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Abstract: The behavior of different mooring line materials has a significant influence on the behavior
of the mooring system and, consequently, the dynamic responses of the floating platform. Although
there have been previous studies on FPSOs and their mooring systems, the influence of mooring line
failure scenarios associated with different mooring materials has received less attention, particularly
for turret-moored FPSOs with taut moorings. Thus, this paper investigates the behavior of different
mooring line materials in intact, single-line, and double-line damaged conditions on the hydrody-
namic responses of the FPSO, restoring behavior, mooring, and riser tensions considering wave
conditions in the Gulf of Mexico. Mooring lines including Aramid, HMPE, polyester, and steel wire
were considered in the middle segment, which was the segment of interest in this study. The restoring
forces of the mooring system were found to increase with increasing mooring stiffness, and a higher
stiffness resulted in a higher loss of restoring force in the case of single-line failure. In all cases, the
submerged weight and material stiffness had a significant influence on dynamic responses, mooring
tension, transient responses, riser tension, and especially on the ability of the mooring system to resist
the case of single-line failure. Each material was observed to behave differently in each degree of
freedom (DOF), showing the necessity to pay close attention to the selection of mooring material for
specific objectives.

Keywords: mooring line material; turret-moored FPSO; line failure; restoring force; hydrodynamic
response; mooring tension; riser tension; transient responses

1. Introduction

Because of their peculiar characteristics, such as a large top working area, substantially
large storage capacity, and a stable hull, FPSOs account for most offshore floating platforms
successfully deployed for deep-water oil and gas production activities [1]. Depending on
the environmental conditions in which the vessel is to be operated, FPSOs are moored in
place using either a turret (internal or external) or spread mooring system, both having
mooring lines as their principal component. The mooring lines are reported to account
for about 20–30% of the overall offshore project cost [1]. Thus, the need for more reliable
mooring ropes has increased as the exploration activities advance into deeper waters.

The mooring system as an integral component of the FPSO has a significant influence
on its dynamic responses depending on whether a catenary, slack, or taut mooring concept
is used. The catenary mooring line derives its restoring force from the weight of the hung
line segments, whereas the taut mooring, which is applied in this study, derives its restoring
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force from the line axial stiffness. The taut mooring concept, which often uses synthetic fiber
ropes as a major component of the lines, is widely adopted due to its superior mechanical
properties and lower cost when compared with catenary lines [2].

The use of fiber ropes as a major segment in multicomponent mooring lines was
first proposed back in the 1960s, and they have since then proven to be the most suitable
alternative for steel wire ropes [3]. In the 1990s, polyester moorings were the most used
for deep-water applications in the offshore industry but were first installed for a taut-wire
mooring application in 1997 for Campos Basin, offshore Brazil [4]. In the past decade,
polyester has been well investigated, and results from several joint industry projects (JIP)
have been integrated into several offshore standards, such as API-RP-2SM [5], ABS [6], and
DVNGL-RP-E305 [7].

However, as the exploration of oil and gas moves further into the ultradeep waters,
several concerns have been raised about the suitability of polyester moorings in such
locations. One concern was whether polyester lines can offer the requisite stiffness to
maintain acceptable platform offset in deeper waters (more than 1500 m) [8,9]. Another
concern was the possible influence of size and weight of larger-sized polyester lines on
the stability of the platform, which may exceed the storage capacity of the platform and,
consequently, the holding capacity of the anchor [10]. As a result, attention has switched to
investigating high-strength mooring ropes as an alternative to polyester. Mooring ropes
with a higher modulus than polyesters, such as high-modulus polyethylene (HMPE) and
Aramid have been used for different platforms due to their higher strength-to-weight
ratio [11]. Generally, synthetic mooring ropes have a proven record of application in harsh
operating conditions. Thus, the oil and gas industry opted for these lines in permanent
mooring systems because of their exceptional performance characteristics [12].

The application of synthetic fiber ropes requires an adequate understanding of their
strength, stiffness, and durability against cyclic loadings [13]. They are usually used as a
major component of hybrid mooring lines to reduce mooring weight and cost for deep-
water applications [14]. Thus, the mechanical properties of mooring ropes have been
continuously improved over the years to guarantee a balance between cost and strength,
to keep up with the rising challenges in extreme environmental conditions, and to limit
platform excursion within a tolerable range [3,15]. Previous studies have investigated the
performance of various mooring line materials such as polyester, Aramid, HMPE, and
steel wires.

Experimental studies were conducted at sea for 1 year by Utsunomiya et al. [13],
in which they determined the durability and residual strength of polyester moorings of
floating wind turbines. The result showed no serious deterioration in terms of fracture
of the strand. However, in terms of durability, a 2.9% strength reduction in breaking
strength was recorded. An experimental system to approximately simulate the practical
working condition of fiber ropes was developed in [10]; using the same procedure, the
dynamic stiffness of HMPE mooring line was found to increase with increasing mean load
and decrease with increasing loading amplitude, highlighting it as a better alternative to
polyester lines. The study also revealed that the failure time of HMPE lines is less affected
by the cyclic loading period. The dynamic responses of HMPE mooring lines with damaged
lines were also investigated by Lian et al. [2]. The proposed inspection and evaluation were
based on their examination of the FPSO mooring system. The influence of damaged fiber
ropes on the performance of a hybrid taut wire mooring system was also studied in [4].

Flory et al. [9] investigated the failure of fiber mooring ropes due to axial compression
fatigue, describing some failure incidence in Aramid, HMPE, and nylon moorings. They
identified the rope structure as the root cause of failure rather than the yarn fiber material
but did not directly relate the cause to the service life of a particular rope design. On the
other hand, Aramid lines have been found to lose strength due to fatigue failure resulting
from axial compression fatigue after a few thousand low-tension cycles, whereas HMPE
ropes have been found to be significantly less susceptible in this regard. Interestingly, nylon



J. Mar. Sci. Eng. 2022, 10, 453 3 of 24

and polyester were found to demonstrate no strength loss even after thousands of cycles in
the axial compression fatigue test.

Montasir et al. [16] investigated the effect of mooring line properties on the restoring
behavior of offshore mooring systems. They considered steel wire, nylon, polyester, and
polypropylene mooring lines with deep-water truss spar by varying the wave heading
of one of the mooring groups. The results highlighted that the difference in maximum
platform horizontal offset was significant in polyester, polypropylene, and nylon but
insignificant in steel wire. A comprehensive review on the optimization of mooring line
design parameters (azimuth angles, line length, line diameter, mooring radius, line tension)
for offshore floating platforms was presented in [17].

However, since the application of mooring lines is found in areas with different
environmental conditions, it is important to consider as a future scope the performance of
different materials with varying metocean data to further understand their behavior. This
is important because previous studies on different offshore floating platforms revealed a
significant influence on their responses, which will consequently affect the performance of
these lines. For example, Rudmana and Cleary [18] investigated wave impact at varying
angles on a semi-submersible platform with tension leg and taut moorings. They reported
an increase in cable tension of about 1.6 times as the wave impact angle increased, thus
having a significant effect on the integrity of the lines. Mai et al. [19] also highlighted the
influence of wave variation on maximum crest height and wave loading.

Furthermore, the possibility of plunging wave breaking occurring in deep sea has also
been reported, which could cause wave impact on the structure. Thus, to further ensure
the survivability of mooring lines, it is important to evaluate the interactions between the
floaters and extreme waves for structural assessment [20]. The impact of breaking waves on
the FPSO bow reveals a significant effect on the dynamic response [21]. Hence, exploring
these cases will further reveal the behavior of different mooring materials.

It is important to note that the selection of mooring line materials, especially for deep-
water operations, has a great influence in terms cost and effectiveness of the overall mooring
system [22]. Most of the studies previously conducted were more focused on the fatigue
performance of these lines, but the effect of various degrees of mooring failure scenarios
has received less attention, particularly for the FPSO taut mooring concept, despite the
recommendation of Section 2 of DNVGL-S-E301 [23], which specifically highlighted the
importance of analyzing mooring lines by considering the accidental limit state to ensure
that mooring system has the adequate ability to maintain platform position in the event of
one mooring failure. This is important because, in the event of mooring failure, the overall
stiffness and static equilibrium position of the platform will tend to vary because of the
transient responses.

The dynamics of FPSO exposed to varying environmental loading has an inherent
mechanism of fluid–structure interaction (FSI). The combinations of the wave, wind, and
current motivate the structural motions, which in turn generate disturbance of the wave
field and, consequently, alter the magnitude of the wave force and platform motions.
Previous studies included a detailed review of FSI approaches for wave-current interaction
with offshore platforms [24], for interactions considering focused waves and FPSO [25], and
for fixed offshore structures [26,27]. It is important to note that fluid–structure interactions
are also relevant to marine and coastal structures such as bridge piers, as demonstrated
by Istrati [28]. The hydrodynamic analysis of floating platforms is performed using either
physical model testing or numerical simulations. In shallow waters, physical model testing
using a complete scaled-down model is acknowledged as the most reliable approach.
However, in deeper waters, the sizes of available wave tanks pose a great limitation in
accurate scaling down of the water depth and the mooring lines considering the typical
scale of 1:40 to 1:100 [29]. This is a serious concern because, at such depth, the line damping
and added mass become too significant to be ignored. Hence, numerical simulations
using different hydrodynamic analysis software are used, which can be classified in two
approaches, i.e., computational fluid dynamics (CFD) and potential flow theory. In the
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context of this study, we utilize the potential flow theory available in ANSYS AQWA
version 2020 R1 [30]. Most available hydrodynamic analysis software, for example, WAMIT,
HYDROSTAR, AQUAPLUS, and AQWA, are based on the boundary element method
(BEM), also known as the panel method [31]. Other methods that have been used in offshore
and marine engineering include the finite volume method (FVM) [32], arbitrary Lagrangian–
Eulerian (ALE) finite element method [33,34], smoothed particle hydrodynamics [35,36],
and the coupled discrete element method and smoothed particle hydrodynamics (DEM-
SPH) [37] and SPH-FEM [38].

Hence, this paper aimed to investigate the influence of polyester, Aramid, HMPE, and
steel wire mooring lines on the hydrodynamic responses, mooring, and riser tension in
intact and damaged cases. The coupled dynamic analysis was conducted using FPSO with
turret taut mooring lines exposed to non-collinear waves, wind, and current peculiar to the
Gulf of Mexico. The paper is arranged as follows: Section 1 is the introduction; Section 2
is a description of the FPSO model, environmental data, and numerical model validation;
fully coupled dynamic analysis is presented in Section 3; mooring materials and line failure
scenarios are presented in Section 4; the results and discussion are presented in Section 5;
Section 6 contains the conclusions of the study.

2. Description of FPSO Model, Environmental Data, and Numerical Model Validation
2.1. FPSO Model

The FPSO model used in this study is a turret-moored ship-shaped FPSO maintained
in position by 12 multicomponent taut lines at 1829 m water depth. The FPSO together
with the mooring system was adopted from [39], and the steel catenary risers (SCRs) were
adapted from [40]. Table 1 shows the main parameters of the FPSO, which was very similar
to that used in the DeepStar study [41].

Table 1. FPSO main design parameters.

Parameter Symbol Unit Quantities

Vessel size kDWT 200
Length between perpendicular Lpp m 310

Breadth B m 47.17
Height H m 28.04

Draft (80% loaded) T M 15.121
Displacement V MT 186,051

Block coefficient Cb 0.85
Surge center of gravity from the turret CGx m −109.67

Heave center of gravity from m.w.l. CGy m −1.8
Frontal wind area AF m2 4209.6

Transverse wind area AT m2 16,018.6
Roll radius of gyration at CG of the turret Rxx m 14.036
Pitch radius of gyration at CG of the turret Ryy m 77.47
Yaw radius of gyration at CG of the turret Rzz m 79.3

Turret in center line behind Fpp Xtur m 38.75
Turret diameter Dtur m 15.85

Turret elevation below tanker base m 1.52

An illustration of the numerical modeling procedure of the FPSO hull is provided in
Figure 1. The hull was generated using Maxsurf software [42] and refined in the Design
Modeler component of ANSYS and exported to ANSYS AQWA, where the entire validation
procedure and analysis were carried out.
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Figure 1. FPSO modeling procedure.

The hull meshing analysis was conducted with a maximum element size of 3 m and a
defeaturing tolerance of 1.75 m, yielding a total number of 9295 elements, in which 6577
were considered diffracted elements. Figure 2 shows the meshed diffracted element of
the hull. As part of the mesh sensitivity analysis, the 3 m mesh size was selected from
five different mesh sizes used in the mesh convergence studies, ranging from 4 m to 2.8 m.
Time-domain simulations were carried out for 1800 s. For all the degrees of freedom, line
tensions were computed for the mesh sizes considered. The percentage difference in mean
responses decreased as the mesh sizes decreased in all degrees of freedom. A general
decrease in mean responses between 1% and 27% was recorded for a mesh size reduction
from 3.25 m to 3 m. However, the values began to increase with a mesh size of 2.8 m.

Figure 2. Generated mesh of numerical model.

2.2. Turret Mooring System

The mooring system was an internal turret supporting 12 multicomponent mooring
lines and 13 SCRs. The mooring lines were composed of three segments with chains
connected at both ends to the turret bed and seabed. The lines were arranged in four
groups, with each group consisting of three lines (4 × 3 configuration). The lines in each
group were 5◦ apart. Figure 3 depicts the layout of the mooring groups (G1, G2, G3, and
G4) and SRCs. The central mooring line of each group (i.e., lines 2, 5, 8, and 11 in Figure 1)
was 90◦ away from the adjacent group.

The turret was positioned at 38.75 m from the forward perpendicular of the hull
(12.5% of Lpp), at an elevation of 1.52 m from the hull base (i.e., at an elevation equal to
draft +1.52 from m.w.l.).

Table 2 shows the details of the mooring lines used for the validation, while Table 3
shows the riser parameters.
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Figure 3. FPSO–mooring–riser layout.

Table 2. Mooring line details [43].

Legend Top Segment Middle Segment Lower Segment

Type Chain Polyester Chain

Diameter (mm) 95.3 160 95.3
Length (m) 91.4 2438 91.4

Wet weight (kg/m) 164.63 4.5 164.63
Effective modulus (kN) 820,900 168,120 820,900

Breaking load (kN) 7553 7429 7553
Normal drag coefficient, CDN 2.45 1.2 2.45

Normal added inertia coefficient, CIN 2.0 1.15 2.0

Table 3. Riser parameters.

Designation Top Tension (kN) Outer Diameter (mm) EA (kN) Wet Wet (N/m)

Liquid production 1112.5 444.5 18.3 × 106 1037
Gas production 609.7 386.1 10.3 × 106 526
Water injection 2020.0 530.9 18.6 × 106 1898
Gas injection 1352.8 287.0 31.4 × 106 1168
Gas export 453.9 342.9 8.6 × 106 423

As illustrated in Figure 3, the riser arrangement included four liquid productions
(LP), four gas production (GP), two water injection (WI), one gas export (GE), and two gas
injection (GI) elements.

2.3. Environmental Data and Prediction of Wind and Current Forces
2.3.1. Environmental Data

For both the validation and the main study, a water depth of 1829 m was used
with 100-year hurricane conditions for the Gulf of Mexico. The wave spectrum used is
JONSWAP with a significant wave height of 12.19 m and a peak period of 14 s acting at 180◦,
as illustrated in Figure 4 [39]. The wind loading was generated from the NPD spectrum
at 150◦ with a mean velocity of 41.12 m/s acting at 10 m height. In addition, a current
profile with a varying velocity of 0.941 m/s to 0.0941 m/s from mean sea level to the seabed
was used.
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Figure 4. Illustration of wave, wind, and current directions.

It is important to point out here the importance of the ratio of wavelength/vessel
length in the analysis of floating platforms. Previous studies on turret-moored FPSOs high-
lighted their inefficiency in swell-dominated long-wave conditions, whereby they lose head-
ing control due to pitchfork bifurcation, observed to occur when the wavelength/vessel
length is equal to 0.73 [44]. The result obtained by Zangeneh and Thiagarajan [45] also
reiterated the occurrence of this instability at a wavelength-to-platform length ratio of 0.76.
Thus, it is important to consider a wider range of metocean data to further explore the
behavior of the lines.

2.3.2. Prediction of Wind and Current Forces

The wind and current force coefficients for the 80% loading condition considered
were interpolated from Oil Companies International Marine Forum (OCIMF) [46] curves
using Equations (1)–(3) for the resultant wind forces and moment and Equations (4)–(6)
for the corresponding current forces and moment. Because these forces are expected to
vary appreciably with varying yaw angles, the wind and current forces were calculated in
advance in a range of −180◦ to 180◦ at 10◦ intervals, tabulated and used as input in AQWA.
Some representative surge wind forces at 0◦, −40◦, −90◦, −130◦, and −180◦ angle of attack
are −494.587 kN, −338.61 kN, −27.3536 kN, −317.616 kN, and 631.225 kN respectively.

FXw =
1
2

CXwρwV2
w AT , (1)

FYw =
1
2

CYwρwV2
w AL, (2)

MXYw =
1
2

CXYwρwV2
w AT LBP, (3)

where FXw, FYw, and MXYw are the surge and sway wind forces and the yaw wind moment,
respectively. CXw, CYw, and CXYw are the wind coefficients to be extracted from the
OCIMF curves [46]. Wind density is represented by ρw, while V2

w and AT are the current
velocity and hull transverse area, respectively. LBP is the length between perpendiculars of
the FPSO.

The corresponding current/moment acting on the FPSO was calculated using the
following formulas:

FXc =
1
2

CXcρcV2
c LBPT, (4)

FYc =
1
2

CYcρcV2
c LBPT, (5)

MXYc =
1
2

CXYcρcV2
c LBPT, (6)
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where FXc, FYc, and MXYc are the surge and sway current forces and the yaw current
moment, respectively. CXc, CYc, and CXYc are the current coefficients to be extracted from
the OCIMF curves. Water density is represented by ρc, while V2

c and T are the current
velocity and draft, respectively. LBP is the length between perpendiculars of the FPSO.

2.4. Validation of Numerical Model

Hull hydrodynamics to calculate added mass, radiation damping, and first- and
second-order wave forces was implemented using the 3D radiation/diffraction method
in AQWA. To allow for computation of second-order wave drift forces, the field solution
was applied together with the full quadratic transfer function (QTF) matrix. Nine wave
components ranging from 0.24 rad/s to 1.8 rad/s were used for the computation of force
quadratic functions. This was followed by stability analysis to stabilize the model for
time-domain analysis. A timestep of 0.02 s and a simulation duration of 12,000 s were used
in the time-domain simulation.

For the validation procedure, the result was compared with published experimental
(OTRC) and numerical (WINPOST) data [39]. The same model was then used for the main
study. The validation procedure included static offset, free decay test, and fully coupled
dynamic analysis.

Both static offset and free decay tests were numerically simulated in calm water.
The static offset test was performed to estimate the mooring system restoring force in

the surge direction. The restoring force was obtained by incrementally displacing the FPSO
in the surge direction (using the starting position tab), and the resultant horizontal force at
each specified displacement was recorded and manually plotted [47].

The free decay test, on the other hand, was conducted to determine the natural periods
and corresponding damping ratios of the FPSO in the surge, heave, roll, and pitch. The test
was simulated in AQWA by numerically displacing the FPSO and releasing it to allow for
oscillation in each of the degrees of freedom (DOF) considered. From each of the timeseries
plots, the natural period was recorded by taking the average of individual time for a certain
number of cycles. The logarithmic decrement formula was used for the computation of
corresponding damping ratios, using Equation (7) [48].

ξ =
1

2π
. ln
[

ai
ai+1

]
, (7)

where ξ is the damping ratio, and ai and ai+1 are the crest amplitude of the i-th and i + 1-th
cycles respectively.

3. Fully Coupled Dynamic Analysis
3.1. Wave Exciting and Radiation Forces

The software ANSYS AQWA uses the potential theory of diffraction and radiation to
calculate wave exciting and radiation forces on a floating body [49]. Thus, the fluid flow
surrounding the floating body is expressed by the velocity potential in Equation (8).

Φ(
→
X, t) = aw ϕ(

→
X)e−iωt, (8)

where ϕ(
→
X) is a space-dependent potential, which may be separated into contributions of

the platform responses in 6 DOF, and aw represents the incident wave amplitude.
The total velocity potential is, therefore, expressed in Equation (9) as a combination of

potentials due to the incident, radiation, and diffraction.

ϕ(
→
X)e−iωt =

[
(ϕI + ϕd) +

j=1

∑
6

ϕrjxj

]
e−iωt, (9)
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where ϕI is the incident wave potential, ϕd represents the corresponding diffraction wave
potential, ϕrj is the radiation wave potential due to motion in the j direction, and xj is the
motion in the j direction, for the 6 DOF.

The incident wave potential for a unit amplitude (aw = 1) is given in Equation (10).

ϕ1(
→
X)e−iωt = − igaw cosh ks

ω cos hkd
ei[−ωt+k(X cos χ+Y cos χ)+ε], (10)

where d is the water depth, g is the gravitational acceleration, and ε is the wave phase. Fur-
thermore, ω is the angular frequency, k is the wave number, and χ is the wave propagating
direction, while X and Y is the water surface elevation.

The first-order hydrodynamic pressure distribution is computed using linearized
Bernoulli’s equation, i.e., after the wave velocity potential is computed using Equation (11).

p(1) = −ρ
∂Φ(

→
X, t)

∂t
= iωρϕ(

→
X)e−iωt, (11)

where ρ is the water density, and the remaining terms are as earlier defined.
By integrating the pressure distribution over the wetted surface, various fluid forces

can be calculated [49]. In addition, for forces and moments acting on the floating body, a
general formulation is given in the form of a unit normal vector (

→
n ) on the hull surface in

6 DOF as in Equation (12).
(n1, n2, n3) =

→
n , (12)

(n4, n5, n6) =
→
r ∗→n ,

where
→
r is the position vector on the hull surface with respect to the center of gravity,

i.e,
→
r =

→
X −

→
Xg.

Using this notation relation, a generalized first-order hydrodynamic force and moment
component is computed using Equation (13).

Fje−iωt = −
∫

SO

p(1)njdS =

−iωρ
∫
S0

ϕ(
→
X)njdS

e−iωt, (13)

where SO is the mean wetted surface of the platform.
Then, by substituting the velocity potential (Equation (8)) into Equation (13), a gener-

alized equation for first-order forces on the hull is given in Equation (14).

Fj =

[
(FI j + Fdj) +

6

∑
k=1

Frjkxk

]
e−iωt, j = 1, 6, (14)

where FI j is the Froude–Krylov force due to incident wave, Fdj is the diffraction force, and
Frjk is the radiation force.

3.2. Mooring Line Dynamics

The effects of mooring mass, drag forces, inline tension, and bending moment are
considered in AQWA cable motions analysis when the dynamics of the cable is included [49].
Since the mooring forces are expected to vary with time in connection to the platform
motion, the lines tend to respond nonlinearly. Thus, the mooring tensions and platform
responses are considered mutually interactive. The mooring dynamic responses in AQWA
are solved numerically by utilizing the discrete lump-mass modeling technique as expressed
in Equations (8) and (9). In this approach, the line is discretized into several finite elements
where a mass of each element is concentrated into nodes and subjected to varying external
forces, as illustrated in Figure 5.
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Figure 5. Illustration of forces on cable element.

When assuming no torque or twisting moment, each line segment’s motion equation
is represented by Equations (15) and (16).

∂
→
T

∂le
+

∂
→
V

∂le
+
→
w +

→
F h = m

∂2
→
Q

∂t2 , (15)

∂
→
M

∂le
+

∂
→
Q

∂le
+
→
V = −→q , (16)

where
→
T is the element tension force vector at the first node,

→
w is the element’s weight per

unit length, and
→
F h is the external force per unit length. Furthermore, m is the structural

mass per unit length, while
→
M is the bending moment at the first node of the element.

→
Q

represents the position vector,
→
q is the distributed moment loading, ∂le and De are the

element length and diameter, respectively, and
→
V is the element shear force vector at the

first node.
The bending moment and line tension are related to the line material bending stiffness

(EI) and axial stiffness (EA).
When dealing with mooring dynamics, it is important to note that wave excitation

force is ignored [49]. Thus, the hydrodynamic force (Fhd) acting on the line is the summation
of the buoyant force (Fb), drag force (FD), and added mass radiation force (Fa), as shown in
Equations (17)–(21).

Fhd = Fb + FD + Fa, (17)

Fhd = Fb + F−ma[
→
a j,

→
a j+1 ]T , (18)

where
→
a j is the acceleration at node j, and ma is the line added mass matrix.

The element buoyant force matrix is expressed as

Fb =
{

0, 0, 1
2 ρAcjLjg, 0, 0, 1

2
(
ρAcjLj + Mb

)
g
}T

, (19)

where Acj is the equivalent cross-sectional area, and Mb is the mass of the buoy.
Equation (20) gives the time-dependent drag force of an element. This provides a

simplified form of the frag force on a mooring line element.

Fd(t) =

{
fd(j)− 1

2 CdcScρw
∣∣Uj(t)−Vj(t)

∣∣{Uj(t)−Vj(t)
}

fd(j + 1)− 1
2 CdbSbρw

∣∣Uj+1(t)−Vj+1(t)
∣∣{Uj+1(t)−Vj+1(t)

} }, (20)
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where Cdc is the drag coefficient of clump weight, Cdb is the drag coefficient of an interme-
diate buoy, and Sc, is the surface area of the clump weight. Sb represents the surface area
of an intermediate buoy, while Uj(t) is the structural velocity matrix at j, and Vj(t) is the
current velocity matrix at j.

In the time-domain analysis, the solution of dynamic responses of a cable at the given
attachment locations can be obtained using Equation (21).

M
[ ..
u
]
= Ftotal , (21)

where M and Ftotal are the assemble matrices for total mass and forces, respectively.

3.3. Equation of Motion

The positions and velocities of the floating platform are computed at each timestep
by integrating the accelerations due to these forces in the time domain using the two-
stage predictor–corrector numerical integration scheme [49]. In this study, irregular wave
responses with slow drift were used to simulate real-time responses of the floating platform.

The motion of the floating platform is expressed using the convolution integral as
expressed in Equation (22), since the sum of environmental load F(t), as in the dynamic
equation of motion, is not periodic with constant amplitude.

[M + A∞]
..
a(t) + c

.
a(t) + Ka(t) +

t∫
0

h(t− τ)
..
a(τ)dτ = F(t), (22)

where M is the structural mass matrix, and A∞, is the added mass matrix at infinite
frequency. The damping matrix is denoted by the symbol c, while K is the total stiffness
matrix, h is the velocity impulse function matrix, and h(t) is the acceleration impulse
function.

The time-domain equation of motion is then expressed by combining the vessel
response with the mooring line equation as shown in Equation (16).

[M + A∞]
..
a(t) = F(1)(t) + F(2)(t) + Fc(t) + Fw(t) + Fm(t) + FWD(t) + Fhs(t)− c

.
a(t)− Ka(t)

−
t∫

0
h(t− τ)

..
a(τ)dτ,

(23)

where F(1) is the first-order wave force, F(2) is the second-order wave force, and Fc, is the
current hull drag force. In addition, Fw is the wind drag force, while Fm is the mooring
force, and FWD is the wave drift damping force.

4. Mooring Material and Line Failure Scenarios
4.1. Mooring Material

Four different mooring line materials consisting of three synthetic lines and a steel
wire were considered, i.e., polyester, high-modulus polyethylene (HMPE), Aramid, and a
six-strand steel wire. Polyester lines are very compliant and lightweight with moderate
strength, whereas HMPE and Aramid are lighter than polyester while having higher
stiffness. On the other hand, the six-strand steel wire is moderately stiff, light, and strong.

The mooring lines are multicomponent, with the top and bottom segments consisting
of chains, and synthetic materials and steel wire in the middle segment. Thus, the focus
of this study was on the middle segment; each of the lines was replaced by changing the
submerged weight (Sw), axial stiffness (EA), and minimum breaking load (MBL) for each
material. The material properties were derived using the numerical expressions in Table 4,
where d is the diameter of the line in millimeters.
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Table 4. Properties of mooring lines used in the study [50].

Material Sw (N/m) EA (N) MBL (N)

Polyester 0.0067 d2 6567.19 d2 250 d2

HMPE 0.0062 d2 15,000 d2 575 d2

Aramid 0.00565 d2 16,567.19 d2 450 d2

Steel wire 0.034 d2 45,000 d2 600 d2

Table 5 shows the compiled properties of the different mooring line materials.

Table 5. Properties of mooring materials used in the study.

Property/Mooring Material Polyester HMPE Aramid Steel Wire

Diameter (mm) 160 160 160 160
Length (m) 2438 2438 2438 2438

Wet weight (kg/m) 17.4842 16.1794 14.7441 88.7258
Axial stiffness (kN) 168,120 424,120 384,000 1,152,000

MBL (kN) 7429 14,720 11,520 15,360

4.2. Mooring Line Failure Scenarios

According to the provisions in Section 2 of DNVGL-S-E301 [23], mooring systems are
to be analyzed for an accidental limit state to ensure that they can sufficiently withstand
the case of one mooring line failure for an unknown reason. This is because the transient
responses, the overall stiffness, and the static equilibrium position of the platform are
influenced in the event of mooring failure.

Thus, to comprehensively analyze the behavior of the various mooring line materials
under consideration, each material was examined in intact and damaged conditions. Cases
of single- and double-line failure were thoroughly investigated. For each of the damage
cases, the line with the highest tension was configured to fail at a specific time during
the simulation (i.e., time corresponding to the maximum tension). In the case of single-
line failure, the line with the highest tension was chosen after simulation in an intact
state, whereas, in the case of double-line failure, the line with the highest tension was
chosen after simulation with single-line damage. Table 6 shows the damaged lines for each
material with corresponding failure times. In each case, the numerical simulation was
performed for 12,000 s with a 0.02 s timestep. In addition, a static offset test was performed
with each material to determine the influence of line failure on the restoring forces of the
mooring system.

Table 6. Mooring failure scenarios.

Mooring Material/Cases Single Line Double Lines

Polyester Line 9 at 1937 s Line 8 at 2960 s
HMPE Line 9 at 1186 s Line 8 at 2241 s
Aramid Line 9 at 2229 s Line 8 at 3154 s

Steel wire Line 10 at 1794 s Line 11 at 2464 s

4.3. Selection of Representative Mooring and Risers for Tension Analysis

To investigate mooring tension for each of the mooring materials, two representative
mooring lines were selected, line 7 for the synthetic lines and line 12 for steel wire. The
representative lines were selected as the last remaining lines in the group after the double-
line failure cases. In the case of synthetic moorings, lines 9 and 8 were selected to fail as
shown in Table 6, both lines belonging to group 3 (G3 in Figure 2). Since line 7 was the
only line left after the double-line failure, it was the best representative to account for the
influence of both single- and double-line failure on the mooring tensions. For the steel wire,
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lines 10 and 11 were chosen to fail in the single- and double-line failure cases, leaving line
12 as the group’s representative.

The aim of ensuring minimum platform offset is to ensure that the integrity of the
oil and gas risers are maintained. For brevity, only two representative risers, i.e., line
production (LP) and gas production (GP), were selected to statistically investigate the
influence of different mooring line failures on the connection point tension of risers.

5. Results and Discussion
5.1. Validation of Numerical Model

Figures 6 and 7a–d shows a comparison of restoring forces and free decay for AQWA
and WINPOST models.

Figure 6. Comparison of restoring behavior of WINSPOST and AQWA models.

Figure 7. Comparison of free decay timeseries for (a) surge, (b) heave, (c) roll, and (d) pitch.

As shown in the figures, the mooring system restoring force and the free decay
timeseries plot for surge, heave, roll, and pitch compare well with the published simulation
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results. From the free decay timeseries plots, the natural periods and corresponding
damping ratios of the 4DOF as presented in Table 7 can also be observed to compare very
closely with the WINPOST and OTRC experimental results.

Table 7. Comparison of free decay test results.

Natural Periods (s) Damping (%)

AQWA WINPOST OTRC AQWA WINPOST OTRC

Surge 205.2 204.7 206.8 3.7 4.4 3.0
Heave 10.8 10.8 10.7 4.5 11.8 6.7

Roll 12.7 12.7 12.7 3.2 0.7 3.4
Pitch 10.7 10.8 10.5 7.5 10.5 8.0

Table 8 compares the hydrodynamic responses of AQWA in 6DOF with published
responses of WINPOST and OTRC. The agreement between the results demonstrates the
validity of the modeling procedure adopted.

Table 8. Statistical comparison of hydrodynamic responses in 6 DOF.

Source Surge (m) Sway (m) Heave (m) Roll (◦) Pitch (◦) Yaw (◦)

Max AQWA 4.44 11.2 8.33 8.2 3.37 −15.21
WINPOST 2.29 13.1 10.9 3.5 4.45 −3.4

OTRC 6.30 10.9 9.11 9.57 4.2 −8.69

Min Min −60.22 −20.04 −10.45 −7.26 −4.37 −29.72
Min −61.30 −21.4 −11.3 −3.6 −4.99 −24.6
Min −54.10 −13.6 −9.52 −8.77 −4.07 −23.3

Mean AQWA −20.77 −0.48 0.11 0.06 0.17 −18.37
WINPOST −22.90 −0.09 0.14 −0.1 0.01 −16

OTRC −21.10 −0.64 −0.06 −0.08 0.03 −16.8

SD AQWA 7.97 4.55′ 2.92 1.45 1.19 5.03
WINPOST 9.72 4.57 3.08 0.9 1.31 3.8

OTRC 8.78 4.05 2.81 2.18 1.26 2.46

5.2. Static Offset Analysis of Different Mooring Line Materials

Figure 8 compares the surge restoring forces of FPSO mooring systems with Aramid,
HMPE, polyester, and steel wire as the middle segment of each of the 12 mooring lines,
considering intact, single-, and double-mooring failure scenarios.

According to the mooring layout in Figure 1, the mooring system surge restoring force
in the intact condition was provided by mooring groups 1 and 2 consisting of lines 1, 2, 3,
4, 5, and 6 since the platform displacements were in the opposite direction (i.e., toward
groups 3 and 4). Hence, the damaged lines were selected from these groups in the case of
static offset. In the intact condition, a mooring system consisting of steel wire lines was
observed to depict the highest restoring force of 91,252 kN followed by HMPE, Aramid,
and polyester with corresponding restoring forces of 39,865 kN, 36,299 kN, and 16,564 kN,
respectively, which is clearly in the order of increased axial stiffness of the material. For
each of the failure cases, the line failure was observed to have a significant influence on
the restoring force. In the case of single-line failure, the highest restoring force variation
when compared with the intact condition was recorded in steel wire with a decrease of
22% followed by 19.4%, 19.36%, and 17.97% in HMPE, Aramid, and polyester, respectively.
The same trend was observed for double-line failure, with 37.55%, 33.91%, 33.87%, and
31.89% reductions for steel wire, HMPE, Aramid, and polyester, respectively. The trend of
reduction in restoring force due to line failure revealed that a stiffer material led to a higher
reduction in mooring system restoring force in the event of failure.
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Figure 8. Comparison of mooring system surge restoring forces for different mooring materials in
the intact, single-, and double-line failure conditions.

5.3. Hydrodynamic Responses of FPSO in 6DOF

This section examines the hydrodynamic responses of the turret-moored FPSO with
different mooring materials in intact and damaged conditions.

5.3.1. Dynamic Responses in Intact Condition

Figure 9 shows the statistical comparison of FPSO responses in 6DOF based on fully
coupled dynamic analysis in intact conditions. The mean surge responses shown in
Figure 9a were significantly higher for polyester mooring lines with −21.2 m with a
standard deviation of 18.51, followed by a mean offset of −4.86 m and a corresponding
standard deviation of 7.89 m for Aramid material. HMPE and Steel wire mooring lines, on
the other hand, experienced mean surge displacements of−3.69 m and 2 m, respectively. In
general, the axial stiffness of the lines had a great influence in dictating the surge motion. A
higher material stiffness led to a lower response. The platform surge response was observed
to decrease significantly with increasing material restoring force (Figure 8), in the order
polyester, Aramid, HPE, and steel wire.

Figure 9b shows the sway responses in all mooring materials having almost the same
mean sway offset in the range of 12 m. As presented in Figure 9c, steel wire mooring
showed the highest response, while polyester had the lowest. In contrast to surge motion,
where polyester lines with the lowest stiffness recorded the highest response, in heave,
a higher material stiffness led to a higher response. This might be due to the line being
under more tension due to its lower elasticity resulting from higher stiffness. Figure 9d,e
show the roll and pitch responses; for all the mooring materials, the mean responses were
below 0.3 rad. The yaw responses are presented in Figure 9f; for all mooring materials, the
responses were observed to behave in the same way, with a value of approximately −6 rad.
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Figure 9. Statistical comparison of FPSO motion responses in 6 DOF considering different mooring
materials in intact conditions: (a) surge; (b) sway; (c) heave; (d) roll; (e) pitch; (f) yaw.

5.3.2. Mean Dynamic Responses in Intact and Damaged Conditions

Considering the analysis described earlier, the mean responses of the FPSO with
different mooring materials are presented in Figure 10 for the 6 DOF considering intact,
single-line, and double-line failure cases.

Figure 10a shows the mean surge platform offset of the four materials considered. For
the failure cases, platform offset increases of 33.6% and 47.1% for single- and double-line
failure were recorded in the mooring system with polyester mooring lines, respectively.
Similarly, increases of 44.7% and 71.1% were recorded for Aramid lines in the two failure
cases, while 54.6% and 78.0% increases were recorded for HMPE lines, and 27.54% and
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81.26% increases were recorded for steel wire mooring lines, respectively. According to the
results, HMPE had the highest increase in surge offset resulting from single-line failure,
while the lowest was recorded in steel with a 27.54% increase. The synthetic materials
were observed to behave differently from steel wire moorings. The increase in offset due
to single-line failure was observed to increase with increasing material stiffness for the
synthetic mooring materials, in the order of HMPE, Aramid, and polyester. On the contrary,
the steel wire appeared to have a lower percentage increase in surge offset. However,
the surge offset was observed to increase with increasing mooring stiffness in the case of
double-line failure, with polyester having the least surge offset.

Figure 10. Statistical comparison of FPSO mean offset in 6 DOF considering mooring systems with
different mooring materials in intact and damaged conditions: (a) mean surge; (b) mean sway;
(c) mean heave; (d) mean roll; (e) mean pitch; (f) mean yaw.
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In both failure cases, the sway responses were observed to increase in the synthetic
moorings, as shown in Figure 10b. In the case of single-line failure, polyester lines displayed
the highest offset increase with 41.2%, followed by 26.6% and 21.8% for HMPE and Aramid,
respectively, with 46.7% in steel wire lines. In the case of double-line failure, sway offset
increased by 62.1%, 56.4%, and 51.6 % for polyester, HMPE, and Aramid, respectively,
whereas steel wire was reduced by 92.6%, showing that the offset was higher in line with
higher material stiffness.

Meanwhile, as seen in Figure 10c, steel wire moorings had the highest mean heave re-
sponse, while polyester had the lowest. Aramid and HMPE had nearly the same responses.
However, considering all materials, a maximum of 5% was recorded in steel wire for the
double-line failure case.

According to the results in Figure 10d, a rather decreasing trend was recorded for
single-line failure on the order of 16.67% and 60% for HMPE and polyester lines, while steel
wire had an increased roll response of 42.9%. For the double-line failure, the same trend
was observed for Aramid, HMPE, and polyester with decreases in roll responses of 83.3%,
85.7%, and 50%, respectively, while steel wire showed a 100% increase in roll response.

Furthermore, no significant variations in pitch responses were observed for any of the
mooring materials, as shown in Figure 10e, with a maximum increase of 6% in steel wire
after a single-line failure and a 12% increase after a double-line failure.

Figure 10f shows the variation of yaw responses. Polyester had the highest increase in
yaw responses (17%). In the case of double-line failure, responses increased by 16%, 27%,
and 21% for Aramid, HMPE, and polyester, respectively. Steel wire, on the other hand, had
very little variation (less than 1%).

5.4. Mooring and Riser Tensions in Intact and Damaged Conditions
5.4.1. Mooring Line Tension

Table 9 shows a statistical comparison of representative mooring lines 7 and 12. Ac-
cording to the result, the highest tension in the intact condition was recorded in steel wire
with 10,259 kN, followed by HMPE, Aramid, and polyester with mean tensions of 4056 kN,
3781 kN, and 2309 kN, respectively. This trend clearly shows that materials with higher
stiffness had the highest mean tension. In the case of single-line failure, the reduction in
line tension was observed in the following order: polyester, HMPE, steel wire, and Aramid,
with percentage increases in adjacent lines of 22.5%, 15.5%, 14%, and 13.2%, respectively.
However, for double-line failure cases, the percentage decrease was in the same range for
all materials.

Table 9. Statistical comparison of mooring tension for representative lines after different failure cases.

Line 7 Line 12

Cases Aramid
(kN)

HMPE
(kN)

Polyester
(kN)

Steel Wire
(kN)

Max 6481.472 6334.535 4447.136 14,606.43
Min 1081.697 1141.558 284.4881 5375.512

Intact Mean 3781.335 4056.384 2309.159 10,259.12
Sd 790.4503 813.4267 700.696 1307.523

Max 7592.273 9850.349 7044.375 15,883.23
Single-line damage Min 1081.697 460.7601 253.2815 5380.742

Mean 4358.207 4801.643 2979.424 11,943.58
Sd 1009.639 1226 1374.189 1595.16

Max 13,631.85 14,007.41 9330.236 21,607.54
Double-line damage Min 1081.697 1032.128 284.4881 5375.512

Mean 5771.546 6544.601 3740.242 15,187.81
Sd 2507.405 2676.009 1730.672 3299.447
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When comparing mooring tension variation for the Aramid line in Figure 11, line 7
experienced a 13% increase in mean tension after the single-line failure and a 34.5% increase
after the double-line failure. A gradual build-up of mooring tension was observed after
the single-line failure, while, for the double-line failure, an abrupt jump to 12,364 kN was
recorded within 400 s of the line failure, which is 7% more than the MBL of the material.

Figure 11. Comparison of Aramid representative mooring line (line 7) in intact and damaged conditions.

In contrast to what was observed for Aramid lines, a sudden increase in mooring
tension was recorded in the HMPE line with an increase to 9836 kN after 1055 s, as shown
in Figure 12. In the case of double-line failure, the mooring tension increased immediately,
reaching a maximum of 14,000 kN after 4007 s. When compared to the intact scenario,
single- and double-line failures showed 16% and 38% increases, respectively.

Figure 12. Comparison of HMPE representative mooring line (line 7) in intact and damaged conditions.

Figure 13 reveals a significant increase in polyester mooring tension to 6528 kN after
the single-line failure within 1078 s of line failure. On the other hand, an increase in mooring
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tension to 9324 kN within 900 s of the double-line failure was recorded. These variations
correspond to 23% and 38% increases in mean tension for single- and double-line failure,
respectively, i.e., the highest increase in tension in the single-line failure scenario.

Figure 13. Comparison of polyester representative mooring line (line 7) in intact and damaged conditions.

In the case of steel wire lines, as shown in Figure 14, a gradual increase in the line
tension was recorded for both single- and double-line failure. This corresponded to 14%
and 32% increases in mean tension for single- and double-line failure, respectively. The
gradual response compared to other line materials was attributed to the line weight.

Figure 14. Comparison of steel wire representative mooring line (line 12) in intact and damaged conditions.

Comparing the three synthetic materials, steel wire recorded the highest mean tension,
followed by HMPE, Aramid, and polyester, which is consistent with the restoring behavior
of the lines. In the case of single-line failure, the increase in mean tension was in the order
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polyester, HMPE, steel wire, and Aramid, whereas, for double-line failure, the behavior of
the lines was in the same range.

5.4.2. Riser Tension

Table 10 compares the variation of tension of representative risers resulting from intact
and damage conditions of different mooring materials.

Table 10. Comparison of tension variation of representative risers considering different mooring
materials in intact and damaged conditions.

LP1 GP4

Aramid
(kN)

HMPE
(kN)

Polyester
(kN)

Steel Wire
(kN)

Aramid
(kN)

HMPE
(kN)

Polyester
(kN)

Steel Wire
(kN)

Max 1655.9 1735.81 1897.61 1567.57 2700.60 2789.36 3053.44 2579.80
Intact Min 609.46 499.47 527.33 605.65 1450.64 1317.80 1384.40 1435.19

Mean 1169.09 1159.55 1289.26 1088.17 2123.60 2110.44 2290.40 2015.71
SD 170.64 164.12 222.33 148.87 206.11 198.09 274.65 178.27

Max 1798.66 2307.53 2882.06 1567.43 2861.72 3458.93 4158.53 2594.06
Single-line damage Min 633.04 304.50 47.55 606.46 1479.39 1090.26 757.13 1436.28

Mean 1198.10 1195.55 1394.49 1123.32 2156.96 2152.16 2417.92 2072.43
SD 185.88 212.04 415.48 145.58 224.17 254.61 507.08 175.86

Max 3000.05 3058.96 4249.34 1721.84 4275.48 4359.87 5747.68 2820.15
Double-line damage Min 149.55 82.18 86.85 605.65 843.48 775.47 722.99 1435.19

Mean 1277.87 1285.23 1479.29 1182.43 2247.09 2253.12 2505.28 2169.08
SD 351.33 388.27 488.70 166.50 417.73 461.85 586.97 209.34

In the case of single-mooring-line failure, considering LP riser, the highest variation in
the connection point tension was recorded in polyester with an increase of 8%. HMPE and
steel wire lines both had a 3% increase, while an increase of 2.4% was recorded in Aramid.
The same trend was recorded in the case of double-line failure, with polyester resulting in
an increase in riser tension by 13%. Increases of 10%, 9%, and 8% were recorded for HMPE,
Aramid, and steel wire lines.

Comparing the variation in tension of GP riser with different mooring materials, the
highest increase was recorded for polyester, with 5% and 9% increases for single- and
double-line failure. In addition, 2.7%, 2%, and 1.5% increases were recorded for steel wire,
HMPE, and Aramid for single-line failure, in contrast to 7%, 6%, and 5.5% increases for
double-line failure, respectively. The increase was observed to increase with decreasing
material stiffness.

6. Conclusions

A comprehensive investigation of the influence of mooring line materials on restoring
force, dynamic response, mooring line, and connection point riser tension was conducted
in both intact and damaged conditions. According to the simulation results, the following
specific conclusions can be drawn:

1. The mooring system restoring force increased significantly with increasing mooring
material stiffness, and a higher material stiffness led to a higher loss in restoring
force in the case of single-line failure. In the case of double-line failure, the percent-
age reduction in restoring force was within the same range for all materials consid-
ered. Thus, in terms of percentage loss in restoring force, the polyester line was the
best choice.

2. In intact conditions, material stiffness had a significant influence on the surge response
for all mooring materials considered. In addition, lines with higher material stiffness
had higher heave responses. In this regard, in a case where a reduction is surge and
sway is the primary objective, the steel wire would be the best choice.

3. The mooring line submerged weight and material stiffness had a significant influence
on the ability of the mooring systems to withstand the case of single-line failure,
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which is a fundamental requirement for a mooring system, as highlighted in Section 2
of DNVGL-S-E301 [6]. On this premise, in terms of surge direction, the steel wire
performed best, followed by polyester, Aramid, and HMPE. In the case of double-
line failure, lines with lower material stiffness performed better in maintaining the
platform in position. Specifically, polyester lines performed best, followed by steel
wire, HMPE, and Aramid.

4. The highest mean tension was recorded in steel wire, while the HMPE line had the
highest tension among the synthetic lines, which is consistent with the restoring
behavior of the lines.

5. For both failure cases, polyester lines had the highest mean tension increase, followed
by HMPE, Aramid, and steel wire, showing that lines with higher material stiffness
distributed tension evenly to the other lines in the same group in the event of single-
and double-line failure. In this case, steel wire performed best with a minimal increase
in line tension in the event of line failure.

6. Mooring lines with higher stiffness displayed better capability to withstand platform
response in the event of line failure and, consequently, performed better in terms of
minimizing the increasing riser tension. In both single- and double-line failure, a
minimum increase in riser tension was recorded in the mooring system with steel
wire, followed by the Aramid lines.

Lastly, it is important to note that the findings of this study are applicable to envi-
ronmental conditions similar to the wave conditions of the Gulf of Mexico. Thus, further
studies considering a wider range of metocean data with different wavelength-to-platform
length ratios and breaking waves, which have been highlighted to have a significant
influence, should be considered.
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