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Ship-Bridge Allision Risk Analysis 

AXEL HÖRTEBORN 

Chalmers University of Technology 

Department of Mechanics and Maritime Sciences 

Division of Marine Technology 
 

Abstract 
Increases in ship sizes and in maritime traffic frequency pose a growing risk of ship-bridge 

allisions. Although relatively rare, such accidents can have catastrophic consequences, 

including significant economic disruption and loss of life. However, constructing robust bridges 

capable of withstanding allisions with large ships travelling at high speeds is costly. Therefore, 

to balance risk and expense, it is crucial to conduct a thorough risk assessment. Traditional risk 

assessment methodologies often separate the probability analysis from the consequence 

analysis, but this separation leads to generalisation, less accuracy, and the introduction of overly 

conservative assumptions, and it may not reflect local traffic patterns or ship manoeuvring 

failure behaviours. This thesis aims to develop a novel, unified analysis for assessing the risk 

of ship-bridge allisions by integrating local ship manoeuvring failure statistics, probabilistic 

modelling, and consequence analysis into a single methodology. 

The thesis presents the four stages of the development of a new methodology, STAPS-cons 

(Ship Traffic Allision Probability using Simulations – consequences). First, five distinct types 

of ship manoeuvring failure were identified based on Automatic Identification System (AIS) 

data: (1) loss of propulsion; (2) loss of steering; (3) miss of turning point; (4) wrong course at 

a turning point; and (5) turn at the wrong location. These failure types were also quantified with 

respect to frequency and duration, using a combination of trajectory analysis and manual 

classification. In the second stage, millions of input datasets were generated in a Monte Carlo 

simulation based on a combination of these failures, environmental parameters, and ship 

statistics. In the third stage, these inputs were simulated in a time-domain hydrodynamic 

simulator to model the ship behaviour under respective failure conditions. The number of 

simulations was determined based on route-specific traffic volumes and failure probabilities. In 

the final stage, the consequences of failures leading to allisions were analysed using a set of 

precalculated nonlinear finite element analyses, enabling the estimation of structural damage 

and collapse probability. The thesis focuses on energy transfer and bridge collapse probability; 

socioeconomic consequences (e.g., loss of life, or traffic disruptions) fall outside its scope. 

The results presented in the thesis demonstrate that the STAPS-cons methodology provides a 

more detailed and realistic assessment of ship-bridge allision risk than existing models. The 

methodology also includes real-time replays for identification of high-risk scenarios and 

evaluation of risk mitigation strategies. The methodology was applied in multiple case studies 

and compared with established tools (e.g., IWRAP Mk II), wherein it showed comparable or 

better performance. Future work includes broadening the scope to include analysing offshore 

wind farms and the probability of ship groundings, automating failure classification and future 

route paths using AI, and developing fast-time consequence approximations to reduce the need 

for time-consuming finite element modelling. Overall, STAPS-cons represents a significant 

advancement in maritime risk assessment by combining probability and consequence modelling 

in a flexible, simulation-based methodology. 

Keywords: AIS data, navigation failure statistics, risk analysis, ship manoeuvring simulations.   
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1 Introduction 

Increases in both maritime traffic and ship sizes over recent decades has raised the danger to 

existing maritime structures, such as quays and bridges. This risk was exemplified on 26 March 

2024, when the vessel DALI struck the Francis Scott Key Bridge in Baltimore (NTSB, 2024); 

six people lost their lives in the accident, and the bridge collapsed, causing a major disruption 

to the busy port and in the city’s transport infrastructure. In this thesis, this type of accident—

i.e., between a ship and a built structure—is distinguished from ship-to-ship accidents, with the 

former termed an allision and the latter termed a collision. These two types of accidents differ 

fundamentally: in an allision, it is mainly one vessel’s decisions which can lead to or prevent 

an accident, whereas in a collision, two vessels are involved, which drastically increases the 

complexity of the situation.  

The research presented in this thesis was initiated as part of the Norwegian E39 project, which 

aimed to establish a continuous coastal highway route between Kristiansand and Trondheim in 

Norway. This route includes seven fjord crossings, which are currently operated by ferries; for 

several of the crossings, the volume of ship traffic and the associated allision risk present 

significant challenges. One of the most complex crossings traverses Bjørnafjorden, which spans 

5 km and reaches depths of over 500 metres. According to Bjøndal et al. (2016), three different 

crossing solutions were initially considered: a tension leg platform bridge, a submerged floating 

tunnel, and a floating bridge. Analysing the allision risks for these solutions necessitated the 

development of new and innovative models and methods. Accordingly, the following sections 

provide the background and motivation for this research. 

1.1 Background and motivation 

Over the past century, maritime traffic has increased substantially, both in terms of the number 

and the size of vessels. Simultaneously, the global road network has vastly expanded to 

incorporate numerous bridges spanning waterways. Reliable infrastructure is a cornerstone of 

economic growth, but bridge construction is costly; for example, the Öresund Bridge cost 44 

billion SEK1 (Persson and Rosengren, 2000), and the Francis Scott Key Bridge cost 8.3 billion 

SEK1 (New York Times, 1977). Although the rebuilding cost of the Francis Scott Key Bridge 

is not yet known, estimates range between 17 and 31 billion SEK (AP News, 2024; NBC4, 

2024). These figures are substantial, yet they represent only a fraction of the societal costs of a 

bridge failure, which are incurred when tens of thousands of vehicles are forced to take multi-

hour detours every day.  

 

 

 

1 Based on an average inflation of 3.75% to 2025 and an exchange rate of 10SEK/1USD. 
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One of the main objectives in risk analysis for bridges spanning navigational waters is to find 

an optimal balance between construction costs and survival of a potential ship-bridge allision. 

Such risk analyses are important for guiding infrastructure investments and enforcing safety 

measures. In practice, risk analyses are typically divided into an assessment of probability, 

which addresses how likely an accident is to occur, and an assessment of consequences, which 

evaluates the potential impact should an accident happen. Recent reviews of the methods for 

maritime risk analysis by Čorić et al. (2021), Galić et al. (2022), and Xiao et al. (2022) have 

highlighted that current methods for assessing allision probability are often based on theories 

developed by Fujii and Shiobara (1971), Fujii and Tanaka (1971), and Macduff (1974), and 

later extended by Pedersen (1995); however, when Fujii and Macduff pioneered the research 

field of maritime risk analysis, ship movements were typically estimated using radar image 

records. Svanberg et al. (2019) pointed out that the introduction of the Automatic Identification 

System (AIS) in the early 2000s and the subsequent availability of AIS data have opened up 

new possibilities for improving the accuracy of maritime risk assessments. However, the 

exploitation of the potential to capture ship failure statistics has been rather limited in the 

academic literature. 

Research on the consequences of ship-structure allisions started with the pioneer Minorsky 

(1958), who investigated the relationship between a ship’s kinetic energy and the deformation 

volume in ship-ship collisions. The structural deformation mechanism was further studied by 

Amdahl (1983), among others, and Pedersen (1995) subsequently developed the equations 

applied in maritime risk analysis. These consequence assessments have significantly advanced 

in the last decade, particularly through high-fidelity finite element analysis (FEA) models, as 

demonstrated by Le Sourne et al. (2012), Sha et al. (2019a), and Chen et al. (2024). A more in-

depth review of the state-of-the-art in the research fields of probability and consequences 

assessments is found in Chapter 2.   

Another aspect which has changed since Fujii and Shiobara (1971) and Macduff (1974) began 

assessing maritime accident probabilities is computational capacity. Moore (1965) predicted 

that computing power would double approximately every two years, and this trend has enabled 

the development of new and innovative methodologies for estimating the risk of ship allisions. 

As outlined above, risk assessments have traditionally been divided into two separate 

methodologies: one for estimating the probability of an accident, and another for assessing its 

consequences. Limited research has addressed integrating both aspects within a single, unified 

methodology. Thus, this research aims to advance the research field of probability assessment 

and to combine this advanced assessment with state-of-the-art ship-bridge consequence 

assessment into a single maritime risk methodology. 
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1.2 Aim and objectives 

The aim of this thesis is to contribute to the field of maritime risk analysis with a new 

methodology for assessing the risk of ship-bridge allisions. This aim is motivated by the large 

investments which bridge construction and maintenance entail, as well as the need to assess 

more complex risks. Three objectives for this research were formulated: 

(i) Develop methods which can quantify different types of ship failure events in terms 

both frequency and duration. 

(ii) Propose a methodology which uses ship failure events in a maritime probability 

assessment context. 

(iii) Combine the probabilistic methodology with a consequence model to assess the risk 

of allisions.  

1.3 Limitations 

The methodology presented in the thesis is restricted to the simulation of one ship at a time. 

This is a distinction and a limitation compared to other maritime risk models, which include 

ship-ship collision models.  

The methodology developed in this thesis utilises existing nonlinear FEA models. The aim is 

not to advance this type of analysis: instead, the main contribution is the integration of 

consequence and probability modelling into a single risk methodology. However, consequence 

is only addressed from a structural point of view; socioeconomic consequences and loss of lives 

are not evaluated in the proposed methodology.  

The methodology proposed in this thesis has been developed for maritime navigation. With 

some modifications (related to the autopilot and the event modelling), the proposed 

methodology is likely to work for inland waterways. However, in such cases, other types of 

failure would be important to consider, such as tight navigations and meeting/overtaking 

possibilities, which are not covered in this thesis.  

Emergency anchoring has not been analysed directly, and the proposed methodology does not 

include this as a risk control option. However, in areas where it is possible to anchor, the failure 

durations are shorter, and it is therefore indirectly included. 

1.4 Outline of the thesis 

The structure of the thesis is as follows: Chapter 2 presents an overview of the existing methods 

for estimating the risk of allisions. Chapter 3 presents the developed methodology to determine 

the risk of ship-bridge allision. Chapter 4 presents a brief summary of the case studies in the 

included papers with which the proposed methodology has been developed. The conclusions 

are presented in Chapter 5, followed by suggestions for future work in Chapter 6.  



4 

 

  



 

5 

2 Review of risk analysis methods connected to ship-bridge 

allisions 

This chapter presents an overview of existing methods used to estimate the risks of ship 

allisions. The primary focus is previous research on the probability of ship allisions; in addition, 

a holistic overview of selected state-of-the-art approaches for the consequences of allisions is 

provided. 

Čorić et al. (2021), Galić et al. (2022), and Xiao et al. (2022) conducted reviews on maritime 

risk models and concluded that most are based on Eq. (2.1), originally proposed by Fujii and 

Shiobara (1971) and Macduff (1974): 

𝑁a = 𝑁G × 𝑃C  (2.1) 

where Na is the expected number of accidents, NG is the number of candidates, and PC is the 

causation probability (also referred to as the “aberrancy rate” in some models). Since the 

introduction of Eq. (2.1), several extensions and refinements have been proposed in risk models 

published at International Association for Bridge and Structural Engineering (IABSE) 

conferences (Fujii, 1983; Laheld, 1983; Larsen, 1983; Pyman et al., 1983).  

In the 1990s, two major design codes were introduced: the Eurocode and the American 

Association of State Highway and Transportation Officials (AASHTO). These codes are 

discussed in Section 2.1. Thereafter, Section 2.2 provides an overview of previous methods 

used to quantify accident statistics; Section 2.3 presents methods using geometrical models to 

estimate allision probabilities; and Section 2.4 discusses simulation-based approaches are 

discussed. Finally, Section 2.5 presents a brief overview of selected methods for maritime 

allision consequence assessment. 

2.1 Bridge building codes and calculation of probability of allision 

Building codes exist to ensure that bridges are designed appropriately. The Eurocode (CEN, 

2006) and the AASHTO (AASHTO, 2009) both define building codes which are applied in 

bridge construction, and both include equations for assessing accidental loads resulting from 

ship-bridge allisions. The Eurocode defines the building standards of bridge construction for 

European countries, while AASHTO (2009) is not only applied to all bridges in the United 

States but also used in other parts of the world. The overarching equation is presented in Eq. 

(2.2), although the codes include additional details and supporting equations: 

𝐴𝐹 =  𝑁r,sc × 𝑃𝐴 × 𝑃𝐺 × 𝑃𝐶 × 𝑃𝐹 (2.2) 

where AF is equal to the annual frequency of bridge collapse, Nr,sc is the number of vessels on 

the route classified into different categories, PA is the probability of vessel aberrancy, PG is the 

geometric probability (for which it is recommended to use the length of the largest ship as the 

standard deviation in a normal distribution), PC is the probability of collapse due to a bridge 
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allision, and PF is an adjustment factor accounting for potential mitigation measures included 

in the fairway design.  

Similar to AASHTO, the Eurocode proposes Eq. (2.3) for estimating the probability that a ship 

will cause a bridge to collapse (CEN, 2006): 

𝑃f(𝑇)  =  𝑁r,sc × 𝑓𝑝 × 𝑇(1 − 𝑝a) ∫  𝑃{𝐹dyn(𝑧) > 𝑅}d𝑧

∞

0

 

(2.3) 

where Pf(T) is the probability of bridge collapse during the reference period T, Nr,sc is the annual 

traffic intensity on route r for ship category sc, fp is the failure probability per unit of travel 

distance, pa is a factor representing human intervention, z is the position where the failure may 

occur (and is integrated over the area in front of the bridge), Fdyn is the dynamic impact force 

from the allision, and R is the structural resistance. Although these codes contain slightly 

different elements, they can be regarded as extensions of the basic Eq. (2.1).  

These codes are widely used in engineering practice, though less so in academic research. Two 

examples of the latter are found in Guo et al. (2022) and Pan et al. (2024), who applied the 

AASHTO model to estimate the probability of ship allisions; they proposed using the actual 

distribution of passing ships, derived from AIS data, rather than relying on the length of the 

largest ship as the standard deviation of the distribution for the geometrical candidates. 

Additionally, Guo et al. (2022), who studied the Zhoushan-Daishan Cross-Sea Bridge in the 

East China Sea, emphasised the importance of including the effects of wind and current in areas 

where these have a significant influence on the navigation. Pan et al. (2024) highlighted another 

limitation with the Eurocode and the AASHTO: they were primarily developed for inland 

waterways with narrow navigational channels. Thus, limited information and guidance exist on 

how to apply them to bridges spanning open waters, and particularly to structures under which 

multiple ship categories pass.  

In addition to these studies, Braestrup (2012) used the Eurocode to estimate the design criteria 

for the existing Öresund Bridge between Sweden and Denmark; he concluded that more cost-

effective designs can be achieved through tailored risk analyses and that the Eurocode was too 

general. 
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2.2 Methods to identify failures and derive accident statistics 

Galić (2022) reviewed risk models used in academic research and found that many models build 

on the work of Pedersen (1995), who studied the risks of grounding, allision, and collision. One 

of Pedersen’s (1995) aims was to define the number of accident candidates, Na, in Eq. (2.1). He 

concluded that accidents could be categorised into four distinct categories: 

(i) The ship follows the intended route, but with too large an offset from the route centre. 

(ii) The ship fails to turn at a turning point. 

(iii) The ship performs an evasive manoeuvre due to the presence of another vessel and 

subsequently runs aground or strikes a structure. 

(iv) Other types of accidents, such as off-course ships or drifting vessels.  

These categories are illustrated in Figure 2-1. 

 
Figure 2-1. The four failure types which cause a ship to strike a structure or run aground, as described by 

Pedersen (1995). Figure reused from Paper II. 

Pedersen (1995) used the fault tree method to derive the causation factor in Eq. (2.1) for failure 

categories I and II, and he recommended supplementing this method with accident statistics 

from similar areas to calibrate this factor. However, the probabilities for the remaining 

categories were not explicitly derived, which Pedersen (2010) highlighted as an area requiring 

further research. The model was revisited in Pedersen et al. (2020), who suggested using the 

method proposed by Rasmussen et al. (2012) to obtain these statistics. Rasmussen et al. (2012), 

for their part, investigated the frequency and duration for accident category II and a subset of 

category IV accidents—specifically, loss of propulsion and steering machine failure—using 

statistics derived from AIS data and Vessel Traffic Service (VTS) reports. Few analyses with a 

similar aim to Rasmussen et al. (2012) have been found in the literature. 

Models building on Eq. (2.1), such as Pedersen’s model, rely on causation factors. A 

comprehensive summary of causation factors from various global locations is provided in the 

theory guide for the software IWRAP Mk II by Friis-Hansen (2008), with most of these factors 

found using local accident statistics. Since then, few similar datasets have been published, with 

notable exceptions including Rasmussen et al. (2012) and Sánchez-Beaskoetxea et al. (2021). 
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Rasmussen et al. (2012) studied accidents around the Fehmarn Belt between Denmark and 

Germany, while Sánchez-Beaskoetxea et al. (2021) analysed the occurrence of accidents in the 

United States related to human error in 1975–2017 and concluded that lack of trip planning or 

manoeuvre planning was the root cause of 18% of all cargo and passenger ship accidents. Other 

studies by Antão et al. (2023) and Dugan and Utne (2023) examined accident probabilities using 

global accident databases containing fleet data, and these studies concluded that human error is 

the most frequent cause of maritime accidents. However, the failure statistics were not clearly 

separated into categories, nor was the failure duration time compiled, both of which make it 

difficult to use these statistics in ship-bridge allision analysis.  

Closely related to this research on failure statistics and causation factors is the research area of 

real-time anomaly detection in maritime navigation. On this point, Laxhammar (2008) applied 

a combination of multivariate Gaussian mixture models and expectation-maximisation 

algorithms for real-time anomaly detection. More recently, Fan et al. (2024) integrated Kalman 

filtering into a safety potential field to generate early warnings for inland waterways. Other 

approaches have combined machine learning techniques with historical accident data to 

estimate accident probabilities (Fan and Yang, 2024; Gan et al., 2025; Kretschmann, 2020; 

Munim et al., 2024; Zhang et al., 2025). Rather than relying on historical accidents, Rong et al. 

(2024) used group clustering with AIS data to detect abnormal behaviour, while Korupoju et 

al. (2025) applied fuzzy logic to AIS data to estimate ship-ship collision probabilities. Others, 

such as Gan et al. (2025), have employed neural networks and graph theory to predict future 

maritime accidents. For their part Xue et al. (2025) used a leaky noisy-max mechanism in a 

Bayesian model to study ship accidents on the Yangtze River and concluding that enhanced 

surveillance and monitoring could reduce accident probabilities through more proactive 

decision-making. Finally, Kowalska and Peel (2012) proposed an active learning model to 

detect smuggling and terrorism. These types of models are primarily designed to warn an 

operator of an anomaly, rather than to estimate the frequency of rare events, and they often 

include false positives; nevertheless, these examples demonstrate the potential of large datasets 

and advanced analytics to support the development of improved methods for deriving failure 

statistics. 

2.3 Statistical models used to estimate maritime accident probability 

One software tool which builds extensively on Pedersen’s (1995) equations is the IWRAP Mk 

II (Engberg, 2017; Friis-Hansen, 2008). This software was developed in cooperation with the 

International Association of Marine Aids to Navigation and Lighthouse Authorities (IALA), 

and its use is recommended by the International Maritime Organization (IMO) for quantitative 

risk assessments (IMO, 2010). IWRAP Mk II was originally designed to assess the probability 

of collisions and groundings; in later versions, the allision probability was added, using the 

same equations as those applied to groundings. The software has been applied in several studies; 

for example, Cucinotta et al. (2017) used IWRAP Mk II to compare the effect of implementing 

versus not implementing VTS, and Ylitalo (2010) applied IWRAP Mk II to assess accident 

risks in the Gulf of Finland. Both studies concluded that the software produced results 
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consistent with historical accident statistics; however, Ylitalo (2010) also noted that the results 

were sensitive to the causation parameters, to how the user defined route layout, and to the 

parameter for mean time between checks.  

Hörteborn (2024) conducted a comprehensive comparison between IWRAP Mk II and the Open 

Maritime Risk Analysis Tool (OMRAT), an open-source implementation (Hörteborn, 2025) of 

the equations presented by Friis-Hansen (2008). The study investigated the sensitivity of 

various parameters and confirmed that the same equations used to estimate grounding 

probability were applied to estimate allision probability. The study concluded that different 

parameters had varying impacts on accident probability, depending on the model layout; 

therefore, it is not possible to state that one parameter is always most important to consider in 

IWRAP Mk II. 

Another software tool used to estimate maritime accident probabilities is SAMSON, developed 

by the company MARINE (Kulendorf et al., 2019). Although designed for use in the North Sea, 

SAMSON has also been adopted by the Canadian Coast Guard. A key difference between 

IWRAP Mk II and SAMSON is that the latter includes a small heading deviation in the miss of 

turning point accident type. In a recent comparison study, the probabilities of ship-ship 

collisions and ship allisions with offshore wind farms in the North Sea were analysed using 

both SAMSON and IWRAP Mk II in one analysis (ABL and MARINE, 2024). The results 

showed that both tools produced similar estimates, and while some collision types yielded 

slightly higher probabilities in IWRAP Mk II, others were higher in SAMSON. 

COWI (2008) proposed two models for estimating grounding probability in the Bornholmsgat: 

one for missed turns, and another for imprecise navigation. The missed-turn model is similar to 

that proposed by Friis-Hansen (2008), with the addition of a risk reduction factor, kRR. To 

estimate the probability of grounding, Px, due to imprecise navigation, COWI introduced Eq. 

(2.4): 

𝑃x = 𝑁g × (𝐷G(𝛿1) − 𝐷G(𝛿2)) × 𝑃C × 𝑘DC × 𝑘RR (2.4) 

where Ng represents the annual number of vessel passages; δ1 and δ2 denote the lower and upper 

bounds, respectively, of critical approach angles which could result in a grounding; DG is the 

geometrical distribution of vessel courses; and PC is the causation factor. The factor kDC is a 

distance compensation factor which accounts for the broader spread of DG at greater distances 

from the ground or structures compared to the narrower spread of DG closer to the ground or 

structure.  

2.4 Simulation models 

A variety of computer simulation models have been used to assess accident probability in the 

maritime domain for decades. This section briefly describes the three categories of models 

which are most relevant to the proposed methodology: Maritime Transportation System (MTS) 
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models, Maritime Autonomous Surface Ship (MASS) simulators, and Maritime Manoeuvring 

Simulators (MMS). 

MTS models simulate ships’ spatiotemporal positions using a simplified time-domain 

simulation without hydrodynamic effects, where vessels are moved based on a set speed and 

set course. A few variations of this model have been outlined. Ulusçu et al. (2009) used an MTS 

model to assess accident risks in the Strait of Istanbul. For this, traffic behaviour was obtained 

from the VTS data, local operators’ websites, and hydrological institutes, and they analysed 

risks of collision, grounding, ramming, sinking, and fire/explosion. The simulation was 

repeated 25 times to capture rare events, which were absent in some of iterations. Van Dorp 

and Merrick (2011) applied an MTS model to coastal areas on the west coast of the USA. In 

their work, ship routes were based on AIS data, and failure scenarios were based on expert 

judgement. The study performed a comparison of different scenarios and revealed that the 

model was not designed to produce absolute values, due to model simplification. Goerlandt and 

Kujala (2011) developed a similar approach using a dynamic maritime traffic simulator 

(DMTS), which also relied on AIS data and causation factors for the failure modelling. The 

DMTS used Monte Carlo simulation methods to simulate meeting situations and to estimate the 

probabilities of collision and grounding. Rasmussen et al. (2012) used the software ShipRisk to 

quantify the probability for the Fehmarnbelt Fixed Link project. This internal software was 

developed by Rambøll and appears to combine Pedersen’s (1995) model with MTS-style 

simulation. All these MTS models omit hydrodynamic forces, making them computationally 

efficient while simulating ships without failures; however, they are not suitable to analyse ships 

with failures where the environment dictates the ship movement.  

To support MASS voyage planning, more complex simulations are required than MTS 

simulations. To this end, MASS simulators incorporate hydrodynamic forces in three degrees 

of freedom (DOF). Xue et al. (2011) used a three-DOF simulator (surge, sway, and yaw) with 

a potential field method for automatic collision avoidance and autonomous route planning. 

Although oscillations occurred in tight situations, the model was deemed suitable for 

autonomous navigation; nevertheless, the authors concluded that it lacked the experience and 

knowledge of human mariners, and much work was still required before it would resemble 

human navigation. Wind and current effects were absent in the model proposed by Xue et al. 

(2011), but these were later included by Johansen et al. (2016), who demonstrated that control 

behaviours could be tuned for a wide range of scenarios. Shen et al. (2019) implemented a deep 

Q-learning model for automatic collision avoidance in multi-ship scenarios; in addition to the 

simulations, they validated their Q-learning model using three self-propelled ships in a test 

basin. The results were consistent across both environments, and the authors suggested that it 

was sufficient to test future mathematical models in the simulator. The MASS research field 

has expanded rapidly in the past decade, with numerous studies proposing different approaches 

to solving collision avoidance (Liu et al., 2022; Ugurlu and Cicek, 2022; Wang et al., 2024a). 

The models developed for MASS simulation could be suitable for analysing the allision 

probability; however, limited research has been found where the MASS suffered from any 

failure during the simulation.  
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MMS are widely used for the training of maritime officers, particularly in confined waters and 

ports where manoeuvring is complex. These simulators prioritise accurate hydrodynamic 

modelling in four to six DOF, to replicate realistic ship behaviour. MMS are also used in risk 

assessments for port and fairway design, aiding in defining operational limits (e.g., number of 

tugboats required for birthing under various weather conditions) (Chen et al., 2018). Weber et 

al. (2019) used the web-based version of the simulator Seaman OnlineTM (RISE, 2025) and 

found it to be an effective tool for teaching ship behaviour in diverse sea conditions. Several 

major manufacturers—including Transas (now Wärtsilä), Kongsberg, and Rheinmetall—

participated in the European Maritime Simulator Network (EMSN) (Poschmann and Wilko, 

2017). In addition to accurate modelling of hydrodynamic properties, MMS also offer the 

possibility to visualise allision scenarios in a 3D environment. 

In summary, the different models serve different purposes. The lowest-fidelity simulation 

models in this review (MTS and DMTS) include various failure types, but the implementation 

details, frequency, and durations of these failures are often unclear; while these models are fast 

to run, they cannot simulate ship manoeuvring during turns or speed changes, due to the absence 

of hydrodynamic calculations. MASS simulators incorporate more advanced hydrodynamic 

models but are not typically designed to simulate the failure modes experienced by conventional 

ships. Full-mission MMS offer high-fidelity modelling, including hydrodynamic and failure 

modes. However, as noted by Chen et al. (2018), MMS are costly to rent and time-consuming 

to operate, as they often require real-time simulation; both drawbacks have traditionally limited 

their scalability to scenarios which require thousands or millions of runs. Combining the fast 

simulations for MASS simulators and MTS models with the capabilities of an MMS is an 

interesting path with which to analyse the probability of allisions. 

2.5 Consequence models 

One of the pioneers in the domain of consequence assessment of ship-structure allision was 

Minorsky (1958), who studied ship-ship collisions to establish safety standards for protecting 

nuclear power plants. Based on accident reports from the coast guard, he found that the volume 

of deformation in the ships involved in a collision was related to their kinetic energy. Since 

then, numerous analytical and semi-analytical methods for analysing structural integrity and 

crashworthiness consequences have been developed based on Minorsky’s work. Most recent 

studies use nonlinear FEA to model the complex hydro-mechanical coupling effects. Typically, 

consequence modelling in collisions and allisions consists of two major components: external 

dynamics and internal mechanics. For the latter, Haris (2013) proposed dividing the study of 

internal mechanics into three categories: 

• Experimental studies, where physical tests are used to develop several simplified 

models which align with the empirical results. For examples, Amdahl (1983) conducted 

a few full-scale measurements to understand the energy absorption in oil platforms, and 

Tabri et al. (2008) performed model tests of ship-ship collisions.  
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• Simplified analytical models, which are generally fast and cost-effective, making them 

suitable for risk analysis. These models were first introduced by Minorsky (1958) and 

further developed by Zhang et al. (2017) and Pedersen et al. (2020). Energy dissipation 

is estimated based on the volume of damaged material in the ship’s bow structure.  

• Numerical simulations, which typically use FEA solvers such as ABAQUS (Abaqus, 

2023) and LS-DYNA (Ansys, 2024). 

Pedersen’s extensive research over the last half century (Petersen and Pedersen, 1981; Pedersen 

and Jensen, 1991; Pedersen et al., 1993; Pedersen, 1995; Pedersen and Zhang, 1998; Pedersen 

et al., 2020) has demonstrated the feasibility of combining analytical, semi-analytical, and FEA 

methods in ship collision and allision analyses. Some of these studies have also shown that 

simplified analytical expressions can effectively represent internal energy dissipation during 

ship-ship collision events. Furthermore, Zhang et al. (2017) compared physical trials with 

Pedersen’s equations and found strong agreement between the theory and the physical tests. 

Understanding how two bodies crash and deform is a key topic across disciplines. Le Sourne et 

al. (2012) described how Mitsubishi developed a collision module (named MCOL) within in 

the FEA solver LS-DYNA to model both internal mechanics and external dynamics. Le Sourne 

et al. (2012) extended this to maritime applications by developing the software SHARP, which 

enables detailed assessments of structural integrity consequences in consideration of 

hydrodynamic-mechanical couplings. In connection with the Norwegian E39 fjord crossing 

project, consequences of ship-bridge allisions have been studied extensively (Sha et al., 2021, 

2019a, 2019b; Sha and Amdahl, 2019; Wang et al., 2023). Sha et al. (2019a) simulated local 

structural damage using LS-DYNA and combined global dynamic bridge responses using 

USFOS software (Søreide et al., 1993). Wang et al. (2023) continued this research using 

OrcaFlex software (Orcina, 2022) to analyse ship-bridge allisions under wind and wave 

conditions; their study concluded that while wind and wave loads significantly affect the 

structural integrity in an allision, the location and the angle of attack have an even greater effect 

on the result.  

Combining internal mechanics with external dynamics is often referred to as coupled 

simulation. As illustrated by Márquez et al. (2022), ship hydrodynamics have a major influence 

on the forces in ship-ship collisions. Internal mechanics require detailed modelling of the impact 

area, while external dynamics require simulation of the entire vessel. Varying mesh sizes can 

be used in coupled simulations, to reduce computational demands (Rudan et al., 2019). 

Although most examples in the literature have focused on ship-ship collisions, coupled 

simulations have also been applied to analyse the consequences of ship-floating offshore wind 

turbine allisions (Ladeira et al., 2023; Márquez et al., 2022; Ren et al., 2022) and ship-bridge 

allisions (Sha et al., 2021, 2019a, 2019b, 2019c; Sha and Amdahl, 2019). These combined 

simulations seem to be state-of-the-art and thus suitable for use in the consequence assessment 

of ship-bridge allisions. Specifically, Larsen (1993) illustrated how the force decreases with the 

height of the impact area, as it requires less force per meter to deform the top floor than the ship 

deck; therefore, it is important to distinguish between the probabilities of ship-girder (bridge 
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deck) allisions and ship-pontoon allisions. Sha and Amdahl (2019) studied ship-girder allisions 

and came to the same conclusion as Larsen (1993), namely that the upper decks of the ship 

superstructures are generally weaker than the lower decks and the bridge girder. However, as 

regards ship-girder allisions, which structure (i.e., the bridge or the ship superstructure) is 

deformed depends most on the material and the design of both the bridge and the ship. A real-

world example is the ship KAREN DANIELSEN, who struck the west part of the Great Belt 

Bridge in 2005 and completely tore off the ship superstructure (BMA and DDIMA, 2005). 

Finally, a sensitive aspect of FEA simulations is user assumptions. Ringsberg et al. (2018) 

conducted a benchmark study involving 15 experienced research groups and the simulation of 

an indenter impact experiment on a ship-side shell structure. The study revealed some scatter 

in the results regardless of whether ABAQUS or LS-DYNA was used, which highlights the 

influence of user assumptions. Chen et al. (2024) reached a similar conclusion when comparing 

different FEA methodologies. Furthermore, it is important to note that factors such as impact 

angle, material degradation, ship speed, and ship design significantly affect the amount of 

energy transferred to the structure during an allision; therefore, a holistic approach to 

conducting risk assessments may be more appropriate for the consequence assessment. In 

addition, it would be valuable to examine whether integrating several detailed consequence 

assessments could serve as a robust approach for approximating outcomes across a range of 

allision scenarios. By compiling results from diverse case studies, it may be possible to capture 

a broader variability and to improve the accuracy of consequence predictions. Such an approach 

could enhance risk assessments and create both a more resilient design and better mitigation 

strategies. 
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3 Methodology 

The proposed methodology is labelled as Ship Traffic Allision Probability using Monte Carlo 

Simulations – consequence (STAPS-cons). The basic idea of this methodology is the running 

of manoeuvring simulations of failure events for ships in “fast-time mode” to determine the risk 

of ship allision. However, before any simulations are conducted, it is important to understand 

why these failure events occur; therefore, capturing local ship failure statistics is an important 

step of the methodology. STAPS-cons can be divided in four steps, illustrated in Figure 3-1. 

 
Figure 3-1. Overview of the methodology steps in STAPS-cons. 

The methodology has been developed in the studies outlined in the four appended papers. 

Papers I, II, and III primarily focus on the probability of an accident and the development of 

STAPS; Papers I and III also demonstrate the possibility to quantify mitigation actions with the 

methodology. In Paper IV, the methodology is extended to also include the consequences of an 

allision; this extended version of the methodology is referred to as STAPS-cons. Figure 3-2 

highlights some keywords from each paper and the connections between the papers.  

 
Figure 3-2. Connection between the included papers. 
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The proposed STAPS-cons methodology, developed across the four appended papers, is 

described in the upcoming sections of this chapter: 

• Section 3.1 outlines how AIS data have been structured to support the development of 

the methodology. 

• Section 3.2 explains how AIS data are used to derive failure statistics, which are 

categorised into two types: passive failures, presented in Paper I; and active navigational 

failures, presented in Paper II. 

• Section 3.3 describes the transition from historical failure data to the estimation of ship-

bridge allision probabilities, which is applied in Papers I, III, and IV. 

• Section 3.4 presents how the consequences of allisions are included in the methodology 

to form a risk analysis framework, demonstrated in Paper IV. 

• Section 3.5 provides a summary of the data, tools, and models used throughout the 

thesis, clarifying the distinction between original work and supporting resources. 

3.1 The use of AIS data 

The foundation of the proposed methodology is good availability of AIS data. Since the 

introduction of AIS in 2002, all Safety of Life at Sea (SOLAS) ships have been required to 

transmit AIS messages (IMO, 1998). Ships equipped with an AIS-A transponder transmit two 

types of AIS messages: a dynamic message and a metadata message. Each ship issues a dynamic 

message at intervals of 2–10 seconds (depending on the ship’s speed and rate of turn) and a 

static message every 6 minutes (ITU-R, 2014). The dynamic message contains information 

including the Maritime Mobile Service Identity (MMSI) number, ship position, speed, course, 

heading, rate of turn, and navigational status; the static message includes information regarding 

the MMSI number, ship draft, type of ship, estimated time of arrival, destination, IMO number, 

and antenna position. 

In this thesis, AIS dynamic messages have been used both as “single points” and as 

“trajectories”. The latter are obtained by combining multiple single points into trajectories, as 

illustrated in Figure 3-3 (where 12 fictional AIS position reports are combined into 3 

trajectories). Guo et al. (2024) analysed eight different methods for generating trajectories from 

AIS points and concluded that the top-down kinematic compression method was the most 

effective; accordingly, a similar approach is used in this thesis. This method of combining 

messages has several advantages compared to using single points: first, it reduces the volume 

of data stored in the database; and second, missing data points are less likely to cause 

inconsistencies with jumping data points, something which Liu et al. (2023) and Yan et al. 

(2022) have highlighted as an issue with AIS data. The lines in Figure 3-3 represent AIS 

messages with similar speed over ground (SOG) and course over ground (COG); in the figure, 

the red and blue lines share the same COG but differ in their SOG, while the green line on the 

right represents messages with both a different COG and SOG from the red. 
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Figure 3-3. Illustration of how AIS position reports are converted to trajectories. 

Figure reused from Hörteborn (2021). 

The AIS data used in this research are continuously streamed from various sources and stored 

as encoded text, with a timestamp, in text files. The generated AIS trajectories used in the 

analysis are stored in an in-house PostgreSQL database with the spatial extension PostGIS. 

Data selection from the database was performed using structured query language (SQL), while 

data analysis and visualisation were carried out using Python and QGIS. 

The advantage of AIS data is that it is continuously broadcasting to any receiver, which enables 

extensive studies of ship traffic over large areas and long time periods. This represents a major 

advancement in available data since Fujii and Shiobara (1971) and Macduff (1974) initiated 

this field of research. AIS data is limited, however, in that it only includes spatiotemporal data: 

it does not capture onboard machinery status or the verbal communication between ship bridges. 

Such data are typically recorded, but they are stored locally on the ship in the voyage data 

recorder. 

3.2 Capture of failure statistics 

As outlined in Figure 3-1, the first input for the proposed methodology is local failure statistics, 

collected from AIS data close to the case study area. In the context of this thesis, the term 

“failure” refers to unintended events experienced by ships; while undesirable, these are 

frequently resolved before escalating to accidents (such as groundings or allisions). To find 

these events, trajectories from several years of AIS data are used to filter out and identify 

“failure candidates”. Then, the original single-point data for these candidates are retrieved, and 

ship contours are added; these contours are then manually analysed spatiotemporally using the 

QGIS software. Through this combination of trajectory and ship contour analysis, five types of 

failures have been identified, which were summarised in Paper III as: 

1. Loss of propulsion: The ship is drifting with the environment, and its propeller(s) is set 

to 0 rpm. There is a 50/50 chance of continuing use of the rudder(s) to manoeuvre in a 

limited manner (even if some ships alter their rudder(s) during a loss of propulsion, their 

efficiency is decreased). Could cause a category IV accident (see Figure 2-1). 

2. Loss of steering: The ship makes a sharp turn by setting its rudder(s) to full 

port/starboard and the propellers(s) to 0 rpm. Based on the studied failure, it is assumed 

to have a faulty control system and reduces its speed. Could cause a category I or IV 

accident (see Figure 2-1). 
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3. Miss of turning point: The ship continues straight ahead instead of turning where 

required. This failure type also includes a ship which attempts to find its way back to 

the normal path. This is similar to accident category II (see Figure 2-1). 

4. Wrong course at a turning point (WCT): The ship turns at the correct location but 

sets the wrong course. Could cause a category I or IV accident (see Figure 2-1). 

5. Turn at the wrong location (TWL): The ship makes an active turn at a location which 

puts it at risk of an accident. Could cause a category I or IV accident (see Figure 2-1). 

While Figure 2-1 describes accident paths as categorised by Pedersen (1995; 2020), Figure 3-4 

illustrates failure types which could potentially lead to accidents.  

 
Figure 3-4. Examples of a sailing fairway, passing one island and three structures (A, B, and C). Paths of the 

five failure types are shown, to illustrate how each could result in an allision. Figure reused from Paper III. 

Failure types loss of propulsion, loss of steering, and miss of turning point are considered 

passive failures and are further described in Paper I; WCT and TWL are considered active 

navigational failures and are further described in Paper II. Generally, the failure types loss of 

propulsion and loss of steering were identified by comparing the COG and heading of all 

trajectories in an area; those differing by more than 20 degrees were manually observed. This 

manual inspection included an extended analysis of the vessel’s journey, the prevailing weather 

conditions, destination, and estimated time of arrival. Most of the identified vessels were 

engaged in slow steaming or exhibited prolonged low-speed phases, resulting in significant drift 

angles. However, a subset of cases revealed more distinct failure behaviours, wherein vessels 

maintained normal speed, experienced temporary drifting, and subsequently resumed typical 

operation. In a few instances, ships deviated from the fairway and anchored, indicating potential 

loss of control or navigational anomalies. 

The workflow for identifying the failure types miss of turning point, WCT, and TWL are 

presented in Figure 3-5. 
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Figure 3-5. Workflow for quantifying the failure types miss of turning point, WCT, and TWL.  

Figure reused from Paper II. 

In order to determine where to place the passage lines for identifying WCT and TWL failures, 

accident and incident reports were analysed to understand how previous cases developed. If 

these lines are placed too close to the traffic lane centre, too many candidates are identified, 

making the manual analysis of their behaviour overwhelming; however, if the lines are placed 

too far off from the centre, too few candidates are identified, and potential failures may be 

missed. Therefore, an iterative approach to placing these passage lines is important, so as to 

balance sensitivity and workload. An example of how these passage lines could be drawn is 

illustrated in Figure 3-6. 

 
Figure 3-6. Passing lines and one active navigational error for the Storstrømsbron. Figure reused from Paper II. 

Failure duration is another important aspect of the STAPS methodology (in Paper III, the 

terminology “repair time” was also used for failure duration). Durations were measured using 

the AIS point data from the timestamp prior to the initiation of the failure event to the timestamp 

when the ship was deemed “under control” (which was defined as either back en route or safely 
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anchored). For the failure types loss of propulsion, loss of steering, WCT, and TWL, durations 

were fitted to a lognormal distribution, while for miss of turning point, durations were fitted to 

a normal distribution. 

The overall conclusion is that each geographical area is unique. For example, areas with shallow 

waters increases the grounding probability, but they also enhance situational awareness and see 

reduced duration of failures, as the crew is more alert. As a result, both the probabilities and the 

durations—especially for miss of turning point and for active navigational errors—have limited 

applicability outside the specific areas in which they occurred. This highlights the importance 

of using location-specific data when conducting risk assessments.  

3.3 Capture of probability of ship-bridge allisions 
In the research presented in this thesis, the Seaman simulator, a proprietary extension of PYSIM 

(sspasweden, 2020), is used as an MMS. It utilises the Odeint solver from the Boost library 

(Ahnert and Mulansky, 2024) to solve hydrodynamic differential equations. The simulations 

are conducted in the time domain using a fourth-order Runge-Kutta method. Ships are simulated 

with an autopilot system controlling the rudder and engine to follow a predefined route at the 

correct speed. Prior to the introduction of any failure, the simulation is run under normal 

conditions to ensure that the ship can follow the intended route in all-weather conditions. Figure 

3-7 illustrates the key concepts and how they are connected in the STAPS-cons methodology. 

 
Figure 3-7. A schematic of the simulation methodology in STAPS. 
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3A. AIS data is generated and transmitted from ships as point data, then translated into 

trajectories using the method described in Section 3.1. 

3B. Both the point data and the trajectories are used to identify and quantify failures, as 

described in Section 3.2. 

3C. The behaviour of ships with failures is implemented in the ship model logic. 

3D. The failure frequency and the duration distribution are used to generate input 

parameters. 

3E. The route layout (i.e., coordinates for simulated ships) is drawn by the user. 

3F. AIS trajectories are used to obtain normal traffic data, including which ship categories 

to simulate. 

3G. The number of ships, their speeds, and their lateral distribution over the route are 

determined. 

3H. Weather statistics (winds, waves, currents) from the area are included in the generation 

of input parameters. 

3I. The parameter “Years to simulate (Yrep)” determines how many repetitions of the traffic 

should be used in the simulation. 

3J. Ship definitions are added. 

3K. Input parameters are generated using the Monte Carlo simulation technique, creating 

millions of variations of start settings to run. 

3L. Chart data, including bathymetry and bridge layout, are added. 

3M. Simulations are executed for multiple processes. 

3N. After simulations are completed, the Yrep parameter is checked with Eq. (3.4). 

3O. Different risk mitigation options are evaluated. 

3P. Options in 3O could include alterations of the route layout. 

3Q. Other options in 3O could also include changes directly influencing the generation of 

input parameters, such as speed limitations or traffic control. 

3R. Recommendations are provided based on the analysis. 

The number of simulations to be run depends on several parameters, which are summarised in 

Eq. (3.1) and detailed in Eq. (3.2) and (3.3). Each combination of ship category (sc), route (r), 

and failure type (ft) is combined into sets, and the number of simulations is estimated using Eq. 

(3.2) and Eq. (3.3). 

𝑁sim =  ∑ ∑ (∑ 𝑁ft,sc,r
sim

1,2,5

ft

+ ∑ 𝑀ft,sc,r
sim

3,4

ft

)

no.  r

r

no.  sc

sc

 

(3.1) 

The estimation process is divided between two groups: failures initiated prior to a turning point 

(miss of turning point and WCT), and other failure types initiated at regular intervals along the 

route (loss of propulsion, loss of steering, and TWL). For the latter group, where failures are 

evenly spaced, the number of simulations in each set Nsim
ft,sc,r is estimated by Eq. (3.2): 
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𝑁ft,sc,r
sim = 𝑁r,sc × 𝑃ft × (

𝐿r

𝑣sc
) × 𝑌rep 

(3.2) 

where Nr,sc is the estimated number of ships on route r in ship category sc, Pft is the failure 

frequency (expressed in failures per hour; unique for each failure type), and Yrep is the number 

of repetitions of one year’s traffic represented in the simulation. The distance between starting 

positions along the route is given by Nsim divided by the route length Lr. 

For failures that occur at planned turning points, the number of simulations Msim
ft,sc,r is estimated 

by Eq. (3.3): 

𝑀ft,sc,r
sim = 𝑁r,sc × 𝑃ft × 𝑁turns,r × 𝑌rep (3.3) 

where Nturns,r is the number of turns per route. 

Once the number of simulations is determined, large sets of input parameters are generated 

using a Monte Carlo simulation technique. Each simulation receives a unique set of input 

parameters based on their respective distributions in the Monte Carlo simulation; these 

parameters are then used by the simulator’s autopilot to control the ship during the simulation. 

The simulation is terminated when the failure duration runs out or the ship runs aground or 

strikes a structure. A 15-minute voyage takes less than a second to complete in “fast-time mode” 

and voyages can be run in parallel, enabling millions of simulations to be completed within a 

few hours. All data for involved ships are stored and can be analysed further. 

Still, the generation of input parameters in the Monte Carlo simulation method introduces 

randomness into the results. To mitigate this, the value of Yrep in Equations (3.2) and (3.3) can 

be increased. A threshold is defined to determine an adequate Yrep, such that the spread in the 

“expected number of allisions during the design period”, A, should be less than 5% based on 

three realisations (i) of the input parameters, as expressed in Eq. (3.4).  

0.95 ≤
𝐴i

𝐴1 + 𝐴2 + 𝐴3

3

≤ 1.05 for i ∈ {1,2,3} 
(3.4) 

A maximum of 5% difference between three seeds was found to be a good balance between 

number of simulations and accuracy. To ensure that these realisations of parameters are both 

random and repeatable, a NumPy RandomState object was utilised; Harris et al. (2020) 

explained that this object guarantees that fixating the seed will return the same pseudorandom 

values from a wide range of distributions. 

3.4 Capture of consequence analysis of ship-bridge allisions 

The consequences of a ship-bridge allision can be quantified in different measures, such as the 

amount of energy transferred in the allision, the lives lost, or the rebuilding cost. These 

quantities are all important to consider; however, the focus in this thesis is on energy. In Paper 
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I, only the kinetic energy of the ship prior to impact is considered. In Paper IV, the consequence 

analysis is extended to also include the allision and how energy is transferred from the striking 

ship’s initial kinetic energy. The initial kinetic energy is simplified in Eq. (3.5): 

𝐾 =
(𝐷sc + 𝐴11sc)  × 𝑢2

2
+

(𝐷sc + 𝐴22sc)  × 𝑣2

2
 
(3.5) 

where Dsc is the displacement of the ship, u is the forward speed, v is the lateral speed, A11sc is 

the added mass in longitudinal direction, and A22sc is the added mass in the lateral direction. 

The worst allision simulated in Paper I—i.e., the one with the highest kinetic energy—is 

assumed to occur once every Yrep years, and the second worst (or worse) is assumed to occur 

twice within Yrep years. Based on this logic, the worst allision can be determined for any given 

probability (assuming that Yrep is sufficiently large). 

The consequence assessment in the STAPS-cons methodology uses multiple models, requiring 

three different coordinate systems. The simulator uses a global coordinate system (X, Y). For 

pontoon allisions, a coordinate system aligned with pontoon orientation (rotated by γ1, relative 

to the X, Y coordinate system) is used. Finally, to distinguish between sliding and head-on 

allisions, a third coordinate system aligned with impact surface (rotated γ2, relative to the surface 

coordinate system) is used. These systems and the angles β and α are illustrated in Figure 3-8. 

 
Figure 3-8. The three coordinate systems used in STAPS-cons. The green arrow indicates the ship’s direction. 

(X, Y) is used in the MMS model; (xpontoon, ypontoon) is used to calculate the β angle for pontoon allisions;  

(xsurface, ysurface) is used to calculate the sliding allision angle. Figure reused from Paper IV. 

Following the division in Wang et al. (2024b), the ship’s kinetic energy just before it hits a 

structure K0 is divided into seven components after the allision, as shown in Eq. (3.6): 
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𝐾0 = 𝐾𝑝𝑜𝑠,𝑠ℎ𝑖𝑝 + 𝐾𝑝𝑜𝑠,𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 + 𝑊ℎ𝑦𝑑,𝑠ℎ𝑖𝑝 + 𝑊ℎ𝑦𝑑,𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 +  𝐸𝑖𝑛𝑡,𝑠ℎ𝑖𝑝

+ 𝐸𝑖𝑛𝑡,𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒  + 𝑊𝑓𝑟𝑖 

(3. 6) 

where Kpos is the remaining kinetic energy in the ship/structure post-allision, Whyd is the work 

done by the hydrodynamic forces of the ship/structure, Eint is the internal structural deformation 

energy in the ship/structure, and Wfri is the work done by friction forces. 

In the case of oblique or sliding allisions, the remaining energy in the ship, Kpos,ship, is estimated 

using the Eurocode (CEN, 2006), which defines lateral impact angle as those with an angle α 

(se Figure 3-8) below 45°, given in Eq. (3.7): 

𝐾pos,ship = {
𝐾0 × cos (𝛼), 𝛼 < 45

0, 𝛼 ≥ 45
 

(3. 7) 

The remaining energy components in Eq. (3.6) are estimated using nonlinear FEA for a few 

selected cases; these components are assumed to be directly obtained from the FEA simulations. 

While this thesis does not include modelling of bridge structures or the execution of FEA 

simulations itself, it focuses on the integration of results derived from such models. Paper IV 

uses simulations from Jin et al. (2020), which are based on a decoupled sequential local and 

global FEA simulation methodology described by Sha et al. (2019a). The model includes all 

major structural components, including the outer panels, decks, bulkheads, frames, and 

stiffeners, as illustrated in Figure 3-9. 

  
Figure 3-9. (Left) The FE model of the ship and the pontoon, and (right) the FE model of the ship deckhouse 

and bridge girder. The different colours represent different materials in the FE models. Figure reused from Paper 

IV. 

The internal structural deformation energies (𝐸𝑖𝑛𝑡,𝑠ℎ𝑖𝑝 and 𝐸𝑖𝑛𝑡,𝑏𝑟𝑖𝑑𝑔𝑒), the friction energy 

(𝑊𝑓𝑟𝑖), and a force-deformation curve are calculated in the local FEA simulation; this curve is 

then used in the global FEA simulation, where the bridge is modelled as a generalised beam to 

represent its global structural stiffness. The global simulation yields the kinetic energies of the 

bridge after the allision (𝐾𝑝𝑜𝑠,𝑏𝑟𝑖𝑑𝑔𝑒 ) and the hydrodynamic work forces (𝑊ℎ𝑦𝑑,𝑠ℎ𝑖𝑝 and 

𝑊ℎ𝑦𝑑,𝑏𝑟𝑖𝑑𝑔𝑒). In Sha et al. (2019a), the local simulation was also performed before the global 

simulation, which is justified by the long natural period of the bridge. While including global 

boundary conditions in the local model would improve accuracy, the added complexity and 
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computational cost are not considered worthwhile. In any case, the STAPS-cons methodology 

can use results from any FE software and modelling techniques. 

Once all terms in Eq. (3.6) are known, an additional matrix of FEA simulations is required to 

determine the maximum capacity for each structure. This capacity is defined in two parts: a 

local maximum capacity (Cl, in MJ), and a global maximum capacity (Cg, in MJ). If either of 

these capacities are exceeded, the structure is assumed to collapse. The total number of 

collapses (Ncollapse) over Yrep years is calculated using Eq. (3.8): 

𝑁collapse = ∑ {
1 𝐸int,bridge𝑖

> 𝐶l 𝑜𝑟 (𝐾pos,bridge𝑖
+ 𝑊hyd,bridge𝑖

) > 𝐶g 

0 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

no.  allisions

𝑖=1

 (3.8) 

The ability to analyse allision risk against a bridge design criterion is a central feature of the 

proposed methodology. According to the Norwegian national annex to the Eurocode (which 

has no equivalent in the Swedish or Danish annexes): 

“The occurrence and consequence of accidental loads are usually related to a 

specific risk level. To the extent that the accidental load can be determined using 

probability calculations, the probability of events that are disregarded in the 

analysis should not exceed 10⁻⁴ per year.” (Statens Vegvesen, 2014, p. 75).  

This implies that a bridge must withstand all allisions with a probability of occurrence greater 

than once every 10,000 years. By identifying the 100th worst allision in a simulation with Yrep 

set to 106, the STAPS-cons methodology can be used to determine this design threshold. 

Furthermore, together with the design criterion, the expected number of structural collapses can 

help structural engineers define Cl and Cg for the structure. This design criterion could also be 

used in sensitivity analyses to examine how input parameters affecting both the probability and 

consequence assessments could be analysed.  

3.5 Overview of data, methods, and uncertainties 

Although the methodology has been described throughout this chapter, an overview is provided 

here to clarify the technical components used and to distinguish between original contributions 

and supporting resources. 

The core methodological development in this thesis is the STAPS-cons framework, which 

combines probabilistic modelling, failure statistics, and consequence analysis into a unified 

approach for assessing ship-bridge allision risk. This framework was designed, implemented, 

and validated as part of the research presented in Papers I–IV. 

AIS data were primarily acquired from the Swedish Maritime Administration and the 

Norwegian Coastal Administration. The data are stored incessantly at RISE, and records from 

2006–2024 have been used in this research. The data were processed using scripts developed 
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in-house to unpack and load trajectories into a PostgreSQL database with the PostGIS 

extension. Custom scripts were also developed to filter trajectories, identify failure events, and 

classify the latter into five distinct types. The statistical treatment of failure frequency and 

duration was developed within the scope of this work, combining automated processing with 

manual inspection. 

Ship manoeuvring simulations were carried out using Seaman’s 2D time-domain simulator. 

While the simulator itself has been developed over several decades at SSPA and RISE, all 

simulation scenarios, parameter selections, and result interpretations were designed and 

executed within the scope of this research. The simulator was operated in fast-time mode to 

enable large-scale Monte Carlo simulations, which were essential for estimating the accident 

probabilities. 

Consequence modelling was supported by pre-existing nonlinear FEA of ship-bridge allisions. 

Although the FEA simulations were not performed as part of this work, results from previous 

studies were integrated into the STAPS-cons framework; this included the use of energy-based 

collapse thresholds and probabilistic consequence modelling, which were adapted and applied 

to support the overall risk estimation. 

The use of multiple input sources in this methodology entails uncertainties. Uncertainty related 

to the number of ships en route has a linear correlation with the probability of allision. The 

layout of the area (including structures and routes) has a major impact on how much influence 

the remaining input parameters have on the allision probability. A simple example is layouts 

without any routes pointing towards a structure; in such cases, the allision probability is 

unaffected by changes in the frequency and duration of the failure types miss of turning point 

and WCT (and the uncertainty in these parameters). For other layouts, uncertainty in these 

parameters may have a major influence on the allision probability. The failure frequency has a 

linear correlation with the number of failures caused by that failure type; however, the duration 

of failure has a more complex correlation with the allision probability, and the uncertainty of 

this parameter should be carefully investigated for each layout. Furthermore, there may be 

considerable uncertainty regarding how future ship traffic will pass a structure. With respect to 

the consequences of an allision, uncertainty in ship displacement has a linear influence on 

kinetic energy, while uncertainty in ship speed (drifting or powered) has a quadratic influence. 

Additionally, uncertainties in ship design and material degradation may also influence the 

probability of collapse. 

This overview clarifies the methodological boundaries between original work and external tools 

and data sources. The integration of these components into a novel and operational risk 

assessment framework represents a central contribution of the thesis. Compared to other 

frameworks, STAPS-cons has reduced uncertainty related to hydrodynamic effects, impact 

location, and impact direction.   
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4 Summary of appended papers 

The failure statistics are a key part of this research; therefore, they are the specific focus of the 

first section of this chapter (Section 4.1), which looks at the failure statistics from each of the 

four appended papers. This is followed by four sections, each presenting a summary of a paper 

and a brief presentation of the case studies analysed in that paper. 

4.1 Summary of the failure statistics obtained 

In Paper I, 153 passive failures were identified in the Great Belt VTS and the TSS 

Bornholmsgat, utilising the method described in Section 3.2. The same methodology was used 

in Paper III, which identified 61 passive failures in the area surrounding Halsafjorden. Active 

navigational failures were only studied in Paper II; here, 17 failures were identified based on 

AIS data, another 15 were identified from incident reports, and 11 failure tracks were found in 

accident reports. 

The frequencies of the failure types loss of propulsion, loss of steering, and TWL were 

calculated by dividing the number of events by the number of sailing hours, while the 

frequencies of the failures miss of turning point and WCT were calculated by dividing the 

number of failures by the number of ships making the assessed turn. The frequencies of the 

passive failure types, along with the Danish data in Rasmussen et al. (2012), are presented in 

Table 4-1, and the frequencies from the active navigational errors are presented in Table 4-2.  

Table 4-1. Summary of the frequencies of passive failures, together with the frequencies in a case study 

presented in Rasmussen et al. (2012). 

Failure category Great Belt VTS TSS Bornholmsgat Halsafjorden Rasmussen et al. (2012)  

Loss of propulsion 0.6510-4/hour 0.9110-4/hour 1.1710-4/hour 1.510-4/hour 

Loss of steering 0.03810-4/hour 0.09210-4/hour 0.2110-4/hour 0.6310-4/hour 

Miss of turning 

point 

1.5510-4/turn 2.1010-4/turn - 2.510-4/hour 

 

Table 4-2. Summary of the frequencies of active failures. 

Failure category Scandinavian bridges Halsafjorden 

WCT 0.6910-4/turn 1.310-4/turn 

TWL 1610-4/turn - 

 

The failure probabilities found for Halsafjorden are closer to the probabilities found in 

Rasmussen et al. (2012) but relatively high compared to the other locations. Sufficient cases to 

determine statistics for miss of turning point and TWL failures were not found for Halsafjorden. 

The tables show some interesting similarities; for example, loss of propulsion is more frequent 

than loss of steering. Furthermore, failures are less frequent in the Great Belt VTS area 

compared to areas which are not actively monitored by the VTS.  
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Duration is another important aspect of failures. The failure type miss of turning point is fitted 

to a normal distribution, while the other failures are fitted to a lognormal distribution, although 

the lognormal distributions were obtained in different manners. In Paper I, this fitting of 

parameters was performed using the Python library SciPy’s fitting algorithm (Virtanen et al., 

2020), with the time expressed in hours; in Papers II and III, the log of time was used in the 

Python library NumPy (Harris et al., 2020), and the time was expressed in seconds. Table 4-3 

summarises the distributions as presented in the different papers. Table 4-4 illustrates how many 

minutes until 50% of all failures were resolved.  

Table 4-3. Statistical distributions and their parameters for durations of events (Halsafjorden, time in seconds; 

all others, time in hours). The parameters correspond to standard deviation σ, location τ, scale λ,  

and mean value μ (of the underlying distribution). 

Event category Great Belt VTS TSS Bornholmsgat Halsafjorden Rasmussen et al. 

(2012) 

Loss of propulsion Lognormal, SciPy 

σ = 0.71 

τ = 0.021 

λ = 0.69 

Lognormal, SciPy 

σ = 0.87  

τ = 0.1 

λ = 0.97 

Lognormal, 

NumPy 

μ = 7.63  

σ = 0.08 

Weibull 

σ = 0.5 

λ = 0.605 

Loss of steering Lognormal, SciPy: σ = 1.2; τ = 0.06 λ = 0.54 n/a 

Miss of turning 

point 

Normal 

μ = 0.064 

σ = 0.015 

Normal 

μ = 0.19 

σ = 0.047 

Normal 

μ = 360 

σ = 54 

Less than 0.33 hours 

WCT n/a n/a Lognormal, 

NumPy 

μ = 4.8  

σ = 0.7 

n/a 

TWL n/a n/a Lognormal, 

NumPy 

μ = 4.3  

σ = 0.41 

n/a 

 

Table 4-4. Minutes until 50% of all failures were resolved. 

Event category Great Belt VTS TSS Bornholmsgat Halsafjorden Rasmussen et al. 

(2012) 

Loss of propulsion 62 41 

34 

60 

Loss of steering 45 n/a 

Miss of turning 

point 

3.8 11 6.0 20 

WCT n/a n/a 2.5 n/a 

TWL n/a n/a 1.5 n/a 

 

Table 4-4 shows the large variation in failure duration across the different types of failures at 

the different locations. Specifically, the loss of propulsion and loss of steering failures last 

longer than the other types of failures. In the area actively monitored by the VTS in the Great 

Belt, the duration of the failure miss of turning point is shorter compared to the other locations. 
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The methods to detect these failures not only obtained their probabilities and durations but also 

enhanced the understanding of their behaviour. This understanding is key to establishing 

realistic settings when implementing such failures in the simulator autopilot. 

4.2 Summary of Paper I – A method for risk analysis of ship collisions with 

stationary infrastructure using AIS data and a ship manoeuvring 

simulator  

The main objective of Paper I is to create a new methodology for estimating the probability of 

allision. This methodology uses AIS data and a ship manoeuvring simulator to calculate the 

probabilities of grounding and allision in coastal waters. The method to quantify the duration 

and the frequency of passive failures (described in Section 3.2) is developed in this paper; 

furthermore, the paper describes the method developed to generate the starting input parameters 

and to run simulations in fast-time based on these inputs (outlined in Section 3.3). Regarding 

allision probability, this paper only includes passive failures; regarding consequences, it is 

limited to describing the size and speed of the striking vessels.  

4.2.1 Case study – The Great Belt Bridge 

The methodology developed in Paper I was examined using the Great Belt Bridge in Denmark 

(see Figure 4-1) as a case study. This area was selected because it was previously used in 

Pedersen’s (1995) research regarding accident probability. The Great Belt Bridge area was 

studied through ten simulation sets divided into three categories, the results of which are 

presented in Table 4-5. The first category was used to investigate the randomness in the 

simulation caused by the Monte Carlo simulation of input parameters; for the simulations in 

this category, only the seed number was changed between the scenarios. The second category 

was used to analyse the sensitivities of failure frequency and failure duration; here, the same 

seed was used, but the frequency and/or the duration were altered in the generation. In the final 

category, two risk mitigation options were evaluated using the proposed methodology; these 

options were examples used in other locations to reduce risk. 

1. Investigation of random seeds 

A. Seed 1 

B. Seed 2  

C. Seed 3 

2. Sensitivity study of the parameters 

A. Increased drifting frequency and duration 

B. Increased frequency for sharp turning ships 

C. Increased frequency and duration for miss of turning point 

D. Increased frequency for miss of turning point 

E. Increased duration for miss of turning point 

3. Evaluation of risk mitigation options 

A. 12-knots speed restriction in the Great Belt VTS area 

B. New layout of the routes, creating a longer straight sailing approach to the bridge 
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Figure 4-1. Ship traffic (red lines) passing the Great Belt Bridge in Denmark. 

Table 4-5. Results from all simulation sets with Yrep = 100,000; number of allision accidents caused by LP = loss 

of propulsion, LS = loss of steering, MTP = miss of turning point. 

Id Number of 

simulations 

Number of 

groundings 

Number of allisions 

(LP, LS, MTP) 

Maximum 

allision energy 

(MJ) 

1,000-year 

expected allision 

energy (MJ) 

1.A. 3,959,282 50,258 710 (376, 85, 249) 3,221 1,667 

1.B. 3,959,282 51,198 722 (385, 97, 240) 4,634 1,601 

1.C. 3,959,282 51,206 730 (395, 87, 248) 2,708 1,605 

2.A. 4,221,089 65,516 985 (651, 85, 249) 3,221 1,667 

2.B. 3,994,525 54,268 800 (376, 175, 249) 3,221 1,667 

2.C. 5,169,542 1,020,580 27,954 (376, 85, 27,493) 4,822 4,268 

2.D. 5,169,542 60,662 777 (376, 85, 316) 3,221 1,880 

2.E. 3,959,282 748,053 20,606 (376, 85, 20,145) 5,054 4,179 

3.A. 3,959,282 32,003 436 (347, 89, 0) 1,030 12 

3.B. 3,962,135 50,255 484 (402, 82, 0) 2,258 22 

 

The number of simulations to run in each set was calculated according to Eq. (3.1), using 

100,000 times as Yrep. An initial test with Yrep set to 10,000 times was first evaluated using sets 

1.A–1.C; however, this resulted in a larger spread between the different seeds than the criterion 

given in Eq. (3.4). Consequently, Yrep was raised to 100,000 times, and the variation between 

the random seed became less than 5%, thereby meeting the criterion for Eq. (3.4).  

The results of Scenarios 1.A., 1.B., and 1.C. also showed that the probability of grounding is 

0.51 per year (the average number of groundings in these scenarios was 50,887, and the 

simulations represent one year 100,000 times). This corresponds well with the accident 

statistics from the area, wherein five groundings were reported during a ten-year period (IHS 

Fairplay, 2020) (assuming that the amount of traffic was relatively constant in this period).  
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In Scenarios 2.A–2.E, failure statistics from the TSS Bornholmsgat were used to investigate the 

sensitivity of the methodology to the failure statistics. In Scenario 2.A, both the frequency and 

the duration of loss of propulsion were increased; this led to a 30% increase in the number of 

groundings but did not affect the allision energy. Scenario 2.B produced a similar result, where 

the loss of steering frequency was increased by 50% but the increase in the number of 

groundings was by only a few percentage points. The result of Scenario 2.C, with increased 

frequency and duration of the event miss of turning point, differs more from Scenario 1 than 

Scenario 2.A and 2.B; for this reason, Scenario 2.C was divided into 2.D—increased 

frequency—and 2.E—increased duration. The result of Scenario 2.D showed an increase in the 

number of groundings by 20% and one in the allision energy by 12%. The average duration for 

the failure miss of turning point was 3.83 minutes. Increasing this duration to 11.4 minutes in 

Scenario 2.E had a major effect on the results: the number of groundings increased 1,048%, and 

the allision energy increased by 250%.  

The two mitigation scenarios—3.A–reduction in the maximum allowed ship speed, and 3.B–

change of the navigation path—illustrate how this methodology can be utilised. Both mitigation 

strategies were successful in reducing the expected allision energy. They are included as 

realistic examples of risk mitigation options; however, further analyses are recommended to 

capture their impact on ship traffic.  

4.2.2 Concluding remarks 

The Great Belt VTS area was used as a case study in Paper I. Three failure types were identified 

and quantified in terms of frequency and duration. It should be noted that the frequency of these 

events differs between the Great Belt VTS and the TSS Bornholmsgat. To check the validity of 

the simulation, the number of groundings were compared with real-world statistics. When 

100,000 simulations of one-year ship traffic were run, the resulting number of groundings 

corresponded well with the accident statistics from the past ten years. It was concluded that the 

methodology presented in this paper can be used to simulate and analyse traffic scenarios in 

coastal waterways to calculate the probability that a ship accident will occur. The sensitivity 

study in this paper highlighted that the duration of the event miss of turning point is the most 

sensitive parameter to the methodology. The suggested mitigation actions were not analysed to 

judge whether the consequences of these measures are less severe than the consequences of 

potential ship-bridge allision; however, these risk control options are worth investigating 

further, based on the allision probability with the present ship traffic. 

One important aspect of risk estimation is the uncertainty associated with the frequency of ship-

bridge allision events. The results from the sensitivity analysis in Scenarios 2.A–E clearly 

demonstrate how variations in failure frequency and duration assumptions affect the estimated 

accident probability. This highlights the importance of carefully defining input parameters and 

understanding their influence on the model’s outcome. While the STAPS methodology 

incorporates realistic failure statistics derived from AIS data, uncertainties remain due to the 

rare nature of these events. Future work could define a minimum number of failures required 

to build reliable statistics, as well as propose strategies for obtaining such data—either by 



32 

 

expanding the geographical scope or by extending the temporal range of AIS records. These 

efforts would further enhance the robustness and transparency of the methodology. 

A problem with the existing framework for allision risk assessment is that the probability and 

the consequence of events often are treated separately. The methodology proposed in Paper I 

reduces this problem. Even though the methodology focuses on probability, it includes the 

kinetic energy of the ship prior to the allision, and all parameters from the ship needed for 

structural analysis are available for further analysis. 

Finally, in the paper, it was concluded that the methodology can be applied both in the planning 

phase of a new bridge over a waterway and in the assessment of existing ship routes near bridges 

where ship traffic has changed since the bridge’s construction. This methodology is not limited 

to ship-bridge allisions: it can also be used to assess the probability of allisions with other 

offshore infrastructure or of other maritime accidents, such as ship groundings. 

4.3 Summary of Paper II – Probability of active navigational failure 

On 2 March 2023, the Bergsøysundbrua in Norway was struck by a small cargo vessel. 

Although the ship was relatively lightweight and the resulting damage was minor, its trajectory 

could not be explained by previously-investigated passive failures. This incident highlighted 

the need to investigate additional types of failures. Thus, the primary objective of Paper II is to 

analyse the frequency of active navigational failures. In the risk model presented by Pedersen 

(1995), these failures were referred to as ships off-course and were assumed to account for 2% 

of all ships (Karlsson et al., 1998; Pedersen et al., 2020). The method developed in Paper II, to 

obtain these active failures relies not only on AIS data but also on accident and incident reports, 

as described in Section 3.2.  

4.3.1 Case study – Scandinavia 

Accident databases were investigated to identify Scandinavian allision accidents between 2006 

and 2023. Four databases were used for this investigation: IHS Fairplay (2023), EMCIP (2023), 

Sjøfartsdirektoratet (2023), and GISIS (2023). In the GSIS database, no ship-bridge allision 

accidents were found among the contact accidents in Scandinavia after 2006, and 11 allision 

accidents were identified in the remaining investigated databases and from AIS tracks from 

Scandinavia in 2006–2023 (see Figure 4-2). The AIS tracks of these 11 accidents were analysed, 

and the accidents were categorised (see Table 4-6) based on the failures illustrated in Figure 

3-4. In short, the failures behind these allisions were: 1 loss of propulsion failure, 3 miss of 

turning point failures, 5 active navigational errors, and 2 unknowns. The two allisions classified 

as “unknown” involved a search-and-rescue ship and a tugboat, respectively, and it was not 

possible to put them into one of the failure categories based on their AIS data.  
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Figure 4-2. Accident locations in Scandinavia with AIS data. 

Table 4-6. Allisions in Scandinavia where AIS tracks have been identified, based on accident records from IHS 

Fairplay (IHS), EMCIP, and SjøfartsDirektoratet (SD). *Yearly passages refer to the average in 2018–2022; for 

Masnedsundbruen and Bergsøysundbrua (bridges not intended to have ships passing underneath), the traffic 

passing outside is quantified instead. 

Database Date Bridge Ship 

length 

[m] 

Accident type Yearly 

passages* 

Opened 

SD 2009-06-02 Nordhordalsbrua, NO 67 Miss of turning point 9,738 1992 

IHS 2011-10-27 Storstrømsbron, DK 88 Navigational error, WCT 1,722 1937 

SD, IHS 2013-02-03 Storholmbrua, NO 57 Miss of turning point 2,593 2007 

SD 2014-12-23 Tromsö, NO 46 Navigational error, WCT 11,488 1960 

EMCIP 2015-09-18 Masnedsundbroen, DK 90 Loss of propulsion 4,925 1937 

IHS 2015-10-03 Färö bridge, DK 88 Navigational error, WCT 1,705 1984 

SD 2017-06-16 Bårdsundsveg, NO 27 Unknown 199 1950 

SD, IHS 2019-06-06 Nordhordalsbrua, NO 80 Miss of turning point 9,738 1992 

EMCIP 2019-10-13 Andøybrua, NO 68 Navigational error, WCT 3,288 1974 

SD 2021-06-27 Åkviksundet, NO 16 Unknown 78 1999 

IHS 2023-03-02 Bergsøysundbrua, NO 50 Navigational error, TWL 1,099 1992 

 

Defining accident frequency based on the data in this study is problematic, because bridges may 

have experienced more accidents than are found in the accident databases and because ship 

traffic volume has increased since the bridges were built. Eidem et al. (2023) exemplified the 

latter through the example of Nordhordlandsbrua, where the ship traffic has increased and thus 

the probability of an allision greater than 25 MJ is 10 times higher today than it was in 1992, 

when the bridge was completed.  
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The incident reports from the ship traffic in the Great Belt were included to complement the 

accident analysis in Paper II. Between 1 September 2021 and 31 March 2023, the Great Belt 

VTS issued 87 incident reports; of these, 56 were available for this study (the remaining 31 

incident reports were unavailable for legal reasons). These 56 incidents reports were combined 

with AIS data to categorise the failures. Table 4-7 summarises the categorisation of the causes 

of these 56 incidents. The incident probability in the table was estimated by dividing the number 

of events by the total number of hours ships spent in the area, which is estimated based on AIS 

data. In total, commercial traffic spent approximately 150,000 hours in the VTS area in 1 

September 2021–31 March 2023. The frequency of the events is expressed per hour in Table 4-

7, although miss of turning point and WCT are expressed per turn; the number of turns per hour 

a ship is required to perform while transiting the VTS area depends on which route the ship 

intends to follow, the ship speed, etc., but it can be roughly approximated as 2 turns per hour. 

During the period covered by the VTS incident reports, no accidents were found in the Great 

Belt VTS area in the studied databases. 

Table 4-7. Summary of VTS reports. The failure frequency is the number of reports/total number of hours. 

Description # Reports Frequency/hour Frequency/turn 

Meeting incidents, avoiding ship-ship collisions 19 - - 

Pleasure crafts, communication errors, destruction of 

AtoN, etc. 

11 - - 

Blackout 5 3.310-5 - 

Steering problem 2 1.310-5 - 

Miss of turning point 4 2.710-5 1.310-5 

Navigational error, WCT 8 5.310-5 2.710-5 

Navigational error, TWL 7 4.710-5 - 

 

Ten bridges in Scandinavia which have experienced allisions due to active navigational errors 

or similar bridge layouts were also studied in this paper, using AIS data. The AIS data used in 

this case study spans from 1 January 2017 to 31 March 2023, and the results are presented in 

Table 4-8. 

The TWL error was searched for at four bridges (and at one bridge, in both directions). Of the 

nearly 40,000 passages at these bridges, four AIS tracks were identified as TWL errors, resulting 

in a frequency of 110-4 per passage. However, this failure type is assumed to occur at any 

given point along the path and is therefore expressed per hour: assuming that a passage takes 

10 minutes, this results in a frequency of 1.510-4 per hour.  

The WCT error was searched for at six bridges (and at one bridge, in both directions). In total, 

approximately 130,000 turns were included in this study; of these, 13 AIS tracks were identified 

as WCT navigational errors, resulting in a frequency of 110-4 per turn. The course failure in 

these cases was 1–6 degrees offset compared to the “normal course”. The difference between 

heading and COG was also studied for these 13 failures; in 8 of these cases, the difference 

corresponded to the drifting angle, which indicates that the ship failed to account for the drift. 
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Table 4-8. Identification of active navigational errors close to bridges in Scandinavia. *The total number of 

passages refers to the number of ships travelling between 2017-01-01 and 2023-04-01. **The number of 

allisions which happened before 2017 are in parentheses. ***The allision at the Norhorlandsbrua  

was classified as a miss of turning point failure. 

Name of bridge Country Traffic 

from 

Error 

type 

Total 

number of 

passages* 

Number of 

candidates 

Number 

of 

allisions 

** 

VTS 

Bergsøysundbrua+ 

Gjemnessundbrua 

Norway North TWL 3,813 2 1 No 

Bergsøysundbrua+ 

Gjemnessundbrua 

Norway South TWL 1,166 2 0 No 

Nordhordalsbrua Norway East TWL 31,615 0 1 (1) *** No 

Sandhornøybrua Norway North TWL 30 0 0 No 

Sundklakkbrua Norway South TWL 3,234 0 0 No 

Tromsøbrua Norway North WCT 23,889 2 0 No 

Tromsøbrua Norway South WCT 21,792 2 0 No 

Great Belt Bridge  Denmark North WCT 46,865 2 0 (2) Yes 

Farøbroerne Denmark West WCT 4,811 1 0 (1) No 

Storstrømsbroen Denmark West WCT 4,560 5 0 (1) No 

Öresundsbron Sweden North WCT 21,248 0 0 Yes 

Ölandsbron Sweden South WCT 6,734 1 0 No 

 

The duration of the failures—i.e., the time from when the turn occurred to when it was 

corrected—was also measured for the incidents and failures. The scatter plot in Figure 4-3 

illustrates the times, arranged from the fastest to the slowest detection of failure. The figure also 

contains a lognormal distribution representing each scatter plot. Here, μ is the mean and σ is 

the standard deviation of the normal distribution of the logarithm of the variable. 

 
Figure 4-3. Scatter plot with WCT and TWL failures, including a lognormal distribution. 
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The number of failures is too few to make any strong claims regarding failure duration. 

However, the resolution time of the incidents (green and red lines) compared with the resolution 

time of the failures (blue and orange) indicates that the area under surveillance by the VTS 

tends to see courses corrected faster than other locations. Specifically, most of the observed 

incidents and failures were resolved in 5–15 minutes. The WCT failure has the longest duration, 

probably because a small deviation from normal behaviour is more difficult to detect than a 

large deviation. 

4.3.2 Concluding remarks 

Risk assessments of ship-bridge allisions address several types of risks. The aim of this paper 

was to investigate the current practices for modelling active navigational errors with respect to 

their behaviour, frequency, and duration. Active navigational errors were divided into WCT 

(Wrong Course at a Turning point) and TWL (making a Turn at the Wrong Location).  

This research revealed that the standard assumption of a uniform distribution of active 

navigational failures as 2% of total traffic volume does not provide an accurate estimation. 

Instead, in the studied areas surrounding selected bridges in Norway, Sweden, and Denmark, 

the frequency of active navigational errors is closer to 0.01% per passage. However, given that 

a ship experiences one of these failures, Paper II indicates that the causation factor is 

approximately 0.2, compared to the standard assumption of 1.610-4. This combination of a 

reduction in the event frequency and an increase in the causation factor keeps the accident 

frequency within the same range as current practice, but it provides a more realistic 

representation of the situation. 

The research also revealed that the probability of this type of incident varies greatly from bridge 

to bridge, depending on the geometrical layout of routes and the locations of bridges in relation 

to the routes. VTS and Aids to Navigation (AtoN) are important factors for decreasing accident 

and failure rates. Areas with islands, which could mislead the navigator, increase the probability 

of incidents. The current practice, which uses a uniform distribution of 2% of the traffic, seems 

to be unreasonably conservative for most bridges, which could result in fewer bridges 

undergoing adequate risk analysis. It is recommended that risk assessments for allisions tailor 

both the failure frequency and the causation factor in relation to the local characteristics, since 

each area is unique. Further research is recommended to define different types of failure even 

more clearly, in order to avoid any potential overlaps between different failure categories.  

4.4 Summary of Paper III – Probabilistic analysis of ship-bridge allisions 

when designing bridges 

Paper III has two objectives: first, to incorporate the active navigational errors from Paper II 

into the methodology presented in Paper I, thereby creating the STAPS methodology; second, 

to compare this methodology with the existing IWRAP Mk II software. This comparison 

between STAPS and IWRAP Mk II is performed using two different case studies. 
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4.4.1 Case study 1 – Simulation of one bridge with one leg 

To investigate the hydrodynamic simplifications in IWRAP Mk II, a case study was created in 

which drifting behaviour was analysed in three scenarios and powered accidents in one 

scenario. Each of the four scenarios consisted of a single 1,000-meter leg (the route where the 

ship travels) and an equally long bridge (with the bridge being lower than the ship—i.e., the 

ship cannot pass under it). This case study setup is not realistic, since both the leg and the bridge 

start and stop in the middle of the ocean; however, the accident probability could be estimated 

regardless. Each of the four scenarios was run nine times, with three different distances between 

the bridge and the leg (1, 3, and 5 nm apart) and with three different models (IWRAP MkII, 

Seaman using a 90-m-long ship, and Seaman using a 225-m-long ship).  

The four scenarios were described in the paper as: 

• Scenario 1.1: Limited drift direction and limited start speed 

The drift (in IWRAP Mk II) and current (in STAPS) directions were equally divided 

into eight distinct directions in both models (see Figure 5). In IWRAP Mk II, the drift 

speed was set to 1 knot, and in STAPS, the current speed was set to 1 knot, in order to 

make the conditions as similar as possible between the models. This scenario should be 

regarded as the base case in relation to Scenarios 1.2 and 1.3. 

• Scenario 1.2: Unlimited current directions in STAPS but limited start speed 

The same settings as in Scenario 1.1 were used, but in this scenario, STAPS was not 

restricted to distinct current directions (a change that is not possible in the IWRAP Mk 

II software). This scenario aimed to quantify the effect of the limitation of distinct 

drifting directions with this case setup.  

• Scenario 1.3: Unlimited current direction and normal start speed in STAPS 

The same settings as in Scenario 1.1 were used, but in this scenario, STAPS was not 

restricted to distinct current directions or the 1-knot starting speed (a change that is not 

possible in the IWRAP Mk II software). The ships were instead initiated at 15 knots 

without propulsion in the leg direction and 1 knot current speed, the current direction 

which was evenly distributed. 

• Scenario 1.4: Powered accident 

In this scenario, the leg was rotated 90° and directly pointed at the bridge, ensuring that 

the ships which failed would strike the bridge at full speed. This scenario revealed that 

powered accidents due to missed turns were estimated in similar manners in both 

models. 

The layout of this case study, with the leg in the centre and the eight drift directions, is illustrated 

in Figure 4-4. 
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Figure 4-4. The three bridges (red) and the leg (black) in Scenarios 1.1–1.3. The blue areas indicate where ships 

may drift from a 1,000-meter-long leg in IWRAP Mk II (dir[0-7]45°). The ships may drift in any direction in 

STAPS (except in Scenario 1.1). The growing opacity of the green circles indicates the decreasing proportion of 

the bridge length has on the total circumference. Figure reused from Paper III. 

Before the scenarios were run in STAPS, Yrep was defined using Eq. (3.4); for Scenarios 1.1–

1.3, Yrep was defined as 107 yielding 61,640 loss of propulsion simulations, and for Scenario 

1.4, Yrep was defined as 106 yielding 160,000 miss of turning point simulations, per distance and 

ship type. 

The allision probabilities for all the simulated scenarios are presented in Table 4-9. The models 

were differently affected by the distance between the leg and the bridge. Figure 4-5 presents 

examples of the results from Table 4-9 in a bar plot—specifically, for the case when the leg and 

the bridge were separated by 3 nm. This distance was chosen as a representative example to 

illustrate the results, as it provides a balanced view between the shorter (1 nm) and longer (5 

nm) distances. 

Table 4-9. Probability of allision for the different scenarios in Case Study 1.  

The numbers present the allision probabilities per year. 

 

Model IWRAP Mk II STAPS, 90 m ship STAPS, 225 m ship 

Distance 1 nm 3 nm 5 nm 1 nm 3 nm 5 nm 1 nm 3 nm 5 nm 

Scenario 1.1 

2.610-4 4.310-5 8.110-6 

2.710-4 4.710-5 9.010-6 2.710-4 4.710-5 9.010-6 

Scenario 1.2 1.9E10-4 1.110-5 1.110-6 2.110-4 1.310-5 1.310-6 

Scenario 1.3 8.510-5 5.410-6 0.310-6 2.210-6 1.610-6 0.610-6 

Scenario 1.4 5.910-2 4.110-3 2.810-4 6.410-2 4.110-5 3.010-4 6.610-2 4.210-3 3.210-4 
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Figure 4-5. The probability of allision in Scenarios 1.1–1.4 when the leg and bridge are 3 nm apart.  

Figure reused from Paper III. 

The results of Scenario 1.1 showed that the drift probabilities in IWRAP Mk II and STAPS 

were similar; the small difference in the results was caused by the randomness in the number 

of “long” simulations with the northbound current which were simulated in STAPS. However, 

in Scenarios 1.2 and 1.3, when the drifting direction was not restricted in STAPS, there was a 

large difference between the IWRAP Mk II and STAPS results. As the distance increased, the 

differences between the scenarios and models also increased, which is to be expected since the 

bridge becomes a smaller part of the circle circumference (see Figure 4-4).  

Comparing the two ship sizes in STAPS, Scenario 1.2 showed that the 225-m ship has a slightly 

higher probability of allisions than the 90-m ship. This difference is due to ship geometry: the 

225-m ship strikes the bridge in a slightly larger sector than the 90-m ship. A larger difference 

in allision probability was observed when the initial ship speed was set to the operational speed 

in Scenario 1.3; this is because the larger ship has a larger mass travel for a longer time in the 

leg direction before it starts to drift.  

The results from Scenario 1.4, the powered allision, were almost identical in IWRAP Mk II and 

STAPS. The minor difference—a slightly higher probability of allisions in STAPS than in 

IWRAP Mk II—is explained by how the ship geometry is modelled in the different models. In 

IWRAP Mk II, the distance between the end of the leg and the bridge is used, whereas in 

STAPS, the geometry of the ship is modelled, which means that the bow is approximately half 

of the ship’s length closer to the bridge. This also explains why the larger ship had a higher 

accident probability. 

4.4.2 Case study 2 – Simulation of a real-world scenario 

A potential bridge over Halsafjorden (Norway) was selected as the realistic example for the 

second case study. It is located on the west coast of Norway, between Bergen and Trondheim 

(see Figure 4-6 left). In order to represent a realistic analysis, the case study comprises multiple 

legs, different types of vessels, the annual dominant current and wind directions in the area, as 

well as additional types of failures. Figure 4-6 (right) shows the fjord’s layout, including the 
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potential bridge (blue line), AIS tracks (thin red lines) of today’s ship traffic, and three legs 

(thick red lines) indicating how future ship traffic may travel if the bridge is built. (The red solid 

elliptical shape south of the bridge is the ferry operating in the area today.) 

 

Figure 4-6. (Left) Overview map; the red circle indicates where the Halsafjorden is located in Norway. (Right) 

The ship traffic (red) in the Halsafjorden during June 2023, including legs and the new bridge (blue) layout. 

Figure reused from Paper III. 

Four scenarios were designed, wherein Scenario 2.1 was the baseline case with the primary 

purpose of benchmarking the IWRAP Mk II and STAPS models for more realistic scenarios 

compared to Case Study 1. Scenarios 2.2, 2.3, and 2.4 can be understood as parametric, 

sensitivity, and mitigation action studies, respectively. 

• Scenario 2.1: Baseline case 

In this scenario, the model used the settings presented in Section 4.1. 

• Scenario 2.2: Without active navigational errors 

In this scenario, the same model settings as in Scenario 2.1 were used, except that the 

frequency of WCT and TWL failures were set to zero in STAPS and the “fake leg” 

spanning the entire bridge was removed in IWRAP Mk II. 

• Scenario 2.3: Increased miss of turning point failure duration 

In this scenario, the same model settings as in Scenario 2.1 were used, except that the 

duration of the mean time between checks parameter in IWRAP Mk II was increased to 

240 seconds (from 180 seconds) and the normal distribution in STAPS was increased to 

μ = 420 seconds and σ = 114 (from μ = 360 seconds and σ = 54).  

• Scenario 2.4: Introduction of VTS and TSS 

This scenario was based on a change in the layout of the fairway and reduced 

probabilities/durations of active navigational failures. 

The results, presented in Table 4-10, revealed some major differences in the probability of 

allision accidents between the different scenarios and between the two models. IWRAP Mk II 
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always predicted a higher accident probability than STAPS, although both models showed 

similar trends between the different scenarios—i.e., an increase or a decrease of allision 

probability compared to the baseline case. They also provided the same ranking in allision 

probabilities: in descending magnitudes, Scenarios 3, 1, 2, and 4.  

Table 4-10. Summary of allision probabilities computed by IWRAP Mk II and STAPS. 

 Allision probability (per year) 

Scenario 2.1 2.2 2.3 2.4 

IWRAP Mk II 6.310-3 4.810-3 1.010-2 1.710-3 

STAPS 1.410-3 6.210-4 5.910-3 5.810-4 

 

The results presented in Table 4-10 revealed that active navigational errors (comparing Scenario 

2.2 and 2.1) had an impact on both the IWRAP Mk II and the STAPS results, errors causing 

powered accidents. Scenario 2.3 compared with Scenario 2.1 indicates that the duration of the 

miss of turning point failure is an important parameter (a similar conclusion was in Paper I); 

this is further illustrated in Figure 4-7, which shows how the probability of a ship continuing to 

travel pass the turning point decreased with distance with the different failure durations. (A 

ship travelling at 11 knots was used in the demonstration.) The blue and orange lines represent 

the baseline case and the increased duration time in IWRAP Mk II, respectively, and the green 

and red lines represent the baseline case and the increased duration time in STAPS, respectively. 

 
Figure 4-7. The probability of failure remaining for a ship travelling at 11 knots depending on the distance, with 

different failure functions. The red dotted line marks the distance between the crucial turning point and the 

bridge. Figure reused from Paper III. 

As illustrated in Figure 4-7, the 60-second increase in duration for the miss of turning point 

failure increased the probability that the failure continued at the distance where the bridge is 
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located (red dashed line). Since the ship speed is a random parameter in STAPS, this figure is 

just one example involving a ship at 11 knots; ships with higher speeds will strike the bridge 

due to a miss of turning point failure even with the base case duration. 

The modelling of future ship routes involves uncertainty, as the exact coordinates of a planned 

layout are sensitive to the analyst’s assumptions and experience. In order to quantify this 

sensitivity, ten experts on maritime risk assessment were invited to a route layout benchmark 

study, applying the baseline scenario in Case Study 2. Five of the experts were employed at the 

Research Institutes of Sweden (RISE), and five were international experts from different 

European countries. The experts worked independently, and they were given the same basic 

information regarding the AIS ship traffic data, the topology in the area, and the bridge layout. 

Figure 4-8 presents a summary of the participants’ suggestions for the coordinates of Routes 2 

and 3. Since there is no “correct way” to model how future traffic will navigate around a planned 

bridge, the experts used their experience to define the future routes. 

 
Figure 4-8. The baseline case, (left) Route 2 and (right) Route 3, and the 10 experts’ alterations of these routes.  

Figure reused from Paper III. 

Both IWRAP Mk II and STAPS were used to quantify how the experts’ route geometries 

affected allision probability. All simulations were run with the same settings as Scenario 2.1. 

The results from the 10 experts’ routes, together with those from Scenario 2.1, are presented in 

Table 4-11. 
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Table 4-11. Number of expected allisions with the layouts given by the 10 experts, using Yrep = 106 in STAPS 

and during 106 years in IWRAP Mk II. 

As illustrated by the sensitivity results presented in Table 4-11, the design of the future routes 

had a large impact on the expected number of allisions. In IWRAP Mk II, the average number 

of expected allisions on the experts’ route designs was 4,354; the most successful route design 

only had 2,600 expected allisions, and the worst design had 9,400. In STAPS, the numbers 

ranged from 619 to 17,216, with an average of 3,710 expected allisions. 

The large differences in the results for the different route designs demonstrate that future route 

coordinates have a major impact on the accident probability. Therefore, it is important to 

understand how these coordinates are interpreted and influence the output of each model. The 

simplification of hydrodynamic effects in IWRAP Mk II was highlighted in the former section 

as a major cause of the difference between the two models. Nevertheless, in this particular base 

layout, an additional factor likely outweighs the influence of hydrodynamic effects in 

explaining the difference between the models—a factor related to the failure duration and the 

distance between the waypoints and the bridge. The route suggestions from Participants 1 and 

5 had low numbers of accidents as a result of layouts lacking routes pointing towards the bridge, 

whereas the layout from Participant 7 contained waypoints closer to the bridge, where most of 

the miss of turning point and WCT failures remained unsolved. The dotted line in Figure 4-7 

illustrates a specific distance and one instance of the remaining failure probability. However, 

each participant’s route has a different geometry, resulting in varying probabilities of this failure 

persistence. Thus, for this specific layout, it is the failure duration that contributes mostly to the 

difference between the model. 

4.4.3 Concluding remarks 

In Paper III, two quantitative probability assessment models—IWRAP Mk II and STAPS—

were applied to analyse the probability of ship-bridge allision in two separate case studies. 

These analyses enabled a comparative evaluation of the pros and cons of each model. The first 

case study focused on detailed differences, particularly how the inclusion of hydrodynamic 

effects and ship geometry influenced the risk assessments. The second case study, adopting a 

more holistic perspective, examined how the models performed in a real-world risk analysis 

context. 

In the two case studies, IWRAP Mk II consistently estimated a higher probability of allisions 

than STAPS. In the first case study, this was primarily due to the absence of hydrodynamic 

calculations in IWRAP Mk II; in the second case study, it was linked to the lower fidelity in 

failure modelling in IWRAP Mk II. The findings demonstrate that increasing the fidelity in 

failure modelling reduces the model uncertainty and lowers the predicted accident probability. 

A sensitivity analysis of the route layout in Case Study 2 revealed that route modelling 

significantly affects accident probability. This underscores the importance of accurately 

Model Scenario 2.1 1 2 3 4 5 6 7 8 9 10 

IWRAP Mk II 6,310 2,800 3,300 6,200 3,700 3,400 3,300 5,200 3,700 2,600 9,400 

STAPS 1,435 665 1,112 4,254 2,955 619 2,889 17,216 2,110 1,539 3,745 



44 

 

predicting future ship routes. The variation in the experts’ forecasts further highlights the 

uncertainty involved in modelling future traffic patterns, particularly when routing systems are 

expected to change as a result of physical infrastructure modifications.  

The comparative analysis reveals that STAPS is a more sensitive methodology than IWRAP 

Mk II, primarily due to its ability to model failure durations and ship behaviour with higher 

fidelity. This increased sensitivity stems from STAPS’s capacity to incorporate hydrodynamic 

effects and probabilistic failure modelling, which enables more realistic risk estimates. While 

IWRAP Mk II offers faster computation and may be suitable for early-stage assessments, its 

reliance on historical accident data and simplified modelling limits its applicability in detailed 

design contexts. In contrast, STAPS simulates real-world failure scenarios and accounts for 

ship geometry, making it more reliable for defining accidental load cases and evaluating risk 

mitigation strategies. These strengths are particularly important across all layout types, as route 

geometry consistently influences accident probability. Therefore, STAPS is better suited for 

detailed design and risk mitigation studies related to bridge design, fairway layout, and ship 

operations. 

4.5 Summary of Paper IV – Combined probability and consequence 

modelling of ship-bridge allisions 

The main objectives of Paper IV are to add consequence assessments to STAPS—thereby 

forming the STAPS-cons methodology—and to analyse the risk of ship-bridge allisions. In this 

paper, Seaman’s 2D time-domain simulation is used to run all scenarios until they end in either 

no accident, ship grounding, or ship allisions. The details of those ships involved in allisions 

are combined with the results from FEA simulations to form the STAPS-cons methodology, as 

described in Section 3.4. 

4.5.1 Case study – The Bjørnafjorden crossing 

To demonstrate the capabilities of the proposed methodology, this paper included a ship-bridge 

allision risk analysis for a real-world case study. Through this case study, Paper IV also assessed 

the sensitivity of three input parameters. The case study contains a potential bridge over the 

Bjørnafjorden, a fjord in the western part of Norway located between the cities of Stavanger 

and Bergen. In 2023, approximately 5,600 ships passed west of the bridge crossing, and almost 

2,000 ships passed through Bjørnafjorden. Figure 4-9 illustrates the AIS tracks from July 2023, 

with four passage lines (I–IV) and future routes (1–5). The failure frequencies applied in the 

analysis of these routes were gathered from Papers I, II, and III. This planned bridge has also 

been studied by others who found the maximum capacity of the bridge, including Yu et al. 

(2024) and Storheim et al. (2019); based on these studies, Cl was set to 50 MJ and Cg was set 

to 160 MJ for the maximum capacity used in Eq. (3.8). 



 

45 

 
Figure 4-9. Map over the Bjørnafjorden area with AIS data during July 2023 (excluding road ferries), the four 

passage lines (I–IV), and five future routes (1–5); these lines are slightly offset from their original position in 

order to be visualised. Figure reused from Paper IV. 

For the analysis of the sensitivity of the risk assessment, two parameters related to the 

probability estimation and one related to the consequence estimation were altered. In total, five 

scenarios were investigated: 

1. Baseline 

2. Increased frequency of miss of turning point failure  

3. Increased duration of miss of turning point failure  

4. A less stiff structure, reduced energy uptake in the global model 

5. A stiffer structure, increased energy uptake in the global model 

For this analysis, Yrep in Equations (3.2) and (3.3) was set to 106 years, which yielded in 

approximately 15,000,000 STAPS simulations for Scenarios 1, 2, and 3, while Scenarios 4 and 

5 used the allisions from Scenario 1. This resulted in 1007 allisions for Scenarios 1, 4, and 5, 

1,035 allisions for Scenario 2, and 1,398 allisions for Scenario 3. 

The remaining kinetic energy of the ships involved in allisions, Kpos,ship, was obtained using Eq. 

(3.7). This Kpos,ship was combined with the FEA simulations by Jin et al. (2020) to distinguish 

between the different energy components in Eq. (3.6) depending on different angles of attack 

for the pontoon allisions and different impact locations along the bridge beam. With all energies 

known, the number of allisions above the bridge’s maximum capacity (either local or global) 

could be found using Eq. (3.8). In Scenario 1 (the baseline case), 81 allisions were found 

wherein the maximum energy was above 50 MJ for Cl or 160 MJ for Cg, which means a 

probability of bridge collapse of 0.8110-4 per year. However, Cl and Cg could be adjusted in 

the final design (e.g., increased/decreased shell thickness); how such design alterations affected 

Ncollapse in the baseline is illustrated in a 3D surface in Figure 4-10 (Paper IV includes similar 

figures for each scenario). The black line illustrates where the surface crosses the level of 100 

collapses in 1,000,000 years, which corresponds to the Norwegian 10-4 design criteria.  
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Figure 4-10. Number of collapses, Ncollapse, as a 3D surface in Scenario 1, depending on the Cl and Cg. The black 

line represents where the surface overlaps with the Norwegian criterion (1 structural failure every 104 years). 

Figure reused from Paper IV. 

A summary of the probability of collapse, with Cl set to 50 MJ and Cg set to 160 MJ, is presented 

in Table 4-12. Figure 4-11 illustrates the minimum combination in each scenario for how Cl 

and Cg could be varied to comply with the Norwegian criterion of 10-4. 

Table 4-12. The probability of collapse (Ncol/Yrep) with Cl set to 50 MJ and Cg set to 160 MJ. 

 Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 

Probability of collapse 0.8110-4 0.7810-4 1.6610-4 0.6710-4 1.1310-4 

 

 
Figure 4-11. The combination of minimum strength with regard to local and global strength, for a collapse rate 

of 10-4. “An unsafe design” occurs when a scenario crosses above-right of the Cl and Cg lines,  

as for Scenarios 3 and 5. Figure reused from Paper IV. 
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Even though Scenario 2 resulted in more simulated allisions than Scenario 1 (1,035 compared 

to 1,007), the probability of collapse was slightly lower (0.7810-4 compared to 0.8110-4). 

This surprising outcome was caused by the Monte Carlo simulation of input parameters: in 

Scenario 2, there were generally more allisions, which generated higher global damage 

compared to Scenario 1, but allisions of around 160 MJ occurred more frequently in Scenario 

1.  

Table 4-12 and Figure 4-11 illustrate that, with the given Cl and Cg, Scenarios 1, 2, and 4 fell 

within the Norwegian criterion: they were constantly to the left and under the orange lines of 

the set values of Cl and Cg in Figure 4-11, and therefore the probability of collapse was less 

than 110-4 per year. However, Scenarios 3 and 5 were partly to the right and above these lines, 

and the results presented in Table 4-12 illustrate that the probability of collapse was greater 

than 110-4 per year.  

4.5.2 Concluding remarks 

This study introduced the STAPS-cons methodology, a unified framework for assessing ship-

bridge allision risk by integrating both probability and consequence assessments into a single 

methodology. One of the main strengths of this methodology lies in its ability to evaluate the 

risk of bridge collapse while accounting for navigational, hydrodynamical, and structural design 

factors. This unified methodology enables a holistic view which supports informed decision-

making. Although the methodology requires the analysis of a large quantity of AIS data along 

with advanced simulations, it reduces uncertainties in the analysis by addressing multiple risk 

components simultaneously.  

The results of Paper IV showed that three of the five scenarios met the Norwegian threshold for 

acceptable collapse probability (<10⁻⁴ per year), which highlights how the method can be 

applied. The study also underscores the importance of accurately modelling failure durations, 

such as the time for miss of turning points, which had a major impact on the required structural 

strength of the bridge. Overall, STAPS-cons represents an advancement in maritime risk 

assessment, offering a robust and comprehensive methodology for managing allision risks from 

ships. 

While the STAPS-cons methodology reduces uncertainty by integrating multiple components 

of risk, it is important to acknowledge that uncertainties remain—particularly in the 

assumptions and simplifications made during the modelling. These include the extrapolation of 

failure statistics from AIS data and the autopilots’ representation of ship behaviour in fast-time 

simulations. However, the methodology has already demonstrated sensitivity to such 

uncertainties, notably through the variation of failure probabilities and durations in both this 

paper and in Paper I. These analyses illustrate how modelling assumptions influence the 

estimated risk, and they provide a foundation for assessing the robustness of the results. Further 

refinement of uncertainty treatment, such as expanding the data scope or formalising confidence 

intervals for the rare failures, could enhance transparency. 
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5 Conclusions 

This chapter presents the main findings and conclusions of the thesis, along with potential 

applications in related fields. The aim of this research was to study methods for ship-bridge 

allisions and to offer enhancements of currently commonly-used methods. The study resulted 

in the development of a novel methodology for assessing the risk of ship-bridge allisions. Three 

objectives for the development of this methodology were defined: 

(i) Develop methods which can quantify different types of ship failure events in terms of 

both frequency and duration. 

(ii) Propose a methodology which uses ship failure events in a maritime probability 

assessment context. 

(iii) Combine the probabilistic methodology with a consequence model to assess the risk 

of allisions.  

The first objective was accomplished through the research presented in Papers I and II, where 

five failure types were identified and classified. The second objective was fulfilled by the 

research presented in Paper III, where the identified failure types were integrated into the Ship 

Traffic Allision Probability using Monte Carlo Simulations (STAPS) methodology. The third 

objective was achieved in the research presented in Paper IV, where consequence modelling 

was incorporated into the STAPS framework to result in the STAPS-cons methodology. 

The development of the STAPS-cons methodology was made possible by advances in 

Automatic Identification System (AIS) technology and Maritime Manoeuvring Simulators 

(MMS), which reduce the subjectivity and thus enable the realistic modelling of ship behaviour 

and failure scenarios. Earlier foundational work by Fujii and Macduff in the 1970s, and later 

work by Pedersen, relied on simplified geometric models and closed-form equations, such as 

those presented in Equations (2.1) – (2.3); these models laid the groundwork for maritime risk 

assessment, but they were constrained by the limited data and computational tools available at 

the time. By contrast, STAPS-cons builds on modern simulation capabilities and location-

specific failure data to derive probabilities directly from ship manoeuvring simulations, where 

each simulation can be replayed and analysed. This approach was found to enable more detailed 

assessments, support the evaluation of risk mitigation strategies, and integrate both probability 

and consequence modelling into a single framework. This methodological advancement opens 

new possibilities for research in maritime risk and infrastructure resilience. 

A notable strength of the STAPS-cons methodology is its ability to assess uncertainty by 

incorporating location-specific failure data and simulating a wide range of scenarios. As 

concluded in Papers I, III, and IV, the input parameters are sensitive, and it is important to 

define them as realistically as possible. Paper III demonstrated that the amount of influence an 

input parameter has on the allision probability depends on the model layout. This was 

specifically shown in two case studies where allision risk was determined both by STAPS-cons 

and the most used software for quantitative maritime risk assessments, IWRAP Mk II: for 

layouts where parts of the ship route are directed towards the bridge, the failure duration of miss 
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of turning point (STAPS) and that of mean time between checks (IWRAP Mk II) are particularly 

important to define correctly, whereas these parameters may have negligible impact for layouts 

without such routes. This finding highlights the importance of carefully reviewing the model 

layout to identify which parameters will have the most significant effect in the risk assessment. 

The research also concluded that the STAPS-cons methodology was suitable for suggesting and 

assessing risk mitigation options. Furthermore, a user sensitivity study in which ten experts 

defined future ship route coordinates revealed substantial variation in allision probabilities, 

highlighting the need to study the model layout itself as a key factor in risk modelling. 

The developed STAPS-cons methodology shares similarities with other existing models for 

assessing ship allision risk. For instance, the MTS simulations by Ulusçu et al. (2009) and van 

Dorp and Merrick (2011) are capable of identifying rare events, a feature also supported by 

STAPS-cons. No direct comparison was made between STAPS-cons and the SAMSON 

software; however, since the findings by ABL and MARINE (2024) showed comparable results 

for IWRAP Mk II and SAMSON, it is assumed that a comparison between STAPS and 

SAMSON would result in similar conclusions as the STAPS comparison with IWRAP Mk II. 

One point worth noting is that SAMSON includes the Wrong Course at the Turning point 

(WCT) failure type, which is not modelled in IWRAP Mk II but is included in the simulations 

in STAPS. 

This research contributes by bridging the gap between probabilistic modelling and consequence 

analysis with a single maritime risk methodology. This methodology offers value to a range of 

stakeholders: bridge designers can use it to evaluate structural resilience; maritime authorities 

can apply it to assess navigational risks and risk mitigation options; and policymakers can utilise 

its integrated risk approach to support strategic decisions regarding infrastructure investments 

and regulatory development. 

5.1 Scientific contributions and novelty 

This thesis provides several scientific contributions which advance the field of maritime risk 

assessment, particularly in the context of analysing the risk of ship-bridge allisions: 

Development of an integrated risk assessment framework 

• The STAPS-cons methodology unites probabilistic modelling and consequence analysis 

within a single framework. This enables a more comprehensive and realistic assessment 

of allision risk than approaches which treat these components separately. 

Use of location-specific failure statistics derived from AIS data 

• Five distinct failure types were identified and quantified based on AIS data and real-

world ship trajectories. This approach enhances the accuracy of the analysis by 

incorporating locally observed failure behaviours and durations. 
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Application of large-scale Monte Carlo simulations in manoeuvring scenarios 

• Millions of simulations were conducted to model ship behaviour under failure 

conditions and to estimate accident probabilities. This supports robust statistical 

analysis and the identification of high-risk scenarios. 

Coupling with nonlinear FEA for consequence modelling 

• Although no FEA simulations were performed in this thesis, the developed 

methodology can use such simulations to assess the probability of bridge collapse. This 

facilitates the evaluation of design alternatives and risk mitigation strategies. 

These contributions represent a significant advancement in maritime risk modelling by 

leveraging modern simulation capabilities and empirical data to produce more context-sensitive 

assessments.  



52 

 

  



 

53 

6 Future work 

This thesis has presented a novel methodology for assessing the risk of ship-bridge allisions. 

Several areas for future research to enhance and expand the developed STAPS-cons 

methodology are proposed in this chapter. 

While the primary objective of this thesis was to develop a methodology for assessing the risk 

of ship-bridge allisions, the proposed methodology could also be applied in other domains. One 

example is evaluating the allision risk for offshore wind farms, for which demand has increased 

during the research for this PhD and to which the STAPS-cons methodology can be applied 

without modification. Similarly, the STAPS methodology could be adapted to assess the 

probability of ship groundings; however, the consequence modelling for groundings differs 

substantially from that of allisions and would therefore require a separate modelling approach 

tailored to the specific characteristics of grounding events. 

Because the methodology developed in this thesis relies on an autopilot to follow predefined 

routes in open waters, its ability to simulate tight navigation scenarios at variable speeds is 

limited. Nevertheless, the autopilot commands could be replaced with real-time navigator 

inputs from a simulation, to enhance realism in the manoeuvring. An important difference 

between autopilot runs and real-time navigators is the impact of environmental conditions. The 

autopilot can compensate for environmental effects to maintain the route; however, issuing the 

same commands under different environmental conditions results in different outcomes, which 

gives rise to a large matrix of vessel types and environmental scenarios to run in real-time. 

Additionally, the failure behaviours may need to be adapted to suit these simulations. Despite 

these challenges, integrating real-time simulation represents a promising avenue for extending 

the methodology, and it highlights the potential for another use case in a similar field.  

The process of establishing failure statistics (specifically in terms of frequency and duration) 

currently involves time-consuming and somewhat subjective manual work. Due to time 

constraints, it was not possible in this thesis to develop or train an AI model to automatically 

identify such anomalies. Future research could explore the use of AI to automate the process of 

identifying anomalies, thereby reducing both the time required for and the subjectivity involved 

in classifying failure events. With the identification of more failure events, it would also be 

possible to conduct deeper analyses of the failure durations and of whether normal and 

lognormal distributions fit these times best. 

In Paper III, ten experts were invited to offer suggestions on how future ship routes could 

change due to a new bridge. The study revealed that the user selection of route coordinates had 

a major impact on the estimated allision probability. To overcome this user sensitivity, it would 

be beneficial to add route coordinates automatically. Rong et al. (2022) proposed a clustering 

technique using AIS data to generate and predict routes based on existing waterways; 

developing a similar technique which is also capable of predicting future route changes due to 

regulations or restrictions of the waterway remains an open area for further investigation.  
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In Paper IV, five nonlinear FEA simulations were used to assess the deformation and the 

distribution of energy of all allisions. However, it would be preferable if the fast-time simulation 

could approximate the deformation energy itself. Efforts to this end were made in the research 

for this thesis, using a small timestep and calculating allision forces based on the overlapping 

area (of the ship and the structure) multiplied by a pressure. These attempts were not successful, 

since the modelling of pressure distribution across different parts of the ship and the structure 

could not be validated within the timeframe of this research. Thus, developing and validating 

such a model for use in fast-time simulations is recommended for future work. 

The definition of a general probability criterion is also a subject for further discussion, as it 

does not account for the severity of a bridge collapse. Johansen and Askeland (2019) proposed 

the use of an F-N curve to better represent both the probability and the consequences of an 

event, measured in terms of potential loss of life; this approach enables the integration of risk 

acceptance and design criteria. Despite the current absence of such a definition in Sweden and 

Denmark, establishing a suitable, context-sensitive risk criterion remains another important 

area for future research. Furthermore, with regard to the risk criterion, it is important to define 

the safety margins. Papers I and III set a 5% threshold, assumed for different seeds, in the Monte 

Carlo simulation; defining a similar threshold for the safety margin with the included 

consequence assessment is another path for future research.  
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