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I. Abstract 
This master thesis project has been conducted at Smit Lamnalco in Rotterdam and is part of a larger 

ongoing project for the Dutch maritime and offshore industry, called MaSelMa (integrated 

maintenance and service logistic concepts for maritime assets). MaSelMa aims, among other things, 

to reduce the total cost of ownership for asset owners such as Smit Lamnalco. This thesis contributes 

by investigating expenditures due to corrosion and coating degradation. The company’s diverse 

circumstances have served as the basis for building a general physical degradation model with which 

these costs can be assessed for any given vessel in any situation. The obtained results provide 

important feedback as to how this degradation process factors into total cost of ownership and 

subsequently into decision making on a strategic, tactical and operational level.  
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II. Executive summary 
This report is the result of a master thesis project conducted at Smit Lamnalco, Rotterdam. Smit 

Lamnalco (SL) is a provider of towage and associated marine services to the oil and gas terminal 

industry and has contract locations around the world, often in remote and challenging environments 

with regards to climate, safety, etc. The project furthermore takes place within the larger context of 

the MaSelMa project (integrated maintenance and service logistic concepts for maritime assets), 

which is a four year project specifically conducted for the Dutch maritime and offshore industry. 

Smit Lamnalco operates approximately 200 vessels and is currently interested to obtain more insight 

into total cost of ownership (TCO) of these capital assets. These insights can help support decisions 

related to its maintenance policies on a tactical and operational level, as well as investment option 

evaluation on a strategic level.  

One of MaSelMa’s goals is to reduce the TCO for asset owners. A substantial part of a capital asset’s 

TCO are the maintenance expenditures (MEX). This master thesis project contributes by combining 

the company objective with that of the MaSelMa project by assessing the maintenance costs due to 

corrosion and coating degradation as part of a vessel’s total cost of ownership.  

Vessel corrosion plays an important role in driving maintenance expenditures, as it preventing it 

requires installing and maintaining costly coating systems. Allowing corrosion to proceed too far 

however can trigger even more expensive steel repairs. The combined costs for steel repairs and 

coating system maintenance accumulated over a vessel’s operational life       are investigated in 

this report as a function of three influential factors, expressed in the main research question: 

How to assess the maintenance cost component of the total cost of ownership related to coating 

degradation and corrosion of steel vessels as a function of its new build shipyard, geographical 

location and maintenance policy? 

Model formulation 

A key aspect of the approach of this project is the building of a physical degradation model which has 

the advantage over data driven methods that such a model can be generalized and used for analyzing 

    for any vessel configuration in any region under any maintenance policy. Extensive technical 

reviews were conducted to identify the degradation process of both corrosion and coating 

degradation. In parallel a literature review yielded suitable degradation models for these two 

processes. These were extended with results from the technical review. Specific extensions to the 

coating degradation process are incorporation of: 

1. Climate data as a function of a vessel’s operational region. 

2. The vessel’s initial quality as a function of the quality delivered by the new build shipyard. 

3. The specification of the coating system installed at new build. 

The corrosion and coating degradation models have furthermore been linked together such that the 

combined model can be used to assess degradation on a local level (i.e. per cm2), which is important 

given that local thickness reduction due to corrosion can be a trigger for steel repairs. 

Several aspects of the degradation process were modeled analytically. Due to the process’ 

complexity these elements were subsequently incorporated in a general simulation model. A dataset 
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of thickness measurements has been used to successfully demonstrate the model’s ability to 

simulate the physical degradation processes.  

Analysis 

The report proceeds with the formulation of an analysis plan. Given the scale of the number of 

possible scenario configurations it is infeasible to investigate every scenario regarding geographical 

location, local maintenance options, maintenance policy configuration, etc. An experiment design 

was constructed to investigate a sufficiently diverse number of settings in order to make inferences 

regarding the behavior of the costs for coating degradation and steel repairs. Important aspects of 

the experiment design are: 

1. The inclusion of three asset investment options regarding new build shipyard quality. 

Analysis is conducted for a high quality, medium quality and low quality vessel (HQV, MQV 

and LQV respectively). For the HQV the effect of opting for an upgraded coating spec over a 

standard spec is also investigated. 

2. The assessment of four operational regions each with a different climate and varying local 

maintenance tariffs for coating system maintenance and steel repairs. These regions are 

West Africa, (North West) Australia, the Middle East (Persian Gulf) and the Black Sea. 

3. Five on board locations are included to investigate their contribution to    . These locations 

are the topsides, underwater hull, ballast tanks, working deck and the superstructure. 

Simulations have subsequently been run for a 16m2 grid. The results have been scaled up according 

to the ratio between the simulation grid surface area and the estimated full surface area of each on 

board location. In addition the effects of corrosion on the asset’s final value at the end of its 

operational lifecycle have been taken into account. 

Conclusions 

The obtained results showed a clear distinction in terms of a vessel’s operational region. In warm 

climates, most notably Australia and West Africa,     is much greater for MQVs and LQVs relative to 

HQVs. Over a 20 year operating period an MQV in Australia is on average 130% more expensive than 

an HQV in the same setting.     for an LQV is on average 480% more expensive. In terms of the effect 

of corrosion on the asset’s final value an HQV in retains on average 24% of its initial value after a 20 

year operating period, while MQVs and LQVs on average retain 10% and 6% respectively of their 

initial value. These differences decrease percentage wise as the climate turns milder, although 

differences in absolute expenditures are larger for the West Africa region due to higher maintenance 

tariffs. 

    has been combined with the capital expenditures and the asset’s final value to move closer to a 

real TCO estimation. It has been demonstrated that yearly expenses for an HQV, considering initial 

investment, depreciation and    , under a 20 year period in Australia are 7% lower compared to an 

LQV in the same setting under a 10 year operating period (these vessels are not meant for 20 years 

of service, hence the difference in comparison). The difference drops to 6% for the West Africa 

region and only 1% for the Middle East. These results provide an indication that in the most harsh 

and expensive regions opting to invest in a high quality vessel could be justified.  

In the Black Sea region MQVs and LQVs are still more expensive in terms of     compared to HQVs. In 

absolute terms however the differences are much smaller and all vessels retains their value better. 
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Such conditions therefore seem to favor the LQV, which would be 17% less expensive annually than 

an HQV and 10% less expensive than an MQV when factoring in    , capital expenditures and the 

asset’s final value. These differences are substantial and provide an indication that opting for an LQV 

in such regions could be favored over opting for the more expensive MQVs and HQVs. 

Additional analysis has furthermore shown that Smit Lamnalco can reduce the costs in other ways. 

Opting for additional supervision during the vessel construction phase at a low quality shipyard can 

increase the vessel’s initial quality. Analysis has shown that a small increase of the initial quality of 

such vessels results in savings of 21.5% in terms of     in West Africa and 14.2% in the Black Sea 

region. This can offset the additional supervision expenses, especially since supervisors will do more 

than only improve quality with regards to construction and coating system quality. 

Optimizing operational decision making can result in additional savings. Taking into account simple 

prognostics for future corrosion levels saves on average 75% for MQVs in colder climates if the 

company decides at least 5 years in advance to scrap the vessel instead of trying to sell it after its 

operating period is over. Optimizing the opportunistic steel maintenance threshold can furthermore 

save 2-5% in ballast tank repair costs for the worst quality vessels. 

Recommendations 

Many of the results of this thesis are ready to be used by the company immediately. Time restrictions 

did place a limit on the number of analyses that could be conducted however so part of the 

recommendations focuses on expanding the model to include additional configuration possibilities in 

terms of regions and vessel configurations. Different vessel sizes can also be assessed but these only 

require the standard results to be scaled according to the surface area of each on board location. 

Other recommendations include the implementation of a small tool that has been developed for 

evaluating future levels of degradation given current measurements. This can help technical 

superintendents to review the necessity of maintenance actions given the remaining vessel lifetime. 

Most important though it the continuation of the TCO assessment. This requires a complete 

database structure to be set up within the company’s existing IT infrastructure and linking all cost 

information available to the existing equipment structure of the vessels.  

1. Costs are to be divided into running maintenance costs incurred in between dry dockings, 

planned maintenance costs incurred during dry dockings and off-hire costs (downtime).  

2. The database should link as many maintenance costs as possible to their respective vessels 

and the equipment group from that vessel’s equipment list. In cases where off-hire time is 

registered the equipment group responsible for the failure would bear those costs.  

3. For each vessel an operational region needs to be registered as well as the new build 

shipyard and the vessel age. If possible there should also be categorization of the vessel 

usage based on the contract details. For instance heavy usage, medium usage and low usage 

depending on estimated hours (engine) activity per unit time. 

Linking all this information to their respective equipment groups will help Smit Lamnalco in obtaining 

a full estimation of TCO and how this relates to usage, initial quality, etc. It will also provide 

important input regarding the groups that are most important for further analysis and for which 

optimizing maintenance policy tactics and parameters are most worth the effort.  
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1 Introduction 

1 Introduction 
This report contains the results of a master thesis research carried out at Smit Lamnalco (SL) in 

Rotterdam, The Netherlands. The thesis research is part of the larger MaSelMa (integrated 

maintenance and service logistic concepts for maritime assets) research project, which is a 4-year 

Dinalog project conducted specifically for the Dutch maritime and offshore industry.  

This introduction will only provide a brief introduction of the company and the circumstances that 

set the stage for this thesis’ subject including the MaSelMa project’s influence on the thesis project. 

1.1 Short company introduction 
Smit Lamnalco operates approximately 200 vessels of different sizes, ranging from small pilot vessels 

to tugs and 50m long offshore support vessels. Its operations are contract based, engaging preferably 

in long term contracts (5-25 years) with major oil companies, providing towage and associated 

marine services. The figure below provides the locations where SL is currently operating. 

 

Figure 1: Smit Lamnalco contract locations (2014) 

Figure 1 shows SL’s operations are spread out considerably. The locations where the company 

operates can be described as challenging environments, both in terms of climate, safety and 

maintenance options. Shipyards, for instance, may not always be close by and for complex repair jobs 

maintenance engineers have to be flown in to remote locations. 

Maritime legislation furthermore plays a significant role in shaping the company’s maintenance 

policies, with mandatory special surveys being conducted every five years. These surveys require a 

dry dock visit, meaning automatic downtime and incentivizing SL to adopt an opportunistic 

maintenance policy. Throughout this report SL’s challenges are taken as the basis for all analyses. 

1.2 MaSelMa 
The MaSelMa project is a multi-year project under the supervision of the Dutch Institute for 

Advanced Logistics (DINALOG) with a consortium of multiple knowledge institutes, service logistics 

providers, original equipment manufacturers, asset owners and valorization partners (see Figure 2). 
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Figure 2: MaSelMa consortium members 

Maselma focuses specifically on developing innovative solutions for the maritime and offshore 

sector. This sector can be classified as having complex and highly capital intensive assets that operate 

in often severe and diverse conditions at remote locations; a description that fits well with that of 

Smit Lamnalco’s profile. 

The MaSelMa project is organized into three work packages (WPs) that respectively aim to: 

1. Increase the predictability of maintenance (i.e. prevent failures, reduce unnecessary 

maintenance). 

2. Design service logistic plans that generate optimal solutions with a specification of resources 

and materials requirements. 

3. Improve and extend cooperation for service logistics and supply chain management. 

Achievement of these goals should among other things amount to significant cost savings for asset 

owners. This thesis project is situated in WP2 and contributes to this objective by providing an 

assessment of an important aspect of a vessel’s total cost of ownership. The following chapter 

describes how the interests of the company and MaSelMa are combined. 
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2 Project design 
This chapter introduces the problem statement on which the master thesis project is based. It 

outlines important constraints and parameters that need to be taken into consideration in order to 

contribute to SL’s ambitions as well as those of MaSelMa and by extension the Dutch maritime and 

offshore industry in general.  

2.1 Problem definition and project objective 
This project’s starting point from a company’s perspective is a need to gain insight into total cost of 

ownership (TCO) of different quality vessels to improve asset investment decision making. However, 

from a scientific standpoint as well as from the MaSelMa standpoint, there is a need for general 

solutions, which benefit the maritime industry in general. To unite these objectives the problem 

definition starts from a company’s perspective and works towards a more general project objective. 

2.1.1 Problem definition 

Smit Lamnalco is currently interested in obtaining additional insight into a vessel’s TCO for making 

asset investment decisions. TCO includes initial capital expenditures (CAPEX), but also operational 

expenditures (OPEX) and the asset’s end-of-life value. 

The figure below shows how TCO is built up out of multiple elements. Some elements are known in 

advance or can easily be calculated, while others are unknown and require thorough analysis in order 

to evaluate them.  

Maritime capital 
asset

OPEX

CAPEX  

Energy, labor, 
raw material, etc.

   Maintenance

Policy Operations profile

Failure modes Etc.

Initial quality

Depends on

TCO
Sort of known

Want to knowKnown

 

Figure 3: Total cost of ownership structure 

A major part of the operating expenditures are the maintenance costs (MEX) incurred over the 

course of the vessel’s lifecycle. For the maritime industry in general this particular cost component 

contributes in the range of 25%-35% of the total operating expenditures according to Turan et al. 

(2009).  
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Quantifying MEX for a vessel over its life cycle is difficult however, as it depends on many factors 

such as the quality of work delivered by the new build shipyard, the geographical location of the 

vessel, its access to periodic maintenance, operational profile, etc. Furthermore, MEX consists of 

many individual failure modes and related cost components on its own. Given extensive datasets of 

past maintenance expenditures it would be possible to conduct a data driven analysis of the 

individual cost components. However, this data is not available at this time. This means another 

method must be found to evaluate maintenance expenditures. 

2.1.2 Project objective 

An alternative is to model the physical behavior of a degradation process and determine its 

contribution to MEX accordingly. This is also how the company objective, that has just been 

described, can be united with the more general project objective, which is to assess the maintenance 

costs due to corrosion and coating degradation as part of a vessel’s total cost of ownership. 

Creating a degradation model has the additional benefit that analyses can be performed to 

determine the maintenance costs in any kind of scenario with regard to maintenance policy, 

operational profile, geographical location, etc. Such a setup therefore promotes the general 

applicability of the solution. 

Degradation of a steel vessel’s structure due to corrosion is particularly interesting as it can be a 

major cost component and is highly dependent on, for instance, new build quality and geographical 

location. This particular degradation process is therefore used to demonstrate how such a general 

degradation model can be used to investigate the contribution of maintenance costs to TCO.  

To operationalize the project’s objective further a set of research questions is outlined in the next 

section as well as the concrete project approach that is followed. 

2.2 Research questions and project approach 
This section describes how the problem definition and project objective described earlier are 

translated into research questions and also describes the approach that is followed throughout the 

report to answer them. 

2.2.1 Research questions 

Ultimately, SL wishes to gain insight into corrosion and coating degradation as a driver of the 

operational expenditures and how this depends on several factors. These factors are outlined in 

appendix A and briefly described below: 

1. The geographical location of the vessel: Climate has much influence on the rate of corrosion. 

In milder climates it will proceed much slower compared to tropical environments. Costs for 

maintenance will furthermore differ between regions. 

2. Maintenance policy parameters: Thresholds for steel repairs are set by classification 

societies, but SL has some room to optimize other parameters such as when to conduct 

opportunistic maintenance and how to approach the end of a vessel’s lifecycle. 

3. New build shipyard selection: The quality delivered by a shipyard is a major influence on the 

operational expenditures over the course of its lifecycle.  
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These factors immediately provide a guideline for the scenario configuration parameters that are 

relevant for the generalized maintenance cost analysis. The first research question reflects this 

interaction: 

1. How to assess the maintenance cost component of the total cost of ownership related to 

coating degradation and corrosion of steel vessels as a function of its new build shipyard, 

geographical location and maintenance policy? 

The model that is built to evaluate these maintenance costs can be used for evaluating decisions on 

multiple levels. On a strategic level the obtained insights are useful for evaluating different 

investment options and how these can be optimized for different regions. 

2. How to use results obtained for corrosion and steel repair costs in assessing total cost of 

ownership in general for evaluating different vessel investment options? 

Finally the degradation model can be used to improve Smit Lamnalco’s decision making on an 

operational level, for instance when assessing possible postponement of maintenance actions. This 

leads to the following question: 

3. How to leverage asset condition information obtained during inspections into making cost 

effective maintenance actions taking into account future degradation? 

These research questions cut both ways in that they create a bridge between the problem definition 

that is formulated from a company perspective and the more general interest of science and the 

maritime industry as a whole. The next section describes the steps necessary for answering the 

research questions and how the individual activities interact. 

2.2.2 Project approach 

The path that is followed to answer all research questions is summarized in the figure below. It 

shows all steps from the project proposal to its final recommendations. All the steps are outlined 

separately afterwards to describe their role in the project and to justify their necessity. 
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Figure 4: Project approach 

The problem definition phase was conducted in preparation for this thesis project. Its most 

important results have just been described; the actual project proposal and how the company 
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interests have been combined with those of the maritime industry in general. The remaining three 

phases can be described as follows: 

1. Degradation modeling has been selected as the preferred method over conducting data 

driven analysis, partly due to a lack of data and partly because generalizability is greatly 

increased by building a degradation model. Sub activities are: 

a. The baseline study necessary to evaluate the company’s current practices as well as 

extensive research into the coating and corrosion degradation mechanisms, which is 

necessary for the model building activity. 

b. A literature search to identify the state of the art in corrosion and coating 

degradation research, followed by the selection and extension of suitable models. 

This also positions the thesis project’s contributions to the literature. 

c. Obtaining data from practice to validate the final degradation model. This step is vital 

to increase the confidence in the model’s accuracy. 

2. The analysis stage is the stage which puts the degradation model to work in order to answer 

the research questions: 

a. An experiment design is needed to boil a wide range of parameter settings down to a 

manageable number of scenario’s that need to be investigated. 

b. Sensitivity analysis is required to evaluate the robustness of the model’s results as a 

function of parameters in the degradation model. 

3. The results from the analysis stage are used to answer the research questions. Again, 

answering these questions satisfies the need of the company but it also serves the more 

general purpose of informing the maritime industry on an important aspect of a vessel’s TCO. 

Before proceeding directly with the degradation modeling of the corrosion and coating degradation 

processes the contributions of this master thesis are put in perspective. 

2.3 Contributions to science and the maritime industry 
As this master thesis project is part of the larger MaSelMa project for the maritime industry an 

important part of this thesis’ total contributions are in support of MaSelMa. In particular the thesis 

contributes to maritime industry in the following ways: 

1. Results obtained from the degradation model can be used to optimize decision making on all 

corporate levels.  

a. Strategic decisions, such as on asset investment, can be supported with future cost 

estimates for any given vessel type/size. 

b. Tactical decision, such as whether to take additional surveys for evaluating asset 

condition can be taken to support the preparation of future maintenance actions. 

c. Operational decisions, such as when to conduct a full coating renewal or the 

threshold for opportunistic steel repairs, can be optimized. 

2. The degradation model’s mechanisms can be used to evaluate the performance of new build 

shipyards by the shipyards themselves or by asset owners. This can help set benchmarks for 

industry performance. 

Scientifically there are also several elements that contribute to the field of degradation modeling. A 

particularly interesting aspect is the approach that is taken in order to investigate the effect of 

corrosion and coating degradation on total cost of ownership. Research on TCO usually stays generic 
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by, for example, estimating distributions for accumulated life cycle costs, see for example Jiang et al. 

(2004). If a single degradation process is actually investigated it is usually by adopting a data driven 

approach, for example by estimating parameters of failure inter arrival times and calculating failure 

costs accordingly as done by Marquez et al. (2009). Given reliable data such methods may be 

accurate for a single setting, but the obtained results may not hold under different operating profiles. 

This thesis models the physical degradation process itself so that analyses on TCO can be conducted 

for any given situation. 

Much fundamental research is furthermore done in the field of coating degradation. The results 

however are very difficult to translate into actual performance in a practical situation. Such results 

can only be linked to actual performance through the use of a physical degradation model, which is 

what this thesis establishes by extending an existing coating degradation model (Nicolai et al., 2007).  

Most research on corrosion furthermore takes into account coating system life as a single variable for 

the entire vessel or surface under consideration, see for example Garbatov & Guedes Soares (2008). 

In practice however breakdowns occur in predictable patterns. Literature review did not yield any 

work that explicitly modeled both coating system degradation and corrosion levels as a physical 

degradation process.  

Finally research on corrosion of steel vessels typically focuses on corrosion as a failure mode by 

combining a corrosion model with one related to the mechanical stress a vessel suffers from weather 

conditions, cargo loads, etc. This can be used to calculate hazard rates for complete breakdowns (i.e. 

vessel loss). See for example Zayed et al. (2013) or Moan & Ayala-Uraga (2008). However in practice 

most repairs are triggered not because of hazard rates but due to thresholds set by class societies. 

This report therefore takes these thresholds into account to estimate future repairs. 
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3 Modeling 
The problem definition provided an overview of the cost structure of the total cost of ownership 

(Figure 3). This chapter starts the TCO assessment by evaluating the cost structure of the 

maintenance cost component and how corrosion and coating degradation fit into this. The chapter 

briefly describes the degradation processes, presents the degradation models selected from existing 

literature and extends those to create a general model. 

3.1 Cost structure 
Total cost of ownership is usually defined according to the life stages of a product. Fabrycky & 

Blanchard (1991) define four elements: (1) Research and development costs, (2) production and 

construction costs, (3) operation and maintenance costs and (4) retirement and disposal costs. In the 

maritime industry however, the asset owner and original equipment manufacturer are usually not 

the same entity. From an asset owner’s perspective TCO can therefore be defined according the 

costs in Figure 3. The formula for TCO is therefore as follows: 

                           ( 1 ) 

  

Normally this final value is called an asset’s salvage value. However given the different meaning of 

salvage in the maritime industry the term final value or end value is used here. As defined in chapter 

2.1 the maintenance expenditures (MEX) are a substantial part of the operating expenditures (OPEX).  

MEX in turn consists of multiple components related to the different failure modes   for which 

maintenance is conducted, either correctively or preventively, at a cost    over the vessel’s lifecycle. 

These separate components are very diverse in behavior and range from minor failures such as a 

defective showerhead to expensive and critical failures such as a broken propulsion drive shaft. The 

following formula describes how each of these components contribute to MEX as a function of the 

maintenance policy     , the operational profile      and the initial asset quality     : 

                 
   

 ( 2 ) 

  

As defined in chapter 2 this thesis investigates the contribution of one influential failure mode on 

MEX and by extension TCO. These are expenditures related to coating and corrosion (steel repairs), 

denoted as    . Besides contributing significantly to MEX, this type of degradation process is also an 

important factor in determining a vessel’s final value. The analysis therefore helps in two ways for 

investigating TCO.  

More detailed calculations concerning     and the effect of corrosion on the final value can be found 

in chapter 4.2. This chapter proceeds with the degradation modeling required for analyzing the 

degradation process’ physical behavior. 

3.2 The corrosion process 
This section provides a brief description of the corrosion and coating degradation processes and how 

they impact a vessel’s total cost of ownership. For the more technical details concerning these 

processes please see appendix B. 



 
9 Modeling 

3.2.1 Brief introduction to corrosion 

As mentioned in the problem definition corrosion is an important driver of maintenance 

expenditures and by extension TCO. Corrosion is an electrochemical process where metal particles 

react with oxygen from the metal’s environment. The figure below shows the corrosion process. 

 

Figure 5: Corrosion process 

The effect of corrosion is a material thickness reduction, lowering the material’s structural strength 

and making it more vulnerable to stress deformation. Figure 6 shows the proportion of failures in the 

maritime sector over the course of vessel lifetime due to corrosion and other causes (Caridis, 2009). 

 

Figure 6: Percentage of damage from corrosion and other causes over vessel lifetime (Caridis, 2009) 

Although these figures relate to larger ocean-going merchant vessels (e.g. oil tankers and bulk 

carriers) it is obvious that corrosion plays a major role in breakdowns, especially for older vessels.  

3.2.2 Corrosion as a cost driver 

In the past, several major incidents have occurred, such as the oil tanker Erika that sunk of the coast 

of France in 1999. This has driven the international maritime organization (IMO) to implement 

legislation, upheld by the class societies, where the extent of corrosion is measured at every special 

survey (i.e. every five years).  

If the thickness reduction of a steel section has progressed beyond a fixed threshold the asset owner 

is obligated to perform steel repairs. Such repairs are very costly and can be a major driver of the 

total cost of ownership, which is why this process has been selected for the TCO analysis. 

The technical review (appendix B) has furthermore identified several types of corrosion, including 

general wastage, pitting, stress corrosion, etc. This report focuses on general wastage since this is a 

common cause of steel repairs and it is reasonably predictable. Other types were either found to be 

irrelevant (e.g. bacterial corrosion) or too unpredictable (e.g. pitting). 
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3.2.3 A general corrosion model 

As this report is focused on determining the TCO related specifically to corrosion a model is 

presented here through which this type of degradation can be modeled. A literature search has been 

conducted which has yielded one particularly suitable model, namely that of Gudze & Melchers 

(2008). The model is selected because, unlike other models (e.g. Akpan et al., (2002) or Zayed et al., 

(2013)), it has already been calibrated for incorporation of temperature     and relative humidity 

    , which is an important requirement for creating a general degradation model. 

Gudze & Melchers (2008) use two separate models to determine the wastage over time. The first 

model determines wastage of mild steel over time in a ballast tank while the steel is immersed. For 

immersed corrosion there are separate phases to model the wastage over time, where each phase 

has a different rate of corrosion. The time span of each phase and the their rates of corrosion depend 

on the temperature  . Figure 7 shows the phases of their model. 

 

Figure 7: Immersed corrosion model (Gudze & Melchers, 2008) 

For immersed corrosion the wastage depth      is calculated by adding up the accumulated wastage 

in the different phases at their respective rates with the mean value function: 

        

                        

                        

                        

  

 

( 3 ) 

 

Furthermore there is a transition time      that marks the end of the first phase. For calculating the 

corrosion depth in the different phases we also need the wastage depth at the end of the first phase 

     and where the steady state corrosion rate would intersect the Y-axis     . These are all depicted 

in Figure 7 and can be calculated as follows: 

                 
                 
                

( 4 ) 

 
The second model is used to model wastage during periods of atmospheric corrosion     , when the 

steel is not immersed but corrosion still proceeds due to the humidity of the environment. The 

formula used to calculate this process’ contribution to wastage is listed below: 

                             ( 5 ) 
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Where    is the wetting fraction (i.e. the percentage of time the atmosphere is humid enough for 

corrosion to proceed),   is the time in years,          are constants,      is the salt content of the 

seawater expressed in parts-per-million (ppm) and   is the temperature in degrees Celsius.  

As outlined in appendix B the driving forces behind corrosion are temperature     and relative 

humidity     . As these are already incorporated in the model of Gudze & Melchers (2008) and the 

authors calibrated the model for these factors, the only extension is coupling it with a model for 

coating breakdown to initiate the corrosion process.  

To establish this link the term   is replaced by     , where    is the time of coating breakdown. 

This allows for calculating the level of wastage locally, instead of as an average value. This is 

important as failure of the steel structure can either be through a decrease in average plate thickness 

or due to exceeding a maximum allowed level of local wastage (appendix B). The model for coating 

degradation is presented next. 

3.3 The coating degradation process 
A coating system, as described in appendix B, consists of multiple layers. Its primary purpose is to 

protect the material underneath from oxidation by shielding it from the environment.  

3.3.1 Coating systems for corrosion prevention 

Electrochemical corrosion requires three factors to be present, otherwise the process will stop 

completely. These factors are: (1) oxygen has to be present in the object’s direct environment, (2) 

sections with different electrochemical values that form the anodic (lower value) and cathodic site 

(higher value) and (3) an electrolyte (e.g. salt water) is necessary for conducting the electric current. 

A coating system prevents oxygen and the electrolyte (water) from reaching the metal substrate, 

thus halting the corrosion process. Over time, however, coating systems can break down due to 

many causes. Figure 8 shows the cause and effect diagram for the most important causes of coating 

breakdown. For more details please see appendix B, which contains the entire technical review. 
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Figure 8: Cause and effect diagram for coating breakdown 



 
12 Master thesis report B. Westerweel (public version) 

To model the degradation of the coating system the approach of Nicolai et al. (2007) is adopted, 

which has the advantage of modeling degradation locally. This makes it possible to also calculate 

local corrosion levels by coupling it with the corrosion model of section 3.2. 

3.3.2 Model description 

Nicolai et al. (2007) employ a two-stage hit-and-grow (TSHG) process. A grid consisting of    squares 

with coordinates                  is modeled where each square is either in state 1 (good 

condition) or state 0 (failed condition). Spot initiation (i.e. local degradation of the coating from state 

1 to state 0) is governed by  an independent Poisson process        with arrival rate       . The rate 

of arrival can be either stationary or non-stationary. 

Following that multiple independent Poisson processes form again a Poisson process, the spot 

initiation for the entire grid is governed by a Poisson process                with arrival rate 

              . Given that each grid location has the same spot arrival rate, an initiated spot is 

‘assigned’ to a random location with probability     , meaning each grid location is equally likely to 

degrade from the random impacts. 

After a spot initiates it will propagate to the adjacent grid locations (8 at most), meaning that these 

will fail   time units after the initial arrival. This is the second stage of the TSHG process. The time to 

propagation     can either be deterministic or stochastic. Nicolai et al. (2007) model both options, 

but conclude that a deterministic process fits their data best. 

3.3.3 Extensions to the TSHG 

For the purpose of creating a general model to evaluate the coating and corrosion maintenance cost 

component extensions to the TSHG model are required for evaluating changes in terms of climate, 

operating profile, maintenance policy etc. These extensions promote the generality of the model so 

that it can be used for many more scenario configurations, which is crucial for the maintenance cost 

assessment. The extensions have been selected to represent the most relevant influences on coating 

degradation behavior as identified through extensive literature research and interviews with asset 

owners and coating suppliers. The results of this study can be found in appendix C. 

Environmental influences 
The TSHG requires two input parameters; the rate of arrival   and the propagation time  . The object 

simulated in the article by Nicolai et al. (2007) is a 100m2 lock door which is always in the same 

location and where circumstances across the door are assumed equal. This report however extends 

the TSHG in such a way that it can incorporate different geographic locations for the vessel and for 

the direct environment of the coating on board of the vessel. 

New build quality 
One of the most important influences on the degradation behavior of a coating system is the quality 

of surface preparation, coating application and construction quality (  ,    and    respectively) as 

delivered by the new build shipyard. These three aspects directly affect the defect arrival rate   and 

the spot propagation time   of the TSHG.  

Large fluctuations of the quality aspects are possible across new build shipyards. Their effect 

therefore has to be included in the model to promote its generality and accuracy of the maintenance 

cost assessments. 
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Coating system specification 
Part of the investment decision when buying a new vessel is the type of coating system that will be 

applied. An asset owner may opt for a standard option or for an upgraded specification, for instance, 

with higher dry film thickness or impact resistance. These properties affect the degradation behavior 

of the coating and must therefore be included in the model. 

State space extension 
Aside from full renewals of the coating system it is possible to partially repair failed sections, for 

instance through crew repairs or during a dry docking period. In general these partial repairs do not 

result in as good-as-new repairs. Crew repairs, for instance, can suffer from over-thickness or not 

cleaning the surface well enough, making it susceptible to cracking or peeling respectively. The state 

space for the TSHG is therefore extended to three states (Table 1), compared to the original two.  

Table 1: Coating grid location states 

State Description 

0 Original 

1 Repaired 

2 Failed 

 
The additional “repaired” state is introduced to account for the more rapid degradation suffered by 

repaired sections of the coating system. A transition from state 0 or 1 to state 2 is governed by the 

TSHG, while one from state 2 to state 1 is initiated by spot (partial) repairs. A transition back to state 

0 occurs only when a full coating renewal is conducted. 

Extra vulnerable surfaces 
The lock door in the report of Nicolai et al. (2007) represents a smooth surface which is relatively 

easy to coat. In this sense it is comparable to the hull of a vessel. Most issues with corrosion however 

are in the internal spaces of a vessel (e.g. ballast tanks), which have complex geometric structures.  

Coating such structures is much more difficult, especially in corners and around edges where coating 

breakdown and corrosion typically start. Vulnerable zones are therefore introduced around 

geometrically irregular objects that will suffer from a higher rate of degradation compared to the 

regular sections of plate. 

Extending the state-of-the-world 
The vulnerability zones also represent areas where a lot of work-related activity takes place, such as 

the work deck of an offshore support vessel (OSV). Appendix J provides two examples of surfaces 

with clearly concentrated degradation patterns.  

To account for short term changes in the direct environment of a coating system (e.g. periods of 

labor on the working deck) a Markov-Modulated Poisson process (MMPP) is employed. This type of 

process is suitable for governing the state-of-the-world in which these additional defect arrivals 

occur (e.g. at work vs. inactive). During periods with additional arrivals these can be directed to a 

concentrated area. The MMPP is analyzed in section 3.4.3. 

Given this extension and the state space extension there are now three distinct rates of arrival for 

the Poisson process compared to the original single arrival rate used by Nicolai et al. (2007). The 

index   in Table 2 is used for denoting the side of the steel plate. 
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Table 2: Extended set of coating defect arrival rates 

Arrival rate Description 

     Base rate of arrival for coating systems on smooth plate sections 

     Rate of defect arrivals due to mechanical impacts 

     Rate of arrival for a coating system in vulnerable areas 

 
It is furthermore necessary to distinguish between the original coating system applied by the new 

build shipyard and one applied by a repair shipyard. The result is a set of six arrival rates (Figure 9) at 

each side of the plate, where     denotes original coating and     denotes repaired coating 

(    and     for the other side respectively). 
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Figure 9: Complete overview of the defect arrival rates after extending the TSHG 

For a system where part of the original coating is still there, but other sections have been spot 

repaired, all six arrival processes are active at the same time. Figure 9 furthermore shows where each 

of the extensions influences the defect arrival rate. 

The report proceeds with several analytic evaluations of the coating degradation model to 

investigate the possibility of obtaining an analytic solution. 

3.4 Analytic model evaluation 
In order to obtain perform the cost analysis for     an analytic solution is preferable over simulating 

the degradation, since the latter requires more time to evaluate. Activities such as optimizing a 

maintenance policy can be performed more easily if closed form solutions are available.  

All extensions made to the TSHG boil down to a customization of the defect arrival rate and spot 

propagation time depending on the particular situation that a coating system is in. The following 

sections describe how and to what extent the TSHG process and its extensions can be evaluated 

analytically. 

3.4.1 Poisson process 

Suppose we have a 2x2 grid (N=2) and wish to know the probability of exceeding a failure threshold 

(FT = 2) given a Poisson process with average arrival rate    . Without considering that each arrival 
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after the first may impact an already impacted grid location, the probability of exceeding the failure 

threshold can be calculated as follows: 

                       
  

  
 
  

  
        

After each successful sample however, the probability of success diminishes as the impacted grid 

location is ‘replaced’ with a degraded one. This requires distinguishing between the number of 

arrivals     and the actual number of successful arrivals        . This way in cases where      

it is possible to not exceed the failure threshold if     . 

Suppose    , then the probability of exceeding the failure threshold        must be reduced 

with a binomial success probability, which in this case becomes: 

                                
 

 
 
 

 
  

  

  
 

With which we have to reduce the probability of exceeding the FT. In this particular case it requires 

the second and third arrival to be unsuccessful (the first can only be successful). This must be done 

for each possible value for     as it is then possible for arrivals to be unsuccessful. For this 2x2 grid 

this is expressed as follows: 

                                   

                   
 

    
 

 

   

           
  

  
 
 

  
 
  

  
 
 

  
 
  

  
 
 

  
                     

        

This is a relatively simple case where each arrival after the first has to be unsuccessful in order to not 

exceed the failure threshold. Therefore the probability of not succeeding remains equal (i.e. ¼) at 

each sample. However, if the failure threshold is raised we also have to include a term that takes into 

account where in the sequence of sampling the failed samples take place.  

Suppose     , then the probability of not exceeding the threshold will be as follows: 

                                      

                 
 

    
 

 

   

            

 

   

              

     
  

  
  
 

 
 
 

 
 
 

 
 
 

 
  

  

  
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
     

The apparent issue becomes the number of binomial combinations required to compute as   

increases, as well as the probabilities attached to success and failure of these binomial samples, 

which depends on the state of the grid at the moment of sampling.  
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If the failure threshold is also increased, the number of binomial combinations      increases 

according to the following formula: 

    
 

    
   

   
    

  
  

                   
 

      

                       
 

Where the second term is a correction that removes the sequences where the first arrival is 

unsuccessful, since this cannot happen in our scenario. Now suppose that the grid is size 100x100, 

with a failure threshold        . In that case the number of combinations for        where 

the threshold is not exceeded         , equals: 

Table 3: Increasing combinations for evaluating the Poisson process for defect arrivals 

X combinations 

2000 1999 

2001 1999000 

2002 1.3333e+9 

2003 6.6733e+11 

2004 2.6733e+14 

 
As Table 3 shows the number of combinations that must be evaluated to obtain an analytic solution 

for the probability of exceeding a coating system’s maintenance threshold increases very quickly. 

Obtaining an analytic solution this way is therefore not possible.  

3.4.2 Exponentially distributed inter-arrival times 

It may also be possible to determine the probability of exceeding a failure threshold before time   

using the exponentially distributed inter-arrival times of subsequent events in the Poisson process. 

This requires the convolution of multiple exponential distributions with decreasing parameter   , 

since each ‘arrival’ will decrease the surface size subject to the original Poisson process. 

Take for example again the 2x2 grid, with exponentially distributed inter-arrival times       . The 

first arrival will decrease the available surface by 25%, which makes the arrival time between the first 

and second arrival exponentially distributed with parameter        . 

The PDF for the total arrival time of   convoluted exponentially distributed inter-arrival times is given 

by Sen & Balakrishnan (1999): 

            
    

 

   

 
  

     

 

       

     

This can be used to calculate the probability of meeting or exceeding the failure threshold        

at or before time  , for a 2x2 grid with            : 

            
    

 

   

 
  

     

 

       

 
     
     

       
     
     

       

With the cumulative density function provided by Oguntunde et al. (2013): 
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Which yields the following function graphs: 

 

Figure 10: pdf and CDF of two convoluted exponentially distributed inter-arrival times 

While it is possible to analytically evaluate the functions        and        they become increasingly 

complex, as can be seen from raising the threshold to     : 

                 
     

               
 

     

               
 

     

               
  

With the accompanying pdf and CDF graphs: 

 

Figure 11: pdf and CDF of three convoluted exponentially distributed inter-arrival times 

Similar to the evaluation of the Poisson process (3.4.1), the complexity of the analytic solution for the 

defect inter-arrival times increases quickly as the coating grid size increases. The desired closed form 

solution for coating degradation can therefore not be obtained this way. 

3.4.3 Modeling the state of the world 

As mentioned in the section on extensions to the TSHG process (3.3.3) the defect arrival rate can 

take on different values depending on the type of activity that the coating system is in. A Markov 

Modulated Poisson process (MMPP) is chosen to characterize the different levels of arrival rate   and 
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the transitions between the different states of the world that moderate its value. The continuous-

time Markov chain      (CTMC) moderating the Poisson process    has two states       shown in 

Table 4, although this could easily be extended to include more states (e.g. inactive, traveling and at 

work). 

Table 4: Continuous-time Markov chain state space 

State Processes Description 

1      
During this time there is no activity in the direct environment of the 
coating system. There is only the internal degradation that is present 
regardless of any nearby activity. 

2            
At times when the direct environment of the coating system changes 
to a more hostile state of the world additional defects will arrive with 
rate      on top of the regular defects with rate     . 

 
The transitions between the state of the world are also governed by a Poisson process.      is an 

unobserved continuous-time Markov process that “governs the beginnings and endings of activity 

bursts with intensity          
     , where   

       if      indicates process   is active and 

  
       otherwise” (Scott & Smyth, 2003). 

In this setting only one process is allowed to be active at any time (i.e.    
       ). Each transition 

of      produces an event that triggers a transition from one state to the other. Scott & Smyth 

(2003) define separate Poisson processes for the birth and death of a state, with rates    and    

respectively. However, as we only allow one process to be active at any time the death of one 

process automatically triggers the birth of the other (Figure 12):  

1 2

 

Figure 12: Two-state continuous time Markov chain 

This creates a more simple situation in which only two rates need to be defined that depend on the 

average duration of the activities. Take for example a situation where the vessel crew is at work on 

the aft working deck for on average 4 hours a day every day. In this case state 1 = no activity and 

state 2 = at work. Furthermore, we have        and        . Assuming that the state-duration is 

exponentially distributed, we get    
 

  
 and    

 

 
 with the transition matrix: 

   
   
  

  

The steady state probabilities    and    then follow from the balance equations: 

   
  

      
 
 

 
        

  
     

 
 

 
 ( 6 ) 
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It is, however, not possible to use the steady-state probabilities in combination with the state-

dependent arrival rates to calculate an average long term defect arrival rate   , as this would 

decrease the variance of the process.      must therefore be set separately. 

While the system is in state 1, the defect arrival rate is therefore       . If the system is in state 2, 

defects arrive with rate             . These alternating arrival rates must be incorporated into the 

analytic solution of the TSHG. This analytic solution, however, is getting too complex, as outlined 

next. 

3.4.4 Complications of an analytic evaluation 

As has been shown in the previous sections, it is possible to evaluate the TSHG analytically up to a 

certain extent. For the purpose of this report, however, it is necessary to evaluate the condition of 

the grid locations on a much larger scale with several more interactions. This presents complications. 

Grid location interaction 
The most important interaction arises from the dependency that grid locations have with each other. 

A coating system grid location transition from intact state (i.e. original or repaired) to the failed state 

cannot only be triggered by a defect arrival from the Poisson process. It can also be triggered by spot 

propagation. Eligibility for such a transition depends, however, on the condition of neighboring grid 

locations. Such interaction is at the very least very difficult to incorporate in an analytical model.  

Linking the TSHG with the corrosion model 
Using the coating degradation model to trigger the start of the corrosion process requires taking the 

transition time of an individual grid location. As the transition time is stochastic the wastage depth is 

automatically also stochastic, making evaluating the necessity of maintenance actions more complex. 

Such actions also depend on the state of neighboring grid locations. In practice steel repairs are only 

conducted if a cluster of locations has degraded beyond the repair threshold. Evaluating individual 

locations would create much nervousness and an artificial increase in steel repairs due to the 

stochastic nature of an individual location’s wastage depth. Taking into account neighbor relations 

with regard to corrosion depth, however, may be even more difficult than doing so for the TSHG. 

Implementing maintenance actions 
Over the course of a grid location’s lifetime maintenance actions can trigger a transition of the 

coating system state. This starts the TSHG again but the location’s condition in terms of wastage 

depth must not be reset. This is again a complication when evaluating this grid location’s condition. 

Due to these complications a departure from the analytic evaluation is deemed necessary, although 

the individual elements are still useful. The complete degradation model (i.e. TSHG linked with the 

corrosion model) is analyzed through a custom built simulation model in Matlab. The next section 

describes this model’s key characteristics and how the extensions are implemented. 

3.5 Building a general simulation model 
This section gives an overview of the degradation simulation model which is used to conduct the 

maintenance cost analysis for coating degradation and steel repairs. Only the key mechanisms are 

presented here. For secondary aspects please see appendix C. 
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3.5.1 Situation classification 

The extensions to the degradation model introduced in 3.3.3 ensure that the degradation model can 

be customized to accommodate any configuration regarding vessel size, geographical location, etc. A 

single configuration is called a situation classification. 

The corrosion part of the model is easily adapted to the classifications as it only requires temperature 

and relative humidity as input. The TSHG, however, as introduced in 3.3.2, requires two parameters 

that cannot be taken immediately from the situation classification. To specify the TSHG’s defect 

arrival rate   and spot propagation time   extensive translation of that classification is required. 

Coating grid
Coating system

System spec

Coating quality

Application

Preparation

Direct environment

Mechanical impact risk

Geographic location

Temperature

Relative humidity

Construction quality

Steelwork

 

Figure 13: Parameter overview for situation classification 

Figure 13 provides an overview of the extensions and on which level these apply. Some of them 

apply on a vessel level, while others need to be considered a level lower, i.e. at the specific on board 

location. Climate, for instance, is specified on a vessel level, but the risk of mechanical impacts varies 

depending on the part of the vessel that is simulated. 

For the full specification of the situation the parameter   is defined. This parameter is used as a bulk 

parameter to contain all the information necessary to specify parameters   and   of the TSHG. This 

way each of the sub parameters in Figure 13 contributes to parameter   and in turn the parameters 

of the TSHG. 

All sub parameters are either classified on a nominal scale, for instance temperature ranging from 

0°C to 40°C. Or they are assessed qualitatively, such is the case for the quality aspects of surface 

preparation    ), coating application      and construction quality    ). All are transformed into a 

score ranging from 1 to 10, where 1 represents a perfect score. For the details about how this is done 

please see appendix C. 

The rating for the system specification           is a special case as this is also ranked from 1 to 10, 

but is dependent on the score of the quality aspects. The details can be found in appendix C. Finally, 

a weighted formula is used to establish the situation classification score  : 
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               ( 7 ) 

 
Where        because the quality with which surface preparation and coating application is 

conducted is consistently defined by experts as the most critical factor in ensuring that a coating 

system will perform well over prolonged periods of time.         and         since results 

from the technical review also indicated that the difference between a completely benign climate 

(i.e. low temperature and relative humidity) and a very hostile climate result in a larger difference in 

terms of coating system degradation than going from an upgraded to a standard coating system spec 

will. A weighted formula is chosen since it can represent all identified factors according to how 

influential these are deemed to be. It also allows for easier evaluation of the impact of each factor. 

Finally index   must be added to the variable   to denote which side of the steel plate is meant and 

whether it relates to an original or repaired coating system. Here         denotes side one for 

original and repaired coating respectively while         denotes these for the other side.  

3.5.2 Setting the spot propagation time   

The speed with which a degraded section of the coating system infects adjacent sections is called the 

spot propagation time  . Following Nicolai et al. (2007)   is assumed to be deterministic, although it 

is made dependent on    since   must be generalized to serve in a general degradation model. 

Setting the value for   furthermore requires adapting a baseline parameter value      with    

according to the following formula: 

              
 

 
 ( 8 ) 

 
Where the influence of      yields     . Here      represents the propagation of a degraded 

coating system grid location in terms of distance in one direction per unit time for an excellent 

coating system in benign conditions (i.e.     ). Following Nicolai et al. (2007)      is set at 2.5 

years as their research was conducted in the North Sea environment, which is a fairly benign climate 

and where quality can be expected to be excellent.  

It is assumed   decreases linearly to a minimum of 0.5 years if       as no clear relationship could 

be defined through the results of the technical review. A propagation speed of 2cm/year, however, is 

considered by experts to be fast for an average value and it should therefore serve well as a lower 

bound.  

For other parameters similar assumptions regarding linearity of parameter effects have been made 

throughout the remainder of this chapter and appendix C. In most cases linearity is assumed for two 

reasons: 

1. Indications from the technical review regarding parameter effects were inconclusive as to 

whether relations are linear or non-linear. With the weighted power model and by defining 

lower and upper bounds for parameter effect sizes, it is at least possible to give each 

parameter the proper amount of influence in the overall degradation process. 

2. Choosing a linear relationship over a more complex relationship eases the evaluation of the 

model results and allows for making inferences, without having to take into account 

potentially confounding underlying mechanisms. 
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3.5.3 Setting the defect arrival rate   

Converting    into a base degradation rate      requires defining a relationship between   , time and 

  . In line with the article of Nicolai et al. (2007) it is assumed that the rate of degradation will 

increase over time according to the following function: 

         
     ( 9 ) 

 
Where        , which is the value used by Nicolai et al. (2007).   , however, is also dependent on 

  . Table 5 shows when different levels of    are expected to reach a degradation level of 20% (i.e. 

80% of the system intact), which is considered the point where a coating system is in poor condition 

according to IMO specification (International Maritime Organization, 2009). 

Table 5: Time-Degradation relationship for different values of   

   1 2 3 4 5 6 7 8 9 10 

     [years] 50 25 22.2 19.4 16.6 13.8 11 8.2 5.4 2.5 

     0.05 0.14 0.17 0.2 0.26 0.36 0.6 1.1 3.3 17 

 
The respective values for      have been found iteratively. For      it is assumed a coating system 

will last 25 years until the 80% threshold is reached. This is in accordance with the estimated life 

expectancy for systems of upgraded specs given by the coating supplier.  

The minimum value for      at       is set at 2.5 years and system life expectancy is set to drop 

linearly with increasing   . This relationship is assumed, since the technical review (appendix C) 

revealed conflicting relations between the rate of degradation and the different sub-parameters of    

and insufficient information regarding interaction effects. 

Suppose a standard spec is applied, the value for    drops to 3.5 and      drops to approximately 21 

years (i.e.                   ), which is consistent with the 5 year drop estimated by the 

coating supplier. This supports the step size taken in Table 5. 

From the values for      we can clearly see an acceleration from      onward. Since    is on a 

continuous interval, these values have been fitted in Matlab to an exponential function to represent 

its behavior. The figure below shows the resulting approximation. 

 

Figure 14: Approximations for      
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The very slow increase of      for low values of    requires the use of two exponential functions 

instead of one single exponential. Otherwise it would lead to underestimation of      for small values 

of   . This leads to the following approximation for     : 

                                                ( 10 ) 

 
Using equation ( 10 ) for a 4x4m coating grid (n=400) yields the figure below: 

 

Figure 15: Coating system condition dependent on    

The figure above clearly shows that a perfect system in benign conditions        will show only 

limited signs of degradation in the first 25 years. For very poor systems in aggressive conditions 

        the coating will have failed completely after approximately 8 years on average. For 

additional insight the figure below provides the confidence intervals for      and     . 

 

Figure 16: Confidence intervals coating Condition 

Note that these confidence intervals have been obtained by determining which distribution fits the 

degradation data best. A lognormal, Gamma and Weibull distribution have been considered. 

Ultimately a Weibull distribution has been selected for which the scale and shape parameters are 
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calculated for each point in time. Appendix G contains an example of the goodness-of-fit test results 

complete with histogram and chi-square values. 

3.5.4 Definition of shipyard quality distributions 

The climate related sub-parameters of    are deterministic for a given geographical location. The 

quality aspects, however, are stochastic and depend on the quality distribution underlying what a 

given new build shipyard delivers. 

The quality a shipyard delivers also depends on the level of supervision that an asset owner dedicates 

to the project, for instance, by maintaining the presence of superintendents at the shipyard. To 

capture this behavior a distribution is estimated through expert opinion for the quality parameters of 

three hypothetical shipyards. These are under the premise of regular, but not constant supervision. 

As each parameter is ranked on a ten point scale (1-10) discrete probabilities are used. Table 6 

provides the distribution of three shipyards’ new build quality. High, medium and low quality vessels 

will be denoted by HQV, MQV and LQV respectively. 

Table 6: Quality parameter distributions 

Shipyard 
quality 

New build shipyard quality probabilities 

1 2 3 4 5 6 7 8 9 10 

High .5 .4 .1 0 0 0 0 0 0 0 

Medium 0 .1 .2 .3 .3 .1 0 0 0 0 

Low 0 0 0 0 .2 .3 .3 .2 0 0 

 
The distributions for the other two quality parameters follow the same distributions, but are set 

independently at the start of the simulation run. This allows for configurations in which perhaps 

construction quality is high but preparation and coating application quality is lower. 

During the vessel lifetime, however, the quality parameters    and    may change. This is due to the 

fact that a coating renewal triggers a reset, after which the value depends on a shipyard quality that 

is equal for all vessels, regardless of which shipyard built them. Construction quality    will remain 

constant over the vessel lifetime as the steel construction remains unchanged. 

The new values can follow one of two distributions, depending on the vessel’s site of operation. 

There are sites where there is access to high quality shipyards nearby and there are sites where only 

lower quality shipyards are available.  

Table 7: Local shipyard quality parameter distributions 

Shipyard 
quality 

Local shipyard quality probabilities 

1 2 3 4 5 6 7 8 9 10 

Medium 0 .1 .2 .3 .3 .1 0 0 0 0 

Low 0 0 .1 .2 .4 .2 .1 0 0 0 

 
Both Table 6 and Table 7 it can be seen that a quality score of 9 or 10 will never be achieved. Such 

scores are not unthinkable and have therefore been included in the scale and in the descriptions in 

appendix E. For Smit Lamnalco’s case, however, it is assumed that there will be sufficient supervision 

during the build process through which such major issues will be detected and acted upon. 
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Note that other investment options may also be configured this way and that separate distributions 

for   ,    and    can be configured. One example is a case where a vessel is bought from a high 

quality shipyard, but built through one of its subsidiaries in a low cost country. In that case   , which 

also factors in the design of the vessel, will likely require a different quality probability distribution 

expressing the higher quality expectations.    and    can then follow different distributions 

providing lower average input quality than the distribution for    does. 

3.5.5 Setting maintenance thresholds 

Over the course of the vessel lifetime several types of maintenance can be triggered, each by their 

own respective thresholds. All of these thresholds are applied at the time a maintenance opportunity 

arises, which is in general once every five years (i.e. a dry dock visit). There are four thresholds: 

1. The obligatory steel repairs conducted when wastage exceeds the class society standard 

threshold    or      , which are the thresholds for average and local wastage respectively. 

These values are constant over the vessel lifetime but vary for different sections of the 

vessel. 

2. The opportunistic steel repair threshold       that triggers steel repairs for sections that 

have not exceeded class society standards yet, but are at risk of doing so. This threshold only 

applies if at least one neighboring section has exceeded    or      . 

3. Coating renewal threshold   , which triggers a full renewal of the coating system. This is only 

evaluated if there are no steel repairs, as these automatically trigger a full coating renewal. 

Asset owners are free to set    as this is not subject to any class regulations. The coating renewal 

threshold      is tied to the condition of the coating system, which is expressed as the percentage 

that has failed, for example by blistering, peeling, detachment etc. Paint inspectors in the maritime 

industry generally advise to conduct a complete renewal if more than 30% of the coating system is 

degraded. Otherwise it is cheaper to conduct spot repairs by only repairing parts that have broken 

down (i.e.       ).  

The opportunistic steel renewal threshold       may also be set by the asset owner, who has to take 

into account that setting this variable too low will result in unnecessary repair costs. Setting it too 

high (i.e. close to      ), however, increases the risk of having to conduct steel repairs at future 

surveys.  

3.6 Model validation 
As mentioned in the problem definition (2.1) there is not enough data available at this moment to 

build a degradation model that is completely data-driven. Instead the model that is used is based on 

the physical phenomena observed in practice. It is, however possible to use the limited data available 

to validate its results. Two types of data are available for validation purposes: dry dock reports 

provided by two paint suppliers and a complete set of steel thickness measurements. 

3.6.1 Dry dock reports 

These reports describe the condition of the coating system on the hull prior to conducting 

maintenance while it is in dry dock, which usually coincides with a special survey.  

The dry dock report is made by a paint inspector from the coating supplier. The figure below shows 

an example extract of such a report. The most complete reports contain information regarding the 
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percentage of degradation due to the types shown in Figure 17 for both underwater areas as well as 

the topsides. They should furthermore specify the previous time maintenance was conducted, either 

for a complete renewal or for partial repair.  

 

Figure 17: Dry dock coating report extract 

Combining these two types of information (age and degradation) it is possible to compare this data 

with the degradation model for validation purposes. The contents of the reports, however, are not 

consistent. Some fail to provide information on a specific type of degradation, mentioning for 

instance blistering but not detachment. Other reports do not specify the previous application date, 

making it more difficult to assess the age of the system. Data may also be inaccurate to a certain 

degree since visual inspection is used to determine the level of degradation. Furthermore, the 

reports only cover the coating system on the vessel’s hull. Superstructure, ballast tanks and other 

areas of the vessel are not covered in the reports.  

Nonetheless this type of data can potentially help validate parts of the model, for instance 

degradation from mechanical impacts or initial coating system quality. This is a significant part of the 

degradation process of the hull coating. To visualize the model performance a simulation has been 

conducted (n=50) according to the following settings: 

1. All vessels in the data set have been built in a region where we expect quality in accordance 

with a medium quality shipyard (Table 6). This setting is used for the simulation. 

2. Degradation due to mechanical impacts arrive at a rate of         per year. Taking into 

account 2 hours of activity per day (i.e.        ),         . 

3. All vessels have been working in either tropical (West Africa) or arid environments (Egypt). 

Climate settings are set accordingly. 

 

Figure 18: Dry dock coating reports and simulation model results 
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For the goodness-of-fit tests conducted to obtain the confidence intervals in the figure above are 

similar to the results shown in appendix G for a fixed value of   . As we can see from Figure 18 the 

simulation results and dry dock reports do not match well. There are several possible explanations: 

1. There is potentially an under-estimation by the model for coating degradation in the first 

several years. As can be seen in Figure 18 degradation speeds up considerably in later years. 

2. The dry dock reports are unreliable, as their values are the result of only visual inspection. It 

is possible there is systematic over-estimation of the degradation. 

3. The settings for the simulation can be off. Due to the small sample size it is possible some 

vessels are of poorer quality than expected. It is also possible earlier repairs have shifted the 

quality of the coating system down from the original quality expected from the medium 

quality shipyards. There may also be more mechanical impacts, causing additional 

degradation. 

It is at the moment impossible to determine exactly where the additional variability (if it truly exists) 

is coming from. It is possible to introduce additional assumptions to create more variability. The 

figure below is based on the same settings as earlier, except that 50% of the vessels is now assumed 

to have had earlier coating system renewals of poor quality done, which in the regions concerned 

(primarily West Africa) would not be unexpected.  

 

Figure 19: Dry dock report validation under additional assumptions 

As can be seen in Figure 19 there are still cases where the degradation proceeds more quickly than in 

the model, but the overall fit improves. Some of the best cases now fall outside the confidence 

interval, which can be expected given the lower average quality which brings the confidence interval 

down. The next section will focus on validating the model with a more reliable dataset, obtained 

from extensive thickness measurements. 

3.6.2 Hull thickness measurements 

The second data source is a complete set of thickness measurements for a single SL vessel. This 

particular vessel is 20 years old and has been operating out of West Africa for at least 17 years1. It 

has recently undergone extensive steel repairs to many of its inner compartments as part of a special 

survey. Prior to this SL has conducted extensive measurements on critical sections such as the hull, 

                                                           
1
 The majority of survey reports dating back to 1997 are filed from survey centers in West Africa. Occasionally 

surveys have been conducted in South Africa. 
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ballast tanks, fore peak and aft peak. Furthermore, the coating systems on the inner compartments 

have never been maintained, making it suitable for validating the complete model (i.e. coating 

degradation and corrosion) in a zero-maintenance situation.  

The coating system of the hull has been maintained during dry dock visits, so these measurements 

are used to validate the complete model in situations where there is both external damage 

         and periodic maintenance. The full measurement report contains the schematics of the 

sections where measurements were conducted, where each measurement was done and its 

outcome. Figure 20 shows an extract of the report.  

 

Figure 20: Extract of the thickness measurement report 

The ‘MM LOSS’ column contains the data that has been used for validation purposes. This data has 

been sorted from smallest to largest, producing graphs like shown in the figure below. 

 

Figure 21: Sorted thickness measurements example 

Subsequently a single simulation run has been made on a 16m2 grid of standard spec coating with 

the following settings: 

1. Coating repairs have been made every five years to the outer shell. If the condition of the 

coating system is below 70% a full renewal is conducted, otherwise spot repairs are made. 

2. Spot repairs have a quality      meaning these sections are twice as vulnerable as 

completely new sections. 

3. The arrival rate of degradation due to external arrivals is set at         arrivals per year2. 

Activity at the coating surface takes place 2 hours each day (i.e.        ). This implies 

         impacts per m2 per year.  

                                                           
2
 This is an important driver of the degradation process. A parameter updating procedure is included in 

appendix I of the report to allow SL to ultimately get a more accurate estimate of its value. 
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4. Corrosion conditions are a combination of atmospheric and immersed corrosion. The 

corrosion model parameters have been set according to the data available for West Africa 

(see appendix L). 

5.    is set at 4, which is a reasonable assumption given that the vessel was built in the UK with 

a standard coating system and used in harsh environments.    is set at 7, which is not 

unrealistic given that the quality of surface preparation and coating application in West 

Africa is on average much lower. Temperature and RH is high and the system is of standard 

spec.    and    are set equal to    and    respectively. 

There were 193 measurements in the original dataset for both starboard and portside. Four have 

been removed from both because they were taken directly below the anchor pocket where there 

was clearly a different degradation pattern (wastage exceeded 3mm only there).  

For the simulation results 189 measurements have been obtained by sorting the wastage values for 

all grid locations and taking 189 samples at regular intervals between the minimum and maximum. 

Figure 22 shows the results for three combinations of    and   .  

 

Figure 22: Hull thickness measurements 

While one simulation run cannot prove the validity of the entire model, the results obtained are 

certainly encouraging. The number of measurements where no degradation has taken place, the 

maximum wastage registered and the intermediate values match well with the original results. 

Wastage inside the vessel 
The final part of the model to be validated is related to the construction quality value   , which 

describes the vulnerability of the coating system at geometrically irregular sections in inner sections 

of the vessel. 203 measurements from four sections of the vessel’s aft peak are available for analysis. 

Wastage in this section is much more serious compared to that of the hull. As mentioned before 

there has been no maintenance done on the coating system here for 20 years. This is compounded 

by the more intricate geometry of these sections, making it harder to coat well.  
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A simulation is again conducted on an adapted grid, resembling three bulkheads placed vertically at 

¼, ½ and ¾ of a 4m wide steel plate. To the left and to the right of these bulkheads 10cm of coating 

has been labeled as more vulnerable. Furthermore the following assumptions apply: 

1. As the vessel has been built in the UK, the original value for    is expected to be reasonably 

high, although the vessel has been operating in a warm climate with very high RH in the aft 

peak. The value for    and    are therefore set at 3.    and    do not apply as maintenance is 

not enabled. 

2. The construction quality is set at      in accordance with the standard model parameter 

(appendix C), making the defect arrival rate in vulnerable areas nine times as high. 

Figure 23 shows the simulation results plotted alongside the original measurements.  

 

Figure 23: Aft peak thickness measurements 

Again the results match quite well, indicating that the model is able to give realistic output in terms 

of wastage of steel plates with more vulnerable geometry. 

Table 8 shows the effect of the three stiffeners and their more vulnerable surrounding areas. The 

darker areas represent locations where material has corroded away. 

Table 8: Example of extra vulnerable sections at different points in time 

t = 10 years t = 15 years t = 20 years 

   
 
With the model fully explained and validated with available data as much as possible the next 

chapter outlines the analysis plan of the total cost of ownership through the physical degradation 

model.  
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4 Analysis  
The previous chapter defined key parts of the simulation model for the degradation process. Before 

this model can be used for the maintenance cost analysis, however, an experiment design must be 

formulated. This chapter presents the analysis plan as well as cost calculation methods and policy 

assumptions. 

4.1 Simulation layout 
The simulation model has been programmed using Matlab 2013b. Figure 24 shows the layout of the 

degradation module and the maintenance module. Note that this is the method for simulating a 

single vessel lifecycle. 
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Figure 24: Simulation structure 
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The layout presented in Figure 24 shows the degradation processes for coating and corrosion, which 

have been described in the previous chapter, as modeled sequentially. The layout, as presented, 

simulates the coating degradation and corrosion of coated mild steel over the entire lifetime of the 

vessel       . It furthermore shows which parameters are relevant for each of the model steps (e.g. 

  ,    or   ). For the definition of these parameters and how they are determined, see appendix C. 

4.2 Experiment design 
The items described in the previous paragraph can be distilled down to several factors with each 

their own number of treatment levels. This can be used to create a more efficient experiment design, 

since it is not feasible to conduct a full factorial experiment. Table 9 shows a recap of the relevant 

parameters. 

Table 9: Experimental design parameters 

Category Factor Treatment levels  

Maintenance 
policy 

Class restrictions Fixed 

Maintenance policy thresholds Continuous 

Investment 
options 

New build shipyard 3 

Coating system spec 2 

Asset write off period 3 

Operating site 
and vessel 
specifics 

On board location 5 

Climate influence 4 

Local maintenance 2 

 
Conducting a full factorial for all factors and treatment levels would mean running 720 simulations, 

which is infeasible. The problem size can be reduced, however, by introducing several restrictions. 

 Local maintenance can be treated as a fixed variable directly dependent on the site of 

operations, as shipyard quality is more likely to vary between regions than within regions. SL 

furthermore has the option to select from the better shipyards in a particular region.  

 Crew repairs to the coating system are dependent on the on board location, since these are 

sometimes not feasible (e.g. tanks or under water) or not allowed (topsides). Limiting the 

analysis on crew repair quality only to the work deck reduces the problem size further. 

 Upgraded coating systems are only made available for new build shipyards of high quality, 

since poor application will negate their potential benefits.  

 A standard write off period length of 20 years is used for the basic analysis of the investment 

options. 

Under these restrictions there are four investment options left (3 quality levels and an option to 

invest in an upgraded coating system for the highest quality shipyard). There are five on board 

locations and four climate settings. The final number of combinations is thus cut down to 5x42 = 80 

simulations. The investment costs (CAPEX) for a high quality vessel is €5.5M. For medium and low 

quality vessels it is €4.8125M and €4.125M respectively (15% and 30% discounts relative to the high 

quality option). 

Some special cases are identified, however, and treated separately to explore the problem further. 

For instance, by investigating the effect of sending additional supervisors to a shipyard to oversee the 
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construction phase. The maintenance policy thresholds are going to be fixed to a standard SL policy 

for all simulations except for those in the optimization part of the report (see 5.2). 

4.2.1 Calculating the maintenance expenditures 

The costs for steel repairs    and coating repairs    are the cost drivers of the maintenance 

expenditures (MEX). For the tariffs in different regions for steel and coating repairs per m2 repairs, 

see appendix E. 

Making a comparison between MEX for different investment options requires scaling up the results 

obtained for    and    with a correction factor     , which expresses the ratio between the simulated 

surface area and the entire surface area of a particular vessel type for location type  . This is done for 

each of the five on board locations based on estimates obtained for a Damen 2810 tug. 

Table 10: Surface area correction factors for simulated coating costs 

Location Topsides Tanks + voids Work deck Superstructure Underwater hull 

Estimated surface [m2] 50 1000 250 400 500 

Correction factor 3.125 62.5 15.625 25 31.25 

 
The maintenance expenditures due to coating degradation and corrosion combined       can then 

be calculated according to the following formula: 

                     
     

 ( 11 ) 

4.2.2 Calculating the asset’s final value 

Smit Lamnalco writes off a fixed percentage of a vessel’s value each year. For confidentially reasons 

this is value is not mentioned. The final value  , however, also depends on the condition that the 

vessel is in when a company decides to sell it3. According to expert opinion the condition of the steel 

structure can influence the final value by 10% in both directions. To express this influence the 

maximum average local wastage        is used, which, according to the simulations, typically ends 

up between 5% and 25% for a 20 year old vessel: 

                      ( 12 ) 

  

If a vessel is sold before it is 20 years old, it will have a different bandwidth due to the lower 

accumulated depreciation. The general formula therefore ends up as follows: 

                                                 ( 13 ) 

  

The asset’s final value can then be subtracted from the TCO calculation at the end of the vessel’s 

lifetime. There is also a scenario in which the asset owner realizes there is no final value left at the 

end of the vessel’s lifetime. For example, due to local market conditions or because the vessel is in 

such bad shape that steel repairs and mobilization costs would far outweigh any attainable gain in 

final value.  

                                                           
3
 There are more factors that influence the final value, such as the market conditions of a vessel’s region or the 

condition of other technical systems. For simplification purposes however only the condition of the steel 
structure is considered here as this is considered by experts to be the most influential factor. 
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For such cases a separate analysis is conducted in chapter 5.2 using simple prognostics to predict 

whether it is possible to avoid steel repairs at special survey   (5 years from now) without conducting 

coating repairs at special     (i.e. the current special), while still allowing SL to keep using the 

vessel up to special survey    , before which the vessel is scrapped. 

4.2.3 Maintenance policy and simulation assumptions 

In order to make a fair comparison between all the different experiment settings a standard 

maintenance policy must be formulated. Current practices within the company may vary from 

location to location. Based on interviews a representative policy has been formulated based on the 

following rules: 

1. Maintenance to the coating system will be conducted every five years during each special 

survey except the final survey, at which point only steel repair are conducted if necessary. 

2. Full coating system renewals will be conducted if the condition of the system drops below 

30%. Otherwise spot repairs are made as outlined in section 3.5.5. 

3. Any steel repairs will trigger a full renewal of the entire coating system, as this would in 

practice cause significant damage, for instance, due to heating of the material. 

Two locations fall under a slightly different maintenance policy. The outside of the underwater hull 

will already be renewed completely if the coating system condition drops below 95%, due to the 

severe marine growth that may be expected, especially in warm seawater for vessels that are often 

inactive. In all cases however the anti-fouling system is renewed (top two layers of the system). 

The superstructure may furthermore undergo maintenance on the outside every year by the crew at 

reduced cost (i.e. only raw material costs). The working deck is assumed to be covered with wooden 

floorboards, making intermediate maintenance impossible. Other assumptions related to the 

simulation are as follows: 

1. Perfect measurements are assumed for both the coating system condition as well as for the 

thickness measurements.  

2. Vessels are expected to remain at their initial location for the entire duration of the lifecycle. 

Perfect measurements in this case mean that the wastage depth at every grid location is known as 

well as the condition of the coating system. In practice a class surveyor measures the vulnerable 

locations extensively and focuses on places where corrosion is visible. The worst cases from the 

simulation should therefore match reasonably well with what would be observed in practice. 

For all simulations a standard grid size of 16m2 is used. Simulations for a grid this big take quite some 

time, especially for MQVs and LQVs because the more degradation there is the more calculations 

have to be done. A decent grid size is required, however, to evaluate the effect of adding complex 

geometry which increases the surrounding area’s vulnerability to coating degradation. Placing these 

in small grids (e.g. 1m2) would result in overestimation of the costs as too much of the surface would 

be registered as vulnerable. 

There are complete descriptions of all simulated on board locations in appendix A. The number of 

Monte Carlo simulations for each experiment depends on the obtained confidence intervals. 

Appendix H contains an example of the methodology based on Robinson (2004). The report proceeds 

with the presentation of the simulation results.   
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5 Simulation results 
This chapter contains the simulation results of a number of scenarios. The scenarios shown have 

been selected to represent a diverse set of scenario configurations. This is required to make reliable 

estimates of effects and effect sizes. The results of the maintenance cost analyses are discussed in 

depth for several special cases in subsequent paragraphs. 

5.1 Costs for coating and steel repair 
From the available settings with regard to the vessel region of operations, the on board location of 

the coating and the investment option, 80 possible combinations can be made. These have been 

simulated for a vessel lifecycle of 20 years, which automatically also provides data for a 5, 10 and 15 

year lifecycle.  

The table below shows the resulting costs for each vessel type after 20 years of service in different 

regions and for different on board locations. For each location 16m2 has been used in the simulation.  

Table 11: Simulation results (t = 20 years) 

Investment 
option 

On board location 

Region 
Topside 

Ballast 
tanks 

Work 
deck 

Super-
structure 

Underwater 
hull 

Total 

High quality 
new build 
(Upgraded 

spec) 

€ 40 € 73 € 53 € 16 € 4.097 € 4.280 West Africa 

€ 8 € 24 € 12 € 4 € 1.905 € 1.953 Australia 

€ 13 € 30 € 19 € 5 € 1.820 € 1.887 Middle East 

€ 13 € 25 € 17 € 6 € 1.650 € 1.710 Black Sea 

High quality 
new build 
(standard 

spec) 

€ 157 € 209 € 197 € 44 € 4.206 € 4.813 West Africa 

€ 32 € 87 € 39 € 10 € 1.918 € 2.086 Australia 

€ 51 € 85 € 62 € 17 € 2.277 € 2.491 Middle East 

€ 51 € 80 € 62 € 17 € 2.272 € 2.481 Black Sea 

Medium 
quality new 

build 

€ 368 € 2.106 € 568 € 50 € 5.195 € 8.287 West Africa 

€ 70 € 1.590 € 111 € 11 € 1.959 € 3.742 Australia 

€ 113 € 539 € 150 € 17 € 2.356 € 3.174 Middle East 

€ 104 € 311 € 158 € 17 € 2.361 € 2.951 Black Sea 

Low quality 
new build 

€ 983 € 6.337 € 1.478 € 56 € 5.408 € 14.262 West Africa 

€ 201 € 4.452 € 359 € 12 € 2.265 € 7.289 Australia 

€ 303 € 3.558 € 352 € 21 € 2.777 € 7.011 Middle East 

€ 317 € 865 € 358 € 20 € 2.737 € 4.298 Black Sea 

 
For the remainder of this report only figures will be provided for the simulation results. Tables can be 

found in appendix M. Furthermore, all results provided represent the total accumulated cost over 

the entire vessel lifecycle, either for an entire vessel or for a single on board location. All results are 

furthermore subject to a confidence interval of at most 5% for costs above €1000 and 10% for costs 

below €1000.  

The figure below summarizes the results for a 20 year operating period corrected according to the 

surface area correction factors (4.2.1).  
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Figure 25:     after 20 years for different regions and investment options 

As we can see from Figure 25 the best quality vessels (upgraded and standard HQV) have fairly low 

costs for coating and steel repair4. In addition, the costs that are made arise almost exclusively due to 

coating repairs on the outside of the underwater hull.  

This contradicts greatly with the medium and low quality investment options (3 and 4), where, in 

addition to similarly high repair costs to the underwater hull’s coating system, there are very high 

costs due to repairs in the ballast tanks resulting from steel repairs. For the low quality vessels these 

costs even dominate the expenditures for the underwater hull. 

Finally the repair costs are consistently higher in West Africa for all options compared to the other 

three regions. This is partly due to the climate, but also due to the higher repair costs for that region.  

Australia and the Middle East, on the other hand, show similar repair costs for the high quality 

options compared with the Black Sea, but higher costs for the medium and low quality vessels. This is 

due to the higher seawater surface temperatures, which are 29.1°C, 24.6°C and 16.1°C for Australia, 

the Middle East and the Black Sea respectively. This results in more coating degradation, but most 

importantly in a higher rate of corrosion, triggering expensive steel repairs. 

While the medium and low quality vessels are typically not suitable for use over a 20 year period it is 

interesting to note where the maintenance costs start to increase and how this depends on the 

operating environment. Figure 26 shows this effect while also showing where in a vessel’s lifecycle 

the costs start to increase.  

As can be expected the medium and low quality vessels suffer higher maintenance costs in the later 

stages of a 20 year lifecycle, although in West Africa a low quality vessel is already more expensive by 

year 10 than a high quality vessel in year 15. The costs due to ballast tank repairs make a medium 

quality vessel more expensive in year 15 than a high quality vessel in year 20. 

                                                           
4
 Since the differences between a high quality new build with upgraded spec and one with a standard spec are 

small, from here on only the results for one with upgraded spec will be presented in comparison with the 
medium and low quality investment options. 
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Figure 26: Maintenance costs at different intervals for West Africa and the Black Sea 

That these increased costs for the ballast tanks are in fact for the most part due to the triggering of 

steel repairs can be seen in Figure 27, which plots the average maximum wastage over the course of 

the simulation period. 

 

Figure 27: Average maximum local wastage 

As can be seen from Figure 27, maximum wastage in the ballast tanks is much worse in the warm 

seawater near West Africa compared with the relatively cold seawater of the Black Sea. The impact 

of steel repairs in year 15 and 20 is also clearly visible for the vessels in West Africa, as this 

significantly reduces their maximum local wastage. To show this effect the simulation has been run 

for 41 periods (20.5 years) instead of the usual 40. 

As mentioned in the previous section, the maximum local wastage indicates how close a vessel is to 

needing steel repairs. This has a significant impact on the vessel’s final value  . Figure 28 illustrates 

the final expected final value for 20 year old vessels of different new build qualities. 
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Figure 28: Final values after 20 years of service 

The large difference between high, medium and low quality vessels in terms of remaining final value 

relative to CAPEX is to be expected. More striking however is the difference between high quality 

vessels with a standard coating system and those with an upgraded spec. From Table 11 for example 

the difference in expenditures on ballast tank repairs in West Africa is            . This 

translates to        in additional maintenance cost when scaled to proportion of the entire surface 

area. The difference in terms of expected final value however is over       (see Table 12). 

Table 12: Asset value after 20 years of service 

 Vessel Quality 

Region 
High quality, 

upgraded spec 
High quality, 

standard spec 
Medium 
quality 

Low quality 

West Africa €1.296.938  €1.134.201  €624.313  €356.845  

Australia €1.258.140  €1.056.743  €498.482  €286.306  

Middle East €1.352.362  €1.178.462  €692.068  €452.280  

Black Sea €1.701.538  €1.637.676  €1.287.343  €917.008  

 
As Table 12 shows there is a large difference in end value over the four quality settings and all four 

operational regions. As noted earlier the difference between upgraded and standard coating systems 

is particularly interesting. Also the dependency on climate shows again in these figures, with the 

warmer climates consistently taking a larger toll on the vessel and its end value than the milder 

climates. This holds for all qualities. 

5.2 Optimization methods 
There are several ways to influence     through the maintenance policy settings. This section will 

show the results for two available options. First the effect will be shown of recognizing on time that 

the vessel will be scrapped. The second option is altering the opportunistic steel repair threshold 

     . 

5.2.1 Minimal maintenance for vessels that will be scrapped 

As noted earlier there will be vessels where the final value   will be negligible. For such vessels it is 

perhaps better to conduct minimal maintenance such that SL will have the option of using it for 

themselves for five more years without having to conduct steel repairs. 
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 This requires simple prognostics obtained by combining the thickness measurement obtained at 

various intervals with the climate data available for a given location. It is then possible to calculate 

for the simulated steel plating what maximum wastage it can still attain if repairs are not conducted 

and corrosion is allowed to proceed up to the end of the time horizon. 

To this end the program has been altered to include simple prognostics by calculating the maximum 

attainable wastage at time      given the maximum at time  : 

             
                     ( 14 ) 

  

With    being the yearly rate of corrosion. For the ballast tanks for instance this equation is set by 

taking the dry and wet cycles, determined by the steady state probabilities    and    respectively, 

and combining that with the rate of corrosion for those stages (section 3.2.3)5: 

             
        

                                               
         

( 15 ) 

  

Where   is a constant that expresses the proportion of time that corrosion is proceeding from two 

sides. Therefore   can only take values between 1 and 2. By manually searching this space two 

values have been determined;        if there is only one maintenance interval remaining (i.e. 

        ) or       if          . This expresses that for longer periods there is a larger 

probability of corrosion proceeding from two sides rather than one. 

Subsequently all maintenance actions to the coating system are halted if the condition is satisfied 

that the maximum attainable wastage cannot exceed       anymore:              
      .  

This has been implemented for the ballast tanks in various regions for various qualities, as this on 

board location plays a significant role in determining    . Figure 29 shows the resulting accumulated 

costs for a 20 year operating period. 

 

Figure 29: Ballast tank expenditures for vessels to be scrapped 

As can be seen in Figure 29 the high quality vessels benefit from the prognostics in all regions, 

especially in the cooler Black Sea region, which allows for a stop of almost all maintenance activities 

                                                           
5
 Note that these rates only apply to general wastage. Pitting for instance is not included in this report and for 

such degradation different rates would apply. 
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after the first special survey. Closer examination of the data for high quality vessels revealed that 

52% of the vessels in West Africa did not require maintenance at the third special, leading to the 

lower     under the improved policy. For the Australia and the Middle East this was 20% and 75% 

respectively. 

Medium quality coating systems in warm waters will still be needing repairs during the later stages to 

prevent as many steel repairs as possible, resulting in 100% of the vessels requiring maintenance at 

the 2nd and 3rd special survey.  

There are significant savings possible, however, for medium quality vessels in the Black sea, providing 

more opportunities to save repair costs if thickness measurements indicate that the threshold is 

unreachable during the remaining asset lifetime.  

Figure 30 shows that black sea vessels do not require maintenance after year five to reach their end-

of-life safely while those in West Africa require repairs at each special.  

 

Figure 30: Maximum local wastage of zero-value medium quality vessels under improved policy 

The cost estimates in Figure 29 are supported by the average repairs conducted at each maintenance 

opportunity over the course of 20 years. Figure 31 shows the surface area of coating systems in the 

ballast tanks that is repaired either through spot repairs or full renewals; the latter of which are 

usually conducted when steel repairs warrant a full coating renewal. 

 

Figure 31: Percentage of surface area repaired over time for a finite and infinite time horizon 
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As can be seen from Figure 31, repairs for a high quality system in West Africa are slightly lower for 

high quality systems at 15 years under the improved policy; other differences for this region are due 

to variance. Introducing a finite time horizon is very effective in the Black Sea, however, where 

repairs are unnecessary by year 10 for both high and medium quality vessels. 

The advantage of these simple prognostics increases for shortened operating periods. Shown below 

are the percentage savings achievable for finite time horizons of 20, 15 and 10 years. Each time the 

premise is that vessels hold no final value at end-of-life and savings are possible by using the 

prognostics to hold off on repairs after year 5 (at year 5 for a 10 year life cycle). For all cases       

still applies for safety purposes although it will not trigger repairs at the end of the time horizon. 

Note that these results are compared with the standard results from the baseline simulations 

(section 5.1) for the different life cycle lengths. 

 

Figure 32: Potential total savings from implementing a finite time horizon 

While the high quality vessels continue to benefit more from holding off on coating repairs if the 

vessel’s condition allows it, the medium quality vessels also show an improvement. As the seawater 

temperatures decreases (e.g. West Africa and the Middle East), medium quality vessels that are used 

for 10 years show that there are potential savings there. The percentage is obviously less impressive 

than for high quality vessels, but the savings themselves are greater since high quality vessels need 

less maintenance regardless. Savings are especially relevant in the Black Sea and for all climates 

where yearly average SST is around 20°C or less. 

Finally, adhering to the steel repair threshold       until the end of a vessel’s lifetime might be 

considered overly conservative. Relaxing this restriction can result in more significant savings, 

especially for MQVs. This is investigated further in the sensitivity analysis (chapter 6). 

5.2.2 Steel repair threshold 

The second parameter that can be optimized is the opportunistic steel repair threshold      . In the 

current policy this was set equal to 0.15, which means a 25x25cm section is opportunistically 

replaced if its local wastage exceeds 15% and an adjacent section exceeds the classification society 

threshold      . 

The threshold       can be set by the company between 0% and          . Setting       too 

close to       can result in an increase of steel repairs in later periods, because almost eligible 



 
42 Master thesis report B. Westerweel (public version) 

sections were not replaced during the first set of steel repairs. Setting it too low will lead to many 

unnecessary repairs. Figure 33 shows the results for five settings (                      . 

 

Figure 33: Optimization of threshold       for opportunistic steel repair 

Figure 33 shows the resulting costs for the five settings of the opportunistic replacement threshold 

for four different levels of   in the West Africa region. Results for     are not shown since these do 

not suffer from any steel repairs, so there would not be anything to optimize. The option to optimize 

for different levels of   and not for an MQV or LQV is taken because in practice these vessels will 

exhibit individual degradation patterns and the decision to replace steel no longer depends on the 

new build shipyard but on the observed degradation. 

Note also that simulation cases where no steel repairs were conducted have been filtered out. This is 

the reason why the costs for     are so close to those for    . If all cases were included these 

would be much further apart but confidence intervals would be much greater. 

More analysis is necessary for several more intermediate threshold levels but several conclusions can 

be drawn at this point: 

1. For situations where     and     the model seems insensitive to      . This is probably 

because steel repairs are very incidental and there is little to replace even for small values of 

     . 

2. For very serious degradation under     There is a noticeable effect of       on the final 

costs. Levels of 15% show better results, while setting it too low seems to lead to many 

unnecessary repairs. Conducting no opportunistic maintenance (i.e.          ) increases 

the probability of steel repairs at later surveys and thus increased costs. 

3. For even higher levels of degradation at     similar effects show as under    . The 

optimum shifts to the left however as a more cautious approach is required. A lower and 

therefore more conservative threshold is reasonable as a worse condition calls for more 

drastic steel repair action to reduce the probability of steel repairs at later surveys. 

In summary, recognizing the amount of degradation and choosing the right threshold can amount to 

a few percentage points (2-5%) in terms of savings for the ballast tank repair costs.   
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6 Sensitivity analysis 
This chapter is dedicated to analyzing parts of the model that are subject to assumptions and how 

sensitive results are to changes in these assumptions. This analysis is required in order to properly 

assess the simulation results themselves in terms of robustness. The model sensitivity to each 

candidate parameter is analyzed separately. 

6.1 Impact of assumptions 
Several influential parameters are investigated in this section. All sensitivity analyses are conducted 

for HQVs and MQVs in the West Africa region. The on board location that is simulated depends on 

the type of parameter under investigation.  

6.1.1 Quality of repaired surfaces 

For all simulations, the number of defect arrivals on a repaired surface has been increased by 

increasing the parameter of the Poisson process governing these arrivals by a factor 2 compared with 

the arrivals on a regular surface. This expresses that such spot repaired surfaces are more vulnerable. 

This factor is subjective and has an influence on the behavior of the model, especially in later stages 

where spot repairs have been conducted.  

A value of 1.5 represents a 50% increase in defect arrivals and is considered a lower bound estimate 

by experts, as there will certainly be a noticeable increase in degradation at spot repaired areas. A 

value of 2.5 (150% increase) is selected as an upper bound. An increase of 150% may not seem much 

for an upper bound, but the difference in degradation rate will in fact be much larger due to the spot 

propagation process. Figure 34 shows the repair costs for ballast tanks of an HQV and an MQV 

situated in West Africa for several values of   . 

 

Figure 34: Sensitivity towards repair quality in ballast tanks 

As we can see in Figure 34, the sensitivity towards repair quality    is mostly evident if it were to 

increase upward. An Increase from 2 to 2.5 would cause a significant increase in maintenance 

expenditures. This is only expected to play a role for MQVs and LQVs, however, as these undergo the 

most repairs in the first place and poorer spot repair quality would make them more vulnerable to 

compounded degradation at these locations. The increase from 2.25 to 2.5 is so sharp because many 

more steel repairs are triggered, which causes the sudden increase. 
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6.1.2 Vulnerability of geometrically complex surfaces 

The inside of the tanks and voids is not as smooth as the outside of the hull, making it more difficult 

to coat properly. To express the fact that the first breakdowns typically occur at corners, edges, 

drainage holes, etc. the defect arrival rate has been increased for these areas. This is done by taking 

the shipyard’s construction quality      and increasing it by a factor 3.  

Sensitivity analysis is conducted within a lower bound of 2.5 and 3.5 as an upper bound. As is the 

case with the earlier sensitivity analysis on    this interval is actually larger than the 100% different 

in the defect arrival rate because spot propagation also plays a major role. The effect of changing this 

factor is shown in Figure 35. 

 

Figure 35: Sensitivity towards construction quality in ballast tanks 

Comparing Figure 34 with Figure 35 it is clear that there is a different kind of sensitivity showing in 

the model for   . For downward adjustments of    the costs immediately start to decrease, whereas 

for    this effect is not there. Upward adjustments of    result in steadily increasing costs, unlike 

similar adjustments to   , where costs increase quite rapidly. The reason for this is that    affects 

locations that have already suffered corrosion. If these are made more likely to suffer degradation 

again the number of steel repairs will rise, causing large increases in    .  

  , however, does not directly affect locations that have corroded earlier. Instead, it mostly 

increases the surface area that requires spot repairs. It is likely though that somewhere there is a 

tipping point where increasing    further will lead to a sudden increase in steel repairs or full coating 

renewals. 

6.1.3 Steady state probability for work activity and the coating renewal threshold 

For several on board locations there is additional degradation to the coating system beyond the 

regular aging process. Mechanical impacts from work-related activities can increase the degradation 

of the coating. The steady state probability    expresses the average amount of time spent in a state 

where this type of degradation occurs. For all simulations    
 

  
 has been used. Figure 36 shows 

how costs would increase if higher ratios would be encountered. It also shows the sensitivity towards 

changing the coating renewal threshold      for the underwater hull, which has been set at 5% in the 

maintenance policy.  
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Figure 36: Sensitivity towards    for topsides and    for underwater hull 

Figure 36 shows that both vessel types show similar increases in accumulated costs when increasing 

  . Since steel repairs do not play a role for the topsides there are no sudden increases as was the 

case for   , for example. Therefore the separation between both quality levels remains unchanged. 

This parameters has not been adjusted downward as    
 

  
 is already at the lower end of the 

spectrum. 

Figure 36 also shows that MQVs are not sensitive to changes in coating renewal threshold    for the 

underwater hull, which is a major cost factor. HQVs on the other hand can profit from a downward 

shift of this parameter, since many may not reach a level of degradation of five percent in the five 

years after a full renewal. This shows again that the difference between HQVs and MQVs is robust. 

6.1.4 External (mechanical) defect arrival rate 

Several on board locations suffer from coating system degradation due to external damage, such as 

from work related mechanical impacts. This arrival process is denoted by      and expresses the 

expected amount of defect arrivals per year per m2. The default value for the topsides has been set 

at         and sensitivity analysis is conducted for values                  . It is again the case 

that these changes are magnified when taking into account the effect of spot propagation on the 

actual rate of degradation. 

 

Figure 37: Sensitivity towards      for topsides 

The behavior of the model when changes are made in the external defect arrival rate are similar to 

that of changes in   . This is to be expected as both directly affect the amount of defects that impact 
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the coating system. The conclusion, again, is that the large separation between the different new 

build shipyards in terms of accumulated costs     remains unchanged. 

6.2 Additional analysis for cost saving opportunities 
This section presents two cases where Smit Lamnalco may achieve significant savings. These 

assessments are part sensitivity analysis and part optimization of decision making. They have been 

included in this section instead of section 5.2 because the assessment does not deliberately search a 

parameter’s space for an optimum but analyses the effect of hypothesized parameter changes.   

6.2.1 Additional supervision during new build 

It is common for asset owners to perform inspections of ongoing constructions while their future 

vessels are being built at the shipyard. The degree to which an asset owner supervises the work 

varies, however, depending on the asset owner’s policy. 

Additional supervision by sending technical superintendents (TSI) to a shipyard can increase the 

quality of a vessel, which in turn should lower the operational expenses. This section gives a short 

example of the potential effect size by showing the effect of influencing a shipyard quality 

distribution on the ballast tank maintenance expenses.  

The entire density function of a low quality shipyard (Table 6) is moved one point to the left. The 

quality will still be worse for medium and high quality vessels, but the effect on the ballast tank 

maintenance expenditures alone already shows a large difference (Figure 38). 

 

Figure 38: Ballast tank costs and savings with additional supervision at new build (t=20 years) 

As Figure 38 shows, the potential savings for the ballast tanks alone are substantial in all regions, 

although for the Black Sea the absolute amount is much smaller as costs are generally lower there. 

The reason is that the improved quality distribution results in far less steel repairs compared to the 

original situation, but only where these already played a large role (i.e. warm climates).  

Furthermore, note that a TSI on site will be in position to improve the quality of the coating system in 

all sections of the vessel, and also quality aspects related to other failure modes. No estimation of 

the effect on those failure modes can be given, however, as these are not modeled in this report. 
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6.2.2 Relaxing the end-of-life allowed maximum wastage 

In the section dedicated to vessels with zero value at the end of their operating period (5.2.1) it has 

been shown that savings can be achieved by holding off on coating repairs at earlier special surveys. 

This effect diminished quickly, however, in warm climates, mostly due to the restriction that in order 

to hold off on such repairs, the predicted wastage levels should not exceed      .  

This is quite a tough restriction since       is the threshold at which steel repairs are triggered for 

vessels that are to remain in service for at least five more years. For a vessel that will be scrapped 

this threshold can therefore be relaxed as it is then part of the company policy and not subject to 

class society approval. Figure 39 shows which savings are possible if the predicted wastage at the end 

of the asset lifecycle is allowed to go up to 30% instead of 25% (      ). 

 

Figure 39: Potential savings for end-of-life situations under a relaxed policy (t = 15 years) 

As was shown in 5.2.1, under the conservative policy no savings can be achieved except for the Black 

sea region. By relaxing the end of life wastage requirement significant savings are possible, however, 

for each region. Safety aspects should however always be taken into consideration also. 

6.3 Conclusions from the sensitivity analysis 
The general conclusions of this report are based on the regular simulation results of chapter 5. The 

sensitivity analysis conducted in this chapter can support these conclusions if it shows that the 

results are sufficiently robust.  

All sensitivity analyses show that the simulated costs     are sensitive to changes in the parameters 

in ways that are to be expected. More hostile settings result in increased expected costs while more 

benign settings lower the expected costs. In almost all cases the ratio of the expected costs between 

an MQV and an HQV remain equal due to linear relationships between     and the parameter being 

investigated. This supports the conclusions that there are substantial cost differences between the 

investment options in terms of     regardless of the parameter setting. Absolute cost differences 

increase (decrease) with a more hostile (benign) model setting, but that was already clear from 

comparing warm climates with the Black Sea region. 

The only variable where cost ratios between HQVs and MQVs changed was found to be   . Slightly 

higher values for this parameter result in rapidly increasing costs for MQVs. HQVs showed no 

particular sensitivity as these do not require many spot repairs in the first place.  

In terms of model robustness the sensitivity analysis shows that the obtained results can be used 

well to make inferences for other situations, whether these settings vary in known variables, such as 

operating area, or in terms of underlying assumed parameters.  
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7 Extracting the TCO based on coating and steel repairs 
The complete operating expenditures consist of much more than only the costs due to coating 

degradation and steel repairs. Many other types of maintenance costs also depend (partially) on the 

quality delivered by the shipyard.  

Smit Lamnalco already has an equipment structure that can serve as a framework for the different 

cost components. There are nine groups in the list. The ship’s hull and conservation, which is the 

topic of this report, is the second group in the equipment list.  

If the costs attributable to the other groups can be estimated, it becomes possible to complete the 

TCO analysis. This requires using historical data or physical degradation models such as the one used 

in this report. Note also that costs due to downtime did not play a role in this research but they may 

be very important when considering other failure modes that do occur suddenly during operations 

(e.g. electrical or engine failures). Other noteworthy groups are: 

1. Diesel engines, flexible couplings for DE’s and generators 

2. Ship propulsion and steering equipment 

3. Ship common systems engine department 

Many systems in these groups, such as diesel engines or generators, are of constantly high quality, 

regardless of the new build shipyard. In terms of installation, however, there may be quite a 

difference; especially if downtime costs are also included in the TCO analysis.  

To this end, each major cost component   may be given a correction factor   for each of the first 

four special surveys (i.e.               ), for each of the three new build investment options  . 

Hence the TCO for a given vessel will be: 

                            

   

               ( 16 ) 

  

Where      represents the end value of the asset when the company decides to sell it. This value is 

time dependent because of the depreciation over time and can be calculated using equation ( 13 ) 

from chapter 4.2.2. 

The costs components   will not be distinguished in terms of failure rates or patterns for different 

regions (i.e. West Africa vs. Australia), since these other failure types were not part of the 

degradation modeling. Therefore, there is no evidence that, for instance, climate will play a role in a 

given failure type occurring more or earlier in a given region.  

The costs will be corrected, however, for the cost differences that are known to exist between the 

regions. This is done based on the same ratios that have been found for the coating and steel repair 

costs in appendix F. 

A simple tool has been built in MS Excel that contains the results of the simulations. On top of this 

the user can fill in how the other cost components relate to coating and steel repairs for each type of 

new build quality at the time of the first, second, third and fourth special survey. Table 13 shows an 

example of this procedure for a medium quality vessel in West Africa (i.e.    ). 
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Table 13: Example of estimating another cost component Based on simulation results 

 1st special (t=5) 2nd special (t=10) 3rd special (t=15) 4th special (t=20) 

        €37.485 €41.062 €59.464 €113.877 

       .5 .5 .5 .5 

       €18.743 €20.531 €29.732 €56.939 

 
For other regions the costs would then be scaled according to how the repair costs compare to other 

regions. Each newly estimated cost component is added to the total cost of ownership, offering a 

more complete picture. 

The user has complete freedom to estimate the other cost components through this indirect 

method. Using   they can, for example, express that one component is only relevant during later 

periods or that it is lower than     during the early intervals but overtakes it later in the vessel’s life 

cycle. Figure 40 shows an example of the tool and how costs can be filled in based on each vessel 

type and the specific survey related to the age of the vessel. 

 

Figure 40: Screenshot of the cost component estimation tool for TCO analysis 
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8 Implementation 
This section describes the implementation procedures that should be followed for Smit Lamnalco to 

benefit fully from this research’s results. It is divided into direct actions and long term objectives. 

8.1 Direct follow up 
Several activities may be done directly and can help create additional insight into unexplored 

scenarios, or for operational use. 

8.1.1 Expanding the number of scenarios 

The model itself is set up to be as general as possible so that it can accommodate almost all thinkable 

scenarios in terms of vessel type and size, operating area, new build shipyard, maintenance policy 

parameters, etc. A diverse set of scenarios has been simulated, but there are certainly several 

configurations left that Smit Lamnalco might wish to explore. 

Parameters regarding local maintenance costs and climate have only been looked up and entered 

into the model for the regions represented in this report. For other areas, such as the East coast of 

Australia, Papua New Guinea and Eastern Russia, this data is not yet available and needs to be filled 

in. This would require the following: 

1. Assess the local maintenance costs in terms of steel repair, spot repairs for coating and full 

coating renewal. This must be done for all five on-board locations. Costs can be assessed 

individually or obtained by scaling them with a common factor relative to known costs. 

2. Climate data needs to be entered for seawater surface temperature, air temperature and 

relative humidity. The website used to obtain the data used for this report is in appendix L. 

Both tasks require no more than several days to complete, although actual validation of local tariffs is 

a complete project in its own right, although SL has indicated this is a follow up of a different project 

also which it intends to complete. Some new vessel configurations would require minor adaptations 

to the model. Most notable are changes to the ballast tank position and the vessel size: 

1. For ballast tanks above the water line temperature can far exceed the seawater surface 

temperature and even the air temperature due to solar radiation. A new temperature would 

need to be defined and a small adaptation is required to use this in calculating   and the 

corrosion rate. 

2. For larger vessels it will be necessary to obtain new estimates for the total surface area of 

each on-board location.  

Using the model furthermore requires investing in a license for Matlab. No training is necessary for 

running it with the current configuration options, but extending these would require knowledge of 

programming in Matlab, all be it at a very low level. The current code has been annotated and 

contains sufficient examples for someone with affinity for programming to learn this within a week. 

8.1.2 Corrosion decision tool distribution 

A small decision tool has been built based on the basic prognostics presented in 5.2.1 regarding the 

assessment of future levels of wastage. This tool can be used by technical superintendents to 

visualize future levels of corrosion if no maintenance to the coating system is conducted.  
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The details of this tool are described in appendix L. Distributing this program to the technical 

superintendents will help them decide on taking action or not. In the future, the tool can also be 

integrated to work with a degradation database for which the implementation procedure is 

described in the next section. 

8.2 Long term objectives 
The cost registration database mentioned in 9.3.2 should be set up by the IT department within Smit 

Lamnalco’s existing IT infrastructure. The challenge is to allow access to it from any of the company’s 

operating areas as registration of as many costs (events) as possible will improve the quality of the 

data. Such registration can be incorporated with existing procedures, such as those of the 

procurement department for ordering of spare parts.  

With the database set-up complete it will take some time for it to come to contain enough data to 

start analyzing its content. In this case, Smit Lamnalco’s sizeable and diverse fleet will allow sufficient 

data to be collected for several types of failures. Less common occurrences however will leave gaps 

in the database. Further analysis will therefore require two approaches: 

1. For categories where enough data points are available simple regression analysis can point 

out whether there is a connection between which shipyard built the vessel and the costs 

attributed to it. Depending on the amount of data points, the analysis can be extended to 

include operating region, vessel usage, etc. 

2. Where data is lacking but Smit Lamnalco suspects that costs depend on shipyard quality, 

usage, operating region, etc. it is possible to follow this report’s approach in building a 

physical degradation model. This is time consuming, however, and should only be done if SL 

expects the cost component in question to be significant and data to remain insufficient. 

Analyzing every component of TCO is an unnecessarily large undertaking. In practice there will likely 

be several major cost drivers on which the company should focus. The first results of a high overview 

analysis of registered expenditures can identify these factors. 

After identifying which cost components and related failure types are relevant the company can then 

turn towards policy optimization. The approach should again be divided into types where a data-

driven model can be built and types where a physical model is used: 

1. A data-driven model can follow many approaches for both condition-based maintenance or 

planned maintenance. One approach is presented by Fleuren (2013), using the proportionate 

hazard model to investigate influences of individual parameters and optimize maintenance 

accordingly. SL’s diverse operating conditions make it a candidate for this approach. 

2. A physical degradation model such as the one built for this research is more difficult to 

optimize, mostly because of the required simulation time. The analytical solution offered by 

a data-driven model can be optimized much faster. One potential solution however for 

optimizing certain maintenance parameters of a simulation model is to use approaches such 

as genetic algorithms. 

Application of these procedures is a complex task, however, and once the company gets to this stage 

it will likely require the expertise of an employee with knowledge of service supply chains and 

maintenance policy optimization.  
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9 Conclusions, limitations and recommendations 
In the context of this master thesis research, a general simulation model has been developed that 

provides insight into an influential component of a vessel’s total cost of ownership: degradation of 

coating and steel corrosion. The results obtained through simulation can be used to improve 

strategic, tactical and operational decision making. This chapter summarizes the conclusions and 

outlines the limitations under which these should be evaluated. It also provides several 

recommendations for Smit Lamnalco to consider. 

9.1 Conclusions 
The primary objective of this research is to provide insight in the expected maintenance costs for 

vessels from three different shipyards (high, medium and low quality), each with their own initial 

investment cost           and expenditure in terms of coating and steel repairs over the course of 

the vessel’s lifetime      .  

The latter is driven mostly by differences in the shipyards’ capabilities for construction, coating 

preparation and application. The climate of the vessel’s operating area and the coating system’s 

specification also play a role in coating degradation and subsequent corrosion. 

Degradation and maintenance for five on-board locations has been simulated for a 20 year operating 

period in four different operating areas; West Africa, North-West Australia, the Middle East (Persian 

Gulf) and the Black Sea. These areas differ much in terms of (seawater surface) temperature, relative 

humidity and local maintenance tariffs. 

9.1.1 Warm climates 

High seawater surface temperatures results in larger rates of corrosion. This is particularly a problem 

for low quality vessels (LQVs) and to a lesser extent for medium quality vessels (MQVs). A high 

quality vessel (HQV) operating for 20 years off the coast of Australia, which has the highest seawater 

surface temperature, will on average show a maximum wastage in ballast tank compartments of 

12.3% compared to 24.7% and 28.1% for MQVs and LQVs respectively under the same conditions. 

The effect that the condition of the steel construction has on the vessel’s final value is significant. An 

HQV retains on average 24% of its initial value even after 20 years of service in West Africa, Australia 

or the Middle East. MQVs end up between 10% (Australia) and 14% (Middle East) and LQVs between 

6% and 9% for these regions respectively. Smit Lamnalco writes off 80% of a vessel’s value over a 20 

year period and these results show that depreciation is higher for MQVs and LQVs and slightly lower 

for HQVs. 

Lifetime maintenance costs also increase rapidly as quality decreases. Simulations for a 20 year 

operating period have shown that     is up to 130% higher for MQVs in Australia and 88% in West 

Africa. For LQVs the difference with HQVs in these respective regions is 480% and 340% respectively. 

For HQVs the main cost component is the hull coating renewals, but for LQVs these are overtaken by 

the ballast tank repairs. Because these generally set in after year 10, the cost differences relative to 

the high quality option are much lower for a 10 year operating period, both absolute and 

percentage-wise. 

When taking into account     and annual depreciation in general it will hold that the warmer the 

climate is, the more an investment in high quality vessels is favored. Using an HQV for 20 years in 
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West Africa results in 7% lower annual expenses, compared to both an MQV and LQV for a 10 year 

operating period. Note that other maintenance costs and downtime costs have not been factored in 

yet, although this is likely to favor HQVs even more. The Middle East offers less clear distinctions. The 

difference between an HQV for 20 years and an LQV for 10 years is only 1% annually in favor of the 

HQV. 

Sensitivity analysis has furthermore shown that HQVs are relatively insensitive to changing 

assumptions made over the course of this research regarding parameters such as the influence of 

construction quality on coating degradation. MQVs are more sensitive to changing such parameters, 

but mostly for parameter changes leading to increased degradation. The costs for HQVs relative to 

other vessels will remain at least equally large in terms of percentage difference. 

9.1.2  Cold climates 

Corrosion will proceed much more slowly at lower temperatures. This results in a much smaller 

difference between all vessels in terms of maximum wastage when operating in the Black Sea region. 

An HQVs typical end value is 30% of its initial value. For an MQV and LQV this is 26% and 19% 

respectively.  

This results in smaller differences in annual depreciation compared to warmer climates. Accumulated 

maintenance cost     is still higher though for the MQV and LQV after 20 years. These differences, 

however, are much less than in warm climates, since steel repairs do not play a role here. 

The result, when again factoring in annual depreciation and annual repair costs, is that LQVs are an 

attractive option for these regions. This already started to show in the Middle East, but for the Black 

Sea region annual costs are approximately 17% less for an LQV than for an HQV and 10% less than for 

an MQV.  

Again, other maintenance costs still need to be factored in, but these differences are quite large and 

stand a good chance to hold up even with additional cost factors. 

9.1.3 Policy optimization 

Several special cases have also been investigated to explore options that Smit Lamnalco has to 

achieve additional savings. 

In cases where selling the vessel is not an option, Smit Lamnalco can use a simple prognostic tool to 

determine whether to hold off on coating repairs. Up to 75% in repair costs may be saved for 

medium quality vessels that have served in the Black Sea for 20 years before being scrapped. The 

savings diminish, however, in the warm climates as corrosion would proceed too rapidly without 

repairs. Sensitivity analysis has shown, however, that relaxing the end-of-life wastage requirements 

(while still keeping an eye on safety) can result in significant savings for warm climates as well. 

Large potential savings may also be achieved through additional supervision during a vessel’s 

construction phase. Increasing the average quality of LQVs meant for warm climates by 1 point on 

the 10 point quality scale will save 20-30% on ballast tank repair costs.     diminishes by 21.5% for 

the West Africa region which should offset additional wages paid for the superintendents. This 

improvement is so significant because it makes LQVs in these regions much less likely to suffer steel 

repairs.  
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If Smit Lamnalco feels confident it can achieve such an improvement for the lower quality segment 

through additional supervision during the construction phase, it may swing the decision more in the 

direction of LQVs for this region as well. The effect diminishes for LQVs in the Black Sea (14.2%) and 

for MQVs, since these are not as vulnerable to begin with. 

Early optimization results for opportunistic maintenance thresholds for steel repair furthermore 

show that choosing an optimal setting can lead to significant savings even without factoring in the 

effect on end-of-life final values. 

9.2 Limitations 
Due to the nature of this investigation there are some limitations that must be taken into account by 

anyone reading this report. Sensitivity analysis furthermore has shown where caution is necessary in 

interpreting the results. First, general limitations concerning the project setup are analyzed. 

9.2.1 General project limitations 

First of all only a limited part of a vessel’s total cost of ownership has been investigated, which is the 

costs resulting from coating and steel repairs. A methodology has been demonstrated to estimate 

other cost components that also depend on a vessel’s quality by comparing them with the results 

obtained for    . Accurate estimations for downtime and repair costs resulting from other failure 

types will, however, require additional research. 

Secondly, only one type of corrosion has been investigated, which is general wastage. Another 

potentially influential form is pitting, which requires a different set of circumstances to occur. 

Analyzing this type of corrosion would require thorough model adaptations, for which there was no 

time available. 

The presented results are furthermore based on a small but diverse set of configurations in terms of 

operating area, vessel type (size), new build shipyard quality, etc. The complete size of the 

configuration space, however, is too large to analyze completely. Results may be different, for 

instance, for vessels that have no active ballast system. The model, however, is able to incorporate 

any scenario configuration owing to its general and modular construction. 

9.2.2 Limitations due to data availability 

The absence of a sufficiently large and reliable database on coating degradation and steel thickness 

measurements forced this research into the direction of a model based on the physical degradation 

processes. The limited amount of data that was available has been used to successfully validate the 

model for configurations that apply to that data. There are many more configurations, however, and 

due to data availability limitations validating more scenarios was not possible.  

9.3 Recommendations 
The simulation results contain valuable information on a number of topics. First and foremost, the 

results can be used to analyze the effect of opting for a certain shipyard when investing in vessels for 

a certain operational region. 

9.3.1 Analyzing investment options 

As expected, there is a substantial difference in accumulated maintenance costs in terms of coating 

degradation and steel repairs for vessels of different new build quality. While these costs do not 
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represent all of the total maintenance expenditures over the course of a vessel’s lifecycle, they form 

a significant portion of it.  

It is therefore recommended that SL uses these results when preparing additional investments, 

taking into account contract duration, operational area and perceived shipyard quality. Based on the 

current results, a low quality vessel is suitable for serving in colder climates for up to 20 years 

without incurring any steel repairs. For service in tropical and desert regions, however, opting for a 

high quality vessel results in significantly lower coating and steel repair costs, while at the same time 

decreasing yearly asset depreciation. 

The model can furthermore be used to answer strategic questions such as whether or not to invest in 

additional supervision during a vessel’s construction phase. Several hours of simulation time may 

then result in significant savings over the course of a vessel’s operational lifecycle. 

9.3.2 Building a database 

In order for Smit Lamnalco to truly gain insight into the total cost of ownership of their vessels, 

additional cost components have to be investigated besides the costs for coating degradation and 

corrosion. A database needs to be set up that keeps track of several types of costs. This database can 

form the basis for all additional TCO investigations, as well as other maintenance optimization 

activities. The set-up should be as follows: 

1. Costs are to be divided into running maintenance costs, planned maintenance costs and off-

hire costs (downtime).  

2. The database should link as many maintenance costs as possible to their respective vessels 

and the equipment group from that vessel’s equipment list. In cases where off-hire time is 

registered the equipment group responsible for the failure would bear those costs.  

3. For each vessel an operational region needs to be registered as well as the new build 

shipyard and the vessel age. If possible there should also be categorization of the vessel 

usage based on the contract details; for instance, heavy usage, medium usage and low usage 

depending on estimated hours (engine) activity per unit time. 

There should furthermore be a dedicated section of the technical archive related to dry dock reports 

of coating inspections and steel thickness measurements. These should be digitalized as much as 

possible to ease future analysis. A complete procedure for thickness measurements should 

furthermore be constructed to ensure for example that measurements are consistently taken at the 

same locations to improve the quality of measuring degradation over time. This data can serve 

additional validation of this research’s simulation model in addition to updating its parameters, most 

notably with regard to the shipyard quality distributions. 

9.3.3 Implement operational decision making 

A simple tool (appendix N) has been made to provide technical superintendents with feedback on 

future levels of degradation. It is recommended that this is distributed so that the effects of 

postponing maintenance to a coating system can be made visible. It will also allow them to assess 

whether a vessel approaching the end of its lifecycle is still worth performing maintenance on.  

9.3.4 Future research 

The physical degradation model, as currently constructed, is quite complete. Future research can 

therefore focus initially on expanding its application to situations that have currently not yet been 
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investigated. This relates, for instance, to scenarios outside of the Smit Lamnalco based problem 

definition.  

Other organizations, for instance, may not have special surveys (e.g. the Navy), making the moment 

of inspection and maintenance more flexible. This allows for optimization of the inspection interval, 

as well as investigating the option of separating the moment of inspection and that of maintenance. 

Another potentially interesting topic would be the inclusion of imperfect measurements instead of 

the perfect measurements employed for this report. 

Creating an analytically tractable version of the degradation model would furthermore be very 

interesting for prognostic purposes, and for easier optimization of the maintenance policy 

parameters. Such a model would require measurements on both coating system condition and 

thickness measurements. Nicolai et al. (2007) already showed that the physical degradation of a 

coating system can be approximated using the Gamma process. If the corrosion process can be fitted 

to a similar analytically tractable process (e.g. Gamma or Brownian motion), then the condition of 

the coating system can potentially be used as input for the parameter driving the corrosion process. 

Such an approach would require large amounts of data obtained at much smaller intervals than the 

current 5 year time window for special surveys. 

Other future research would be to include mechanisms for more accurate parameter estimation, 

such as the Bayesian updating for the mechanical impact rate in appendix I. Such tools can also be 

developed for benchmarking procedures for new build shipyards, using, for example, maximum 

likelihood estimation to estimate for each vessel after 5 or 10 years of service the parameter   that is 

driving its degradation.   
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Appendix A: Scenario configurations 
The total cost of ownership analysis requires a degradation model and a sufficiently elaborate set of 

scenario configuration options. Since the degradation model should be able to incorporate all 

relevant parameters to shape the scenarios the modeling approach is repeated briefly before 

outlining the relevant scenario configuration parameters. 

Building a suitable degradation model 

As mentioned earlier there are no extensive datasets available through which to build a  completely 

data-drive model. The project therefore relies on building a physical degradation model that is able 

to incorporate many kinds of variables. It will furthermore be able to simulate local degradation, 

which is necessary because corrosion will only proceed where local coating degradation has taken 

place.  

To achieve this, two degradation models have been combined. The first model, introduced by Nicolai 

et al. (2007), provides a method for simulating local coating degradation. The second model (Gudze 

& Melchers, 2008) is used to calculate local levels of corrosion and is extended by linking it to the 

first model. This way local coating degradation will enable corrosion to proceed. 

The entire model is set up to be as general as possible but the thesis’ results are operationalized by 

settings up several scenario configurations. These configurations mirror the extensions made to the 

model of Nicolai et al. (2007). 

Operational regions 

In terms of climate influences four regions have been selected that represent different operating 

environments in terms of relative humidity and (seawater surface) temperatures. These are: 

1. West Africa: Expensive in terms of maintenance costs and with a harsh climate in terms of 

degradation rates. 

2. Western Australia: Very high seawater surface temperatures, but low relative humidity and 

relatively cheap labor nearby (Singapore). 

3. Kuwait: Slightly lower average seawater surface temperatures and cheaper maintenance 

compared to West Africa. 

4. The Black Sea: A much more benign climate compared to the three other regions. 

Asset investment options 

Smit Lamnalco feels that especially in terms of steel construction and conservation there are 

considerable differences in quality between shipyards. To investigate the differences in perceived 

quality among shipyards three shipyard quality settings are introduced: 

1. High quality shipyard, consistently delivering high quality vessels at higher investment costs. 

2. Medium quality shipyard, able to deliver high quality vessels but also a reasonable share of 

lower quality vessels. Initial investment costs are lower than at high quality shipyards. 

3. Low quality shipyard, occasionally delivering medium quality vessels but more often vessels 

of poor quality. Initial investment costs are lower than at a medium quality shipyard. 

In addition to these three shipyard types there is also the option of investing in an upgraded coating 

system, which should offer better protection than the standard coating systems. This option will only 
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be made available for the high quality shipyards, which is thus split into two options. One with a 

standard spec and one with an upgraded spec. 

On board locations 

One section of coated steel may be submerged in seawater of constant temperature while another is 

exposed to direct sunlight and 40°C during the day and only 20°C at night. Other sections are very 

smooth and easy to coat while others have complex geometry that complicates the coating process. 

To capture this behavior five different sections have been identified that are expected to show 

significant differences: 

1. Topsides; these are exposed to changing weather conditions as well as mechanical impact 

from (minor) collisions, hawsers, etc. 

2. Ballast tanks; intricate geometry makes these sections difficult to coat while constantly high 

RH increases degradation of coating and rate of corrosion.  

3. Work deck; similar to the topsides although with different types of mechanical impacts. 

Intermediate maintenance to the coating system by the crew is possible if wooden deck 

plating is not present. 

4. Superstructure; Relatively few mechanical impacts and intermediate maintenance by the 

crew is possible. 

5. Underwater hull; constantly submerged and subject to mechanical impact similar to the 

topsides in addition to extensive marine growth, especially in warmer seawater. 

Additional configuration options 

In addition to the parameters presented above there are a few more options that can create a more 

diverse set of scenario’s. The report will also investigate the option of using a vessel for 10 or 15 

years instead of the standard 20 year operating period.  

Maintenance parameters are furthermore fixed in terms of steel repair thresholds, due to 

regulations, but the thresholds for opportunistic maintenance may be determined freely. This allows 

for some customization of the maintenance policy to explore which setting for opportunistic 

maintenance is optimal. 
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Appendix B: Technical review of corrosion of steel vessels 
This appendix contains a full technical review of corrosion and coating degradation. It describes the 

legislation related to corrosion, its influencing factors and contains a full review of coating as a 

protection method. The technical review serves as important input for the degradation model. 

Types of corrosion 
In a marine context, there are several types of corrosion that affect the steel structure of a vessel. 

Caridis (2009) describes five separate forms: 

1. Uniform or general corrosion: This forms a uniform layer of constant thickness, which 

protects the metal from further degradation if the corroded layer is impenetrable and 

continuous. Any scratch of the surface will cause a new layer to form. This type of corrosion 

decreases the metal thickness quite evenly, making it most easily predicted. 

2. Pitting corrosion: This type of corrosion is very local and is often caused by difference in 

temperature, flow speed, oxygen concentration or general forms of metal heterogeneity 

(either geometric or chemical). In such conditions, the small irregular surface acts as an 

anode and the surrounding area as the cathode. This greatly speeds up the corrosion 

process. 

3. Stress corrosion cracking: When external loads act on a metal surface with pitting corrosion 

or impact cavities they can cause small cracks at these locations. The cracks subsequently 

suffer from rapid corrosion, causing crack propagation, which can eventually cause a 

structural breakdown.  

4. Cavitation erosion: Pressure differences at different parts of a wetted body can cause a 

liquid evaporation. Collapse of these bubbles elsewhere on the surface causes high local 

pressure which can lead to formation of pits and cavities. In the marine sector, this mostly 

applies for ship propellers. 

5. Bacterial corrosion: Occurs if environmental conditions are conducive to the growth and 

spread of bacteria. Some bacteria directly oxidize iron while others can, for instance, 

stimulate the electrochemical corrosion process such as pitting. 

Not all of these types of corrosion are equally important in every setting. Stress corrosion cracking 

,for instance, is very important for large vessels where structural loads in elongated steel structures 

can be very high. Offshore support vessels, on the other hand, are much more compact and the 

internal structure is less affected by such loads, except potentially in the fore peak of the vessel. 

Heavy loads from winching activities or short term deck cargo can also have this type of impact on 

board of an OSV. 

Corrosion related legislation 
Much of the legislation in the maritime sector is designed specifically for large ocean going vessels 

such as general cargo ships, bulk carriers and oil tankers. Such vessels are subject to very different 

levels of mechanical stress due to, for instance, wave induced bending moments than smaller 

offshore support vessels (OSV). Longitudinal bending moments, for instance, play a much more 

important role for large vessels compared to smaller ones. Nonetheless, the same rules are applied 

to classification society surveys of OSVs as well. 
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In the rules for the classification of steel ships used by the classification societies, two different 

failure modes are described; wastage and pitting (Bureau Veritas, 2013). This report, however, 

focuses on wastage as a failure mechanism, which is the overall reduction in plate thickness. The 

reason for not including other types of corrosion is discussed in the main report (3.2). 

Wastage is measured as a percentage of the thickness reduction compared to the as-built thickness 

and evaluated at every special survey. The wastage measurements are done by using ultrasonic 

thickness measurements. A series of measurements on many locations is done to determine the 

condition of the steel plates.  

Based on the wastage percentage cutoff values apply to the different sections on board of a vessel 

(e.g. hull plating, ballast tanks or deck longitudinals). Table 14 shows an example of the acceptance 

criteria regarding wastage due to corrosion.  

Table 14: Allowed thickness reduction for general cargo ships (Bureau Veritas, 2013) 

Item 
group 

Description of items 
1. Isolated 

area 
2. 

Item 
3. 

Group 
4. 

Zone 

Deck zone - - - 10 

1 
Hatch coaming 
Underdeck girder web 
Underdeck girder flange 

- 
25 
20 

- 
20 
15 

10 
- 
- 

- 
- 
- 

2 
Upperdeck plating, deck stringer plates and sheer 
strakes 

30 20 10 - 

3 
Deck longitudinals 
Web 
Flange 

- 
30 
25 

- 
20 
15 

10 
- 
- 

- 
- 
- 

 
In this scenario an isolated area is a part of a single structural item, for instance a groove (isolated 

area) in a plate (item). Groups are items of the same nature (e.g. plates, longitudinals or girders). 

Finally a vessel has three zones defined as the deck zone, neutral axis zone and bottom zone. All 

groups belonging to a zone contribute to the average wastage % in that zone. 

The values in Table 14 are maximum values for the respective criteria that may not be exceeded. 

There is compensation, however, between the criteria. For example, the deck plating has a wastage 

percentage of 12% while the longitudinals’ thickness has diminished by only 4%. Individually, the 

deck plating exceeds the group criterion of 10%, the average value for the zone however is roughly 

8%, which is below the zone acceptance value of 10%, thus this vessel passes the test. 

Average wastage is calculated based on multiple measurements, also for an isolated area, to take 

into account the local variability of the degradation process. Figure 41 provides an impression of the 

measurements done in a general cargo ship. The absolute number of measurements increases as a 

vessel ages. 
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Figure 41: Measurement locations on a transverse bulkhead 

Having defined the legislative aspects concerning corrosion the technical review proceeds with 

outlining the most important factors that influence the rate of corrosion. 

Environmental factors influencing corrosion 
Electrochemical corrosion is a process that can go faster or slower depending on several factors. This 

section briefly describes the most influential factors on the rate of degradation through corrosion. 

From Caridis (2009) six factors are summarized below. 

Electrical conductivity 
The more conductive the electrolyte, the more easily it conducts the exchange of electrons which 

increases the rate of corrosion. In general, the more ions present in the electrolyte, the more 

conductive it is. Seawater contains more ions (e.g.    ,    ) than fresh water does, leading to more 

rapid corrosion. Acid solutions or more polluted environments also increase the rate of degradation 

through increased conductivity. 

Oxygen content 
The reduction of oxygen requires oxygen at the interface of the electrolyte and the oxidizing object. 

If the oxidation happens faster than the oxygen can be replenished, the process stalls even if other 

factors (e.g. the current density resulting from the potential difference between anode and cathode) 

would allow for more rapid corrosion. 

Temperature 
Electrochemical processes such as corrosion are accelerated in warmer environments. While higher 

water temperatures actually lower the oxygen content, this is more than made up for by increased 

dispersion rates of the oxygen. Oxygen content decreases linearly with increased temperature (see 

Table 15), but the dispersion rate increases exponentially. 
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Table 15: Oxygen content at various temperatures (Caridis, 2009) 

Temperature (°C) Oxygen content (mg/L) 

0 14 

10 11 

20 9 

30 7 

 
If the dispersion rate did not increase, the entire oxidation process would be slowed down. In fact 

the result is that the oxygen at the contact surface is being replenished faster and the corrosion 

process speeds up. It is estimated that corrosion rates in tropical seas are up to 50% higher 

compared to the North Atlantic (Caridis, 2009). 

Relative humidity 
Non-submerged sections of the vessel depend on their surrounding atmosphere’s relative humidity 

(RH) for corrosive activity. A higher RH causes water to more easily condensate on a surface, creating 

tiny droplets that act as an electrolyte. 

This enables the oxidation process to continue at sections that are not observably wet. Tropical 

environments often have very high RH, giving the corrosion process more opportunities to proceed. 

Ballast tanks are also especially humid due to ventilation issues.  

Changes in corrosive environment 
When the properties of the corrosive environment change regularly this leads to more rapid 

corrosion. A good example of this are the ballast tanks which have wet and dry periods, leading to 

immersed and atmospheric corrosion conditions (Gudze & Melchers, 2008). 

Geometric irregularities 
This factor relates to both the macroscopic as well as the microscopic level. Both types can cause a 

potential difference between sections of the object (anode and cathode), leading to corrosion. At a 

macroscopic level, this may be from irregular shapes or a transition from one sheet thickness to 

another.  

Microscopic differences in the metal’s composition can relate to the quality of the steel itself, for 

instance, non-homogeneous carbon distribution, differences in metal composition around welds or 

strain hardened sections caused by plastic deformation. 

The factors described above can be used to model degradation of steel structures through corrosion. 

Gudze & Melchers (2008), for instance, define a vessel’s operational profile with temperature, 

humidity, salinity and ballast tank filling cycles as primary factors to use as input for an uncoated 

ballast tank corrosion degradation model.  

Corrosion prevention through use of a coating system 
As mentioned earlier, a coating system is the most common way of protecting a steel object from 

corrosion. Corrosion protection through a coating system is more, however, than simply applying a 

layer of paint. There are several important steps in the application process and many variables that 

determine the quality of the coating system.  
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Steps in applying a coating system 

Many vessels are erected according to the “Japanese” method, in which building blocks are prepared 

separately and assembled at a later stage. This is especially useful for speeding up the construction of 

large ocean going vessels. The first step in the process is the pre-treatment of the steel sheets. 

Primary pre-treatment 
The steel that forms the vessel’s structure is stored at the shipyard. Before it can be used in vessel 

construction it undergoes a primary pre-treatment. The primary pre-treatment consists of five 

stages: 

1. The untreated steel plating is stored at the shipyard, where it will inevitably suffer from 

surface corrosion. The surface may also be contaminated by oily substances, salts etc. 

2. The steel plating is heated in a gas-flame oven in order to clear the surface of contaminations 

such as oil residues. 

3. The steel is blasted to remove surface corrosion and roughen the surface. Ideally the surface 

must be blasted up to ISO-SA2½, which is an international industrial standard for surface 

roughness.  

4. A shop primer is applied, which is a very thin layer of coating (±30-70μm) that is a temporary 

barrier against corrosion.  

5. The pre-treatment is finished and the steel plate proceeds to the construction site. 

The construction proceeds with the welding of the sheets into blocks, which are subsequently 

assembled at the construction site. The primary pre-treatment is vital to protect the steel structure 

from corrosion during this stage.  

Secondary pre-treatment 
After assembly there is a secondary pre-treatment focused on cleaning up the surface and treating 

the weld sections: 

1. Degreasing and washing of the surface to remove dust, grease and other contaminations. 

2. Sweep blasting of the surface surrounding the welds, where corrosion will have formed again 

as the shop primer has been removed by the welding process. 

Shortly after the secondary pre-treatment the first layer of coating is applied that forms a more 

permanent barrier between the substrate and the oxygen/electrolyte.  

Coating application 
The final coating system usually consists of multiple layers of coating: the primer, undercoat(s) and 

the finishing coat(s). The primer serves specifically as a binding layer for the subsequent layer of 

coating and also for additional protection. 

The undercoat has to adhere well to the primer and must also limit the penetrability of the coating 

system by protecting against intrusion by oxygen and moisture.  

The finishing coat serves an aesthetic purpose by bringing the required color and brilliance but it 

must also be resistant to scratches and impacts, solar radiation and to the moisture in the 

atmosphere. 
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Underwater sections of the hull can furthermore be fitted with an antifouling coating which serves to 

prevent marine organisms from attaching to the hull. 

Cause and effect analysis of coating breakdown 
In order to come to a degradation model on corrosion, the failure mechanism of the coating system 

is also investigated as this system is closely related to the corrosion process. The next sections 

provide insight into the types of breakdowns and their causes. The main report contains a summary 

of the breakdown causes (Figure 8). 

Coating system failure modes 

A coating system’s primary purpose is to insulate the substrate, forming a barrier between the 

substrate and the oxygen/electrolyte. This section describes several common failure modes and their 

potential causes. 

 Cracking: Instances where multiple layers of coating have cracked to expose the substrate 

underneath to a corrosive atmosphere. If the coating is still impermeable then cracking can 

also be classified as a soft failure. Cracking is often stress related, for instance due to flexing 

of the metal. Excessive coating thickness can reduce the system’s resistance to cracking as it 

leads to lowered elasticity. 

 Scaling: This type of failure is similar to peeling or flaking. In case of a loss of adhesion 

between the steel and the coating system. The steel will be exposed as the system comes off 

in scales. Loss of adhesion can be caused by layers of incompatible coating system or poor 

surface treatment, for instance insufficient surface roughness or contamination. 

 Abrasion: Mechanical damage to the surface can cause the coating system to crack, tear, 

detach or fail otherwise. Sources of mechanical damage can vary from scraping anchors to 

dropping of tools. 

 Undercutting: Corrosion will propagate to adjacent material, undercutting the coating 

system. Over time this will cause substantial corrosion and degradation of the system. Any 

hard failure can lead to corrosion which will proceed by undercutting (Figure 42). 

 

Figure 42: Coating system undercutting
6
 

 Blistering: This type of system adhesion failure is caused by moisture or gasses exerting 

internal pressure which causes the system to detach from the steel. The hemispherical 

blisters can increase in size and eventually break due to the internal pressure exceeding the 

system’s strength or external mechanical damage. One cause of blistering is left over 

deposits (e.g. salt) on the steel surface due to insufficient surface preparation.  

 Delamination: Similar to peeling, flaking or scaling. Intercoat delamination is adhesion failure 

between two layers of coating. This can lead to large sections of the coating system to lose 

                                                           
6
 source: http://ponderosapaintco.com 
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upper layers of the system. Possible causes are contaminations between the layers or not 

following the time window set for the over-painting time of the lower layer. 

 

Figure 43: Blistering due to salt contamination
7
 

While some of the failure modes mentioned on the previous page do not imply a physical breach of 

the coating system, each of them will weaken the system, which allows additional oxygen and 

moisture to reach the steel substrate and thus enable the corrosion process. 

Having described the failure modes the focus shifts to describing causes of coating system failure, 

divided into causes due to design/construction, coating system application and external causes. 

Failure caused by vessel design and construction 

As the coating system is applied directly on the steel structure of the vessel, a lot of care must be 

taken in designing and constructing this structure. Listed in this section are several common issues 

that can be causes of more rapid degradation of the coating system and subsequently the steelwork. 

Edge rounding 
Due to surface tension a freshly applied layer of coating will retract from sharp outer corners, leaving 

these corners exposed (Figure 44). Virtually no coating will stick to those type of edges. It is therefore 

important that these edges are fitted with a radius before they are coated.  

Steel

Coating

Coating thinned at 

sharp edges due 

to surface tension

 

Figure 44: Coating retraction at unrounded edges 

If such surfaces are not rounded before coating then this is typically where corrosion will first set in. 

This will also affect the surrounding coating system, which will degrade due to corrosion of the 

adjacent substrate, causing a loss of adhesion. 

                                                           
7
 source: http://ponderosapaintco.com 
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Design for coating application 
A structurally sound steel design is not necessarily practical in terms of applying the coating system 

to its surface. Some places may be difficult to reach with either a spray painter or a brush, leaving 

them exposed, because the required film thickness is not being applied. 

Correct work order 
Very briefly put, the vessel construction process’ consecutive stages are: steel construction, coating 

and outfitting. It is very important that after the application of the coating system no more 

construction related work to the steelwork is done as any cutting, drilling or welding will weaken the 

adjacent sections of the coating. Possible examples of work order issues are drilling holes after 

coating application for electrical outfitting or neglecting to paint the inside of pipe clamps. One layer 

of finishing coating will cover up such issues for a short period, but before long corrosion will start to 

show and progress rapidly. 

It is very hard for asset owners to stay on top of such issues. Responsibility for this lies mostly with 

the shipbuilder. If they have a thorough engineering department, good process management and 

skilled workers, many early coating failures can be prevented. 

Failure caused by coating application 

The issues described here relate to all steps of the coating application process that can cause 

accelerated degradation of the coating system compared to the correct application procedure. 

Highlighted here are issues concerning surface conditions and application. Issues related to poor 

choice of coating (incompatibility or quality) are not dealt with. 

Surface conditions 
In general the most important aspects to take into consideration before coating is that the substrate 

surface must be dry, clean and sufficiently roughened. This requires proper preparation during the 

pre-treatment phase. 

Surface roughening is important for adhesion between the substrate and the primer. It also cleans 

the surface by clearing away corrosion. According to data sheets provided by the coating supplier the 

surface should be blasted to SA-2½, which is the second highest achievable rating on the scale. In 

practice, however, this is very hard to achieve. Other contaminations such as grease and oil require 

techniques such as flame cleaning while salt can be cleaned away with fresh water.  

Finally the surface must be as dry as possible, as any leftover moisture trapped between substrate 

and coating can act as an electrolyte which causes corrosion underneath the coating system. It can 

also reduce the adhesion of the coating system to the steel surface. 

Environment conditions 
Temperature and humidity play an important role in the application process of the coating system. In 

very humid environments (e.g. tropical regions) condensed vapor may be entrapped on the surface 

during the coating application, leading to issues described above. 

Temperature is also an important aspect to take into consideration. This partly relates to the 

humidity of the surface, as coating should only be done when the temperature of the metal surface is 

at least 2-3°C higher than the dew point (Caridis, 2009) which in turn depends on air temperature 

and humidity. 
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Furthermore high air temperatures (>30°C) or high surface temperature due to solar radiation can 

cause a rough surface of the coating or uneven thickness distributions. Low temperatures (<5°C) 

cause problems with the solvents in the coating and paint drying becomes problematic. 

Application 
The equipment and personnel employed during coating application can make a difference in terms of 

coating system quality. Correct spray pressure of the coating spray, for instance, is important for the 

coating thickness layer. Another example is correct equipment for mixing and applying two-

component epoxy coating, which, if done wrong, lowers the coating quality. 

Most important though is the quality of the personnel applying the coating system. Making sure that 

all surfaces are coated and have the desired coating thickness layer is very important. One example is 

the coating of inner corners of the steelwork as shown in Figure 45, where a single stripe should first 

be applied to the corners before proceeding with the surrounding surfaces. 

Steel

Neglected to coat 

inner corner

Steel

Too much coating 

at inner corner

Steel

Correct coating

 

Figure 45: Coating of inner corners 

Skilled workers will ensure correct coating of these inner corners. If the layer is too thick, movement 

of the substrate will cause cracking of the coating system. Neglecting to coat the inner corner 

properly will leave the substrate exposed. 

Causes of coating breakdown during asset life 

The previous two sections described causes of coating failure arising from issues during designing 

and constructing the vessel and applying the coating system. Other causes are mostly incidental in 

nature. Degradation can furthermore be accelerated by environmental operating conditions.  

Incidental impact 
Even correctly applied coating systems can suffer failures resulting from incidents during the 

operational phase. Even though modern coating systems are relatively impact resistant, they can still 

be breached or scratched open. For example due to small collisions or from the scraping of hawsers 

and anchors alongside. 

Environmental operating conditions 
Similar to the factors that influence the rate of corrosion, described earlier in this appendix, there are 

some factors that can speed up the degradation of a coating system. Caridis (2009) mentions 

specifically temperature, non-immersed sections and stress concentrations. 

High temperatures can cause damage to the coating system within 3-5 years, in contrast to 

structures operating at relatively low temperatures. Stress concentrations can cause cracking as 

explained earlier. Prolonged extreme humidity, for instance due to moisture being trapped 

underneath wooden deck plating or cargo on deck, can also cause accelerated degradation.  



 
71 Appendix C: Additional simulation model information 

Appendix C: Additional simulation model information 
The most important aspects of the simulation model for coating degradation have been described in 

the main report. Some underlying aspects, however, have been moved to this appendix where they 

can be given the proper amount of attention. This appendix describes how sub-parameters are set as 

well as how several parameters moderate the standard defect arrival rate. 

Setting sub-parameters 
There are six situational variables that impact the base degradation process, inflating       as each 

variable gets worse: 

1. Quality with regard to the following sub-parameters: 

a.     Surface preparation quality before coating application 

b.     Quality of the coating application 

2. Geographic location as the yearly averages with regard to the following variables: 

a.    Temperature in °C on the continuous interval [0,40] 

b.      Seawater surface temperature in °C on the continuous interval [0,30] 

c.     Relative humidity levels in % on the continuous interval [30,90]8 

3. Coating system specification, which can either be a standard or upgraded specification. 

It is possible to assess the individual impact of these parameters on the coating system. Table 16 on 

the next page contains findings from scientific literature dealing with aspects that match the 

parameters identified earlier. Problems arise, however, due to three reasons: 

1. Many of these articles investigate the effect of a parameter using electrochemical impedance 

spectroscopy (EIS), essentially treating the coating system as an additional resistance to be 

overcome by the electric current travelling between the electrolyte and the metal. Nyquist or 

Bode plots are then produced and these are difficult to interpret. An example of them is 

included in appendix D. 

2. Articles that report the effect of a parameter on a physical aspect of the coating system that 

can be interpreted (e.g. tensile strength or corrosion potential) still leave unanswered how 

this relates to the expected coating lifetime. They fail to report, for instance, the degree to 

which rust penetrates the coating or the intensity of blistering of the coating system over 

time. These practical aspects are the focus of this report, making it difficult to translate 

scientific findings from earlier literature. 

3. It is possible to infer from the literature for some individual parameters whether it has a 

linear or non-linear effect on an aspect of the coating system. In practice, however, we are 

dealing with a large number of interaction effects due to the amount of parameters. Which 

parameters are strongest and whether the final effect of a set of changing parameters is 

linear or non-linear remains unanswered. 

These points make it very difficult to determine the relationship between the sub-parameters and 

the defect arrival rate. It is therefore necessary to make several assumptions when defining the 

impact of the parameters. The remainder of the section provides details on how this is accomplished. 

                                                           
8
 In cases of a coating system in an enclosed environment (e.g. ballast tanks) the humidity of the direct 

environment overrules the humidity set by the geographic location, as the former is certainly higher. In open-
air settings the humidity will remain that of the geographic location. 
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Table 16: Effect of individual parameters on coating quality and degradation 

 

 

Influential 
parameters 

Specifically investigated Effect type Effect on: Source 

Surface 
preparation 

NaCl contamination [g/m
2
] 

Linear Tensile strength [MPA] de la Fuente et al. (2007) 

Non-linear Pull-off strength [kg x cm
2
] de la Fuente et al. (2007) 

Non-linear Osmotic pressure in blister  Pommersheim & Nguyen (1998) 

Surface roughness [μm] Non-linear Corrosion resistance (Ω) Lin et al. (1992) 

Application 2K epoxy mixing ratio deviation from ideal Linear Coating resistance [Ω] Monetta et al. (1993) 

System spec 

Dry film thickness [μm] 

Linear Oxygen permeability Morcillo et al. (1997) 

Non-linear Water permeability Morcillo et al. (1997) 

Linear Water flux through coating Pommersheim & Nguyen (1998) 

Dry film thickness & epoxy type - Impact resistance Calabrese & Murray (1982) 

Pigment content Non-Linear Water permeability Donkers et al. (2013) 

Environment 

Temperature [°C] 

Linear Osmosis rate [-] Phunstho et al. (2012) 

      
       Diffusion coefficient [-] Arrhenius equation 

Linear Water uptake [-] Bierwagen et al. (2003) 

Relative humidity [%] 
Non-linear Coating resistance [kOhm/cm2] Dehri & Erbil (2000) 

Non-linear Corrosion potential [V] Dehri & Erbil (2000) 

Mechanical impacts Non-linear Corrosion resistance (Ω) Geenen et al. (1990) 
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To symbolize the situational influence on the defect arrival rate the variable   is used, which acts as a 

summarizing variable for the underlying parameters denoted earlier in the paragraph. Due to the lack 

of information on how each parameter affects  , it is assumed that all parameters individually have a 

linear effect on  . Any interaction effects are incorporated in the relationship between   and   by 

defining upper and lower bounds for the degradation rate and step sizes for all values of   in 

between these bounds, as done in the main report (3.5). 

The climate parameters are on a bounded interval, which is scaled to ensure that their final score 

falls in between 1 and 10. Minimum values have been determined by examining climate data. The 

minimum temperature      is set at 0°C. Temperature   is transformed as follows: 

            
 

  
   ( 17 ) 

 
The minimum seawater surface temperature        is set at 0°C. The seawater surface temperature 

    is transformed as follows: 

                  
 

  
   ( 18 ) 

 
The minimum relative humidity       is 30%. The relative humidity    is transformed according to: 

               
 

  
   ( 19 ) 

 
Unlike the climate parameters, the parameters    and    are multidimensional in their own right, 

which makes it more difficult to provide a quantitative description to go along with their scores. Each 

is scored 1 through 10, with 1 being the best attainable rating and 10 the worst. Appendix E provides 

a qualitative description on which to base these scores. 

Note that for enclosed or submerged spaces    is replaced with     . This approximation will hold 

for ballast spaces below the waterline as these adopt the temperature of the surrounding seawater.  

The sub-parameter         is a special case as this is dependent on the type of system that is 

applied, but also the quality of surface preparation and application (   and   ). This is due to the 

fact that the benefit of applying an upgraded system over a standard system will diminish if it is not 

applied properly. The following relationship is defined to express this dependency: 

               

 
 
 

 
 
 
     

 
    

 

 
   

       

 
   

   
       

 
  

  ( 20 ) 

 

It is assumed here that any quality average             below 6 will negate the influence of 

applying an upgraded system completely. A value of 6 is selected because at that point, according to 

quality descriptions (appendix B), there are combinations of serious issues (e.g. over coating time 

violation, high surface contamination) that would lead to failure modes that no system spec can 

combat (e.g. detachment). The influence decreases linearly between     and    . Figure 46 

shows the result if other parameters (temperature, relative humidity) remain constant. 
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Figure 46: Upgraded vs. standard system spec at different levels of   

The final score for   is calculated through a weighted formula ( 7 ), outlined in the main report. As 

explained in the main report the general parameter    is used to generalize the classifications. The 

indexes   and   are added to the defect arrival rates:     , where               corresponds with    

(side of the plate) and             denotes the type of arrival process, which is explained next. 

Special cases of coating degradation 
Due to the extensions to the TSHG there are up to three different defect arrivals rates that must be 

set (section 3.3.3). This requires setting the base parameter      for new coating systems on a smooth 

steel plate and setting the other arrival rate parameters based on     .The environmental factors 

influencing      have been outlined in the main report (3.5.2). This section therefore focuses on the 

dependency between the different rates of arrival due to differences in construction and repair 

quality and the activity level on a coated surface.  

Next to the base arrival rate      two more arrival rates are used, each more rapid. These are the  

degradation due to external (mechanical) impacts on the coating surface        and degradation due 

to issues with the construction quality       . Figure 47 shows where rates are moderated. 

Coating 

surface

Repaired coating New coating

 

Figure 47: Defect arrival rate dependency framework 
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The shaded areas in Figure 47 represent degradation on the other side of the plate. Construction 

quality      and repair quality      are represented as a one dimensional quality measure, in 

contrast to the more complex multidimensional parameter    that has been used to represent a 

series of influences on    in the previous sections.  

Note also that    does not apply for new coating system sections, but    does. As      depends on 

    , poor construction quality can be compounded with poor repair quality. It is furthermore 

possible for all six degradation processes to be active on the coating surface if it has been partially 

repaired, includes complex geometry and is subject to periodic work-related activity. Described next 

is the way each of the factors moderate between the defect arrival rates. 

Construction quality 
More rapid degradation takes place at or near plate edges or locations that are otherwise harder to 

coat properly (e.g. drainage holes, weld seams). At these places the coating usually breaks down first. 

This is due to two factors: 

1. Such places require more effort and attention while doing the coating preparation and while 

applying the coating. Weld seams for instance have to be cleaned again after welding and 

sharp inner corners should be stripe coated by hand to avoid over-thickness or under-

thickness. 

2. High quality of design and construction      can make it much easier to properly prepare the 

surface and apply the coating. For instance by making sure all edges are radius rounded and 

by designing the vessel in such a way that each area can be reached properly for coating. 

The first factor will correlate highly with the    value assigned to the regularly degrading locations, as 

this also incorporates the preparation and application factors    and   . The environmental factors 

are furthermore identical, as well as the coating type. It is therefore assumed that the second factor, 

construction quality     , is the factor that moderates directly between      and     . 

The variable    is used as the moderating variable, which can take values between 1 (excellent) and 

10 (very poor). Appendix E describes how these are scored in practice. Because data is lacking that 

can give a decisive answer regarding the type of relationship between      and     , moderated by   , 

a linear relationship is assumed.  

                  ( 21 ) 

 
For the moderating relationship    is multiplied by a factor 3 to express that even for an excellent 

construction quality (i.e.     ) these areas will degrade faster than coating on flat plates will. Up to 

10 times more of such vulnerable surfaces can show corrosion. However, given that spot propagation 

also plays a role, a factor 3 is selected. Sensitivity analysis conducted in the main report (chapter 6) 

shows the effect of choosing different values. 

Activity level 
Another part of      is the type of coating system that has been applied. For this the         variable 

is used, which specifies whether a system with upgraded or standard spec has been applied and also 

how well it has been applied (Equation ( 20 )) 



 
76 Master thesis report B. Westerweel (public version) 

The upgraded system spec provided by the coating supplier is thicker, and for the hull it furthermore 

specifies a coating system used on icebreakers. This type of system is therefore more impact 

resistant, which decreases the amount of impacts actually damaging the coating system.  

While there is again no information on how         influences      there is one source that provides 

information regarding the best case scenario. According to Calabrese and Murray (1982) “solvent-

free epoxy… used on the hulls of icebreakers for several years have remained more than 90% intact.”  

On small scale laboratory tests (crushing 45kg of ice against the coating) Calabrese and Murray 

(1982) found that a solvented epoxy system (dft 0.25mm) had chipped in several places while the 

solvent-free epoxy (dft 0.4mm) showed no damage. These solvented and solvent free epoxy systems 

match the standard and upgraded coating system spec provided by the coating supplier. 

Due to these results it is assumed that an upgraded system can decrease wear due to mechanical 

impact by 90% compared to a standard system if applied correctly            . A binomial factor is 

therefore introduced to signify this reduction: 

        
       

  
 ( 22 ) 

 
For systems of upgraded spec this factor is used to determine for each arrival individually whether it 

will cause damage to the coating system (probability        ), or whether it will be negated 

(probability          ) by the more impact resistant upgraded system. 

Finally there has to be an arrival rate for    and         to moderate. The variable      represents 

the amount of defect arrivals per year in case there is constant activity on a standard coating system. 

The steady-state probability of being in this active state due to the MMPP will be the first reduction, 

with         being the second reduction: 

                     ( 23 ) 

  

When the world is in the inactive state (steady-state probability   ) the system is subject only to 

defect arrivals with rate     . 

Repair quality 
This variable     functions in a way similar to the way construction quality      moderates between 

base rate      and     .   , however, is fixed from new build throughout the vessel lifetime, while    

may change depending on the conditions during maintenance.  

With regard to surface preparation the procedures are different. Surface corrosion has to be 

removed, either by manually power tooling or by spot blasting the steel. Care must be taken to 

remove all surface contamination and to feather the edges of the surrounding coating. This is 

necessary to improve adhesion of the new coating. 

The interface between the new and old coating system, however, will always remain a weak point. It 

is furthermore very difficult to remove all surface contaminants and ensure sufficient surface 

roughness. Repaired sections will therefore always have an arrival rate that is higher than the 

original sections (i.e.     ).    is assumed to inflate      linearly: 
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             ( 24 ) 

 
Through the dependency between      and      the repair quality will also modify the arrival rate for 

vulnerable sections of coating due to geometrical complexities. This is also shown in Figure 47. 

Grid isolation strip 
Due to the spot propagation it is possible for degradation that initially starts outside of the grid to 

cross over into the grid after a certain number of time periods. To prevent underestimating the 

coating degradation at the edges of the grid an isolation strip is placed around it.  

The width of this layer depends on the speed with which spots propagate and the maximum time it 

has to propagate. The width of the isolation layer is therefore based on      and  : 

     
    

 
 

 

( 25 ) 

 

The final value is rounded up to the next highest integer. All decisions related to the maintenance 

thresholds are still made solely on the inner grid itself. This added strip ensures that no degradation 

from outside the grid affects the simulation grid, and therefore the maintenance decisions.  
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Appendix D: EIS example results 
Shown below are some typical results obtained through electrochemical impedance spectroscopy. As 

mentioned in the main report, these type of plots are very hard to interpret. 

 

Figure 48: Nyquist and Bode representation of the impedance results (Geenen et al. 1990) 
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Appendix E: Coating quality descriptions 
The following sections (quantitatively) describe the characteristics of three aspects of coating system 

quality; preparation, application and construction. This is done to add more meaning to the 

situational parameter   , which is partly dependent on their individual scores.  

Note that not all potentially relevant variables are described but mainly those of which tangible 

results were obtained in the literature study (Table 16) or where the paint supplier’s data sheet 

mentions explicit guidelines. Examples are illustrative and not meant to provide an exhaustive list of 

possibilities. 

Surface preparation 

The characteristics provided in this setting pertain to all characteristics of the uncoated surface 

directly prior to coating application. The variable    can take values between 1 (excellent) and 10 

(extremely poor). The following table provides guidelines for how to score the surface preparation. 

Table 17: Surface preparation characteristics 

Rating Example characteristics 

1 All of the following characteristics apply: 

 Surface roughness according to supplier spec (±10μm) 

 Cl- and SO4
-2 contamination below 20mg/m2 and 50mg/m2 respectively 

 Approved zinc silicate shop primer used (if applicable) 

 Weld seams, burned and rusty areas cleaned to SA2,5 

3 One of the following characteristics applies: 

 Surface roughness out of supplier spec (±15μm) 

 Cl- or SO4
-2 contamination above 20mg/m2 or 50mg/m2 respectively 

 Local rust spots visible with the naked eye (SA1,5) 

5 Two of the following characteristics apply: 

 Surface roughness out of supplier spec (±15μm) 

 Cl- or SO4
-2 contamination above 20mg/m2 or 50mg/m2 respectively 

 Local rust spots visible with the naked eye (SA1,5) 

7 Two of the following characteristics apply: 

 Surface roughness out of supplier spec (±20μm) 

 Both Cl- and SO4
-2 contamination above 20mg/m2 and 40mg/m2 respectively 

 Weathering rust visible throughout, weld seams not cleaned 

9 All of the following characteristics apply: 

 Surface roughness out of supplier spec (±20μm) 

 Both Cl- and SO4
-2 contamination above 20mg/m2 and 40mg/m2 respectively 

 Weathering rust visible throughout, weld seams not cleaned. Oily residue 
present on the surface. 

 

Coating application 

This paragraph contains guidelines useful for scoring the quality of coating application at new build 

or for maintenance purposes. The variable    can take values between 1 (excellent) and 10 

(extremely poor).  

Between coating system types (e.g. epoxy, alkyd or chlorinated rubber) and over product ranges 

there are difference in many application guidelines. One coating may be applied at temperatures as 
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low as -10°C while another may not be applied below 5°C. The following table provides some 

examples that serve as guidelines for applying a common primer. 

Table 18: Coating application characteristics 

Rating Example characteristics 

1 All of the following conditions apply: 

 Adhered to overcoating interval 

 Relative humidity during coating and curing <85% 

 Substrate temperature above 5°C and at least 3°C above dew point 

 Adhered to mixing ratio (±1%) and maximum thinner volume 

 Sprayed evenly and dry film thickness (dft) within spec (±10μm) 

3 One of the following conditions applies: 

 Overcoating too early or too late (<10%) 

 Relative humidity during coating and curing >85% but lower than 90% 

 Dry film thickness locally out of spec (±20%) potentially due to thinner 

 Nozzle pressure and orifice unsuitable according to spec 

5 One of the following in addition to one condition outlined at 3: 

 Substrate temperature <2°C above dew point 

 Mixing ratio >2% but <4% out of spec 

7 Two of the following conditions apply: 

 Overcoating too early or too late (>20%) 

 Relative humidity during coating and curing above 90% and substrate 
temperature <1°C above dew point 

 Mixing ratio >4% out of spec  

9 Two of the conditions at 7 in combination with one of the following: 

 Dry film thickness out of spec (>20%) 

 Unsuitable nozzle pressure or orifice 

 

Construction quality 

The characteristics related to the construction quality are used obtaining the variable   , which runs 

from 1 (excellent) to 10 (extremely poor). The following table provides some examples that serve as 

guidelines for scoring the construction quality. 

Table 19: Construction quality characteristics 

Rating Example characteristics 

1 All of the following conditions apply: 

 All edges radius rounded to at least 1mm 

 Smooth weld seams, removal of spatters and welding scam 

 Quality steel used for construction (e.g. no excess carbon concentrations) 

 No construction activities after coating application 

3 Failure to comply with one condition at 1 

6 Failure to comply with two conditions at 1 

9 Failure to comply with all conditions at 1 
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Appendix F: Maintenance cost tariffs and calculations 
Provided in this section are the cost calculations for steel repairs as well as the complete set of cost 

data that has been used in the simulations. 

Steel repair costs 
These costs depend on a number of variables, including the welding technique, location on board of 

the vessel, type of steel, plate thickness, etc. First an example calculation is provided based on 

welding 1m2 of steel plate on deck, which is the easiest type of repair. 

First the weld speed must be calculated. The distance between the plates is 10mm and the plate is 

8mm thick. The volume of electrode consumed for a 1m long weld seam is therefore: 

                       

With a total weight as follows: 

                                

A skilled welder can furthermore go through 48 electrodes per hour. One electrode weighs 33.3 

grams which means the weight that can be added in terms of electrodes is: 

     
  

  
            

The final weld speed can then be calculated: 

     

    
            

Two men are required at all times, so combining the speed with the hourly rate gives: 

     

 
   

    

         
        

Finally the raw material costs for the steel must be added and the rate per meter of weld seam must 

be multiplied with the required length. The price per kg of mild steel plating is €2500/ton9 and 4m of 

welding is required to fix the plate along the edges. Furthermore two 1m fillet welds are usually 

placed to attach it to a strengthening profile, the weld speed of which is 27.15cm/min. The final cost 

for replacing 1m2 on the work deck is then as follows: 

 
 

         
 

 

         
                        

    

    
         

Where 7850 represents the specific density of 1m3 of steel. These calculations can subsequently be 

made for different regions (i.e. varying labor costs) and for different locations on board of the vessel. 

In particular the labor costs for welding inside voids and tanks is 70% higher compared to outside the 

vessel and welding on the hull takes longer since plate thickness is 12mm there. Provided below are 

the complete welding speed calculations and the full steel repair cost sheet. 

                                                           
9
 Based on $3500/ton quoted recently by a shipyard in the Middle East. Steel prices are approximately uniform 

so this price will hold regardless of the region. 
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Table 20: Welding speed calculations 

 Weld speed (8x10) Fillet Weld speed (5x5) Weld speed (12x10) 

Volume 0,00008 m3 0,00001 m3 0,00012 m3 

Weight 6,28 g/cm 0,98 g/cm 9,42 g/cm 

Speed 4,24 cm/min 27,15 cm/min 2,83 cm/min 

2,55 m/hour 16,29 m/hour 1,70 m/hour 

 
Table 21: Cost estimates for replacing 1m

2
 of mild steel  

  
Fillet 
weld 

V-
joint   

West 
Africa 

Middle 
East 

Europe Asia 

D
e

ck
 p

la
ti

n
g Weld length [m] 2 4 

 
Hourly rate 17,5 12,5 45 8 

People working 2 
  

Steel 
price/ton 

2500 2500 2500 2500 

Mass [kg] 
(1x1x0,008m) 

62,8 
 

Total [€] 216,3 199,4 309,5 184,1 

Ta
n

ks
 +

 v
o

id
s Weld length [m] 2 4 

 
Hourly rate 29,75 21,25 76,5 13,6 

People working 2 
  

Steel 
price/ton 

2500 2500 2500 2500 

Mass [kg] 
(1x1x0,008m) 

62,8 
 

Total [€] 257,8 229,0 416,2 203,1 

H
u

ll 

Weld length [m] 0 4 
 

Hourly rate 17,5 12,5 45 8 

People working 2 
  

Steel 
price/ton 

2500 2500 2500 2500 

Mass [kg] 
(1x1x0,012m) 

94,2 
 

Total [€] 318,0 294,4 447,7 273,2 

 
Note that for repairs in tanks and voids additional maintenance cost is incurred for cutting an 

opening in the vessel’s hull through which the steel plates can be brought into the confined spaces. 

This is booked as a fixed cost of €1000,- in case steel repairs are necessary during a dry dock visit. 

This fixed cost is scaled according to the ratio between West Africa and the country in question. 

Initial investment costs 
At new build SL has the option to install an upgraded coating system instead of a standard spec. The 

upgrade spec offers additional protection but comes at greater cost. These costs are added to the 

TCO at the start of the vessel lifecycle. Table 22 shows the difference per m2 (all prices in Euros). 

Table 22: Cost comparison for standard and upgraded spec per m
2
 

   
Standard spec Upgraded spec 

Area Coating 
Cost / 
layer 

Layers Total 
Raw 
mat. 

Final Layers Total 
Raw 
mat. 

Final 

Topsides Epoxy 1,2 3 3,6 5,41 9,01 3 3,6 19,55 23,15 

Underwater 
Epoxy + 

A/F 
1,2 5 6 24,12 30,12 4 4,8 34,94 39,74 

decks Epoxy 1,5 3 4,5 5,88 10,38 4 6 9,07 15,07 

Ballast 
tanks 

Epoxy 2,5 2 5 5,77 10,77 2 5 6,47 11,47 

Superstr. Epoxy 1,5 3 4,5 5,03 9,53 4 6 9,51 15,51 
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Coating repair and renewal costs 
The final cost component are the coating repair costs. These can consist of a full coating system 

renewal or partial repair of damaged spots. The costs for both have been estimated using the results 

obtained by combining the hourly rates for the different maintenance actions involved with the raw 

materials costs obtained from the coating supplier’s tenders. 

Note that for coating maintenance only the standard system is available, as the upgraded spec will 

not be sent overseas.  

For a full coating renewal the simplified procedure is as follows. First the surface is washed with fresh 

water. Then it is grid (or sand) blasted to SA2.510. Finally the coating is applied for which a fixed cost 

per m2 per layer is charged. The final costs per m2 are shown in the table below. The costs for Europe 

are included for comparison. 

Table 23: Full coating renewal costs per m
2
 

 Full coating renewal costs 

Region Location 
Type Application Preparation Raw 

material Total 
Coating Layers Cost/layer Total FW wash SA2.5 

W
e

st
 A

fr
ic

a 

Topsides Epoxy 3 1,2 3,6 1,5 25 5,41 35,51 

Underwater hull Epoxy + A/F 5 1,2 6 1,5 25 24,12 56,62 

decks Epoxy 3 1,5 4,5 1,5 25 5,88 36,88 

Ballast tanks Epoxy 2 3,5 7 2,5 50 5,77 65,27 

Superstructure Epoxy 3 1,5 4,5 1,5 25 5,03 36,03 

M
id

d
le

 E
as

t Topsides Epoxy 3 0,45 1,35 0,8 8 5,41 15,56 

Underwater hull Epoxy + A/F 5 0,45 2,25 0,8 8 24,12 35,17 

decks Epoxy 3 0,65 1,95 0,8 8 5,88 16,63 

Ballast tanks Epoxy 2 0,9 1,8 2 22 5,77 31,57 

Superstructure Epoxy 3 0,8 2,4 0,8 8 5,03 16,23 

A
si

a 

Topsides Epoxy 3 0,25 0,75 0,3 4 5,41 10,46 

Underwater hull Epoxy + A/F 5 0,25 1,25 0,3 4 24,12 29,67 

decks Epoxy 3 0,25 0,75 0,3 4 5,88 10,93 

Ballast tanks Epoxy 2 0,7 1,4 1,2 13,5 5,77 21,87 

Superstructure Epoxy 3 0,3 0,9 0,3 4 5,03 10,23 

Eu
ro

p
e 

Topsides Epoxy 3 1,1 3,3 1 18 5,41 27,71 

Underwater hull Epoxy + A/F 5 1,1 5,5 1 18 24,12 48,62 

decks Epoxy 3 1,3 3,9 1 18 5,88 28,78 

Ballast tanks Epoxy 2 3,75 7,5 2,9 52 5,77 68,17 

Superstructure Epoxy 3 1,5 4,5 1 18 5,03 28,53 

  
The table on the following page shows the coating repair costs for partial repairs. These are in 

general slightly higher as it easier to conduct a full renewal on large surface areas than it is to repair 

smaller individual areas. 

  

                                                           
10

 In some regions where sand blasting is used it may not be feasible to reach SA2.5 but rather SA2. This will 
show in the quality of surface preparation rather than in the costs. 
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Table 24: Partial coating repair cost per m

2
 

 Partial coating repair costs 

Region Area 
Type Application Preparation Raw 

material Total 
Coating Layers Cost/layer Total FW wash SA2.5 

W
e

st
 A

fr
ic

a
 Topsides Epoxy 3 2,5 7,5 1,5 32 5,41 46,41 

Underwater hull Epoxy + A/F 5 2,5 12,5 1,5 32 24,12 70,12 

decks Epoxy 3 2,7 8,1 1,5 32 5,88 47,48 

Ballast tanks Epoxy 2 5 10 2,5 52 5,77 70,27 

Superstructure Epoxy 3 2,5 7,5 1,5 32 5,03 46,03 

M
id

d
le

 E
as

t 

Topsides Epoxy 3 0,7 2,1 0,8 9,5 5,41 17,81 

Underwater hull Epoxy + A/F 5 0,7 3,5 0,8 9,5 24,12 37,92 

decks Epoxy 3 0,75 2,25 0,8 9,5 5,88 18,43 

Ballast tanks Epoxy 2 1 2 2 23 5,77 32,77 

Superstructure Epoxy 3 0,8 2,4 0,8 9,5 5,03 17,73 

A
si

a
 

Topsides Epoxy 3 0,25 0,75 0,3 4,2 5,41 10,66 

Underwater hull Epoxy + A/F 5 0,25 1,25 0,3 4,2 24,12 29,87 

decks Epoxy 3 0,3 0,9 0,3 4,2 5,88 11,28 

Ballast tanks Epoxy 2 0,7 1,4 1,2 14 5,77 22,37 

Superstructure Epoxy 3 0,3 0,9 0,3 4,2 5,03 10,43 

Eu
ro

p
e 

Topsides Epoxy 3 1,3 3,9 1 21 5,41 31,31 

Underwater hull Epoxy + A/F 5 1,3 6,5 1 21 24,12 52,62 

decks Epoxy 3 1,6 4,8 1 21 5,88 32,68 

Ballast tanks Epoxy 2 10 20 2,9 75 5,77 103,67 

Superstructure Epoxy 3 1,9 5,7 1 21 5,03 32,73 
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Appendix G: Goodness-of-fit test simulation data 
In order to be able to produce confidence intervals for the coating degradation over time given a 

certain simulation setting a goodness-of-fit test has been conducted on a set of simulation data. This 

particular data has been obtained by running a basic simulation (n=1000) with          

       ,     ,         and no opportunities for maintenance to the coating system during 

these 20 years. The data is plotted in a histogram in the figure below along with three fitted 

distributions. 

 

Figure 49: Histogram for goodness-of-fit test purposes 

From the figure above it seems that the Weibull distribution (shape parameter          and scale 

parameter         ) fits the data best. This is backed up by the Chi-square tests that rejects both 

other hypotheses (Lognormal and Gamma) at the 5% confidence level (p = 8.1e-31 and p = 4.6e-9 

respectively). The hypothesis that the data is Weibull distributed is accepted (p=0.3999>0.05). 
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Appendix H: Monte Carlo simulation results 
This appendix provides the complete results of all relevant simulations that were not included in the 

main report due to size restrictions. It will start off with an example that shows how the number of 

Monte Carlo simulation runs has been estimated. 

Calculating the required number of replications 
Using the results of sequential simulation runs it is possible to evaluate the confidence interval 

obtained for the mean estimate. This is done based on methodology presented by Robinson (2004) 

using straightforward statistics. 

For all replications   with result    the confidence interval is calculated as follows: 

               
 

  
 

Where   is the mean of the output data,   is the number of replications and          is the value of 

the Student-t distribution with     degrees of freedom and a significance level of    .   is the 

sample standard deviation calculated as follows: 

          
  

   

   
 

A standard significance level of       is used for all simulations, giving a 95% confidence interval 

that the true mean is in between the calculated upper and lower bounds. This results in tables such 

as the one below. 

Table 25: Confidence interval calculation table 

       Confidence interval  

  Cum. mean Standard Lower Upper % 

Replication Result average deviation interval interval deviation 

1 4179,872974 4179,87 n/a n/a n/a n/a 

2 921,378783 2550,63 2304,103 -18150,92 23252,17 811,63% 

3 6944,722658 4015,32 3015,041 -3474,45 11505,10 186,53% 

4 4219,014524 4066,25 2463,877 145,67 7986,83 96,42% 

5 7139,97547 4680,99 2538,223 1529,37 7832,61 67,33% 

6 690,576007 4015,92 2794,274 1083,51 6948,33 73,02% 

7 710,28565 3543,69 2840,365 916,79 6170,59 74,13% 

8 3874,962609 3585,10 2632,274 1384,46 5785,73 61,38% 

9 6973,072325 3961,54 2708,899 1879,30 6043,78 52,56% 

10 3921,017865 3957,49 2554,006 2130,46 5784,51 46,17% 

                 : :        :           :            :         :           : 

145 802,152512 4320,72 2451,603 3918,30 4723,14 9,31% 

146 9622,438905 4357,04 2482,223 3951,01 4763,06 9,32% 

147 3936,759704 4354,18 2473,950 3950,91 4757,45 9,26% 

148 538,946219 4328,40 2485,386 3924,66 4732,14 9,33% 

149 4046,013007 4326,50 2477,084 3925,49 4727,52 9,27% 

150 6495,957677 4340,97 2475,104 3941,63 4740,30 9,20% 
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It has been attempted for all simulations to get the confidence interval to be smaller than 10% of the 

estimated mean. As can be seen in the table below this has been successful in most cases, although 

there are some exceptions. In particular the simulations for ballast tanks in high quality new build 

vessels with standard spec situated in West Africa or Australia jump out. This happened because 

about 1 in 30 simulations run into steel repairs, which drives up the cost considerably. Most 

simulations have much lower costs, resulting in an overall high variance and therefore larger 

confidence interval. 

Table 26: Obtained confidence intervals [%] 

Investment 
option 

On board location 

Region 
Topside 

Ballast 
tanks 

Work 
deck 

Super-
structure 

Underwater 
hull 

High quality 
new build 

(Upgrade spec) 

9,61 9,33 7,89 8,26 2,7 West Africa 

9,35 8,89 8,18 8,8 0,12 Australia 

10,06 9,44 7,13 9,4 5,67 Middle East 

9,56 10,73 7,95 8,8 8.27 Black Sea 

High quality 
new build 
(standard 

spec) 

5,27 21,1 4,5 1,57 0,44 West Africa 

5,36 30,11 3,6 1,37 0,2 Australia 

4,91 5,05 3,4 1,35 0,36 Middle East 

4,63 5,25 3,5 1,46 0,18 Black Sea 

Medium 
quality new 

build 

4,16 9,2 6,63 1,44 1,03 West Africa 

4,12 8,1 10,17 1,55 0,86 Australia 

4,37 14,4 5,19 1,34 0,91 Middle East 

3,85 4,4 3,35 1,42 1,03 Black Sea 

Low quality 
new build 

6,02 5,27 9,66 1,52 1,74 West Africa 

7,06 3,92 12,65 1,35 1,75 Australia 

6,64 5,43 11,58 1,33 2,35 Middle East 

6,93 7,95 6,52 1,34 2,95 Black Sea 
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Simulation results 
This appendix contains several more simulation results that may be of interest when evaluating the 

results already presented in the main report. Shown first in the two tables below are the 

maintenance costs     for a 15 year operating period of a 16m2 grid and the final values after that 

period. 

Table 27: Simulation results (t = 15 years) 

New build 
quality 

On board location 

Region 
Topside Ballast Deck 

Super-
structure 

Underwater 
hull 

Total 

H
ig

h
 q

u
al

it
y 

n
e

w
 b

u
ild

 

(U
p

gr
ad

e
 s

p
e

c)
 

€ 25 € 33 € 32 € 10 € 3.115 € 3.215 West Africa 

€ 6 € 11 € 7 € 2 € 1.427 € 1.453 Australia 

€ 9 € 14 € 12 € 4 € 1.291 € 1.329 Middle East 

€ 9 € 12 € 11 € 4 € 1.235 € 1.270 Black Sea 

H
ig

h
 q

u
al

it
y 

n
e

w
 b

u
ild

 

(s
ta

n
d

. s
p

e
c)

 € 103 € 78 € 125 € 33 € 3.129 € 3.468 West Africa 

€ 22 € 35 € 26 € 7 € 1.431 € 1.522 Australia 

€ 35 € 31 € 41 € 13 € 1.697 € 1.817 Middle East 

€ 35 € 31 € 42 € 13 € 1.696 € 1.816 Black Sea 

M
e

d
iu

m
 

q
u

al
it

y 
n

e
w

 

b
u

ild
 

€ 185 € 511 € 325 € 37 € 3.184 € 4.242 West Africa 

€ 37 € 336 € 63 € 8 € 1.442 € 1.886 Australia 

€ 60 € 185 € 89 € 13 € 1.718 € 2.065 Middle East 

€ 56 € 129 € 94 € 13 € 1.721 € 2.013 Black Sea 

Lo
w

 q
u

al
it

y 

n
e

w
 b

u
ild

 € 416 € 3.176 € 717 € 43 € 3.538 € 7.890 West Africa 

€ 79 € 2.464 € 135 € 10 € 1.582 € 4.269 Australia 

€ 120 € 1.520 € 186 € 16 € 1.858 € 3.700 Middle East 

€ 124 € 356 € 191 € 16 € 1.791 € 2.478 Black Sea 

 

Table 28: Final value (t = 15 years) 

New build 
quality 

Max 
Wastage 

Final value % Region 
Max 

Wastage 
Final value % 

New build 
quality 

HQV 
upgraded 

spec 

0,1 €2.216.988 0,400 WA 0,122 €2.091.356 0,378 
HQV 

standard 
spec 

0,107 €2.178.190 0,393 AUS 0,141 €1.986.235 0,359 

0,093 €2.255.785 0,407 ME 0,11 €2.157.748 0,390 

0,038 €2.560.621 0,462 BLS 0,045 €2.517.373 0,455 

MQV 

0,189 €1.505.126 0,311 WA 0,243 €1.066.385 0,220 

LQV 
0,203 €1.437.372 0,297 AUS 0,263 €983.398 0,203 

0,179 €1.553.523 0,321 ME 0,235 €1.099.580 0,227 

0,073 €2.066.524 0,427 BLS 0,109 €1.622.399 0,335 
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Below are the simulation results for a 10 year operating period for the maintenance costs of a 16m2 

grid and the final value of the vessels. 

Table 29: Simulation results (t = 10 years) 

New 
build 

quality 

On board location 

Region 
Topside 

Ballast 
tanks 

Working 
deck 

Super-
structure 

Underwater 
hull 

Total 

H
ig

h
 q

u
al

it
y 

n
e

w
 b

u
ild

 

(U
p

gr
ad

e
 s

p
e

c)
 

€ 16 € 17 € 18 € 6 € 2.076 € 2.133 West Africa 

€ 3 € 6 € 4 € 1 € 950 € 965 Australia 

€ 6 € 7 € 7 € 2 € 790 € 812 Middle East 

€ 6 € 6 € 7 € 2 € 823 € 844 Black Sea 

H
ig

h
 q

u
al

it
y 

n
e

w
 b

u
ild

 

(s
ta

n
d

ar
d

 

sp
e

c)
 

€ 65 € 35 € 75 € 22 € 2.085 € 2.282 West Africa 

€ 14 € 11 € 16 € 5 € 952 € 997 Australia 

€ 22 € 15 € 26 € 8 € 1.129 € 1.200 Middle East 

€ 22 € 14 € 27 € 8 € 1.130 € 1.202 Black Sea 

M
e

d
iu

m
 

q
u

al
it

y 
n

e
w

 

b
u

ild
 

€ 101 € 152 € 166 € 23 € 2.097 € 2.540 West Africa 

€ 21 € 83 € 34 € 5 € 955 € 1.099 Australia 

€ 34 € 65 € 50 € 8 € 1.136 € 1.293 Middle East 

€ 33 € 60 € 51 € 8 € 1.136 € 1.288 Black Sea 

Lo
w

 q
u

al
it

y 

n
e

w
 b

u
ild

 € 168 € 803 € 336 € 27 € 2.158 € 3.492 West Africa 

€ 35 € 598 € 72 € 6 € 974 € 1.685 Australia 

€ 55 € 197 € 101 € 10 € 1.158 € 1.521 Middle East 

€ 57 € 163 € 104 € 10 € 1.151 € 1.484 Black Sea 

 

Table 30: Final value (t = 10 years) 

New build 
quality 

Max 
Wastage 

Final value % Region 
Max 

Wastage 
Final value % 

New build 
quality 

HQV 
upgraded 

spec 

0,088 €3.336.566 0,602 WA 0,1 € 3.264.286 0,590 

HQV 
standard 

spec 

0,092 €3.314.396 0,598 AUS 0,113 € 3.192.361 0,577 

0,081 €3.375.364 0,609 ME 0,093 € 3.303.014 0,597 

0,033 €3.641.402 0,657 BLS 0,037 € 3.612.845 0,653 

MQV 

0,151 €2.608.563 0,539 WA 0,218 € 1.958.497 0,405 

LQV 
0,166 €2.535.969 0,524 AUS 0,234 € 1.892.108 0,391 

0,146 €2.632.761 0,544 ME 0,198 € 2.041.485 0,422 

0,058 €3.058.649 0,632 BLS 0,083 € 2.518.661 0,520 
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Appendix I: External impact parameter updating 
In obtaining the results from the main report assumptions have been made concerning the amount 

of mechanical impacts a surface gets to endure per unit of time. The assumed values for this type of 

defect arrivals can be updated by using a simple updating tool based on Hill (1997). 

The model is originally used to update the demand parameter in a ‘Newsboy’ model where observed 

demand is used to obtain a posterior distribution for demand through Bayesian updating. In this case 

the Poisson distribution is used for defect arrivals with parameter  : 

       
     

  
                      

Now for unknown and gamma distributed arrival parameter          we have the following 

distribution: 

      
      

    
 

Estimations for the shape and scale parameters (  and       respectively) can be obtained from 

earlier observed defect arrivals: 

  
  

  
   

  

 
 

A negative binomial distribution      
 

   
  can then be used to update the prior demand 

distribution and obtain the posterior demand distribution.  

          
              

      
         

And 

             

The figure below demonstrates the method for a random arrival stream, starting with      and 

   , while in fact the true arrival rate is     . We can see that the posterior reaches this quite 

quickly even with the fluctuations of the generated arrival stream. 

 

Figure 50: Demonstration of Bayesian updating methodology 
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Appendix J: Localized wastage examples 
Since this is the public version the actual measurement values have been removed from the report. The figures below only show the areas where wastage 

was concentrated the most due to work related activities. The aft work deck is shown on the right and a section of the hull on the left. 
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Appendix K: Wastage measurements SL Annelies 
This appendix provides a series of measurements from one of Smit Lamnalco’s vessels. These have been used for model validation purposes. 

Table 31: Wastage measurements side shell  

Starboard side shell Portside side shell 
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Table 32: Wastage measurements exposed main deck  

Exposed main deck Exposed main deck (filtered)11 

  

  
 

  

                                                           
11

 Measurements from the marked area have been filtered out as these are clearly from a different degradation pattern than the remaining sections. 
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Table 33: Wastage measurement ballast spaces 

Ballast spaces 

Port & Starboard ballast  
Fr. 47 to Fr. 53 

Port & Starboard 
ballast Fr. 9 

Port & Starboard 
ballast Fr. 17 

Port side ballast  
Fr. 9 to Fr. 17 
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Table 34: Wastage measurements aft peak 

Ballast spaces 

Aft peak p/s 
Fr. 012 

Aft peak port 
Fr. -6 to Fr. -213 

Aft peak p/s 
Fr. -2 

Port side ballast  
Fr. 9 to Fr. 17 

 

 

 
 

 
 

                                                           
12

 Measurements have been conducted on a similar frame further down the vessel, resulting in additional measurements. 
13

 Measurements have been conducted on similar frames further down the vessel on both portside and starboard size, resulting in additional measurements. 
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Table 35: Wastage measurements fore peak 

Fore peak 

Fore peak Fr. 53 Collision bulkhead Fore peak Fr. 54 Fore peak Fr. 55 
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Appendix L: Climate data 
The tables below provide climate data for six locations, denoted by ‘Location (country) latitude and longitude’. Source:  https://eosweb.larc.nasa.gov  

Location Lagos (NIG) 6 2  Location Noortwijk (NL) 52 3  Location Novorossiysk (RUS) 44-37 

Month RH SST  T  Month RH SST  T  Month RH SST  T 
January 71,8 27,5 26,3  January 74,7 6,2 6  January 76,7 9,3 4,3 
February 75 28,2 26,7  February 72,3 6,3 5,4  February 73,5 8,2 3,7 
March 81,9 28,6 26,6  March 72,4 6,4 6,4  March 70,9 8,2 6,5 
April 83,5 28,9 26,6  April 74,1 8,9 8,3  April 68,1 10,5 11,6 
May 83,9 29,2 26,5  May 75,1 11,8 11,5  May 64,3 16,1 16,5 
June 84,2 28 25,8  June 75,7 14,8 14,2  June 62,9 21,6 21,1 
July 83,5 26,2 24,8  July 76,9 16,8 16,9  July 57,3 25,5 24,8 
August 83,8 25,5 24,5  August 78,1 18,2 17,9  August 56,7 26 24,6 
September 85,2 25,7 24,9  September 80,2 18,1 16,2  September 59,4 23,4 20,1 
October 85,4 27,7 25,3  October 78,7 15,6 13,6  October 65,8 18,8 14,9 
November 82,6 28,6 25,9  November 75,9 12,9 10  November 74,8 14,2 9,2 
December 75,5 28,3 26,2  December 76,2 9,3 7,5  December 77,4 10,8 5,3 
Yearly mean 81,4 27,7 25,8  Yearly mean 75,9 12,1 11,2  Yearly mean 67,3 16,1 13,6 
              
Location Broom (AUS) -18 122  Location Kuwait city 29-48  Location Vakhrushev (RUS) 52-144 
Month RH SST  T  Month RH SST  T  Month RH SST  T 
January 68,7 30,6 28,9  January 56,8 16,1 14,4  January 77,1 -1 -14,8 
February 72,5 30,2 28,2  February 50,4 15,5 15,8  February 78,5 -1,6 -15 
March 62,1 30,2 29,1  March 46,4 18 19,4  March 80,7 -1,5 -10,4 
April 44,1 30,2 29,1  April 39,9 21,7 25,2  April 82,1 -0,1 -2,3 
May 35 29,1 26,6  May 31,5 26,6 31  May 79 2,5 2,4 
June 33,9 26,7 23,7  June 26,2 29,9 34,7  June 76,1 8,6 6,9 
July 31,9 25,8 22,8  July 26 31,4 36,7  July 78,3 14,4 10,9 
August 33,8 26,4 24,5  August 27,9 32,3 36,4  August 80,3 16,7 12,8 
September 39,9 27,7 27,4  September 30,7 31 33,3  September 78,5 14,7 10,9 
October 43,4 29,5 29,6  October 39,1 28,6 28,5  October 72,9 9,1 5,7 
November 47 30,9 30,5  November 48 24,1 22  November 68,3 5,2 -2,1 
December 61,4 31,5 29,3  December 55,1 19,8 16,6  December 72,6 1,4 -8 
Yearly mean 47,8 29,1 27,5  Yearly mean 39,8 24,6 26,2  Yearly mean 77,0 5,7 -0,3 

https://eosweb.larc.nasa.gov/
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Appendix N: Wastage calculation tool 
The figure below shows the wastage calculation tool as currently constructed in MS Excel. It can be 

used to convert current wastage measurements into future levels of corrosion provided that we 

know whether corrosion is active at each measurement location, since thickness reduction could also 

be the result of earlier corrosion after which the coating system was repaired/renewed.  

 

Figure 51: Screenshot of the wastage calculation tool 

As mentioned in the recommendations this tool can be used for simple evaluation of the necessity of 

maintenance actions. A similar tool can be developed to work with database functionality, either 

within Smit Lamnalco’s maintenance management system or as a separate database for thickness 

measurements. It can then be part of a larger framework for evaluating and updating a vessel’s 

status. Such a database can furthermore form the basis for future analysis on corrosion. 


