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Offshore jacket platforms (OJPs) may be exposed to harsh environmental conditions during their operation in different return
periods. It is necessary to evaluate the dynamic performance of the OJPs subjected to extreme wave loadings to secure a safe
operation. In the earlier studies, various approaches were introduced to analyze the response of an OJP in different sea states.
However, the serious shortcoming of the proposed methods is computationally time consuming and requires a considerable
amount of simulations to evaluate the performance of the OJP. Accordingly, these approaches would not analyze the dynamic
performance of the OJP realistically. In this study, the dynamic performance of an OJP subject to a harsh environment is evaluated
considering a time-domain simulation. )e developed model will result in a more realistic response by simulating the whole
structure subjected to 1800 seconds of extreme wave loading in the light of the sea environment randomness. )e application of
the methodology is demonstrated by assessing the performance of a fabricated OJP subjected to extreme wave loadings in the
North Sea. )e dynamic analysis shows that among all assigned probability distribution functions (PDFs), the most suitable
distribution for predicting the maximum deck displacement in all return periods was generalized extreme value (GEV). Moreover,
the results show that the response of the structure is likely to remain in the safe limit condition in the 1-year return period. In
contrast, in other return periods, the OJP will exceed the safe limit condition.)e proposedmethod is beneficial for future risk and
reliability analyses that require a great deal of data derived from numerical simulations.

1. Introduction

)e first offshore drilling platform was constructed in the
Gulf of Mexico, while since the late 1940s, offshore tech-
nology has experienced extremely significant growth [1].
Although developing renewable energy resources have
attracted much attention in recent years, fossil fuels, such as
oil, are playing a dominant role in global energy systems.
Consequently, a significant number of offshore jacket
platforms (OJPs) have been fabricated and installed
worldwide for drilling and preparing water or gas for in-
jection into the reservoir for processing oil and gas [2].
Offshore structures should continue their serviceability

under severe environmental conditions during the oper-
ational life span. Offshore structures are expected to carry
two different loads, including gravity and environmental
loads [3]. )e installed structures’ deadweight and corre-
sponding elements are categorized as the gravity loads.
Wave loads, as an environmental load, play a vital role in
offshore structures’ performance in different ocean state
conditions [4]. )erefore, it is necessary to evaluate the
structural behavior under extreme wave loads to examine
its resistance during storm conditions. As a result, the
structure’s response would prove whether the demanding
requirements and serviceability are accepted. )e impor-
tance of evaluating the structural behavior will increase by
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changing platform application and modification to the
platform condition [5]. However, the existing complicated
structural geometries, fluid-structure interaction (FSI), and
soil-pile-structure interaction make offshore structures’
assessment procedure more challenging [6]. Some guide-
lines and standards, such as API RP 2A [7] and ISO 19902
[8], have been proposed to assess the dynamic behaviour of
the existing platforms. According to API RP 2A sugges-
tions, a couple of analysis scenarios, including design level
and ultimate strength level, should be implemented while
the existing offshore structure does not meet the re-
quirements. To carry out a linear structural analysis,
employing the design level scenario is recommended, while
the ultimate strength level scenario is established for
nonlinear structural analysis. )e ultimate strength level
criteria for platforms could be satisfied by the ultimate
capacity ratio to the 100-year return period wave loading.
Furthermore, similar to the API RP 2A suggestions, in ISO
19902, 5 analysis levels and 2 empirical methods have been
recommended. According to the structural reliability
analysis basis, the level of the proposed criteria through
different standards would experience a change. Reliability
analysis has been carried out widely in different engi-
neering fields to improve the systems’ serviceability [9–13].
In contrast with the remarkable improvement and sig-
nificant development of structural reliability theory in the
last few decades, it has not been applied frequently for
assessing offshore structures’ performance. Researchers
have proposed some procedures and approaches regarding
the considerable advances in the scientific knowledge of
evaluating offshore platforms’ performance. Bea et al.
[14, 15] proposed a straightforward procedure to evaluate
fixed offshore platforms’ failure probability in extreme
storm conditions based on a simplified analytical formu-
lation. Offshore platforms are assumed to be integrated
systems with similar components and elements in the
proposed procedure. )e elements are a series of the su-
perstructure (deck), the substructure (jacket), and the
foundation (piles). Simplified formulations were employed
to estimate the ultimate lateral shear capacity of the jackets.
Since any platform components reach the ultimate lateral
shear, the whole system will likely experience the ultimate
shear capacity. )e capacity of the platform elements is
assessed as a function of stochastic variables. Manuel et al.
[16] established a probabilistic approach to evaluate plat-
forms’ performance under extreme wave loading. A non-
linear static pushover analysis has been carried out to
estimate the existing jacket platform’s failure probability
while the wave loading was described probabilistically.
Considering the ratio of ultimate capacity in 100-year
return period wave loading and annual failure rate for the
fabricated platforms in the North Sea, Ersdal [17] presented
a probabilistic approach. )e maximum wave height that
follows the Gumbel distribution plays the technical pa-
rameter in this study. )e probability of failure was esti-
mated by employing the Monte Carlo approach on the
obtained simulated samples in the failure interval. )e
authors have neglected some possible hazards, including
corrosion and pile-related failure mode since it would

result in an inaccurate result. In the last decade, the per-
formance of fixed steel jacket platforms in Katrina and Rita
has been evaluated [18]. )e study attempts to estimate the
aforementioned installed platforms’ failure probability
considering seasonal storms in the Gulf of Mexico. Kjeøy
et al. [19], Morandi et al. [20], and Van raaij and Gud-
mestad [21] have carried out studies to focus on assessing
offshore structures under extreme wave loading. Beyond
analyzing the platforms under different extreme wave
conditions, time-history-based methods result from sub-
stantial computer processing power [6]. Regarding ocean
random waves’ fundamental characteristics, the time-do-
main method is the most reliable approach to evaluating
flexible structures [19]. )is method aims at evaluating the
dynamic behavior of platform members subjected to the
stochastic ocean wave forces as the function of time. )e
main shortcoming of this methodology is the time-con-
suming procedure in evaluating the dynamic performance
of the structure.

)is paper aims at predicting the extreme dynamic
performance of an OJP subject to a harsh environment. At
first, a time-domain stochastic wave loading was subjected to
the offshore platform. )e maximum deck displacements
and the maximum base shear (MBS) loads were estimated
for four principal return periods. Different probability
distribution functions (PDFs) were then fitted on the dis-
placements obtained from a simulation procedure to ex-
amine whether the adopted distributions would accurately
predict future displacement. Finally, the structure’s failure
rate was projected while the structure’s displacement
exceeded the safe limit condition. Subsequently, to dem-
onstrate the advantages of the proposed methodology, a real
case study in the North Sea is presented.

)e remaining parts of this paper are structured as
follows. )e subdivision of methodology is touched upon in
section 2. Section 3 is devoted to applying the proposed
methodology, while the concluding remarks of the paper are
presented in Section 4.

1.1. Description of Software. )e ultimate strength for
framed offshore structures (USFOSs), a numerical com-
mercial computer program, is utilized to analyze nonlinear
static and dynamic offshore structures. )e primary non-
linearity is associated with the hydrodynamic parts re-
garding the drag forces and stiffness of the offshore
structures. )e USFOS is capable of simulating the failure
process in offshore space structures.)e failure process takes
place by evaluating the element’s initial formation to the
structure’s final toppling [22]. )e USFOS operates through
green strain formulation. Although the green strain for-
mulation is valid for large displacements, it is limited by the
moderate strains as defined in the following equation:

ϵx � ux +
1
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u
2
x +

1
2
v
2
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1
2
w

2
x. (1)

By applying the Von Karman approximation [23] on the
elements with low deflection, the ϵx would reduce to the
following equation:
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Considering the fundamental of potential energy and the
virtual work principle, the stiffness of the structures’ ele-
ments could be estimated. For instance, the internal strain
energy of an elastic beam is estimated through the following
equation:
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)e above equation consists of two integrals, while the
first and second integrals represent axial straining and
bending, respectively. )e summation of the components in
the first parenthesis shows the structural elements’ strain, ϵx.
)e total displacement of the elements is assessed consid-
ering axial displacement u(x), lateral deflection v(x), and in
three-dimension evaluation w(x).

)e first and second variations of the strain energy and
external work potential will obtain the total and incremental
equilibrium equations, respectively. )e outcome of the first
variation of internal strain energy, calculated using (3), is
provided in the following equation:

δU � 
1
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(4)

)e above equation, fundamental in calculating the ratio
of internal equilibrium forces compared with external loads,
is organized efficiently in 3 terms and 4 integrals, respec-
tively. )e first term that consists of the first integral in-
dicates the linear contribution from the axial strain. )e
second term is made up of 2 integrals that show bending
deformations calculated through the Livesley stability

functions in the stiffness matrix. )e last term comprises the
last integral, describes the nonlinear axial strain contribution
from lateral deflections, and clarifies the equilibrium axial
loads. In mathematics, usually, the small changes in values
are shown using Δ. Accordingly, (5) defines the variation of
increment in strain energy.
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To give a comprehensive analysis of elements’ dis-
placement, the incremental stiffness is presented through the
interpolation functions.

u(x) � ∅T
qu,

v(x) � ∅T
qv,

w(x) � ∅T
qw.

(6)

Regarding the above equation, the variation of incre-
ment in strain energy in (5) could be rewritten as follows:
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Based on this project’s purpose, only the formulas corre-
sponding to calculating the displacement of the fabricated el-
ements have been presented above. While the USFOS operates
employing the green strain formulation concept, a more de-
tailed explanation has been provided in [22]. To perform a
nonlinear analysis with high technical accuracy, only an element
located between each joint is required. Airy extrapolated, airy
stretched, Stoke’s 5th order, and stream function theory are
carried out by USFOS. Other load cases could be easily com-
bined with the proposed wave theories. Other principle waves
considering uncertain sea environmental conditions could be
modeled. Accordingly, USFOS is capable of adopting the worst
sea state causing the most significant base shear or overturning
moment. In performing a pushover analysis, the hydrodynamic
forces caused by the critical wave phase are used.)e buoyancy
forces could be calculated independently from other existing
hydrodynamic forces.

2. Developed Methodology

Employing deterministic approaches would not lead to
achieving reliable results in OJPs’ dynamic response since
extreme wave loading has inherent uncertainty. Accord-
ingly, in the present study, a methodology is developed to
assess the OJPs’ performance in a harsh ocean environment
considering the stochastic behavior in wave loading. )e
outcome of the proposed approach is able to assist designers
in predicting the OJPs’ lifespan and improving their safety
under harsh environmental conditions. )is methodology
consists of two main steps, as presented in Figure 1 and
discussed in the following sections.

2.1. Structural Modeling. Simulating a complete structure
model in software is necessary to measure the OJP response
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more realistically. However, a multidegree of freedom
(MDOF) system is suggested to be established by previous
researchers [24–26]. Although using the MDOF model
would significantly reduce the computational cost compared
to a detailed model, it is a time-consuming procedure. It
cannot also accurately evaluate structural components’ re-
sponse. )e motion of an offshore structure subjected to
wave loading can be found by solving an equation on the
form:

m €x (t) + c(x, _x) _x(t) + k(x, _x)x(t) � F(t), (8)

where m is the mass of the system, c(x, _x) and k(x, _x) are the
damping and the stiffness coefficients associated with the
motion degree of freedom, respectively. F(t) is the wave load
acting on the mass in the direction of the selected degree of
freedom.

)erefore, in the present study, USFOS software is
adopted to overcome these concerns and simulate the whole
structure as a detailed model to briskly obtain a more ac-
curate response. )e schematic of the OJP simulated in
USFOS is illustrated in Figure 2.

Ocean waves have a random nature, which causes
nonlinear forces on the OJPs. )erefore, a time-domain
analysis will become necessary to obtain more accurate
structural response results during extreme loading con-
ditions. Accordingly, wave loads with different return
periods corresponding to a certain significant wave
height (Hs) and period (T) have been stochastically
subjected to the structures. Consequently, the dynamic
performance of the structures will be addressed in the
principal return periods. Besides, a crucial factor in
evaluating the performance of OJPs is the MBS forces that
should be carried out to perform the global analysis of
structures. Since the wave propagation across the
members is different, all the locations will not be attaining

the maximum forces in the structure. )e MBS method
may govern some jacket leg members near the seabed due
to high shear. Similar to evaluating the performance of
OJPs, due to the stochastic behavior of wave loadings, the
MBS is carried out randomly. An 1800 second simulation
has been performed to obtain the stochastic results in

Step 1: Structural Modeling

2.1 Fitting different probability
distribution functions for
achieving a suitable prediction
in structures’ lifetime

2.2 Identifying a safe limit
zone for assessing the response
of the structure

2.3 Evaluating the failure rate
for the structure in each return
period

1.1 Identifying environmental
conditions in differen return
periods

1.2 Time-domain analysis of
the structure in each return
periods

1.3 Generating essential
response data for evaluating
the reliability of the structure

Step 2: Failure Assessment

Structural Safety Framework

Figure 1: Developed methodology for assessing OJPs performance in a harsh environment.

Figure 2: A schematic view of the OJP simulated in USFOS.
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each return period for uncertain factors, including
maximum deck displacement (MDD) and the base shear
forces. )e randomly obtained results in this step will be
adopted to undertake a failure assessment.

2.2. Failure Assessment. Predicting the performance of OJPs
due to the irregular nature of random ocean waves corre-
sponding to stochastic wave height and period in each return
period is associated with considerable uncertainties. )erefore,
by considering the simulated data obtained from the previous
step, structural modeling, the variables’ uncertainty is modeled.
A proper PDF is assigned to the uncertain parameters to
perform the failure modeling of the OJP using MATLAB
software.)emaximum likelihood estimation (MLE)method is
employed to estimate the MDD distribution properties by
fitting suitable PDFs. )e most appropriate PDF should be
adopted to make a more reliable prediction of the OJP per-
formance. To this end, following the suggested PDFs in [6, 27],
some PDFs, including normal distribution, Weibull distribu-
tion, lognormal distribution, and generalized extreme value
(GEV) distribution, are fitted on the obtained simulation data to
choose the most appropriate PDF. On the one hand, a con-
siderable number of numerical simulations are required to
obtain a reliable distribution curve in the stochastic approach to
predict the structure performance. On the other hand, if a
known PDF can estimate the data obtained from a simulation
procedure, the required number of simulations will be de-
creased significantly. It should be noted that this reduction is
applicable since an offshore structure with the same structural
properties has been previously considered in the same extreme
wave conditions.

As mentioned earlier, the main reason for establishing
nonlinear analysis of the OJP considering the drag forces
and the structural stiffness for different DOF is examining
their performance in a harsh environmental condition. In
some return periods, due to the harsh environmental
conditions and extreme wave loadings, the structure will
exceed its survival limit, causing severe serviceability
damages. Accordingly, a survival analysis corresponds to
statistical approaches to investigate the time which an event
of interest takes to occur should be carried out. )e analysis
will clarify that while the OJP is subjected to extreme wave
loading, the performance will be in a safe condition or
exceed its survival limit conditions. In this particular case,
the survival analysis is carried out to investigate the lifetime
of OJP. To this end, MATLAB software as a robust statistics
and machine learning tool has been adopted. At first, a safe
limit condition should be selected to observe those MDDs
obtained from the simulation in USFOS that exceeds this
limit. Consequently, the number of exceeded MDDs could
be counted in the whole simulation time. During a survival
analysis in this study, either an MDD is observed to fail at
time T or the observation on that individual ceases at time c;

the observation is then min (T, c); and an indicator variable
Ic shows if the individual is censored or not.)e calculations
for hazard and survivor functions must be adjusted to ac-
count for censoring. Statistics and machine learning toolbox
functions such as ecdf, ksdensity, coxphfit, andMLE account
for censoring.

If the failure rate decreases with time, then the product
exhibits infant mortality or early life failures. )ese types of
failures are typically caused by mechanisms such as design
errors, poor quality control, or material defects. )e product
exhibits a random or memoryless failure rate behavior if the
failure rate is constant with time. Some possible causes of such
failures are higher than anticipated stresses, misapplication, or
operator error. If the failure rate increases with time, then the
product wears out. )ese failures are caused by mechanisms
that degrade the component’s strength over time, such as
mechanical wear or fatigue.

)e survivor function is the probability of survival as a
function of time. It is also known as the survival function. It
gives the probability that the survival time of observed data
exceeds a particular value. Since the cumulative distribution
function, F(t), is the probability that the survival time is less
than or equal to a given point in time, the survival function for a
continuous distribution, S(t), is the complement of the cu-
mulative distribution function:

S(t) � 1 − F(t). (9)

)e survivor function is also related to the hazard
function. If the data have the hazard function, h(t), then the
survivor function is defined as follows:

S(t) � exp − 
t

0
h(u)du , (10)

which corresponds to

S(t) � exp(−H(t)), (11)

where H(t) is the cumulative hazard function.
)e hazard function gives the instantaneous failure rate

of an individual conditioned that the individual survived
until a given time presented in the following equation:

h(t) � lim
Δt⟶∞

P(t≤T< t + Δt|T≥ t)

Δt
, (12)

where Δt is a minimal time interval; therefore, the hazard
rate is sometimes called the conditional failure rate. )e
hazard function always takes a positive value. However,
these values do not correspond to probabilities and might be
greater than 1.

)e hazard function is related to the probability density
function, f(t), cumulative distribution function, F(t), and
survivor function, S(t), as follows:
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h(t) �
f(t)

S(t)

�
f(t)

1 − F(t)
,

(13)

which is also equivalent to

h(t) � −
d

dt
ln S(t). (14)

3. Application of theDevelopedMethodology: A
Case Study

3.1. Scenario Development. An OJP as a real case study is
considered in the North Sea encountered harsh environ-
mental conditions to demonstrate the application of the
proposed methodology. Some conventional studies have
been conducted to investigate the OJPs’ performance in the
North Sea; however, the structures have not been exposed to
harsh environmental conditions [28, 29]. In the present
paper, an OJP encountered a harsh environmental condition
in different return periods due to extreme wave loading for
evaluating the structure’s nonlinear dynamic behavior in
survival conditions. Previous studies indicate several cata-
strophic failures on these structures operating in the North
Sea due to harsh environmental conditions [30, 31]. Ac-
cordingly, there is still a need to develop a robust meth-
odology to assess the structure’s dynamic performance more
realistically in harsh environmental conditions.

3.2. Structural Modeling. )e dynamic performance of the
OJP fabricated in the North Sea is assessed through a harsh
environmental condition by employing USFOS for the
structural simulation. Figure 2 shows the schematic of an 8-
leg jacket implemented in a water depth of approximately
110 meters. )e OJP legs are ordered in a two-by-four
rectangular frame, while two central legs located on the
north side of the platform are performing duties are launch
runners.)e top elevation of the structure is 27∗ 54m, while
there is a 20m distance between the launch legs. )e total
structural height is 142m, and the overall dimension con-
sidering the mud line is 56∗ 70m. To transfer the horizontal
forces, 5 bracings have been constructed on the structure. A
rectangular module support frame (MSF) covering truss-
work beams, 2 longitudinal, and 4 transverse trusses have
been established. )e trusswork is constructed at the height
of 9.75 m and overall dimensions of 27∗ 68m, as depicted in
Figure 3.

Since the OJP foundation is a rectangular grid, it consists
of 4 corners with 8 skirt piles widely used in offshore
structure construction. X-braces are used from central to the
corner legs at the bottom bay to improve the jacket frame’s
strength, while K-braces are used to strengthen the trans-
verse frames. )e stability of the conductor area is improved
by establishing X-bracing. )e OJP legs’ diameter varies
from 1.6m to 3.0m from the deck level to the elevation at
(−104)m, respectively. Accordingly, vertical and horizontal

braces vary in the intervals of (1.1 − 1.6)m and (0.8 − 1.0)m,
respectively. Regarding different elevations in the OJP, the
ratio of tube diameter (D) to tube thickness (t) is not the
same. )e (D/t) properties for central legs, vertical braces,
and horizontal braces in different elevations are summarized
in Table 1.

)e representative environmental conditions are applied
to the simulated OJP in the North Sea for four different
return periods suggested by Husain [1]. )e wave loading on
the structure is calculated according to the recommended
procedure in the API-RP2A (API, 1994) by using the en-
vironmental parameters required to assess a fixed platform
[32]. )e wave loadings are calculated through Stoke’s 5th
order nonlinear wave theory. )e significant wave height
during a storm condition could be modeled employing
Rayleigh probability distribution [33, 34]. However, this
study aims at conducting an extreme value analysis to assess
the response of the OJP in the irregular state of the North
Sea. Accordingly, the structure’s response distribution
would not necessarily follow a Rayleigh distribution in every
return period.)e simulation time for all four return periods
is 1800 seconds in USFOS. )e properties of extreme wave
loadings acting on the simulated OJP are provided in Table 2.

According to the extreme nature of waves in the North
Sea, a time-domain analysis in USFOS based on the Morison
equation is performed. )e Morison equation is a highly
appreciated approach in hydrodynamics to solving wave
forces in the time domain analysis [35]. )e Morison
equation consists of three main terms: the pressure field
generated by the undisturbed waves, the inertia of the
surrounding fluid, and the viscous drag [36]. )e OJP is
subjected to the suggested waves, including specific wave
height in different return periods for 1800 seconds on the
OJP stochastically. During the 1800 second simulation, more
than 7200 discrete displacements are obtained, resulting in a
more reliable and accurate OJP performance prediction. As
shown in Figure 4, the platform’s random displacement size
increases dramatically from 1-year return period to 100-year
return period. )e MDD in the 1-year return period is
approximately at 0.08m, while it rises to roughly 0.2m in
100-year return period. Moreover, the MBS considering
stochastic MDD is also determined for the global analysis of
the OJP. As the wave propagates across the structure, the
wave force on each member is different, and all the locations
will not be attaining the maximum forces. Similar to the
obtained random MDD, the MBS forces experience growth
from the 1-year return period to 100-year return period.
Stochastic base shear forces versus the MDD plotted in
Figure 5 provide a precise overview of the OJP performance.
It should be mentioned that the stochastic simulation of
MDD would result in evaluating the performance of OJP
probabilistically. Consequently, the OJPs’ lifetime prediction
will be addressed more reliable.

3.3. Failure Assessment. In the probabilistic approach, a great
deal of numerical simulations is required to obtain a reliable
analysis. Accordingly, more than 7200 discrete MDDs in 1800
seconds is achieved from the simulation in USFOS from the

Mathematical Problems in Engineering 7



previous step. In any histogram plot, the class (bins) width is
considered to be equal for facilitating the interpretation. Par-
ticular attention should be devoted to the number of classes.
Regarding too few classes would lead to the omission of some
essential features of the data. Meanwhile, too many classes
would result in an unclear overall picture due to high fluctu-
ations in the frequencies [37]. Regarding researchers’ recom-
mendation in adopting suitable PDFs in literature [6, 27], four
well-known PDFs, including normal, Weibull, lognormal, and
generalized extreme value (GEV) distributions, are utilized to
address the probabilistic characteristics of the MDDs in each
return period.)e role of PDFs is to estimate the behavior of the
set of data. )e selected PDFs should not precisely fit the
obtained data since it would result in an overfitting concept

[38, 39]. )e assigned PDFs’ unknown distribution parameters
are also summarized in Table 3, employing the nonlinear least-
squares method. )e most significant advantage of nonlinear
least-squares regression over many other techniques is the
broad range of functions that can be fit. Although many sci-
entific and engineering processes can be described well using
linear models or other relatively simple models, there are many
other processes which are inherently nonlinear processes [40].
Figure 6 contains 8 plots illustrated in two columns. On the one
hand, the first column (on the left) consists of 4 plots that show
the histogram of 7200 discrete MDDs obtained from 1800
second simulation in USFOS for different return periods. On
the other hand, 4 other plots, illustrated on the second column
(on the right), show the quantile-quantile plots (q-q plots). )e
q-q plots are employed as a graphical technique to examine
whether two datasets come from populations with a typical
distribution.)e q-q plots in Figure 6 are developed considering
three main components, including MDDs obtained from a
simulation inUSFOS (on thex axis), predictedMDDs (on they

axis), and the reference line (y � x).
)e datasets should lie either up or down from the 45-

degree reference line, while two datasets are distributed
with a similar PDF. A significant advantage of a q-q plot is
that several PDFs can be simultaneously tested. )e q-q
plot can provide more insights into the different nature of
the data sets than analytical methods such as the chi-
square and Kolmogorov–Smirnov. In this study, in
Figure 6, the MDD obtained from stochastic modeling of
USFOS is depicted versus the predicted MDD. )e q-q
plot technique is established to investigate the accuracy of
assigned PDFs, including normal, Weibull, lognormal,
and GEV distributions on MDD. As can be seen, the GEV
distribution is appropriate for estimating the MDD re-
sults, while the lognormal distribution is not reliable in

Figure 3: Module support frame simulated in USFOS.

Table 1: )e ratio of tube diameter (D) to tube thickness (t)

properties for central legs, vertical braces, and horizontal braces.

Element no. (D/t) Elevation (m)
1 (central leg) (21 − 29) (−14) to (−43)

2 (central legs) (50 − 67) (−43) to (−74)

3 (central legs) 80 (−74) to (−104)

4 (vertical braces) 43 (20 − 36)

5 (horizontal braces) 52 26 − 48
6 (horizontal braces) 20 − 33 (−14)

Table 2: Properties of extreme wave height during a 3-hour interval
in the North Sea.

Return period (year) Wave height (m) Simulation time (sec)
1 19.11

180010 22.21
50 24.08
100 24.85

8 Mathematical Problems in Engineering
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Figure 4: Stochastic displacement of offshore structure in 1800 seconds for four different return periods.
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Figure 5: Stochastic pushover curves for four different return periods.

Table 3: Results of the fitted distributions on the maximum deck displacement obtained from maximum likelihood estimation (MLE).

Return period (year) Distribution Parameters

1

Normal μ � 0.0410781, σ � 0.0206759
Weibull A � 0.0463619, B � 2.09065

Lognormal μ � −3.36585, σ � 0.650225
Generalized extreme value (GEV) k � −0.429178, μ � 0.0352711, σ � 0.0216415

10

Normal μ � 0.0687471, σ � 0.0386497
Weibull A � 0.0767069, B � 1.75138

Lognormal μ � −2.93119, σ � 0.838403
Generalized extreme value (GEV) k � −0.439074, μ � 0.0580849, σ � 0.040634

50

Normal μ � 0.0812511, σ � 0.0478613
Weibull A � 0.0896033, B � 1.59006

Lognormal μ � −2.82105, σ � 0.993804
Generalized extreme value (GEV) k � −0.390447, μ � 0.0668818, σ � 0.0491445

100

Normal μ � 0.0922143, σ � 0.0528807
Weibull A � 0.102039, B � 1.65111

Lognormal μ � −2.67656, σ � 0.964783
Generalized extreme value (GEV) k � −0.443559, μ � 0.0777447, σ � 0.0557262
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Figure 6: Continued.
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predicting the MDD in the return periods. Regarding
Figure 6 and the q-q plot technique, GEV is the closest
distribution to the reference line that shows the degree of
appropriateness of the assigned distribution. Conse-
quently, it is the reason for choosing the GEV as the most
suitable distribution. Meanwhile, making a long-term
prediction and explicit modeling of extreme values has
been the main concern for researchers and engineers [41].
Accordingly, scientists have widely suggested GEV dis-
tribution to model extreme values due to its capability in
extreme value modeling [42–45].

)e cumulative distribution function (CDF) is uti-
lized to determine whether the probability of a random
observation is less, equal, or greater than a particular
value. )e CDFs of the MDDs for different return periods
are illustrated in Figure 7. In 1-year return period, more
than 50 percent of the MDDs are less than 0.04 meter

while in 100-year return period are less than 0.1 meter.
Accordingly, the more increment in MDDs would result
in a growth in failure occurrence in the OJP lifetime.
Furthermore, in 10 and 50-year return period, more than
50 percent of the MDDs are less than 0.072 and 0.082
meters, respectively.

)e design and performance of the OJPs should
satisfy the clients’ and industry needs. Meanwhile, OJPs
should continue their serviceability, considering the
likely experienced displacement due to the harsh envi-
ronmental condition. Accordingly, to predict the future
performance of the OJPs, a fixed value as the safe limit
condition should be assumed to conduct failure analysis.
Consequently, a safe limit condition should be devoted to
the OJP in every assumed return period. Regarding the
previous studies [6, 30], the limit states should be adopted
based on two main criteria: the crews’ convenience on the
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Figure 6: Different distributions fitted on the maximum deck displacement data resulted from USFOS software.

Mathematical Problems in Engineering 11



deck and maximum allowable deflection of the top node
in the structure. Moreover, the assigned safe limit con-
dition is firmly a function of the failure consequence
purpose desired for design or operation. Meanwhile,
other types of limit states, including ultimate loads and
fatigue, are able to be incorporated with the proposed
framework in this study to predict relevant failure
probabilities. While the OJPs do not exceed the safe limit
condition, the serviceability would continue with minor
risk. Otherwise, the OJPs should be redesigned to satisfy
the project requirements. Regarding earlier estimations,
the dynamic performance of the fabricated OJP was
evaluated in a harsh environmental condition consid-
ering four principal return periods. According to the
results depicted in the figures, the most critical perfor-
mance of the OJP is assessed considering the 100-year
return period regarding the severe wave loadings. During
a severe eave loading, the OJP may experience a transition
and rotation, which results in an exceedance of the safe
limit condition. To predict this event, the trajectory plot is
developed considering the stochastic dynamic behavior
of the OJP in the return periods. )e trajectory plot would
be illustrated by considering the OJP motion in the X and
Y directions. Accordingly, a safe limit of 10 centimeters is
considered for the OJP to explore the dynamic behavior
in more detail. Figure 8 represents the trajectory motions
of the OJP in the suggested return periods. As illustrated
in Figure 8, during the storm condition in the simulation
time of 1800 seconds, in a 1-year return period, the OJP
would not pass the safe limit condition. In the other
return periods, the number of exceedance in safe limit
conditions increases significantly. )e survival condi-
tions are shown in the plots to clarify that OJP exceeds the
critical limits. )ese graphs will play a vital role in the
future failure analysis of the OJP as it shows the number
of occurrences that the structure exceeds the safe limit
condition. Regarding the severe wave loadings on the

OJP, the structure strength and resilience will decrease,
and the serviceability would suspend. )ese responses
should be considered to improve the operation’s safety
and OJP performance’s safety in different return periods
[30].

Considering a safe limit condition at 10 centimeters as
the fixed value for every return period, the OJP will
continue its serviceability in a 1-year return period
without a serious problem. Correspondingly, in the other
three return periods, the OJP may experience some in-
evitable problems in performance. In this study, survival
analysis is carried out to identify the time events in which
the OJP exceeds the safe limit condition during the
simulation time in 1800 seconds. )e failure rate cor-
responding to the OJP performance is illustrated in
Figure 9 for three different return periods. Due to the
space limitations, the first 180 second results’ derived
from survival analysis are presented for the return pe-
riods to show the failure rate variation. A failure rate is
simply a calculation of OJP exceedance from the safe
limits, resulting in failures over time. It is usually first a
frequency observation of how often the OJP has failed
over some return periods. A failure rate can also predict
the number of failures to be expected in given future
periods. )e failure rate is generally divided into rates of
failure for each failure mechanism.

Regarding Figure 9, how the OJP exceeds the con-
sidered safe limit condition can be easily categorized due
to the failure rate variation over time. When the failure
rate tends to vary only with a change in wave loadings, the
underlying mechanism is usually random. It should ex-
hibit a constant failure rate as long as the environment
stays constant. While the failure rate tends to increase
with time and is logically linked with an aging effect, the
underlying mechanism is time dependent. )ere is un-
doubtedly an aspect of randomness in the mechanisms
labeled time dependent and the possibility of time
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Figure 7: CDF of maximum deck displacement in 4 different return periods.
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dependency for some of the mechanisms labeled random.
)e labels point to the probability estimation protocol
that seems to be most appropriate for the mechanism.

4. Conclusions

)is paper aims to develop a step-by-step methodology to
assess the fabricated OJPs’ reliability and failure rates during
a harsh environmental condition at 4 principle return pe-
riods.)e proposedmethodology consists of twomain steps.
In the beginning, the structure of the fabricated OJP was
simulated through the USFOS. )en, considering the
ocean’s random nature, various extreme wave loadings in
different return periods were subjected to the OJP. Ac-
cordingly, probabilistic analysis has been carried out to

evaluate the performance of the OJP. )is methodology is
able to evaluate the nonlinear dynamic response of the OJP
during a storm and significantly reduce the time and
computation cost of simulations. )e application of the
proposed framework was demonstrated by simulating an
OJP in the North Sea during harsh environmental condi-
tions. )e dynamic analysis of the OJP shows that from
1-year to 100-year return periods, the MDD andMBS values
will increase dramatically. Moreover, among all assigned
PDFs on the stochastic MDD obtained from the simulation,
the GEV distribution was the most appropriate for esti-
mating the MDD results. )e analysis results indicate that
the OJP will not exceed the considered safe limit condition in
1-year return periods; however, it is likely to experience
inevitable damages in other principal return periods. Also,
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the OJP global trajectory for transition and rotational re-
sponse demonstrates the effect of the different environ-
mental conditions as well as stochastic waves on the
performance of the OJP. Also, the failure rate of OJPs was
evaluated regarding a safe limit condition (10 centimeters) in
the principal return periods to carry out a more precise
study. Regarding the highlighted and practical results of the
proposed framework, potential future risks of the dynamic
behavior of an OJP could be minimized. Designers and
operators can adopt this robust framework to assess the
reliability of the OJP encountering extreme sea wave
loadings.
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