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Abstract: In this study, the structural reliability of plate-stiffened prismatic pressure vessels was
analyzed over time. A reliability analysis was performed using a time-dependent structural reliability
method based on the response surface method (RSM). The plate-stiffened prismatic pressure vessel
had a rectangular cross-section with repeated internal load-bearing structures. For the structural
analysis, this repeated structure was modeled as a strip, and a structural reliability analysis was
performed to identify changes in the reliability index when general corrosion and pitting corrosion
occurred in the outer shell. Pitting corrosion was assumed to be randomly distributed on the outer
shell, and the reliability index according to the degree of pit (DOP) and time was analyzed. Analysis
results confirmed that the change in the reliability index was larger when pitting corrosion was
applied compared with when only general corrosion was applied. Additionally, it was confirmed
that above a certain DOP, the reliability index was affected.

Keywords: prismatic pressure vessel; plate-stiffened; structural reliability; pitting corrosion; time-
dependent

1. Introduction

In general, deterministic analysis is used in the design of structures. The safety factor
obtained from experience is mainly used to secure the safety of the design, and the average
or representative value is used for the strength of the structure and the properties of the
material used. When a factor of safety is used, it is difficult to know how much the variables
used in the design affect safety. In structures, acting loads and material properties are
inherent uncertainties. Hence, deterministic analysis using a representative value cannot
account for the instantaneous maximum load [1,2].

To solve problems in deterministic analysis, researchers have proposed a probabilistic
analysis of structures that considers uncertainties. Several design variables are assumed as
random variables having a probability distribution such as normal distribution, and the
probability of failure of the structure is calculated. Reliability is a basic concept in structural
design that considers uncertainties in loads and material properties, and structural reliabil-
ity is crucial in determining whether a structure is safe. Many methodologies, such as the
FORM, SORM, and MCS have been applied in various fields to evaluate the reliability or
failure probability of structures [3,4].

Many researchers have applied structural reliability techniques to various structures.
Joung et al. (2009) [5] used structural reliability techniques for deep-sea unmanned under-
water vehicles. Moreover, Elsayed et al. (2016) [6] used them for the offshore jacket struc-
ture, Wei et al. (2016) [7] for jacket-type offshore wind turbines, Morato et al. (2016) [8] for
offshore wind turbine support systems, Montes-Iturrizaga and Heredia-Zavoni (2016) [9]
for offshore mooring lines. Joung et al. (2017) [10] obtained structure reliability using
various reliability analysis techniques for the load-out support frame in the offshore instal-
lation.
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Marine infrastructures, such as offshore structures and ships, are exposed to harsh
environmental conditions throughout their lifetime. The most significant safety issue is
structure deterioration [11], whereas corrosion and fatigue are representative deterioration
mechanisms of the marine infrastructure [12,13]. The deterioration of structures, such
as corrosion and fatigue, changes over time; furthermore, because time is interpreted in
terms of reliability, time-dependent reliability analysis is performed to assess structural
reliability [14].

Researchers investigating ships and offshore structures have conducted studies re-
garding structural reliability. Guedes Soares and Garbatov (1999) [15] conducted tests for
ship structure, Sun and Bai (2003) [16] for FPSO, Bai et al. (2016) [17] for the offshore jacket
platform, Liu and Frangopol (2018) [11] for ship structure under shock deteriorations. Hou
et al. (2019) [18] performed time-dependent structural reliability analysis for the pipeline
using various methods.

In the marine infrastructure, steel is often used for economic reasons. However, in the
marine environment, it is very corrosive to mild and low-alloy steel. Therefore, corrosion
is prevented through protective coatings or cathodic protection; however, it has been
discovered that corrosion occurs even in these approaches [19]. According to statistics
on ship hulls, most ship failures are related to corrosion [20–22]. As such, ageing is a
dominant life-limiting factor, and the most severe factor is corrosion. Structure destruction
by corrosion can occur without any warning; therefore, it is crucial to predict the mechanism
of corrosion and the ease with which it occurs [23].

In this study, time-dependent reliability analysis was performed for the case where
corrosion occurred on an external shell plate for plate-stiffened prismatic pressure vessels
used in marine environments. Section 2 details the time-dependent structural reliability
analysis procedure and the general and pitting corrosion models. In Section 3, for the
time-dependent structural reliability analysis proposed in Section 2, a strip model was
defined for the target system, plate-stiffened pressure. Moreover, analysis modeling of
strip model to apply general and pitting corrosion is shown. In Section 4, a reliability
index is obtained by changing the DOP to indicate the reliability of the structure over time
when general and pitting corrosion occur simultaneously. The conclusions are presented in
Section 5.

2. Structural Reliability Method

Uncertainties occur in geometrical values, material properties, and loads. Uncertainty
indicates the lack of information required for assessment, and ambiguous or incorrect
information can result in wrong decisions. The use of deterministic methods in structural
analysis does not reflect the actual uncertainty that may arise. Physical, measurement,
statistical, and model uncertainties may occur, and to evaluate structure stability, structural
analysis must be performed considering the degree of uncertainty from various parts. In
structural reliability analysis, various design variables are defined as random variables and
can be reasonably evaluated through stochastic structural analysis [24].

Reliability refers to the ability of a structure to perform the required function under
a certain condition when no breakdown or damage occurs, and it can be expressed as
shown in Equation (1) when the probability of failure is Pf . Failure probability values are
calculated for various failure modes, and the sum of the probability is used to obtain the
maximum reliability value of the structure. The reliability index represents the value of Z
in the standard normal distribution when evaluating the reliability of probability, and the
failure probability can be obtained using the inverse function of the cumulative distribution
function.

R = 1 − Pf (1)

If the stress or displacement of the structure exceeds the defined threshold, the struc-
ture will fail to satisfy the required performance. This can be defined as a performance
function or a limit state function, and the final or serviceability limit state can be dis-
tinguished according to the limit state. In general, the limit state is composed of the
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relationship between the resistivity of the system and the applied load, which can be ex-
pressed as Equation (2). The limit state function represents the boundary between the fault
area and the safe area, called the failure surface, and the probability of failure represents
the probability when the limit state function is less than 0, i.e., when the load is greater
than the resistance.

G(X) = R(X)− S(X) (2)

The structure deteriorates over time and the material strength changes accordingly;
therefore, the probability distribution depends on time and must be evaluated. Time
dependence may result from a decrease in structural capacity or failure resulting from the
occurrence of loads above the structural strength or loading capacity. This time-related
structural reliability analysis is called time-dependent reliability analysis. In other words,
the reliability index of the structure will fluctuate over time, and whether the structure is
safe for the designed lifetime should be determined. Hence, a time-related term is added
to the limit state function G(X) and transformed into a limit state function G(X, t) in
Equation (3). If the load and resistance change over time, and the change in load over
time is higher than the resistance or strength of the structure over time, i.e., G(X, t) < 0,
structure failure will occur. In general, in time-dependent reliability, corrosion and fatigue
progress primarily because they change over time.

G(X, t) = R(X, t)− S(X, t) (3)

2.1. Structural Reliability Analysis Procedure

Figure 1 shows the process of the time-dependent structural reliability analysis. The
entire procedure consists of the following three steps:

Step 1 FEM modeling and analysis,
Step 2 Limit state function generation using RSM,
Step 3 Time-dependent reliability analysis with corrosion.

The description of each step is as follows. Step 1 is the process of manufacturing a
pressure tank for reliability analysis in a FEM model for structural analysis. FEM modeling
was conducted using the commercial program Abaqus CAE 6.14 using the given design
variables, and the repeated structural analysis in the plate-stiffened prismatic pressure
vessel was conducted by modifying the full model to save computing time by requiring
repeated structural analysis in structural reliability analysis. It was divided into a strip
model and used for the production of FEM modeling.

Step 2 is the process of obtaining the limit state function of the structural reliability
analysis structure plate-stiffened prismatic pressure vessel using RSM. Since plate-stiffened
prismatic pressure vessel is a complex structure, limit state function for structural reliability
analysis is difficult to obtain analytically, and limit state function was fabricated by using
a surrogate model. Using the RSM, which expresses the strength response of the target
system for a given load as a formula, the structure response was obtained through iterative
structural analysis. Based on this, the structure limit state function was constructed.

The final Step 3 is the process of performing time-dependent reliability analysis
with corrosion. This is a process to find the reliability index of plate-stiffened prismatic
pressure vessel using the FEM model and limit state function produced in Step 1 and Step
2. The structure reliability analysis over time was conducted to observe the changes in the
reliability index values over time. Corrosion was reflected for the thickness of the plate used
for the design and fabrication of the structure, and a time-dependent limit state function
was derived by reflecting the effect of corrosion on the FEM model, and structural reliability
analysis was conducted by utilizing it. To analyze the structural reliability, the previous
Step 1 and 2 are repeated, and the process proceeds until the values of the reliability index
of the entire structure converge. In the model, the effects of corrosion are continuously
updated, and the updated limit state function production and structural reliability analysis
are repeatedly performed.
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2.2. Limit State Function Generation Using RSM

For simple structures, the limit state function can be easily expressed as a function
of design variables. However, complex shapes such as those of plate-stiffened prismatic
pressure vessels are difficult to express mathematically. The RSM is a technique of ap-
proximating several variables using a small number of result values, which is primarily
used to obtain the limit state functions in complex structures in reliability analysis. In this
study, a response surface was obtained using a second-order polynomial approximate form
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without a coupling term, as shown in Equation (4), through which a limit state function
was designed, as shown in Equation (5).

S(X, t) = b0 +
n

∑
i=1

bixi(X, t) +
n

∑
i=1

biixi(X, t)2 (4)

G(X, t) = σyield − S(X, t) (5)

In the case of RSM using the second-order polynomial approximate form without a
coupling term, the limit state function can be obtained through a 2N + 1 analysis when N
variables exist. The recommended sampling point is that which is separated by ±kσ for
each variable around the center point. In general, σ represents the standard deviation of
the variables and k values between 1 and 3 are used according to experience; in this study, 3
was used. To obtain the probability of failure, the MCS was performed for the performance
function produced using the RSM, and 100/Pf times of iterations were performed in the
MCS to ensure accuracy.

In this study, structural reliability analysis was performed using the RSM. The stress
response of the target structure could be obtained using the RSM technique, and limit state
function was fabricated through this. The stress response was obtained using Equation (5).
There is a total of N random variables in the equation, and coefficients of 2N + 1 such as
b0, b1, · · · bn, b11, · · · bnn can be obtained through regression. If this is expressed in matrix
form, it can be expressed as the following Equations (6)–(8).

S(X) = Ab (6)

A = [1, x1, · · · xn, x11, · · · xnn] (7)

b = (b0, b1, · · · bn, b11, · · · bnn) (8)

By using the RSM, the structure shows the response of stress according to the change
of the design variable (Equation (9)).

xi = xi ± kσi (9)

Here, the stress value of the structure was derived through repeated execution using
the Abaqus python scripts. One response surface can be fabricated through repeated
structural analysis of 2N + 1 in total.

b =
(

AT A
)−1

ATS(X) (10)

The b vector can be obtained by using the Equation (10), and combined with the mate-
rial strength along with the A matrix, limit state function was produced as in Equation (5).
Using the derived limit state function, MCS was used for the number of repetitions of the
following equation, and the response surface also changed with time, so the reliability index
was obtained with the newly produced limit state function for each time Equation (11) [25].

niter =
100
Pf

(11)

2.3. Target Reliability
2.3.1. Concept of Reliability Index

In general, what we want to know through the structural reliability analysis is the
probability that the structure is destroyed over time, Pf . In other words, the concept of
the stability of the structure is probable and the values of β, reliability index are used to
represent it. Reliability index was proposed by Hasofer and Lind [3] and represents the
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distance from the origin in the standard normal space to the linearly limited limit state
surface, and is used in FORM, etc.

niter =
100
Pf

(12)

Pf can be obtained using simulation methods such as MCS, and β can be obtained
through analytic methods such as FORM. The two values can be compared using the
standard cumulative normal distribution function (Equation (12)).

2.3.2. Target Reliability Index

In designing a structure, reliability analysis is required to design a reliable structure,
and for this, a reference or target value is required. Target reliability index βt represents
the reliability level that is required to satisfy the level of safety and serviceability, and
these values are suggested by various standards and regulations. According to Lee et al.
(2016) [25], it must satisfy the probability of failure of 4 × 10−4 (per year) by the American
Petroleum Institute (API), 10−5 in the case of great risk to life by the Canadian Standards
Association, 10−5 in serious consequences by DNV GL. When the structure is expressed as
a reliability index, it should be designed to reflect a value greater than β = 4.26.

The plate-stiffened prismatic pressure vessel, which undergoes structural reliability
analysis, has a lifetime of 20 years or more and is expensive, so there is no redundant
structure. Plate-stiffened prismatic pressure vessel can be used in various fields and can
store various substances, so the consequences are different for each case. In this study, a
target reliability index was set to satisfy β = 4.26, because the target system is an LNG fuel
tank used in an LNG-fueled ship.

2.4. Corrosion Models

Marine environments can be extremely corrosive to mild and low-alloy steel. From
the economic perspective, steel is the preferred material for many engineering structures.
Statistics on ship hulls indicate that more than 90% of ship failures are related to corro-
sion [20–22]. Marine infrastructures, such as marine structures and ships, have protective
coatings or cathodic protections to prevent; nevertheless, they become corrosive [19] and
hence destruction can occur without any warning [26]. Therefore, it is important to predict
the numbers of corrosive buildings and buildings likely to corrode [23].

In most time-dependent reliability analysis, the effect of corrosion is expressed as an
uncertainty. Many studies have been performed regarding building corrosions. The latter
can be categorized into two types: (i) general corrosion, which results in the thickness loss
of the overall material in plates and structural members, and (ii) pitting corrosion, which
results in partial thickness changes in storage containers [23]. In this study, structural
reliability analysis was conducted by applying a strip model with general and pitting
corrosion models that can affect the overall structure.

Several empirical models have been proposed for general and pitting corrosion. In
this study, the corrosion model proposed by Melchers [19,23,27,28] was used, and the
parameters in Figure 2 and Table 1 were used to focus on long-term corrosion.

Table 1. Melchers general and pitting corrosion model parameters [19,23,27,28].

Model Parameter Unit General Corrosion Pitting Corrosion

t1 y 0.73 0.73
r0 mm/y 0.076 exp(0.054T) 0.076 exp(0.054T)
ca mm 0.32 exp(−0.038T) 0.99 exp(−0.052T)
ta y 6.61 exp(−0.088T) 6.61 exp(−0.088T)
tb y ta + 1 ta + 1
ra mm/y 0.066 exp(0.061T) 0.596 exp(0.0526T)
cs mm 0.0141 − 0.00133T 0.641 exp(0.0613T)
rs mm/y 0.039 exp(0.0254T) 0.353 exp(−0.0436T)
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Figure 2. General and pitting corrosion model curves.

In this study, Abaqus CAE 6.14 was used as a commercial FEM tool for structural
analysis, and a MATLAB program was used for reliability analysis. To perform an iterative
analysis and derive results, a program was developed using a modeling and analysis tool
using Python.

3. Structural Reliability Analysis for Prismatic Pressure Vessel

In this section, we describe the application of the structural reliability procedure
presented in Section 2 to plate-stiffened prismatic pressure vessels. For the plate-stiffened
prismatic pressure vessel, a description of the entire system was presented, and how the
corrosion was modeled in the FEM model and DOP was applied. Moreover, definitions
and probability distributions of random variables which were used to apply structural
reliability analysis were listed.

3.1. System Description of Plate-Stiffened Prismatic Pressure Vessel

A prismatic pressure vessel is a new-shape pressure vessel that increases the volume
efficiency to reduce dead space, which is a disadvantage of cylindrical or spherical pressure
vessels. As shown in Figure 3, the outside is rectangular, whereas the inside exhibits a
repeating lattice structure. It is designed such that tension is applied to the lattice structure
owing to internal pressure. Various types of prismatic pressure vessels exist depending on
the repeated load carrying structure. Ahn et al. (2017) [29] proposed a prismatic pressure
vessel in the form of an X-beam; Choi et al. (2018, 2020) [30,31] proposed a plate-stiffened
prismatic pressure vessel using a plate.

In this study, plate-stiffened prismatic pressure vessels were investigated, and the
load carrying structure of the pressure vessels was a vertical plate and a parallel plate.
A stiffener was installed on the outer shell to disperse the internal pressure. The target
pressure vessel was the fuel tank of the AFRAMAX LNG tanker used as an example in
Choi et al. (2020) [31], and the fuel tank measured L = 15 m, B = 33 m, H = 9 m, and the
design pressure was 6 barg to load the fuel when calculating the amount of LNG fuel.
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3.2. Finite Element Modeling

As shown in Figure 4, the plate-stiffened pressure vessel possesses a structure in which
the internal lattice structure is repeated. A repeated structure carried out the reliability
analysis by making a strip analysis model. Structural reliability analysis was performed
based on the RSM of the second-order polynomial approximate form without a coupling
term.
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The prismatic pressure vessel is generally made of 9% nickel steel (the properties
are shown in Table 2), and it has been reported that corrosion does not occur in the latter
because it is stored at low temperatures. However, according to Ming et al. (2018) [32],
general corrosion or pitting corrosion may occur owing to external environmental factors.
Therefore, in time-dependent reliability analysis, corrosion is analyzed in the outer shell,
and it is assumed that general corrosion occurs in the entire outer shell and pitting corrosion
occurs in some areas.
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Table 2. Design variables for time-dependent structural reliability analysis.

Variable Mean Value Unit COV Probability Distribution

tv 45 mm 0.01 Normal
tp 45 mm 0.01 Normal

tab_s 30 mm 0.01 Normal
tbc_s 30 mm 0.01 Normal
tac_s 30 mm 0.01 Normal
ts_gc 45 mm 0.01 Normal
ts_pc 45 mm 0.01 Normal

pi 0.6 MPa 0.15 Lognormal
E 185,000 MPa 0.1 Normal
σa 230 MPa 0.01 Lognormal
ν 0.3 Deterministic

For the pitting corrosion, the DOP expressed as Equation (13) is important [11]. To
investigate the effects of these values, an analysis was performed by changing the DOP
by 10% for each analysis model. To indicate the DOP, the outer shell was divided by
the corrosion size, and the presence or absence of pitting corrosion on each element was
divided as shown in Figure 5.

DOP =
element numbers of pitting

total element numbers
(13)Mathematics 2021, 9, x FOR PEER REVIEW 10 of 20 
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The FEM analysis was designed based on a three-dimensional shell and performed
using Abaqus CAE 6.14, a commercial program. The mesh used S8R, an eight-node
shell element for structural analysis. The basic mesh size was set to 50 mm based on the
DNVGL Guidelines for Finite Element Analysis: “a minimum of three elements between
the elementary lengths and a minimum of three longitudinal elements” [33]. Boundary
conditions for the analysis were X-axis symmetry conditions on the left and right sides of
the strip model, and displacement = 0 in the X, Y, and Z-axis directions for the center node
of the lower shell, displacement = 0 in the Z-axis directions for other nodes in the lower
shell.

To reflect the effect of corrosion over time in modeling, the outer shell thickness was
changed. The outer shell was divided into areas where general corrosion and pitting
corrosion occurred, and each area was subtracted from the initial design thickness by
the corrosion depth according to the change in time. In this study, the corrosion depth
was calculated by applying temperature, T = 15 ◦C to the Melchers’ general and pitting
corrosion model described in Section 2.

3.3. Analysis Conditions

Based on the design variables shown in Table 2, a structural reliability analysis was
performed according to the number of years of use in normal operation conditions. Based
on the design variables, we analyzed the effect of each variable on the reliability index by
changing the number of years of use and DOP. To determine the effect of corrosion on the
structural reliability, the effects of general corrosion and pitting corrosion were analyzed
separately.

First, to determine the effect of general corrosion, an analysis was performed while
varying the lifetime to 0, 5, 10, 15, and 20 when the DOP without pitting corrosion was 0%.
Based on the final lifetime of 20 y, the reliability index was obtained for the number of years
of use: 0, 5, 10, 15, and 20. Next, to compare between when general corrosion and pitting
corrosion occurred, the DOP was assumed to be 10%, and changes in reliability index
values according to the number of years of use were examined. The values were compared
with when only general corrosion was applied while varying the number of years of use
from 0 to 20 y. Subsequently, to determine the effect of DOP on the reliability index of the
entire structure, the change in the reliability index according to the DOP was examined
while varying the DOP from 0 to 10%. The corrosion size was set to 250 mm × 250 mm, and
the reliability index after 20 y was compared with the initial reliability index. Because the
pitting corrosion occurring on the structure was randomly distributed in the FEM modeling,
the structural reliability analysis was repeated 100 times to reflect the uncertainty according
to the distribution.

4. Results and Discussion

In this section, we proceed to the structural reliability analysis with respect to the plate-
stiffened prismatic pressure vessel based on the structural reliability procedure presented
in Section 2. As mentioned above, after repeating Steps 1, 2, and 3, it was confirmed
whether the structural reliability analysis result of the limit state function manufactured
through RSM came within the target reliability, and using the general and pitting corrosion
models, the change of analysis results according to the change of time were also examined.
Responses to general and pitting corrosion and the effects of DOP and temperature changes
were also analyzed. Finally, through this, guidelines for application to design and analysis
were presented.

4.1. Structural Reliability Results

Figure 6 shows the results of FEM analysis. After fabricating and analyzing the strip
model for the plate-stiffened prismatic pressure vessel, it was confirmed that the stress
value was 167.5 MPa, which was an extremely low value compared with the allowable
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strength of the material, i.e., 230 MPa. Based on the results of structural analysis, it can be
concluded that prismatic pressure vessels are safe.
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Next, the structural reliability was analyzed. According to DNV CN 30.6 (1992) [2], for
structures that do not have redundant structures but have serious consequences, Pf = 10−5

and β = 4.26 must be satisfied. When structural reliability analysis was performed on the
structure before applying corrosion, it was discovered that the criteria were satisfied. The
results of structural reliability were also confirmed to be safe.

In the structure analysis, the analysis value was lower than the allowable strength,
which was the reference value; furthermore, the structure was assumed to be extremely
safe. Although both of the design criteria were satisfied, it was discovered that the safety
margin was small in the structural reliability analysis using the reliability index compared
with the structural analysis using the allowable strength.

4.2. Effects of General/Pitting Corrosion

Before applying the corrosion effect, the reliability of the basic structure was as follows.
The reliability index value was 4.309, and the target reliability index value was higher than
4.26. To confirm the change in the reliability index over time, an analysis was performed
when general/pitting corrosion occurred on the outer shell for 5, 10, 15, and 20 y.

When general corrosion occurred on the outer shell, the resulting graph according to
the change over time is as shown in Figure 7; it was confirmed that the following values
representing general corrosion were applicable for 5, 10, 15, and 20 y. After 5 y, the reliability
index value was 4.261, which was almost the same as the initial target reliability index.
As the lifetime increased, the effect of corrosion gradually increased, and the reliability
index declined to 4.189 after 20 y. The corrosion depth at 5 and 20 y was 0.41 and 1.26 mm,
respectively. After 20 y., it was confirmed that a corrosion thickness of 0.8 mm or more was
required to satisfy the target reliability index.
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Figure 7. Results of structural reliability analysis with general corrosion.

Next, the effects of pitting corrosion were compared. Pitting corrosion resembling
general corrosion, which occurred on the outer shell, is depicted in Figure 8a. In pitting
corrosion, because the elements of the outer shell were randomly selected according to
the determined DOP, it was confirmed that the value changed each time an element was
selected and analyzed. Accordingly, the uncertainty of the reliability index existed, and
the tendency of the reliability index was verified through repeated executions, i.e., 100
times for each number of years of use; consequently, it was confirmed that the reliability
index exhibited a normal distribution, as shown in Figure 8b. Verifying the overall trend
according to the time constant, it was discovered that similar to general corrosion, the
reliability index decreased with time.
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The area of pitting corrosion was smaller compared with when only general corrosion
was applied; however, it was confirmed that the change in reliability index was greater
when pitting corrosion was applied. Because the area of pitting corrosion was randomly
distributed, the reliability index exhibited a normal distribution and uncertainty occurred,
unlike when general corrosion was applied. This confirmed that the stress distribution and
maximum stress were greater than those in other areas when the area of pitting corrosion
was large in the vicinity of the stiffener. Because the corrosion depth was modeled linearly
as a corrosion model shifted to long-term corrosion, the reliability index was confirmed to
decrease linearly although uncertainty existed.

4.3. Effects of DOP

Next, we analyzed the effect of changes in the reliability index of the structure accord-
ing to the change in the DOP. The DOP was changed at 2% intervals from 0 to 10%, and
the reliability index changes according to the DOP are shown in Figure 9. The reliability
of the initial structure and the effect of pitting corrosion owing to DOP change after 20 y
were compared. Until 2% in DOP change, the reliability index change was not affected
significantly. At 4% DOP change, the reliability index value when pitting corrosion was
applied was within or outside the standard deviation compared with that of general cor-
rosion, and it was within the error range. As the DOP increased by 4%, the value of the
reliability index decreased as the value of the DOP increased. Hence, it was confirmed that
when the DOP due to the corrosion depth occurred owing to the actual pitting corrosion,
the reliability of the structure was affected.
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4.4. Effects of Temperature

In the case of corrosion, corrosion depth changes with temperature. In this study,
corrosion is reflected in the analysis using the general and pitting corrosion model of
Melchers as shown in Table 1. Looking at the equations in Table 1, it can be seen that the
corrosion model parameter value changes depending on the temperature T. To see the
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effect on the temperature, we examined the change in the corrosion depth at low and high
temperatures based on T = 15 ◦C.

According to the Melchers model, in the case of general corrosion, the higher the
temperature, the deeper the corrosion depth. At 15 ◦C, corrosion showed a linear change
in thickness in the long-term region for 5, 10, 15, and 20 y of service time to be compared.
However, as the temperature increases, the corrosion graph shows that the graph moves to
the left as a whole, as shown in Figure 10a. The occurrence of deeper corrosion depth could
be confirmed even after a little time. On the contrary, when the temperature was lowered,
the graph moved to the right, confirming that the overall corrosion depth was reduced.
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That is, it was found that the corrosion depth becomes deeper when the use increases
in a high temperature place, and the depth decreases when the temperature decreases.
In addition, it was found that the time to enter the long-term region was delayed at a
low temperature, so that it had a constant rate at 15 ◦C, but a change in rate occurred at
a low temperature. Through analysis of this model, the general corrosion is affected by
temperature, and the reliability index is also expected to be affected due to the change in
the corrosion depth, resulting in a change in shell thickness that is finally applied.

Second, the effect of pitting corrosion was examined. In the case of pitting corrosion,
as shown in Figure 10b, it was confirmed that the long-term corrosion development time
showed the same tendency as that of general corrosion. However, after the long-term
corrosion, the corrosion rate decreases when the temperature increases, compared to when
it is low, and there is a possibility of reversing the final corrosion depth in some sections. It
was confirmed that this reversal occurred at 15 ◦C based on 20 y. Through this, it can be
seen that the pitting corrosion also shows a different pattern from the general corrosion
when the final corrosion depth is affected by temperature.

4.5. Guideline for Design and Analysis

In Sections 3 and 4, structural reliability analysis is conducted over time. The structure
must satisfy a lifetime of 20 y or more, and for this, it is necessary to obtain a final design
through changes in design variables in order to satisfy the target reliability index. As such,
in order to reflect the reliability part in the design and analysis of the structure, a guideline
is needed on how to reflect and analyze the reliability and how it is applied in the final
design.

The methodology used in this analysis is a time-dependent structural reliability
technique that reflects general and pitting corrosion. As time passes, the corrosion depth
changes, and pitting corrosion is randomly generated as shown in Figure 5 and used as
an analysis model. Therefore, there is uncertainty that can be expressed as a probability
distribution in the reliability index. To reflect this uncertainty, the section on how to
determine the confidence interval should be mentioned first.

In the case of the reliability index, as shown in Figure 8b, it was found that a certain
probability distribution was followed. Through this, the result graph as Figure 11a can be
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obtained through the mean and standard deviation values of the reliability index. In this
study, due to the random seeding of pitting corrosion, it is necessary to analyze whether
the reliability index has reached the target value. The concept of the confidence interval is
necessary for this interpretation.
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As shown in Figure 11b, the confidence interval determines how much the standard
deviation from the mean has a range of values. When set to a high confidence interval, a
more conservative result is obtained, and the value of the low reliability index is predicted.
Accordingly, a faster inspection or a slightly thicker corrosion allowance is required. Con-
versely, when a low confidence interval is selected, it requires a slow inspection time and
thin corrosion allowance compared to the mean value. In this way, in the reflection of the
reliability index, how to finally reflect it in the design, the value of the reliability index
must follow the probability distribution and the confidence interval should be set first.

There are two strategies to reflect in the design. Depending on the presence/absence
of inspection on the target system during lifetime, there is no inspection in the first place,
and if corrosion allowance is given, in the second case, inspection is given.

First, when the corrosion allowance is given, a thickness margin due to corrosion
is predicted in advance during a predicted lifetime by giving a certain margin to the
thickness when manufacturing the target system. Reliability index is changed according
to the thickness change of the target system. If the thickness loss is reflected in advance,
the overall result graph will be shifted in the y-axis direction as shown in Figure 12a. In
this case, because the thickness is thick, additional costs may occur due to the increased
thickness, and the cost is initially high, so when considering the lifetime cost, the CAPEX
part should be considered.

The second case is inspection. The reliability index is lowered due to corrosion during
lifetime, and when it reaches the target reliability index limit (or setting the service limit)
as shown in Figure 12b, repair is performed to increase the reliability index in the y-axis
direction. In this case, it is necessary to predict the inspection time based on reliability, so
that the value of the reliability index always exists above the desired reliability standard.
Unlike the first case, the CAPEX can be lowered because the design can be satisfied by
using a design with a small thickness. Considering OPEX and CAPEX at the same time, it
should be considered as LCC.
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5. Conclusions

A novel plate-stiffened prismatic pressure vessel was developed in this study; it is a
pressure vessel with a rectangular cross-section and has a structure in which the internal
load-bearing structure is repeated. In conventional pressure vessels, design is performed
using empirical safety factors. For the novel plate-stiffened prismatic pressure vessel,
a method for evaluating reliability is required because it lacked the rules for obtaining
reliability or manufacturing experience. In this study, the structural reliability of the plate-
stiffened prismatic pressure vessel over time was investigated. The structural reliability
of the time-stiffened plate prismatic pressure vessel was investigated, in which the RSM
based on the time-dependent structural reliability method was utilized.

When corrosion occurred on the outer shell of the plate-stiffened prismatic pressure
vessel, which was the target structure, and the corrosion depth increased over time, the
thickness of the outer shell changed. The repeated structure was modeled as a strip,
and structural reliability analysis was performed to identify the changes in the reliability
index when general corrosion and pitting corrosion occurred in the outer shell. Structural
reliability analysis was conducted using a total ten of random variables, and a performance
function of a plate-stiffened prismatic pressure vessel was fabricated using the RSM.

A random distribution was imposed on the pitting corrosion on the outer shell, and
the reliability index according to the change in the DOP and time was analyzed. Since
the locations where pitting corrosion occurs are randomly distributed, each performance
function was obtained through 100 repetitive trials, and the uncertainty was confirmed by
obtaining the distribution of the reliability index.

First, we examined how the reliability index of the initial structure changes over time
when only general corrosion acts. The change over time in 5, 10, 15, and 20 y was examined.
As the time changed, the thickness of the outer shell changed, and the reliability index
decreased almost linearly. When only general corrosion acted, it was confirmed that the
target reliability index, which is the standard even after 5 y, was satisfied.

Second, when only general corrosion acted and pitting corrosion acted as general cor-
rosion, comparative analysis was performed. Pitting corrosion had a random distribution,
and it was compared with the case where only general corrosion acts using the average and
standard deviation. As a result, it was confirmed that the average of the reliability index
has a smaller value when pitting corrosion acts simultaneously than when only general
corrosion acts as a whole. In particular, when pitting corrosion occurred, the reliability
index changed according to the occurrence location and exhibited a normal distribution.
However, because corrosion occurred partially in the region of approximately 10%, the
reliability index did not differ significantly even when the corrosion depth differed by
approximately four times.
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Finally, the effect of pitting corrosion according to the change of DOP was analyzed
by changing the DOP at 0–10%, 2% intervals. As a result, until there was 2% DOP, there
was little difference compared to the case where only general corrosion acted, and it was
confirmed that there was an effect of DOP from when more than 4% DOP occurred. When
the pitting corrosion was applied for 20 y, no dramatic difference was seen. However,
when the reliability was set at 98%, the minimum reliability index was very low, so it was
confirmed that pitting corrosion should be considered very important.

In this study, a method for structural reliability analysis according to the change of
time applying general and pitting corrosion was proposed, and it is confirmed that the
proposed method is applicable to novel structure plate-stiffened prismatic pressure vessels.
Furthermore, through the analysis of the effect of each corrosion action, change of time,
and DOP, variables that may affect the reliability index were identified. Based on this study,
it was judged that time-dependent structural reliability analysis could be applied to novel
structures.
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Nomenclature

Pf Probability of failure
Z Values of the standard normal distribution
R Reliability
R(X, t) Resistance function, (X = random variables, t = time)
S(X, t) Strength function, (X = random variables, t = time)
G(X, t) Limit state function, (X = random variables, t = time)
RS(X, t) Response surface function, (X = random variables, t = time)
b Coefficient vector of response surface
bi Coefficients of response surface (i = 0, 1 . . . n, 11 . . . nn)
A Coefficient matrix of design variables
xi Mean of design variables
σ Standard deviation of variables
Φ Standard cumulative normal distribution function
βt Reliability index
d(t) Corrosion thickness
niter Number of iterations
Barg Unit of gauge pressure
k Position ratio of the point away from the mean
N Number of random variables
t1 Model parameter 1 for general and pitting corrosion
r0 Model parameter 2 for general and pitting corrosion
ca Model parameter 3 for general and pitting corrosion
ta Model parameter 4 for general and pitting corrosion
tb Model parameter 5 for general and pitting corrosion
ra Model parameter 6 for general and pitting corrosion
cs Model parameter 7 for general and pitting corrosion
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rs Model parameter 8 for general and pitting corrosion
L Length of the plate-stiffened prismatic pressure vessel
B Breadth of the plate-stiffened prismatic pressure vessel
H Height of the plate-stiffened prismatic pressure vessel
T Temperature
tv Vertical plate thickness
tp Parallel plate thickness
tab_s ab-stiffener thickness
tbc_s bc-stiffener thickness
tac_s ac-stiffener thickness
ts_gc Shell thickness (general corrosion)
ts_pc Shell thickness (pitting corrosion)
pi Internal pressure
E Young’s modulus of material
σa Allowable stress of material
ν Poisson’s ratio of material
DOP Degree of pit
FORM First order reliability method
SORM Second order reliability method
MCS Monte Carlo simulation
RSM Response surface method
FPSO Floating production storage and offloading
API American Petroleum Institute
FEM Finite element method
LNG Liquefied natural gas
LCC Life cycle cost
CAPEX CAPital EXpenditures
OPEX OPerating EXpenditures
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