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ABSTRACT

The paper considers two corrosion wastage models for some pre-specified mem-
ber locations of several aged bulk carriers. Accordingly, the available statistical
data of regular corrosion measurements for existing bulk carriers’ structures have
been analyzed, using two simulation models. The first considered model is based
on Monte Carlo simulation method and it is developed upon cumulative data
collected by measuring eleven structure categories of ten bulk carriers during the
period between the twentieth and the thirtieth year of their operational life. The
second considered model employs an inverse analysis of the corrosion process in
the case of seven bulk carriers’ inner bottoms plating areas at different ages of the
ships’ operational life, i.e. their exposure to the corrosion. Both models show cer-
tain convergence and enable predicting the steel amounts that are to be removed
(replaced) from different corroded structural members in order to keep the ulti-
mate bulk carriers’ both transversal and longitudinal strength within the bound-
aries of required safety level.

Key words: aged bulk carriers, corrosion wastage, ships’ structure strength control.

INTRODUCTION

In ageing process of bulk carriers, corrosion and fatigue cracks are two most impor-
tant factors affecting structural safety and integrity. There are several types of corro-
sion. The most common ones are: general (uniform) corrosion, which uniformly
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reduces the member wall thickness, and localized (pitting or grooving) corrosion,
that causes degradation in local regions. The corrosion, in general, is influenced by
many factors including the corrosion protection system and various operational
parameters. Most often, the corrosion protection systems for vessels are coatings and
anodes. Among the operational parameters, the following might be included: main-
tenance, repair, type of cargo, kind of loading/unloading operations, i.e. manipula-
tion techniques and equipment, percentage of time in ballast, frequency of tank
cleaning, temperature profiles, use of heating coils, humidity conditions, water and
sludge accumulation, microbial contamination, atmosphere effects, composition of
fuels and inert gases, etc. Also, the various uncertainties associated with corrosion are
to be taken into consideration, where a probabilistic treatment is essential. Now-a-
days, the lack of understanding of all these factors and their mutual interactions is
present, although related experiences for each of them looking solely have been doc-
umented and sometimes analyzed (Adey and Baynham, 2000; Guo et al, 2008; Paik
et al 1998; Paik et al, 2003; Paik and Thayamballi, 2002; Qin and Cui, 2002).

Within this paper, two problems related to two groups of ten ageing bulk carri-
ers shall be considered as well as their general (uniform) corrosion processes: (1) -
predicting the appropriate value of the steel amount that is to be replaced at a certain
member of the structure per year, by Monte Carlo simulations, and (2) - modeling
the corrosion depth inverse function due to the past data collected on
removed/replaced steel amounts during the various time segments (periods) of the
observed bulk carriers operational life.

MONTE CARLO SIMULATION AND PREDICTIVE CORROSION WASTAGE
MODEL FOR BULK CARRIERS STRUCTURES

Generally speaking, the concept of simulation involves developing a mathematical
model that attempts to describe a real-world situation. The model’s goal is to incor-
porate important variables and their interrelationships in such way that we can study
the impact of different decisions on functioning of the whole system. This approach
has many advantages over other decision modeling techniques and it is especially
useful, when a problem is too complex or difficult to solve by other means. The
Monte Carlo method of simulation uses random numbers to generate random vari-
able values from probability distributions.The simulation procedure is conducted for
several time periods to evaluate the long-term impact of each policy value being
studied (Shogan, 1998).

Generating random numbers and setting up the simulation

The function of computer generation of random numbers is the generation of deci-
mal fractions (e.g. 0.67185) randomly distributed over the interval from 0 up to, but
not including, 1. Hereafter we refer to such random number as a U(0,1) random
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number. The most common method of generating U(0,1) random numbers is called
the mixed congruential method (MCM). The MCM generates a sequence of U(0,1)
random numbers denoted by r0, r1, r2, r3,…, and so on. The first number in the
sequence, r0, is an arbitrary chosen decimal fraction between 0 and 1. Using r0 to ini-
tialize the process, the MCM generates the next random number using the previous
random number and the following formula:

(1)

were
m – is prespecified positive integer known as modulus;
a –  is prespecified positive integer less than m known as the multiplier;
c –  is prespecified nonnegative integer less than m known as the increment.

Strictly speaking, the sequence of numbers generated by MCM is not random in
the sense of being unpredictable and irreproducible. It is obvious, by specifying m, a
and c, it is automatically determined what sequence of numbers shall be generated.
For this reason, random numbers generated on a computer are often called pseudo
random numbers. A computer needs only to generate U(0,1) random numbers
because they in turn can be used to simulate any desired probability distribution.

Table 1. The primary members of the bulk carriers being taken into consideration.

The Monte Carlo simulation method has been used in the paper in creating the
corrosion wastage predictive model in the sense of which amount of the steel in tons
is to be removed/replaced at a certain member location of the considered bulk carri-
ers overall hull structure. Accordingly, first of all, 11 member locations/categories
have been specified, including both transversal and longitudinal segments. Some of

No. Bulk carrier structure members/categories Acronyms

1. Upper deck UD

2. Deck superstructure DS

3. Bottom and side shell plating BSSP

4. Hatch cover and coamings HCC

5. Internal structure in top side tanks ISTST

6. Cargo hold transverse bulkheads CHTB

7. Cargo hold main frames CHMF

8. Inner bottom and hopper plating IBHP

9. Internal structure in double bottom tanks ISDBT

10. After peak structures APS

11. Fore peak structures FPS

 

( ) ( )( )[ ]
m

mmodulocram
r 1i
i

+⋅⋅= −  

S. BAUK, D. NIKOLIC, S. IVOSEVIC

JOURNAL OF MARITIME RESEARCH 29

3 abril 2010.qxp  01/05/2010  23:09  PÆgina 29



these member locations/categories consist of only longitudinal members (UD, DS,
BSSP, IBHP), or, only transversal members (CHTB, CHMF), while some consist of
both longitudinal and transversal members (HCC, ISTST, ISDBT, APS, FPS). It is to
be pointed out here that the previous studies in this domain included and treated
mostly the longitudinal elements, only. The suggested division of the bulk carrier
structure members/categories is given in Table 1.

In aim to get better insight into locations of the members distributed through-
out the bulk carrier hull structure (Table 1), 2D bulk carrier’s longitudinal view, and
3D cargo hold cross-section, are given in Figure 1.

To predict likely corrosion damage tolerance, or a steel amount to be replaced at a
certain area a priori, it is necessary to make estimates of the corrosion rates for various
structural members grouped by location and some other relevant parameters as it is
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previously done. The appropriate estimations are done in this research at two differ-
ent levels. The first is the experimental one, realized by Monte Carlo simulation
method, and the other one is experience based, i.e. it is based on the expert’s knowl-
edge in the domain, being gathered during the years of the working experiences, and
later used in making corrections in the results obtained by Monte Carlo method. In
other words, Monte Carlo has been used in predicting the amounts of the steel which
are to be replaced at each of above identified bulk carriers’ structure members per year.
Afterwards, the comparison with the expert’s knowledge has been performed and the
proper corrections have been made in a way described later in the paper.

In aim to realize Monte Carlo simulation the set of homogenous historical data
are collected over the previously specified primary transversal and longitudinal bulk
carriers’ structure members by the recommended standard measurements during the
ten years period, that is, during the period between the twentieth and the thirtieth year
of the ships operation life.The cumulative data, collected by measuring ten bulk carri-
ers (BC1-BC10), or more precisely, by measuring more than 300.000 gauged points
properly distributed throughout the bulk carriers’hull structures, are given in Table 2.

Table 2. The cumulative data on steel amounts [t] removed/replaced at ten bulk carriers 
structure members between its 20th and 30th year of operation
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As numerous other simulation methods, Monte Carlo method is an experiment in
which we attempt to understand how something will behave in reality by imitating its
behavior in an artificial environment that approximates reality as closely as possible.
Thus, a Monte Carlo simulation creates an artificial environment that approximates
reality – here, in this paper, the real corrosion time-dependent process at the group of
aged bulk carriers. It conducts computer based experiments over past data that would
be too costly and time-consuming to perform in reality. Because Monte Carlo simula-
tion generates random numbers (data), obtaining accurate results requires the simula-
tion to consist of large number of repetitions or runs, or trials. Since it generates ran-
dom data, there is no guarantee that the chosen policy is actually the optimal one, but
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the simulation results, undoubtedly, can offer some effective directives for further
investigations and comparative analysis due to the expert knowledge.

Results and discussion

The simulation procedure has been realized using Microsoft Excel and it’s built-in
functions RAND ( ) and LOOKUP (*.*) (Balakrishnan, Render and Stair, 2007) over
the data set presented in Table 2. In accordance to the Monte Carlo simulation
method, the frequencies of each steel amounts [t] which are replaced at the certain
ships’ structure members are determined. Then, the probabilities of these amounts
appearances in the model are calculated. Later on, the cumulative probabilities and
the corresponding random numbers intervals have been set up. The Monte Carlo
simulation has been realized throughout two sub-sets of 50.000 runs or trials, i.e.
through 100.000 passes in total. Some of the simulation results obtained for the
most specific, or, corrosion most sensitive segment of the observed bulk carrierrs’
structures – IBHP, are shown in Table 3.

Table 3. Some Monte Carlo simulation results gained for the bulk carriers’ IBHP structure 
members by Excel functions (RN, LOOKUP, COUNTIF)
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The simulations presented in Table 3 have been realized through 50000 trials.
This number of trials can be multiplied due to the level of simulation model reliabil-
ity requirements. Similarly, the above presented procedure has been realized for the
rest of considered bulk carriers’ structure members, and the obtained results are pre-
sented in Table 4. Latter on, the obtained results have been confronted with the
experts’ expectations.

Table 4. The estimated steel amounts [t] that should be replaced at the certain ship structure
member per year (shadowed fields), obtained by Monte Carlo simulation method.
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The shadowed steel amounts represent the amounts that randomly appear in the
biggest number of simulation trials. Those values should be the optimal ones to be
replaced at the certain ship structure member per year, but since the simulation
method includes random processes, random variables and their random values, it can
not guarante that the obtained simulation results are indeed the optimal ones.Though,
they are to be tested in such way to be compared later to the expert knowledge.

Improving the model

Due to the experts’knowledge, internal structure in top side tanks (ISTST), cargo hold
transverse bulkheads (CHTB) and inner bottom and hopper plating (IBHP) are the
most sensitive and important for the bulk carrier strength, though they should need
additional analyzing and simulating in the process of finding optimal solution. Again,
according to the experts’ experiences the average value of the steel amounts which
have to be replaced per year at certain member/category of the ship’s structure might
be the right orienteer in achieving improvements in the simulation model. In other
words, the simulation model should be satisfying reliable if it gives optimal values that
are close to the average values of the steel amounts [t] to be removed/replaced at above
pointed member structure areas.The schematic representations of the experts’ sugges-
tions in the direction of Monte Carlo simulation model improving and the way of

attempting to achieve them, is pre-
sented in Figure 2.

Afterwards, the question is drawn:
how to achieve the suggested im-
provements of the proposed and here
applied Monte Carlo simulation
model? - The simplest and the most
effective way is to artificially adjust
some values in the model (i.e. for
ISTST, CHTB and IBHP) to be
close, or closer, to the average values
of steel amounts that are to be re-
moved/replaced at each considered
area. This could be done by adding /
subtracting artificially appropriate
small amounts of steel to the listed
ones (see tables 3 and 4) in aim to in-
crease frequencies of appearing the
values close to the average one for the
certain ship’s structure member in the
model. In such way, the possibilities
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for the right values appearance as the optimal ones at the end of numerous runs of the
Monte Carlo simulation process shall be undoubtedly higher.

The frequency of a certain value appearance in the model initial (input) matrix
of data is of the crucial importance for obtaining wanted or valid (final) results for
the considered problem. Thus, the main qualitative contribution of these experi-
ments might be: the frequency of a certain value appearing in the model input
matrix is the crucial in obtaining the optimal solution after series of simulation runs.
Additionally, due to the experts’ knowledge in this domain, the best way to make
simulation results closer to the real situation it is to adapt the initial model in a way
to increase artificially frequencies of appearing the values close to the average one (by
adding/subtracting enough small values for steel amounts). By such interventions
model can be generally used in predicting the optimal amounts of the steel to be
removed/replaced at each bulk carrier’s structure area on the bases of the past col-
lected data and their slight corrections due to experts’ knowledge in the field.

The achieved improvements in the case of the considered problem are presented
in the Table 5. It is obvious that the optimal results obtained by Monte Carlo simu-
lation are considerably closer to the average amounts for ISTST, CHTB and IBHP
bulk carrier’s structure members, than in the first sequence of experiments (Table 4).

Table 5. The improved results of Monte Carlo simulation achieved owing to the experts’
knowledge in the domain 
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The proposed way of improving reliability of Monte Carlo should be tested at
greater amount of data, collected for example by different companies and/or ships’
classification societies. Afterwards, the whole process should be automated by devel-
oping the appropriate software application for easier and quicker model realization.

Within the next section, the second corresponding corrosion predictive model
based upon rather uncommon inverse analysis of the time-dependent bulk carriers’
corrosion wastage.

Some analysis of time-dependent corrosion wastage model

Up to now, several time-dependent corrosion wastage models have been developed
upon the appropriate homogenous historical (statistical) data (Wang et al, 2008).
Most of these models consider depth of steel degradation (d [mm/year]) at a certain
ship’s area. Here, within this paper an effort has been done to represent corrosion
degradation through the amounts of steel which have been replaced at the certain
bulk carrier’s areas due to the severe corrosion wastage of the structure material.

Accordingly, the data collected by regular thickness measurements at the group
of seven bulk carriers have been used. Since the inner bottom plating (IBHP) areas
are in the greatest measure exposed to the corrosion, only these structure members
were examined here. The Figure 3 shows the histogram of corrosion wastage
(replaced amounts of steel [t]) of inner bottom plating at selected ship’s ages (15, 20,
25, 27) over the examined set of seven bulk carriers.

The durability of coating, transition between coating durability and corrosion initia-
tion, and the process of corrosion, might be represented with a time-dependent
functional equation of the following type [3] (Soares and Garbatov, 1999):
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(2)

were 

dd((tt)) is the corrosion wastage at time t;
dd�� is the long-corrosion wastage;
ττcc is the time without corrosion to the start of failure of the corrosion protect-

ing coating;
ττtt is the transition time duration.

Since corrosion data has a very large variability, the time-dependent functional
equation (2) should not be taken into the consideration as “the only” or as “the best”
one. It has been used here as an equation that satisfies the requirements of an approx-
imation of corrosion wastage considered in the paper. Namely, it is well known, that
most corrosion data are relatively largely scattered. What can be treated as novel here,
due to the authors’ experience is an attempt to realize some inverse analysis of the
equation (2) in manner to find an approximate function which corresponds to the
amounts of steel replaced during the ship exploitation circle. Mostly, previous works
in this domain were oriented toward the depths of steel damages caused by the corro-
sion processes (Soares and Garbatov, 1999). However, here is presented an attempt to
determine approximately functional equation that corresponds to the removed
(replaced) steel amounts over certain ship structure area. After some analytical analy-
sis and numerous simulation trials (in Matlab) it has been realized that function of
type (3) might be used, with satisfying accuracy, in modeling the steel amounts to be
replaced at bulk carriers’ inner bottom plating areas during the time:

(3)

were 

QQ ((tt)) is the steel amount replaced/removed over certain ship’s area;
ττcc is the time without corrosion to the start of failure of the corrosion protect-

ing coating;
ττtt is the transition time duration.

Figure 4 shows both functional equations (2) and (3), i.e. time-dependant corro-
sion depth expressed in [mm/year], and time-dependant removed/replaced steel
amounts expressed in [t] units. Additionally, the time-variant removed/replaced steel
amounts over pre-specified areas have been presented for different τc, i.e. τc ∈ [10,
12, 15]years.
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The curves Q[t] in Figure 4
have been transposed to the
scheme of average removed/
replaced steel amounts over
bulk carriers’ inner bottom
plating areas in the case of
examined set of seven aging
bulk carriers, and the results
are shown in Figure 5.

In the case of the exper-
imental set of data collected
from seven aged bulk carri-
ers (Figure 5) the predicted
Q(t) approximates curve for
τc = 15 best feats to the aver-
age values of steel replaced
at 15, 20, and 25 year of
ships’ exposure to the corro-
sion process in the marine
environment.The inner bot-
tom plating areas were only
considered here, since these
areas are in the greatest ex-
tend exposed to the corro-
sion. An analog approach
might be used in comparing
each bulk carrier’s member
structure and proposed ap-
proximated functional equa-
tion (3).The proposed equa-
tion (3) should be evaluated
by the larger amount of the

statistical data,being collected by few companies and/or ships’classification societies. In
the case of observed bulk carriers’ inner bottom plating areas, for τc = 15, rather complete
steel construction amounts have been replaced at 25th year of the ships’exploitation life.
The last noted might be an indicative fact for forthcoming investigations in this domain.

CONCLUSION

In this paper, on the exemplar of a set of aged bulk carriers, Monte Carlo simula-
tion method has been employed in predicting steel amounts that are to be replaced
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Figure 5. The inner bottom plating degradation: comparison of
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at a certain ships’ structure category per year. Some improvements of the results
obtained by the usage of pure Monte Carlo method have been suggested. The
improvements should comprise a kind of “synthetic” or “artificial” interventions in
the historical (empirical) simulation input data, in order to increase the frequency of
appearing the most common amount of steel (due to the experts experiences) which
is to be removed/replaced over the certain bulk carrier structure category (member)
area per year. This might be treated as a particular syncretism of some quantitative
and qualitative simulations analysis in the process of predicting steel amounts that
are to be replaced over each longitudinal and transversal element of bulk carriers’
structures, caused by the corrosion degradation during the period of the operational
life. Toward further, more extensive, investigations in this domain, the larger input
data base and its deeper proper segregation of each bulk carrier’s structural areas into
the considerably smaller segments are necessary.

The paper also proposes a novel approximate, predictive, time-variant functional
model for steel amounts that might be replaced/removed over bulk carriers’ inner
bottom plating locations. The proposed model might be treated as rather original
one in comparison to the previously developed several time-variant corrosion
wastage depth models. But, it has to be tested (validated) over the larger input statis-
tical data base. Though, the last mentioned is to become the subject of further more
rigorous investigations in the wide domain of bulk carriers’ hull structures corrosion
damages modeling.
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