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Abstract

Climate change is increasing the frequency and intensity of natural hazards, placing ad-
ditional stress on critical infrastructure systems. Addressing these challenges requires
both robust evaluation frameworks and the inclusion of Nature-Based Solutions (NbSs)
alongside conventional protection measures. Building on the RAMSSHEEP concept, origi-
nally proposed for risk-driven maintenance, and later further developed and applied in,
e.g., previous Horizon projects and COST Action TU1406, this study integrates natural
hazard considerations and NbS risk mitigation measures into a comprehensive approach
to evaluate the resilience of critical infrastructure. The novel methodology involves a
structured expert elicitation process with participants from the Horizon NATURE-DEMO
project, to adapt and extend the RAMSSHEEP framework for resilience-oriented trans-
formation. This also includes alignment with established hazard and risk assessment
systems to ensure methodological consistency and applicability of the final concept. The
resulting framework enables systematic evaluation of infrastructure vulnerability and
resilience, explicitly accounting for natural hazards and the contribution of NbSs to risk
mitigation. The expected outcome is an objective, repeatable assessment methodology that
supports decision-makers in planning, prioritizing, and monitoring resilience-enhancing
measures across the infrastructure life cycle. A particular focus of this contribution lies
in the methodological approach, ensuring its applicability within interdisciplinary and

multi-level decision-making contexts.
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o Critical infrastructure systems form the backbone of modern societies, ensuring the
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by natural hazards, including debris flows, rockfall, avalanches, and floods [2,3]. These
hazards pose a particular threat to lifeline infrastructure such as road networks, energy
transmission systems, and municipal facilities, where service disruptions can have severe
socioeconomic impacts [4,5].

The risk profile of alpine regions is further intensified by climate change, which is
expected to increase the frequency and magnitude of extreme events [3,6]. This evolving
hazard landscape calls for robust and adaptive evaluation approaches that can capture
the complex interactions between infrastructure assets, environmental conditions, and
societal needs.

In this context, the RAMSSHEEP evaluation framework—addressing Reliability, Avail-
ability, Maintainability, Safety, Health, Environment, Economics, and Politics—offers a
structured methodology for assessing infrastructure performance and resilience. Devel-
oped within the COST Action TU1406, the framework combines technical performance
evaluation with a broader set of societal and environmental criteria [7]. A distinguishing
feature of RAMSSHEEDP is its ability to integrate both conventional “grey” protection mea-
sures (e.g., galleries, retention dams, and net systems) and NbS. This dual focus reflects
the growing recognition that sustainable hazard mitigation requires combining engineered
structures with ecosystem-based approaches.

The importance of resilience assessment frameworks for critical infrastructure has
been highlighted in numerous recent studies [8-10]. Many approaches emphasize system
reliability and risk exposure, while increasing attention is being paid to adaptive capacity
and sustainability dimensions [11,12]. Frameworks such as PEOPLES (population, en-
vironment, organized services, physical infrastructure, lifestyle/competence, economic
development, sociocultural capital), IRF (Infrastructure Resilience Framework), and CIRI
(Critical Infrastructure Resilience Index) have advanced quantitative and qualitative metrics
for assessing resilience. However, while the main focus of the first two is not asset manage-
ment, it is believed that the latter may suffer from a weakness that could compromise its
results. This topic is addressed in Section 2.

The RAMSSHEEP framework builds on these efforts by incorporating economic, envi-
ronmental, and political considerations and by explicitly integrating NbSs, thus addressing
emerging challenges in asset-level optimization and infrastructure risk management under
climate change.

The goal of this contribution is to demonstrate the RAMSSHEEP evaluation process
in detail through a dedicated assessment tool applied to the Lattenbach catchment area
in Tyrol, Austria. The analysis focuses on critical infrastructure assets—including roads,
energy supply, and the urban area of Pians—and provides a comparative evaluation of
grey protection measures and NbS. The results are embedded within a comprehensive
decision-support framework, illustrating the full potential of RAMSSHEEDP for integrated
infrastructure risk management in hazard-prone alpine regions.

Furthermore, this study aims to show how the assessment process and expert involve-
ment must be designed to establish a transparent, traceable decision-making framework.
This approach ensures that all stakeholders are engaged and supportive of the outcomes,
fostering consensus and shared ownership of resilience planning and investment deci-
sions. The work also addresses the integration of RAMSSHEEP with existing local and
national hazard and risk assessment systems and its embedding into strategic planning
tools with CAPEX (Capital Expenditure) and OPEX (Operational Expenditure) parameters.
Special attention is given to methodological aspects, including interdisciplinary stake-
holder engagement, role definition, and the establishment of a cyclic, life-cycle-oriented
assessment process.
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2. Comparative Analysis: PEOPLES vs. IFR vs. CIRI vs. RAMSSHEEP

This section, in addition to the RAMSSHEEP framework, provides a brief description
of three resilience assessment frameworks used in the domains of infrastructure, commu-
nities, and asset management: PEOPLES Resilience Framework, Critical Infrastructure
Resilience Index (CIRI), and Infrastructure Resilience Framework (IRF).

2.1. PEOPLES

Developed by Renschler et al. [13] to define and measure community disaster resilience,
PEOPLES is a seven-dimensional framework (population and demographics; environmen-
tal/ecosystem; organized governmental services; physical infrastructure; lifestyle and
community competence; economic development; and social-cultural capital) intended as a
holistic basis for both quantitative and qualitative modelling of community functionality
before/after disasters. This framework is socially centred, shifting the focus from purely
technical systems and physical infrastructure, admitting that resilience is fundamentally
about people and their ability to cope and adapt, and therefore with a strong emphasis on
social and human factors. PEOPLES is a broad approach for understanding social drivers
of resilience and for community-wide socio-economic resilience assessments.

2.2. IRF

The Infrastructure Resilience Framework (IRF) was developed by the Cybersecurity
and Infrastructure Security Agency (CISA) to help communities, regions, and the pri-
vate sector incorporate resilience into planning for critical infrastructure [14]. Flexible,
pragmatic, and action-oriented, it is a process that helps organizations identify critical
infrastructure, assess risks, and develop and implement resilience solutions to support
community resilience with the support of stakeholders. Intended for planners, it is a
guidance tool with defined steps—Ilay the foundation, identify assets and hazards, assess
risks, identify actions, and implement and monitor—to convert risk assessments into plans
rather than producing a metric.

2.3. CIRI

The Critical Infrastructure Resilience Index (CIRI) developed by Pursiainen et al. is a
methodology designed to evaluate organizational and technological resilience across the
crisis management cycle: risk assessment — prevention — preparedness — warning —
response — recovery — learning [15]. CIRI provides a consistent way to assess resilience by
synthesizing data and simplifying complex information. Based on process maturity levels,
it aggregates individual sector-specific resilience indicators into a unique, quantitative
overall index, enabling the comparison of resilience for different assets or sectors for
strategic decision-making. The aggregation of many indicators into a single score can,
however, obscure the underlying drivers of resilience.

2.4. RAMSSHEEP

Originally proposed by Wagner and van Gelder [16,17] and promoted in Dutch infras-
tructure/asset management practice (Rijkswaterstaat), RAMSSHEEP is an asset-focused,
multi-criteria approach to support risk-driven maintenance and lifecycle optimization of
physical infrastructure. It extends the conventional RAMS (reliability, availability, main-
tainability, and safety) engineering framework for evaluating the performance and safety
of a system or product, with additional dimensions expressed as “SHEEP” (security, health,
environment, economics, and politics). This aggregation results in a broad, structured,
and comprehensive set of performance/impact aspects, forcing evaluations beyond simple
technical performance or cost. It integrates hard engineering metrics with socio-political
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factors, which are often overlooked in purely technical analyses. Designed to ensure all
major facets of a system’s lifecycle and impact, RAMSSHEERP is a decision-making tool that
supports complex decision-making by weighing competing factors (e.g., a more reliable
system may be less economical).

3. Methodology

As previously mentioned, within the framework of the Horizon project NATURE-
DEMO, we extend the classical RAMSSHEEP procedure, originally developed to assess
infrastructures based on six dimensions: reliability, availability, maintainability, envi-
ronment, costs, and politics. This extension actively incorporates, for the first time, the
surrounding infrastructure environment. The performance assessment process now takes
natural hazards into account, with explicit consideration of their characteristics and impact,
as well as the existence or implementation of mitigation strategies such as conventional
protection solutions (grey infrastructure) and NbS. The methodology flowchart is shown in
Figure 1.

Infrastructure
Performance
Assessment

Figure 1. Methodology flowchart.

For the correct application of this extended RAMSSHEEP tool, it is essential to es-
tablish and follow a structured step-by-step process plan. This plan includes the sys-
tematic integration of relevant information and the involvement of experts from diverse
disciplines. Consistent implementation of this approach is crucial for the quality of the
results, the long-term success, and the further development and added value of the
RAMSSHEEP framework.

Furthermore, a clear definition and formulation of evaluation metrics in the form of
Key Performance Indicators (KPIs) is carried out. For this reason, the following methodol-
ogy section is divided into corresponding subsections, in which we systematically present
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the procedure and subsequently demonstrate the application of the extended RAMSSHEEP
approach using the Lattenbach case study.

3.1. Basic Information and Characteristics of the Lattenbach Valley Demonstrator and Involvement
of Relevant Stakeholders in the Evaluation Process

The Lattenbach Valley is located in the Austrian Alps within the Landeck District of
Tyrol and is renowned for its natural beauty as well as diverse recreational opportunities,
such as hiking, mountain biking, and numerous resorts, making it a popular tourist des-
tination. In addition to its scenic and touristic importance, the valley also hosts critical
infrastructure, including the European route E60—a major transcontinental road span-
ning approximately 8200 km from Brest, France, to Irkeshtam, Kyrgyzstan. With about
5000 residents, the region also has a significant population.

The Lattenbach catchment area includes the main stem of the Lattenbach on the
western side and the Radunbach on the eastern side, which merge approximately
1.7 km downstream from the upper catchment and flow into the Sanna River within
the municipality of Pians (Figure 2). The valley is particularly vulnerable to natural hazards
such as debris flows and landslides triggered by extreme rainfall events resulting from
altered precipitation patterns. These events are expected to increase in frequency and
intensity, destabilizing slopes and threatening both the regional ecosystem and critical
infrastructure.

L=

Untersuchungsgebiet: ————
Lattenbach, Tirol, /

Osterreich

e,

M Site Grins § [m1325

Figure 2. Location (left) [18] and overview (right) [19] of the Lattenbach catchment area.

Key existing infrastructure includes, besides the European route E60, local
roads, bridges, energy supply systems, and municipal facilities within the Pians area.
These infrastructures are central to the population’s supply and mobility as well as
economic activities.

Given the hazard exposure, various stakeholder groups play essential roles in the risk
management of the Lattenbach Valley:

e  Public Sector: The municipality of Pians and district authorities are responsible for
local land-use planning, hazard mapping (e.g., torrential risk maps), emergency man-
agement, and municipal risk communication. At the provincial level (Tyrol) and
federal level, government agencies support regional hazard mapping, enforcement of
safety standards, early warning systems, and funding allocation. At the national level,
the Austrian Federal Ministry of the Interior (BMI) coordinates disaster management,
risk assessments, and warning systems such as KATWARN.

e Local Community: Residents, as land and infrastructure users, need to be en-
gaged, especially in hazard awareness and participatory planning. Volunteer
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rescue organizations, including fire brigades, Red Cross, and mountain rescue
services, provide crucial operational response capabilities central to post-event
risk management.

e  Science and Technical Expertise: Geotechnical and natural hazard specialists conduct
geo—-hydro-mechanical slope analyses and assess landslide susceptibility. Civil and
infrastructure engineers carry out risk assessments of critical structures (e.g., bridges
and roads) using physical KPIs, condition monitoring, and multi-level analyses.

e  Private Sector: Infrastructure owners and operators are responsible for evaluating
the structural resilience of key facilities such as roads, power systems, bridges, and
utilities, applying stress-testing methodologies.

This broad involvement of all relevant stakeholders is essential to ensure a holistic
and robust risk and resilience assessment in the Lattenbach Valley.

We involved representatives of torrent control authorities, long-term scientists who
have observed Lattenbach’s development for decades, experts in alpine hazards, and
NDbS specialists from both scientific and torrent control stakeholder groups to conduct the
evaluation process comprehensively and rigorously.

The experts were able to adequately represent the interests of the different stakeholder
groups, as they are in continuous exchange with these groups. The region is an active,
dynamically changing zone that requires ongoing hazard and mitigation evaluations.
Therefore, we are directly involved in these processes and continuously receive information
on current torrent control measures.

3.2. Integration of Local Assessments and Historical Event Data

Following the identification of key stakeholders, it is essential to comprehensively
compile data for the Lattenbach catchment. This includes historical records, current
information from stakeholder groups, scientific studies, and observations from mon-
itoring activities. Past events, as well as already implemented and planned mitiga-
tion measures, were systematically collected and categorized, and their interrelations
were analyzed.

Another important aspect was to understand the current strategies of the locally
responsible stakeholders, such as how energy levels are assessed and how their evaluation
and decision-making processes are structured.

The Lattenbach catchment drains steep alpine slopes above Pians. The channels
exhibit typical torrent morphology with steep sections, confined gorges, and deposi-
tional fans near settlements and transportation corridors. Historically, debris flows
have significantly transported bedload and caused sudden impacts on built-up areas,
severely affecting infrastructure. There is a long local history of such events, with writ-
ten records dating back to 1907. Since then, severe events have been documented with
detailed dates, times, and descriptions. Events such as the debris flows in 1954, 1987,
2005, and 2012 destroyed bridges, damaged buildings, and disrupted transport and
economic activities.

With technological advancements, monitoring stations have been installed throughout
the valley to collect valuable data, including observed intensities (peak discharge, runout
length, and flow and debris volumes), damage logs (infrastructure type, repair costs, and
photographic documentation of physical damages), and hydrometeorological records (rain
gauges, snowmelt, and temperature). This information, complemented by hazard maps,
inventories of protective structures (check dams and retention basins), maintenance and in-
spection reports, geomorphological surveys, LIDAR data, orthophotos, and cross-sectional
profiles of the streams, allows the integration of existing hazard and risk assessments by
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local authorities into the RAMSSHEEP methodology. This can be further supplemented by
a detailed analysis of historical natural hazard events.

These data serve to validate risk indicators and calibrate model parameters regarding
intensity, frequency, and damage potential, enabling their targeted use in decision-making
processes, early warning systems, and recovery planning.

3.3. Integration of Grey Infrastructure and Nature-Based Solutions

As outlined, the Lattenbach catchment area predominantly relies on grey infrastructure
due to the terrain conditions, prevailing hazards, and the immediate protection objectives
for critical infrastructure.

In the longer term and with awareness of climate change, NbS and bioengineering
measures must be strongly considered to stabilize and potentially mitigate existing pro-
cesses. In other words, a full replacement of grey infrastructure, such as check dams, by
NDbS alone is neither feasible nor sensible in the Lattenbach context. Therefore, the goal is to
combine NbS with grey infrastructure within the protection system to ensure the resilience
of the infrastructure.

As part of the Horizon NATURE-DEMO project, a comprehensive catalogue of
NbS measures and risk classification was developed. This classification forms the ba-
sis for the RAMSSHEEP-based assessment tool developed here and is embedded within
the tool.

The RAMSSHEEP-based assessment framework, developed within the Horizon
NATURE-DEMO project, provides a structured environment for integrating risk mitigation
measures by allowing simulation-based evaluation of single or combined strategies.

Using this tool requires data on existing grey protective infrastructure (GPI) as well
as an assessment of its current condition to evaluate the impact of proposed mitigation
strategies. In the case of Lattenbach, a database was compiled from inventories, municipal
planning documents, and field surveys, detailing the following:

e Debris retention basins: capacity, location, year of construction, and maintenance status.
e  Check dams: type, dimensions, and sediment trapping efficiency.
e  Deflection structures: orientation, design discharge, and protected zones.

An inventory of planned grey infrastructure measures was also documented.

Each technical protection measure was georeferenced and linked to hazard zones
(identified in Austrian hazard maps) and exposure areas.

At the same time, a list of feasible NbS options was gathered based on suitability
mapping, considering factors such as slope, soil stability, and vegetation cover. Identified
NDbS include the following, among others:

e  Reforestation of erosion-prone slopes to enhance root cohesion.

e  Expansion of natural retention areas in the upper catchment to delay runoff peaks.

e Near-natural riverbank structures to improve channel resilience and sediment
transport balance.

Both types of measures are analyzed for their impact on the overall risk profile and
simulated under various scenarios to assess their potential for hazard mitigation.

3.4. RAMSSHEEP as a Multi-Level Decision Support Framework and Scenario-Based Evaluation

The RAMSSHEEP evaluation module should not be seen as a tool that provides a
single, definitive solution—nor is it designed to do so. Instead, it serves as a decision
support framework that offers experts at various levels a basis for discussion, assessment,
and development of a range of solution options. For example, it enables the evaluation of
isolated grey protective measures—both current and future—the assessment of replacing
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grey infrastructure with NbS in present and climate change scenarios, as well as the
combined evaluation of both approaches.

Scenario-based simulations are used to compare the effectiveness of different combi-
nations of grey infrastructure and NbS in reducing risk. This evaluation is conducted using
a multi-criteria approach that considers technical performance, ecological impacts, and
socio-economic relevance. By comparing simulation outcomes with documented historical
events, the validity of modelled hazard scenarios and the potential of integrated mitigation
strategies to reduce risk are assessed.

The results produced by the tool vary depending on the expert groups involved,
their knowledge and understanding of local conditions, and their experience with pre-
viously applied methods. Thus, the key strength of the RAMSSHEEP tool lies in
its ability to facilitate a shared communication and evaluation platform that supports
a collaborative and consensus-driven decision-making process among experts from
diverse disciplines.

4. Case Study Lattenbach—Application and Results

A systematic assessment was conducted to evaluate the resilience of critical infrastruc-
ture in the Lattenbach catchment. The methodology distinguishes between grey protective
measures, NbS, and their combined effects. The results from these separate assessments
were integrated into a comprehensive risk matrix, enabling detailed scenario-specific analy-
ses. The RAMSSHEEP framework, as defined within COST Action TU1406, where multiple
KPI from the original procedure considered to be related were aggregated in a single KPI,
was used to implement the entire assessment process, ensuring a structured and quantita-
tive approach to risk assessment, based on the following set of KPISs, classified on the scale
presented in Table 1 [20]:

e  Safety, Reliability, and Security (SRS)—combined KPL
Availability and Maintainability (AM)—combined KPI.
Economy (i.e., Costs) (EC).

Environment (EV).

Health and Politics (HP)—combined KPI.

Table 1. Rating scale.

Rating Condition
1 Very good
2 Good
3 Fair
4 Poor
5 Very Poor

4.1. Evaluation of Critical Infrastructure

Using this methodology and the applied case study, critical infrastructure elements—such
as roads, bridges, and energy supply networks—are systematically identified and assessed.
The evaluation employs the RAMSSHEEP framework to determine the current condition,
operational availability, and reliability of each component through individual assessment
of KPIs as defined in the RAMSSHEEP model. The resulting data provides the basis for
subsequent stages of the evaluation process. Particular emphasis is placed on the role of
existing grey protective measures in enhancing infrastructure resilience. The outcome of
this first phase of the procedure is shown in Figure 3 and, for better visualization of its
content, in Table 2 that follows.
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Critical Infrastructure (Cl)
Critical Infrastructure Condition State
Section to assess the current condition of the CI
Safety, Reliability
a and Security (SRS)
KPI* ) e
condition 2
Safety, Reliability and Security (SRS) 2 Please assess the SRS Condition
Availability and ility (AM] 2 Please assess the AM Condition Health and Politics > RrateutlByiend
= () 5 Maintainability
(EC) 3 (Am)
Environment (EV) 1 1
Health and Politics (HP) 2

* COST Action TU1406  KPI definitions available here...
) Condition Scale: 1 - Very good; 2 - Good; 3 - Fair; 4 - Poor; 5 - Very poor
To be transferred to section Natural Hazards

Environment (EV)

Figure 3. Assessment of the current condition of existing critical infrastructure.

Table 2. Assessment of the current condition of existing critical infrastructure.

Economy (EC)

CI
KP1 Condition
Safety, Reliability, and Security (SRS) Good
Availability and Maintainability (AM) Good
Economy (EC) Fair
Environment (EV) Very Good
Health and Politics (HP) Good

This assessment shows that the infrastructure is operational, performing as expected,

and showing no signs of reliability issues (SRS) or maintenance requirements (AM). There-

fore, no significant expenditure (EC) is anticipated to keep it operational. Environmentally

(EV), the infrastructure has no impact on the surrounding system, with a reduced effect on

local politics and health (HP).

4.2. Evaluation of Natural Hazards Effects

In the second phase of the process, the post-event condition of infrastructures is

evaluated by explicitly accounting for the impacts of natural hazards, specifically landslides

and debris flows. Key attributes, including observed frequencies, return periods, and other

factors affecting infrastructure performance, are integrated into the assessment (see Figure 4

and Table 3).
Natural Hazards (NH)
Section to assess the effect of NH on the condition of the Cl
Please select to which condition the CI will be reduced due to a single NH or multiple combined NH
Single Hazard or
(1) Cly
e (o] Combined Hazards
diti Landslide @ . .
Debris flow Critical Infrastructure Condition State
Safety, and Security (SRS) 2 4 4 Please assess the SRS Condition —
. Safety, Reliability
and bility (AM 2 3 3] Please assess the AM Condition and Security (SRS)
(EC) 3 4 4 5
Environment (EV) 1 1 1 4
Health and Politics (HP) 2 3 3 —
Health and Politics Availabiity and
Maintainability
The followii i should be idered in the process (not datory) (Am)
Observation Period 30 years
Return Period 100 years
14
) Attribute Rating Scale
v ) Attribut
ribute Rating Scale .
v Environment (EV) Economy (EC)
B Attribute Rating Scale

2 ¢} condition to be transferred to the Grey Protective Infrastruture and Nature-based Solutions sections
5 New attributtes for the assessment (to be added by the user)

Figure 4. Assessment of the effects of natural hazards on critical infrastructure.
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Table 3. Assessment of the effects of natural hazards on critical infrastructure.

Single Hazard or

D1 I Combined Hazards Cly

Condition Landslide Condition
Debris Flow
Safety, Reliability, and
Security (SRS) Good Poor Poor
Availability and . .

Maintainability (AM) Good Fair Fair

Economy (EC) Fair Poor Poor
Environment (EV) Very good Very good Very good

Health and Politics (HP) Good Fair Fair

As shown in Figure 4 and Table 3, for the Lattenbach infrastructure, several KPI ratings
were adjusted based on updated hazard impact data and observed performance metrics:

e  The Safety, Reliability, and Security (SRS) rating increased from good to poor, reflecting
an increase in the perceived risk after updated hazard exposure.

e The Availability and Maintainability (AM) rating increased from good to fair, indicat-
ing a deterioration in maintainability due to challenges identified during post-event
inspections, such as limited accessibility for maintenance and increased complexity in
repair operations following hazard events.

e Equivalent adjustments were applied to Economy (EC) and Health and Politics (HP)
parameters, with increased ratings reflecting the strains on post-event regional social
requirements and drivers.

These changes result from combining historical performance data, updated hazard
probabilities (return periods), and observed structural conditions. The numerical adjust-
ments quantify the degree to which the infrastructure’s reliability, maintainability, and
other performance attributes have improved or need to be revised in light of the natural
hazard impacts.

The occurrence of a landslide and subsequent debris flow can pose severe risks to both
public safety and infrastructure reliability. Rapidly moving masses of rock, soil, and water
can disrupt, damage, and destroy facilities and infrastructure and endanger lives. These
impacts not only threaten immediate safety but also compromise the long-term resilience
and functionality of the region’s infrastructure.

Similarly, the availability and maintainability of infrastructure can be significantly
reduced, with repair efforts hampered by unstable ground conditions and the risk of further
failures. The accumulation of debris increases maintenance demands, requiring clearing
operations, frequent inspections, and potential structural reinforcements. Over time, these
challenges can strain local resources, making it harder to ensure the continuous and reliable
operation of infrastructures.

Furthermore, landslides and related phenomena can have a substantial economic
impact on the region. Apart from the costly repairs and reconstruction efforts, prolonged
infrastructure disruptions hamper trade, tourism, and daily business operations. Local
economy, particularly businesses dependent on reliable transport and supply chains, may
face financial losses. Tourism can also suffer from reduced accessibility and negative
perceptions of safety.

Additionally, far-reaching consequences for both public health and political stability
may arise. Injuries, fatalities, and psychological trauma may result from sudden destruction,
with disrupted access to medical facilities hindering healthcare. Politically, the disaster can
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place pressure on local and regional authorities to respond effectively, allocate emergency
funds, and implement preventive measures.

4.3. Evaluation of Grey Protective Infrastructure Effects

In Section 3, the benefits of implementing a GPI, or a combination of two GPIs, on the
behaviour of the critical infrastructure are assessed. The best solutions are selected from a
catalogue of suitable GPI compiled by experts. The analysis is carried out by assessing the
positive effects on the condition of the infrastructure, whether it is affected by the risk(s)
considered in Section 2 or is not affected by any natural hazard.

The assessment is carried out for two different situations: (i) when the infrastructure is
not affected by any natural hazard, in which case the initial condition of the infrastructure
is taken from Section 1; and (ii) when the influence of the natural hazards described in
Section 2 is being studied, with the benefits of implementing GPI being assessed based on
the condition of the infrastructure determined in that same section.

In the case of the Lattenbach Valley, the installation of check dams is considered a
way to mitigate landslides and debris flows, greatly improving the safety of people and
infrastructure reliability. By intercepting sediments, rocks, and other debris, check dams
reduce the speed and volume of material reaching lower areas of the valley, reducing
risks to public safety and infrastructure reliability. By reducing the volume and force of
debris flows, these solutions also help keep infrastructure clear and functional, minimiz-
ing service interruptions. Over time, this preventive approach decreases the need for
costly emergency repairs, allowing infrastructure to remain accessible, reliable, and easier
to maintain.

Similarly, check dams can protect the local economy by preventing costly damage
to infrastructure, property, and businesses. By doing so, these structures help maintain
uninterrupted trade, tourism, and industrial activities, reducing economic losses and
allowing for the allocation of public funds in development projects which would otherwise
be used in repairs and maintenance.

Finally, check dams can improve both public health and political stability by re-
ducing the risks of disasters, lowering the likelihood of injuries, fatalities, and stress-
related health issues, and keeping access to medical facilities uninterrupted. Politically,
it can strengthen public trust in local and regional authorities, demonstrating proactive
governance and commitment to community safety, fostering stronger civic cooperation
and support.

As shown in Figure 5 and Table 4, with the implementation of a GPI for landslide
mitigation, it is estimated that the following adjustments will occur:

The Safety, Reliability, and Security (SRS) rating increases from poor to fair.
The Availability and Maintainability (AM) rating increases from fair to good.
The Economy (EC) rating also increases from poor to fair.

The Health and Politics (HP) rating increases from fair to very good.

Table 4. Assessment of the effects of GPI on critical infrastructure affected by natural hazards.

Single GPI or Combined GPI

CI CI
Check D HG
KPI Condition e¢ ams Condition
Series
Safety, Reliability, and . .
Security (SRS) Poor Fair Fair
Availability and .
Maintainability (AM) Fair Good Good
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Table 4. Cont.

Single GPI or Combined GPI

CI CI
Check D HG
KPI Condition gck ams Condition
Series
Economy (EC) Poor Fair Fair
Environment (EV) Very good Very good Very good
Health and Politics (HP) Fair Very good Very good

Grey Protective Infrastructure (GPI)

Cl&GPI

Section to assess the effect of GPI on the condition of the Cl not affected by any NH
Please select to which condition the Cl will be increased due to a single GPI or multiple combined GPIs

Single GPl or
cl Combined GPI :IG Critical Infrastructure Condition State
* o 7| condition
KPI condition B © o -
5) fety, Reliability
and Security (SRS)
Safety, Reliability and Security (SRS) 2 2 Please assess the SRS Condition 5
Availability and Maintainability (AM 2 2 Please assess the AM Condition a4
Economy (EC) = 3 3 S
Environment (EV) 1 1 Health ?SS)PQIMCS : ::':.I,ﬁ:: .I-.?b;!.ls
Health and Politics (HP) 2 7 (Am)
i
% Name the GPI Family according to the definitions of project NATURE-DEMO
(s) : o - Environment (EV) Economy (EC)
Name the GPI according to the definitions of project NATURE-DEMO
) ¢1 Condition including the effects of Natural Hazards and Grey Protective Infrastructure
NH & GPI
Section to assess the effect of GPI on the condition of the Cl affected by the NH
Please select to which condition the Cl will be increased due to a single GPI or multiple combined GPIs
Single GPl or
Cly Combined GPI @ Clyg Critical Infrastructure Condition State
diti
KPI* condition Check Dams 1@ <On MO0 S
T G (6) Safety, Reliability
and Security (SRS)
Safety, Reliability and Security (SRS) 4 3 S Please assess the SRS Condition 5
Availability and Maintainability (AM 3 2 2 Please assess the AM Condlition a
Economy (EC) 4 3 3] 3 T
Environment (EV) 1 1 1 Health ?;"glp"'m“ A .:,‘;: ,I:Z:: ,I.,';yh:;j
Health and Politics (HP) 3 1 1 (AMm)
il
“ Name the GPI Family according to the definitions of project NATURE-DEMO
Environment (EV) Economy (EC)

5) Name the GPI according to the definitions of project NATURE-DEMO
% ¢1 condition including the effects of Natural Hazards and Grey Protective Infrastructure

Figure 5. Assessment of the effects of GPI on critical infrastructure affected by natural hazards.

4.4. Evaluation of Nature-Based Solutions Effects

This section details the methodology for evaluating NbS measures implemented or
planned in the Lattenbach catchment.

The procedure involves the selection, by an expert, of an NbS or a set of combined
NbSs that best suit the infrastructure. This selection is made from a catalog of a predefined
set of NbS families.

https://doi.org/10.3390/infrastructures11010035


https://doi.org/10.3390/infrastructures11010035

Infrastructures 2026, 11, 35

13 of 21

The carried out assessment involves determining the improvement in the infrastruc-
ture with the implementation of the selected solution, based on the condition determined in
Section 2, where the effects of the natural hazard were determined. To this end, and given
the very nature of NbSs, namely their time-limited effects, their minimum and maximum
functionality times must be taken into account for future decision-making.

One of the possible NbSs applicable to Lattenbach would be the use of natural forest
ecosystems, namely soil and water bioengineering (SWB), which uses vegetation and inert
elements to stabilize slopes, control erosion, and manage water flow.

However, considering the type of natural event common in Lattenbach, namely the
forces involved throughout the entire course of the valley, it is believed that the implemen-
tation of this measure alone would have a very limited impact, if any. Thus, it is estimated
that the condition of the infrastructure determined in Section 2 (the impact of the natural
hazard on the infrastructure) would remain unchanged, as shown in Figure 6 and Table 5.

Nature-based Solution (NbS)

Section to assess the effect of NbS on the condition of the Cl affected by the NH

Please select to which condition the Cl will be increased due to a single NbS or multiple combined NbS

Single NbS or
o, Combined Nbs¥ | €l
KPI* 77| condition
condition Forest © - =
e () Critical Infrastructure Condition State
Safety, Reliability and Security (SRS) 4 4 4 Please assess the SRS Condition Safety, ReliaPiliW
Availability and Maintainability (AM 2 3 3 Please assess the AM Condition L dé;';”w
Economy (EC) 4 4 4
Environment (EV) 1 1 1 4
Health and Politics (HP) 3 3 3 HeeHhand Availability and
Palitics (HP) Maintainability
(AM)
The following attributes should be considered in the assessment proc¢
Minimum time for functionallity 10 years
Maximum time for functionallity 30 years
Envir(g:f;nent Economy (EC)
7) Name the NbS Family according to the definitions of project NATURE-DEMO
© Name the NbS according to the definitions of project NATURE-DEMO
©) ¢i Condition including the effect of Natural Hazards and Nature-based Solution
Figure 6. Assessment of the effects of NbS on critical infrastructure.
Table 5. Assessment of the effects of NbS on critical infrastructure.
Single NbS or
Combined NbS
KPI Clyg CIHN
Condition Forest Condition
SWB
Safety, Reliability, and
Y Re Y Poor Poor Poor
Security (SRS)
Availability and
o o Fair Fair Fair
Maintainability (AM)
Economy (EC) Poor Poor Poor
Environment (EV) Very good Very good Very good
Health and Politics (HP) Fair Fair Fair
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4.5. Combined Evaluation of Grey Infrastructure and NbS

Here, the combined effects of grey infrastructure and NbS on risk reduction
are analyzed.

As in the previous section, the improvement in the condition of the infrastructure with
the implementation of NbS is assessed. However, this time, it is taken into consideration
a previously existing grey infrastructure (Section 3), as a way of mitigating the effects of
a natural hazard (Section 2) on the initial condition of the infrastructure (Section 1). This
analysis is therefore based on the values determined in Section 3. Figure 7 and Table 6 show
the assessment procedure.

For this type of green solution, it is estimated that

e  Safety, Reliability, and Security (SRS) will improve from fair to good.
e  Health and Politics (HP) will decrease from very good to good.
e  Other KPIs will remain unchanged.

NH & GPI & NbS

To be filled in case exists a Green Protective Infrastrucure in the
Section to assess the effect of NbS on the condition of the Cl affected by the NH and protected by the GPI
Please assess to which condition the Cl will be increased due to a single NbS or multiple combined NbS

Single NbS or
a Combined Nbs | S
KPI* e orere »— condition
condition Forest L (12) Critical Infrastructure Condition State
SWB 111
Safety, Reliability and Security (SRS) 3 2 7 Please assess the SRS Condition Safety, Reliability
Availability and Maintainability (AM 2 7 2 Please assess the AM Condition R
Economy (EC) 3 3 3
Environment (F\{) 1 1 1 i Availability and
Health and Politics (HP) 1 2 2 = ‘T“p 2t Maintainability
(HP) (AM)
The following attributes should be considered in the assessment proce
Minimum time for functionallity 10 years
Maximum time for functionallity 30 years
Environment (EV) Economy (EC)

1% Name the NbS Family according to the definitions of project NATURE-DEMO
2} Name the NbS according to the definitions of project NATURE-DEMO
12 c1 condition including the effect of Natural Hazards, Grey Protective Infrastructure, and Nature-based Solutions

Figure 7. Assessment of the effects of combined GPI and NbS on critical infrastructure.

Table 6. Assessment of the effects of combined GPI and NbS on critical infrastructure.

Single NbS or
Combined NbS
KPI Clug Clygn
Condition Forest Condition
SWB
Safety, Reliability, and .
Security (SRS) Fair Good Good
Availability and
Maintainability (AM) Good Good Good
Economy (EC) Fair Fair Fair
Environment (EV) Very Good Very Good Very Good
Health and Very Good Good Good

Politics (HP)

The use of a solution such as SWB aims to reduce the amount of sediment,
rocks, and other debris that can be transported, retained by check dams, and even-
tually reach the lower parts of the valley. As such, and as previously explained,

https:/ /doi.org/10.3390/infrastructures11010035


https://doi.org/10.3390/infrastructures11010035

Infrastructures 2026, 11, 35

15 of 21

it is possible to keep infrastructure clean and functional, reducing the need for re-
pairs, minimizing service interruptions, and allowing infrastructure to remain accessible
and reliable.

With regard to the reduced performance at the level of “Health and Politics,” more
specifically to “Politics”, the perception that “soft” measures are less reliable than engineer-
ing structures, such as check dams, can lead to public dissatisfaction. If a disaster occurs
before the NbS proves effective, authorities may face criticism for underestimating the risks,
undermining public confidence, and triggering political accusations and disputes over risk

management responsibilities.

4.6. Integration of Results into a Risk Matrix

In the final stage of the procedure, the results of each of the previous steps are trans-
posed into risk matrices that map the level of risk in the various dimensions (KPIs) versus
the impact/damage (extent of loss) that the hazardous event represents (Figure 8). The
assessment of the extent of infrastructure loss is better shown in Table 7 and Figure 9,
considering the scale presented in Table 8.

Table 7. Assessment of the extent of infrastructure loss in the face of a natural event.

KPI Extent of
Loss
Safety, Reliability, and Security (SRS) Fair
Availability and Maintainability (AM) Fair
Economy (EC) Fair
Environment (EV) Poor
Health and Politics (HP) Very Poor
Table 8. Scale of loss extent.
Rating Condition
1 Negligible
2 Minor
3 Moderate
4 Major
5 Severe

The integration of the evaluation process into risk matrices serves as a decision-support
tool, synthesizing the assessment outcomes into an accessible format, thus facilitating risk
prioritization and management. Each matrix enables the identification of critical risk
hotspots for each of the RAMSSHEEP KP], supporting scenario comparison for stakeholder
communication, highlighting infrastructure vulnerabilities and best mitigation measures
for risk reduction, thus facilitating informed decision-making.

4.7. Scenario Analysis and Decision Support

The application of scenario-based simulations enables a comprehensive evalua-
tion of the effectiveness of selected mitigation strategies under varying hazard inten-
sities and climatic conditions, thereby supporting informed decision-making for resilient
infrastructure management.

Scenario 1 represents the status quo, reflecting the baseline conditions of existing grey
infrastructure. Serving as a reference point, this scenario facilitates the quantification of
current risk levels and infrastructure resilience. Performance analysis under this scenario
reveals vulnerabilities and critical failure points, thereby informing the identification of
necessary interventions.
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ss (13)
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Figure 8. Risk matrix framework.

https://doi.org/10.3390/infrastructures11010035


https://doi.org/10.3390/infrastructures11010035

Infrastructures 2026, 11, 35 17 of 21

S

w

Cl, Condition

N

5
Environment (EV)
il °
1l 2

3 4 5
Extent of Loss
(a) Effect of the NH
5
4 Safety, Reliability
and Security (SRS)
g Economy (EC)
"E 3 Avaihb’ity and
o Maintainability
= (am)
22 °
(s}
Health and Politics
Environment (EV) (uP)
1 ° °
3 4 5
Extent of Loss
(b) effect of NH and GPI
5
4
=
9
£3
c
5}
o
(v}
1
1 2 3 4 5
Extent of Loss
(c) effect of NH and NbS
[
o Economy (EC)
=
-g 3 Avaihbi.ity and
o Maintainability
z (am)
G2 ° °
safety, Reliability
and security (SRS)  gnvironment (EV)
[ ]
3 4 5
Extent of Loss

(d) effect of NH, GPI, and NbS
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Scenario 2 examines the integration of NbS alongside existing grey infrastructure. The
evaluation focuses on the synergistic effects of hybrid mitigation strategies, quantifying the
enhancement in functionality and resilience attributable to NbS. Insights derived from this
scenario elucidate the complementary strengths of both solution types, thereby advancing
the decision-making process for optimized risk management.

Scenario 3 incorporates future climate stressors, simulating risk variability in con-
junction with anticipated environmental changes. Assessment of the combined mitigation
capacity of grey infrastructure and NbS under projected climate conditions informs the
medium- to long-term sustainability and adaptability of integrated risk management
approaches. Identification of potential weaknesses under this scenario facilitates the formu-
lation of proactive adaptation strategies.

Collectively, these scenarios establish a decision-support framework that enables
stakeholders to compare the performance, costs, and benefits of diverse mitigation strategies
under future conditions. Outcomes from the simulations inform the prioritization of
investments, maintenance planning, policy formulation, and stakeholder engagement,
ultimately optimizing infrastructure resilience both presently and in the future.

5. Discussion—Risk Matrix for Selected Scenarios

The application of the extended RAMSSHEEP framework has demonstrated the criti-
cal role of a risk matrix in synthesizing complex multi-dimensional data into a clear and
actionable format. The risk matrices developed for the three selected scenarios provide in-
valuable insights into how different mitigation strategies influence infrastructure resilience
under varying conditions.

Scenario 1 (Status Quo with Existing Grey Infrastructure) serves as a baseline, illus-
trating current vulnerabilities in the critical infrastructure network when relying solely on
existing grey protective measures. The risk matrix highlights hotspots where reliability,
maintainability, or availability are compromised due to insufficient hazard mitigation.
This scenario underscores existing risk concentrations and identifies priority areas where
interventions could yield significant improvements.

Scenario 2 (Increased NbS Integration Alongside Grey Measures) shows notable risk
reductions across multiple KPIs in the risk matrix, confirming the complementary bene-
fits of integrating NbSs with traditional grey infrastructure. The NbS measures improve
environmental and operational resilience, especially in areas where grey infrastructure
alone may be limited or costly to enhance. The risk matrix visualization effectively cap-
tures these synergistic effects, aiding stakeholders in appreciating the value of hybrid
mitigation approaches.

Scenario 3 (Future Climate Stress Test Combining Both Measures) provides a critical
forward-looking assessment of infrastructure resilience under intensified hazard conditions
projected from climate change. The risk matrix here reveals how combined mitigation
strategies can buffer infrastructure performance against increasing stresses, while also
exposing potential residual risks and temporal vulnerabilities linked to the durability of
NDBS. This scenario informs adaptive management by identifying infrastructure elements
that may require additional reinforcement or monitoring over time.

Overall, the risk matrix framework facilitates a holistic understanding of infrastructure
risk by integrating diverse assessment outputs—from initial conditions and hazard impacts
to mitigation effects—within the RAMSSHEEP dimensions. It allows decision-makers to
prioritize investments and maintenance by clearly visualizing where risk remains highest
and where mitigation yields the greatest benefits. Moreover, the scenario comparisons
embedded in the matrices support transparent communication with stakeholders, en-
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abling collaborative planning for sustainable, resilient infrastructure development in alpine
environments such as Lattenbach.

The application in this case study validates the extended RAMSSHEEP approach as a
robust decision-support tool, capable of capturing the complexity of natural hazard risk
management and guiding effective, evidence-based interventions. Future work may focus
on further refining the risk matrix parameters and incorporating real-time monitoring data
to enhance dynamic risk assessment capabilities.

RAMSSHEEP was developed primarily for risk-based maintenance planning and
asset management in infrastructure systems and is often applied case-by-case rather than
as a scalable, generalizable model. It was designed for specific asset classes (e.g., flood
defences or transport bridges) with specific performance indicators. A practical weak-
ness is that many risk criteria (e.g., “Availability” and “Safety”) are qualitatively defined
and can be interpreted inconsistently by practitioners. This may lead to variability in
risk scores across assessors and reduced comparability between different sites or projects.
Such subjectivity hinders generalization across regions or infrastructure types under di-
verse extreme weather regimes. Furthermore, the lack of standardization in KPIs among
different stakeholders means results cannot easily be aggregated for broader policy or
regional adaptation planning. In light of this, the extended RAMSSHEEP methodology
can provide added value as part of a broader risk assessment strategy, integrating a multi-
criteria decision support framework with explicit performance metrics. This combination
may help bridge the gap between detailed asset-level assessments and broader climate
adaptation planning.

6. Conclusions

In this contribution, a comprehensive framework for assessing the resilience of
alpine infrastructure areas, leveraging the RAMSSHEEP methodology, was presented.
The step-by-step process integrates the effects of individual and combined grey protec-
tive measures and NbS on infrastructure performance in the face of different natural
hazard scenarios.

The initial assessment of infrastructure performance established a baseline for the
analysis of the impact of natural hazards and mitigation measures. The evaluation of
grey infrastructure measures combined with NbS highlighted the added value of hybrid
mitigation strategies, leading to risk reduction.

Integrating the results into risk matrices enabled clear visualization of hotspots across
the RAMSSHEEP KPIs, enabling better understanding of devised solutions and facilitating
stakeholder communication.

Scenario analyses provide valuable insight into the effectiveness of different mitigation
strategies, emphasizing the relevance of forward-looking approaches to infrastructure
resilience for a better decision-making process.

The methodology presented can go beyond its use as a strategic planning tool. In-
tegrating the expanded RAMSSHEEP framework into existing local and national risk
assessment systems and strategic planning tools with CAPEX and OPEX parameters can
align risk assessment with financial planning and operational resilience. By balancing
safety, cost, and operational priorities, the methodology allows for the assessment of
the financial viability of NbS implementation, helping to reconcile trade-offs between
infrastructure upgrades and ongoing maintenance in strategic planning. By incorporat-
ing RAMSSHEEP into these systems, organizations can create a unified approach, from
risk assessment to financial planning, ensuring that resources are allocated to the most
critical infrastructure.

https:/ /doi.org/10.3390/infrastructures11010035


https://doi.org/10.3390/infrastructures11010035

Infrastructures 2026, 11, 35 20 of 21

Furthermore, integration with digital twin infrastructure systems and real-time moni-
toring systems has the potential to transform it into a dynamic operational decision-making
mechanism. This combination creates a powerful feedback loop between the physical
world, the virtual representation of the infrastructure, and risk management strategies,
creating a “living” risk management system. This allows transportation authorities to move
from periodic, static risk assessments to a continuous, predictive, and proactive approach,
optimizing not only their capital and operating expenditures but also maximizing network
resilience, safeguarding the health and safety of the community.

The presented evaluation process offers a practical decision-support tool for optimiz-
ing infrastructure performance and maintenance aimed at safeguarding critical infrastruc-
ture against evolving natural hazards. The findings advocate for a balanced, adaptive
management strategy that leverages both engineered and NbS to enhance infrastructure
resilience in the face of environmental changes and challenges.
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