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Abstract

The taut mooring system using synthetic fiber ropes has overcome the shortcomings such as the large self-weight of the
mooring lines and provides better mooring performance for the floating structures. The polyester rope has attracted much
attention among numerous synthetic fiber rope materials due to its lightweight, low price, corrosion resistance, and high
strength. Thus, the mooring characteristics of it are worth studying. Polyester mooring lines are flexible in deep water,
when a marine structure is moored by them, the geometric nonlinearity such as large displacement, large stretch, and large
bending deformation, and the material nonlinearity like viscoelastic of the polyester ropes become complex integrated
problems to be studied. Considering the nonlinear phenomenon, the simulation and calculation of a polyester line were
carried out by the absolute nodal coordinate formulation (ANCF) in this paper since the ANCF method has advantages in
dealing with the significant deformation problems of the flexible structures. In addition, a chain mooring line was also
simulated for comparison, and the results show that the polyester ropes reduce the self-weight of the mooring lines and
provide sufficient mooring strength at the same time, and the nonlinear phenomenon of the polyester ropes is different
from that of the chain mooring lines.

Keywords Taut mooring; Polyester rope; Absolute nodal coordinate formulation; Viscoelasticity; Chain mooring line;
Geometric nonlinearity; Material nonlinearity

1 Introduction

In the field of deepwater exploration and develop-
ment, the mooring system has brought a series of new
problems, such as the suddenly increased weight of the
mooring lines, which affects the load weight and motion
response of marine structures. Considering this issue
from the perspective of economy and security, the taut
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¢ The absolute nodal coordinate formulation (ANCF) is more sensitive
in capturing the strain of each element, which leads to a difference
from the lumped mass method with the mean strain assumption;

e A critical value of the motion amplitude was found, making the
difference between ANCF and LMM inversed;

¢ The viscoelastic factor affects the hysteresis loop of the polyester
rope, and the larger it is, the more obvious the hysteresis effect is.
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mooring system composed of synthetic fiber ropes pro-
vides a lighter weight, and better mooring performance
has been considered more suitable for operation. How-
ever, the mechanical properties of synthetic fiber ropes
are complex with a robust nonlinear phenomenon,
which are different from that of chain cables and steel
wires. Many theoretical studies and engineering tests
have been carried out with immediate needs in recent
years, and compared with other synthetic fiber ropes,
polyester cables have become the popular deepwater
mooring line because of their excellent characteristics
such as good corrosion and fatigue resistance. Francois
and Davies (2008) have studied the characterization of
polyester mooring lines, including quasi-static stiffness
and dynamic stiffness, and relative tests were per-
formed, which provided a model of the visco-elastoplas-
tic response of polyester fiber ropes. Catipovic et al.
(2011) have proposed an improved stiffness model us-
ing the finite element method, and the highly extensible
polyester mooring lines were studied. The conclusions
showed that the improved model achieved a better
agreement with the analytical results. In addition, a cou-
pled-dynamic analysis of floating structures with poly-
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ester mooring lines was carried out (Tahar and Kim,
2008), and the mooring-line dynamics were based on a
rod theory and the finite element method with the gov-
erning equations described in a generalized coordinate
system, and the results indicated that the nonlinearity of
polyester ropes was obviously different from linear elas-
tic lines. Ma et al. (2014) have introduced a method for
large stretched slender rod theory with the finite ele-
ment method to deal with the problems of the large rota-
tion and the large deformation, and the rod model works
well with the viscoelastic model. Besides, there are a se-
ries of researches about fatigue analysis and damage in-
spections of the polyester ropes (Flory et al., 2006; Bel-
tran and Williamson, 2010), which have provided some
engineering references.

In processing the problems of large deformation of
structures, Researchers (Berzeri et al., 2001) have pro-
posed the absolute nodal coordinate formulation, which
leads to a simple expression for the inertia forces and a
nonlinear expression for the elastic forces since the
global displacement coordinates and slopes are estab-
lished in the global coordinate system. Many scholars
have applied this formulation in different fields, such as
the analysis of composite tires (Patel et al., 2016), the
high-order quadrilateral plate (Ebel et al., 2017), and al-
so membrane structures (Zhang et al., 2016), etc. The
absolute nodal coordinate formulation can also study
polyester mooring lines considering its convenience and
efficiency. In this paper, a polyester rope will be mod-
eled, and the nonlinear properties of the rope will be
studied by the ANCF method.

2 Absolute nodal coordinate formulation
2.1 Equations of motion

The absolute nodal coordinate formulation defines the
nodal element coordinates in a fixed inertial coordinate sys-
tem, including the global displacement and the slopes.
Hence, no transformation matrices are required to define the
kinematic position and velocity equations of the elements.

Owing to the large aspect ratio, the deformation of
mooring lines is axial stretch and bending. Based on the
three-dimensional beam elements of Ahmed et al. (2001)
shown in Figure 1, the torsion and shear of mooring lines
can be ignored. Thus, an element can be defined as two
nodes and twelve absolute nodal coordinates:

q:[‘h 9, 912]T (1)
where ¢,, ¢, and ¢, are the displacement terms and ¢q,, ¢
and ¢, are the slope terms of the left node. Thus, the sagit-
tal diameter of an arbitrary point P on the cross section of
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Figure 1

a beam element can be defined in the global coordinate
system as:

r==5q @

where § is the element shape function, and Hermite inter-
polation polynomial was employed here to ensure the con-
tinuity of the displacement and slope.

Using the global position vector r defined in Eq. (2), the
kinetic energy of the finite element can be defined as (Ber-
zeri et al., 1998; Zhang et al., 2019):

U riar= Ll ostsar Vi - Lata
T zfypr V=g (prs SV |q =5 d"Mi ()
where p and V are the mass density and the volume of the
element, respectively, and M is the mass matrix defined as
(Gerstmayr and Shabana, 2006):
M= [ ps'sav )
Vv
The motion equations can be defined as follows:
Mg+Q.-0,=0 ®)
where Q. is the elastic force and Q, is the externally ap-

plied force, and the elastic force Q, can be defined using
the strain energy U as (Gerstmayr and Shabana, 2006):

(U 92 g (e (9K
Qs(aq) fOEAg(aq) ds+fOE1KK( o ) ds (6)

The external forces @, can be defined as:
0 ‘fL(a’)T - fds ()
e 0 aq
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where f'is the generalized external force.
2.2 Viscoelastic force

The viscoelastic force should be employed for synthetic
fiber ropes to demonstrate the material nonlinearity. Thus,
based on the elastic force defined in Eq. (6), and consider-
ing the viscoelastic force (Garcid et al., 2005), the expres-
sion of the supplementary form of Q. is:

T

= Qsl + Qsz
oe !
aq) as (8)

L . T
+f0E1(KK+ yKK)(a;:‘) ds

au
oq

o-|

L

=J0EA(£+ yé)

where y is the viscoelastic damping factor, and the over-
dot denotes derivation with respect to time. It should be
noted that there are axial strain terms and bending curva-
ture terms in Eq. (8). Since the mooring lines are slender
flexible structures, the latter contributes less to the calcula-
tion. The derivation of the bending curvature will not be
described in detail below.
The axial strain ¢ and its derivative to ¢ are:

e=vr'Tr -1 ©)
(GS)T= s (10)
8q rrTr/
where r'= S'gq.
Thus, the strain rate ¢ is:
T

..o 9e A
e=qT(a) =q' (1

q P

The generalized force in Eq. (8) is composed of the elas-
tic terms and the damping terms. Therefore, O, can also
be expressed in the following form:

0,=Kq+Dyg (12)

where K, and D, are the stiffness matrix (Lin and Sayer,
2015; Petruska et al., 2005) and damping matrix of the ele-
ment:

L 1T Qr

K = [ B4 5 (13)
0 I"’Tl”'
L 9\ 9e

D, —fOEAy(aq) s (14)
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2.3 External force

Assuming that the mooring lines are subjected to uni-
form gravity and buoyancy, for elements of length ds, the
gravity f, and buoyancy f, can be defined as:

f.= —pad,ge, (15)
-fb zpsAmgey (16)

where g is the acceleration of gravity, 4, is the circular ar-
ea of the mooring lines, p,, and p, are the density of moor-
ing lines and seawater, respectively, e, is the unit vector in
the Y direction of the global coordinate system (as shown
in Figure 1).

Wave forces acting on a microelement ds can be ob-
tained by the Morison Equation (Kim et al., 2005):

1 . .
fwave(s’t) = EpstDN(vs - r)’N(vs - r)‘
+p,A,(1+C,)Nv, - p

(17)
A, C, N#

where, C, and C,, are the drag coefficient and added mass
coefficient, D is the diameter of the mooring line, v, and v,
are the velocity and acceleration of the wave particle, r
and 7 are the velocity and acceleration of the mooring line.
N is a 3D normal transformation matrix to ensure that the
direction of wave force is perpendicular to the mooring
line, it is defined as:

rIrIT

N=1I-

(18)
Since the seabed soil force has not been involved in the
taut mooring system, and the current force £, ..(s,¢) is al-

so calculated by the Morison Equation, the generalized ex-
ternal force f'can be summarized as:

f:f;g—‘r.f‘b—‘rfwavc—‘r.f‘cun‘cnt (19)

3 Key parameters of the mooring line
The properties of the main components of the mooring
lines are presented in Table 1. The polyester mooring line

has three main components out of the fairlead: top chain,
polyester rope, and ground chain.

Table 1 Mooring line configuration and properties

Component Diameter EA Dry weight  Length
(mm) (MN) (kg/m) (m)

Fairlead Chain 157 1 960.0 493.0 125.0

Polyester 256 71.4 45.1 1 950.0
Ground Chain 157 1 960.0 493.0 259.0
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The water depth of the operation area is about 1 424 m,
and the total length of the mooring line is 2 334 m. In ad-
dition, the horizontal distance between the fairlead and the
anchor point is about 1 916 m.

Aiming to study the dynamic characteristics of the mooring
lines, the fairlead will move in a wide range. Thus, the break-
ing strength of each component has not been given. In addi-
tion, the axial stiffness of the polyester rope referred to the av-
erage performance of OrcaFlex.

Figure 2 gives the main view of the mooring line, the
origin sets on the static position of the fairlead, which is
assumed to be fixed on the water surface because the mo-
tion of marine structures has not been considered yet in
this paper. Instead, a horizontal harmonic motion is set at
the fairlead to inspect the dynamic properties of the poly-
ester rope more apparently. The amplitude of the harmonic
motion is 5 m, 10 m, 20 m, 30 m, 40 m, and 50 m, respec-
tively, and the circular frequency is 0.2 rad/s with the ini-
tial phase — w/2.

Fairlead
- Top chain 125 m :
g
<
& [a\]
y <
Polyester 1 950 m - —
d =
' 3
Y, 5
S
X B
Ground chain 259 m

Anchor

Figure2 Diagram of the polyester mooring line

The circular frequency of 0.2 rad/s referred to the mo-
tion RAOs of the platform obtained from the frequency
domain calculation. To better observe the viscoelastic
property, only a single mooring line was simulated in this
paper, and the platform with the mooring system was not
studied. Finally, we applied this circular frequency on the
single polyester rope.

Before calculating the polyester rope, a mooring line on-
ly consisting of chains was simulated to verify the applica-
bility of the calculation method. The approach is to re-
place the polyester rope in Figure 2 with the chain cable,
and the detailed parameters of the mooring line are listed
in Table 2.

Table2 Mooring line configuration and properties

Component Diameter EA Dry weight Length
(mm) MN)  (kg/m) (m)
Chain 157 1 960.0 493.0 2334.0

4 Results and discussions
4.1 Chain mooring line

The simulation results of the ANCF method have been
compared to the OrcaFlex, the theory of which calculating
the motions and effective tension of the mooring line is
the lumped mass method.

The large magnitude of axial stiffness leads to minor ax-
ial strain for the mooring line consisting of the chain ca-
ble. Thus, the mean axial strain assumption of the lumped
mass method can ensure high precision for the simulation
results.

As shown in Figure 3, the solid line represents the static
position of the mooring line calculated by the ANCF meth-
od, and the dashed line is the simulation results of the
lumped mass method. In this case, no external wave and
current loads are applied, and the mooring line achieves
the static position under the buoyancy and gravity.
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Figure 3 Static position of the chain mooring line

Apparently, the static position calculated by the ANCF
method and the lumped mass method achieves a high
agreement. Thus, the initial shape of the mooring line can
be considered the same. In addition, Figure 4 displays the
effective tension along the mooring line.

At the fairlead, the tension calculated by the lumped
mass method is 50 886.91 kN, while the result gained by
the ANCF method is 50 862.32 kN, and the error is about
0.048% of the two simulation results. On this basis, the dy-
namic simulation can be considered comparable.

The dynamic simulation results are shown in Figure 5.
The solid lines are the effective tension of the fairlead
with different amplitudes of the harmonic motion calculat-
ed by the ANCF method. The dashed lines represent the
results of the lumped mass method. It should be noted that
since the breaking strength (Saidpour et al., 2020; Xu et
al., 2021) of the mooring line is not considered in this pa-
per, the effective tension is assumed to be available when
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Figure 4 Axial tension along the chain mooring line
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Figure5 Effective tension of the mooring line in harmonic motion

the mooring line moves at large amplitudes.

By comparing the results of the two simulation meth-
ods, the effective tension curves agree well, and the error
is about 0.05% at the maximum motion amplitude. The re-
sults indicate that the dynamic calculation of mooring
lines by the ANCF method has high reliability.

4.2 Polyester mooring line

To better observe the difference between the ANCF
method and the lumped mass method, the external wave
loads and current forces will not be applied.

As mentioned above, the axial stiffness of chain materi-
al makes the mean axial strain assumption of the lumped
mass method available. Under the large stretch condition,
the axial strain of each element is not the same. The calcu-
lation results of averaging the large strains generated by
local elements to the entire mooring line may be distorted.
Thus, the mechanical properties of mooring lines such as
polyester ropes may be quite different.

In the following, the ANCF method will be employed to
study the mechanical properties of polyester ropes under
the large stretch circumstance. Based on the comparison
results of the chain mooring line, the same approach will

@ Springer

be used to study the mooring characteristics of polyester
ropes. Due to the difference in material properties, the
mean strain assumption may cause some errors in the cal-
culation results.

As shown in Figure 6, the static position of the polyes-
ter mooring line is also roughly the same under the two
calculation methods. Nonetheless, there is a tiny differ-
ence near the anchor point, which is that the position
gained by ANCEF is lower by about 7 meters than that of
the lumped mass method. Owing to the enormous gravity
of the ground chain, the axial strain of the polyester rope
is relatively large at the connection of the ground chain
and polyester line. Subsequently, the large stretch of poly-
ester rope makes the ground chain reach a static equilibri-
um at a lower position. However, the mean axial strain as-
sumption averages the strain in each polyester element so
that the static position of the line is high.

Static position
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Figure 6 Static position of the polyester mooring line

Meanwhile, the tension of the fairlead obtained from
the lumped mass method is 2 623.67 kN, while the result
of the ANCF method is 2 598.19 kN, and the error of the
effective tension at the fairlead is about 0.98% (Figure 7),
which ensures that the comparison of the dynamic calcula-
tions is credible.

To observe the difference in the effective tension car-
ried out by the two methods, Figure 8 presents the tension
of the fairlead under different amplitudes of the harmonic
motion respectively.

For the same mooring line, the axial strain of polyester
rope should be more significant than that of the chain. As
shown in Figures 8(a) and 8(b), the simulation results of
the ANCF method are smaller than that of the lumped
mass method. This phenomenon is because ANCF cap-
tures the axial strain of each element. When the amplitude
of harmonic motion is small (such as 4 =5 m and 4 = 10
m), the axial elongation of the top chain is mainly at the
connection between the two mooring materials. However,
the mean strain assumption averages the elongation to
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Figure 7 Axial tension along the polyester mooring line

each element of the chain so that the effective tension of
the lumped mass method is large.

In Figure 8, the max axial tension is almost the same,
which indicates that the displacement of the fairlead makes
the strain of the top chain also large. The strain is almost
equivalent to that caused by the stress of the polyester rope
on the top chain. Thus, the effective tension obtained by
the two calculation methods is close to each other.

Furthermore, it seems like there is a critical value of the
amplitude. When the amplitude of harmonic motion ex-
ceeds it, the axial tension of the ANCF method is more
significant than that of the LMM. Under a large amplitude
of over 30 m, the axial elongation of the fairlead chain
captured by ANCF should be more prominent. However,
the LMM averages the elongation in each element so that
the axial tension is small.

Combined with the analysis above, Figure 9 shows the
maximum axial tension and the difference at each ampli-
tude of the harmonic motion. The bar chart represents the
tension, and the line graph shows the difference. In addi-
tion, the percentage of the difference is also marked. As
amplitude increases, the maximum axial tension differ-
ence between ANCF and LMM increases from small to
large, and there is indeed a critical point that makes the
two calculations equal. In general, the effective tension er-
ror obtained by the two methods is still small in the calcu-
lation of the mooring line model in this paper.

4.3 Influence of the damping coefficient

The damping factor y defined in Eq. (8) is an important
parameter that affects the viscoelasticity of the polyester
rope. In the above simulation results, y considered to be
0.1, the coefficient depends on the hysteresis effect of ma-
terials (Garcid et al., 2005). In this section, to study the
hysteresis phenomenon (Lian et al., 2019; Huang et al.,
2013; Liu et al., 2014) of polyester rope, three different
damping coefficients will be calculated, and the simula-
tion results will be compared and analyzed.
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Figure 8 Effective tension of the polyester mooring line

As shown in Figure 10, the solid lines, dashed lines,
and dot lines present that y =0.5, 0.1, and 0.01, respec-
tively, the amplitudes of the harmonic motion are the
same as above, and the details of the curves are enlarged

@ Springer



22

Journal of Marine Science and Application

¢ x10° Maximum axial tension %0
[ JANCF o
5| MM i1
0.9 lo
4l 0.56% 5
g 120 =
=3 3
= 0 5
g 8
5 -20 &=
8 a
140
-60
L1 -80
5 10 20 30 40 50
Amplitude (m)

Figure 9 Maximum effective tension and the difference

in the red frame. By comparing Figure 5 and Figure 10,
the obvious phenomenon is that the valley value of the
harmonic curve of polyester rope is not equal, which in-
dicates that the viscoelasticity of the polyester rope
does affect the effective tension of the mooring line.
The effective tension of linear elastic material such as
the chain in Figure 5 is also linear with the displace-
ment of the fairlead. However, when the fairlead of the
polyester mooring line reaches the point with the mini-
mum displacement from a distance, the effective ten-
sion is not the same under different amplitudes, mainly
because of the hysteresis relationship between the stress
and strain of polyester rope.

The hysteresis phenomenon will be analyzed in detail
in the following, combined with the enlarged view in
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Figure 10 Effective tension of the polyester mooring line with
different y
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Figure 10. Firstly, one obvious piece of information that
can be reflected in the figure is that the larger y it is, the
earlier the curve reaches the maximum value, which in-
dicates that the hysteresis increases with the increase of
y. When the displacement increases, the ratio of stress to
strain exceeds the dynamic stiffness, which means that the
effective tension will increase rapidly, and the growth rate
decreases with the increase of displacement and reaches
the maximum value. For example, when the amplitude
of the harmonic motion is 50 m y = 0.5, the effective
tension is larger than the other two at the same point in
time. On the contrary, during the process that the dis-
placement decreases, the effective tension will decline
rapidly. However, it will not go back to the initial value
of the static condition, which explains that the mini-
mum effective tension does not equal each other under
different amplitudes.

5 Conclusions

In this paper, a chain mooring line and a polyester moor-
ing line were modeled and simulated by ANCF, and the cal-
culations were compared to the same model under LMM.
The main conclusions can be summarized as follows:

1) Under the small-strain condition, the ANCF model
reaches high precision compared to the LMM by OrcaFlex
software, which provides a reliable foundation for calcu-
lating the immense strain.

2) The material nonlinearity of polyester rope makes
the results of ANCF different from those of LMM, and the
former is more sensitive in capturing the strain of the ele-
ment. The mean strain assumption of LMM leads to some
errors in calculating the effective tension.

3) The viscoelastic factor affects the hysteresis loop of
the polyester rope, and the larger it is, the more obvious
the hysteresis effect is. In engineering practice, the visco-
elastic factor can be obtained by some experiments and
measurements to get a more reliable value.
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Semi-submersible Production Platform (LSZX-2020-HN-05-0405).
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