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Executive summary 

The objective of Work Package 2 is to determine the vulnerability of key elements of the road 
infrastructure in response to climate change effects. The work package culminated in three 
main deliverables which are summarised in this milestone report.  
  
Deliverable 2.1 focused on recognising the main climate change effects which will impact on 
European countries over the next century. Drier summers and wetter winters are expected, 
along with a rise in sea level, increased wind speeds and more frequent flood events. D2.1 
provided an introduction to climate change terminology and presented the predicted trends. 
 
Deliverable 2.2 provided an assessment of the criticality of bridges, steep slopes and 
retaining walls subject to climate change. A desk study review was undertaken to determine 
the impact of climate change on the future condition of various infrastructure elements. The 
impact of environmental location was also considered with each infrastructure type 
considered with respect to locations by the seaside, riverside and mountainous areas. 
 
Deliverable 2.3 aimed to identify the most appropriate models for the analysis of deterioration 
of critical infrastructure in response to climate change. A literature desk study was performed 
which covered the available scientific/academic papers and reports with respect to different 
damage processes. The report provided a short description of each of the degradation 
mechanism, including the available mathematical models, and tied the climate change effect 
descriptively to each of the previously identified mechanisms.  
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1 Introduction 

According to IPCC (2007), most of Europe will be affected by negative impacts, as a direct 
result of climate change. The British Isles alongside the Benelux countries and Northwest of 
France will be affected by increased coastal erosion and flooding. This, together with 
increased winter storms and winds, will have a negative impact on the transport network. The 
mountainous terrain throughout Europe, e.g. Scandinavia, Alps or Dinarides will deal with the 
melting of glaciers, thus reducing snow cover and increasing rock falls. Scandinavia and the 
Baltic areas will experience cases of waterlogging, higher risk of winter storms, coastal 
flooding and erosion. Most of Continental Europe will also be affected by the increased 
events of floods in summertime and the Mediterranean will experience higher heatwaves in 
the summer period, reduction of hydropower and increased salinity.  
 
Since each geographical and climatic region will be affected differently, it was decided to 
consider three locations that were deemed to be under threat in terms of climate change: 
seaside, riverside, and mountainous areas. Road infrastructure assets which are considered 
within the framework of this project (bridges, retaining walls and steep slopes) were placed in 
these three environments and analysed with respect to the worst case scenarios with 
regards to climate change effects and related weather hazards. 
 
Additional attention was given to deterioration models for concrete and steel, along with 
slope failure mechanisms, by trying to identify which aspects of the model were directly 
influenced by which specific climate change effect.  
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2 Summary on Climate Change Predictions with key 
variables (Deliverable 2.1) 

In the immediate future, it is predicted that Europe will go through dramatic changes caused 
by climatic factors, Figure 1. The negative effects (or consequences) of climate change will 
have many socio-economic impacts. One of the primary objectives of the Re-Gen project is 
to identify the operational issues which climate change effects may impose on road 
infrastructure elements. Assessing the risks climate change effects impose on retaining 
walls, bridges and steep slopes and providing mitigation strategies is the ultimate goal.  
 

 

Figure 1 Predicted negative effects of climate change in Europe1 
 
 
Aging is just one of the many factors which affect the performance of infrastructure. Its 
robustness, maintenance and management are often challenged by natural forces, and those 
forces are constantly changing in line with the climate. In other words environmental factors 
are seriously contributing to the aging and could lead to possible infrastructure failures. 
  

                                                 
1 IPCC, Climate Change Report 2007, A contribution to Assessment Report 4 (2007) 
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The Intergovernmental Panel on Climate Change (IPCC) has produced several assessment 
reports on climate change.  
 
The fifth, currently final report, AR5, provides a clear and up to date view of scientific 
knowledge relevant to climate change. This report recognises that climate change 
predictions depend on greenhouse gas concentrations. Representative Concentration 
Pathways (RCPs) are trajectories of four greenhouse gas concentrations (not emissions) 
adopted by the IPCC for AR5 and are related to four possible climate futures. The 
concentration pathways are widely used for climate modelling and research. The four RCPs, 
RCP2.6, RCP4.5, RCP6, and RCP8.5, are named after a possible range of radiative forcing 
values in the year 2100 relative to pre-industrial values (+2.6, +4.5, +6.0, and +8.5 W/m2). 
 
The Special Report on Emission Scenarios (SRES), is an IPCC report, published in 2000. 
The greenhouse emission scenarios were used to make projections of possible future 
climate change. The SRES scenarios were used in the third assessment report (TAR, 2001) 
and once again in the fourth assessment report (AR4, 2007). The SRES scenarios had an 
economic and environmental focus with consideration of either globalisation or 
regionalisation in society as shown in Table 1. 
 
The scenarios do not take into consideration possible future disasters and/or catastrophes 
such as wars and environmental collapse, and therefore are considered to be neutral. 
 
 

Table 1 SRES Scenario Families composed according to IPCC’s Special Report – 
Emission Scenarios 2000 

 
 
 
 
 
 
 
 
 
 

 
 

 
 
All A1 scenarios are characterized by rapid economic growth, and quick spread of new and 
efficient technologies, with an emphasis as it follows: 

 A1FI - An emphasis on fossil-fuels (Fossil Intensive). 
 A1B - A balanced emphasis on all energy sources. 
 A1T - Emphasis on non-fossil energy sources. 

  

SRES Scenario Families 

AR4 Economic Focus Environmental Focus 

Globalisation 
A1 

rapid economic growth
(A1T; A1B; A1Fl) 

B1 
global environmental 

sustainability 

Regionalisation 
A2 

regionally oriented 
economic development 

B2 
local environmental 

sustainability 
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In order to provide the road owners/managers with a risk assessment tool which will greatly 
help them with prioritising, decision-making and management, we must investigate possible 
climate change effects which have a direct impact on deterioration mechanism. In the risk 
assessment tool, these climate change effects will be incorporated in a probabilistic manner, 
taking account for the uncertainties of these effects. The IPCC reports provide a 
comprehensive overview of the uncertainties to be expected over the next decades. 
 

 

Figure 2 The link between the change in global temperature to different socio-
economic sectors2  

 

                                                 
2 IPCC, Climate Change Report 2007, A contribution to Assessment Report 4 (2007) 
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2.1 Predicted Values 

Table 2 Summary of projected change data for Temperature and Precipitation taken 
from Summary of ClimateCost project results (ClimateCost, 2012) 
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Table 3 Sea level rise in regards to temperature rise 
 

CASE 

Temperature change (⁰C at 2090-
2099, relative to 1980-1999) 

Sea Level rise (m at 2090-2099) 

Best Estimate Likely Range 
Model-based range excluding 

future rapid dynamical changes 
in ice flow 

Constant year 
2000 
concentrations 

0.6 0.3-0.9 Not available 

B1 scenario 1.8 1.1-2.9 0.18-0.38 
A1T scenario 2.4 1.4-3.8 0.20-0.45 
B2 scenario 2.4 1.4-3.8 0.20-0.43 
A1B 2.8 1.7-4.4 0.21-0.48 
A2 scenario 3.4 2.0-5.4 0.23-0.51 
A1FI scenario 4 2.4-6.4 0.26-0.59 
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3 Summary of Critical Infrastructure Elements (Deliverable 
2.2) 

3.1 Retaining Walls 

Retaining walls are designed for resisting the lateral pressure which comes from a desired 
change in ground elevation that exceeds the angle of repose of the soil. The failure modes 
are either structural or functional. Structural failures occur in the wall segment (failure in 
reinforced concrete or steel sheet pile walls) and the functional failures occur due to 
interaction with the soil (within the retained portion of the ground). 
 
According to climate change predictions (IPCC) it is expected that all of the retaining walls (in 
addition to other concrete structures) will be exposed to higher carbon concentrations, 
changes in temperature, humidity and overall air pollution (independent of the geographical 
location), which will trigger many degradation mechanisms such as e.g. chloride induced 
corrosion, carbonation, sulphate attack, alkali-aggregate, alkali-silica and alkali-carbonate 
reaction. Furthermore, if the walls are located in one of the critical geographical areas (sea 
side, river side and the mountainous areas) the likelihood of a negative event occurring 
increases dramatically, due to additional threats (i.e. glacial retreat rockfalls). 
 
Table 4 below provides a summary of possible scenarios for a Retaining Wall.  
 

Table 4 List of possible scenarios in relation to climate change effects 

Natural 
Surroundings/ 

Geographical 
Area 

Possible  Climate 
Change Scenario 

Possible Impact on the Retaining Wall 

Seaside 

(a)Change in the 
Salinity 

 

(b)Sea Level Rise

 

 

(a) With the increase in the salinity, concrete 
elements will be exposed to bigger 
concentrations of chlorides and the response 
time for the chloride ingress will be shortened 
(Chloride induced corrosion). 

 

(b) Extension of the Splash Area, more 
structural elements are exposed to the salty 
water, likelihood for more elements to be 
negatively affected. 

Riverside 

 

(c)Higher 
Frequency of 
Flood events due 
to change in the 
precipitation 
patterns 

(c) Local and Global Stability of the Wall is 
affected by the flood waters, possible erosion 
of the soil and damage to the drainage 
system. 
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Mountains 

 

(d)Increased 
precipitation 

 

(e)Glacial 
Retreat/Snow 
Melting 

 

(f)Freeze-Thaw 
Cycles 

 

(d) Global stability of the Wall is affected by 
the increase of the rains and snows which 
change the pore water pressure conditions in 
the retained soil. 

 

(e) Higher risks of landslides and rockfalls. 

 

(f) Deterioration of concrete. 

 
 
Tables 5-7 illustrate the possible negative scenarios for Retaining walls placed in different 
environments. 
 

Table 5 Likelihood of an event for Seaside Environment 

Seaside Environment 

Potential 
Threat 

Illustrative description 

Likelihood 
of an 

event for 
retaining 

wall 1 
 

Likelihood 
of an 

event for 
retaining 

wall 2 
 

Change in 
the Salinity 

High Low 

Increase of 
the Sea 
Level 

(Increase 
of Splash 

Area) 
 

High Low 
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Table 6 Likelihood of an event for Riverside Environment 

Riverside Environment 

Potential 
Threat 

Illustrative description 

Likelihood 
of an 

event for 
retaining 

wall 1 
 

Likelihood 
of an 

event for 
retaining 

wall 2 
 

Flood  High Medium 

  



 
 
CEDR Call 2013: Transnational Road Research Programme 

 11 
 

Table 7 Likelihood of an event for Mountainous Environment 
 

Mountainous  Environment 

Potential 
Threat 

Illustrative description 

Likelihood 
of an 

event for 
retaining 

wall 1 
 

Likelihood 
of an 

event for 
retaining 

wall 2 
 

Increased 
Precipitation 
(Snow and 

Rain) 

High High 

Glacial 
Retreat / 

Snow Melting 

 

Medium High 

Freeze Thaw  High High 
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3.2 Steep Slopes 

 
Local slope failures and landslides can be distinguished from each other based on the 
volume of the mobilised soil. However, both local slope failures and landslides have similar 
mechanisms and can negatively impact on road infrastructure. Landslides affect greater 
areas, bringing devastation to houses, roads, energy lines etc., in contrast to local slope 
failures, which only affect the cutting/embankment body itself and the adjacent road. Both 
local slope failures and landslides occur due to increased stress or decreases in strength 
(imbalance in the equilibrium). The balance of the parameters affecting the slope stability are 
often disturbed by climate change effects. 
 
Factors which increase the load are; the increase of the soil unit weight due to saturation 
(precipitation), the steepening of slopes by excavation or erosion, shock loads (storm surge) 
and added external loads (from buildings to high snow).  
 
On the other hand, the loss of strength can be caused by earthquake induced vibrations, 
increases in moisture content and pore pressure (precipitation) and freezing and thawing 
action.  
 
Depending on the location of the slope, different triggers may apply. Each location poses 
different threats for potential slope instability. Although no statistics are available, it can be 
noted, from observing the events in the last couple of year, that mountainous areas are the 
most critical geographical location, and most likely location for any slope failure event. Other 
critical areas according to the recent events in Central Europe are any flood stricken hilly 
area, where landslides typically occur as the flood waters retreat. 
 
Table 8 below provides a summary of possible scenarios for a Steep Slope.  
 

Table 8 List of possible scenarios in relation to climate change effects 
Natural 

Surroundings/ 

Geographical 
Area 

Possible  
Climate Change 

Scenario 

Local Slope Failure/Landslide Scenario 

 

Seaside 

(a)Increase of 
the sea level  

 

(b) Higher 
occurrence of 
storm surges 
(wave impacts/ 
scour) 

 

(c) Change in 
the salinity 

 

(a)  Seasonal wetting/drying areas are increased, 
changing the pore water pressure conditions within the 
slope body. 

 

(b) More frequent and higher and stronger surges 
directly impact the slope and lead to failure by effecting 
the slope (toe) which is directly in contact with the 
powerful waves. Possible scour. 

 

(c) Change in the Salinity of the water causes changes 
in the salinity of the soil within the wetting surface 
changing altogether the conditions in the slope. (In 
Norway there are slope failures related to the ”Quick 
Clay”, an occurrence where by the decrease in salinity 
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the stability is at risk) 

Riverside 

(d) Rapid 
drawdown after 
floods 

 

(e)Increase in 
water speeds in 
the river 
channels during 
floods 

(d)After the retreat of the water, the hydraulic conditions 
within the slope body are changed which triggers large 
scale landslides. Change in hydrostatic pressure acting 
on the slope surface, leads to changes in total stresses 
and pore pressure inside the slope, influencing the 
stress-strain relation in the soil skeleton. 

 

(e) Channel stream instability leads to scour of the toe 
of the slope directly affecting the stability.  

Mountains 

(f) Increased 
precipitation 

 

(g) Glacial 
retreat 

 

(h) Freeze-thaw 
cycles  

(f) Higher precipitation leads to more frequent 
occurrence of shallow landslides (debris flows). 

 

(g) More landslides in general, more rock falls and 
more debris flows. 

 

(h) Higher risk of rock falls.   
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Tables 9-11 illustrate the possible negative scenarios for Steep Slopes placed in different 
environments. 
 
 

Table 9 Likelihood of an event for Seaside Environment 
 

Seaside Environment 

Potential 
Threat 

Illustrative description 

Likelihood
of an 

event on 
Down-
Road 
Slope 

Likelihoo
d of an 

event on 
Up-Road 

Slope 

Increase of 
the sea 

level  

 

High Low 

Higher 
occurrence 

of storm 
surges 
(wave 

impacts 
/scour) 

High Medium 

Change in 
the salinity 

High Low 
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Table 10 Likelihood of an event for Riverside Environment 
 

Riverside Environment 

Potential 
Threat 

Illustrative description 

Likelihood 
of an 

event on 
Down-
Road 
Slope 

Likelihood 
of an 

event on 
Up-Road 

Slope 

Rapid 
drawdown 
after floods 

 

High Medium 

Increase in 
water 

speeds in 
the river 
channels 

during 
floods 

 

High Low 
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Table 11 Likelihood of an event for Mountainous Environment 
 

Mountainous  Environment 

Potential 
Threat 

Illustrative description 

Likelihood 
of an event 
on Down-

Road 
Slope 

Likelihood 
of an event 

on Up-
Road 
Slope 

Increased 
precipitation 

 

High High 

Glacial 
retreat  

 

Medium High 

Freeze- 
Thaw  

 

 

High High 
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3.3 Bridges 

For the purpose of this project, bridges have been categorized based on material type into 
concrete and steel bridges. Each bridge contains sub-elements defined as superstructure, 
abutments and foundation which are critical for the structural integrity. The main deterioration 
mechanisms for concrete bridges are corrosion, freeze and alkali-silica reactions; for steel 
bridges corrosion and fatigue dominate, with corrosion being the deterioration mechanism 
most susceptible to climate change influences.  
 
It would be impractical to discuss each of the following found deterioration mechanisms 
without relating them to their appropriate location. For an example will bridges in the northern 
EU be more prone to deterioration from freeze –thaw or corrosion from de-icing salts than 
bridges found in the southern EU, these zones are not only regional but determined by 
climate, geography and geology and can and therefore vary within the borders of a country 
or a region. A proposal for these climate zones can be found in Bunnik et al. (2010) which is 
shown in Figure 3. The climate zones are described as follows: 

 Bwh  Hot arid climate 
 Csa  Warm climate with hot summers 
 Csb  Warm fully humid climate with dry summers 
 Cfab  Warm fully humid climate with warm to hot summers 
 Dfb  Fully humid snow climate with warm summers 
 Dfc  Fully humid snow climate with cool summers 
 ET   Polar of mountain climate 

 
 
The following image illustrates the proposed climate zone by Bunnik et al. (2010) 
 
 

 
 

Figure 3 Proposed Climate Zones 3 
 

                                                 
3 Bunnik et al. (2010) 
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Four discrete damage mechanisms are responsible for 69% of the observed deterioration 
which impacts on the critical infrastructure elements which are the focal point of this report. 
The data has been adopted from (Nanukuttan et al., 2012): 

1. Corrosion  
 Chlorides (External) –33% 
 Carbonation  –17% 

2. Freeze – Thaw   –10%  
3. Alkali-Silica Reactions (ASR) – 9%   

 
 
Table 12 presents the primary elements of a concrete bridge at risk to climate change 
effects, while Table 13 does the same for steel bridges. Secondary elements are presented 
in Table 14. 
 

Table 12 Typical primary elements of a concrete bridge and a risk assessment of the 
individual elements in relation to climate change 

 
Sub Element Sketch Deterioration 

Mechanism 

Superstructure 

 Chloride Corrosion 

Carbonation Corrosion 

Freeze – Thaw 

Alkali-Silica Reactions 

Abutments / 
Supports 

 

Chloride Corrosion 

Carbonation Corrosion 

Freeze – Thaw 

Alkali-Silica Reactions 

Foundations 

 

Chloride Corrosion 

Carbonation Corrosion 

Freeze – Thaw 

Alkali-Silica Reactions 
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Table 13 Typical primary elements of a steel bridge and a risk assessment of the 
individual elements in relation to climate change 

 
 
Sub Element Sketch Deterioration 

Mechanism 

Superstructure 

 Corrosion 

Fatigue  

Abutments / 
Supports 

 Corrosion 

Fatigue  

Foundations 

 

Corrosion 

Fatigue  

 
 

Table 14 Typical secondary sub elements of a bridge and a risk assessment of the 
individual elements in relation to climate change 

 
Sub Element Sketch Deterioration Mechanism 

Edge Beam 
(Concrete) 

 Chloride Corrosion 

Carbonation Corrosion 

Freeze – Thaw 

Alkali-Silica Reactions 

Safety Barriers 
(Steel) 

 

Corrosion 

Expansion Joints 
(Steel) 

 Corrosion 

Abrasion 

Bearings 
(Steel) 

 Corrosion 

Fatigue 
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4 Summary of Degradation Models (Deliverable 2.3) 

The objective of Deliverable 2.3 was to identify the most appropriate deterioration models for 
the analysis of the damage that impacts on critical infrastructure elements.  
 
It is worth noting that while the Description of Work suggests that the findings of recent 
European research projects should be used as the basis for this literature desk study, 
however following completion of the preliminary research, a significant lack of relevant 
research in this area was noted. It was concluded that there are no project findings available 
which offer the needed content. On this basis a broader literature desk study was performed 
covering the available scientific/academic papers and reports. The goal was to find 
quantitative descriptions of degradation/deterioration processes. A number of different 
damage processes were discussed within Deliverable 2.3 and the relative impact of climate 
change on each process was identified. The available mathematical models presented in the 
literature were summarised and the parameters affected by climate change highlighted. A 
descriptive summary of the influence of climate change effects on specific deterioration 
mechanisms is included below. 
 
Chloride Induced Corrosion:  
Chloride induced corrosion is negatively affected by climate change. An increase in 
precipitation and air moisture content combined with sea level rise contribute to this 
deterioration process. 
According to CSIRO (2010) there is evidence to suggest that chloride action is accelerated 
by carbonation due to the fact that carbonation disturbs the balance between free and bound 
chlorides within the concrete, hence increasing the free chloride concentration in the pore 
solution. Unfortunately this evidence has not been introduced into quantitative models. 
 
Carbonation: 
Carbonation is negatively affected by climate change. The increase in air pollutants, along 
with the increase in air temperature contributes to deterioration of concrete by carbonation. 
According to Baccay et al. (2006) a higher temperature will cause an increase in diffusion 
coefficient leading to increased carbonation depths. According to Duracrete (2000) a 2 ⁰C 
temperature will increase the corrosion rate by 15%. 
 
Sulphate attack: 
Sulphate Attack is effected by climate change negatively. The increase of moisture content, 
rise of ground water, rise of sea level and change in the wind regime all contribute to easier 
diffusion of salts into concrete pores and deterioration of concrete elements.  
 
Alkali-Silica Reaction: 
ASR is affected negatively by the climate change. The presence of moisture is required in 
order for ASR to have an effect on the concrete’s integrity. Temperature also plays a 
significant role; as the temperature rises the pore structures within the concrete expand, and 
once the water is present this will enable the ingress of water into newly dilated pore spaces.  
 
Freeze thaw cycles in concrete: 
According to climate change predictions some areas will experience increase in temperature 
variations, high altitude areas are still the most susceptible to freeze thaw effects but also 
lowlands in central and Western Europe, which have both cold winters and hot summers. 
Concrete bridges and retaining walls placed in those areas will be at high risk of freeze thaw 
cycles within the concrete.  
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Steel Corrosion and Corrosion of Steel Protective Coating: 
Corrosion of steel in general is negatively affected by climate change. An increase in 
temperature, precipitation, air concentrations (pollution) and air salinity contribute to 
corrosion.  
 
Fatigue in Steel Structures: 
Fatigue is influenced by variety of factors such as: temperature, surface finish, 
microstructure, oxidizing or inert chemicals, residual stresses etc. In relation to climate 
change the increase in temperature variation has the biggest influence on fatigue out of all 
climate change effects. 
 
Slope Stability: 
Slope failures can be induced by heavy rainfall and rapid drawdown (drawdown of reservoir 
or flood water). In both cases soil embankments are effected by the change in precipitation, 
since this has a direct impact on the pore water pressures within the slope body. In this case 
climate change has a negative effect on slope stability. 
Freeze thaw leads to rock slope degradation. Predicted climate scenarios in which the 
temperature amplitudes are increasing accompanied by increase in precipitation contribute 
negatively to freeze-thaw. 
 
Summary: 
It can be noted that not all of the deterioration models are affected in the same way or 
magnitude by a specific climate change effect. For example, air pollution has a high impact 
on carbonation and sulphate attack but low or no impact on slope failure. 
 
Furthermore it can be concluded that published theoretical and experimental research does 
not directly link climate change effects to deterioration processes. Also research has been 
primarily concentrated on chloride induced corrosion and carbonation of reinforced concrete. 
 
Following the literature review, it can be determined whether certain climate change events 
have an influence on a specific degradation model or not. However, sufficient information is 
not available to quantify the specific impact of each climate change scenario on the lifecycle 
performance of the various asset classes considered in this project. The following table was 
comprised on the basis of the literature study performed in this report, which links climate 
change effects and deterioration mechanisms.  
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Table 15 Possible deterioration mechanism for reinforced concrete and steel elements 
in relation to climate change effects 

 

Climate change effects 

Deterioration 
Mechanism 

Change in 
temperature

Change in 
precipitation 

Change in 
sea level 

 
Air 
pollution 
(CO2 and 
other gas 
emission) 
 

Change in 
Wind 
Regime 

R
ei

nf
or

ce
d 

C
on

cr
et

e 

Chloride-induced 
corrosion    

 
 

Carbonation 
   

 
 

Sulphate attack 
   

 
 

Alkali-silica reaction 
   

 
 

Freeze-thaw cycles 
   

 
 

S
te

el
 

Corrosion 
   

 
 

Degradation of 
protective coating    

 
 

Fatigue 
   

 
 

S
oi

l/R
oc

k 

Slope failure due to 
increased precipitation    

 
 

Progressive failure      

Liquefaction 
   

 
 

Rapid Drawdown 
   

 
 

Freeze-thaw cycles 
   

 
 

Erosion due to 
vegetation loss 

     

 
Legend 
 High impact 
 Medium impact 
 Low impact or no impact 
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5 Work Package Interactions 

The objective of WP5 is to deliver an asset management framework based on visual 
inspection. To do so, some stochastic Markov chains are used for predicting the performance 
of infrastructure components. Some explanations provided in milestone M5.2 are briefly 
summarized below. The example of the French scoring system (see Table 16) is detailed 
below for illustration. It is noted that the method to determine the degradation process is 
detailed so that any infrastructure manager can determine their own deterioration processes 
based on the inventory and condition assessment of their stock. 
 
  

Table 16 IQOA scoring system 
Score Apparent condition 
1 Good overall state 
2 Equipment failures or minor structure damage. Non urgent maintenance 

needed 
2E Equipment failures or minor structure damage. Urgent maintenance needed 
3 Structure deterioration. Non urgent maintenance needed 
3U Serious structure deterioration. Urgent maintenance needed 

5.1 Condition prediction	

Considering a database with scores between years a0 and af, the probability Pb(q1,q2) of a 
component b weighted a characteristic value (e.g. the deck or wall area) to move from score 
q1 to score q2, is defined as the total area rated q1 at year i and q2 at year i+1 divided by the 
total area rated q1 at year i, for i between a0 and af. This probability is expressed as 

 ,
∑ ∑ , → ,

, → ,

∑ ∑ ,
,

  (1) 

where nq,1 = number of components rated q1 at year i, nq1,i->q2,i+1 = number of components 
moving from score q1 to score q2 between year i and year i+1, ,  = area associated with 

component k scored q1 at year i and , → , = area associated with component k moving 
from score q1 to score q2 between year i and year i+1. In matrix Pb, the element in row k and 
column l represents the probability for component b weighted by 1 m2 of area to move from 
score k to score l in one year. 
Once transition probabilities are determined, the objective is to quantify the performance of 
each bridge/retaining wall component through the use of an adequate lifetime indicator. This 
indicator is determined herein by the probability for a component to be scored in a certain 
condition with time. If (i) the probability of a component 	to be quoted in any score is known 
at year i (for example, after a visual inspection of the bridge) and stored in a vector 	 and 
(ii) the associated homogeneous markov chain, associated with a transition matrix Pb, is 
determined, the probability at year i + 1 is given by the following equation: 
 	 P   (2) 
 
Assuming a homogeneous Markovian process, the scoring probability can then be 
forecasted if the transition matrix and the initial probability vector are known. 
The potential impacts of traffic growth (information on effects of increased traffic loading 
effects +frequency on equipment and structural parts provided by WP3), climate change 
(information on effects of flooding and erosion, landslides, droughts, snowfall and avalanche 
provided by WP2) and ageing of infrastructures are modeled through the combination of 



 
 
CEDR Call 2013: Transnational Road Research Programme 

 24 
 

several degradation matrices for different ranges of age of bridges, walls and slopes. These 
degradation matrices can be determined for different national assets, depending on the 
availability of scoring system database.  

5.2 Risk prediction 

The work currently considered by WP4 in association with WP5 is to make a clear link 
between the degradation of components and the risk profiles. Such risk profiles are 
determined in WP4 and quantify a joint measure of hazards, vulnerability and consequences 
of inadequate level of service considering several failure modes. Risk levels are time 
dependent since performance of structures is decreasing with time due to progressive 
deterioration of the infrastructure components. 
From the discussion between WP4 and WP5, it is proposed to consider the two following 
failure modes: 

 loss of serviceability (minor structural failure or equipment failures that need some 
urgent repair actions),  

 structural failure (major structural failure that needs some urgent major rehabilitation). 

To do so, a system analysis is performed to determine a performance indicator at a system 
level. Indeed, as mentioned in Deliverable 4.2, an infrastructure consists of several 
components and each component has its own failure probability, the interaction between 
components determines the overall failure probability of an infrastructure. Therefore, there is 
a need to develop a systematic method to evaluate the system-level failure probability 
considering the interaction of different system components. In the proposed approach, two 
groups of components are considered: the structural ones and the equipment ones.  
In the particular case of the French condition scoring system for bridges, several components 
are visited among which: bridge deck, expansion joints, waterproofing layer, bearings, and 
equipment.  
The components visited for walls are: the zone of influence (defined as the area behind the 
retaining wall to a line rising 45 degrees from the top edge of the footing), 
sewerage/drainage, equipment, structural condition. The fault tree used in the RE-GEN 
project to switch from a component level to a system level is illustrated in Figure 4 and Figure 
5 for bridges (for failure modes 1 and 2, respectively) and in Figure 6 and Figure 7 for walls 
(for failure modes 1 and 2, respectively). All the fault trees shown in these figures correspond 
to a series system in which the failure state is reached if a least one of the components fails. 
 
 

 

Figure 4 Fault tree model for loss of serviceability (for bridges) 

or 
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Waterproofing 
layer Expansion 

joints 

Other 
equipments 
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Figure 5 Fault tree model for structural failure (for bridges) 
 

 

Figure 6 Fault tree model for loss of serviceability (for walls) 
 

 

Figure 7 Fault tree model for structural failure (for walls) 
 

For bridges and walls, condition scores are assessed for equipment condition or structural 
condition by considering the worst score obtained in the corresponding fault tree.  
Table 17 and Table 18 give an example on how new annual transition sequences can be 
built from the existing database. 
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Table 17 Identification of annual transition sequences for worst scores among 
equipment 

 2010 2011 2012 2013 2014 
Expansion 

joints 
1 2 2 2 2E 

Waterproofing 
layer 

1 1 1 1 1 

Other 
equipments 

2 2 2E 2 2 

Series 
“Equipment” 

system 
2 2 2E 2 2E 

 
 

Table 18 Identification of annual transition sequences for worst scores among 
structural components 

 2010 2011 2012 2013 2014 
Bearings 1 1 1 3 3U 

Deck 1 1 2 2E 2E 
Series 

“structural” 
sytem 

1 1 2 3 3U 

 
To determine the annual transition matrix associated to equipment and structural 
components, the new sequences identified with the approach exemplified in Tables 2 and 3 
are used (and not the initial database anymore). The probability of failure is finally associated 
with the probability to be in the worst condition class (i.e. 2E for the equipment-component 
system and 3U for the structural-component system). 

5.3 Modelling risk support tools by introducing climate change 
effects into the scoring system 

Once the degradation model is built, it is expected to deliver for climate change exceptional 
degradation matrices that suddenly deteriorate the component to the worst condition and 
may lead to a major structural failure of some part of the structure or even to the full collapse. 
The objective of the methodology detailed below is then to (i) indicate how each component 
is more or less affected by each extreme event, and (ii) help assess the consequences 
associated with each impact on critical parts of the structure. 
It is important to note that these additional degradation matrices are not there to model a 
change in the degradation rate each year (let’s say for carbonation) due to the 
temperature/CO2 concentration increase. Instead, they model the occurrence of a sudden 
event (storm, flood, heavy rains...) that results from climate change and for which we will 
control the frequency of occurrence and the % of the stock affected by this event. 

 
 
 
 
 
 
 
 
 

1 0 0 0 0

0 0 1 0 0

0 0 1 0 0

0 0 0 1 0
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1CM  
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CM1: low scenario: a component scored 2 will move to 2E. This first scenario will then 
exacerbate equipment defects but does not have any impact on the structure- e.g. Heavy 
wind 

 
 
 
 
 
 
 
 

0 0 1 0 0

0 0 1 0 0

0 0 0 1 0

0 0 0 1 0

0 0 0 0 1

2CM  

CM2: medium scenario: a component scored in 1 or 2 moves in 2E, and a component scored 
in 2E moves to 3. So an event that suddenly deteriorates equipment and which confirms the 
transition to 3 for a component which was scored 2E before the event and which was already 
close to move to a state with some issues on structure – e.g. sea level rise, medium floods 

0 0 0 0 1

0 0 0 0 1

0 0 0 0 1

0 0 0 0 1

0 0 0 0 1

 
 
 
 
 
 
 
 

3CM  

CM3: high scenario: sudden deterioration in worst score – disastrous floods, landslide (for 
walls). As a reminder for discussions, the definition of the five IQOA scores below: 

5.4 Integration of risk analysis into asset management 

Ultimately, WP5 will integrate in the decision process performance aspects for ageing 
structures, including structural degradation, increasing loads, and natural hazards, translated 
into risk profiles. The variables in the optimization process are the maintenance actions and 
times on bridge, walls, and slopes. Optimal parameters are those that minimize the overall 
risk while minimizing the maintenance costs. 
Such optimization procedures should allow NRAs to assess the necessary additional effort to 
satisfy performance constraints under different scenarios of traffic growth and climate 
change. 
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6 Conclusions 

While there is plenty of available data on climate change prediction (Deliverable 2.1), there 
seems to be lack of information on the relative criticality of different infrastructure assets.  
 
The general opinion after the literature review is that the findings on asset criticality are 
limited in relation to climate change. The purpose of Deliverable 2.2 was to identify how 
bridges, steep slopes and retaining walls are critically affected by different climate change 
scenarios. Climate change effects which induce different degradation mechanisms for 
different geographical locations were also discussed to predict the possible scenarios of 
degradation induced by climate change effects, by placing these assets into riverside, 
seaside and mountainous areas.  
 
The goal of Deliverable 2.3 was to link climate change effects to different degradation 
processes and to determine the impact on road infrastructure. A qualitative assessment of 
the various processes was undertaken and a matrix was developed which summaries the 
relative impacts.  
 
In the final section, the link between WP2 and WP4 and WP5 were also discussed.  
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