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ARTICLE INFO ABSTRACT
Keywords: Given the considerable volume of materials used in jacket platforms, structural optimization of
Offshore structures these structures is always of interest. In the design optimization of offshore jacket platforms, the

Jacket platforms

Structural optimization

Enhanced colliding bodies optimization (ECBO)
Genetic algorithm (GA)

objective function is iteratively evaluated through a number of complex and time-consuming
analyses making the optimization process computationally expensive. To reduce the computa-
tional costs, therefore, it is imperative to investigate efficient optimization algorithms with a high
convergence rate to achieve optimal solutions for offshore jacket structures as a large-scale and
complex problem. Accordingly, this research studies the application of a novel metaheuristic
algorithm called Enhanced Colliding Bodies Optimization (ECBO) for the design optimization of a
real jacket platform, SPD19A. The optimization constraints comprise stress and buckling in the
members, horizontal displacements at the working point, and structural adequacy control of
connections. The optimization results are subsequently compared to a design optimized by the
Genetic Algorithm (GA), as an example, to evaluate the efficiency of the ECBO algorithm for the
offshore jacket structure. The outcomes indicate that ECBO optimizes the jacket more effectively
by 15%, while the optimization ratio of GA is 11%. Hence, the results confirm that ECBO has
great and favorable efficiency and can potently escape from local optima to reach a better design
for the jacket structure.

Nomenclatures
A The cross-sectional area of the member
Cp Hydrodynamic coefficient of drag
Cm Hydrodynamic coefficient of inertia
Cm Bending term coefficient in the interaction formula
D,, D The outer diameter of the tubular members
F, Allowable axial compressive stress
Fp Allowable bending stress
F, Allowable shear stress
Fy Allowable torsional shear stress
Fy Yield stress
Fyp Yield strength of the brace member
Fye Yield strength of the chord member
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(continued)
F, Euler buckling stress
f Nominal axial, in-plane bending, or out-of-plane bending stress in the brace
fa Axial stress
o Bending stress
fox Bending stresses about the local X-axis
foy Bending stresses about the local Y-axis
fr Resultant shear stress due to shear force
fu Resultant shear stress due to torsion
& Allowable stress or horizontal deflection
& Calculated stress or horizontal deflection
H The height of the platform
I Polar moment of inertia
iter The iteration number
itermax Total number of iterations
M, Torsional moment
m Specified mass of each colliding body (CB)
n Number of colliding bodies
nc Total number of constraints
pro A parameter for regenerating a component of each colliding body (CB)
Q A factor to account for the presence of nominal longitudinal stress in the chord
Qq A factor to account for the effects of loading type and geometry
Rp Coefficient of the exterior penalty function
t Thickness of the tubular members
) Uniform flow velocity
Uy Mean wind speed
uc Unity Check ratio
u horizontal velocity of the water particle inside the wave
u horizontal acceleration of the water particle inside the wave
Vv Transverse shear force
Wp Weight of the jacket platform
X,CB Colliding body
x The previous position of colliding body
x° The initial solution vector of each colliding body (CB)
Xmins Xmax The lower and upper bounds of design variables
X The new position of the colliding body
Br,0, 1 Joint geometry parameters
Axy Horizontal deflections in X and Y directions
€ The coefficient of restitution (COR)
v The velocity of the stationary and moving bodies before collision
vp Acting punching shear
Vpa Allowable punching shear stress
vV The velocity of the stationary and moving bodies after collision
P Water density
@, fit Fitness function

1. Introduction

Steel jacket platforms are huge steel-framed structures used to explore and extract oil and gas from the deep ocean. Despite the
popularity of steel jacket platforms for the oil and gas industry —about 95% of offshore platforms in the world are using jacket platforms
[1]-these structures are constructed with a considerable volume of materials and, therefore, optimization of steel jacket structures has
become of interest to researchers. However, the optimization of the jacket structures is acquired by analyses of these structures during
several iterations. Due to the complexity and considerable time required to analyze these structures, the optimization process is often
expected to become time-consuming and uneconomical.

Due to the importance of optimization in the offshore industry, numerous studies have been conducted to optimize different
offshore structures [2-4]. Recently, different algorithms, such as the Cyclical Parthenogenesis Algorithm (CPA) [5], Particle Swarm
Optimization Algorithm (PSO) [6], and Genetic Algorithm [7], have been applied to optimize the offshore jacket structures. Genetic
Algorithm has always been of interest to researchers and engineers as a powerful tool for designing and optimizing marine structures
[8,9]. Using the GA, Motlagh et al. [10] optimized a real jacket platform by taking fatigue damage into account. However, the authors
emphasized that the optimization process is time-consuming and requires more studies to reduce the time consumed for the opti-
mization and adopt more efficient algorithms in future studies. By introducing various improvements, Schathirt et al. [11] modified the
standard Genetic Algorithm and investigated the feasibility of the approach for the optimization of offshore wind turbines with jacket
support structures. Nevertheless, the model used in their study was not representative of a commercial OWT. Plus, lately, considering
fatigue damages, a framework was developed to optimize the orientation and location of welds connecting the joint in a welded K-node
in offshore jacket structures [12].

Besides, some studies focused on sizing optimization; Oest et al. [13] developed and implemented an efficient method for analytical
gradient-based sizing optimization of a support structure for offshore wind turbines. In 2018, Sandal et al. [14] also proposed an
approach for sizing optimization of jacket structures for the conceptual design of jackets for offshore wind turbines and investigated
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how the optimized mass depends on the number of bays and the jacket leg distance.

Recently, by using a simple optimization process, Tabeshpour, and Fatemi [15] provided an optimum bracing configuration for
offshore jacket structures. They showed that the global geometry and configuration of the braces are very effective in both strength and
ductility parameters. Moreover, the wind turbine as a common offshore structure was optimized by Natarajan et al. [16]. The objective
of their optimization problem was to minimize the fundamental natural frequency of the structure while subjected to frequency
constraints, tower top displacement constraints, and member ultimate stress constraints. Also, during the very early design phases of
jacket structures, there may be very limited information available on meteorological conditions, soil conditions, specifications, etc.
Hence, Oest et al. [17] realized that numerical optimization is useful for this purpose.

On the other hand, the topology optimization of offshore structures has been of interest to many studies over recent years [18]. It
was also shown that topology optimization leads to a better starting point for further designs for the jacket support structure for
offshore wind turbines [19]. Abou El-Makarem et al. [20] performed a topological optimization of a standard jacket platform under
earthquake loading in the Gulf of Suez. In 2021, applying the teaching learning-based optimization (TLBO) algorithm and genetic
algorithm (GA), Savsani et al. [21] conducted size and topology optimization for a jacket structure.

Colliding bodies optimization (CBO) is a novel and efficient optimization algorithm developed by Kaveh and Mahdavi [22]. By
using memory to save some of the best solutions, the enhanced version of CBO called Enhanced Colliding Bodies Optimization (ECBO)
was developed and utilized for discrete and continuous structural design problems [23]. In 2016, an optimum topology design was
performed using the Colliding Bodies Optimization (CBO) method and its enhanced version (ECBO) for Schwedler and ribbed domes
[24]. Kaveh and Ghazaan [25] also compared the capability of the CBO and ECBO by optimization of skeletal structures. Additionally,
the Colliding Bodies Optimization Algorithm (CBO) and Enhanced Colliding Bodies Optimization (ECBO) were applied to optimize the
jacket structures. However, the modeling and analysis of the jacket structure were not performed through specialized software for
offshore structures [26,27].

On the one hand, due to the complexity of the structural analysis of offshore jacket structures, the design and optimization of these
structures is a time-consuming and computationally expensive task. On the other hand, as optimization algorithms require tens,
hundreds, or even thousands of objective function calls per run (that depends on the number of constraints and design variables), the
computational cost of the whole optimization process may not usually be acceptable. Hence, the adoption of efficient optimization
methods can considerably reduce the computational cost and time of optimization. Therefore, this research studies the application of
ECBO, as a powerful and novel optimization method, for weight optimization of a real jacket platform, SPD19A. Besides, to boost the
accuracy of structural analysis results, the SACS, specialized software for the design of offshore structures, is used for analyzing the
SPD19A during the optimization process, an advantage rarely found in previous research. The optimization algorithm is coded via
MATLAB. Furthermore, the optimization results are subsequently compared to the optimal design obtained by the Genetic Algorithm
(GA) as a tried-and-true optimization algorithm, to investigate the efficiency of the ECBO algorithm for design optimization of jacket
structures.

The next sections are as follows; Section 2 explains the optimization problem. Section 3 clarifies the Enhanced Colliding Bodies
Optimization Algorithm (ECBO), while Section 4 describes the SPD19A platform and environmental specifications. Section 5 explains
the design optimization of the jacket platform and the results, and finally, Section 6 provides the conclusion.

B o83 W LG3 B LGC
DB2 LG2 LGB
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(a). Horizontal Members  (b). Diagonal Braces (c). Single-Battered Legs  (d). Double-Battered Legs  (e). Vertical Braces

Fig. 1. The position of tubular members in each of the classified groups.
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2. Optimization problem
2.1. Objective function

Considering the weight of the jacket structure as the objective function, this research aims to achieve an optimum design for the
geometric properties of the sections of the jacket’s structural members. The weight of the jacket is a function of the cross-sectional
geometric properties of its members and varies with the changes in the thickness and diameter of the examined members during
the optimization process. It should be noted that the weight of the topside is constant during the optimization process.

2.2. Decision variables

The decision variables encompass the outer diameter (Dp) and thickness (t) of the tubular members within the jacket structure. For
simplification of the problem, the primary structural members are categorized into 14 groups. Four groups of the jacket members,
namely HM1, HM2, HM3, and HM4, are located in the four horizontal frames, as shown in Fig. 1(a). Three other groups of the jacket
members belong to the diagonal braces, named DB1, DB2, and DB3 (Fig. 1(b)). The legs of the jacket structure form six other groups,
three of which, named LG1, LG2, and LG3 (Fig. 1(c)), and the three other ones, called LGA, LGB, and LGC, whose two orthogonal sides
are battered (Fig. 1(d)). The last group of the structural members is vertical braces, named VB1 and shown in Fig. 1(e). Meanwhile, the
values of the outer diameter (Do) of categorized structural members are defined in a continuous range of 30 cm-300 cm [10].
Furthermore, given the values of members’ diameter, the lower and upper boundary values of members’ thickness (t) are determined
within a continuous range as described in Table 1, in accordance with the physical constraints outlined by the API code, and not taking
thin-walled pipes into account by the SACS software [10]. The upper bound for thickness is merely considered to ensure that the
optimization algorithm theoretically explores the entire search space of feasible and theoretical solutions and does not necessarily
imply that the final optimized designs might converge to such impractical values. As the algorithm progresses through generations,
unrealistic designs with excessively thick sections are naturally eliminated, and the optimized solutions converge toward more
practical and realistic designs.

2.3. Design constraints

In this research, a wide range of design constraints is considered, including the control of stress and buckling in the members,
displacement, and structural adequacy control of connections based on API-RP-2A code [28]. The dead and live gravitational loads, as
well as environmental loads of winds, currents, and waves, are the determinant loads of the structural members of the platform.
Therefore, in these members, different types of axial, shear, in-plane flexural, and out-plane flexural stresses or combinations of them
are likely to form. Using the API-RP-2A-WSD [28] and AISC [29] codes, the interaction Unity Check ratios (UC) are calculated for
structural tubular members. Accordingly, the amounts of stress or buckling in the members should not exceed the allowable limits
defined by the equations presented in the codes. When designing cylindrical members exposed to a combination of compression and
flexure, it is essential to ensure that they meet two specific criteria if the compressive stress exceeds 0.15F, [28].:

/2X+ 2
UC= fa +M§1.o [¢))

0.6F, Fy

Cm 2x+ 2
UC:f“+4 vfbf”y<1.o 2

F_. =
qET

Where F, shows the Euler buckling stress per AISC code, and Cj, is the bending term coefficient in the interaction formula dependent
upon column curvature caused by applied moments [29]. Besides, f, represents axial stress, fj signifies bending stress, F, stands for
yield stress, fi, and f, represent bending stresses about the local X-axis and local Y-axis, respectively, and finally, F, and F, are
allowable bending and axial compressive stress, according to the AISC code [29]. When f;/F, < 0.15, Eq. (3) may be used for
compression members in lieu of the foregoing two formulas:

/2X+ 2
UC:f—a+MS 1.0 3

F, a F b
Table 1
Decision variables.
Decision variable Variation range Unit Type
Outer Diameter (Do,) [30, 300] cm Cont.
Thickness (t;) Do, <t< Do, cm Cont.
300~ — 2
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Meanwhile, Eq. (4) determines the Euler buckling stress ratio for compression members [30].

7>

e

_fa
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Eq. (5) checks the tension plus bending per API for members in tension, while Eq. (6) assesses each member for bending only [28]:

2 + 2
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0.6F, F,
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The larger amount obtained from Eq. (7) and Eq. (8) equals the shear unity check ratio [28].
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where f, is resultant shear stress due to shear force, while f,; stands for resultant shear stress due to torsion. Furthermore, F, and Fy,
respectively, denote allowable shear stress and allowable torsional shear stress. Besides, V, A, My, D, and I, are transverse shear force,
cross-sectional area, torsional moment, outside diameter, and polar moment of inertia, respectively.

Moreover, it is required to control the structural adequacy of each connection. Accordingly, the maximum stress ratio based on
punching shear is investigated in accordance with Eq. (9) [28]:

vc=2<10 ©

Vpa

In Eq. (9), v, is the acting punching shear, and v, is the allowable punching shear stress calculated separately for each component of
brace loading and the joint type using the following equations [28]:

Vp =1f sin 0 (10)
Fy.
o=y ¢ an

where fis nominal axial, in-plane bending, or out-of-plane bending stress in the brace, Qrdenotes a factor to account for the presence of
nominal longitudinal stress in the chord, and Qq is a factor to account for the effects of loading type and geometry. Additionally, Fy. is
the yield strength of the chord member at the joint, while 6, 7, and y are joint geometry parameters, as shown in Fig. 2. Meanwhile,
tubular connections are examined to ascertain the capacity of connections to bear 50% of the effective member strength of any
connecting brace. The tubular joints satisfy this capability when the following condition is obtained [28]:

Brace included angle

Gap between braces, in. (mm)

Brace wall thickness at intersection, in. (mm)
Chord wall thickness at intersection, in. (mm)
Brace outside diameter, in. (mm)

Chord outside diameter, in. (mm)

[ | | N | N

oo -Hra @

by L_:'/_r
—_— - e e — — — — _d
Y B—B‘
\9 Saddle _D
D LT
=t
S S T

— Chord T ﬁ

Fig. 2. Geometric parameters of tubular joints [28].
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Fy(yr sin 6)
e F(11+15/p) ~ 10 12)

where Fyy, is the yield strength of the brace member, and 6, 7, 7, and f are joint geometry parameters, according to Fig. 2.
The amounts of horizontal deflections at the working point are limited to 1/200 of the platform height relative to the seabed level in
both X and Y directions, as given in Eq. (13) [31]:

(AX g Y) working ponit

)

Generally, the ratios of obtained values to allowable values control the constraints of the stress and buckling in the members,
deflections, and punching shear in the joint connections. Accordingly, the general form of constraints in the optimization problem can
be described as shown in Eq. (14):

uc= <10 13

vc=8<10 i=1,2 ,nc (14)

&a

In Eq. (14), g, and g; represent the allowable and calculated amount of the stress or horizontal deflection, respectively, while nc is the
total number of constraints.

2.4. Fitness function

In this study, the fitness function is calculated by adding an exterior penalty function to the platform’s weight objective function.
Eq. (15) indicates the relationship between the objective function, exterior penalty function, and the fitness function [7].

2
d=W, +Rp.zzl {max(o,gf )} (15)

a

In Eq. (15), ® stands for the fitness function of the problem, and W, is the weight objective function of the platform. Moreover, g;/g, is
associated with the design constraints thoroughly explained in Section 2.3 and signifies the maximum stress in the members or
connections and the maximum horizontal deflection ratio at the working point level. R, is the coefficient of the exterior penalty
function and is constant and equal to the greatest weight of the platform for maximum values of outer diameter and thickness of all
structural members of the jacket. Moreover, nc denotes the total number of constraints.

3. Enhanced colliding bodies optimization algorithm

The present research applies Enhanced Colliding Bodies Optimization (ECBO), the enhanced version of CBO developed by Kaveh
et al. [23], to optimize the jacket structure. The comparison of CBO’s and ECBO’s performances has been already performed in
previous research and ECBO has presented higher performances compared to CBO [25,32]. Therefore, in this research, the enhanced
version of CBO is studied.

In the CBO, one object collides with another object to move toward a minimum energy level. The specified mass of each colliding
body (CB), X;, is calculated by Eq. (16) [32]:

me=2%_ k=12 ..n (16)
P

In Eq. (16), fit(i) denotes the fitness function value of the ith CB, and n is the number of colliding bodies. As Fig. 3 demonstrates,
according to the masses sorted in decreasing order, CBs are categorized into two equal groups: stationary and moving groups.
Moving bodies collide with stationary bodies to modify and improve their positions and push stationary objects toward better

Stationary group : X B e -
§ - -
= Pairs of objects
Moving group : | Koz V) J—— (x )

Fig. 3. The pairs of CBs for collision [32].
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positions. The velocities of the stationary and moving bodies before collision (v;) are calculated by Eq. (17) and Eq. (18), while Eq. (19)

and Eq. (20) represent the velocities of the colliding bodies and after collision (v’;) [32]:

vi=0 i=1,2."

2
n n
Vi=X. n—X; i==+1,-4+2,.,n
i l,% i 2+ 2+ IE)
(mH;JremHg) Vi
Vi = i=1,2,.,
mi+mi+%
(mi+€mi n) Vi
2
n n
v/ i=—+1,-+2,.,n
! m;+m,_n 2+ ’2+ T
2

Initialize all CBs

| <
v

Objective function is evaluated and masses are defined by
Eq. (16)

!

Update Colliding Memory (CM) and population

v

Stationary and moving groups are created and velocities are
calculated by Eq. (17) and Eq. (18)

v

The velocities of CBs are updated by Eq. (19) and Eq. (20)

v

New position of each CB is determined by Eq. (22) and
Eq. (23)

Is
terminating criterion
fulfilled?

Report the best solution found by the algorithm

Fig. 4. The ECBO algorithm flowchart [23].

a7

18)

19)

(20)
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e=1—- iter (21)
1termax

where iter and iterpg. represent the current iteration number and the total number of iterations for the optimization process,
respectively. In addition, ¢ is the coefficient of restitution (COR). Using the following equations, new positions of each group are
updated:

X =x;+rand’v; i=1,2, .,g (22)
ew 0., - n n
x} :xl;%Jrrandvi 1:§+1,§+2,.,n (23)

In Eq. (22) and Eq. (23), x°”, x; and v’; denote the new position, previous position, and the velocity after the collision of the ith CB,
respectively. In addition, rand indicates a random vector uniformly distributed in the range of [-1,1], and the sign “°”’ defines an
“element-by-element” multiplication.

To achieve faster and more reliable solutions for CBO, Enhanced Colliding Bodies Optimization (ECBO) is developed, which uses
memory to save a number of historically best CBs and also utilizes a mechanism to escape from local optima. Fig. 4 shows the flowchart
of ECBO and elaborates on the steps of this technique. In the ECBO, at the first step, the initial positions of all CBs are determined
randomly in an m-dimensional search space according to Eq. (24).

X0 = Ximin +random® (Xmax — Xmin) i=1,2,...n 24

where x{ is the initial solution vector of the ith CB. Plus, Xmin and Xmay indicate the lower and upper bounds of design variables,
respectively. “random” is a random vector in the interval [0, 1]. In the next step, the value of mass for each CB is evaluated according to
Eq. (16). In this method, to save a number of historically best CB values, colliding memory (CM) is applied. Accordingly, to produce a
new generation of CBs, solution vectors held in CM are added to the population, and the worst CBs are excluded. Finally, the CBs are
categorized into two groups: stationary and moving, the same as the CBO method. Moreover, the velocities of stationary and moving
bodies before and after the collision are evaluated by Egs. (17)-(20). Furthermore, the new position of each CB is calculated by Egs.
(22) and (23). Another difference between CBO and ECBO is that a parameter called “pro” within (0, 1) is introduced in the last step. By
using “pro”, the algorithm assesses whether a component of each CB requires change or not. For each colliding body, “pro” is compared
withrn; (i= 1,2, ...n), which is a random number uniformly distributed within (0, 1). If rn; < pro, one dimension of the ith CB is selected
randomly, and its value is regenerated as follows:

X =Xjmin + random. (X max — Xjmin) (25)

In Eq (25), xj is the jth variable of the ith CB, X;j min, and Xj max, are the lower and upper bounds of the jth variable, respectively. It should
be noted that only one dimension is changed to retain the structures of CBs. After the predefined maximum evaluation number, the
optimization process is terminated. In this study, the structure of each colliding body consists of 14 pairs of continuous values indi-
cating the outer diameter and thickness of the classified structural members of the jacket. Eq. (26) denotes the CB structure in the
optimization problem.

CB= [Do,, 1. Do, 2., Do,, , t4] (26)

Fig. 5. Isometric view of 3D jacket model.
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4. SPD19A platform and environmental specifications

The SPD19A platform is situated within the 19th phase of the South Pars field, which is positioned in the Persian Gulf. The overall
dimensions of the platform deck are about 32.5 m x 27.5 m [31]. The platform model includes the weights of various equipment, such
as piping, sources, instrumentation, and mechanical, electrical, safety, and firefighting equipment. The structure of the jacket is
analyzed using a 3D model, shown in Fig. 5, including primary members like legs, horizontal framing, and diagonal and vertical
bracings. Member groups are used to define member properties such as cross-section and material properties. The tubular members of
the jacket structure are made from S355 steel plate. Moreover, the coordinates system in the model is considered in such a way that the
X global axis is oriented towards platform North, the Y global axis is oriented towards platform West, and the Z global axis is pointing
upward with origin at LAT.

The SPD19A platform is constructed with a four-leg jacket structure, where the legs are continuously extended and fixed into the
seabed soil, reaching the fixity level. Asillustrated in Fig. 6, it features a single-battered legs design on one side, with a slope of 1:7, and
a double-battered legs configuration on the other side, with slopes of 1:7 and 1:8 in perpendicular directions [31]. The dimensions
between the legs at the working point elevation are 24 m x 13.72 m, as demonstrated in Fig. 7 [31]. The platform’s foundation consists
of four piles, which are considered an extension of the legs, reaching the fixity level, and have a simple tubular cross-section. Given the
soil conditions, which consist of stiff greenish clay, the fixity level of the piles is determined to be 8.5 times the outside diameter of the
piles [7].

Besides, Fig. 8 demonstrates the structural elevations of the jacket structure. The structural elevations of the jacket platform
comprised the working point, the top of the jacket, and the first, second, third, and fourth frames [31]. Additionally, the jacket
structure’s total height equals 73 m. It should be noted that the jacket members’ lengths are constant during the optimization process.
Furthermore, the initial weight of the SPD19A jacket platform in the original design equals 3834 tf.

Applying the finite element structural analysis software, SACS version 5.3.1.1, the jacket structure is modeled and analyzed. The
structural assessment of the jacket platform is performed using in-place analysis of the structure subjected to dead and live loads as well
as environmental loads caused by marine phenomena, such as waves, currents, and winds based on the platform design specifications.
The in-place analysis of the jacket structure is conducted based on 100-year extreme storm conditions. The wind loads are calculated
based on the API-RP-2A-WSD standard, using the 1-min mean wind speeds for 100-year extreme storm conditions provided in Table 2.
The table lists the maximum wind speeds at 10 m above mean sea level for each of the eight main geographical directions specified for
the project, with each data point representing the wind coming from that direction.

Accordingly, Eq. (27) calculates the wind force applied to the unit length of a tubular member [33].

1
f:imedﬁ 27)

In Eq. (27), p is the water density, D, denotes the outer diameter of the tubular member normal to the wind flow, U,, stands for the mean
wind speed, and Cp signifies the drag coefficient.

The water depth at the location of the SPD19A platform is 64.7 m below the Lowest Astronomical Tide (LAT) level [31]. The
minimum water depth for the in-place analysis is taken as LAT, while the maximum Still Water depth for the in-place analysis is equal
to the sum of LAT, the Mean Higher High Water (MHHW), and 100-year Storm Surge, as furnished in Table 3.
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Fig. 6. Top view of the jacket structure.
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Fig. 8. Structural elevations of SPD19A platform.

Table 2

Wind data for 100-year extreme storm conditions [31].
Geographical Direction (from) Wind Velocity (m/s)
North (N) 35.6
North East (NE) 34.9
East (E) 36.0
South East (SE) 35.2
South (S) 33.4
South West (SW) 33.0
West (W) 35.6
North West (NW) 36.7

Plus, the directional wave heights with associated periods, as well as current data for 100-year extreme storm conditions are
extracted from the project specifications, shown in Tables 4 and 5, respectively [31]. Furthermore, Fig. 9 demonstrates the eight
geographical directions considered for the jacket structure.

When a current is present, the total water particle velocity is modified by adding the wave particle velocity to the current velocity. If
the current is inline, the magnitudes are added to give the total velocity. The wave particle velocity is computed based on the apparent
wave period. In this case, the normal wave loading for a unit length of a cylindrical structure is based on the modified Morison
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Table 3
100-year maximum still water depth data [31].
Parameter Value (m)
N NE E SE S SW w NW
LAT above Seabed 64.7
MHHW above LAT 1.6
100-year Storm Surge 0.1 0.1 0.2 0.3 0.2 0.1 0.2 0.3
100-year Total SWL 66.4 66.4 66.5 66.6 66.5 66.4 66.5 66.6
Table 4
Wave data for 100-year extreme storm conditions [31].
Parameter Value
N NE E SE S SW w NwW
Wave Height (m) 9.7 8.8 10.8 11.6 10.2 8.8 10.8 12.2
Wave Period (s) 10.0 9.6 10.4 10.8 10.2 9.5 10.4 11.0

Table 5
Current data for 100-year extreme storm conditions [31].
Current (from) Current Velocity (m/s)
Surface Current 1.28
Mid-Depth Current 1.28
1.0 m above Seabed 0.78
0.5 m above Seabed 0.71
270°
0
315° 225
o° 180°
— S —
- "
Y 45° '&3’
0
I—»x 20

Fig. 9. Eight geographical directions for the SPD19A offshore platform [31].

equation, as shown in Eq. (28) [33].

7Do?

o1
f=pCy—"1+ 5pcDDO|u+ Ul(u+0) (28)

where Cys and Cp, are hydrodynamic coefficients of inertia and drag, while u (m/s) and u (m/s%) are horizontal velocity and accel-
eration of the water particle inside the wave, and U signifies uniform flow velocity.

5. Design optimization of SPD19A using ECBO
Lately, much research has focused on employing novel and effective approaches and algorithms for the design and optimization of

marine structures [34,35]. In the same vein, this study examines the application of a continuous ECBO as a novel optimization al-
gorithm to optimize a real jacket platform, SPD19A. The population of the first generation of the optimization process is determined
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randomly. The specification of the applied ECBO algorithm is shown in Table 6. The values of colliding size memory and “pro” co-
efficient are considered according to the values which are recommended by Kaveh and Ghazaan [32].

Fig. 10 demonstrates the convergence curve for the optimization process of SPD19A using ECBO. Given the initial weight of the
SPD19A in the original design, the ECBO reduces jacket platform weight to 3241 tf during 200 generations, leading to a 593 tf decline
in the weight. The outcomes indicate the ECBO efficiently optimizes the jacket weight by a ratio of 15%.

Fig. 11 illustrates the optimization ratio in each of the classified structural members of the SPD19A platform. Regarding Fig. 11,
diagonal braces are optimized more than other structural groups by 69%. Moreover, the optimization ratio for horizontal members is
more significant compared to legs, while vertical braces do not have any weight reductions. Besides, Figs. 12 and 13, respectively
represent the outer diameter and thickness of classified structural members, in the initial and optimum design of the SPD19A platform.
Based on the findings, it can be inferred that a significant portion of the weight reduction in the optimum design is attributed to the
diminished thickness of the jacket’s structural members.

Despite the lighter weight and satisfaction of all considered constraints in the optimal design, as shown in Figs. 12 and 13, the
excessively large diameters and thin wall thicknesses, particularly in the high-stress regions near the seabed such as HM1 and DB1
members, are impractical and likely to lead to local failures. The excessively thin wall thicknesses of these members might result in
poor fatigue performance and a high risk of cracking under cyclic wave and current loads, substantially reducing the expected service
life of the jacket structure. Additionally, as illustrated in Fig. 13, the excessively diminished thicknesses of these members might
provide insufficient allowance for corrosion loss over the lifetime of the structure, requiring extremely stringent corrosion monitoring
and mitigation measures, which may not be practical in an offshore environment. On the other hand, the high slenderness ratios of
these members make them highly susceptible to local buckling under both axial and bending loads, especially considering the external
hydrostatic pressure effects near the seabed. These factors significantly increase the likelihood of premature local failures, under-
mining the overall structural integrity and safety of the optimized jacket design. Therefore, to ensure more practical and reliable
designs, the current optimization study needs to be extended with more structural and implementation constraints, such as fatigue
damage, corrosion allowance, and local buckling resistance, even if it might significantly increase the computational cost and
complexity of the problem.

In the next step, as a case in point, the optimization results are compared to the design optimized by the Genetic Algorithm (GA), as
a tried-and-true optimization algorithm, to evaluate the efficiency of the ECBO for offshore jacket structures. The specification of the
GA used is shown in Table 7. To initiate GA optimization, the same population of the first generation of the previous optimization is
used.

Regarding Fig. 14, during the same number of generations with ECBO, the GA reduces the SPD19A weight to 3395 tf, optimizing the
jacket structure by 11%. Table 8 compares the optimization results of the SPD19A using GA and ECBO. Accordingly, it can be
concluded that ECBO has a favorable, high convergence rate and can effectively escape from the local optimum to achieve a better
design for SPD19A. Furthermore, Fig. 15 demonstrates the contribution percentage of SPD19A structural members optimized by the
ECBO and GA. As shown in Fig. 15, in both ECBO and GA optimizations, the most reduction of the platform weight is caused by di-
agonal braces, by the ratio of 58.2% and 55.6%, respectively. Meanwhile, horizontal members have a relatively larger contribution to
ECBO optimization than GA, while the contribution ratios of legs are almost equal in both. It should also be mentioned that vertical
braces do not contribute to the weight reductions of the SPD19A in two optimizations.

6. Conclusion

In this study, considering various constraints, including stress and buckling in the members, horizontal displacements at the
working point, and structural adequacy control of connections, a real jacket-type platform, namely SPD19A, is efficiently optimized
using a metaheuristic algorithm called Enhanced Colliding Bodies Optimization (ECBO) by a ratio of 15%. The objective function is the
weight of the jacket structures, while the outer diameter and thickness of the tubular members of the jacket structure are decision
variables. The results indicate that a significant portion of weight reduction in the optimal design is due to the decline in the jacket
structural members’ thicknesses. Moreover, according to the optimal design, diagonal braces are optimized more than other structural
groups by 69%, while the optimization ratios of horizontal members and legs are 41% and 15%, respectively. It is worth mentioning
that vertical braces do not have any weight reductions in the optimized design.

In addition, as an instance, another optimization is performed using the Genetic Algorithm (GA) to evaluate the efficiency of the
ECBO for optimization of the SPD19A. The results show that during the same number of generations with ECBO, GA optimizes the
SPD19A weight by 11%. Therefore, it can be deduced that ECBO has better competency and performance compared to GA and can
effectively escape from the local optimum to attain a better design for SPD19A. Hence, due to its effective performance, ECBO can be
efficiently used to reduce the computational cost of optimization of jacket structures as a large-scale and complex problem.

Furthermore, according to the optimization results, in both ECBO and GA optimizations, the diagonal braces have the most
contribution to the optimization of SPD19A, by 58.2% and 55.6%, respectively. Meanwhile, horizontal members have a relatively
larger contribution in ECBO optimization than GA, while the contribution ratios of legs are almost equal in both. Besides, vertical
braces do not contribute to the weight reduction of SPD19A in two optimizations.

Finally, although due to the high and favorable efficiency, the application of ECBO could effectively lead to a reduction of
computational costs for the optimal design of jacket structures, the structural assessment of the jacket during the optimization process
is conducted using time-consuming finite element analyses. Thus, it is recommended that future research investigate the combined use
of the ECBO algorithm and Machine Learning techniques for the design optimization of jacket structures to diminish the significant
time and computational costs associated with finite element analyses. Besides, this research specifically focuses on investigating the
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Table 6
The specifications of the applied ECBO algorithm for the optimi-
zation of the SPD19A [32].

Parameter Value
Population size 50
Colliding memory size 2
“pro” coefficient 0.3
Stopping criterion 200 generations
2 250000
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Fig. 10. The minimum cost per generation for optimization of SPD19A platform using ECBO.
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Fig. 11. The optimization ratio in each of the classified structural members of the SPD19A platform.
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Fig. 12. The outer diameter (cm) of classified structural members in the initial and optimum design of the SPD19A platform.
performance and efficiency of an innovative ECBO algorithm for jacket platforms, using continuous variables and considering several
structural constraints, in order to provide basic and preliminary insights for future studies. Therefore, for more realistic and practical

designs, further research could apply discrete variables and standard structural sections, and consider a wider scope of structural
constraints, such as fatigue damage estimation, corrosion allowance, earthquake considerations, as well as implementation issues.
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Fig. 13. The thickness (cm) of classified structural members in the initial and optimum design of the SPD19A platform.

Table 7
The specifications of the applied GA algorithm for the optimi-
zation of the SPD19A.

Genetic Algorithm [10]

Parameter Value or Method
Population size 50
Elite size 1
Selection Tournament
Tournament size 2
Mate Single point
Insertion Complete
Stopping criterion 200 generations
250000
200000
150000 The Minimum Cost in

200t Generation

33946 (KN)
100000

Minimum Cost in Each Generation (KN)
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Fig. 14. The minimum cost per generation for optimization of the SPD19A platform using GA.

Table 8
The optimization results of the ECBO and GA.

Initial weight of SPD19A (tf) Optimized weight of SPD19A (tf) Reduced weight of SPD19A (tf) Optimization ratio
ECBO 3834 3241 593 15%
GA 3834 3395 439 11%
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Fig. 15. The contribution percentage of the members based on structural position in the optimization processes of the SPD19A platform using ECBO
and GA.
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