. Damage was concentrated in high embankments built over valley-filling stream deposits.

2. Sections restored following the 2007 Noto Peninsula Earthquake, which incorporated improved

drainage measures, experienced only minor damage.

3. Conversely, adjacent unreinforced sections with similar environmental factors su!ered significant

subsidence and severe collapses.

4. Segments opened a"er 2013, where higher compaction standards were applied, sustained limited

disruption overall.

These findings suggest that the physical configuration and prior structural reinforcements are decisive

factors in determining whether a hazard initiates a cascading failure of infrastructure. While this thesis pri-

marily focuses on the Noto Satoyama Kaido for its comparative potential, broader regional impacts further

illustrate the complexity of such events. For instance, on National Route 249, large-scale slope collapses un-

derscored the limitations of structural measures alone. Furthermore, even where infrastructure remained

19



structurally sound, such as in certain tunnels, functionalitywas o"en impaired by slope collapses at portals,

a clear example of how secondary hazard processes propagate disruption across the network (Ministry of

Land, Infrastructure, Transport and Tourism 2024a).

Chiba (2024) concludes that systematising these characteristics is crucial for identifying future risks of

embankment and slope failure. While this thesis does not perform a formal risk assessment, organising

these damage characteristics provides a necessary foundation for understanding the physical mechanisms

of cascade escalation in mountain transport corridors.

Based on the review of theoretical frameworks and region-specific studies provided in the previous sec-

tions, Table 1 synthesises the key literature to clarify the current state of the art. This comparison serves as

a basis for identifying the remaining research gaps addressed in this thesis.

Table 1: Selected prior studies on hazard cascades and their implications for transport corridor continuity

Author (Year) Focus (Hazard/Area) Key Findings / Methodology Relevance / Research Gap

Gill andMalamud
(2016); De Angeli
et al. (2022)

Multi-hazard concepts
and interaction
typologies

Systematised hazard
interactions and the distinction
betweenmulti-hazard and
multi-risk.

Established the conceptual
framework for analysing
cascading processes in this
thesis.

Laimer (2017) Austrian mountain
corridors (incl. Brenner)

Over 70% of landslides
(2005–2015) were
anthropogenically induced.
Issues in
drainage/embankments.

Directly relevant to
infrastructure-specific
consequences along the Brenner
motorway.

Wenzel et al.
(2024)

Brenner Corridor
(Austria-Italy)

Developed Impact Chains for
cross-border mobility under
compounding/cascading events.

The primary point of departure
for this thesis, applying the
PARATUS project’s framework.

Petutschnig et al.
(2023)

Climate risk and
vulnerability
assessment

Utilized Impact Chains to
support standardized
comparisons between locations.

This thesis extends the approach
by focusing on the physical
hazard cascade and
consequences.

Ministry of Land,
Infrastructure,
Transport and
Tourism (2024a) /
Chiba (2024)

2024 Noto Peninsula
Earthquake

Sections with 2007 drainage
measures su!eredminor
damage. Compaction standards
mitigated disruption.

Empirical evidence for the
e!ectiveness of specific slope
protection reinforcements.

Albulescu et al.
(2026)

2021 European Floods
(NL and Romania)

Employed cross-country
comparison using Impact Chains
andmetrics for the same event.

Aligns with this thesis’s
approach of comparing distant
regions and framework
transferability.

3.5 Identified Research Gaps

While multi-hazard concepts and cascading hazard frameworks are well established, few studies systemat-

ically compare the e!ectiveness of slope protection measures, such as protection nets and embankments,
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across distant regions with di!ering geographical contexts. Specifically, the robustness of these measures

to interrupt cascade sequences or limit secondary infrastructure damage remains under-explored in com-

parative qualitative research.

As seen in the previous sections, pioneering research such as Albulescu et al. (2026) and Coccuccioni et

al. (2023) has demonstrated the Impact Chain’s capability as a flexible conceptual framework to represent

complex interactions between hazards, risks, and vulnerabilities. However,most existing applications focus

on comprehensive risk assessments that require extensive data on exposure and vulnerability. This thesis

identifiesa researchgap in the simplifiedapplicationof this framework: by intentionallynarrowing the focus

to hazard sequences and the functional response of slope protectionmeasures, it is possible tomore clearly

isolate and compare the physical mechanisms of cascade escalation.

Therefore, this study addresses this gap by applying a modified, partial Impact Chain approach to the

Brenner and Noto corridors. This allows for a direct comparison of how structural interventions function

across di!erent regions, providing empirical insights into their role in mitigating landslide-driven cascades

along critical mountain motorways.
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4 Study Area

Understanding the study area is essential for contextualising the research and defining the boundary con-

ditions of the partial Impact Chains developed later in this thesis. In this chapter, the Brenner Corridor and

theNotoSatoyamaKaidoaredescribedwith a focus ongeography, their significance in transit, regional con-

nectivity, and hazard environment, which serve as key inputs for the partial Impact Chain development and

comparison analysis in “Results” and “Discussion” chapters. It establishes a foundation for analysing how

infrastructure systems respond tomulti-hazard challenges across di!erent scales and governance contexts.

Furthermore, the specific cascading hazard occurrence cases used for the comparative analysis between

Brenner and Noto will be summarised, along with the associated research conducted to date.

4.1 Brenner Corridor: Austria - Italy

4.1.1 Geography

The Brenner Pass (elevation 1,370m, the lowest point on the main Alpine ridge) straddles Austria and Italy

within the Central Eastern Alps. It serves as a vital Alpine crossing route linking Northern and Southern Eu-

rope (Fikar et al. 2016;Wenzel et al. 2024). Moreprecisely, it is situated in thenorthernpart of theViptaValley,

cutting through the steep terrain leading to the Purgberg-Treibach mountain (elevation 3,097m). The area

surrounding the pass is divided between the railway station and customs zone of the village of Brenner, and

the narrow settlement of Gossensass at the foot of the steep slopes. Characterised by steep valley sides,

rugged terrain, and a narrow valley floor, even a"er the motorway opened, the constricted valley floor con-

tinues to restrict the placement of transport infrastructure and increases the risk of slope failures and other

hazards (Tirol Atlas 2013). Figure 1, adapted from Wenzel et al. (2024), depicts the Brenner Corridor from

Kustein to Bolzano. The red line represents the Brenner Highway, while the red circle indicates the location

of the A13 Gries am Brenner, where the cascading event under consideration in this thesis occurred. The

map in the lower right shows its position at the centre of Europe. It is also evident from the hillshade that

mountains surround the corridor.

4.1.2 Significance in Transit and Regional Connectivity

The Brenner Corridor, situated at the heart of Europe and serving as a vital hub connecting north-south

transport routes, is consequently one of themost heavily utilised transit connections in Europe, whether by

rail ormotorway (Fikar et al. 2016, p. 123). First, it should be confirmed that the Brenner Pass is the principal

mountain pass within Austria. According to the 2019 Survey of Alpine Crossings in Austria, overall, all ma-
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Figure 1: Location of the Brenner Corridor from Kufstein to Bolzano (red line: highway). Red circle marks
A13 Gries am Brenner, site of the studied cascading event. Inset: European position; background: shaded
DEM (adapted fromWenzel et al. (2024)).
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jor Alpine crossings in Austria show an upward trend compared to the 1999 survey (road +73%, rail +30%).

Among these, the Brenner Pass accounts for approximately 40% of Alpine freight transport in Austria. In

2019, a total of approximately 54.5million tonneswere transported via the Brenner Pass, with nearly 90%of

this being transit tra!ic (Wegscheider et al. 2022, p. 7). Additionally, the Brenner Passmaintains its position

as the most important Alpine crossing internationally. Despite topographical constraints, this pass handles

enormous north-south freight volumes at saturated transport capacity, playing a vital role within the inter-

national transport network. Specifically, this corridor is included within the Scandinavian-Mediterranean

Core Network Corridor, and is recognised as themain bottleneck within it. This corridor, the longest among

the EU’s Core Network Corridors, stretches from Finland’s border with Russia through Helsinki, Stockholm,

and Malmö to reach Germany’s ports at Hamburg and Rostock. It then follows heavy tra!ic routes west-

ward via Hannover and eastward through Berlin and Leipzig, merging at Nuremberg before heading south

to Munich, Verona (via the Brenner Corridor), Bologna, Rome, and Naples, with side branches to ports like

Genova, Livorno, Bari, and Taranto, ending in Palermo and linking to Malta by sea (European Commission

2024; Cavallaro et al. 2024). Figure 2 visually illustrates how the Brenner Corridor, due to its topographical

constraints, is a region where Europe-wide tra!ic is concentrated. The Brenner Base Tunnel, a major long-

term tunnel construction project, is currently underway. Its purpose is to eliminate the bottleneck within

the Scandinavian-Mediterranean Core Network Corridor and to realise a faster, more e!icient network (Cav-

allaro et al. 2024).

4.1.3 Hazard Exposure

The region is highly exposed to multiple natural hazards, most notably landslides, rockfalls, avalanches,

and forest fires, with documented events periodically a!ecting both road and rail operations (Ostermann

and Sanders 2017; Laimer 2017; Wenzel et al. 2024). Seasonal climatic conditions, including heavy snowfall

in winter and intense precipitation in summer, further increase exposure to hazard processes, and intense

rainfall has repeatedly triggered landslides and debris flows along the corridor (Fikar et al. 2016).

4.2 Noto Satoyama Kaido, Noto Peninsula, Japan

4.2.1 Geography

The Noto region is situated on the Noto Peninsula, which juts out into the Sea of Japan in the central part of

Mainland Japan, covering an area of approximately 2,400 square kilometres. Administratively, it comprises

twelve municipalities in Ishikawa Prefecture and one city in Toyama Prefecture. Suzu City, Ishikawa Prefec-
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Figure 2: Transport network including the Brenner Corridor. This map depicts the convergence of Europe-
wide networks on the Brenner Corridor, underscoring its key role in the Scan-Med Corridor (Wegscheider
et al. 2022, p. 62).
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ture, situated at the peninsula’s tip, the largest peninsula on Japan’s Sea of Japan coast, lies approximately

110 km as the crow flies and about 140 km by road from the capital of Ishikawa Prefecture, Kanazawa City.

It is approximately 80 km as the crow flies and about 160 km by road from Toyama City, across Toyama Bay.

Fig 3 illustrates the geographical context of the Noto Peninsula, with the Noto region, the broad subject of

this thesis, shown in red. In addition to the locations indicated on themap, Himi City (Toyama Prefecture) is

also inherently included within the definition of the Noto Peninsula (Ministry of Land, Infrastructure, Trans-

port and Tourism 2024e). However, as it is not part of the current review scope and is not traversed by the

Noto Satoyama Kaido, it will not be treated as a special case. Here, we list the municipalities traversed by

the Noto Satoyama Kaido and therefore subject to review: Kanazawa City, Uchinada Town, Kahoku City,

Hōdatsushimizu Town, Hakui City, Shika Town, Nanao City, Anamizu Town, and Wajima City. These munic-

ipal names were used as keys during the literature review. Topographically, it comprises the gently rolling,

quasi-plateau hills of the peninsula’s north and low mountain ranges centred on Mount Hōdatsu, which

stands at approximately 640 metres above sea level. The climate is typically rainy for the Sea of Japan

coast,withWajima recordinganannualprecipitationof approximately2,100mm. Peak rainfall occursduring

winter, the rainy season, and the typhoon season (Ministry of Land, Infrastructure, Transport and Tourism

2024e). One of the two study sites of this thesis, theNoto SatoyamaKaido, constitutes a unique corridor due

to its topographical characteristics. South of the Yanaida Interchange, it follows the coastline, while north

of this point, it traverses the mountainous region of the Noto Peninsula. It’s characterised by steep coastal

slopes, narrow lowlands, and limited connectivity to inland areas. This corridor restricts alternative trans-

port routes while heightening its importance as a primary access and evacuation route. Functionally, the

expressway supports not only dailymobility and regional logistics but also plays a critical role in emergency

response and post-disaster recovery.

4.2.2 Significance in Transport and Regional Connectivity

As mentioned in the previous section, the Noto Satoyama Kaido is a vital motorway connecting the Noto

Peninsula to Mainland Japan. In recent newspaper articles covering its restoration following the 2024 Noto

Peninsula Earthquake and following cascading hazards, this corridor was referred to as the “artery”, reflect-

ing how residents perceive its importance (The Asahi Shimbun 2024b). It has also been designated by the

Ministry of Land, Infrastructure, Transport and Tourism as a Primary Emergency Transport Route. This des-

ignation applies to vital routes where passage for emergency vehicles must be secured immediately a"er a

disaster to facilitate evacuation, rescue operations, and the supply of essential goods. These routes include

expressways, national highways, and the key roads connecting them (Ministry of Land, Infrastructure, Trans-

26



Figure 3: Geographical context of Noto Peninsula (red coloured area) and the Noto Satoyama Kaido (de-
picted as orange line; black crosses represent closed section during the 2024 Earthquake and a"ermath),
adapted from Ishikawa et al. (2026). he

port and Tourism 2008). In this thesis, National Route 249 is not included in the study area. This is because

it is an entirely coastal road that does not run through mountainous terrain, whereas the Noto Satoyama

Kaido snakes through hilly and mountainous sections. As the thesis focuses on slope protection measures

onmountain corridors, including Route 249 would not allow for ameaningful comparison with the Brenner

corridor.

4.2.3 Hazard Exposure

Historically, the Noto Peninsula has experienced numerous earthquakes and several di!erent hazards asso-

ciatedwith or induced by them. As amain regional lifeline, the corridor is highly vulnerable to earthquakes,

landslides, andheavy rainfall. This vulnerabilitywas clearly demonstratedby the2024NotoPeninsula earth-

quake, which triggered widespread slope failures and road disruptions across the peninsula, leading to ex-

tended closures of sections of the Noto Satoyama Kaido and connecting routes. These closures isolated

communities, delayed the transport of relief supplies, and highlighted the challenges of maintaining cor-

ridor functionality in a region exposed to frequent, overlapping hazards (Peng et al. 2025). Governance

andmaintenance are primarilymanaged by national road authorities and the prefectural government, with

decisions on closures and phased reopening directly a!ecting community isolation and access to essen-

tial services during hazard events. Indeed, it has been confirmed that the 2024 compound disaster involv-

ing earthquakes, landslides and torrential rain caused several tunnels to collapse, rendering the a!ected
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roads impassable (Chiba 2024). This prevented the securing of essential access routes for rescue opera-

tions, thereby hindering life-saving e!orts. During this period, alongside road repairs, alternative methods

such as air routes were attempted. However, the air route failed couple of times during the critical period

due to the badweather (ExtremeDisaster Management Headquarters 2024a; ExtremeDisaster Management

Headquarters 2024b; Extreme Disaster Management Headquarters 2025).

4.3 Similarities and Di!erences between the two Study Sites

While the Brenner Corridor has trans-European significance, the Noto Satoyama Kaido’s value is primarily

regional, ensuring access, logistics, and continuity during crises within the peninsula. Nevertheless, both

corridors share several structural similarities thatmake them suitable case studies for examining infrastruc-

ture resilience under multi-hazard conditions:

• Both function as geographically constrained transport lifelines with limited redundancy and strong

dependence on a single corridor.

• Both are exposed to multiple interacting hazards that can generate concurrent, cascading, or com-

pound impacts on transport infrastructure.

• In both cases, the functionality of the corridor is critical for sustaining mobility, logistics, and socio-

economic continuity during and a"er hazard events.

At the same time, the cases di!er with respect to spatial scale (trans-European vs regional), dominant

hazard profiles (Alpine vs coastal–seismic), and governance arrangements (cross-border EU corridor vs na-

tionally governed regional lifeline), providing a structured basis for the comparative framework developed

later in the thesis.
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5 Methodology

This chapter outlines the methodological framework used to investigate historical cascading hazard se-

quences, their interactions, and the documented consequences on the Brenner motorway and the Noto

Satoyama Kaido motorway. The primary objective is to identify cross-regional lessons regarding the e!ec-

tiveness of slope protection measures within these multi-hazard contexts.

The methodology follows a sequential, qualitative design consisting of:

1. A semi-systematic literature review to gather documented evidence of hazard events and protec-

tion strategies.

2. The reconstruction and visualisation of cascading sequences through simplified Impact Chains

(ICs) to map hazard-consequence interrelationships.

3. A comparative content analysis between the Brenner and Noto cases, evaluating the divergence of

slope protection e!ectiveness.

To ensure the research questions and hypotheses are addressed with methodological rigour, this study

employs aqualitative synthesis of literature-derivedevidence. This approachallows for the systematic iden-

tification of cascading event chains and the assessment of road impacts based on technical reports and aca-

demic studies. Crucially, the hypotheses are framed to be testable through this synthesis, allowing for clear

validation (e.g., in a supported/unsupported form) ofwhether protectionmeasures e!ectivelymitigated the

hazard cascades or consequences in each corridor.

The following sections detail the development of this conceptual framework and the specific analytical

steps taken to execute this comparative analysis.

5.1 Literature Review Approach

The literature review aimed to examine documented cascading hazard sequences, their interactions and

impacts on both the Brenner motorway and the Noto Satoyama Kaido motorway within the multi-hazard

framework. Given that the two study sites are far apart, a semi-systematic review approach was adopted

for the literature review. According to Snyder (2019), a semi-systematic review is suitable for providing an

overviewof a researchareaand tracinghowa topichasdevelopedover time. It is alsopresumed tobepartic-

ularly e!ective for comparative research across widely separated regions, where historical studies are scat-

tered, and a fully comprehensive search is challenging. Snyder (2019) also points out that a semi-systematic
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review can be combined with qualitative analysis, whereas a systematic review can primarily only be com-

bined with quantitative analysis. This approach also aligns well with the aims of this thesis, as studies on

cascading events along the distant Brenner and Noto are dispersed across multiple sources.

Sources were collected from u:search, Google Scholar, Science Direct, and other publisher platforms

when necessary, using combinations of keywords such as “slope protection”, “cascading hazards”, “impact

chain”, “slope protectionmeasures”, and “Brenner Autobahn” and related terms. By linking these keywords

with the Boolean operator “AND”, focused results were obtained through 14 di!erent search strings.

From these searches, a total of 43,252 records were identified across all databases. A"er removing du-

plicates and conducting a rigorous screening process of titles and abstracts based on the inclusion and ex-

clusion criteria (Table 2), 18 relevant sources were systematically yielded from 5 of these search strings. The

majority of the excluded literature concerned case studies from Noto, focusing specifically on hazards such

as submarine landslides or pure earthquake engineering, which lacked the multi-hazard or infrastructure

focus necessary for this comparative analysis.

To ensure a comprehensive qualitative synthesis, particularly regarding theoretical foundations and

recent real-world incidents, these systematically identified sources were supplemented by 57 additional

sources. These include 22 fundamental theoretical papers and Alpine-specific studies identified through

prior research trajectories and backward snowballing (e.g., Gill and Malamud (2016)), as well as 35 o!i-

cial reports (e.g., Extreme Disaster Management Headquarters (2024a)) and selected news articles retrieved

through targetedmanual searches for event-specific data. In total, 75 sources were utilised for the analysis.

All search strategies, including the detailed results of the 14 systematic search IDs, snowballing (SN01),

and prior knowledge (PK01) are detailed in the search ID table (Appendix A) and the literaturemanagement

table (Appendix B) provided in the Appendices, following the guidelines by Karolinska Institutet University

Library (2021).

5.2 Hazard Interaction Visualisation

Hazard interactions were visualised through impact chains, primarily following the conceptual approach

proposed in the PARATUS project. Impact chains are used as analytical tools to trace how climate or natu-

ral hazards, exposure and vulnerability combine to generate impacts on specific systems (Coccuccioni et al.

2023; Albulescu and Arma# 2024). However, in this thesis, impact chains are adapted to focus only on haz-

ards and their consequences documented for the Brenner motorway and the Noto Satoyama Kaido, explic-

itly incorporating slope protection elements as nodes and links. Therefore, particular attentionwas given to

sequences where landslides a!ected road infrastructure and where slope protection measures influenced
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Table 2: Inclusion/Exclusion Criteria

Category Include Exclude Notes
Language English, German, Japanese All others
Timeframe Primarily last 10yrs; litera-

ture up to 2006 if scarce
Published before 2010 (nor-
mally excluded); exceptions
are 1. older key works 2. lit-
erature relevant to the haz-
ard on the Noto Peninsula
on 25.03.2007

—

Topic/ Scope Multi-hazard conceptual
frameworks, hazard interac-
tions, cascading e!ects, im-
pacts, impact chains, slope
failure, cascading events on
the Brenner motorway (on
13.10.2024)/ Noto Peninsula
(on 01.01.2024 or if relevant
to the slope protection
measures, on 25.03.2007)

Single events without link
to hazards or infrastructure;
purely social impact studies
without infrastructure com-
ponent; cascading hazards
not on the Brenner motor-
way/ the Noto Peninsula; re-
ports only on earthquake
and submarine landslides

—

Document
type

Peer-review articles, con-
ference proceedings,
high-quality government or
intergovernmental reports,
selected news articles*

Low-detail news items;
sources lacking method-
ological transparency

*News articles can only be
used when: 1. To provide re-
cent, local, event-specific in-
formation 2. To illustrate so-
cial context, public percep-
tion, or responses to hazard
events 3. When academic or
o!icial reports are lackingor
outdated for particular sites,
events, or community im-
pacts.

the progression or impacts of cascading events, while risks, vulnerabilities, and exposures are deliberately

omitted to avoid unnecessary complexity. The following elaborates on this unique adaptation of the impact

chain framework. The impact chain approach proposed by the PARATUS project typically serves as a com-

prehensive visualisation tool that illustrates the interrelationships among key elements: hazard, exposure,

vulnerability, impact, and risk, o"en presented in diagrammatic form. According to the PARATUS frame-

work, while participatory workshops are o"en emphasised to capture socio-economic narratives, impact

chains canalsobevalidlydeveloped throughadesk-basedanalysis of scientific literatureandevidence (Coc-

cuccioni et al. 2023). Due to time and resource constraints, the latter approach was adopted in this thesis.

Some versions of this framework even incorporate additional factors, such as global environmental change

drivers, to contextualise evolving risk patterns over time. However, this thesis deliberately limits the scope

to hazards and their direct consequences, as documented in the literature for the Brenner motorway and

the Noto Satoyama Kaido, while explicitly positioning slope protectionmeasures as central nodes and links
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within the chains.

This partial adaptation is necessary because the study relies exclusively on a qualitative reconstruction

fromexisting literature sources. Incorporatingexposure (e.g., tra!ic volumes, alternative routes) andvulner-

ability (e.g., material strength, geological conditions) would demand quantitative data such as GIS-based

spatial analysis or detailed asset inventories, which are challenging to obtain comprehensively within the

six-month timeframe of a master’s thesis. As noted in Chapter 1, risk itself is not simply a product of haz-

ard and consequence alone; it arises from their interaction with exposure and vulnerability, adjusted for

capacities, o"en expressed through established equations like Risk = Hazard × Exposure × Vulnerability / Ca-

pacity (De Angeli et al. 2022). Without reliable quantitative inputs for these elements, including risk, would

introduce unsupported assumptions and undermine the analysis’s credibility.

By focusing solely on hazards, consequences, and slope protection, this approach maintains method-

ological rigour while enabling a clear comparative examination of cascade sequences across the two

corridors. The benefits include enhanced transparency in tracing how slope protection intervenes in

documented events (e.g., interrupting debris flows or attenuating secondary impacts) and feasibility for

literature-only synthesis, directly supporting the researchquestions onmeasuringdi!erences ande!ective-

ness. While this partial chain omits a fuller risk picture, addressed as a limitation in Section 5.4, it prioritises

depth in the core comparative axis over breadth, allowingmeaningful insights into protection performance

under cascading conditions.

Therefore, it is logically sound to focus on cascading chains involving instances where landslides im-

pacted mountain corridors and where slope protection measures influenced the progression or e!ects of

cascade phenomena, deliberately excluding risk, vulnerability, and exposure.

The reconstruction proceeded in four sequential steps. First, a preliminary “Event Description” was

dra"ed for each case study to provide a qualitative overview of the disaster context based on initial liter-

ature screening. Second, a detailed “Event Inventory” was compiled to consolidate scattered information

from multiple sources into a consistent structure, categorised into: (1) Hazard and Physical Processes, (2)

Consequences, and (3) Emergency Response and Recovery. Third, these details were synthesised into a

standardised “Event Chronology Table” (Tables 4 and 5). To ensure cross-case comparability between the

disparate contexts of Brenner and Noto, a harmonised analytical framework was developed. As detailed in

Table 3, this framework consists of four consistent fields, Time/Phase, Event Description, Slope Protection

Role, and Road Impact & Response, allowing for a systematic alignment of scattered data into a comparable

temporal progression. This step focused on filtering out non-essential details while specifically recording

the timing of triggers, subsequent slope failures, and any reported protective or emergency measures. Fi-

32



nally, these chronologies were translated into partial Impact Chains.

In these diagrams, nodes represent individual hazard states or documented consequences (including

slope protection elements), while arrows represent causal links documented in or strongly inferred from

the literature. The primary purpose of these chains is not to quantitatively model physical processes but to

integrate existing knowledge into a transparent, system-focused representation. Furthermore, these partial

impact chains serve as the foundation for the comparative analysis between Brenner and Noto. These nar-

ratives describe, in chronological order, how the documented hazard sequences unfolded and where slope

protection measures influenced the progression or attenuation of impacts. Consequently, both the chains

and the narratives are best understood as qualitative, evidence-based reconstructions of historical events

rather than independent scenario-modelling exercises.

Table 3: Harmonised fields used in the Event Chronology Tables (Tables 4 and 5) for chronology compilation

Field Description

Time/Phase Specifies the exact timing of the trigger or the specific recovery
phase (e.g., Transition, Partial/Full Recovery).

Event Description Describes the physical hazard process, including the triggering
event (seismic loading or rainfall) and the resulting slope
movements.

Slope Protection Role Analyses how structural or operational protection measures
responded to the hazard (e.g., resilience, failure, or need for
upgrades).

Road Impact &
Response

Summarises the systemic consequences for the road network and
the corresponding emergency or restoration actions taken.

5.2.1 Hazard Selection Criteria

Brenner

For the Brenner corridor, this thesis focuses on a single, well-documented landslide case a!ecting the Bren-

ner Autobahn (A13) near the former customs area at Gries am Brenner, as reported by GeoSphere Austria

(Haberler et al. 2024). In this event, intense rainfall in the southern part of the Innsbruck-Land district led to

flooding, debris flows, and a large landslide that blocked both carriageways of the A13 during the night of

31 October, with additional instability requiring further protective and remediation measures at the slope.

This specific case is selected because it directly involves a highway slope in amountain corridor setting that

is comparable to the Noto Satoyama Kaidō, and because the documentation provides su!icient detail on

triggering conditions, slope response, and subsequent safety measures to allow a meaningful comparison
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with the Noto case.

This case was selected because (i) it occurred directly on the Brenner Motorway (A13), (ii) it is docu-

mented by reliable institutional sources such as GeoSphere Austria, and (iii) it represents a recent cascading

event in which intense rainfall triggered slope failures, making it temporally comparable to the Noto case

under current discussions about increasingly condensed extreme precipitation in a changing climate. In ad-

dition, themagnitude and complexity of the event are well suited to the scope of amaster’s thesis, allowing

a focused yet meaningful one-to-one comparison with the Noto Satoyama Kaidō corridor.

Noto

The 2024 Noto Peninsula earthquake (Mw 7.6) generated an extensive multi-hazard sequence, including

more than 1,000 landslides across IshikawaPrefecture, with several large-scale embankment collapses doc-

umentedon theNotoSatoyamaKaidō itself; the overall scale and spatial spreadexceedwhat canbe exhaus-

tively covered in this thesis. According to precipitation observations by the Japan Meteorological Agency at

Shika City, a daily total of 29 mm of precipitation was recorded on 3 January 2024, which is interpreted

here as a substantial rainfall event (JapanMeteorological Agency 2025b); consequently, landslides reported

on and a"er the 4 January bulletin are regarded as having been triggered by a combination of earthquake

shaking and rainfall, whereas earlier landslides are interpreted as primarily earthquake-induced. Precipi-

tation data for Anamizu Town, which is located closer to the mountainous section of the Noto Satoyama

Kaidō, largely contain missing values, making a detailed assessment of local hydrometeorological condi-

tions di!icult at present (Japan Meteorological Agency 2025b); future studies using higher-resolution and

more complete precipitation datasets are expected to better constrain the timing and intensity of rainfall in

this area.

Tomaintain a clear focus and ensure comparabilitywith theBrenner corridor case, this study adopts explicit

criteria for selecting events and evidence. First, with respect to spatial relationship, the analysis is restricted

to the mountain corridor of the Noto Satoyama Kaidō and its surroundings; phenomena occurring outside

the Noto Peninsula or at greater distances from the corridor are not considered further, so that the discus-

sion remains centred on slopes that interact directly with the road infrastructure. Second, regarding hazard

types, the thesis concentrates on the earthquake itself and on subsequent rainfall-related landslides, as

these processes are directly responsible for slope instabilities a!ecting the corridor, and their timing can be

reasonably reconstructed from o!icial bulletins and meteorological observations. Third, in terms of con-

sequences, emphasis is placed on slope instabilities and their implications for accessibility, emergency re-

sponse, and local communities, rather than on a full inventory of all economic losses, in order to stay close

to the core theme of slope processes and protection measures.
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This delimitation allows a structured comparison between Noto and Brenner that is grounded in repro-

ducible sources, such as reports by professional societies and documentation by Japanese authorities in-

cluding MLIT and the Cabinet O!ice, while keeping the volume of data manageable for a master’s thesis.

The spatial focus on the corridor-scale environment also reflects how slope protection and hazardmanage-

ment are typically planned and implemented in practice, providing a realistic frame for interpreting both

pre-existing measures and observed failures. If more detailed spatial information on individual collapses

becomes available in futurework, the corridor boundaries and distance thresholds used here can be refined

accordingly, but such refinements would not alter the basic logic of separating predominantly earthquake-

induced failures from those influenced by the subsequent rainfall event.

5.2.2 Review Process for Identifying Hazard Sequences

Although both cases followed a fundamentally similar systematic process for identifying and reconstructing

hazard sequences from literature sources, several key di!erences in data availability, documentation styles,

and contextual factors necessitate dedicated subsections for each. This modular approach not only high-

lights methodological adaptations to case-specific challenges but also enhances the overall reproducibility

of the partial impact chain development, allowing future researchers to trace and replicate the sequence

identification steps independently for each corridor. The primary di!erences include:

• Variations in referenced materials: For Brenner, reliance on Geosphere Austria’s gravitational mass

movement reports (e.g., Haberler et al. (2024)) contrasts with Noto’s use of comprehensive Cabinet

O!ice damage assessments and MLIT engineering surveys on post-2024 cascading events along the

Noto Satoyama Kaido (e.g., Ministry of Land, Infrastructure, Transport and Tourism (2024f)).

• Di!erences in hazard scales: Brenner events involve localised heavy rainfall-induced landslides caus-

ing tra!ic disruptions confined to the Alpine vital route, whereas Noto’s involved the Mw 7.6 earth-

quake, followed by cascaded hazards and consequences such as delayed heavy rains amplifying

widespread landslides across the peninsula (sequential cascades, over several days).

This separation not only accommodates case-specific nuances but also facilitates direct cross-case compar-

ison of sequence identification challenges, bridging European and Japanese documentation styles toward

unified partial impact chain insights.

Brenner

The primary source for the Brenner case is the detailed Geosphere Austria report on gravitational mass

movements in Austria for 2023 (Haberler et al. (2024)), which provides authoritative timelines and descrip-
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tions of the Gries am Brenner debris flow event. From this starting point, snowballing techniques were sys-

tematically applied to identify further sources, primarily high-quality news articles from German-language

media like ORF and Der Standard, which o!ered eyewitness accounts and immediate post-event visuals.

However, these initial materials le" notable gaps, especially on precise hazard timelines, further details of

the cascading hazards (such as the sequence from initial slope instability to road blockage), and the per-

formance of slope protection measures like protective nets during the event. To complement this missing

information comprehensively, an additional targeted literature review was conducted, incorporating peer-

reviewedAlpinehazard studies tofill in theoperational and structural responseaspects critical to the impact

chain.

Noto

For the Noto case, the primary source is the damage report series issued by the Cabinet O!ice, whichmetic-

ulously documents the 2024 Noto Peninsula cascading events and impacts on infrastructure, including the

Noto Satoyama Kaido. Snowballing techniques were then employed to expand the source pool, drawing

primarily from complementary o!icial documents such as MLIT report on road damages, JMA precipitation

data, linking post-earthquake rains to secondary landslides, and selected news articles from Japanese me-

dia like NHK for supplementary timelines and residents’ perception. The Cabinet O!ice reports are detailed

and abundant, covering everything from fundamental information on each and every hazard that occurred

to regional isolation e!ects, allowing a robust reconstruction of cascades. Specifically, the necessary infor-

mation was gathered through a structured four-step process: First, targeted search keywords (e.g., “Noto

Satoyama Kaido”, “slope failure”) were defined based on research questions. Second, these were systemat-

ically queried across the PDF reports using the search function. Third, the extracted timelines and sequence

were cross-verified against MLIT/JMA reports and data to confirm causal links, such as earthquake-induced

cracking followedby rain-triggeredamplification. Fourth, snowballing identifiedanyoverlookeddetails that

can help visualise the partial impact chain.

5.2.3 Drawing Process for Impact Chain

As a drawing tool, draw.io (https://app.diagrams.net/) was used. The visualisation process focused onmap-

ping the sequential dependencies between hazards and their consequences based on the empirical evi-

dence discussed in Chapter 6.
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5.3 Comparative Content Analysis: Brenner vs. Noto

To contextualise the findings from the reconstructed impact chains of the Brenner corridor, a qualitative

comparative frameworkwas developedusing the 2024NotoPeninsula earthquake sequence along theNoto

Satoyama Kaido as the reference case. This cross-regional comparison tests the transferability of the par-

tial impact chain approach from a European Alpine setting (Brenner, a PARATUS study site) to a seismically

active Japanese mountainous corridor, despite di!erences in hazard profiles and scale. The two sites were

selected for their shared characteristics as narrow mountain motorways exposed to landslide-dominated

cascades, with limited redundancy and high criticality for transnational (Brenner)/regional (Noto) connec-

tivity. Both feature documented recent events (Brenner 2023 heavy rain-debris flow; Noto 2024 earthquake-

rainfall-slope failures) where slope protection measures played a documented role, enabling direct assess-

ment of intervention points in sequences. Di!erences, Alpine precipitation focus vs. seismic-rainfall cas-

cading and protection nets vs. reinforced embankments, allow exploration of context-driven comparative

analysis.

The comparison is structured along twomain dimensions:

• Hazard sequences: Trigger types (e.g., rainfall intensity vs. seismic acceleration), cascade

length/progression (number of links), and propagation patterns (spatial extent along corridor).

• Slope protection e!ectiveness: Measure types (design), positioning in chains (pre-trigger/pre-

failure/post-impact), and documented outcomes (damage reduction).

Following Mayring (2014)’s structuring of qualitative content analysis, categories were deductively de-

fined from theory, incorporating clear recording units and quantitative elements such as text shares per

theme. To identifywhether a specificdocument treats aparticular topic as its primary focus, a three-stepde-

cision logic was applied: (i) explicit mention in the title, headings, or opening section (operationalisation of

the recording unit); (ii) the text devoted to that theme occupying at least approximately 30%of total volume

(integrating Mayring (2014)’s quantitative step of analysing category frequencies and volumes); and (iii) evi-

denceof analytical depth indicatedbycausal explanationsorquantitativedetails (followingMayring (2014)’s

emphasis on systematic category definition and the establishment of clear evaluation criteria). Based on

these criteria, the intensity of information in each document was systematically categorised into a four-tier

scale (Primary Focus, Secondary Focus, Minimal Mention, and No Mention) to visualise the documentation

density. By establishing our own evaluation criteria based on the ideas outlined in Mayring (2014)’s work,

we aim to summarise and compare the focus of each key document and the descriptions relating to slope

protection measures.
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5.4 Limitations Relating to Methodology

Themethodological approach of this thesis is subject to several limitations.

While the literature review draws on publications in English, German and Japanese, the use of multi-

lingual sources inherently carries the possibility of interpretive variation. Also, as a non-native speaker of

English and German, it cannot be denied that there may be a bias in the literature search. Di!erences in

terminology, institutional vocabulary and hazard classification systems between languagesmay a!ect how

certain concepts are represented. These risks were mitigated through cross-referencing of multiple docu-

ments.

Although the Impact Chain framework is typically used for comprehensive risk assessments, this thesis

deliberately adapted it to focus onhazards and their consequences. This targeted scopingwas chosen to en-

sure analytical depth in tracing specific hazard-sequence interactions and the responses of slope protection

measures within the available research period. By focusing on qualitative reconstructions rather than a full-

scale vulnerability assessment, the analysis prioritises the detailed examination of how physical cascades

unfold indi!erent geographic contexts. Additionally, thedeveloped ImpactChains represent simplified con-

ceptualmodels anddonot replacephysical or statisticalmodelling. The reconstructionof hazard sequences

is inherently qualitative and relies on interpretive judgement based on documented historical evidence.

Di!erences between artificial embankments in Noto and predominantly natural slopes in the Brenner

Corridor may limit the direct comparability of protection measures. In addition, the geographically distant

locations (Japan vs. Austria-Italy) introduce contextual variations in climate, geology, regulatory frame-

works, and socio-economic conditions, potentially complicating cross-case generalisations. These chal-

lengesweremitigatedby focusing the comparative analysis on shared characteristics: both as criticalmoun-

tain corridor motorways with slope protection measures, comparison of recent cascading events involving

landslides (within the past three years under climate change influences), and ensuring analytical focus on

transferable insights intomulti-hazard impacts. Future studies could incorporate quantitative modelling or

local fieldwork to validate these qualitative comparisons.

5.5 Usage of AI

To ensure the rigorous analysis of multilingual primary sources and to bridge the linguistic gap between

Japanese (native), English, and German (non-native), this study utilised Machine Translation (MT) for initial

dra"ing and Large Language Models (LLMs) as supplementary tools for translation and stylistic refinement.

The primary objective of using AI was to maintain the transparency and accuracy of the author’s original
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arguments while ensuring academic clarity in English. To mitigate the risk of hallucinations or unautho-

rised alterations to the research findings, a specific prompting strategy was employed. The AI was strictly

instructed to act as a linguistic collaborator rather than a content generator. A representative example of

the prompts used is as follows:

“Please translate/refine the following text, adhering strictly to the author’s original arguments and nuances

without introducing any external information or unverified facts. If there are critical suggestions for clarity,

please list them separately as bullet points.”
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6 Results of the Hazard Sequence Visualisation and Comparative Content

Analysis

As outlined in Chapter 5 (Methodology), the Impact Chain framework, typically designed for comprehensive

multi-hazard analysis incorporating hazards, consequences, vulnerability, exposure, and risk (Coccuccioni

et al. 2023), was adapted here to focus solely on hazards and consequences. Two partial Impact Chain visu-

alisationswere thus developed using event-specific grey literature (primarily o!icial reports and emergency

logs). To ensure a systematic comparison, each case study is documented using an identical dual-layered

approach: an event inventory and an event chronology table. The event inventory serves as the primary

qualitative database, capturing detailed process interactions and responses of slope protection measures,

which help in understanding the unique role of slope protection in each event. The event chronology ta-

ble then provides these details in a standardised temporal sequence, o!ering the necessary abstraction to

develop the subsequent Impact Chains. By presenting both the detailed collection of evidence (Inventory)

and its temporal extraction (Table) side-by-side, this chapter provides a transparent process for developing

the Impact Chains, thereby supporting the subsequent comparative analysis between Brenner and Noto.

Building on these visualisations, hazard sequences for each event and documented slope protection per-

formance were systematically extracted from relevant sources, then subjected to comparative analysis. As

described in Chapter 5, this examined whether slope protection measures functioned e!ectively, via qual-

itative content analysis coding and counting selected keywords/phrases across the literature. Sections 6.1

and 6.2 present these results for each study area. First, the narrative descriptions for each event (Section

6.1.1 and 6.2.1) are provided to o!er a bird’s-eye view of each event; this ensures the reader understands

the essential context before engaging withmore technical and detailed information. Then, the event inven-

tories (Section 6.1.2 and 6.2.2) are used to elucidate the interrelationships between hazards and impacts

by categorising all documented details. These are followed by the event chronology tables (Table 4 and 5)

that standardise the temporal sequences. Finally, the developed Impact Chain diagrams (Fig. 4 and 5) are

presented. It should be reiterated that all this content was derived from the literature, and no stakeholder

workshops, as recommended by the PARATUS project, were conducted. The reason for this, as outlined in

theMethodology chapter, is to examinewhether it is evenpossible to construct an impact chainbased solely

on a literature review without holding stakeholder workshops, and, if so, whether there is a significant dif-

ference in its significance compared to caseswhere stakeholderworkshopswere conducted. This addresses

the research question 1 (RQ1), whichwill be answered based on the results presented throughout this chap-

ter. Furthermore, a synthesis of findings for all RQs and hypotheses will be specifically provided in Section
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6.3.3. Based on these two visualisations, we then present the results of a content analysis examining the

extent to which slope protection measures were e!ective in each region and how they were documented.

6.1 The Cascading Hazards in the Brenner Autobahn

6.1.1 Event Description

On the night of October 31, 2023, a prolonged heavy rainfall triggered a debris flow event, which eventually

disrupted the A13 Brenner Autobahn in both directions at km 33.75 (over↑80 m), close to the former cus-

toms checkpoint at Gries am Brenner, which buried a northbound vehicle (occupants unharmed), leading

to a complete closure of the road for several days (ORF Tirol 2023). Therea"er, until geological assessments

were completed and the road was fully reopened, a single-lane counterflow operation was in place for sev-

eralweeks (5min.at 2023). This event exemplifies cascadingmulti-hazards in alpine corridors, where intense

precipitation triggered slope failure despite protective measures.

6.1.2 Event Inventory

The following subsections provide a comprehensive inventory of facts regarding the Brenner debris-flow

cascade, categorised by hazard mechanisms, slope responses, consequences, and recovery measures.

While Table 4 summarises the temporal progression and specific timings of the event to provide a chrono-

logical foundation, this qualitative outline emphasises the process interactions and protectionmeasure re-

sponses necessary for constructing the subsequent Impact Chain.

1. Hazard and Physical Process

• Trigger Mechanism: Intense Rainfall

Heavy and sustained downpours from lateMonday into early Tuesday saturated the steepwest-facing

slopes above the A13motorway at km 33.75. Data from Land Tirol (2023) show, precipitation reached

amaximum of 118mm/day—120–200% of the long-term average in the Brenner region, aligning with

regional extremes across Tyrol and climate, amplified patterns that initiated significant slope insta-

bility (Haberler et al. 2024). According to GeoSphere Austria (2023), a heavy rain warning had already

been issued the day before.

• Primary Hazard: Debris FlowMobilisation

At approximately ↑02:40 AM, a debris-laden flow involving loose rock masses and uprooted trees

overtopped and breached existing slope protection measures (protection nets). The landslide incor-
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porated significant woody debris, which increased the destructive force of the flow as it descended

toward the motorway lanes (Haberler et al. 2024).

• Slope Instability Post-event geological assessments identified approximately 4, 000m3 of unstable

material remaining on the slope. Coupled with unfavourable weather forecasts, this residual mass

posed a continuous threat of secondary slides, dictating the duration of the emergency phase (Haber-

ler et al. 2024).

2. Consequences

• Failure of Slope Protection Measures

Existing protection nets were breached by the momentum of the flow. While the nets partially inter-

cepted the debris and likely prevented more severe damage to vehicles, the volume exceeded their

design capacity, resulting in the total blockage of the corridor (Haberler et al. 2024; ORF Tirol 2023).

• Immediate Impacts: Motorway Blockage

A full closure in both directions halted critical TEN-T north-south freight (54.5 Mt/Year; Cavallaro et

al. (2024)). Although a northbound vehicle was struck and engulfed by the debris, both occupants

were rescued unharmed. This lack of fatalities suggests that even in structural failure, the protection

measures provided a critical temporal and physical bu!er (ORF Tirol 2023; Haberler et al. 2024).

• ImpactsonRegional ConnectivityThe closure of theA13necessitatedan immediate tra!ic diversion

via theB182 (Brennerbundesstraße). Given the inherent capacity constraints of the local roadnetwork

compared to the motorway, ASFiNAG anticipated significant tra!ic disruptions, particularly a!ecting

the morning rush hour (meinbezirk.at 2023).

3. Emergency Response and Recovery

• Emergency StabilisationMeasures The voluntary fire brigade (Freiwillige Feuerwehr Gries amBren-

ner) conducted initial clean-up using heavy machinery. ASFiNAG subsequently coordinated the re-

moval of the loosematerial and stabilised the slope toprevent further cascades (Freiwillige Feuerwehr

Gries am Brenner 2023; 5min.at 2023).

6.1.3 Event Chronology Table

Asmentioned above, Table 4 aims to clearly depict the timeline and sequence of events. For clarity, certain

terms related to phases are predefined here, fundamentally common to both the Brenner and Noto cases.

Phase: Divided into three categories based on road openness for later comparative analysis.
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1. Transition: Phase where emergency response work, such as emergency road opening, is underway.

2. Partial Recovery: Statewhere tra!ic functions have recovered (e.g., single-lane functionality restored)

but due to imperfections, inconveniences remain.

3. Recovery: State where not only tra!ic functions have recovered, but restoration has reached pre-

hazard levels.

Additionally, to ensure the transparency and reliability of the reconstructed timeline, specific sources

are noted individually within each table cell. This reflects the process of cross-referencing multiple grey

literature and news articles to build a comprehensive chronology.

Besides, three points are clarified before presenting the table.

• Information Volume and Event Scale: The di!erence in the volume of information between the two

tables reflects thedistinct spatial and temporal scales of theevents. While theBrenner case focuseson

a localised, rapid debris-flow cascade, the Noto case covers a wider geographic area and amore pro-

longed sequence of seismic and pluvial interactions, necessitating a more extensive documentation

of events.

• Classification of Elements: The columns are categorised to align with the subsequent Impact Chain

development and comparative analysis: ’Event Description’ primarily captures the hazards (and oper-

ations where appropriate), ’Slope Protection Role’ focuses on the structural responses (process), and

’Road Impact and Response’ documents the direct consequences (impact). This ensures a consistent

transition from raw data to the visualisation process.

• Temporal Resolution: The temporal resolution of the tables varies depending on the intensity of the

event phase. High-resolution (daily) entries are used for the acute hazard phase, where rapid changes

occurred, whereas lower resolution (weekly or monthly) is applied to the recovery phase to capture

long-term restoration processes and cumulative e!orts.

6.1.4 Partial Impact Chain Visualisation

Based on the event inventory and chronological data presented in the previous sections, a partial Impact

Chain was constructed to visualise the causal relationship between the documented hazard and conse-

quences (see Figure 4). The visualisation illustrates how the primary trigger—heavy rainfall—propagated

through the physical failure of slope protection systems to result in a cascade of impacts. Specifically, it
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Table 4: Chronology of the Brenner A13 Debris-Flow Event and Response Strategy

Time/Phase Event Description Slope Protection Role Road Impact & Response

30–31 Oct 2023 Prolonged intense rain
saturated west-facing slopes
above A13 (km 33.75)
(Haberler et al. 2024).

Existing protection nets
in place.

No immediate impact; slope
saturation initiated.

02:40, 31 Oct Debris flow (loose rock and
wood) descended from a steep
gully (Haberler et al. 2024).

Nets breached bymass
momentum (Haberler
et al. 2024; ORF Tirol
2023).

Full closure; northbound car
engulfed (occupants
unharmed, no
fatalities)(Haberler et al. 2024;
ORF Tirol 2023).

Immediate
Post-failure

Initial emergency response by
FF Gries am Brenner and
ASFiNAG (Freiwillige
Feuerwehr Gries am Brenner
2023).

Nets may have
provided a critical
bu!er despite
structural failure.

Diversion via B182; significant
tra!ic disruptions anticipated
(ORF Tirol 2023; meinbezirk.at
2023).

Days a"er (Tran-
sition/Partial
Recovery)

Heavy machinery deployed for
clearance; 4,000m3 unstable
mass identified (Haberler et al.
2024).

Remaining measures
deemed insu!icient
due to slope instability;
further sliding risk.

One lane per direction
reopened; prolonged partial
closure initiated (5min.at
2023).

Several Weeks
(Recovery)

Targeted maintenance and
removal of residual 4,000m3

material (Freiwillige
Feuerwehr Gries am Brenner
2023; 5min.at 2023).

Stabilisation and repair
of the protection
system.

Full restoration and reopening
following finalised works.

maps the sequence from the rupture of a protection net to the long-term closure of the A13. This diagram

serves as a conceptual framework for understanding the cascade of consequences following the structural

failure, bridging the gap between raw event data and the subsequent socio-economic impacts. Addition-

ally, it highlights how residual slope instability, identified post-event, necessitated prolonged operational

restrictions to ensure safety.

6.2 The Cascading Hazards in the Noto Satoyama Kaido Motorway

6.2.1 Event Description

As described in Chapter 4, the Noto Satoyama Kaidowas subject to extensive retrofitting following the 2007

earthquake (Mw 6.9). These measures, including geotextile-reinforced soil and drainage improvements,

were specifically designed tomitigate embankment failures in the region’s stream-filled catchment terrains

(Morimoto et al. 2017; Tsukada 2024). The 1 January 2024 earthquake, however, represented a cascading

event where the seismic intensity significantly surpassed these pre-existing design limits. TheMw 7.6main-
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Figure 4: Partial Impact Chain for the A13 Gries am Brenner debris-flow cascade (30–31 Oct 2023, km 33.75)
(Haberler et al. 2024; Freiwillige Feuerwehr Gries am Brenner 2023).
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shock triggered a new sequence of large-scale collapses across mountainous sections, particularly in high-

fill embankments. To maintain consistency with the Brenner case study, the following sections adopt the

same structural framework: identifying the sequence of hazards, the structural response of slope protec-

tionmeasures, and the subsequent consequences. Given themagnitude ofMw7.6, the earthquake’s impact

was geographically extensive, resulting in diverse damage across the country. However, as justified in the

methodology (Chapter 5), this analysis focuses specifically on the Noto Satoyama Kaido. This corridor is

designated as a Primary Emergency Transport Route by MLIT and plays a vital role in connecting the penin-

sula tip to the wider region. By visualising the hazard sequence, including responses of slope protection

measures, the aim is to compare and contrast two distinct corridors and to highlight the interrelationships

among hazards, slope protection measures, and consequences. Accordingly, Table 5 provides a chronolog-

ical summary of the relevant hazard sequences, from the initial seismic trigger to the resulting regional iso-

lation, based on evidence derived from recent technical surveys and literature sources (Chiba 2024; Ministry

of Land, Infrastructure, Transport and Tourism 2024f; Extreme Disaster Management Headquarters 2024a).

6.2.2 Event Inventory

The following subsections o!er a comprehensive inventory of documented facts for the Noto Satoyama

Kaido corridor earthquake-landslide cascade, organised by hazard mechanisms, slope (embankment) re-

sponses, consequences, and recovery measures. Table 5 o!ers a chronological summary of key timings

and progression, laying the groundwork for analysis, while this outline highlights process interactions and

slope protection responses essential to the subsequent Impact Chain. The whole structure mirrors that of

the Brenner case study, to ensure the application of the same framework, so that one can compare the two

hazard cascades that occurred in distinct places yet under comparable conditions.

1. Hazard and Physical Process

• Trigger Mechanism: Mw 7.6 Mainshock

On 1 January 2024, the Noto Peninsula Earthquake (JMA intensity 7) generated extreme seismic load-

ing. According to Ministry of Land, Infrastructure, Transport and Tourism (2024a), the intensity of the

ground motion exceeded the seismic design standards established during the post-2007 restoration

works.

• Primary Hazard: Embankment Instability and Collapse

The intense shaking triggered continuous and large-scale collapses of high embankments. These fail-

ureswere concentrated in stream-filling sections, where topographical factors and groundwater path-
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ways combined with the high seismic intensity to cause a sudden loss of shear strength in the fill ma-

terial, leading to massive structural breaches across the motorway (Ministry of Land, Infrastructure,

Transport and Tourism 2024a; Chiba 2024; Tsukada 2024).

2. Consequences

• Slope Protection Response: Damage Patterns by Embankment Condition a"er the Earthquake

As reportedbyMinistry of Land, Infrastructure, Transport andTourism (2024a), theembankmentdam-

age along this corridor fell into three primary patterns.

– Non-retrofitted sections with similar pre-existing risk factors: severe damage (e.g., major subsi-

dence)

– Sections retrofitted a"er the 2007 Earthquake: In many of those sections where combinedmea-

sures such as geotextile-reinforced soil, enhanced drainage, and retained embankments were

implemented, the damage was limited to minor ones.

– Sections reconstructed with improved soil: notable collapses and/or subsidence in some cases.

• Immediate Impacts: Road Network Disruption

Closures of the Noto Satoyama Kaido corridor (e.g., Fig. 3 black crosses on themap) significantly hin-

dered relief operations.

• Isolated Communities

Due to road closures on amaximum of 42 routes, including the Noto Satoyama Kaido at 87 locations,

isolated villages occurred one a"er another.

3. Emergency Response and Recovery

• Emergency Road Opening

The immediate response focused on road opening to secure routes primarily for emergency vehicles.
1 While the Self-Defence Forces (SDF), in cooperationwith the private sector, initiated clearing on sev-

eral prefectural roads to bypass major blockages on the Noto Satoyama Kaido corridor, the corridor

itself remained constrained by numerous embankment failures (ExtremeDisasterManagementHead-

quarters 2025, p. 78).
1Road opening refers specifically to the process of clearing a route primarily for emergency vehicles, by carrying out minimal

debris clearance andmaking simple adjustments to uneven surfaces. Thismeasure is carried out particularly during the large-scale
disaster recovery phase in Japan to ensure e!ective rescue operations (Ministry of Land, Infrastructure, Transport and Tourism
2024d).
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• Phased Restoration Strategy

Recovery of the corridor followed a phased approach: prioritising the resolution of community isola-

tion through temporary emergency access, followedby the restorationof single-lane tra!ic, andeven-

tually full two-way functionality (Ueda 2024). During the single-lane tra!ic phase, while the north-

bound lane (bound to the peninsula tip) was fully opened, the southbound lane (bound to the wider

community) required the use of general roads, causing congestion in the evening (The Asahi Shimbun

2024a).

• Delegation of Recovery Authority Given the extensive damage along the corridor, with 27 sections

having collapsed, and instability was also confirmed in the embankments that had not yet collapsed.

Consequently, the government has agreed to undertake restoration work on the Noto-Satoyama

Kaido, which is typically managed by Ishikawa Prefecture, which owns the corridor, legally speaking

(Yamakoshi 2024, p. 257).

• Secondary Hazard Mitigation: Adjusted Rainfall Warning Thresholds

In response to the earthquake’s intensity, the Japan Meteorological Agency (JMA) has lowered the

threshold for issuing a heavy rain advisory to 70-80 % of the usual level. Immediately a"er the earth-

quake, rain was forecast for several days, and heavy rain actually fell, leading to a heavy rain advisory.

The maximum daily total precipitation in the region along the Noto Satoyama Kaido (Shika, Nanao,

and Mii2) was 29 mm. (Japan Meteorological Agency 2025b).

• Long-term Recovery and Measures In July, nearly the full route resumes two-way tra!ic, excluding

heavily damaged sections, around the Noto Ohashi bridge vicinity. Full restoration is completed by 10

September, including theNotoOhashi vicinity (The Asahi Shimbun 2024a). However, all of thismerely

completes theemergency repairs; improvements to the slopeprotectionmeasures are requiredbased

on the lessons learnt from this hazard sequence (Ministry of Land, Infrastructure, Transport and

Tourism 2024a; Chiba 2024). Additionally, tra!ic conditions returned to pre-earthquake levels by

the end of 2025, with full restoration—including further slope protection improvements—anticipated

around spring 2027 (Ministry of Land, Infrastructure, Transport and Tourism 2024b).
2Asmentioned in 5.2.1 Hazard Selection Criteria for Noto case in theMethodology Chapter, strictly speaking, data fromAnamizu

Townwould better match the corridor’s path, but since Anamizu’s precipitation data weremissing, data from the adjacent Mii area
were used instead.
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6.2.3 Event Chronology Table

Table 5 represents the timeline of the cascade, having the same structure as the table for the Brenner case.

The phases indicated in Table 5, Transition, Partial Recovery, and Recovery, follow the same definitions as

those established for the Brenner case (see Section 6.1.3), ensuring a consistent basis for the subsequent

comparativeanalysis. Tomaintain the sameapproachas theBrenner case, specific sourcesareaddedwithin

each table cell as well, ensuring transparency of the cross-referenced timeline.

6.2.4 Partial Impact Chain

Using the event inventory and chronological data outlined earlier, a partial Impact Chain illustrates the links

between documented hazards and their consequences for the Noto case (see Figure 5). The visualisation

depicts how the primary trigger—the January 1 earthquake—acted on slopes and embankments, leading

to embankment failures. As described in the event inventory (Section 6.2.2), slope protection measures

along the corridor fell into three main categories, each resulting in slightly di!erent embankment failure

outcomes. However, the earthquake’s intensity exceeded the assumptions during the 2007 retrofits, ulti-

mately causing all three types to collapse; this led to multiple road breaks where embankments had sup-

ported the structure, rendering sections impassable and resulting in full closure. Consequently, amaximum

of 33 villages became isolated. Additionally, heavy rain—equivalent to a rain advisory—fell two days a"er

the earthquake, triggering further instability and embankment failures that exacerbated the isolation.

6.3 Comparative Analysis

Basedon the individual results presented in Sections 6.1 and 6.2, this section conducts a comparative analy-

sis to identify the commonalities and di!erences between the Brenner andNoto cases. Given the numerous

contextual di!erences between the cases, theprimary objectives are to extract shared elements andexplore

potential lessons learnt from them. This analysis then directly addresses Research Questions 1–4. To clarify

the analytical framework, Table 6 outlines how each question and its hypothesis are evaluated against the

collected evidence.

6.3.1 Similarities and Di!erences in Hazards Cascades

Whileboth theBrenner andNoto cases represent typical hazard cascades triggeredbyenvironmental forces,

they exhibit fundamental di!erences in their triggering mechanisms and sequential progression. In the

Brenner case, the cascade followed a relatively linear path: intense rainfall led to localised debris flows,
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Table 5: Chronology of the Noto Satoyama Kaido Earthquake-induced Cascade and Recovery Process

Time/Phase Event Description Slope Protection Role Road Impact & Response

1 Jan 2024, 16:10 Mw 7.6 Earthquake
(JMA Intensity 7);
multi-point
embankment failures

Load exceeded 2007 design;
retrofitted sections showed
relatively higher resilience

Full closure of the entire
corridor, due to numerous
embankment failures.

2 Jan 2024 Emergency Road
Opening on bypass
routes (Extreme
Disaster Management
Headquarters 2025,
p. 78).

Damagemore extensive than
2007; priority shi"ed to
non-motorway repairs for
more e!ective rescue
operations

Noto Satoyama Kaido
remained damaged at 67
locations (Ministry of Land,
Infrastructure, Transport and
Tourism 2024f); rescue
operations were hindered.

3–5 Jan 2024 Post-earthquake
rainfall (max.
29 mm/day); Heavy rain
advisory issued (Japan
Meteorological Agency
2025a, p. 29).
Simultaneous closures
of the Noto Satoyama
Kaido and National
Route 249.

Lack of reinforced protection
led to additional landslides
under secondary rainfall
across Ishikawa Prefecture,
including Noto Peninsula
(Extreme Disaster
Management Headquarters
2024b, p. 17).

Maximum isolation of
communities: 33
villages/towns recorded.
A!ected population max.
3,345 people (Ministry of Land,
Infrastructure, Transport and
Tourism 2024f).

Late Jan 2024
(19–23 Jan)
(Transition)

Emergency access
secured through the
corridor.

Additional embankment
instability confirmed; due to
the extensive damage, the
National gov. took over the
restoration (Yamakoshi 2024,
p. 257)

Substantial resolution of
community isolation; relief
logistics improved (Ministry of
Land, Infrastructure, Transport
and Tourism 2024c).

15 Mar 2024
(Partial
Recovery)

Completion of
emergency opening
(The Asahi Shimbun
2024b).

Single-lane functionality
restored (Northbound only)

Partial reopening
(Northbound only);
Southbound congestion via
general roads (The Asahi
Shimbun 2024a).

July–Sept 2024
(Recovery)

Resumption of two-way
tra!ic on nearly full
route; 10 Sept: Full
restoration including
Noto Ohashi vicinity
(heavily damaged area)
(The Asahi Shimbun
2024a).

Completion of emergency
repairs; long-term slope
protection upgrades required
based on event lessons
(Ministry of Land,
Infrastructure, Transport and
Tourism 2024a; Chiba 2024).

Projected return to pre-quake
tra!ic by late 2025; permanent
embankment improvements
anticipated by spring 2027
(Ministry of Land,
Infrastructure, Transport and
Tourism 2024b).
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Figure 5: Partial Impact Chain for theNotoSatoyamaKaidomotorway cascade (01–03 Jan2024, km90) (Min-
istry of Land, Infrastructure, Transport and Tourism 2024f; Japan Meteorological Agency 2025a; Yamakoshi
2024).
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Table 6: Mapping of Research Questions/Hypotheses to Relevant Analysis and Discussion

ID Research Question Hypotheses Relevant Analysis

RQ1 Transferability of simplified
ICs:
1a. E!ectiveness of desk-
based development?
1b. E!ectiveness of partial
factor adaptation?

H1a. Desk-based development
is su!icient for chronological
reconstruction.
H1b. Partial adaptation is a
valid tool for prioritising inter-
relationships.

Sections 6.1 and 6.2 (IC de-
velopment); Findings 1 (6.3.3);
methodological reflections in
7.1.1.

RQ2 Di!erence of slope protec-
tionmeasuresbetweencor-
ridors?

Brenner relies on protection
nets, whileNotoprioritises em-
bankments.

Comparison of ’Slope Protec-
tion Role’ in Table 4 and 5.
; Synthesis of slope protec-
tion measures in Section 6.3.2;
Finding 2 (6.3.3).

RQ3 Contextual factors influenc-
ing the divergence?

Driven by distinct regional his-
torical hazard patterns.

Identified as a data gap in Find-
ing 3 (Section 6.3.3); further
addressed through inferential
analysis in Section 7.4.

RQ4 Do slope protection pre-
vent or limit cascading
e!ects from landslides on
these corridors?

Literature on each case indi-
cates slope protections con-
tribute to mitigating further
cascading e!ects from land-
slides in these corridors.

Finding 4 (Section 6.3.3), based
on the integrated results from
6.3.1 and 6.3.2.

which directly impacted the road infrastructure. In contrast, the Noto case presents a more complex multi-

hazard interaction. Due to thedistinct geographical andgeological contexts of these twodistant regions, the

divergences outnumber the similarities. The following table (Table 7) summarises these key characteristics

before diving into a detailed comparative analysis.

First, intensity and frequency are essential factors in understanding themagnitude of these cascades. In

theBrenner case, theeventwasprecededbyanextraordinarymeteorological anomaly; aheavy rainwarning

was issued for a record-breaking maximum precipitation of 118 mm/day. Although a specific return period

wasnot identified in the available literature, the rainfall reached120–200%of the long-termaverageprecipi-

tation for the region, confirming its extremenature (LandTirol 2023). Similarly, theNoto eventwas triggered

byaMw7.6 earthquake, amajor seismic event. Although itsmomentmagnitudewas smaller than that of the

catastrophicMw9.0Great East JapanEarthquakeof 2011, it reached themaximum level of 7on the JMAseis-

mic intensity scale, representing the highest possible level of ground shaking. Regarding frequency, while

a similar cascade sequence occurred 17 years ago in 2007, the intensity of the 2024 event surpassed its pre-

decessor. Although some media reports suggested a return period of several thousand years (The Sankei

Shimbun 2024), peer-reviewed geological data remains limited. Therefore, this study treats the event as a

rare, large-scale earthquake within a broad range of 103 to 104 years. This extreme rarity and high intensity
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Table 7: Summary of Key Characteristics and Divergences in the Observed Cascades

Attribute Brenner Corridor Noto Satoyama Kaido

Hazard Intensity High-intensity prolonged rain-
fall of max. 118 mm/day: A
heavy rain warning issued

Mw 7.6/JMA intensity 7 (Earth-
quake) + Heavy rainfall max.
29 mm/day

Damage Magnitude Concentrated volume (more
than 4000m3)

Distributed damage sections
(67 damages in total on the
Noto Satoyama Kaido motor-
way and its embankments);
total mass unquantified

Historical Frequency 120–200%of long-termaverage
precipitation in the Brenner re-
gion (Land Tirol 2023)

Recurring cascade; similar cas-
cade (earthquake-induced em-
bankment failures) occurred in
2007.

Slope Characteristics natural slope with vegetation
and protection nets

Artificial embankments with
local improvements based on
2007 lessons

Primary Trigger Heavy Rainfall (Meteorological) Earthquake (Seismic)

Warning Lead Time 24 hours 5–10 seconds

Warning Operational Adjustments Standard meteorological
thresholds

Thresholds lowered to 70-80%
of their usual levels due to soil
saturation from seismic impact

Spatial Scale Localised (Site-specific focus) Regional (Peninsula-wide dis-
ruption)

Cascade Structure Linear (4 links; Fig. 4) Loop structure confirmed (6+
links; Fig. 5)

Secondary Trigger None (Single event sequence) Subsequent Rainfall (2 days
later)

Human Impact No casualties (Single vehicle
damaged)

Significant fatalities and in-
juries (Regional escalation)

Recovery Nature Single-lane operation due to
debris removal & geological as-
sessment

Starting with road opening,
then single-lane operation, and
plan to complete structural
foundation reconstruction

are the primary commonalities between the two cases.

A critical divergence also lies in the geomorphological setting of the a!ected corridors. The Brenner

cascade occurred on natural slopes protected by vegetation and steel nets. In contrast, the Noto Satoyama

Kaido is constructed on artificial embankments. Naturally, protection measures di!er between mountain

slopesandman-madestructures. Interestingly, althoughembankments areengineered structures, theNoto

case revealed a high diversity in failure modes. Some sections reinforced a"er 2007 remained intact, while
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others, despite being reinforced with improved soil, su!ered large-scale collapse or subsidence. Further-

more, sections that were not damaged in 2007 and thus remained unreinforced became the sites of major

failures in 2024. This suggests that even with human intervention, managing the stability of engineered

slopes under extreme seismic loading remains a significant challenge.

Finally, the structural progression of the cascades di!ers significantly. While the Brenner case followed

a relatively linear trajectory, the Noto case exhibited a cyclic or loop structure. In Noto, the initial seismic

shock triggered the first wave of embankment failures, whichwas then exacerbated two days later by heavy

rainfall, leading to a secondary wave of failures. Consequently, despite these structural di!erences, a fun-

damental sequence remains common to both: Heavy rainfall ↓ slope/embankment failure ↓ closure or

partial closure of a critical arterial corridor↓ secondary impacts such as tra!ic congestion and community

isolation. The following sectionswill further examine these aspects by focusing on (1) the role of earlywarn-

ings and initial response, (2) cascade propagation and spatial scale, and (3) the persistence of the recovery

phase.

• The Role of Early Warnings and Initial Response

First, it is essential to outline the operational environment prior to the initial hazard. A key di!erence

lies in the predictability and lead time: while the heavy rain warning had been issued by Geosphere

Austria a day before the Brenner event, the Earthquake EarlyWarning (EEW) for theNoto case allowed

only seconds of notice, forcing an immediate transition into a state of emergency without room for

prior operational adjustments (GeoSphere Austria 2023; JapanMeteorological Agency 2025c). Specif-

ically, the Geosphere Austria heavy rain warning was issued approximately 24 hours prior to the peak

debris flow on October 31, 2023. In contrast, the JMA Earthquake Early Warning provided 5-10 sec-

onds of notice for the Mw 7.6 event on January 1, 2024. This disparity in foresight—hours versus sec-

onds—highlights howmeteorological predictability enables proactive monitoring, unlike seismic im-

mediacy. However, if we shi" our perspective and compare them again, we can see that they do have

some things in common. In both cases, the issuance of a heavy rainwarning preceded the onset of the

most destructive phase of the event. Although the available data from grey literature is insu!icient to

quantify whether these warnings directly mitigated the impacts (a point to be further explored in the

Discussion), it is factually evident that both warnings were followed by significant cascading e!ects.

This commonality underscores that even with pre-event warnings, these corridors’ exposure repre-

sents a critical bottleneck in the multi-hazard cascade.

• Cascade Progression and Spatial Scale
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Regarding the progression from the primary hazard to the impact, the Brenner case exhibited a rela-

tively linear cascade: intense rainfall saturated the soil, triggering a debris flow that gained momen-

tum, uprooted vegetation, and eventually breached slope protection nets to obstruct the corridor. In

the earlier visualisation, this comprised 4 links: rainfall→ soil saturation→ debris flow→ protection net

breach → road blockage (Fig. 4). In contrast, the Noto cascade followed a more complex trajectory.

The initial seismic shock acted as the primary trigger for embankment deformations, which exhib-

ited 6+ links: earthquake → initial embankment failures → heavy rainfall → additional landslides and

embankment failures → blockages exacerbated → tra!ic flow halt (Fig. 5), with the failures amplified

by secondary rainfall on January 3. This added complexity in Noto prolonged propagation over days

versus Brenner’s hours. This secondary trigger, for which a separate warning was issued, based on

the adjusted thresholds given the saturated soil due to the earthquake, interacted with the already

weakened stability of the slopes, leading to prolonged cascading e!ects. A structural comparison of

the Impact Chains (Fig. 4 vs. Fig. 5) further highlights the divergence in the cascade complexity. In

the Brenner case, the chain represents a “point-source” failure where the causal links are unidirec-

tional and time-compressed. The rapid transition from rainfall to blockage indicates a high-intensity

but transient event. In contrast, the Noto Impact Chain exhibits a “distributed-source” failure. The

initial earthquake induced latent instability across the embankment structures, which was then ac-

tivated by the subsequent rainfall. In other words, the primary hazard (earthquake) expanded the

potential for failure that the secondary hazard (rainfall) eventually realised. This branching structure

in the Noto Impact Chain signifies that the road blockage was not a result of a single mechanical fail-

ure, but an accumulation of sequential impacts that overwhelmed the corridor’s physical resilience

over a multi-day period. Regarding the spatial scale, the Noto case demonstrated a much wider ge-

ographical escalation compared to the localised Brenner event. According to the Cabinet O!ice re-

ports, before the heavy rain, a total of 13 landslides had been confirmed (3 in Niigata Prefecture3, 4

in Toyama Prefecture4 and 6 in Ishikawa Prefecture); however, following the rain on 3 January, the

total rose significantly to 48 (11 in Niigata Prefecture, 9 in Toyama Prefecture and 28 in Ishikawa Pre-

fecture), which means the subsequent rainfall triggered additional landslides across a broad region

(Extreme Disaster Management Headquarters 2024b). This widespread distribution of an increase in

additional hazards, occurring simultaneously across three prefectures, highlights that the seismic im-

pact preconditioned the soil stability on a regional scale. In this context, the functional failure of the

Noto SatoyamaKaidomotorwaywas not an isolated event but part of a synchronised regional state of
3a neighbouring prefecture of Ishikawa Prefecture
4another neighbouring prefecture of Ishikawa Prefecture
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emergency that hindered large-scale emergency logistics across theHokuriku region and relief e!orts

of the Noto Peninsula.

• Persistence and Recovery Phase

The persistence of the cascading e!ects also di!ered due to the nature of the physical damage. In the

Brenner case, the recovery process was relatively straightforward, focusing on debris removal and

the restoration of slope protection nets to re-establish corridor functionality. In contrast, the Noto

case required a far more prolonged recovery phase. Because the initial seismic shock had compro-

mised the structural stability of the embankments, the recovery was not a simple matter of clearance

but required amulti-stage reconstruction of the road’s foundation. This fundamental di!erence in the

depth of the damage dictates the long-term persistence of the cascade in the Noto region compared

to themore transient disruption in theBrenner corridor. Specifically, the heavy rainfall triggered slope

failures that obstructed critical transportation arteries (as described in Chapter 4), leading to the iso-

lation of surrounding communities and/or regional socio-economic disruption. In both cases, the lack

of network redundancy significantly amplified the severity of the cascade. As discussed in Chapter 4,

the Brenner corridor’s closure necessitated a detour via the B182, which struggled to accommodate

thediverted tra!ic (seeTable4 ImmediatePost-failure). Similarly, in theNotocase, theNotoSatoyama

Kaido remained closed or only partially operational for months. Even a"er the completion of emer-

gency road opening (see Table 5 15 March), vehicles were diverted to local general roads during the

prolonged recovery phase. Consequently, both regions experienced severe tra!ic congestion during

rush hours, representing a critical decline in road network functionality that persisted long a"er the

initial hazard. The contrast in these recovery timelines illustrates the di!erence between a “transient

cascade” in the Brenner case and a “prolonged cascade” in the Noto case. In Brenner, the transition

from emergency response to recoverywas relatively rapid once the physical debris was cleared. How-

ever, in the Noto case, the cascade was stretched over months because the ongoing a"ershocks and

secondary rainfall kept the restoration activities themselves under constant hazard exposure. There-

fore, the persistence of the Noto cascade should be defined notmerely as a delay in construction, but

as a period of uninterrupted hazard succession that fundamentally challenged the resilience of the

regional transportation network.

6.3.2 Documentation related to Slope Protection Measures

Since the foundation of this study’s methodology lies in a literature review, this section revisits the refer-

ences consulted to examine their coverage and the insights derived from them. Table 8 summarises the
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relationship between sources and coverage of the content, specifically focusing on mentions of slope pro-

tection, to reflect on the research findings. However, as noted in Chapter 5: Limitations relating to method-

ology, it must be acknowledged that the author is a native Japanese speaker and a non-native speaker of

German and English, who utilised AI as a supplementary tool for translation and nuanced interpretation as

mentioned in Chapter 5, enabling a rigorous analysis of technical primary sources in non-native languages

while acknowledging inherent limitations in the investigation scope.

First, a common principle maintained during the literature review for both Brenner and Noto was the

prioritisation of o!icial reports. Given the nature of disaster topics, initial Google search results are o"en

dominated by media coverage (e.g., digital news). Although media reporting is useful for immediate situa-

tional awareness, this studyprioritises o!icial technical reports andhydrological/geomorphological assess-

ments issued by government agencies and research institutes. This selection ensures that the comparative

analysis is based on validated quantitative data, such as precipitation intensity and structural damage clas-

sifications, rather than qualitative media narratives. By including specific names of relevant organisations,

such as “Geosphere Austria” or “Cabinet O!ice” in search queries, we endeavoured to collect documents

that ensure reliability and obtain specific numerical data from primary sources. Specifically, for the Bren-

ner case, the Land Tirol (2023) contributed to comparing the o!icial view with the Noto case, noting that

precipitation on October 31, 2023, reached 120–200% of the long-term average (see “Historical compari-

son” in Table 8). For the Noto case, by focusing on disaster information reports from the Cabinet O!ice

and various reports from theMinistry of Land, Infrastructure, Transport and Tourism (MLIT), particularly the

Ministry of Land, Infrastructure, Transport and Tourism (2024a), we succeeded in gathering data on specific

embankment failure trends along the Noto Satoyama Kaido and referencing areas improved based on the

2007 earthquake. This level of detail, typically absent in general news coverage, facilitated the extraction of

core characteristics necessary for comparing twoextremely distant cases. Anunexpectedfindingduring this

process was that, in the absence of a centralised technical report from the motorway operator (ASFiNAG),

the operation logs from the Voluntary Fire Brigadeof Gries amBrenner (FFGries amBrenner) served as a crit-

ical primary source. These records provide specific descriptions ofmovements immediately a"er the debris

flow, rescue activities involving heavy machinery following the mobilisation, and road-clearing operations.

Because these records include on-site photography and real-time intervention logs, they were highly useful

for increasing the resolution of the situation on that day and understanding the overview. In other words,

they proved to be an invaluable source, providing high-resolution on-site data that compensated for the

absence of centralised technical reports from themotorway operator (ASFiNAG).

The following table (Table 8) synthesises the primary sources most frequently consulted for each case
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study, categorised by their respective study areas. To capture the significance of slope protectionmeasures

within the content analysis framework, the evaluation criteria are organised as follows: ’Primary Hazard’

and ’Hazard Process’ document the initiation and progression of the event. ’Impact & Interaction’ focuses

specifically on the physical contact between the hazard and slope protection measures, reflecting the fail-

uremodes of the infrastructure. ’Historical Comparison’ functions as the documentation of the validation of

these measures based on past failure. Finally, ’Consequences & Recovery’ serves as a proxy for the broader

socio-economic outcomes resulting from these interactions; e.g., service interruption and residual damage

impact. This categorisationensures that the content analysis encompasses the full scopeof slopeprotection

influences: from the primary hazard intensity impacting the protection measures, to the recovery timeline,

which reflects the broader consequences resulting from the performance or failure of these slope protec-

tion systems. By scrutinising these diverse documentation focuses, the study identifies how information

regarding physical measures is integrated into broader hazard cascade documentation narratives in each

region. To maintain the analytical focus on structural and policy-based aspects of slope protection and

avoid a shi" towards media-centric analysis, news outlets are consolidated under a single ‘News Articles’

category, rather than listing individual news sites. This consolidation was a strategic choice to highlight the

shared functional role of media in recording ’Emergency Logistics’ and ’Recovery Timelines’, aspects that

are frequently abstracted in high-level o!icial/technical reports.

Before proceeding to the specific content analysis of each source, it is essential to outline the structural

di!erences in how information is documented in both cases. The documentation for the Brenner case is

characterised by a tri-layered structure, comprising technical, administrative, and operational reports that

collectively compensate for the absence of centralised motorway operator data. In contrast, the Noto case

is characterised by a fragmented yet high-volume landscape of governmental and grey literature. Navigat-

ing these diverse reports required rigorous cross-referencing to distinguish between overlapping titles and

isolate the specific temporal/spatial data needed to di!erentiate seismic-induced hazards from subsequent

rainfall-induced ones.

The significance of the symbols utilised in the table is defined as follows:

• ↭ (Primary Focus): Indicates that the topic is a central pillar of the source. The assignment of this

symbol requires fulfilling at least two of the following predefined criteria: (1) explicit mention in the

title or introductory paragraph, (2) the topic occupying approximately 30%ormore of the total textual

volume dedicated to the event, or (3) the presence of in-depth technical analysis of numerical data or

hazard sequences.
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• ! (Secondary Focus): Denotes that the topic is treated as supplementary information. This is as-

signedwhen the topicmeets only one or none of the primary focus thresholds, yet remains supported

by at least one piece of primary quantitative evidence, such as a map, table, or specific data.

• ↔ (Minimal Mention): Signifies a superficial or brief reference to the topic without substantive data

or in-depth technical examination.

• — (NoMention): Indicates the total absence of the topic within the consulted material.

While the assignment of these symbols involves a degree of qualitative assessment by the author, repro-

ducibility is maintained through the rigorous application of the aforementioned criteria. This systematic

categorisation allows for a clear visualisation of the information density and the disparity in documentation

focusbetween the twogeographically andcontextually distinct cases. Applying these criteria to the selected

literature yields the following results for each case study.

Regarding the Geosphere Austria technical report (Haberler et al. (2024)), the categorisation was deter-

mined by the specific focus on the progression of the event. ’Hazard Process’ and ’Impact & Interaction’

were both classified as Primary Focus (↭) as they fulfill at least two criteria: they occupy approximately

50% of the total textual volume and provide in-depth descriptions of the physical interaction, such as the

breaching of the protection net (Schutznetz durchschlugen) and the subsequent burial of both carriageways.

In contrast, while the report mentions the ongoing instability and recovery prospects, ’Primary Hazard’ and

’Consequences & Recovery’ were assigned a Secondary Focus (!) due to their relatively constrained textual

volume on this specific page, despite providing essential quantitative data such as the 4,000m3 of residual

unstable material.

In theGeosphereAustriaRecordof SevereWeather Events (Unwetterchronik) (GeoSphereAustria (2023)),

the analysis focuses exclusively on the documentation related to the A13motorway and its adjacent slopes.

Under this specific scope, ’Consequences & Recovery’ was identified as a Primary Focus (↭). This is because

the information regarding the post-impact operational status—specifically the multi-week single-lane re-

striction (wochenlang nur einspurig)—occupies more than 50% of the textual volume dedicated to the A13

case. While the record briefly mentions the triggering rainfall and the burial of the carriageway, these el-

ements are categorised as Secondary Focus (!) due to the lack of detailed technical interaction analysis

regarding the slope protection measures themselves.

Regarding the Hydrology Report from the State Government of Tyrol (Land Tirol (2023)), the evaluation

focuses on the specific section dedicated to precipitation analysis. ’Primary Hazard’ is categorised as a Pri-

mary Focus (↭) because it fulfils twoessential criteria: (1) it provides high-resolutionquantitative data, such
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as the 118mmdailymaximumat theBrenner station, and (2) it includes spatial interpolationmaps that visu-

alise the intensity distributionacross the region. Additionally, ’Historical Context’ is assignedas aSecondary

Focus (!). While the data is validated against long-term averages (1991–2020), this topic neither constitutes

the primary objective of the document nor occupies 30% of the relevant descriptive volume within the sec-

tion, serving instead as supplementary evidence to contextualise the current hazard intensity.

In the o!icial intervention log of the Voluntary Fire Brigade of Gries am Brenner (Freiwillige Feuerwehr

Gries amBrenner (2023)), the documentation emphasis is placed on the operational dynamics of the event.

’Hazard Process’ is categorised as a Primary Focus (↭) because the report provides precise temporal and

spatial data, such as the exact time of the debris flow (02:44) and its extent across both carriageways. Simi-

larly, ’Consequences & Recovery’ is assigned a score of↭, as more than 60% of the A13-related description

is dedicated to the emergency logistics, including the mobilisation of heavy machinery (Radlader) and the

subsequent handover of the site to the motorway operator (ASFINAG). While the record mentions the trig-

gering rainfall and the impact on a passenger vehicle, these are treated as Secondary Focus (!) due to the

lack of broader meteorological analysis or structural engineering details.

Regarding the ’News Articles’ category (ORF Tirol (2023), 5min.at (2023), andmeinbezirk.at (2023)) high-

lights the functional role of media in documenting the socio-economic a"ermath. ’Consequences & Recov-

ery’ is categorised as a Primary Focus (↭) as these sources provide detailed, real-time updates on opera-

tional restrictions, including the diversion of passenger cars to the B182, the suspension of heavy goods

vehicles (HGVs) on the Italian side, and the phased reopening of lanes monitored by the ASFINAG. In con-

trast, ’Primary Hazard’ and ’Hazard Process’ remain as Secondary Focus (!); while they contribute specific

quantitative data like the 80 m extent of the debris flow at km 33.850, their primary narrative remains cen-

tred on tra!ic logistics rather than technical hazard analysis. Finally, ’Impact & Interaction’ is assigned a

Minimal Mention (↔), as narrative descriptions are confirmed but details are lacking.

For the MLIT technical report regarding road structure damage (Ministry of Land, Infrastructure, Trans-

port and Tourism (2024a)), the categorisation of↭ for ’Impact & Interaction’ is justified by the extensive doc-

umentation of structural failures primarily across theNoto SatoyamaKaidomotorway. Rather than focusing

on the temporal progression of the event (’Hazard Process’), approximately half of the report is dedicated

to forensic engineering analysis. This details how seismic forces and subsequent landslides physically in-

teract with embankments; other structures, such as bridges and tunnels, were excluded as they fall outside

the research scope. Furthermore, while the document outlines technical considerations for reconstruction,

’Consequences & Recovery’ is also assigned a Primary Focus (↭) because it fulfils (2) and (3) of the criteria,

namely more than 30% of content provides engineering guidelines on reconstruction.
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Regarding the MLIT report on emergency restoration works (Ministry of Land, Infrastructure, Transport

and Tourism (2024d)), it should be noted that this analysis covers a series of documents (No. 1 to No. 4), all

of which were confirmed to follow a consistent structure before being evaluated. The categorisation of ↭

for both ’Impact & Interaction’ and ’Consequences &Recovery’ is justified by the document’s exclusive focus

on the operational response. Across all the records, nearly 100% of the content is dedicated to visualising

the spatial distribution of road damage and the subsequent restoration timeline. For ’Impact & Interaction’,

the report provides high-resolution photographic evidence of structural failures, such as large-scale longi-

tudinal cracks and embankment failures on the Noto-Satoyama Kaido. Simultaneously, ’Consequences &

Recovery’ is also evaluated as a Primary Focus (↭) due to the detailed documentation of recovery logistics,

including specific completion dates, the names of the private sector contractors involved, and sequential

progress photos. Notably, scientific analysis of the seismic event (’Primary Hazard’) and its physical pro-

gression (’Hazard Process’) are absent, reflecting the document’s functional role as a record of emergency

engineering management.

The analysis of the damage reports issued by the ExtremeDisaster Management Headquarters (Extreme

Disaster Management Headquarters (2024a), Extreme Disaster Management Headquarters (2024b), and Ex-

treme Disaster Management Headquarters (2025)) adopts a multi-temporal approach to capture the evolv-

ingnatureof the cascadinghazard sequence. Among the60 reportspublished, the1st, 6th, and60theditions

were selected to establish a baseline for the initial seismic impact, identify secondary landslides triggered

by rainfall around January 3rd, and verify the final consolidated damage report, respectively. Throughout

this series, ’Consequences & Recovery’ is designated as a Primary Focus (↭), as the reports primarily docu-

ment a wide range of the socio-economic consequences of the hazards, including the number of landslides

observed, casualty counts, and the restoration of essential services. While ’Primary Hazard’ and ’Hazard

Process’ are assigned a Secondary Focus (!), their inclusion is critical for this research; specifically, the 6th

report provides essential evidence to determine the sequence of hazards and assist in constructing the im-

pact chain, thereby di!erentiating between earthquake-induced landslides and those exacerbated by sub-

sequent rainfall. This is because the 1st report, recorded as of 5:30 a.m. on January 2nd, only shows the

damage caused by the earthquake itself. In contrast, the 6th report was issued a"er the heavy rain advi-

sory on January 3rd, capturing the additional landslides triggered by this meteorological event; thus, the

discrepancy between these two reports allows for a clear distinction of earthquake-induced landslides and

rainfall-induced ones. Finally, the 60th report was utilised to verify the ultimate damage toll and the long-

term restoration measures not yet present in the earlier bulletins.

The analytical report by Chiba (2024) provides a geo-morphological perspective on the road damage,
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shi"ing the focus from mere observation to causal analysis. ’Impact & Interaction’ is categorised as a Pri-

maryFocus (↭) because theentire study isdedicated tocorrelating seismic intensitywithmicro-topography,

slope gradients (averaging 32.6→ for slope failures), and road geometry, such as embankment height. Specif-

ically, by identifying the specific vulnerability of valley topography and older sections of the road network,

the report o!ers a high density of information regarding how the natural terrain and man-made structures

interacted during the seismic event. In contrast, ’Historical Context’ and ’Primary Hazard’ are assigned a

Secondary Focus (!); while the author references the service years of the roads and specific seismic val-

ues (e.g., intensity 6.0), these data points serve as supporting evidence for the primary interaction analysis

rather than being the central theme of the documentation. Finally, ’Consequences & Recovery’ is assigned a

MinimalMention (↔); while the authors suggest that their findingsmay contribute to future disaster preven-

tion strategies, the document lacks any specific operational recovery plans, timelines, or socio-economic

impact data. This distinction highlights the report’s analytical role in technical forensic analysis rather than

disaster management logistics.

The news articles from the Asahi Shimbun (The Asahi Shimbun (2024b) and The Asahi Shimbun (2024b))

regarding the Noto case primarily focus on the logistics of reconstruction. ’Consequences & Recovery’ is

designated as a Primary Focus (↭), as the reports provide greater details, including restoration timelines,

spatial mapping of recovery zones, and qualitative insights from interviews with road planning o!icials.

In contrast, ’Impact & Interaction’ is assigned a Minimal Mention (↔); while narrative descriptions of the

extensive road damage are present, they lack the technical or quantitative data necessary for structural

analysis. Furthermore, itmust be noted that this evaluation is specific to the sources selected by the author.

While a vast number of othermedia reports exist,many ofwhich focus heavily on the intensity of the seismic

trigger to capture readers’ attention, the ’Primary Hazard’ and ’Hazard Process’ categories aremarked as↔

or omitted here to reflect the specific content of the referenced articles.

In summary, this comparative content analysis of ten primary sources reveals a clear di!erence in doc-

umentation focus between the Brenner and Noto cases. For the Brenner case, information is fairly frag-

mented; technical data, ranging from hydro-meteorological records to physical event descriptions, emer-

gency operational logs, and tra!ic logistics, are dispersed across di!erent organisations. This necessitated

a cross-referencing approach to reconstruct the hazard cascade. In contrast, the Noto case is characterised

by a high volumeof centralised government and analytical reports that integrate structural forensic damage

reports with socio-economic recovery timelines. However, these documents are distributed across various

agencies, resulting in a complex landscape of overlapping information. Themulti-temporal sampling of the

Cabinet O!ice reports was essential to distinguish between earthquake-induced landslides and those trig-
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Table 8: Comparative Analysis of Information Focus in Primary Documentation

Source Document Primary
Hazard

Hazard
Process

Impact &
Interaction

Historical
Compari-

son

Consequences
& Recovery

Brenner Case
Geosphere Austria Re-
port 2024

! ↭ ↭ — !

Geosphere Austria
Record 2023

! ! ! — ↭

Hydrology Report
(Tirol) 2023

↭ — — ! —

Fire Brigade1 Report
2023

! ↭ ! — ↭

News Articles
(tirol.ORF.at) 2023

! ! ↔ — ↭

Noto Case
MLIT (Structural Analy-
sis) 2024

! ! ↭ ! !

MLIT (Road Opening Re-
port) 2024

— — ↭ — ↭

Cabinet O!ice Report
2024

! ! — — 2 ↭

Chiba (Road Damage)
2024

! — ↭ ! ↔

News Articles (Asahi,
etc.) 20243

↔ — ↔ — ↭

Note:↭: Primary focus;!: Secondary Focus;→: Minimal mention; —: No Mention.
1 Freiwillige Feuerwehr Gries am Brenner
2 Nothing regarding the historical comparison was reported
3 Scores based on specific recovery-oriented reports.

gered by subsequent rainfall. While these reports vary in their primary focus, their collective value lies in

documenting the performance and failure modes of slope protection measures under hazard intensities.

This systematic mapping of information density provides a solid empirical foundation for discussing how

slope protection performance is recorded and evaluated in di!erent contexts.

6.3.3 Key Findings addressing Research Questions and Hypotheses

By synthesising the findings from the previous documentation analysis, the following responses to the

research questions emerge from the literature evidence. These shall be further explored in the Discussion

Chapter.

RQ 1: To what extent is the simplified Impact Chain framework transferable to geographically distant

regions? (Sub Q1: E!ectiveness of desk-based/Sub Q2: E!ectiveness of partial factors)
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Hypothesis 1: The simplified Impact Chain is transferable from the Brenner Corridor to the Noto Satoyama

Kaido. (H1a: A partial adaptation of the framework serves as a valid analytical tool for prioritising hazard

interrelationships. H1b: A desk-based development of the Impact Chain is su!icient to reconstruct the

chronological sequence of a hazard cascade.)

Findings 1: The hypothesis was validated. The development of the Impact Chain solely from literature

proved e!ective for visualising the temporal sequence of hazards. For instance, in the Noto case, it allowed

for the di!erentiation between seismic and rainfall-induced landslides, which would otherwise be blurred

in non-sequential reporting. However, absence of vulnerability, risk and exposure should be noted, which

will be further explored in Chapter 7.

RQ 2: Di!erence of the slope protection measures between the Brenner Corridor and the Noto Satoyama

Kaido?

Hypothesis 2: Post-event documentation confirms that the Brenner Corridor relies on protection nets,

whereas the Noto Satoyama Kaido prioritises embankments.

Findings 2: The hypothesis was confirmed. A clear divergence in physical measures was identified: the

Brenner case relies heavily on protection nets to intercept debris, whereas the Noto Satoyama Kaido

prioritises embankment stabilisation and soil-based structures to withstand seismic forces.

RQ 3: Based on the di!erence, which kind of factors influence or support this divergence?

Hypothesis 3: The divergence in protection measures is driven by the distinct regional hazard patterns.

Findings 3: The findings did not provide direct evidence to support this hypothesis. While the literature

confirmed that distinctly di!erent structures are used for slope protection in the Brenner and Noto cases

(as shown in Findings 2), the referenced reports contained no clear documented rationales regarding the

strategic or historical factors behind these design choices (such as the specific rationale for adopting these

measures). However, since several inferences can be made based on the results of this analysis, these will

be further explored in the Discussion chapter.

RQ 4: Do slope protection measures help to prevent or limit cascading e!ects from landslides on

these corridors?

Hypothesis 4: The reviewed literature confirms that implemented slope protection measures e!ectively

mitigate further cascading damage alongmountain corridors.

Findings 4: The hypothesis was partially supported, revealing both the contribution and the inherent
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limitations of the measures. Literature evidence confirms that slope protection measures provided a

degree of initial resilience; however, they were ultimately insu!icient to prevent infrastructure failure and

service interruption in both cases. Specifically, in the Brenner case, Haberler et al. (2024) indicates that the

protection nets intercepted a portion of the mass, but were eventually breached, leading to the burial of

the A13. In the Noto case, while reinforcements based on the 2007 earthquake lessons reportedlymitigated

damage in specific sections, they could not prevent widespread embankment failures (Chiba 2024; Ministry

of Land, Infrastructure, Transport and Tourism 2024a). Consequently, in both cases, the measures failed

tobreak thehazard cascade, resulting in significant regional socio-economic impacts due to roadblockages.
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7 Discussion

7.1 Methodological Reflections and Limitations

This analysis utilised established researchmethodologies that were strategically adapted due to significant

resource and data constraints. The following sections examine the advantages and disadvantages revealed

by these adaptations, comparing the modified approach with the original, standardised methodologies.

7.1.1 Strengths and Constraints of Literature-Based Partial Impact Chains

While the Results chapter previously introduced the adapted Impact Chains (ICs) to answer the Research

Question 1, this section expands upon those findings to provide a deepermethodological reflection. Devel-

oping Impact Chains solely from literature presented both significant utility and inherent limitations.

The standardised IC methodology, as demonstrated by Coccuccioni et al. (2023) within the PARATUS

project, typically involvesanexhaustiveparticipatoryprocess. Given theproject’s nature, fundedby theEU’s

Horizon Europe to develop a disaster preparedness platform, it relies heavily on co-designing narratives pri-

marily through stakeholderworkshops to capturebroad socio-economic impacts. As noted in theMethodol-

ogy Chapter, however, ICs can be developed either through such participatory approaches or through desk-

based analysis of scientific literature and evidence. Although the partial IC constructed in this study, omit-

ting core components such as vulnerability, exposure, and risk, initially raised concerns about its analytical

depth, the application to the Noto case proved otherwise; the IC served as a vital tool for deconstructing

the complex hazard cascade (Earthquake↓ Primary Landslides↓ Rainfall↓Secondary Landslides). It en-

abled a systematic temporal mapping of events that might have remained blurred in standard narrative

reporting. Nevertheless, the reliance on documentation (primary administrative records) limited the spa-

tial resolution of the findings. For instance, while the Noto documentation revealed a significant increase in

casualties and structural damage during the secondary rainfall-induced landslides, the data remained ag-

gregated at the prefectural level (Ishikawa Prefecture). To achieve a more granular understanding, such as

municipality-level impacts, a participatory approach involving field surveys and/or direct engagement with

local authorities would be necessary.

Furthermore, while this study successfully reconstructed the hazard sequences and consequences, the

deliberate exclusion of vulnerability, exposure, and risk factors, as defined in the Introduction, poses a chal-

lenge for comprehensive policy recommendations. As expressed by the risk equation (see Section 1.3), risk

is a function of the interaction between hazard, exposure, and vulnerability, moderated by capacity (De An-

geli et al. 2022, p. 3). While thepresenthazardanalysis explainswhathappened (thephysicalmanifestation),
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a full assessment of other core elements is required to explain why the impacts were so damaging to spe-

cific communities. Without these elements, which characterise the susceptibility and positioning of assets

(United Nations O!ice for Disaster Risk Reduction (UNDRR) 2017d; De Angeli et al. 2022), it remains di!i-

cult to propose targeted structural or non-structural interventions. Future research should therefore lever-

age the network identified during the data-gathering phase to move beyond the current desk-based scope.

By inviting local stakeholders to workshops and integrating their on-the-ground insights, researchers can

complete the Impact Chain and provide fruitful proposals to key decision-makers and practitioners. This

methodological reflection directly addresses RQ 1, validating Hypothesis 1: while an Impact Chain con-

structed solely from literature is a powerful analytical tool for visualising complex hazard sequences, its

utility for comprehensive risk management remains partial without the integration of vulnerability and ex-

posure factors.

7.1.2 Reflections on the Modified Semi-Systematic Literature Review

While Snyder (2019) defines the semi-systematic review as a tool for tracing the historical development of

broad topics, this study expanded that definition to track the specific progression of cascading events at

two distinct locations. This adaptation was necessary to address the information asymmetry in the doc-

umentation of these events between the Brenner and Noto cases. Although both sites relied primarily on

public reports (e.g., the Amt der Tiroler Landesregierung and GeoSphere Austria for Brenner; the Cabinet

O!ice andMLIT for Noto), the structure and focus of these documents di!eredmarkedly. One side provided

highly technical, event-specificmonitoring data, while the other o!ered comprehensive but fragmented ad-

ministrative hazard/disaster records. Therefore, instead of a uniform search string, the search strategy was

tailored to the specific documentation style of each regional authority to ensure a balanced comparison.

In addition to these structural di!erences, a significant challengewas the language andaccessibility bar-

rier, with primary documentation for Brenner in German and Noto in Japanese. Although standardised re-

views o"en prioritise consistency in language and source type, this study actively incorporatedmultilingual

grey literature, including administrative reports, news archives, and Cabinet O!ice bulletins. This adopted

approach was indispensable for the Impact Chain (IC) construction, as it allowed for the reconstruction of

precise chronological order, such as the timing of specific warnings and localised slope failures, that peer-

reviewed academic articles o"en lack in the immediate a"ermath of events.

These qualitative complexities also dictated the scale of the literature review. Although systematic re-

views typically handle hundreds of sources to ensure statistical breadth, this study intentionally focused

on a curated set of key document groups. The Noto documentation was characterised by “fragmentation”
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(i.e., information that was abundant in volume but scattered in distribution), while the Brenner data was

“piecemeal” (limited specific documentation). To bridge this gap and bring both cases onto the common

analytical ground of the Impact Chain, the focus was shi"ed from quantitative volume to a qualitative case-

studyapproach. Prioritising thedepthof specific event sequencesover thequantity of sourceswas essential

to capture the complex cascading mechanisms unique to each corridor.

7.1.3 Reflections on the Modified Contents Analysis

While the content analysis in this study was inspired by Mayring (2014) deductive category application, the

process was deliberately simplified to suit the nature of the available data. Specifically, a full-scale manual

coding process (line-by-line tagging) was not performed. This decision was made because the documents

were already highly structured o!icial reports; therefore, a traditional coding approach was deemed less

e!ective than a systematic scoring method for assessing how slope protection measures were prioritised

across di!erent regional contexts.

In place of formal coding, a multi-tiered evaluation system was developed as a robust alternative. This

system utilised three specific criteria; (1) explicit mention in key sections, (2) textual volume (the approx.

30% threshold), and (3) analytical depth, to categorize the prominence of slope protection related topics

into four levels: Primary Focus (↭), Secondary Focus (!), Minimal Mention (↔), and No Mention (—). This

approachallowed for a strategic readingof thedocuments,movingbeyonda simplementionofmeasures to

a qualitative and semi-quantitative assessment of their significance. The “30% text share” rule, in particular,

provided an objective threshold to distinguish between a “central pillar” of a report and mere supplemen-

tary information. By establishing these clear thresholds for each symbol, the study ensured a transparent

and reproducible comparison between the Japanese and Austrian cases, providing a clear rationale for how

di!erent authorities prioritise structural mitigation in their hazard narratives.

7.2 The Fragility of Corridors: Trans-Alpine Corridor and Peninsula Arteries

While the previously discussed content analysis highlights the disparity in documentation, the underlying

reality of both cases is the inherent fragility of the corridors themselves. On the one hand, news reports re-

garding the Brenner event cited ASFiNAG’s concern over the immediate disruption to morning commuters;

on the other hand, the situation underscores a deeper systemic vulnerability within trans-Alpine logistics.

The Brenner Pass serves as a critical TEN-T corridor, handling 54.5 Mt of freight annually and according to a

survey byWegscheider et al. (2022), transit tra!ic (international freight) accounts for 85%of its total volume,

representing its position as one of the most important transalpine routes in the world (Wegscheider et al.
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2022, p. 7). This suggests that even a temporary, localised closure of the A13 has an immediate economic

ripple e!ect across borders. Therefore, any operational reliance on theB182, a routewith significantly lower

capacity, for a period of several weeks implies a substantial, albeit unquantified, strain on long-haul logis-

tics. The fact that an event of this scale resulted in such extensive documentation is a testament to the

vital role this specific corridor plays; in alpine regions, the lack of redundant, high-capacity diversion routes

transforms evenminor hazards into large-scale logistical bottlenecks.

A similar, yet more existential, fragility was observed in the Noto case. The simultaneous incapacita-

tion of both the Noto-Satoyama Kaido and National Route 249, the so-called peninsula’s primary “artery”,

resulted in the physical severance of entire communities. This necessitated the “Kushigata-Keikai” (comb-

like road clearing) strategy, where emergency teams attempted to reach isolated coastal areas via multiple

inland routes (The Asahi Shimbun 2024b).

This isolation also highlights a fundamental limitation of traditional warning systems. In the Brenner

case, the timely issuance of heavy rain warnings the day before might have allowed for proactive adjust-

ments among operators, potentially contributing to avoiding casualties with only one vehicle a!ected, de-

spite the debris flow (Haberler et al. 2024). Conversely, in Noto, although the JMA took the proactive step

of lowering advisory thresholds due to post-earthquake instability, the subsequent rainfall-induced land-

slides caused significant additional damage (Extreme Disaster Management Headquarters 2024b, p. 17).

This disparity suggests that the e!ectiveness of a warning is fundamentally dependent on the recipient’s

freedom of mobility, even when the relevant agencies issue highly sensitive systems by lowering warning

thresholds. Even for individuals without physical disabilities, mobility is denied if the evacuation routes,

namely the corridors themselves, are physically blocked or destroyed. This underscores the dual nature of

the Noto Satoyama Kaido corridor as both a lifeline and a hazard target, which was one of the primary tar-

gets of the hazard cascade. In such a state of enforced isolation, warnings have less of their functional utility

as the physical infrastructure for escape is unavailable, highlighting a fundamental challenge in corridor-

dependent regions.

Furthermore, the weight of these corridors di!ers significantly in their human consequences. While the

Brenner closureprimarily riskswide-scale economicdisruption, theNotoclosuredirectly threatenedhuman

survival. By January 5th, 33 communities remained isolated, and rescue e!orts were further hampered by

weather conditions that grounded helicopters for at least two days during the critical first ten days (Extreme

Disaster Management Headquarters 2024b). During these periods, severed road networksmeant that areas

outside the city centre were accessible only by air; consequently, when flight was impossible, both rescue

operations and the delivery of essential supplies were entirely suspended. In the harsh January cold, vic-
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tims in these isolated clusters struggled to survivewithout heating,mobile signal,medical supplies, or basic

sanitation. As the “72-hour golden window”, the period during which survival rates remain highest, passed

with around 300 rescue requests unaddressed, the paralysis of the road network became a matter of life

and death (Ishikawa Prefectural Government 2024; Ministry of Land, Infrastructure, Transport and Tourism

2002). Despite these di!ering scales of impact, comparing the two cases remains highly significant. Both

demonstrate that in modern, corridor-dependent societies, the failure of a single critical link creates a sys-

temic bottleneck that exceeds the management capacity of traditional single-hazard protocols, regardless

of whether the primary consequence is economic or existential.

7.3 Information Landscapes: Volume, Access, and Structure

Regarding the availability and nature of data, a significant information asymmetry was observed between

the two cases. While theminimumnecessary grey literature and news articles for a comparative study were

collected, the overall volume for the Brenner case was limited. As two and a half years have passed since

that specific cascade event, it is highly probable that information has shi"ed from public memory into ad-

ministrative archives. O!icial documents, such as those from public sector entities like GeoSphere Austria,

provided highly reliable outputs regarding the event’s conclusions. However, the inputs, the raw, real-time

decision-making processes, remained unclear, making a detailed forensic reconstruction nearly impossi-

ble. Furthermore, compared to Japanese documentation, German-language materials tended to be more

condensed and summarised, which limited the ability to trace a detailed timeline. While these observa-

tionsmay be specific to this single case and cannot be universalised, the scarcity of data suggests a need for

improved information sharing. Whether such data is intentionally kept within internal sectors due to cul-

tural administrative norms, distinct from the author’s background, remains speculative. However, as noted

in the methodology’s limitations (see Section 5.4), the author’s proficiency in German search queries may

have also played a role. This linguistic barrier underscores the profound value of international collabora-

tive research projects like PARATUS; such initiatives should expand beyond Europe to a global scale, where

Japan’s extensive disaster expertise could prove invaluable, which is a point further explored in thePerspec-

tives Chapter.

In contrast, theNotocasewascharacterisedbyanoverwhelming informationenvironment, floodedwith

blog entries, breaking news, and administrative/academic reports. This abundance of data, especiallywhen

it comes to the administrative reports, was largely due to the numerous, similar-looking reports issued by

various sub-agencies of the Ministry of Land, Infrastructure, Transport and Tourism (MLIT). Identifying the

most relevant and up-to-date correct information for specific topics imposed a high identification cost in
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terms of time and e!ort. This cost was further exacerbated when reports frequently cross-referenced or

excerpted each other with subtle di!erences. However, viewed positively, this volume reflects high trans-

parency and the public availability of operational documents, which opens doors for future research. Con-

versely, this accessibility assumes a near-native proficiency in Japanese and a high tolerance for meticu-

lous data collection, potentially posing a barrier to international collaboration, the underlying theme of this

study, which is further explored in Chapter 9.

Furthermore, the documentation of the 2024 Noto Peninsula earthquake revealed both an extraordi-

nary agility and areas for structural improvement. The Cabinet O!ice’s first disaster report was remarkably

released just 13hours a"er the initial earthquakeonJanuary 1st, 2024 (ExtremeDisasterManagementHead-

quarters 2024a). This occurred during the “Sanganichi” (the first three days of the New Year), a period in

Japan as culturally sacred for rest as the Christmas holidays are in Austria. Despite this, the commitment

to coordinate with relevant ministries and update information every 24 hours reflects an exceptional insti-

tutional agility. Nevertheless, from a researcher’s perspective, there is room for improvement regarding

version control and the visibility of updates. While minimal measures, such as including version numbers

in URLs and underlining new text, were implemented, the sheer volume of updates forced researchers to

manually scour hundreds of pages to ensure no critical information was missed. The implementation of

(possibly AI-driven) automated summarisation or documentmanagement systemswith automated change

logs would significantly benefit not only future researchers but also frontline responders who rely on these

reports during active crises.

To contextualise these findings within broader multi-hazard research challenges, the five core pillars

proposed by $aki% Trogrli% et al. (2024) provide a useful analytical lens. This challenge of navigating frag-

mented yet voluminous data underscores a broader systemic issue in multi-hazard governance: the gap

between high-level institutional agility and practical inter-disciplinary integration. While the Japanese Cab-

inet O!ice demonstrated remarkable speed in data dissemination, the identification cost realised in this

study suggests that a more harmonised, cross-sectoral database is required to translate raw information

into actionable knowledge. A comparative reflection on the Austrian context reveals a di!erent structural

approach. TheDisaster CompetenceNetwork Austria (DCNA) serves as a pivotal bridge between researchers

and practitioners, categorising expertise into specific hazard groups such as mass movements and critical

infrastructure (Disaster Competence Network Austria 2026). However, as noted in broader multi-hazard re-

search discourse, even well-established networks o"en struggle with the silo e!ect, where expert groups

focus on single-hazard categories without a clear framework for the overlapping, interconnected nature of

multi-hazard events, such as the rainfall-induced landslides seen in both Brenner and Noto. Building on
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existing e!orts to release data quickly and structure expertise by hazard type, the findings from this study

suggest that there is a pressing need for a unified information architecture that exceeds sectoral bound-

aries, to address these realities, as proposed by $aki% Trogrli% et al. (2024). By integrating diverse data

sources through advanced technologies, such as AI-driven change logs or structural GIS mapping, authori-

ties canmove beyond the overwhelming information environment toward amore holisticmulti-hazard risk

assessment framework. This evolution from “single-sector documentation” to “trans-disciplinary informa-

tion synthesis” is essential; without it, even the most agile government response remains hindered by the

structural di!iculty of tracing complexmulti-hazard narratives in real-time. Although it was di!icult to iden-

tify an ongoing project within the DCNA network that precisely reflects the “Earthquake-Rainfall-Landslide”

sequence observed in the Noto and Brenner cases, the network actively fosters cross-sectoral disaster re-

sponse through initiatives such as “FloodPrep”. This project, which focuses on pluvial flooding in cities like

Innsbruck and Graz, integrates hydrodynamic simulationmodels with real-time operational needs of emer-

gency services and infrastructure operators. While FloodPrep primarily addresses heavy rainfall and urban

flooding rather than a multi-hazard cascade in a strict geological sense, it exemplifies a trans-disciplinary

approach by bridging the gap between scientific simulation and real-world crisis management. By utilis-

ing AI-supported validation and incorporating data from fire brigades and municipal authorities, such ini-

tiatives provide a vital template for addressing the unpredictable nature of multi-hazard events (Disaster

Competence Network Austria 2025). Even if specific landslide-focused multi-hazard projects were not ex-

plicitly identified in the current documentation, the collaborative framework established by DCNA should

be recognised internationally as it enhances the collective capacity to respond to complex, interconnected

multi-hazard risks.

7.4 Strategic Drivers of Slope Protection

Building on Findings 3, which noted a lack of explicit documented rationales for the divergence in slope

protection measures, this section provides an inferential analysis to address RQ 3 by examining the under-

lying drivers that influence these slope protection choices. The selection of slope protection measures is

fundamentally dictated by the underlying geological and topographical constraints. In the Brenner region,

the Wipp Valley is characterised by steep, hard-rock faces where deep-seated gravitational slope deforma-

tions (DSGSD) and large-scale rock avalanches have historically occurred (Ostermann and Sanders 2017).

In such alpine environments, modifying the entire slope is physically and economically unfeasible. Con-

sequently, the engineering approach shi"s toward surface defence, typical of the flexible barrier systems

(e.g., Schutznetz) widely employed in Alpine regions. These systems are generally designed to intercept and
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dissipate the energy of falling debris before it reaches the transport corridor.

The choice of netting reflects a strategy ofmitigated absorption. As reported by GeoSphere Austria, dur-

ing the October 2023 event, the installed nets initially contained a significant volume of material before

eventually reaching their structural limit and being breached (Haberler et al. 2024, p. 32). It is plausible to

infer that in the Alps, the priority is placed on speed and flexibility, because netting can be rapidly deployed

or replaced, allowing international logistics to resume within days. It can be an engineering philosophy

that prioritises the smooth economic flow of the corridor, accepting a degree of sacrificial damage to the

protection nets themselves in exchange for rapid restoration of the flow.

In contrast, the Noto-Satoyama Kaido represents a fundamentally di!erent engineering challenge,

rooted in what can be termed the “dual role of embankments”. In the complex, undulating topography of

the Noto Peninsula, where many roads rely on engineered slopes to maintain level transit surfaces, which

means embankments are notmerely roadside protection; they serve as the foundational substructure upon

which the road itself is built. Here, the embankment acts as an artificial slope created to bridge topograph-

ical gaps and provide a level transit surface.

However, the 2024 Noto cascade revealed that this foundation is also a primary target of the hazard.

While a net is designed to protect the community below from the slope above, an embankment is designed

to support the road above. Yet, it remains utterly defenceless against seismic forces and the subsequent loss

of structural integrity, especially when saturated by post-event rainfall. In this context, surface defence like

netting is rendered rather pointless. When the seismic trigger destabilises the very artificial slope that sup-

ports the corridor, the damage is not merely an obstruction to be cleared, but a structural failure requiring

massive reconstruction. This vulnerability bydesignbecamea fatal flaw in theNoto case,where thedestruc-

tion of the road’s foundation led to the prolonged severance of the peninsula’s primary artery. However, this

reveals a profound developmental dilemma: as seen in the numerous communities le" isolated in the early

stages of the Noto cascade, these roads, despite their inherent fragility, remain the absolute prerequisite for

human habitation and emergency access. In such geographically constrained regions, the decision to con-

struct andmaintain these corridors is notmerely amatter of engineering choice, but anexistential necessity,

evenwhen the resulting infrastructure remains precariously exposed to catastrophic failure. Ultimately, the

divergence in slope protection strategies, from surface defence in the Brenner to structural foundation in

Noto, it is deducted that these drivers are not merely technical, but are deeply rooted in the regional socio-

economic priorities and the specific nature of the hazard cascade. This qualitative inference bridges the gap

identified in Findings 3, providing a strategic context that traditional administrative reports o"en omit.
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8 Conclusion

The research was conducted in order to apply the Impact Chain framework, which is established in the Eu-

ropean context, to a distant region in Asia, Japan. This research demonstrated that the Impact Chain frame-

work itself is a rather flexible framework, which enables visualising the sequences of cascading hazards. The

visualisation serves as a lens to compare two di!erent regions with the same/similar type of geo-hazard.

However, this approach has its limitations, which will be discussed later in Section 8.4. In this chapter, we

first summarise the findings anddiscussion to determine how the questions posed at the outset of the study

in the first sectionwere answered, and how the hypotheses were either confirmed or refuted. Next, we shall

revisit the ‘common critical role played bymountain passes in distant regions’, whichwas the centrepiece of

this study, and summarise this within the framework of multi-hazard research. Furthermore, we shall sum-

marise the contribution this study makes to the current research landscape and how it can be integrated

into future research; finally, we shall summarise the limitations of this study, which have been mentioned

in several places, and the directions for future research.

8.1 Synthesis of Research Findings

Regarding RQ1 and Hypothesis 1, the findings from the Noto and Brenner cases validate that the Impact

Chain framework is a highly adaptable structure, capable of being constructed even under significant data

constraints and the absence of stakeholder workshops. As demonstrated in Findings 1, the partial IC proved

e!ective for visualising the chronological sequence of hazards. However, as discussed in Chapter 7, this

utility is limited to cascading events reconstruction. For projects aimed at robust policy recommendations,

the integration of Vulnerability, Risk, and Exposure, elements excluded from this study, remains indispens-

able. A completemulti-hazard analysis requires capturing the lived experiences of stakeholders to translate

hazard sequences into actionable risk reduction strategies.

In response to RQ2 and RQ3, the literature review confirmed a marked divergence in slope protection

measures between the two regions (Findings 2). While the specific administrative rationales were not ex-

plicitly documented (Findings 3), this study deduced that these choices are driven by topographical con-

straints and engineering philosophies. In the Brenner region, the focus is on surface protection (netting)

to shield communities below from natural rockfall and potentially even from debris flow. Conversely, the

Noto Satoyama Kaido represents a foundational protection approach, where artificial embankments, the

road’s very substructure, must be defended against failure, whatever hazard happens. This suggests that

protection measures are not merely technical choices but are dictated by the landscape itself.
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One of the key findings of this study is that the selection of slope protection measures is not merely a

matter of technical optimisation, but is deeply rooted in the topographical constraints of the terrain and the

engineering philosophy of ‘what needs to be protected’. The approach observed in the Brenner Corridor is,

so to speak, based on the concept of ‘protecting the area below the slope’. The rugged natural slopes of the

Alps defy any attempt by humans to exert complete control over themountains themselves. Consequently,

assuming that rockfalls and debris flows will occur, ‘flexible barriers’ are selected to dissipate and capture

their energy just before they reach the transport routes. Here, priority is given to a balance between e!i-

ciency and flexibility: even at the cost of the ‘sacrifice’ of the protective barriers, the aim is to restore the

continuity of international logistics behind them within a short timeframe. In contrast, the approach taken

on the Noto Satoyama Highway is based on the philosophy of ‘protecting the top of the slope’. In this cor-

ridor, the slope (embankment) is not merely an obstacle, but a ‘structural foundation’ supporting the road

itself. In Japanese construction methods, which involve filling in valleys and building roads on artificial

foundations, a slope collapse immediately results in the loss of the road surface. Consequently, rather than

surface protection using netting, a ‘rigid’ defence is pursued, which involves strengthening underground

drainage functions and increasing the rigidity of the ground itself. What this comparison reveals is that the

e!ectiveness of protective measures should not be measured solely by the ‘magnitude of the hazard’, but

depends on the context of ‘what spatial role the infrastructure plays within the local community’.

Regarding RQ4 and Hypothesis 4, the e!ectiveness of these measures showed a mitigated failure pat-

tern. In Brenner, nets functioned until their structural threshold was breached by excessive debris volume.

In Noto, reinforced sections demonstrated less damage than unreinforced ones. However, in both cases,

the corridors su!ered closures lasting weeks to months, failing to prevent large-scale socio-economic dis-

ruption. Thus, while structural measures may delay damage, they do not ensure corridor continuity in the

face of complex hazard cascades. In this study, the fact that both cases were forced to close to tra!ic for

periods ranging from several weeks to several months might, at first glance, appear to suggest a ‘failure’ of

existing slope protection measures. However, this outcome should not be viewed as a simple engineering

defeat. Rather, it should be redefined as an exposure of the ‘structural limitations’ of structures designed

to withstand a single hazard, revealing their powerlessness in the face of ‘cascading e!ects’ such as post-

earthquake rainfall or record-breaking sediment inflows exceeding design thresholds. Neither the breach

of the Brenner barrier nor the collapse of the roads in Noto was due to the inadequacy of existing technol-

ogy; rather, it was the result of unpredictable ‘cascading disaster’ scenarios outpacingmodern static design

standards. The lesson to be learned from this ‘failure’ is that simply raising physical barriers is not the solu-

tion. No matter how robust a structure may be, it will eventually reach its limits within a cascade of events.
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Consequently, we could say that building resilience by combining a strategy of ‘resistance’, involving the

reinforcement of physical infrastructure, with ‘non-structural measures’ such as the rapid sharing of infor-

mation, evacuation plans and the securing of alternative routes, has become an indispensable requirement

in this era of multi-hazard risks.

8.2 The Corridor Fragility in the Multi-Hazard Framework

The sequential hazard events followedby corridor paralysis in both study areas underscore the vital yet frag-

ile role of mountain passes. The Brenner Pass, as a pillar of international logistics, and the Noto Satoyama

Kaido, as a lifeline for easily-isolated Peninsula communities, both revealed that modern society remains

subservient to geographical constraints. Despite advanced engineering, the single-link failure of a corri-

dor creates a systemic bottleneck. Addressing this requires moving beyond structural engineering toward

the Collaborative Approach advocated by the DCNA (Austrian transdisciplinary knowledge transfer plat-

form) andPARATUS (EU-funded international researchproject). Enhancing information exchange and trans-

disciplinary coordination is the only way to manage risks that exceed the design limits of physical barriers.

A comparison of the social and economic impacts caused by the disruption of the two corridors highlights

the di!erence in the ‘quality of vulnerability’ inherent in each corridor. The paralysis of the Brenner Corridor

resulted in a critical infrastructural bottleneck, causing friction in the cross-border movement of goods and

incurring certain ’time costs’ for the European economy. The stagnationmay represent a significant blow to

corporate supply chains, both in terms of time and money. On the other hand, the disruption in Noto was

a ‘crisis of survival’ that threatened the right to life of isolated communities. The situation, in which rescue

teams could not reach the area and access tomedical carewas cut o!, proved precisely that the corridor is a

‘lifeline’. What is importanthere is not a comparisonofwhichdisasterwasmore severe, but the fact thatboth

share a common vulnerability: they are ‘irreplaceable’. The economic losses incurred over several weeks

at the Brenner Pass and the 72-hour survival crisis in Noto both illustrate how, even in a highly developed

modern society, we remain excessively dependent on specific, narrow lines (corridors). This ‘over-reliance

on corridors’ is one of the factors that amplifies multi-hazard risks, and I hope that within the framework

of international risk management, the concept of ‘corridor resilience’, aimed at equally safeguarding both

economic and humanitarian values, will gain wider recognition.

8.3 Theoretical and Practical Contributions

This research contributes to the DRM field by proving that a hazard-consequence focused IC can serve as

a rapid situational assessment tool when time and resources are limited. Practically, this may be useful
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for initial inter-agency briefings where a quick, structured overview of the disaster narrative is required.

However, the study also rea!irms the theoretical necessity of the full Impact Chain. Risk is not a sum of

hazards and consequences; it is a function of hazard, exposure, and vulnerability. Without these, we cannot

document the latent risks that have not yet manifested but exist as future threats. Therefore, this study

concludes that for long-termmulti-hazard risk reduction, a partial adoption of the framework is insu!icient

for risk calculation, though highly e!ective for event reconstruction.

8.4 Limitations and Future Research

Themost prominent limitation of this study is its inherent inability to quantify absolute risk levels due to the

deliberate scoping of the study. Future research should explore the threshold of utility: at what point does

a simplified IC stop being helpful and start being misleading? Furthermore, adding the ’Capacity’ factor to

the risk equation, as suggested by De Angeli et al. (2022), would be a fruitful next step.

Finally, this study suggests that international comparative analysis shouldbemoreactively pursued. De-

spite the cultural and geographical distance between Japan and Austria, shared challenges—such asmoun-

tain roadmaintenance and cascading landslides—provide a rich ground formutual learning. The essence of

the collaborative approach lies in bridging these diverse regional experiences to build a universal resilience

framework.

8.5 Final Reflections: Beyond Cultural and Administrative Divergence

Finally, I wish to reflect on the personal and academic journey that underpinned this study. Having been

raised in Japan, a nation defined by its frequent encounters with large-scale disasters, and now pursuing

my studies in Austria, a country with its own distinct alpine hazard landscape, I have personally witnessed

what I term ’Cultural and Administrative Divergence’ in reactions.

On one hand, the Japanese administrative response is characterised by extraordinary speed andmetic-

ulous detail; yet, as this study highlighted, the information is o"en ’scattered’ across various ministries, im-

posing a high ’identification cost’ on those seeking a holistic view. On the other hand, Austrian documen-

tation tends to be highly refined and condensed, yet it faces the persistent challenge of ’sectoral siloing,’

where expertise is deeply specialised but sometimes lacks a unifiedmulti-hazard framework.

The most profound insight gained through this research, however, is that these cultural and structural

di!erences should not be viewedmerely as barriers to research. Instead, they represent ’diverse arsenals’ in

our collective fight against the escalating threats ofmulti-hazards. The process of comparing two geograph-

ically distant corridors and re-examining shared physical phenomena, such as cascading landslides, allows
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us to relativise our own national ’common sense’ and discover novel solutions that might remain hidden

within a single-country study.

The ultimate defence against the unpredictable nature of climate-inducedmulti-hazards lies in our abil-

ity to collaborate as aunifiedhumansociety. This ’collaborative approach,’ whichbridges linguistic, cultural,

and sectoral divides, is not just amethodological choice; it is an existential necessity. By synthesising global

expertise, wemove from being fragmented responders to a resilient, trans-disciplinary force.
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9 Perspectives

The comparative analysis of the Brenner Corridor and the Noto Satoyama Kaido has revealed that despite

geographical and cultural distances, mountain corridors share a universal fragility in the face of cascading

hazards. This study has demonstrated that the Impact Chain framework can bridge these distant experi-

ences; however, the true potential of such a collaborative approach remains untapped due to systemic con-

straints. Looking forward, this chapter explores the transformative possibilities of a multi-hazard research

landscape, assuming a hypothetical environmentwith unlimited resources, unconstrained by budget, time,

or human capital, to address the escalating threats of the 21st century.

9.1 Overcoming Institutional and Systemic Barriers through Radical Collaboration

The necessity of a collaborative approach in multi-hazard risk management has been advocated since at

least 2016. However, as emphasised by Scolobig et al. (2014), significant institutional barriers remain, such

as single-risk-centred regulations and fragmented responsibilities. If one were to imagine a research en-

vironment with unlimited resources, unconstrained by budget, time, or human capital, the first objective

would be to dissolve these silos through a permanent, trans-disciplinary infrastructure for risk governance.

In such an idealised scenario, the model established by the Austrian Disaster Competence Network Asso-

ciation (DCNA) and the EU-funded PARATUS project serves as a foundational blueprint. PARATUS, in par-

ticular, represents the cutting edge of multi-hazard research by applying a consistent framework across di-

verse study sites to bridge the gap between scientific analysis and policy recommendation. While currently

constrained by European borders, its collaborative essence, integrating cross-sectoral expertise to manage

complex hazard interactions, is precisely what the global disaster risk management (DRM) community re-

quires.

With unlimited resources, this collaborative essence would further transition from static Impact Chain

diagrams to dynamic virtual simulations. By integrating high-resolution terrain models with real-time sen-

sory data, such as soilmoisturemonitoring and satellite-basedprecipitation figures, a global platformcould

simulate potential cascading failures in a virtual space before they manifest. This would also allow, for in-

stance, roadmanagers to test ’what-if’ scenarios, enabling the pre-emptive deployment of resources to the

most risk-exposed segments of any given mountain corridor.
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9.2 A Global Multi-Hazard Knowledge Commons: Bridging Diverse Experience

With unlimited resources, the next logical evolution of projects like PARATUS would be an expansion to a

truly global scale, specifically bridging advanced yet geographically distant disaster-prone regions, such as

Austria, Japan, andbeyond. This study has highlighted thatwhile both nations possess deep expertise, they

su!er from opposite data challenges: Austria’s highly specialised but siloed sectoral data versus Japan’s

rapid, meticulous, but scattered administrative reporting.

While this study focused specifically on the Brenner Pass and the Noto Satoyama Kaido, a resource-

unlimited scenario would envision a Real-Time Global Multi-Hazard Platform designed to proactively struc-

ture and exchange emerging insights across borders. The following cases are presented not as an exhaus-

tive list of requirements, but rather as illustrative examples of the latent knowledge that could be unlocked

through such a platform. Drawing on my background and the specific findings of this research, these two

points highlight how region-specific experiences can be elevated to universal lessons:

1. UpscalingStructural Lessons fromNoto: Themechanismsbywhich specific embankment improve-

ments along the Noto Satoyama Kaido withstood seismic-induced pluvial stress, while unreinforced

sections failed, may o!er invaluable data for other earthquake-prone regions, such as Italy or Turkey.

Access to the specific engineering details of these Japanese rigid defences could facilitate the pre-

emptive reinforcement of global mountain infrastructure against complex seismic-hydrological cas-

cades and vice versa.

2. Expanding the Scope to Climate-Induced Melt: Similarly, Japan’s recent experiences with the 2023

Yamagata landslide (The Nikkei 2023) may provide a crucial precedent for the Alps. While the event’s

greater physical details remain a subject for future investigation, the event’s significance lies in its cas-

cadingnature, triggeredby recordsnowfall followedbyunseasonablyhigh temperaturesand intermit-

tent rainfall. This reflects the escalating threats in Austria, where rising temperatures are destabilising

glaciers and increasing water infiltration. The knowledge gained from the Yamagata’s snowmelt-rain-

landslide sequencecouldbeauseful survivalmanual for Alpine communities facing the consequences

of rapid glacier retreat.

To facilitate this, an unlimited resource pool would fund a dedicated professional role of ’Disaster Data

Curators.’ These would be specialists fluent not only in the technical complexities of disaster mitigation

but also in the administrative and linguistic cultures of relevant regions. Their role would be to ’translate’

and structure domestic/regional disaster archives, which are o"en exhaustive but fragmented, into globally

standardised Impact Chain formats, ensuring that domestic expertise becomes a global asset. By employing
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such specialists, this global platform could systematically reconstruct and store data encompassing the full

spectrum of disasters, ranging from high-frequency, chronic events to low-frequency, high-impact (LFHI)

catastrophes, from any a!ected region where documentation and lived experiences exist. This transfor-

mation would turn localised, o"en inaccessible administrative reports into a universally shared knowledge

base. It would allow researchers and practitioners from any corner of the globe to refer to these diverse

precedents as a comparative benchmark for their own multi-hazard risks. It is through this structural har-

monisation that regional expertise, regardless of its origin, truly becomes a global public good. It must be

noted, however, that in a global collaboration, defining a universal standard o"en leads to intense politi-

cal debate over institutional hegemony. To mitigate this, a ’rotating leadership’ model could be employed,

where the project’s lead agency shi"s periodically among participating regions to ensure equitable repre-

sentation and diverse methodological contributions. Alternatively, establishing a permanent, politically

neutral research body,modelled a"er the International Institute for Applied Systems Analysis (IIASA), would

be essential. By operating independently from immediate national political interests, such a platform can

maintain its focus on scientific integrity and long-term disaster resilience.

9.3 From Forensic Reconstruction to Proactive Policy Mainstreaming

Ultimately, the goal of this collaborative approach is to move from forensic event reconstruction to proac-

tive policy mainstreaming. In a world of unlimited resources, every mountain corridor, including both the

Brenner Pass and the Noto Satoyama Kaido, would bemanaged under a Joint Multi-Risk Commission. This

commission would facilitate ongoing scenario-sharing and synchronised policy adaptation, ensuring that

structural resistance is always bolstered by non-structural agility. At its core, this global collaborative plat-

form is a project to maximise human survival probabilities in an increasingly unpredictable climate. There-

fore, access to these multi-hazard insights must be governed by a principle of universal benefit, due to the

nature of the insights, which are potentially life-saving. No citizen should be excluded from the protections

of this platform due to geopolitical friction or administrative boundaries; the safety of communities, wher-

ever they are, must transcend political agendas.

The ultimate perspective o!ered by this study is that di!erence is not a barrier but an asset. The di-

vergence in engineering philosophies and administrative cultures between Austria and Japan represents a

diverse “global arsenal” of solutions. By investing heavily in the linguistic and structural harmonisation of

these knowledge bases, the international community can finally shi" from fragmented, reactive responses

to a unified, resilient force capable of outpacing the cascading complexities of the 21st century.
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Appendix

This appendix provides the detailed records of the literature identification and selection process described

in the Methodology section. The following tables report the search strings, strategies, and outcomes used

to ensure the transparency and reproducibility of this study.

• Appendix A: Search ID table

Details the 14 systematic search strings, snowballing (SN01), and prior knowledge (PK01) used across

various databases. It records the specific keywords, databases, hits, and the number of sources finally

included from each string. Note that some strings yielded zero relevant results a"er screening, which

is reported for methodological transparency.

• Appendix B: Literature Management Overview

Provides a comprehensive list of the 40 core academic sources utilised for the analysis. This includes

the 18 sources yielded from the systematic search, as well as 22 sources identified through backward

snowballing (SN01) and prior knowledge (PK01).
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