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Popular science summary 
Climate change can impose considerable risks to the safety and performance of built 
infrastructure. Understanding these risks is of paramount importance, especially for 
long-lived infrastructure elements. This thesis contributes to this overarching aim 
and investigates the risks of climate change with particular focus on one of the main 
elements of modern built infrastructure, bridges. The thesis focuses on Swedish 
climate conditions and spans the different stages that typically constitute the risk 
assessment process, i.e., risk identification, risk analysis, and risk evaluation and 
treatment. The thesis starts by presenting a comprehensive identification of the 
potential climate change risks to bridges. Subsequently, a Multi-Criteria Decision 
Analysis (MCDA) method for prioritizing the identified risks for a certain bridge of 
interest is proposed. This method can also be adopted to prioritize an ensemble of 
bridges based on climate change risks. Four climate change risks are then 
investigated in more detail: 1) the impact of climate change on chloride-induced 
corrosion of RC structures, 2) the impact of climate change on fungal decay of 
timber elements in-ground contact, 3) the impact of climate change on creep of 
concrete structures, and 4) the impact of climate change on local bridge-pier scour. 
The first three risks are analyzed through a full probabilistic analysis for illustrative 
case studies. On the other hand, for analyzing the impact of climate change on 
bridge-pier scour a novel national-level method, based on possibility theory, is 
proposed for identifying the catchments areas with the highest (or lowest) increase 
in equilibrium scour depth. Lastly, this thesis reviews the possible adaptation 
techniques for existing bridges and proposes a conceptual framework for the design 
of new bridges considering climate change risks. Although the focus of the current 
thesis is on bridges, many of the methods proposed in this thesis and its findings are 
relevant to other infrastructure elements. This thesis provides valuable insights 
towards the assessment of climate change risks on infrastructure and paves the way 
to resilient infrastructure systems in the face of a changing climate.  

 

Keywords: Climate change risks, risk prioritization, chloride-induced corrosion, 
timber decay, concrete creep, bridge scour, climate change adaptation, critical 
infrastructure 
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1. Introduction 

1.1. Background 
Overwhelming observational evidence unequivocally highlight that the climate 
system has undergone substantial changes in comparison to the preindustrial era. 
The rate at which these changes are occurring is unprecedented. According to the 
sixth (and latest) assessment report (AR6) of the Intergovernmental Panel on 
Climate Change (IPCC) released during 2021 and 2022, the climate has warmed at 
a rate that is unprecedented in at least the last 2000 years. In addition to 
observational evidence, climate models consistently project further future changes 
to the climate system, potentially with rates even faster than those observed so far. 
Furthermore, some of these changes, e.g., sea level rise, are irreversible over 
hundreds (if not thousands) of years into the future. Examples of the projected 
climatic changes include an increasing temperature trend, changes in the relative 
humidity, altered precipitation patterns, Sea-Level Rise (SLR), as well as changes 
in the intensity and/or frequency of extreme weather events (e.g., floods, storms, 
wildfires) (IPCC 2021). 

These climatic changes can jeopardize the safety and performance of existing and 
future infrastructure elements which are traditionally designed to accommodate 
historical climatic conditions (IPCC 2022). The projected higher future 
temperatures can, e.g., increase the corrosion rates of infrastructure elements and 
the projected increase in precipitation frequency and/or intensity at many locations 
can, e.g., increase scour (i.e., removal of soil due to the flow of water) rates at 
submerged foundations. Many other climate change impacts are foreseeable. 
Although some of these impacts have been addressed in previous literature, many 
other impacts remain largely uninvestigated (see section 5). It should be noted that 
some of the potential climate change impacts are known to have significant 
consequences, even without considering the effects of climate change. For instance, 
the annual cost of corrosion is estimated to surpass 1.8 trillion USD (Schmitt 2009, 
Wang et al. 2011) and scour is frequently recognized to be one of the leading causes 
of bridge failures (Smith 1976, Stein et al. 1999, Wardhana and Hadipriono 2003, 
Imhof 2004, Argyroudis et al. 2020). 

Noting that the functionality of our societies is critically reliant on the satisfactory 
performance of infrastructure systems (de Bruijne and van Eeten 2007, Johansson 
and Hassel 2010), it is of crucial importance to identify, analyze, and appropriately 
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adapt to the potential risks of climate change to infrastructure. This is especially 
necessary for bridges (and other long-lived infrastructure elements) which are 
typically designed for very long service lives, that may exceed 100 years, and are 
sometimes operated far beyond these design service lives. Hence, the main aim of 
the present thesis is to improve the current state of knowledge related to the 
identification, analysis, and adaptation to (i.e., mitigation of) the risks of climate 
change on bridges. Although the current thesis and appended articles place focus on 
bridges, many of the methods and findings are largely applicable to other 
infrastructure elements.  

Climate change projections are based on so-called climate change scenarios. These 
scenarios reflect the uncertainties related to changes in forcing conditions (e.g., 
changes in Greenhouse gas (GHG) emissions and aerosol particle concentrations). 
In addition, assumptions related to population and income growth, technological 
development, and other socio-economic parameters are inherent to these scenarios 
(IPCC 2021). Several sets of climate change scenarios have been developed over 
the past few decades including the SA90 scenarios (IPCC 1990), the IS92 scenarios 
(IPCC 1992), the SRES scenarios (IPCC 2007), the Representative Concentration 
Pathways (RCP) scenarios (IPCC 2013), and the Shared Socio-economic Pathways 
(SSP) scenarios (Meinshausen et al. 2020, IPCC 2021). The present thesis is based 
on the RCP scenarios as these scenarios are adopted in the two most recent 
assessment reports of the IPCC. During most of the period spent in conducting the 
research presented in this thesis, the fifth assessment report (AR5) was the most 
recent IPCC assessment report.  

Four different RCP scenarios are referred to in AR5 and AR6; RCP2.6, RCP4.5, 
RCP6.0, and RCP8.5 (van Vuuren et al. 2011a). Figure 1.1 presents the projections 
of the global average surface temperature for the four scenarios. RCP2.6 represents 
a relatively low-emissions scenario where stringent climate change mitigation  

 

 

Figure 1.1: Changes in the global average surface temperature relative to 1986–2005 for the different emission 
scenarios (IPCC 2013). 
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measures would be implemented to abate GHG emissions. Among the assumptions 
associated with this comparatively optimistic scenario are a rapid decline in oil 
consumption, a significant increase in the use of bioenergy, and a world population 
of ~9 billion by the end of century (van Vuuren et al. 2011b). On the other hand, 
RCP8.5 depicts a relatively pessimistic scenario with a slow rate of technological 
development in low-carbon technologies combined with rapid population growth 
leading to a world population of ~12 billion by the end of century (Riahi et al. 2011). 
The other two scenarios (i.e., RCP4.5 and RCP6.0) depict futures with GHG 
emissions that fall between RCP2.6 and RCP8.5; see Thomson et al. (2011) for more 
details on RCP4.5 and Fujino et al. (2006) for more details on RCP6.0.  

1.2. Objectives and research questions 
The main objective of the current thesis is to improve the current state of knowledge 
related to the identification, analysis, and adaptation to the risks of climate change 
on bridges with a focus on the Swedish climate conditions. The gained knowledge 
is intended to provide valuable input towards improved infrastructure design and 
asset management. Specific attention is directed towards bridge structure although 
the methods, results and conclusions may be relevant for other types of built 
infrastructure. Within the scope of this overarching aim the following, more 
specific, research questions are addressed (see Figure 1.2): 

 

Q1- What are the potential impacts of climate change on the safety and 
performance of bridges? 

Q2- How can the identified impacts be prioritized for a certain bridge of 
interest?  

Q3- How can the impact of climate change on selected risks be quantified? 

Q4- What are the main drivers of uncertainty in assessing climate change 
risks? 

Q5- What possible climate change adaptation strategies exist in response to 
the identified impacts? 

Q6- How can the potential impacts of climate change be considered in bridge 
design and what are the challenges impeding this task? 

 

The next section highlights the rationale for considering these research questions 
and structuring the present thesis in that order.  
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1.3. Research process 
The present thesis is structured following the typical stages of a risk assessment 
process which is an integral part of risk management (ISO31000 2018). Risk 
assessment typically involves the following three main stages: 1) risk identification, 
2) risk analysis, and 3) risk evaluation and treatment, see, e.g., JCSS (2008). The 
risk identification stage aims to develop an as-exhaustive-as-possible list of the 
potential risks affecting a certain asset. The importance of developing a “complete” 
list of risk scenarios at this stage of the risk assessment process has been repeatedly 
highlighted in literature (Kaplan and Garrick 1981, Chapman 2001, Kaplan et al. 
2001, Raspotnig and Opdahl 2013). This highlights that the list of identified risks 
should be regularly revised and updated in line with the most recent developments 
in the state-of-the-art (see Paper I). The risk analysis stage aims to estimate the 
severity of the risks identified. For this purpose, a consideration of the probabilities 
and consequences of the identified risks is often required. The last stage of risk 
assessment aims to: a) evaluate the risks, i.e., decide whether they are acceptable or 
not, and b) propose strategies for effectively reducing the risks that are deemed 
unacceptable (i.e., risk treatment) by applying appropriate risk mitigation strategies. 
In the context of climate change risks, such strategies are normally referred to as 
“climate change adaptation strategies” (these two terms are used interchangeably 
herein).  

The present thesis contributes to each of the three stages of risk assessment; see 
Figure 1.2. The first question (Q1) addresses the risk identification stage while Q2-
Q4 address various aspects of the risk analysis stage. The second question (Q2) 
concerns the development of a risk prioritization method which is useful for ranking 
the risks identified as part of Q1 according to their criticality. In Q3 the focus is on 
analyzing selected climate change risks in more detail. Such a selection is necessary 
in order to limit the scope of the current thesis. The selection of these risks was 
guided by several factors (e.g., climate change data availability, diversity of 
considered impacts, as well as the author’s interest). Hence, within the context of 
Q3 two risks relating to material durability (i.e., chloride-induced corrosion of 
reinforced concrete (RC) and fungal decay of timber in-ground contact), one 
serviceability risk (i.e., concrete creep), and one geotechnical risk (i.e., scour of 
bridge foundations) are analyzed. The fourth question (Q4) focuses on investigating 
the effects of different uncertainty sources on assessing climate change risks. The 
last two questions (Q5-Q6) address the risk evaluation and treatment stage. The 
publications attached to this thesis address each of these questions; an overview is 
provided in Figure 1.2. 
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Figure 1.2: Main research questions and the corresponding appended papers 

1.4. Contribution 
The main contributions of the research presented in this thesis are: 

• Synthesizing a comprehensive list of over 30 potential impacts of climate 
change on bridges based on current state of knowledge. (Paper I) 

• Developing a method that can be used to prioritize the different climate 
change impacts for a certain bridge of interest. Furthermore, this method 
can be utilized to prioritize bridges based on the extent they are impacted 
by climate change. (Paper II) 

• Quantifying the impact of the projected climate changes in Sweden on 
chloride-induced corrosion of RC structures. In this context, four different 
limit states were considered, i.e., flexural failure, corrosion initiation, crack 
initiation, and severe cracking. This impact was found to have an increasing 
trend from south to north. (Paper III) 
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• Quantifying the impact of the projected climate changes in Sweden on 
fungal decay of timber elements in ground contact. This impact was found 
to be highest for counties located in mid-Sweden, i.e., Örebro, Värmland, 
Västmanland, and Gävleborg. (Paper IV) 

• Quantifying the impact of the projected climate changes in Sweden on creep 
of RC structures. In addition, the effect of climate change uncertainty was 
quantified and compared to other uncertainty sources. It was found that 
creep model uncertainty plays a more important role than climate change 
uncertainty in assessing the long-term creep coefficient. (Paper V) 

• Quantifying the impact of the projected climate changes in Sweden on local 
bridge-pier scour. A catchment area located in the north (i.e., 
Riebnesströmmen) was identified to be most affected by climate change 
with regards to the increase in scour depth. Furthermore, unlike the other 
three quantitatively assessed impacts, it was found that climate change 
scenarios with higher GHG emissions do not necessarily lead to higher 
impact in all cases. (Paper VI) 

• Developing a broad list of the possible adaptation strategies in response to 
the identified impacts. (Paper VII) 

• Proposing a conceptual framework for considering climate change impacts 
in the design of new infrastructure assets. Furthermore, several challenges 
that hampers the application of this framework in practical contexts are 
identified and discussed. (Paper VIII) 

1.5. Limitations 
A general limitation of the current thesis is that it focuses mainly on bridges without 
directly investigating the impacts of climate change on other types of built 
infrastructure (e.g., tunnels, retaining walls, etc.). In addition, the findings in this 
thesis are mostly based on fictitious illustrative examples. Applying the proposed 
methods to real-world case studies can provide valuable input towards 
implementing the developed methods in practice. 

Some of the research conducted within the current thesis (Papers III-VI) is focused 
on the Swedish climate conditions. Hence, some specific findings (i.e., numerical 
results) are only relevant for Sweden. Nonetheless, the methods adopted are 
generally applicable in other locations. Furthermore, although many potential 
impacts of climate change are identified, only four impacts are quantified in the 
current thesis under consideration of the Swedish climate. The choice of these four 
risks was guided by factors that relate to, e.g., climate change data availability, 
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diversity of considered impacts, and the author’s interest (see section 1.3) and is not 
to be understood as an indication of their criticality. In addition, the acceptability of 
climate change risks as well as the cost-effectiveness of the different adaptation 
strategies are not investigated in the current thesis. 

Several sets of climate change scenarios exist, e.g., SRES scenarios, RCP scenarios, 
and SSP scenarios. The quantitative analyses performed in the current thesis are 
limited to three of the four RCP scenarios; RCP2.6, RCP4.5, and RCP8.5. The 
fourth RCP scenario (i.e., RCP6.0) is not included in these analyses due to reasons 
of data unavailability. Nonetheless, for those impacts that were found to be higher 
for scenarios with higher GHG emissions (i.e., chloride-induced corrosion of RC, 
fungal decay of timber elements, and creep of RC) it can be expected that RCP6.0 
would give results that roughly fall between those of RCP4.5 and RCP8.5. 

1.6. Outline 
The thesis is divided into six chapters. Chapters 2-4 focus on the different stages of 
risk assessment (i.e., risk identification, risk analysis, and risk evaluation and 
treatment), respectively, and describe how the current thesis contributes to each of 
these. These three chapters are then followed by Chapter 5 highlighting important 
discussion points and recommending viable future research directions. Lastly, 
Chapter 6 presents the main conclusions from this thesis as well as the appended 
papers.  
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2. Risk identification 

2.1. Background 
Risk identification, also referred to as hazard identification (Faber and Stewart 
2003) or scenario structuring (Kaplan et al. 2001), is an essential part of any risk 
assessment process. It is often argued that risk identification is one of the most 
important stages in any risk assessment process as the validity of the whole process 
is largely influenced by the comprehensiveness of the list of identified risks (Van 
Sciver 1990, Chapman 1998, Faber and Stewart 2003). Hence, it has been repeatedly 
highlighted that the risk scenarios identified at this stage should be “complete” 
(Chapman 2001, Kaplan et al. 2001, Raspotnig and Opdahl 2013). The aim of this 
“completeness” criterion is to avoid leaving out risks that may be of significance. 
For instance, Kaplan and Garrick (1981) cite the criticism that has been made to a 
Reactor Safety Study (USNRC 1975) to illustrate this issue. It should be 
highlighted, however, that  meeting the “completeness” criterion is a challenging 
and unverifiable task that is largely dependent on the creativity of the risk assessor 
(Jensen and Aven 2017). This fact is reflected in the following statement made by 
Kaplan (1997): “Finding (risk) scenarios is part science and a large part art”. 

Many methods of risk identification have been proposed in literature (Kaplan et al. 
2001, Faber and Stewart 2003, Raspotnig and Opdahl 2013). Kaplan (1997), for 
instance, describes two such methods (see Figure 2.1). The first method involves 
identifying initiating events that cause the system to depart from the “as planned” 
state (𝑆𝑆0); see Figure 2.1 (a). The risk scenarios are then identified by determining 
possible undesirable end states. Conversely, the second method of risk 
identification, shown in Figure 2.1 (b), propagates in the other direction by 
identifying possible undesirable end states and determining their possible initiating 
events. These two approaches are, respectively, also known as Event Tree (ET) and 
Fault Tree (FT) approaches. Another method that is commonly used for risk 
identification is Failure Mode and Effects Analysis (FMEA) (Kaplan et al. 2001, 
Faber and Stewart 2003, Zio 2007, Raspotnig and Opdahl 2013). In FMEA, the 
system under consideration is decomposed into a set of independent subsystems 
(which may be formed of several components each). Subsequently, for each 
component of a subsystem, the different failure modes and their effect on other 
components, the subsystem, and the overall system are identified (Zio 2007).  
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Other methods of risk identification include: HAZard and OPerability analysis 
(HAZOP) (Kaplan et al. 2001, Faber and Stewart 2003, Zio 2007, Raspotnig and 
Opdahl 2013), Anticipatory Failure Determination (AFD) (Kaplan et al. 2001, 
Jensen and Aven 2017), Hierarchical Holographic Modelling (HHM) (Kaplan et al. 
2001), and Preliminary Hazard Analysis (PHA) (Faber and Stewart 2003, Raspotnig 
and Opdahl 2013). It is worth noting that there is no single “best method” of risk 
identification and meeting the aforementioned completeness criterion often requires 
an appropriate combination of several different methods (Hillson 2002).   

 

 

Figure 2.1: Two methods of risk identification (based on Kaplan (1997)); IE: Initiating event, ES: End state, and 
S0: “as planned” system state. 

2.2. Method 
In the current thesis, the potential climate change risks to bridges were identified in 
three complementary ways (See Figure 2.2). Firstly, a review of relevant literature 
was conducted to identify climate change risks which were described and/or 
investigated by other researchers (e.g., Meyer 2008, Schwartz 2010, Stewart et al. 
2011, Dikanski et al. 2016, Ryan et al. 2016, Dikanski et al. 2018). Secondly, 
documented cases of bridge failure, damage, and/or malfunction were reviewed 
together with projected changes to the different climatic parameters to establish 
whether these could be connected in theory. This method is inspired by the 
aforementioned FT approach (Figure 2.1 (b)) and investigates how a certain 
undesirable end state (defined by cases of bridge damage or failure) could be linked 
to a set of initiating events (i.e., changes in climatic parameters). Lastly, additional 
risks were identified by considering the projected climatic changes and devising 
scenarios in which they would impact the performance and/or safety of a bridge 
analogous to the aforementioned ET approach (Figure 2.1 (a)). It should be noted 
that, at this stage of risk assessment, a central aim was to ensure that the list of 
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identified risks was as “complete” as reasonably possible. Hence, risks were 
identified irrespective of their perceived severity and/or likelihood. Risk assessors 
focusing on specific bridges can then use such a broad list as an input to risk 
prioritization tasks (a proposal of a method that can be used to prioritize climate 
change risks to bridges is described in section 3.1 and presented in Paper II). In 
addition, such a list may be updated over time to include hitherto unidentified risks.  

Once the risks were identified, these were then collected and categorized such as to 
present them in a concise way. In addition, information concerning how specific 
changes of climactic parameters effect each category of risk were provided as well 
as how certain risks may be interconnected (i.e., whether the occurrence of one risk 
may affect the criticality of another). 

 

 

Figure 2.2: Method of risk identification (adapted from Paper I). 

2.3. Results 
Following the method outlined in the previous section, a total of 31 potential climate 
change risks on bridges were identified. At this stage, the potential climatic changes 
were considered without focus on a specific geographical location. The identified 
risks were categorized into the following seven different groups: 

• (D) Durability risks (two identified risks), 

• (S) Serviceability risks (two identified risks), 

• (G) Geotechnical risks (eight identified risks), 

• (I) Increased demand risks (nine identified risks), 

• (A) Accidental loads risks (four identified risks), 

• (E) Extreme natural events risks (three identified risks), and 
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• (O) Operational risks (three identified risks). 

The risks identified as well as their categorization are displayed in Figure 2.3. 
Moving from the inside outwards, the innermost circle in Figure 2.3 shows the seven 
different risk groups followed by the risks belonging to each group on the perimeter 
of that circle. The climatic parameters that can drive each of the identified risks are 
then presented on the outermost part of Figure 2.3. Furthermore, arrows in the 
innermost circle of Figure 2.3 illustrate that some of the identified risks may be 
interconnected with one another (i.e., the occurrence of one risk may affect the 
criticality of another risk, see section 5 in Paper I).  

Closer observation of Figure 2.3 reveals that the projected increase in temperature 
and precipitation due to climate change can drive the highest number of potential 
climate change risks. These two climatic parameters combined can influence 25 out 
of the 31 identified risks (see Table 2 in Paper I for the numbers of risks that can be 
driven by each climate parameter). 

Similarly, the results also illustrate that a broad range of potential climate change 
risks on bridges are foreseeable. However, for a particular bridge of interest, only a 
subset of these identified risks may be relevant for bridge owners, consultants, 
contractors, etc. The relevancy of climate change risks (as well as their criticality) 
will vary from one bridge to another depending on the geographical location of the 
bridge, the bridge site characteristics, the structural system of the bridge, etc. For 
instance, the risk of higher scour rates may only be of relevance if the bridge under 
consideration is water-crossing, the risk of permanent inundation due to SLR is only 
relevant for coastal bridges, the risk of wind-induced instabilities may be more 
relevant for slender bridges (i.e., suspension and cable-stayed bridges), etc. In the 
next chapter, a method that can be used to prioritize climate change risks, and 
separate relevant from irrelevant risks, is outlined (see Paper II). This approach 
considers the availability of information specific to a certain bridge (see section 3.1). 
In addition, the next chapter also presents quantitative analyses of four selected 
climate change risks in Sweden (see section 3.2):  

• The impact of climate change on chloride-induced corrosion of RC 
structures, 

• The impact of climate change on fungal decay of timber elements in ground 
contact, 

• The impact of climate change on long-term deformations (i.e., creep) of RC 
structures, and 

• The impact of climate change on local scour under bridge piers. 
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Figure 2.3: Identified climate-change risks on bridges and the climate changes affecting them. Inside to outside: 
risk group, identified risk, responsible climatic change parameters. Arrows connecting the different risks 
represent the discussed interdependencies (adapted from Paper I).a  
a D1: accelerated degradation of superstructure, D2: accelerated degradation of substructure, S1: heat-induced 
damage to pavements and railways, S2: increased long-term deformations, G1: higher scour rates, G2: bridge 
slope failure, G3: landslides, G4: foundation settlement, G5: rockfalls; debris flows; and snow avalanches, G6: 
soil liquefaction, G7: additional loads on piles, G8: clay shrinkage and swelling, I1: higher wave impact, I2: 
wind-induced loads, I3: additional snow loads on covered bridges, I4: thermally-induced stresses, I5: drainage 
capacity, I6: hydrostatic pressure behind abutments, I7: loads on bridges with control sluice gates, I8: loss of 
prestressing force, I9: ice-induced loads, A1:water vessel collisions, A2: vehicle-pier collisions, A3: vehicle 
accidents, A4: train-pier collisions, E1: floods, E2: storms, E3: wildfires, O1: snow removal costs, O2: 
temporary bridge restrictions, O3: power shortage; P↑, P↓: higher and lower precipitation in some regions 
respectively, T↑: higher temperatures, W↑: more frequent/intense extreme winds, SLR: sea level rise,  RH↑, RH↓: 
increase and decrease in relative humidity respectively , PF↓: permafrost melt, P↔: increase in precipitation 
contrast, F↑: higher in-cloud liquid water content of marine fogs , CC↑: higher carbon concentrations, SR↑: 
higher solar radiation, OT↑: higher ocean temperature, PH↓: decrease in global ocean pH, SF↑: higher snowfall, 
S↑: increase in storms intensity/frequency, HW↑: increase in intensity/frequency of heatwaves, T↔: higher 
temperature seasonal contrast, RO↑: higher run-off, W↓: decrease in wind speeds, WL↔: increased water 
fluctuations in rivers, SS↑: higher soil salinity. 
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3. Risk analysis 

3.1. Risk prioritization 

3.1.1. Background  
As shown in the previous chapter, there exists many potential climate change risks 
on bridges. Considering this large number of potential climate change risks and the 
ever-increasing number of bridge assets to be managed, the following two questions 
are attention-worthy: 

• For a certain bridge of interest, which climate change risks should be 
prioritized? 

• Considering the potential impacts of climate change, which bridges should 
be prioritized from an ensemble of bridges?  

Taking into account the limited resources that can be allocated to adapting bridges 
to climate change, the imperativeness of addressing these two questions is further 
highlighted. 

Most existing bridge management approaches do not holistically account for the 
risks that can be introduced by climate change. Few exceptions, however, exist. 
Markogiannaki (2019), for instance, considers the impacts of climate change on 
hurricanes when prioritizing between seismic and hurricane risks on cable-stayed 
bridges. The United Kingdom guidelines for assessing hydraulic actions on bridges 
(Takano and Pooley 2021, Pregnolato et al. 2022) incorporates climate change 
provisions for assessing bridge scour. Shields (2012) proposes a decision support 
tool for prioritizing bridges considering the impact of climate change on scour. The 
impacts of climate change on storm hydrodynamic loads and scour were considered 
and bridges were prioritized accordingly in Qu et al. (2021). Other studies that 
propose approaches for managing bridges while considering climate change effects 
include Ikpong and Bagchi (2015) and Liu et al. (2020). A common aspect of all 
these studies is that they focus on extreme climate change risks (e.g., hurricanes and 
scour under extreme flows). Furthermore, a variant of either the first or the second 
questions mentioned above is considered separately.  
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3.1.2. Proposed method 
In the current thesis, a method that considers both extreme and non-extreme climate 
change risks and addresses the two questions provided in section 3.1.1 
simultaneously is proposed. The proposed method defines climate change risk as 
the multiplication of four components as shown in Equation (3.1): 

𝑅𝑅 = 𝑃𝑃(𝐻𝐻) ∙ 𝑃𝑃(𝐸𝐸|𝐻𝐻) ∙ 𝑃𝑃(𝐷𝐷|𝐸𝐸 ∩ 𝐻𝐻) ∙ 𝐶𝐶(𝐷𝐷)                                                       (3.1) 

where 𝑅𝑅 is the risk value, 𝑃𝑃(𝐻𝐻) is the occurrence probability associated with a 
potential change in a climatic parameter within a certain reference period (herein 
referred to as hazard), 𝑃𝑃(𝐸𝐸|𝐻𝐻) is the conditional probability of a potential adverse 
impact on a bridge caused by the hazard (herein referred to as impact), 𝑃𝑃(𝐷𝐷|𝐸𝐸 ∩ 𝐻𝐻) 
is the probability of a bridge to be damaged as a result of the given hazard and 
impact (herein referred to as vulnerability), and 𝐶𝐶(𝐷𝐷) is the associated losses (herein 
referred to as consequences).  

The proposed Multi-Criteria Decision Analysis (MCDA) method depends on 
introducing qualitative or semi-quantitative indices to represent the four 
components given in Equation (3.1). Furthermore, an index representing the relative 
importance of each bridge is also introduced. These indices are aggregated into two 
different ranking indices (i.e., level-I ranking index and level-II ranking index) 
which are then used for addressing the two questions presented in 3.1.1. To reflect 
the uncertainty in the analysis, the four indices representing Equation (3.1) are 
assessed first optimistically and then pessimistically. Lastly, the assessments in the 
proposed method are supplemented with a strength of evidence assessment to 
represent the level of knowledge base supporting the different components. A 
flowchart demonstrating the different steps for the proposed method is presented in 
Figure 3.1. A detailed description of the proposed method can be found in Paper II. 
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3.2. Quantitative risk analysis of selected climate change 
impacts 

3.2.1. Background 
Based on the output of risk prioritization, risks indicated as critical should be 
investigated in more detail. This section aims to demonstrate how such in-detail 
analysis can be performed for selected climate change risks. In the context of the 
current thesis, four different potential climate change risks were quantitatively 
analyzed considering the Swedish climate conditions: 

1) Chloride-induced corrosion of RC structures, 

2) Fungal decay of timber elements in ground contact, 

3) Creep of RC structures, and 

4) Local scour at bridge piers. 

Chloride-induced corrosion is the main mechanism in which RC elements 
deteriorate. The high alkalinity of the concrete pore solution in sound concrete 
forms a protective oxide film around steel reinforcement in RC (Val 2007, 
Papakonstantinou and Shinozuka 2013). However, exposure to chlorides in RC 
elements exposed to sea salt or deicing salts can destroy this protective layer 
resulting in corrosion of the reinforcing steel. The corrosion process is described by 
two phases: corrosion initiation and corrosion propagation (El Maaddawy and 
Soudki 2007, Ghosh and Padgett 2010, Papakonstantinou and Shinozuka 2013), see 
Figure 3.2 (a). The time required for chlorides to penetrate to the level of 
reinforcement and accumulate in sufficient quantities to destroy the protective layer 
is referred to as the corrosion initiation time. This chloride-ingress process is 
affected by the ambient temperature and relative humidity of the surrounding 
environment. The second phase of the corrosion process (i.e., corrosion 
propagation) is governed by the reinforcement corrosion rate which is also affected 
by the same environmental parameters. Although several recent studies have 
focused on analyzing the impact of climate change on chloride-induced corrosion 
(Bastidas-Arteaga et al. 2010, Stewart et al. 2011, Wang et al. 2011, Bastidas-
Arteaga and Stewart 2015a, Mortagi and Ghosh 2020a, Mortagi and Ghosh 2022, 
Zhang et al. 2022), none of these studies considered Swedish climate conditions 
with very different climate zones depending on the location. Additionally, none of 
the previous studies consider all the limit states (i.e., Corrosion initiation, crack 
initiation, severe cracking, and failure) that are considered in the current thesis.  

Fungal decay is the main mechanism in which timber elements deteriorate (Kumar 
and Imam 2013). Similar to corrosion of reinforcement, the fungal decay process 
can be described by two phases: a lag phase (where no decay happens) and a decay 
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progression phase (where decay progresses with a certain decay rate) (Wang et al. 
2008a), see Figure 3.2 (b). According to a model that was developed by Wang et al. 
(2008a), both of these phases are affected by the ambient temperature and 
precipitation. It should be noted that the study leading to the development of this 
model is the first (and arguably most comprehensive) attempt to utilize biological 
degradation performance models of timber structures for structural design guidance 
(Brischke and Thelandersson 2014). The focus in the current thesis has been on 
untreated timber elements in ground contact. As noted in Niklewski (2018), most 
timber road bridges with design lives exceeding 80 years are built from untreated 
timber. Although other studies have analyzed the impact of climate change on the 
fungal decay of timber elements in ground contact (Wang and Wang 2012, 
Bjarnadottir et al. 2013, Ryan et al. 2016, Salman et al. 2017, Merschman et al. 
2020, Ryan and Stewart 2021), this is the first time, to the best of the author’s 
knowledge, that the Swedish climate conditions are considered. Additionally, the 
Swedish counties where the impact of climate change on fungal decay is projected 
to be highest are identified in the current thesis. This has not been done for any of 
the countries studied in previous literature. 

 

 

Figure 3.2: Phases of (a) the corrosion process of reinforced concrete (adapted from El Maaddawy and Soudki 
(2007)) and (b) the fungal decay process of timber elements (adapted from Wang et al. (2008a)). 
 

Stress-dependent strain (or deformation) of concrete is divided into two 
components: elastic strain and creep strain. In addition to the short-term elastic 
deformations that occur at load application, concrete exhibits increased 
deformations with time (i.e., creep) under sustained load, see Figure 3.3. Hence, the 
stress-dependent strain 𝜀𝜀𝜎𝜎(𝑡𝑡) at age 𝑡𝑡 due to a compressive stress 𝜎𝜎 applied at age 
𝑡𝑡′ is represented by Equation (3.2) as follows (Bažant et al. 2015): 
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𝜀𝜀𝜎𝜎(𝑡𝑡) = 𝐽𝐽(𝑡𝑡, 𝑡𝑡′)𝜎𝜎 = �1+𝜑𝜑�𝑡𝑡,𝑡𝑡′�
𝐸𝐸(𝑡𝑡′)

�𝜎𝜎 = 𝜎𝜎
𝐸𝐸(𝑡𝑡′)

+ 𝜑𝜑(𝑡𝑡, 𝑡𝑡′) 𝜎𝜎
𝐸𝐸(𝑡𝑡′)

                           (3.2) 

where 𝐽𝐽(𝑡𝑡, 𝑡𝑡′) and 𝜑𝜑(𝑡𝑡, 𝑡𝑡′) are the creep compliance and creep coefficient, 
respectively, at age 𝑡𝑡 due to load applied at age 𝑡𝑡′ and 𝐸𝐸(𝑡𝑡′) is the modulus of 
elasticity at loading age 𝑡𝑡′. Although concrete creep is mainly regarded as a 
serviceability issue, it can, in some cases, have severe consequences that affect 
structural safety (Bažant et al. 2011, El Kamari et al. 2015, Mazzotti and Buratti 
2021). An example of such an incident is the collapse of the Koror-Babeldaob 
Bridge in Palau where it has been argued that excessive creep deformations were 
one of the main contributing factors leading to failure (Bažant et al. 2011). Many 
models for assessing creep of concrete structures exist (e.g., Model Code 1999 
(MC99) model (FIB 1999), Model Code 2010 (MC10) (FIB 2010), ACI model (ACI 
1992), GL 2000 (Gardner and Lockman 2001), MPF model (Chateauneuf et al. 
2014), B3 model (Bažant and Baweja 2000), B4 and B4s models (Bažant et al. 
2015)). In many of these models, concrete creep is affected by the ambient 
temperature and relative humidity. To the best of the author’s knowledge, the impact 
of climate change on concrete creep has not been quantitatively analyzed in previous 
literature. In this thesis, the impact of climate change on concrete creep was 
quantitatively analyzed using five different creep models (MC99, MC10, B3, B4, 
and B4s) and the contributions of the different uncertainty sources to the long-term 
creep coefficient were compared. 

Scour, or local removal (or erosion) of riverbed material due to the flow of water 
around bridge foundations (see Figure 3.4) is frequently cited as one of the leading  

 

 

Figure 3.3: Deformation of concrete under constant stress (adapted from Engström (2014)); φ(t,t’): Creep 
coefficient at time t due to a stress (σ) applied at time t’, εσ(t): Total strain at time t, εc,el: Elastic strain, 
φ(t,t’) εc,el: Creep strain at time t. 
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causes of bridge failures (Smith 1976, Stein et al. 1999, Wardhana and Hadipriono 
2003, Imhof 2004, Briaud et al. 2007, Imam and Chryssanthopoulos 2012, Briaud 
et al. 2014, Cook et al. 2015, Flint et al. 2017, Lamb et al. 2019, Argyroudis et al. 
2020). Numerous models for predicting equilibrium (i.e., maximum) scour depths 
at bridge foundations can be found in literature, see e.g., Johnson (1995), Sheppard 
et al. (2011), Sheppard et al. (2014), and Pizarro et al. (2020) for reviews of different 
models. In the majority of these models, which commonly deal with frictional soil 
bed material, scour is described as a function of either the water depth or velocity 
(or both) at extreme flow conditions. Hence, the projected increase in extreme river 
flows in some locations due to climate change can increase the risk of bridge scour. 
Previous studies have quantitatively analyzed the impact of climate change on 
bridge scour (Khelifa et al. 2013, Dikanski et al. 2016, Kallias and Imam 2016, 
Dikanski et al. 2018, Ekuje 2018, Khandel and Soliman 2019, Yang and Frangopol 
2019, Liu et al. 2020). Nonetheless, to the best of the authors’ knowledge, none of 
these studies identified the locations within a certain country where climate change 
is projected to have the highest impacts on bridge scour. Additionally, none of these 
studies (which mainly focus on the US and the UK) considered the Swedish climate 
conditions. These two gaps are considered in the current thesis. 

Aside from the risks analyzed herein and in previous literature, other climate change 
risks remain largely uninvestigated. Table 3.1 presents a summary of the climate 
change risks which are analyzed in existing literature (with a distinction between 
those analyzed for Sweden and those analyzed for other locations). Risks that are 
not listed are very rarely, if at all, analyzed in previous studies. It should be noted 
that the references corresponding to each risk are only indicative and are not meant 
to be exhaustive. 

 

 

Figure 3.4: Scour at bridge foundations (Deng and Cai 2010). 
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Table 3.1: Climate change risks on infrastructure which are analyzed in existing literature (references provided 
are non-exhaustive). 
 

Climate change 
risk 

Analyzed for locations in Sweden Analyzed for other locations 
In this thesis In other studies 

Corrosion of RC Paper III  Bastidas-Arteaga et al. (2010), Stewart et al. 
(2011), Wang et al. (2011), Stewart et al. (2012), 
Köliö et al. (2014), Stewart et al. (2014), Bastidas-
Arteaga and Stewart (2015a), Bastidas-Arteaga 
and Stewart (2015b), Mortagi and Ghosh (2020a), 
Shirkhani et al. (2020), Sousa et al. (2020), Al-
Ameeri et al. (2021), Abdelhafez et al. (2022), Al‐
Ameeri et al. (2022), Mortagi and Ghosh (2022), 
Zhang et al. (2022) 

Decay of timber Paper IV  Wang and Wang (2012), Bjarnadottir et al. (2013), 
Ryan et al. (2016), Ryan and Stewart (2017), 
Salman et al. (2017), Merschman et al. (2020), 
Ryan and Stewart (2021) 

Corrosion of metals  Tidblad (2012) Tidblad (2012), Nguyen et al. (2013), Chaves et 
al. (2016), Peng et al. (2016), Zhang et al. (2022) 

Pavement 
deterioration 

  Hudson (2004), Cechet (2005), Willway et al. 
(2008), Mills et al. (2009), Anyala et al. (2011), 
Qiao et al. (2013), Qiao (2015), Gudipudi et al. 
(2017), Jeong et al. (2017), Underwood et al. 
(2017), Kumlai et al. (2017), Mallick et al. (2018), 
Stoner et al. (2019), Piryonesi and El-Diraby 
(2021), Blaauw et al. (2022), Swarna et al. 
(2022a), Swarna et al. (2022b) 

Creep of RC Paper V   
Bridge scour Paper VI  Shields (2012), Wright et al. (2012), Khelifa et al. 

(2013), Dikanski et al. (2016), Kallias and Imam 
(2016), Dikanski et al. (2018), Ekuje (2018), 
Khandel and Soliman (2019), Yang and Frangopol 
(2019), Liu et al. (2020), Qu et al. (2021) 

Slope failure and 
landslides 

 Hultén et al. (2007) Ciabatta et al. (2016), Wu et al. (2016a), Kristo et 
al. (2017), Robinson et al. (2017), Komori et al. 
(2018) 

Snow loads  Ivanov et al. (2022) Croce et al. (2018a), Croce et al. (2018b), Croce 
et al. (2019), Ohba and Sugimoto (2020), Hong et 
al. (2021), Li et al. (2022) 

Temperature loads   Santillán et al. (2015), Croce et al. (2019) 
Ice-induced loads   Barrette et al. (2017) 
Floods    Suarez et al. (2005), Bowering et al. (2013), Peck 

et al. (2013), Wobus et al. (2013), Sperotto et al. 
(2016), Batchabani et al. (2016), Wu et al. 
(2016b), Abebe and Tesfamariam (2019), Creach 
et al. (2019), Byun and Hamlet (2020), Creach et 
al. (2020) 

Storms and wind-
induced effects 

  Bjarnadottir et al. (2011), Bjarnadottir et al. (2013), 
Mudd et al. (2014a), Mudd et al. (2014b), 
Nishijima (2015), Seo and Caracoglia (2015), 
Stewart and Li (2015), Cui and Caracoglia (2016), 
Ryan et al. (2016), Dong and Frangopol (2017), 
Ryan and Stewart (2017), Salman et al. (2017), 
Salman and Li (2017), Stewart et al. (2018), Kim 
and Lee (2019), Contento et al. (2020), Snaiki and 
Wu (2020), Snaiki et al. (2020), Chu et al. (2021), 
Esmaeili and Barbato (2021), Hong et al. (2021), 
Qu et al. (2021), Ryan and Stewart (2021), Li et 
al. (2022) 

Tsunami   Alhamid et al. (2022) 
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3.2.2. Climate change data  
The climate data input for the analyses of the three first climate change risks were 
produced using the SMHI-RCA4 regional climate model (Kjellstrom et al. 2016) 
operated over Europe at a resolution (i.e., grid spacing) of about 50 x 50 km. 
Aggregated data for the annual average temperature, relative humidity, and rainfall 
over the different counties in Sweden (see Figure 3.5) are used. The used climate 
change projections involve SMHI-RCA4 downscaling different Global Climate 
Models (GCMs) under RCP2.6, RCP4.5, and RCP8.5. Limited data availability for 
the lowest emissions scenario (i.e., RCP2.6) was the decisive factor for the number 
of GCMs used to produce the data for these three climatic parameters. Projections 
of five different GCMs (i.e., EC-EARTH, HadGEM2-ES, MIROC5, MPI-ESM-LR, 
and NorESM1-M) were available for the average annual temperature and relative 
humidity in all climate scenarios. On the other hand, projections of only three 
different GCMs (i.e., EC-EARTH, HadGEM2-ES, and MPI-ESM-LR) were 
available for the average annual rainfall in all climate scenarios. All GCMs have 
been used in the context of CMIP5 (the fifth phase of the coupled model  

 

Figure 3.5: The different counties of Sweden (adapted from Paper IV). 
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intercomparison project), see Taylor et al. (2012). Due to the limitations in data 
availability described above, the analyses of the first and third climate change risks 
(and the respective appended papers) are based on five GCMs while that of the 
second climate change risk (and Paper IV) is based only on three GCMs. Figure 3.6 
shows the data representing these three climate parameters for three counties in 
Sweden as an example: the southernmost county (Skåne), the northernmost county 
(Norrbotten), and a county located in mid-Sweden (Gävleborg), see Figure 3.5. 

For analyzing the fourth climate change risk, local scour at bridge piers, climate 
change projections of the percentage change in the 50-year discharge in comparison 
to the historical value (i.e., 1971-2000) were used. Analyses were carried out for all 
catchment areas in Sweden (i.e., 246 different catchments) for three different 
reference periods in the future (i.e., 2011- 2040, 2041-2070, and 2071-2100). The 
climate change data used in analyzing this risk was acquired from a recently 
published database by the Swedish Meteorological and Hydrological Institute 
(SMHI) (SMHI 2021). Producing these projections initially involved climate 
modelling to produce the relevant climate data projections followed by hydrological 
modelling to produce projections of the 50-year discharge data used in the analyses. 
Climate data projections were produced for the same climate change scenarios as in 
the three first climate change risks (i.e., RCP2.6, RCP4.5, and RCP8.5) using an 
ensemble of five different GCMs (CNRM-CM5, EC-EARTH, MPI-ESM-LR, 
HadGEM2-ES, and NorESM1-M) and seven different regional climate models, i.e., 
RCMs, (CLMcom-CCLM4-8-17, CNRM-ALADIN63, DMI-HIRHAM5,  

Table 3.2: Summary of the main characteristics of the data used in the analyses of the four analyzed climate 
change risks; GCMs: Global Climate Models, RCMs: Regional Climate Models. 
 

 Chloride-induced 
corrosion of concrete 

Fungal decay of 
timber 

Creep of concrete Scour under bridge 
piers 

Relevant 
environmental 
output (s) 

Temperature, 
Relative humidity 

Temperature, 
Precipitation 

Temperature, 
Relative humidity 

50-year discharge 

Number of GCMs Five: 
EC-EARTH, 
HadGEM2-ES, 
MIROC5,  
MPI-ESM-LR, 
NorESM1-M 

Three: 
EC-EARTH, 
HadGEM2-ES, 
MPI-ESM-LR 

Five: 
EC-EARTH, 
HadGEM2-ES, 
MIROC5,  
MPI-ESM-LR, 
NorESM1-M 

Five: 
CNRM-CM5,  
EC-EARTH,  
MPI-ESM-LR,  
HadGEM2-ES, 
NorESM1-M 

Number of RCMs One: 
SMHI-RCA4 

One: 
SMHI-RCA4 

One: 
SMHI-RCA4 

Seven: 
CLMcom-CCLM4-8-
17, CNRM-ALADIN63,  
DMI-HIRHAM5,  
MPI-CSC-REMO2009, 
GERICS-REMO2015, 
KNMI-RACMO22E,  
SMHI-RCA4 

Downscaling 
resolution 

50 x 50 km 50 x 50 km 50 x 50 km 12.5 x 12.5 km 

Bias correction of 
climate data? 

No No No Yes 
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MPI-CSC-REMO2009, GERICS-REMO2015, KNMI-RACMO22E, and SMHI-
RCA4). The different RCMs were operated over Europe at a resolution of about 
12.5 x 12.5 km. Following climate modelling, the resulting climate data projections 
were used to force the hydrological model S-HYPE to produce the 50-year discharge 
projections. Further details of how the data were developed can be found in SMHI 
(2021). Figure 3.7 shows the percentage change in the 50-year discharge for ten 
different catchment areas for the reference period (2071-2100) as an example. 

A summary of the main characteristics of the data used in the analyses for the four 
analyzed climate change risks is presented in Table 3.2. A controversial aspect that 
generally relates to the use of climate data in climate change impact analyses (and 
not only to the analyses presented herein) is so called bias correction. Recognizing 
that climate model outputs are subject to bias and systematic errors, bias correction 
aims to remove (or at least reduce) these errors. However, bias correction has been 
the subject of considerable debate and has received severe criticism from several 
researchers in the recent decade, see e.g., Ehret et al. (2012) and Maraun et al. 
(2017). Perhaps one of the most substantial problems associated with existing bias 
correction approaches is that they generally do not account for the different physical 
laws that govern the atmosphere. Hence, the physical relations between the different 
climate variables are not maintained during the bias correction process (Ehret et al. 
2012). Therefore, the question of whether climate change projections should be 
bias-corrected or not for climate change impact analyses is a difficult question for 
which no conclusive answer exists. 

In the current thesis, the choice of whether to use climate data that are bias-corrected 
or not was mainly governed by data availability. For instance, historical data of the 
relevant climatic parameters aggregated over the different Swedish counties are 
required for performing bias correction for the data used in analyzing the first three 
risks. These data were not always available. Hence, for analyzing these risks climate 
change data that are not bias corrected were used. As the analyses in each of these 
risks involve the use of more than one environmental parameter, it was deemed 
justifiable to not use bias correction. A number of previous studies analyzing 
different impacts of climate change have similarly chosen not to bias-correct climate 
change projections, see e.g., Alfieri et al. (2015), Bell et al. (2016), Sousa et al. 
(2020), and Piotrowski et al. (2021). On the other hand, bias correction was 
performed to produce the data used in analyzing the fourth climate change risk. It is 
worth noting that, unlike the first three risks, analyzing this risk involved the use of 
only one environmental parameter (i.e., 50-year discharge).  

3.2.3. Results 
The main results of analyzing the four risks investigated in the current thesis are 
presented in this section. Detailed descriptions of the methods adopted in the  
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Figure 3.8: Illustrative example for demonstarting the effect of climate change on chloride induced corrosion 
(adapted from Paper III); loads are in kN/m. 
 

analysis of each of these risks, as well as a more comprehensive overview of the 
results, can be found in the respective papers (Paper III-VI).  

For demonstrating the effect of climate change on chloride-induced corrosion of 
reinforced concrete in Sweden an illustrative example of a simply supported beam 
(adapted from Val (2007)) was considered (see Figure 3.8). The considered beam is 
assumed to be built in 2020 and is subjected to uniformly distributed dead (G) and 
live loads (sustained (Q_S) and extraordinary (Q_E)) as shown in Figure 3.8. The 
beam has a span of 10 m and a cross section of 0.8 x 0.35 m and is reinforced with 
nine bars of 25.4 mm mean diameter each (i.e., No. 8 bars). A detailed description 
of the properties of the considered illustrative example can be found in Paper III. 
Figure 3.9 shows the probabilities of corrosion initiation (PCOI), crack initiation 
(PCRI), severe cracking (PSCR), and failure (PF) for the studied beam in the 
historical climate (1961-1990) as well as in the three climate scenarios RCP2.6, 
RCP4.5, and RCP8.5 for the period 2020-2100. Results are shown for four different 
counties spread throughout Sweden: 1) The southernmost county (Skåne), 2) The 
northernmost county (Norrbotten), and 3) two counties located in mid-Sweden 
(Uppsala and Gävleborg), see Figure 3.5. In Figure 3.9 it can be observed that all 
the evaluated probabilities are: 1) higher for scenarios with higher GHG emissions, 
and 2) higher in the southern counties. On the other hand, the effect of climate 
change on the end-of-century values of the four probabilities (represented by the 
percentage increase compared to the historical climate) is higher in the northern 
counties. For instance, see Figure 3.10, the end-of-century increase in the 
probability of failure in RCP8.5 is ~123% for the northernmost county and only 
~48% for the southernmost county. It is also noted that the end-of-century impact 
on the probability of flexural failure for the beam example is significantly higher 
(ranging from 3.5–4.9 times higher) than on the other limit states in all climate 
scenarios for all counties, compare Table 2 in Paper III with Figure 3.10. 

For analyzing the effect of climate change on the fungal decay of timber elements 
in ground contact, the change in the decay rate of untreated clear wood elements is 
first analyzed for all Swedish counties considering three reference periods: 2021-
2050, 2051-2080, and 2071-2100. The aim of this first analysis is to identify the 
Swedish counties where the effect of climate change is projected to be highest with  



29 

 Fi
gu

re
 3

.9
: P

ro
ba

bi
lit

ie
s 

of
 c

or
ro

si
on

 in
iti

at
io

n 
(P

CO
I),

 c
ra

ck
 in

iti
at

io
n 

(P
C

RI
), 

se
ve

re
 c

ra
ck

in
g 

(P
SC

R)
, a

nd
 fa

lu
re

 (P
F)

 fo
r 

th
e 

st
ud

ie
d 

si
m

pl
y 

su
pp

or
te

d 
be

am
 b

ui
lt 

in
 

20
20

 u
nd

er
 th

e 
hi

st
or

ic
al

 (1
96

1-
19

90
) a

nd
 fu

tu
re

 c
lim

at
ic

 c
on

di
tio

ns
 fo

r S
kå

ne
, U

pp
sa

la
, G

äv
le

bo
rg

, a
nd

 N
or

rb
ot

te
n 

(a
da

pt
ed

 fr
om

 P
ap

er
 II

I);
 c

ou
nt

ie
s 

ar
e 

or
de

re
d 

fr
om

 s
ou

th
 (b

ot
to

m
 ro

w
) t

o 
no

rt
h 

(to
p 

ro
w

). 



30 

 Fi
gu

re
 3

.1
0:

 P
er

ce
nt

ag
e 

ch
an

ge
 in

 th
e 

pr
ob

ab
ili

ty
 o

f f
ai

lu
re

 (Δ
P F

) f
or

 th
e 

st
ud

ie
d 

be
am

 u
nd

er
 th

e 
fu

tu
re

 c
lim

at
ic

 c
on

di
tio

ns
 c

om
pa

re
d 

to
 th

e 
hi

st
or

ic
al

 c
lim

at
e 

(1
96

1–
19

90
) f

or
 S

kå
ne

, U
pp

sa
la

, G
äv

le
bo

rg
, a

nd
 N

or
rb

ot
te

n 
(a

da
pt

ed
 fr

om
 P

ap
er

 II
I).

 
 



31 

respect to fungal decay. Figure 3.11 shows a box plot of the change in the decay 
rate of durability class 3 untreated corewood (see Wang et al. (2008a) and Paper IV 
for a description of the different wood types and durability classes) in the period 
2071-2100 in comparison to the historical climate for all counties in Sweden. It can 
be noted that the highest increase in the 30-years average decay rate is observed for 
four counties in mid-Sweden (Örebro, Värmland, Västmanland, and Gävleborg, see 
Figure 3.5). Although these counties have a very small decay rate due to the 
historical climate (see Figure 5 in Paper IV), climate change is projected to 
significantly increase this rate in the future (see Figure 3.11). Therefore, for 
demonstrating the effect of climate change on the structural performance of timber 
elements in contact with ground, three of these counties (i.e., Örebro, Värmland, 
and Västmanland) and a county with a historically high decay rate, but with 
significantly lower climate change impact, (i.e., Skåne) are considered for further 
analyses.  

To exemplify, the potential impact of climate change on the durability of timber 
structures, the structural performance of an untreated utility pole is analyzed. The 
pole, with a circular cross section as shown in Figure 3.12, is assumed to be 
desapped (i.e., the exterior sapwood removed), installed in 2020, and has a 300 mm 
diameter. Additionally, the radius of corewood and the thickness of heartwood are 
assumed equal. This example is adapted from Wang and Wang (2012). Two 
possible decay patterns that can simultaneously affect structural timber elements 
with circular cross sections are considered in the analysis (i.e., decay progressing 
from the outside inwards and decay progressing from the inside outwards). A 
commonly used criterion for replacing utility poles is to replace them once their 
residual bending resistance (𝑅𝑅𝑡𝑡) becomes lower than or equal to 66% of their 
original bending resistance (𝑅𝑅𝑖𝑖), see, e.g., Ryan et al. (2014). The probability of 
reaching this replacement criterion for durability class 3 poles in Skåne, Örebro, 
Värmland, and Västmanland is presented in Figure 3.13. Similar to the impact of 
climate change on chloride-induced corrosion of reinforced concrete, the impact 
here is observed to be higher for scenarios with higher GHG emissions. Although 
the absolute probability of reaching the replacement criterion is highest for Skåne 
for all considered climate scenarios, Figure 3.13 shows that the relative increase 
(from the historical climate) is substantially higher in the three other counties. For 
instance, the end-of-century percentage increase for RCP8.5 is merely ~3.0% in 
Skåne while it exceeds ~320% in Örebro. This percentage reaches very high values 
for the two other counties as these counties have a historical decay rate value that is 
very close to zero (this is due to having historical average annual temperatures less 
than or equal to 5°C, see Equation (5) in Paper IV for more in-depth understanding). 
An additional illustrative example of an axially loaded timber column (having the 
same cross-section shown in Figure 3.12) was also analyzed. Similar findings were 
determined for this example as with the utility pole example presented here, see 
Paper IV for more details.  
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Figure 3.12: Cross-section of the utility pole considered in Paper IV (adapted from Paper IV); D1(t): is the 
diameter of the internally decayed timber at time t and D2(t): is the external diameter remaining after external 
decay at time t. 
 

As with the previous two risks, the effect of climate change on concrete creep in 
Sweden is demonstrated using an illustrative example. In this case, an axially loaded 
rectangular column with reinforcement as shown in Figure 3.14 is considered; the 
example is adapted from Samra (1995). The considered column is assumed to be 
built in 2020, has a cross-section of 0.3 x 0.5 m, is 4 m high, and is reinforced with 
1% longitudinal reinforcement. For a detailed description of the properties of the 
considered column the reader is referred to Paper V. 

Figure 3.15 shows a box plot of the percentage change of the end-of-century creep 
coefficient for the studied column in Skåne and Norrbotten under the different RCP 
scenarios and considering five different creep models (MC99, MC10, B3, B4, and 
B4s). Models MC99, MC10, and B3 result in similar percentage increase values 
with median values not higher than ~2% in RCP2.6, ~2.5% in RCP4.5, and ~3.5% 
in RCP8.5. On the other hand, models B4 and B4s show significantly higher 
percentage increase values than the other three models with a visible trend of higher 
values in northern counties; see Figure S4 in the supplementary materials of Paper 
V. Considering these two models, close to 40% increase is possible for the 
northernmost region (Norrbotten) in RCP8.5 while the highest increase in Skåne is 
slightly over 20% in the same scenario. Similar to the impacts of climate change on 
chloride-induced corrosion of RC and fungal decay of timber elements, the impact 
of climate change on concrete creep is observed to be higher for higher GHG 
emissions.  
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Figure 3.13: Probability of having a residual bending resistance lower than or equal to 66% of the original 
bending resistance for class 3 poles under the historical (1961–1990) and the future climatic conditions for 
Skåne, Örebro, Värmland, and Västmanland (adapted from Paper IV). 

 

Figure 3.14: Illustrative example for demonstarting the effect of climate change on creep of concrete; Ag and As 
represent the gross area of the column and the area of the longitudinal reinfporcement, respectively (adapted 
from Paper V). 
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Another important finding, from Paper V, is that the effect of creep model and 
parameter uncertainties was observed to be considerably larger than the effect of 
climate change uncertainty on the end-of-century creep coefficient and its 
subsequent impacts (e.g., stress redistribution and loss of prestressing forces). 
Figure 3.16 shows the probability of reaching the steel yield strength (due to the 
stress redistribution from concrete to steel) for the studied column in the case of 
Norrbotten and for different climate conditions. The redistribution of stresses occurs 
due to creep leading to a gradual increase in the steel stresses (and a corresponding 
gradual decrease in the concrete stresses) with time. This figure shows that the 
choice of creep model has a much larger effect on estimated stress redistribution 
than the considered climate change scenario. For instance, while the end-of-century 
probability of yielding does not exceed 1.5 x 10-2 for all climate scenarios based on 
models MC99, MC10, and B3, models B4 and B4s lead to corresponding values 
that range from 0.1-0.26. More detailed analyses supporting this finding can be 
found in Paper V. 

For analyzing the impact of climate change on bridge-pier scour, the relative change 
in the 50-year discharge for three future reference periods (i.e., 2011-2040, 2041-
2070, and 2071-2100) in comparison to the historical climate (1971-2000) were 
considered for all Swedish catchment areas and for three RCP scenarios (i.e., 
RCP2.6, RCP4.5, and RCP8.5). The catchments that are projected to have the 
highest negative and positive climate change impact on bridge-pier scour are  

  

 
Figure 3.16: The probability that the reinforcement steel reaches its yield strength over time using the different 
creep models for Norrbotten (adapted from Paper V); σst: is the steel stress, fy: is the steel yield strength. 
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identified and the impact on the equilibrium scour depth is quantified. The details 
of the method used for this analysis are outlined in Paper VI. Figures 3.17 and 3.18 
show the percentage change in the equilibrium scour depth for the five catchments 
projected to have the highest negative and positive climate change impact in the 
three reference periods. The Riebnesströmmen catchment, located in the 
northernmost county (i.e., Norrbotten) in Sweden, is found to have the highest 
percentage increase in the equilibrium scour depth in all considered reference 
periods. This increase can reach up to ~17%, ~24%, and ~25% for the reference 
periods 2011-2040, 2041-2070, and 2071-2100, respectively. On the other hand, the 
catchment area with the lowest percentage increase in the equilibrium scour depth 
changes depending on the considered reference period. The least ranked catchment 
areas for the periods 2011-2040, 2041-2070, and 2071-2100 are Sangisälven, 
Bureälven, and Vitån, respectively. The percentage decrease in the equilibrium 
scour depth for these catchments can reach up to ~8.5%, ~11.7%, and ~13.1%, 
respectively. The geographical locations of the five catchments projected to have 
the highest negative and positive impacts on pier scour are shown in Figure 3.19. 

An interesting observation for this risk, which distinguishes it from the three other 
risks analyzed in this thesis, is that scenarios with higher GHG emissions are not 
necessarily more critical than scenarios with lower GHG emissions. Figure 3.20 (a), 
for instance, shows that, for the reference period 2011-2040, close to 59% of the 
catchment areas in Sweden have RCP4.5 as the most critical scenario. On the other 
hand, Figure 3.20 (b) shows that, for the same reference period, approximately 36% 
of the catchments have RCP8.5 as the least critical scenario.  

The main conclusions relevant for the four quantitatively analyzed risks are 
summarized in Table 3.3. 

Table 3.3: Main conclusions relevant for the four quantitatively analyzed risks. 
 

Risk Major conclusions 

Chloride-induced corrosion 
of RC structures 

- Increased probability of corrosion initiation, crack initiation, and severe cracking 
for all RCPs (~5-35% for 2100) 
- The impact is higher for scenarios with higher GHG emissions 
- The impact is higher for northern counties 

Fungal decay of timber 
elements in ground contact 

- Increased decay rate for all RCPs (ranging from ≤ 20% for, e.g., Skåne to 
>1000% for, e.g., Örebro, Värmland, and Västmanland) 
- The impact is higher for scenarios with higher GHG emissions 
- The impact is highest for counties located in mid-Sweden 

Creep of RC structures - The impact is higher for scenarios with higher GHG emissions 
- The influence of creep model and parameter uncertainties is much more 
significant than climate change uncertainty 

Local scour at bridge piers - Increase in scour depth in some locations and decrease in other locations (the 
highest increase is ~25% and the highest decrease is ~13%) 
- The impact is not necessarily higher for scenarios with higher GHG emissions 
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4. Risk evaluation and treatment 

4.1. Background 
In a risk assessment process, once a risk is analyzed (i.e., estimated) it must be 
evaluated to decide whether the risk is acceptable or if it must be further treated by 
adopting measures of risk reduction. Hence, in the risk evaluation and treatment 
stage, risk assessors seek answers to the following questions: 

• Are the analyzed risks acceptable or should they be reduced (i.e., risk 
evaluation)? 

• For the risks that need to be reduced, which risk reduction strategy should 
be selected (i.e., risk treatment)? 

As the purpose of risk evaluation is to decide whether risks are acceptable or not, a 
fundamental part of this process is to establish risk acceptance criteria. Different 
fundamental principles for establishing risk acceptance criteria can be found in 
literature, see e.g., Nathwani et al. (2009), Vanem (2012), Roy and Kshirsagar 
(2021), and Roy (2022). Two concepts that are central to many of these principles 
are the concepts of economic efficiency and equity (Paté-Cornell 1994, ICOLD 
2005, Munger et al. 2009). Economic efficiency dictates that a risk should be 
reduced as long as the marginal risk-reduction benefits are higher than the marginal 
risk-reduction costs. Therefore, based on economic efficiency, there should be an 
upper limit to the amount of resources spent in direct risk-reduction measures (i.e., 
limited safety budget) and that above this limit resources should be diverted towards 
present or future consumption. Equity, on the other hand, stipulates that all members 
of a society should be adequately protected, and that economic efficiency should 
not justify exposing an individual member to excessively high levels of risk. 
Therefore, based on the equity concept, there should be an upper limit to the level 
of risk an individual is exposed to and that above this limit the risk should be 
reduced, regardless of the economic efficiency. Hence, a reasonable balance 
between economic efficiency and equity is sought after in establishing risk 
acceptance criteria (Paté-Cornell 1994). 

Another fundamental principle that is often used for setting acceptable levels for 
human-safety risks is the so-called As-Low-As-Reasonably-Practicable (ALARP) 
principle (Melchers 2001, Jones-Lee and Aven 2011, Baybutt 2014, Abrahamsen et 
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al. 2018), see Figure 4.1. This principle defines two risk levels that represent: 1) the 
maximum tolerable risk level (also referred to as the de manifestis risk level (EMSA 
2015)) and 2) the broadly acceptable risk level (also referred to as the de minimis 
risk level (Paté-Cornell 1994, Ellingwood and Dusenberry 2005, EMSA 2015)). 
Risks above the maximum tolerable level are unacceptable and risk reduction 
measures should always be implemented to reduce them. On the other hand, risks 
below the broadly acceptable level are viewed as being of no practical interest and 
are generally considered acceptable. Risks falling between these two levels (i.e., 
falling in the ALARP region, see Figure 4.1) should be reduced to a level that is as 
low as reasonably practicable (i.e., these risks are governed by the ALARP principle 
and should be investigated further). As shown in Figure 4.1, different proposals for 
the de manifestis and de minimis risk levels are found in literature. Additionally, it 
has been noted that the ALARP principle can be interpreted in several ways due to 
its ambiguous formulation (Johansen and Rausand 2015). While in some cases 
ALARP is interpreted to mean that a safety measure should be applied only if its 
costs are lower than its benefits, in other cases it is interpreted to mean that a safety 
measure should be applied if its costs are not in gross disproportion to its benefits 
(i.e., even in some cases where the costs may be higher than the benefits, the safety 
measure should still be applied); see, e.g., Melchers (2001), Diamantidis (2008), 
Munger et al. (2009), Jones-Lee and Aven (2011), Aven (2013), and Ale et al. 
(2015). Other fundamental principles for risk acceptance include the principle of 
maximum benefit to all and the precautionary principle, among others, see Vanem 
(2012). 

As the purpose of risk-reduction interventions is ultimately to protect members of 
the society, investments into these interventions (and hence risk acceptability) 
should reflect the preferences of the society of interest (Faber 2007). Hence several 
methods for determining acceptable risk levels are based on capturing these 
preferences (e.g., stated/expressed preferences, revealed preferences, and informed 
preferences; see Fischhoff et al. (1979), Fischhoff et al. (1980), and Faber (2007)). 
These preferences have been found to have a considerable influence on the 
legislative agendas of regulatory agencies (such as agencies concerned with 
environmental protection) and consequently decisions relating to risk acceptance 
(Slovic 2001). This demonstrates that public risk perception plays an essential role 
in decisions relating to risk acceptability. The degree of voluntariness, the degree of 
personal control, familiarity, and dread are examples of factors that have an effect 
on public risk perception (Rohrmann and Renn 2000, Slovic 2016). For instance, 
the acceptability of risk activities in which individuals are voluntarily involved is 
generally higher than risks that are imposed on them by external sources. The 
interested reader is referred to Slovic (2016) for a comprehensive discussion on risk 
perception. 

Many other methods exist for determining acceptable risk levels (Ayyub 2003, 
Faber 2007). For instance, a method that is commonly used for setting societal risk 
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acceptance criteria (i.e., for risks involving more than one fatality) is the use of so-
called F-N diagrams (also  referred to as Farmer diagrams (Farmer 1967)); where F 
represents the annual frequency of accidents having more than N fatalities. An 
example F-N diagram demonstrating the acceptable risk levels for different hazards 
is presented in Figure 4.2. Risk levels lower than that represented by each line (i.e., 
the area to the left of each curve) are acceptable for the corresponding hazard while 
higher risk levels are unacceptable. Another approach that is widely used for 
deciding on the acceptability of risk-reduction interventions (and hence risk 
acceptability) is based on cost-benefit analysis (Stewart 2010). In this approach, the 
marginal costs of an intervention are compared with their marginal benefits in terms 
of damages and fatalities averted. Criteria such as the Benefit to Cost Ratio (BCR) 
or Net Present Value (NPV) are then used to decide on the acceptability of risk 
interventions. Lastly, other approaches to establishing risk acceptance criteria that 
have gained considerable attention in the past decades are those based on societal 
indicators (e.g., the Life Quality Index (LQI)) (Nathwani et al. 1997, Lind 2003, 
Kübler 2007, Lentz 2007, Rackwitz 2008, Fischer 2014). LQI-based risk acceptance 
criteria, for instance, are established based on socio-economic parameters that 

 

 

Figure 4.2: F-N diagram demonstrating the acceptable risk levels for different hazards (based on Ayyub (2003)). 
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describe the society being considered (e.g., Gross Domestic Product (GDP), 
population, and life expectancy).    

The discussion above illustrates that risk acceptance is an intricate problem that is 
often subject to significant debate (Ayyub 2003, Stewart et al. 2013). In the context 
of climate change risks, this issue becomes even more complicated and 
controversial. For instance, noting that risk acceptance criteria can be formulated 
based on societal indicators (e.g., LQI) and that these criteria would be significantly 
affected by socio-economic parameters such as the GDP, population, and life 
expectancy, the following question arises:  

• Should uniform risk acceptance criteria be used across the different climate 
change scenarios (which portray drastically contrasting socio-economic 
futures) when assessing climate change risks?  

To the best of the author’s knowledge, this question has never been addressed in the 
current literature. In fact, it seems that very few studies address the acceptability of 
climate change risks (or risk-reduction interventions, i.e., climate change adaptation 
strategies) (Stewart et al. 2014, Bastidas-Arteaga and Stewart 2015a, Bastidas-
Arteaga and Stewart 2015b, Ryan and Stewart 2017, Ryan and Stewart 2021). The 
few existing studies are mainly restricted to assessing the cost-effectiveness of 
climate change adaptation strategies using criteria based on cost-benefit analysis 
such as BCR and NPV. Although the current thesis does not address risk 
acceptability in the context of climate change risks, the question above is identified 
as an important future research direction. A discussion article focusing on this 
question is planned by the author.   

In a risk assessment process, after deciding on whether the analyzed risks are 
acceptable or not, the unacceptable risks are to be reduced to an acceptable level by 
applying risk mitigation (i.e., climate change adaptation) strategies. In the current 
thesis, existing literature are reviewed to develop a broad list of the possible climate 
change adaptation strategies for bridges in response to the climate change risks 
identified in Chapter 2 (see section 4.2). Additionally, a conceptual framework for 
systematically considering the impacts of climate change in the design of bridges is 
proposed (see section 4.3). This framework encompasses the different possible 
design strategies that can be adopted in response to the impacts of climate change. 
However, it is acknowledged that the proposed framework is as of yet not a ready-
to-use framework, and it cannot be directly applied in practical settings. Hence, the 
challenges that need to be overcome to facilitate the transition, and further 
development, of the proposed framework into practice are identified and discussed.  
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4.2. Adaptation strategies for the identified risks 
Climate change risks for bridges can be reduced in several ways. Following the 
definition of climate change risk in section 3.1.2 (see Equation 3.1), climate change 
risks can be reduced through strategies that address any of its four components (i.e., 
hazard, impact, vulnerability, and consequences). Figure 4.3 demonstrates the 
different ways for reducing the climate change risk of increased storm surge heights 
as an example. Climate change risks can be reduced through two general ways: 1) 
climate change mitigation and 2) climate change adaptation. In this context, climate 
change mitigation refers to mitigating GHG emissions and should not be confused 
with risk mitigation strategies. In addition to introducing stricter environmental 
regulations that aim at curbing GHG emissions, efficient land use and urban 
planning strategies that aim at reducing Vehicle Miles Travelled (VMT) can help in 
mitigating GHG emissions, see, e.g., Hamin and Gurran (2009). Although, as the 
dictum goes, “prevention is better than cure”, there are several reasons which 
highlight that climate change mitigation alone is insufficient and that implementing 
efficient climate change adaptation strategies is, in many cases, required. For 
instance, Füssel (2007) argues that, due to the inertia of the climate system, the 
coming decades are projected to exhibit a substantial increase in the rate of climatic 
changes even in the presence of strong climate change mitigation strategies. 
Additionally, climate change mitigation is largely dependent on the concerted 
efforts of the different countries to curb GHG emissions (Füssel 2007) and has been 
classified as a collective action problem that is difficult to address (Brechin 2016). 
Furthermore, as seen in Chapter 3, some climate change risks (e.g., bridge-pier 
scour) were found to be higher for scenarios with lower GHG emissions. Hence, 
climate change mitigation may negatively influence these risks. All these reasons 
highlight that it is imperative to plan and implement efficient adaptation strategies 
in response to the potential climate change impacts. 

Several strategies exist that can be used to adapt bridges to identified climate change 
risks. A broad non-exhaustive list of the possible climate change adaptation 
strategies in response to the climate change risks identified in Chapter 2 is presented 
in Table 4.1. The increase in RC corrosion risks, for instance, can be adapted to by 
increasing the concrete cover thickness, increasing the concrete strength grade, 
using various cementitious materials in the concrete mixture (e.g., fly ash and 
ground granulated blastfurnace cement (ggbs)), using protective surface coatings 
and barriers, using corrosion inhibitors, or using stainless steel reinforcement 
(Stewart et al. 2012). For adapting to the increased risk of fungal decay of timber 
elements the following adaptation options may be used: protection by design, 
preservative treatment, and use of modified wood for timber bridges (Mahnert and 
Hundhausen 2017). The increase in long-term deformations in reinforced concrete 
structures due to creep can be adapted to by increasing the concrete strength grade, 
using fiber-reinforced concrete (Zhang 2003, Garas et al. 2009, Zhao et al. 2016), 
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careful concrete mixture proportioning and aggregate selection (Collins 1989), and 
using shrinkage reducing admixtures (He et al. 2020). Lastly, possible adaptation 
strategies for the increased risk of bridge scour include the use of armoring 
countermeasures (e.g., riprap, partially grouted riprap, concrete block systems, 
gabion mattresses, etc.), flow-altering countermeasures (e.g., openings through 
piers, pier attachments, bed attachments, etc.) (FHWA 2009, Deng and Cai 2010, 
Tafarojnoruz et al. 2010), or increasing the foundation depth. 

However, the possible negative effects of an adaptation strategy should be carefully 
considered before its implementation. For instance, although the use of fly ash or 
ggbs in the concrete mixture can reduce the diffusion coefficient of chlorides and 
subsequently increase the durability of RC, the use of these materials was found to 
increase the rate of carbonation (which negatively affects concrete durability) 
(Neville 2008, Stewart et al. 2012). Furthermore, the effect of adapting to one 
climate change risk on the vulnerability to other risks should be given attentive 
consideration. Lastly, as it is noted by several researchers that climate change 
mitigation and climate change adaptation may in some cases be in conflict (Füssel 
2007), the effect of the different adaptation strategies on climate change mitigation 
(in terms of, e.g., GHG emissions) should be thoroughly scrutinized. 
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Table 4.1: Potential climate change risks and their possible adaptation strategies (adapted from Paper VII). 
 

Potential impact Adaptation strategy(s) 

Accelerated 
degradation of 
material 

Cathodic protection; Increase in concrete cover thickness, improve quality of concrete 
(strength grade), protective surface coatings and barriers, use of stainless steel, galvanized 
reinforcement, corrosion inhibitors, electrochemical chloride extraction (Stewart et al. 2012); 
Protection by design, preservative treatment and the use of modified wood for timber 
bridges (Mahnert and Hundhausen 2017); More frequent inspection and maintenance 

Heat-induced 
damage to 
pavements and 
rails 

Use of polymer modified binders (Vicroads 2015); Development of new heat resistant paving 
materials (NRC 2008, FHWA 2009); More frequent maintenance (ATSE 2008, FHWA 2009, 
Lindgren et al. 2009, FHWA 2013); Use of concrete railroad ties instead of wood ties 
(Delgado and Aktas 2016); More expansion joints in pavements and rails (Meyer and Weigel 
2011) 

Increased long-
term deformations 

Improved monitoring and inspection of bridges (Mahnert and Hundhausen 2017); use of 
fiber-reinforced concrete (Zhang 2003, Garas et al. 2009, Zhao et al. 2016); careful concrete 
mixture proportioning and aggregate selection (Collins 1989), and using shrinkage reducing 
admixtures (He et al. 2020) 

Increased scour 
rate 

Relocation; Increase of foundation depth (Meyer and Weigel 2011); Use of riprap (NRC 
2008, FHWA 2009, Mondoro et al. 2018); Partially grouted riprap, concrete block systems, 
gabion mattresses, grout-filled mattresses; Upstream walls and obstructions, collars, etc. 
(NRC 2008, Mondoro et al. 2018); Use of sacrificial embankments (Brand et al. 2017); 
Increased use of sonars to monitor streambed flow and bridge scour (NRC 2008, FHWA 
2009); For further scour protection measures see e.g., Arneson et al. (2012) and Chen and 
Duan (2014) 

Side-slope failure 
and Landslides 

Adequate slope stabilization measures, river bank protection works (NRC 2008, FHWA 
2009, Regmi and Hanaoka 2011); Relocation, modification of slope geometry, drainage, 
retaining structures, internal slope reinforcement, see, e.g., Chen and Duan (2014) 

Foundation 
settlement 

Relocate facilities to more stable ground; Incorporate increased ground subsidence in the 
design of infrastructure; Remove permafrost before construction, crushed rock cooling 
systems, insulation/ground refrigeration systems (Meyer and Weigel 2011); Use of different 
types of passive refrigeration schemes, e.g., thermosiphons, rock galleries, and “cold 
culverts”, to prevent settlement due to permafrost melt (NRC 2008); Replacement of ice-rich 
soils with gravel (Bastedo 2007) 

Rockfalls Energy dissipating protective structures for bridge piers (He et al. 2018); Attenuator fence 
system and combined wire mesh and cable net drapery, soil berm to provide protection for 
piers (Graham et al. 2016); Embankments and ditches, rockfall protection galleries (cushion 
layer, structural elevation), flexible protection systems (Volkwein et al. 2011) 

Snow avalanches Relocation, early warning systems, flow deflection (e.g., earthfill deflectors) and deceleration 
methods, structural protection measures (e.g., avalanche sheds), artificial release by 
explosives, afforestation (Ganju and Dimri 2004, Decaulne 2006, Höller 2007, Rheinberger 
et al. 2009) 

Debris flows Terrain alteration, soil bioengineering, debris flow breakers, debris flow deflectors, etc., see, 
e.g., Huebl and Fiebiger (2005) 

Liquefaction Stone columns (Adalier et al. 2003, Adalier and Elgamal 2004); Gravel and rubber drainage 
columns (Bahadori et al. 2018); Chemical grouting, passive site remediation techniques 
(Gallagher 2000); Ground improvement methods (grouting), Vibro systems, buttresses and 
surcharge fills, containment and reinforcement, drains, underpinning with mini-piles, deep 
dynamic compaction and deep blasting (Cooke and Mitchell 1999) 

Additional loads 
on piles 

For negative skin friction: Treatment of subsiding soils, removal of subsiding soils, sleeve 
liner to allow the soil to settle without causing downdrag, bitumen coating of piles (Davisson 
1993) 

Clay shrinkage 
and swelling 

Wet compaction and lime stabilization (Kasangaki and Towhata 2009); Geofiber 
reinforcement (Viswanadham et al. 2009) 

Higher wave 
impact 

Surface coatings, pile wraps, pile jackets, etc. (Mondoro et al. 2018) 

Wind-induced 
loads 

Use of guide vanes (Larsen et al. 2000, Larsen and Larose 2015); Streamlinig the bridge 
deck cross section for suppressing vortex shedding excitations (Larsen and Larose 2015); 
Use of damping devices (e.g., tuned mass dampers, tuned liquid dampers) (Chen et al. 
2004, Dieng et al. 2013, Larsen and Larose 2015) 

Additional snow 
load 

See the general strengthening and retrofitting measures at the end of the table 
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Higher risk of 
thermally-induced 
stresses 

Increased ongoing maintenance (CCSP 2008); Design for higher maximum temperatures in 
replacement or new construction (NRC 2008); Greater use of expansion joints (Meyer and 
Weigel 2011, Regmi and Hanaoka 2011); Paint the bridge white to introduce an albedo 
effect and reduce overheating (Delgado and Aktas 2016) 

Additional 
demand on 
drainage capacity 

Upgrading drainage systems (NRC 2008, Karl et al. 2009); Increases in the standards for 
drainage capacity for bridges (NRC 2008, FHWA 2009); Increase in pavement sloping and 
grooving (FHWA 2009); Increase in monitoring of drainage systems (NRC 2008) 

Higher hydrostatic 
pressure behind 
abutments 

The use of anchors to stabilize abutments; Enlargement of abutment components (Truong-
Hong et al. 2013) 

Increased loads 
on bridges with 
control sluice 
gates 

See the general strengthening and retrofitting measures at the end of the table 

Loss of 
prestressing 

More frequent inspection maintenance and retensioning 

Ice-induced loads Scour protection measures to prevent scour damage; Pier protection against the impact 
from ice floes; Strengthened and/or more ductile connections, improved span continuity, and 
increased elevation to prevent the damage of superstructure from ice accumulation 

Water vessel 
collisions 

Fender systems, pile-supported systems, Dolphin protection systems, island protection 
systems, floating protection systems, see, e.g., Chen and Duan (2014) 

Vehicle-pier 
collisions 

Speed control, Pier protection (Williamson and Winget 2005), Pier strengthening 

Vehicle accidents Speed control 
Train-pier 
collisions 

Speed control; Pier protection (Williamson and Winget 2005); More frequent wheel truing  
and maintenance of rails (Delgado and Aktas 2016) 

Floods Relocation or flood-proofing (Meyer and Weigel 2011); Flood control seawalls, dikes, and 
levees (Stewart and Deng 2015); Elevation of bridges, strengthening and heightening of 
existing levees, increase in real-time monitoring of flood levels, restriction of most vulnerable 
coastal areas  from further development, increase insurance rates to help restrict 
development (NRC 2008);  Channel alteration and stabilization, diversion and storage of 
floodwaters (Dunne 1988); Regulate the flow of water through dams (Batchabani et al. 2016) 

Storms Elevate critical infrastructures, insert holes, tie-down, restrainers, anchorage bars, etc., 
concrete shear tabs etc., connect adjacent spans, cladding (e.g., toe nails, hurricane straps, 
etc.) (Mondoro et al. 2018); Strengthened connections, improved span continuity, modified 
bridge shape, increased elevation (Cleary et al. 2018); Relocation and restriction of 
development in vulnerable regions (NRC 2008, Meyer and Weigel 2011); Strengthening and 
heightening existing storm surge barriers and building new ones (NRC 2008) 

Wildfires Vulnerability assessments incorporated into infrastructure location decisions, use of fire-
resistant materials and landscaping (Meyer and Weigel 2011); Installing monitoring systems, 
installing on site firefighting equipment, implementing structural fire design for bridges, fire 
proofing main structural elements (Naser and Kodur 2015); Vegetation management 
strategies (i.e. control operating situation around the structure by regularly removing 
vegetation in the vicinity of bridges) (NRC 2008, Wright et al. 2013); Bigger expansion gaps, 
passive fire protection, active fire suppression (e.g., wet pipe water systems, dry pipe water 
systems, total flooding agents, foam deluge systems) (Wright et al. 2013) 

General strengthening and retrofitting measures 
Addition of steel cover plates, shear reinforcement (e.g., external, epoxy injection and rebar insertion), jacketing of 
timber or concrete piles and pier columns (modification jacketing), post-tensioning various bridge components, 
developing additional bridge continuity, use of CFRP (Carbon Fiber Reinforced Polymers) strips (Chen and Duan 
2003) 
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4.3. Conceptual framework for considering climate 
change risks in structural design 
As climate change poses considerable risks to the safety and performance of 
infrastructure, it is imperative to consider these risks in the design of new structures 
such as bridges. However, the substantial uncertainty characterizing climate change 
projections and its potential impacts renders this task extremely difficult. In this 
thesis, a conceptual framework that forms an essential first step towards facilitating 
this task is proposed. 

The proposed framework considers three different possible design strategies:  

• Build to repair strategy: designing the infrastructure without regard for 
climate change and instead repairing any damage that may occur in the 
future,  

• Planned adaptation strategy: designing for a relatively low GHG emissions 
scenario (e.g., RCP2.6 or RCP4.5) while allowing the structure to be 
adapted (i.e., upgraded) in case of a perceived or observed deviation from 
the initial design scenario, and  

• Build for a predicted “pessimistic” scenario strategy: designing the 
infrastructure to withstand a relatively high (and more unlikely) GHG 
emissions scenario (e.g., RCP6.0 or RCP8.5).  

The planned adaptation strategy (also referred to as the observational method 
(ASCE 2015)) necessitates a continuous monitoring program that observes the 
behavior of the considered built infrastructure asset through relevant metrics. It is 
worth noting that this strategy was inspired by a method that is used in geotechnical 
engineering which was originally proposed by Karl von Terzaghi and Ralph B. Peck 
(Terzaghi and Peck 1948, Peck 1969), see also Spross (2016). Although a fourth 
design strategy, that is referred to as “progressive modification”, has been proposed 
in literature (Connor et al. 2013), this strategy is not considered herein. This strategy 
is judged to be only slightly different from the planned adaptation strategy (in that 
it is less planned) and is, in most cases, expected to be outperformed by it (Connor 
et al. 2013).  

Alternative preliminary design solutions of a bridge should be made (e.g., using 
different span arrangements, bridge types, and material types) as a basis for the 
framework. Once the preliminary bridge solutions have been proposed, the 
framework then progresses according to the following five stages: 1) importance 
ranking, 2) identification of the potential climate change risks, 3) analysis of the 
potential climate change risks, 4) design strategy selection, and 5) evaluating the 
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final design. Figure 4.4 presents the framework and the steps in each stage. A more 
detailed description of the framework, as well as an overview of identified 
challenges, can be found in Paper VIII. 
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Figure 4.4: Conceptual framework for considering the risks of climate change in the design of bridges; Circles 
on the top left of each node represent the stage the node belongs to (adapted from Paper VIII). 
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5. Discussion and further research 

The current thesis contributes to an improved understanding of the assessment of 
climate change related risks to bridges. An important aspect of this thesis is that its 
contribution spans the three main stages typical in a risk assessment process (i.e., 
risk identification, risk analysis, risk evaluation and treatment). Such a holistic 
consideration of climate change risk assessment for bridges (and infrastructure in 
general) rarely exists in previous literature. However, several limitations as well as 
remaining research gaps are worth highlighting. 

A central aim for the risk identification stage was to develop an as “complete” as 
reasonably possible list of potential climate change risks. However, as mentioned in 
the discussion section in Paper I, the list of identified risks needs to be regularly 
revised and updated in line with the most recent developments to capture the state-
of-the-art of current understanding. This aims to ensure that any risk that was missed 
in the initial identification may be identified in subsequent updates. For example, 
based on the literature published after Paper I, an additional climate change risk can 
be added to the list of identified risks. This risk relates to the impact of climate 
change and the associated SLR on tsunami intensities which was identified and 
investigated in Alhamid et al. (2022).  

Several limitations characterize the contributions to the risk analysis stage. The 
proposed method for risk prioritization (Paper II) considers only three potential 
climate change risks (out of more than 30 identified risks). Hence, extending this 
method to include other potential risks is desirable. Furthermore, the proposed 
method should be calibrated and applied to real bridge case studies and using real 
climate change data. Several limitations relating to the analyses of climate change 
impacts on RC corrosion and timber decay (Papers III-IV) are also worth 
highlighting. These analyses relied on single models to describe the involved 
phenomena. Further research should, therefore, investigate the use of other models 
to analyze these risks. For instance, many models other than the one used in Paper 
III are available for predicting the time to corrosion initiation (Enright and 
Frangopol 1998, Val and Trapper 2008, Angst 2019) and the reinforcement 
corrosion rate (Lu et al. 2018). Furthermore, in addition to the mechanisms 
considered in the current thesis, several other deterioration mechanisms may be of 
interest. In the case of reinforced concrete these include carbonation-induced 
corrosion (Stewart et al. 2011, Mortagi and Ghosh 2020b) and biodeterioration 
(Bastidas-Arteaga et al. 2008, Marquez-Peñaranda et al. 2015). For timber, termite 
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attacks (Ghaly and Edwards 2011, Leicester et al. 2022) and marine borer attacks 
(Nguyen et al. 2008, Nguyen et al. 2015) may also be relevant. Hence, studying the 
impact of climate change on other deterioration mechanisms is desirable. It is worth 
noting that the method and results in Paper IV are only valid for timber in ground 
contact. However, other models for predicting the fungal decay for timber above 
ground are available (see, e.g., Wang et al. (2008b)) and should be utilized to 
analyze the effect of climate change on the decay of such elements. An important 
limitation in the analysis of the impact on RC corrosion (as well as in all previous 
literature addressing this impact) concerns the effect of climate change on surface 
chloride concentrations. Climate change increases ocean salinity in some locations 
and decreases it in other locations (IPCC 2021). Hence, the surface chloride 
concentration (Cs) of marine structures can also be affected by climate change. 
Noting that the corrosion process is highly sensitive to changes in this parameter (as 
shown in section 4.3 of Paper III), addressing this research gap is of considerable 
importance. 

For analyzing the impact of climate change on RC creep (Paper V), five different 
creep models were considered, along with the associated model uncertainty factors. 
However, other creep models, that are arguably more comprehensive, also exist 
(e.g., the model proposed by Sellier et al. (2016)). A viable future research direction 
is, therefore, to investigate the impact of climate change on RC creep using such 
models. In addition, the current thesis investigated only one subsequent impact of 
RC creep (i.e., stress redistribution in axially-loaded columns). Further research 
should aim at assessing other effects of creep on the structural behavior of concrete 
structures in light of a changing climate, see e.g. Rüsch et al. (1983). Examples of 
other structural effects related to creep are loss of prestressing forces in prestressed 
elements (Chateauneuf et al. 2014), induced bending stresses on the piles of integral 
abutment bridges (Arockiasamy et al. 2004), and differential column shortening in 
high-rise buildings (Moragaspitiya et al. 2010). 

The contribution of the current thesis to analyzing the impact of climate change on 
bridge scour (Paper VI) is limited to the equilibrium (i.e., final) scour depth in 
friction soils and focuses mainly on bridge-pier scour. Hence, it does not consider 
the temporal development of scour, scour in cohesive soils, nor other types of bridge 
scour (although a preliminary consideration of abutment and contraction scour is 
presented in section S3 of the supplementary materials of Paper VI). In addition, 
although four different scour models were used in this study, many other scour 
models exist (Sheppard et al. 2014). Furthermore, it should be highlighted that this 
study focused on assessing the change in the equilibrium scour depth due to climate 
change rather than the absolute scour depth in the future climate. Future research 
should aim at addressing these limitations. Additionally, investigating this impact 
on an asset level rather than on a catchment level (as in this thesis) is of interest. In 
addition to the risks analyzed herein and in previous literature, future work should 
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aim at analyzing climate change risks that are not analyzed so far (see Table 3.1) as 
well as the combined effect of different risks. 

Many viable future research directions exist for the stage of risk evaluation and 
treatment. Addressing the question highlighted in section 4.1 (i.e., should uniform 
risk acceptance criteria be used across the different climate change scenarios?) is 
possibly one of the most important research gaps. Other relevant research directions 
are highlighted in section 4 of Paper VIII. 

In addition to the further research directions highlighted above, improving climate 
models to reduce their bias should be a priority for the climate change modelling 
research community (see the discussion related to bias-correction at the end of 
section 3.2.2). 
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6. Conclusions 

The current thesis aimed at establishing an increased understanding of the potential 
impacts of climate change on the safety and performance of bridges with particular 
focus on the Swedish climate conditions. For this purpose, six research questions 
were formulated and research findings towards answering them were presented 
throughout this thesis (see section 1.2). The conclusions listed herein relate to these 
questions and are presented in the same order. 

• A broad list of over 30 potential climate change impacts on bridges was 
constructed. These climate change impacts were grouped into seven 
different categories; durability impacts, serviceability impacts, geotechnical 
impacts, impacts of increased demand, impacts related to accidental loads, 
impacts related to extreme natural events, and operational impacts. The 
constructed list can aid bridge managers in managing the potential impacts 
of climate change and can serve as a basis for prioritizing climate change 
risk. It should be highlighted, however, that this list is ought to be regularly 
updated as more information become available in the future. 

• A risk-based MCDA method for considering climate change impacts on 
bridges is proposed and demonstrated. The proposed method addresses the 
following two questions systematically:  

1) For a certain bridge of interest, which potential climate change 
impacts should be prioritized? and 

2) From an ensemble of important bridges, and under consideration 
of the potential climate change impacts, which bridges should be 
prioritized? 

The proposed method can significantly aid decision makers in allocating 
limited climate change adaptation resources. However, it is highlighted that 
the method should be prudently tested on and calibrated for real bridge cases 
and, if needed, subsequently improved. 

• A probabilistic analysis of the impact of climate change on chloride-
induced corrosion of RC in Sweden is conducted. The analysis considers 
four different limit states: 1) corrosion initiation, 2) crack initiation, 3) 
severe cracking, and 4) failure. The impact of climate change on all limit 
states was found to have an increasing trend from south to north of Sweden. 
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• A probabilistic analysis of the impact of climate change on fungal decay of 
timber elements in contact with ground in Sweden is conducted. This impact 
was found to be highest for counties located in mid-Sweden, i.e., Örebro, 
Värmland, Västmanland, and Gävleborg, that historically had a very low 
decay rate. This highlights the need for updating decay hazard maps 
(Brischke and Thelandersson 2014, Meyer-Veltrup et al. 2018, Niklewski 
et al. 2019) to consider the future climatic conditions. 

• A method for probabilistically analyzing the impact of climate change on 
creep of RC in Sweden is proposed using five different models (i.e., MC99, 
MC10, B3, B4, B4s). While some models (i.e., MC99, MC10, and B3) show 
no clear trend of the impact of climate change on the end-of-century creep, 
other models (i.e., B4 and B4s) show an increasing trend of this impact from 
south to north, see Figure S4 in the supplementary materials of Paper V. 
Additionally, it was found that the effect of climate change uncertainty on 
assessing long-term creep is dwarfed by other sources of uncertainty (i.e., 
creep model and parameter uncertainties). 

• A national-level method for analyzing the impact of climate change on local 
scour under bridge piers is proposed. This method considers all catchments 
in Sweden, identifies the catchments that are projected to be most and least 
affected by climate change, and quantifies the range of climate change 
effect on equilibrium scour for each catchment. A catchment area located 
in the north (i.e., Riebnesströmmen) was identified to be most affected by 
climate change with regards to the increase in scour depth. Bridges located 
in this catchment (as well as other highly ranked catchments) are projected 
to be subject to increased scour risks. Furthermore, unlike the other three 
quantitatively assessed impacts, it was found that climate change scenarios 
with higher GHG emissions do not necessarily lead to higher impact. 

• A broad list of the possible adaptation strategies in response to the identified 
climate change risks was developed based on an extensive review of the 
available literature. Although focus was on bridges, many of the findings 
are highly relevant to other types of infrastructure.  

• A conceptual framework for considering climate change impacts in the 
design of new infrastructure assets is proposed. This framework is novel in 
that it holistically captures the different possible design choices and gives 
guidance on how climate change effects can be rationally considered in 
infrastructure design. Furthermore, the challenges that hamper the 
application of this framework in practical contexts are identified providing 
insight towards viable future research directions. 
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Summary of appended papers 

Paper I 
For enabling more comprehensive assessments of climate change risks on bridges, 
an exhaustive identification process of these potential risks is imperative. This paper 
synthesizes the findings of over 190 research articles to identify the potential risks 
climate change may pose on bridges. Risks are identified in three complementary 
ways. Some risks were identified/investigated in previous articles. Other risks were 
identified by employing two other methods inspired by the event and fault tree 
approaches proposed in risk literature. Over 30 potential risks, supported by 
pertinent previous bridge damage (or failure) cases, are identified, categorized, and 
linked to the projected future climate changes. Additionally, some of the possible 
ways in which the identified risks are interconnected are also briefly discussed. 

 

Paper II 
Considering the sheer number of potential impacts of climate change, how can a 
bridge owner prioritize which impacts to consider, and for which bridges? This 
paper proposes a risk-based multi-criteria decision analysis (MCDA) method for 
systematically addressing these two questions simultaneously. The proposed 
method can be used to address both extreme and non-extreme impacts as opposed 
to focusing solely on extreme impacts as has been done in previous prioritization 
studies related to climate change risks. The proposed method is based on four main 
components of risk: hazard, impact, vulnerability, and consequences. Several 
indices characterizing these components are then adopted. To reflect the uncertainty 
in the analysis, the different indices are assessed from an optimistic and a pessimistic 
perspective. Additionally, to enable a more transparent analysis, the inclusion of a 
strength of evidence assessment is also proposed. The applicability of the method is 
then demonstrated on three illustrative case studies for three different potential 
climate change impacts.  
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Paper III 
The impact of climate change on the deterioration of reinforced concrete elements 
have been frequently highlighted as worthy of investigation. This article addresses 
this important issue by presenting a time-variant reliability analysis to assess the 
effect of climate change on four limit states; the probabilities of corrosion initiation, 
crack initiation, severe cracking, and failure of a simply supported beam exposed to 
chloride-induced corrosion. The historical and future climate conditions (as 
projected by three different emission scenarios) for different climate zones in 
Sweden are considered, including subarctic conditions where the impact of climate 
change may lead to large increases in temperature. The probabilities of all limit 
states are found to be: 1) higher for scenarios with higher GHG emissions and 2) 
higher for southern as opposed to northern climate zones. However, the end-of-
century impact of climate change on the probabilities of reaching the different limit 
states is found to be higher in the north. 

 

Paper IV 
In this article, the impact of climate change on fungal decay of wooden 
infrastructure in ground contact is investigated. For this purpose, projections of three 
different climate change scenarios are used to assess the impact of climate change 
on fungal decay rate of untreated clear wood elements in ground contact in Sweden. 
The highest increase in the average decay rate is observed for four counties located 
in mid-Sweden, i.e., Örebro, Värmland, Västmanland, and Gävleborg. Furthermore, 
two illustrative examples are presented to demonstrate the impact of the increased 
decay rates on the structural performance and long-term reliability of timber 
elements in four selected counties, Skåne (southernmost Sweden), Örebro, 
Värmland, and Västmanland. In the first illustrative example, the impact of climate 
change on the bending moment capacity of untreated timber utility poles is assessed 
while in the second the impact on the long-term reliability of axially loaded 
untreated columns is investigated. In the four studied counties, it is found that 
climate change can have considerable impacts on the structural performance and 
long-term reliability of timber elements in ground contact. 
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Paper V 
Recent studies suggest that concrete creep may be further exacerbated by climate 
change. However, up to now this effect has not been quantified in literature. This 
article addresses this gap and presents a probabilistic approach for quantitatively 
assessing this effect. For this purpose, five different stochastic creep models (i.e., 
Model Code 1999, Model Code 2010, B3, B4, and B4s models) are used under 
considerations of the historical and future climatic conditions in Sweden. The aim 
is to assess the impacts to the long-term creep coefficient and an example is included 
to determine the subsequent stress redistribution of an axially loaded column. While 
some creep models show similar relative increases in the long-term creep coefficient 
in all Swedish counties, other creep models provide higher increases for northern 
counties. The highest increase in the end-of-century creep coefficient is found using 
models B4 and B4s. Furthermore, this paper also shows that the end-of-century 
creep coefficient is more sensitive to uncertainties not related to the climate (i.e., 
parameter and creep modelling uncertainties) than to climate uncertainty. 

 

Paper VI 
This article investigates the impact of climate change on bridge-pier scour in all 246 
Swedish catchment areas. A novel national-level method, based on possibility 
theory, is proposed herein for assessing the severity of these impacts for different 
locations within the country. The present article provides answers to the following 
questions: 1) For which catchment areas is the projected increase in pier-scour depth 
highest or lowest? 2) What is the percentage of catchment areas where climate 
change is projected to have either a positive or negative impact on scour risk in all 
scenarios? 3) Which climate change scenarios cause the highest or lowest increase 
in equilibrium scour depth? Although these questions are addressed particularly for 
Sweden, the proposed method is generally applicable for any other country. The 
catchment area Riebnesströmmen (located in the northern-most county in Sweden) 
was identified to have the highest increase in the equilibrium scour depth in all 
considered reference periods (up to ~25% increase), whereas the catchment area 
with the lowest increase varied depending on the considered reference period. The 
answers to the second question depended on the reference period. Interestingly, for 
question three, it was found that higher-emissions’ scenarios are not always more 
critical than lower-emissions’ ones.  
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Paper VII 
Accounting for the different ways in which potential climate change scenarios can 
affect our infrastructures is paramount in determining appropriate adaptation and 
risk mitigation strategies. This article presents the potential impacts of climate 
change on bridges and combines the findings of close to 70 research articles to 
construct a broad list of possible adaptation techniques for these. Although this 
study focuses on bridges, many of the presented climate change impacts and their 
adaptations are of relevance also to other types of infrastructure. 

 

Paper VIII 
The potential risks of climate change on the built environment involve large 
uncertainties. This poses an intricate problem to designers and challenges a long-
standing tradition of built infrastructure design. More specifically, designers are 
faced with this challenging question: how to holistically account for climate change 
risks when designing a new structure? A framework that addresses this difficult 
question is missing in the current academic literature. This study contributes to this 
gap by (1) proposing a conceptual framework for systematically considering the 
effects of climate change in the design of new structures and (2) identifying the 
challenges that need to be overcome to facilitate the transition, and further 
development, of the proposed framework into practice. First, a detailed overview of 
important infrastructure performance requirements that are relevant to the proposed 
framework is presented. The different stages of the proposed conceptual framework 
are then outlined. Lastly, several challenges that impede the application of the 
proposed framework in practical settings are identified. The proposed conceptual 
framework and the identified challenges comprise a necessary steppingstone 
towards addressing this pressing issue and developing a more practically applicable 
framework for holistically considering the risks of climate change in the design of 
built infrastructure assets. 
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