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SIRMA Project Synopsis
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SIRMA aims to develop, validate, and implement a robust framework for the efficient
management and mitigation of natural hazards in terrestrial transportation modes in the
Atlantic Area, which consider both road and railway infrastructure networks (multi-modal).
SIRMA leads to significantly improved resilience of transportation infrastructures by
developing a holistic toolset with transversal application to anticipate and mitigate the effects
of extreme natural events and strong corrosion processes, including climate change-related
impacts. These tools will be deployed for critical hazards that are affecting the main Atlantic
corridors that are largely covered by SIRMA consortium presence and knowledge. SIRMA’s
objectives will address and strengthen the resilience of transportation infrastructures by:

o Developing a systematic methodology for risk-based prevention and management
(procedures for inspection, diagnosis and assessment);

e Implementing a decision-making algorithm for better risk management;

e Creating a hierarchical database (inventory data, performance predictive models,
condition state indicators and decision-making tools), where information can be
exchangeable between entities and across regions/countries;

e Developing a real-time process for monitoring the condition state of transportation
infrastructure;

e Enhancing the interoperability of information systems in the Atlantic Area, by taking
account of data normalization and specificity of each country.
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Executive Summary

This Deliverable report (D6.2), summarizes the work developed in the context of working
package 6 “Risk & Resilience-Based Decision-Making procedure for Transportation
Infrastructure”.

This WP aims to develop a resilience-based decision-making tool for transportation
infrastructure in the Atlantic region. It is divided into three Actions:

(i) Risk-based model for transportation infrastructure;
(ii) Risk mitigation measures on transportation infrastructures;

(iii) Resilience-based decision-making.

Action 1 integrates data obtained from sensor system, developed at WP5. Additionally, the
developed model considers the climate change effects on the likelihood and impact of
extreme events, obtained from WP4.

Action 2 is divided into two parts: (i) collecting data about risk mitigation measures, not only
in the Atlantic region but also out of it; (ii) incorporating such data on a risk-based predictive
model (Action 1). In the end, a database with the most relevant risk mitigation measures will
be obtained.

Action 3 addresses the development of a real-time decision-making framework, necessary to
define: (i) risk-based predictive model (Action 1); (ii) risk mitigation measures (Action 2); (iii)
optimization algorithm. In the end, a decision-making tool based on resilience will be
delivered.
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1. Introduction

1.1 Climate trends and future projections for Europe

In the recent years, the environmental debate has to a large extent been influenced by the
growing realisation of the threat posed by climate change. Climate change is quite evident in
Europe and continues to threaten Europe’s economy and society (IPCC, 2013). In fact, some
of the observed climate changes have established records in the past few years. Since the mid-
20t™ century, Europe has witnessed an increase in the annual mean temperatures as well as
the frequency and duration of heatwaves. However, across Europe, climate change impacts
vary based on the geographical and socio-economic conditions. To elaborate, while northern
and north-western Europe has faced an increase in precipitation, it has been observed that
southern Europe has had a decrease in precipitation. Figure 1 shows the map of Europe with
the key observed and projected climate changes. Since vulnerability is country-specific, each
European country is bound to experience varying effects of climate change. Overall, future
projections state that climate change is anticipated to lead to further increases in the intensity
and frequency of precipitation and extreme temperature events. Therefore, it appears that
no European country is safe from climate change and its resulting consequences (EEA, 2012;
IPCC, 2013, EEA, 2019).

Coastal zones Mountain regions

Sea level rise Temperature rise larger than European average
Intrusion of saltwater Upward shift of plant and animal species

Risk of hail

Risk of frost

Mediterranean region

Increasing risk from rock falls and landslides

Large increase in heat extremes
Decrease in precipitation

Increasing risk of droughts

Increasing risk of biodiversity loss
Increasing water demand for agriculture
Decrease in crop yields

Increasing risks for livestock production

Agriculture negatively affected
by spillover effects of climate change from
outside Europe

Boreal region

Increase in heavy precipitation events
Increase in precipitation

Increasing damage risk from winter storms.

Increase in crop yields

Atlantic region
Increase in heavy precipitation events

Increasing risk of river and coastal flooding
Increasing damage risk from winter storms

Continental region
Increase in heat extremes
Decrease in summer precipitation

Increasing risk of river floods

Figure 1. Observed and projected climate changes in Europe (EEA, 2019)

In terms of increased temperatures, Europe is seen to be warming faster as compared to the
global average according to European climate projections. Based on EURO-CORDEX5
projections, more than 2°C of warming is expected in Europe. This is anticipated even if the
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Paris Agreement are met. This expected increase could reach up to 4°C, in the scenario of an
increased warming in Europe. However, it is worth mentioning that the consequences of such
increased temperatures will vary depending on the different European regions. South-eastern
and southern Europe are expected to have the highest number of seriously affected domains
and sectors with becoming the hotpot regions. On the contrary, northern, and central Europe
are expected to face milder winters as compared to the past with consistent average
temperature rises in summer. Also, as mentioned earlier, these trends shall exacerbate under
scenarios of increased warming (EEA, 2017; 2019).

Concerning precipitation levels, a similar trend can be observed in the projected changes in
the summer and winter. While an overall decrease in precipitation is predicted in the summers
for all regions apart from Eastern Europe and Scandinavia, an increase is expected over most
of the northern and central Europe (EEA, 2017; 2019). The risk of river flooding is likely to
increase in several parts of Europe, with the exception being north-eastern Europe. Further,
the sensitivity to river floods has been intensified by climate exposure, the establishment of
several new urban areas and assets accumulation in low-lying areas close to rivers. Figure 2
illustrates the map of Europe showing the likelihood of low-lying urban areas from being
potentially threatened by river flooding for the current period as well as the projected future
(2071-2100) in a 100-year river flood event. It must be noted that these projections
demonstrated by Figure 2 do not consider subsequent changes in the urban land or the
adoption of any adaptation measures which may reduce the risk (Rojas et al., 2012, 2013; EEA,
2017).
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Figure 2. European urban areas potentially at risk of river flooding (EEA, 2017)

Altogether, the frequency of extreme weather events such as river and coastal flooding and
heat and cold waves is likely to increase. Increased number of extremely hot days, high overall
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temperatures along with wind variability and low humidity will surely cause a rise in the
number of fires. This includes particularly wildfires and forest fires. Presently, in Europe, river
floods and windstorms appear to be the most damaging climate hazards. However, this
scenario is projected to change in the upcoming years. By the end of the century, heat waves
and droughts will account for 90% of the climate hazard damage. Even though the exposure
will be country specific, such events will have an impact on all regions. Also, it appears from
the raging fires of 2019 summer in Sweden that in spite of models and projections, no
European country is protected by extreme weather events. Nevertheless, coastal regions
along with mountainous areas are particularly at risk (EEA, 2017).

Over the recent decades, the risk of forest fires in several domestic areas has increased due
to the mingling wild land and urban areas because of urban sprawl with low-density housing.
Figure 3 depicts the European urban areas at risk of forest fires against two indices
(percentage and seasonal severity rating index). According to the map shown in Figure 3, it
appears that the southern European countries are the most vulnerable to fire. Residential
areas in all Portuguese cities are at an increased risk of direct fires (with >16% chance). Similar
patterns are visible in southern France and Greece, while the situation seems to be more
variable in southern Italy (Camia et al., 2008; EEA, 2017; JRC, 2022).
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fire
Percentage of urban area atrisk
of forest fire, 2016

No forest fire risk

0.01-5

5-10

10-15

15-30

® >30

@ @000

Average meteorological forest
fire danger, 1981-2010
(seasonal severity rating index)
0-1

1-2

2-3

3-4

4-5

5-6

5-7

7-10

10-15

>15

No data
Ourtside coverage

O0 ERREO00CONAN

500 1 000 1 500 ko
~Sud 1 J

Figure 3. European urban areas at risk of forest fire (EEA, 2017)

1.2 Climate change and the transport sector

Climatic changes such as increasing sea levels and temperatures along with growing intensity
and frequency of extreme weather events (such as flooding and heatwaves) are threatening
to compromise European transportation services as well as infrastructure. Such impacts on
the transportation sector can have destructive consequences, especially for Europe’s society
and economy (EC, 2013). Extreme weather conditions such as extreme temperatures and

D6.1 — Transportation infrastructure risk-based management 15




extreme precipitations are expected to cause serious consequences for the physical
environment (Nemry and Demirel, 2012).

Air pressure, temperature and precipitation are the three main climate change determinants
from which the following effects are derived (Doll and Sieber, 2010):

i) Heat periods, droughts, and wildfires;

ii) Heavy precipitation, floods, and mass movements;
iii) Extreme winter conditions;

iv) Storms, storm surges and combined events

1.2.1 Roads (including bridges and slopes)

In transport system design, factors such as weather disaster risks and weather contribution to
the common wear and tear of transportation infrastructures play a key role. Extreme weather
events such as heavy rainfalls can impact transport operations greatly. For roads and road
infrastructure (including bridges), the following climatic events could be potentially damaging:

v" Summer heat

v Extreme precipitation and floods
v' Extreme storm events

v" Winter conditions

In Europe, summer heat can have the following impacts on roads:

v' Expansion/buckling of bridges;

v Increase in wildfires that can damage road infrastructure;

v" Reduced life of asphalt road surfaces (such as surface cracks);
v" Melting tarmac;

v" Pavement deterioration and subsidence

On the contrary, extreme precipitation and flooding can have the following effects on roads:

Damage of road infrastructure (such as pavements, road washouts);
Coastal erosion to coastal roads;

Instability of embankments;

Risks of landslides;

Overstrained drainage systems;

Underpass flooding;

Scouring of structures;

Road submersion

AN N N N NN

In terms of operations and services, climatic changes can lead to disruption of goods delivery,
road safety hazards or road closures, speed reductions, welfare losses, and higher
maintenance and reparation costs. While these risks are projected to occur between 2025 to
2080, an increase in severity (highly negative impacts) is likely with time (EEA, 2014).

Floods, particularly flash floods which commence and progress swiftly due to intense
precipitation events, are the main reason for weather influenced disruption to the
transportation sector (DfT, 2014). These events are likely to continue with time (Dawson et
al., 2016). Road networks in urban areas are particularly sensitive to these problems because
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of the increased number of impermeable surfaces which inhibit water infiltration into the soil.
In the event of heavy precipitation, drains tend to exceed their capacity due to overland flow.
This in turn increases the chances of drains becoming clogged by debris, much before the
authorities can provide flood warnings (Suarez et al.,, 2005; Koetse and Rietveld, 2009;
Tsapakis et al., 2013; Hooper et al., 2014; Pyatkova et al., 2015; Pregnolato et al., 2017). For
coastal roads, climatic pressures such as heavy precipitation events, extreme storm events
and rises in sea-levels can be very damaging. Overall, any kind of disruption to the transport
system can seriously hinder its performance. It has been proven that the road transport
system is one of the most critical infrastructures (Giunipero and Eltantawy, 2004).

1.2.2 Railways (including bridges and slopes)

Based on the UK Climate Impacts Programme 2002 (UKCIP02), which provides a set of climate
projections derived from a series of climate modelling experiments, the following three
climate change groups can be identified:

v" hotter, drier summers;
v' warmer, wetter winters;
v increased frequency of extreme storms

In the discussion of climate change and its effects, these three groups can provide a useful
framework. Climatic changes can have significant impacts on railway operations (Baker et al.,
2010). For the current and future railway industry, the following main effects are likely to be
of concern (RSSB, 2003):

v’ Effects of high temperatures on tracks (buckling);

v’ Effects of high rainfall on earthworks;

v’ Effects of extreme precipitation levels on current drainage systems;
v’ Effects of extreme winds on the overhead system

These effects can be linked to the climate change groups identified earlier. Further, RSSB
(2003) has identified rises in sea levels as being critical for coastal railway infrastructures.

On the European railway system, dry hot summers can have the following impacts (RSSB,
2003):

Increased wildfires that can damage infrastructure

Increased rail buckling

Desiccation of track earthworks

Material fatigue

Increased instability of embankments

Greater need for air conditioning systems

Increased ventilation problems on underground railway systems due to equipment
overheating

AN N YV NN

Such risks are likely to take place between 2050 to 2080, where most of the Europe will be
impacted by them.

For most European railway systems, the increased frequency of warm wet winters can result
in the following undesirable effects (RSSB, 2003):
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v’ Increased flooding of the network and strain on drainage systems;
v Damage to earthworks; failure of saturated embankments;
v’ Track circuit problems

A rise in the incidence of extreme storms and particularly severe rainfall and strong winds is
predicted by the UKCIPO2. In such cases, similar effects will be observed as highlighted above.
However, there may be more dramatic effects (Baker et al., 2010). Overall, climate-related
events, specifically floods, are already amongst the issues causing frequent railway disruptions
(Lindgren et al., 2009; Doll et al., 2014).

Generally, climatic pressures as well as the occurrence of extreme events can result in
potential issues and trigger impacts much beyond the affected areas. Reduction in safety,
increased costs for maintenance and reparation, and disruption of delivery of goods and
passengers are amongst some of these issues (EEA, 2014). For instance, severe flooding that
occurred in the spring of 2013 in Europe, had a significant impact on many countries. These
include Germany, Czech Republic and Austria. The transportation sector and the supply chains
were critically disrupted. One of the main railway bridges in Germany, which passed across
the river Elbe was affected and had to remain closed for a couple of months. This had an
impact on important high-speed services and in fact led to disruptions on the whole railway
network. The Austrian railway system also faced similar issues where closure of rail services
resulted in significant disruptions on long-distance trains from Germany to ltaly that passed
through Austria. Furthermore, high water levels meant that various waterways had to be
closed. These included important sections of the Rhine and Danube. Consequently, supply
chains were severely disrupted, mainly due to a halt in the operations of merchant ships (EEA,
2014).

The 2013/2014 winter in the UK was quite exceptional in terms of the weather. Severe winter
storms culminated in critical coastal damage and extensive flooding. The transportation
infrastructure was the most severely affected during this exceptional weather phase with
facing several consequences. These consequences included cancellation or suspension of
transport services, closure of railway lines, and serious damage to rail and road infrastructure
due to flooding. Figure 4 shows the damage to the main line railway at Dawlish, Devon, UK.
The coastal section of the southwest main line railway was damaged severely and normal
operations at this section of the line could not be restored for two months. Also, the affected
section had to be cut off from the remaining railway network for these two months (EEA,
2014).

Overall, it is understood that extreme weather events can result not only short-term delays
but also long-term interruptions where detouring is needed in case the infrastructure is
destroyed. Coastal areas are always at a higher risk mainly due to threat posed by rises in sea
levels and storm surges, which can jeopardize transport infrastructure as well as services in
these places. Also, as evident by the case shown in Figure 4, it appears that some disturbances
may extend beyond the affected area, mainly due to the connectedness of transportation
systems, thus affecting their performance (Giunipero and Eltantawy, 2004).

Increases in the frequency and intensity of heat waves as well as heavy precipitation events
are some of the climatic changes which have already been observed. As a result, there appears
to be an increased risk of more frequent, intense, and longer-lasting heat waves in a warmer
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future climate. In addition, a warmer future climate also indicates that there will be a rise in
the risk of floods in several major river basins. This is linked to an increase in future intense
storm-related precipitation events leading to flooding events. Modelling studies performed as
part of major meteorological research works have demonstrated evidence that future tropical
cyclones could become more severe, with greater wind speeds and more intense
precipitation. In fact, an eastward extension of the Atlantic storm-track into Europe is also
projected with a probable increase in precipitation events, as discussed earlier.

Figure 4. The Dawlish railway damage of February 2014 (Smith, 2022)

The transport system has a particular role in society and economy. However, constant climatic
changes pose serious problems to the transportation sector. It is historically well known that
persistent heavy rains, river floods as well as flash floods can lead to immense damages to
different transport sectors such as the railroad industry. Overall, floods amongst different
weather events, generate some of the largest amounts of economic damages and fatalities
(Doll and Sieber, 2011).
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2. Mitigation and Adaptation

Generally, while the occurrence of some high-impact extreme weather events cannot be
attributed solely to climate change, progress is being made in this area (IPCC, 2013).
Nevertheless, based on the predicted increases in the intensity as well as frequency of
extreme weather events, it is crucial to prepare adequately for such unavoidable
circumstances (EEA, 2014). Activities that reduce or eliminate the chances of an extreme
incident taking place are often referred to as mitigation measures. Mitigation actions or
measures are essentially policy orientated in comparison to the preparedness phase and are
normally a form of crisis management (Papanikolaou et al., 2011). As discussed in earlier
research works (FEMA, 1992), mitigation activities have the following characteristics:

v Involve physical or engineering steps along with procedural or situational measures
(for instance, altering work methods or informing transport passengers on self-
protection procedures);

v" Encourage the use of special managerial as well as technical skills to the methodical
identification and hazards control through the lifecycle of a program, vehicle, or
facility;

v" Confirm the security and safety of civilians during day-to-day activities;

v Restrict vulnerability of public authorities to the consequences of natural and
human-caused catastrophes.

Future global Greenhouse Gas Emissions (GHG) are partially going to be responsible for the
rate and magnitude of climate change. Accordingly, a range of GHG mitigation policies have
been and are continuing to address the immense need for global mitigation action to lessen
the GHG emissions. The transport sector is identified as one of the major contributors to GHG
emissions. Therefore, mitigation measures are needed for this sector in order to deal with the
climate change. However, due to climate inertia and past emissions, climate change can be
expected to continue for several decades, even if global GHG emissions were ceased now
(EEA, 2014). Therefore, it is necessary to adapt to the currently experienced climate changes
and to the possible future projected scenarios as well.

During the past decade, an increasing amount of attention has been paid towards the issue of
societies needing to adapt to climate change. While mitigation policies are aimed at reducing
global greenhouse gas emissions, adaption measures —that are a focus of this chapter — relate
to activities and initiatives that can assist in decreasing the vulnerability of transport systems
to changing climate. As stated by the Intergovernmental Panel on Climate Change (IPCC),
adaptation refers to “adjustments in natural or human systems in response to actual or
expected climatic stimuli or their effects which moderate harm or exploit beneficial
opportunities” (Parry et al., 2007). Adaptation can be proactive and anticipatory (i.e. prior to
an impact), spontaneous and autonomous (i.e. the unplanned response to an impact) or
planned (i.e. depending on thoughtful policy decisions and general perception of changing
conditions) (Lindgren et al., 2009).

The term adaptation in this chapter refers to measures and activities that respond to the
current and future climate change impacts and vulnerabilities withing the continuing and
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projected social changes. This also includes taking into consideration the climate variability
factor which takes place in the absence of climate change. Adaptation actions in the transport
sector are intended to protect the transport systems against negative impacts of climate
change, while also developing resilient infrastructure (EEA, 2014). Therefore, while adaptation
activities deal with unavoidable impacts, mitigation measures deal with the source of the
problem. Planning towards future transportation infrastructures requires considering both
mitigation and adaptation to climate change (Doll et al., 2014).
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3. Development of Database

3.1 Methodology

One of the aims of this work package involved developing a database with the most relevant
risk mitigation (adaptation) measures. The overarching aim of the development of this
database was to review and analyse past extreme weather events (mainly in European
countries/regions) and their effects on the different transportation and related
infrastructures. The database seeks information on two major events: floods and wildfires
(including heatwaves) and their impact on roads, railways, bridges, and slopes. It reviews the
adaptation strategies and policies, proposed, or adopted, to respond to those extreme
weather events. The methodology adopted in developing the database is presented in Figure
5.

» Review of case studies, reports, journal publications and projects

* Analysis of two major consequences of extreme weather events;

Identify Floods and Wildfires

» Geographical region, year, summary of the event
 Affected transportation assets (roads, rail, bridges and slopes)
Querying

 Type of risk addressed
* Costs (direct and indirect) of the measures

Adaptation * Lifetime and impact of the measures

Figure 5. Methodology for developing the database

Review of several different data sources such as case studies, international panel reports and
journal publications has demonstrated that over the last few decades, weather extremes
leading to floods and wildfires have led to a major disruption on the transportation systems
in Europe and around the rest of the world. For the creation of the database, most of these
major weather events were identified as case studies. Useful European resources such as the
WEATHER (WEATHER, 2022), EWENT (CORDIS, 2022a) and MOWE IT (CORDIS, 2022b) project
deliverables were utilised for extracting vital information for the database. In addition, a vast
majority of data was obtained from various online sources such as Copernicus (Copernicus,
2022) and The European Climate Adaptation Platform Climate-ADAPT (Climate ADAPT, 2022).
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Information was obtained on the meteorological events in terms of the geographical regions
that were affected, the timeline of the event and the general summary of what happened.
Next, the affected transport infrastructure was identified, if possible. Once the significance of
a single event was realised through the vulnerability factor, which considered the level of
damages to the society and transport, the next step involved understanding the learning
outcomes from the occurrence of that particular event. An in-depth analysis was performed
on the adaptation measures that were decided after the event. This included reporting not
only adaptation measures but also the emergency management strategies adopted along with
the governance structures and policies implemented. The database was then further
developed to include vital information on these adaptation measures by reporting the
implementation costs of these options and their expected lifetime. Finally, wherever possible,
the database also provided information on the suitability of the measure by reviewing any
future events that reoccurred at the same geographical location. This included understanding
how sustainable and successful were the improvements implemented.

As the database was developed, identified adaptation measures were assessed using a
Multicriteria Analysis. The criteria used to assess these adaptation measures were: the
component of the risk which the measure will be able to mitigate, the general magnitude of
the costs (budget allocations, rebuilding cost that would be required if the asset fails and
benefits of the measure); the lifetime of the measure before it needs maintenance or even
replacement, and the effectiveness of the measure in terms of reducing risk levels. A complete
and accurate database with a set of risk mitigation measures, including a brief explanation in
what circumstances these should be used, with what time frequency, effects and costs is
provided in the appendix of this report.

Table 1 includes the criteria and rating scale used to evaluate each adaptation measure in
Table 2 and Table 3, which present simplified versions of the database for the two major
events, floods and wildfires (including heatwaves), respectively. Table 2 and Table 3 provide a
summary of the adaptation measures identified for each event.

Along with the simplified tables, the following sections discuss in detail the different
adaptation measures proposed. However, it must be noted that the identified adaptation
measures are mostly generic goal-type measures that would require further consideration in
order to be developed into specific actions that have to be taken either solely by relevant
departments or together with cooperation of governmental and private sector bodies. In
addition, factors such as costs and impacts are provided based on previous case studies and
available data. These may differ for different countries and regions, based on weather and
climate predictions.

Another aspect which must be considered while planning and designing adaptation actions in
the transport sectors such as the railway sector is that the impacts of potential goal conflicts
must be assessed carefully. Implementing counter-productive measures that may have a
negative effect on the changing climate in the long-term must be avoided. Thus, it is very
important to investigate and exploit the possibility of creating synergies with environmental
goals and climate mitigation goals.

Overall, it must be noted that some of these measures are important initial steps but will have
limited impacts unless acted upon. Also, while these steps act as crucial first steps, the
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proposed measures will be sometimes effective for new infrastructure but due to relatively
long lifespan, it will require a relatively long time to effectively mitigate system risks.
Additional analysis is often needed to clarify current practice and assess potential
improvements.

Table 1. The abbreviations, criteria and rating scales used in the evaluation of each adaptation measure

Mitigation of risk | Costs Lifetime
component
(Miti.)
R =Road H = Hazard Low - can be | Short-term — | L=Low - will have a
o _ achieved Measure minor effect on the
Ra = Railway | C = Consequences o o ) _
within existing | requires infrastructure
B = Bridges V = Vulnerability | or planned | replacing or | during a risk event
S = Slopes budget major updatesin | \a _ \odarate —
allocation just few yearsor | _ .
h will have a
Moderate — | V&N months moderate effect on
will need some | Long-term — | the infrastructure

further funding | Measure will be | during a risk event

High - will 2Pletoservefor i pion il

. a long time
need major almost overcome
(usually around

additional the effects of the
funding or 100 years) risk event on the
major capital infrastructure
program

3.2 Adaptation measures for floods

An increased frequency and amount of high intensity precipitation events along with
ineffective infrastructure to cope with such extreme weather conditions may result in an
increase in flooding events. This ongoing risk is likely to become critical in the upcoming future
and is assessed as having major consequences on the safety of the transport sector and a
resulting financial impact on stakeholders. Based on the results presented in Table 2, it
appears that quite a few options have proven to be successful adaptation measures. Some of
these adaptation measures are discussed here in detail.

Table 2. Summary of adaptation measures for floods

Asset | Measure Miti.  Costs Lifetime Impact
R, Ra, | Flood awareness and alert systems | C Moderate Long- M
B, S for monitoring and forecasting term

floods
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R,B | Set up of an intermodal mobility | C Moderate Long- M
management and information term

system website with its traffic
cameras monitoring roads and
bridges
R Improved road weather | C Moderate Long- L
information systems and term
associated outreach/awareness
efforts
R Alarm services for private car |V, C Moderate Long- M
users informing about severe term
weather conditions
R,Ra, | ¢ Fixed barriers (levees, dykes, | H, V High Long- H
B,S earth mounds, solid concrete term
walls) constructed along rivers
e Mobile barriers
e Other measures such as
closures, pumping systems and
safety  valves in the
canalisation network along
rivers
R, Ra, | Allow larger flood detention | H,V Moderate Long- H
B, S spaces in barrages term
Ra Railway control centre on pillarsto | V, C Low Long- H
make it flood-proof term
Ra Construction of counterforts atrail | H, V Low Short- M
tracks to avoid flooding for the term
time in which the new planned
flood protection embankment is
not yet ready
Ra, S | Construction of flood protection | H, V Moderate Long- H
embankments term
R, Ra, | Completion of new sections in | H High Long- H
B, S flood protection embankment term
dams
Ra, S | Improvement to stability of slopes | H, V, C | Moderate Short- M
and embankments term
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R, Ra, | Reinforcing dykes and quay walls | H, V High Long- M
B, S and opening up areas that can term
flood to protect land along
estuaries. Removal of outer
defences of polders and reopening
areas to the tides

R, Ra, | Strengthening the weak areas of | H High Long- H
B, S dykes, restoring the run-off term
capacities of areas between dykes
and creation of temporary
reservoirs to protect river basins
from flooding

R, Ra | Construction of sea walls H,V High Long- H
term
R Shifting of road alignments | H High Long- L
beyond areas at risk term
B Adequate design and | V High Short- M
maintenance of bridges term
R Proper design and maintenance of | H Moderate/High | Short- M
drainage term
R Improved road pavement | H, V Moderate Long- M
materials and design standards term
R, Ra, | Vegetation management along | H,V Low Long- M
S roads, rail tracks and to enhance term

slope stability

R, Ra, | Emergency Plan; documents to |V, C Low Long- L
B, S assist all authorities, emergency term
response organisations and other
relevant bodies before and during
a flood event with informing
people about the flood

R, Ra, | Initiatives  to raise public | V, C Low Long- H
B, S awareness and preparedness term
(publications, presentations,
websites)
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3.2.1 Enhanced weather information and monitoring systems

Enhanced weather information systems along with alert systems are excellent initiatives that
involve providing more timely and complete information whilst improving the understanding
and appropriate response of the public to that information. These measures are a part of the
associated outreach or awareness efforts used by a number of European countries. For
instance, the European Flood Awareness System (EFAS) is a system for monitoring and
forecasting floods across Europe. It provides probabilistic, flood early warning information up
to 10 days in advance (Maurer et al., 2012). Quite similarly, in Dresden, Germany, a website
known as intermobil was set up that reported the results from traffic cameras installed to
monitor Dresden bridges and roads (intermobil, 2022). The website attracted a huge number
of visitors who were interested in knowing which routes would be the most feasible to take.
Likewise, there are several other websites and projects as well that aim at allowing service
staff and public transport users to share multimedia information on emergency situations
through the Universal Mobile Telecommunications Services. These kinds of early warning
systems appear to be quite successful in reducing the consequences of a risk event as they
increase preparedness along with enabling traffic management measures to be considered. In
terms of the benefits, it seems that such systems can have benefits of around 400 Euros for
every Euro invested (Maurer et al., 2012). Through the establishment and use of early warning
systems, the negative impacts of extreme weather events on different transport systems and
the whole economy will be minimised. Also, once implemented, such systems are expected to
serve for a long time without needing any major updates. In addition, as Enei et al. (2011)
discussed, traffic obstructions lead to serious economic consequences, which can be
minimised with the installation of monitoring systems. It has also been determined that in the
future, monitoring systems will be widely used and will become less expensive as well. When
road users receive accurate and timely information on traffic obstructions and alternative
routes in a risk event, this will result in significant reductions in the economic consequences
as well. Monitoring systems can also assist with detecting malfunctioning infrastructure
elements, where proper monitoring of infrastructure assets such as bridges, slopes and roads
can help prevent catastrophes. For instance, monitoring systems can support with
understanding waterflows and flood levels along with assisting in drainage inspections (Doll
et al.,, 2011).

One more example of an online web service is the Meteoalarm initiative for private car users
that embark on cross-border travels. The website informs authorities and public regarding
severe weather conditions in more than 35 European countries by integrating all important
weather information originating from the official National Public Weather Services. This is
done through consistent presentation of colour-coded maps and weather symbols that
demonstrate what the weather might look like in different parts of Europe. Meteoalarm
service is a long-term innovative solution that has already proved successful through its daily
access rates reaching 12 million per day during warning situations. It is expected that more
countries will participate in this initiative where the services then shall expand and perhaps
provide information on weather warnings through emails, messages and even real-time
images from users (Levidkangas et al., 2011; Meteoalarm, 2022; GEOBENE, 2022).

Overall, it is deemed vital to monitor transportation systems in order to detect and quantify
climate change vulnerabilities as well as improve the effectiveness of adaptation strategies.
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Road Weather Information Systems comprise of sensor stations, communication networks,
weather and pavement temperature model systems, traveller information and maintenance
decision support systems. These can all assist with the long-term monitoring of impacts on
road transportation during extreme weather conditions while also contributing directly to
mitigating risks through the provision of real-time warnings and notifications of weather
conditions to various road transport stakeholders (Papanikolaou et al. 2011; Andrey et al.
2001; Boon and Cluett 2002). Quite similarly, for railway tracks and slope failures, an
adaptation example that is quite successful in mitigating the consequences of a flood event is
the detection of events by local of slopes with sensors. Such a measure can enable safe
operations and rapid recovery with reduced impacts (Collins et al., 2014).

Comparably, another noteworthy example for enhancing the resilience of railway transport is
demonstrated by the Austrian Federal Railways (OBB Infra AG). To address existing and
predicted risks from climate related hazards, the OBB Infra AG utilises a series of structural
protection measures along with a railway-specific weather monitoring and early warning
system as part of its risk reduction strategy. This is because complete protection from
structural measures is not possible in some areas, such as the alpine environment, and due to
a continuously changing risk profile because of climatic changes. An interactive web portal
system is developed that collects information from different weather stations, satellites,
radars, and weather projections for the complete railway network. The system then offers an
assessment carried out on some of the important meteorological parameters such as
precipitation levels. The system not only provides individualised and route-specific warnings,
but it can also be used for identifying different weather conditions in advance that can possibly
cause large disruptions to railway operations. Such alert systems which can issue warning
notifications allow for a plan of procedures to be implemented in times of an extreme weather
event being detected. This includes the establishment of temporary mitigation measures,
specific route closures, imposing speed restrictions and other operational safety precautions.
Overall, such functioning weather monitoring and warning systems are effective tools that can
be referred to as a flexible risk management solution for addressing future changes in the
intensity as well as frequency of climate change events (Climate ADAPT, 2017).

3.2.2 Technical flood protection measures

With future climate projections showing the likelihood of more intensive precipitation events,
flood control becomes an important task. In a typical flooding event, it is expected that serious
damages will be incurred by different infrastructure elements. In 2002, Prague experienced a
severe flooding episode with total damages of 1 billion Euro. This event was recognised as one
of the most expensive weather-related disasters in the history of the city with heavy damages
on infrastructure, housing and environment. In order to achieve improved flood control, some
adaptation measures that have proved successful in the past include the installation of fixed
barriers. This includes construction and establishment of levees, dykes, protective walls and
in some cases mobile barriers along rivers. Transporting and installing mobile barriers to areas
potentially affected by floods is often part of the flood management plans devised. In terms
of the costs associated with such projects, it was observed in Prague that implementation of
flood protection measures that included fixed and mobile barriers along with closures,
pumping systems and safety valves had a total estimated cost of 146 million Euros which was
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spent from 1997 to 2012. A cost breakdown analysis showed that the realisation costs for the
flood control system amounted to around 144 million Euros, installation costs per event were
0.65 million Euros and the overall storage and maintenance costs per annum were 0.89 million
Euros. These measures can be utilised for a long-term with a lifetime of approximately 80
years and are quite effective. Further, the implemented flood protection system proved
successful in the 2013 flood event, where the system helped protected a great part of the area
at threat and only very minor parts of the area were found to be flooded. Also, any weak
points such as the capacity of the pumping station were identified and have been planned to
be enlarged (Climate ADAPT, 2016a).

Another example of extreme weather events is observed through the common occurrence of
storm surges in the North Sea, which has significantly increased since the 1950s. With future
projections showing potential rise in sea levels, storm surges pose a major threat to Antwerp,
a city in Belgium, where one of the estuaries narrows considerably at a particular point,
resulting in raising high water levels. To protect the city, the Hedwige-Prosper polders project
was launched for improving flood protection by mainly providing extra space to the Scheldt
River for flooding. In addition, new estuarine intertidal areas are also created to provide space
for tides. The project expects that opening the two polders can offer storage for storm surge
waters, decreasing the water levels of the city and thus enhancing the safety in the urban and
industrial areas. Further work includes moving dyke protection inland, deploying a system of
creeks that will be dug in the polders. An economic analysis on this project revealed that
investments on such projects is more cost-effective in safeguarding urban areas as well as
economic activities from flooding as compared to constructing large storm surge barriers. The
cost for this depoldering project was estimated as 25.8 million Euros in Belgium while a similar
project in Netherlands is expected to cost between 40 to 49 million Euros. Regardless, the
benefits of such a project are vast, including the major protection to the Belgian territories
and it is anticipated that with consistent and continuous maintenance and upkeep, the project
should be able to offer its protection abilities for several decades (Climate ADAPT, 2020a).

Not only road infrastructure but other transport related infrastructures are also likely to be
seriously damaged due to floods. Thus, to achieve proper flood control, it is important to
realise necessary adaptation measures such as regulation of rives, retention areas, adjusting
protective walls and levees for controlling floods, even in constant climatic conditions.
Furthermore, to protect cities and regions from flooding, it is also often seen that a combined
effect of different adaptation measures is utilised by implementing several measures that can
reduce the risks of flooding while working on increasing the future resilience of the areas
affected. For example, the Tisza River Basin experiences a serious challenge of flooding due to
a series of landscape changes. To address this challenge, work is being done on enhancing
river defences, restoration of flood plains and creation of temporary reservoirs that can
contain flooding and protect cities and the various infrastructure built along the river. The
total cost for such a project was around 260 million Euros but with regular maintenance, such
measures are expected to last for up to 100 years (Life Tree Check, 2022).

Adaptation measures specifically intended for railway infrastructures are usually aimed at
enhancing the resilience of the railway assets. Several different technical adaptation measures
have been reported in the past for addressing precipitation and flood events. Most of these
technical measures are usually supplementary constructions to protect the infrastructure
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which is already in place. For example, in 2006, subsequent bursting of two dams due to heavy
rainfalls, led to flooding of an important rail link in Prague. Damages included flooding of a
railway control centre. To address this issue, a permanent measure was taken where the new
control centre building was put on pillars, making it flood-proof. While the costs associated
with this task were around 30,000 Euros, this is considered as a long-term and effective
solution. In a similar fashion, pile construction is utilised for protecting buildings such as
railway control centres with technical equipment necessary for the functioning of the railway
system and with rather high investments costs against floods. Since these types of buildings
are usually small structures in size, constructing them on piles is feasible. Approximately 5000
Euros are needed per pile, but the operational and maintenance costs are usually similar to a
building which is not on piles. The benefits include a reduction in damage costs in case an
extreme weather event occurs and consequently an assurance that crucial services by the
railway control centre will be provided continuously to deal with the event (Doll et al., 2011;
Maurer et al., 2012).

For railway tracks, constructing counterforts is an additional measure that is used at times to
prevent the flooding of tracks. This temporary measure, which is used several times per year,
can act as a substitute when a flood protection embankment is either being made or not there
in place. A long-term adaptation solution is the construction of flood protection embankments
that can protect railway tracks from flooding. To elaborate, in 2006, flooding resulted in huge
damages to railway tracks in Lower Austria, where there were significant breakages of the
flood protection embankments. The reconstruction process started with first the closures of
breakages which costed around 3.6 million Euros. This was then followed by reconstruction of
embankment dam sections which costed around 14 million Euros for a total length of 10.7 km.
The remaining reconstruction works in this case costed a total of 82 million Euros for several
long sections (Maurer et al., 2012). While the associated costs for this are quite high, this is a
highly effective and a long-term solution where protection systems must be maintained
regularly. Also, stability of slopes and embankments must be guaranteed to prevent
catastrophic events.

In 2013/2014 winter, a run of winter storms culminated in severe coastal damages and
widespread flooding in the United Kingdom. Amongst the various affected elements of
infrastructure, the transport system was the most severely damaged. There were significant
flooding damages to the road and rail infrastructure, railway lines had to be closed and
services had to be suspended. During this period, a coastal section of the Southwest main
railway line at Dawlish, Devon was severely damaged, where the line was cut off from rest of
the railway network for two months. Damages due to huge waves were witnessed by the
Dawlish railway station, stretch of the sea wall and foundations beneath the tracks which
resulted in leaving the track unsupported. Following this critical event, in the long term, some
options were considered. These included retaining the coastal route, building a second line
and thereafter re-routing the main line. The adaptation measures included the installation of
a temporary sea wall to prevent further damages, rebuilding and fortifying the breach with
larger amounts of concrete and steel to further strengthen the structure, removal of collapsed
cliff sections and then considering the building of a new higher and wider seawall in front of
the existing seawall. Strong winds along with high waves frequently damage the railway
station and tracks. Therefore, a 36.5 million Euros package of improvements was announced
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for this project, which included examining each option available for ensuring the resilience of
the route. Construction of a new, higher and wider structure is expected to enhance resilience
from waves, floods and other weather-related events while also taking predicted rising sea
levels into account. This appears to be an excellent example of an adaptation option where
the current infrastructure is adapted while work is being done on creating new infrastructures.
Also, the new raised sea wall is protected from the sea and provides great protection to the
railway line against strong winds and rain at Dawlish (Network Rail, 2014; Network Rail, 2019;
BBC, 2020).

The Timmendorfer Strand coastal flood defence strategy also a similar example of such an
initiative. Due to climate change, Timmendorfer Strand, a municipality in Germany is
threatened significantly from impacts due to rising sea levels and storm floods. Therefore, the
adaptation measures implemented included the construction of a sea wall that can provide a
high degree of protection against coastal flooding and erosion. It has also been identified that
sea walls require less space requirements as compared to other coastal defences such as dykes
and can be heightened to face sea level rises. While construction costs of such a sea wall can
be relatively high, these structures need low maintenance and are a much cheaper as
compared to other options such as jetties. In terms of costs, these depend on the shape,
volume, crest level, foundation level, wave loading and other characteristics of the sea wall.
For example, in the Netherlands, a sea wall is estimated to cost 300 to 500 Euros per square
metre of concrete whereas jetties related costs are estimated to cost 10,000 to 20,000 Euros
per running metre. Overall, walls are long-term investments with lifetime of around 100 years.
The estimated benefits are between 4 to 8 times higher than the estimated costs (benefit-cost
ratio) (Climate ADAPT, 2015; Climate ADAPT, 2016b).

3.2.3 Adoption of adequate design standards, materials and maintenance of infrastructure
elements

Adopting appropriate design standards and maintenance protocols for infrastructure
elements is a common approach for mitigating risks due to extreme weather events. For
instance, designing higher dimensions of road drainage systems to tackle future weather
conditions such as precipitation events is highly recommended. As part of flood protection
and management options, some commonly used adaptation measures include the
construction of extensive sewerage and flood protection works for collecting the superficial
runoff and maintenance of lengthy flood protection works to collect water runoff and for
enhancing the overall flood protection of cities. To prevent slope failures, slopes can be re-
engineered to change grade, drainage can be improved, or stabilisation can be provided in
order to reduce vulnerability through robustness (Smethurst et al., 2017). Furthermore, due
to a changing climate and an increase in the frequency of extreme weather events,
maintenance works need to be done frequently. Comparing predicted impacts of future
extreme events to past and current design codes is also important to prevent major disasters.
It is also suggested that rising water tables must be considered in the designing process while
maintenance can be easily achieved through self-flushing drains that can be inspected
effortlessly. Most experts state that proper and scheduled maintenance of drainage can help
prevent flash floods. Also, drainage upgrading measures should be adopted in those regions
where intense precipitation events are likely to occur more frequently (Doll et al., 2011).
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Quite similarly, for roads and bridges, proper design and maintenance of these infrastructures
including pavements is recommended where pavement monitoring can be carried out along
the whole length of motorways and at least once a year to reduce the vulnerability of roads.
In addition, the service life of pavements can be prolonged with adequate maintenance.
Adaptation measures on improving the stability of slopes and embankments also involve
proper drainage measures, use of adequate construction materials and appropriate
maintenance. While the costs of these measures depend on the techniques used and the
maintenance works needed, it is expected that the costs for improving design methods are
generally low, as compared to their possible advantages. Also, in terms of construction
materials, these are usually chosen taking into account cost effectiveness (Doll et al., 2011;
Tegethof, 2011). For adapting railway infrastructures to climate change and extreme weather
events, maintenance measures are also quite relevant.

3.2.4 \Vegetation management as a flood protection measure

Vegetation acts as a nature-based solution for effectively adapting to rising flood risks.
Vegetation management has a huge scope as it can be used for roads as well as railways.
Vegetation management can also be used to enhance slope stability and is an effective
measure in reducing vulnerability. For roads, vegetation management actions involve cutting
down trees that may be problematic, selecting proper vegetation, removing vegetation close
to pavements and planting of vegetation to stabilise soil. Such measures can assist with
reducing traffic obstructions and stabilisation of slopes. Vegetation management along
railway tracks has several effects on railway infrastructure. For instance, protection forests,
built at a distance to the rail tracks to avoid trees falling directly on the tracks, can help
decrease the chance of landslides due to heavy rain as the ground is better stabilised by the
trees and their roots. However, vegetation also may act as a risk for the rail infrastructure
where storms may result in trees falling. Also, it may take up to 100 years to avail full benefits
and protection of plantation. Regardless, such measures are easily implemented, and the
investment and maintenance costs seem to rely on the required vegetation type. A normal
low vegetation initiative near the rail tracks that requires regular cutting to safeguard railways
against floods is expected to cost much lower as compared to a protection forest, where the
latter can cost 100 Euros per hectare for forest management and 50000 Euros per hectare for
recultivation of damaged protection forests (CCSP, 2008; Lindgren et al., 2009; Doll et al.,
2011).

3.2.5 Reviewing and updating emergency management plans

Adaptation measures also include management options which are focused on providing
solutions when an extreme weather event occurs, resulting in transport infrastructure
disruption. Such options help reduce negative impacts of extreme events while making sure
alternative railway and road routes as well as efficient emergency transport management
schemes are available when needed. Reviewing and updating emergency management plans
is an effective adaptation measure that can help prepare for increased frequency of extreme
weather events. Emergency plans are usually an approach for regulating the information chain
if there is a flooding threat. These plans can provide assistance to all authorities, emergency
response organisations and all other relevant stakeholders before and during a flood event by
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informing people about the floods, arranging all necessary control measures and combating
floods in an efficient manner. This measure can also involve improving and increasing the
preparedness for flood events that may happen at locations that are yet to be upgraded. These
measures can be easily implemented, are able to serve for a long time and require very low
costs. However, the associated effectiveness is also expected to be low (Maurer et al., 2012).

3.2.6 Incentives and other initiatives to implement adaptation measures

Incentives and regulations must be developed and imposed for increasing the resilience of
transport infrastructures to extreme weather events. Implementation of relevant adaptation
measures along with carrying out their maintenance can help reduce the risk of floods and
thus incentives and regulations can act as an important step towards the realisation of
necessary adaptation measures. In addition, such incentives and regulations can also assist
with decision making process for new infrastructure projects leading to the construction of
more economic, efficient and useful infrastructure with reduced vulnerability in the future. In
terms of the costs, such incentives and regulations are expected to not cost much. Overall,
regulation schemes are considered as crucial as physical adaptation measures are. Thus, it
seems that providing incentives to stakeholders to adopt adaptation measures is very
important.

Plans can also be developed to reduce the flooding impacts due to heavy rain. One example
of such an initiative is the Cloudburst Management Plan that has been adopted in
Copenhagen, Denmark. In the past, Copenhagen was impacted by several major rainfall events
that resulted in serious and extensive damage where repair was very expensive. Since the
occurrence of such events is anticipated to become more frequent and intense, the plan
developed includes the cost assessment of different adaptation options (i.e. new options
compared to traditional measures), cost of damages with or without the implementation of
adaptation measures and the resulting impact on the financial health of the impacted
stakeholders. The outcome of such an activity clearly demonstrated that a societal loss would
be experienced if there is a continued focus on traditional sewage systems rather than on
alternative and innovative solutions. The latter includes measures that look at draining and
storing excess water at ground level. The overall Cloudburst Management Plan comprises of
pipe-based and surface solutions that include designing retention areas and roads for storing,
detaining, or transporting large amounts of water (EEA, 2018).

Initiatives to raise public awareness and preparedness are also an excellent approach that can
be implemented ahead of time through sharing knowledge and coaching the public that can
assist with identifying hazards and risks, taking action to build safety and resilience, and
reducing future hazard impacts. Usually, individuals and communities are willing to take part
and ownership in this. In addition, public education and public awareness for risk reduction
can encourage and motivate societies to participate in reducing future suffering. These
initiatives are applicable to all transport infrastructure assets and can help reduce the
vulnerability as well as consequences of the risk. The costs associated with such practices are
expected to be low while the vision and benefits can be long-term. Public education and
awareness can be approached through campaigns, participatory learning, informal education
and formal school-based interventions (DEFRA, 2011; IFRC, 2011).
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3.3 Adaptation measures for wildfires

As discussed earlier, extreme heat increases the risk of catastrophes where heat can
exacerbate drought, hot and dry conditions that can result in wildfires. Climate change and
extreme weather events are making heatwaves more intense, especially in European
countries where different transport infrastructures are now at a constant threat posing a
further risk to people, ecosystems and economy. Based on the findings presented in Table 3,
which presents a summary of the adaptation measures identified for heatwaves and wildfires,
it seems that there are various strategies that can be implemented to build transport
resilience to extreme heat and resulting wildfires. Some of these adaptation measures and
strategies are discussed here in detail.

Table 3. Summary of adaptation measures for wildfires

Asset | Measure Miti. | Costs Lifetime Impact

Automatic monitoring, | V, Moderate Long-
modelling and forecasting term
systems

e Establishment of early
warning systems

Ra Operational and maintenance | H, V, C | Moderate/High | Long- H
measures for ensuring climate- term
resilient railway infrastructure

Ra Installation and improvement of | H, V, C | High Long- M
cooling signals and fans term

Ra Upgrading of track: tracks should |V, C Moderate/High | Short- M
be replaced as part of normal term

maintenance

Ra Painting railway tracks with white | H Low Short- M/H
colour term

Ra e Pre-stressing of steel, H,V, C | Moderate/High | Long- M/H
e Deployment of heat resistance term

material

R Polymeric pavement materials | V Moderate Long- M/H
and fibre-reinforced concrete term
overlays

Ra Selection of suitable vegetation | H,V Low Short- M
along rail tracks to reduce the risk term
of fires
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R, Ra, | Fire prevention additional staff H,V, C | High Long- M

B, E term
R,Ra, |  Fire prevention programs and | H,V, C | Moderate Long- L/M
B, E technical assistance term

e Forest monitoring and

mapping

R, Ra, | Wildfire management: To | H, V, C | High Long- M
B, E exchange information and term

technical details for wildfire

management

3.3.1 Monitoring, modelling, forecasting and early warning systems

Monitoring, modelling and forecasting, and early warning systems are a commonly employed
adaptation measures that aim to increase preparedness and enable different management
measures to be taken in advance. By means of providing early warning systemes, it is expected
that the negative impact of extreme weather events - particularly heat waves leading to
wildfires - on transport systems and the whole economy will be minimised.

To ensure smooth operations of trains during high temperatures, one adaptation measure
that is often used involves the installation of automatic remote monitoring systems that can
intensively monitor the temperatures of railway tracks. As part of calculating rail
temperatures, railway infrastructure managers also install probes to obtain instant alerts
when track temperatures rise (Network Rail, 2015). The system can send notifications to
railway operators informing them about the section of the track which may be expanding too
much and could result in further consequences. This warning triggers an early reaction where
local speed restrictions are introduced as slower trains would cause lower forces and impacts
on the track, which further reduces the chances of rail bucking (Network Rail, 2022a).
Therefore, in periods of extreme heat, automatic monitoring systems can help detect
instances that can cause rail buckling and help prevent further damages to tracks,
infrastructures, trains and people due to issues such as train derailment, cancellations,
blockages and several others (Doll et al., 2011). In terms of the costs, these are dependent on
the type of monitoring systems. Monitoring systems for track temperatures can be a very cost-
efficient measure. However, an increase in the investment costs can be expected as
automation increases in monitoring procedures, but with lower running costs. Costs are also
dependent on the area being monitored. Indeed, monitoring the conditions of the railway
tracks of a whole network will be expensive and an extensive job as compared to monitoring
areas that only exist along critical parts of the network.

In situations where hazards are going to be expected frequently, it can be beneficial to have
an Early Warning System. For an effective system, a few considerations have to be taken into
account, this includes community participation, education, awareness and emergency
preparedness. These systems need to be developed with practical and scientific data and also
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need to be inclusive of the different community requirements and the relevant risk factors.
Such systems should primarily comprise of:

1. Expansive risk knowledge to ensure nothing is overlooked,
2. Prompt monitoring and warning capabilities,

3. Resilient dissemination and communicative methods and.
4. Ability to respond and act respectively.

It is not required to develop these systems from the ground up, and the knowledge can be
borrowed from regions where these are in place or experience high hazard frequency.

As a region which has a few different systems in place, Europe has in place mainly:

1. Meteoalarm - a collective effort from The Network of European Meteorological
Services (EUMETNET) that provides extreme weather event alerts,

2. Copernicus Climate Change Service (C3S) provides high-quality data tailored to the
requirements of various socio-economic sectors and

3. Risk Data Hub of the Disaster Risk Management Knowledge Centre (DRMKC) that
provides curated EU-wide data utilizing hosting datasets connected to national
platforms.

There are also smaller scale operations or systems such as in:

1. Austria - applied to railway transport.

North Macedonia - applied to heatwaves and national heatwave preparedness.
Tatabanya (Hungary) - urban heatwaves and forest fires.

Emilia Romagna (ltaly) - as a regional Weather Alert Web Portal developed in
conjunction with real-time hydro-meteorological monitoring technologies.

HwnN

It is predicted that Europe will experience an increased frequency of heat waves, which will
grow in intensity according to RCP scenarios, every 2 years in the second half of the 21
century. As a tactic, countries using Early Warning Systems and rely on EuroHEAT in Europe
which is an information and decision-making tool.

Fire risk also plays a significant role as it is dependent on a multitude of factors such as climate
change, vegetation, socio-economic factors and forest management. As it impacts Southern
Europe more than other parts of Europe, the European Forest Fire Information System (EFFIS)
plays a key role in providing support year-round through various services and information. It
is based on a module which generates a map anywhere between 1-9 days forecasting fire
danger using numerical weather simulations (Climate ADAPT, 2019a).

3.3.2 Operational and maintenance measures

Maintenance measures must be implemented and increased in places that witness excessive
heat periods. Maintenance can include many different options to reduce the vulnerabilities of
transport infrastructure in undesirable weather conditions.

Heat waves can result in distortion of railway tracks. To tackle this issue, most Southern
European countries such as Italy adopt a simple adaptation measure which involves painting
the railway tracks in white colour to combat the distorting effects of heat on metal. However,
in some places such as further North in Austria, such measures are not (Molarius, 2012).
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Further, in 2018, this technique of painting railway tracks was tested by in the eastern
Switzerland canton of Graubilinden by the Rhaetian Railway External link with the aim of
keeping the metal tracks from buckling or deforming in the heat. White paint has been
observed to show a positive impact in strong sunlight (SWI, 2018). As the painted rail has a
higher reflectance and lower heat absorption than a normal (brownish) rail. Quite similarly, in
2019, a national railway company of Germany, Deutsche Bahn, also painted a section of their
railway tracks with white paint with the goal of preventing the serious issue of overheating
rails and warped tracks during heatwaves. Their tests indicated a reduction of up to -7 Kelvin
in temperature by painting rails with white colour when compared to normal conditions
(Railway Technology, 2019). The rails reflected more light and thus became less hot than their
conventional counterparts. In 2022, Network Rail, a leading infrastructure manager of most
of the railway network in Great Britain also implemented this measure of painting certain
parts of the rail white so that less heat is absorbed by the rails which would result in reduced
expansion. It was reported that a painted rail is usually 5°C to 10°C cooler (Network Rail,
2022b). In terms of lifetime, this measure requires regular repainting and repair works
depending on usage, but the associated costs can be expected to be low. Overall, such an
adaptation measure can help mitigate the hazard of wildfires on the railway tracks.

Installing and improving cooling signals is a technical adaptation measure that can be
implemented to prevent overheating of signals and other railway infrastructures in countries
expecting very high temperatures during summer months. This measure is expected to be
rolled out in the entire Europe if temperatures continue to rise until 2050. Since signals require
regular standard maintenance, such a technology can be easily installed. However, due to a
large number of signals and budget restraints, it might be expensive to implement such a
measure and would require regular maintenance and perhaps upgrading will be needed.
Nevertheless, costs are also dependent on the number of signals and other electronic
equipment that has to be cooled as well as the number of days per year when cooling is
needed. Regardless, the measure can perform for a long-term where cooling signals and fans
can assist with keeping some equipment functional during extreme heat periods. The
prevention and reduction of overheating of critical railway infrastructure can help ensure
smooth operations on the rail infrastructure with several benefits. Reduction in
malfunctioning of signals and other vital electronic equipment can assist with reducing delays
in heat periods. In terms of flexibility, adapting to changing conditions is easy with this
measure as the cooling systems can react accordingly based on changing temperatures in the
future (Doll et al., 2011).

Furthermore, railway tracks must be upgraded on a regular basis as part of normal
maintenance to tackle catastrophic issues such as wildfires. Depending on the type of
upgrade, the cost of this activity can vary where replacing a railway track can range from £0.25
million to £1.6 million per kilometre (Doll et al., 2011). Some common maintenance activities
include checking the stability of the track and strengthening any weak parts before the start
of summer. In addition, when tracks are constructed of short rails bolted together, small gaps
are left in between each one to allow for expansion (Network Rail, 2022b). Other activities
commonly carried out by infrastructure managers include replenishing the ballast that
surrounds the sleepers, and re-tensing (stretching) continuously welded rails before the
summer period arrives. Also, any construction or management works that may hamper the
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stability of the tracks resulting in an increased risk of buckling are avoided in summers.
Sprinkler systems are also introduced to cool rail temperatures at key junctions and
investigative tests on this technique have demonstrated that temperatures may reduce by
four degrees in ten minutes using the sprinklers (Network Rail, 2015).

In terms of transport infrastructures such as bridges, one maintenance activity that is highly
recommended is the frequent inspection of these infrastructures to check for weather-related
issues (especially corrosion) to reduce the risk of further damage and destruction. For bridges,
adequate design and maintenance is also very important. One of the main climate change
concerns relevant to design, construction and management of existing bridge structures is the
increased occurrence of temperature fluctuations. Current standards for bridge structures
exhibit significant resistance to such effects; nonetheless, the research on new climate-
proofed standards is ongoing (Climate ADAPT, 2019b). To avoid infrastructure damages in the
future, it is recommended to compare the predicted impact of future extreme weather events
such as heatwaves to current and past design codes.

3.3.3 Materials

Currently, some commonly adopted technical adaptation measures adopted to protect
against the main risks of extreme heat include endless welding of rails, deployment of heat
resistance material and pre-stressing of steel. Usually, endless welding of rails is done when
new tracks are built, and it is expected that this technology will be implemented in the future
as well for the construction of new tracks. However, for existing tracks this is not possible at
least 2050 due to the high costs associated with upgrading. Deployment of heat resistant
materials is also done as a measure to avoid rail buckling and resulting delays and cancellations
of trains, as well as derailments in worst case (Doll et al., 2011). In the UK and several European
countries, rails are pre-stressed to withstand higher temperatures. In this process, when steel
rails are installed, a process called stressing is carried out to protect rails against buckling. The
rails have a specified stress-free temperature, most likely the equivalent of the mean summer
rail temperature of the country (i.e. the range of temperatures the track can comfortably cope
with). As temperatures continue to rise in most parts of Europe, this seems to be an obvious
solution, however, this measure may also result in certain issues. Stressing rails to cope with
high temperatures in summer would make them less resilient to low temperatures during
winter. For example, if Britain’s rails are stressed to the same degree as those in very hot
countries, there may be a risk of increased tension on the rails in winter (Network Rail, 2022c).
Thus, there must be a right balance to make the network as resilient as possible all year
around. In terms of cost savings, one study estimated that approximately £10k could be saved
per stressing operation of a track renewal item. In a yearly program of work, where rerailing
is part of the process, implementing the stressing operation could lead to savings of £9 million
per annum (ORR, 2008). Also, such a measure is expected to serve for a long-term and is
capable of mitigating or reducing all components of risks to the railway tracks from heatwaves.

For roads, polymeric pavement materials and fibre-reinforced concrete overlays is an
adaptation measure that is carried out to mitigate or reduce the risks caused due to heat. This
includes the use of new, heat-resistant paving materials and polymer-modified bitumen.
Pavement technology is also improved as part of this measure where polymeric grids are used
to prevent rutting and overall adjustments of structural designs of the pavement are made. In
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addition, materials that can reflect solar radiation are used on surfaces along with materials
that have high thermal conductivities. The road surface reflectance can be increased through
the use of bright, coloured elements on the road or by coating road surfaces with reflective
materials. Other activities in this measure include treatments with polymeric and other non-
conventional aggregates, addition of rubber to asphalt, use of new additives for asphalt
pavements, fibre reinforcement and use of porous salt. Often, concrete is also used in higher
quantities due to its increased temperature resistance abilities and other advantages such as
lower need for maintenance, possibility of increased load and longer lifetime. The design of
concrete pavements may also be changed to reduce the water quantity needed. Also, a simple
measure to cool road pavements would involve using water (Climate ADAPT, 2019b).

Overall, these materials and technologies can be used in almost all of European regions, but
the proper construction materials should be selected based on cost effectiveness. Also, the
measures are expected to serve for a long time with various benefits (Doll et al., 2011).

3.3.4 Adaptation of fire management plans

Emergency plans for natural disasters such as fires, floods, earthquakes, and other events
need to tackle specific items to be effective. This includes outlining the specific area or region
responsible for implementation and execution of the plan. The goal of any effective plan is to
prevent the hazard, followed by reducing the vulnerabilities and eliminating consequences
with the highest risks. When referring to a fire management plan, it can include the following:

v Prevention of fires by implementing a system that can reduce or eliminate the
factors

v Protecting people, properties such as land and buildings and forests from fires

v" Using controlled fire systems to accomplish forest management and other land
uses.

For a plan to be executed effectively, it needs to be tailored to the needs of the community or
the area of impact, a good knowledge interpretation of past events, sustainable number of
resources like staff, equipment, vehicles and technology. Similarly, an effective fire
management plan will depend on the involvement of all relevant stakeholders. Specifically,
some common and suggested mitigation measures are as follows (Climate ADAPT, 2020b):

1. Additional staffing - due to the uncontrolled nature of forest fires and rapid
expandability, staff or crew members required to operate equipment can be a major
challenge. It is estimated that it can cost 8 million Euros per year for hiring 4000
seasonal and permanent staff members (Maurer et al., 2012). While this is a significant
cost, it has a very high impact on the ability to tackle fire-related events. It would be a
program that can be implemented long-term and expanded making it a worthwhile
investment.

2. Modern quality forest monitoring and mapping systems - data that can be collected
easily and monitored well in advance to track the development of fires and create
plans in response can prevent large scales fires from developing and significantly
improve firefighting capabilities. This is estimated to be an expensive system to
implement and will depend on the level and area of execution, however, can have a
significant impact. Running a program like this can be permanent.
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3. Information exchange and collective development for wildfire management - this can
be quite complex to implement, as it requires various stakeholders to agree, the
quality of data has to be standardised, and the exchange of information has to be
prompt to maintain relevance.

On the whole, a fire management plan will require high investment costs as fire management
activities must be a part of the national or local spatial plans and thus have a long lifetime (up
to decades). However, the benefits are significant as well, being related to prevention of fire
risks, improved monitoring capacities, enhanced response in case of fire events and
rehabilitation of damaged infrastructures.

3.3.5 Land and vegetation management

Promoting the recovery of native vegetation and habitat is an adaptation measure that can
confer resilience to future climate or fire disturbance in several places. Such activities of
planting fire-adapted native plant species can be done before or after a fire event. After a
wildfire event, active planting or seeding of native species can boost the regeneration rate
and/or competition with disturbance-adapted invasive species. However, post-fire
revegetation in an entire burned area may be unrealistic and unnecessary. In such cases, the
focus of revegetation should be on small target areas (Sample, 2022).

Vegetation along roads can contribute to environmental protection as well as have an
adaptation function. For instance, roads can be protected from direct sunlight and thus heat.
However, improper vegetation along roads can be a huge risk factor for traffic disruption in
the events of extreme weather while also influence road safety. Therefore, in line with
building climate resilient roads, it is recommended to replace mature trees with hedges and
planting vegetation at sufficient distances from the roads (Climate ADAPT, 2019b).

Similarly, for railway infrastructure as well, vegetation management is very important. While
vegetation can protect rail infrastructures against mass movements, wild vegetation can also
pose a fire hazard as the brush and leaves on the tracks are flammable. Wildfires are often
caused near railway lines due to weather conditions and grassy areas with dry or dead
vegetation where such areas can be easily ignited by sparks from the brakes of railway
vehicles. With global warming and a rise in surface temperatures expected, vegetation fires
can be expected to occur frequently in the future. To deal with this issue, vegetation
management can be carried out along with monitoring activities to identify hotspots that can
be used to mitigate or reduce the risks of fires (Nezval, 2022).

In terms of costs, the investment as well as finances depend upon the type of vegetation which
is required and thus are based on the vegetation function with respect to the infrastructure
protection. Regardless, this adaptation measure requires frequent maintenance but if
managed properly, it should be able to reduce the risk of fires to a certain extent.

An example of a place implementing land and vegetation management actions as adaptation
measures against wildfires is the county of Dorset in southwest England. Following a large fire
in 2011 that destroyed more than 50 hectares of heathland, the country identified that fire
risks are likely to increase with a changing climate and due to increased temperatures and
frequent dry conditions. Therefore, the measures adopted include adaptation of fire
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management plans and integrated land use planning along with adaptive management of
natural habitats. To do so, existing recreational sites are improved along with developing new
recreational infrastructure, lands are purchased as an alternate open source, more wardens
and rangers are provided, monitoring equipment is purchased, land management is carried
out to reduce fire loads and fire risks and firefighting equipment is purchased while developing
other firefighting instruments as well. In addition, for managing fires, the county has updated
maps that are readily available on mobile data terminals to fire wardens and other related
staff to show fire access routes. Social media platforms and messaging applications are used
for circulating information about fire incidents to land managers. Finally, an on-line platform
known as Firewise UK is also launched for raising awareness on ways to reduce fire risks to
nearby areas (DWFire, 2022). Regarding costs of implementing all these exhaustive measures,
it was identified that only marginal costs are required for administrative works of the
measures. In 2015, a total expense of 5.1 million Euros was estimated as the cost of the
measures to mitigate the impacts of urban development on heathland in Dorset. While the
costs may seem high, the benefits include a reduced risk of fires, preservation of biodiversity,
contributions to reducing sensitivity to a changing climate and assurance that the heathlands
integrity will not be further diminished by steady increases in urban pressures. However, quite
recently, in 2021, large wildfires broke out in Dorset heathland where almost 13 hectares of
forestry plantation was destroyed. This shows that the adaptation measures will need to be
carefully assessed and properly implemented with requiring several updates every few
months (Climate ADAPT, 2020c).

Another city addressing the impacts of urban heatwaves and forest fires is Tatabanya in
Hungary. Hungary is known for its continental climate that is characterised by hot summers
where temperature extremes peak up to 42°C with overall low humidity levels. Over the last
couple of decades, heatwave events have become more frequent, longer and intense with
future climate projections indicating that these trends will persist in the upcoming decades.
Heatwaves and wildfires are the two main climate-related risks which will continue to hit
Tatabanya. Therefore, to deal with these issues, the city has developed a mix of soft measures.
These include:

v" a local heat- and UV- alert system: a heatwave and UV protocol is set in action
during extreme hot weather predictions,

v" warnings for heatwaves or high UV radiation are issued by meteorological service
and national health office to local authorities, followed by citizens receiving alerts
and advice on how to prepare

v" improving the capacity of the fire brigade

Overall, the adaptation options implemented in this case involved:

Monitoring, modelling and forecasting systems
Establishment of early warning systems

Heat health action plans

Capacity building on climate change adaptation
Adaptation of fire management plans
Awareness campaigns for behavioural change

DN NI NI N NN
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The costs for this plan were funded through the municipal budget aimed at environmental
education and climate change which provided approximately 15,000 Euros. In terms of the
success of this plan, it was observed that the heat alert system was activated several times
already in the last 10 years where an average of three to five alerts were issued yearly in the
city. In addition, the UV alert system has been activated once every year. Also, the inhabitants
are now more aware of what needs to be done during a heatwave or UV radiation alert.
Furthermore, through a well-managed emergency response system and excellent fire
management plans which include providing specialist training and equipment, improving the
road network, providing systems to detect fires early, and using a fire weather index system,
Tatabanya has enhanced the capability of fire brigades to fight forest fires efficiently. The plan
should be able to serve for a long-term with constant revisions needed (Climate ADAPT,
2020d).
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4. General recommendations and survey outcomes

To develop a decision-making procedure based on resilience, it was considered necessary to
collect information on risk mitigation measures to be incorporated into a risk-based predictive
model. To this end, a questionnaire was developed to obtain feedback from specialists dealing
with transport infrastructure management on the effectiveness, costs, and time-frequency of
the most common risk mitigation measures. The survey intended to collect responses on a list
of the most relevant risk mitigation measures that can be adopted for extreme natural
hazards, namely floods and wildfires. This section provides the survey outcomes and
recommendations for some generic adaptation measures that have been used to adapt
different transport related assets and to increase their resilience. It must be noted that there
were 19 survey respondents and the data collected is anonymous and confidential. It is used
exclusively for the purpose of this research project.

The survey was designed to collate the possible mitigations that can be employed to reduce
the risk to different infrastructure assets from floods and wildfires. Each risk mitigation is
further subcategorised into the Hazard, Vulnerability and Consequence elements that are
used in risk calculations. Therefore, based on the two risk events studied, the Hazard can be
mitigated by changes that reduce either the frequency of the risk event at a site, or reduce
the intensity of that risk event at a site, while the Vulnerability of an asset can be mitigated by
changes that reduce its exposure or increase its resistance to damage and the Consequence
of damage can be mitigated by removing people from danger or improving the ability to
recover afterwards.

The results are obtained in terms of effectiveness, costs and lifetime of the provided
adaptation measure. The effectiveness criterion requires ordering the measures from the
most effective (1) to the least effective (total number of measures) in terms of the effect the
risk event will have on the respective infrastructure asset. For costs, these are assessed based
on the estimated cost compared to the rebuilding cost that would be required if the asset fails.
The costs are categorised as:

v’ Little cost (<25% rebuild cost)

v High cost (50%-75% rebuild cost)

v Very high cost (>75% rebuild cost)

v" Moderate cost (25%-50% rebuild cost)

The final criterion requires a value to be input for the predicted lifetime (frequency of
application of the measure) of the proposed adaptation measure.

4.1 Floods
4.1.1 Bridges

Changing channel characteristics, or installing sub-infrastructures such as dams, gates and
bypasses, are some adaptation measures to control and manage flood flows and can assist
with mitigating the hazard to bridges. The survey results indicated that all technical adaptation
measures proposed for mitigating the hazard of floods to bridges are moderate in terms of
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their effectiveness and are predicted to have a lifetime of more than a decade or even two
decades in some cases. However, the costs associated with such measures can be towards the
moderate to high side. In terms of controlling vegetation and other materials on site, such a
measure is more of a management option and thus while it is moderately effective, it has little
associated cost but will need regular maintenance every year.

In terms of the mitigations to vulnerability of floods for bridges, both, technical as well as
management options are proposed, and the outcomes of the survey demonstrated that all
these measures are moderately effective, where costs can vary from being moderate to high.
However, for measures such as relocating the infrastructure to another site, these are
considered as very high-cost measures. Regardless, all measures have a lifetime of nearly a
decade or even more in some cases.

Mitigations to the consequence of floods for bridges are usually management options. The
survey proposed measures such as closing the asset to protect users and evacuation plans.
Such measures are considered not very effective and have respective low costs and lifetimes.

Table 4. Mitigations to Hazard of floods for bridges

Measure Effectiveness Costs Lifetime
Increase the width or depth of the channel Moderate | 11 Years
Install a dam or weir upstream to control the flow High 2 Decades
Install a bypass channel that diverts flood flow High 14 Years
around the site
Install a weir or channel gates to control sea storm Moderate | 17 Years
surge
Control of vegetation, litter and other materials at Little 1 Year
site

Table 5. Mitigations to Vulnerability of floods for bridges
Measure Effectiveness Costs Lifetime
Relocate structure to another site Very high | 2.5

Decades

Install drainage to remove pluvial extreme Moderate | 9 Years
rainfall

© 2019 SIRMA - STRENGTHENING INFRASTRUCTURE RISK MANAGEMENT IN THE ATLANTIC AREA

SIRMA@SIRMA-PROJECT.EU | WWW.SIRMA-PROJECT.EU



mailto:SIRMA@SIRMA-PROJECT.EU
http://www.sirma-project.eu/

s
rd
-

Territorial risks =

Raise the height of the structure 3 High 17 Years

Protecting bridge elements (piers, wing walls, ...) | 3 Moderate | 8 Years
with riprap (rock armor)

Table 6. Mitigations to Consequence of floods for bridges

Measure Effectiveness Costs Lifetime

Close the asset to protect users 2 Moderate | 7 Years

Evacuation plans to remove people from danger | 2 Little 5 Years

Insurance against flood damage costs 3 Moderate | 2 Years
4.1.2 Slopes

Similar to bridges, the survey results indicated that adaptation measures such as changing
channel characteristics or installing sub-infrastructures can be moderately effective in
mitigating the hazard of floods to slopes. However, these measures are suggested to require
moderate to high costs but can serve for close to a decade.

Further, the survey results demonstrate that measures to mitigate the vulnerabilities of floods
for slopes such as installing drainage to remove pluvial extreme rainfall water or installing flow
channels can be moderately effective measures which would require moderate costs as well
and can serve for a decade at least. Measures such as resurfacing with the use of resistant
materials or replacing the slope infrastructure with alternative structures can be costly
measures that are not very effective in reducing the vulnerabilities. Regardless, these are also
expected to serve for more than a decade.

With regards to mitigating the consequences of floods for slopes, measures such as closing
the associated road/rail asset and implementation of evacuation protocols seem to be
effective and cost-effective options but ones that will require regular updating.

Table 7. Mitigations to Hazard of floods for slopes

Measure Effectiveness Costs Lifetime
Increase the width or depth of the channel 3 Moderate | 7 Years
Install a dam or weir upstream to control the flow | 3 High 12 Years
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storm surge

Install a bypass channel that diverts flood flow | 3 High 1 Decade
around the site
Install a weir or channel gates to control sea | 3 Moderate | 7 Years

Table 8. Mitigations to Vulnerability of floods for slopes

Measure Effectiveness Costs Lifetime
Install drainage to remove pluvial extreme | 3 Little 1 Decade
rainfall

Install flow channels to avoid erosion of slope 3 Moderate | 11 Years
Strengthen the structure with soil pinning or | 3 Moderate | 8 Years
geotextile

Resurface with resistant material | 4 High 15 Years
(concrete/steel)

Replace with alternative structure (wall) 4 High 12 Years
Protect the asset using mass retaining system: | 3 Moderate | 13 Years
riprap or gabion stone

Table 9. Mitigations to Consequence of floods for slopes

Measure

Effectiveness Costs

Lifetime

Close the associated road/rail asset to protect | 2 Moderate | 5 Years
users

Evacuation plans to remove people from danger | 2 Little 5 Years
Insurance against flood damage costs 3 Moderate | 3 Years

4.1.3 Road pavements

For road pavements and roads, the survey responses demonstrate that all technical
adaptation measures for mitigating hazards of floods are moderately effective with lifetimes
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of more than a decade, but the costs may vary from moderate to high, depending on the
measure. Vegetation and debris management is a low-cost measure that can be effective to a
certain extent if carried out properly and regularly.

In terms of mitigations to vulnerabilities, relocating the infrastructure to another site may be
a highly effective and long-term option but is expected to be a costly measure. Other measures
such as installing substructures or changing the characteristics of the infrastructure such as
raising the height of the road may be moderately effective and long-term options with
moderate to high costs required to implement such measures. Management options such as
regular cleaning and maintenance plans are inexpensive measures that can be moderately
effective too.

During flood events, any flood related consequences can be reduced effectively through
closure of roads and implementation of strong action plans such as evacuation protocols to
remove people from danger. Insurance options also help protect against flood damage costs.
However, while these measures seem to cost moderately, they may require regular updating
and thus are short-term options.

Table 10. Mitigations to Hazard of floods for road pavements

Measure Effectiveness Costs Lifetime
Increase the width or depth of the channel 3 Moderate | 13 Years
Install a dam or weir upstream to control the flow | 3 High 16 Years
Install a bypass channel that diverts flood flow | 2 High 14 Years

around the site

Install a weir or channel gates to control sea | 3 Moderate | 11 Years
storm surge

Control of vegetation, litter and other materials | 3 Little 1 Year
at site

Table 11. Mitigations to Vulnerability of floods for road pavements

Measure Effectiveness  Costs Lifetime
Relocate road to another site 2 Very high | 13 Years
Install drainage to remove pluvial extreme | 3 Moderate | 1 Decade
rainfall
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Raise the height of the road High 13 Years
Increase size of culvert to manage flow Moderate | 1 Decade
Periodic drainage systems and culvert cleaning Little 1 Year

maintenance plan

Table 12. Mitigations to Consequence of floods for road pavements

Measure Effectiveness Lifetime
Close the road to protect users Moderate | 4 Years
Evacuation plans to remove people from Moderate | 5 Years
danger

Insurance against flood damage costs Moderate | 2 Years

4.1.4 Railway Tracks

For railway tracks, the survey responses demonstrate that technical adaptation measures to
mitigate hazards of floods are moderate to less effective options while being long-term

options but ones requiring high costs.

Technical measures proposed for mitigating vulnerabilities such as relocation of the asset or
adjusting the characteristics of the infrastructure and related sub-infrastructures are also
suggested to be moderately effective and long-term options with varied costs, mainly

depending on the activity type.

Flood related consequences can be mitigated effectively through closure of railway tracks and
implementation of strong action plans such as evacuation protocols. However, it is understood
that emergency plans can be improved at the margins but will not make a huge difference.

Overall, all such measures are short-term options that require consistent management.

Table 13. Mitigations to Hazard of floods for railway tracks

Measure Effectiveness Costs Lifetime
Increase the width or depth of the channel High 11 Years
Install a dam or weir upstream to control the flow Very high | 1 Decade
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Install a bypass channel that diverts flood flow | 3 High 1 Decade
around the site
Install a weir or channel gates to control sea | 4 High 9 Years
storm surge
Control of vegetation, litter and other materials | 3 Little 1 Year
at site

Table 14. Mitigations to Vulnerability of floods for railway tracks

Measure Effectiveness  Costs Lifetime
Relocate railway to another site 3 Very high | 13 Years
Install drainage to remove pluvial extreme | 3 Moderate | 7 Years
rainfall

Raise the height of the track 3 High 11 Years
Increase size of culvert to manage flow 3 Moderate | 9 Years

Table 15. Mitigations to Consequence of floods for railway tracks

Measure Effectiveness  Costs Lifetime
Close the railway line to protect users 2 Moderate | 2 Years
Evacuation plans to remove people from | 3 Moderate | 4 Years
danger
Insurance against flood damage costs 3 Moderate | 2 Years
4.2 Wildfires
4.2.1 Bridges

The survey responses indicate that management measures such as controlling vegetation,
materials and possible sources of ignition are moderately effective in mitigating the hazard of
wildfires for bridges. Such measures are suggested to have little to moderate costs but as
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expected with any management options these will be required to be updated regularly on an
annual basis.

For mitigating vulnerabilities associated with wildfires, measures such as fire control systems
and replacement of flammable elements are also suggested as high to moderately effective
options with moderate costs required. While fire control systems are recommended to have
a lifetime of only a few years, the other option of replacing flammable elements can serve for
more than a decade.

Evacuation plans as well as insurance options are effective measures for mitigating the
consequences of wildfires where the former has lower costs while insurance options may cost
moderate. Regardless, these measures can perform for a few years before requiring updating.

Table 16. Mitigations to Hazard of wildfires for bridges

Measure Effectiveness Lifetime
Control of vegetation, litter and other materials | 2 Little 2 Years
at site

Ignition controls to prevent fire starting 3 Moderate | 1 Year

Table 17. Mitigations to Vulnerability of wildfires for bridges

Measure Effectiveness Lifetime
Fire control systems around structure 3 Moderate | 4 Years
Replacement of flammable elements 2 Moderate | 11 Years

Table 18. Mitigations to Consequence of wildfires for bridges

Measure Effectiveness Lifetime
Evacuation plans to remove people from | 2 Little 4 Years
danger

Insurance against fire damage costs 2 Moderate | 3 Years
4.2.2 Slopes

The survey responses obtained for slopes are quite similar to the responses received for
bridges, perhaps due to similar measures suggested. The results demonstrated that control of
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vegetation and debris on site is a highly effective measure for mitigating the hazard of wildfires
and these measures are suggested to have little to moderate costs with requiring annual
updates.

In terms of reducing the vulnerabilities with relation to wildfires, the survey concluded that
control systems around existing and new structures are highly effective. Respondents also
stated that the costs can be expected to be fairly moderate with most suggested that these
systems are expected to be in place for at least 5 years.

Similarly, for mitigating consequences, the survey responses concluded that having
emergency or evacuation plans can be implemented with very little investment and can be
both highly effective in nature with a need to update the plans every 5 years. Having an
insurance plan around the affected areas can help assure that costs are covered by fair parties
involved and everyone is compensated fairly. This can also be very effective, with moderate
costs as these can vary, and can last 2 years at a time.

Table 19. Mitigations to Hazard of wildfires for slopes

Measure Effectiveness  Costs Lifetime
Control of vegetation, litter and other materials | 1 Little 1 Year
at site

Ignition controls to prevent fire starting 2 Moderate | 2 Years

Table 20. Mitigations to Vulnerability of wildfires for slopes

Measure Effectiveness Costs Lifetime

Fire control systems around structure 2 Moderate | 5 Years

Table 21. Mitigations to Consequence of wildfires for slopes

Measure Effectiveness Costs Lifetime

Evacuation plans to remove people from danger | 2 Little 5 Years
Insurance against fire damage costs 2 Moderate | 2 Years

4.2.3 Road pavements

For road pavements, the survey responses demonstrate that mitigation measures for hazards
of wildfires such as controlling vegetation and other debris on site, controlling ignition for fire
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prevention and livestock grazing close to roads are all high to moderate effectiveness. These
measures require low to moderate costs and have a short lifetime.

For mitigations to vulnerability of wildfires for road pavements, the survey presented several
measures. These included building fire control systems and use of less flammable materials
for road pavements. Both measures were classified as moderately effective options with
requiring moderate levels of investments. Other measures such as use of water tank trucks to
spray water on the work area before maintenance tasks, deploying fire extinguishers on
maintenance works area and avoiding road maintenance works in summer with tools that can
increase the risk of fires were assessed as moderately effective measures requiring low costs.
Overall, all these measures are suggested to have a short lifetime of around 4 years.

For mitigation of consequences of wildfires for road pavements, the results of the survey
showed that evacuation plans to remove people from danger and setting up insurance policies
against fire damage costs are effective options where evacuation plans will require relatively
low costs with a lifespan of 4 years. Insurance options are suggested to have moderate costs
as these can vary and can last 2 years at a time.

Table 22. Mitigations to Hazard of wildfires for road pavements

Measure Effectiveness Costs Lifetime

Control of vegetation, litter and other materials | 2 Little 2 Years
at site

Ignition controls to prevent fire starting 2 Moderate | 2 Years
Livestock grazing on fields close to roads 3 Little 2 Years

Table 23. Mitigations to Vulnerability of wildfires for road pavements

Measure Effectiveness  Costs Lifetime
Fire control systems around structure 3 Moderate | 4 Years
Use of less flammable pavement materials 3 Moderate | 4 Years
Use of water tank trucks to spray water (about | 3 Little 4 Years

600 liters) on the work area previous to
maintenance tasks

Avoid road maintenance works in summer | 3 Little 4 Years
(yellow or orange alerts) with tools that can
cause fires, such as blowtorches in the
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installation or removal of safety barriers for
repair works

Deploy of fire extinguishers on maintenance | 3 Little 4 Years
works area

Table 24. Mitigations to Consequence of wildfires for road pavements

Measure Effectiveness  Costs Lifetime
Evacuation plans to remove people from | 2 Little 4 Years
danger

Insurance against fire damage costs 2 Moderate | 2 Years

4.2.4 Railway Tracks

Possible mitigations to hazard of wildfires for railway tracks includes controlling vegetation
and other debris on site as well as controlling ignition for fire prevention. These measures
have a high to moderate effectiveness, require little to moderate costs and would need to be
updated annually.

Vulnerability of wildfires for railway tracks can be mitigated through fire control systems
which are highly effective, require moderate levels of investments and have a lifespan of 4
years. Other measures include replacement of flammable elements that can be moderately
effective and serve for at least a decade but will be very costly to implement. Fire-resistant
cabinets for electrical systems are another viable mitigation measure that is moderately
effective and requires moderate levels of investments while being able to perform for up to 7
years.

For mitigation of consequence of wildfires for railway tracks, the results of the survey showed
that evacuation plans to remove people from danger and setting up insurance policies against
fire damage costs are effective options where evacuation plans will require relatively low costs
with a lifespan of 3 years. Insurance options are suggested to have moderate costs as these
can vary and can last 2 years at a time.

Table 25. Mitigations to Hazard of wildfires for railway tracks

Measure Effectiveness  Costs Lifetime

Control of vegetation, litter, and other | 2 Little 1 Year
materials at site

Ignition controls to prevent fire starting 3 Moderate | 1 Year
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Table 26. Mitigations to Vulnerability of wildfires for railway tracks

Measure Effectiveness  Costs Lifetime
Fire control systems around structure 2 Moderate | 4 Years
Replacement of flammable elements 3 High 1 Decade
Fire-resistant cabinets for electrical systems 3 Moderate | 7 Years

Table 27. Mitigations to Consequence of wildfires for railway tracks

Measure Effectiveness  Costs Lifetime
Evacuation plans to remove people from |2 Little 3 Years
danger

Insurance against fire damage costs 3 Moderate | 2 Years
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https://climate-adapt.eea.europa.eu/about/climate-adapt-10-case-studies-online.pdf
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https://climate-adapt.eea.europa.eu/metadata/case-studies/tatabanya-hungary-addressing-the-impacts-of-urban-heat-waves-and-forest-fires-with-alert-measures
https://climate-adapt.eea.europa.eu/metadata/case-studies/tatabanya-hungary-addressing-the-impacts-of-urban-heat-waves-and-forest-fires-with-alert-measures

S i neirrey

Atlantic Area

Eurcmoan Regianal Davelopmeant Fund

URGPEAN UNION

Frequency (How often we can appl
pouherhetecssy Impacts on Mitigation Mitigation type T ) -
Project Country or region Event Year |(mentioned in this v pa Adaptation measures (Long term) & the long-term mitigation measure / pa Sources/Links
transport sector transportation directed at (t0) applid for [pemﬂnem or stories?)
jocument) (Benefit/Cost [8/c]) s
vt i i s 20 e o doe Ntk R prevensrckucking? s vttt sk o o
cnrac hav e e,k e i ot of ey s et s i s ot
s e e, ot i o o need e
i it s por et Scpers, e (S ooty weled .
ocpendng o ey o ppad, thecosf i sty vy
twen s of et o o s T T err——
i g o, ot s oy by s s vy, |
e euren - vamars [ v sroreem. v oo eciatsosss e sk rom sstinesach
o2 ompreson. The e s of st wd ettt st o o ki yscaly ot oot ik
o et o s o - el sl ksl s e v oL Gt e
entenanceand dsruption cost, s hrd o ke s cse e Gt i et WEATIE e st o
tren e o vtk an bk, ki ¢ e o . Fuwesolatons e = s st WEATHER -
coppe,covin ot o for psengrs n e, pengani oarm s ucopeen Comsn. ot condetr a5, .
o coch mssuredtine e sttt i ey e
tcames e dscroed nd g e e carsceiod o16. o e
ot e, bt e et o ot e et e et
sctements, inasucur o s 0 connctions nthe it cssishmentand pesinof e stcrng oup 4
el e sotern Szstand v ey sese sk fom T — e s n ity ool s o e
Frlogear o gravtatons il aard s o ok G omeby o b hemenierrutors e oo
sk s, e, onches,ndfocs fovur  lhmentof ey i o ting s ey domen, e s emprtant tuton it oot
cimentaonf e, et vin, i et ac o it ol sanr o vt e, oo nd maance vasofdatng et et becuser rartnsmson tat e
cimrttont dels Pl g gcer e, i (rncin e o ks ofhe mesres dpendon - et e
i bemy sl ovmis o s ctcomes s mplemtao 4 (.8, g e ponaknieens Oberand O, n ution sk
[ crargo cortinatg reon oy and st
et of gt ot Gl Moo S ot b, gy, estertionof ot sreenc ot e vriaceof i cntns s st
it ston sty ot et s 0 e, s oot e[ T ot e s et s A s v, oabores s
e o i dslomer o e it oot .1 J——— custaeconepeneteconderstons et smmporam-aen (L e s, | TR
o hot et i by g of i raviatonlhracs ; o st pocsng e osd s s s ot 08 ot
oo 1o eseurdecoctons o preg g cmte g, the i the el 201, koo of ot s
rins mecon ety v s oo o esn v et o s pomn et eyl i o e T < chovnsamist e i et
ek ks ety it ony a0, wh s s et e o et ngeg ronfinizedtobeog o
ranublcvarspon commectonn sndot of teregonan the e v e, st it Zlf,"efmlﬂ‘:m‘n,i.,mm‘:fli“” '
consay syt whi s ma o et e oo e o s, S cost pnestns 2mong e s e rcur peatos
it ———— e gt e o
ool C. roke, . e . Plban, V. Cames, T paschtam £ 2013 Aot
. Nt 50,5685
aoakcisos . Wi, Chysstomon , Tk ot (013 vt
Ccbmaton ot s st | oot s, e
rtato ot wester koo ptens 1130 [ St ond it s et e [t okehlers Fapaklsouetal 2013 Ayl 200 o e, conseencs | s ol st 8651 [— ettt oo ety e | .M . Yederkn 201 Westrr ot o sy st
tation sty et re . corse - s Bty catenopic s R, Paps Seris .
R
ot st s cion
e oo o
e i e e s {caure et vl e ountion vl th wans s, and
Wihteset o et chint s o e estenc o s e v o bkins e on h shreoe s eropmag s v s st |
rmenortr ot oty |y s oot st s Lo v s oo o oss s perpecin, | R o i vy | SUtho e cos 00 500€ per s ofconcee |45 1 one e [ ——
[l ———————————
It o s o B g 0 rcton, . oa,romensde o prig . ot ot s vl ok Ok, 204
ot oot
e it e ore btwoen 4 313 s ighr thanhe
it ————
o s ot ston vt e I ——
i, ey dun o sarmsn ey g e comrose
 ulang 2ndi Rl [
[Recomstrucionafth D by nho U vt e i i T N S ——— ot westor et vets e 3 kg
rocomtcsion ot Bomt e 00w 088, o undgion [N S— e o rsr vt s amng e s st s |ass s i et e - s vy |31l ke rrovrens e [ o e e e .
wom s ofhastrcrs, wih g vt e demge o sk and - stalation of tempersryse wltoprevent e damages s wak s prctecistromoe e n
osdmanruc m\m,a;mwumnmw,mmmm oot ot by [ ookt mon st
(o commters,conctutionof s s e, s ot - emoing clomedci secons vons it s Do oo oukdnens s =
.  aukangof a e it nd e sl ot ofth kg sl
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