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Executive Summaryy
It is increasingly purported that the change of climate, as a result of anthropogenic activities as well as
natural processes, will continue with an accelerated magnitude in the near future. Flooding events are
included among the most conspicuous climate
clima change-related
related hazards that will need to be examined and
coped with if severe effects in a series of social and economic sectors are to be averted. Transportation of
people and goods is among these sectors, as flooding directly impacts transportation infrastructure
in
and
services, disrupting business-as-usual
usual traffic operations. Transportation systems of all modes already are and
will increasingly be prone to operational disturbances, traffic interruptions, safety compromises and other
deteriorations. It iss therefore pivotal to integrate among other heavy and extreme precipitation events in the
planning, design and maintenance processes of future transport systems if these effects are to be avoided or
minimized. Against this background, we propose a methodology
methodology for the identification and assessment of the
criticality, exposure and vulnerability of transport infrastructure to extreme rainfall events. The developed
methodology is based on expert knowledge and includes qualitative and semi-quantitative
semi quantitative analyses regarding
the assessment of the vulnerability and criticality of relevant transport infrastructures.
The following report documents the developments in Work Package 5 (WP 5)) of the project RAINEX. The riskbased methodology developed in previous tasks is herein applied in a case study in order to test its
applicability and usability. Furthermore, a practicable and user-friendly
user friendly handbook of the developed
methodology was written.
The case study concerns the Kifissos basin, a flood prone area in Attica, Greece,
Greece, that has seen arbitrary
construction built over a significant amount of its extent. As a result, transport infrastructure in the area is
heavily exposed to the impacts of rainfalls, as rivers and canals running below it are frequently overflown.
The applied methodology will evaluate the vulnerability and criticality of transport infrastructure in the
Kifissos basin and conclude on the protection goals that need to be taken into account for the design of new
and maintenance of existing infrastructure in
in the area, based on the identified flooding risks. Additionally, the
RAINEX methodology is also applied in Upper Austria and comprises the city of Schwertberg and its
surroundings. In August of 2002, Schwertberg saw a devastating flood event along the Aist
Ais River which has
been the last event of this magnitude for many years, which is investigated herein.

HOME/2013/ISEC/AG/CIPS/4000005029
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1 Introduction
The project RAINEX is funded by the European Commission – DG General Home Affairs under the Prevention,
Preparedness and Consequence Management
Man
of Terrorism and other Security-related
related Risks Program (CIPS).
During the two year course of the project, several Work Package reports were issued, the fifth of which
concerns WP 5 – Demonstration & Handbook.
Handbook

1.1 Work Package
ackage Structure
The project RAINEX is divided into the following 6 Work Packages:
-

WP 0 – Management and Coordination of the Project

-

WP 1 – State of the Art & Input Data

-

WP 2 – Natural Hazards Related Scenarios Caused by Extreme Rainfall

-

WP 3 – Vulnerability & Criticality of Transport Infrastructure

-

WP 4 – Risk Assessment

-

WP 5 – Demonstration & Handbook

Figure 1 illustrates the Work Package structure of the project RAINEX.

Figure 1: Work Package Structure of RAINEX

WP 0 covers all relevant administrative activities during the course of the project.
WP 1 identifies the State-of-the
the-Art regarding currently applied practices for the identification, assessment
and protection of critical transport infrastructure against flooding
flooding events, as well as identification and
assessment of past and future extreme flooding events.
events

HOME/2013/ISEC/AG/CIPS/4000005029
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WP 2 deals with extreme rainfall scenarios
s
relevant for a river system.. Based on the identified natural
scenarios, 4 hazard processes (riverine flooding, ponding,
ponding, hillslope flooding and debris flow) were developed
for a river system and their appropriate local phenomena, such as bank erosion, softening, piping, etc. were
indentified,, based on experiences and development of WP 1, past and future.
Based on these hazard
azard processes,
processes, an approach for the identification of land transport infrastructure along a
river system which might be of high concern for the functioning of the transport network was designed in WP
3. Furthermore, a criticality assessment as well as the development of relevant protection goals and risk
management processes for relevant infrastructure is part of this Work Package.
The acceptability of the remaining (residual) risk and its possible mitigation by additional measures is
addressed in WP 4. No new measures have been developed, but an approach for linking measures to the
developed methodology has been established.
WP 5 serves as a framework Work
ork Package,
ackage, where the envisaged methodology for a risk-based
risk
assessment of
transport infrastructure with regards to flooding has been developed. Here, the output of the different WPs
was connected
onnected and combined into a comprehensive and applicable methodological approach. Furthermore,
the developed methodology was applied to an existing transport system close to a river system. By this, the
applicability has been tested and the usability demonstrated. Last but not least, a practicable and userfriendly handbook of the developed methodology was written.

1.2 Objectives of WP 5
As mentioned above, the main objective
objectiv of the 5th Work Package is testing of the developed methodology as
well as the preparation and development of the envisaged handbook. WP 5 comprises of the following Tasks
Task 5.1: Demonstration
Task 5.2: Preparation of the Handbook

HOME/2013/ISEC/AG/CIPS/4000005029
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2 Demonstration
2.1 Austrian
trian Case Study
2.1.1 Background and Motivation
The area investigated in this example is located in Upper Austria and comprises the city of Schwertberg and
its surroundings. In August of 2002, Schwertberg saw a devastating flood event along the Aist River which has
been the last event of this magnitude for many years. The maximum rainfall intensity of the flood event in
2002 exceeded 300 mm/24 h and the financial damage (damage to buildings and infrastructure) caused by
the flood was estimated at approx. 129 billion
lion euros. This is why this area was considered a good example to
be used in this Handbook.
The Aist River is 13.8 kilometres in length and rises at Hohensteg, where the Feldaist and the Waldtaist River
meet (Figure 2).
). The mouth of the river into the Danube is between Mauthausen and Au an der Donau. The
total catchment area is 647 sq. kilometres. The difference in altitude between the source and the mouth of
the river is about 70 metres. The river flows through a narrow valley between Guttenbrunner Berg and
Gruberger, channelling the water and thus generating a higher and faster discharge in this region. Then the
river widens again and no channelling effect occurs.

1

Figure 2: Area under investigation

Another reason for choosing this example is the exposure of the area’s infrastructure facilities to extreme
rainfall events and the high number of potential local phenomena. The area is one of high relief energy,
narrow valleys and numerous small channels and creeks. The types of infrastructure assets that can be found
in this area include embankments, cuts, underpasses and bridges. The distances between the river and
infrastructure asset are short, the slopes are steep and the level areas are
are protected by a dam. The fact that
the Aist River flows into a larger River – the Danube –increases
increases the risk of flooding in this area. However,

1

Source: Google Earth
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some protection measures in the Danube area have been implemented due to many riverine floods in the
past.

2.1.2 Criticality analysis
The first step in the RAINEX methodology is to conduct a criticality analysis of a road network to be assessed
for its exposure and vulnerability to extreme rainfall and flooding events. This step serves to reduce the
number of links (or sets of links) of a road network to be assessed under the RAINEX
RAIN methodology to those
that are critical. This is essential when resources (such as time, software, etc.) are limited and the user only
needs to focus on specific parts of the network. However,
However, the application of this step is not mandatory and
will depend on the user’s objectives. In the practical example, the criticality analysis step was skipped, as the
example focuses on pre-selected,
selected, specific parts of the network.

2.1.3 Exposure tree analysis
The second step in the RAINEX
EX methodology is to analyse the exposure and vulnerability of the transport
infrastructure under investigation. For this step, the exposure trees should be used. As mentioned in section
3.3, the RAINEX methodology takes account of the following four types of hazard processes: riverine flooding,
ponding, debris flow and hillslope flooding.
The example chosen deals with the hazard process of riverine flooding. Starting on the left side of the
exposure tree (Figure 3),
), the user is asked a number of questions about the infrastructure in the form of a
sequence chain. By answering these questions, the user will be able to identify (a) one or several local
phenomena that the hazard process might lead
lead to and (b) the respective method to be used to quantify the
exposure and vulnerability of the infrastructure under examination.

Figure 3:: Reduced exposure tree for riverine flooding

As a first step in the exposure tree analysis,
analysis, the user needs to identify the flat and hilly regions in the area
under investigation (method sheet No. MS-01).
MS 01). GIS can be useful tools to calculate the different elevations of
an area. If available, this can be done based on a digital terrain model (DTM)
(DT
of the area with a
HOME/2013/ISEC/AG/CIPS/4000005029
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reclassification and a break value for highlighting different elevation zones of e.g. 10–15
10
metres. An example
of a map generated for the area under investigation using a GIS tool is shown in Figure 4. In Figure 4, flat and
hilly areas or steep and gentle slopes are distinguished using different colours. The colours indicate the
angles of the slopes: red = no slope, orange = moderately steep slope, blue = steep slope.

Figure 4:: Illustration of elevation zones at the area under investigation

The following step is to determine whether the infrastructure under investigation is located in an area
designated as flood zone. Flood maps
maps are available for many regions in Europe and can be used in this step. If
no flood map is available for the area under investigation, method sheet No. MS-08
MS
can be used instead of it.
Similar to a GIS, various calculations are used to filter those points
points that have an elevation value that is lower
than a specific flood value determined by an expert for the respective river and those points that have an
elevation value which is higher than the one where the river flows into the receiving water course.
As a next step, an intersection of the infrastructure and flood zones is to be performed. This step serves to
show whether the infrastructure is located in a potential floodplain (red zone in Figure 5).

HOME/2013/ISEC/AG/CIPS/4000005029
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Figure 5:: Flood map based on calculated flood zones in the vicinity of the transport infrastructure at the area under investigation

In a next step, the height of the river dam is calculated by using the difference in height between the river
surface
rface and the area next to the river. The classification of river embankments is defined in method sheet No.
MS-09
09 and helps to describe the potential exposure of the embankments. The different colours indicate the
following: red: high risk, light blue: moderate
mo
risk, dark blue: low risk.
As can be seen from Figure 6,, there is an area of high risk (red lines) for dam breach in the upper part of the
map. This is due to the low height difference and the high bending of the river.

Figure 6: Risk for dam breach

HOME/2013/ISEC/AG/CIPS/4000005029
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To identify the object type ‘crossing bridge’, method sheet No. MS-02
MS 02 can be used. Crossing bridges can be
identified by the intersection of infrastructure and river axes, by attribute queries in ‘Open Street Map’
(OSM) or by calculating the height difference between the Digital Elevation Model (DEM) and the DTM.
In Figure 7 the river axis is shown as a blue line and the road axis as a yellow line.
line. The intersecting polylines
identifying bridges are marked as green dots.

Figure 7:: Identification of bridges by intersection of infrastructure network and river

A next step is to evaluate the critical relative altitude from superstructure
superstructure to water level, which can be
generated by a hydrologist or a hydraulic engineer calculating the discharge and evaluating specific values
(method sheet No. MS-03),
03), taking into account the following parameters:
•

Channel under the water level

•

River
er bed roughness

•

Flood water level based on the known flood peak / or flood peak based on known flood water
level

•

Flow velocities

•

Turbulences

is situated. If the water discharge
As depicted in Figure 8,, next to the investigated road section a weir is
increases this leads to an increased risk for flooding. The height difference between the road and the river
can be deduced from the cross section of the river. The cross section of a river can be determined by
measuring the width of the river and river bank as well as the depth of water.
HOME/2013/ISEC/AG/CIPS/4000005029
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The data required for calculating the height difference between infrastructure and river surface shall be
obtained from an expert. The distance from infrastructure to river is important, because it correlates to the
height difference between water surface and infrastructure. In the case of a short distance from water
surface to infrastructure and a small difference in height, as in this example, the local phenomenon of
overtopping can occur.
r. Another important aspect in this example is the weir, which causes reduced flow
velocities and low to little erosion under normal conditions (except for flushing of the reservoir behind the
weir).
he height differences between infrastructure and river surface are shown. The different colors
In Figure 8 the
indicate the following: red: high exposure, yellow: moderate exposure, green: low exposure.

Figure 8: Illustration of cross section of the river

HOME/2013/ISEC/AG/CIPS/4000005029
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Figure 9:: Height differences between infrastructure surface and river surface

For all other object types besides crossing bridges, the distance from the infrastructure to the river surface
has to be evaluated and checked
cked for being potentially exposed (method sheet No. MS-05).
MS
This step is used
as a rough filter, eliminating objects of the exposure tree analysis with a certain distance (e.g. 200 metres).
The small segments in the GIS map in Figure 10 result from the intersection of infrastructure and river axes
and show the distances from the river to the road. The red lines in the figure indicate critical distances
between the road and the river. In these segments the local phenomena
phenomena of overtopping and longitudinal
erosion can occur.

Figure 10:: Distances from the river to the road

HOME/2013/ISEC/AG/CIPS/4000005029
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In this practical example, an additional map was generated to demonstrate the shape of the river. This
provides the user with
th information about areas of exposure along the river, based on its curve radius. The
result (displayed in a map) should be similar to the hydrologist’s or hydraulic engineer’ findings.
In Figure 11 the river curve
rve radius is shown as a colored line. The different colors indicate the following: red:
high exposure, light blue: moderate exposure, dark blue: low exposure.

Figure 11:: Illustration of river curve radius

A final step in the exposure
osure tree analysis is the identification of local depression and underpasses. This can be
done using method sheet No. MS-12
MS 12 and taking into account the critical relative altitude or the distance from
road/rail surface to water level (method sheet No. MS-07).
MS 7). In this example the local phenomenon of
submersion occurs.

Figure 12: Illustration of an underpass
HOME/2013/ISEC/AG/CIPS/4000005029
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2.1.4 Exposure assessment
After having identified the relevant local phenomena, the exposure of the assets under investigation must
mus be
assessed using exposure matrices. This step has to be done for every local phenomenon identified in the
exposure tree. In this example the exposure score of an exposed bridge in Schwertberg is shown for log jam
(Figure 13).
). The river velocity is a main factor which is influenced by the presence of loose material upstream
of the infrastructure and the freeboard. Taking into account the weighting of the parameters, the calculated
score is 3.0. This means that the level of exposure of the asset from log jam is medium.

Hazard process:
Local phenomenon:

Riverine flooding
Log jam

EXPOSURE MATRIX

EM-01
A
weight
[1-3]

B
not relevant
0

C
low
1

D
medium
3

E
high
5

Presence of loose material (potential
flotsam) upstream of the infrastructure [A]

2

dam ups tream to
hol d ma teri al

s mal l di s charge are a;
no trees

me dum di s charge
a rea; no trees

l arge di s cha rge area

3

6

Freeboard (HQ100+)

2

1.0 - 1.5 m

0.5 - 1.0 m

< 0.5 m

3

6

Velocity of river

1

l ow

modera te

hi gh

5

5

Relation overall width of all pillars (inside
river bed) to width of river

1

< 10%

10 % - 25 %

> 25%

1

1

SCORE:

3.0

Parameter

COMMENTS
General
[A]

very l ow

log jam may lead to cascading effects, e.g. overtopping, backwater ponding,
structural damage (ramming), etc.
e.g. wood, deposits, houses, vehicles, etc.

F
exposure

G
weighted
exposure

EXPOSURE SCORE
not relevant
0
low
1.0 - 2.5
medium
> 2.5 - 4.0
high
> 4.0 - 5.0

Figure 13:: Result of the exposure assessment of a bridge using the exposure matrix No. EM-01
EM

2.1.5 Vulnerability assessment
A next step in the methodology is to fill in the
the columns F and G of the vulnerability matrix (Figure
(
14). This
step is to be performed for all local phenomena identified. In the example illustrated below, the vulnerability
score is 2.8. This means that that the asset is vulnerable from log jam at a medium level.

HOME/2013/ISEC/AG/CIPS/4000005029
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Hazard process:
Local phenomenon:

Riverine flooding
Log jam

VM-01

VULNERABILITY MATRIX

Parameter

A

B

C

D

E

F

G

weight
[1-3]

not relevant
0

low
1

medium
3

high
5

vulnerability

weighted
vulnerability

Structural system of bridge

2

s i ngle bea ms wi th
pos s ibil ity of loca l
brea k down

conti nuous bea ms
with s ome hinge s

continuous bea m

5

10

Weight of structure, stability, material

2

li ght
(s teel)

modera te

hea vy
(concrete)

3

6

Distance of pillars relating to location of main
velocity

1

long

medi um

s hort

1

1

Direction of axis of pillar relating to axis of
river

2

pa ra ll el

incl ined

perpe ndicul a r

3

6

Geometry of pillars

2

round

recta ngula r; s ma ll
wi dth

recta ngula r; la rge
width

1

2

SCORE:

2.8

VULNERABILITY SCORE
not relevant
0
low
1.0 - 2.5
medium
> 2.5 - 4.0
high
> 4.0 - 5.0

Figure 14:: Result of the vulnerability assessment of a bridge using the vulnerability matrix No.VM-01
No.VM

2.1.6 Impact assessment
The extended exposure-vulnerability
vulnerability matrix is the last
last step in the methodology. It shows different categories
(very low, low, medium, high and very high) by combining the previously analysed exposure and vulnerability
scores. This way, the risk for the object to be impacted by the local phenomena can be determined.
dete
As
mentioned before, this step is to be performed for all local phenomena identified. In the example illustrated
in Figure 15,, the investigated bridge has an exposure score of 3.0 and a vulnerability score of 2.8, which
means that for the specific asset the impact from log jam is at a medium level.

EXPOSURE SCORE

VULNERABILITY SCORE
not relevant
0

low
1.0 - 2.5

medium
2.5 - 4.0

high
4.0 - 5.0

not relevant
0

no impact

no impact

no impact

no impact

low
1.0 - 2.5

no impact

very low

low

medium

medium
2.5 - 4.0

no impact

low

medium

high

high
4.0 - 5.0

no impact

medium

high

very high

Figure 15:: Result of the impact assessment for the investigated bridge regarding the risk of log jam

As shown in Figure 16,, the score index can be used for all local phenomena. The impact from lateral erosion is
low, the impact from longitudinal erosion, log jam and ramming is medium, and the impact from submersion
and overtopping is high. This matrix
matrix helps to identify the risks from all relevant local phenomena.
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VULNERABILITY SCORE

EXPOSURE SCORE

not relevant
0

low
1.0 - 2.5

medium
2.5 - 4.0

high
4.0 - 5.0

not relevant
0
low
1.0 - 2.5

lateral
erosion

medium
2.5 - 4.0
high
4.0 - 5.0

log jam
ramming
longitudinal
erosion

submersion overtopping

Figure 16:: Result of the risk assessment for the investigated bridge regarding all relevant local phenomena

2.2 Greek Case Study
2.2.1 Rationale for selection
Athens is the largest urban settlement in Greece, built in a morphologic basin formed by Penteli, Parnitha,
Ymittos and Aigaleo mountains and Saronikos Gulf to the south, which contains the Kifissos and Ilissos
drainage networks. The area is relatively dry with a mean
mean annual rainfall of approximately 390mm (Figure
17).

Figure 17:: The Kifissos river in the greater Athens area (1)
HOME/2013/ISEC/AG/CIPS/4000005029
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In this area, the
he Kifissos river is the longest river in Attica (27km), on the route of which the national highway
linking Thessaloniki and Athens has been designed. In
n general, there has been rich extreme precipitation and
flooding history in the area, with 62 flooding events being recorded between the 1880s and 2015. Figure 18
depicts flooding events in the greater Athens area (Attica) in that period. As observed, there is an intense
concentration of events in the western part of the area, with the focus being placed on the area run by the
Kifissos river.

Figure 18:: Flooding events in Attica per municipality
muni
(2)

The latter is also revealed in Figure 19,, which depicts the parts of the drainage network of Athens basin that
overflowed during 46 documented flooding events.
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Figure 19:: Overflown river sections (red & yellow)
yel
and drainage network (blue) (2)

The increased recurrence along Kifissos river is also demonstrated in Figure 20 that depicts the number of
times that sections of the drainage network have overflown between 1880 and 2010.
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Figure 20:: Number of times that Kifissos river has overflown (2)

During the last century, Athens has been a rapidly evolving urban center, leading to a gradual urbanization of
a significant part of the basin. Several parts of the Athens drainage network were diminished or even
converted
rted into streets, which together with the increasing impermeable surfaces have rendered Athens
among the most flood-prone
prone areas within Greece.
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Figure 21:: Evolution of city's built environment and flood related incidents (3)

Due to heavy rainfall events, the river has been constantly overflown. This was the main reason behind it
being partially ‘boxed’, i.e. road transport infrastructure was built above it in a critical so as to ensure that
future river overflows attributed to rainfall events won’t impact traffic operations.

2.2.2 Criticality analysis
Figure 22 depicts the efficiency of each road network along the Kifissos river. The methodology
m
for obtaining
the efficiency of each link is based on Nagurney’s Unified Network Performance Measure (4), and deals with
the identification of the most important links related to the efficiency
efficiency within a transport network.
The steps of Nagurney’s methodology are the following:
•

Step 1: The Origin-Destination
Destination demand matrices are assigned on the road network

•

Step 2: Network efficiency is computed:
∑
ε

ε G, d

∈

d
λ

(1)
n
where ε denotes unified network performance measure, G denotes the network topology (links, nodes), d
denotes the demand vector (O-D
D pairs), W denotes the set of O-D
O D pairs, dw denotes the demand of O-D
O pair
w, λw denotes the disutility of O--D
D pair w (travel time) and nW denotes the number of O-D
O pairs for G
•
Step 3: One link of the network is removed and ε is computed again. Iteratively, this process is
repeated for each link of the network in order to compute
compute ε for each removed link.
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•

Step 4: The importance of each network component (link) is computed:

Δε
ε G, d
ε G g, d
(2)
ε
ε G, d
where G - g is the resulting network after component g (link) is removed from network G. This criticality index
ind
for each link (I) represents the difference of the network’s efficiency after the link(s) removal in relation to
the initial (normal) condition of the network.
I g

This exercise was conducted at the local level of the road network and is focused on the Kifissos
Kifi
river route,
in order to determine the criticality of the road links it composes of.
of. The higher the efficiency values of the
closed link, the more severe the effect it has on the network.
network. This indicator is used for identifying the links
that are further
er analysed in terms of their vulnerability and exposure in the following steps. The analysis has
been conducted at a 3-level
level approach, and results are expressed in ‘Low’ (green), ‘Medium’ (yellow) and
‘High’ (red) criticality.

Figure 22:: Criticality analysis in the road links along the route of the Kifissos river
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The transportation model used for this analysis has been developed with the PTV VISUM software, a traffic
assignment tool for urban and regional operational planning analysis
analysis that has been used in several studies (57). The network used for the purpose of the paper consists of a detailed representation of the urban and
regional road network of the metropolitan region of Athens, based on open-source
open source GIS, fused with traffic
parameters.
The network consists of 81.880 directed links and 36.725 nodes. The links contain information about the
number of lanes, the road type and its hierarchy in the network, width, length, free flow speed, design and
effective capacity, direction, allowed
allowed transport systems. The link delays are calculated with the use of BPR
functions, the parameters of which rely on previous studies and have been updated through travel time
measurements for the purposes of the work presented herein. The nodes contain detailed
deta
information about
the junction’s geometry, allowed movements and control type of the node. The network consists of 359
traffic analysis zones connected to physical nodes of the road network via 3468 connectors, according to
their accessibility index, avoiding connections with nodes belonging to high hierarchy links. The demand side
is comprised by 24 hourly Origin-Destination
Origin Destination (OD) matrices and the travel demand for a typical weekday is
within the range of 3.873.745 vehicle trips. The obtained OD matrices
matrices are corrected using the hourly volume
data measured by inductive loop detectors installed at 557 locations across the city. The OD matrix correction
is performed with a fuzzy-set
set based matrix correction procedure.
Since traffic measurements are available
available only at a number of locations which is smaller than the number of
trips, then the problem of determining the OD matrix which reproduces trips that result to traffic volumes
equal to the ones measured is underdetermined. The matrix correction procedure described
de
herein is of bilevel nature, where at the upper level user equilibrium traffic flows are computed, subject to the corrected
OD matrices at the lower level. The upper level user equilibrium traffic flow estimation, known as the Traffic
Assignment Problem,
roblem, based on Wardrop’s user equilibrium principle, is solved with an implementation of the
Linear User Cost Equilibrium algorithm, with an average goodness-of-fit
goodness
of 0.94.

2.2.3 Transport infrastructure identification
2 types of transport infrastructure are to be found along the Kifissos river. As
A depicted in Fehler!
Verweisquelle konnte nicht gefunden werden.,
werden. the
he first Type 1, depicted in green, concerns all those links
where the Kifissos river runs along the transport infrastructure.
infrastructure As depicted in Figure 24, infrastructure Type
2 concerns all those links or sets of links that the Kifissos river is ‘boxed’, i.e. that transport infrastructure is
elevated.
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Figure 23: Transport infrastructure types – Type 1 (green)
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Figure 24: Transport infrastructure types – Type 1 (blue)

2.2.4 Exposure and Vulnerability Analysis
The
he exposure tree analysis is conducted according the exposure trees explained and elaborated in WP 4 and
found in electronic format as an Annex to D5.2 of RAINEX.. In general, the form of an exposure tree analysis is
that of Figure 25.
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Figure 25:: Exemplary exposure tree analysis

Each local phenomenon x, is one of the four studied within RAIN, i.e. riverine flooding, ponding, debris flow
and hillslope flooding. Based on the exact nature and resulting impacts of these phenomena, it is apparent
that the Kifissos river case study only concerns riverine flooding (all links belonging to infrastructure Type 1)
and ponding (all links belonging to infrastructure Type 2), as debris flow and hillslope flooding analyses are
only applicable in non-flat
flat regions.
The approach followed for the Kifissos river case study is a non-data
non data driven approach, in order to showcase
the applicability of the RAINEX methodology for all those cases where the availability of data and information
is limited. Therefore, a set of 8 experts comprising of hydraulic and transport engineers having previously or
worked or currently employed in the Attica Prefecture department dealing with the design, maintenance and
operation of road transport infrastructure in the area of the Kifissos river, have been consulted, and have
been asked to numerically and qualitatively evaluate the criteria of each phenomenon for the given
infrastructure that has been previously identified as critical.
Regarding riverine flooding, the exposure tree analysis ‘algorithm’ has been followed in order to conclude on
the specific impact to be evaluated under the exposure perspective. In detail the Kifissos river case study,
regards an infrastructure in a flat region,
region, within potential flood zones, within a flood-prone
flood
area that is
otherwise unprotected, where the distance to the river is less than 200m. This sequence is presented in
Figure 26.
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Figure 26:: Exposure tree analysis for riverine flooding resulting in longitudinal erosion

Based on the impact that needs to be studied, the respective method sheet is consulted and the result is
presented in Figure 27.
A
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1
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Figure 27:: Exposure assessment longitudinal erosion

The exact same approach is followed for conducting the vulnerability assessment and the results are
presented in Figure 28.

Parameter
Slope / incliniation of
bank

Slope stability

A

B

C

D

E

F
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0
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1
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3
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5
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inner bank

straight course

outer bank

3

6

stable bedrock hard rock

medium erodable
bedrock, slate, phyllite,
siltstones

highly erodable soils,
soft rock-sediments

fair (e.g. heavy
weight, concrete,
steel structures)

poor (e.g. light timber
structures, thin stone
walls, etc.)

poor-absent (e.g. light
timber structures, thin
stone walls, etc.)

1

1

SCORE:

2.3

2

1

Protection
measures
existent

Figure 28: Vulnerability assessment – longitudinal erosion
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2.2.5 Risk assessment
The previous assessments are combined in order to conclude on the respective risk assessment regarding
longitudinal erosion. Using the same approach as the one presented
presented for the Austrian case (for further details
refer to WP 4 report), the exposure and vulnerability respective scores are put together and the final risk of
the infrastructure under study is revealed (Figure
(
29).

Figure 29: Risk assessment – longitudinal erosion

The same process is followed for all impacts and for all locan phenomena and the final output is in the form
of Figure 30, that presents
ts the risk of the infrastructure under study regarding each and every relevant local
phenomenon.

Figure 30: Risk assessment – all local phenomena

2.2.6 Final outcome of application
This process is iteratively repeated for all links that
that have been found to be critical in the first step of the
methodology, or for as many links as the user of the methodology finds it necessary to. The final outcome of
the RAINEX methodology application is presented in Figure 31.
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Figure 31: Final outcome of RAINEX methodology application – from criticality analysis to risk assessment.

As depicted, starting from a plain criticality analysis of the network, the RAINEX
EX methodology combines the
exposure and vulnerability of each critical (and non-critical
non critical road link) for all relevant local phenomena, and
the final outcome regards a depiction of the road links (one for each phenomenon) in the form of a map that
describes the potential risk of each
eac link in the examined area.
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2.3 Conclusions of the Demonstration
Extreme rainfall events increase the risk of damages to networks, systems and transportation assets. In view
of their anticipated adverse effects, the necessity to adjust the required security level of land transport
infrastructure to the actual risk from extreme rainfall events is of central importance. This does not only
imply the criticality, but also the exposure and vulnerability of such infrastructure facilities. The main
objective of the work presented in this report is to showcase the demonstration of the risk-based
risk
methodology on real-world
world land transport infrastructure and provide the owners and/or operators of such
infrastructure with a ready-made
made methodology to identify and assess critical
critical transport infrastructure for their
exposure and vulnerability to extreme rainfall-induced
rainfall induced hazards. Its output concerns a practice-oriented
practice
and
applicable methodology that can enable owners and operators to assess their existing infrastructure
regarding
ng protection goals with respect to the actual risk of the structures. The developed methodology is
based on expert knowledge and includes qualitative and semi-quantitative
semi quantitative analyses regarding the assessment
of the vulnerability and criticality of relevant transport infrastructures. Further details on the specific steps of
the methodology are to be found in the respective reports of WP 3 and WP 4. Future steps of the work
presented herein regard validation of the effectiveness the methodology as well as its expansion so that it is
able to consider the complexity of rail networks as well, as sections of rail networks are by definition more
critical since any impairment compromises the overall functionality of the whole network (i.e. the use of
alternative routes
es in case of an emergency is limited).
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3 Preparation of the Handbook
The Handbook is the final deliverable of the RAINEX research project, which describes in a simple way the
developed methodology and includes qualitative and semi-quantitative
semi quantitative analyses to assess the criticality,
exposure and vulnerability of transport infrastructure.
This Handbook was developed for road and rail infrastructure owners and operators to be able to assess their
existing infrastructure facilities and to design new land transport
transport infrastructure facilities in line with
protection goals with respect to criticality, exposure and vulnerability to extreme rainfall-induced
rainfall
hazards.
The Handbook contributes to the provision of a secure, effective and functional transport network across
acr
Europe by providing owners and operators of such infrastructure facilities with a tool to identify and assess
possible extreme rainfall-induced
induced hazards to land transport infrastructure.

3.1 Structure & application of the Handbook
The Handbook is divided into
nto five main chapters, including background information on why it was written and
its objectives, a detailed description of the developed risk-based
risk based approach as well as a digital attachment
including all sheets and files necessary for applying the RAINEX methodology. The users of the Handbook
should follow the chapters’ sequential order to successfully apply the RAINEX methodology.
Chapter 1 describes the motivation for the development of the RAINEX project and the conditions that
require appropriate stepss for the future protection of transport infrastructure facilities and their resilience to
extreme rainfall events. Chapter 2 and 3 describe the basic notions, concepts and the terminology used in
the RAINEX project with regard to extreme rainfall events, hazard processes, local phenomena and asset
types. Chapter 4 provides a summary of the risk-based
risk based approach to designing transport infrastructure that is
resilient to extreme rainfall events. In general, the RAINEX approach can easily be applied using both free and
open source tools as well as more sophisticated commercial products.
The first step in the RAINEX methodology is to conduct a criticality analysis of the respective road network
(sections) to identify those road links (or sets of links) that are most
most important for the overall operation of the
network. For assessing the rail network a qualitative approach is given. The next step is to carry out exposure
and vulnerability analyses of these road and rail network sections with regard to the hazard processes
proc
described in Chapter 3.. Based on the RAINEX exposure tree analysis (attached to this Handbook in digital
format), the users of this Handbook are guided towards choosing the appropriate tool (in the format of a
matrix) for calculating the exposure and vulnerability of each infrastructure object, following an algorithmic,
step-by-step
step approach. The exposure and vulnerability matrices (also attached to this Handbook in digital
format) help the users of the Handbook to categorise the exposure and vulnerability
vulnerab
of each infrastructure
object by assigning numerical values to the parameters included in the matrices. The final output of the
RAINEX approach is a risk assessment of each asset (infrastructure object) under examination, combining the
outputs of the previously conducted analyses. This will enable the users of the Handbook to rank the
potentially exposed road sections.
In general, the RAINEX approach is based on expert judgement. The default values provided in the exposure
and vulnerability matrices were developed with the support of experts from multiple disciplines who met
during several internal workshops held in the course of the RAINEX project. These values may be changed if
required. Although presented and demonstrated from a holistic perspective,
perspective, the RAINEX approach is modular
and the various steps can also be applied individually. The users of the methodology may assess the exposure
and/or vulnerability of any given section of the network under examination without prior application of a
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criticality
lity analysis and vice versa. In addition, the application of all steps of the RAINEX
RAIN methodology is not a
prerequisite for proceeding with the application of the methodology itself, but a suggested order of
sequence, which can be omitted at the users’ discretion.
dis
Finally, Chapter 5 demonstrates how to properly apply the methodology based on a practical example.

3.2 Publication of the Handbook
The Handbook was printed
ed at total in 550 copies in four languages (English:: 200 copies,
copies German: 200 copies,
Greek: 100 copies and French:: 50 copies).
copies The digital attachment of the Handbook can be found in the USBUSB
Stick included in the Handbook.
Fig 32 presents the cover of the RAINEX
RAIN Handbook in each of the four languages.

Figure 32: Cover of the RAINEX Handbook in English, German, Greek and French.
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The Handbook is available online at www.rainex-project.eu and the printed version of the Handbook can be
purchased by contacting the project coordinator (BASt).
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