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A reliable and cost-effective technique for the development of corrosion damage model is introduced to
predict nonlinear time-dependent corrosion wastage of steel structures. A detailed explanation on how
to propose a generalised mathematical formulation of the corrosion model is investigated in this paper
(Part I), and verification and application of the developed method are covered in the following paper
(Part II) by adopting corrosion data of a ship’s ballast tank structure. In this study, probabilistic ap-
proaches including statistical analysis were applied to select the best fit probability density function
(PDF) for the measured corrosion data. The sub-parameters of selected PDF, e.g., the largest extreme
value distribution consisting of scale, and shape parameters, can be formulated as a function of time
using curve fitting method. The proposed technique to formulate the refined time-dependent corrosion
wastage model (TDCWM) will be useful for engineers as it provides an easy and accurate prediction of
the 1) starting time of corrosion, 2) remaining life of the structure, and 3) nonlinear corrosion damage
amount over time. In addition, the obtained outcome can be utilised for the development of simplified
engineering software shown in Appendix B.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Corrosion is one of the most critical factors causing degradation
of aging infrastructures such as onshore, offshore, and subsea
structures. It is a major threat to the structural integrity of aging
structures. It poses challenges to the operation of metal structure
(especially for offshore, subsea, and ship structures) as it degrades
the structure and reduces the safety level of the structure. Corro-
sion leads to loss of metal cross-section and results in a decrease of
structural strength and capacity. It is well recognised that corrosion
damage becomes more severe as the structure ages. When
approaching the end of the operating life (i.e., design life), the
possibility of the structure to fail without any warning significantly
increases. To ensure safe operation of structure, assessment of the
defects on the structure should be performed.
).
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rea. Production and hosting by El
Fig. 1(a) shows corroded platform legs in the Gulf of Mexico that
were at risk of losing structural integrity. If no proper treatment is
taken on the corroded structure, corrosion will lead to leakage,
equipment failure, loss of containment of process fluids, and
environmental pollution. In the worst-case scenario, it may cause
serious accidents and eventually loss of lives. Corrosion can also
occur in any subsystems within oil and gas production system
including pipelines.

The EU’s eMARS database, which records all accidents reported
to the European Commission, indicates that 20% of the 137 major
refinery accidents occur mainly due to corrosion failure. External
and internal corrosions, material failure, and third-party interfer-
ence are the leading causes of pipe-related incidents, responsible
for over 75% of the total incidents between 2002 and 2013 (Lam,
2015). Fig. 1(b) shows Maltese tanker Erika that suffered from
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Fig. 1. Examples of corroded structures; (a) Offshore jecket platform (Commercial and Specialised Diving LTD, 2018); (b) Oil tanker Erika (Energy Global News, 2020).
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corrosion and broke into two parts due to hogging bending
moment at the coast of Brittany at France Sea causing tremendous
oil spills. Hence, structural reliability analysis of the corrosion-
damaged ship and other offshore structures is essential.

To assess corrosion damage on the structure, its corrosion rate
should be estimated in advanced with care (Chernov and
Ponomarenko, 1991). With regards to this, reliable data process-
ing technique shall be required. The importance of data processing
techniques including artificial neural network (ANN) (Wong and
Kim, 2018), regression analysis including probabilistic techniques
(Kim et al., 2019a; b), fuzzy concept (Abdussamie et al., 2018) and
many others have also been highlighted.

Numerous studies have been performed to evaluate corrosion
damage of metal structures and develop corrosion models for
predicting corrosion rate. Corrosion models can be categorised into
two groups: physical and empirical models. The physical model is
derived based on the physical corrosion process, whereas the
empirical model is developed using historical data of the corrosion
wastage measurement of existing structures (Paik and Melchers,
2008).

Evans (1960) and Tomashov (1966) developed a physical
corrosion model based on the proposition that the corrosion pro-
cess is controlled by ion transportation through corrosion product
or rust layer. Chernov (1990) proposed a model for predicting
corrosion of steels in seawater by relating the changes in steel
corrosionwith time to the aggressiveness of seawater. Chernov and
Ponomarenko (1991) adopted a similar concept, but with the
addition of semi-empirical correction factor, considering the effects
of seawater temperature, velocity, and salinity effects. Melchers
(2003a) identified the non-linearity relationship of corrosion with
time. He developed a corrosionmodel that represents the corrosion
progress over time by including the effects of environmental and
material factors in immersion corrosion. Melchers (2003b) also
developed a mathematical model that allows for a non-uniform
build-up of corrosion product and the consequent slowing of the
corrosion process. A detailed review of physical corrosion model-
ling in marine environments is summarised by (Paik and Melchers,
2008; Melchers, 2008).

Different empirical corrosion models were developed in the
past. Paik and Thayamballi (2007) developed several time-
dependent corrosion wastage models for different ship structures.
Based on their investigation, corrosion measurement data indi-
cated scatterings of corrosion damage at any exposure time and
that corrosion varies with time. They performed statistical analysis
of the collected corrosion data and proposed a mathematical
function named the time-dependent corrosion wastage model.
Melchers (2003c) also proposed a probabilistic model for at sea
immersion corrosion of mild and low alloy steels based on funda-
mental physiochemical corrosion mechanics. Paik and Kim (2012)
established an advanced method of developing time-dependent
corrosion wastage model by applying probability density as a
function of the age of the structure. Several researchers have pro-
posed different empirical ship corrosion wastage models as well
(Paik et al., 1998, 2003a; b; 2004).

Besides ship structure, empirical models of corrosion damage
for other structures were also investigated. Mohd Hairil and Paik
(2013) analysed the statistical data of oil well tube corrosion and
identified 2-parameter Weibull function to be suitable for
describing corrosion progress of oil well tubes. Akpa Jackson (2013)
proposed empirical model equations to predict the corrosion rates
of the two stainless steel grades in marine oil environment using
the principle of dimensional analysis of Buckingham p theorem.
Mohd Hairil and Paik (2013) and Mohd Hairil et al. (2014a, 2014b)
proposed a time-dependent pit depth corrosion model for well
tubes and subsea gas pipelines, respectively, using 3-parameter
Weibull distribution function. In addition, the effects of corrosion
on the structural safety assessment of ships and offshore structures
have also been studied by several researchers (Qin and Cui, 2003;
Wang et al., 2008; Kim et al., 2012a, b, c; 2014a; b; 2015; Wood
et al., 2013; Gucuyen and Erdem, 2014; Rahbar-Ranji et al., 2015;
Zhang et al., 2016; Meo and Oterkus, 2017; Cheng and Chen, 2017;
Kim et al., 2017; Ringsberg et al., 2018; Cui et al., 2019).

Recently, studies on the development of time-dependent
corrosion wastage model have further progressed by conducting
corrosion test considering room and low temperatures for material
grade A, AH32 and DH 32 (Rajput et al., 2019). The effect of me-
chanical stress (Yang et al., 2016) and the estimation technique for
corrosion rate (Ivo�sevi�c et al., 2019) have also investigated. More-
over, the application studies have also conducted such as wave-
induced hull girder bending stresses and section modulus (Ivanov
and Chen, 2017), reliability assessment of offshore fixed platform
(Bai et al., 2016), hull girder strength (Georgiadis and Samuelides,
2019).

In this study, a general time-dependent corrosion damage
model and the developing procedure, which can provide simple
and clear mathematical formulations, are proposed using proba-
bilistic approach by utilising probability density function to deter-
mine non-linear corrosion growth over several years. This
corrosion model can aid in determining the corrosion rate of the
structure as well as predicting the remaining life of the structure for
deciding the suitable time to repair and retrieve the corroded
structure.
2. Limitation of existing techniques

In this section, the problem statements are discussed to state the
apparent reason why advanced techniques and procedures are
required to propose the generalised time-dependent corrosion
model. In recent years, the low oil prices and weak demands have
affected the oil and gas industry. The oil-and-gas downturn triggers
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the industry to cut down the expenditure for upstream business.
Consequently, many companies strive to operate structures as close
to their maximum capacity while ensuring the safety of the
structure. The current practice uses deterministic approach and
linear corrosion growth model to estimate corrosion depth. This
approach gives conservative result and overestimates the corrosion
depth causing early retrieval and decommissioning of structures,
though the structure can still operate much longer. Thus, time-
dependent non-linear corrosion model is required for more accu-
rate estimation of the corrosion depth of the structure.

With regards to this, several types of time-dependent corrosion
wastage model (TDCWM) and techniques were proposed and
applied to ships and offshore structures such as linear TDCWM
(Paik et al., 2003a, 2003b; 2004), and nonlinear TDCWM (Guedes
Soares et al., 2005; Paik and Kim, 2012; Mohd Hairil and Paik,
2013; Mohd Hairil et al., 2014a, 2014b). In the case of the linear
shape of TDCWM, it provides the amount of annual corrosion
damage (mm/year) which means that time (year) and corrosion
damage (mm) are linearly related. In the case of the nonlinear
shape of TDCWM, this model can help to predict a more accurate
amount of corrosion damage than the linear model.

However, the proposed method and obtained nonlinear corro-
sionmodels from the previous studies have a technical limitation in
the direct calculation (or prediction) of the corrosion damage
amount. The previous proposed corrosion models (Paik and Kim,
2012; Mohd Hairil and Paik, 2013; Mohd Hairil et al., 2014a,
2014b) predict the probability density of corrosion damage (mm)
by time shown in Eq. A.1 in Appendix A rather than the direct
prediction of corrosion damage (mm) by time. From the previous
method, engineers should calculate corrosion damage amount
again based on mean and standard deviation and further simplifi-
cation process need to be conducted.

To simplify the abovementioned steps, a generalisation method
for developing accurate nonlinear time-dependent corrosion
wastage model is proposed based on advanced data processing
technique in Part I. The proposed technique in this study is intro-
duced in next section. The proposed technique is verified by ship’s
ballast tank corrosion data in Part II (Kim et al., 2020). Based on
proposed technique, useful software has been developed and
briefly introduced in Appendix B part in this study.
3. Procedure of proposed technique for the development of
corrosion model

Corrosion is one of the age-related damages experienced by
most ships and offshore structures. As the structure operating age
increases, the corrosion depth along the structure increases while
the thickness of the structure reduces. The distribution of the
corrosion depth follows a specific probability distribution. The
corrosion depth distribution over the years can be used to estimate
the growth of corrosion depth. In the present section, a detailed
procedure to propose the advanced time-dependent corrosion
wastage model in the form of a mathematical formulation is
presented.
3.1. Research questions

Previously, Paik and Thayamballi (2003) raised the following
research questions.

� Where is corrosion likely to occur?
� When does it start?
� What is its extent?
� What are the likely corrosion rates as a function of time?
In the present study, the following research questions are pre-
pared to frame the existing corrosion issues to be resolved by the
present study.

� How does corrosion grow with time?
� Which probability distribution function is suitable to study the
distribution of corrosion depth for each year?

� When does corrosion start?
� How can the remaining life of the structure be estimated from
the time-dependent corrosion damage model?
3.2. Proposed solution

In this section, the procedure for the development of corrosion
model is introduced in Fig. 2. Based on the proposed method, time-
dependent corrosion wastage model for ship’s ballast tank is
developed in Part II (Kim et al., 2020). In this paper, few examples
have been added in Steps 1 to 10 to provide better understanding to
the readers, however, the example data is not related to each other.

3.2.1. Collection of corrosion data at various times (Step 1)
In the first stage, a collection of measured corrosion data is

required. In general, corrosion data is measured by using the
following methods:

� Pigging testing (Onshore/Offshore pipeline)
� Ultrasonic testing
� Radiographic testing
� Electromagnetic testing
� Permanent cathodic protection monitoring
3.2.2. Validation of data type and selection of the best interval (Step
2)

The collected corrosion data can then be validated based on data
types such as general time data set or specific time data set. Sam-
ples of both corrosion data sets are presented in Fig. 3(a) and (b)
which show the difference classified by corrosion interval.

In the case of specific time data set, it is unnecessary to find the
best interval by time, which means that the collected specific time
data set will directly be used as input data for the goodness of fit-
test step. In the case of general time data set in Fig. 3(b), which
can be obtained from real-time corrosion monitoring system or
regularly scheduled corrosion inspections (frequent inspection
case), additional tests need to be conducted to determine the best
interval with respect to time.

3.2.3. Selection of best interval (Step 3)
For the selection of the best-fitted interval, the following

methods are recommended in general (Kim et al., 2020). The reason
that the following methods should be implemented is to find the
relevant interval that will be used as a basic input to generate an
individual histogram. The obtained histogram needs to be well-
representing the input corrosion damage characteristics. Determi-
nation of the best interval was recently investigated by Joo et al.
(2018). In addition, Statisticians widely studies how to select best
intervals by adopting non-uniform interval concept while, simpli-
fied methods are suggested and adopted in this study.

� Minimum coefficient of variation (COV) and maximum mean
value method

� R2 method
� Sturges method
� Scott method



Fig. 2. Procedure of proposed method (Note: M ¼ Mean, and SD ¼ standard deviation).

Fig. 3. Example of corrosion input data; (a) Specific time data set; (b) General time data set.
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Table 1
Example of the selection of best-fit probability density function.

Ranking Test methods

A-D test CeS test H-L test KeS test SeW test Others

1 LEV LEV Weibull LEV Normal «

2 Normal Weibull LEV Normal LEV «

3 Weibull Normal Normal Weibull Weibull «

« « « « « « «

Note: LEV ¼ Largest Extreme Value.
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� Freedman method
� Shikamazi and Shinomoto method.

Once the best interval is selected, corrosion data can then be
shown as specific time data set as shown in Fig. 3(a).
3.2.4. Goodness of fit test of corrosion data at each corrosion
interval (Step 4)

Once the best-interval is selected, which also means that the
histogram is ready to be plotted based on collected specific corro-
sion time data set, the goodness of fit test is then conducted to find
the best-fit probability density function (PDF). The following test
methods are suggested in conducting the statistical analysis. De-
tails of goodness of fit tests may be referred to Wikipedia (2018).

Types of goodness of fit test.

� AndersoneDarling (A-D) test
� Akaike information criterion
� Chi-squared (CeS) test
� Cram�erevon Mises criterion
� HosmereLemeshow (H-L) test
� KolmogoroveSmirnov (KeS) test
� KolmogoroveSmirnov (KeS) test
� ShapiroeWilk (SeW) test
� Others
3.2.5. Selection of the best-fit probability density function by
statistical analysis (Step 5)

The abovementioned goodness of fit tests can sort the test
values from the existing PDF, which means that test values can be
listed down in ascending order as shown in Table 1. The smallest
value obtained by the goodness of fit test will be considered as the
best-fit probability density function (PDF). Fig. 4 shows a typical
example of the goodness of fit test by adopting the Anderson-
Darling (A-D) test and all of them show the selected best fit PDF.
Table 2 shows the detail of the A-D test results. For example, normal
distribution gives the smallest A-D value of 0.16; hence, it is
selected as the best fit PDF for data 1. Details may be referred to Key
Step I and II.

Furthermore, the abovementioned various goodness of fit test
methods can provide slightly different best-fit PDFs for each annual
dataset. Regarding this, it is suggested that the best fit PDF can be
achieved based on themost frequent best-fit PDF from the different
test methods. For example, if one of the probability distributions is
the most repeated PDF among all the test methods shown in
Table 1, it is then considered as the best-fit distribution which best
represents the behaviour of collected corrosion data with the
highest accuracy. Table 1 shows the example of the selection of
best-fit PDF using different test methods. In this example, the
largest extreme value distribution, which is the most repeated, can
be selected as the best-fit PDF.
- Individual outcome (Key step I)

As indicated in Fig. 2, there are four (4) key steps with nine (9)
general steps to develop time-dependent corrosionwastage model.
First, individual best probability density functions (herein, defined
as individual outcome) can be determined. Once specific time data
set is obtained as presented in Fig. 3(a), the best-fit PDF is then
investigated for the selected or obtained specific time data set by
adopting the goodness of fit test as explained in Step 5.

Table 2 shows a relevant example of the goodness of fit test
results for five (5) different time data sets that have been used as
inputs. For better understanding, individual outcomes are high-
lighted in bold print in Table 2. As highlighted, Data 1 to 5 have
different best-fit PDFs such as Normal, Logistic, 3-Parameter
Loglogistic, 3-Parameter Lognormal, and Largest Extreme Value
distributions, respectively. All those selected individual best PDFs
are based on the lowest value by the goodness of fit test. In some
cases, the same PDF may be selected as the best-fit PDF. Hence, the
selected five best-fit PDFs can be defined as “individual outcome”
from the example in Table 2.

In conclusion, the important features of individual outcome are
summarised such that, 1) it provides the individual best-fit prob-
ability density functions, 2) it reflects the corrosion behaviour in
the best way, 3) the obtained individual outcome does not directly
provide time-dependent corrosion model; which indicate that
additional processing needs to be performed to obtain the simpli-
fied corrosion model. Fig. A1(a) shows an example of the individual
outcome. As expected, individual outcome represents accurate in-
dividual corrosion behaviour from selected time data sets. How-
ever, it needs to be coalesced to propose the corrosion model via
mathematical formulation.

- Overall outcome (Key step II)

In the previous Key step I, individual outcomes have been ach-
ieved. The overall outcome can be obtained based on the average
value from individual outcomes as calculated in Table 2, which
shows that the largest extreme value distribution has been selected
based on 0.95 goodness of fit test value that gave the smallest
average value among others.

Once the overall outcome is obtained, it can be applied to other
corrosion data sets at different time. This means that once the best-
fit PDF is selected, it will then be subjected to the all-time data set.
This step may bring restrained accuracy to the result, however, it
may also help to provide a possible formulation for the corrosion
model. The accuracy of the outcome with different methods will be
investigated in Part II discussion section (Kim et al., 2020). The
example of overall outcome can be referred to Fig. A1(b). Once
again, in the example, the largest extreme value distribution is
selected in Table 2 but other types of distribution can also be
selected for the different case. Further processing work needs to be
conducted in Key step III and IV, which will be documented
together in the following Steps 6 to 9.



Fig. 4. Example results on goodness of fit test results from Anderson-Darling test.

Table 2
Example of the goodness of fit test (by Anderson-Darling test method).

Probability density functions Time data set Average

Data 1 Data 2 Data 3 Data 4 Data 5

Normal 0.16 1.67 2.06 2.14 1.87 1.58
3-Parameter Lognormal 0.17 1.35 1.05 0.83 12.66 3.21
2-Parameter Exponential 5.67 2.64 1.45 1.01 2.37 2.63
3-Parameter Weibull 0.17 2.50 1.54 1.14 2.97 1.66
Smallest Extreme Value 0.60 3.57 4.43 4.19 3.48 3.25
Largest Extreme Value 0.67 1.18 1.16 0.98 1.08 1.01
3-Parameter Gamma 0.25 3.25 2.21 1.82 8.78 3.26
Logistic 0.23 1.15 1.27 1.47 1.44 1.11
3-Parameter Loglogistic 0.23 1.21 0.89 1.08 3.64 1.41
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3.2.6. Formulation of sub-parameter of probability density function
as a function of time (Step 6)

The formulation of sub-parameters of selected best-fit PDFs as a
function of time can then be conducted by utilising the obtained
“overall outcome” from the previous step (Key step II). From the
example shown in Table 2, the largest extreme value distribution
was selected as the overall outcome. Hence, it should be reminded
that the selected best-fit PDF is shown in Eq. (1), which represents
the typical case by Table 2. By the end of this paper, a generalised
corrosion model will be proposed considering all cases as shown in
Tables A1 and A2.

Selected best-fit distribution (Example)
probability density ðPDÞ¼ f ðxÞ

¼
�
1
B

�
, exp

�
�ðx� AÞ

B

�

, exp
�
� exp

�
�ðx� AÞ

B

�� (1)

where, PD ¼ probability density, x ¼ horizontal axis which repre-
sents “corrosion depth (¼Dc)” in the present study, A ¼ shape
parameter, and B ¼ scale parameter.

In Eq. (1), there are two (2) sub-parameters of the largest
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extreme value distribution such as shape and scale parameters. The
selected sub-parameters can then be plotted versus time as shown
in Fig. 5. For the formulation of sub-parameters as a function of
time, the empirical formulation can be obtained based on the
plotted data using the curve-fitting method. In this case, two (2)
empirical formulations were obtained for shape and scale param-
eters. This may be considered the most important part of this stage
and empirical formulations should well fit the original data.

From the obtained empirical formulation of sub-parameters by
time presented in Fig. 5, the optimised outcome can be obtained.
Basically, the main difference between overall and optimised
outcome is the values of sub-parameters, which is clearly presented
in Fig. 5. This means that the two outcomes are achieved based on
selected best-fit PDF, where the largest extreme value distribution
was selected in the previous example, and the only difference is the
sub-parameter value. As shown in Fig. 5, the overall outcome is
based on plotted dots, while optimised outcome is achieved based
on obtained empirical formulation presented by a dotted line as a
function of time. The example of optimised outcome can be
observed in Fig. A1(c).

The following Eq. (2) represents the typical type of optimised
outcome by adopting the largest extreme value distribution.

PDF ¼ f ðDcÞ

¼
�

1
BðteÞ

�
, exp

�
� ðDc � AðteÞÞ

BðteÞ
�
, exp

�
� exp

�

� ðDc � AðteÞÞ
BðteÞ

��
(2)

where, Dc ¼ corrosion depth, AðteÞ ¼ shape parameter as a function
of exposure time, BðteÞ ¼ scale parameter as a function of exposure
time, and te ¼ exposure time.

In the next step, the formulation of corrosionmodel considering
time will be focused to provide a user-friendly solution.
3.2.7. Formulation of time-dependent corrosion wastage models
(Step 7)

In this study, two types of time-dependent corrosion wastage
models such as 1) mean and standard deviation-based model and
2) cumulative density function-based model, are introduced. These
Fig. 5. Schematic view for the formulation of sub-parameter of probability density
function by time (Paik and Kim, 2012).

- Optimised outcome (Key step III)
two obtained corrosion models will be harmonised to propose the
final outcome in Step 8.

- Model I: Mean and Standard Deviation based model (Step 7a)

Once the optimised outcome is obtained, mean and standard
deviation can then be obtained as shown in Table A2. Themean and
standard deviation of the largest extreme value distribution,
selected as the best-fit PDF shown in Eq. (2) by the previous
example in Table 2, are illustrated in Eqs. (3.1) and (3.2), respec-
tively. Thus, it should be highlighted that the obtained mean and
standard deviation are the functions of time, while sub-parameters,
i.e., shape (A) and scale (B) are presented as A(te) and B(te).

M ¼ AðteÞ þ 0:5772BðteÞ (3.1)

SD¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi	
p2BðteÞ2


�
6

q
(3.2)

where, M ¼ Mean, and SD ¼ Standard deviation.
With regards tomodel I, the following five (5) levels of corrosion

models in Eq. (4) are proposed in the present study to classify the
degree of corrosion. In general, the mean or 95% and above band
data, based on corrosion depth information illustrated in Fig. 6(a), is
used for the development of corrosion model. Previously, Paik and
Thayamballi (2003) defined three corrosion model types such as 1)
convex, 2) linear, and 3) concave as shown in Fig. 6(b). In the pre-
sent study, the method to propose more refined time-dependent
corrosion wastage model than the existing model shown in
Fig. 6(b) is introduced.

In the case of abovementioned “largest extreme value” distri-
bution case, harmonisation process (Step 8) with Model II (Step 7b)
can then be skipped, because the mean (M) and standard deviation
(SD) values can directly be obtained from Eqs. (3.1) and (3.2).
Therefore, harmonisation can be defined as the determination of
the coefficient of Model II based on the comparison betweenModel
I and Model II results. Details can be referred to in Step 8, shown in
Section 3.2.8.

Proposed Corrosion Model (Model I)

Dc ¼

8>>>><
>>>>:

M � SD for Slight level
M for Average level
M þ SD for Severe level I
M þ 2SD for Severe level II
M þ 3SD for Severe level III

(4)

where, Dc ¼ Corrosion depth (s negative value), M ¼ Mean, and
SD ¼ Standard deviation.

If M and SD values are hard to be obtained using simple calcu-
lations, then Model II needs to be further developed. For example,
the calculation of Gamma function “G”, which is included in the
Weibull, 3-parameter Weibull, Log-logistic, 3-parameter log-
logistic, etc., in Table A2, may not be obtained easily by hand
calculation. This means that additional processing (Model II) is
required to provide a simplified corrosion model, which will be
introduced in Step 7b. Lastly, the readers can also use other types of
PDFs, which will provide different mean and standard deviation
equations as shown in Table A2.

- Model II: Cumulative density function based model (Step 7b)

The cumulative density function (CDF) concept is applied to
propose corrosion model II. In the case of the largest extreme value
distribution being selected as the best-fit PDF, M and SD can easily
be obtained as presented in Eqs. (3.1) and (3.2). This means that



Fig. 6. Example of existing corrosion models (Paik and Thayamballi, 2003, 2007).
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additional process in terms of the development of Model II, and
harmonisation step can be skipped. However, the detailed pro-
cedure to propose Model II for the selected best-fit distribution,
which contains simplified M and SD, is documented for the better
understanding of the readers. In this case, the obtained Model II
should produce exactly the same results asModel I after conducting
the harmonisation step. The following Eq. (5) shows a typical
example of CDF representing the largest extreme value distribution
that was derived using integration of PDF from Eq. (2). In addition,
the features of PDF and CDF are well presented in Fig. 7.

CDF ¼ F
�
Dc

�
¼1� exp

�
� exp

�
Dc � AðteÞ

BðteÞ
��

(5)

where, CDF ¼ cumulative density function, AðteÞ ¼ shape parameter
as a function of exposure time, BðteÞ ¼ scale parameter as a function
of exposure time, and te ¼ exposure time (or year).

Once CDF is obtained by integration of PDF, the 2nd corrosion
model (herein Model II) is then rearranged based on corrosion
depth (Dc) as shown in Eq. (6) from Eq. (5).

Proposed Corrosion Model (Model II)

Dc ¼AðteÞþBðteÞ,ln½ � lnð1� CDFÞ� (6)

Based on the obtained corrosion model II, the discussions on
how the CDF value illustrated in Eq. (6) will be covered in the
Harmonisation step (Step 8).
Fig. 7. Features of probability density (PDF) and cumulative density functions (CDF).
3.2.8. Harmonisation of the corrosion models (Step 8)

- Harmonised outcome (Key step IV)

In this step, the proposed model I and II are compared to decide
the value of CDF in Eq. (6) which means that Model I and II are
assumed to be equal as follows.

Model I x Model II (7)

Therefore, five (5) values of CDFs for different corrosion levels
such as slight level, average level, and severe level I, II, and III, can
be obtained from Eq. (7) as shown in Fig. 8 and Fig. A1(d). The
details of this harmonisation step may be referred in the applica-
tion part covered in Part II. Some cases of corrosion data input,
there might be difficult to generate CDF due to the mathematical
issue. As shown above, Model I and Model II may produce
reasonably similar outcomes. Therefore, one model that could be
obtained is thought to be sufficient if there is issue on conversion
from PDF to CDF.
3.2.9. Generalisation of time-dependent corrosion model by
mathematical formulation (Step 9)

From the previous Step 8, harmonisation betweenModel I and II
was conducted and verified using the coefficient of determination
(R2) value. If the R2 value is above 0.9, it can then go through the
generalisation step for the mathematical formulation of time-
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dependent corrosionmodel. If the R2value does not satisfy criterion
(R2¼ 0.9), it can then go back to Step 5 where the 2nd best PDF can
be selected as the best-fit PDF.

In this last step, simplified mathematical formulations, which
represent the time-dependent corrosion wastage in five levels as
illustrated in Eq. (4), are proposed. From the obtained outcome,
engineers can easily predict the corrosion by time and this may
help to make relevant plans for repairs or estimation of decom-
missioning of the corroded structures. In addition, the starting of
the corrosion time can also be backtracked from the obtained
simplified corrosion formulation; if the corrosion depth is set as
zero (0) then the time can be calculated and it can be assumed as
the starting of corrosion time.
4. Concluding remarks

Nowadays, numerous ships and offshore structures are
approaching the end of their life cycle. Corrosion is one of the issues
in aging structures as it degrades the structures. The accuracy of
deterministic assessment method, which is the current practice in
the industry, is questionable due to the inherent uncertainties that
govern the result of the assessment. The use of linear corrosion
growth model for estimating the corrosion is too conservative for
the current oil and gas industry that are experiencing oil price
downturn. To provide cost-effective safety assessment of structure,
this study aimed to develop an advanced technique to obtain time-
dependent corrosion wastage model of metal structure for assess-
ing the corrosion progression of the aging structure. Based on
developed technique, simplified software was developed as shown
in Appendix B. The proposed technique in Part I is also verified by
ship’s ballast water corrosion data in Part II. Lastly, the limitation of
proposed method in this study should be clearly stated so that it
could be supplemented through further research. If the measured
corrosion wastage information (input data) does not show a con-
stant tendency, it is difficult to obtain a smooth fitting curve illus-
trated in Fig. 5. This might produce unsuitable results to use in the
corrosion model developed. In addition, the best way to collect
corrosion data might be using real time sensor systems. If it is
impossible, it should be measured at least at three different time
zones, and the more measurements the higher the results can be
obtained.

The proposed method’s procedure is briefly summarised as
Fig. 8. Example of obtained harmonised outcomes.
follows:

� The proposed method adopted a probabilistic approach to
determine the distribution of corrosion depth for each year.

� A generalised method to propose nonlinear corrosion model by
time is introduced in detail using the best-fit probability density
function.

� Corrosion depth is formulated as a function of years using mean,
standard deviation, and cumulative distribution calculation
approach.

The strengths of the proposed method are also briefly sum-
marised as follows:

� A less conservative but accurate way to estimate the nonlinear
corrosion depth of the structure by time is proposed.

� Starting time of corrosion can be predicted.
� The remaining life of a structure can be predicted by adopting
the obtained time-dependent corrosion wastage model and it
will be very useful for the planning of maintenance and
repairing.

� This approach provides an option for the industry to operate
structures as close to their maximum capacity while ensuring
the safety of the structure.
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