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Abstract: Unloading arms (ULAs) among seaport infrastructures are susceptible to deterioration
posed by the effects of harsh marine environmental conditions. During infrastructure’s service life,
the deterioration of structural integrity may increase the risk of failure of infrastructure, and should
be taken into account during structural reliability assessment. In this study, a simple non-destructive
test (NDT) was employed to examine the structural deterioration of ULAs which were installed
over 30 years ago. Then, these aging ULAs were modeled by the finite-element program, using
non-destructive test data to update the thickness dimensions of structural members. Next, a reliability
assessment was conducted based on the stress distribution of the main structural components under
external loads, which are calculated by their relation to wind speed. Moreover, the time-dependent
reliability index curve was also built by considering the deterioration function to predict the failure
probability of the particular components during the remaining lifetime. The study revealed that the
present condition of the ULA system was satisfactory for current loading conditions. A reliability
index predicted with deteriorations factors may be a rational and appropriate approach for the
assessment of aging structures needed for efficient infrastructure management.

Keywords: reliability assessment; time-dependent reliability index; aging unloading arm; non-
destructive testing; wind speed

1. Introduction

Structural capacity is generally associated with the geometry and mechanical prop-
erties of a structural component. Unfortunately, during its service life, these factors may
degrade due to environmental conditions, variation in load intensity over time, and quality
of periodic maintenance. The periodic safety evaluation and damage assessment of existing
aging structures considering the factors that influence structural deterioration is essential.
In fact, the resistance deterioration of aging structures is a stochastic process and is related
to the load history (e.g., long-term load intensity may result in fatigue causing cracking),
environmental conditions, operation conditions, and protective measures (e.g., the loss of
section thickness for structural elements by corrosion [1]). Wang et al. [2] proposed that
the deterioration of the structural model consists of two components: gradual deteriora-
tion caused by environmental actions and shock deterioration caused by severe attacks of
significant loads. Moreover, there is a lot of research published in the past two decades
regarding the assessment of aging structures [3–7].

Reliability analysis is a frequently used tool in terms of estimating the probability of
structural safety over time or after suffering the sudden natural events such as hurricanes,
earthquakes, etc. [8,9], aimed at giving quantitative information to ensure that structures
maintain performance within an acceptable safety level during their remaining service
life. Concerning probabilistic approaches to assessments of deteriorating structures, there
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are many uncertainties that may directly threaten the safety of the in-service structures.
A lot of research has been conducted on developing approaches for reliability analysis.
Mori and Ellingwood [10] developed methods using structural reliability principles to
evaluate the time-dependent reliability of reinforced or pre-stressed concrete structures.
This work was further used by Enright and Frangopol to predict the probability of safety
of deteriorating bridges [11]. Rodolfo Mussini et al. [12] developed a computational
structural reliability model method in conjunction with the failure-assessment diagram
method and the user-defined probability of detection curves of non-destructive testing
is used. Bhargava et al. [13] conducted analysis to estimate the time-dependent failure
probability for a corrosion-affected RC beam and investigated the influence of variability
in degradation functions on structural failure probability. Liu et al. [14] studied different
failure modes under hazards that cause both progressive and shock deteriorations of
structural performance. In their study, a cumulative-time approach was presented for the
probabilistic structural deterioration process. Moreover, the life-cycle cost assessment and
optimization approach is a practical method to predict the time-to-repair and the number
of repair operations on the degrading structures [15].

This study was conducted on the ULAs of an LNG terminal (hereinafter referred
to as “A”) that has existed for more than 30 years in a certain area in Korea. Its storage
capacity has continuously expanded over the past three decades. Seaports have largely
created their sources of revenue from cargo handling, and marine unloading arms (ULAs)
are an essential part. With high working intensity, infrastructure facilities, especially
ULA systems, may have deteriorated. The assessment of the failure probability of this
ULA system needs to be conducted. The simulation-based reliability analysis approach is
considered as a suitable tool for doing this. A key factor in this approach is the model of the
degraded structure, which must be accurately simulated. Ignoring the single and multiple
deteriorations involved can overestimate or underestimate the safety of your infrastructure,
which can lead to significant economic losses or sudden accidents. The scope of this paper
is to perform a reliability analysis of existing aging ULAs subjected to stochastic wind
load. NDT was performed to examine the loss of section thickness and structural integrity.
In reliability analysis, the yield stress was used to define a limit state as well as random
variables such as member thickness, elastic modulus, and wind speed. The wind speed
distribution was derived from data collected in “A” harbor and it can be fitted into the
lognormal distribution. The RSM (Response Surface Method)-based FORM (First Order
Reliability Method) was used to calculate the reliability index. Then, a system reliability
assessment of existing ULAs was given. Finally, a time-dependent reliability index of the
most dangerous component was constructed to evaluate the failure probability of the ULA
during the remaining lifetime.

2. Reliability Analysis
2.1. First-Order Reliability Method (FORM)

In reliability analysis, the limit state of interest must be defined first. This is the
boundary between the safe and unsafe responses in the design parameter space. The
limit-state function (LSF) can be written in the form of Equation (1), where R and S are the
distributions of the resistance and load, respectively.

g(X) = R− S (1)

Considering the LSF of a structure, the failure probability Pf can be defined as [16]:

Pf =
∫

. . .
∫

g(X)<0
fX(x1, x2, . . . , xn)dx1dx2 . . . dxn (2)

where fX(x1, x2, . . . , xn) is the joint probability density function for the uncertain input
variables of the structure x1, x2, . . . , xn and g(X) < 0 represents the structural failure region.
The probability of failure in Equation (2) is solved by integral multiples and, obviously, it
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is a difficult challenge. FORM provides an approximate method. In the FORM process,
the LSF g(X) = 0 was transformed into a corresponding limit-state surface g(u) = 0 in
standard space (U-space). This process was conducted by Rosenblatt transformation [17]. In
the next step, the most probable failure point on g(u) = 0 has to be determined in U-space.
This is the point in the failure set with the largest probability density, that is, the closest
point on the failure surface to the origin of the U-space. The shortest distance between the
limit-state-boundary surface and the origin in the U-space is called the reliability index β.

Once the reliability index is obtained, the probability of failure Pf is often represented
in terms of the reliability index β given by:

Pf = 1−Φ(β) (3)

where the notion Φ is the cumulative distribution function (CDF) of the normally dis-
tributed random variable with mean of 0 and standard deviation of 1.

2.2. Response Surface Method (RSM)

For complex and implicit LSF, the RSM [18] provides a solution that allows expressing
it in explicit form. The structural LSF in the RSM can be approximated using a quadratic
polynomial function as follows:

g(X) ∼= a +
n

∑
i=1

bixi +
n

∑
i=1

n

∑
j=i

cijxixj (4)

where xi (i = 1, 2, . . . , n) is the space variable and a, bi, cij are the coefficients. At the
beginning of process, the mean point of the random variables is chosen as the initial point.
An acceptable error margin (ε) is established so that performing the analysis is as simple as
possible. The design test point of the structure of each iteration step can be determined by
Equation (5) [19], where XC

i is the center point, σXi is the standard deviation of Xi, hi is the
width, Ii is the scattering index, and i is the variable number.

Xi = XC
i ± hiσXi Ii (5)

The analysis will be stopped at the kth iteration if the Equation (6) can be established,
then it is possible to evaluate structural reliability.

βk − βk−1 ≤ ε (6)

2.3. Reliability of Aging Structure

In realistic structures, the deterioration of structures will lead to stochastic degradation
of resistance and an increased load effect. As a result, performance evaluation of structures
degraded over time has become more challenging for structural engineers owing to the
stochastic nature of material properties and their random change over time. The relationship
between resistance and load in reliability analysis of degraded structures can be seen in
Figure 1. Note that there will be uncertainty both about the precise resistance and the rate
of resistance loss with time. The load change with time is not considered in this paper.
Instead, the load effect is established as a stochastic process to represent its randomness.

It is evident from Figure 1 that the failure probability of a structure increased with
an increase in resistance loss ratio. Therefore, in the reliability analysis, it is necessary to
consider the factors affecting the degradation of structural resistance. In realistic structures,
there will be many resistance variables. Typically, these are random variables, and some
may deteriorate with time. For example, for steel structures at seaports, the resistance
of the structure is mainly dominated by the steel properties and moment of inertia in-
cluding thickness (or cross-section) of the structural components. The probabilistic nature
(uncertainty) of steel properties is represented by the probability density function. The
uncertainty of structural thickness, besides being expressed by the probability density
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functions, also has its mean value defined as a function of time; see Figure 1. The structural
thickness over time (residual thickness) can be inferred from the function of the amount of
material loss due to corrosion. The bi-logarithmic model, Equation (7), is typically adopted
to describe corrosion loss (C) as a function of the time of exposure, where A and B are two
experimental parameters used differently by researchers. B can be called an environmental
parameter. It depends on the atmosphere condition, the effect of protection level, etc., and
is normally less than unity. A larger B value indicates a more severe environment, less
effective protective measures, and vice versa. For the marine atmosphere, B = 0.69 [20]. A
is the corrosion loss in the first year.

C(t) = AtB (7)

Figure 1. Stochastic process of load effect S(t) and the deteriorating structural resistance R(t).

2.4. System Reliability

Considering the correlation between components in the same system, the system
failure probability can be conveniently calculated from the failure probabilities of the
individual components. Basically, structural systems are of two types. The first is a
structural system which consists of individually operated components, that is, if any of its
components fail or lose function, the remaining components in the system still perform the
function. Therefore, it can be seen as a functionally parallel system. In this case, the system
failure probability can be calculated by the following equation:

Pf ,ULAs =
n

∏
1

Pf ,ULAi (8)

where Pf ,ULAi is the failure probability of components in the same system. The second
is a structural system which consists of components that work in mutual support as a
distributed system. Normal operation of the distributed system is possible only when all
its components are not damaged. This means that if any of its structural components fail
or lose function, the operation is discontinued. This failure probability of system can be
determined based on the failure probability of each component Pf ,i by the equation below:

Pf ,ULA = 1−
n

∏
1

(
1− Pf ,i

)
(9)

2.5. Target Reliability Index

The target reliability indices used by researchers are different and should be deter-
mined before performing structural reliability analysis. Such decisions will be based on the
consequences of the failure, reference rules, inspection, and repair processes, etc. Ideally,
the target reliability level so selected should minimize the total cost (i.e., optimize the cost
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of strengthening or replacement), but still comply with a certain minimum safety level.
The target reliability indices corresponding to several reference rules were illustrated in
Figure 2. Accordingly, the target reliability index applied in the design standards varies
from 2.0 to 4.7, and is applied to general structures such as bridges, pipelines, seaport facili-
ties, skyscrapers, etc. ISO [21] and Eurocode [22] standards recommend target reliability
indices in the range of 3~4.7 for general structures. In the case of bridges, the damage
to human life and property is high, so a target reliability of 3.0 or higher for the US and
3.1 or higher for Korea is applied. In this study, the ULA system was selected to perform
the assessment. The failure of the ULA system here had no risk of human injury, minor
economic consequences, and an insignificant impact on the environment. Therefore, it
might be overly prudent and wasteful to apply reliability index levels corresponding to
the reference rules listed above. Sotberg et al. [23] proposed a failure probability level,
shown in Table 1, for the limit-state-based designs of pipelines. The low safety class in
Table 1 can be used as a reference for target reliability evaluation. Accordingly, a failure
probability level in the range of 10−2 − 10−3 corresponding to the target reliability index of
2.33–3.09 of the ultimate limit state was proposed as a reference for evaluation of reliability
and safety assessment of unloading arms in this study. Specifically, in this study, the target
reliability index was assumed to be 2.6, corresponding to failure probability 4.66× 10−3 for
performance evaluation of aging structures in the next section. As mentioned in Figure 2,
the defined target reliability level is reasonable compared to the target reliability level in
Japan, where earthquakes occur frequently.

Figure 2. The target reliability indices corresponding to several reference rules.

Table 1. Failure probability level.

Safety Classes

Limit States Low Normal High

SLS 10−1–10−2 10−2–10−3 10−2–10−3

ULS 10−2–10−3 10−3–10−4 10−4–10−5

FLS 10−3 10−4 10−5

ALS 10−4 10−5 10−6

3. Numerical Analysis
3.1. ULA

The structure selected for this study was the unloading arm (ULA) system installed in
“A” Port 30 years ago. As shown in Table 2, it is a system composed of six marine arms
divided into three main types. Here, the LNG (Liquefied Natural Gas), BOG (Boil-off gas),
and Bunker unloading arms are denoted by the letters (L), (BOG), and (B/C), respectively.
Since this system base was installed on a slab made of steel located about 14.5 m above sea
level, it is hardly influenced by sea wave effects. Figure 3a is a picture of the ULAs taken at
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“A” LNG terminal. When the components are disassembled as in Figure 3b, it is also very
convenient to perform non-destructive testing (NDT) to evaluate structural condition. The
ULA was operated using a hydraulic system. The main components of this ULA are made
of carbon steel, including some basic components such as risers, baseplates, anchor bolts for
connection to the ground, inner and outer arm supports, pipelines, and operating systems
as shown in Figure 4. Its structural system and pipeline system are isolated from each other.
Connected by a swivel joint, the swivel joint is the heart of the ULA and plays an important
role during operation. The ULA is designed so that pipelines and swivel joints do not bear
the additional load, and the load is very light. All weights and external loads are carried
by structural supports. This design allows for easy replacement of deteriorated structural
systems and better preservation of pipelines and operating systems, extending the life of
the ULA. Only structural systems are evaluated in this study.

Table 2. Six models of the ULA system.

System Model Mass (Metric Ton)

LNG arm (L) 2101A, 2101B, 2101C, 2101D 52.000
BOG arm (BOG) 2102A 52.000

Bunker arm (B/C) 2103A 49.000

Figure 3. (a) Six models of the ULA system located at the “A” LNG terminal and (b) image of
disassembling ULA components during a major restoration.
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Figure 4. Finite-element model with main components of a typical unloading arm of this study.

3.2. NDT

The ULA system suffered from a complex marine environment that significantly
deteriorated the structure’s performance over its service life. Ultrasonic equipment was
used to measure the thickness of structural components to determine the extent of corrosion,
erosion, and damage. The thickness of the test piece was calculated from this measurement.

This experiment was performed using a technical device, the SONOWALL 70 ultra-
sonic wall thickness meter. A total of 22 sections thicknesses were calculated along the
entire structure. For each section, thickness measurements were performed at four points,
as shown in Figure 5b. The minimum thickness measured in each section was taken as its
representative thickness.

Figure 5. (a) Sample points of the NDT used to define the deterioration function of structure over
time and (b) thickness-inspection positions of each section in the NDT.
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Then, the aging function was determined in a time-dependent reliability analysis
using the 11 positions of the NDT belonging to the major bearing components of the ULA,
as shown in Figure 5a. The measured thickness of these locations is given in Table 3.

Table 3. Measured thickness from the NDT at sample points (unit: mm).

Component Point 2101A 2101B 2101C 2101D 2102A 2103A

Riser

1 12.76 13.29 13.35 14.42 13.42 13.57
2 12.82 12.42 13.22 13.41 13.65 13.15
3 21.69 21.3 21.7 16.45 22.11 20.45
4 14.21 13.3 13.44 19.63 13.2 12.82

Outer arm support

5 12.92 12.48 12.51 13.4 12.89 12.64
6 13.34 13.58 12.96 13.08 13.36 13.26
7 9.73 9.53 9.24 9.84 10.31 10.22
8 12.31 12.88 12.45 13.27 13.34 12.76

Inner arm support
9 9.39 11.79 9.50 9.11 9.06 9.24
10 14.72 14.38 14.99 14.37 15.02 14.89
11 9.95 9.82 9.66 9.93 9.13 9.60

3.3. Wind Analysis

In this study, the foundations of the ULA system were located about 14.5 m above sea
level (A.S.L.), as shown in Figure 6. Therefore, the main loads on these structures were the
permanent load (self-weight) and the wind load. Due to the uncertainty of the wind speed
of the harbor area, the model was established by statistical methods and considered the
wind load as one of the random variables in the reliability analysis. The wind-speed data
were collected in “A” harbor in Korea as described in Table 4. The data used in this study
are the observation data produced by the Automatic Weather Station (AWS) at 10.97 m
A.S.L. for 10 min interval from January 2001 to December 2020.

Figure 6. Schematic of the loads on the ULA system.

Table 4. Wind-speed data at “A” harbor.

Year Wind Speed,
10 Min Mean (m/s) Year Wind Speed,

10 Min Mean (m/s)

2001 5.16 2011 9.18
2002 10.62 2012 11.94
2003 5.22 2013 7.75
2004 10.08 2014 11.15
2005 8.77 2015 8.57
2006 11.34 2016 15.49
2007 11.6 2017 8.27
2008 8.69 2018 12.43
2009 8.62 2019 13.24
2010 14.06 2020 13.78
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Wind speed increases with height and the expression for the variation in wind speed
(V) with height (h) by the following equation bellow [24]:

V
V0

=

(
h
h0

)n
(10)

where V0 is the mean wind speed recorded at height h0 = 10.97 m A.S.L, V is the mean
wind speed corresponding to the height h, and n is the power law exponent. Numerically,
parameter n lies in the range 1/10–1.4. A typical value of n is assumed in most cases to
be 1/7 [25]. However, for tower crane structures installed on the coast, an n value of 1/4
is recommended. The wind speed at the height of 16 m was applied for the structural
components under 16 m.

Probability density functions are used to determine the wind potential in a specific area.
There are several distributions used in modeling wind speed in the literature as Weibull,
Log-normal, and Normal distributions. Given that fitting between the selected model and
actual data is a question, several probability density functions should be compared to
produce a minimum fitting error. In this study, the wind-speed data were expressed by
the Weibull, Log-normal, and Normal distributions. Then, the Kolmogorov–Smirnov (K–S)
and chi-square (χ2) tests were used to evaluate the performances of these distributions to
find out the best fitting tool for the wind-speed data.

The two-parameter Weibull distribution is the most commonly used distribution in
analyzing wind speed. The probability density function (PDF) and cumulative distribution
function (CDF) of Weibull distribution are expressed as:

fX(x) =
k
b

( x
b

)k−1
exp

[
−
( x

b

)k
]

(11)

FX(x) = 1− exp
[
−
( x

b

)k
]

(12)

where x is the wind speed, and k and b are the shape and scale parameters, respectively. The
Log-normal distribution is also represented by two parameters: ζX is the scale parameter
and λX is the shape or location parameter. The PDF and CDF for Log-normal distribution
are as follows:

fX(x) =
1√

2πζXx
exp

[
1
2

(
ln x− λX

ζX

)2
]

(13)

FX(x) = Φ
(

ln x− λX
ζX

)2
(14)

The Normal PDF fX(x) and its CDF F(x) are expressed, respectively, by the following
formulae with the mean and standard deviation of µX and σX :

fX(x) =
1

σX
√

2π
exp

[
−1

2

(
x− µX

σX

)2
]

(15)

FX(x) =
∫ x

−∞

1
σX
√

2π
exp

[
−1

2

(
x− µX

σX

)2
]

dx (16)

Characteristics of these distributions calculated analytically from the available data
are presented in Table 5. Figure 7 is the comparison of PDFs of actual and theoretical
distributions. PDFs of all applied distributions are shown by different line types over the
actual distribution represented in the form of a histogram. It can be observed from the
naked eyes that peak densities of Weibull, Log-normal, and Normal distributions seem in
line but are not in line with the peak density of the actual distribution. These qualitative
comparisons also show that each PDF follows the form of a histogram, and the fitting of
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the two models Weibull and Normal is somewhat close. The selected distribution will be
concluded based on the comparison results of goodness-of-fit statistics tests among three
statistical distributions.

The K–S test gives absolute deviations between the actual distribution function (Sn)
and the specified theoretical CDF (FX). The empirical CDF for actual wind-speed data can be
calculated by Equation (16) and the K–S statistics can be calculated by using Equation (17).
The χ2 test can be represented mathematically by Equation (18) [26]. The χ2 value can be
called as the overall error of probability distribution. Therefore, the lower the value of χ2,
the more accurate the model results will be.

Sn(xi) =
1
N
(ni) (17)

where N is the size of xi range, and ni is the number of points smaller than xi.

KS = |Sn − FX | (18)

χ2 = ∑
(vi − ei)

2

ei
(19)

where vi and ei are the observed and theoretical frequency in the ith class interval, respec-
tively.

Figure 8 presents CDFs of the three distributions. The difference between the obser-
vation and estimation values can be seen clearly. From Figure 8, the error between the
empirical CDF and theoretical CDF was obtained and shown in Figure 9. Table 6 includes
the K–S test and χ2 test values of applied distributions. Bold values indicate the best
results. The results reported in Table 6 indicated that, based on the results of the K–S test,
log-normal distribution was found to be the best one followed by Weibull and Normal
distribution. The Weibull distribution showed better performance compared with others
based on the statistics value of the χ2 test. In this study, as a conclusion, the Log-normal
distribution was chosen for the wind-speed random variable in the reliability analysis
because it provides a better modeling in terms of the K–S criteria.

Table 5. Characteristics of distributions.

Distribution Weibull Log-Normal Normal

Parameters
k = 11.326 λX= 2.293 µX= 10.298
b = 4.296 ζX= 0.297 σX= 2.278

Figure 7. PDF comparison of all distributions.
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Figure 8. Comparison of CDFs.

Figure 9. The relative error of CDFs between the applied distributions and actual distribution.

Table 6. Comparison of three distributions in terms of goodness-of fit test indicators.

Test Weibull Log-normal Normal

K–S 0.108 0.085 0.117
χ2 2.03 3.97 2.13

3.4. System Reliability in View of the NDT

The reliability analysis of the existing ULA system (36 age structural system) subjected
to wind action is now performed. The limit-state function, Equation (1), for stress failure of
the particular structural component can be written as:

g(X)36 = Sy,36 − Smax, 36(T, E, V) (20)

where Sy,36 and Smax, 36 are the yield stress and the maximum stress at time t = 36 years. T
and E are the member thickness and the elastic modulus, respectively. The yield stress Sy, 36
was defined as a random variable of which characteristic values are described in Table 7.
Table 8 summarizes stochastic model assumptions of the random variables considered
in the reliability analysis related to the assessment of the ultimate stress of the structural
components. The notation “various” means that the value depends on the structural
component being considered. Both member thickness and elastic modulus are assumed
to follow a normal distribution [27,28]. Accordingly, the bias factor for thickness is taken
as 1.05 with a coefficient of variation (COV) of 4.4%, whereas the bias and COV for elastic
modulus are taken as 0.987 and 7.6%, respectively. The yield stress distribution is assumed
as the log-normal distribution where the bias factor and COV are 1.11 and 6.8%, respectively.
The distribution of wind speed was discussed in Section 3.3. Under the action of wind and
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self-weight, the maximum response of each structural component in terms of stress was
obtained and analyzed.

Table 7. Design value of yield stress.

Component Material Code Yield Stress, Sy (MPa)

Riser ASTM A516 G60 220
Base plate ASTM A312 TP304L 170

Anchor bolts ASTM A312 TP304L 170
Outer arm support ASTM A516 G60 220
Inner arm support ISO 898-1 8.8 640

Table 8. Probabilistic models of the random variables used in the reliability analysis.

Random Variable
Distribution Parameters Type of

DistributionMean Bias Factor COV

T (Thickness, mm) Various 1.05 0.044 Normal
E (Elasticity Modulus, GPa) 200 0.987 0.076 Normal

V (Wind speed, m/s) λX = 2.293, ζX = 0.297, see Table 5 Log-normal
Sy (Yield stress, MPa) Various 1.11 0.068 Log-normal

The reliability index is a parameter that provides a measure of structural safety. As
presented in Section 2, in this study, the RSM (Response Surface Method)-based FORM
was used to calculate the reliability indices. The basic methodology in the form of a
detailed flowchart can be summarized as shown in Figure 10. Most of the reliability index
simulations converged after three iterations.

Tables 9 and 10 are the reliability indices and failure probability results, respectively,
for five major structural components, namely, riser, base plate, anchor bolts, and inner and
outer arm supports, corresponding to each model of the ULA. Figure 11 summarizes the
reliability indices of ULAs classified by components. From Table 9 and Figure 11, it can be
seen that the minimum reliability index corresponds to the riser component, which accounts
for the damage caused by wind phenomena. Risers with the function of connecting the
upper structure to the ground, bearing the entire weight, were particularly vulnerable. For
the six ULA models, reliability ranges were 2.465–2.882 for risers, 5.136–5.203 for baseplates,
7.262–7.346 for anchor bolts, 4.049–4.088 for external arm supports, and 3.654 to 3.796
for internal arm supports, respectively. Obviously, the reliability indices depended on
the particular component being considered. However, in general, the reliability indices
corresponding to each ULA model increase in the order of riser, inner arm support, outer
arm support, base plate, and anchor bolt. Anchor bolts have the highest reliability indices
followed by the base plate, which implies that these two components are less vulnerable to
wind action. This is because these two components are located on the foundation surface,
convenient for maintenance and periodic inspection. In the evaluation, the deterioration
state of structural components was considered in consideration of inspection data by an
NDT, but the anchor bolt and base plate components were not deteriorated due to good
maintenance such as early replacement. Their reliability index can here be seen as the
original or design reliability index. Comparing the reliability index target with the results
in Table 9, it can be concluded that, presently, all structural components are safe since their
reliability values are higher than the target reliability index value (2.6). Some evaluations
were also similarly given in terms of failure probability. The failure probability of the
riser was the highest and the lowest for the anchor bolt component. In general, the failure
probabilities of the entire ULA system are low, within the safe range (<4.66 ×10−3) .
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Figure 10. Flowchart for reliability analysis of an unloading arm.

Table 9. Reliability index results of structural components.

Component 2101A 2101B 2101C 2102A 2101D 2103A

Riser 2.716 2.645 2.805 2.85 2.882 2.792
Base plate 5.194 5.136 5.203 5.189 5.193 5.147

Anchor bolts 7.324 7.338 7.301 7.262 7.317 7.346
Outer arm support 4.055 4.088 4.057 4.049 4.05 4.053
Inner arm support 3.694 3.674 3.654 3.705 3.796 3.778

Figure 11. Summary of the reliability index of ULAs classified by components.

Table 10. Probability failure results of structural components.

Component 2101A 2101B 2101C 2102A 2101D 2103A

Riser 3.30 × 10−3 4.09 × 10−3 2.52 × 10−3 2.18 × 10−3 1.98 × 10−3 2.62 × 10−3

Base plate 1.03 × 10−7 1.41 × 10−7 9.83 × 10−7 1.06 × 10−7 1.04 × 10−7 1.32 × 10−7

Anchor bolts 1.21 × 10−13 1.08 × 10−13 1.43 × 10−13 1.91 × 10−13 1.27 × 10−13 1.03 × 10−13

Outer arm support 2.51 × 10−5 2.18 × 10−5 2.49 × 10−5 2.57 × 10−5 2.56 × 10−5 2.52 × 10−5

Inner arm support 1.10 × 10−4 1.19 × 10−4 1.29 × 10−4 1.06 × 10−4 7.36 × 10−4 7.91 × 10−4
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It can be seen that the normal operation of ULAs is possible only when all structural
members are not damaged. Thus, each individual ULC can be considered as a distributed
system of its components, as illustrated in Figure 12. Hence, the failure probability of each
ULA can be determined as in Equation (9), in which Pf ,i is the failure probability of each
component (see Table 10). In this study, only failure probability of five main structural
components (including riser, base plate, anchor bolt, and outer and inner arm support) was
considered, so the overall failure probability of each ULA model can be considered to be
calculated from the failure probability of the five components. The results are shown in
Table 11. As seen, the highest and lowest failure probabilities corresponded to the 2101B
model of the LNG arm system and 2102A model of the BOG arm system. On the other
hand, it can be seen that the failure probability of the models in the LNG arm system is
different even though they are all of the same model type, are installed in the same location,
and perform the same functions. This difference is the result of the difference in corrosion
loss from location to location even if they experienced the same corrosion environment
and time. This leads to the conclusion that assessing the reliability of port infrastructures
should be implemented case-by-case. The four LNG arms (LA-2101A to LA-2101D) operate
on the same system and perform the same functions. However, if one of them fails, the
remaining ULAs in the system still function, so they can be seen as functionally parallel
systems.

Since this LNG arm system loses its function if all four ULAs in the system fail at the
same time, the failure probability of this LNG arm system can be calculated by Equation (8),
where Pf ,ULAi is the failure probability of ULA models in the same system (see Table 11).
The BOG arm (BOG) and Bunker arm (B/C) systems consist of only one unloading arm, as
in Figure 13, so the failure probability of the ULA is the same as the failure probability of
systems. The results of failure probability and corresponding reliability index of systems
are given in Table 12. It can be seen that the failure probability of the LNG arm system
is very low. This can be explained in that four ULA models failing at the same time is
extremely rare.

Figure 12. The distributed system of ULA Components.

Table 11. Failure probability and corresponding reliability index of the ULA models.

System Model Pf β

LNG arm (L)

2101A 3.436 × 10−3 2.703
2101B 4.228 × 10−3 2.633
2101C 2.673 × 10−3 2.785
2101D 2.314 × 10−3 2.832

BOG arm (BOG) 2102A 2.077 × 10−3 2.866

Bunker arm (B/C) 2103A 2.723 × 10−3 2.779

Table 12. Failure probability and corresponding reliability index of the ULA systems.

System Pf β

LNG arm (L) 8.984 × 10−11 6.378
BOG arm (BOG) 2.077 × 10−3 2.866

Bunker arm (B/C) 2.723 × 10−3 2.779
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Figure 13. The parallel system of ULAs.

3.5. Time-Dependent Reliability of Riser

As an example of the application of reliability in practical engineering, in this section,
the most vulnerable structural component of each ULA model is analyzed based on the
proposed time-dependent reliability analysis process. The riser has been shown to be the
most vulnerable component to environmental deterioration and wind action, and it has
the lowest reliability index compared with other components, in the range of 2.645–2.882
(see Table 9). Accordingly, the change in the reliability index of the riser over time was
investigated, and analysis was performed until the reliability index reached the target
reliability index limit (2.6).

As discussed before, the deterioration of structures will lead to degradation of re-
sistance and an increased load effect. In this study, only the mean value of the member
thickness variable is considered as a mean time-dependent resistance. With other factors
such as yield stress and elastic modulus, their mean values are assumed to be constant over
time. In the coastal marine environment, corrosion caused by oxidation is a major concern
affecting the durability of steel structures. This study assumed that general corrosion
occurs in the entire outer shell. In practice, corrosion is a stochastic process managed by
many variables such as location, maintenance, environmental condition, etc. Therefore,
only probabilistic models can describe the thickness loss. For this reason, the remaining
thickness member of structural components was assumed to follow a normal distribution
with two parameters: bias and COV are 1.05 and 0.044, respectively. The mean value of the
remaining thickness member at any time can be derived from the bi-logarithmic model,
which is typically used to describe the general corrosion of materials, as follows:

T(t) = T0 − C(t) (21)

where C(t) = AtB is the corrosion loss as a function of time and is presented in Section 2.3.
Accordingly, B = 0.69 was assumed and A is the corrosion loss in the first year. With aging
structures, and missing or lost recorded data, this coefficient determination is difficult
and usually assumed or obtained from laboratory observations. However, this method
is still of limited usefulness. This study proposes to use NDT data to determine this
parameter. The results are shown in Table 13. Note that, in the Table, T0 is the initial
thickness member, and T(36) is the result of an NDT. With the obtained coefficients A and
B, the relationship between corrosion loss (mean corrosion depth) and exposure period
is illustrated in Figure 14 where the value denoted by the square is the initial corrosion
loss (=0) and the values denoted by the circle are the measured corrosion loss at the time of
assessment C(36).

It is evident from Figure 14 that the corrosion loss increased with the exposure period,
but the loss rate became slower. This could be the effect of protective measures such as anti-
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corrosion paint, routine maintenance, etc. This means that, if a more effective protection
level of a steel pipe is provided, then a lower rate of corrosion may be obtained.

Table 13. Determining the A parameter.

Components Point T0 T(36) C(36) B A

Riser

1 13 12.76 0.24

0.69

0.0202
2 13 12.82 0.18 0.0152
3 22 21.69 0.31 0.0262
4 14.5 14.21 0.29 0.0245

Outer arm support

5 13 12.92 0.08 0.0067
6 13.5 13.34 0.16 0.0135
7 10 9.73 0.27 0.0228
8 12.5 12.31 0.19 0.016

Inner arm support
9 9.5 9.39 0.11 0.0093
10 15 14.72 0.28 0.0236
11 10 9.95 0.05 0.0042

Figure 14. Time-dependent corrosion loss.

The results are presented in Table 14 and Figure 15. As illustrated in Table 14 and
Figure 15, one can see how the reliability index of the initial structure changes over time
under the effect of degradation. General corrosion is considered as the major factor leading
to the deterioration of the structure. These reliability index curves can be divided into three
phases: the current reliability index (36 age), the past reliability index (before 36 age), and
the future reliability index (after 36 age). Furthermore, if the current protective measures
and routine maintenance are maintained, when the target reliability index was assumed to
be 2.6, the riser had around a 40.7-year lifetime for the 2101B model, and 47.3, 52, 54, 58,
and 50.9-year lifetimes for 2101A, 2101C, 2101D, 2102A, and 2103A models, respectively.
The corresponding remaining service life (RSL) is also summarized in Table 15. This
result provides quantitative prediction useful for planning maintenance or replacement to
increase structural service life.
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Table 14. Reliability analysis results.

Time (Year) 2101A 2101B 2101C 2101D 2102A 2103A

0 2.832 2.769 2.916 2.962 3.028 2.875
10 2.827 2.766 2.907 2.959 3.022 2.873
20 2.807 2.739 2.888 2.944 2.991 2.863
30 2.759 2.688 2.846 2.903 2.931 2.833
36 2.716 2.645 2.805 2.850 2.882 2.792
40 2.679 2.607 2.765 2.809 2.841 2.750
45 2.627 2.554 2.705 2.741 2.782 2.687
50 2.563 2.494 2.633 2.664 2.718 2.614
55 2.482 2.431 2.547 2.582 2.649 2.527
60 2.397 2.364 2.449 2.485 2.566 2.431

Figure 15. Reliability index as a function of time.

Table 15. Predicted remaining service life of Riser based on the assumption of target β of 2.6.

ULA Model 2101A 2101B 2101C 2101D 2102A 2103A

RSL (years) 11.3 4.7 16.0 18.0 22.0 14.9

4. Conclusions

The paper has described the process and models used for reliability analysis of the
aging ULA systems in the harsh marine environment. Both the load effect (stress) and
the acceptable limit (yield stress) were modeled based on stochastic processes to consider
deterioration. In particular, an appropriate probabilistic model that describes the loss of
material due to corrosion was proposed by combining the bi-logarithmic model C(t) = AtB,
typically used to describe corrosion loss as a function of time, with NDT data. This method
is relatively simple but still provides reliable results. The results from the reliability index
analysis of the individual components of the existing ULA system indicated that, presently,
all structural components are safe since their reliability values are above the target reliability
index. On the other hand, a process was also established to evaluate the failure probability
of a system based on the correlation between components in the same system. In addition,
the results from the time-dependent reliability index analysis provided a quantitative
prediction of the maximum remaining service time of the most vulnerable component. This
prediction is useful for repair and replacement planning and infrastructure management. By
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this approach, the remaining service time of other components or other aging infrastructure
is conveniently obtained.
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