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preampLE

Past flooding events and the resulting disruptions

infrastructure, it covers the interconnectivity of

to important transport links highlight the neces-

transport networks across Europe. This enables

sity to adjust the required security level of land

owners and operators of transport networks to

transport infrastructure to the actual risk from

obtain an indication of which of their infrastruc-

extreme rainfall events. This implies that not only

ture facilities are the most critical with respect

the criticality, but also the exposure and vulnera-

to the availability of these networks and might

bility of such infrastructure facilities need to be

potentially be exposed e.g. to certain flood types

taken into account. The major challenge of the

that are linked to specific rainfall events.

project ‘Risk-based approach for the protection
of land transport infrastructure against extreme

We are happy to be able to present you with the

rainfall’ (RAINEX ) was to establish a comprehensi-

results of the RAINEX research project and hope

ve approach addressing security issues having an

that you will enjoy reading and applying this

impact on the availability and quality of service

Handbook. We also would like to thank the peop-

of land transport networks. Additionally, climate

le behind the project consortium for their excel-

change and its impact on extreme rainfall events

lent work and valuable inputs without which this

(frequency, intensity, spatial and temporal distri-

Handbook would not have been possible.

bution) had to be taken into account.
This Handbook is the final deliverable of the
This Handbook contributes to the provision of a

RAINEX research project and was developed with

secure, effective and functional transport net-

the financial support of the Prevention, Prepa-

work across Europe by providing owners and

redness and Consequence Management of Terro-

operators of such infrastructure facilities with

rism and other Security-related Risks Programme

a tool to identify and assess possible extreme

(CIPS) of the European Commission – Directora-

rainfall-induced hazards to land transport inf-

te-General Home Affairs.

rastructure. By addressing major road and rail
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definitions

Term

Definition

Source

Asset

An important land transport infrastructure element or section.

AllTraIn*
(adapted)

Criticality

The relevance of an infrastructure element or section to the availability of a traffic infrastructure network.

AllTraIn*

Extreme rainfall

Extreme rainfall in the sense of this project refers to the following
two types of rainfall:

DWD

Heavy rainfall (convective): Hourly precipitation rate (mm/h) of
> 40 mm/h with short duration and small spatial distribution.

(National Meteorological Service of
Germany)

Continual rainfall (cyclonic): Hourly precipitation rate (mm/h) of
> 70 mm/12 h, 80 mm/24 h, 90 mm/48 h and 120 mm/72 h with
long duration and large spatial distribution.
Exposure

People, properties, systems or other elements present in hazard
zones that are subject to potential losses.

UNISDR
(adapted)

RAINEX only refers to land transport infrastructure.
Exposure tree

Tree-based structure of a hazard to identify exposed assets.

AllTraIn*

Flood

The temporary covering by water of land not normally covered by
water.

Directive
2007/60/EC

Flood risk

The combination of the probability of a flood event and of the potential adverse consequences for human health, the environment,
cultural heritage and economic activity associated with a flood
event.

Directive
2007/60/EC
(adapted)

RAINEX only refers to land transport infrastructure.
Global
consequence

Consequences from the perspective of owners, operators and society. Quantified in terms of repair cost, loss of revenue and detour
cost. Depends e.g. on the number of affected users and the network configuration.

AllTraIn*

Hazard

A dangerous phenomenon, substance, human activity or condition that may cause loss of life, injury or other health impacts, property damage, loss of livelihoods and services, social and economic disruptions, or environmental damage.

UNISDR
(adapted)

RAINEX only refers to dangerous phenomena that may cause impacts (structural/obstruction) on land transport infrastructure.
Hazard process

Top-level hazard developing on the earth’s surface, leading to one
or more local phenomena at the asset at stake.

RAINEX

6
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definitions

Term
Impact

Definition

Source

The way in which a hazard acts on a given asset.

AllTraIn*

The unwanted condition of an asset inflicted by an impact, expressed as physical damage or disruption (out-of-service time).
Quantified in terms of repair cost and disruption time: local consequence = exposure × vulnerability.

AllTraIn*

Local
consequence

Local
phenomenon

Lower-level hazard developing at the asset at stake. Depending on
the exposure and vulnerability of an asset it may lead to an impact
and local consequences.

RAINEX

The unannounced physical presence of volumes of foreign objects
that wholly or partially occupy the useful space for the traffic in the
infrastructure.

AllTraIn*

Obstruction

Risk is often characterized by reference to potential events and
consequences, or a combination of these.

ISO Guide 73:2009,
Note 3
(adapted)

Risk

RAINEX only refers to flood events and their consequences for
land transport infrastructure.
Structural
impact

Additional (static, dynamic) load on infrastructure and/or reduced
structural resistance.

AllTraIn*

Traffic demand

The demand for travel measured in number of trips conducted
with private or public means.

Ortúzar &
Willumsen 2011**

Vulnerability

The characteristics and circumstances of an asset that make it
susceptible to the damaging effects of a hazard.

UNISDR

* AllTraIn: Research project ‘All-Hazard Guide for Transport Infrastructure’ (www.alltrain-project.eu).
** Modelling Transport, 4th Edition, Wiley, Juan de Dios Ortúzar, Luis G. Willumsen ISBN: 978-0-470-76039-0,
March 2011.
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Executive Summary

Extreme rainfall events increase the risk of dama-

thodology to identify and assess critical trans-

ges to networks, systems and transportation as-

port infrastructure for their exposure and vulne-

sets. In view of their anticipated adverse effects,

rability to extreme rainfall-induced hazards.

the necessity to adjust the required security level of land transport infrastructure to the actual

Understanding the natural processes of extreme

risk from extreme rainfall events is of central im-

rainfall events enables the users of the methodo-

portance. This does not only imply the criticality,

logy to assess and reduce potential risks. To this

but also the exposure and vulnerability of such

end, the Handbook provides a definition of diffe-

infrastructure facilities. The major challenge of

rent hazard processes and the preconditions for

the research project ‘Risk-based approach for

the formation of these and identifies and cate-

the protection of land transport infrastructure

gorises their impact on land transport infrastruc-

against extreme rainfall’ (RAINEX ) was to estab-

ture in a simple and coherent manner.

lish a comprehensive design approach addressing security issues having an increasing impact

The developed methodological approach allows

on the availability and performance of transport

for a systematic application across the entire Eu-

networks, especially due to the changing climatic

ropean transport network. The RAINEX approach

conditions and parameters of extreme weather

can easily be applied using both free and open

events and resulting hazards.

source tools, as well as more sophisticated commercial products. The first step in the RAINEX

The main objective of RAINEX is to ensure the

methodology is to identify the relevant network

availability of land transport infrastructure by

(sections) to be investigated. The next step is to

providing the owners and/or operators of such

carry out a criticality analysis to assess the res-

infrastructure facilities with a ready-made me-

pective road and/or rail network. The size of the

8
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network to be investigated depends on the scope

In a final step, the results of the exposure and

of the study. This step is performed at ‘network

vulnerability analyses are incorporated into the

level’. Its output is a set of critical network sec-

conventional risk assessment process (hazard ×

tions to be assessed for their exposure and vul-

exposure × vulnerability) as depicted in Figure 1.

nerability to extreme rainfall-induced hazards in
the subsequent steps.
Hazard

The next methodological steps are performed at
‘object level’ which means that they have to be
carried out for each infrastructure asset of the
previously identified critical network sections.
First, an exposure tree analysis has to be conduc-

risK
Exposure

Vulnerability

ted for each hazard process identified. The result
of this analysis is a set of local phenomena which
are relevant for the asset under examination. For

Criticality

each local phenomenon identified, both an exposure and a vulnerability analysis are to be carried
out based on predefined assessment matrices.
The result of the two analyses is a quantifiable

Figure 1: Relation of hazard, criticality,
exposure & vulnerability in RAINEX

assessment with a scoring system to be used for
categorising each asset. Depending on the ex-

The methodology described in this Handbook is

tent and quality of information available (digital

based on expert knowledge and includes qualita-

terrain models, aerial photographs, etc.), these

tive and semi-quantitative analyses to assess the

analyses can partly be conducted using Geogra-

criticality, exposure and vulnerability of transport

phic Information Systems (GIS) tools. Depending

infrastructure. The methodology and its effective-

on the situation and data available, the exposure

ness were validated for selected network sections

and vulnerability assessments must be conduc-

by applying it to real-world transport infrastruc-

ted by experts on site.

ture. The Handbook can be applied across Europe.

9
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1

INTRoDUCTIoN

This Handbook was developed for road and rail

drainage capacity of the soil and significantly de-

infrastructure owners and operators to be able

creases its water infiltration rate. Floods resulting

to assess their existing infrastructure facilities

from extreme rainfall events have affected more

and to design new land transport infrastructure

people and have caused more damage worldwi-

facilities in line with protection goals with res-

de than any other natural hazard. Whether from

pect to criticality, exposure and vulnerability to

extreme precipitation, river and lake overflow or

extreme rainfall-induced hazards. This chapter

sea level rise, flooding increasingly influences the

introduces the background, motivation, purpose

way assets are conceived, designed and develo-

and benefits of the Handbook as well as its scope

ped to become more resilient and resistant to the

and limitations and guides its users through its

impacts of flooding.

structure.
This phenomenon is not new to the transporta-

1.1 BACKGRoUND & MoTIVATIoN

tion sector. In 2002 alone, several EU member

Precipitation is commonly considered a focal

states saw a record high in the number of floo-

point for understanding the effects of climate

ding events. Significant impacts were reported,

change. Flooding is reportedly one of the most

including serious problems in traffic circulation

significant climate change-induced hazards that

and damaged transport infrastructure, raising

need to be studied and dealt with if severe im-

concerns about the overall resilience of the trans-

pacts on a broad range of economic sectors are to

port system. The majority of these events are at-

be avoided. What is more, the change of land use

tributed to the occurrence of heavy and extreme

due to unplanned development and the growing

rainfall. In June 2013, a flooding event triggered

population concentration often limits the natural

by heavy rainfall affected numerous areas of cen-

10
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1 inTroduCTion

tral Europe. As a consequence, large areas were

for a risk-oriented mind-set on security, to ensu-

inundated, strongly affecting people in terms of

re the availability of their networks.

direct damage and interruption of land transport
infrastructure.

1.3 STRUCTURE & APPLICATIoN oF
THE HANDBooK

owners and operators of land transport infra-

The Handbook is divided into fi ve main chapters,

structure facilities are rarely aware of risk-related

including background information on why it was

concepts when assessing their structures for their

written and its objectives, a detailed description

criticality, exposure and vulnerability to extreme

of the developed risk-based approach as well as

rainfall-induced hazards. Common practices are

a digital attachment including all sheets and files

mostly based on a deterministic mind-set, with

necessary for applying the RAINEX methodolo-

all infrastructure elements being designed to the

gy. The users of the Handbook should follow the

same level of security regardless of their actual

chapters’ sequential order to successfully apply

vulnerabilities and criticalities. In this context,

the RAINEX methodology.

vulnerability refers to the infrastructure object
itself whereas criticality refers to the importance

Chapter 1 describes the motivation for the deve-

of the object for the functioning and operation of

lopment of the RAINEX project and the conditions

the whole transport network.

that require appropriate steps for the future protection of transport infrastructure facilities and

1.2 PURPoSE & BENEFITS

their resilience to extreme rainfall events. Chap-

The RAINEX Handbook provides a harmonised

ter 2 and 3 describe the basic notions, concepts

European risk-based approach for a key priority

and the terminology used in the RAINEX project

for the CIPS programme which can be applied to

with regard to extreme rainfall events, hazard

Trans-European Transport Network (TEN-T) cor-

processes, local phenomena and asset types.

ridors in all European countries. Natural hazards

Chapter 4 provides a summary of the risk-based

such as floods are mostly cross-border issues.

approach for designing a transport infrastruc-

Failure of the transport network may compro-

ture that is resilient to extreme rainfall events. In

mise security, impacting availability and thus

general, the RAINEX approach can easily be ap-

have negative consequences for the European

plied using both free and open source tools as

economy and society. The Handbook was deve-

well as more sophisticated commercial products.

loped for road and rail infrastructure owners and
operators to be able to assess their existing inf-

The first step in the RAINEX methodology is to con-

rastructure facilities and to design new ones in

duct a criticality analysis of the respective road

line with protection goals with respect to critica-

network (sections) to identify those road links (or

lity, exposure and vulnerability to extreme rain-

sets of links) that are most important for the ove-

fall-induced hazards. Furthermore, a risk-based

rall operation of the network. For assessing the

approach to adapting land infrastructure design

rail network a qualitative approach is given. The

that includes the topic of criticality as a decisive

next step is to carry out exposure and vulnerabi-

element is made available. Another purpose of

lity analyses of these road and rail network sec-

the Handbook is to foster the awareness of land

tions with regard to the hazard processes. Based

transport infrastructure owners and operators

on the RAINEX exposure tree analysis (attached

11
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1 Introduction

to this Handbook in digital format), the users of

In general, the RAINEX approach is based on expert

this Handbook are guided towards choosing the

judgement. The default values provided in the ex-

appropriate tool (in the format of a matrix) for

posure and vulnerability matrices were developed

calculating the exposure and vulnerability of each

with the support of experts from multiple discip-

infrastructure object, following an algorithmic,

lines who met during several internal workshops

step-by-step approach. The exposure and vulne-

held in the course of the RAINEX project. These va-

rability matrices (also attached to this Handbook

lues may be changed if required. Although presen-

in digital format) help the users of the Handbook

ted and demonstrated from a holistic perspective,

to categorise the exposure and vulnerability of

the RAINEX approach is modular and the various

each infrastructure object by assigning numerical

steps can also be applied individually. The users of

values to the parameters included in the matrices.

the methodology may assess the exposure and/or

The final output of the RAINEX approach is a risk

vulnerability of any given section of the network

assessment of each asset (infrastructure object)

under examination without prior application of a

under examination, combining the outputs of the

criticality analysis and vice versa. In addition, the

previously conducted analyses. This will enable

application of all steps of the RAINEX methodology

the users of the Handbook to rank the potentially

is not a prerequisite for proceeding with the appli-

exposed road sections.

cation of the methodology itself, but a suggested
order of sequence, which can be omitted at the
users’ discretion.

12

P53087_Rainex Handbuch_engl_final.indd 12

24.08.16 12:37

Finally, Chapter 5 demonstrates how to properly

res (e.g. tunnels, galleries or underpasses), this

apply the methodology based on a practical ex-

Handbook gives a first indication of the most re-

ample.

levant structures of given road/rail networks.

1.4 Scope & limitations

However, it has to be pointed out that the RAINEX

The presented methodology provides a holistic

approach only focuses on flood processes which

assessment of road and rail infrastructure as re-

are mainly directly triggered by extreme rainfall

gards their criticality, exposure and vulnerability

events. Landslides are gravitational movements

to extreme rainfall-induced hazards. Although

of a mass of rock, earth or debris down a slope

being widely applicable across Europe, the pre-

involving a lot of material besides water. Therefo-

sented methodology has certain limitations in

re, landslides are not considered in this approach.

scope, number of hazards (processes) and types

In addition, the first step of the RAINEX methodo-

of structures.

logy, the criticality analysis, is only applicable to
road networks and not to rail networks. Further

The focus of the approach is generally placed on

clarifications are provided in section 4.2.

the availability of land transport infrastructure.
These infrastructure facilities are categorised in

In summary, the present Handbook provides its

such a way that the methodology becomes as de-

users with a first indication of the criticality, expo-

tailed as possible, while at the same time being

sure and vulnerability of infrastructure facilities

as concise as necessary. Addressing major road

to extreme rainfall-induced hazards. Depending

and rail infrastructure types such as bridges,

on the situation, a detailed analysis, i.e. on-field

embankments, cuts and underground structu-

analysis by experts, will be necessary.
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2

ASSETS

As illustrated in Figure 2 the main asset catego-

Table 1 presents the asset types that are taken

ries of a road/rail section may comprise embank-

into account in the RAINEX approach including a

ments, cuts, bridges and underground structu-

brief description and illustration. All these asset

res. Each main asset category includes a number

types may be part of road, rail or mixed transport

of different asset types.

systems.

Bridges
Underground structures

Embankment s
Cuts

Figure 2: Main asset categories considered in RAINEX

14
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2 asseTs

Table 1: List of asset types, description and illustration
Asset type

Description

Elevated
embankment

A road and/or railway on a raised bank
or wall higher than one metre (elevated) constructed of compacted soil.

Shallow
embankment

A road and/or railway on a bank of
about one metre (shallow) mainly
used for open sections in flat areas.

Simple
cut

A road and/or railway where soil or
rock material from a hill or mountain
was cut out on both sides to make way
for the transport infrastructure.

Side-benched
cut

A road and/or railway where soil or
rock material from a hill or mountain
was cut out on one side to make way
for the transport infrastructure.

Crossing
bridge

A road and/or railway on a structure
built to span physical obstacles (waters, valleys or roads) without closing
the way underneath, providing passage over the obstacle.

Illustration

15
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2 Assets

Asset type

Description

Parallel
bridge

A road and/or railway on a structure
built to longitudinally span physical
obstacles (waters or valleys) without
cutting alongside the obstacle.

Tunnel

An underground structure with a road
and/or railway inside an underground
or underwater passageway excavated below the surface usually in hilly/
mountainous or urban/sensitive areas.

Gallery

An underground structure which is
partly open on one side with a road
and/or railway inside an underground
passageway (housing) in order to protect the infrastructure against avalanches, rockfall or debris flow. Galleries
can also be used for noise and pollution protection in urban/sensitive areas.

Underpass

An underground structure with a road
and/or railway inside an underground
passageway used by vehicles (and pedestrians) for crossing under another,
more important road and/or railway.

Illustration

16
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3

HAzARDS

3.1 SEqUENCE CHAIN

understand the complex behaviour of rainfall-in-

Hazards are defined as potential events which

duced natural hazards, various hazard scenarios

can compromise the security and/or availabili-

were developed based on the RAINEX sequence

ty of transport infrastructure assets. In order to

chain (Figure 3).

HaZaRDS
Extreme
rainfall

Hazard
process

aSSEtS
Local
phenomenon

Impact

Structural
impact

obstruction

StaKEHOlDERS

Local
consequence

Global consequence

€

€€€





Figure 3: RAINEX sequence chain
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3 Hazards

The sequence chain is based on the guiding con-

gravated and can even trigger floods. A process

cept developed within the AllTraIn EU project

included in the formation of floods is the trans-

(www.alltrain-project.eu). It forms the logical

formation of spatial rainfall into concentrated

backbone of these hazard scenarios and their

flow. In hydrology, this transformation process

influence on the assets. The initial hazard event

is called rainfall-runoff process. To understand

in RAINEX is an ‘extreme rainfall event’ leading to

the mathematical approaches used in hydrology

one or more ‘hazard processes’, e.g. riverine floo-

to determine the rainfall-runoff transformation

ding. The result of this/these hazard process/es

process, it is important to know the natural hy-

affecting the asset at stake is called ‘local pheno-

drologic processes. The output of such calculati-

menon’. For example, in the case of riverine floo-

ons is the discharge in cubic metres per second at

ding, ‘erosion’ or ‘overtopping’ would be possible

the selected river profile and not – as is common-

local phenomena.

ly assumed – the water level.

Taking into account the exposure and vulnerabi-

The meteorological aspects/parameters associa-

lity of an asset, a local phenomenon may cause

ted with floods include the following:

an impact on the asset at stake, either resulting
in ‘structural impact’ (i.e. long-term damage) or

origin of humid clouds and the weather

‘obstruction’ (i.e. short-term disruption). Such an

situation

impact leads to ‘local consequences’ in terms of

Rainfall intensity

direct and local damages to the asset. Local con-

Spatial distribution of rainfall

sequences include out-of-service time as well as

Temporal distribution of rainfall

repair and reconstruction costs for the asset at

Storm path

stake. For the sake of completeness ‘global consequences’ for society (e.g. travel delay costs,

The scale of floods is influenced by a specific

loss of toll revenues, Co2 emissions, etc.) are in-

combination of topographical, hydrological and

cluded in the sequence chain. However, they are

meteorological conditions. The spatial-temporal

not discussed in further detail and they do not

distribution and the intensity of rainfall are the

fall within the scope of the RAINEX project.

most important parameters of rainfall leading to
floods.

With respect to the sequence chain, the RAINEX
methodology deals with hazard scenarios resul-

The following types of rainfall causing floods can

ting from extreme rainfall events and provides its

be distinguished:

users with a risk-based approach to assess the
assets of an infrastructure network on the basis

cyclonic (advective) rainfall caused by large-

of the resulting local consequences.

scale weather patterns resulting in large-scale
floods

3.2 ExTREME RAINFALL EVENTS

convective rainfall (thunderstorm rainfall) af-

Heavy or extreme rainfall events can result in

fecting small river basins (< a few hundred

flooding of transport infrastructure. In combi-

sq. kilometres)

nation with saturated ground conditions in river

orographic rainfall caused by the lifting of

basins, the impacts of extreme rainfall are ag-

moist air over a mountain

19
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3 Hazards

Convective rainfall occurs during thunderstorms

rainfall is less intense than convective rainfall with

having intensities of 40 mm/h or 60 mm/6 h (Na-

hourly precipitation of 70 mm/12 h, 80 mm/24 h,

tional Meteorological Service of Germany - DWD),

90 mm/48 h and 120 mm/72 h (DWD). Cyclonic

only falls over a short period of time and affects

rainfall occurs over a longer period of time and af-

small river basins (with less than hundred sq. ki-

fects larger river basins (with more than hundred

lometres). This type of rainfall occurs when hu-

sq. kilometres). Forecasts of cyclonic rainfall are

mid, warm air masses rise vertically over a warm

more accurate than forecasts of convective rain-

surface and cool down. The formation of thunder

fall. Cyclonic rainfall is generated by horizontally

cells resulting in heavy or extreme rainfall is typi-

moving humid air masses cooling down between

cal during warm or hot weather periods. This can

anticyclone (high pressure area) and cyclone (low

result in severe small-scale floods, which only

pressure air, depression) weather patterns. Typical

have a short lead-time (minutes to hours) and are

large-scale weather patterns causing continuous

therefore difficult to forecast.

rainfall in Central Europe are e.g. the western cyclonic coming from the Atlantic Ocean or the Vb

Cyclonic rainfall caused by large-scale weather pat-

(Five-B) weather pattern coming from the Adriatic

terns can result in large-scale floods. This type of

or the Mediterranean Sea.

20
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of tributaries and mitigating effects of retention.
Hydrological conditions having an effect on
floods include the following:
	 Scale of the affected river basin
	Topography of the surrounding area and the

river network in a basin as regards flood formation and superposition
	Preconditions of the river basin (antecedent

soil moisture, snow cover)
	 Retention capability of the river basin
	Dam breaches, failure or collapse of technical

measures

3.3 Hazard processes
As discussed in section 3.1, extreme rainfall
events can lead to one or more hazard processes. A hazard process is the top-level hazard developing on the earth’s surface leading to one or
more local phenomena at the asset at stake.
RAINEX takes account of the following four hazard processes:

The process of the formation of a flood can be
described as follows: First, rainfall collects on a
surface with parts of it infiltrating the ground
and other parts evaporating or being consumed
by the vegetation (runoff generation). Second,
the water volume concentrates on the surface
and flows down to a lower point or a river channel (runoff concentration). Water running off in a
concentrated manner generates hydrodynamic
forces with high hazard potentials. The flow pro-

	 Riverine flooding
	 Ponding
	 Debris flow
	 Hillslope flooding

The differentiation of the four hazard processes
is based on the effects they have on an asset.
In some cases, extreme rainfall events can also
lead to various hazard processes occurring at the
same time (e.g riverine flooding and ponding).

cess in a river channel and an inundation area is

Table 2 includes a short description of the four

called flood-routing. During this process, the ma-

hazard processes and the resulting local pheno-

gnitude of the runoff is affected by superposition

mena.

21

P53087_Rainex Handbuch_engl_final.indd 21

24.08.16 12:37

3 Hazards

Table 2: List of hazard processes, description and triggering events as well as resulting local phenomena
Hazard
process

Description
Riverine flooding occurs when a river’s
discharge exceeds its channel capacity.
Therefore, this hazard process only occurs
in the vicinity of existing rivers or streams.

Riverine
flooding

It results in inundation or overflow of areas which are normally dry. The water masses move in a concentrated manner and
can result in highly dynamic velocities,
turbulences, shear stresses and forces.
This hazard process has a spatial scale
from a few sq. kilometres to several ten
thousand sq. kilometres.

Ponding

Ponding is a type of inundation caused by
rain falling on flat surface or by an increase
in the groundwater level. The accumulated
water does not run off. A layer of water can
be a few centimetres thick only, in depressions also much more. During ponding,
the water masses only induce hydrostatic
pressure without significant flow velocity.
This hazard process has a spatial scale of
less than one hundred sq. kilometres.

Debris
flow

Hillslope
flooding

Debris flow is the rapid movement of masses consisting of water and a high proportion of solids (debris, stones, rocks,
wood). Debris flows descending steep
channels commonly attain velocities that
surpass ten metres per second, although
large flows can reach much higher velocities.

Triggering event
C
 yclonic or convective
rainfall event
T
 ime scale: a few hours to
a few days
S
 patial scale: a few
sq. kilometres to several
thousand sq. kilometres

Local
phenomena
Log jam
Ramming
Scouring
L
 ongitudinal
erosion
Overtopping

A
 dditional trigger events:
snow melt in combination
with rainfall, high antecedent soil moisture from a
previous event

Lateral erosion

C
 yclonic or convective
rainfall event

Softening

T
 ime scale: hours to days
S
 patial scale: not relevant
A
 dditional trigger events:
breach of flood protection
dam, high groundwater
level or bridge jam

L
 ong-term cyclonic,
convective or orographic
rainfall event
T
 ime scale: minutes to
hours, days

Submersion

Internal erosion
Submersion
Overtopping
Lateral erosion

L
 og jam
R
 amming
L
 ateral erosion
O
 vertopping

S
 patial scale: less than one
hundred sq. kilometres

This hazard process has a spatial scale of
less than one hundred sq. kilometres and
only occurs in steep terrain.

A
 dditional trigger events:
snowmelt, break of log jam
or sudden thaw of frozen
ground/landslides

Hillslope floods are caused by local runoff
on the surface without any concentrated
flow and river network.
Local hillslope floods are common in rural
areas with high relief energy, erodible soil
particles.

C
 onvective rainfall event

Overtopping

T
 ime scale: minutes to
hours

Lateral erosion

This hazard process has a spatial scale of
less than five sq. kilometres.

A
 dditional trigger events:
high groundwater or nearsurface flow (interflow),
unsuitable ploughing of
rural areas

S
 patial scale: less than
one hundred sq. kilometres
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3.4 Local phenomena

consequences. RAINEX takes account of nine ty-

As depicted in the sequence chain in section 3.1,

pes of local phenomena. Each local phenomenon

hazard processes can lead to one or more local

is caused by one or more hazard processes. Table

phenomena. The local phenomenon is the lower-

3: Detailed description of local phenomena pro-

level hazard developing at the asset at stake. De-

vides a detailed description of the nine local phe-

pending on the exposure and the vulnerability of

nomena including schematic illustrations.

an asset, it may lead to an impact and to local

Table 3: Detailed description of local phenomena
Local
phenomena

Description

Illustration

Large amounts of loose material (e.g. wood, etc.)
accumulate at the infrastructure (i.e. bridge) and
lead to increased pressures (structural damage)
or overflow.
Log jam

Log jams may lead to secondary effects (e.g. overtopping) on other objects in the vicinity.
Relevant for:
R
 iverine flooding
D
 ebris flow
Loose material (e.g. wood, deposits, barrels,
etc.) collides with bridge pillars and/or superstructure leading to structural damage.
Relevant for:

Ramming

Riverine flooding
Debris flow

The soil at the foundation of a bridge pillar or
abutment erodes due to increased flow velocities leading to structural damage.
Relevant for:
Scouring

Riverine flooding
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3 Hazards

Local
phenomena

Description

Illustration

Soil is removed from the (extended) river bank
alongside the infrastructure.
Relevant for:
Parallel
erosion

Riverine flooding
Debris flow

The water level above the surface of an infrastructure increases and material accumulates
due to sediments in the water leading to an obstruction of road/rail sections.
Furthermore, overtopping may cause oblique
erosion on the embankment due to high overflow velocities.
Relevant for:
Overtopping

Riverine flooding
Ponding
Debris flow
Hillslope flooding

The soil at the foundation of a rail/road infrastructure is removed due to overflow of water
and/or debris.
Oblique
erosion

Relevant for:
Riverine flooding
Ponding
Debris flow
Hillslope flooding
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Local
phenomena

Description

Illustration

Local basins (especially tunnels and underpasses) are filled when the local drainage system
has insufficient capacity, leading to obstruction.
Relevant for:
Submersion

Riverine flooding
Ponding
Hillslope flooding

Saturated or partially saturated soil substantially loses strength and stiffness in response to a
specific water stress over time.
Relevant for:
Softening

Riverine flooding
Ponding

The difference of the water level between both
sides causes hydraulic pressure on a dam or
embankment, flushing out fine particles leading
to structural damage.
Internal
erosion

Relevant for:
Riverine flooding
Ponding
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4

THE RAINEX
METHODOLOGY
4.1 METHODOLOGICAL APPROACH
The RAINEX methodology is a risk-based approach
that follows four major steps as can be seen from
the ﬂowchart in Figure 4. The following sections are
arranged in the same order as the methodology.
In the ﬁrst step (criticality analysis), the transport
network under investigation has to be deﬁned
and assessed based on a road link performance
analysis. The size of the network to be investigated depends on the scope of the study. This step
is carried out at ‘network level’ and its output is
a set of critical network sections to be assessed
in the subsequent steps. If the user has already
identiﬁed the network or section to be assessed,
this step can be skipped.
In the second step, an exposure tree analysis has
to be conducted for all hazard processes to identify the relevant local phenomena for each asset.
Furthermore, this serves as a ﬁlter for the more
detailed subsequent steps. These steps are per-

formed at ‘object level’, which means that they
have to be carried out for each asset of the identiﬁed critical network sections.
Based on the set of assets identiﬁed, a detailed
exposure assessment using the predeﬁned exposure matrices has to be carried out for each local
phenomenon identiﬁed. This step is followed by
assessing the vulnerability of each exposed asset
using vulnerability matrices. The result of the two
steps is a quantiﬁable assessment using a scoring
system to categorise the individual assets.
These two numerical values are used for the ﬁnal
step, the risk assessment. First, both the exposure
and the vulnerability score are put into an exposure-vulnerability matrix. The impact of the local
phenomena on the asset is also used as input for
the consequence assessment.
The output of this method is a risk categorisation
of each asset with respect to all local phenomena.
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4 The RAINEX methodology

criticality analysis

Network identification

Road links
performance assessment

Critical network
sections identification

Exposure analysis

For all hazard processes
Exposure tree analysis
based on method sheets
For all identified local phenomena
Exposure assessment
based on exposure matrices

risk assessment

Exposure score
for each asset against
each identified local
phenomenon

VULNERABILITY ANALYSIS

Network sections with
high criticality identified
for further investigation

For all identified local phenomena
Vulnerability assessment
based on vulnerability matrices

Vulnerability score
for each asset against
each identified local
phenomenon

Impact assessment
based on
exposure-vulnerability matrix

Consequence assessment
based on
impact-consequence matrix

Figure 4: RAINEX methodology
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4 The RAINEX methodology

4.2 Criticality analysis
The first step of the RAINEX methodology is to

4.2.2 Road links performance
analysis

analyse the criticality of a network. This step is

Link criticality is a network performance indica-

used to identify the network sections to be as-

tor mainly used in network theory. It can be used

sessed for exposure, vulnerability and risk. The

to assess the performance of network compo-

benefit of RAINEX’s criticality analysis is that it al-

nents to highlight the importance and signifi-

lows those sections to be identified which may

cance of the road links in a network. Link criticali-

have significant impacts on the whole network if

ty analyses can be used to determine those road

they are impaired and that it helps to determine

links and sections (or sets of links and segments)

the network sections (individual or sets of sec-

that are essential for the overall operation and

tions) to be focused on.

functionality of a network. RAINEX makes use of
the network performance analysis, developed by

It must be noted that this step is only applicable to

Nagurney1, who proposed a methodology for cal-

road networks; rail networks should be handled

culating the performance of network links, using

in a different way since rail vehicles are not capa-

the traffic demand of a network and the diffe-

ble of making a detour. Sections of rail networks

rence in travel time resulting from the closure of

are by definition more critical since any impair-

the various links of the respective network.

ment of the rail network compromises the overall
functionality of the whole network (i.e. the use of

In this sense, the link categorisation that link criti-

alternative routes in case of an emergency is li-

cality introduces is based on the effect that each

mited). In addition, rail networks often have their

link closure has on the total cost (i.e. travel time)

own categorisation to reflect the significance of

of the network. The steps to be taken to calculate

individual sections (for instance the TEN-T net-

the criticality of road links are as follows:

work), which is why the RAINEX consortium did
not consider it necessary to make the criticality

Step 1: The respective proportion of the total

analysis suitable for rail networks.

traffic demand of a given road network is assigned to the individual network links.

4.2.1 Network identification

Step 2: The overall network efficiency is calcu-

The first step of applying the methodology – the

lated (with regard to the overall time travelled

network identification process – serves to define

in the network).

the transport network sections to be investiga-

Step 3: The links of the network are removed,

ted. The size of the network to be assessed de-

i.e. closed, one after the other; then, the ove-

pends on the scope of the study and on the type

rall network efficiency is calculated again. In

of user applying the methodology (owner/opera-

this way, each link (removal) is associated with

tor or government/policy maker). It can either be

the resulting network efficiency.

an entire network or individual sections with high

Step 4: Component (link) performance is com-

priority for the user.

puted by comparing the overall network efficiency (without any link removal/closure) to
the network efficiency after removing/closing

1

 ource: Nagurney, A., and Q. Qiang. A network efficiency meaS
sure with application to critical infrastructure networks. Journal of Global Optimization, Vol. 40, No. 1-3, 2008, pp. 261–275.

a link.
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Step 5: The process is repeated for all road
links of a given network.
The resulting performance index for each link
represents the difference in the network’s efficiency before (initial/normal condition of the network) and after the removal of the link(s).

4.2.3 Critical network sections
identification
Link criticality is considered crucial in transportation engineering. In case of a disaster, the closure
of links that are characterised as critical affects

Figure 5: Results of a criticality analysis

the actual performance of the network and can
result in difficulties in disaster management and
even lead to situations where people’s lives are
put at risk. At planning level, criticality analyses

4.3 Exposure & vulnerability analyses

of road links can be a powerful tool for identify-

4.3.1 Exposure tree analysis

ing those links (or sets of links) that need to re-

The ‘exposure tree analysis’ is the first part of

main functional and operational during extreme

the overall exposure analysis process and the

rainfall events and for making sure that potential

first step in assessing the exposure of assets to

impacts are attenuated to the maximum degree

the hazard processes. For each of the four haz-

possible. The criticality analysis is also used to

ard processes described in section 3.3, there is

identify those links where action must be taken (in

an individual exposure tree. Figure 6 shows a

terms of protective measures, etc.). It can be assu-

schematic illustration of an exposure tree and

med that the lower the performance index is, the

its components. The actual exposure trees de-

less important the removed link is and vice versa.

veloped within RAINEX can be found in the digital attachment or downloaded from the project

Figure 5 shows an exemplary result of a criticality

website (www.rainex-project.eu).

analysis. The RAINEX approach uses the following
three categories of link criticality (depending on

The exposure trees are tools that involve differ-

application): high, medium and low (each of them

ent steps for analysing the potential risk of spe-

being displayed in a different colour). Road links or

cific parts of an infrastructure. The exposure

sections highlighted in red shall be subject to further

trees support the users in assessing the expo-

analyses as regards their exposure and vulnerabili-

sure of a specific asset to a given hazard process

ty to specific hazard processes. The criticality analy-

and the corresponding local phenomena. Thanks

sis described in this Handbook is a helpful tool for

to the simple tree structure, the users are guided

identifying those sections of a given road network

from a hazard process to a set of possible local

that should also be analysed using a risk-based ap-

phenomena via a number of different criteria.

proach, in order to ensure that they remain functio-

Each criterion corresponds to a specific ‘method

nal during extreme rainfall and flood risks.

sheet’ defining a process that supports the users
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4 The RAINEX methodology

Method Sheet
2

criterion 3

Local
Phenomenon X

Exposure
Matrix X

Vulnerability
Matrix X

criterion 4

Local
Phenomenon Y

Exposure
Matrix Y

Vulnerability
Matrix Y

Local
Phenomenon Z

Exposure
Matrix Z

Vulnerability
Matrix Z

criterion 1

hazard Process

Method Sheet
1

criterion 2

Method Sheet
3

criterion 5
Method Sheet
4

Figure 6: Schematic illustration of an exposure tree
in deciding whether the criterion is valid or not.

4.3.2 Method sheets

The procedures defined in the method sheets are

As mentioned in the previous section, the criteria

optional. Detailed information on the method

shown in the exposure trees clearly relate to spe-

sheets is provided in section 4.3.2.

cific method sheets with consecutive numbers.
Together with these method sheets, the criteria

When applying the methodology, the users shall

help to identify those assets in critical network

also consider taking into account information/

sections that are exposed to certain hazard pro-

data on past extreme rainfall events in the inves-

cesses and the corresponding local phenomena.

tigated area available from local authorities or on

The method sheets contain a detailed descripti-

the internet. Such additional information can pro-

on of the method itself, and include schematic

vide added value for the assessment process.

illustrations and/or examples as well as a list of
the data needed. The methods are mainly auto-

After having identified the relevant local phenom-

matic or semi-automatic GIS-based procedures.

ena, the exposure tree analysis refers the users to

Thus, each method sheet includes a description

the related exposure and vulnerability matrices.

of the relevant steps to be followed.

In principle, there are two matrices for each local
phenomenon. However, for some local phenom-

Figure 7 shows a method sheet. The actual me-

ena (e.g. overtopping) there is only an exposure

thod sheets developed within RAINEX can be

matrix (asset is either overtopped or not). Detailed

found in the digital attachment or downloaded

information on the exposure and vulnerability

from the project website (www.rainex-project.eu).

matrices is provided in sections 4.3.3 and 4.3.4.
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the local phenomena to occur. The exposure
Method sheet – MS xx

assessment has to be carried out for each potentially exposed asset in each road and/or rail section identified as being critical and which could
not be excluded in the course the exposure tree
analysis. Figure 8 shows a schematic illustration

Method sheet title
General description of the method sheet and its application
Input data
Information on the input data needed for the application of the method sheet
Data quality
Information on the required input data quality

of an exposure matrix. The actual exposure matrices developed within RAINEX can be found in
the digit al attachment or downloaded from the
project website (www.rainex-project.eu).
The exposure matrix contains two pieces of relevant information for the assessment. On the one
hand, it includes a list of parameters that are relevant for the assessment of the exposure of an
asset to a specific local phenomenon. For more

Method
Information on type of method, detailed description
and guidance through the assessment steps

complex parameters, the matrices contain general and/or parameter-specific comments to support the users in the assessment process.

Illustration
Space for screenshots of the application of this method sheet and examples

On the other hand, the matrix provides numerical
values or descriptions for each parameter to be
allocated to a risk category, i.e. low, medium and

Figure 7: Schematic illustration of a method sheet

4.3.3 Exposure assessment

high or no risk (columns B–E). Additionally, each
parameter can be weighted individually (column
A) in order to customise the importance of different parameters in the list. However, assigning dif-

As mentioned in the previous chapter, the ‘ex-

ferent weights to the parameters has to be done

posure assessment’ forms the second part of

with caution and should be optional.

the overall exposure analysis process and is an
important step in performing a detailed assess-

Both the default content provided in the RAINEX

ment of the exposure of assets to identified local

Handbook and the assessment made using the

phenomena. This step is based on the applica-

matrices are based on expert judgement. The

tion of exposure matrices. An individual exposu-

users can apply the provided matrices for the as-

re matrix is available for each local phenomenon

sessment, but they can also change the default

described in section 3.4 in the exposure tree.

values included or extend the content of the matrices by adding additional parameters when more

The exposure matrices contain hazard-rela-

detailed information is available (e.g. to adapt it to

ted parameters in the vicinity of the asset.

specific conditions which may not be adequately

They describe the likelihood and magnitude of

covered by the RAINEX approach).
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4 The RAINEX methodology

Hazard process: e.g. hillslope flooding
Exposure Matrix

EM-01

Local phenomenon: e.g. overtopping

A

B

C

D

E

F

G

Parameter

weight
[1–3]

not relevant
0

low
1

medium
3

high
5

exposure

weighted
exposure

Land use on relevant slope [A]

2

forest

meadow

agricultural
area

sealed area

3

6

Long-lasting dry periods

1

extremely
rare

once in 10
years

annually

1

1

Exception parameter [B]

no

...

...

1

...

...

Comments
General

General comment on exposue matrix EM-01

[A]

Specific comment on parameter 1

[B]

Specific comment on parameter 3

...

...

...

...

SCORE:

2.3

Exposure Score
not relevant
0
low
1.0 – 2.5
medium
> 2.5 – 4.0
high
> 4.0 – 5.0

Figure 8: Schematic illustration of an exposure matrix
The results of the assessment of each parameter

assessment, the assessment process is carried out

have to be manually entered into column F. The

by applying matrices. The structure of the exposure

weighted exposure and the total exposure score

matrix and the vulnerability matrix is the same, with

are automatically calculated by the spreadsheet.

the vulnerability matrix corresponding to the asset-

If one parameter is zero (‘not relevant’) the overall

related parameters (characteristics) that describe

score is zero, or else, the following equation is used:

the possible resistance to the local phenomena.

Exposure score =

∑ weighted exposure
∑ weight

Figure 9 shows a schematic illustration of a vulnerability matrix and its content. The actual vulnerability matrices developed within RAINEX can

Together with the results of the vulnerability as-

be found in the digital attachment or downloaded

sessment, the exposure score is used in the final

from the project website (www.rainex-project.eu).

step, the risk assessment.
The procedure to be followed for the vulnerability

4.3.4 Vulnerability assessment

assessment is very similar to the procedure for the

The exposure assessment is followed by a vulne-

previously explained exposure assessment. The fi-

rability assessment. In this step, the vulnerability

nal output of this step is a vulnerability score which

of each exposed asset is assessed for a set of local

is either zero if one parameter is zero (‘not relevant’),

phenomena. Similar to the process of the exposure

or is calculated by using the following equation:
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Hazard process: e.g. hillslope flooding
Vulnerability Matrix

VM-01

Parameter

Local phenomenon: e.g. overtopping

A

B

C

D

E

F

G

weight
[1–3]

not relevant
0

low
1

medium
3

high
5

exposure

weighted
exposure

Drainage system

1

sufficient
capacity

existing

inexistent

3

3

Maintenance of drainage
system

1

well
maintained

poorly
maintained

not
maintained

1

1

...

...

...

...

...

SCORE:

2.0

...

...

...

Comments
General

General comment on vulnerability matrix VM-01

Vulnerability Score
not relevant
0
low
1.0 – 2.5
medium
> 2.5 – 4.0
high
> 4.0 – 5.0

Figure 9: Schematic illustration of a vulnerability matrix

Vulnerability score =

∑ weighted vulnerability
∑

weight

4.4.1 Impact assessment
In the first step, the results of the exposure and
vulnerability assessments are combined in the

Together with the results of the exposure assess-

‘exposure-vulnerability matrix’ shown in Figure

ment, the vulnerability score is used for the final

10. As mentioned in the previous chapters, expo-

step, the risk assessment.

sure and vulnerability assessments are carried
out (at object level) for each asset under inves-

4.4 Risk assessment

tigation. Therefore, an exposure-vulnerability

The final step of the RAINEX methodology is the

matrix is available for each asset, combining the

process of assessing the actual risk by combining

results of the two analyses. The result of both

the results of all previously conducted analyses.

steps can either be zero (‘not relevant’) or a cal-

The output of this step is the risk of each critical

culated score ranging from 1 to 5. By using the

asset with respect to all hazard processes.

two scores from the previous analyses, each local
phenomenon assessed is allocated to one of the

The risk assessment process can be divided into

four ‘impact categories’ (not relevant, low, medi-

two main parts, with each part of the assessment

um or high impact).

being conducted on the basis of a specific assessment matrix described in this chapter.
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4 The RAINEX methodology

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

medium
2.5 – 4.0

no impact

high
4.0 – 5.0

no impact

Figure 10: Schematic illustration of the exposure-vulnerability matrix
By using the same ‘traffic light system’ (green-red-

Optionally, the risk assessment can be extended

yellow) as in the criticality analysis, the results of

by adding possible consequences of the impact on

this matrix can also be shown on a map in addition

the network as in Figure 12. To this end, additional

to the map shown in Figure 5. Figure 11 shows the

impact categories have to be added to the previ-

results of the exposure and vulnerability matrix by

ously mentioned exposure-vulnerability matrix.

applying the impact categories to each asset on the

The results of this matrix can be used in the next

very critical (red) road network section.

step, the consequence assessment.

4.4.2 Consequence assessment
As mentioned in the previous step, the RAINEX
risk assessment can be extended by adding local consequences to the hazard’s impacts. In this
case, the results of the extended exposure-vulnerability m atrix are transferred to the impactconsequence matrix shown in Figure 13. This
matrix is based on ISO standard 31000:2009 (risk
assessment).
Figure 11: Results of the exposure and
vulnerability analysis

This additional matrix allows its users to apply
the concept of consequences of hazard scenarios

If the results of the impact assessment meet the

to infrastructure facilities. In this case, the conse-

purpose of the user, the application of the RAI-

quence is represented by the out-of-service time

NEX methodology can be stopped at this point. In

(non-availability) of a transport infrastructure

this case, the outcome of the methodology is an

(asset). However, also costs (repair and replace-

allocation of assets to four categories based on

ment costs) or other types of consequences can

their exposure and vulnerability (impact).

be used.
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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 12: Schematic illustration of the extended exposure-vulnerability matrix
Similar to the application of the previous matrix,

rastructure. The RAINEX methodology allows its

each local phenomenon is allocated to one of the

users to also assess the influence of hazards on

five ‘risk categories’ (not relevant, low, medium,

the network. Therefore, going back from object

high or extreme) by using its impact score and an

level to network level is possible.

estimation of its (local) consequence for the inf-

Impact

(Local) Consequence
reduced
capacity

hoursdays

daysweeks

weeksmonths

monthsyears

very high

low

medium

high

extreme

extreme

high

low

medium

high

extreme

extreme

medium

low

medium

high

high

extreme

low

low

medium

medium

high

extreme

very low

low

low

medium

medium

high

no impact

not
relevant

not
relevant

not
relevant

not
relevant

not
relevant

Figure 13: Schematic illustration of the impact-consequence matrix
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5

PRACTICAL
EXAMPLE

5.1 INTRODUCTION

The Aist River is 13.8 kilometres in length and rises

This chapter includes a practical example of the

at Hohensteg, where the Feldaist and the Waldtaist

RAINEX methodology in order for the users of the

River meet (Figure 14). The mouth of the river into

Handbook to understand how to apply the me-

the Danube is between Mauthausen and Au an der

thodology.

Donau. The total catchment area is 647 sq. kilometres. The diﬀerence in altitude between the source

The area investigated in this example is located in

and the mouth of the river is about 70 metres. The

Upper Austria and comprises the city of Schwert-

river ﬂows through a narrow valley between Gut-

berg and its surroundings. In August of 2002,

tenbrunner Berg and Gruberger, channelling the

Schwertberg saw a devastating ﬂood event along

water and thus generating a higher and faster di-

the Aist River which has been the last event of this

scharge in this region. Then the river widens again

magnitude for many years. The maximum rain-

and no channelling eﬀect occurs.

fall intensity of the ﬂood event in 2002 exceeded
300 mm/24 h and the ﬁnancial damage (damage to

Another reason for choosing this example is the

buildings and infrastructure) caused by the ﬂood

exposure of the area’s infrastructure facilities to

was estimated at approx. 129 billion euros. This is

extreme rainfall events and the high number of

why this area was considered a good example to be

potential local phenomena. The area is one of

used in this Handbook.

high relief energy, narrow valleys and numerous
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5 praCTiCaL exampLe

Figure 14: Area under Investigation2
small channels and creeks. The types of infra-

sets of links) of a road network to be assessed

structure assets that can be found in this area

under the RAINEX methodology to those that are

include embankments, cuts, underpasses and

critical. This is essential when resources (such as

bridges. The distances between the river and inf-

time, software, etc.) are limited and the user only

rastructure asset are short, the slopes are steep

needs to focus on specific parts of the network.

and the level areas are protected by a dam. The

However, the application of this step is not man-

fact that the Aist River flows into a larger River

datory and will depend on the user’s objectives.

– the Danube –increases the risk of flooding in

In the practical example, the criticality analysis

this area. However, some protection measures in

step was skipped, as the example focuses on pre-

the Danube area have been implemented due to

selected, specific parts of the network.

many riverine floods in the past.

5.2.2 ExPoSURE TREE ANALySIS
5.2 RAINEX APPLICATIoN

The second step in the RAINEX methodology is
to analyse the exposure and vulnerability of the

5.2.1 CRITICALITy ANALySIS

transport infrastructure under investigation. For

The first step in the RAINEX methodology is to

this step, the exposure trees should be used. As

conduct a criticality analysis of a road network

mentioned in section 3.3, the RAINEX methodo-

to be assessed for its exposure and vulnerabili-

logy takes account of the following four types of

ty to extreme rainfall and flooding events. This

hazard processes: riverine flooding, ponding, de-

step serves to reduce the number of links (or

bris flow and hillslope flooding.

2

Source: Google Earth
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5 Practical example

The example chosen deals with the hazard pro-

questions, the user will be able to identify (a) one

cess of riverine flooding. Starting on the left side

or several local phenomena that the hazard pro-

of the exposure tree (Figure 15), the user is asked

cess might lead to and (b) the respective method

a number of questions about the infrastructure in

to be used to quantify the exposure and vulnerabi-

the form of a sequence chain. By answering these

lity of the infrastructure under examination.

Log jam

Riverine
Flooding

Object type:
crossing bridge

Critical relative
altitude of
superstructure
to water level

ramming

MS-02

MS-03

overtopping

Infrastructure
in flat region

Infrastructure
within flood
zones

Infrastructure
in flood-prone
area
(unprotected)

Distance
to river less
than 200 m

Critical relative
altitude of road/
rail embankment to water
level

Object type: embankment, cut

PARALLEL
erosion

MS-01

MS-08

MS-09

MS-05

MS-07

Object type:
embankment,
cut

overtopping

Critical relative
altitude/distance of road/
rail surface to
water level

Object type:
embankment,
cut

OBLIQUE
erosion

MS-03

Object type:
simple cut,
underpass,
tunnel

submersion

Figure 15: Reduced exposure tree for riverine flooding
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As a first step in the exposure tree analysis, the
user needs to identify the flat and hilly regions in
the area under investigation (method sheet No.
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) of
the area with a reclassification and a break value
for highlighting different elevation zones of e.g.
10–15 metres. An example of a map generated
for the area under investigation using a GIS tool is
shown in Figure 16. In Figure 16, 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 16: 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
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 can be used instead of it. Similar to a
GIS, various calculations are used to filter those
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.

Figure 17: Flood map based on calculated flood zones in the vicinity of the transport infrastructure at

As a next step, an intersection of the infrastruc-

the area under investigation

ture 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 17).
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5 Practical example

In a next step, the height of the river dam is calculated by using the difference in height between
the river surface and the area next to the river.
The classification of river embankments is defined in method sheet No. MS-09 and helps to
describe the potential exposure of the embankments. The different colours indicate the following: red: high risk, light blue: moderate risk, dark
blue: low risk.
As can be seen from Figure 18, 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 difFigure 18: Risk for dam breach

ference and the high bending of the river.
To identify the object type ‘crossing bridge’,
method sheet No. 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 19 the river axis is shown as a blue line
and the road axis as a yellow line. The intersecting polylines identifying bridges are marked as
green dots.
A next step is to evaluate the critical relative altitude from 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), taking
into account the following parameters:

Figure 19: Identification of bridges by intersection of
infrastructure network and river

Channel under the water level
River bed roughness
	 Flood water level based on the known flood

peak / or flood peak based on known flood
water level
Flow velocities
Turbulences
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As depicted in Figure 20, next to the investigated
road section a weir is situated. If the water discharge 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. 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. 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).
Figure 20: Illustration of cross section of the river

In Figure 21 the height differences between infrastructure and river surface are shown. The different
colours indicate the following: red: high exposure,
yellow: moderate exposure, green: low exposure.
For all other object types besides crossing
bridges, the distance from the infrastructure to
the river surface has to be evaluated and checked
for being potentially exposed (method sheet No.
MS-05). This step is used as a rough filter, eliminating objects of the exposure tree analysis with
a certain distance (e.g. 200 metres).

Figure 21: Height differences between infrastructure
surface and river surface
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5 Practical example

The small segments in the GIS map in Figure 22
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 of overtopping and longitudinal erosion can occur.
In this practical example, an additional map was
generated to demonstrate the shape of the river.
This provides the user with information about
areas of exposure along the river, based on its
Figure 22: Distances from the river to the road

curve radius. The result (displayed in a map)
should be similar to the hydrologist’s or hydraulic
engineer’ findings.
In Figure 23 the river curve radius is shown as a
coloured line. The different colours indicate the
following: red: high exposure, light blue: moderate exposure, dark blue: low exposure.
A final step in the exposure tree analysis is the identification of local depression and underpasses. This
can be done using method sheet No. MS-12 and
taking into account the critical relative altitude or
the distance from road/rail surface to water level

Figure 23: Illustration of river curve radius

(method sheet No. MS-07). In this example the local
phenomenon of submersion occurs.

Figure 24: Illustration of an underpass
42

P53087_Rainex Handbuch_engl_final.indd 42

24.08.16 12:37

5.2.3 Exposure assessment

ure 25). The river velocity is a main factor which is

After having identified the relevant local phe-

influenced by the presence of loose material up-

nomena, the exposure of the assets under inves-

stream of the infrastructure and the freeboard.

tigation must be assessed using exposure ma-

Taking into account the weighting of the param-

trices. This step has to be done for every local

eters, the calculated score is 3.0. This means that

phenomenon identified in the exposure tree. In

the level of exposure of the asset from log jam is

this example the exposure score of an exposed

medium.

bridge in Schwertberg is shown for log jam (Fig-

Hazard process: Riverine flooding
Exposure Matrix

EM-01

Local phenomenon: Log jam

A

B

C

D

E

F

G

Parameter

weight
[1–3]

not relevant
0

low
1

medium
3

high
5

exposure

weighted
exposure

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

2

3

6

Freeboard (HQ 100+)

2

Velocity of river

1

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

1

dam
small dischar- medium dilarge discharupstream to
ge area;
scharge area;
ge area
hold material
no trees
no trees

very low

1,0 – 1,5 m

0,5 – 1 m

<0,5 m

3

6

low

moderate

high

5

5

<10%

10% – 25%

>25%

1

1

SCORE:

3.0

Comments
General

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

[A]

e.g. wood, deposits, houses, vehicles, etc.

Vulnerability Score
not relevant
0
low
1.0 – 2.5
medium
> 2.5 – 4.0
high
> 4.0 – 5.0

Figure 25: Result of the exposure assessment of a bridge using the exposure matrix No. EM-01
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5 Practical example

5.2.4 Vulnerability assessment

phenomena identified. In the example illustrated

A next step in the methodology is to fill in the

below, the vulnerability score is 2.8. This means

columns F and G of the vulnerability matrix (Fig-

that that the asset is vulnerable from log jam at a

ure 26). This step is to be performed for all local

medium level.

Hazard process: Riverine flooding
Exposure Matrix

VM-01

Parameter

Local phenomenon: Log jam

A

B

C

D

E

F

G

weight
[1–3]

not relevant
0

low
1

medium
3

high
5

continuous
beams with
sometings

continuous
beams

5

10

weighted
vulneravulnerability
bility

Structural system of bridge

2

single beams
with possibility of local
break down

Weight of structure, stability
material

2

light
(steel)

moderate

heavy (concrete)

3

6

Distance of pillars relating to
location of main velocity

1

long

medium

short

1

1

Direction of axis of pillar relating to axis of river

2

parallel

inclined

parpendicular

3

6

Geometriy of pillars

2

round

rectangular;
small width

rectangular;
large 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 26: Result of the vulnerability assessment of a bridge using the vulnerability matrix No.VM-01
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5.2.5 Impact assessment

phenomena can be determined. As mentioned

The extended exposure-vulnerability matrix is

before, this step is to be performed for all local

the last step in the methodology. It shows differ-

phenomena identified. In the example illustrated

ent categories (very low, low, medium, high and

in Figure 27, the investigated bridge has an ex-

very high) by combining the previously analysed

posure score of 3.0 and a vulnerability score of

exposure and vulnerability scores. This way, the

2.8, which means that for the specific asset the

risk for the object to be impacted by the local

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 27: Result of the impact assessment for the investigated bridge regarding the risk of log jam
As shown in Figure 28, the score index can be

the impact from submersion and overtopping is

used for all local phenomena. The impact from

high. This matrix helps to identify the risks from

lateral erosion is low, the impact from longitudi-

all relevant local phenomena.

nal erosion, log jam and ramming is medium, and

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