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Abstract 

A significant challenge for decision-makers in in-

frastructure management consists in the assess-

ment of the resilience of their infrastructural net-

work (and the individual structures associated with 

it) as well as in the choice of suitable measures for 

ensuring or even increasing, where necessary, the 

strength of their network. Taking into account ever 

tightening resources in particular, it is essential, us-

ing suitable methods, only to implement those 

measures to increase resilience that are in a well-

balanced ratio between the cost of the measures 

and the resulting benefits.  

The objective of this research project consists in 

preparing a summary of the state of existing meth-

ods to assess the benefits and costs of measures 

to increase the resilience of road infrastructure. On 

this basis, it is intended to make recommendations 

on the selection of suitable procedures or methodi-

cal approaches. The current international state of 

application of resilience concepts in practical situa-

tions will then be demonstrated using case studies. 

The studies are based on a comprehensive exami-

nation of literature in which both academic publica-

tions and technical reports, guidelines and stand-

ards have been analysed. A study of literature pre-

sents a critical reflection of the current international 

state of the art as regards methods for the as-

sessment of resilience measures on structures and 

networks in the road traffic infrastructure. 

Definition of resilience 

Resilience refers to the ability of a system to be 

prepared for (potentially) damaging incidents, to 

factor them in, to avoid them, to overcome them 

and to recover from them as quickly as possible. 

Damaging incidents are unusual occurrences or 

processes of change caused by humans, technol-

ogy or nature, having extreme or disastrous con-

sequences.  

Definition of resilience measures 

Resilience measures are understood to include 

those structural, technical, planning and organisa-

tional measures on individual structures (e.g. 

bridges or tunnels) or the entire infrastructure net-

work exceeding the specifications in the applicable 

regulatory texts (standards, design codes etc.) 

(e.g. use of high-performance concrete in bridges 

where only conventional types of concrete are ac-

tually specified in the standards for the planning 

situation). Resilience measures can be ascribed ei-

ther to a structure or to an infrastructure network or 

a region.  

Evaluation of resilience measures 

The developed approach to the evaluation of resil-

ience measures is based on established principles 

used, for example, in the context of risk analyses 

or in the evaluation of upgrade or new construction 

measures in traffic planning. The procedural steps 

have been adjusted as appropriate in line with the 

perspectives of structure- or network-specific resil-

ience considerations. The following figure 1 out-

lines the procedure for assessing resilience 

measures.  

Figure 1: Flow chart showing the procedure for the assessment 

of resilience measures. 

An international comparison reveals that, although 

there are some differences between individual 

countries, there are also significant similarities in 

methodical approach. A cost/benefit analysis is 

carried out most frequently and in many cases is 

supplemented with other criteria and expanded in-

to a multicriteria analysis or a combination of 

cost/benefit analysis and multi-criteria analysis. 

For resilience measures, the costs and effects – 

depending on the level of planning – should be es-

timated as accurately as possible. This applies to 

investments, reduced probabilities of damaging in-

cidents, their impact on system functionality, the 

extent of the damage and how long the system 

takes to recover. Such estimates should enable the 

use of different evaluation methods at different 

levels of detail (down to the cost/benefit analysis). 

Where possible, uncertainties in assessment 

should be taken into account in the evaluation of 

the resilience measures. Where not all expected 

effects can be monetised, a comparative val-

ue/utility value or cost/effectiveness analysis can 

also be carried out. For a reliable evaluation of re-

silience measures, all three procedures should 

however then be used together. One finding of the 
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investigations is, moreover, that the macroeconom-

ic impact of measures in current projects and pro-

ject specifications are not being taken into account 

in Germany.  

Investigation of case studies  

Using selected international case studies, the cur-

rent state of application of the resilience concept in 

everyday infrastructure management practice will 

be shown.   

In researching case studies, it became apparent 

that the concept of resilience is used today in many 

different academic disciplines. What, however, ap-

pears to be an accepted and established concept 

in academic theory is as yet however only seldom 

comprehensively used in everyday infrastructure 

management practice. Although evaluations of traf-

fic measures are frequently carried out, they are 

not so much resilience measures, but have gener-

ally been created for new-construction and up-

grade projects.  

From the case studies analysed, it can be de-

duced, from a very general perspective, that the 

subject has already come to the attention of the 

decision-makers but its translation and implemen-

tation into the practical daily life of infrastructure 

managers is still very piecemeal and somewhat ra-

re, and even then, it is hardly ever documented. 

Recommendations 

For the selection of suitable procedures and meth-

ods for the evaluation of resilience measures, it is 

recommended that the resilience concept as de-

scribed in this report should be integrated into ex-

isting procedures rather than various new evalua-

tion procedures being developed. 

One innovative approach to resilience manage-

ment that should take place in a first pragmatic 

step might take the form of a two-step process:  

1) Net screening on a superordinate level (with 

analysis of low-level detail) to identify weak 

points in the system. The following questions 

should be examined: what elements of a 

system should be assessed as being par-

ticularly critical (criticality)? Where is there 

increased need for resilience due to a poten-

tial risk situation?  

2) With the knowledge of the critical elements 

in the system (results from step 1, Net 

screening) specific, in-depth, more complex 

resilience analyses should be carried out at 

structure level. The decisive issues here are: 

where and to what extent is it worth invest-

ing in resilience? What system elements and 

damaging incidents should fall within the 

scope of the analysis? What are actually the 

most important functional components (to be 

evaluated)?  

Future resilience management still to be estab-

lished can be based on the evaluation procedures 

described. The scope of the determination of effec-

tiveness increases in terms of inherent complexity 

and expense according to the extent of the resili-

ence measure. Due to the time-consuming nature 

of monetising the individual components of system 

functionality, it is recommended only to resort to 

cost/benefits analysis evaluation methods in the 

case of rather more extensive (expensive) resili-

ence measures. Evaluation of resilience measures 

with low cost consequences is also possible as an 

alternative, using the other methods (individually or 

preferably in combination).  

Not least, a unified understanding of the concept 

and the use of standardised terminology is recom-

mended: all those involved in infrastructure man-

agement should use the same terms with the same 

understanding of them in discussion of resilience 

measures. This report will lay the foundations for 

this. 
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1 Introduction 

1.1 Initial situation 

Safeguarding the resilience of infrastructure in the 

event of damaging incidents caused naturally or by 

humans is increasingly important for infrastructure 

operators. It should be ensured, by suitable struc-

tural, technical or organisational measures, that the 

occurrence of the incident is avoided as far as 

possible or, in the event of an incident occurring, 

the availability and functionality of the infrastructure 

network affected remains intact for all user groups 

while the consequences of the incident are miti-

gated and the functionality of the system restored 

as quickly as possible.  

One important challenge for decision-makers con-

sists in the assessment of the resilience of their in-

frastructure network (and its associated individual 

structures) and in the choice of suitable measures 

to ensure the resilience of their network or, where 

needed even to increase it. Taking into account 

ever tightening resources in particular, it is essen-

tial, using suitable methods, only to implement 

those measures to increase resilience that are in a 

well-balanced ratio between the cost of the 

measures and the benefits thereby created.  

The subject of resilience is an important part of the 

long-term strategic focus of the research plans of 

the Federal Highways Research Institute (BASt).  

1.2 The problems 

As a starting point for in-depth future studies by 

BASt, this study will present the current state of re-

search into the evaluation of resilience measures. 

In this work, depending on specific criteria, it is in-

tended to verify what procedures for the evaluation 

of resilience measures are best suited to improving 

resilience in what situations and when. 

The objective of this research project consists in 

the preparation of an overview of the current situa-

tion regarding methods for the assessment of costs 

and benefits of measures to increase the resilience 

of road infrastructure. Based on this, it is intended 

to make recommendations on the choice of suita-

ble procedures and methodical approaches.  

It is intended then to demonstrate the current in-

ternational state of application of resilience con-

cepts in practice using case studies.  

1.3 Procedure 

An investigation of the state of the art with respect 

to the evaluation of resilience measures is broken 

down into the following five main questions (Figure 

2).  

Figure 2: Main questions in project handling 

“Resilience” is a modern term that has many uses, 

not only in infrastructure management but also 

(and in particular) in many other disciplines. The 

objective of the first main question, therefore, con-

sists in deriving from the existing multitude of defi-

nitions for resilience, one definition that is relevant 

and appropriate for the infrastructure management 

of road traffic systems.  

A coherent definition of resilience measures can be 

derived on the basis of a consolidated understand-

ing of the processes behind the term resilience. 

These measures are assigned to type categories in 

the context of the definition of resilience.  

One central element of the investigations is ulti-

mately to answer the main question as what pro-

cedure is most suited to the evaluation of resilience 

measures. In the context of these investigations, 

the most important part of the procedure for evalu-

ating resilience measures is the selection and de-

scription of efficient methods for evaluation of the 

measures. Due to the extent and the significance 

of this 4th main question, the approaches to evalua-

tion of resilience measures will be described in a 

separate chapter.  

A selection of case studies is intended to indicate 

whether and how the theoretical considerations in 

the evaluation of resilience measures come to be 

used in current practice. To this end, selected stud-

ies are analysed, and suitable case studies identi-

fied and documented in summary using fact 

sheets. In the conclusion of the investigations, on 

the basis of the results of the above set of ques-

tions, recommendations are derived for the BASt, 

in order to be able to use methodical approaches 

to carrying out evaluations of resilience measures 

efficiently.  

The studies are based on a comprehensive exami-

nation of literature in which both academic publica-

1. What does resilience mean?

2. What are resilience measures?

3. What procedure is suitable for the evaluation of

resilience measures?

4. What methods are suitable for the evaluation of

resilience measures?

5. Are there application examples?
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tions and technical reports, guidelines and stand-

ards have been analysed. A study of literature rep-

resents a critical reflection of the current interna-

tional state of the art as regards methods for the 

assessment of resilience measures on structures 

and networks in the road traffic infra-structure. With 

the objective of creating an overview of the me-

thodical approaches to the evaluation of measures 

most relevant to the BASt questions, the research 

into literature addresses in particular the question 

as to what methods of evaluation there are for re-

silience measures and what evaluation criteria are 

used. 

The following chapters are organised in line with 

the main questions set out in Figure 2. 

2 Resilience 

2.1 Definition  

Resilience can be simply described as the inherent 

capability of a system to absorb changes and dis-

ruptions of various kinds, to adapt to them and to 

retain its characteristic functionality. Resilience is 

therefore a system characteristic and not a system 

state [1]. It is greater, the better unusual damaging 

incidents can be overcome, disruptive impacts on 

the system anticipated and adaptive learning ef-

fects gained for the system [1]–[32].  

In these investigations, the following definition of 

resilience is specified with the supporting experts 

from the BASt taking into account the definitions in 

[2] and [3]:  

“Resilience is the ability of a system to be pre-

pared for actual or potential damaging inci-

dents, to factor them in, to avoid them, to over-

come them and to recover from them as quick-

ly as possible. Damaging incidents are unusual 

occurrences or processes of change caused by 

humans, technology or nature, having extreme 

or disastrous consequences.” 

The resilience of a system can be assigned to five 
different sequential phases represented in the form 
of a resilience cycle in Figure 3 [1]:  
The first phase covers preparation for the unusual 
damaging incidents for example by fitting early 
warning systems (prepare). By reducing the under-
lying risk factors, the occurrence of one or more in-
cidents should also be avoided (prevent). 

 

Figure 3: Resilience cycle in line with [1] 

If an unusual damaging incident should neverthe-

less occur, it is important that existing protective 

systems operate without defect and the negative 

impacts are minimised as far as possible (protect). 

By rapid, well-organised immediate measures, the 

extent of the damage resulting from the incident is 

reduced, and the functionality of the system re-

tained as far as possible (respond). Finally a resili-

ent system is also characterised primarily by the 

fact that it is able to recover and adaptively gain a 

learning effect from the event in order to be better 

armed for future incidents (recover).  

Development of resilience 

The definition and application of the term resilience 

was originally used in psychology and reflected the 

ability of people to recover after an illness or other 

setbacks. Based on the Latin origin of the word re-

silience (resiliere = in the sense of a rebound or 

jumping back), a common core exists between the 

various academic disciplines that use this term: 

this relates to the successful handling by a system 

of a disruption or impact (a “shock” in the event of 

a damaging incident), in particular due to adaptive 

capabilities or opportunities to reduce vulnerability 

[11]. The disruptions are triggered by unusual 

damaging incidents and lead to direct and indirect 

consequences. The totality of the consequences is 

understood in general to be the extent of the dam-

age to be expected as a result of an event. In the 

context of the resilience considerations here, the 

extent of the damage is represented by the loss of 

functionality of the system under consideration.  

Discussions and definitions concerning the term 

resilience in the context of disaster management, 

the protection of critical infrastructure and social 

systems is often fundamentally linked to the man-

ner in which a system reacts to one or more unu-

sual damaging incidents and how this can be pre-

pared for [24]. 

Damaging incidents are, for example, natural dis-

asters caused by climate change, terrorist attacks 

Prepare

Prevent

Protect

Respond

Recover

START

RESILIENCE

CYCLE
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or severe industrial accidents. Such events and 

their results (synonymous with the extent of the 

damage, consequences) represent serious threats 

to individual systems and modern societies. At the 

same time, rising complexity and increasing net-

working in society ensure that some systems are 

becoming more susceptible to what are known as 

“cascade effects”. As a consequence, (not only 

technical) systems should be designed to be as re-

silient as possible in order to enable societies and 

their relevant subsystems to minimise the damage 

caused by destructive events.  

Resilience nowadays is considered to be a com-

prehensive, holistic problem-solving approach 

whose objective is to increase the general re-

sistance and regeneration capability of (technical) 

systems. Here, it does not matter whether the 

threatened damaging incidents are already known 

of or are completely new and occur unexpectedly. 

Prevention and anticipation are therefore seen as 

essential components of resilience [31]. Resilience 

may also be understood to be the extent of ad-

verse effects that a system can withstand, without 

transitioning into a different state of stability [1]. 

The central element of the resilience concept 

therefore is the capability of a system to self-

rehabilitate, or, more precisely, to independently 

adapt and repair itself in the period after an event 

which affects it [33] [32]. 

Searching for a suitable definition of resilience, 

terms that are also closely associated with resili-

ence, such as risk, vulnerability, robustness and 

criticality, are also often referred to nowadays. In 

order to be able to define the resilience concept in 

the context of infrastructure management in a 

traceable manner, it would seem important here to 

make a rational distinction between concepts 

sometimes closely related, and to present the over-

riding context.  

Integration into the risk concept 

Resilience considerations fit neatly into the system-

ic risk concept shown in Figure 4. Risks are un-

derstood to be events that have an impact on a 

system which occur with a certain degree of prob-

ability (W) and in the event of their occurrence, can 

lead to a disruption of the system and failure of 

system components or of the entire system (con-

sequences, extent of damage (A)). From a mathe-

matical point of view, risk (R) is defined as the 

product of probability of occurrence and the degree 

of damage to be expected [35] [34] [36], [37]:  

𝑅 = 𝑊 × 𝐴 {Formula 1} 

 

 

 

Figure 4: Representation of relations between an incident and 

its consequences according to [34].  

Uncertainties in the assumptions, both for the 

probability of occurrence of certain events and for 

the extent of the damage to be expected, can be 

quantified using probability methods and taken into 

account in decision making [38]. 

With respect to Figure 4, it is assumed that every 

system is exposed to different short and long-term 

events. This is referred to as the exposure of the 

system. The events have an impact on the system 

and can lead to changes in system stability. This 

means that direct or indirect consequences are 

caused within the system.  

In this connection, the term vulnerability de-

scribes the direct consequences (or damage) that 

occur due to the impact of an event on an individu-

al system component. For example, the failure of a 

cable (=system component) of a suspension bridge 

(=system) due to strong winds (=event). The vul-

nerability of the bridge as a system is therefore de-

fined using the failure probability of the system 

components. The vulnerability of the system can 

be quantified according to [34] as the proportion of 

the risks due to direct consequences on the overall 

value of the infrastructure system under considera-

tion. All relevant exposure values within a defined 

period must be taken into account1.  

 

Measures for reducing the vulnerability of a system 

rely, by strengthening individual system compo-

nents (on the principle of the weakest link in the 

 
1 In some publications, the terms robustness and vulnerability 

are defined as complementary concepts (see for example [6]). 

In the context of structural engineering and (technical) infra-

structure management, the authors of this study follow the defi-

nitions in the context of the risk concept in accordance with [34].  
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chain), on reducing their probability of failure and 

the direct consequences in the event of occur-

rence. [5], [21].  

Robustness describes the capability of a system 

to withstand failures of individual system compo-

nents without any loss of system functionality. Fig-

ure 5 shows the robustness of a system on the ba-

sis of the reciprocal value of absolute functionality 

loss at the time of impact (grey area). The greater 

the loss of functionality at the time of impact and 

shortly afterwards, the lower the robustness of a 

system.  

Robustness is represented by the indirect conse-

quences; with two different kinds of manifestation:  

a) On the one hand, these are the aftermath of the 

direct consequences within the system after the 

impact of an incident. This means that robustness 

refers to the response of the system as a whole to 

the failure of one or more individual system com-

ponents. If this consequential response is slight, 

the system can be designated as robust. An ex-

ample of a robust system: the suspension bridge in 

the aforementioned example is constructed in such 

a way that failure of an individual cable will not en-

tail the failure of the entire bridge.  

b) The robustness of a system is reflected, howev-

er, also in the indirect consequences of a system 

change on society. This refers to those impacts the 

system change has on the functionality of the sys-

tem in the social context. For example, it might be 

asked: will the functionality of the bridge be re-

stricted by the failure of one suspension bridge ca-

ble? Can only a reduced volume of traffic now 

travel across the bridge, and will the consequences 

arising from this be expensive hold-ups and delays 

for professional and logistics traffic?  

Robustness can be quantified as the ratio of direct 

risks and the overall risks of the system. Within a 

defined period, all exposure variables (possible 

events) and the different potential states of dam-

age to the system components must be taken into 

account [34]. 

With its proactive cyclical and holistic characteris-

tic, the consideration of resilience extends be-

yond the conventional risk concept described pre-

viously. It includes the ability of a system also to 

survive the impact of as yet unknown, complex, 

unsafe, changing future incidents, and even to de-

rive benefit from such for future system functionali-

ty [39] [40]. By contrast with resilience, the concept 

of robustness does not cover the capability to reor-

ganise after an incident, but is rather seen as a 

static attribute of the system [1], [11]. The resili-

ence concept opens up a new, previously little-

discussed scope for action in decision-making. Re-

silience refers in particular to preparing for the 

consequences of damaging incidents which are 

not always known, keeping reduced functionality to 

a minimum and the recovery period as short as 

possible. 

In relation to works of civil engineering, common 

exposure variables and their supposed impact on 

the system are covered by appropriate specifica-

tions for design or safety factors in the relevant 

standards and design codes. The probabilities of 

occurrence and the extent of the damage can be 

estimated (taking into account uncertainties). 

Damaging incidents that exceed the standard con-

siderations will be affected by the concepts of ro-

bustness and resilience.  

In connection with the “National strategy for the 

protection of critical infrastructures (KRITIS strate-

gy)” of the Federal Ministry for the Interior, the traf-

fic and transport infrastructure (in addition to ener-

gy supply, information and communication tech-

nology and drinking water supply and sewage sys-

tem) is considered to be in particular need of pro-

tection [41]. Traffic infrastructure, due to its struc-

tural, functional and technical positioning in the 

overall system of society, has what is known as 

systemic criticality.  

This refers in general to the relative degree for the 

significance of an infrastructure in relation to the 

consequences that a disruption or loss of function-

ality has for the security of supply to society with 

important goods and services [41]. 
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Figure 5: Initial state and response of a more (curve a, b and c) or less (curve d or e) resilient system before and after an impact on 

the system by one or more incidents (in accordance with [24]);  

 

 

Figure 6: Determination of resilience as the integral over the area of functionality loss over time until restoration of complete func-

tionality in accordance with [42]. 

An infrastructure in particular has systemic criticali-

ty if, due to its structural, functional and technical 

positioning in the overall system of the infrastruc-

ture areas, it is of particularly high interdependent 

relevance [41], [43], [44], [45]. For example, an in-

dividual bridge in the event of its failure can cause 

a very great regional loss of functionality of the “re-

gional road network” system as lengthy journey 

times or delays in industrial logistics chains occur 

for users. A structure within the infrastructure is 

considered to be critical if the consequences 

caused by an incident to be expected with a cer-

tain probability (e.g. economic costs of a loss of 

functionality) exceed a predetermined limit for a 

risk acceptable from the point of view of infrastruc-

ture operators and/or policy or society.  

Resilience in traffic infrastructure management 

The representation of functionality of the road sys-

tem over time is suitable for a description of resili-

ence in the (road) infrastructure management be-

fore, during and after a “shock”-type impact from 

an unusual damaging incident. The functionality of 

the system can include very different elements. In 

the context of system definition, it must be speci-

fied how the functionality of the system is to be de-
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fined (e.g. capacity, safety, travel time etc.). Under 

normal conditions, according to Figure 5, the sys-

tem is in a more or less stable initial state; the nec-

essary functionality of the system is ensured. In 

order to maintain functionality as far as possible 

even during the impact from a damaging event or 

to minimise the impact as far as possible, prepara-

tory and preventive measures may be taken, aim-

ing at resilience of the system. Nevertheless, the 

system may suffer a loss of functionality. 

Measures to directly protect the system at the time 

of a damaging incident contribute to such a loss of 

functionality being minimised. The short-term and 

medium-term response of the system after a dam-

aging event indicates the level of resilience with 

which the system will actually respond to the im-

pact. The time-specific component plays a decisive 

role here. Rapid recovery (from the impact of the 

shock) with regeneration to the original level (curve 

c in Figure 5) of functionality or even above that 

(curves a or b) in as short a space of time as pos-

sible reflects a high level of resilience. Although 

curve b) regains the original level of functionality, it 

takes a significantly longer period to do so – the 

resilience of a system with this functionality curve 

is significantly lower than a). Systems can be des-

ignated as not resilient if their functionality curves 

correlate to functions d) and e) in Figure 5.  

Resilience describes the phased preparation and 
response of a system to disruptive influences due 
to damaging incidents. This results, for the deter-
mination of resilience in a system inevitably also in 
the need for the specification of a period within 
which the consequences of a disruption are inves-
tigated. This period must be sufficient in order also 
to take longer-term adaptation processes into ac-
count; otherwise, there is the risk that the assess-
ment of resilience is restricted to a somewhat 
short-term consideration of impact or resistance 
[11]. On the other hand, long periods of considera-
tion, by increasing the number of disruption factors, 
also increase the complexity of the resilience con-
sideration. Comparison with a reference situation 
becomes increasingly difficult when the considera-
tion periods are long.  

2.2 Determination of resilience 

The wide range of approaches to the determination 

or measurement of resilience is comparable with 

the number of different definitions of the term resil-

ience. Building on the graphic definition in Figure 5 

and in line with the approach to the quantification 

of resilience of the US Department for Homeland 

Security [28], determination or quantification of re-

silience has been represented as shown in Figure 

6. Starting from the initial position with 100% sys-

tem functionality, therefore, resilience can be rep-

resented and calculated as the area between the 

100% functionality line (grey, dashed line) and the 

functionality line during and after the impact by a 

damaging incident until the recurrence of the initial 

state (yellow area). To simplify, it is assumed here 

that the functionality of the system is “only” regen-

erated up to the 100% line. According to curves a) 

and b) in Figure 5, however, the achievement of 

higher functionality subsequent to the impact is al-

so feasible due to adaption and learning effects. 

The level of functionality loss depends on the ro-

bustness of the system. Expressed mathematical-

ly, this is the reciprocal integral of the functionality 

curve over time. Reciprocal because the greater 

the yellow area, the lower the resilience of a sys-

tem [28]. 

3 Resilience measures 

3.1 Definition  

Resilience measures are understood to be those 

structural, technical, planning and organisational 

measures on the individual structure (e.g. bridge or 

tunnel) or for the entire infrastructural network that 

exceed the specifications of regulatory texts in 

force (standards, design, codes etc.) (e.g. use of 

high-performance concrete in bridges where only 

conventional types of concrete are actually speci-

fied in the standards for the planning situation)2. 

The development of strategies to implement or re-

inforce the resilience of a traffic network is based 

on known concepts for the identification and pro-

tection of critical infrastructures, risk concepts and 

management as well as emergency planning in 

disaster prevention. In this context, Tierney and 

Bruneau (2007) refer to the 4R factors for resili-

ence: these comprise redundancy, robustness, re-

sources provision and response time [46].  

On the basis of [14], it is assumed that an increase 

in traffic system resilience can essentially be 

achieved using the following eight strategies 

shown in Figure 7.  

 
2 From the holistic perspective of a (social) resilience consider-

ation, theoretically measures to improve human behaviour in 

extreme situations can also contribute to improving resilience 

and to the direct protection of the users of the infrastructure 

[11]. The focus of this study however is exclusively on technical, 

planning and organisational measures. For reasons of scope, 

there will be no presentation of educational measures in the 

context of this study.  
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3.2 Overview and type identification  

According to Figure 3, the resilience of a system 

can be increased in the difference phases by resil-

ience measures. These measures can relate to in-

dividual structures (e.g. bridges or tunnels) or to 

the entire road network (bridges and tunnels and 

stretches of road) or a specific region.  

 

Strategy Explanation 

Addition of redundancy The addition of redundancies increases the resilience of a system in the event of an incident e.g. 
traffic flows can be diverted via one or more alternative routes. 

Provision of backup com-
ponents  

The resilience of a system is increased by the rapid deployment of available backup system com-
ponents in the event of an incident. 

Provision of possible re-
placements 

The desired process of functionality can be transferred from one system component to another (e.g. 
road -> rail). 

Reduction of vulnerabili-
ties 

Adaptations in the construction of structures to eliminate or reduce their vulnerability in the event of 
damaging incidents  

Increased improvisation 
capabilities 

Resilience depends on the capability of a system for spontaneous improvisation. Improvisation ca-
pability is understood to be the adaptation of a process to an impact in real time.  

Priority access to im-
portant resources 

The system has priority access to critical resources (e.g. fuel, water, manpower), in order to restore 
functionality as quickly as possible. 

System modelling System functionality and the dependencies of the system on other systems are modelled. 
Knowledge of dependencies aids risk assessment.  

Logistical back-up solu-
tions 

In particular, this includes planning processes in order to be able to deploy backup solutions as 
quickly as possible when required. 

Figure 7: Strategies to increase resilience [14] 
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Figure 8: Type identification and description of resilience measures according to resilience cycle and system definition  
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The use of different methods is determined by the 

fact that, depending on the characteristics of a 

measure (or of a project), various requirements 

may be made of the evaluation method. To catego-

rise the methods, therefore, in advance, potential 

resilience measures are brought together and 

identified by type. Type identification of resilience 

measures in Figure 8 takes into account both the 

time-related aspect of resilience definition (see al-

so Figure 3 of the resilience cycle) as well as the 

principle of the aforementioned system differentia-

tion.  

4 Procedure for the evaluation 
of resilience measures 

The procedure for the evaluation of resilience 

measures is based on pre-established principles 

as applied, for example, in the context of risk anal-

yses or in the evaluation of (upgrade and new con-

struction) measures in traffic planning (e.g. in ac-

cordance with the BVWP) [47]–[50]. The procedur-

al steps in Figure 9 are modified as appropriate to 

take into account the perspective of structure or 

network-specific resilience considerations.  

 

Figure 9: Principle of the evaluation procedure; Procedural step 

4 is explained separately in Chapter 5.  

According to Figure 9, the procedure for the evalu-

ation of resilience measures comprises as the first 

step a system definition to specify the scope in 

terms of space, time and content of the considera-

tions and assessment. On the basis of subsequent 

description and definition of the structures to be in-

vestigated, it is determined what type of structures 

are to be included in the resilience assessment 

with what relevance and/or criticality (see definition 

in Section 2.1) for the entire network. Specification 

of functionality in step 3 includes selecting criteria 

mapping the functionality of a system. The results 

of the first three procedural steps form the basis for 

the actual evaluation of resilience measures in 

procedural step 4. Here, using specific methodical 

approaches a (quantitative) evaluation of 

measures to ensure system functionality or to re-

duce negative event-specific impacts on the func-

tionality of the system is made.  

In the following chapters, the individual steps in the 

procedure for the evaluation of resilience 

measures in Figure 9 are explained.  

4.1 System classification 

One important first step consists in system classifi-

cation suitable for the structure or infrastructure 

network to be analysed.  

In order to discover the context in which the analy-

sis of the structures to be investigated should take 

place, the constraints of the investigation in terms 

of space, time and content must be determined. 

Regarding resilience measures, the following 

points are to be taken into account in system clas-

sification: 

Space constraints:  

• Project perimeter: This normally refers to 

the area within which the measure will be 

implemented (e.g. measure on the individ-

ual structure or for the entire network).  

• Impact perimeter: corresponding to an 

evaluation of new and upgrade measures, 

the perimeter must be chosen at least to 

correspond to that in which the resilience 

measures have an effect (e.g. in the form 

of a change in traffic volumes). 

Time constraints:  

• Resilience by definition takes into account 

a dynamic change in a system: due to a 

specific damaging incident, a (negative) 

impact /disruption to the functionality of a 

system takes place. After a particular peri-

od of time, the functionality of the system 

recovers once more and may exceed its 

original functionality due to adaptation. A 

measure influences this dynamic aspect. 

The evaluation must take into account the 

different trends in this time characteristic. 

Content constraints:  

• In the context of the content-based system 

constraints, among other things it must be 

determined to what structure or network 

types the resilience analysis is to relate. 

This also includes the question as to what 

damaging incidents are to be taken into 

account in the resilience analysis.  

1. System definition

2. Definition and description

Structures being investigated

3. Determination of functionality

(incl. weighting of functionality criteria) 

4. Evaluation of resilience measures
   Chapter 5)

- Determination of  possible losses of funct ionality
- Est imate of probabilit ies of occurrence

- Evaluat ion of measures 
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4.2 Definition and description of the 
structures to be investigated 

The evaluation of resilience measures is based on 

a comparison between an initial or reference case 

and a planned case (several variants are possible). 

The reference case corresponds to the state of a 

system without the resilience measure to be evalu-

ated. For the planned case – i.e. the condition of 

the system with the resilience measure implement-

ed – the extent of the impact of the resilience 

measures to be evaluated on the probability and 

intensity of impact and the regeneration of the sys-

tem after the impact must then be demonstrated by 

comparison with the reference case. Moreover, the 

expenditure (as a rule represented as costs) of the 

resilience measure must be clarified and demon-

strated. 

4.3 Functionality mapping 

When the structures to be investigated have been 

determined, the components in respect of which 

the evaluation of the resilience measures is to take 

place must be defined. The totality of the compo-

nents specified represents the functionality of the 

system (as a model).  

An obvious solution in the context of road traffic in-

frastructures, for example, is to represent the func-

tionality of a system (structure or network) simply 

using the availability of a certain traffic capacity. 

This one-dimensional functionality component, 

however, can be expanded into a multidimensional 

combination using other components.  

In order to demonstrate the range of possible com-

ponents to map the functionality of a system, the 

following (non-exhaustive) list documents possible 

components:  

• Traffic capacity 

• Intensity of injury to users 

• Travel time 

• Travel comfort 

• Environmental pollution (e.g. CO2 emis-

sions) 

• Economic losses/ gross domestic product 

The objective of the evaluation of resilience 

measures lies in comparing expenditure (usually 

represented as costs) and effects of measures. 

This can only be successful if the effect of 

measures can be determined qualitatively (e.g. in 

the case of a utility values analysis) or quantitative-

ly as a value comparable with the costs of the 

measures (e.g. cost/benefit analyses).  

The increased resilience of the system is under-

stood to be an effect of the measure; i.e. the im-

pact of the functionality curve trend and the asso-

ciated area size according to Figure 6. The change 

in the functionality curve in turn causes a change 

in one or more components used to map system 

functionality (e.g. increase in travel time in the 

event of an incident).  

For each planned case (with resilience measure) 

and for the reference case, the effects on individu-

al functionality components are to be forecast 

This forecast can have various levels of detailed 

processing: 

• Detailed quantification on the basis of 

models, forecasts and calculations (e.g. 

with traffic models) 

• Estimate of impact 

• Simple scoring system, e.g. with a points 

grading system (e.g. the measure should 

have a minor/medium/major effect). The 

extent of the impact can also be taken into 

account (high, medium low with the num-

ber of persons affected (many, few affect-

ed).  

For the evaluation of resilience measures, it is 

important to be able to take into account the 

probability of an unusual damaging incident 

occurring, the consequential extent of the 

damage and the duration of recovery of the 

system to the initial level (or exceeding it). In 

estimating probabilities of occurrence, the ex-

tent of the damage to be expected and the 

time the system is expected to take to recover, 

additional uncertainties in the estimations can 

be represented using a probability calculation 

approach and taken into account in the deci-

sion-making. At the same time, this represen-

tation of uncertainties also serves strategic in-

formation gathering for example about individ-

ual uncertainties, where needed, by obtaining 

additional information (data, questionnaires, 

modelling).  

The macroeconomic effects of resilience measures 

often play a central role. In common evaluation 

procedures (see Chapter 5.1), these are mapped 

using travel time savings and transport cost reduc-

tions for transport users. Monetised personal dam-

ages, medical costs, loss of earnings etc. are taken 

into account as standard to the same extent as im-

pact on the environment. Figure 10 below, for ex-

ample, shows the benefits and cost components of 

BVWP 2030 for the macroeconomic evaluation of 

measures. The following classification of effects 

has arisen in practical evaluations : 



  17 

• direct effects of a measure (construction, 

maintenance, operation) 

• direct – internal – effects of the measure 

(usually to transport users such as chang-

es in travel times and operating costs of 

vehicles) 

• Change in external effects due to the 

measure: effects on the natural environ-

ment or traffic safety.  

• Indirect effect of the measure: e.g. produc-

tivity and employment effects due to better 

access to sales and procurement markets) 

All represented components are monetised in 

BVWP 2030. Monetisation of the impact of 

measures enables direct comparison of the costs 

and benefits of measures (e.g. costs/benefits ratio 

in the context of a benefits/costs analysis). For 

evaluation methods to be explained later, differen-

tiation is useful in the following monetisation ap-

proaches.  

• Direct monetisation approaches (e.g. ma-

terial damage to the structure) 

• Indirect monetisation approaches (e.g. 

medical costs to injured persons) 

• Immaterial monetisation approaches (e.g. 

willingness to pay to reduce pain and suf-

fering) 

The components corresponding to Figure 10 are 

also to be considered in mapping system function-

ality with resilience measures. 

Benefit components Designation Brief description 

Investment costs  Sum of all project-specific costs 

Change in operating costs NB 
Change in the delivery or transport costs in the transport of peo-
ple and goods 

Change in travel time  NRZ Benefits from changed transport time in the transport of people 

Change in transport time benefits of the 
load  

NTZ Benefits from changed transport time in goods transport 

Change in reliability NZ Project-induced benefits from changed reliability of traffic flows 

Change in implicit benefit NI Implicit benefits due to increased mobility  

Change in traffic safety NS 
Change in accident costs with regard to injury to people and 
damage to property  

Change in noise pollution NG 
Benefits from project-induced changes in noise or sound pollu-
tion 

Change in exhaust pollution NA 
Benefits from project-induced changes in exhaust pollution (air 
pollutants and greenhouse gas emissions) 

Life-cycle emission of greenhouse gases 
from the infrastructure 

NL 
Total greenhouse gas emissions due to construction, mainte-
nance and operation of the infrastructure project (“life cycle 
emissions“)  

Change in local separation effects NT 
Reduction of local separation effects (delays and circuitous 
routes for pedestrians) 

Benefits where there are competing 
modes of transport 

NK 
Effects of a project on benefits from the use of other modes of 
transport 

Change in the operating and mainte-
nance costs of the transport routes 

NW 
Benefits from project-induced changes in renewal and mainte-
nance costs  

Figure 10: Benefit and cost components of the evaluation methods of BVWP 2030 [51] 
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Effects on economic growth and employment are – 

as shown in the BVWP 2030 example – only very 

rarely included in the evaluation of (resilience) 

measures. There are various statistical and/or 

macroeconomic models (see Appendix 2) for test-

ing the macroeconomic consequences of (resili-

ence) measures. These, by contrast with England 

and Austria, however, up to now, have not been 

included in standardised evaluation methods in 

Germany. BVWP 2030 does not even include a 

corresponding evaluation component that was part 

of the earlier evaluation method, due to problems. 

The reasons for this are that the estimation of such 

effects is less certain and robust than those of oth-

er effects. There is also the risk of double counting, 

in particular as differentiation from existing benefit 

components (in particular travel times) is not clear 

and the methods for determining such effects are 

the subject of continual discussion [49]. Growth 

and structure effects of traffic measures are also to 

some extent ruled out of the argument, as 

transport infrastructure is widely available (ubiquity 

of transport infrastructure).  

The mapping of the functionality of a system de-

pends heavily on the system classification in terms 

of space, time and content. Depending on the pro-

ject size and political framework, the effects of re-

silience measures on all aspects of sustainability 

and on all traffic types and modes of transport as 

well as on the economy as a whole can be taken 

into account. 

It should be borne in mind that there are a large 

number of evaluation components for measures in 

the transport sector. These do not have to be rein-

vented for resilience measures. Experience has 

shown that determination of the effects as regards 

resilience (probability, extent and response due to 

effect over time) in practice represent a major chal-

lenge. Conversely, however, it should also be not-

ed that resilience is not normally taken into account 

in the evaluation of measures in the transport sec-

tor. It does not represent a benefit component in it-

self. Therefore the extent to which resilience could 

be included in such processes as an evaluation 

component in its own right should be verified. 

5 Methodical approaches to the 
evaluation of resilience 
measures 

5.1 General 

The spectrum of analysis and selection of method-

ical approaches for evaluating resilience measures 

is an important focus of these investigations. It is 

examined here whether the measures mentioned 

are appropriate or useful for resilient system func-

tionality. 

Various methodical approaches to the evaluation 

of resilience measures can be used to answer this 

question. They can be assigned to the following 

structure and will be described in detail in the fol-

lowing chapters:  

1. Methods to determine expected function-

ality loss in the event of an incident.3 

2. Methods to estimate the probability of the 

occurrence of damaging incidents.  

3. Methods to evaluate resilience measures. 

5.2 Determination of possible func-
tionality loss 

Expected functionality loss can be derived using 

the conceptual considerations in Chapter 2.2 by 

the area integral via the functionality curve (falling 

in the event of an incident and then rising again). 

However, prior definition of system functionality is 

essential for this estimate of functionality loss. This 

means that those (one or more) assessment com-

ponents must be determined which affect the func-

tionality of the system in connection with the resili-

ence analysis: In other words, functionality as 

mapped in Figure 5 in the form of a curve corre-

sponds to the function from one or more assess-

ment criteria (e.g. traffic capacity, fatalities, gross 

domestic product).  

5.3 Evaluation of probability of occur-
rence 

Risk is determined in two stages: Firstly, an as-

sessment is needed of system functionality loss in 

the event of an incident. On the other hand, the 

probability must be estimated, with which the dam-

aging incident to be taken into account will take 

place or with which the damaging incident to be 

taken into account will have a negative impact on 

the system. The methods to assess the probabili-

ties of occurrence are multiple and vary in statisti-

cal detail.  

The description of the methods to determine prob-

ability of damaging incidents and to take into ac-

count the associated uncertainties is not the sub-

ject of these investigations. This refers, for exam-

ple, to risk-based approaches and procedures. For 

 
3 In the opinion of the authors, the resilience analysis prioritises 

the determination of expected functionality loss in the event of a 
damaging event and therefore is listed as the first step in the 
analysis. In the event of pure considerations of risk, analysis 
steps 1 and 2 are often carried out in reverse order.   
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the evaluation of resilience measures, the following 

requirements result: 

a) Damaging events to be considered must 

be defined (e.g. severe weather, terrorist 

attack),  

b) their probability of occurrence must be es-

timated4 and 

c) whether and the extent to which the resili-

ence measure to be assessed affects the 

probability of occurrence must be de-

scribed. 

However, estimation of such probabilities is only 

rarely the responsibility of the infrastructure opera-

tors themselves, as groundwork is provided either 

by the authorities (e.g. maps showing risks to the 

natural environment or network-wide accident 

risks), or such probabilities are determined with the 

assistance of experts.  

5.4 Methods for the evaluation of re-
silience measures 

Nowadays, there are a large number of methods 

and procedures for the evaluation of resilience 

measures. This depends, among other things, on 

resilience measures being in place in respect of 

different damaging incidents such as natural catas-

trophes (flood, storm etc.), premature ageing of in-

frastructure due to extreme environmental condi-

tions etc., and these too are evaluated on the basis 

of different specialist disciplines. The methods 

have in common that they are largely based on a 

comparison of the costs invested in measures and 

the resulting benefits for society. Although bases of 

calculation may differ widely, which means that 

various results could be determined or various rec-

ommendations be made, one important difference, 

for example, is the extent to which the “benefit 

concept” is understood or the extent to which the 

effects of the measures are monetised. 

In the first instance, the most frequently occurring 

evaluation procedures taken into account in litera-

ture are described in comparison with one another 

below. 

These are: 

• Descriptive assessment (DA) 

• Comparative value analysis (CVA) 

• Utility value analysis (UVA) 

• Cost/effectiveness analysis (CEA) 

• Costs/benefit analysis (CBA) 

 
4 Where appropriate taking into account uncertainties 

CVA, UVA and CEA are also designated as multi-

criteria analysis (MCA) methods [48], [52]. The var-

ious MCA procedures are distinguished by the fact 

that they do not use any one overriding criterion. 

Cost/benefit analysis by contrast has an overarch-

ing objective, i.e. increasing societal welfare de-

fined by various environmental and social criteria. 

Ultimately therefore, a large number of criteria and 

indicators are used in all procedures. [53] [54] [47].  

Descriptive assessment 

In descriptive assessment, the effects are de-

scribed in exclusively qualitative terms. There is no 

evaluation (grading or points system) of the effects. 

Comparative value analysis 

In comparative value analysis, the effects ex-

pressed in points, physical or monetary measured 

variables or scores (comparative values) are allo-

cated in such a way that the effects are compara-

ble with one another. 

Utility value analysis 

The comparative values described above form the 

basis of utility value analysis. In utility analysis, in 

order to be able to undertake an overall evaluation, 

the comparative values or target contributions are 

added together including the corresponding target 

weighting. 

As comparative value and utility value analysis 

build on one another, the procedures are de-

scribed jointly here. 

The effects are determined (c.f. Figure 11, step 1) 

and these effects are allocated a points score on a 

unified (scoring) scale (step 2) using utility func-

tions both in comparative value and in utility value 

analysis. It does not matter here whether the scale 

goes from +3 to -3 or from +1000 to -1000. It only 

has to be used in the same way for all indicators so 

that for example with grading the range of marks 

goes from 1 to 6. 

The objective of utility value analysis is the deter-

mination of an overall utility value for each planned 

case/resilience measure. For this, all indicators are 

given a weighting (as a %) by which the compara-

tive value is to be multiplied. Where an indicator 

cannot be evaluated, it is nevertheless given a 

weighting but no changes are indicated by compar-

ison with the reference case. This prevents the 

evaluated indicators from receiving a higher 

weighting due to the non-evaluation of others. The 

products formed from the comparative value and 

the target value (sub-utility value) are added to-

gether using all indicators. The result is the deci-
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sion-making indicator, the total utility value (c.f. 

Figure 11, step 3) 

There is no generally recognised procedure to de-

termine the utility functions (c.f. Figure 11, step 2). 

Although this conceals the risk, due to scaling, of 

ratings being used in the method that have the ef-

fect of hidden, implicit weighting. In order to ensure 

the greatest possible transparency in this method, 

the benefit functions are openly indicated in ac-

cordance with principles that are as unified as pos-

sible, easily understandable and traceable and not 

defined using typically ideal or hypothetical as-

sumptions.  

 

Figure 11: Procedure for comparative value and utility value 

analysis 

The greatest challenge lies in scoring the descrip-

tive indicators. In this case, it is the responsibility of 

the assessor alone to say what is a 1 or a 6 in his 

or her opinion.  

Relative or absolute utility functions can be defined 

for all indicators with physical measured variables. 

These are relative if variants are only compared 

with one another and evaluated. The best variant is 

given maximum points, the worst the lowest score. 

In-between, the interpolation is linear. Because no 

absolute values are taken into account in this pro-

cedure, slight differences are therefore evaluated 

as equal in size and major differences using a dif-

ferent indicator.  

An absolute evaluation only takes place if the limits 

of the utility functions are defined in “absolute“ 

terms. For example, the benchmark values on the 

scale can be achieved by a 10% improvement (cor-

responds to maximum points) or deterioration (cor-

responds to minimum points) of the reference case. 

Interpolation is linear in-between. The following 

cases deviate from this rule, however: 

• The correlations are non-linear: for exam-

ple, the harmful effect in the case of noise 

is not linear but logarithmic. The utility 

functions and the end points on the scale 

are to be determined on a case-by-case 

basis. 

• For example, where benchmark values of 

the benefit function are determined as de-

viations from 3dB(A), which corresponds to 

a doubling or halving of the sound energy. 

• Minimum standard or legal specifications 

already met in the reference case. The 

plan cases achieve, with regard to an indi-

cator, changes greater than 10% by com-

parison with the reference case. If however 

the reference case itself achieves the tar-

get (e.g. compliance with limit values), the 

scale should be determined e.g. at 100% 

change by comparison with the reference 

case in order not to weight such changes 

too heavily. 

In the case of indicators with monetary measured 

variables, the MONAQ approach (monetary 

equivalence approach) should be taken into ac-

count. This assumes that a change by 1 million eu-

ros per year always results in the same amount of 

points. The infrastructure result serves as a basis 

for determining the change in score: The minimum 

score corresponds to the annual infrastructure 

costs (debt service and maintenance costs) aris-

ing from the investment of a (hypothetical) maxi-

mum variant e.g. of 50 billion euros. The annual 

infrastructure costs following on from this (debt 

servicing and maintenance) amount to around 

2.4 million euros. On the basis of this amount, a 

ratio of “utility points per 1 million EUR” can be 

formed. On a scale of 100 points (e.g. from -50 to 

+50 points), there result around 48 million euros 

per year for a utility point. This value is carried over 

onto the remaining monetary indicators. This en-

sures that the evaluations of the monetary indica-

tors are in line with the cost/benefit analysis. If this 

is not desirable because e.g. a critical attitude is 

taken towards the monetisation of accidental dam-

ages and of CO2 emissions, physical measure-

ment units for accidents or emissions can be taken 

as a basis as above for other physical measure-

ment units. 

Cost/effectiveness analysis 

For the utility value analysis, all comparative val-

ues are multiplied with the target weighting and 

added together. This gives a total utility value, 

which enables statements to be made as to what 

variant is the most advantageous. Using a scale 

that indicates the variations from the reference 

case, statements can also be made as to whether 

the variants are better or worse than this reference 

case. 

1. Determination of effects

  physical or monetary variables

2. Determination of the benefit function

  comparative values or target contributions 

3. Weighting and aggregation

  total utility value

C
o
m

p
a
ra

ti
ve

 V
a

lu
e
 A

n
a

ly
s
is

U
til

it
y
 V

a
lu

e
 A

n
a

ly
s
is



  21 

If the investment, operating and (discounted) an-

nual costs are not taken into account in utility value 

analysis but the utility value, across all indicators 

relating to investment costs, the cost/benefit ratio is 

obtained which is suitable as an efficiency meas-

ure  “how many benefit points are obtained for 

each euro spent?”). In this case, this is a 

cost/effectiveness analysis. 

Cost/benefit analysis 

The most frequently used method to evaluate 

measures is the cost/benefit analysis. The eco-

nomic cost/benefit analysis investigates the 

planned cases to be evaluated taking the increase 

in welfare under a macroeconomic monetary eval-

uation as a main target. For all criteria taken into 

consideration, the measures-related changes must 

be quantified and these changes are to be mone-

tised. The cost/benefit analysis is based on the 

opportunity cost principle. When a supply concept 

is created, the resources used for this purpose are 

no longer used for other public or private purposes. 

With regard to the effects after any such realisa-

tion, resources may be saved or greater consump-

tion can result (e.g. energy consumption). Costs 

are therefore seen both as negative benefits and 

prevented positive effects of relevant alternatives, 

with benefits corresponding to negative costs. 

Costs are, therefore, always opportunity costs (lost 

benefits from alternative uses) and benefits corre-

sponding to benefits from opportunity (lost costs 

from alternative use). A measure-dependent addi-

tional consumption of energy therefore represents 

both costs and negative benefits because the re-

source of energy cannot be used alternatively (e.g. 

to heat homes); measure-dependent reductions of 

energy consumption, conversely, represent bene-

fits or negative costs as the energy is now availa-

ble for alternative uses.  

Consumption of resources is considered in the 

cost/benefit analysis where it can be monetised. 

Here, for instance infrastructure, personnel, rolling 

stock, environment or time are considered to be 

resources. In the context of “targets” those indica-

tors are represented that are monetarised in the 

context of the German Federal Transport Plan 

(Bundesverkehrswegeplan) and so taken into ac-

count in the cost/benefit analysis [55]. 

For the evaluation of the effects, valuation bases 

used are in monetary units (e.g. EUR per tonne of 

CO2 emitted or EUR per staff hour) and the meas-

ure-dependant changes by comparison with the 

reference case multiplied by it. 

The changes in the consumption of resources are 

determined in the context for the realisation and 

the useful duration of the project. For the economic 

effectiveness calculation, a real (inflation-adjusted) 

social discount rate is taken as a basis. Discount-

ing the values for the individual years (cash values) 

and their addition gives the cash value (capital val-

ue) of the project.  

The sum of the cash values over all indicators 

gives the cost/benefit difference. If the cost/benefit 

difference is greater than zero, the measure is 

economically useful. The offer concept with the 

highest cost/benefit difference should be favoured 

from an economic perspective. 

The result of a cost/benefit analysis gives infor-

mation to the decision-maker as to whether the re-

alisation of a measure is worthwhile from an effi-

ciency perspective by comparison with the refer-

ence case. Using the cost/benefit analysis, various 

measure variants can also be compared with one 

another or prioritised. This enables financial re-

sources to be employed where the economic bene-

fit is greatest.  

Mapping of resilience in existing evaluation 

methods 

In principle, existing evaluation methods e.g. for 

the evaluation of new and upgrade measures in 

transport are also suitable for the evaluation of re-

silience measures. In Germany in particular this in-

cludes the following approaches: 

• Federal Ministry for Transport and Digital 

Infrastructure BMVI (2006): Standardised 

evaluation of investment in local public 

transport). 

• Federal Ministry for Transport and Digital 

Infrastructure BMVI (2014): Final report on 

FE project 96.0974/2011: Thorough exam-

ination and further development of the 

cost/benefit analysis in federal transport 

planning evaluation methods.  

• Federal Ministry for Transport and Digital 

Infrastructure BMVI (2016): Federal plan 

on transport routes 2030. 

• Forschungsgesellschaft für Strassen- und 

Verkehrswesen FGSV (1997): Recom-

mendations for economic feasibility studies 

on roads) (the updating of the EWS is in 

progress but not yet published) 

It has been shown in an international comparison 

that, between the individual countries, although 

there are some significant differences, there are 

also important similarities in the methodical ap-

proach. A cost/benefit analysis is the most fre-

quently used and in many cases is supplemented 
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with further criteria and extended into a multicriteria 

analysis (CVA, CEA, UVA) or a combination of 

cost/benefit analysis and multicriteria analysis. 

In practice, various methods are used for the eval-

uation of projects and measures. The greatest dif-

ference between the evaluation methods is in the 

appropriate level of detail and thereby in the asso-

ciated requirements for the persons responsible. 

Additional differences may, for example, arise due 

to the selection of the period under consideration 

or various system limitations and definitions of the 

functionality of a system.  

Figure 12 contains a comparison between methods 

based on the literature examined and our own ex-

periences. The aforementioned selected methods 

are compared with one another.  

The focus for the selection of methods relevant to 

this research project depends on the following 

questions: 

• Is the method basically applicable to all 

measures in the sphere of road infrastruc-

ture and modes of transport? 

• What preconditions (data, know-how, etc.) 

are required for application of the meth-

ods?  

• How high is the level of complexity and the 

degree of standardisation in the application 

of the methods? 

• How can the practical applicability of the 

methods be assessed? 

• How reliable, traceable and justifiable are 

the method-specific results? What uncer-

tainties exist regarding application? 

These questions form the framework of the com-
parison between evaluation methods in Figure 12 
and can be answered in relation to resilience 
measures in summary as follows: 
 

• All methods taken into account can be used 
for an evaluation of resilience measures in 
the sphere of road infrastructure. 

• The cost/benefit analysis represents the 
highest requirements with regard to data 
demand and the knowledge of chains of ef-
fects and dependencies between systems 
and their modelling. With relation to the resil-
ience measures, the requirements continue 
to rise as probabilities have to be assessed 
for effects on functionality and the extent of 
damage.  

• The descriptive assessment of resilience 
measures can be applied, due to their low 

level of complexity, without major conditions, 
with qualitative estimates such as invest-
ments (low/medium/high) and extent of 
damage (low/medium/high). This aspect is 
qualified, however, by the fact that, due to a 
lack of formal development and framework, 
using descriptive assessment to make a 
complete and correct argument about a 
number of indicators is indeed a complex 
task. 

• The BVWP and the EWS represent stand-
ardised procedures for cost/benefit analysis. 
For the other processes there is no stand-
ardisation (e.g. for points rules, utility func-
tions etc.). These are redefined in every 
case. 

• Practical relevance from the user’s perspec-
tive diminishes from qualitative descriptive 
assessment through to a more complex 
cost/benefit analysis.  

• From the perspective of the decision-makers 
however, this is completely reversed be-
cause, in the case of a cost/benefit analysis 
the results figures have a “familiar dimen-
sion” in the form of monetary units or a fac-
tor, and expenditure in the form of cost of 
measures can be compared to the same ex-
tent. For decision-makers the results are 
therefore easier to understand and convey 
and can be seen at a glance.  

• Due to standardisation, the lowest uncertain-
ties are in cost/benefit analysis even if the 
uncertainties are greater with respect to data 
availability and modelling predictions. How-
ever, it is “Better to take a good estimate 
than bad advice” in such cases.  

• For comparative value analysis, utility value 
analysis and cost/effectiveness analyses, 
the advantage emerges that more function-
ality components and thereby more effects 
can be taken into account than is the case 
with cost/benefit analysis (CBA), as these 
require monetary bases of evaluation to be 
taken into account for all functionality com-
ponents. 

5.5 Conclusion 

Depending on the state of planning, the costs and 

effects of resilience measures should be estimated 

as accurately as possible. This applies to invest-

ments, lower probabilities of damaging events and 

their impact on system functionality, extent of 

damage and system recovery time. Such estimates 

should enable the use of different evaluation 

methods with varying levels of detail (through to 
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cost/benefit analysis). Where possible, uncertain-

ties in estimates should be taken into account in 

the evaluation of resilience measures.  

Where not all expected effects can be monetised, 

comparative value, utility value or cost effective-

ness analyses can also be carried out. For a relia-

ble evaluation of resilience measures, however, all 

three procedures should be used together.  

The conclusion is also that the macroeconomic ef-

fects of measures in Germany are not factored into 

current projects and plans for projects. Corre-

sponding procedures exist in particular in Austria 

and England (c.f. Appendix 2). 
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Descriptive assess-
ment 

Multi-Criteria-Analysis (MCA) 

Cost/benefit analysis 
(CBA) Comparative value 

analysis (CVA) 

Cost/effectiveness 
analysis (CEA)/ 

Utility value analysis 
(UVA) 

Is the method appli-
cable in principle to all 
measures in the 
sphere of road infra-
structure and modes 
of transport? 

yes yes yes yes 

What preconditions 
(data, know-how, etc.) 
are required for use of 
the method? 

No preconditions. As-
sessment is made on 
the basis of a qualita-
tively substantiated ex-
pert’s appraisal 

Quantified and not 
quantified effects are 
taken into account 

As descriptive assess-
ment.  

In addition, scoring 
rules have to be drawn 
up. 

Quantified and not 
quantified effects are 
taken into account.  

As for comparative val-
ue analysis (CVA)  

There must also be 
weightings for every in-
dicator. 

Quantified and unquan-
tified effects are taken 
into account  

Effects have to be 
quantified e.g. with 
transport models. 
Monetary value ap-
proaches are not nec-
essarily available. 
Quantification neces-
sary. 

How great is the level 
of complexity and the 
level of standardisa-
tion in the use of the 
method? 

Formally low 

 

 

no standardisation 

low 

 

 

no standardisation 

Greater than for com-
parative value analysis 
due to weighting 

No standardisation 

Highly complex  

High level of standardi-
sation (see. BVWP, 
EWS) 

How can the useful-
ness of the method in 
practice be evaluat-
ed? 

Application seems sim-
ple, argument-based 
processes however also 
have the disadvantage 
that traceability is lim-
ited 

Support for decision-
making is low:  
Decision-makers are 
hardly able to read the 
arguments for each in-
dicator (this would take 
too long) 

As for the descriptive 
assessment: application 
appears simple, howev-
er scoring rules are not 
normalised or standard-
ised => may lead to low 
acceptance level 

Higher than descriptive 
specification as ad-
vantages and disad-
vantages can be recog-
nised more quickly. 

As for comparative val-
ue analysis  

Objective and indicator 
weighting not normal-
ised or standardised => 
low level of acceptance 

Lower than comparative 
value analysis: Overall 
utility value less mean-
ingful. No possibility of 
comparison as to 
whether the result is 
good or bad. 

Time-consuming proce-
dure to determine ef-
fects  

Heavy data requirement 

Very high: as invest-
ment in EUR is com-
pared with benefits in 
the same dimension. 
The order of magni-
tude/relevance of indi-
vidual indicators is pro-
portionate to the social 
significance  

How reliable, tracea-
ble and justifiable are 
the method-specific 
results? What uncer-
tainties exist in their 
application? 

Depending on the oper-
ator, results may differ 
as no clear model is 
used 

Major uncertainties 

As for descriptive indi-
cators  

In the case of quantifi-
cation, there tends to be 
greater validity of re-
sults 

Lower uncertainty than 
descriptive specification 

As for the comparative 
value analysis 

Traceability of the re-
sults however is made 
more difficult due to 
weighting of target and 
lack of standardisation  

 

Tracing exists due to 
standardisation of pro-
cedures. 

Dependent on quality of 
the models and data-
bases, but in principle 
better than the other 
procedures as greater 
consideration is given to 
quantification and de-
viations have to be for-
mal. 

Uncertainties exist 

Can macroeconomic 
effects be taken into 
account? 

Only argumentative, 
(assertions) without ev-
idence or models 

As for descriptive argu-
ments  

Otherwise as for all oth-
er indicators  

As for descriptive ar-
guments.  

Otherwise as for all 
other indicators 

Modelling necessary 

Prerequisites currently 
not available in Germa-
ny 

Figure 12: Comparison between the most important evaluation procedures 
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6 Case studies 

This chapter uses case studies to indicate how the 

resilience concept can be translated into practical 

everyday routines in infrastructure management. 

Although the term resilience is used in many differ-

ent academic disciplines nowadays, what appears 

to be an established and accepted concept in aca-

demic theory, has up to now rarely been consist-

ently applied in everyday infrastructure manage-

ment practice. The search for examples and case 

studies on practical implementation led to a clear 

picture: Although evaluations are frequently carried 

out on traffic measures, these are however less re-

silience measures they have mainly been drawn up 

for new construction and upgrade projects.  

Relatively few studies have been found relating to 

resilience measures. For various reasons de-

scribed below, the following five case studies nev-

ertheless represent the current (international) state 

of application of the evaluation of resilience 

measures.  

Case study 1, New Zealand:  

“Measuring the Resilience of Transport Infrastruc-

ture” [3], New Zealand Transport Agency Research 

Report No. 546, 2014. 

This concerns a research report drawn up by 

AECOM New Zealand Ltd and commissioned by 

the New Zealand (NZ) Transport Agency. The NZ 

Transport Agency is a New Zealand State enter-

prise reporting to the Ministry of Transport. The re-

port contains a proposal for a concept for the eval-

uation of the resilience of the New Zealand 

transport system. It uses a method for providing a 

resilience score based on selected resilience indi-

cators for individual structures, sections of track or 

the entire network. A very wide range of different 

types of damaging incidents can be taken into ac-

count which have an impact on the system under 

consideration (single and all-hazards approach). 

This evaluation concept assists decision-makers in 

selecting measures targeted to contribute to an in-

crease in resilience that is as efficient as possible 

(increased resilience score).   

This case study shows that resilience measures – 

departing from the technical and organisational 

road infrastructure system – are extended to the 

enterprise itself. For example, such questions are 

addressed as: How can risk and resilience aware-

ness be increased among the staff members of an 

infrastructure operator? 

In this case study, a specific concept is proposed 
for the measurement of the resilience of road infra-
structure systems. In addition, approaches to im-
plementation in the everyday processes of the in-

frastructure operators are indicated and demon-
strated using examples. The resilience measure-
ment concept seems plausible and implementation 
using what are known as “Dashboards”5 practica-
ble. In this way it becomes quickly apparent to the 
decision-maker where and to what extent 
measures contribute to an increase in resilience. 
With additional cost/benefit considerations (not de-
scribed in the report), a cost-optimised set of 
measures could be identified in this way. The ben-
efits of such standardised resilience measurement 
for the infrastructure operator resides primarily in 
the identification of measures that are as effective 
as possible to increase the resilience of individual 
structures or the entire infrastructure network with-
in the perimeter of the decision-maker. The meth-
ods to determine the resilience score in the afore-
mentioned case study are not complicated and can 
be implemented using most available IT pro-
grammes (e.g. Microsoft Excel) However, signifi-
cant expense may be incurred in initially obtaining 
the relevant indicators and their continuous updat-
ing. 

The fact that the question of resilience is discussed 
very comprehensively in this case study is also in-
dicated in the appendix to the report by the note 
about the complexity of estimating the probabilities 
of the occurrence of damaging incidents and the 
associated uncertainties in the determination of 
risk. The authors in the case study recommend, in 
the estimation of probability of occurrence, the use 
of broader forms of distribution of the underlying 
probability distributions than has been customary. 
This means that more conservative assumptions 
have been made of intervals between the recur-
rence of damaging incidents (more frequent cases 
are assumed).  

Case study 2, Switzerland:  

“Evaluation of variants to improve winter safety on 

Kantonsstrasse Sils  the Sils Cantonal road)” [56], 

EBP report, 2014 

To increase winter and summer safety on the main 

road between Silvaplana and Castasegna, the 

Canton of Graubünden in Switzerland commis-

sioned the study of several variants. The civil engi-

neering office for the Canton of Graubünden com-

missioned EBP Schweiz AG to evaluate three vari-

ants and the zero alternative using risk analyses. 

Essential indicators of the investigations were the 

periods of restricted use of the main road and 

therefore the loss of functionality of the road over 

 
5 A dashboard contains a clear representation of the most im-

portant resilience indicators in this connection so that particular-

ly low values can be identified and corresponding optional 

courses of action can be derived for the desired resilience of the 

system responsible.  
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time in the interests of the definition of resilience 

presented in Chapter 2.1.  

The measures and variants which are in discussion 

in this case study are not necessarily to be under-

stood to be resilience measures. However, taking 

into account the definition of resilience measures in 

Chapter 3.1 (measures exceeding the norma-

tive/compulsory specifications) in the context of the 

evaluation method outlined in the case study, un-

dertaking more extensive risk considerations de-

pending on the implementation variation (i.e. the 

initiation and implementation of this risk-based var-

iant study itself) can itself also be understood to be 

a resilience measure.  

Case study 3, USA: 

“Seismic Options Analysis in Western Oregon” 

[57], EDR Group, 2014 

For a magnitude 9.0 earthquake in the subduction 

zone in Western Oregon on the American Pacific 

coast, competent bodies worked out a scenario on 

infrastructural damages to be expected. In the con-

text of this case study, this was the point of depar-

ture for analysis of economic losses caused by the 

disruptive deterioration of access and the interrup-

tion of supplies of goods. Analysis was made of the 

severity, the flows of goods and the sectors affect-

ed by the road closures, what direct economic 

losses resulted from this and what indirect and in-

duced losses this would lead to. In another step, 

the extent to which it had been possible to reduce 

the damage by three separate extensive pro-

grammes of investment in earthquake safety to in-

crease the resilience of the components of the in-

frastructure was investigated. This case study was 

selected because the tool used provided an exam-

ple of a computer programme suitable for everyday 

use being able to assist decision-makers, which al-

so involved an estimate of macroeconomic conse-

quences of damaging incidents and impact on the 

road infrastructure and effects on the road traffic 

infrastructure.  

The TREDPLAN case study is essentially based 
on a large database in which, in addition to the 
georeferenced inventory of the road infrastructure 
network, input variables such as population char-
acteristics, economic and business models as well 
as trade and logistics flows are stored. By the intel-
ligent combination of such basic data, the impact of 
external damaging events can be estimated on a 
system and its surrounding region.  

TREDPLAN is a paid-for tool which is currently 
available for application in the USA. If the corre-
sponding basic data was available, the tool could 
also be used in Europe and serve decision-makers 
as a useful aid in infrastructure management.  

Case study 4, Europe:  

“Security of Road Transport Networks (SeRoN)” 

[58], EU research project, 7th framework pro-

gramme, 2012 

In the “Security of Road Transport Networks (SeR-

oN)” research programme in the context of the 7th 

EU research framework programme, a method for 

the identification and quantification of the risks of 

critical road infrastructure elements was developed 

between 2009 and 2012 and applied as an exam-

ple to case studies. On the basis of 

cost/effectiveness analyses, the relativity of possi-

ble additional measures is investigated. The eval-

uation of resilience is, therefore, based on an esti-

mate of the resulting risks of the failure of a critical 

road element and the proportionality of possible 

additional risk-mitigating measures. The developed 

procedure gives a comprehensive and structured 

overview of possible protective measures for criti-

cal road infrastructure elements. Standardised 

guide costs were also indicated in the research 

project for many measures. No specific procedure 

for the selection of potentially suitable measures is 

defined further. This is left to the users of the 

method. 

For the application of the procedure described 
above, an IT tool which can support infrastructure 
operators in the identification of critical network ar-
eas has been developed. The calculations within 
the (Excel) tool are of low-level complexity alt-
hough the tool does include many worksheets so 
its application can be time-consuming. Because 
some of the input data has to be estimated by in-
frastructure operators and/or traffic experts, the ef-
fort in surveying the input variables is considerable 
and usually depends on access to traffic and logis-
tics models. As soon as these basic inputs are 
present, the developed tool can, however. be a 
useful aid to decision-makers in infrastructure 
management. The tool application is clearly 
demonstrated using sample applications on partic-
ularly critical road routes (Öresund bridge and 
Brenner route). The case study aims to identify 
particularly critical sections of the road network. 
However, it does not contain any evaluation of 
measures in order to design such sections, struc-
tures or network areas in order to make them more 
resilient. Uncertainties in the estimation of the 
probabilities of occurrence or the extent of damage 
are only taken into account as fringe considera-
tions.  

Case study 5, Germany:  

“Joint project SKRIBT [45] – protection of critical 

bridges and tunnels as part of roads”, Federal Min-

istry for Education and Research (BMBF) & VDI 

Technologiezentrum GmBH & BASt, 2013 
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The SKRIBT project was initiated by the Federal 

Ministry for Education and Research (BMBF). It 

was the objective of the report to identify potential 

hazards for road bridges and tunnels (threat analy-

sis), to carry out analyses of the structure and to 

develop protective measures. Various types of 

hazard can be taken into account (all-hazard ap-

proach). The term resilience is not used as such. 

The measures studied, however, reduce the prob-

ability of occurrence and the damage of a possible 

incident and therefore can also be treated as resil-

ience measures in accordance with the definition in 

Chapter 3.1.  

This case study demonstrates a state-of-the-art 

approach to unusual damaging events to road 

bridges and tunnels in Germany. The resilience 

concept is only implicitly addressed and imple-

mented.  

In this case, study-specific protective measures are 
recommended for bridges, tunnels and their users. 
This is on the basis of indicator-based identification 
of critical structures. This is essentially a procedure 
comparable to New Zealand case study 1, howev-
er the difference is that – by contrast with the resil-
ience score – the approach in SKRIBT is based on 
criticality criteria rather than on considerations of 
resilience (see differentiation in Chapter 2.1). The 
cost of the measures associated with life cycle 
costs and effectiveness/cost analyses is also taken 
into account. The methods in the SKRIBT case 
study are described and presented very clearly. 
This creates an important basis for practical appli-
cation. Once translated into the context of resili-
ence consideration, the types and costs of 
measures listed can offer a very good basis for 
practical implementation of the resilience concept.  

The identification of critical structures on the basis 
of the summary of different input and or indicator 
variables in the aforementioned case study is rela-
tively complex. Determination of the input variables 
is time-consuming at the start of the procedure. 
Uncertainties in the estimates for the probabilities 
of occurrence and the extent of damage in the 
event of occurrence in this case study will not be 
entered into.  

Fact sheets 

These case studies, in the opinion of the authors, 

reflect the (international) state of application of re-

silience concepts. In addition to the summaries in 

the previous sections, they have been evaluated 

against the following questions:  

1. What were the circumstances for the resil-

ience considerations?  

2. How was resilience evaluated/indexed? 

3. How were resilience measures derived 

and how should they be assigned to the 

type classification in Figure 8? 

4. How have resilience measures been eval-

uated? Where appropriate: What was the 

cost/benefit ratio? Have macroeconomic 

consequences been demonstrated?  

5. How is practical implementation, applica-

bility, practicability carried out or ensured? 

The responses to these questions are summarised 

in the fact sheets in Appendix 1. 

Findings 

From analysis of the case studies and responses 

to the above questions, the following findings can 

be deduced on a primary level:  

• The challenges of resilience management 

are currently primarily being discussed by 

academics instead of by infrastructure op-

erators.  

• The issue has come to the attention of the 

decision-makers, but its translation and 

implementation into practical everyday sit-

uations by infrastructure managers is still 

very piecemeal, very rarely completed and 

barely ever documented. 

• From the case studies analysed, it is ap-

parent that very different approaches to 

consideration of resilience and its determi-

nation are taken in different parts of the 

world. 

• In the evaluation of resilience measures –– 

a great many different assessment meth-

ods are used, when they are used at all. 

There is not one established standard 

method. 

Detailed research on practical case studies has re-

vealed that  

• The trigger for the evaluated measures 

was not necessarily resilience. 

• A very close relationship with and to some 

extent integration into risk analyses and 

evaluations exists. 

• in the evaluation procedures applied, the 

effect of the measures under evaluation on 

the resilience of the transport system is 

treated only in a very marginal way.  

• Macroeconomic effects are only very rarely 

integrated into the evaluations. 

The case studies analysed however show that:  
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• Usable methods already exist for evaluat-

ing resilience measures.  

• The actual major challenge for quantifiable 

and monetisable evaluations is knowledge 

of the probabilities of occurrence of disrup-

tion (or the development of suitable predic-

tion models). 

• For macroeconomic analyses in Germany, 

no principles and tools such as 

TREDPLAN in the USA are as yet availa-

ble. 

 

7 Conclusions and recommenda-
tions 

7.1 Conclusions 

Systemic consideration of resilience is currently a 

very broadly and intensively discussed subject in 

traffic infrastructure management internationally. 

There are numerous definitions of resilience. The 

essence of these discussions lies in an under-

standing which can be summarised as follows in 

[11]: Resilience is the capability of a system to 

avert actual or potentially damaging events, to 

prepare for them, to factor them in, to withstand 

them and to recover from them as quickly as pos-

sible. Damaging occurrences are disruptions or 

change processes caused by humans, technology 

or nature, which have disastrous consequences 

and are not taken into account in current standards 

and design codes. Resilience can only be in-

creased by consistent interaction between tech-

nical, social and economic approaches to a solu-

tion. In particular the integrated thinking of the var-

ious possible solutions and their well-targeted 

combined use before, during and after a crisis are 

what differentiate resilient systems. Resilience is, 

moreover, not a static state but a characteristic of 

dynamic systems that are capable of development. 

The resilience of a system increases the better it is 

able to withstand harmful events. If resilience is 

low, even slight impacts or disruptions can cause 

significant system changes or the collapse of the 

functionality of the system. 

Discussions about resilience focus on a view that 

should be as unified as possible that, on the one 

hand, takes into account not only individual objects 

in the road infrastructure sector, but the entire sys-

tem and, moreover, also far-reaching indirect and 

non-material aspects in the consideration of the 

possible consequences. Accordingly, systemic and 

holistic concepts are the prime focus in this con-

text:  

• Resilience is not a system state which is 

reached once and then fixed, rather it is a 

system characteristic that has to be con-

tinually “trained” and improved or main-

tained.  

• Neither robustness nor resilience can 

serve as a sole paradigm for protective 

concepts in road infrastructure manage-

ment. Modern protection concepts should 

be based on a balanced strategy that will 

withstand scrutiny from multiple perspec-

tives. Individual components must be ro-

bust and networks resilient.  

• Considering the resilience of an entire sys-

tem is particularly important and is also a 

significant challenge. In particular in view 

of the portfolio of parts of the infrastruc-

ture, infrastructure is more than just a se-

ries of physical systems. Functionality in 

the sense of a system/compound structure 

plays an important part. In the context of 

road infrastructure, ensuring supplies and 

services to society is also a factor. Such 

functionality must be available even when 

one or more links in the infrastructure 

chain have failed or broken down.  

Provision for dynamic system functionality over 

time under the effect of damaging incidents 

may be referred to as the resilience of a sys-

tem. The subject of resilience is discussed 

primarily in academic publications and theoret-

ical reports.  

7.2 Recommendations 

The following recommendations are derived from 

the methods described in Chapter 5.4, on the 

methods for the evaluation of resilience measures 

and the findings from the case studies in Chapter 

6:  

• Integration into existing procedures: To en-

sure a high level of acceptance, widespread 

use and consistent consideration of the resil-

ience concept, various new evaluation 

methods should not be used, but the resili-

ence aspect integrated where possible into 

existing procedures or such procedures 

should be “upgraded” as appropriate (see 

Chapter 6, case study 2). 

• Regardless of how resilience measures can 

be evaluated, it should be verified that resili-

ence is listed as a separate benefit compo-

nent in the target system, e.g. is itemised in 

the evaluation of new builds and upgrades. 

For this, an appropriate procedure for the 



  29 

measurement of the potential effect of the 

measures must be developed. If determina-

tion of quantitative impact and monetisation 

proves to be too time-consuming, this can 

take place using a pragmatic scoring system 

such as is employed for instance in New 

Zealand (Chapter 6, case study 1, [3]). 

• An innovative approach to resilience man-

agement that should take place in the first 

instance could pragmatically take the form of 

a two-step process:  

1) In the first step, network screening is carried 

out on a broad (network) level (with low-level 

detail) to identify the weak points in the sys-

tem. The following questions should be in-

vestigated in the process: Do all system el-

ements conform to the current standards 

and rules (compliance)? What elements in 

the system are to be assessed as particular-

ly critical (criticality)? Where is there in-

creased need for resilience due to a poten-

tial risk situation? In implementation, an indi-

cator system as described in case study 1 

from New Zealand is recommended.  

2) In a second step – with a knowledge of the 

critical elements in the system – specific, in-

depth, more complex resilience analyses 

should be carried out at structure level. The 

decisive question here is: Where and to 

what extent is it worthwhile investing in in-

creasing resilience? What system elements 

and damaging events are to be taken into 

account in the analyses? What are the most 

important functionality components (to be 

evaluated)? The question of practicability 

and utility is also important. What level of de-

tail is worthwhile and appropriate for the 

evaluation of the intended resilience 

measures?   

• The evaluation procedures described can be 

used for resilience management to be estab-

lished in the future. Depending on the extent 

of the resilience measure, the extent of the 

determination of the effectiveness is increas-

ingly complex depending on the extent of 

the determination of the impact and there-

fore increasingly expensive. Due to the rela-

tively high expense of monetising the indi-

vidual components of system functionality, it 

is recommended only to resort to the evalua-

tion method of cost/benefit analysis for ex-

tensive (expensive) resilience measures.  

The evaluation of smaller (less cost-

intensive) resilience measures is possible as 

an alternative also using other methods (in-

dividually or preferably in combination).  

• Last but not least, a unified understanding of 

the terminology and the use of consistent 

terminology is recommended: all those in-

volved in the context of infrastructure man-

agement should use the same terms with 

the same understanding in discussion of re-

silience measures. This report forms a foun-

dation for this to happen. 

 

8 Prospects 

The long-term objective of the BASt is the devel-

opment and implementation of consistent and inte-

grated resilience management. Integrated resili-

ence management means that all phases of the 

resilience cycle (prepare, prevent, protect, re-

spond, recover) and all groups of measures (tech-

nical, planning/organisational) and levels (struc-

ture, network) are included in the resilience con-

sideration.  

The first step in this direction has been taken using 

the above investigations towards a consistent ba-

sis for the understanding of the term resilience and 

possible resilience measures. On the other hand, 

an overview of possible methods for the evaluation 

of resilience measures has been created. 

Now, on the basis of these findings, further devel-

opment and application of the methodical proce-

dures in the context of integrated resilience man-

agement must be initiated so that they can be used 

in future as a practical aid for decision-makers in 

road-infrastructure management.  

The following aspects are considered to be of im-

portance in any such further development: 

• An approach that is relatively quick to imple-

ment, pragmatic and supposed to be rapidly 

accepted lies in the implementation of the resil-

ience consideration in existing evaluation con-

cepts of road-infrastructure management (e.g. 

resilience as a target system in the BVWP). 

• A decisive step towards a holistic, conceptual 

and systematic assessment of the availability or 

functionality of road infrastructure in the event 

of adverse impacts lies in the further develop-

ment and in the demonstration of the practical 

feasibility of the methods for identification of 

measures set out in this research project. A fu-

ture objective is to ensure, by systematic identi-

fication of economically proportionate 

measures, the overcoming of adverse impacts 

on the infrastructure system. This means, with 
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appropriate use of resources, to ensure restora-

tion of functionality as quickly as possible and 

the operation of infrastructure after a disruptive 

incident. The development of such approaches 

to identify particularly suitable resilience 

measures across all resilience phases is an im-

portant research requirement and has already 

been initiated for the “respond” and “recover” 

phases by BASt.  

• Development of a suitable indicator system to 

assess the resilience of a road traffic network. 

In order to make any statements concerning the 

resilience of a system or to be able to compare 

different systems, a coherent method is needed 

to evaluate the resilience of road infrastructure. 

Closely connected with existing concepts for 

the assessment of criticality (see case study 4, 

SeRon), these can be supplemented or broad-

ened in the direction of a resilience evaluation. 

The objective consists in an indicator-based 

derivation of a resilience score at structure or 

network level which can serve as a benchmark 

both for dedicated resilience management but 

also in comparison with other cities, regions, 

structures etc.  

• Development of a method for the identification 

of (cost-)optimised measures to increase resili-

ence of the structure or the network. This corre-

sponds, for example to a combination of the 

New Zealand approach to scoring (see case 

study 1) and a computer-aided tool still to be 

developed which, on the basis of cost-

effectiveness analyses, detects the most effi-

cient levers (measures) to increase resilience in 

the system.  

• Determination of the necessary minimum resili-

ence required of systems. This is associated 

with the question: If resilience can be evaluat-

ed, what resilience value is it desirable to 

achieve? What is the target value and can such 

a target resilience be specified at all? 

• Investigations on the real-time resilience dash-

board e.g. dependent on water-level in the 

event of persistent rainfall. Combination with 

early warning system and real-time risk model-

ling.  

• Verification of the opportunities for linking vari-

ous data sources in order to map mobility flows 

and to be able to resort to real-time predictions 

of mobility behaviour in the event of disruptive 

events, to take action and take control. 

• Estimates of the consequences of potential 

events e.g. by flood prediction models, provide 

important input values as the basis of the resili-

ence evaluations. The new development of 

such models or the implementation of existing 

models in the overall context of resilience man-

agement represents an important future task. 

Associated with this is the guarantee of infor-

mation availability by appropriately linking rele-

vant databases (transport, population, natural 

hazards, accident risk maps, mobility flows 

etc.). 

• Accidents involving property damage them-

selves often lead to significant losses of capaci-

ty in the road network. By the development of 

accident prediction models, for individual road 

sections, accident probabilities can be estimat-

ed and mapped (in future or in real time) ac-

cording to traffic and infrastructure parameters. 

Such accident prediction models already exist 

for the Swiss and Austrian motorway network 

[59] [60]. Geo-referenced transposition onto 

network maps can give a direct overview of 

network sections expected to be susceptible to 

accidents.  

• Creation of interfaces for all those involved. Re-

silience management cannot be expanded and 

developed exclusively by the infrastructure op-

erators responsible. All stakeholders (repre-

sentatives of the emergency services, those in 

positions of responsibility in the communities af-

fected, public transport representatives, com-

munication service providers, research bodies, 

etc.) must all be persuaded to support a com-

mon objective.  
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the bus accident on 13 March 2012 in a nation-
al road tunnel on the A9 motorway at Sierre) 
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A1: Fact sheets on case studies 
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Fact sheet 1 Measuring the resilience of transport infrastructure 

 

Hughes, J. F. and Healy K. (2014). Measuring the resilience of transport infrastruc-

ture. NZ transport Agency research report 546. 82pp. (https://www.nzta.govt.nz/) 

Summary 

The report has been drawn up by AECOM New Zealand Ltd and was commissioned by the New Zealand (NZ) 

Transport Agency. The NZ Transport Agency is a New Zealand state-owned company reporting to the Ministry of 

Transport. The objective of the studies for the drawing up of the report was to develop a concept for the evaluation 

of resilience of the New Zealand transport system. Various types of disaster can be taken into account (single and 

all-hazards approach).  

Reason for the report 

The trigger for the drawing up of the report was the general responsibility for a functioning safe transport system. 

The National Infrastructure Plan 2011 also obliges the transport authority to develop indicators to assess the resili-

ence of the system in the area for which it is responsible. 

How has resilience been evaluated/indexed? 

Resilience is assessed using resilience indicators. By means of a list of associated measures, the extent to which 

these are implemented is evaluated on a scale of 1 to 4. The weighting of different categories is possible. Output is 

a resilience value between 1 (low resilience) and 4 (very high resilience). Using this resilience value (score), various 

structures and networks can be compared with one another. 

How were measures derived and which measures were they? 

For various dimensions (technical and organisational), principles (robustness, redundancy, etc.) and categories 

(structural, procedural, etc.) indicators have been developed that can be combined with corresponding measures. 

Such fine classification enables measures to be introduced on the basis of the resilience values determined, exactly 

where resilience appears necessary on the basis of a low resilience value.  

The resilience measures discussed in the case study can be assigned to the type classification of measures as fol-

lows:  

Resilience measures 

 

Phase 

Structure Network/region 

Technical Planning/ 
organisational 

Technical Planning/ 
organisational 

prepare • Maintenance work 

• Structure monitor-
ing 

• Early warning sys-
tems 

• Integration of resilient 
design in guidelines 

• Backups and regular 
updating of important in-
formation 

• Suitable insurance of 
structures 

• Restoration plans 

• Plans for necessary re-
placement material 

• Traffic monitoring • Develop internal 
company risk and 
resilience awareness 

• Knowledge and in-
formation transfer  

• Partnerships with 
other sectors 

• Risk analyses taking 
into account cascade 
effects 

• Check projects for 
resilience 

• Define usage plans 
and materials 

• Traffic management 
plans for different 
scenarios 

• Replacement route 
planning with prioriti-
sation 

• Concept for the pri-
oritisation of re-
source distribution 

• Emergency training 
involving the public 

• Backups and regular 
updating of important 
network-wide infor-
mation 

https://www.nzta.govt.nz/
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• Preventive clarifica-
tion of access enti-
tlement to private 
ground in case of an 
incident 

• Securing financing, 
cooperative working 
groups, cost distribu-
tion agreements 

• Plans for the desig-
nation of alternative 
routes 

prevent  

no details 
protect 

respond no details 

 

• User information 

• Prepare overlapping 
channels of communica-
tion  

• Create redundant 
transport routes with 
sufficient capacity and 
minimum travel time 
difference 

• Make alternative 
transport arrange-
ments with sufficient 
capacities available 

• User information on 
problems and alter-
native routes 

• Use overlapping 
communication 
channels 

recover • Ensure availability 
of spare materials 

no details 

 

How have measures been evaluated? What was the cost/benefit ratio? Have macroeconomic 

consequences been demonstrated? 

In this case study, no evaluation of measures has taken place. To implement the methods described in the above 

report, a case study is being carried out by the NZ Transport Agency, among other things: “Improving network safe-

ty and resilience”. Here, the focus in particular lies on a 5km long road (State Highway 73) between Canterbury and 

the west coast that is particularly narrow, and regularly blocked by falling rocks and heavy snowfall. Completion of 

this 2 million dollar project is planned for 2019.  

Are implementation, applicability, practicability, etc. evaluated? 

This is purely a resilience evaluation tool with an easy-to-understand scoring system. Using this resilience evalua-

tion, the decision-makers can identify the state of resilience of their system and what levers they should pull in order 

to increase the resilience of their system. Prioritisation or selection of measures could take place using the integra-

tion of an additional cost/benefit ratio (is not being made to date). 

There is no risk estimate (extent of damage using probability of occurrence). The schema was not used in the con-

text of the report on an actual case study. 
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Fact sheet 2 
Evaluation of variants to improve winter safety on the 

Sils cantonal road (Switzerland) 
 

Summary 

The Canton of Graubünden developed several variants to increase winter and summer safety on the main road be-

tween Silvaplana and Castasegna. The Civil Engineering Agency for the Canton of Graubünden commissioned EBP 

to evaluate three variants and the zero alternative 

Reason for the report 

The main H3b Silvaplana – Castasegna road is at risk from natural events over a section of around 3.5 kilometres be-

tween Sils Föglias and Sils Plaun da Lej. Mainly these are avalanches, but there are also landslides, debris flows and 

falling rocks and blocks. As protective measures only exist in certain places, the cantonal road has to be closed off 

when there is a hazard (in particular when there is a risk of avalanche). Disruption to this important Cantonal traffic 

route cuts Bergell off from the rest of the district. Then work and tourism traffic between Upper Engadine and North 

Italy are affected. This gives rise to direct and indirect economic losses. 

How has resilience been evaluated/indexed? 

The closing of the road is a measure to avoid damage in the event of an incident. The development variants may be 

regarded as resilience measures as, in the event of an incident with avalanches etc. they ensure that there is no road 

closure. The impact is therefore eliminated or mitigated. 

An essential element of the evaluation were closure periods. The shorter the closure period, the higher the benefit. 

The effect of the variants on some indicators in the cost/benefit analysis depends on the extent to which the closure 

periods are reduced. The association between reducing the closure periods and the indicators is mapped in the fol-

lowing chart. 

 

By reducing the number of closures and the duration of closure, road users benefit. Therefore, it should be deter-

mined how many people or vehicles benefit from a reduction in closure periods. The benefits to road users by com-

parison with the zero alternative may consist in a shorter delay until the road is opened, less regular diversions via a 

longer route or a smaller number of journeys that are eliminated altogether or which are postponed by (several) days. 

Taking into account the number of people or vehicles affected in each case, travel and vehicle hours differ each year. 

In the cantonal variant, it is also taken into account that in the event of closures and diversions via Sils, mileage in-

creases and delays occur due to single-lane traffic. The changes are taken into account in the calculation of the indi-

cators of air, noise, impact on the climate and effects on transport customers. In the indicator of the impact on 

transport consumers, it is also taken into account how many road users have to postpone their journey for one or 

more days. Determination of the impact on the regional economy is directly based on the reduction in the number of 

closures without explicit reference to demand for transport. 

Variants:

Reduction

in duration of      

closure

Reduction

in number of 

closures

Number of people 

/vehicles affected

Benefits to road users:

Change in delay 

time

Change in 

journey distance

Postponement of 

journey

Change in 

mileage 

[Vehkm/a]

Change in 

journey time 

[Vehh/a]

1.1 Air, 

1.2 Noise and

1.3 Climate impact

2.2 Impact on 

transport 

consumers

2.3a Effects on 

the regional 

economy of 

Upper Engadine
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How were measures derived and which measures were they? 

The various measures were worked out prior to evaluation by the administrative authority.  

Resilience measures 

 

Phase 

Structure Network/Region 

Technical Planning/ 
organisational 

Technical Planning/ 
organisational 

prepare no details 
• Monitoring of ava-

lanche risk 

no details 

 

prevent  • Avalanche towers • Controlled avalanche 
triggering and short-
time road closures 

protect • Construction of a tunnel and/or 
gallery  

no details 

respond 

no details 
recover no details • Indication of an al-

ternative route 

 

How were measures evaluated? What was the cost/benefit ratio? Have macroeconomic conse-

quences been demonstrated? 

For the evaluation of the resilience measures the procedures of descriptive specification and cost/benefit analysis are 

used to compare different variants as a complementary process. The table below summarises the target and indicator 

system used for cost/benefit analysis and the descriptive specification, and is differentiated into three sectors: envi-

ronment, economy and society.  

 

The results of the cost/benefit analysis for the main evaluation are mapped in the following chart. Here, the 

cost/benefit difference is shown as the sum of target contributions, namely the environment, infrastructure costs, 

benefits, road users and accidents. The cost/benefit difference thereby calculated corresponds to national specifica-

tions for the evaluation of traffic infrastructure measures. 

The cost/benefit difference in accordance with the procedures of the Federal Government (Switzerland), does not 

take into account regional economic impacts as these can often represent a redistribution between regions.6) The re-

gional economic impact on the Upper Engadine area however is also calculated and shown here.  

 
6) In this way, lost income in Upper Engadine for instance can lead to additional income in other regions such as 

Flims, Arosa or Davos. 
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A negative cost/benefit difference not including impact on the regional economy results from an economic perspective 

for all three variants. The infrastructure costs barely bring any benefits. From an economic perspective, therefore, 

none of the variants are to be recommended.  

If the regional economic benefit for the Upper Engadine area is also taken into account, the result improves. Never-

theless, variants A2Z and B2Z continue to show clearly negative cost/benefit differences amounting to 10.8 or 11.5 

million Swiss Francs per year. Due to the lower infrastructure costs, the Canton variant achieves a comparatively 

slight negative cost/benefit difference of 1.6 million Francs per year taking into account regional economic effects. It 

should be noted here, however, that in the view of the experts, the values assumed for regional economic benefit are 

very high.  

The extent to which the variants bring improvements for the regional economy in Upper Engadine and in Bergell is to 

be investigated here. Due to reduced closure times, by contrast with the zero alternative, there is additional income 

from tourism and in the building industry. Moreover, staffing expenditure is reduced. Improved accessibility due to re-

duced closure time also has an influence on the image of the region. The damage cost rate for a day’s closure is de-

termined using economic information. This is approx. 3 million CHF per day. The macroeconomic effects used in the 

cost/benefit analysis were taken into account with a change in the closure days in the variants. 

Are implementation, applicability, practicability etc. evaluated? 

Procedures and processes can be implemented and are applicable and practicable. The entire evaluation takes ap-

prox. 500 working hours including data research, preparation, meetings and presentations. 

 
 
 
  

-20 -15 -10 -5 0 5 10 15 20

Umwelt

(Luft- und Lärmbelastung,

Klima, Bodenversiegelung)

Infrastrukturkosten

(Investition und Unterhalt)

Nutzen Verkehrsnachfrager

Unfälle

Nutzen-Kosten-Differenz

Regionalwirtschaftlicher Nutzen Oberengadin

Nutzen-Kosten-Differenz

mit RW-Effekten

Benefits and costs per variant by comparison with the zero alternative in millions of CHF/year

A2Z B2Z Kanton

Improvement by comparison with zero
alternative

Deterioration by comparison with zero
alternative

Environment (air and noise pollution, 
climate, ground compaction)

Infrastructure costs
(investment and maintenance)

Benefits to transport consumers

Accidents

Cost-benefit difference

Upper Engadine regional economic benefits

Cost/benefit difference with 
regional economic effects

Canton



 42 

  



  43 

Fact sheet 3 Seismic Options Analysis in Western Oregon (USA) 
Portland Business Alliance / Oregon Business Council / Port of Portland (2014): Economic Impacts of Congestion in Oregon (Chapter 
8: Seismic Options Analysis). Processed by: EDR Group, Boston (EBP partner company) 

Summary 

For a 9.0 magnitude earthquake in the subduction zone in Western Oregon on the American Pacific coast, competent 

bodies worked out a scenario on infrastructural damage to be expected. This was the starting point for the analyses of 

economic losses caused by the disruptive deterioration of accessibility and the interruption of flows of goods. Which 

flows of goods and which sectors were affected by the road closures were analysed how severely, what direct losses 

this gave rise to, and what indirect and induced losses this would lead to. In a further step, the extent to which the dam-

age could be reduced by three different extensive programmes of investment in earthquake resistance to increase the 

resilience of the infrastructure was investigated.  

Reason for the report 

Preliminary reports provided the necessary scenarios for infrastructural damage and investment programmes. In the 

context of this analysis, it was intended to show how investment programmes affect the earthquake safety of major road 

networks or how a lack of them affects the economy of Oregon in the event of a major seismic event. 

How has resilience been evaluated/indexed? 

The basic scenario, in which Western Oregon is af-

fected by an earthquake without prior investment in 

the resilience of the road network, is compared with 

three different investment scenarios. The IT tool 

TREDPLAN used in this case study enables the anal-

ysis and evaluation of the effects on specific flows of 

goods. With the help of a transport model, efficiency 

loss in the transport system is determined, which is al-

so the input variable for the tool. The numerical results 

take the form of the change in macroeconomic varia-

bles such as employment or national product or gross 

domestic product (GDP). 

 

 

How were measures derived and which measures were they? 

The measures (investment programmes to increase the resilience of the road network) were predefined in this project. 

However, assessment of the consequences of an external event and thereby efficient planning of measures were as-

sisted by using TREDPLAN. The origins and destinations between which goods, that are of particular significance to the 

regional economy, are transported were determined, for instance. The resilience of the modes of transport that serve 

those routes and which are particularly important for the economic activity of the region can be intensified with appro-

priate measures.  

Resilience measures 

 

Phase 

Object Network/Region 

Technical Planning/ 
organisational 

Technical Planning/ 
organisational 

prepare 

TREDPLAN is used in the case of infrastructure situations that are particularly critical in order to es-
timate the effects of certain measures on the overall system to be analysed. The use of such a tool 

goes beyond the criteria in planning standards and, therefore, can be seen as a plan-
ning/organisational measure at network or regional level.  

prevent  

protect 

respond 

recover 
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How were measures evaluated? What was the cost/benefit ratio? Have macroeconomic conse-

quences been demonstrated? 

The extent of the macroeconomic damage 

caused by the seismic event was determined, 

along with the proportion of them that could be 

prevented by resilience measures. The 

measures are evaluated in the context of resil-

ience analysis with regard to macroeconomic 

indicators such as employment or national 

product or gross domestic product (GDP). 

 

Are implementation, applicability, practicability etc. evaluated? 

The analyses carried out require input/output models. The tools used in this case TREDPLAN 

(https://www.tredis.com/products/tredplan) and TREDIS (http://www.tredis.com/products/product-overview) are not 

available for Europe. 

 

  

https://www.tredis.com/products/tredplan
http://www.tredis.com/products/product-overview
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Fact sheet 4 Security of Road Transport Networks (SeRoN) 
 

Summary 

In the research project “Security of Road Transport Networks  SeRoN)” in the context of the 7th EU research framework 

programme, between 2009 and 2012 a method was developed for the identification and quantification of the risks of 

critical road infrastructure elements and was applied taking case studies as an example. 

Reason for the report 

Research project in the context of the 7th EU framework programme 

How has resilience been evaluated/indexed? 

The procedure for evaluation of the resilience of road sections takes place on the basis of four procedural steps: 

1. Identification of potential critical elements in a defined road network: 

The method focuses on tunnels and bridges as potentially the most critical elements in road networks. Criticality is 

evaluated according to different structure-specific characteristics (e.g. length, frequency of traffic, proportion of heavy 

traffic, expected repair time). 

2. Evaluation and prioritisation of the relevancy of the identified elements 

Prioritisation is worked out from the point of view of network-wide consequences in the event of a failure of the identified 

elements. 

3. Risk estimation for the most critical elements 

For the most critical elements, the risks are estimated on the basis of a defined catalogue of hazards and assessment 

criteria. For the risk assessment, in addition to the frequency of occurrence of trigger events, the direct consequences 

(e.g. fatalities and casualties, damage to property) as well as the indirect consequences (e.g. regional economic effects 

due to travel delays and environmental pollution due to diversions) are taken into account in monetised form. 

4. Analysis and evaluation of risk mitigation measures 

Based on cost/effectiveness analyses, the proportionality of possible additional measures is investigated. 

The evaluation of resilience is therefore based on an estimate of the resulting risks of the breakdown of a critical road 

element and the proportionality of possible additional risk-mitigating measures.  

The procedure developed was applied as an example for several bridges and tunnels in the European road network. 

The analyses focused on the applications and validation of the procedure and not on a specific search for resilience 

measures for the appropriate structures. 

How were measures derived and which measures were they? 

The procedure developed gives a comprehensive breakdown of possible protective measures for critical road infra-

structure elements. Standardised guide costs were also indicated in the research project for many measures. A specific 

procedure for the selection of potentially suitable measures is not defined further. This is left to the users of the method. 

The resilience measures discussed in the case study can be classified as follows into type categories of measures:  
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Resilience measures 

 

Phase 

Structure Network/Region 

Technical Planning/ 
organisational 

Technical Planning/ 
organisational 

prepare • Monitoring of the 
structure 

• Traffic monitoring and 
control 

• Rapid, real time detec-
tion and communica-
tion 

• On-site inspections 

• Advance regulation of 
processes and re-
quirements 

• Training of the moni-
toring and operating 
staff 

• Development of emer-
gency and hazard pre-
vention plans 

• Emergency practices 

• Traffic monitoring and 
control 

• Advance regulation of 
processes and re-
quirements 

• Training of the moni-
toring and operating 
staff 

• Development of emer-
gency and hazard pre-
vention plans 

• Emergency practices 

prevent  • Physical barriers 

• IT security 

• Limiting of damaging 
effects 

• Access control 
 

no details 
protect • Protective clothing 

• Reinforcement of 
structural elements 

• Design and layout 

no details 

respond • Site characteristics 

• Escape and evacua-
tion conditions 

• Suitable road user in-
formation and instruc-
tions 

• Redundant design • Suitable road user in-
formation and instruc-
tion  

recover • Temporary exchange 

• Rapid repair 

• Reconstruction and 
restoration plans 

• Accelerated planning 
and development of 
planning permissions 

• Effective damage as-
sessment 

no details 

• Indication of alterna-
tive routes 

• Network control 
measures 

• Crisis plans 

• Effective damage as-
sessment 

 

How were measures evaluated? What was the cost/benefit ratio? Have macroeconomic conse-

quences been demonstrated? 

The assessment of risk mitigation measures (or measures to increase resilience) is based on cost/effectiveness analy-

sis). The network-wide (monetised) estimate is compared here with the costs (for investment and operation) of possible 

additional measures in the event of consequences of possible non-availability of the critical road infrastructure elements 

with a view towards deciding upon any such measure.  

Are implementation, applicability, practicability etc. evaluated? 

The procedure developed in the research project focuses on network-wide effects in a failure-critical road infrastructure 

element. For those of direct and indirect effects, to some extent very complex model calculations have been used in the 

research project for the determination of the consequences. For example, comprehensive analyses of the traffic delays 

have been determined using extensive transport models. For a broad application – e.g. for the entire Federal trunk road 

network – the developed procedure and the associated methods and model are too expensive in some cases. Accord-

ingly, the procedure is primarily suitable for specific individual case studies. 
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Fact sheet 5 
SKRIBT joint project – protection of critical bridges and 

tunnels along road routes  
The Federal Ministry for Education and Research (BMBF) & VDI Technologiezentrum GmBH (2013): Joint project SKRIBT – Protec-
tion of critical bridges and tunnels along road routes. Final report: protection of critical bridges and tunnels (http://www.skribt.org/). 

Summary 

The SKRIBT project was initiated by the BMBF. It was the objective of the report to identify potential hazards for road 

bridges and tunnels (threat analysis), to carry out structure analyses and to develop protective measures. Various 

types of hazard can be taken into account.  

Reason for the report 

The report was drawn up in the context of the SKRIBT project, as part of the “Research for civil security” programme. 

How has resilience been evaluated/indexed? 

The term resilience is not used as such. The measures however reduce the probability of occurrence and the dam-

age caused by a possible incident and, therefore, can be considered to be resilience measures. A threat and struc-

ture analysis was carried out. Critical structural works were identified, taking into account users, construction and traf-

fic. 

How were measures derived and which measures were they? 

The effects of an incident were compared with the resistance capability of a structure and measures derived from this 

comparison to increase resistance capability. Classification into technical structural, operating and organisational 

measures followed, allocated to various competent parties (structure owner, structure operator, emergency services). 

Preventive and mitigating measures for structure and user protection. The measures were assigned to one or more 

event categories. 

Resilience measures 

 

Phase 

Structure Network/Region 

Technical Planning/ 
organisational 

Technical Planning/ 
organisational 

prepare • Hazardous goods identification 
(T) 

• ITCC integration (T) 

• Faster incident detection (T) 

• Wind-speed warning system (B) 

• Water level measurement (B) 

• TLZ Operator training 
(T), alarm- and hazard 
prevention plans (T), 
exercises by operating 
and emergency ser-
vices (T), advance in-
formation to tunnel 
users (T), situation 
training tunnel users 
(T), emergency prac-
tices on bridges (B) 

no details 

prevent  • Physical barriers/access preven-
tion (B) 

• Prevention of parking under 
bridges (B) 

• Wind screens (B) 

• Extension of freeboard (B) 

• Limiting of hazardous goods (T) 

• Gas detection (T) 

• Detection of overheating vehicles 
(T) 

• Keeping inventory 
documents locked 
away (B) 

protect • High-performance concrete used 
as the structural concrete (B,T), 
facing formwork made from mi-
cro-reinforced high-performance 
concrete (B,T), fire protection 
concrete (T), damper concrete 
(T), double-skin construction (T), 
reinforcement and screed (B), 
shear walls instead of pillars (B), 
impact protection (B), bearing 
protection (B) 

• Dimensioning for explosion 

no details 



 48 

stresses (T) 

• Design of statically undefined 
systems (B) 

• Design for higher impact stresses 
(B) 

• Fire resistant cladding (T), auto-
matic fire fighting system (T), ex-
tended blazing fire phase (T), 
smoke extraction (T) 

• Shorter emergency escape inter-
vals (T) 

• Special bridge emergency call (B) 

respond • Automatic blocking devices (B), 
Softstop barrier (T) 

• Tunnel communication • Global re-
dundancy 

no details 

recover no details 

 

How were measures evaluated? What was the cost/benefit ratio? Have macroeconomic conse-

quences been demonstrated? 

Effectiveness/costs analysis taking into account social acceptance and operating and economic aspects. 

Cost/benefit difference and cost/benefit ratio were assessed for the four example structures. Macroeco-

nomic aspects were assessed.  

Are evaluation, applicability, practicability etc. evaluated? 

Using four example structures, applicability was verified. According to the report, a procedure was made 

available which, despite a high level of complexity, demonstrates high practicability. 
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A2: Examples of assessments 
of macroeconomic conse-
quences of transport 
measures 

There are various statistical and/or macroeconomic 

models for testing the macroeconomic conse-

quences of (resilience) measures. These can be 

distinguished by the transport input variables (in-

frastructure or accessibility) and macroeconomic 

output variables (capital productivity, value crea-

tion, employment, property prices):  

• Analyses of infrastructure and capital 

productivity 

• Regional economic models: Analyses of 

accessibility and value creation 

Appropriate procedures and approaches, as used 

also for the evaluation of resilience measures, 

have been summarised below. These studies doc-

ument the state of research [49] relevant to practi-

cal situations. [49] also lists more recent develop-

ments such as system dynamics models e.g. the 

ASTRA model and integrated evaluation models 

such as HIGHTOOL or TRIMODE. ASTRA howev-

er serves to simulate the spread of new technolo-

gies. The integrated evaluation models too only 

link existing partial models together which, in turn, 

link back to existing and regional economic mod-

els, which will also be described later on. 

Analyses on infrastructure and capital produc-

tivity 

The following studies demonstrate the extent to 

which an investment increases macroeconomic 

capital stock and how high the capital productivity 

of such an investment is. It is not taken into ac-

count what sort of projects these are, whether they 

are useful from a traffic planner’s perspective or 

how they affect travel times.  

In principle, such capital productivities could also 

be determined and used for investments in resili-

ence measures. If such capital productivities exist, 

these could be simply applied. 

 

Swiss Economic Institute at ETH Zurich, (Konjunk-

turforschungsstelle) – KOF (2005) 

In an analysis of literature, KOF studied several 

foreign and domestic empirical studies in which 

connections were described between infrastructure 

investments and economic growth using statistical 

models. In most studies, growth-increasing effects 

of investments in public infrastructure were 

demonstrated empirically.  

For the profitability calculation of infrastructure in-

vestments in Switzerland, the KOF assumes a 

production elasticity of between 0.02 and 0.06. The 

profitability of the Swiss traffic infrastructure capital 

of 6% to 12% calculated from this is considered by 

the authors to be a somewhat conservative esti-

mate. The estimated lower limit of profitability of 

around 6% is however higher than the current ac-

tual interest rate and many forms of investment.  

Rhineland-Westphalian Institute for Business De-

velopment, RWI (2010) 

The study "Traffic infrastructure – growth aspects 

in the context of a formative financial policy” by the 

RWI investigates the economic effects of invest-

ments made into traffic infrastructure in Germany, 

without taking into account changes in accessibil-

ity. Using three models (vector-autoregressive 

model, panel analysis and structural model), re-

gression coefficients and elasticities are calculated 

between investments in traffic infrastructure and 

several economic indicators (GDP, employment, 

investment volume, prices, etc.), and checked for 

statistical significance.  

Using the vector-autoregressive model, the authors 

determine a positive growth effect from traffic infra-

structure investments after one year. Over the 

course of time, thereafter, this did not continue. In 

addition, it is demonstrated that investments in 

road transport develop more intensive growth ef-

fects than those in rail transport. With the panel 

analysis, a positive link was determined between 

traffic investment and GDP, in which the elasticity 

indicators derived were rather low values (0.03 – 

0.08). In places with less well-developed traffic in-

frastructure (east Germany compared to west 

Germany), such investments seem to achieve 

more value-creation-relevant effects. Like the vec-

tor-autoregressive model, the structure model also 

shows effects one year after investment, diminish-

ing significantly as time goes on. 

Regional economic models: Analyses of ac-

cessibility and value creation  

The approaches taken here attempt at directly im-

proving the transport network and their effect on 

value creation (BIP) primarily by means of statisti-

cal regression analysis. An accessibility indicator is 

always calculated with this. Accessibility, however, 

is determined in different ways in the studies inves-

tigated, e.g.:  

1. BAK Basel (2011): BAK Basel – a dedicat-

ed accessibility indicator primarily based 

on the determination of travel times. In-

stead of travel times, airline distances can 

also be used, in which the centrality of the 

geographical location is then determined. 
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To determine the relationships between 

value creation (GDP) and accessibility, 

conventional econometric structural mod-

els are used which, in addition to multi-

modal accessibility indicators (MIV + ÖV) 

contain several control variables on the 

level of the MS regions. By means of such 

a model, an annual GDP rise of 1.1 to 3.2 

billion CHF was derived for the Gotthard 

base tunnel which corresponds to an 

amortisation period of the transport infra-

structure of 4 to 11 years.  

 

2. Department for Transport, DfT and Gra-

ham, United Kingdom (2005-2009): Im-

proved access leads to concentration of 

economic activities according to the United 

Kingdom Department for Transport (DfT) 

and thereby to positive externalities, 

known as agglomeration effects. According 

to Graham (2006), the efficiency of a 

transport system has an indirect effect on 

the productivity of workforces. For this, he 

coins the term effective density, which re-

flects the number of workers in a sector at 

a particular place plus those in other loca-

tions, inversely weighted by a distance fac-

tor. The effective density may be deter-

mined in four ways. In a further investiga-

tion Graham et al. (2009), in addition to re-

vised elasticity indicators, demonstrate 

sector-specific distance degradation fac-

tors for more accurate determination of ef-

fective density. The values are reproduced 

in the table below. Their use is recom-

mended by the DfT to calculate agglomer-

ation effects in cost/benefit analyses and is 

documented for several projects to devel-

op the railway infrastructure in the United 

Kingdom (e.g. Crossrail) 

 

Figure 13:  Indicators of sector-specific elasticity of produc-

tivity with relation to effective density and dis-

tance degradation according to Graham et al. 

(2009) 

3. Ernst Basler + Partner, EBP (2005): In this 

study, cluster analyses are used to set out 

production functions for three types of re-

gion (cities and environs, border and pe-

ripheral regions, Alpine districts) and four 

sectors (agriculture, industry, services ex-

cluding tourism, tourism) in Austria which 

also include the accessibility factor. This is 

measured by means of a potential base 

derived from the number of inhabitants that 

can be reached by a political district (popu-

lation accessibility potential). The model 

was used on two case studies. Measure-

specific changes in gross value creation of 

459 million EUR/a or 340 million EUR/a 

correspond to an increase in national 

gross value creation of 0.22% or 0.16%. 

The benefit is then calculated in accord-

ance with conventional cost/benefit anal-

yses. The benefit in the cost/benefit analy-

sis is around 265 million EUR/ or 151 mil-

lion EUR/a, lower than according to the 

value creation analysis. Any double count-

ing has then already been eliminated. The 

study also demonstrates how changes to 

gross value added could be integrated into 

cost/benefit analyses in future. 

 

Institut für Höhere Studien (Institute of Higher Stu-

dies), IHS (2006) 

The IHS has prepared the accessibility-dependent 

regional model (EAR), which creates a link be-

tween accessibility and socio-economic key indica-

tors such as gross value creation, number of com-

panies, number of jobs etc. The accessibility of a 

region is therefore defined using the following for-

mula: 

Eli = ∑ (aij) * wij 

The meaning of the variables is as follows: 

Eli: Accessibility of the region i, 

aij: Travel time between the region i and a region j 

wij: Individual weighting factor depending on the 

accessibility indicator 

The factor wij in the above formula can be adapted 

to the calculation of the following accessibility indi-

cators: 

• Long-distance accessibility  

• Short-distance accessibility 

• Frequency-weighted long-distance acces-

sibility 

• Frequency-weighted short-distance acces-

sibility 

• Distance from a regional centre 

The IHS determines elasticities of gross regional 

product depending on frequency-weighted long-

distance accessibility of 0.02 and the distance from 

the regional centre of 0.01. Based on this, the IHS 

calculates the probable value creation effects of 

four Austrian railway projects on the geographical 

elasticity of productivity 

with relation to effective 

density 

Distance degradation 

factor

Branch

Manufacturing 0.021 1.097

Construction 0.034 1.562

Consumer Services 0.024 1.818

Business Services 0.083 1.746

All industries 0.043 1.655
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aggregation level of the federal regions. They are 

reported in figure 14. 

 

Figure 14: Increase in gross value creation in the Austrian 

regions based on three rail projects  

The IWW et al. [61] model includes the following 

potential factors: infrastructure, highly-skilled hu-

man resources, location factors and environmental 

quality. These potential factors are combined with 

an exogenous parameter using a Cobb-Douglas 

function and estimated as a cross-section. The re-

sults for calculations with new infrastructure indi-

cate potentials for economic development. These 

only occur if the transport infrastructure represents 

a bottleneck in regional development. The calcu-

lated potentials are only of relevance to economic 

analysis if this is the case.. 

 

 
 

Semmering-Basistunnel 

(old project)
Bypass Selzthal Mariazellerbahn

Burgenland 0 0 0

Kärnten 43.99 0 0

Niederösterreich 78.51 0 8.14

Oberösterreich 0 0 0

Salzburg 0 2 0

Steiermark 80.42 9 0

Tirol 0 2.23 0

Vorarlberg 0 1.09 0

Wien 83.11 0 0

Summe 286.03 14.32 8.14

increase in gross value in Austrian regions [Mio EUR/10a]
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