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A B S T R A C T
Reliability of a ship structure has been investigated in this study under two factors of fatigue and
corrosion failure using structural health monitoring data. In order to use structural health monitoring data
in assessing the reliability, Bayesian inference method has been used to update the distribution of loads
applied on the structure. This study used structural health monitoring data to assess the reliability of a
ship construction under two conditions: fatigue and corrosion failure. A Bayesian inference method was
utilized to update the distribution of loads applied to the structure to employ structural health monitoring
data in determining reliability. The load distribution obtained from the equations was used to assess the
reliability of a ship structure during corrosion. The proposed mathematical model was examined using
the data output of the force sensors installed on the commercial ship in the laboratory, whose model has
been scale tested. According to the reliability analysis, the reliability index of the structure decreases
with time as a result of corrosion and fatigue failures. The utilization of structural health monitoring data
has boosted confidence in the reliability index for estimating the structure's real-life as determined by
the study. The findings suggest that using the reliability criterion and health monitoring data during the
design stage can provide a better knowledge of the structure's performance throughout time, according
to the environmental conditions.
doi: 10.5829/ije.2022.35.09c.13

1. INTRODUCTION1
It is critical to ensure the safe operation of marine ships
as well as the prevention of contamination caused by the
destruction of these structures. To accomplish this, a
thorough understanding of the ship's structure and the
loads applied to it is essential. Because the loads applied
to the structure of ships are uncertain, and correct
identification of damages generated in the structure is
difficult and expensive, it is required to develop a
realistic analytical process for the structure. To account
for existing uncertainties and give a realistic analysis, the
use of probabilistic approaches in the study of
engineering structures has increased in recent years. The
use of structural reliability analysis methods has
increased due to the strength of the structure and the loads
applied to it to determine the remaining life, determine
the periods of inspection and maintenance at the time of

service of the structures, and is becoming a major trend
in the study of these structures. Existing uncertainties in
structural and loading characteristics are determined
using mathematical theories of probabilities, stochastic
variables, random and statistical processes. Analysis,
design, and optimization of high-risk structures such as
nuclear power plants, dams, maritime structures, and
other high-risk industries are among the areas of
application. The range of structural behavior includes
stress analysis, dynamic, deformation control, creep and
release, failure, fatigue, and structural stability.
Preliminary studies in this field have been conducted by
Freudenthal [1] undertook preliminary research in this
area, taking into consideration statistical and
probabilistic methodologies in characterizing the nature
of the reliability index. Engineers and academics have
significantly applied reliability estimation and analysis
methodologies for structures with defects in pressurized
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components with the development of reliability
engineering and probabilistic failure mechanics.
By categorizing tasks into random variables,
stochastic process reliability analysis models, and
stochastic field reliability models, Bjerager [2] presents a
case of structural reliability methods.
Cizelj et al. [3] employed first and second-order
reliability methodologies, as well as various modeling
methods, to assess the safety of steam generator pipes
with axial stress corrosion cracking. They calculated data
scatter relating to pipe geometry, material parameters,
and crack progression using the probabilistic failure
mechanics model. They focused on the impact of the
maintenance technique and compared the outcomes of
real-world numerical examples from each method. Using
the supplied formulae for loads applied to the structure,
on the other hand, may result in unrealistic analytical
results.
As a result, using the findings of structural health
monitoring can provide meaningful data to analysts when
evaluating the ship structure's performance accuracy.
Vibrational methods have a specific place in damage
identification among structural health monitoring
techniques. Applying these techniques for monitoring
structural health, in addition to the possibility of using
them during ship operations, can assist in detecting
damages early in their development and preventing major
structural damage. These techniques rely on sensors and
equipment deployed on the structure to extract
information from measured signals. The vibrational
properties of each structure are unique. As a result,
variations in these vibrational qualities imply structural
damage. These techniques rely on sensors and equipment
deployed on the structure to extract information from
measured signals. The vibrational properties of each
structure are unique. As a result, variations in these
vibrational properties imply structural damage.
According to previous study, more than 40% of fatigueinduced failures in ship structures, such as cracks, occur
in the side shell of the hulls and at the junction of
longitudinal and transverse stiffeners [4].
As a result, studies have been carried out to identify
damages caused by fatigue due to cracks in an aluminum
stiffener plate in a ship's hull [5] as well as damages
caused by corrosion of the ship's hull plate [6, 7]. These
damages will increase due to the compressive forces
created by the impact of sea waves on the ship's side
shell, potentially causing serious damage. Removing a
ship from operation for health monitoring or structural
repairs is time-consuming and expensive. Therefore, the
health of the ship's side shell joints should be monitored
continually and throughout operation using methods such
as vibration methods and their vibration characteristics,
which can vary as a result of damage.
Fatigue failure is also one of the most serious damage
events that can occur on a ship [8, 9]. Sea waves and the

surrounding environment cause fatigue failure on ships.
Estimating a ship's expected life is a difficult and
generally ambiguous process. The development of highstrength steel, however, has resulted in the design of ships
that can withstand higher stresses. As a result, experts
have performed substantial research in this area. With
this in mind, Chen et al. [10] have established a
relationship between microstructures and fatigue life in
steel marine structures. Bea et al. [11] devised and
established a method for determining the fatigue life of
critical marine ship components. They also examined a
set of cracks that had formed on a ship. They discovered
that around 40% of the cracks were formed at the
intersection of the ship's vertical bulkheads, 10% in the
ship's floor bulkheads, and 10% in the ship's transverse
stiffeners, out of a total of 3,600 cracks. Many cracks
in marine ships originate at the intersection of the
ship's vertical walls and transverse bulkheads in
general. These locations are subjected to the most
dynamic loads [12].
Currently, extensive activities have been performed
related to the reliability-based design in the field of the
ship structure reliability assessment [13]. Based on the
moments given to both calm water and waves, Akpan et
al. [14] computed the ultimate strength of the ship's
middle section. They evaluated their model for corrosion
and fatigue-induced cracking, as well as estimating
structural reliability under random loads. Liu et al. [15]
used data from structural health monitoring systems in
conjunction with a failure mechanics technique based on
S-N diagrams to estimate and analyze reliability using
probabilistic distribution functions to estimate the ship's
lifespan under fatigue-induced damage. Based on
structural uncertainties, statistical data and S-N diagrams
were utilized to assess longevity and reliability.
Okasha et al. [16, 17] assessed the reliability and
damage detection of a fast mono-hull ship based on
structural health monitoring. By integrating the
information obtained from structural health monitoring
through Bayesian method, they determined the reliability
of the structure under the uncertainties exist in a ship
considering corrosion-induced damage. Deco et al. [18]
evaluated the reliability of the ship structure based on the
initial and ultimate failure in different sea forces. Kwon
and Frangopol [19, 20] evaluated the reliability of a ship
structure under simultaneous corrosion and fatigue
failures. In this study, they presented their results on
stormy sea forces as well as various damage scenarios.
Also, assessed and estimated the life cycle of the fast ship
structures under fatigue-induced damages. In this study,
fatigue and its due failure are presented based on the S-N
failure criterion using the model test results in the pond.
Zayed et al. [21] evaluated the stability of a ship structure
under static moments caused by calm water and waveinduced moments. The employment of rapid techniques
has been addressed in this study to calculate moments and
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section modulus of a commercial ship under the
uncertainties imposed by the ship's geometry.
Zhu et al. [22] used information and data generated
by health monitoring systems to evaluate the structural
reliability of three different sections of big and
commercial ships and analyzed the structural reliability
under different sea forces.
Campanile et al. [23] investigated the reliability of a
cargo ship in both intact and damaged states under a pure
moment. In this study, the second-order reliability
method was used to estimate the reliability under
corrosion-induced damage. Doshi et al. [24] have
investigated the reliability of a large cargo ship with a
failure mechanics approach under the uncertainties of the
ship structure. They used a Bayesian method to update
the forces applied to the ship.
In this study, the reliability assessment of the ship
structure is reported, using structural health monitoring
data under the two damage factors of fatigue and
corrosion. A Bayesian inference method was utilized to
update the distribution of loads applied to the structure to
implement the structural health monitoring data. The
proposed mathematical model is studied and analyzed
using the data output of the force sensors installed on the
commercial ship in the laboratory, whose model has been
scale tested. The planned ship's reliability under
corrosion and fatigue damage, as well as the existing
uncertainties, demonstrates that the structure's reliability
will decrease with time.
2. THEORY
2. 1. The limit State of Ultimate Resistance (Range
of Strength)
The ship hull risk assessment
requires the determination of the limit resistance function
with respect to the ship hull structure. The ship hull
consists of a continuous and integrated girder under
transverse load caused by still water without considering
the waves. The model governing the ultimate resistance
state can be calculated from the following Equation (1)
[14]:
𝑔(𝑡) = 𝑈(𝑡) − 𝑀𝐿 (𝑡)

(1)

where U (t) is the ship's ultimate resistance capacity
model and 𝑀𝐿 (𝑡)𝑖𝑠 the external load effect model on the
ship. The overall resistance capability of a ship's hull is
reduced due to the wear of the ship's hull over time. The
vertical bending moment parameters, which include the
hull curvature, are specified in Equation (3). Random
functions 2 and 3 define the final failure function of the
primary carrying girder.
𝑈(𝑡) = 𝑀𝑢 (𝑡)

(2)

𝑀𝐿 (𝑡) = 𝑀𝑠𝑤 (𝑡) + 𝑘𝑤 [𝑀𝑤 (𝑡) + 𝑘𝐷 + 𝑀𝐷𝑦𝑛 (𝑡)]

(3)
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where 𝑀𝑢 is the ultimate capacity of the bending moment
of the main beam, 𝑀𝑠𝑤 shows the bending moment
resulted from the still water surface, 𝑀𝑤 is the bending
moment caused by the wave, 𝑘𝐷 is the correction
coefficient between the bending moment of the wave and
the dynamic bending moment, 𝑀𝐷𝑦𝑛 indicates dynamic
bending moment. 𝑘𝑤 is the correlation coefficient that
depends on the bending due to stress in the sagging state
or stress in the hogging state [25, 26].
2. 2. Fatigue Assessment and Analysis Methods
There are two fundamental approaches for determining a
structure's fatigue life:
1. Using lab data (such as the stress-life method or
strain-life method) ,
2. Using the failure mechanics method (Paris law),
Stress-life or strain-life methods are prepared by
performing several tests on the connection with specific
details under intermittent loads with a high number of
repetitions (the required number of repetitions for fatigue
failure) at a specified stress level, whereas in the failure
mechanics method, the crack growth rate in an existing
defect and its development are taken into account.
2. 2. 1. S-N Diagram Method in Reliability
Assessment
The S-N diagram method is
considered the baseline strength and estimates the crack
starting from a critical component of the structure as a
function of some stress cycles. To perform this, the
Palmgren-Miner rule (usually a linear sum) is applied
[27]. The S-N curve is determined experimentally based
on the type of material and the type of structure
(geometry,
direction,
and
welding
quality),
environmental conditions (air, corrosion, or cathodic
protection), and by using linear regression analysis of the
test results for a given confidence interval [28, 29].
𝐾

∆𝑆 = ( )

1
𝑚𝑓

(4)

𝑁

where ∆𝑆 is the stress changes, 𝑁 shows the number of
cycles required for fatigue failure with a constant double
value of the stress amplitude, 𝑚𝑓 is the negative slope of
the S-N curve, plotted on the log-log diagram, and 𝐾 is
the S-N curve parameter for a given confidence interval.
Damage can be written as Equation (5):
𝐷=

𝑁𝑠
𝐾

𝐸[∆𝑆 𝑚𝑓 ]

(5)

where 𝑁𝑠 is the total number of cycles during the
operation time and 𝐸[∆𝑆 𝑚𝑓 ] is the expected or mean
value of ∆𝑆. the long-term density probability function of
the stress amplitude can be evaluated with respect to the
local load using the Weibull distribution [30, 31]:
𝑓(∆𝑆) =

𝜁
𝑊

∆𝑆 𝜁−1

( )
𝑊

exp (−

∆𝑆 𝜁
𝑊

)

(6)
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where 𝜁 is the shape factor, 𝑊 is the scale factor, and ∆𝑆
shows the stress changes. Thus, considering Weibull
distribution, the amount of stress amplitude is:
𝑆𝑟𝑒 = 𝐸[∆𝑆 𝑚𝑓 ] = 𝑊 𝑚𝑓 Γ (1 +

𝑚𝑓
𝜁

)

(7)

Also, the mean value of the stress amplitude can be
obtained according to the relation provided by Miner
[19]:
𝑆𝑟𝑒 = [∑

𝑚

𝑛𝑖
𝑛𝑡𝑜𝑡𝑎𝑙

𝑆𝑟𝑖 𝑓 ]

1
𝑚𝑓

(8)

where 𝑛𝑖 is the number of cycles in stress amplitude.
According to the changes of the occurrence probability
according to the sea forces and the speed of the ship, it
can be written [19]:
1

𝑠𝑝

𝑚
𝑤ℎ
∗ = [∑𝑠𝑠 ∑
𝑚
𝑆𝑟𝑒
𝑖=1 𝑗=1 ∑𝑘=1 𝑃𝑆𝑆.𝑖 𝑃𝑆𝑃.𝑗 𝑃𝑊𝐻.𝑘 𝑆𝑟𝑒.𝑖𝑗𝑘 ]

(9)

where 𝑃𝑆𝑆.𝑖 is the occurrence probability at ith sea
forces, 𝑃𝑆𝑃.𝑗 shows the occurrence probability in jth
velocity, and 𝑃𝑊𝐻.𝑘 is the occurrence probability in kth
wave of the forecastle. Also, for the number of cycles, we
have:
1

𝑠𝑝

𝑤ℎ
∗
𝑚
𝑁𝑎𝑣𝑔
= [∑𝑠𝑠
𝑖=1 ∑𝑗=1 ∑𝑘=1 𝑃𝑆𝑆.𝑖 𝑃𝑆𝑃.𝑗 𝑃𝑊𝐻.𝑘 𝑁𝑎𝑣𝑔.𝑖𝑗𝑘 ]

(10)

(11)

where 𝛼 coefficient expresses the service percentage by
the ship at sea (α = 50% .75% .90%). ultimately, the limit
state function is extracted to evaluate the reliability based
on the S-N curve, as Equation (12) [32]:
𝑔(𝑡) = ∆ − 𝐷(𝑡) → 𝑔(𝑡) = ∆ −

𝑁(𝑦)
𝐾

𝐸[∆𝑆 𝑚𝑓 ]

𝑀𝑢 (𝑡) = 𝜙𝜎𝑢 𝑍(𝑡)

(12)

2. 3. Corrosion Assessment and Analysis Methods
Ship structure oldness overtime result to decrease of final
strength capacity. The Equation (1)is specified the
vertical bending moment parameters such as hull

(13)

That 𝜙 non-dimensional factor known as buckling knock
down factor, 𝜎𝑢 ultimate strength of the ship hull cross
section and 𝑍(𝑡) is the midship hull elastic section
modulus. In cases where a relationship between damage,
such as fatigue crack and corrosion, and 𝜎𝑢 can be
established, 𝜎𝑢 should be replaced with that relationship.
It is well known that structural degradations will affect
the hull girder capacity by reducing the section modulus
𝑍(𝑡) depends on time. The impact of the degradation
mechanisms and the modeling strategies that are adopted
herein are presented in the following sections. The
buckling knock down factor is of high variability and
depends on the ship type or class and the location of a
section.
Corrosion decreases the section modulus of the ship
hull structure by thinning the thickness of primary
structural members and also it reduces the ability of the
structure to resist the externally induced bending
moment. Some several models of general corrosion
growth have been suggested [33]. The current model in
this paper is the Equation (14) [14].
𝑟(𝑡) = 𝐶1 (𝑡 − 𝑡0 )𝐶2

Finally, the number of annual cycles is equal to:
∗ 𝛼365𝑦
𝑁(𝑦) = 𝑁𝑎𝑣𝑔

bending. Final bending moment capacity of hull girder is
calculated by Equation (13) [14]:

(14)

where 𝑟(𝑡) is thickness decreasing rate, 𝑡0 is the life of
coating by year, 𝑡 is the age of the vessel by year, 𝐶1 and
𝐶2 are coefficients of random variables. 𝐶1 represents
rate of annual corrosion and although 𝐶2 can take values
ranging from 1/3 to 1. The life of coating varies for
different vessels and depends on the coating type [14].
Thus the moment capacity is given by:
𝑀𝑢 (𝑡) = 𝜙𝜎𝑢 [

𝑍(𝑟(𝑡0 )) 𝑡 ≤ 𝑡0 𝑟(𝑡0 ) = 0
𝑍(𝑟(𝑡)) 𝑡 ≤ 𝑡0 𝑟(𝑡) = 0

(15)

According to Equation (15) 𝑍(𝑡) is presented as collected
data from Figure 1, prediction equation for reducing of
hull girder section module compare to initial amounts
bring at Table 1.

Figure 1. Histogram and probability density function for high frequency moments in sagging and hogging modes
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TABLE 1. The equation of prediction mean amount and
reducing of hull girder section module standard deviation [34]
Reducing of hull girder
section module

Year

mean

0.62(𝑡 − 6.5)0.67
𝑅𝑚 (𝑡) =
100

𝑡 > 6.5

mean + standard
deviation

0.8(𝑡 − 5)0.75
𝑅𝑚+𝜎 (𝑡) =
100

𝑡>5

𝑅𝑚+𝜎 = 𝑅𝑚+𝜎 (𝑡) − 𝑅𝑚 (𝑡)

𝑡 > 6.5

Amount

Standard
deviation

(𝑡−5)0.75
100

)]

(16)

2. 4. Bayesian Theory and Inference Method
Bayesian theory can also be generalized from discrete to
continuous problems. Assuming that a set of parameters
(𝜃 Must be inferred, all current knowledge of these
parameters is represented by 𝑓 ′ (𝜃), which is called the
prior distribution. The choice of the prior distribution
type reflects the perceptual knowledge associated with
the uncertainty of the parameter before observing the new
event. In fact, it is assumed that this distribution has the
ability to explain the data with some degrees of
uncertainty. Measuring observed data (𝐷) has been done
on a value corresponding to (𝜃). This information can be
used to update the distribution (𝜃) to achieve the posterior
distribution 𝑓 ′′ (𝜃) as follows [35]:
𝐿(𝜃)𝑓′ (𝜃)
∫ 𝐿(𝜃)𝑓′ (𝜃)𝑑𝜃

∝

𝐿(𝜃)𝑓 ′ (𝜃)

(18)

Using the law of total probability of the posterior
predictive distribution for the variable 𝑥 are calculated on
the basis of the updated variables in Equation (19).
∞

𝑓𝑋′ (𝑥) = ∫−∞ 𝑓𝑥 (𝑥|𝜃)𝑓 ′′ (𝜃)𝑑𝜃

𝑙𝑛𝜇𝑛 −𝜆 2

) ]

𝜁

(20)

where 𝜆 and 𝜁 are the parameters of the log-normal
distribution and are calculated as Equation (21):
𝜁 = √𝑙𝑛 (1 +

𝜎2
𝜇2

)
(21)

0.5𝜁 2

𝑓(𝜇𝑛 . 𝛼𝑛 ) =
𝑒𝑥𝑝 (−

1
2𝜋𝜁1 𝜁2 √(1−𝜌2 )

1
2(1−𝜌2 )

∗

1
𝜇 𝑛 𝛼𝑛

∗
(22)

(𝐴2 − 2𝜌𝐴𝐵 + 𝐵2 ))

For 𝐴 and 𝐵, we have:
𝐴=
𝐵=

log(𝜇𝑛 )−𝜆1
𝜁1

(23)

log(𝛼𝑛 )−𝜆2
𝜁2

Also, 𝜆1 , 𝜆2 , 𝜁1 and 𝜁2 are distribution parameters. The
likelihood distribution in current study has a final value
distribution (extreme value theory) of the first kind. For
this distribution you can write [35]:
𝑓𝑌𝑛 =

1
𝛼𝑛

𝑒𝑥𝑝 (−

(𝑦−𝜇𝑛
𝛼𝑛

) 𝑒𝑥𝑝 (−exp (−

(𝑦−𝜇𝑛
𝛼𝑛

))

(24)

where 𝜇𝑛 and 𝛼𝑛 are Farin distribution parameters. Also,
the relation between theses parameters and standard
deviation is equal to:
𝜇 = 𝜇𝑛 + 0.57721𝛼𝑛
𝜎=

𝛼𝑛 𝜋

(25)

√6

(17)

In the above relation, 𝐿(𝜃) is the likelihood function 𝜃,
which is proportional to the probability 𝑃(𝐷|𝐵), and is
equal to the probability of observing the data 𝐷 under the
condition 𝜃. The denominator to the right of the above
relation is equal to a normalizing constant value which is
called normalizer. According to this constant, the above
relation is represented as Equation (18) [22]:
𝑓 ′′ (𝜃)

𝑒𝑥𝑝 [−0.5 (

Also, for two-variable log-normal distribution, it can be
written [22, 36]:

where 𝑥𝑢 is the random variable representing modeling
uncertainty in ultimate strength and 𝑆𝑚 is main or initial
hull girder bending moment capacity [34].

𝑓 ′′ (𝜃) =

𝜁𝜇𝑛 √2𝜋

𝜆 = 𝑙𝑛 𝜇 −

The replacement of mean amount equation plus
standard deviation at Equation (15) concluded to main
hull girder bending moment capacity.
𝑀𝑢 (𝑡) = 𝑥𝑢 𝜙𝜎𝑢 𝑆𝑚 [1 − (0.8

1

𝑓(𝜇𝑛 ) =

1769

(19)

In the current study, the posterior distribution has a lognormal distribution. The univariate log-normal
distribution is equal to [36]:

2. 5. Reliability Assessment
Based on the
reliability theory, the limit state function can be defined
based on the difference between stress (load) and
resistance [29, 37].
𝑔(𝑡) = 𝑅 − 𝑆

(26)

where 𝑔(𝑡) is the limit state function, R is resistance and
R shows stress or applies load. If 𝑔(𝑡) ≥0, the operation
of the structure can be in the safe margin, but if 𝑔(𝑡)≤0,
it indicates the failure range. The probability of failure is
expressed as follows:
𝑃𝐹 = 𝑃(𝐿(𝑡) < 0)

(27)

Given the complexity of Equation (27), it will be very
difficult to evaluate and analyze the equation. Therefore,
in order to evaluate and analyze in this case, the reliability
index assessment method can be used.
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3. APPLICATIONS

in each case are used for fitting the probability
distribution. This has been repeated for 30 years over a
period of 2 years, each time the web thickness and the
flange stiffener has increased due to the decrease in
thickness caused by corrosion over time. Table 3 shows
the standard deviation and the mean annual normal log
corrosion rate assumed for parameter C1 relative to the
location of the stiffener plate.

3. 1. The Model under Study
In this study, health
monitoring data, which was scale-tested by bodymounted sensors in the laboratory, was used to assess
reliability [38]. The specifications of the middle section
of the ship in study for the implementation of reliability
evaluation calculations is shown in Table 2. Auther used
data from the ship's middle section, which included 21
tests at a speed of 35 knots, a temperature of 0°, and seven
sea forces. Each test consisted of approximately 3200 to
4000 samples. There were 73,800 data points in total. The
sample rate was set to 200 HZ. The duration of the test
was around 6.15 minutes. All data was converted, taking
into account the landing scale factor in the ship's actual
dimensions. Bending moment, time and modulus of
section were converted with the scales of 1.025𝜆4 , √𝜆
and 0.346𝜆4 , respectively. The measured time of the fullscale experiment was 42.28 minutes. The signals
obtained from the structural health monitoring in the
middle section of the ship are filtered and the high and
low-frequency waves are separated. A developed
extraction algorithm has been used to extract the
maximum moments obtained from the wave cycle [38].

3. 1. 2. High-frequency Waves Modeling
The
choice of exponential distribution can be criticized since
its value in the most probable case is zero. In fact, for
evaluation and design, the obtained results require
extrapolation to distribute the final values. The values
obtained for the two modes of sagging and hogging are
presented in Table 4.
3. 1. 3. Calculating the Previous Loads
The
bending moment due to still and wavy water has been
calculated using the equations provided by the
International Association of Classification Societies
(IACS (95)) [39, 40]. The change of these moments is
calculated by considering the moment caused by still
water and the bending moment caused by the wave with
normal distribution and the first kind of final value with
COV equal to 0.15 for both moments. A summary of
these results is shown in Table 5.

3. 1. 1. Middle Section Resistance Modeling
The bending strength for the initial failure and the
ultimate flexural bending strength are calculated. For this
purpose, the calculations are conducted according to the
random variables, 𝑡 plate thickness, 𝐸 elasticity modulus,
𝜎𝑦𝑝 yield stress, and 𝜎𝑦𝑠 stiffener yield stress which have
a log-normal distribution with COV of 0.05, 0.03, 0.1 and
0.1, respectively. The amount of residual stress is also
considered equal to 5% of the plate yield stress. For each
sample, the initial and ultimate bending moments of the
failure are calculated and the results of the total moments

3. 2. Updating Parameters
3. 2. 1. Structural Reliability Assessment
Considering Previous Loads
The reliability of
the middle section of the ship is assessed for two modes
of sagging and hogging over a period of 30 years. For this
purpose, the reliability of the structure has been evaluated
using Equation (3). The specifications of the parameters
are presented in Table 6.

TABLE 2. Geometrical profiles of the components [38]
Stiffener plate height
𝒅(𝒎𝒎)

Stiffener plate thickness
𝒕𝒘 (𝒎𝒎)

Stiffener plate width
𝒃(𝒎𝒎)

Flange plate thickness
𝒕𝒇 (𝒎𝒎)

1

125.5

4.4

100.6

5.3

2

200.4

4.3

100.1

5.2

3

250.7

4.8

100.6

5.3

4

206

6.2

102.1

8

5

304.5

5.6

101.3

6.7

6

308.9

6

101.9

8.9

7

258.3

6.1

146.1

9.1

8

349

5.8

127

8.5

9

204.7

7.2

166.1

11.8

10

173.5

7.7

203.2

13.5

11

616.7

13.2

230.1

22.1

12

616.2

14

325.1

21.6

13

628.4

16.5

327.7

27.7

14

911.4

19.6

418.3

32

Stiffener number
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TABLE 3. Parameter C1 for corrosion model in different parts of the ship [17]
Location

Mean (mm/year)

Standard deviation (mm/year)

Deck plates

0.008125

0.000406

Deck stiffeners

0.008125

0.000406

Wall plates

0.003750

0.000188

Wall stiffeners

0.003750

0.000188

Ship floor plates

0.021250

0.001063

Ship floor stiffeners

0.008125

0.000406

TABLE 4. The final value distribution parameters for high-frequency loads
Mean (𝐍 ∙ 𝐌)

Coefficient of variation

Distribution

Sagging

1.183*e+9

0.134

First kind final value

Hogging

1.185*e+9

0.134

First kind final value

Loading parameter

TABLE 5. Statistical description and distribution of previous applied loads
Mean (𝐍 ∙ 𝐌)

Coefficient of variation

Distribution

Sagging for still water

1.823*e+9

0.15

Normal

Sagging for wave

3.867*e+6

0.15

First kind final value

Hogging for still water

3.283*e+9

0.15

Normal

Hogging for wave

2.729*e+9

0.15

First kind normal value

Loading parameter

TABLE 6. Random parameters specifications
Variable

Mean

COV

Distribution

𝒙𝒖

1

0.1

Normal

𝒙𝒔𝒘

1

0.05

Normal

𝒙𝒘

0.9

0.15

Normal

𝒌𝒅

1

-

-

𝑴𝒔𝒘

𝜇

0.15

Normal

𝑴𝒘

𝜇

0.15

First kind final value

The reliability index has been calculated based on
previous data. Also, the strength of the structure is
considered for the both initial and ultimate failure modes.
The reliability index obtained from the analysis with
respect to the previous data is shown in Figure 2.
As can be seen, reliability reduces over time because
of the increase in the corrosion rate as well as considering
the fact that the loads applied to the structure are constant
due to the effect of corrosion. The amount of reliability
index in the initial failure mode is less than the ultimate
failure, because in the initial failure made, our criterion
is the failure of the first component. In Hogging mode,
the slope of decreasing the reliability index is higher,
which can be attributed to the magnitude of wave loads
in hogging mode and its incremental effect in this mode.

3. 2. 2. Time-dependent Reliability
The final
strength of the ship hull M(u) decreases with time in the
presence of fatigue mechanisms; thus, the probability of
failure is also a function of time. By changing the period
t from 0 to 1, the expected service life, the amount of final
strength reduction can be estimated. Therefore, the
probability of instantaneous failure at a time t, can be
deduced regardless of the ship's conditions in the past,
using Equation (28). However, the successive annual
loads and annual values, the reduction of the final
strength of the ship, are interdependent and must be taken
into account to estimate the reliability. This is done using
advanced or time-dependent reliability estimates based
on conditional probability theory. For continuous
systems, the hazard rate is defined by Equation (28) [41].
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𝑃𝑓 (𝑡𝑖 )
1−∑𝑖=1
𝑗=1 𝑃𝑓 (𝑡𝑖 −1)

(28)

where 𝑃𝑓 (𝑡𝑖 ) is the failure probability at ith time. The
value of the probability of instantaneous and timedependent failure is shown in Figure 3.
3. 2. 3. Updating Parameter 𝝁𝒏
Loading data is
updated considering previous loads and results obtained
from structural health monitoring. For this purpose, the
data is updated using the Bayesian inference method. In
this research, first, the parameter 𝜇𝑛 of the final value
distribution is considered as the desired parameter for
updating the load distribution. The MCMC method has
also been used to approximate this parameter with respect
to Bayesian inference. The parameter 𝜇𝑛 is presented as
a variable with a log-normal distribution whose mean is
equal to the value of the prior distribution and its standard

deviation with respect to COV is equal to 10%. The
results obtained from updating the parameter 𝜇𝑛 are
shown in Figure 4.
According to Figure 4, it can be seen that after
updating μn, the mean of 𝜇𝑛 has decreased in both
sagging and hogging modes. The loading distribution is
evaluated according to the parameter 𝜇𝑛 update (Figure
5).The reliability index was calculated according to the
main load distribution without considering the data
obtained from structural health monitoring in the
previous section, which is again presented in the
following Figure. By updating the load and considering
the structural health monitoring data in evaluating the
reliability index, which includes low- and high-frequency
loads, the reliability index was evaluated in this case and
compared with the previous case (Figure 6).

Figure 2. Reliability index considering previous loads in sagging and hogging modes

Figure 3. The probability of instantons and time-dependent failure
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Figure 4. Updated Bayesian results for the parameter μn in both sagging and hogging modes

Figure 5. Main and updated loading distributions in both sagging and hogging modes according to 𝜇𝑛 update

Figure 6. Reliability index evaluated according to previous data and parameter 𝜇𝑛 update

3. 2. 4 Updating Parameter 𝜶𝒏
The parameter
𝛼𝑛 of the final value distribution with the log-normal
distribution has been updated, whose mean is equal to the
value of the prior distribution and its standard deviation

is 10% with respect to COV. The updated distribution of
the parameter 𝛼𝑛 is shown in Figure 7.
According to Figure 7, it can be seen that the value of
the parameter 𝛼𝑛 has increased after the update. Also, the
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main load distribution and the updated distribution
according to the 𝛼𝑛 update are presented in Figure 8.
According to Figure 8, it can be seen that after
updating 𝛼𝑛 . the updated loading distribution has a mean
equal to the main distribution, but its standard deviation
has increased. It shows that loading uncertainty has
increased by considering the parameter 𝛼𝑛 as the update
criterion. The reliability index is shown in Figure 9 with
respect to the main and updated loading distribution.
According to Figure 9, it can be seen that after
updating 𝛼𝑛 , the reliability index has decreased sharply,
which is due to the increase in standard deviation
(increase in distribution range) and the stability of the
mean of distribution.

3. 3. Reliability Assessment of Fatigue
The
reliability index of the ship is assesses considering data
obtained from the structural health monitoring using
Equation (4) to (12) and (3) values of 𝛼 (0.5, 0.75, and
0.9). According to the Figures 10 and 11 are illustrated
above, it can be seen that the probability of fatigue failure
increases over time as well as with an increase in the
value of 𝛼.
3. 4. Reliability of the Ship under Simultaneous
Fatigue and Corrosion Damages
The
simultaneous impact of these two phenomena on the
reliability of the ship has been evaluated. The results are
presented in Figure 12.

Figure 7. Updated Bayesian results for parameter 𝛼𝑛 in both sagging and hogging modes

Figure 8. Main and updated distributions of loading in both sagging and hogging modes according to 𝛼𝑛 update
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Figure 9. Reliability index assessed with respect to the previous data and parameter 𝛼𝑛 update

Figure 10. Reliability index of the ship versus fatigue failure considering data obtained from the structural health monitoring

Figure 11. Failure probability of the ship versus fatigue failure considering data obtained from the structural health monitoring
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Figure 12. Reliability of the ship under the impact of fatigue, corrosion (in hogging mode) and the simultaneous impact of fatigue
and corrosion

4. CONCLUSION
The reliability assessment of the ship structure is
expressed under two factors: fatigue and corrosion
failures-using structural health monitoring data on a
commercial ship. In order to use structural health
monitoring data in assessing reliability, a Bayesian
inference method has been used to update the distribution
of the loads applied to the structure. Given the
distribution of the loads obtained from the equations in
initial and ultimate failure modes, the reliability of the
structure shows that considering the initial failure as an
analysis criterion can lead to conservative results. The
mean value of the distribution of the loads applied to the
structure of the ship is decreased after updating 𝝁𝒏 and
𝜶𝒏 parameters, and the value of the standard deviation of
the distribution is updated and slightly increased. It leads
to an increase in reliability in relation to the first case.
The reliability index obtained from the structural fatigue
analysis shows that in the early years of service, the ship
has a very high-reliability index, but over time it has
decreased sharply. Comparing the reliability index
obtained from fatigue analysis with corrosion analysis
shows that structural fatigue can be very dangerous,
because the reliability index obtained from fatigue
analysis is reduced over time with a very steep slope
compared to the reliability index obtained from corrosion
analysis. Also, the evaluation of the reliability index of
the structure indicates that the simultaneous corrosion
and fatigue damages increase the downward slope of the
reliability index over time.
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Persian Abstract
چکیده
در پژوهش حاضر روند ارزیابی قابلی ت اطمین ا س از کش ی تح ت دو ما ا راب ی س

یو

درد ی و ب ا اس اد از داد ه ای پ ایش س ت ت س از بی ا ش د

اس تب ب ظ نا در اس اد از داد ه ای پ ایش س ت ت س از در ارزی ابی قابلی ت اطمین ا از روش اس نطاب بی زین ب رای ب روز رس انی تدزی ع باره ای وارد ب ر س از
اس اد شد استب قابلیت اطمینا ساز یک کش ی تح ت ما ا

درد ی و ب ا تد ظ ب ظ تدزی ع باره ای ب ظ دس ت

د از

اد

ارزی ابی ش د اس تب ب ظ نا در

اس اد از داد ه ای پ ایش س ت ت س از از روش اس نطاب بی زین ب رای ب روز رس انی تدزی ع باره ای وارد ب ر س از اس اد ش د اس تب از رو ی داد ه ای
سنس درهای نیروی ی ند ب ش د ب ر روی ش ناور تر اری در ز ایش ا ک ظ د
پیشن ادی اس اد ردی د اس تب تحلی ا قابلی ت اطمین ا می دب
باشدب اس اد از داد هایپایش ست ت س از
ن ایج نشا

درد ی و س

د ب اا زایش ام م اد ب ظ ش ا

بد در

یا

تس ت ش د اس ت

ی نش ا دهن د ک اهش ش ا

قابلی ت اطمین ا س از در ط د مم ر

قابلی ت اطمین ا تخم ین مم ر واق ی س از ب ظ دس ت

یده د ب ا اس اد از ی ار قابلی ت اطمین ا و اس اد از داد ه ای پ ایش س ت ت در رحل ظ طراح ی

ممر ساز با تد ظ بظ شرایط حیطی بدست وردب

ت بررس ی و تحلی ا د ریاض ی
ی-

د از تحلی ا ش د اس تب

ی¬ت دا درک ب ری از ک ارکرد س از در ط د

