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ARTICLE INFO ABSTRACT
Keywords: The 2030 Agenda for Sustainable Development introduced 17 Sustainable
Ship corrosion Development Goals (SDGs). The International Maritime Organization (IMO) has

endorsed connections between the maritime sector and SDGs, emphasising sustainable
} production in the marine environment. Consequently, technical considerations, such as
Corrosion depth ship structure sustainability, are crucial for marine safety. The impact of corrosion
Deterministic and stochastic model influences the structural degradation of vessels and the risk of structural failure and
fuel oil spills significantly. The formulation of predictive corrosion models, grounded
in historical data accumulated during vessel operations, emerges as an optimal strategy
for designing structural elements and guaranteeing their structural integrity. This paper
analyses non-linear deterministic and stochastic corrosion models, focusing on an
ageing bulk carrier, to provide design-phase information for sustainable structures.
Utilising data on measured steel plate thickness over a 20-year operational period, non-
linear models are employed to calculate the millimetres of thickness diminution.
Assuming corrosion onset at 7, 8, and 9 years, corresponding coefficients are
computed, based on the developed model. A model is also considered, in which there
were no assumptions about the beginning of corrosion initiation. The corresponding
annual corrosion rate was observed separately in each of the models, as a deterministic
variable and as a probabilistic random variable. This approach aims to enhance the
understanding of the causal relationship between corrosion processes and structural
performance, contributing to the development of sustainable design practices in the
maritime industry.

Inner bottom plates

1. Introduction

Recognising the challenges facing humanity today, the United Nations adopted the Sustainable
Development Agenda until 2030 in 2015 [1]. The Agenda includes 17 specific goals (Sustainable
Development Goals — SDG) related to the plan of action for people, the planet and prosperity. Recognising
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the importance that sustainable development has for the entire community, IMO considered and approved the
linkages between the IMO's technical assistance work and the 2030 Agenda for Sustainable Development [2].

Although each of the goals has significance for the social community, the IMO has recognised that the
greatest significance in terms of the marine industry has highlighted SDGs (4-7, 9, 13, 14 and 17), and denoted
those most directly relevant to IMO's technical assistance work [2], see Figure 1. Among these goals,
considering the topic of this paper, three are particularly significant: SDG 7: Ensure access to affordable,
reliable, sustainable, and modern energy for all, SDG 13: Take urgent action to combat climate change and its
impacts, and SDG 14: Conserve and use the oceans, seas, and marine resources sustainably for sustainable
development.

AND THE SUSTAINABLE
DEVELOPMENT GOALS

Fig. 1 IMO and the sustainable development goals diagram [3]

In recent decades, significant efforts have been made to optimise ship design and implement Regulations
to enhance safety and sustainability. Numerous Regulations were passed in previous years to reduce
environmental pollution caused by the emission of exhaust gases from ships, and to apply new renewable
energy sources, all to use the oceans, seas, and marine resources sustainably for sustainable development. To
address climate change, emissions and more sustainable design, the IMO introduced short- and long-term
goals while delivering energy efficiency Regulations for new and existing ships, refer to [4-7]. This is expected
to propel their technological development and reduce pollution significantly. Further studies on energy
efficiency policy for ships can be found in [8], while the impact of climate change on ship design is elaborated
in [9].

Given that the majority of material goods are transported by ships, new challenges are imposed on
vessels to focus on sustainable maritime transport through optimal design and the selection of suitable
renewable energy sources. In this sense, with proper design and optimal use of resources, it is possible to have
sustainable and clean ships, and meet the set goals of sustainable development.

As the ships are designed for 25 years, interventions on the design are quite demanding, and, among
other things, require considerable research in terms of design optimisation, vessel weight, energy consumption
during the life cycle and reduction of exhaust gas emissions. For example, optimising and reducing the ship's
lightweight mass through appropriate maintenance and predicting element thickness reduction (e.g., due to
corrosion) is linked directly to the ship's energy efficiency, as its weight impacts power demand significantly.
Moreover, with proper design and maintenance, ships can be kept in operation for a longer period, and their
inevitable recycling can be directed to the designed one, or postponed for a longer period. Often, due to
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collisions, damage, and the age of construction, their lifespan is shortened, and they are scrapped earlier. To
make maximum use of the projected life cycle of the ship, it is necessary to analyse the possibility of
exploitation of the ship during the designed life cycle based on historical data. In this sense, this paper analyses
the impact of corrosion in an old bulk carrier that has been in operation for 20 years. Analysing the damage
during exploitation a non-linear model is developed, so that the corrosion margin can be predicted on its basis
and the ship's design can be intervened before its construction. In such a way, extensive work in steel would
be reduced, potential pollution would be prevented, and the harmful impact of ships would be reduced on
society in general.

This paper is structured in 6 sections. The second section provides a comprehensive review of ship
corrosion, while the third section presents the relevant database and non-linear corrosion models. The results
are presented in the fourth section. Following this, the fifth section engages in a discussion of the main
findings. Finally, the sixth section offers concluding considerations.

2. Ship corrosion

Numerous research studies have identified bulk carriers and tankers as types of ships associated with a
high number of incidents. Recent research has confirmed that general and dry cargo vessels exhibit the highest
likelihood of casualties [10-12]. Furthermore, different analyses of maritime incidents or evaluations of
operational risks for general cargo ship operators can assist in optimising vessel performance [13].

Numerous maritime incidents over the past decades attracted special attention from researchers, who
tried to detect degrading factors and take measures to prevent unwanted consequences and prolong the life
cycle of vessels. Different types of defects can occur on the surface of specific structure areas of a ship’s hull.
Coating breakdown, cracks, deformation, corrosion, fouling or fatigue, can decrease the safety of the vessel
and projected life significantly. Due to different environments, operation life, maintenance procedures, ship's
route etc., different corrosion forms can be found. General corrosion, pitting, intergranular, galvanic, stress-
corrosion, corrosion fatigue, fretting, microbiological, crevice, erosion and cavitation can be found in different
ship hull areas and at different times of exploitation of a vessel [14].

There are different directions in the degrees of the corrosion process. In some research, the authors
develop different corrosion models, or investigate the chemical or mechanical properties of materials and their
behaviour under conditions of different environments [15-17]. Also, simulations have proven to be an
indispensable tool for the design and optimisation of naval vessels, such as in the research of cavitation flows,
especially around the propeller and rudder [18].

A new protective coating can be used to optimise vessel life and reduce the negative degradation effects
such as corrosion[19]. Performance Standards were implemented for protective coating -PSPC in April 2006,
and they can be expected to improve the coating quality efficiency. Especially, different preventative
biofouling monitoring techniques can be used to provide sustainable shipping, achieve better energy efficiency
of the vessel, and reduce the biofouling of a ship’s hull [20]. Furthermore, corrosion can be decreased by
scarifying anodes, but the impressed current cathodic protection (ICCP) scheme is a more reliable and efficient
method of a corrosion prevention mechanism [21]. In that sense, the weight of different corrosion protective
types and their influence on hull protection and the design purpose of the hull should be considered [22].

Numerous studies in similar domains have focused on researching individual or entire structural areas
or hull elements, such as plates and stiffeners. Research conducted by the Class NK Classification Society
focused on the number of incidents in different structural areas of ageing vessels, and proved that ballast tanks
and cargo holds are most susceptible to various types of damage caused by corrosion, while cargo holds and
other vessel areas are slightly less susceptible to corrosion [23].

Cargo holds experience significant decay due to corrosion, and the examination of the structural
elements and areas that are susceptible to intensive corrosive processes is, therefore, of the utmost importance.
Particularly critical areas are shell plates in the cargo hold (on single-skin bulk carriers) and the mainframes.
One side of the shell plates is in direct contact with the external environment, while the internal side is in
contact with cargo from the cargo holds. Double-hulled ships were built over the last decades to increase
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security. Previous research focused on the inner bottom plating [17, 24], cargo hold transverse bulkheads [25],
cargo hold mainframes [26], or the main deck [27].

Research on the inner bottom plating, as a part of the cover of double bottom tanks, is highly important,
because the inner bottoms contain cargo in the holds and represent a zone that is exposed to complex
environmental conditions. Maintenance and cargo operations, along with manipulative equipment, have a
dominant influence on the corrosion process of the upper part of the inner bottom plating.

From the underside of plates, intensive ballast operations, wet-dry cycles and partially filled tanks, often
create the conditions for accelerated development of corrosion, as shown in Figure 2.

Fig. 2 Inner bottom plating: a) the bottom side of water ballast tanks, b) corroded peace of the inner bottom as a part of a fuel oil
tank

The basis for the development of corrosion models includes the understanding of the length of exposure
to environmental influences, and measured data on the thickness diminution of certain structural elements.
The largest possible database should indicate the amount of measured data, vessel characteristics, etc.
Corresponding models should show corrosion rate and depth, describe the corrosion process, predict the
corrosion margin, etc.

Many authors confirmed that the corrosion process is unstable and time-dependent. The rate of corrosion
can be described by linear or non-linear models. Generally, the corrosion process has two dominant phases.
In the first phase, there is no actual corrosion and the protective coating is still effective. In the second phase,
after the degradation of the coating, the corrosion process starts at the time of exposure. Some authors describe
the corrosion process in the second phase as an aerobic and anaerobic process [28].

There are numerous corrosion models which assume that the corrosion rate has a constant value. For
instance, Guedas Soares and Garbatov [29] developed a non-linear model, Yamamoto et al. [30], Paik et al.
[31-34] developed a three-phase model, while Melchers developed a four-phase [35, 36] and five-phase model
[37].

Previous studies by the same authors examined mainly linear models of corrosion, which were very
efficient for the description of the corrosion processes on certain structural areas of corresponding ships
[17, 24, 38, 39]. It was based on the resulting linear model of the corrosion depth (d) obtained from
d = ¢, (t — T.;)2 when coefficient ¢, = 1. T,; is the time when the corrosive processes begin, the coefficient
c; represents the corrosion rate, while coefficient ¢, shows a functional dependence of the corrosion depth on
the time influence. However, this article analyses the non-linear dependence of corrosion depth based on time
and defines different values of c,.
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3. Materials and methods

In this context, structural integrity refers to the actual material degradation of the particular elements
due to corrosion-induced diminution, evaluated for the inner bottom plating of bulk carriers.

This paper is based on the analysis of historical data on the thickness diminution of the structural areas
of inner bottom plating that is a part of the cover of fuel oil tanks on ageing bulk carriers in operation. The
systematisation of measured data and the analysis of a non-linear corrosion model were performed, based on
the thickness-measuring data that were collected during regular special surveys (after 10, 15 and 20 years).
The thickness diminution of the inner bottom plating was expressed in millimetres of wear following the
collected and systematised data. The research relies on a non-linear corrosion model in which the values of c;
and c. coefficients were determined concerning the available data, assuming that corrosion begins 7, 8 and 9
years after building the ship. Note that the authors do not investigate the source of the corrosion (general,
pitting, etc.) which precedes the thickness diminution of the elements. We seek to evaluate the latter - an actual
consequence in that context.

In our previous research [24, 38, 39], which included a larger base of ships that transported coal, iron
ore and other more corrosive cargoes, it was observed that the corrosion process started earlier, based on
coating breakdown and thickness measurements of corrosion reduction. In the subject research, less corrosive
cargo and transhipment operations that did not require heavy manipulative equipment did not cause the
beginning of corrosion during the first 5 years of exploitation. The lack of data between two special surveys,
i.e., between 5 and 10 years of exploitation, motivated us to vary the start of corrosion from 7 to 9 years. Also,
our research has shown that the corrosion process starts later with the particular ship, and, for that reason, we
varied the value from 7 to 9 years.

3.1 The database on corrosion damage

The ship was built by Class NK mild steel grade A with a minimum yield strength of 235 MPa. Figure
2.b shows the corroded part of the replaced inner bottom plate, as a part of our previous work, in which the
chemical composition shows different corrosion processes from the cargo hold and fuel oil tanks [40]. Namely,
corroded pieces of the inner bottom plating, which was faced to the cargo hold, detected only iron
(Mean 62.53%), oxygen (Mean 34.95%) and a small amount of chloride ions (2.52%). On the surface that
faced the fuel tank, in addition to iron (Mean 9.41%), oxygen (Mean 47.05%) and chloride ions (Mean 1.56%),
the analysis detected inorganic ions such as manganese (Mean 1.13%), sodium (Mean 1.23%), aluminium
(Mean 2.86%) and silicon (Mean 11.89%), and the organic components carbon (Mean 22.75%) and sulphur
(Mean 0.48%) [40].

The measurements on vessels were performed following the rules of classification societies which define
the scope of measurement clearly. Each structural area was accordingly subjected to adequate measurements
that observed the condition of the structures over time.

The measurements were performed by an authorised company (see Acknowledgment) for thickness
measurement of the ship’s hull structure, and operators who performed the measurements following the
classification rules. The scope and locations of measurement were performed in line with specific types of the
classification survey. The standard acoustic-based testing equipment, which comprised a transmitter that emits
ultrasonic waves and a receiver that receives the reflected waves, was used to measure the thickness of the
inner bottom plating without surface painting. The detailed procedure of measurement, systematisation and
processing of data in accordance with the created methodology of obtaining appropriate data is presented in
earlier works of the author [24, 38, 39].

The inner bottom plating of bulk carriers covers fuel oil tanks, ballast tanks and dry space. According
to our extensive research, in previous work the inner bottom plating above the fuel oil tanks was investigated,
as plates with intensive corrosion, compared to the other inner bottom plating which covers the water ballast
tanks and dry space. Furthermore, the deepest corrosion was located in contact areas close to the side water
ballast tanks, where dynamic changes of water and dry cycles were exchanged due to ballast operations.
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The paper analyses an old bulk carrier during a 20-year exploitation cycle. The measurements conducted
on each fuel tank were systematised, and the obtained data are shown in Table 1. Four fuel oil tanks were
analysed, along with 210 measuring points. Only general corrosion wastage was considered. The
systematisation of measures means that each tank was divided into 5 sections, and that one value was taken
from each cross-section sheet [24, 38, 39].

Table 1 The scope of measuring the average corrosive damage

Years 10 years 15 years 20 years
Damage in mm 0.5 1.4 1.8
Number of measurements 70 70 70

The analysis was performed for a total of 210 corrosion depth measurements, that were obtained through
three special surveys of an ageing bulk carrier. Figure 3 shows 210 inputs for further analysis. More precisely,
70 measurements were observed after 10, 15, and 20 years of the ship's operation. These data can be used to
inform predictive maintenance models, where corrosion depth measurements can help predict future corrosion
and plan maintenance before critical levels are reached. An equal number of measurements at each survey
point ensures that comparisons across periods are statistically robust, providing a reliable empirical database
for analysing ship corrosion behaviour over time.
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Fig. 3 The empirical database of corrosion depth measurements, corrosion depth d(t) [mm], length of the operation of a ship
t [years]

Three groups of measured data are shown in different colours in Figure 3. The ordinal number of
measurements is shown on the x-axis, while the measured value of corrosion depth is shown on the y-axis.

The values of the basic descriptive statistics were calculated for each of the three data groups. The results
are shown in Figure 4 as box and whisker [41]. The minimum and maximum values of corrosion depth, the
first and third quartiles, as well as the median, are shown for each data group. The values are shown on the
right side of the box and whisker graphs, while the median is additionally illustrated by a black line. The left
side of the graph presents the mean values, which are, additionally, shown by a white line on the graph.

These types of plots are useful for understanding the distribution and central tendency of corrosion data
at different time intervals, and can be critical for planning maintenance and predicting the lifespan of ships or
other structures exposed to environmental factors.



N. Kovac et al. Brodogradnja Volume 75 Number 4 (2024) 75404

— 27
25¢

| R
) : 1.84 :

143~ 44
13

14

— ¢
051 05T 0 °
04

“ 02
0.0+

1 L |
10 years 15 years 20 years

Fig. 4 The descriptive statistics of the observed groups of empirical data on corrosion depth

The corrosion data for 10 years is less spread out, with the median value around 0.51. The interquartile
range (the length of the box) is very narrow, indicating less variability in the data. There are no outliers, and
the range (the difference between maximum and minimum) is quite small. In the case of the green plot (i.e.,
15 years), the median value has increased to around 1.43, suggesting an increase in the central tendency of
corrosion. The interquartile range is wider than at 10 years, indicating more variability in the data. There are
no visible outliers, and the range has increased, showing that the extreme values of corrosion have also
increased. For 20 years (red box), the median value has increased further, to approximately 1.84, showing a
trend that corrosion is worsening over time. The interquartile range remains relatively similar to the 15-year
data, suggesting a consistent variability over the last 5 years. There are no potential outliers indicated.
However, the maximal observed value is significantly higher than the rest of the data, with a value of around
2.7. This could represent an extreme case of corrosion.

There is a clear upward trend in the median value of corrosion as the time increased from 10 to 20 years,
indicating that corrosion generally worsens over time. The variability of the corrosion measurements also
increased with time, as can be seen from the widening of the interquartile range. The presence of a potential
outlier at 20 years could indicate an extreme case, or a different corrosion mechanism that is not present in the
other data.

The gradual increase in the median and range of the data over time suggests that the corrosion rate
accelerates as the ship ages. This can be due to several factors, such as material degradation, changes in
environmental exposure, or less effective maintenance as the vessel ages. The increasing trend in corrosion
depth and variability implies that, as a ship ages, the risk of unpredictable and potentially severe corrosion
increases, which can have significant implications for maintenance schedules, safety and operational costs.

3.2 Non-linear corrosion model

One of the most common models describing the depth of corrosion of structural elements on ships is
found in the studies by Paik [32] and Qin & Cui [42]. The basis of a non-linear model is the understanding of
the onset of corrosive processes. In non-linear modelling, the depth of corrosion is considered a dependent
guantity, whose value is expressed in years, and obtained as a degree function of the length of ship operation.
The functional dependence of the corrosion depth d(t) can be represented in the following way:

d(t) = it =Ta)?%t > Ty (1)
In equation (1), t denotes the length of the operation of a ship, while T,; represents the time when
corrosive processes began. In other words, T,; represents the length of protective action of anti-corrosion

coatings. The coefficients c; and c, are real and positive unknown parameters of the model. If the ¢, parameter
of the model equals 1 (c, = 1), the model then represents a linear dependence of corrosion depth on time (t).
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For other values of the c, parameter, the model considers d(t) a non-linear variable. The coefficient c;
represents the corrosion rate and is usually expressed in mm/year. The functional dependence of the depth of
corrosion on the influence of the time component is regulated by the c, coefficient. According to Paik et al.
[25], the ¢, variable can have the values of 1 or 1/3. Previous studies [24, 38, 39], analysed a linear corrosion
model with the proposed value c, = 1. In this paper, statistical analysis aims to determine the values of all
three unknown parameters of the model (c,, c;, T;). In that way, the model would describe the empirical
database of corrosion depth of the Inner Bottom Parts (IBP) structure adequately. Therefore, this analysis is
not limited to the proposed values of the ¢, parameter and the corresponding c; parameter. The analysis
determines the most favourable values experimentally, depending on the selected value of T;. Since the c,
parameter does not have a limiting value of 1, this study examines the depth of corrosion as a non-linear
dependent variable. Statistical analysis was performed with a significance level of 0.05, i.e., 95%, and
confidence intervals were calculated for the model parameters. The Akaike information criterion (AIC) [43]
was used as the criterion for the selection of the best-fitting model.

4. The results of the corrosive diminution of the inner bottom parts

The application of the corrosion model represented by equation (1) assumes that corrosive processes
start after 7, 8, and 9 years. Following this hypothesis, the values of 7, 8, and 9 were included in equation (1),
thus forming the corresponding models of the corrosion depth of the IBP structure which are denoted by
d,(t),dg(t),dq(t), respectively. The most favourable values of the c; and c, parameters were determined by
employing the statistical techniques of fitting models to empirical data, for each corrosion model formed.
Additionally, the model represented by equation (1) was fitted to the empirical data on the corrosion depth of
the IBP structure without any limitations and assumptions. The model can, thus, be observed concerning the
three unknown parameters. This model, labelled with d,, (t), resulted in a model that describes the empirical
data best. Table 2 shows the results of the fitting of the proposed models to the empirical data on the corrosion
depth of the IBP structure.

Table 2 The table of parameters for the fitting of the corrosion models

Parameters Estimate | S-Error | Confidence interval [mm] | t-statistic | p-value

T, =7 ci[mm] | 0.26 0.02 (0.22, 0.29) 13.4464 | 4.49x10°%
[years] C2 0.75 0.03 (0.72, 0.84) 24,7719 | 5.71x10°%
T, =8 cifmm] | 0.37 0.22 (0.32, 0.41) 16.9446 | 4.87x10*“
[years] C2 0.66 0.03 (0.61,0.71) 25.1392 | 5.73x10°%
T, =9 cif[mm] | 055 0.02 (0.50, 0.59) 23.0214 | 4.12x10°°
[years] C2 0.51 0.02 (0.47, 0.55) 25.308 | 2.00x10°%
T, =964 | ci[mm] | 0.75 0.07 (0.61, 0.90) 10.2238 | 4.01x10%
[years] C2 0.38 0.04 (0.30, 0.47) 8.87517 | 3.34x10°®

The inclusion of the values of c¢; and c, parameters from Table 2 into the corrosion models
d,(t),dg(t),dy(t), dp(t) provided adequate models for the depth of corrosion, as shown by equations

(2) - ():

d,(t) = 0.26(t — 7)%7>,t > 7 2)
dg(t) = 0.37(t — 8)%%6,t > 8 (3)
do(t) = 0.55(t —9)°51 ¢t > 9 (4)
dp(t) = 0.75(t — 9.64)°38,t > 9.64 (5)
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Figure 5 presents the models obtained graphically. The curvature of the curves illustrates the reduced
rate of corrosive processes over time, which is the consequence of the formation of a corrosive layer on the
surface of the IBP structures.

A d®

20r

0.5F

10 15 20

Fig. 5 A graphic representation of the formed corrosive models

The Analysis of Variance (ANOVA) was performed to collect information about the levels of
variability within a fitted model, and to conduct the tests of significance [44]. The ANOVA Tables were
defined for all models, represented by equations (2) through (5). Tables 3-6 show the results of the ANOVA
analysis for the fitted models represented by equations (2) through (5), as well as the degree of freedom (Df),

the sum of squares (SS), and mean squares (MS).

Table 3 The ANOVA table for model (2) with T,; = 7

d;(t) Df SS MS
Model 2 394.63 197.32
Error 208 12.38 0.06
Uncorrected Total 210 407.01
Corrected Total 209 74.87
Table 4 The ANOVA table for model (3) with T, = 8
dg(t) Df SS MS
Model 2 395.39 197.69
Error 208 11.62 0.06
Uncorrected Total 210 407.01
Corrected Total 209 74.87
Table 5 The ANOVA table for model (4) with T,; = 9
do(t) Df SS MS
Model 2 396.27 198.13
Error 208 10.75 0.052
Uncorrected Total 210 407.01
Corrected Total 209 74.87
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Table 6. The ANOVA table for model (5) with T,; = 9.64

d,(t) Df SS MS
Model 3 396.67 132.22
Error 207 10.34 0.05
Uncorrected Total 210 407.01
Corrected Total 209 74.87

The minimum SS value of 10.34 was calculated for the dj, (t) model. The calculation of the value of the
F-ratio and the corresponding p-value of a fit can be performed concerning the results shown in Tables 3-6.
The F-ratio in an ANOVA Table is calculated as the Mean Square of the Model (MS Model) divided by the
Mean Square of the Error (MS Error). It is used to determine whether the model explains significantly more
variance in the data than what would be expected by chance. The corresponding p-value then helps to assess
the statistical significance of this result.

The calculated F-ratios for models (2) through (5) are 3315.57, 3537.37, 3835.85, and 2646.47,
respectively. All the F-ratios values are very high, which suggests that the models are significantly better at
explaining the variation in the data than would be expected by chance. The p-value of all models is below
0.000, which indicates a good performance of the fitted models concerning the measures from the empirical
database.

The AIC criterion of model selection was also performed, bearing in mind that it is particularly useful
when comparing different models fitted to the same dataset. For the proposed models (2) through (5), the AIC
can be determined as:

AIC =n- In(RSS/n) + 2k (6)

where k is the number of parameters in the model, n is the sample size, and RSS is the residual sum of squares.
A model with a lower AIC is generally considered better, because it captures a balance between complexity
(number of parameters) and goodness of fit.

For models (2)-(5), the AIC was calculated based on formula (6), resulting in values -588.54, -601.74, -
618.28, -624.29, respectively. The model denoted as d, (t) had the lowest AIC value, which confirms the
assumption that the model represented by equation (5) is the most adequate for the prediction of future
corrosion depth values. The ANOVA results for this model show a very low SS value, indicating minimal
deviation from the empirical data, and the lowest AIC value, confirming it as the most adequate predictive
model.

The corrosion models d,(t), dg(t), do(t), and d, (t) reflect the corrosive diminution of the IBP of a
ship starting at different times, with the T,; values indicating the clear times of 7, 8, and 9 years respectively.
These models are differentiated by their parameter values c¢; and c,, which were optimised to fit the empirical
corrosion data.

The early start of corrosion is captured by the d,(t) and dg(t) models. These models assume that
corrosion starts relatively early in the ship's life. The d-,(t) model has a lower c¢; value but a higher c,,
indicating a steep initial increase in corrosion depth that decelerated over time. The dg(t) model has a higher
¢, Vvalue, indicating that, once corrosion starts (after 8 years), it does so with a greater initial depth. However,
the exponent c, is lower than in d-(t), suggesting a slower increase in corrosion depth over time.

Later start of corrosion is represented by the dq(t) model, which assumes a later start to corrosion and
has the highest c; value, suggesting a substantial initial corrosion depth once it begins. The c, value is the
lowest among the three, indicating that, after the initial depth, the rate of increase in corrosion is the slowest.

The d;, (t) model suggests that corrosion starts at T,; = 9.64 years, a time derived from fitting the model
to the data without preset assumptions. It has the highest c¢; value, indicating a significant initial corrosion
depth, but the lowest c, exponent, suggesting the gentlest increase in corrosion depth over time.

In models (2)-(5), parameter c, is considered as a deterministic variable. Moving on to the stochastic
observation of the c¢; parameter, the inherent uncertainty and variability present in real-world scenarios are
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included in the consideration. This decision to treat ¢, as a random variable was driven by the availability of
empirical data and the need to balance model complexity with computational feasibility. This kind of model
strikes a balance between accuracy and practicality, providing meaningful insights while remaining
computationally manageable.

In corrosion studies, deterministic models, while providing valuable insights through fixed
interdependencies of the model variables, often fail to capture the complex and unpredictable nature of
environment-material interactions. Stochastic modelling introduces a probabilistic dimension to the parameter
c;, allowing it to vary according to a particular distribution. This approach, on the one hand, increases the
realism of the model, and, on the other hand, provides a more detailed understanding of the potential range
and probability of different corrosion outcomes, which is essential for comprehensive risk assessment and
decision-making in marine vessel management.

To ensure that the parameter c, is treated as a stochastic variable, it is possible to transform model (1)
in the following way:
A
a0 = rgyer

t>Tgy (7)

Variations of the model (7) for different values of T,;, will be explored, to incorporate the temporal
aspect of corrosion occurrence effectively in the stochastic modelling approach. This entails adapting the

parameter c, to align with the specific T,; values. Consequently, the models for c, tailored to these specific
model (n)

instances will be referred to as c; , Where n represents the values in the set {7, 8,9, b}. This notation
connects each stochastic model of c, directly to its corresponding deterministic model, as outlined in models
(2) through (5). This approach allows drawing parallels, and making direct comparisons between the
deterministic and stochastic models, enriching the understanding of how temporal factors influence corrosion
processes.

Table 7 shows statistics that provide a comprehensive picture of the distribution of the formed datasets
for parameter c¢; depending on different values of parameters T,; and c,. The mean value (column Mean) and
Standard Deviation (column Std. Deviation) describe the centre and spread, respectively, while asymmetry
(column Skewness) and column Excess Kurtosis provide information about the shape of the distribution,
especially about its symmetry and the presence of outliers.

Table 7 Descriptive statistics for ¢, parameters in different models

Model Mean | Std. Deviation | Skewness | Excess Kurtosis
CInodel M1 0.26 0.06152 -0.32 0.78
CIHOdel ® | 036 0.07947 -0.16 1.46
cmodel®) | 0.54 0.11671 0.04 2.30
(rodel ®) | 075 0.16351 0.45 3.38

Analysing and comparing the descriptive statistics of the parameter ¢, across models ¢;"**** ™ to

e ®) reveals hoth similarities and differences in their distributions.

Model cfwdel ™ has a lower mean (0.26) compared to other models, as well as a relatively small
Standard Deviation (0.06152) indicating less variability. It is characterised by negative skewness (-0.32)

which suggests a slight leftward skew, while excess kurtosis (0.78) indicates a slightly heavier tail than a

normal distribution. Model ¢]"**** ® has less skew (-0.16) compared to model ¢;"**** ”’, suggesting a more

symmetric distribution. Its higher excess kurtosis (1.46) indicates more pronounced tails. The same holds for

the model ¢["*%*® with near-zero skewness (0.04), and substantially higher excess kurtosis (2.30). The

largest Standard Deviation (0.16351) is observed in model ¢]"**** ® indicating the most variability among
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the models. This model has positive skewness (0.45), and very high excess kurtosis (3.38), indicating very
pronounced tails.

The mean, as well as the Standard Deviation in the models, increases as the value of the T,; parameter
increases, suggesting that the variability of c; increases with each model. The skewness changes from negative

in the model ¢]"**" " to positive in the model ¢"*?**® | indicating a shift in the distribution’s symmetry.
The excess kurtosis increases across models, suggesting that the distributions become more leptokurtic

(having more pronounced tails) in the higher models.

In the following, a statistical analysis of the c; parameter was performed, characterising it as a stochastic
variable. In this sense, standard probabilistic distributions were fitted to the calculated values of each data set

(et D tg Mot 1) o discover the one that describes changes in the value of the parameter c; best. The
distributions were not limited by the number of parameters, i.e., in the analysis, were considered two-

parameter, three-parameter and multi-parameter distributions.

The characteristics of probability distributions are defined through the parameters of shape, location and
scale. Each type of parameter has its specific purpose. The shape parameters determine the shape of the fitted
distribution. Distributions with multiple shape parameters are more flexible than distributions with one shape
parameter, in the sense that they can model a wider range of data behaviours. Each shape parameter controls
different aspects of the shape of the distribution, allowing finer adaptation of the model to the complex
behaviours of the processes being modelled. The location parameter translates the distribution along the x-
axis. It has similar characteristics to the mean values in a normal distribution, but it does not always have to
represent the central tendency. The scale parameter stretches or compresses the distribution along the
horizontal axis, or, in other words, affects the spread or dispersion of the distribution. However, with complex
distributions, this parameter also acquires complex characteristics, and does not always have to correspond to
the Standard Deviation.

One of the key steps in statistical analysis, which involves fitting theoretical distributions with empirical
data, is measuring the goodness of fit. These methods offer insight into the model's effectiveness in capturing
the underlying patterns and characteristics of the data. The goodness of fit involves assessing how well the
chosen distribution model represents the observed data, and can be performed using various statistical tests.
A commonly used test is the Kolmogorov-Smirnov (KS) test, which compares the empirical distribution
function with the theoretical cumulative distribution function.

In the process of statistical modelling of the stochastic characteristics of parameter ¢,, many standard
theoretical distributions were considered. Based on the KS test, the following distributions proved to be the

best fit for the observed models ¢["*?°' 7 to "%t

e Three-parameter Log-logistic distribution for ¢]"**** ),

e Four-parameter Burr distribution for ¢]"***®,

e Three-parameter Log-logistic distribution for ¢]"****®,

e Two-parameter Gamma distribution for ¢]"**¢*

The values of belonging parameters of these best-fitted distributions are shown in Table 8.

Table 8 Values of the best-fitted distributions in different models describing c; parameters

Model Distribution Shape param. Location param. Scale param.

C;nodel(7) Log-logistic 106055296.69 -3572375.84 3572376.11

wadel(s) Burr 34.43 -0.89 1.27
0.65

e @ | Log-logistic 33066675.16 -2051030.17 2051030.71

%t ® | Gamma 19.97 0 0.04
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Please note that, in the case of Gamma distribution, when the location parameter is fixed at zero, the
Gamma distribution is described only by its shape and scale parameters, making it a two-parameter
distribution.

The probability density function (PDF) and the cumulative distribution function (CDF) are used to
describe different aspects of the probability distribution of a random variable [45].

A PDF is used to determine the probability of a random variable falling within a specified range of
values. For continuous distributions, the PDF is a function that describes the probability (density) of the
random variable taking on a particular value. The area under the PDF curve within a given interval represents
the probability that the random variable falls within that interval. Consequently, it is concluded that the total
area under the PDF curve for all possible values is always 1. The PDF can help in understanding the shape of
the distribution, especially where its values are most likely to occur.

The CDF can be obtained by integrating the PDF, and is a function that measures the probability that a
random variable will be less than, or equal to, a certain value. The CDF starts at 0 and increases monotonically
to 1. It can be used to describe the probability that a random variable will fall below, or above, a certain
threshold.

Figures 6 and 7 show the corresponding PDF and CDF of the best-fitted distributions, whose parameters
are given in Table 8. Along with each distribution graph, there are also histograms of the empirical data
obtained based on formula (7) in which the value of T, is varied.

—— fitted Log-Logistic POF 6 —— Fitted Burr PDF

5

IS

Probability Density
-
Probability Density
w

0.10 015 0.20 025 0.30 035 0.40 0.45 0.2 03 0.4 0.5 0.6
Annual corrosion rate (mm) Annual corrosion rate (mm)

a) b)

[ —— Fitted Log-Logistic PDF 25 —— Fitted Gamma PDF

L\

= | ol

0.0
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c) d)

Probability Density

Probability Density

Fig. 6 Histograms of empirical ¢, Values and PDFs of best-fitted distributions: a) Log-logistic distribution for ¢"**" ”’, b) Burr
model (8) model (b)

distribution for c; , €) Log-logistic distribution for ;" odel (9), d) Gamma distribution for c;
For mutual comparison of such complex probability distributions and their PDF or CDF, it is possible
to use the methodology described in one of the works of the author of this manuscript [46].

The Kolmogorov-Smirnov goodness of fit test (KS test) was applied, to determine whether the empirical
data and the fitted theoretical functions had the same distribution [47]. The null hypothesis assumes that the
data come from the specified distribution, while the alternate hypothesis states that at least one value does not
match the specified distribution. The results of the KS test are shown in Table 9.
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The KS test was applied at a significance level of 98%, which corresponds to a critical value of 0.10475.

The values of the KS statistic and the corresponding p-value were calculated for each observed model. The
model is considered to describe the empirical data better if the value of the test statistic (Column 3 in Table
9) is lower, while the value of the p-value (Column 4 in Table 9) should be higher. If the statistic value is less
than the critical value, the null hypothesis is accepted with a confidence level of 98%. Based on the KS

goodness of fit test and under the assumption that the confidence level is 98%, the best-performing stochastic

. _model (7)
model is ¢; :

Table 9 Kolmogorov-Smirnov goodness of fit statistics

Model Distribution Statistics p-value
cmodel (7) Log-logistic 0.07742 0.15308

1
C;nodel ® | Burr 0.08062 0.12349
cmodel (9) | Log-logistic 0.07876 0.14006

1
C;nodel ®) | Gamma 0.10272 0.02209

Figure 8 shows the models' outputs for d(t) = c;(t — T.;),t > T, when T,; takes values from set
{7,8,9,9.64} and, consequently, parameter c, takes values from set {0.75, 0.66, 0.51, 0.38}. At the same time,
the parameter ¢, follows the previously described Log-Logistic, Burr, Log-Logistic, and Gamma distributions,

resulting in four different models for corrosion depth, denoted as d,(t), dg(t), do(t), and d,(t). More

precisely, parameter ¢, behaves as model ¢]"*%¢" 7, cmo®et® (model ©) apg cmodet ™ respectively.

The blue lines represent individual realisations of the model with different samples of c; from its
distribution, while the red line shows the mean model using the average value of c;. As t increases, the spread
of potential model outputs increases due to the variability of c;. The yellow shaded area represents this
confidence interval, within which there is a 95% confidence that the true value of the model output will fall,

14



N. Kovac et al. Brodogradnja Volume 75 Number 4 (2024) 75404

given the variability in c;. The confidence interval widens as t increases, reflecting the increasing uncertainty
in the model output over time. This visualisation can help in understanding the uncertainty in the model
predictions over time.

= Mean Model
95% Confidence Interval

= Mean Model
95% Confidence Interval

dr(t)
da(t)

10 15 20 25 30 10 15 20 25 30

t (years)

a)

t (years)

b)

= Mean Model
95% Confidence Interval

= Mean Model
95% Confidence Interval

do(t)
db(t)

20.0 225

t (years)
c) d)
Fig. 8 Stochastic models of corrosion depth d(t)[mm] with a 95% confidence interval when parameter c; follows the best-fitted
distributions: a) Log-logistic distribution for ¢]*°*** ), b) Burr distribution for ¢"**" ®, ¢) Log-logistic distribution for

"%t © | dy Gamma distribution for ¢]"*%** ®.

10 15 20 25 30 17.5
t (years)

This plot not only illustrates the central tendency of the model, but also provides a visual representation
of the variability and uncertainty inherent in the model's predictions. In Figure 8, each model is simulated over
1,000 different samples of c; values. By plotting many samples, it is possible to get a sense of the variability
and range of outcomes that the model predicts. The red line indicates the average or expected value of the
model across samples, i.e., it represents the central tendency of the model predictions. This mean model serves
as a benchmark or reference point for understanding the typical behaviour expected of the distribution, given
the input parameters.

The red curves from Figure 8 have the following analytical forms:

d,(t) = 0.2655(t — 7)°75,t > 7 8)
dg(t) = 0.3578(t — 8)%%6,t > 8 )]
do(t) = 0.5424(t — 9)%>L, ¢t >9 (10)
dy(t) = 0.7537(t — 9.64)%38,¢t > 9.64 (11)

Notice that the deterministic values of the parameter c¢; in models (2)-(5) are very close to the mean
values of the parameter ¢, obtained in models (8)-(11) when c; is modelled as a random variable following

the considered probabilistic distribution.
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5. Discussion

Until now, many authors have proposed different linear and non-linear corrosion models. Some
corrosion models were developed for different structural areas (ballast tanks, main deck, etc.), or different
structural elements (Paik et al. developed a model for 23 structural elements). The beginning of corrosion is
related to the cracking of the surface paint, which was assumed based on historical data, or was monitored
during the exploitation of the ship to determine the exact beginning of the corrosion process.

In this paper, the corresponding coefficients in the corrosion model were chosen based on the
assumptions of the beginning of corrosion after 7, 8, and 9 years. Respecting this assumption, the
corresponding annual corrosion rate was considered separately for a deterministic variable and as a
probabilistic random variable.

The proposed models in this work show differences in statistical properties, which implies that each
model represents different characteristics of the corrosion process. The increasing mean and variability
suggest that later models may capture more severe or accelerated corrosion scenarios. These models can be
used to predict future corrosion, which could lead to more efficient and cost-effective maintenance strategies.

The difference in the best corrosion initiation time values for deterministic (T,; = 9.64) and stochastic
models (T,; = 7) reflects the characteristic nature of corrosion development and the way these two types of
models handle variability and uncertainty. While deterministic models provide a general overview based on
typical conditions, stochastic models incorporate the randomness and variability characteristic of real-world
corrosion processes. The detected corrosion initiation difference can be attributed to several factors:

Deterministic models use fixed parameters and simplified assumptions to represent typical conditions,
while stochastic models incorporate randomness and variability, capturing the irregularities and uncertainties
inherent in corrosion processes better.

A deterministic model generally produces a single, fixed outcome based on given input parameters. The
value of T,; = 9.64 years in the deterministic model suggests that, under average or expected conditions, this
is the estimated time for significant initiation of corrosion.

Stochastic models consider variability and uncertainty in input parameters. The best T,; value of 7 years
in the stochastic model may reflect a more realistic scenario, where variability in environmental conditions,
material properties or other factors is considered.

The difference in T, values between the models indicate that, when real-world uncertainties and
variability are considered, corrosion may start somewhat earlier than the more idealised deterministic model
predicted.

A stochastic model, which considers variability, could capture more realistic scenarios where corrosion-
accelerating factors (such as aggressive environmental conditions, fluctuations in protective measures or
material inconsistencies) are present. Corrosion progression is not linear, and can be accelerated or slowed
down by many factors. The stochastic approach provides a framework for modelling this irregular progression
more accurately than deterministic models, which might overlook sudden changes or fluctuations.

The key difference between the deterministic and probabilistic approaches lies in the treatment of the
parameters. The deterministic approach uses fixed parameter values with associated confidence intervals
(Table 2 and red line in Figure 8), while the probabilistic approach models the variability of at least one
parameter as a random variable, leading to a more comprehensive representation of uncertainty. While the
deterministic approach provides confidence intervals for the parameters, it treats them as fixed values within
these intervals (Formulas (2)-(5)). In contrast, the probabilistic approach explicitly models the variability of
c; as a random variable. Both approaches involve fitting curves to empirical data. However, the probabilistic
approach extends this by considering the distribution of the parameter c;, leading to a range of potential
outcomes rather than a single deterministic curve. The probabilistic model generates multiple realizations of
the corrosion depth over time, each corresponding to a different sample from the probability distribution of
c;. This results in a spread of possible corrosion depths, which can be visualized as a confidence band or a set
of curves representing different scenarios (Figure 8).
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Our current probabilistic approach represents a balance between the available data, computational
feasibility, and the need to capture the primary source of variability in the corrosion process. In our study, we
treated c; as a random variable to account for the primary source of variability in the corrosion process. This
decision was based on the significant influence of c¢; on the model outcomes and the available empirical data
supporting this approach. While c, and T,; were treated as fixed parameters, their values were determined
through rigorous statistical fitting to the empirical data. This allowed us to focus on the dominant source of
uncertainty, represented by c;.

A fully probabilistic approach would involve treating all parameters c;, c,, and T; as random variables.
One of the primary reasons for focusing on c; as the random variable is the limitation of available data.
Comprehensive probabilistic modeling of all parameters requires extensive data to estimate the probability
distributions of ¢, and T, accurately. Treating multiple parameters as random variables increases the
computational complexity of the model. While this approach provides a more detailed uncertainty analysis, it
also requires more sophisticated statistical techniques and computational resources.

Comparing the Common Structural Rules for Bulk Carriers and Oil Tankers, we can conclude that
corrosion addition in the way of inner bottom plating is 3.7 mm from cargo holds and 0.7 from fuel oil tanks.
In total, 4.4 mm. Considering our research, the estimated time when corrosion starts and average corrosion
rate of 0.75mm/year, it can be concluded that the corrosion process exceeds the recommended rules, which
motivates us to investigate corrosion in the contact areas of fuel tanks further.

6. Conclusions

To address the level of thickness diminution of elements and the sustainability of the ship structure, the
paper analyses the corrosion effect for the inner bottom plating of the fuel oil tank on an ageing bulk carrier.
The analysis depended vastly on the operating time which was considered an independent variable. The study
observed a non-linear model that was previously found in the relevant literature, and whose three parameters
are labelled as c,, c;, and T,;. In this paper, statistical analysis was carried out in two directions, deterministic
and stochastic modelling of corrosive processes.

Detailed statistical analysis of deterministic and stochastic models presents a comprehensive view of the
corrosion process. Statistical analysis provides a deeper understanding of the corrosion process affecting the
ship, which is essential for planning long-term maintenance and ensuring the ship's structural integrity. It
offers a customised approach for maintenance, based on the ship's age and the specific corrosion model that
fits its empirical data best. Therefore, the main result of this paper is a series of specific, easy-to-use, non-
linear corrosion model formulations, designed for predicting the corrosion-induced thickness diminution of
inner bottom plating in bulk carriers. This is particularly crucial, considering that the inner bottom plating is
among the most degraded parts of bulk carriers due to frequent loading and unloading sequences.

Regarding the deterministic corrosive model, the existing literature proposed the values of 1 or 1/3 for
the ¢, parameter, depending on the degree of temporal influences on corrosive processes. The statistical
analysis showed that the prescribed values of the c, parameter cannot provide the best-fitting models for the
IBP structure. Namely, the best-developed model that can predict the future values of the corrosion depth of
an IBP structure has the ¢, parameter that equals c, = 0.38 and the assumed onset of corrosion after 9.64
years. The average annual corrosion rate c; is estimated at 0.75 mm/year.

Allowing for stochastic variability in the values of parameter c;, the modelling showed that the
beginning of corrosion initiation occurs somewhat earlier than the deterministic model shows. Namely, if the
uncertainties (the influence of the environment, material characteristics, maintenance, working conditions,
cargo influence) that affect corrosion processes are considered, it has been shown that corrosion will be
initiated already after 7 years of use of the ship. In this case, it is most convenient to model the annual corrosion
rate using a three-parameter Log-logistic distribution.

In this study, our primary focus has been on treating the parameter ¢, as a random variable within the
probabilistic approach. This choice was informed by the significant influence of c¢; on the corrosion model
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outcomes and the empirical data available for its estimation. By incorporating the variability of c¢,, we aimed
to capture the primary source of uncertainty in the corrosion process.

However, a fully probabilistic approach, which treats all parameters (c,, c,, and T,;) as random variables,
would provide a more comprehensive representation of uncertainties. Implementing such an approach would
require extensive data to model the probability distributions of all parameters accurately, as well as
sophisticated computational techniques to manage the increased complexity.

In future research, we plan to extend our probabilistic framework to incorporate random variables for
c, and T, as well. This extension will enhance our uncertainty quantification, offering a more detailed
understanding of the variability in the corrosion process and improving the robustness of our predictions.

Further research can be conducted on extended databases with more vessels, more thickness
measurements and different input data on the operation and maintenance to consider sustainable structure. The
analysis of more complex non-linear models of corrosive processes could be another direction of future
research. This could provide more sophisticated tools for the design of reliable structural elements.
Additionally, a cost-benefit analysis could be conducted using these models, to determine the optimal
inspection and maintenance intervals that balance cost with the risk of corrosion damage.
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