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Abstract

This paper presents the effect of mooring diameters, fairlead slopes and pretensions on the dynamic responses of a
truss spar platform in intact and damaged line conditions. The platform is modelled as a rigid body with three
degrees-of-freedom and its motions are analysed in time-domain using the implicit Newmark Beta technique. The
mooring restoring force-excursion relationship is evaluated using quasi-static approach. MATLAB codes DATSpar
and QSAML, are developed to compute the dynamic responses of truss spar platform and to determine the mooring
system stiffness. To eliminate the conventional trial and error approach in the mooring system design, a numerical
tool is also developed and described in this paper for optimising the mooring configuration. It has a graphical user
interface and includes regrouping particle swarm optimisation technique combined with DATSpar and QSAML. A
case study of truss spar platform with ten mooring lines is analysed using this numerical tool. The results show that
optimum mooring system design benefits the oil and gas industry to economise the project cost in terms of material,
weight, structural load onto the platform as well as manpower requirements. This tool is useful especially for the

preliminary design of truss spar platforms and its mooring system.
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1 Introduction

One of the major challenges involved with the use of
floating production facilities is to protect the valuable oil or
gas risers from being over stressed by the platform motions.
If the mooring is too flexible, then the risers need to accom-
modate greater deformations. If the mooring is too rigid,
then the anchors in the seabed need to accommodate larger
stresses. Hence, an optimal mooring configuration in terms
of various line design variables will protect the platform as
well as risers from extreme forces and displacements be-
sides providing an economical design.

Recently, advanced techniques like finite element meth-
ods have been employed to evaluate the mooring line loads.
However, such methods are usually adopted for the verifica-
tion phase of a platform development project. The quasi-
static approach is proven to be an applicable design tool for
the mooring systems and is considered as a good choice for
a preliminary assessment because it is almost certain to
achieve convergence. If desired, a detailed assessment may
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further be carried out using the output from the quasi-static
analysis as initial conditions for the dynamic analysis (Mav-
rakos et al., 1996; Smith and MacFarlane, 2001; Pascoal et
al., 2005, 2006).

The spar platform is one such compliant offshore plat-
form, which is considered as a next generation offshore
structure by many oil and gas operators because of its high
payload capacity and appreciable reduction of wave-in-
duced vibrations in the range of wave frequencies (van
Santen and de Werk, 1976; Glanville et al., 1991; Horton
and Halkyard, 1992). Among the spar configurations men-
tioned, the truss spar is considered more advantageous as
the cylindrical hull is shortened and thus, making the plat-
form weigh less than classic spar which reduces the materi-
al as well as transportation cost incurred in the project
(Magee et al., 2000). Therefore, the study in this paper is fo-
cused on the motion characteristics of truss spar platform.

The ratio of hull diameter to characteristic design
wavelength for a typical spar platform is usually small.
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Hence, the wave field is virtually undisturbed by the struc-
ture and Morison equation can be assumed to be satisfact-
ory to calculate the wave forces (Cao, 1996). The Morison
equation used in combination with appreciable prediction of
wave particle kinematics can give reliable platform re-
sponses for all wave frequencies (Cao, 1996). For example,
the wave heights in Malaysia deep waters usually range
from 0.5 m to 8 m (Yaakob et al., 2004) and are small com-
pared with the wave length and water depths. Therefore,
Linear Airy Wave Theory (LAWT) applicable for all the
deep waters and considered as the most useful wave theory
can be adopted to evaluate the wave kinematics (Chakra-
barti, 1987).

Till date, several optimisation techniques have been de-
veloped and can be grouped into two categories depending
on the search method for better positions. The first group is
classified as a traditional search and second, as an artificial
intelligence search. The classical methods determine the op-
timum solution based on the calculation of gradient, where-
as the artificial intelligence methods are stochastic in nature
with an extended suitability (Wang, 2012). Among various
artificial intelligence approaches, the evolutionary al-
gorithms are developed by inspiration from evolutionary
paradigms and have helped to overcome most of the optim-
isation limitations due to their nature and strengths capital-
ised.

Evolutionary algorithms include Genetic Algorithm
(GA) and Particle Swarm Optimisation (PSO) techniques.
They serve as footstone in applying optimisation into off-
shore mooring design (Wang, 2012). PSO was introduced
by Kennedy and Eberhart and is a heuristic algorithm in-
spired by artificial life in general and ties to bird flocking,
fish schooling and swarming theory in particular (Kennedy
and Eberhart, 1995). PSO is an extremely simple algorithm
with faster convergence rate as it allows for the utilisation of
prior knowledge in search process while information about
local particles are shared in order to direct trajectory of
swarming (Wang, 2012) and slightly more accurate than GA
(Kennedy and Eberhart, 1995; Hassan et al., 2005; Shi and
Eberhart, 1998; Hu et al., 2003; Albrecht, 2005). PSO has
been found to be successful in many engineering applica-
tions like composite beam design (Kathiravan and Ganguli,
2007), logic circuits design (Coello et al., 2003), control
design (Zheng et al., 2003; Krohling et al., 2003), concrete
beam design (McCluskey, 2008), offshore mooring design
(Albrecht, 2005; Monteiro et al., 2010), etc. Based on the
results presented by Monteiro et al. (2010), the application
of optimization using evolutionary algorithms, especially
PSO in offshore mooring systems is effective and robust as
it can also bring greater security to the designer in obtain-
ing appropriate values for platform offsets and mooring
lines tractions.

A study on the effect of mooring line azimuth angles has
been presented by Montasir et al. (2015, 2016). The primary
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objective of this study is to investigate the dynamic re-
sponses of the truss spar platforms in intact and damaged
line conditions for mooring design variables, viz., line dia-
meters, fairlead slopes and pretensions. The second object-
ive is to develop an efficient numerical tool using particle
swarm optimisation technique (PSO) to predict the optim-
um mooring configuration of a given truss spar platform in
a shorter duration compared with the conventional trial and
error approach.

2 Numerical modelling

2.1 Hydrodynamics of truss spar platform

One of the useful theories in calculating the progressive
wave kinematics is linear Airy wave theory. It is based on
the assumption that the wave height is small compared with
the wave length. This assumption allows the free surface
boundary conditions to be linearized by dropping wave
height terms which are beyond the first order. These condi-
tions are also to be satisfied at the mean water level rather
than at the oscillating free surface. The governing equations
for the wave kinematics using the linear Airy wave theory
and wave forces using the modified Morison equation (rel-
ative velocity model) are as detailed in Montasir et al.
(2016).

Let M, C, K, and F be the structural mass, damping,
stiffness and resultant force matrices respectively, P, P and
P be the structure acceleration, velocity and displacement
matrix, then the equilibrium equation is given in Eq. (1) as:
MP+CP+KP=F. D

The mass, damping, stiffness and force matrices are as
detailed in Montasir et al. (2016). The response analysis is
performed in time-domain using implicit Newmark Beta
method. Montasir et al. (2016) shows the flowchart of the
implicit Newmark Beta procedure. Once the computation is
started, the dynamic equilibrium can be checked by evaluat-
ing the dynamic-out-of-balance force. If the unbalanced
force is less than the specified error, the equilibrium is at-
tained and the procedure progresses to the next time-step. If
otherwise, an iterative process within each time-step begins
in order to eliminate this unbalance force.

A numerical code named DATSpar has been developed
to compute the dynamic responses of the truss spar plat-
form using the above described numerical modelling.

2.2 Mooring line restoring forces

The analysis has been carried out for the mooring line
with disturbed clump weight by referring to the flowchart as
depicted in Montasir et al. (2016) and according to the ana-
lysis procedure given in Agarwal and Jain (2003); incorpor-
ating the two conditions mentioned for the clump weight
lift-off from the seabed.

A numerical code named QSAML has been developed to
compute the restoring forces of the mooring system using
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the above described quasi-static approach.

2.3 Optimisation numerical tool — MoorOpt14

The workflow and user interface of the software tool —
MoorOptli4 to predict the optimum mooring configuration
of truss spar platform are as depicted in Figs. 1 and 2, re-
spectively. This tool is an integration of three numerical
codes viz. PSO code, DATSpar and QSAML.

Pariticle swarm \
optimistation code
Truss spar 8
= E Mooring
5z line
3 design Platform responses
v " < BE ,:ML within desired value
oorOpt E 3 Qs —_—
=
S5 Mooring y
=F system Optimum
- stiffness moorin
y configuration
k DATSpar J

Fig. 1. Workflow of MoorOpti4.

MoorOptl4 is developed to optimise the mooring con-
figuration of truss spar platforms in terms of line azimuth
angles, line diameter, line fairlead slope and line pretension.
Two numerical codes named DATSpar and OSAML are de-
veloped for computing the dynamic responses of truss spar
platforms and mooring system restoring forces, respect-
ively. They are validated using model tests results given in
the literature (Technip document, 2005; Ran, 2000). The
two codes are then used for investigating the effect of vari-
ous mooring line design variables i.e. azimuth angles, dia-
meter, fairlead slope, grouping, material and pretension on
the dynamic responses of truss spar platforms in intact and
damaged line conditions to predict the criteria for obtaining
optimum mooring configuration of truss spar platforms. The
criteria developed from various mooring line design vari-
ables studied are input to this tool as their preferred range of
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values to obtain an optimised mooring configuration for the
truss spar platforms. To demonstrate the functioning of this
tool, a case study is presented on an existing truss spar plat-
form.

2.3.1 PSO technique

PSO is based on the population of random solutions
called particles. Every particle has a velocity that allows
them to search throughout the domain. The velocity vector
gets updated using the historical behaviour of particles i.e.
particles best position. The position x of a particle 7 at time ¢
is updated as given in Eq. (2).

xi= xi_l +ViAL 2)

The incremental step Af is taken as unity in this study
for convenience of calculation. All the particles set values
for each input design variable which are defined as the di-
mensions of solution space. The velocity component of a
particle is separated into vectors having multi-dimensions.
Each dimension in velocity represents changing of a vari-
able. The velocity vector of a particle can be calculated by

Eq. (3).

e (Pl —xi) e (-0

At " At ’ )
where, r| and r, are generated uniformly between 0 and 1
for the purpose of providing randomness, ¢ and ¢, are
called acceleration coefficients and are parameters showing
the confidence particle in itself and among the swarm re-
spectively.

The coefficient of inertia w;,, also called as inertia
weight is introduced to improve PSO performance. Appro-
priate selection of inertia weight provides a good balance
between global and local exploration (Al-geelani et al.,
2013). The inertia weight w;, can be set as per Eq. (4).
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Fig. 2. Graphical user interface of MoorOpti4.
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The pseudo code for PSO is as follows (Wang, 2012):
WHILE stopping criteria reached

FOR each particle, calculate fitness value based on objective function
FIND the velocities for each particle
IF the fitness value is better than best fitness memorised in history
SET 1. the best fitness value to current better value and stored
2. new particle positions
END
END
END

2.3.2 PSO Parameters

PSO is influenced by many control parameters namely
the dimension of a problem, number of particles, accelera-
tion coefficients, inertia weight, number of iterations and if
velocity clamping is used to avoid the phenomenon of
swarm explosion, then the maximum velocity also influ-
ences the performance of PSO.

Larger number of particles explore greater response sur-
face at each iteration and hence, will have a higher possibil-
ity to find the global minimum. However, excessive size of
swarm can result in parallel random search and thus, in-
creasing the computational time. A swarm size of 10 to 30
is found to be appropriate from empirical studies (Brits et
al., 2002; Van den Bergh and Engelbrecht, 2001). Neverthe-
less, the best swarm size depends on optimisation problem
as this size is found based on trial and error (Wang, 2012).

The acceleration coefficients control the random search
of cognitive and social components of velocity. A larger
coefficient makes the particles wander excessively, while a
smaller coefficient tends to trap the optimisation in local
minima. The inertia weight and acceleration coefficients can
be claimed to be stable as long as the below mentioned cri-
teria in Eq. (5) is satisfied.
C1+C

0<c1+C2<4and( —1)<w<1. %)

When running the PSO, it can be noted that sometimes
there is a set of iterations that show no improvement.
However, early termination may result in sub-optimal solu-
tion and late termination can take extra computational time.
Hence, the stopping criteria includes (Wang, 2012):

(1) The number of iterations specified by user.

(2) The value of an objective function is not improving
over a certain number of iterations.

(3) A certain proportion of particles are clustered (Van
den Bergh and Engelbrecht, 2001).

The PSO parameters settings used in this study are
shown in Table 1.

The velocity clamping effect was introduced to avoid
the phenomenon of swarm explosion. With no restriction on
the maximum velocity of particles, a one-dimensional ana-
lysis concludes that the particle velocity can be unbounded
while the particle oscillates around an optimum, increasing
its distance to the optimum on each iteration. When com-
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Table 1 Parameters settings for PSO in this study

Parameter Value
Dimension of problem 7
Number of particles 5
¢, ¢ 1.49618
Inertia weight [0.9, 0.4]
Number of iterations per grouping 10
Velocity clamping percentage 0.50

pared with other evolutionary computation techniques, PSO
quickly identifies the region where optimum is located but
only has a trouble to adjust the velocity to lower values to
perform a fine search of solution space (Al-geelani et al.,
2013). The best results can be achieved when both velocity
clamping and constriction mechanisms are combined using
Vmax equal to Xmax faster convergence rates can be ob-
tained (Eberhart and Shi, 2000).

2.3.3 Regrouping

Swarm escape from the state of premature convergence
is often troublesome in nonlinear problems. Here the re-
grouping mechanism makes use of swarm state and reorgan-
izes it according to information inferred i.e. more than just
restarting on the same search space repeatedly. Regrouping
mechanism developed by (Evers, 2009) was able to solve
the stagnation problem and approximate the true global min-
imizer with each trial conducted. Hence, the same mechan-
ism is incorporated along with PSO in this study.

3 Validation of numerical predictions

3.1 Dynamic responses of truss spar platform and mooring
line restoring force

A MATLAB code named DATSpar has been developed
to compute the dynamic responses of the truss spar plat-
form subjected to unidirectional regular waves, steady cur-
rent and wind loadings. The numerical code is validated
with experimental measurements from literature (Technip
document, 2005) for the truss spar platform mentioned in
Montasir et al. (2016).

To compute restoring forces in mooring lines, quasi-
static approach is adopted for the analysis and a MATLAB
code named QSAML has been developed. The numerical
code is validated with experiment measurements from liter-
ature (Ran, 2000) by comparing the mooring stiffness curve
obtained for the MARLIN truss spar mooring configuration
mentioned in Montasir et al. (2016).

3.2 Functioning of PSO

The functioning of optimisation method involved in this
tool i.e. PSO with regrouping mechanism is checked using
five mathematical benchmark functions viz. Ackey,
Griewangk, Rastringin, Rosenbrock and Sphere as summar-
ised in Table 2. These five functions are considered to be
good benchmark functions for an optimising program be-
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Table 2 Benchmark functions for checking the functioning of PSO
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Function name Function Dimension Initial range of x;
Ackley fx)= —ZOexp( m —exp[ Y cos(201x;)| +20+exp(1) 10 [-30, 30]
Griewangk f= ; ~ 1T cos (*—) 10 [-600, 600]
Rastringin F(x)=10n+ zx — 10cos(2I1x;) 10 [-5.12, 5.12]
Rosenbrock F0 = [100(x,+ =2 - x,-)z] 10 [-2.048, 2.048]

Sphere flo) = ;xi 10 [-5.12,5.12]

cause they include several local minima with only one glob-
al minimum viz. Griewangk’s function, and Sphere func-
tion are uni-modal and Ackey’s function, Rastringin’s func-
tion, Rosenbrock’s function are multi-modal (Wang, 2012).
The graphs of these benchmarking functions are shown in
Figs. 3 and 4.

The quantity of local minima increases exponentially
with dimensionality. The dimensionality for all the bench-
mark functions is chosen as ten. The use of high dimension-
ality is due to the nature of mooring configuration optimisa-
tion problems whose dimensionality is associated with the
number of line variables and usually is less than ten (Wang,
2012). Therefore, benchmarking the five functions in a ten
dimensionality space is considered to be appropriate.

4 Mooring line characteristics

The two codes — OSAML and DATSpar, after validation
are used to investigate the dynamic responses of truss spar
platform for different mooring line design variables. A
floating platform with fairleads at 941.832 m (Ran, 2000)
from the seabed is considered for the present study. The oth-
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er particulars of this platform are as considered for the val-
idation study. The platform is stationed with nine mooring
lines and the azimuth angles are as considered for the valid-
ation study.

The mean position of platform is determined for a high
frequency wave (time period used is 4 s) which can cause a
relatively large initial offset due to its high energy, wave
height of 6 m, steady current of 1.34 m/s and wind load of
237 kN. These wave height, current and wind load values
are for a deep water location in Malaysia and are taken from
(Technip document, 2005). The damaged mooring condi-
tions are generated by removing one line from group-I as
lines in this group are the most tensioned. The characterist-
ics of all mooring line components in the different design
variable studies are described in Section 6 (original model),
except where specified.

The diameters of mooring lines for any floating plat-
form usually range from 4" to 5" and slightly greater for
very few cases. Hence, the study is conducted by choosing
mooring line diameters ranging from 3" to 6" (i.e. 76.2 mm
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to 152.4 mm). The characteristics of mooring line middle
component for various diameters chosen are given in
Table 3.

Table 3 Characteristics of mooring line for different diameters

O.A. Montasir et al. China Ocean Eng., 2019, Vol. 33, No. 4, P. 385-397

component unchanged. Table 4 gives the lengths of moor-
ing line middle component for various fairlead slopes
chosen.

Table 4 Characteristics of mooring line for different fairlead slopes

S. No. Diameter ~ Wet weight Effective modulus Breaking load

(mm) (kKN/m) (kN) (kN)
1 76.2 0.2986 911598 4005
2 82.6 0.3506 1069863 4693
3 88.0 0.3986 1215793 5326
4 95.3 0.4673 1424376 6231
5 101.6 0.5319 1620625 7082
6 108.0 0.6007 1829535 7987
7 114.3 0.6737 2051106 8947
8 120.7 0.7508 2285338 9960
9 127.0 0.8322 2532232 11029
10 1334 0.9177 2791786 12152
11 139.7 1.0074 3064002 13329
12 146.1 1.1013 3348880 14560
13 152.4 1.1994 3646418 15846

The study on fairlead slopes is conducted by varying the
top slopes of mooring lines from 45° to 65°. The change in
mooring line length for different slopes is incorporated only
in middle component keeping the lengths of top and lower

Fairlead slope (°) Length of mooring line middle component (m)

45.8 2250
50.3 1500
56.6 1200
59.4 1100
64.1 1000

The study on mooring line pretensions is conducted with
25 values ranging from 1.8x103 kN to 5.0x103 kN. All the
nine mooring lines are modelled with same pretension val-
ues.

5 Case study to demonstrate the efficiency of MoorOpti4

The efficiency of MoorOpti4 is presented by a case
study comparing the mooring configurations of original and
optimised models i.e. in terms of line azimuth angles, line
diameter, line fairlead slope (line length) and line preten-
sion. The original mooring line design variables for the plat-
form are shown in Tables 5 and 6.

Table 5 Characteristics of the truss spar mooring lines — Original model

Parameters
Legend T Length Fairlead ~ Diameter Wet weight Effective Modulus ~ Breaking load  Pretension
ype (m) slope (mm) (kN/m) (kN) (kN) (kN)
Top component Chain cable 76.2 - 2.73 665852 13188 2.312x103
Middle component Steel wire/cable 1828.7 - 108.0 0.6007 1829535 7987 -
Lower component Chain cable 45.7 - - 2.73 858882 13188 -

Table 6 Truss spar mooring lines azimuth angles — Original model
(Azimuth angles are mentioned with respect to wave heading South)

Group Mooring lines azimuth angles
I 45°, 50°
Il 125°,132.5°
il 222.3°,229.7°,235°
I\ 308.5°, 314.1°, 320.3°

The optimum mooring configuration of truss spar plat-
form is determined by considering the following constraints:

(1) Offset of platform should be minimum (threshold
value is assumed to be 4 m).

(2) Mooring line diameter, length (defined in terms of
fairlead slopes) and pretension should be minimum.

(3) Mooring line tension should be limited to 0.5 and 0.7

Table 7 Initial mooring line characteristics considered for optimisation

times breaking load in intact and damaged line conditions
respectively as per American Petroleum Institute (2005).
Based on the inferences obtained from mooring line
design variables studies (Azimuth angles - Montasir et al.,
2015 and Montasir et al., 2016; Diameters, Fairlead slopes
and Pretensions — Current paper), the range of values men-
tioned in Tables 7 and 8 are input as initial line characterist-
ics and azimuth angles into MoorOpti4 to optimise the
mooring system configuration of truss spar platform.

6 Results and discussions

6.1 Validation of QSAML and DATSpar
The comparison of mooring system restoring forces ob-
tained from numerical code QSAML and RAOs predicted by

Parameters
Legend Type Diameter (mm) Fairlead slope Pretension (kN)
Top component Chain cable - 50° to 65° 1.8%x10% to 3.0x103
Middle component Steel wire/cable 75to 115 - -
Lower component Chain cable - - -
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Table 8 Initial mooring line azimuth angles considered for
optimisation(Azimuth angles are mentioned with respect to wave
heading South)

Azimuth angle for one

Group mooring line in the group Remarks
L@ l%nes) 07t 30° All the other lines in each
II'(2 lines) 90° to 120° group differ by +5° for two
III (3 lines) 180° to 210° lines group apd +5°, +10° for
IV (3 ]ines) 270° to 300° three lines group

DATSpar with experimental measurements is given in
Montasir et al. (2015).

6.2 Restoring behaviour of the mooring system for differ-
ent line diameters
Fig. 5 shows the restoring behaviour of mooring system
for line diameters ranging from 82.6 to 133.4 mm (Note:
Behaviours with other line diameters are not shown in the
figure to avoid congestion between the curves). It can be ob-
served that the restoring performance in intact condition de-

x10*
3

creases as the line diameter increases. This can be attrib-
uted to the increase in wet weight of mooring line with dia-
meter and thus, causing the reduction in line tensions lead-
ing to decrease in the restoring forces. It can also be ob-
served that the difference in mooring restoring performance
and maximum permissible excursions increase with line dia-
meters.

From Fig. 5, it can also be observed that the effect of
damaged mooring line on restoring performance is signific-
ant for all diameters. The reduction in mooring restoring
forces in damaged condition decreases for higher line dia-
meters. In case of mooring line failure, the maximum differ-
ence in restoring forces for line diameters 82.6 to 133.4 mm
range from 57.14% to 36.36%, respectively.

6.3 Dynamic motions of platform for different mooring line
diameters
Figs. 6 and 7 show the motions of platform in about its
mean position for three mooring diameters i.e. 76.2 mm,
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|- - ~Damaged

120.7 mm
2r 114.3 mm

101.6 mm

Restoring force (kN)

127.0 mm

133.4 mm

1
80 100 120 140

Horizontal excursion (m)

Fig. 5. Mooring system restoring behaviour for different diameters — intact and damaged line conditions.
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Fig. 6. Surge and pitch RAOs of the platform for different mooring diameters — intact line condition.
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Fig. 7. Surge and pitch RAOs of the platform for different mooring diameters — damaged line condition.
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101.6 mm and 136.7 mm in intact and damaged conditions
(Note: Behaviours with other line diameters are not shown
in the figure to avoid congestion between the curves). It can
be observed that in general, the performance of mooring
system for three line diameters in terms of the motions of
platform at its mean position is nearly the same i.e. the dif-
ference in surge as well as pitch RAOs is insignificant and
absolutely zero in the heave RAOs. It can also be observed
that the variation in surge and pitch RAOs between intact
and damaged line conditions is insignificant for all wave
periods.

Fig. 8 shows the mean positions of platform for differ-
ent mooring line diameters. It can be observed that the mean
position attained by platform in intact condition increases as
the line diameter increases. It can be inferred that relatively
higher increase in mean position starts from 127.0 mm line
diameter ranging from 10.27 to 86.21 m. This can be attrib-
uted to the decrease in restoring performance with increase
in line diameter as depicted in Fig. 5.

—®— Intact

—— Damaged

Mean position of the platform (m)

0 - T T T T T ]
70 80 90 100 110 120 130 140 150 160
Mooring line diameter (mm)

Fig. 8. Mean position of the platform for different mooring diameters —
intact and damaged conditions.

From Fig. 8, it can also be observed that the effect of
damaged mooring line on mean position of platform is sig-
nificant for all diameters. In case of mooring line failure, the

variation in mean position of platform is 6.29 to 9.57 m for
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diameters ranging from 76.2 to 114.3 mm. The variation in
mean position is 14.59 to 56.42 m for diameters ranging
from 120.7 to 152.4 mm. Therefore, it can be inferred that
the variation in mean position of platform for diameters ran-
ging from 120.7 to 152.4 mm is higher than the variation in
mean position of platform for diameters ranging from 76.2
to 114.3 mm.

6.4 Restoring behaviour of the mooring system for differ-
ent line fairlead slopes

Fig. 9 shows the restoring behaviour of mooring system
for different line fairlead slopes. It can be observed that the
mooring restoring performance in intact condition increases
as the fairlead slope increases. The restoring performance is
greatly enhanced when line fairlead slope is changed from
45.8° to 50.8° and beyond. It can also be observed that the
maximum permissible horizontal excursion of mooring sys-
tem decreases as the fairlead slope increases.

From Fig. 9, it can also be observed that the effect of
damaged mooring line on restoring performance is signific-
ant for all fairlead slopes. The reduction in mooring restor-
ing forces in damaged condition increases with fairlead
slope. In case of mooring line failure, the maximum differ-
ence in restoring forces for fairlead slopes 45.8° to 64.1°
ranges from 35.71% to 38.46%, respectively.

6.5 Dynamic motions of platform for different mooring line

fairlead slopes

Figs. 10 and 11 show the motions of platform in about
its mean position for different mooring fairlead slopes in in-
tact and damaged conditions. It can be observed that in gen-
eral, the performance of mooring system for all line fairlead
slopes in terms of the motions of platform at its mean posi-
tion is nearly the same i.e. the difference in surge as well as
pitch RAOs is insignificant and absolutely zero in the heave
RAOs. It can also be observed that the variation in surge
and pitch RAOs between intact and damaged line condi-
tions is insignificant for all wave periods.

Fig. 12 shows the mean positions of platform for differ-

x]n.l
3 T T T T

—Intact
|-~ ~Damaged

Restoring force (kN)

Horizontal excursion (m)

Fig. 9. Mooring system restoring behaviour for different fairlead slopes — intact and damaged line conditions (Line fairlead slopes mentioned in the fig-

ure are in degrees).
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Fig. 10. Surge and pitch RAOs of the platform for different mooring fairlead slopes — intact line condition.
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Fig. 11. Surge and pitch RAOs of the platform for different mooring fairlead slopes — damaged line condition.
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Fig. 12. Mean position of the platform for different mooring fairlead
slopes — intact and damaged conditions.

ent mooring line fairlead slopes. It can be observed that the
mean position attained by platform in intact condition de-
creases as the line fairlead slope increases and can be attrib-
uted to the increase in restoring performance as depicted in
Fig. 9. Similar to difference in mooring restoring perform-
ance, the mean position of platform is drastically reduced
when line fairlead slope changes from 45.8° to 50.8° and
beyond.

From Fig. 12, it can also be observed that the mean posi-
tion of platform is affected when mooring line is damaged.
The variation in mean position of platform ranges from 22.3
m to 1.1 m for mooring line fairlead slopes from 45.8° to
64.1° respectively. In case of mooring line failure, the vari-
ation in mean position of platform is 5.3 m to 1.1 m for fair-
lead slopes ranging from 50.3° to 64.1° respectively but rel-
atively higher variation of 22.3 m in mean position is ob-
served for fairlead slope 45.8°.

6.6 Restoring behaviour of the mooring system for differ-
ent line pretensions

Fig. 13 shows the restoring behaviour of mooring sys-
tem for line pretensions ranging from 1.8x103 kN to
4.0x103 kN (Note: Behaviours with other line pretensions
are not shown in the figure to avoid congestion between the
curves). It can be observed that the restoring performance in
intact condition increases as the line pretension increases. It
can also be observed that the difference in mooring restor-
ing performance and maximum permissible excursions de-
creases as the line pretension increases. This variation is
more obvious between line pretensions 1.8x103 kN to
2.2x103 kN, relatively less from 2.2x103 kN to 3.0x103 kN
and even lesser beyond 3.0x103 kN.

From Fig. 13, it can also be observed that the effect of
damaged mooring line on restoring performance is signific-
ant for all pretensions. The reduction in mooring restoring
forces in damaged condition increases for higher line pre-
tensions. In case of mooring line failure, the maximum dif-
ference in restoring forces for line pretensions 1.8x103 kN
to 4.0x103 kN ranges from 41.16% to 40.77%, respectively.

6.7 Dynamic motions of platform for different mooring line

pretensions

Figs. 14 and 15 show the surge and pitch motions of
platform in intact and damaged line conditions for four
mooring pretensions (Note: RAOs with other line preten-
sions are not shown in the figure to avoid congestion
between the curves). In general, it can be observed that the
performance of mooring system for four line pretensions in
terms of the motions of platform at its mean position is
nearly same i.e. the difference in surge and pitch RAOs is
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Fig. 13. Mooring system restoring behaviour for different pretensions — intact and damaged line conditions (Line pretensions mentioned in the figure are
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Fig. 14. Surge and pitch RAOs of the platform for different mooring pretensions — intact line condition (Line pretensions mentioned in figure are in kN).
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insignificant and absolutely zero in heave RAOs. It can also
be observed that the variation in surge and pitch RAOs
between intact and damaged line conditions is insignificant
for all wave periods.

Fig. 16 shows the mean positions of platform for differ-
ent mooring line pretensions. It can be observed that the
mean position attained by platform in intact condition de-
creases as the line pretension increases and can be attrib-
uted to the increase in restoring performance. It can be in-
ferred that relatively higher mean positions are obtained
from 1.8x103 kN to 3.0x103 kN line pretensions ranging
from 70.75 m to 5.01 m respectively and thereafter, is
nearly the same. This can be attributed to the decrease in
restoring performance variations with increase in line pre-
tension as depicted in Fig. 13.
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Fig. 16. Mean position of the platform for different mooring pretensions —
intact and damaged conditions.

From Fig. 16, it can also be observed that the effect of
damaged mooring line on mean position of platform is sig-
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nificant for all pretensions. In case of mooring line failure,
the variation in mean position of platform is 20.79 m to 3.84
m for pretensions ranging from 1.8x103 kN to 3.0x103 kN
respectively but thereafter, smaller variation is observed in
mean position which is nearly 1.65%.

6.8 Functioning of PSO

Fig. 17 shows the global minima and global-best pat-
terns obtained by regrouping PSO for five benchmark func-
tions viz. Ackley, Griewangk, Rastringin, Rosenbrock and
Sphere considered to study its functioning.

10°% 1 —— Ackley
—— Griewangk
—a&— Rastringin

—&— Rosenbrock

10 ¢ A

10°% A

Fitness value (logarithmic scale)

1010
0 1 2 3

4 5 6 7 8 9 10
Iteration

Fig. 17. Functionality of PSO for five benchmark functions.

The global minima of the five mathematical functions
are as given by f(x) in Table 2. It can be observed that the
regrouping PSO can minimise the Ackley, Rastringin and
Rosenbrock mathematical functions to nearly 109,
Griewangk mathematical function to nearly 107 and Sphere
mathematical function to nearly 10-. It can be inferred that
the percentage of error for regrouping PSO to find global
minima is smaller than 0.1%. Therefore, a combination of
final results shown in Table 9 indicates that regrouping PSO
is capable of finding the near optimum solutions.

6.9 Case study — MoorOpt14

The optimised mooring configuration of truss spar plat-
form obtained from MoorOpti4 is presented in Tables 10,
11, 12 and Fig. 18. These tables show the comparison of
platform offset (mean position) and mooring line design

Table 9 Benchmark function results obtained using PSO
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variables values for original and optimised models.

It can be observed that the platform offset is reduced
from 11.389 m to 3.136 m against the preferred value of 4
m. The reduction in mooring line diameter leading to
15.98% of decrease in wet weight and the reduction in
mooring line length by 24.45%, decreases the structural
load on hull by an amount of 401.207 kN (i.e.
0.6007x1828.7 — 0.5047x1381.6 = 401.207 kN) due to each
line. The reduction in mooring line pretension by 13.04%,
decreases the structural load on hull by an amount of 301.6
kN (i.e. 2.312x103 — 2.0104x103 = 301.6 kN) due to each
line. Therefore, 7028.07 kN of the structural load on hull
from all mooring lines and 4477 m of line length in total are
reduced leading to an economical design of truss spar plat-
form.

It should be mentioned here that the optimisation of
mooring line design variables for this case study is per-
formed on a 3" generation Intel Core i5 CPU @ 2.50GHz
and the duration was 35 minutes.

7 Conclusions

The main finding from this study is that the effect of the
mooring diameters, fairlead slopes and pretensions on the
motions of truss spar platform about its new mean position
is insignificant in all line conditions. However, the mean po-
sition of the platform besides mooring system restoring per-
formance is significantly affected. In addition, the presen-
ted tool — MoorOpti4 is able to optimise the mooring con-
figuration of a truss spar platform subjected to wave, cur-
rent and wind environmental loadings by keeping the plat-
form displacements in an adequate range, while not exceed-
ing the line tension criteria.

The following are the specific conclusions drawn, based
on the numerical study conducted.

(1) For both intact and damaged mooring conditions, the
restoring performance decreases with increase in line dia-
meter and increases as line fairlead slope/line pretension in-
creases.

(2) In case of mooring failure, the maximum reduction
in restoring forces decreases as line diameter increases and
increases with line fairlead slope/line pretension.

Variables Ackley Griewangk Rastringin Rosenbrock Sphere
X —4.49x10-6 3.07x10~* —-1.38x10-8 0.9999941 1.170x10-
Xy -1.13x10°¢ -3.72x10# 4.22x10°8 0.9999922 1.170x10-
X3 -1.84x10°6 -0.96x104 1.77x10-6 0.9999800 1.168x10-
X4 1.31x10°6 -3.12x10* —-1.03x10-¢ 0.9999551 1.166x10-
Xs -1.51x10°¢ 1.44x104 -3.61x1077 0.9999156 1.161x10°
X6 —1.06x10-° 1.93x10* —3.584x10°% 0.9998324 1.151x10°
X7 0.166x10-° -2.60x10* —-3.03x10°8 0.9996730 1.133x10°
Xg 0.376x10°° 1.36x10* 7.31x1077 0.9993642 1.096x10-
Xg 2.14x10°6 -1.70x10* —-1.21x10-8 0.9987724 1.027x10°3
X9 -1.43x10°6 0.164x10* -2.34x10°6 0.9976857 0.899x10-

Ax) 7.66x10°° 5.12x1077 7.21x10°6 4.247x10°6 1.25%10°2




396 O.A. Montasir et al. China Ocean Eng., 2019, Vol. 33, No. 4, P. 385-397

Table 10 Platform offset for original and optimised models

Offset of platform (m) Offset of platform (% water depth)

Original model Optimised model  Original model ~ Optimised model

11.389 3.136 1.147 0.316

Table 11 Comparison of original and optimised mooring lines
characteristics

Legend Original model Optimised model Reduction (%)
Diameter (mm) 108.0 99.026 8.31
Wet weight (kN/m) 0.6007 0.5047 15.98
Length (m) 1828.7 1381.6 24.45
Fairlead slope (°) 45.89 51.347 NA
Pretension (kN) 2.312x103 2.0104x103 13.04

Table 12 Comparison of original and optimised mooring lines
azimuth angles

Mooring lines azimuth angles with respect to wave heading

Group Original model Optimised model
I 45°, 50° 6.87°,11.87°
I 125°, 132.5° 162.64°, 167.64°
i 222.3°,229.7°, 235° 241.88°,246.88°, 251.88°
v 308.5°, 314.1°, 320.3° 303.30°, 308.30°, 313.30°

Wave heading

314.1°

0% --

45°

90° 90°

(a) Original model (b) Optimised model

Fig. 18. Schematic diagram of original and optimised mooring systems.

(3) For both intact and damaged mooring conditions, the
motions of platform exhibited at its new mean position for
any line diameter, fairlead slope and pretension is nearly the
same.

(4) Comparing the motions of platform about its new
mean position between intact and damaged mooring condi-
tions, revealed that the variation exhibited by any line dia-
meter, fairlead slope and pretension is insignificant for all
wave periods.

(5) For both intact and damaged mooring line condi-
tions, the mean position attained by platform increases as
with line diameter and decreases with increase in line fair-
lead slope/line pretension.

(6) Comparing the platform’s new mean positions
between intact and damaged mooring conditions, revealed
that relatively higher variations are shown by larger line dia-
meters, lower line pretensions and lower fairlead slopes.

Based on the study conducted with a truss spar platform
subjected to the unidirectional wave, current and wind load-
ings — it is recommended to select the mooring configura-

tions with line diameters below 127 mm (5"); line fairlead
slopes from 50° to 65° and line pretension within 3.0x103
kN so that the dynamic responses of platform and effect of
damaged condition is relatively small.

The optimising tool developed optimises the mooring
configuration in terms of (a) Line azimuth angles; (b) Line
diameter; (c) Line fairlead slope; and (d) Line pretension.
This tool can economise the project cost by reduction in the
analysis duration and manpower. Although the time taken
by this tool varies with the environment and platform de-
tails, it can be concluded after demonstrating various cases
that the optimum mooring configuration of truss spar plat-
forms can be obtained within 60 minutes by one manpower
against the trial and error approach which requires several
days and a team of engineers.

The accuracy of the developed tool can be improved i.e.
in terms of floater displacements and maximum line ten-
sions by considering second order forces, mooring line dy-
namics, etc. The same will be investigated in the sub-
sequent works.
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