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ABSTRACT In view of the varying characteristics of material properties, environmental conditions, and
loading effects randomly with long time, the random and temporal characters of different variables should
take into account when the structural reliability analysis methods are adopted to estimate the reliability of
ship structures. Therefore, a time-variant reliability analysis method combined the out-crossing approach
and the first-order reliability method is proposed. In this paper, the research is conducted on the time-variant
feature of ship structures under the corrosive action according to the environmental testing data. Furthermore,
the limit state function is derived based on the time-variant feature analysis results in which the strength
and stress of ship structures are both regarded as variables with respect to time. Then, the time-dependent
reliability model of ship structures is established based on this combined method, and the solving process of
parameters in this model is illustrated. Finally, a case of a ship grillage structure under marine environment is
given to prove that the proposed method has a good application in evaluating the reliability of ship structures.
The comparison analysis using different methods is also conducted to study the accuracy and efficiency of
this method.

INDEX TERMS Loading and environmental effects, ship structures, time-variant reliability analysis,
out-crossing rate, FORM.

NOMENCLATURE a (t)  Unit Normal Vector of the Limit-state Surface
LIST OF ACRONYMS u Standard Normal Space

FORM  First-Order Reliability Method 0 Normal Probability Density Function

FOSM  First-Order Second moment Method o Normal Cumulative Distribution Function

SORM  Second-Order Reliability Method 8 Thickness of I-shaped Section (mm)

RSM Response Surface Method B Width of the Upper and Lower Edge Strip of

PDF Probability Density Function I-shaped Section (mm)

CDF Cumulative Distribution Function H ‘Web Height of I-shaped Section (mm)

SSC Ship Structure Committee b Web Breadth of I-shaped Section (mm)

IACS International Association of Classification Mg Maximum Still Water Bending Moment (KN')

Societies M,,  Maximum Wave Bending Moment (KN)
FoS Factor of Safety M, Combined Bending Moment (KN)
Ly Ship Length (m)
By Ship Molded Breadth (i)

LIST OF SYMBOLS Cp Block Coefficient

G (t,X) Time-dependent Limit State Function Cy Wave Coefficient

Py i Instantaneous Failure Probability O Error Estimation Factor

Py . Cumulative Failure Probability Ow Load Reduction Factor

vt (1) Out-crossing Rate P Strength of Ship Structures (MPa)

B Reliability Index Py Initial Strength of Ship Structures (MPa)
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p(t) Time Variability of P (¢)

S Stress of Ship Structures (MPa)

w Section Modulus of Ship Structures (mm?)

Wo Initial Section Modulus of Ship Structures (mm?)
w(t) Time Variability of W (¢)

u expectation of random variables

o standard deviation of random variables

I. INTRODUCTION

During the service life of ship structures, loading and natural
environment effects, geometry size and material properties
are not only random and heterogeneous but also time-variant.
For instance, material properties may decay over time and
can be presented as the degradation mechanisms. On the
other hand, the loading and environmental effects may vary
randomly over time and can be described as the stochastic
process. Therefore, for more accurate reliability assessment
of ship structures, the randomness and time-dependent char-
acteristic of material properties, environmental and loading
effects should be taken into account.

Affected by the complex loading conditions and the ocean
environment during the life cycle, ship structures are vul-
nerable to corrosion damage. As a result, the thickness
of ship structures will be reduced with time, which leads
to the decrease of effective section modulus. Furthermore,
the bending strength of the materials will also be reduced over
time, which results in the flexural failure of ship structures.
All of these factors will cause the significant reduction of
the reliability of ship structures over time. Consequently,
the section modulus and bending strength of ship struc-
tures shall be regarded as the random variables, while the
time-variant reliability method should be adopted for this
analysis.

In the traditional design of ship structures, safety fac-
tor method [1] that is a term to describe the structural
capacity of a system beyond the expected load or actual
load has been mainly adopted for reliability evaluation,
which, however, cannot actually reflect the practical reli-
ability and the results are too conservative. What’s more,
several analytical algorithms, such as the first-order reliability
method (FORM) [2], the first-order second moment
method (FOSM) [3], the second-order reliability method
(SORM) [4], the maximum entropy method [5] and the
response surface method (RSM) [6] have been utilized to
analyze the reliability of structural systems. Collectively
known as first-order reliability methods based on the explicit
definition of performance functions or limit state functions,
these methods are commonly used to calculate the failure
probability of structural systems [7]-[12]. Among them,
FORM is utilized to calculate the reliability via adopt-
ing the first-order Taylor series approximation of a per-
formance function, where all probabilistic design variables
are transformed into the independent and standard normal
distributions [2]-[3]. However, the temporal elements are not
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fully taken into consideration in those traditional methods,
which means that the strength and stress of ship structures
might be time-invariant.

Focusing on the time-variant reliability problems, the out-
crossing approach has been widely utilized and improved
over these years. According to this theory, the probabil-
ity of failure is related to the out-crossings’ mean num-
ber of the random process through the limit surface and
the key of this approach is to calculate the out-crossing
rate [13]. There are several methods for the calculation of
out-crossing rate: analytical method with Rice’s formula,
asymptotic method [14], and an alternative approach based
on system reliability. The system reliability theory, intro-
duced by Hagen and Tvedt [15], suggests a parallel system
reliability formulation for computing the out-crossing rate.
Andrieu-Renaud et al. [16] performed the time-variant relia-
bility analysis with the PHI2 method which enables the clas-
sical time-independent reliability methods, such as FORM
and SORM, to solve the time-dependent problems. However,
the disadvantages of PHI2 are that only a limited upper
bound of the system reliability is provided and computational
error could occur because of the nonlinearity of limit states.
Sudret et al. [17], [18] developed a new formula based on
the original PHI2 method to stabilize the step size effect
in the calculation of time-variant reliability. However, the
accuracy of this method largely depends on the selection of
time interval. In order to facilitate this choice, Mejri et al. [19]
came up with a modified PHI2 method, which is applied
in this paper. In addition, many other scholars have also
devoted themselves to the time-varying problems in different
structures and systems by using other methods, such as
SVD-based approach [20] and wavelet methods [21], [22].
Moreover, Hawchar et al. [23], [24] put forward the
polynomial chaos expansion method to approximate the
time-dependent limit state function of the system with a
polynomial surrogate model. However, the Monte-Carlo sim-
ulation is also needed to carry out, which may increase
the computational cost. Hu and Mahadevan [25] pro-
posed a single-loop Kriging surrogate modeling approach
for time-variant reliability analysis and significantly
increased the analysis efficiency without sacrificing the
accuracy.

This paper reviews the main points of time-varying relia-
bility methods and provides a way to combine it with FORM
and evaluates the reliability of ship structures based on time-
variant feature analysis. The basic time-variant reliability
concepts are illustrated and the calculation approach of out-
crossing rate combined with FORM is derived in section II.
In section III, the time-variant reliability analysis on ship
structures is elaborated including the analysis of randomness
and time-dependent characteristic, the establishment of the
limit state function and the determination process of param-
eters. In section IV, a case study of ship grillage structure is
provided to demonstrate the feasibility and possibility of this
method for ship structures.
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Il. TIME-VARIANT RELIABILITY METHOD
A. TIME-VARIANT RELIABILITY MODEL
The reliability method for structural components is deemed to
be random and time-variant. Provided that X (x, x2, ..., X,)
denotes a set of random variables utilized in solving the
mechanical problems, including the uncertainties of load
effects, material properties, geometry dimension and bound-
ary conditions, the time-dependent limit state function
G (t, X) divides the space of outcomes into two domains:
the space where G (¢, X) > 0 is the safe domain; the space
where G (¢, X) < 0 is the failure domain; the space where
G (t,X) = 0 is the boundary between this two domains,
called as the limit state surface.

The instantaneous failure probability Py ; at time T' can be
represented as:

Py i (T) = prob (G (T, X) =< 0) ey

The cumulative failure probability Py . of the structural
components within the interval [0, T'] can be obtained as:

Prc(0,T)=prob{3t €[0,T],G(t,X) <0} 2)

As a case for ship structures in this paper, this property is
to validate time-dependent reliability methodologies. In other
cases where the evolutions of the limit-state function cannot
be acquired in advance, an alternative approach has to be con-
sidered. The most commonly used approach is out-crossing
method that relies on the computation of the out-crossing
rate v (¢). The out-crossing rate v* (¢) is the probability
when a structure works normally under load at time ¢ and it
fails at time ¢ + At, which can be defined as [15]:

b(ANB
vt (t) = lim }M
At—0F At

where

A={G(, X)> 0}

B={G(t+ At,X) <0} ©)

Cumulative failure probability within time interval [0, T']

corresponds to either the failure at the initial instant t = 0 or

a later out-crossing of the limit-state surface if the structural

components are in the safe domain at t = 0. Classical argu-
ments [26] lead to the following bounds on Py . (0, T'):

T
max [Pri ()] < Ppc(0,T) < Pri(0)+ / v (@) dr.
<t< 0
)

Provided that the out-crossing event follows Poisson dis-
tribution, the cumulative failure probability can be expressed
as [19]:

T
Prc(0,T)~ 1 —exp [— / vP() dt]. 3)
0
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FIGURE 1. Evolution of the reliability problems during At with FORM
approximation.

B. CALCULATION OF THE OUT-CROSSING RATE
COMBINED WITH FORM
The out-crossing is crucial for the calculation of the cumula-
tive failure probability. The assessment of probability based
on (3) is regarded as a two-component parallel system anal-
ysis. With the FORM, the classical reliability variables such
as the reliability index § at time ¢ and ¢t + At (Fig.1) can be
obtained after two successive analyses, which are led by the
Abdo-Rackwits algorithm combined with a Newton-Raphson
line search. Traditional FORM analysis corresponds to the
limit-state surface approximating the hyper-plane « (¢) - u +
B (t) = 0. Therefore, a (¢) is the unit normal vector of the
limit-state surface at ¢, and u is the standard normal space.
Fig.1 shows the probability vt () At in FORM approxima-
tion in the space of standard normal space.

Through a reconsideration of (3), this method has been
improved in [19] by introducing the following equation:

fi (At) =prob ({G(t,X) > 0} N{G(t + A1, X) <0}) (6)

Since the two events in (6) are independent with each other
and, (3) can thus be rewritten into the new formulation of out-
crossing rate as:

o = im AN =) _ df (A
T A—0 At T dAt (A
BTN _ B (@) )
— o 0l]- o8 - (e

v =9 —x- P(=x), (N

[TANARL

where the notation is used to denote the derivative of
function with respect of time. What’s more, ¢ and ® represent
the normal probability density function (PDF) and cumulative
distribution function (CDF) respectively.

IIl. TIME-VARIANT RELIABILITY ANALYSIS FOR

SHIP STRUCTURES

A. TIME-VARIANT FEATURE ANALYSIS OF

SHIP STRUCTURES

There are many factors will impact the structural reliability
of ship structures, such as environmental and loading effects.
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What’s more, due to these factors, the strength and stress
of ship structures are time-dependent in a changing marine
environment. Therefore, time-variant feature analysis shall be
conducted on these factors before developing the limit state
function of ship structures.

1) ENVIRONMENTAL EFFECTS

Ship structures are in the marine environment for a long
time, which leads to a serious corrosion effect. The lead-
ing environmental effects causing the corrosion contain tem-
perature, humidity, salt-fog and their comprehensive effect.
What’s more, the corrosion effect such as the general cor-
rosion and pitting corrosion, will reduce the reliability level
of ship structures. In addition, the intergranular corrosion
and stress corrosion are also existed with the increase of
corrosion effect. In practical engineering applications, carbon
steel and aluminum alloy are two common hull structural
materials. However, in severe corrosive environment, carbon
steel mainly occurs general corrosion, while aluminum alloy
mainly occurs pitting corrosion and exfoliation corrosion.
Carbon steel is the main research material of this paper.

The influence of corrosion effect aggravates over time,
which results in the decrease of the thickness, width and web
height of the grillage structures, the reduction of effective
section modulus of ship structures, and the deterioration of
materials’ mechanical properties. In order to measure the
corrosion degree of ship structures, the corrosion depth of
structural component is used as a quantitative index of cor-
rosion. In this paper, the corrosion depth model of ship struc-
tures is adopted as follows: [27]

(1) = 8o A1), ®)

where, § (¢) refers to the thickness at time ¢ (unit: mm);
8o refers to the initial thickness (unit: mm); A (t) refers
to the time variability of § (#) and is an expression with
respect to time based on the thickness data of the accelerated
degradation test for ship structures.

2) LOADING EFFECTS

The working load features of ship structures are complicated,
such as still water load and wave load. In this paper, both still
water bending moment and wave bending moment are taken
into account. When a ship sails, there would be a flexural
failure of deck or bottom grillage structures owing to the
co-effect of still water load and wave load, which greatly
reduces the reliability of the ship. To better describe the
flexural failure of grillage structures, Fig. 2 depicts the load
conditions of a certain ship deck grillage structures. Fig. 2(a)
refers to the grillage structures bearing uniformly distributed
load, while Fig. 2(b) represents the deformation of the gril-
lage structures after loading.

For still water bending moment, the statistical analysis of
United States Ship Structure Committee (SSC) [28] assumes
that it could follow a normal distribution, and the maximum
bending moment of grillage structures can be calculated
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FIGURE 2. Load conditions of a certain ship deck grillage. (a) Before
loading. (b) Deformation after loading.

as [14]:

—0.065CWL§B0(CB +0.7), sagging

57 | CuL2Bo(0.1225 — 0.015Cy),  hogging,

where, Mg refers to the maximum still water bending
moment (unit: KN); Lo stands for the ship length (unit: m);
By indicates the molded breadth (unit: m); Cp means the block
coefficient and C,, represents the wave coefficient.

Compared with still water bending moment, wave bend-
ing moment is provided with greater variability and the
randomness of it mainly comes from the storm. According
to the research [10], wave load varies mainly with wave
length, wave height, ship size and the relative location of
ship and wave. At present, the empirical formula provided
by IACS-URS11 (International Association of Classification
Societies) is widely used [14]:

—0.11C,L3Bo(Cp + 0.7), sagging

= ) : (10)
0.19C,,LyBoCp, hogging,

w

where, M,, refers to the maximum wave bending moment
(unit: KN).

Combined bending moment is composed of still water
bending moment and wave bending moment. The relation-
ship between the peak value of combined bending moment
M, and the peak value of still water bending moment M and
wave moment M,, in T years is [13]:

M, = ;Mg + M,) = Ms + ¢,M,,, (11)
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where, ¢; stands for the error estimation factor of direct
addition M and M,,, and ¢,, stands for the load reduction
factor.

0.83M,, — 0.17M

Pw = M,

(12)

B. LIMIT STATE FUNCTION OF SHIP STRUCTURES
In order to calculate the parameters in (7), the limit state
function needs to be established. The limited state function of
ship structures consists of their own internal strength and the
stress caused by the external load as the two main variables.
The strength of ship structures P refers to the capability
of sustaining effectiveness, such as capability of damage and
deformation resistance. Besides, the strength of ship struc-
tures is decided by various factors, such as material proper-
ties, geometry shape, and environmental effects. The raw data
of ship structures strength, obtained from the experiment in
mechanics, are always discrete random variables and obey
to some specific distributions. Nevertheless, the strength of
ship structures will degenerate with the impact of environ-
mental effects, which is a time-variant variable. That is to say,
the strength P is a variable both random and time-dependent.
The strength P of ship structures can be defined as:

P(t) = Pop (1), (13)

where, Pg stands for the initial strength of ship structures,
and p (¢) stands for the time variability of P (¢) that is an
expression with respect to time based on the bending strength
data of the accelerated degradation test for ship structures.

The stress of ship structures S consists of both the inter-
nal stress and the environmental stress, which is influ-
enced by environmental load and geometry shape directly.
Furthermore, the stress of ship structures is determined by
the longitudinal bending moment and section modulus of ship
structures. Through the analysis, section modulus is a random
variable with degradation over time due to the section shape
changing with time. The stress S of ship structures can be
expressed as:

M .
S = W with

W (1) = Wow(t), (14)

where, W (¢) denotes the section modulus that is depend on
the section shape of ship structures; Wy refers to the initial
section modulus of ship structures; w (¢) refers to the time
variability of W (¢) and is an expression with respect to time
based on the thickness data of the accelerated degradation test
for ship structures.

Therefore, the limit state function of ship structures could
be derived as:

Gt,X)=P(@t)—S(). 15)

According to the randomness and time variability of the
strength and stress, the variable separation is done for (15):

G (1. X) = Pop(1) —

Wow®)' (16)
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In addition, from the FORM method, we can know:
wlG (1, X)]
B(t) = ———>
o [G(t, X)]
where, u [G (¢, X)] is the expectation of stochastic process
G (t,X),and o [G (¢, X)] is the standard deviation of G (¢, X).
Moreover, the unit normal vector « (¢) is as follows:
o [P(1)] o [S(1)]
a(t)y=|— , .
o [G(t,X)] o [G(t, X)]
By substituting (17) and (18) into (7), the final out-crossing
rate can be calculated.

7)

(18)

C. PARAMETERS DETERMINATION PROCESS
This method involves three consecutive steps and the
flowchart of this method is shown in Fig. 3.

Stepl: Reliability analysis on ship structures

Random variables
stochastic process

Material degradation
model

Reliability analysis
on ship structures

P, wy)-=

Equivalent
normalization

Time-dependent
expression

Mean and
standard deviation

!Step3: Out-crossing calculation l

[ Time-dependent limit

Unit normal vectors a(2)
state function G(2,X)

Reliability index B (1)

Cumulative probability . 4
failure P, Out-crossing rate v' ()

FIGURE 3. The flowchart depicting the general algorithm of this method.

1) RELIABILITY ANALYSIS ON SHIP STRUCTURES

With this step, the stochastic process of random variables
and the material degradation model of ship structures can be
determined, by combining with its own natural and working
environment.

2) DATA PROCESSING

For the random process, the distributions are established
respectively for Py and Wy. If some of them are not nor-
mal distributions, they should be equivalently normalized.
Besides, the mean value and standard deviation is confirmed.
For the time-variant variables, the time-dependent expres-
sions of p () and w (¢) are determined. If some of them are
time-invariant, the expression is supposed to be constant 1.
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3) OUT-CROSSING CALCULATION

Now that all the data have been collected, the time-dependent
limit state function can be established consequently. FORM is
utilized to figure out the unit normal vector & (¢) and the time-
variant reliability index S (¢). Out-crossing equations are uti-
lized to calculate the rate v* (¢) so as to get the cumulative
failure probability Py . and the reliability R of ship structures.

IV. CASE STUDY

A. CASE DESCRIPTIONS & DEGRADATION TEST

A typical bottom member of a medium ship is selected as
the analysis object, and the time-dependent reliability model
is built. A certain type medium ship is 103.2m x 10.8m x
3.19m; the deck structure is 50 x 5 grillage; and the I-shaped
section material is carbon steel with normal strength. The
major parameters of the ship grillage structure are listed in
Table 1 [29], [30].

B
: <
b
| y
H|--— R -
1z

FIGURE 4. Symmetric I-shaped section.

The I-shaped section of the grillage structure is shown
in Fig. 4, where B is the width of the upper and lower edge
strip; & is the thickness and §y is the initial thickness; H is the
web height; b is the web breadth. The thickness § (7) of the
I-shaped section is regarded as random variable with time.
The time-variant model of bending section modulus and the
expression of initial section modulus can be established as:

(B3 — b3)8(t) + Hb?

W) = . /(B/2)
B3 — b8y + Hb3
Wy = ¢ 1)20 A B2, (19)

Therefore, w(t) can be derived according to (14):
w(t) = W(t)/Wo = 8(1)/80 = A?). (20)

The stress of different nodes of the grillage structure can be
shown in Table 2 It can be seen that the bending moment of
hogging condition is larger, so the bending moments of hog-
ging condition are calculated, and the total bending moment
based on (11) is calculated as:

M =M, + My + @M,y = 1.017 x 10'N - mm. (21)
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TABLE 1. The major parameters of the 50 x 5 grillage structure.

Parameters Unit Value
L m 103.2
w m 10.8
a m 3.19
B mm 142
H mm 379
b mm 16.5
X mm 10.5
E MPa 235

TABLE 2. The calculation results of different bending moment under two
conditions.

Structure bending moment 2.95%10° 376x10°
Static bending moment 2.42%10° 3.12x10°
M, (N -mm)

Wave bending moment 4 11x10° 491x10°
M, (N-mm)

Loading reduction coefficient ¢, 0.73 0.67

Considering the characteristics of sea water corrosion,
the ship grillage structure is affected by corrosion action in
the marine environment and the mechanical properties of
carbon steel will change over time. In order to get the degra-
dation data of thickness and bending strength, five groups
of indoor immersion accelerated seawater corrosion tests in
different periods were designed and conducted. There were
three parallel samples in each group and the fifteen samples
were all 100mm x 50mm x Smm plate shape with the same
steel material. The test medium was a mixture of both 3.5%
natural seawater solution and 0.05mol/L, H,O, solution and
the constant temperature water baths were adopted to control
the corrosion medium temperature at 25°C. The thickness
of each sample was measured first and then the bending
strength was measured at each measuring time. The degra-
dation data of thickness and bending strength of test samples
are listed in Table 3, from which it can be demonstrated that
the thickness and bending strength decreases over time in a
certain way.

Through the regression analysis of the above data
in Table 3, it can be known that the degradation processes
of the thickness and the bending strength of this carbon steel
material both obey the power function regression. The fitting
outcomes of the regression analysis are separately described
and listed in Fig. 5 and Fig. 6, from which it can be demon-
strated that the fitting outcomes are reliable.

Furthermore, taking material performance, volume shape
and uncertain experiment data into account, the initial
strength Py of the grillage structure can be regarded as a
random variable obeying to the normal distribution, and both
the mean value and the standard deviation are determined by
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TABLE 3. The degradation data of thickness and bending strength of test samples.

Test time (day) Test sample number Thickness (mm)

Mean value (mm) Bending strength (MPa) Mean value (MPa)

1 4.953 816.089
7 2 4912 4.921 844.121 831.33
3 4.897 833.777
4 4.855 834.281
14 5 4.814 4.797 820.392 828.25
6 4.722 830.068
7 4.676 845.054
28 8 4.571 4.597 799.177 826.29
9 4.543 834.629
10 4.547 828.928
56 11 4.469 4.484 800.655 813.43
12 4.435 810.708
13 4.421 791.6014
112 14 4.382 4.367 782.305 799.68
15 4.298 825.109
5 . i TABLE 4. The random process information of the grillage structure.
4951 @ ® Samplet
40k B ® Sample2
Sample3 .
dfg : L ) - ° Sam:ed Variable Unit  Distribution Mean iéi?i?;i Zoté?itcl?er;t
Fitting curve: &(f) =3J,(1-0.497¢"") ® Sample5
£ 4;: Sample6 R, MPa  Normal 840 27.23 0.0324
% 4.65 -4 Correlation coefficient: 0.994 : z::;:; é:) mm Normal 10.5 0.50 0.0476
Eic ° e 2 & Serps B mm  Normal 142 0.96 0.0078
5] Sample1
S ® ® cerpirt h2¢ mm  Normal 379 8.33 0.0220
[ ] L ] ® Sample12
4.4 ° ® Sample3 b mm Normal 0.36 0.36 0.0279
4:2 W Samgian, W mm’  / 37229.9  193.61 0.0052
Sample15 0
4 Mean value

42 1| i Y I I I
0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105112119
Test time (day)

FIGURE 5. The fitting outcome of the thickness degradation data.

850 rrm
ample
i ¢ ® Sample2
| ® Sample3
=%r e L d @ Sampled
) S ® SampleS
E 8251 ® ® Sample6
%ﬂ 820 ® Sample?
S 8151 Sample8
% L ® ® Sampled
g i @® Sampleld
R | ® Samplel1
é | . ® Samplet2
7951 Fitting curve: P(£) = B(1—0.0021) ® Sample13
790F Correlation coefficient: 0.990 * Sampieh
S @ Sampleis
7851 Fitting variance: 1.109 R

ol o L 1l |9
0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105112119
Test time (day)

FIGURE 6. The fitting outcome of the bending strength degradation data.

the statistical analysis of raw data obtained from the tensile
experiment of the test samples. Considering the manufactur-
ing and measuring error, the major parameters of the ship
grillage structure are also be deemed as random variables

VOLUME 6, 2018

following the normal distribution, and the statistical data are
collected by the measurement. Then, the statistical data of
the initial section modulus W of the grillage structure can be
calculated, by regarding the relevant variables as independent
of each other. The random process information of the grillage
structure is shown in Table 4.

B. CALCULATION OF SHIP STRUCTURES RELIABILITY
According to (16) and (17), the temporal reliability index
B (1) can be expressed as follows:

1pop(t) — %MWLO
Q

with

pt) =

2 M2 2

Q= )+ — . 22

PO TG (22)
In addition, the unit normal vector « (¢) is calculated

according to (18):

M
ppyp() WO

o(t) = g ' o (23)

By substituting « (¢) and g (¢) into (7), the out-crossing
rate v () can be calculated. Then by substituting v* (1)
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FIGURE 7. Out-crossing rate and reliability curves.

into (5), the cumulative failure probability Py . and the relia-
bility of the ship grillage structure can be obtained as shown
in Fig. 7.

From Fig. 7, it can be demonstrated that the reliabil-
ity curve of the ship structures reduced with time and the
out-crossing rate curve increased with time. It is because that
vt (¢) is proportional to Py . according to (5) and the out-
crossing rate curve can reflect the trend of cumulative proba-
bility of failure. Besides, it can be seen that the reliability of
the ship grillage structure stays above 0.969 within 800 days
and shows a rapid downward trend after that time with the
aggravation of corrosion. The reasons for the rapid decline
of the reliability curve are that protective coating is damaged
completely and the corrosion rate is speeding up over time.

C. DISCUSSION

In order to verify the accuracy and calculation efficiency,
traditional FORM, factor of safety method and Monte-Carlo
simulation are adopted to deal with the same problem.

1) TRADITIONAL FORM

With this method, time-variant process is not taken into con-
sideration, and the reliability value is a constant ® (8). The
reliability index S is expressed as [30]:

ﬂ — mpy — 1Sy ) (24)

Then the reliability according to (24): R = ® (8) = 0.998.

Compared with the time-variant reliability model, the tra-
ditional structural reliability method is too conservative to
reflect the changing property of actual reliability of ship
structures over time in the current state.

2) FACTOR OF SAFETY METHOD (FOS METHOD)

Factor of safety is a term to describe the structural capacity of
a system beyond the expected load or actual load. Essentially,
how much stronger the system is than it usually needs to
be for an intended load. The corresponding safety standard
is [31]:

n > [n], (25)
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wherein, n is the ratio of strength to stress at the current
moment, and [n] is the factor of safety. In the reliability
probability design, the value can be calculated as [31]:

_1-e'R)C

- : 26
+o T RyC ™ (26)

(1]
wherein, C, and C; are the variation coefficients of strength
and stress, and n,, the ratio of strength and stress mean value.
R, and R; are the reliabilities of strength and stress respec-
tively. According to the general mechanical structure design
specification, Ry = 0.99 and R, = 0.95. As a consequence,
the calculation result is t < 1044days.

3) MONTE-CARLO SIMULATION

As a general method to solve reliability problems,
Monte-Carlo simulation gives accurate results if the number
of the samples is large enough. Matlab routines are utilized
to discretize the random process and perform the simulation.
10* samples are collected here to compute an accurate prob-
ability of failure.

-
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FIGURE 8. Reliability calculation results comparison.

The comparison results are drawn in Fig. 8. It can be
seen that the reliability of the grillage structure is proved
to be a constant 0.998 with the traditional FORM from
Fig. 8. The result is conservative and unauthentic. FoS
method reveals that it might fail after an on-going operating
time of 1044 days. Meanwhile, the Monte Carlo simulation
and out-crossing approach show that the reliability is above
0.9 within 1200 days. FoS method seems to be radical and
keep much safety margin. By and large, the combined method
of FORM and out-crossing approach for ship structures in
this paper keeps small deviation compared with the simula-
tion. However, when the simulation calls for a large number
of samples, the combined method has the advantages of
both accuracy and calculation efficiency. This quite realis-
tic case study of the ship structures shows the applicability
and versatility of the approach. It is essential to note that
this kind of issues may be solved by introducing the time
element and randomness in the definition of the reliability
problems.
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V. CONCLUSION

This paper has presented a reliability method for solving
the time-variant reliability problems of ship structures. This
approach specifically deals with the calculation of the out-
crossing rate in time-variant reliability problems by com-
bining with the traditional FORM. The strength and stress
of ship structures are both time-dependent according to the
time-variant feature analysis, which better demonstrate the
necessity of this method when the time-variant reliability
analysis is conducted for ship structures.

The main advantages of this combined method are con-
cluded that:

(1) It only needs low numerical cost through the com-
bination of out-crossing approach and FORM, without any
software involving simulation or additional implementation.

(2) The time-dependent feature analysis of ship structures
better describes the time-variant characteristic of the stress
and strength in actual working conditions by fully taking
many factors into account. What’s more, the quantitative
expressions of stress and strength that is the main variables
in figuring out the reliability index and the unit normal vector
are also obtained in this method.

(3) In the case study, accurate results can be obtained
with this method when the comparison with a Monte Carlo
simulation is possible. Finally, according to the efficiency of
this time-variant reliability method, its industrial applications
in evaluating the reliability of ship structures is feasible and
prospective.
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