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4. for accurate rock models the rock area and surface roughness are shown to be 
the most important factors as opposed to the coefficient of determination R2 
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1 INTRODUCTION  

Maritime traffic is one of the main logistical modes of transportation, binding all the 

continents together in a cost-effective manner. The size of ships and intensity of traffic 

have increased dramatically in the last century and so have the risks associated with 

shipping. In particular, the transport of passengers and oil products has received much 

attention because of major accidents, which has created considerable interest in 

investigating accidents and taking measures to mitigate the risk. A quantitative approach 

to maritime risk where accidents are modelled using physics, mathematics and statistics 

started in the mid-20th century with studies such as those of Macduff (1974), Fujii et al. 

(1974) and Minorsky (1959). This has since evolved into much more complex models that 

study the most common accidents using various approaches; see Goerlandt and 

Montewka (2015), Mazaheri et al. (2014), Özbaş (2013), Li et al. (2012) and Pedersen 

(2010) for an overview. In particular, the risk of oil tanker spills has been studied a great 

deal in the literature; see e.g. Venesjärvi (2016), Montewka et al. (2011), Vanem et al. 

(2008), and Merrick et al. (2002; 2000). 

 
Figure 1 Overview of the Gulf of Finland with the largest chemical-handling harbours 

marked. map: © Finnish Transport Agency licence no 1803/1024/2010 

The Gulf of Finland – depicted in Figure 1 – is a special sea area with several challenges 

to safe shipping such as annual ice cover, a rocky northern shore and vast archipelagos. 

The most common accidents are groundings and collisions (Kujala et al., 2009), with 1-
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15 accidents of each of these two types reported annually (Sormunen et al., 2016). 

Meanwhile, the risk posed by chemical tankers has been left without much attention 

despite the fact that chemical tankers constitute a large share of the overall tanker traffic 

– at least in the Gulf of Finland (AI-II) – and carry noxious liquid substances that may 

pose a greater ecotoxic hazard than oil and oil products (AI);1 see also Häkkinen and 

Posti (2014).  

However, the size of an average chemical tanker is much smaller than that of an oil or oil 

product tanker (Sormunen, 2015), which is reflected in the overall transport volume of 

the respective substances: Baltic sea ports handled approximately 290 million tonnes of 

oil and oil products annually, while the number for liquid bulk chemicals was found to 

be 11 million tonnes or more (Posti and Häkkinen, 2012; Holma et al., 2011).  

Because of the potentially highly negative consequences of maritime accidents the risk 

mitigation approach is ideally a pre-emptive one in which systematic risk analysis and 

mitigation frameworks can be utilized, such as the International Maritime Organization’s 

(IMO, 2013) Formal Safety Assessment (FSA). Different types of hazards warrant 

different approaches to mitigating the risk (Klinke and Renn, 2002). Thus knowledge of 

not only the frequency and severity but also the degree of uncertainty of the risk analysis 

results is vital for good decision making in risk management. 

Risk management strategies can be divided into risk-based2 and precaution-based 

strategies. The former is the conventional risk strategy, where the risk is a sum of 

frequency and consequences, and the risk can be reduced by utilizing e.g. cost-benefit 

analysis, as is done in FSA (IMO, 2010) or risk-risk comparison. Where this method falls 

short is when the risk analysis has significant uncertainties, as making decisions on the 

basis of highly uncertain parameters does not make much sense. High uncertainty 

warrants a different approach; rather than trying to model the risk explicitly and 

                                                        
1 Note, however, that different studies find different numbers of tankers: Kujala et al. (2009) report less 
than 10% of all tanker traffic in the Gulf of Finland to be chemical or gas tankers and Sormunen (2011, 
2012) reports 43% and 60% of tanker traffic to be chemical or gas tankers, while a more in-depth analysis 
(AV) of port calls into the two largest Finnish tanker harbours estimates this number to be 33%.  One of the 
reasons behind this is multi-purpose-certificated tankers. 
2 Also known as “science-based” in the literature. A third approach is the discourse-based approach, which 
is not discussed here; see Klinke and Renn (2002).  
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accurately, robust risk control options are implemented that can mitigate the risk to 

tolerable levels even under “surprising” scenarios (Klinke and Renn, 2002). 

The nature of tanker spills is one of low occurrence and high variability, with spill sizes 

ranging from those that are only locally significant to ones that threaten the GoF 

ecosystem. This fact also calls for a robust risk management strategy that can sufficiently 

mitigate the consequences of even large spills. For more on risk management see e.g. 

Aven (2016), Cox (2012), Kristensen et al. (2006), Klinke and Renn (2002) and Shrader-

Frechette (1991). 

1.1. State of the art  

This chapter presents a short overview of the state of the art in quantitative risk analysis 

of groundings and collisions on a general level. A more detailed discussion of the topics 

can be found in the respective articles.   

1.1.1. Accident frequency modelling  

Modelling ship-ship collisions can be done in a two-phased approach, by first estimating 

the ships that can potentially collide because of their courses and then estimating the 

probability of the situation resulting in a collision (Sormunen, 2012). Such ships are 

called collision candidates. The probability of a collision candidate actually ending up in 

a collision can be estimated using a synthesis or a scenario approach (Kujala et al., 2009). 

The scenario approach uses accident data to calculate probabilities e.g. for specific 

patches of sea areas, while the synthesis approach uses fault trees or Bayesian belief 

networks to estimate the error probability (ibid.); see also Hänninen and Kujala (2012). 

Collision candidates can be estimated using a dynamic or static approach (Montewka et 

al., 2012). A dynamic approach entails simulating traffic in a given sea area and using 

this to estimate which ships end up as collision candidates; see e.g. Ventikos and Rakas 

(2015), Goerlandt and Kujala (2011), Ulusçu et al. (2009) Merrick et al. (2002) and Hara 

and Nakamura (1995). This is done by using some proximity criteria such as collision 

diameter (Pedersen, 1995) or minimum distance to collision (Montewka et al., 2010a). 

Apart from estimates of the actual frequency or number of collisions, risk can also be 

expressed by near-misses or other proximity criteria; see Zhang et al. (2015) and Qu et 
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al. (2011). For an analysis of the impact of different assumptions on collision assessment, 

see Goerlandt and Kujala (2014).  

The static approach calculates the expected number of collision candidates in a given 

area on the basis of statistical distributions. These distributions model the traffic 

patterns in the area; see e.g. Silveira et al. (2013), Friis-Hansen et al. (2009), COWI 

(2008), Fowler and Sørgård (2000), Pedersen (1995) and Fujii et al. (1974). 

 

 

Figure 2 Common approaches used in quantitative risk modelling (adapted from 
Sormunen, 2012). 

For an overview of grounding frequency modelling, see e.g. Mazaheri et al. (2014) and 

Pedersen (2010). Accident statistics can also be used to estimate all types of accidents; 

however, because of the significant underreporting of accidents to databases (Sormunen 

et al., 2016; Hassel et al., 2011; Psarros et al., 2010) and the rarity of tanker accidents the 

information obtainable from such sources is limited. Expert interviews can be used to 

estimate various probabilities (see e.g. Ulusçu et al., 2009 and Merrick et al., 2002; 

2000) but brings with it another type of uncertainty: the biases and prejudices of humans 
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(Hester, 2012). This is important as different categories of experts can show vastly 

divergent views of risk (Stirling and Gee, 2002).   

1.1.2. Modelling collision and grounding damage   

The various approaches to modelling collision and grounding damage can be divided into 

FEM, analytical methods and statistical methods; see Table 1 and Figure 2.  

Table 1 Overview of different grounding damage model types (adapted from Sormunen, 
2014) 

 

Model 
type 

Computation 
 

Info needed on sea 
bottom/ship 
structure  

Link ship size and 
speed with damage 

 
Generally applicable 

 
Other 

requirements 

FEM Slow Detailed  Yes 

Yes, but needs much 
case-specific work 
and information  

Statistical  Fast No No/limited 
Yes, many or all 

ships  

Analytical Fast  Detailed  Yes  Yes 

Damage extent 
along other 
dimensions 

 

FEM is generally considered to be the most accurate method for damage analysis; 

however, it requires much detailed information regarding the structure and condition of 

the ship and the bottom or the bow shape of the striking ship, combined with much pre-

processing and a relatively long simulation run-time. This makes FEM impractical or 

even prohibitive for running extensive damage estimation analysis for a multitude of 

different cases – such as a regional risk analysis of all chemical tankers sailing in the Gulf 

of Finland. For references on FEM in collision and grounding analysis, see e.g. Ehlers 

(2010), Paik (2007) and Kitamura (2002).  

Statistical models such as those of Papanikolaou et al. (2013), Zhu et al. (2002) and IMO 

(1995), on the other hand, are computationally fast and require much less information 

(if any) regarding ship structures and/or bottom shapes but do not link the resulting 

damage with local conditions or ship-specific features. This results in inaccuracies such 

as small tankers are equally likely to have similar damage lengths as large tankers; see 

Pedersen and Zhang (2000).  
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Analytical methods (and metamodels) combine some of the advantages of the previous 

two methods; they are able to take into account some ship- and location-specific factors 

while being able to maintain low computational requirements; see e.g. Heinvee et al. 

(2013), Sormunen et al. (2013), Cerup-Simonsen et al. (2009) and Zhang (2002). 

However, they usually require detailed input regarding the extent of the damage along 

other dimensions. In order to model damage length, the damage width and depth must 

be known. For groundings, this means that the sea bottom shape needs to be well 

modelled. Combinations of the previous models are also possible ways of alleviating 

some of the issues. For example, the results of FEM simulations can be analyzed and 

aggregated to a meta-model that sacrifices some of the accuracy of FEM for a much faster 

run-time and less detailed input requirements; see e.g. Sormunen et al. (2013), Heinvee 

and Tabri (2015) and van de Wiel and van Dorp (2009).  

1.1.3. Bottom shape analysis  

The sea bottom shape is one of the major factors affecting grounding damage to ships 

and whether any liquid cargo such as oil is spilled; see e.g. Hong et al. (2008), Alsos and 

Amdahl (2007), Pedersen (2010) and Wang et al. (2000). The impact of the sea bottom 

on the damage is well illustrated in Alsos and Amdahl (2007): grounding on a single 

sharp “rock” led to piercing of the inner hull when a force of 80 MN or less was applied, 

whereas for a flatter, wider “reef” the force had to be increased to 150-200 MN for the 

same result. Alsos and Amdahl (2007) did not present analytical equations for their sea 

bottom shapes but their sharp rock shape is close to what is commonly found in the 

literature. The sea bottom shape is most often assumed to be a symmetrical polynomial 

(Heinvee and Tabri, 2015) or conical object; see e.g. Cerup-Simonsen et al. (2009), van 

de Wiel and van Dorp (2009), Klanac et al. (2006), Kitamura (2002), Naar et al. (2002), 

Zhang (2002), Zhu et al. (2002) and Rodd (1997). There is some variation in the slope of 

the cone and how the tip is potentially blunted, rounded, etc.    
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Figure 3 Rock models used by Rawson, Crake and Brown (1998) (right) and Heinvee, Tabri 

and Kõrgesaar (2013) (left).  

However, the author has not been able to find studies that quantitatively compare how 

well these shapes represent actual sea bottom shapes. Because of the significant impact 

of the sea bottom shape on grounding damage, having good assumptions in this regard 

is paramount for grounding risk analysis and safe ship design. 

1.1.4. Uncertainty assessment  

Uncertainty in this context can be defined as a lack of certainty about the possible 

outcomes – in this case whether a spill resulting from a grounding or collision happens 

within the next 10 years and what the damage will be if it does happen. To distinguish 

uncertainty from ignorance, uncertainty entails some effort or awareness of the lack of 

knowledge (Levin, 2005).  

The implications of uncertainty for the risk analysis results are profound; Levin (2005) 

argues that uncertainty is an inherent part of risk. Therefore, risk cannot be accurately 

portrayed without considering uncertainty as well. Uncertainty can be further divided 

into two categories: aleatory and epistemic uncertainty, the former referring to the 

stochastic variation in the outcomes of known possible events and the latter to the lack 
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of knowledge regarding the outcomes or their probabilities; see e.g. Hesser (2012) and 

Faber (2005). 3 

In science epistemic uncertainty has been described and modelled using various 

methods, such as the Bayesian approach, fuzzy sets and Dempster-Shafer theory; see e.g. 

Zio and Pedroni (2013), Hesser (2012), Bae et al. (2004), Oberkampf et al. (2002), 

Dempster (1967) and Zadeh (1965). For more qualitative approaches to classifying 

uncertainty see e.g. Goerlandt and Reniers (2016) and Flage and Aven (2009). Of special 

interest to the author is the Uncertainty Assessment Analysis proposed by Milazzo and 

Aven (2012), which takes a more qualitative approach to systematically dissecting, 

analyzing and classifying the uncertainty of a quantitative risk model. It allows a 

straightforward in-depth analysis of the uncertainty and sensitivity of the model on a 

low-medium-high ordinal scale, which is expanded in AV and discussed in depth in 2.4; 

see also Table 5. The capability to analyze uncertainty in a more qualitative way is 

especially desirable for phenomena that are not well understood as it potentially offers 

more flexibility in understanding and describing the issue in depth. This understanding 

can be utilized as a starting point for quantifying the uncertainty as well.  

 The most obvious advantage of quantitative uncertainty analysis is the ability to classify, 

compare and mathematically utilize the results more precisely. However, unless this is 

done on the basis of a good understanding of the phenomenon, it might lead to a 

misleading sense of certainty about the understanding of the uncertainty.  

Knowledge of the uncertainty of the model (both aleatory and epistemic) is important as 

uncertainty in risk analysis results usually propagates through systems (AI; Merrick and 

Van Dorp, 2005). Any model that uses results from another, uncertain model carries with 

it the uncertainty of the lower-level model. An example would be using IMO’s Formal 

                                                        
3 This division of uncertainty can be illustrated with the example of a six-sided die; the aleatory uncertainty 
refers to the fact that when we throw the die there is a 1/6 chance of each single outcome, 1-6. This probability 
cannot be known any more accurately before throwing the die; that is, the uncertainty cannot be reduced 
further in the present. This, of course, presumes that the probability distribution of the outcomes of the die 
is understood.  

The epistemic uncertainty, on the other hand, refers to the fact that we cannot know whether the die is fair 
– that is, whether the probabilities of each outcome are equal – or that someone might even turn the die 
manually after it lands. This uncertainty can potentially be reduced with more knowledge, which can e.g. be 
obtained through academic research, such as that done in this thesis for maritime risk analysis. 
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Safety Assessment (IMO, 2013) – in this case uncertain risk analysis results mean 

uncertain cost-benefit analysis and uncertain decision making.  

The presentation of numbers without explicating the uncertainty associated with them 

can also lead to a false sense of certainty in decision making (AI; Merrick and Van Dorp, 

2005). IMO’s FSA (2013) encourages the uncertainty of risk analysis results to be 

analyzed so as not to make premature judgments of risk control options. Despite this, 

particularly epistemic uncertainty is rarely discussed in depth (or at all) in quantitative 

maritime (ship-related) risk analysis. Beyond the publications of the Aalto University 

research group on maritime risk and safety, the few exceptions that were found in the 

literature were those by Li et al. (2012) and Merrick and Van Dorp (2005). For more 

discussion on the topic see Goerlandt and Montewka (2015).  

1.2. Aim and contributions of the thesis 

Uncertainty is inherent in quantitative maritime risk analysis (AI; Goerlandt and 

Montewka, 2015; Merrick and Van Dorp, 2005). One of these issues is the actual shape 

of the sea bottom when grounding damage estimation is being performed. Currently, the 

rock models used for this purpose are quite idealized and their similarity to real sea 

bottom shapes is unknown but presumed to be low. This means that the uncertainty 

regarding the results of such analyses is presumably high. The same can be said for many 

other aspects of quantitative maritime risk analysis. 

This thesis addresses selected aspects of quantitative grounding and collision 

consequence analysis through case studies and the introduction of new models and 

analyses, as well as linking these with general risk theory. The spill risk of the two most 

common chemical tanker accidents - groundings and collisions - is modelled. Grounding 

damage models are investigated both on a general level through comparing the results of 

different models and in detail; the effects on grounding damage using rock models versus 

real sea bottom data are investigated. A systematic approach to mathematically 

modelling sea bottom shapes is proposed as a first step to overcome the lack of 

knowledge about how well sea bottom shape models correspond to actual sea bottom 

formations. Furthermore, the uncertainty of these models is investigated. Finally, the 



 
 
 
 
 
 
 
 

 

16 

effects of the uncertainty on quantitative risk analysis and risk management are 

discussed.  

1.3. Research questions 

This thesis answers the following questions:  

1. What spill sizes are to be expected in the Gulf of Finland as a result of chemical 

tanker collisions and groundings? 

2. How consistent are different analytical grounding damage models when applied 

to the same grounding scenarios?  

3. How well do sea bottom shape models compare to selected data from the GoF?  

4. How similar are the grounding damage analysis results using sea bottom shape 

models versus using real sea bottom shape data? 

5. What is the magnitude of the uncertainty associated with said grounding and 

collision risk analysis?  

1.4. Overview and structure of the thesis  

The common themes for the two investigated accident types of this thesis – chemical 

tanker groundings and collisions – are risk and uncertainty. In order to model these two 

the thesis needs to combine more lower level, detailed models - such as collision damage 

models with collision frequency estimation models – to arrive at more general results 

such as spill frequency and size. As such, the thesis can be divided into research done on 

an overall general system level and research done on a detail level. In this case the system 

level means taking the entire system into consideration: chemical tanker traffic and most 

common accidents in the Gulf of Finland. On the most detailed level are sea bottom 

shapes and models. The output of this analysis serves as an input for grounding damage 

models, which are then used together with ship data for grounding damage and spill 

estimation, which, combined with collision frequency and consequence analysis, 

constitutes the risk. Surrounding all these parts is the uncertainty caused by model 

simplifications, assumptions and/or a lack of understanding of the phenomenon.  
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Figure 4 Compendium overview. 

The structure of the thesis follows the structure of the introduction and the chapter on 

the state of the art. It begins with an overview of the topic on a system level by first 

answering research question 1 (RQ 1, AI-II) analyzing the frequency and consequences 

of groundings and collisions of chemical tankers. After this the individual aspects are 

investigated top-down, starting from grounding damage models (RQ 2, AIII), where the 

results of different grounding damage models are compared. After this the input required 

for analytical grounding damage models is investigated by analyzing how well current 

sea bottom shape models correspond to real data (RQ 3-4, AIV-V). Finally, the 

uncertainty and sensitivity of all the models are analyzed to answer RQ 5. The 

implications of the uncertainty are placed in context with maritime risk analysis, as well 

as how to manage this risk.  

As chemical tanker collisions can be modelled to a better degree of detail, the focus of the 

in-depth analysis is on groundings rather than collisions. However, both accident types’ 

accident frequency and spill sizes are compared to one another. The uncertainty 

associated with both collisions and groundings are analyzed. The flow of the 

compendium structure is illustrated in Figure 4 and Figure 5. 
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Figure 5 Compendium structure.  

1.5. Limitations 

In this subchapter the most important limitations are discussed following the structure 

of the previous subchapter: Starting from a more general level and then moving onwards 

towards a more detailed level. The limitations on the detail level are only discussed here 

to a limited degree. A more in-depth discussion can be found in the respective papers AI-

V as well in Table 5-7, where the impact of the limitations of each individual model part 

of AI-VI is assessed in terms of uncertainty and sensitivity. 

The concept of risk is discussed in several publications; see e.g. Goerlandt and Montewka 

(2015), Aven et al. (2014), Solberg and Njå (2012) and Kaplan (1997). For the purposes 

of this thesis the risk is seen as an estimate of possible expected negative outcomes and 

their frequency, along with the uncertainty associated with the estimate. 

This thesis does not deal with all the uncertainties of all maritime risk analysis 

publications but primarily with model uncertainty; see 2.6. One of the issues related to 

the limited discussion of uncertainty in maritime risk analysis is that it becomes quite 

challenging for other researchers to analyze it and its effects on the QRA results: 

 Uncertainty 

Article     Research 
                  question 
 
 
I-II 1 
  
 
III 2 
 
 
 
 
 
IV-V 3-4 
 
 
 
 
I-II 5 

Sea 
bottom 
shapes 

Grounding 
damage 
models 

Collisions and 
groundings 
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understanding the uncertainty of maritime QRA as a whole requires in-depth expertise 

in several fields. These fields include, but are not limited to, human decision making and 

other cognitive processes, ship hydrodynamics, structures and mechanics, modelling and 

statistical analysis – and even philosophy. The possibility of a single researcher 

understanding all of these fields is limited and thus one is reliant on consulting other 

experts and reading “suggestions for future research” sections in the hope of small 

insights. Alternatively as in the case of this thesis, conducting in-depth research by 

oneself is required, which is tedious and limited in scope. The uncertainty of all 

potentially interesting maritime QRA articles could thus not be analyzed in depth. Thus, 

whether medium-to-high uncertainty applies to all possible models in the literature is an 

open question as the effects of the simplifications and assumptions made in the models 

are usually not discussed in depth, let alone systematically analyzed. Some fundamental 

issues of QMRA are discussed in Goerlandt and Montewka (2015) and issues regarding 

ship-ship collision scenarios in Goerlandt and Kujala (2014) and Ståhlberg et al. (2013). 

Other accident types than collisions and groundings are excluded. Potential spills of 

tanker fuel tanks are also excluded. AI does not take winter conditions into account due 

to the complex nature of modelling winter traffic patterns; see Valdez Banda et al. (2015).  

The geographical area is limited to the Gulf of Finland. Only chemicals carried as liquid 

bulk are taken into consideration. That means that packaged chemicals are excluded. 

In AIV only sea bottom shapes that protrude notably from the surroundings are analyzed, 

and thus sandbanks and other very flat sea bottom shapes are not analyzed, and nor is 

the effect of the tide or waves while the ships is aground modelled. The tidal effect, 

however, is practically non-existent in the Baltic Sea and the Finnish fairways are usually 

surrounded by rocky archipelagos, which significantly reduces the effect of the waves and 

the probability of grounding on other sea bottom types than rocks.  In AI the assumptions 

about the striking ship bow are simplified: Of the bow shape only a rigid bulb is taken 

into account, however in the model the resistance of the bulb remains the same also after 

it has fully penetrated past the tanker hull. This is assumed to compensate for the added 

resistance of including the bow, which is not modelled due to computational challenges 

involved in making a generalized model that still is based on FEM, see Sormunen et al. 

(2013) and Table 5. For a comparison of effects of rigid versus deformable ship bow, see 
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e.g. Högström and Ringsberg (2012), who conclude that in most cases the deformable 

bow only causes damage with the bulb. 

The FEM calculations used for collision and grounding damage analysis in AV and AI are 

semi-static. The grounding damage run in FEM of AV was terminated after one second, 

and so it provides only a limited overview of all the effects involved in a grounding. 

However, this limitation is justified as the results are mainly used for comparison of 

grounding damage energies and damaged element volumes.  
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2 COLLISIONS, GROUNDINGS AND UNCERTAINTY  

This chapter summarizes the main points from the articles that are relevant for this 

dissertation. The order starts from the system level with the spill frequency and 

consequences, and then from there goes into the various details associated with 

grounding damage analysis. Finally, the uncertainty and sensitivity of all the models is 

assessed.  

2.1. Chemical tanker spills resulting from collisions and groundings (AI-
II) 

In order to model the risk of chemical tanker collisions in the Gulf of Finland, the 

expected spills resulting from collisions were calculated in AI. This was done by utilizing 

the traffic simulation model of Goerlandt and Kujala (2011) and the causation factors of 

Hänninen and Kujala (2012) to obtain where and how often chemical tankers would 

collide with other ships. The expected annual number of collisions is visualized 

aggregated for 5x5-km squares in Figure 6.  

 

Figure 6  Expected number of struck chemical tankers per year using causation factors 
(AI). Map: © Finnish Transport Agency licence no. 1803/1024/2010. 

The most risk-prone locations are found to be the crossing between Helsinki and Tallinn 

and the east-west traffic, as well as the approach to Sköldvik harbour. The expected 

collision return period is once every 17 years for all tankers and once every 77 years for 
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chemical tankers. This knowledge was then combined with ship size data from AIS as 

well as a collision damage model by Sormunen et al. (2013) to obtain the expected spill 

sizes in the Gulf of Finland. The model estimates the perpendicular penetration depth 

into the chemical tanker as  

 (1) 

where is the perpendicular displacement in meters, WDH is the double hull width of 

the struck tanker in meters, FB is a non-parametric factor related to the striking ship bulb 

size and  the perpendicular collision energy in megajoules according to Zhang’s (1999) 

collision energy model. The penetration length along the struck ship hull is calculated 

using basic trigonometry  

 (2) 

where  is the collision angle, see AI and Sormunen et al. (2013) for a more detailed 

explanation. The penetration depth and length was then overlaid with a virtual chemical 

tanker model to estimate which tanks (if any) were breached:  

 

Figure 7 Virtual 120 m long example tanker layout as seen from above generated in 
MATLAB with penetrating bulb shown (AI) 

The average probability of a collision leading to a spill was 49.8%/42.3% for all 

tankers/chemical tankers only using the collision damage model and the input from the 
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traffic simulation as well as the AIS-data. This equals a spill resulting from a collision on 

average once every 40/156 years. The spill results are aggregated in Figure 8. 

 

Figure 8 Collision consequence model results (adapted from AI). 

The chemical spill sizes were in the range of 120-7400 m3, with a mean of 1859 m3 and 

mode of 1566 m3. 

An overview of this whole process is shown in Figure 9. 
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Figure 9 Overview of chemical tanker collision spill estimation (AI) 

Finally, the average chemical ecotoxicity is estimated to obtain a risk map for chemical 

spills resulting from tanker collisions. Noxious liquid cargo is classified into four 

categories, from the most toxic to the least toxic, which are specified along with their 

transport volume shares in Table 2. 
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Table 2 Average of 2008 and 2010 chemical transport volumes, Finnish GoF harbours 
(AI).  

 Category 
Share of total 
volume 

X 2.75% 
Y 74.34% 
Z 16.10% 

N/A 6.81% 
 

Each category is given a risk multiplier so that the overall risk can be calculated: X = 3, 

Y = 2, Z = 1 and N/A = 0. The average risk multiplier for the  Gulf of Finland was found 

to be 1.73 for the western part (west of the red line in Figure 10) and for the eastern GoF 

slightly higher: 1.89. The overall risk is obtained by multiplying the expected spill volume 

per 5x5-km square by the risk multiplier for the given area; see Figure 10. 

 

Figure 10 Chemical spill risk map weighed according to average hazard level of chemicals in 
the area (AI). Map: © Finnish Transport Agency licence no. 1803/1024/2010 

 

To put the spills resulting from collisions into perspective, the number and spill sizes 

caused by groundings are estimated in AII. For collision modelling the ship bulb shape 

can be described relatively easily; see Sormunen et al. (2013). This allows FEM and other 

detailed models that require accurate input regarding the penetrating object to be 

utilized, though with some simplifications, see Table 5. 
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For groundings the situation is different: a reliable estimate for rock size for damage 

width estimation, as well as vertical penetration depth, would be required; see Table 1. 

In the current literature no detailed sea bottom shape that is verified with bathymetric 

data could be found; see AV. Thus there is a difference to which level of detail chemical 

tanker collisions and groundings can be modelled. Due to this imbalance this thesis 

elaborates more on groundings than on collisions as the former needs more basic 

research.  

Due to the lack of reliable information on the exact bottom shapes and grounding depths, 

the mean spill sizes are calculated purely on the basis of tanker DWT using the model of 

Montewka et al. (2010b).   

The approach multiplies the number of tanker port visits by the average number of 

groundings per port visit: 0.000332 groundings per ship arrival according to the DAMA 

database. This number can also be called the grounding causation factor or PG.  The latter 

number is obtained from accident statistics and is assumed to apply all ships because of 

the low number of tanker groundings in Finnish waters. This is quite simplistic as the 

complexity of navigation in different fairways differs (Mazaheri et al., 2014). 

The harbours that are analyzed are Sköldvik in Porvoo and HaminaKotka, which account 

for 97.61% of tanker arrivals in Finnish harbours, according to Finnish Transport Agency 

(FTA) statistics (AII). The expected number of tanker groundings per year calculated in 

this manner is once every 6.54 years for HaminaKotka and once every 3.41 years for 

Sköldvik, see Table 3.   

The total expected spill size of substance i = {gas, oil, chemicals} per harbour h = 

{Sköldvik, HaminaKotka} for visiting tankers t = 1,2,3,…, T is calculated based on ship 

DWT as:  

 

 
(3) 

Where PG is the grounding causation factor and is the probability of a 

spill in the event of a grounding based on DWT. This is estimated on the basis of 

extrapolations of TRB (2001) probabilities: 
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(4) 

 

The results are summarized in Table 3.  

Table 3 Grounding frequency and spill size per ship type and harbour (AII). 

 

The return period is the average number of years between two accidents, obtained by 

dividing 1 by the expected number of annual accidents. The overall tanker grounding 

frequency obtained using this method is roughly one grounding every two years. 

Comparing this to the number of tanker collisions, collisions are estimated to occur less 

frequently (once every 17 years for all tankers and once every 77 years for chemical 

tankers).    

However, both the spill probability in case of an accident as well as the average chemical 

spill size are larger for collisions than for groundings: The mean chemical spill as a result 

Harbour 
Tanker 
type 

E(groundings) 
per year 

Return 
period 

E(spills) 
per year 

Return 
period  

E(spill 
size) in 
m3 

Porvoo Oil 0.327 3.1 0.0230 41.8 58.17 1529.1 

 
Gas 0.011 90.9 0.00066 1515.2 0.20 301.6 

  Chemical 0.0521 19.2 0.00313 319.9 0.92 294.6 

  Total 0.390 2.6 0.0277 36.1 59.29 1328.1 

Hamina- Oil 0.0315 31.7 0.00189 529.1 1.28 673.9 

Kotka Gas 0.006 166.7 0.00036 2777.8 0.17 465.1 

 Chemical 0.108 9.3 0.00648 154.3 3.56 548.3 

  Total 0.146 6.9 0.00873 114.5 5.00 515.4 

Both 
combined Overall 0.536 1.9 0.0365 27.4 64.29 1011.6 
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of a collision was estimated to be 1859 m3, while for groundings it is estimated to be 295-

548 m3, depending on the harbour. The probability of a tanker accident leading to a spill 

was 6 – 27% for groundings and 42.3-49.8% for collisions.  

The spill model of Montewka et al. (2010b) is based on the IMO (1995) grounding 

damage length, width and depth assumptions and as such the question of the extent to 

which it corresponds to GoF-specific conditions (sea bottom shape, ship size and 

structure) is open. To investigate this, the grounding damage data of Luukkonen (1999) 

is analyzed and used to construct grounding damage models in Sormunen (2014), which 

are compared to the IMO grounding damage model, as well as other (analytical) 

grounding damage models found in the literature in AIII. This comparison also gives 

insights into how consistent different grounding damage models are that are developed 

using different assumptions. Should the results converge, this is an indication of low 

uncertainty related to the models. 

2.2. Analytical and statistical grounding damage modelling (AIII) 

In Sormunen (2014), data from 18 grounding damage reports (Luukkonen, 1999) was 

analyzed. The reports included factors such as ship mass, velocity, total damage length, 

etc. which made it possible to estimate the extent of grounding damage solely on the basis 

of grounding energy. No data regarding the exact sea bottom shape or grounding depth 

was found in the reports. Despite this data being lacking, both the two-dimensional 

damage area (as seen from below) and total damage length could be predicted relatively 

well on the basis of grounding energy only; see Figure 11 and Figure 12.  

 

Figure 11 Damage area A [m2] as a function of grounding energy E [MJ]. Left: cases with E < 
300 MJ, right: all cases. (Sormunen, 2014) 
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Figure 12 Total damage length l [m] as a function of grounding energy E [MJ] (Sormunen, 

2014). 

This means that despite the lack of exact knowledge of the sea bottom shape, the 

grounding damage can nevertheless be estimated e.g. by using the method described in 

Sormunen (2014) – but at a cost of uncertainty: the R2 varies between 0.67 and 0.84, 

which is much less than e.g. the number from AV, as shown in Figure 17. The damage 

length and damage area do not explicitly show e.g. how many tanks would be breached 

if a tanker ran aground. The vertical damage extent data in Luukkonen (1999) was not 

specific enough to model this in detail. This would require more detailed information, 

such as knowledge of the grounding depth and the relationship between the grounding 

depth and extent of the vertical damage.   

To see how well these Finland-specific conditions match the results from other studies, 

different grounding damage models were compared in AIII. The models found in the 

literature can be roughly divided into FEM, statistical and analytical models; see Table 1. 

The models analyzed here are analytical and statistical models that model grounding 

damage in tankers: IMO (1995), Sormunen (2014), Heinvee et al. (2013), Cerup-

Simonsen et al. (2009) and Zhang (1999). The results of the various models are 

compared to one another to see how similar the results given by grounding damage 

models that use different starting points for the modelling are. The models are 

summarized in Table 4.  
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Table 4 Grounding damage models compared 

 

Model 
 

Abbreviation and equation 

 

Variable explanation 

IMO (1995)  
 

Sormunen 
(2014), 

energy only  

 

                   

 

Sormunen 
(2014), 

taking into 
account 
bottom 
shape  

 

Heinvee et 
al. (2013)   

Cerup-
Simonsen 

et al. 
(2009)  

 
 

Zhang 
(1999) 

  

 

The IMO model is a statistical model which does not take into account the velocity, size, 

mass or structure of a ship or local sea bottom conditions. The model is based on 63 

groundings between 1980 and 1990. The damage length relative to the total ship length 

f(x) is randomly sampled from a statistical distribution, which is a combination of a 

triangular and a uniform distribution and the damage length is obtained by random 

sampling from the distribution, see AIII for details. The damage length L is obtained 

simply by multiplying f(x) by the ship length; see Table 4.  The other models estimate the 

damage length L using the grounding energy E (Sormunen, 2014) or the energy 

combined with ship-specific information. This includes the ship bottom damage opening 

width (WDT/Bd) or contact area between rock and ship bottom structure (AR) as well as 



 
 
 
 
 
 
 
 

 

31

ship bottom structure specific information such as equivalent bottom thickness (teq) in 

the models by Heinvee et al. (2013), Cerup-Simonsen et al. (2009) and Zhang (1999). 

For more oil spill models based on the IMO assumptions, see Goerlandt and Montewka 

(2014), Montewka et al. (2010b) and Smailys and Česnauskis (2006).  

Two equations were used of the Sormunen (2014) models; see Table 4. The first equation 

calculates damage solely on the basis of the grounding energy, and not taking any 

account of the shape of the sea bottom or vertical extent of the damage. The second 

equation is a hybrid, where the two-dimensional damage area A is calculated using an 

equation from Sormunen (2014), then divided by the (average) damage width to obtain 

the total damage length. The damage width  is calculated on the basis of the 

polynomial rock assumptions of Heinvee et al. (2013); see Figure 3.   

The model of Heinvee et al. (2013) is a metamodel of FEM simulations, where a 

polynomial rock is used; see Figure 3. In this case, a 190-m-long tanker is selected for 

analysis. The model of Cerup-Simonsen et al. (2009) was developed utilizing FEM and 

full-scale testing. The last model is that of Zhang (1999), who proposed a damage length 

equation for an 82,000-ton tanker based on tearing damage theory and experiments.  

2.2.1. Grounding damage results using various models  

The grounding velocities are based on the data of Luukkonen (1999); see Sormunen 

(2014) and AIII. The grounding damage depth δ is assumed to be triangularly 

distributed, ~T(0,T,0). This means that the most likely grounding depth will be exactly 

at ship draft (ie. barely touching the ship bottom), followed by a linear decrease in 

probability until the theoretical upper limit of grounding at 0 m water depth. In the 

literature the grounding depth is either triangularly (Jalonen, 2003; Tikka et al., 2002) 

or uniformly distributed (Jalonen, 2003). This assumption is tested against bathymetric 

data in AIV. The different grounding damage models were compared using the same 

ship, same horizontal damage and same grounding energy with 10,000 simulated cases.  

The results, shown in Figure 13, indicate that the different models give somewhat similar 

results, including the IMO model. Despite the quite simplified rock shape and the 

grounding depth assumptions, the IMO statistical model – which decouples the damage 

from the sea bottom shape – shows a  histogram  of the same shape as most other models; 
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see Figure 13. Note that the IMO model has a maximum limit of 0.8 ship lengths for the 

damage length.   

 
Figure 13 Simulated relative grounding damage lengths; see Table 4 for equations and 

abbreviations (AIII). 

The distribution of LS differs from the other distributions as a result of the discrete nature 

of the velocity data that was sampled to generate the velocity at the beginning of 

grounding. The data is taken from accidents in Finnish territorial waters (Luukkonen, 

1999), but is limited to only 15 cases, which contained the velocity both at the beginning 

of grounding and at the end of grounding, leaving some gaps in the initial velocity range. 

The other models combine velocity with various grounding depths and thus have 

smoother histograms.   
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 LS gives similar results to other distributions when the penetration depth is relatively 

small; see AIV. IMO, on the other hand, does not utilize even ship velocity data as input; 

it samples the damage length purely randomly from a distribution.  

However, using statistical goodness-of-fit tests leads to the conclusion that the different 

models all give different results. None of the damage length results are similar enough 

that they can be assumed to come from the same underlying distribution (p<0.01 for all 

cases). This indicates uncertainty related to the model(s); see the discussion in Table 7. 

As such, the IMO grounding damage length assumption differs from the equations in 

Sormunen (2014) that are based on Luukkonen’s (1999) grounding damage data. For the 

analytical grounding damage models a triangular grounding depth was assumed. This 

assumption is uncertain – which means that the grounding damage length results of the 

analytical models are uncertain as well; see AIV for a discussion of the grounding depth 

assumptions.  

When it comes to validating ship structural damage models, the most common method 

in the literature is briefly discussing a plot of the results of the theoretical model versus 

the validation data (AIII). This qualitative, visual comparison means that the degree of 

similarity between two (quantitative) datasets is not rated by a quantitative metric. This 

can be insufficient, as is shown by the results in AIII: A relatively good visual fit between 

two grounding damage length datasets – shown in Figure 13 - might still not be even 

close to passing statistical goodness-of-fit tests. This results in some ambiguity and 

uncertainty about the certainty of the results as well as makes comparison between 

goodness of models more difficult.   

As previously discussed in Table 1, the models in Table 4 (except the first two) are directly 

dependent on a sea bottom shape parameter: damage width (WDT, Bd) and/or area (AR). 

Therefore, their accuracy is dependent on accurate sea bottom shape input (see AV) as 

the damage length is divided by the damage width and/or area. In AV-VI how well the 

current sea bottom shape models correspond to real sea bottom data is investigated.  

2.3. Sea bottom shapes and grounding damage estimation (AIV-V) 

The current assumptions in the literature about the sea bottom shapes assume a conical 

or polynomial rock in those cases where a specific shape was specified; see Heinvee and 
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Tabri (2015), Cerup-Simonsen et al. (2009), van de Wiel and van Dorp (2009), Klanac 

et al. (2006), Kitamura (2002), Naar et al. (2002), Zhang (2002), Zhu et al. (2002) and 

Rodd (1997). The extent to which these shapes match the actual sea bottom has not 

previously been investigated quantitatively. This entails high uncertainty as a result of 

simplified assumptions and a lack of data; see 2.4. 

In order to investigate how well current sea bottom shape models match real sea bottom 

shapes, a four-step methodology was proposed, which is generally applicable. The 

procedure is as follows:  

Step 1: define relevant sea area and find bottom data (see Figure 1) 

Step 2: identify individual peaks from the larger bottom formations  

Step 3: define the cut-off method for the individual peaks (see Figure 14) 

Step 4: fit mathematical models to the data and evaluate the models  

 

Steps 1-2 are relevant when processing new bathymetric data. In this case, this was 

applied to bathymetric data from the Finnish Transport Agency (FTA) for two of the 

busiest Finnish tanker fairways; see AV. Steps 3-4 are the most relevant with respect to 

quantitative maritime risk analysis and are thus described in greater depth. 

Step 3: define the cut-off method for individual formations (AIV) 

3a) Selecting all data points less than a distance r in the xy-plane from each rock 

midpoint for separate analysis; see Figure 14. The radius r for the selection of the data 

around the midpoint or apex (2a) was defined iteratively as follows:  

3b) plotting the selected data separately from the bigger data; 

3b) changing the radius until a visual check showed that the whole of the “rock” would 

be included and all other apexes would be excluded.  
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Figure 14 Isolation of individual peaks from larger formations (AIV). 

Using this method, 199 individual sea bottom formations were isolated.  

Step 4: Fit mathematical models to the data and evaluate the models (AIV) 

The fit of this data to four different models was tested, two of which are assumptions 

taken from the literature (polynomial and cone) and two of which are the author’s own 

proposals (binormal function and polynomial with more terms). The four models are:  

1. Heinvee et al. (2013)4  

 (5) 

where x-axis indicates the relative position in the east-west  direction and the y-axis in 

the north-south direction while z is the water depth  All units are in meters, where the 

origo for z is the water surface. For x and y the origo is approximately the peak of the 

rock. x0 and y0 are constants that allow the exact location of the origo to be adjusted for 

computational purposes 

2. 2nd-order polynomial equation  

  (6) 

3. Cone  

                                                        
4 Extended in the x-axis direction with the term  
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 (7) 

where h is the height of the cone and r the radius of the cone at h= 0. The constant b1 is 

added to this equation (and Equation 4 as well) to cancel out the fact that all the observed 

values of z are negative. (AIV) 

4. Scaled and shifted binormal function  

 
(8) 

where b0 is the scaling multiplier, b1 a constant that cancels out the fact that all the 

observed values of z are negative, σ the standard deviation, μ the mean and ρ the 

correlation between x and y.  The models were fitted to the data using the nonlinear least 

squares method. The results were compared by calculating the coefficient of 

determination R2 for each model fit. The maximum value for R2 is 1, meaning a perfect 

match between the model predictions and the data. The analysis shows that the binormal 

function has the best overall fit to the data for the two fairways, with over half of the cases 

having an R2 of 0.8 or better for Hamina and ~2/3 of the cases for Porvoo (Sköldvik). 

Furthermore, in the vast majority of cases the binormal function performed better than 

any other model. The results are illustrated in histograms in Figure 15.  

 

 

 

 

 

 

Figure 15 R2 for different models using the Porvoo data (left) and the Hamina data (right) 
(AIV).  
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The polynomial models 1 and 2 show mixed results, with some good fits for Porvoo but a 

much worse performance for Hamina, while the conical model has the overall worst fit. 

The conical model could be improved by testing various types of tips, as the cone model 

in this case is an unblunted cone. However, one of the issues for the conical model (as 

opposed to the other models) is its inability to model asymmetry in the rocks around the 

z-axis. With the right parameters the binormal function converges towards the same type 

of cone as used by Naar et al. (2002).  

As such, out of these models the binormal model performs best in modelling sea bottom 

shapes. Note, however, that this model does not accurately mimic all the sea bottom 

shapes found in the data, thus calling for more research on the topic. Having established 

in AIV that the binormal function is the best model given the data when using a statistical 

measure for the model fit, the next obvious question is how well the rock models compare 

to the sea bottom data when used in grounding damage analysis. This was done in AV, 

utilizing FEM to compare grounding damage differences between using sea bottom data 

and the bottom shape models of AIV under otherwise identical scenarios.   

The results show that contrary to expectations, having a relatively high R2 value did not 

necessarily mean similar ship grounding damage, as illustrated in Figure 16. This means 

that statistical measures can be deceptive or insufficient and that additional validation 

methods are needed.  

In Figure 16 the R2 of the model rocks is compared to how well the energy of the model 

rock corresponds with the energy obtained using the sea bottom data. The y-axis 

describes the normalized energy, i.e. the grounding energy when using a model rock 

divided by the energy obtained using sea bottom data. The expectation is that the energy 

ratio will converge to 1 as the sea bottom shape models become more accurate (i.e. the 

R2 of the model goes towards 1). This relationship is illustrated in Figure 16 as two red 

slopes. The grey area is a confidence interval of +/- 0.1 around the slope. Many of the 

models show a relatively large difference in grounding energy on the far right of Figure 

16. In many cases the model has quite a good R2 of 0.8 or more but the energy difference 

is quite large, with normalized energy values of around 0.5. The sample size is quite small 

– four rocks and for each rock four models were tested – but the rocks were not randomly 

selected from AV. Instead, rocks were selected that represented different bottom shape 

types, that showed a good R2 for at least one model and which also showed a good visual 
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congruency between the sea bottom data and the model. This means that at the very least 

some negative conclusions can be drawn regarding the goodness of the rock models.  

 

 

 

 

 

 

 

 
Figure 16 Relation between energy absorbed during grounding simulation and rock model 

fit in R2 (left). (b) Comparison of rock 11f and its analytical approximation (right) 
(AV). 

In terms of uncertainty in maritime risk analysis this has major implications: it is shown 

that even a widely accepted statistical criterion for model goodness evaluation such as R2 

is in itself a limited measure. While the geometry of the rock may be modelled relatively 

well, the grounding energies between the rock model and the real data might still diverge 

by a large margin. This means that assumptions in damage modelling should be carefully 

examined in depth as even intuitively good assumptions may be of high epistemic 

uncertainty. In AV another measure was found to describe the grounding energy well: 

the rock or rock model surface area or volume, see Figure 17. All such measures showed 

a very strong linear relationship with the damaged ship bottom element. This means that 

metrics such as these should be considered as well when evaluating the goodness of the 

rock models.  
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Figure 17  Rock area and volume metrics compared to the damaged element volume for 

εplastic >0.01, including real and model rocks (AV).  

The three different area and volume metrics were defined in the following manner:  

a vertical YZ plane is drawn through the highest point of a rock or rock model; see Figure 

18 (a). The rock is cut through this plane. Afterwards a horizontal XY-plane is drawn at 

a penetration depth δ from the highest point; see Figure 18 (a). This plane represents the 

location of the ship bottom relative to the rock. Once the rock or rock model is cut by 

both planes the volume, surface area and projected areas are measured; see (b)-(c) (AV).  
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Figure 18 Procedure to measure areas and volumes for the real rock models. a) Extraction 

of volume section, b) projected area and c) measured volume and surface area 
(adapted from AV).  

In order to have reliable sea bottom models more research is needed; measuring the 

goodness of the model only by R2 is not enough – measures such as area or volume should 

also be considered along with the surface roughness of the rock: The rock four models  

examined in AV all have a smooth surface. When it comes to real rocks, a rough, bumpy 

surface invokes different failure modes than a smooth one, see Figure 19: The real rock 

crushes steel elements in the front of the rock while the model rock pushes the steel 

upwards in a much more smooth motion. This also means that the grounding energy is 

different in the simulations, which lasts 1 second. Thus for equal grounding energy 

between real and model rock, more complex models are required that can model well 

uneven surfaces.  
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Figure 19 FE simulation results with rock 10a. Analysis with (a) real and (b) approximated 
Binormal model (eq4) rock. (AV) 

To judge from the current state of the art, the most reliable grounding damage estimation 

method(s) do(es) not have realistic input regarding sea bottom shapes, which is crucial 

as relatively small changes mean large disparities in grounding damage analysis; see 

Figure 16. 

 This means that there is considerable uncertainty in regional grounding damage 

estimation when utilizing models that are directly dependent on accurate sea bottom 

data such as FEM and analytical models; see Figure 2 and Table 4. This uncertainty is 

also present in the models that do not utilize the sea bottom shape in the damage 

calculations: they are based on underreported, and to some extent perhaps even 

outdated, data and lack a connection to local or ship-specific conditions. This last point 

is important as in AIV variations in local sea bottom conditions were shown. The sea 

bottom shapes in the Porvoo fairway (Sköldvik) were shown to be wider and blunter on 

average than the ones in Hamina (AIV). These sorts of differences have a significant 

impact on the energy required to rupture the inner hull of a ship, as demonstrated e.g. 

by Alsos and Amdahl (2007), and therefore bathymetric data from more regions should 

be investigated.  
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2.4. Uncertainty in quantitative maritime risk analysis (AI) 

Uncertainty can be argued to be an integral part of risk itself (Levin, 2005) and various 

methods exist in the literature for modelling both aleatory and epistemic uncertainty. 

Despite this, epistemic uncertainty in particular is rarely discussed in quantitative 

maritime risk analysis. In this part of the compendium uncertainty is analyzed in terms 

of epistemic uncertainty, as well as the sensitivity of the results to changes in input or 

assumptions. The starting point is the uncertainty assessment analysis (UAA) proposed 

by Milazzo and Aven (2012) that utilizes a score system by Flage and Aven (2009). The 

UAA is extended to include a score of the uncertainty of the sensitivity, see AI and Table 

5.  

The classification of the degree of epistemic uncertainty, according to Milazzo and Aven 

(2012), is: 

Low (L) if one or more of the following conditions is met: 

– the assumptions made are seen as very reasonable 

– much reliable data is available 

– there is broad agreement/consensus among experts 

– the phenomena involved are well understood; the models used are 

known to give predictions with the required accuracy 

High (H) if one or more of the following conditions is met: 

– the assumptions made represent strong simplifications 

– data is not available or is unreliable 

– there is a lack of agreement/consensus among experts 

– the phenomena involved are not well understood; models are non-

existent or known/believed to give poor predictions 

Medium (M) if the conditions are between those characterizing low and high 

uncertainty. 
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The sensitivity is defined on a similar L-M-H scale according to the size of the changes 

in base values needed to bring about altered conclusions: low if the changes required are 

“unrealistic”, medium if “relatively large” and high if “relatively small”.  The ranking scale 

could be expanded to a quantitative (ratio) scale, however this is in many cases 

challenging: Knowledge of the epistemic uncertainty is often uncertain and limited, 

requiring more specific research to bring it to a meaningful, non-arbitrary quantitative 

scale. In the absence of a separate, targeted study the underlying assumptions, model 

limitations and simplifications cannot be analysed quantitatively. Recent research has 

criticized expressing trying to express all uncertainty quantitatively (Berner and Flage, 

2016); various probability assignments with the same numerical value can be based on 

very different level of evidential support (Goerlandt and Reniers, 2016).  

As such, the UAA of Milazzo and Aven (2012) was found to be best suited as a starting 

point, in particular over other more quantitative methods. However, what was 

discovered in this theses is that when using complex models the sensitivity analysis might 

be difficult to conduct: E.g. the traffic simulation model used in AI was too time-

demanding to re-run and re-program for an effective sensitivity analysis. Therefore, an 

additional category called sensitivity uncertainty was added to the UAA matrix for the 

cases where sensitivity analysis was not feasible or was incomplete, see Table 5. For some 

model parts the sensitivity was possible to assess indirectly using metamodels instead, 

see AI. 

The final importance score is assessed as an average of the epistemic uncertainty and the 

maximum of sensitivity and sensitivity uncertainty. For example, for a model part with a 

low epistemic uncertainty, high sensitivity and low sensitivity uncertainty would be 

assessed as having a medium importance. The reason that only the maximum of 

sensitivity and sensitivity uncertainty is used is that if the sensitivity is high, having a low 

uncertainty about the sensitivity should not reduce the importance score. For AI the 

matrix is as follows: 
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Table 5 Risk model uncertainty assessment analysis matrix (AI). U = unknown. 
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AIS data 
grouping for 
traffic 
simulation  

M Routes grouped separately for 
each departure/destination but 
data gaps exist 

L Subjective 
assessment 

H Subjective 
assessment  

M 

Traffic 
simulation 

M Sampling procedure done as 
time-variant Poisson process 
but not including traffic 
scheduling 

M Subjective 
assessment  

U  M 

Collision 
candidate 
estimation 

H Major simplifications regarding 
navigator actions 

H  See Goerlandt and 
Kujala (2011) 

U  H 

Chemical 
tanker 
separation 
from other 
tankers 

M  Data incomplete and 
determination post-hoc on the 
basis of tanker DWT  

H Major changes in 
expected spill 
return periods 
using different 
filtering 
assumptions 

L Subjective 
assessment 

M 

Causation 
factors 

H Understanding and modelling 
human errors subject to major 
simplifications, phenomenon 
not understood in detail 

H Direct multiplier of 
risk, major 
variation in 
different estimates; 
see Sormunen 
(2012) 

L Sensitivity 
discussed in 
Hänninen and 
Kujala (2012) 

M 

Collision 
angle 

H  Evasive manoeuvring models 
make major simplifications, 
phenomenon not well 
understood 

M See Sormunen 
(2012)  

L Effect of 
collision angle 
on collision 
energy 
reasonably well 
understood 

M 

Collision 
location on 
the hull of the 
struck ship  

L  Uniform distribution 
assumption reasonable 
according to accident data 

H If collision in tank 
compartment, spill 
probability much 
higher 

H Actual collision 
damage of 
bow/stern 
collisions 
unknown 

M 

Collision 
velocity  

H Link between collision angle 
and velocity missing, turning 
reduces speed but effects 
unknown. Link between 
approach and collision velocity 
subject to major assumptions 

M See logistic 
regression models 
in AI  

L Relationship 
between 
collision 
velocity and 
collision energy 
quite well 
understood 

M 

Collision 
damage 
model 

H  Major simplification regarding 
both damage length and 
collision energy 

M Subjective 
assessment  

H Subjective 
assessment 

H 

Chemical 
hazard level 

H No official quantitative hazard 
scores exist, no interaction 
modelled, different chemicals 
toxic for different species 

H Multiplier of whole 
risk  

U  H 
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The uncertainty (and importance) of the different parts of the complex model that is used 

for estimating the spills resulting from collisions in AI is medium to high, despite the use 

of state of the art methods. Even using different assumptions in the literature about ship 

collision parameters such as angle, velocity, etc. leads to widely different damage results, 

as shown in Goerlandt et al. (2012). When it comes to the causation factors of collisions, 

Hänninen and Kujala (2012) concluded that the causation probability concept is vague 

and found discrepancies between their results and the results of previous studies; the 

definitions, variables and local conditions vary between studies. The difference in 

causation factor between studies vary in the order of magnitude of up to 10 (Sormunen, 

2012). Thus there is high uncertainty associated with the causation factors. Perhaps the 

most fundamental issue is the lack of sufficiently in-depth understanding and modelling 

of human decision making on-bridge, which is complicated and bound to many local 

variables. This limitation cannot be circumvented by simply obtaining reliable, specific 

and universal causation factors from accident statics due to underreporting and 

relatively rare occurrence, see Sormunen (2012) for a discussion and a more in-depth 

comparison.  

 This overall medium-high uncertainty points at a fundamental issue in quantitative 

maritime risk analysis. Some key issues that need more research are human decision-

making regarding ship manoeuvring and the lack of accurate sea bottom shape models.  

When it comes to grounding size modelling, in AII UUA was applied to the grounding 

frequency and consequence analysis, and similar conclusions were drawn as in the 

previous UAAs: medium-to-high uncertainty and importance.  
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Table 6 Uncertainty Assessment Analysis of tanker grounding estimation (AII). 

 

Applying the UAA framework to AIII-V, Table 7 is obtained.  
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Number of 
port calls 

L Complete database H A direct 
multiplier 
of risk; see 
Eq. 16 

L Sensitivity 
is modelled 
in Eq. 16. 

M 

Tanker type 
classification 

M Not all port call 
reports contain 
both the in- and 
the outbound 
reports 

H same as 
previous 

L same as 
previous 

M 

Tanker size   
U 

 

Not known if DWT 
is based on self-
reports, which are 
not always reliable; 
see Sormunen 
(2012) 

H same as 
previous 

L same as 
previous 

M 

Grounding 
frequency 

H Underreporting, 
grounding 
frequency per year 
and location varies 
considerably 

H same as 
previous 

L same as 
previous 

H 

Spill size 
estimation 

H Major 
simplifications in 
spill probability 
and the outflow 
model 

H same as 
previous 

L same as 
previous 

H 
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Table 7 Uncertainty Assessment Analysis of grounding damage modelling (AIII-V). 
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Sea bottom 
shape (AIV-
V) 

 H Models give poor 
predictions and not much 
data has been analyzed 

H Relatively small 
changes in rock 
assumptions 
radically affect the 
grounding 
energy/damage; 
see Figure 16 

L The effect of 
sea bottom 
shape on 
grounding 
damage energy 
is relatively 
well known; 
see Figure 17 

H 

Grounding 
damage 
models in 
AIII 

M Different grounding 
damage models give 
somewhat similar results 
but results differ from 
another statistically 
significantly. Not using 
any information about 
rock gives medium 
uncertainty as the local 
conditions are not taken 
into account 

M -“- L Most models 
give analytical 
solutions, 
which 
explicitly show 
the effect of a 
change in 
variables on 
the overall 
damage results 

M 

 

As shown in Table 7, the epistemic uncertainty (and importance) is again medium-to-

high. Despite the lack of precise sea bottom shape modelling, grounding damage analysis 

is possible but is beset with uncertainty, as shown in AIII: Grounding damage modelling 

is possible even without any knowledge of the sea bottom shape but the accuracy will 

suffer, as shown in the R2 values in Figure 12 and Figure 12. The R2 values for estimating 

ship bottom damage area or length based on energy only varied between 0.67-0.84. 

Theoretically better results can be obtained by using the sea bottom shape as well as 

input in grounding damage calculations. However, this would require solid 

generalizations about the grounding depth, rock size and shape. This information is 

currently not available. The limited analysis done in this thesis does not provide enough 

information to make sweeping generalizations regarding rocks for large sea areas.  Any 

model that is dependent on the sea bottom shape with the current understanding would 

have a high uncertainty associated with it.  
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2.5. Discussion of uncertainty assessment  

Tables 5-7 evaluate the uncertainty, sensitivity, sensitivity uncertainty and importance 

of the model parts that were used to construct the overall accident frequency and spill 

sizes. This was done on three levels: detail (AIV-V), ship damage model (AIII) and system 

level (AI-II). When building such a complex system-level model as the collision model in 

AI, it is important to note that the uncertainty of the lower-level models can propagate 

through the system to higher levels; see the parts of the model with high sensitivity in the 

tables. An example of this is utilizing a damage model that requires exact input regarding 

the shape of the penetrating object, such as the grounding damage models in AIII that 

have sea bottom shape parameters as a divider: see Table 4. Therefore the accuracy of 

lower-level details and data is especially important for the overall risk assessment.  

The UAA in Table 5 reflects the subjectivity (and thus another layer of uncertainty) of 

some of the definitions. The sensitivity is defined according to the size of the changes in 

base values that are needed to bring about altered conclusions (Milazzo and Aven, 2012): 

low, if the changes required are “unrealistic”, medium if “relatively large” and high if 

“relatively small”. How much is “small” and how much is “unrealistic”? Furthermore, in 

this case there are no conclusions per se in terms of decision making or similar; thus the 

statement “changes needed to bring about altered conclusions” is not directly 

meaningful. In this thesis only the number of accidents and the spill sizes are modelled, 

and thus any change in the input or model, even a trivial one, will change the 

conclusions. Therefore, here variables that are direct multipliers of risk (probability or 

consequences), which are also (theoretically) unbound, are considered to have a high 

sensitivity. Note that the classification between high and low uncertainty is not mutually 

exclusive and the boundaries between the categories subjective. See also Goerlandt and 

Reniers (2016) for a discussion on the ambiguity of language in classifying risk and 

uncertainty.    

Table 5 also shows some of the challenges associated with UAA. Some fields are purely 

based on subjective assessment because of a lack of better information. Therefore, UAA 

is only a first or second step in dealing with uncertainty: UAA helps identify, 

communicate and assess uncertainty and sensitivity on an ordinal scale. Further steps 

onward would be more research in order to either to reduce the uncertainty or to quantify 
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it; see 1.1.4 and Tables 5-7, as well as the suggestions for future research sections of AI-

VI. 

2.6. Discussion of risk modelling and uncertainty 

This thesis deals with risk modelling and uncertainty on three levels: individual detail 

(AIV-V), the ship damage model (AIII) and the system level (AI-II). AI-II evaluated the 

frequency and sizes of groundings and collision spills for tankers sailing in the Gulf of 

Finland. AIII compared various grounding damage models, including those of Sormunen 

(2014), Heinvee et al. (2013), Cerup-Simonsen et al. (2009), Zhang (1999) and IMO 

(1995). The damage results were similar to certain extent but nevertheless had the 

similarity assumption rejected in statistical goodness-of-fit testing for all the cases that 

were compared. In AV-VI a methodology for evaluating sea bottom shape models was 

presented; a systematic approach to modelling and evaluating sea bottom shape and sea 

bottom shape models had not been found in the literature. Statistically, the best model 

was the proposed binormal function, as opposed to a polynomial or conical model, which 

are common in the literature (Heinvee and Tabri, 2015; Cerup-Simonsen et al., 2009; 

van de Wiel and van Dorp, 2009: Klanac et al., 2006; Kitamura, 2002; Naar et al., 2002; 

Zhang, 2002; Zhu et al., 2002; Rodd, 1997). However, when the resulting grounding 

damage was compared, a good statistical fit did not necessarily correspond to similar 

grounding damage between the rock model and the real sea bottom data. The cone model 

overall had a much worse fit than the binormal and even the polynomial model; see 

Figure 15. It was shown that considering a statistical goodness-of-fit measure such as R2 

is not enough as the most important variable in the grounding damage case that was 

studied was the volume and surface of the rock (model); see Figure 17. This was apparent 

as the cone model had one grounding case with a good fit in terms of the grounding 

damage but a bad statistical fit in terms of R2; see the red hexagon in the middle of Figure 

16. 

Finally, an uncertainty assessment analysis framework was presented and applied to the 

content of AI-V. In all of the cases that were studied, the uncertainty regarding key 

models and/or the input to quantitative maritime risk analysis was found to be medium 

to high. Some of the uncertainty is fundamental, serving as necessary input to more 

complex models, such as the sea bottom shape modelling; see the origo in Figure 4. This 
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is further highlighted by the fact that uncertainty in lower-level models can propagate 

throughout the system, e.g. the uncertainty related to sea bottom shape modelling limits 

the use of FEM and analytical models in regional grounding damage analysis.  

Uncertain data and/or lower-level models can sometimes be avoided by utilizing other 

methods that are independent of such input. In grounding damage models, this means 

utilizing grounding models based on statistics, which, however, have their own 

limitations as a result of underreporting and the quality of the data, such as low sample 

sizes for specific ship types and the historical nature of the data. Thus they have limited 

potential to take ship- or location-specific details into account. Regardless of the 

approach taken, the uncertainty is medium-to-high, either because of lower-level model 

uncertainty or the limitations of accident statistics.  

Significant underreporting is also an issue that affects the reliability of accident statistic 

utilization in quantitative risk analysis – at least until it is better understood how well 

the accident databases and the statistical underreporting estimates represent the true 

number of maritime accidents; see Sormunen et al. (2016).   

Because of the high uncertainty of sea bottom shape models, grounding damage models 

that require detailed sea bottom shape input (such as FEM) cannot be reliably used for 

regional grounding damage analysis. Until this information is available, models that do 

not require information on the sea bottom shape are recommended, which again means 

less accurate results than it would be possible to obtain using FEM or analytical methods 

with reliable sea bottom shape input.  

Tanker spills are shown to be low-frequency, high-impact, high-uncertainty events, 

which pose their own challenges in terms of risk modelling and risk management. The 

relatively high uncertainty can be countered to some extent in decision making by robust 

risk control options that mitigate risk in a satisfactory manner under a wide range of 

circumstances; see Klinke and Renn (2002). The easiest form of robustness is to be 

prepared for the worst-case scenario, which, however, easily becomes (unnecessarily) 

expensive, and thus a trade-off between risk and cost is required. A precautionary 

approach is utilized by HELCOM, where there are set response goals for the Baltic Sea 

states. These include being able to respond to spills adequately within their sea areas 

within a time frame; see HELCOM (2001), as well as Sormunen (2011).  
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Whether these requirements are adequate can be discussed, as well as to what extent it 

is worth the effort to invest in more research on QMRA as even with no epistemic (model) 

uncertainty, the aleatory uncertainty is still high: exactly when and where there will be a 

spill and of what size is practically impossible to predict; see Figure 10. QMRA does 

provide useful input regarding the order of magnitude of spills that are to be expected, 

along with a rough estimate of how often such spills would occur, with what kind of liquid 

cargo and what locations can be considered hotspots that require extra attention. This 

serves as an aid in decision making, but needs to be carefully evaluated because of the 

medium-to-high uncertainty.  

These facts, combined with the criticism levelled by Klinke and Renn (2002), as well as 

by Shrader-Frechette (1991), advise against a risk management strategy where the 

expected (Bayesian) utility or a frequency-times-consequences risk metric are used as 

the decision-making tool. This makes a comprehensive cost-benefit analysis challanging 

at best.  



 
 
 
 
 
 
 
 

 

52 

3 CONCLUSIONS 

This thesis presents and compares several models that can be combined to evaluate 

grounding and collision damage and frequency, as well as the uncertainty of the models. 

This was done on three levels: individual detail, the ship damage model and the system 

level. On the system level the frequency and sizes of groundings and collision spills for 

tankers sailing in the Gulf of Finland were evaluated. On the ship damage level, first, a 

method for evaluating grounding damage length and area for Finnish conditions without 

knowledge of the sea bottom was developed. These results were then compared with 

other grounding damage models, resulting in finding them somewhat similar but 

nevertheless having the similarity assumption rejected in statistical goodness-of-fit 

testing for all the cases that were compared. It was shown that the sea bottom shape 

surface area is a key input parameter and a methodology for evaluating sea bottom shape 

models was presented. Finally, an uncertainty assessment analysis framework was 

presented and applied. In all of the cases that were studied, the uncertainty regarding 

key models and/or input to quantitative maritime risk analysis was found to be medium 

to high. 

The results show a need for a systematic uncertainty assessment and analysis in 

quantitative maritime risk analysis as the uncertainty aspect is such an important factor 

in risk itself and in the decisions based on the risk analysis. Quantitative uncertainty 

assessment should be used with care so as not to give a false sense of certainty about the 

risk analysis results. Properly describing and analyzing factors that make quantitative 

maritime risk models uncertain also highlights the gaps in the research better. Metrics 

such as the importance score also give an indicator of the priority order, urgency and 

potential impact of further research. The uncertainty associated with QMRA should also 

be taken into account at higher echelons. Different degrees of risk call for different risk 

management strategies. Events with potentially high (negative) consequences and high 

uncertainty belong to a higher risk category than potentially high-consequence but low- 

(or medium-) uncertainty events (Kristensen et al., 2006). Thus a risk approach that 

would model risk purely as an expected mean frequency multiplied by the consequences 

(and ignoring uncertainty of outcomes, assuming it to be irrelevant or low) would 

underestimate the risk. As risk analyses serve as an input to risk mitigation decision 
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making and strategy implementation, this could lead to inappropriate risk management 

decisions; see also IMO (2013).    

This thesis shows that with the current understanding a risk-based strategy is not 

applicable for managing maritime risk because of the medium-high uncertainty 

associated with estimating the most common accidents; groundings and collisions. 

Accidents are rare and drastically underreported (Sormunen et al., 2016), and the 

uncertainty of grounding damage modelling is unavoidable with the current state of the 

art. Furthermore, the collision damage modelling is heavily dependent (and shows great 

variation) not only on the factors shown here but on the selected impact scenario 

assumptions (Goerlandt and Kujala, 2014).  

The author recommends implementing a systematic uncertainty assessment in maritime 

risk analysis, e.g. using the guidelines in AI-II, and proceeding with systematic sea 

bottom shape modelling according to the guidelines in AIV-V. The risk management 

strategy should be chosen according to the probability, severity of the consequences and 

uncertainty of the hazard; see Klinke and Renn (2002); most notably in cases of 

potentially high consequences and high uncertainty (i.e. groundings, collisions and 

comparable accidents), a risk-based strategy should be avoided in favour of a more 

suitable risk management strategy based on a precautionary approach.  

3.1. Suggestions for future research 

This thesis provides some insights into quantitative maritime risk analysis and the 

uncertainty associated with it. However, there remain several important topics for future 

research. For a comprehensive list, see the entries in Tables 4-6 with a high or medium 

importance classification. From these, the following topics are highlighted for future 

research because of their impact on QMRA.  

Because it is a key input for realistic grounding damage analysis using FEM and 

analytical models, the topography of the sea bottom needs more research. The rock 

models need more work so that the rocks could be described by relatively simple models 

where the local conditions could be taken into account by simply measuring a few 

variables. The proposed models can model the geometrical shape relatively well but the 

results in grounding damage analysis vary widely. This means that in sea bottom shape 
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modelling more factors than just R2 are taken into account: the sea bottom surface area 

as well as the rock model surface roughness. Furthermore, more sea bottom data should 

be analyzed to gain insights into local conditions and their variations, as the conditions 

found in Finnish GoF harbours differ from elsewhere. The additional information needed 

for a regional grounding damage analysis using FEM or analytical methods is:  

1. an accurate representation of the bottom shape, either through models or data. In 

this regard ship collision damage models are ahead as the ship bow shape is known;  

2. accurate representation of grounding depth; see AIV for the conclusions on the 

Gulf of Finland data. Again, in this regard ship collision damage models are ahead;  

3. (relative) probabilities for how likely the individual sea bottom shapes are to be 

struck and from which angles, this being linked to local conditions.   

Beyond being able to model the sea bottom shape correctly, because of the asymmetry of 

the rocks the probability of grounding on different rocks should be investigated, as 

should the probability distributions for the angles of approach based on local traffic 

conditions. The grounding depth needs further investigation. The results of AIV leave the 

current assumption of triangular or uniform grounding damage ambiguous: for Porvoo, 

both assumptions pass the Kolmogorov-Smirnoff test, while for Hamina neither of them 

does.  

With regard to collision frequency and risk modelling there are several topics that need 

more research. The collision damage models and the collision assumptions such as angle 

and velocity need refinement. Beyond this, the chemical hazard scoring system is quite 

simplified. Finally, uncertainty analysis should be performed on a wide scale in 

quantitative maritime risk analysis in order to understand the risk better. This has the 

added benefit of facilitating interpreting the quality of risk analysis results and utilizing 

them properly in decision making. 
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