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Abstract

:

Keeping transport links open in adverse conditions and being able to restore connections quickly after extreme events are important and demanding tasks for infrastructure owners/operators. This paper is developed within the H2020 project SAFEWAY, whose main goal is to increase the resilience of terrestrial transportation infrastructure. Risk-based approaches are excellent tools to aid in the decision-making process of planning maintenance and implementation of risk mitigation measures with the ultimate goal of reducing risk and increasing resilience. This paper presents a framework for quantitative risk assessment which guides an integrated assessment of the risk components: hazard, exposure, vulnerability and consequences of a malfunctioning transportation infrastructure. The paper guides the identification of failure modes for transportation infrastructure exposed to extreme events (natural and human-made) and provides models for and examples of hazard, vulnerability and risk assessment. Each assessment step must be made in coherence with the other risk components as an integral part of the risk assessment.
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1. Introduction


Efficient and secure transport networks are essential to the modern society. They ensure transportation of goods and people as well as access to employment and to essential services such as education, health care and emergency services. Keeping transport links open in adverse conditions and being able to restore connections quickly after extreme events are important and demanding tasks [1]. Many different types of adverse weather conditions challenge transportation networks such as intense precipitation [2], extreme temperatures [3], storms [4], floods [5], erosion, landslides [6,7,8], avalanches [9] and forest fires [10]. Climate change is anticipated to lead to an escalation of natural extreme events, both in frequency and magnitude [11,12]. In addition, human-made extreme events such as collisions [13,14], explosions [15], suicides on transportation lines, arson and terrorist attacks [16] pose a threat to transportation networks. Consequences of extreme events include accidents, damage to infrastructure assets, delays and malfunctioning of the transportation network, resulting in socio-economic losses and adverse environmental impacts [17,18,19]. The available funds for operation, maintenance and climate adaptation measures are limited, and it is important to make well-founded priorities. Thus, risk-based approaches are increasingly being applied to aid in the decision-making process of planning maintenance and prioritizing risk mitigation measures [20,21,22]. Here, the main tasks are to identify the most vulnerable assets and prioritize measures and resources according to the available budget. Despite the implementation of state-of-the-art maintenance programs and risk mitigation measures, failures of infrastructure may still occur. Thus, it is necessary to also prepare for the recovery phase after failure.



1.1. Risk Assessment of Terrestrial Transportation Infrastructures in the Literature


The ISO framework [23] escribes risk identification (i.e., adverse events that may occur and what may trigger them) as the first step in a risk management process. This assessment step is however scarcely described in risk assessment examples of terrestrial transportation infrastructures in the literature. Application examples usually start with a risk assessment of a specific adverse event, e.g., [2]—omitting the screening of all threats. There is a lack of studies that describe the identification of risk scenarios as part of the risk assessment framework, in a similar way that [22] describes holistic methods for risk evaluation of bridges. Existing overviews of adverse events for transportation infrastructure leading to structural damage and/or service disruptions consist of detailed lists [11,17,24]. However, these overviews are not exhaustive, and their use is also not presented as a part of the risk assessment. There is therefore a need to take a step back and present the identification of the risk scenarios in a more general way—to support the definition of the scope of the risk assessment.



General risk assessment frameworks (e.g., [23,25]) comprise assessing the hazard and vulnerability/fragility of the exposed elements/assets. However, practical challenges with concretization and conceptualization of the risk assessment steps arise when adopting these frameworks to specific applications. For instance, the Italian guidelines on risk classification and management of existing bridges group bridges into risk classes for prioritization of detailed assessment and funds allocation. Nevertheless, the application of the framework to real road networks has been found to provide conservative results and do not enable the ranking of bridges belonging to the same class given their qualitative nature [21]. Other risk assessment literature considers transport infrastructure specifically but treats the risk semi-quantitatively (e.g., [6,26]) and is focused on a specific hazard type (e.g., [27]) and/or a specific asset (e.g., [20]). Research efforts have been conducted in recent years to formulate methodologies capable of integrating all risk components effectively and reliably. A predominant part of this research has focused on the development of methodologies for risk quantification of bridge networks subjected to seismic ground motion [28,29]. Some work has been done for other types of natural hazards such as flooding and flood-induced scour [22,30]. Impacts of climate change on the intensity and frequency of the extreme events have also received attention and have been integrated into the hydrological modelling step within risk assessment frameworks [20,31].



In addition, given the possibility of infrastructure systems to experience multiple hazards, research interest has emerged towards the development of risk assessment methodologies to investigate the effect of interacting hazards such as rainfall-induced floods and mudflows [2] and earthquake-induced tsunami [32,33]. However, for other types of multi-hazard interactions, only the performance of bridges under these events have been studied since the risk analysis at the transportation system level requires spatial and temporal modelling of complex phenomena. Moreover, vulnerability models for other types of infrastructure assets such as road segments, pavements, tunnels, retaining walls, embankments and slopes are rather limited [34]. Thus, most risk assessment methodologies are demonstrated with real transportation networks yet select few bridges as primary vulnerable elements and neglect the damage to other network components.



Fragility functions have been widely applied in probabilistic risk and vulnerability assessment for buildings, in particular for earthquake risk (Hazus n.d.), but recently also for landslide risk assessment. Fragility functions have also been used for assessment of probability of damage to transportation infrastructure assets and service disruptions caused by landslides, debris-earth flow and flooding and for assessment of the combined effects of scouring and earthquakes for bridges, e.g., in [2,5,7,8,35,36,37,38,39,40]. An overview of the content of these (and other vulnerability functions) is provided in Section 2.3.2. However, these functions only cover a subset of assets, failure modes and extreme events.




1.2. Scope of the Paper


The research presented in this paper was done within the H2020 project SAFEWAY, whose main goal is to increase the resilience of terrestrial transport infrastructure while minimizing long-term costs associated with maintenance and rehabilitation of the infrastructure. SAFEWAY aims to design and implement holistic methods, strategies, tools and technical interventions to strengthen terrestrial transportation network systems that are exposed to extreme events (natural and human-made). The project addresses reduction of vulnerabilities within:




	
Preparation: by improving risk estimation and prediction and by developing better monitoring and decision tools;



	
Response and recovery: by optimizing emergency plans and real-time communication with operators and end users;



	
Mitigation: by introducing new construction systems and smart materials and by assessing consequences of different scenarios and mitigation solutions for selection of the optimal mitigation strategy.








The scope of this paper is to propose a framework for quantitative risk assessment of terrestrial transport infrastructures, integrating results from detailed analyses, application of existing models in the literature and external data sources, valid for:




	
Different levels of detail (regarding accuracy and complexity) and analysis scale (e.g., at asset level, within a transportation link or at network level);



	
Different types of infrastructure assets;



	
Natural extreme events (with focus on weather-related hazards) and unintentional human-made extreme events; (i.e., potentially disastrous events or disorders caused by human activity. Human errors [41] related to technical human activities are not included);



	
Assessment of structural damage and loss of mobility. The safety of the users is not considered directly, i.e., cases where road or railway users are directly injured by an extreme event are not considered, and the focus is on the infrastructure assets.








The proposed framework aims to bridge the gap between general risk assessment frameworks and specific risk assessments of terrestrial transportation infrastructures in literature (that focuses on specific risk component, on specific hazard types and/or specific assets).



The paper is organized in the following sections: Section 2 presents the development and conceptualization of the quantitative risk assessment framework, and application examples are provided in Section 3. Section 4 discusses limitations in the work done and the need for further work. Section 5 provides concluding remarks for the work.





2. Risk Assessment of Terrestrial Transportation Systems—Conceptualization of the Assessment Steps


The IS0 31000:2018 [23] represents a globally accepted standard for risk management, where risk assessment includes: risk identification, risk analysis and risk evaluation, and is followed by risk treatment (decision-making and execution of measures aimed at risk reduction). Risk assessment basically consists of finding answers to the following questions [25]:




	
What can cause harm? (Potential threats and adverse events are identified.)



	
How often may the identified adverse event occur? (What is the frequency of occurrence?)



	
What can go wrong? (Which are the exposed elements and what are the consequences?)



	
If it goes wrong, how severe are the consequences? (The severity will depend on the robustness/resistance of the exposed elements/assets and the intensity of the hazard.)








If the assessed risk is considered intolerable or unacceptable, the next question would be: What should be done to reduce the risk to an acceptable level?



This section outlines a framework for the risk assessment for terrestrial transportation systems by answering these basic questions. The focus is on the quantitative assessment of the risk, expressing each of the risk components and their combination into risk quantitatively.



2.1. What Can Cause Harm?


The first step in the risk assessment is to specify the scope of the analysis, and a key question is “What can cause harm”? This question will consist of identifying risk scenarios encompassing plausible descriptions of how a structural damage of the infrastructure assets and/or a service disruption may occur (i.e., failure mode), as well as description of the triggering event. Identification of risk scenarios should be based on experiences from the past, but other plausible extreme events (natural and human-made hazards) and failure modes should also be considered.



Table 1 is provided as an element for a screening process for selection of hazard types and failure modes to be considered in the risk assessment regarding the scope specification. The focus was on the weather-related natural hazards and on the unintentional human-made hazards. The selection of risk scenario(s) for further assessment can be made based on the most predominant hazard type in the study area and/or based on particularly vulnerable assets. Each of the failure modes in the table must be assessed separately following the steps in the risk assessment framework.



This paper suggests the arrangement of the failure modes/modes of malfunctioning into the following categories: (1) structural damage of transportation line assets, (2) material or obstacles (e.g., water, debris, objects) on the transportation line, (3) failure of supporting systems (signal system for trains, etc.) and (4) dangerous driving conditions, including precautionary closure (e.g., wind on bridges, forest fires, potential landslide hazard).



There could also be a chain of events over time that make the structure more prone to a certain failure mode or preconditioning events, which increases the probability of one or more of the failure modes listed in Table 1. For example: loss of vegetation (e.g., due to fire or drought) may lead to a decrease in slope stability and over time lead to slope failure. Other examples could be advanced deterioration or other slow hazards that over time causes failure.




2.2. How Often May the Identified Adverse Event Occur?


This question is related to both the frequency or the temporal probability of the triggering extreme event and the conditional probability of structural damage of infrastructure assets and/or a service disruption (i.e., failure mode) in case of an extreme event.



Let:




	
FM be the failure mode of interest. The failure mode describes the severity of structural damage and/or functional loss, due to an extreme event;



	
EEi be the extreme event of interest that could trigger the failure mode;



	
i represent the intensity of the extreme event EEi. The intensity is a single or a composite parameter expressing a damaging potential/action of the extreme event at asset(s) location;



	
Ptemporal denote the temporal probability, e.g., annual probability expressing the occurrence probability per year.








The temporal probability of FM when considering a specific intensity value is the product of Ptemporal(EEi) and P(FM|EEi). For assessment of the temporal probability of the failure mode, all intensity values need to be considered and their contributions summed:


   P  t e m p o r a l    (  F M  )  =   ∑    All   i     P  t e m p o r a l    (  E E i  )  · P  (  F M | E E i  )   



(1)







The term Ptemporal(EEi) expresses the temporal probability (typically the annual probability) of the extreme event, with a certain intensity, which is referred to as the hazard. For a specific geographical position, the hazard can be represented as a curve, i.e., as a mathematical function of the relationship between intensity and return period of the hazard (e.g. as described in Section 3.1.2). However, for practical design, the hazard curve is assessed at discrete return periods specified in the design code. Hazard assessment for an area would then comprise hazard zoning or hazard mapping, visualizing the spatial intensity distribution of the hazard on maps.



In general, the probability of an event might be estimated using three main strategies, separately, or in combination: (i) statistical analysis of historical events, e.g., by the use of extreme event analysis such as Gumbel, to analyze meteorological, geological, hydrological, agricultural, environmental and epidemiological data statistically in natural hazards assessment [42]; (ii) models expressing the occurrence of the event, considering also the uncertainty in the model parameters, e.g., by use of a geotechnical model in probabilistic slope stability analysis for slope-specific precipitation-induced landslide hazard assessment; and (iii) use of expert judgment, relating the probability to the degree-of-belief based on knowledge and intuition, e.g., by use of heuristic models for regional landslide hazard assessment [43].



The term P(FM|EEi) expresses the probability of FM in case of an extreme event with intensity i. For the different failure modes described in Table 1, this term would typically express the probability of:




	
Structural damage to the asset, e.g., a partial failure or an asset collapse;



	
Material or obstacles on the transportation line leading to service disruption, e.g., in terms of capacity reductions (e.g., a % of total capacity at an analyzed road section), speed reductions or load postings (e.g., a bridge is closed for freight traffic);



	
Failure of supporting systems, where the definition of failure is contained within the detailed failure mode description;



	
Dangerous driving conditions leading to restrictions, usually defined as thresholds on intensity parameters.








These probabilities will be assessed by using mathematical models for vulnerability assessment addressed in Section 2.3.2.




2.3. What Can Go Wrong?


In this step, the exposed elements and potential consequences are identified. Following the conceptualization of Section 2.2, the exposed elements are the assets or parts of the infrastructure, for which i > 0. The exposure assessment is a prerequisite to define the possible simultaneous failures of assets and other combinations of failures in the network. Bridges and tunnels are key assets in a terrestrial transport network. Their non-availability will directly lead to a service disruption on the transportation line. For other assets, the structural asset damage would not cause a service disruption, e.g., damages to the pavement.



2.3.1. Assessment of Exposure


For natural hazards, the exposed infrastructure assets can be identified as the geographical coincidence between the hazard and the location of the asset (Figure 1).



Users, economic activity and the environment can be indirectly exposed to the event due to failures of related infrastructure assets, something accounted for in the consequence assessment (Section 2.4).



For unintentional human-made hazards, exposure maps as shown in Figure 1 are difficult to develop because it is unfeasible to predict spatial distribution of human-made events. However, one might identify locations with a higher likelihood for occurrence of such events, e.g., points more prone to collision (i.e., bridge crossing a river or seaway of high traffic) or other accidents.



The unintentional vehicle collision hazard is usually characterized by its intensity (in terms of collision force) and temporal probability [13]. An equivalent static design force of 2670 kN when a resistance design is concerned is suggested by [45]. Nonetheless, if the annual probability of collision occurrence concerning heavy vehicles is lower than 1.0 × 10−4 for critical bridges and 1.0 × 10−3 for typical bridges, resistance design for vehicle collision is not required. The annual probability for a bridge pier to be struck by a heavy vehicle depends on the expected average daily traffic, the share of heavy vehicles and characteristics of the road where the investigated bridge is located.




2.3.2. Assessing the Conditional Probability of Failure Modes


The potential consequences are described through the failure modes. Mathematical models for vulnerability assessment allow estimation of both direct and indirect consequences for a range of hazard intensities, through the definition of failure modes [46]. In estimation of direct material consequences, e.g., potential damage(s) to physical assets, damage or loss functions are often applied, describing the structural damage or functional loss of the asset (e.g., a bridge is closed until the inspection/repairs are finished). These functions take into account the hazard intensity and the structural resistance of asset(s) to the loads resulting from the related hazard action [47,48,49]. The structural damage is often described as the degree of loss on a dimensionless 0–1 scale.



Alternatives to damage and loss functions are fragility functions, which also express the uncertainty in the damage or functional loss. These functions describe the probability of exceeding different damage states for various hazard intensities [50]. The probability of damage or thresholds in a hazard intensity for different damage levels could also be described in terms of tables that specify the failure probability for different load conditions. Such tables represent discrete points on a fragility curve.



The probability P(FM|EEi) from Equation (1) could be found directly from fragility functions or fragility tables, if such models are available for the failure mode FM (e.g., as developed in Section 3.2. If damage functions are applied, the following strategy for calculation of P(FM|EEi) may be applied:



Let:




	
SD(FM) be the degree of structural damage of the asset(s) in the failure mode;



	
SDcalc be the structural damage estimated from the damage functions.








For failure modes involving structural damage, Equation (2) yields:


  P  (  F M | E  E i   )  =  {      1 ,    i f    S  D  c a l c   ≥ S D  (  F M  )        0 ,   i f   S  D  c a l c   < S D  (  F M  )        .  



(2)







Similarly, for failure modes, where dangerous driving conditions are defined by the intensity exceeding a threshold T, Equation (3) yields:


  P  (  F M | E  E i   )  =  {      1 ,    i f    i ≥ T       0 ,   i f   i < T       .  



(3)







A review of existing damage, loss and fragility functions has been conducted for both natural and human-made hazards. As the availability of such functions is limited in literature, the reviewed extreme events and related failure modes/modes of malfunctioning cover a subset of all the aspects from Table 1. Table 2 provides a summary of the review.




2.3.3. Recommendations for Development/Adaptation of Structural and Functional Vulnerability Functions


The review of vulnerability functions summarized in Table 2 indicates a lack of vulnerability functions in literature for several failure modes and extreme events. Nonetheless, existing vulnerability functions should also be used with caution. Significant variabilities for assets exist across different countries, and different classes of assets are encountered depending on the classification of the transport system [34]. Prior to the vulnerability assessment, one of the following steps should be accomplished:




	
Verification of existing fragility functions to site-specific conditions, i.e., by examining if the available fragility function appropriately represents the behavior of the asset types representative of the study area.



	
Adaptation of existing fragility functions to site-specific conditions, i.e., by calibrating the existing fragility function to observational data or by combining an existing fragility curve with observational data through Bayesian updating.



	
Development of new fragility functions based on recommended intensity parameters in Table 3 and using one of the four main approaches to develop vulnerability models [49]:




	○

	
Judgmental: based on expert opinion or engineering judgement.




	○

	
Empirical: based on observations.




	○

	
Analytical: based on analytical or numerical solution methods.




	○

	
Hybrid approach: combining one or more of above approaches.














For development of fragility curves for assets, analytical approaches validated by experimental data and observations from recent events have become more popular. According to [49], the analytical approach is the most commonly encountered in the peer-reviewed literature. This approach could be applied to different structure types and geographical regions, where damage records are insufficient. Functions describing degree of loss are mainly based on empirical data collected in the field in the aftermath of an event and are consequently specific to the exposed elements in the area where the data have been collected [50].



Table 3 summarizes the failure modes for different asset types and extreme events with suggested main modelling variable for the vulnerability assessment.





2.4. If It Goes Wrong: How Severe Are the Consequences?


Economic consequences of extreme events on transportation infrastructure encompass direct consequences (e.g., structural damage, loss of life and limb e.g., [61]) as well as indirect consequences, which stem from the interruption of the transportation service (e.g., user costs due to additional travel time, socio-economic consequences due to the service disruption). The consequences could further be classified as associated to market values or not [19]. In the following, only consequences associated with market values are considered.



Let:




	
C(FM), Cdirect(FM) and Cindirect(FM) denote the consequences, the direct consequences and the indirect consequences respectively associated with a failure mode FM, considering the full range of plausible intensities of EEi.



	
RC be the full repair and reconstruction costs of the asset.



	
CS be the costs of service disruption per hour.



	
D(FM) be the duration of the service disruption in hours associated with a failure mode FM.








Then:


C(FM) = Cdirect (FM) + Cindirect (FM)



(4)







To calculate the probability of a failure mode and related consequences caused by different natural hazards, it is suggested to use event trees or a Bayesian network. Guidance for such analyses is provided as an example in Section 3.3.



2.4.1. Assessment of Direct Consequences


The damage, loss and fragility functions connects directly the intensity of a hazard with a failure mode, described in quantitative terms (e.g., damage degree of an asset, number of failed elements). This further enables monetization by including the value of affected assets. If SD(FM) is expressed on a scale 0–1, and the direct consequences refer to the costs for repair and reconstruction related to extreme events, Equation (5) yields:


Cdirect(FM) = SD(FM) ∙ RC



(5)







Fragility functions can be converted into damage functions using a damage-to-loss model, i.e., relation between a damage state/failure mode and the corresponding damage degree [62].



The consequence assessment could be performed for each asset individually or on a portfolio of assets. Assessment at the level of the individual assets is challenging as it requires development of a series of structural vulnerability functions as well as access to detailed data about the assets. Thus, for regional scale analyses, it is proposed to work on the portfolio level, classifying the assets into homogeneous classes. The idea is to identify the key parameters for a group of assets, which can be readily applied in development of the series of fragility functions. For example, to cluster similar bridges, features that govern the resistance to extreme events are identified. Such features might be intrinsic such as bridge material, mileage, or span count, or extrinsic such as local weather conditions or traffic. Further steps in the portfolio assessment encompass estimation of number of assets within each class in the study area and relating the failure mode to an intensity parameter of a hazard process. The total direct consequences are found by an aggregation of the monetized structural damage to all the assets in the flooded area [27,56,63].



In the evaluation of direct consequences to infrastructure due to natural hazards, some simplifications can be adopted. For example, drainage systems and roads are usually designed based on a specific return period of flooding or rainfall. In these and similar cases, it is a valid assumption to adopt neglectable damages for flooding events with return periods below the design rainfall/flooding event. Such approximation is demonstrated in Section 3.3.




2.4.2. Assessment of Indirect Consequences


In estimation of indirect consequences of extreme events on transportation systems, assessment of disruption of the related transportation service(s) is the key task. For such assessments, functional vulnerability functions are useful, expressing directly the probability of service disruption as a function of event intensity instead of probability of structural damage states [2,40]. Functional vulnerability functions are feasible for quantitative vulnerability assessment at a network level, describing the functionality loss (e.g., reduction of a traffic capacity) due to a given hazard intensity.



A service disruption would leave the travelers with several options: postpone or cancel the trip, change mode of transport or travel destination, or take a detour [64]. The severity of the indirect consequences is influenced by the failure mode (e.g., full/partial closure), the duration of the service disruption, the quality and capacity of the alternative transportation routes or alternative modes of transportation as well as the traffic volume and traffic composition in the affected network. The main portion of indirect costs to users stems from additional travel time, which is commonly used in calculations (e.g., the total time delay in [65]). Besides additional travel time, if sufficient input data on traffic are available, other consequences can be included as well: those due to the increased travel distances (via fuel consumption) and accident costs (e.g., [66]), increased air pollution and increased noise [67]. Further, indirect consequences can also encompass costs related to work time lost, and loss of income due to perishable goods spoiling. Long-term indirect effects of a repeatedly malfunctioning infrastructure could also comprise change in travel patterns affection, e.g., tourism and businesses depending on the transportation line.



Meyer et al. [19] gave a broad review of assessment of indirect costs of natural hazards affecting infrastructure. The review encompasses methods such as event analysis, econometric approaches, input–output analysis, computable general equilibrium analysis, intermediate models, public finance analysis and idealized models.



Network analysis is used to determine the flow of vehicles through a transport network. Network analysis could be based on:




	
Graph theory and topological properties of the transport network. Such approaches consider networks as a collection of vertices (or nodes) that are connected by arcs (or links) and consider the importance of different links, cascading failures and interdependencies between different networks. Graph-theoretical concepts are useful for the description of transport network characteristics and its connectivity [18].



	
Understanding of the dynamic behavior exhibited on networks (e.g., traffic flow) using transportation system models, modelling demand and supply side of the transport system and travelers’ responses to disturbances and disruptions. Most risk frameworks account for traffic-related consequences using a macroscopic model with static user-equilibrium flow formulation. This traffic assignment model presents strong assumptions such as steady traffic conditions during the time of investigation, constant demand, and user’s complete knowledge of the traffic conditions. The traffic flow could be modelled, e.g., considering the traffic as a fluid and using models based on fluid dynamics equations [68]. However, it has been found that traffic demands and changes in travel patterns, i.e., in destination and mode choice, may be significantly altered after the occurrence of hazardous events [4]. Users’ response represents the main capability of the system to adapt to changes when any disruptive event occurs. Recent research has investigated the stochastic user’s behavior in disrupted networks to provide a more realistic mobility pattern [69].








The modelling could encompass behavioral responses of the travelers to network disruptions or other changes in the supply side of the transport system. The travelers’ behavior would affect the demand side of the transport system. Important mathematical and statistical aspects of the disposition and behavior of road traffic are considered by [70].



The failure modes provided in Table 1, involve a different course of events from a malfunctioning of infrastructure back to its normal operation and result in different durations of service disruptions. It should be noted that resourcefulness (i.e., availability of adequate human, machinery, funding resources) and duration of procedures preceding the restoration activities (elaborating project documentation, tenders) can also impact the duration of service disruption.



Failure modes involving structural damage and functional failure of assets can be related from a short (hours/days) to a long duration (months/years), depending on the extent and complexity of repair/restoration activities (or a replacement of failed assets). The same goes for failure modes involving failure of supporting systems (e.g., gas, electricity). The severity of service disruption caused by material or debris on the transportation line would depend on volume of material on the roadway/track to be removed and available resources to act on a short notice. For the failure modes involving dangerous driving conditions and precautionary closure due to exceedance of a weather parameter threshold, these solely depend on natural conditions and generally relate to a short duration (e.g., hours) of service disruption. A simplified way to calculate the indirect consequences is presented in Equation (6).


Cindirect (FM) = CS ∙ D(FM)



(6)









2.5. Proposed Framework for Risk Assessment of Terrestrial Transportation Systems


Following the risk assessment steps and the conceptualization in Section 2.2, Section 2.3 and Section 2.4, the risk assessment encompasses identification of risk scenarios and selection of analysis scope (FM and extreme event EE), assessment of hazard (Ptemporal(EEi)), exposure (assets where i > 1), vulnerability (P(FM|EEi) and structural damage, SD) and consequences (C(FM)). These steps are illustrated in Figure 2. The risk associated with one failure mode, R(FM), could be expressed as:


R(FM) = Ptemporal(FM) ∙ C(FM)



(7)







The steps necessary for assessment of risk posed by natural and human-made hazard events on transportation systems are illustrated in Figure 2.



It is worth noting that the implementation of the proposed framework is based upon the assumption that an inventory of the infrastructure assets is provided by the infrastructure owner. However, the unavailability of high-quality inventory data is an issue shared by many countries. One of the main drivers of this problem is the lack of a systematic data collection procedure. Thus, some efforts have been made to propose protocolled taxonomy and methods for data collection, aiming at unifying databases into a functional structure ready to be used in risk assessment frameworks (e.g., [21,22]).





3. Application Examples


The next subsections provide examples of assessment of hazard, vulnerability and risk. The hazard assessment examples (Section 3.1) demonstrate assessment of the temporal probabilities from Equation (1)



	
Ptemporal(FM), for the failure mode failure of bridge caused by human-made hazard (Section 3.1.1);



	
Ptemporal(EEi), for the extreme event flooding, for a range of flooding intensities i (Section 3.1.2);



	
Ptemporal(EEi) of natural hazards from available data bases and data sources (Section 3.1.3).






Addressing the lack of vulnerability functions, a vulnerability assessment example is provided, demonstrating the development of a fragility curve for the failure mode bridge failure caused by flooding-induced bridge scour. The fragility curve expresses P(FM|EEi) for a range of flooding intensities (Section 3.2).



The risk assessment example demonstrates the assessment of R(FM) for the failure mode service disruption of road caused by flooding and exceeded culvert capacity (Section 3.3).



3.1. Hazard Assessment Examples


3.1.1. Use of Bridge Failure Data for a Temporal Probability Assessment


Table 4 describes the rate of failure of existing bridges from 1966 to 2020 based on a worldwide bridge failure database [71]. The content of this table is limited to existing bridges, therefore disregarding failure during the construction phase. Accordingly, the main causes of failure were grouped in two main groups (Figure 3), natural hazards (NHs) and artificial hazards. This last one has been subdivided into three subgroups, namely, human-made hazards (HMHs), human error (i.e., design and construction errors (D&CEs) and operational errors (OEs)). A more detailed discussion on the proposed classification concerning the causes of failure can be found in [72].



By tracking the recorded number of failures since 1966, an increasing trend is observed. Although the causes behind this trend are unknown, one can speculate that information from more recent failures is easier to obtain, e.g., through social media. Nonetheless, the ageing of the bridge stock, increasing traffic load, climate change and the growth of the built environment, as society evolves, are also variables that must be considered.



The total number of bridge stock around the globe is roughly estimated to be 3,225,047 according to [73]. Using such number and according to the number of failures recorded between 2016 and 2020 and the main cause of failure, the failure frequency for each main cause is estimated. NHs and HMHs are the main causes of failure. The total frequency of failure is estimated to be around 5.46 × 10−5 for a five-year period, which corresponds to an average annual failure frequency around 1.09 × 10−5. Similar numbers were presented in [73] for some bridge failure databases analyzed under the scope of the developed work. Curiously, the annual target failure probability for ultimate limit state proposed in [74] is 1.0 × 10−6 (β = 4.7) for a structure of reliability class two (RC2). Nevertheless, when factoring the cost of safety and consequence of failure, considering normal cost of safety and moderate consequences (something expected from typical bridges according to ISO 2394:2015), an annual target probability of failure around 1.0 × 10−5 (β = 4.2) is suggested [75].



The average annual bridge-failure probability due human-made hazards is in the same way estimated as 3.72 × 10−6. This number represents mostly the failure of bridges triggered by unintentional human-made hazards (ship and vehicle collisions, and overloading caused by users).




3.1.2. Flood Hazard Assessment on a Local Level


One of the most widespread approaches for assessing the flood hazard consists of estimating the extreme discharge for a given exceedance probability by fitting of a probability distribution function to a record of annual maximum discharges. This method, frequently referred to as flood frequency analysis (FFA), has been standardized in different manuals such as in the Flood Estimation Handbook in the UK [76] and the Bulletin 17C in the US [77].



A flood frequency curve was derived for the Tagus River in Portugal at Tramagal river gauge location. Data are available for 26 years of records approximately.



Despite that there is no standardization proposed at the Portuguese level, a Gumbel distribution is assumed to represent more appropriately the peak discharges as suggested by the Management Plan of the Tagus Hydrographic Region [78]. The L-moments method was used to estimate the parameters of the Gumbel distribution. Gumbel probability plots and Chi-squared goodness of fit tests showed that the peak annual discharge can be reasonably well modelled by a Gumbel probability distribution function (see Figure 4).



It is acknowledged that the obtained flood frequency curve is not an exact approximation, as the record of annual peak flows at a given location is a random sample of the underlying population of annual peaks. Then, to quantify the confidence of this approximation, an interval which contains the population frequency curve is commonly constructed (usually 95% of confidence is used) [77]. In this manner, the uncertainty in the flood event intensity due to sampling variability is considered, yet conditional on the choice of a particular distribution.



It can be observed from Figure 4 that for smaller, i.e., more frequent events, the reliability of the discharge estimation is greater than for larger events (very wide confidence intervals). This is expected as the database of past events is sparse, i.e., only 25 years of records are available. Thus, there are significant uncertainties in the estimated river discharges obtained through this statistical approach. As more data become available, it is expected that the estimates improve and consequently the confidence intervals narrowed.



Despite the wide applicability of the method, it should be kept in mind that the accuracy of the estimated flood frequency curve depends on many factors, such as the records sample size, its representativeness, errors in the measured annual peak discharges and the underlined assumptions, namely the appropriateness of the chosen distribution and the hydrologic stationarity [77,79]. Research efforts are being conducted with the overall aim of reducing all these sources of epistemic and aleatory uncertainties in the estimation of flood frequency analysis.



Figure 4 expresses the relationship between return period of flooding and flooding intensity (i.e., discharge). To assess the temporal probability of flooding, equation 8 could be applied, where the discharge represents the intensity i.


   P  t e m p o r a l    (  E  E i   )  =  1   Return   period   for    i    



(8)








3.1.3. Natural Hazards at Regional Level


P(EEi) may also be found from already existing hazard data. Freely available data sources on natural hazards at the European level compatible with GIS include: flood hazard maps and catalogues, wildfire catalogues, hazard maps related to wind and temperature (heat), landslide hazard maps, earthquake hazard maps and catalogues and rainfall catalogue and forecast analyses. An overview of available inventories, databases and GIS maps of natural hazards at the European level is provided by [80].



Hazard maps for natural events may represent past, current or future hazard situations, where the latter typically would account for climate changes. For projections of future hazard situations or assessment of changes in the hazard situation due to climate change, a time span and representative concentration pathway need to be selected. An overview of effect of climate change on a variety of natural hazards for different time spans and emission scenarios is provided by [11].





3.2. Vulnerability Assessment Example of an Asset-Specific Assessment of a Fragility Curve—A Case of a Bridge Scour in Portugal


In most approaches found in the literature, failure of bridges on shallow foundations is assumed to occur when the predicted local scour depth reaches the foundation base, which has been demonstrated to be a conservative assumption for multiple span RC girder bridges [37] as well as for masonry arch bridges [81]. Consequently, it is important to identify the maximum scour depth and extent (i.e., the geometry of the scour cavity) beneath the foundation level that the soil-bridge structure may withstand before collapse [81,82]).



Masonry arch bridges (MAB) have been recognized as particularly vulnerable to local scour due to their rigid behavior and the fact they are often built on shallow footings [83]. In this respect, a fragility analysis of a four-span masonry arch bridge under flood-induced scour was conducted (Figure 5). The bridge considered is located at the Santarém district, Portugal, and presents a total length of approximately 30 m, with arch spans of 4.80 m. The bridge piers are wall-type sections (1.0 × 7.0 m) with round-nose shape and 1.85 m height. The pier footings are 1.20 m thick, and 2.55 m length. The foundation soil corresponds to an alluvial deposit that is mostly granular, with coarse sands loosely cohesive, which renders the bridge susceptible to scour.



Based on the shape of the local scour cavity at the foundation, MAB can exhibit different failure modes such as fragmentation of piers/abutments, out-of-plane failures, and symmetrical or non-symmetrical in-plane failures [46]. Due to the squat piers in the transversal direction to the flow, an out-of-plane failure mechanism is not expected. Conversely, depending on the inclination of the water flow, a symmetrical or non-symmetrical in-plane failure mechanism can develop. It is assumed for the MAB under analysis that the water flow is aligned to the piers and that the scour is acting at the base of the central pier, while the other piers did not significantly experience this phenomenon.



All random variables associated with the soil-bridge resistance, load effects, and model uncertainties were considered in the analysis. The probability density function (PDF) of peak flow discharges for the waterway where the bridge is located is estimated from flow regionalization curves provided by the Management Plan of the Tagus Hydrographic Region [78]. Since there are no available data to estimate flood hydrographs, a peak flood duration of 48 h is assumed. The Gauckler–Manning–Strickler formula is considered for the hydraulic analysis under the assumption of uniform flow conditions. Probability distributions for the hydraulic parameters, i.e., Manning roughness coefficient and channel slope, are adopted from [84] (Table 5). Based on the hydraulic loads and the soil characteristics on the site, local scour at a bridge pier was investigated as the most probable cause of a failure in a flooding event.



The local scour depth was estimated following the FDOT methodology with the Melville-Sheppard (M-S) equation to account for the temporal scour evolution [87]. The epistemic uncertainty associated with the accuracy of the FDOT method to predict scour has been considered through the application of a normally distributed model error with mean value equal to a bias factor and a coefficient of variation (COV) (Table 5), obtained from the ratio of observed scour with predicted scour as suggested by [84].



Discontinuity layout optimization (DLO), which is a numerical limit analysis technique, is used herein to estimate the collapse load of the structure [88]. Masonry units were modelled using a rigid material model, and masonry joints were modelled using a Mohr–Coulomb model with zero cohesion and an angle of friction derived from the coefficient of friction. A Mohr–Coulomb model was also considered for the backfill and the foundation soil, as well as for interface elements used to model the interface between the bridge elements and the soil. All material properties used in the analysis together with the probability distributions selected to describe each variable are shown in Table 5. Masonry units were modelled using a rigid material model, and masonry joints were modelled using a Mohr–Coulomb model with zero cohesion and an angle of friction derived from the coefficient of friction. A Mohr–Coulomb model was also considered for the backfill and the foundation soil, as well as for interface elements used to model the interface between the bridge elements and the soil. The material properties used in the analysis, i.e., masonry compressive strength, unit weights for each material, and internal friction angles, together with the probability distributions selected to describe each variable, are shown in Table 5.



The scour effect was modelled by the removal of soil around and under the foundation, assuming that the scour cavity slope along the direction perpendicular to the flow is equal to 5/6∙ϕ (soil friction angle,) as proposed by [83]. Figure 6 shows the masonry arch bridge modelled in LimitState:GEO [89] for the no-scour condition (Figure 6a) and for different scour depth configurations, i.e., 1.30 m of scour depth (Figure 6b), and 1.85 m of scour depth leading to soil underneath the pier foundation being eroded (Figure 6c). It should be noted that a symmetrical in-plane failure mode was assumed, as the water flow is aligned with respect to the pier plan orientation (if skewed, the expected failure mode would be non-symmetrical).



The flood discharge, Q, was considered as the intensity measure for the fragility functions. An adequacy factor, which is defined as the factor by which specified loads must be increased in order for the system to reach a collapse state, was obtained in LimitState:GEO by modelling the corresponding loading conditions, i.e., the scour cavity and hydrodynamic pressure for different Qs, namely discharges associated to 5-, 20-, 50-, 100-, 500- and 1000-year floods. The collapse load factors from 150 DLO models generated through Latin Hypercube Sampling were used to define the soil-bridge resistance distribution, R. The load distribution, S, was defined by a curve with a mean value equal to one and a standard deviation of 0.05 since the resistance is quantified as a function of the self-weight [75]. The limit state equation is then defined as G = R − S = 0, where the failure of the system takes place for R < S or G < 0 [72]. Subsequently, the reliability analysis was performed for each Q using the first-order reliability method (FORM). Finally, the estimation of the parameters of the fragility curve was achieved by performing a generalized linear model (GLM) regression over the set of data points at the selected Qs, to describe the fragility function as a lognormal probability distribution function [90].



The fragility analysis was performed for two different scenarios, one assuming that the equilibrium scour depth is attained for the given discharge and the other considering a time-dependent scour depth given a flood duration of 48 h. The obtained fragility curves are shown in Figure 7. For the former case, the probability of bridge scour leading to failure given a flooding with discharge 300 m3/s, i.e., P(FM|Q = 300 m3/s), is equal to 0.043, while for the latter case it corresponds to 0.017. These results highlight that the assumption of attainment of the equilibrium scour which is often made for assessing bridge vulnerability may be overconservative. Thus, it is important to investigate the event durations within scour fragility analysis. The bridge functionality associated to the damage levels that were analyzed corresponds to 100% loss of service.




3.3. Risk Assessment Example: Asset Failure and Related Service Disruption


This section demonstrates assessment of service disruption caused by a structural asset failure for a generic road link, considering flooding of roadway due to exceeded culvert capacity. The context of this analysis could be that the analyzed road link is of high importance for the road network and that the culvert considered is the most critical asset at this road link. The assessment is done following the steps of the risk assessment framework (Figure 2). An overview of data and models needed for the assessment is given in Table 6.



The assessment is conducted by use of Event Tree Analysis [91]. Event tree analysis (ETA) is a logical modelling technique that shows all possible outcomes resulting from an initiating event, considering further events and factors that affect the performance of the system, e.g., whether installed safety barriers are functioning or not. The analysis considers the sequence of events that could lead to failure by asking “what can happen if?” at every step. ETA may be used for assessing hazard and consequences, assessing probabilities of the outcomes and overall system analysis. It is applicable for qualitative as well as quantitative assessment.



The steps considered in ETA are as follows (if a flooding event occurs):




	
What is the return period of the flooding event that may pose a threat?



	
Is the culvert capacity exceeded?



	
Will flooding of the road cause full service disruption?



	
Will flooding cause material damage?



	
Is the capacity reduced below demand?



	
How severe are the consequences?








Figure 8 illustrates the event tree constructed from the assessment steps above as well as event probabilities (at the branch prior to an event). Each sequence of events will lead to a different consequence in terms of severity and duration of service disruption. The probability of each sequence of events is found by multiplying the probabilities along the branch. The value is shown next to the consequence severity class. The following simplifications are made when assessing the severity of the consequences:




	
Very high consequences: A flood depth higher than 30 cm, velocity of the flooding water high enough to cause material damage to the roadway.



	
High consequences: A flood depth higher than 30 cm, velocity of the flooding water not high enough to cause material damage to the roadway.



	
Moderate consequences: A flood depth less than 30 cm. The capacity of the roadway is reduced to less than the demand.



	
Low consequences: A flood depth less than 30 cm. The capacity of the roadway is larger than the demand (including the case where the culvert capacity is not exceeded).








Table 8 indicates which considerations should be done and the reasoning behind the choice of event probabilities in Figure 8.



In accordance with Equation (1), the full range of plausible intensities of EEi should be accounted for and their contributions summed. Table 9 outlines four different flood scenarios to be applied in the assessment, as well as the range of probabilities covered by each scenario.



Figure 8 demonstrates the assessment for the 200-year flood scenario (representing return periods of 60–300 years as indicated in Table 9). The structure in Figure 8 is applied for assessments of the scenarios representing return periods <60 years and higher than 300 years, but with different event probabilities. The summation of the contribution from each of the return period ranges is presented in Table 10. The result of the assessment is that the annual probability is 0.987 for low consequences, 8.1∙10−3 for moderate consequences and 2.3∙10−3 for high consequences and for very high consequences. The risk can be further quantified by calculating the costs associated with each consequence severity class.



The provided example demonstrates analysis of a malfunctioning asset that could lead to a service disruption. In the given example, the duration of the service disruption (i.e., the recovery time) is linked only to the efforts required after an event to return from a malfunctioning infrastructure to normal operation. However, the recovery time depends also on the resourcefulness of the operator, affecting how the situation is managed.



Another simplification in the example is that the severity of the consequences is defined from the severity and duration of the service disruption only. This would be a good approach if there is no redundancy in the transportation infrastructure, i.e., if no diversion roads exist, if possible diversion roads are flooded as well, or if the diversion roads imply a very long detour. If proper diversion roads exist, the severity of the consequences would be lower than in this example and Table 10 would need to be modified.





4. Discussion


The main tasks of infrastructure engineers are to identify the most vulnerable assets in networks with respect to oncoming threats and prioritize maintenance measures and resources accordingly to the available budget. Here, risk-based approaches applied for terrestrial transportation systems aid the decision-making process of planning and implementation of risk mitigation measures and identification of the most cost-effective mitigation measures. Mitigation measures can encompass more robust design of exposed assets, building of protective structures that can reduce hazards intensities (e.g., landslide and flood protection) or measures to reduce consequences of failure(s). On most occasions, the optimal measure is the one that has an effect on mitigation of a predefined failure mode. Here, the fragility functions pertinent to a failure mode need to be elaborated to cover the range of extreme event intensities and the resistance of the investigated asset in cases with and without applied maintenance measure.



Nevertheless, future work is needed to understand the influence of certain assumptions often made for the quantification of risks in transportation systems. The comprehensive evaluation of quantitative risk of infrastructure failures can be complex as well as being computationally expensive. It requires the simulation of different interrelated processes involving epistemic and aleatory uncertainties. The proposed framework and conceptualization of the risk assessment should be extended to incorporate a quantification of the uncertainties associated with each of the risk components. The risk formulations in this paper are expressed using both deterministic and probabilistic quantities. Uncertainties associated with the vulnerability of the exposed assets are included when fragility curves are applied. In addition, the framework should incorporate uncertainties in the spatial extent and intensity of extreme events, as well as uncertainties associated with the direct and indirect consequences. Uncertainties associated with the indirect consequences are mainly aleatory.



The past applied models usually focused on either evaluation of consequences of failures via traffic macrosimulation [64,66] or analyzing scenarios of multiple object failures, e.g., as in [92]. There are not many methodologies that link infrastructure performance to transport network operations, e.g., as in [93]. Consequently, infrastructure owners are reluctant to implement state-of the-art approaches as the sensible prioritization of investments requires all transportation modes and multiple critical assets to be considered as part of the risk assessment methodology.



Research efforts are needed to link modelling of user’s behavior in disrupted transportation systems [69] to spatial and temporal modelling of both hazard and network vulnerability, similarly to [94]. However, as the accuracy of the traffic modelling increases, the computational costs of each simulation increase significantly. For this reason, current risk assessment approaches for transportation networks have limited the analysis to few deterministic scenarios which do not appropriately account for all the uncertainties. Strategies such as importance sampling techniques have been adopted within simulation frameworks aiming to reduce the computational effort [29]. A trade-off between sophisticated models and computational cost is necessary and should depend on results from sensitivity analysis to specify which components of the risk assessment should be analyzed in more detail.



Despite proper risk assessment of the infrastructure, failures and service disruptions may still occur. It is necessary to be prepared for a recovery and to ensure a resilient infrastructure by establishing plans for keeping the functionality of the transportation system under adverse conditions and for a quick restoration of the transportation service after a service disruption induced by an extreme event.




5. Conclusions


This paper aims to bridge the gap between general risk assessment frameworks and specific risk assessments of terrestrial transportation infrastructures by proposing a framework that is flexible enough to accommodate different failure modes, asset types and extreme events. The proposed approach improves the identification of risk scenarios by providing a comprehensive overview of extreme events and failure modes/modes of malfunctioning. The paper describes and conceptualizes the content of the necessary steps in a quantitative risk assessment of transport infrastructures. The framework is envisioned as a support for practical risk assessment, which is demonstrated through practical examples for assessment of separate risk components. The paper discusses strategies and tools for a quantification of risk components by applying models in literature and using available data sources. Finally, the paper guides and formulates explicitly the integration of the risk components into a risk estimate. The guidance is supported by a risk assessment case study considering flooding of a roadway demonstrating the combination of several assessment steps.



This paper also provides recommendations for the choice of intensity parameters for different extreme events when developing damage, loss and fragility functions. The derivation of a fragility curve for a masonry arch bridge subjected to local foundation scour during river flooding is described in detail as well as all the challenges that were encountered in establishing this curve.



The results from the application of the proposed framework serve as a basic input for a risk-based decision making on preventative maintenance of infrastructure in the face of sudden extreme events. Future work can be directed towards evaluation of competing risk mitigation actions, based on predefined risk acceptance criteria and a cost-benefit analysis, in order to select the optimal maintenance activities on assets in transportation networks.
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Figure 1. Exposure of railway track to floods for different flood return periods (20-years, 100-years and 1000-years) within the Málaga region, Spain. The exposed parts of the railway are indicated with pink ellipses. (Source: [44]). 
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Figure 2. Framework for assessment of risk associated with extreme events on transportation systems. 
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Figure 3. Main causes of failure of existing bridges (1966–2020). 
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Figure 4. Flood frequency curve for the Tagus River at Tramagal river gauge. 
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Figure 5. Masonry arch bridge under study (dimensions in meters). 
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Figure 6. DLO model of the masonry arch bridge in LimitState:GEO [89]: (a) no scour condition, (b) 1.30 m of scour depth, (c) 1.85 m of scour depth. 
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Figure 7. Flood fragility function for the MAB under study. 
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Figure 8. Quantitative assessment of the probability for different consequence classes. 
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Table 1. Overview of failure modes/modes of malfunctioning triggered by extreme events, classified into main categories (n.a. = not applicable).
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Failure Modes/Modes of Malfunctioning




	
Extreme Events

	
Structural Damage of Assets

	
Material or Obstacles on the Transportation Line

	
Failure in Supporting Systems

	
Other Dangerous Driving Conditions (Including Precautionary Closure)






	
Heat waves

	
Road: damage to pavement

Railway: rail buckling

	
n.a.

	
Overheating of equipment

	
n.a.




	
Forest fires

	
Damages and deformations due to heat

	
n.a.

	
Overheating of equipment

	
Reduced visibility




	
Heavy precipitation

	
Damage to slope or embankment due to mass transport by surface water

	
n.a.

	
n.a.

	
Reduced visibility and reduced road surface friction




	
Flooding (urban, river, flash floods, storm surge)

	
Erosion of embankment, damage to bridge supports (e.g., scour)

	
Water on transportation line and in underground transport system

	
n.a.

	
Reduced road surface friction




	
Gravitational mass movements (Landslides, rock-falls, etc.)

	
Damage to road/rail sections, damages to bridges, embankments, etc.

	
Blocking of transportation line by soil/rock masses

	
Failure of signal systems

	
Load posting or line closure due to increase in occurrence probability of mass movements




	
Fog

	
n.a.

	
n.a.

	
n.a.

	
Reduced visibility




	
Storms (thunderstorms, hail, blizzards, i.e., strong wind gusts, intense snowfall)

	
n.a.

	
Unavailability of transportation line due to snow or obstacles on the transportation lines (e.g., falling trees)

	
Damage to support systems (e.g., owing to falling trees)

	
Reduced visibility and surface friction; strong wind gusts, especially on bridges, may lead to overturning of vehicles




	
Cold spells

	
“Thermal fatigue”; frost heave; asphalt of pavement

Cracking, contractions of components

	
n.a.

	
Malfunction of signaling due to low temperatures

	
Technical failure of vehiclesReduced surface friction




	
Surface motions from, e.g., subsidence, sinkholes, uplift and swelling

	
Damage to road/rail sections, damages to bridges, tunnels, etc.

	
n.a.

	
Failure of signal systems

	
Load/speed posting or line closure (to prevent potential hazard trigger or reduce potential consequences to users)




	
Ship and vehicle collisions against bridges (or other assets)

	
Buckling of piers, deck overturning, failure of supports, etc.

	
Interruption of the underpass and/or overpass

	
n.a.

	
Vibrations and/or large deflections




	
Highway-railway grade-crossing accidents/incidents

	
Damage to the rail track or pavement

	
Obstacles on the transportation lines (e.g., damaged vehicles, injured people)

	
Damage to support systems (e.g., rail safety-guards, traffic lights)

	
Vibrations and/or large deflections




	
Explosion (i.e., gas explosion and vehicles on fire)

	
Damage to assets (resistance reduction due to high temperatures, dynamic loads)

	
Interruption caused by debris from the explosion or fire

	
Damage to support systems (e.g., rail safety-guards, traffic lights)

	
Reduced visibility caused by smoke











[image: Table] 





Table 2. Damage, loss and fragility models from the literature for different extreme events and failure modes/modes of malfunctioning (n.a. = not available).
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Overview of Available Damage, Loss and Fragility Models




	
Extreme Event

	
Structural Damage of Assets

	
Material or Obstacles on the Transportation Line

	
Dangerous Driving Conditions (Including Precautionary Closure)






	
Heat waves

	
Temperature threshold models for rail buckling: [3,51,52,53]

	
n.a.

	
Probability of adverse events for different threshold values of temperature: [54]




	
Flooding (urban, river, flash floods, storm surge)

	
Bridge scour leading to bridge failure: [35,36,37,55]

Ballast scour and failure: [38]

Roadway embankment scour: [39]

Material damage to roads: [56]

	
Vehicle speed as function of floodwater depth: [5]

Functional capacity loss functions as a function of inundation depth: [2,7]

	
Thresholds for vehicle stability in floods: [57]




	
Landslides

	
Material damage to roads: [9,56]

	
Malfunctioning due to debris on roads as a function of landslide volume: [8]

	
n.a.




	
Storms

	
n.a.

	
Probability of adverse events for different threshold values of wind speed: [54]

	
Threshold models for wind speed on bridges: [53]




	
Ship and vehicle collisions against bridges

	
Vehicle collision with bridge piers: [58]

Vehicle collision with bridge piers: A state-of-the-art review: [13]

Nonlinear finite element analysis of barge collision with a single bridge pier: [14]

	
n.a.

	
n.a.




	
Highway-rail grade-crossing accidents/incidents

	
A comprehensive assessment of the existing accident and hazard prediction models for the highway-rail grade crossings in the state of Florida: [59].

	
n.a.

	
n.a.




	
Explosion (i.e., gas explosion), bombing and vehicles on fire

	
Vulnerability of bridges to fire: [16]

Analysis of a bridge failure due to fire using computational fluid dynamics and finite element models: [60]

Analysis of a bridge collapsed by accidental blast loads: [15]

	
n.a.

	
n.a.
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Table 3. Summary of the main parameters for vulnerability and risk analysis.
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Extreme Event/Hazard

	
Asset




	
Type

	
Modelling Variable

	
Type

	
Failure Mode






	
Flooding

	
Water discharge

	
Bridge

	
Bridge scour leading to bridge failure




	
Flooding

	
Water discharge

	
Culvert

	
Failure of culvert leading to water overtopping and material damage to road/rail




	
Flooding

	
Water discharge

	
Embankment

	
Failure of embankment caused by erosion




	
Flooding

	
Water discharge

	
Roadway or rail track

	
Wash-out of roadway/rail track




	
Rainfall/urban flooding

	
Water depth

	
Roadway

	
Speed and capacity reductions/service disruption due to water on road




	
Flooding

	
Volume of debris

	
Roadway or rail track

	
Speed and capacity reductions/service disruption due to debris on road/track after flooding




	
Landslide

	
Volume of landslides

	
Roadway or rail track

	
Speed and capacity reductions/service disruption due to landslide masses on road/track




	
Heatwave

	
Temperature

	
Rail track

	
Speed reductions of trains to avoid buckling of tracks




	
Wind

	
Wind speed perpendicular to the bridge

	
Bridge

	
Closed bridges due to strong wind gusts




	
Ship and vehicle collisions against bridges

	
Impact force

	
Bridge

	
Failure, collapse, damaged element




	
Highway-rail grade-crossing accidents/incidents

	
Down time and restricted lanes

	
Roadway or rail track

	
Closed or traffic reduction/failure, collapse, damaged element




	
Explosion (i.e., gas explosion and vehicles on fire)

	
Pressure-impulse

	
All types of assets

	
Closed or traffic reduction/failure, collapse, damaged element
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Table 4. Rate of failure of existing bridges (data extracted from: [71]).
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Period

	
Recorded Failures

	
Percentage

	
Failure Frequency *




	
NHs

	
HMHs

	
D & CEs

	
OEs






	
1966–1970

	
10

	
1.5%

	

	

	

	




	
1971–1975

	
18

	
2.7%

	

	

	

	




	
1976–1980

	
38

	
5.8%

	

	

	

	




	
1981–1985

	
13

	
2.0%

	

	

	

	




	
1986–1990

	
20

	
3.0%

	

	

	

	




	
1991–1995

	
16

	
2.4%

	

	

	

	




	
1996–2000

	
21

	
3.2%

	

	

	

	




	
2001–2005

	
65

	
9.9%

	

	

	

	




	
2006–2010

	
108

	
16.4%

	

	

	

	




	
2011–2015

	
157

	
23.9%

	

	

	

	




	
2016–2020

	
191

	
29.1%

	
1.92 × 10−5

	
1.86 × 10−5

	
2.79 × 10−6

	
1.40 × 10−5




	
Total

	
657

	
100% **

	

	

	

	




	
Total Bridge Stock: 3.225.047 [73]








* NH: natural hazards; HMH: human-made hazards; D&CE: design and construction errors; OE: operational errors. ** Due to rounding error, the sum of the percentages shown in the table is not exactly 100%.
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Table 5. Statistical properties of variables.
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Parameters

	
Mean 1 [Units]

	
COV

	
Distribution

	
Reference 2






	
Local scour action

	
Peak discharge

	
74.6 [m3/s]

	
0.70

	
Gumbel

	
[78]




	
Peak flood duration

	
48 [h]

	
-

	
-

	
Assumed




	
Channel width

	
30 [m]

	
0.05

	
Normal

	
Assumed




	
Channel bed slope

	
0.002 [m/m]

	
0.10

	
Normal

	
Assumed




	
Manning roughness coefficient

	
0.035 [s/m1/3]

	
0.015

	
Lognormal

	
[84]




	
Riverbed mean size diameter

	
20 [mm]

	
0.1

	
Lognormal

	
Assumed




	
Scour model error

	
0.80

	
0.20

	
Normal

	
[84]




	
Soil properties

	
Angle of friction

	
35 [°]

	
0.05

	
Normal

	
[85]




	
Saturated unit weight

	
19 [kN/m3]

	
0.05

	
Normal

	
[75]




	
Bridge properties

	
Pier width

	
1.0 [m]

	
-

	
-

	
Assumed




	
Masonry unit weight

	
25 [kN/m3]

	
0.05

	
Normal

	
[75]




	
Masonry compressive strength

	
3000 [kN/m2]

	
0.15

	
Normal

	
[86]




	
Masonry joints friction coefficient

	
0.60

	
0.15

	
Normal

	
[86]




	
Backfill angle of friction

	
35 [°]

	
0.10

	
Normal

	
[86]




	
Backfill cohesion

	
30 [kN/m2]

	
0.15

	
Normal

	
[86]




	
Backfill unit weight

	
17 [kN/m3]

	
0.05

	
Normal

	
[75]




	
Computational model uncertainty factor

	
1.0

	
0.15

	
Normal

	
[75]








1 Assumed except as otherwise indicated. 2 Regarding to the COV value and the distribution type selection.
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Table 6. Data and models needed for the assessment.
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	Step in Risk Framework
	Data, Models and Considerations Necessary for Defining Events and Assessment of Event Probabilities





	Identification of risk scenarios
	Selection of analysis object, hazard type and failure modes for this case: The analysis object (asset) is a road link over a culvert, and the hazard to be considered is flooding. The failure modes encompass flooding of roadway leading to different degrees of capacity reductions (from insignificant reductions to full closure). Exceedance of culvert capacity and structural damage to the roadway are also considered as part of the assessment.



	Hazard assessment
	Data needed for assessment of Ptemporal(EEi): flood hazard maps for selected return periods, showing water depth and velocity, i.e., flood intensity values to be applied in the vulnerability assessment.



	Exposure
	Data needed: flood hazard maps and maps of the road. The road link in study is assumed to be in a flood-prone area.



	Vulnerability
	Tool for assessment of P(FM|EEi):

FM: service disruption of the road: functional vulnerability providing vehicle speed as a function of flood depth of road, adopted from [5].

FM: structural damage of roadway: structural vulnerability relations for roadway/pavement exposed to flooding [56].



	Consequence
	This example encompasses failure modes represented by several sequences of events leading to different consequences. The severity of the consequences is determined by the degree of capacity reductions (e.g., if the road is only partly closed or the traffic is possible with reduced speed) and the duration of the service disruption. Four consequence severity classes are adopted (Table 7). Only capacity reduction below the demand will represent a failure mode. The demand expresses the transport needs, usually expressed in AADT (annual average daily traffic).
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Table 7. Adopted consequence severity classes.
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	Consequence Severity Class
	Description





	Very high
	Closed road for long duration (weeks–months)



	High
	Closed road for days or severe capacity reduction for weeks



	Moderate
	Moderate capacity reductions with limited durations (hours–days)



	Low
	Insignificant delays or capacity reduction with duration less than a few hours
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Table 8. Definition of events and considerations for assessment of event probabilities.
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	Assessment Steps
	Example of Assessment (Explanation of the Choice of Probabilities in the Event Tree in Figure 8)





	What is the return period of the flooding event?
	The event tree in Figure 8 is for the 60–300-year flooding event (represented by/applying data for the 200-year flooding event, Table 9).

p = 1/60yr − 1/300yr = 0.013/yr



	Is the culvert capacity exceeded?
	The culvert is designed for the 200-year flood, but we assume there is a long time since the last inspection and the capacity may have been reduced due to debris deposition, P(exceeded culvert capacity) = 0.5.



	Does the flooding cause full service disruption? (Is the flood depth at the roadway above a threshold for full service disruption?)
	A threshold of 30 cm is chosen in accordance with the curve from [5], corresponding to full service disruption.

Probability of a flood depth larger than 30 cm could be estimated considering different degrees of culvert capacity reduction. We assume that the critical level of clogging for the circumstances considered in this case occurs in 20% of the cases, i.e., P(flood depth > 30 cm) = 0.2.



	Does the flooding cause material damage? (Is the intensity of the flooding high enough to cause material damage?)
	The intensity of the flooding is compared to flood intensity thresholds for structural damage from [56]. We assume that the flooding intensity is close to the threshold and consequently that P(flood intensity ≥ threshold) = 0.5.



	Is the capacity reduced below demand?
	We assume that application of the functional vulnerability model from [5] indicates that the probability of reducing the capacity below demand is 60% for flood depths below 30 cm.



	What are the consequences?
	Dependent on the sequence of events, the consequences could be very high, high, moderate or low. The probability of one consequence severity class encompasses the probabilities of all sequences of events leading to that consequence class.
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Table 9. Return period classes and flood scenarios used in the assessment.
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	Return Period Range
	Representative Flood Scenario Used in Analyses





	<10 years
	No loss



	10–60 years
	50-year



	>60–300 years
	200-year



	>300 years
	500-year
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Table 10. Results of risk assessment, based on assessment of all the scenarios.
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Consequence Class

	
Contributions from Each of the Return Period Ranges

	
Aggregated Probability from All the Assessments




	
<10 Years

	
10–60 Years

	
60–300 Years

	
>300 Years






	
Low

	
0.9/yr

	
0.078/yr

	
0.0088/yr

	
0.0006/yr

	
0.987/yr




	
Moderate

	
≈0

	
0.0045/yr

	
0.0032/yr

	
0.0004/yr

	
8.1∙10−3/yr




	
High

	
≈0

	
0.0004/yr

	
0.0007/yr

	
0.0012/yr

	
2.3∙10−3/yr




	
Very high

	
≈0

	
0.0004/yr

	
0.0007/yr

	
0.0012/yr

	
2.3∙10−3/yr




	
Sum

	
0.9/yr

	
0.083/yr

	
0.013/yr

	
0.003/yr

	
1/yr
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