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Abstract
Owing to the particularity of a polyester fiber material, the polyester mooring undergoes large axial tensile deformation over long-term use. 
Large axial tensile deformation significantly impacts the dynamic response of the mooring system. In addition, the degrees of large axial tension 
caused by different elastic moduli are also different, and the force on the mooring line is also different. Therefore, it is of great significance to 
study the influence of elastic modulus on the dynamic results of the mooring systems under large axial tension. Conventional numerical 
software fails to consider the axial tension deformation of the mooring. Based on the theory of slender rods, this paper derives the formula for 
large axial tension using the method of overall coordinates and overall slope coordinates and provides the calculation programs. Considering a 
polyester mooring system as an example, the calculation program and numerical software are used to calculate and compare the static and 
dynamic analyses to verify the reliability of the calculation program. To make the force change of the mooring obvious, the elastic moduli of 
three different orders of magnitude are compared and analyzed, and the dynamic response results after large axial tension are compared. This 
study concludes that the change in the elastic modulus of the polyester mooring changes the result of the vertex tension by generating an axial 
tension. The smaller the elastic modulus, the larger the forced oscillation motion amplitude of the top point of the mooring line, the more 
obvious the axial tension phenomenon, and the smaller the force on the top of the polyester mooring.
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1  Introduction

Recently, with the evolution of ocean engineering in 

deep sea exploration, the materials used in the mooring 

lines have become a matter of concern. With the develop‐

ment of high-tech fibers, the performance of synthetic fi‐

ber materials fabricated from them has been greatly im‐

proved (Zhang and Xu, 2021). Nowadays, fiber materials 

with a tensile modulus of 10–30 GPa have found great at‐
tention, research efforts, and applications in marine engi‐
neering (Feng, 2016). However, the fiber cable creeps for 
a long duration, resulting in certain elongation, thereby re‐
ducing the stiffness (Li et al., 2021). The fiber cable has 
poor abrasion resistance and should be stored away from 
the fairlead and seabed and used in a suspended state (Pan‐
kina, 2021).

Fiber cables mainly involve polyester mooring, polypro‐
pylene, nylon, and other materials. Polyester mooring is 
widely used in the mooring systems of deepwater floating 
platforms due to its high strength, light weight, and good 
fatigue properties (Li et al., 2018). The research and appli‐
cation of polyester mooring in synthetic fibers are in their 
infancy (Wang et al., 2021). In terms of performance, the 
polyester cable has moderate tension under the same sea 
conditions, can suitably resist the effects of axial compres‐
sion and creep, and has a large strength/weight ratio. Con‐
currently, polyester mooring has significant advantages in 
economy and reliability (Zhang et al., 2021). Polyester ca‐
ble has nonlinear stiffness, which is highly complicated to 
study, and it changes with multiple factors such as the size 
of the loading force, duration, and number of cycles. Many 
scholars at home and abroad have conducted research on 
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the mooring theory and the performance of polyester cable 
materials.

Liu et al. (2012) studied the nonlinear dynamic response 
of flexible mooring based on the slender rod theory and 
proved that the slender rod theory can obtain higher accu‐
racy by using fewer elements. Ding et al. (2015) focused 
on the material nonlinearity of polyester cables and consid‐
ered the coupling effect of Floating Production Storage 
and Offloading (FPSO). They used the dynamic time do‐
main method to analyze the dynamic responses by using 
linear and nonlinear stiffness, respectively. The results 
demonstrated that compared with the polyester mooring 
with linear stiffness, the hull displacement obtained from 
the nonlinear stiffness polyester cable becomes larger, and 
the top tension value of the mooring line is extremely 
small. Mao (2019) used the static and dynamic stiffness 
simulation methods to understand the nonlinear character‐
istics of the axial stiffness of the polyester cable under dif‐
ferent tension states of the deepwater semi-submersible 
platform mooring system. By calculating the force and 
movement of the semi-submersible platform mooring sys‐
tem and comparing the results with the numerical soft‐
ware, he found that the static–dynamic stiffness model to 
simulate the nonlinear stiffness of the semi-submersible 
platform mooring system’s polyester cable performs rea‐
sonably and shows high calculation efficiency and accuracy.

Several studies have investigated the nonlinear stiffness 
characteristics of polyester mooring (Ding et al., 2015; 
Mao, 2019). However, because the polyester cable is a syn‐
thetic fiber material, after prolonged use, it stretches sub‐
stantially, and the geometric shape of the polyester cable 
mooring changes, resulting in axial deformation (Segal et 
al., 2015). The axial stretch of the polyester cable could also 
have a significant impact on the overall mooring system. 
Welch and Tulin (1993) believed that the increase in the top 
mass would reduce the effective damping and increase the 
possibility of greater amplitude dynamic tension. They pro‐
posed a simple dynamic tension formula, which is approx‐
imated to the exact solution and includes the effect of axial 
strain.

Ma et al. (2015) used the Garrett slender rod model to 
describe the differential equation of the slender rod ele‐
ment through the shape function corresponding to the ma‐
terial points before and after the axial tensile deformation. 
They solved the combined effect of axial and bending 
deformations and considered a cantilever beam element 
model as an example to verify the convergence and accuracy 
of the rod element. Beltran et al. (2017) established a non‐
linear mechanical model of the polyester cable and found 
that the friction effect (SLM) caused the deformation of 
the polyester cable to reduce the diameter of the polyester 
cable, thereby affecting the final result of static tension. 
They concluded that the influence of axial deformation of 
the nonlinear slender structure cannot be ignored.

As a slender structure, the process of solving the motion 
equation of the mooring line is extremely complex. Aamo 
and Fossen (2000) established the finite element model of 
the suspended cable in the water, calculated the hydrody‐
namic force on the cable using the Morison formula, ignored 
the additional mass of the cable, deduced the motion equa‐
tion of the mooring line with fixed ends, and confirmed 
the existence and uniqueness of the overall solution of the 
system. Chen et al. (2001) established a model of the deep 
sea mooring system using a finite element method based 
on the slender rod theory and studied the dynamic interac‐
tion between the mooring system and the main body of the 
platform.

The polyester cable results in tension changes through 
axial deformation, thereby providing a horizontal restoring 
force to the platform. The accurate simulation of its nonlin‐
ear deformation characteristics is the key and basis for sub‐
sequent mooring system design. Based on the finite ele‐
ment model of a slender rod, this paper explores the geo‐
metric nonlinear relationship between axial stretch and 
bending deformations. The element model of the rod with 
large axial deformation is established, and the high accura‐
cy characteristics of the calculation results of the slender 
rod model are retained.

2  Theory of large axial stretch

In marine engineering, the mooring line is a critical 
component with the characteristics of a slender geometric 
shape. The length–diameter ratio can reach above 1 000, 
which is prone to bending deformation, i.e., it has typical 
flexible characteristics (Gu et al., 2009; Zhang et al., 2012).

Slender rod theory is a numerical simulation theory of 
computation based on the vector mechanics method, which 
is established in the overall coordinate system to solve the 
large displacement, large rotation, and other large deforma‐
tion problems of flexible slender rods. Compared with the 
traditional Euler–Bernoulli beam theory and the catenary 
theory, the slender rod theory is more accurate. (Shabana 
and Yakoub, 2001).

2.1  Force analysis of slender rod element

The advantage of the slender rod theory is that the mo‐
tion control equation of the nonlinear flexible structure can 
be solved in the global coordinate system. The overall co‐
ordinates of the slender rod are shown in Figure 1. Among 
them, s is the arc length of the center of the unit; r is the 
position vector of the point on the centerline of the unit, 
which is a function of the arc length s and time t; ( x, y, z ) 
is the inertial coordinate; (eτ, en, eb ) are the tangent, nor‐
mal, and subnormal vectors of the arc length coordinates, 
respectively. A derivative relationship exists between (eτ,  
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en, eb ) and r, i.e., eτ = r′, en = r″, eb = r′ × r″, and || r′ = 1 
(Cai et al., 2011).

Assuming a unit δs on the space arc coordinates s.The 
force and torque on the unit are shown in Figure 2.

According to the conservation law of momentum and 
angular momentum. The equilibrium equation of the unit is

F′ + q = ρr̈ (1)

M′ + r′ × F + m = 0 (2)

where ρ is the mass matrix, F is the principal vector force 
of the section internal force at the arc length s; M is the 
principal vector moment of the section internal force at the 
arc length s. q and m are the distributed external force and 
distributed external moment on the unit.

2.2  Solving the differential equation of element 
rod motion

The unit balance equation adopts the overall coordinate 
and overall coordinate slope method. First, change the mo‐
ment term M, including the bending moment term EIkeb 
and the torque term Heτ; EI is the bending stiffness, H is 
the torque, and K is the curvature and deflection at the arc 
length, then the M term can be written as

M = EIkeb + Heτ (3)

According to the vector operation rule eb = eτ × en , the 
derivation of the bending moment and torque (Berzeri, 
2000) is as follows:

( EIkeb )′ = ( )EIkeτ × en ' = e′τ × EIken + eτ × ( )EIken ' (4)

( )Heτ ' = H ′r′ + Hr″ (5)

Among them

e′τ × EIken = 0 (6)

eτ × ( )EIken ' = r′ × ( )EIr″ ' (7)

M can finally be written as

M ′ = r′ × ( )EIr″ ' + H ′r′ + Hr″ (8)

Generally, the torque in the slender structure is small; 
thus, the torque term can be ignored. Since this type of 
structure is completely immersed in the seawater, the waves 
and ocean currents become the environmental loads, and 
there is no distributed moment. Equation (2) can be writ‐
ten as

r′ × ( )EIr″ ' + r′ × F = 0 (9)

According to the cross-product theorem, if the cross-
product value of two vectors is 0, the two vectors are paral‐
lel to each other, but the values of the vectors are not nec‐
essarily the same. Here, assuming that the difference be‐
tween the two vectors is λ time, then

( )EIr″ ' + F = λr′ (10)

F = λr′ − ( )EIr″ ' (11)

From this, the differential equation of motion of the ele‐
ment rod in the slender rod theory can be derived as fol‐
lows:

ρr̈ + ( )EIr″ ″ − ( )λr′ ′ − q = 0 (12)

r′·r′ = 1 (13)

2.3  Solving the differential equations of large 
axial stretch based on the shape function

When the axial tensile deformation is considered, strain 
presumably occurs per unit length, which is recorded as ε. 
The control Equation (13) of stretching is written as

|| r′ = ( )r′·r′
1/2

= 1 + ε (14)

ε =
T

EA
(15)

Figure 1　Slender rod element coordinate system

Figure 2　Force and torque of the unit
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T is the tension of the top points. The variable λ in the 
moment balance equation is written as

λ =
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

ú( )Br″

|| r′ 2

′
+ F ·

r′
|| r′

(16)

Inserting Equation (12) into integral processing:

∫
0

l

[ ]ρr̈ + ( )EIr″ ″ − ( )λr′ ′ − q ai( )s ds = 0 (17)

where ai is the original function in the substitution vari‐
able. The integral equation is simplified into an index form 
with a shape function as follows:

γikm( )s Mnjmükj + aikm( )s EImukn

= μ im( )s qmn + f nbc
in − βikmλm( )t ukn

(18)

qmn is the drag force, which is calculated using the Mor‐
rison’s formula:

qmn =
1
2
ρf Df CD V N

mn ||V N
m (19)

V N
mn is the component value of normal velocity in all di‐

rections of the coordinate system. CD is the drag coeffi‐
cient.

The constraint of stretching is

βikm( )s umukn − τm( )s = 0 (20)

Among them, γikm( )s , α ikm( )s , βikm, μ im( )s , τm( )s  is the 
integral form of the original function, and f nbc

in  is the resul‐
tant force of the unit. Assuming the axial large stretch, con‐
sidering the presence of the node strain εm, the Equation 
(18) is changed to

γikm( )s Mnjmükj + α ikm( )s
EIm

( )1 + εm

4
ukn

= μ im( )s qmn + f nbc
in − βikm( )s

1 + εm

λm( )t ukn

(21)

The constraint control equation is changed to

βikm( )s umukn − ( )1 + εw

2
ηwm( )s = 0 (22)

Taking the element unknowns in Equation (21) and 
Equation (22) to obtain partial derivatives, the stiffness 
matrix form, including large axial stretch, can be formed 
(Ma, 2013):

K =

é

ë

ê

ê

ê

ê
êêê
ê

ê

ê

ê

ê ù

û

ú

ú

ú

ú
úúú
ú

ú

ú

ú

úα ikm( )s
EIm

( )1 + εm

4
+
βikm( )s
1 + εm

λm

βikm( )s
1 + εm

ukn

βikm( )s uin − η lm( )s

EAt
w

( )1 + ε

(23)

F =
é
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êêêê

ù
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ukn +

βikm( )s
1 + εm

λmukn

1
2
β ikm( )s uinukn − 1

2
ηwm( )s ( )1 + εw

2

(24)

Then, the formulation (21) is changed to (Kim et al., 
2004)

K·Δ = F (25)

Δ is

Δ =
é

ë
êêêê

ù

û
úúúú

ukn

λm

(26)

To this point, the calculation formula of the element rod 
considering the large axial stretch is deduced.

3  Validation of calculation program for 
polyester mooring

The calculation program of the polyester cable mooring 
considering the large axial stretch is written according to 
the theoretical formula of the element rod.

Considering the polyester mooring system as an exam‐
ple and comparing the results of the calculation program 
with those of the numerical software to verify the reliabili‐
ty of the results of the calculation program (Clukey et al., 
2008). The water depth of the given sea area is 1 500 m, 
the composition of the polyester cable is anchor chain –
polyester cable–anchor chain, wherein the upper and lower 
anchor chain parameters remain the same, the total length 
of the polyester cable is 1 530 m, and the horizontal dis‐
tance between the fairlead and the anchor point is 700 m. 
The specific parameters of the mooring materials are 
shown in Table 1. The numerical calculation model by Or‐
caFlex is shown in Figure 3. Among them, the blue and 
brown lines represent the horizontal plane and the seabed, 
respectively.

Table 1　Parameters of polyester mooring

Anchor chain

Polyester cable

Length (m)

Diameter (m)

E (N/m2)

Wet mass (kg/m3)

Length (m)

Diameter (m)

E (N/m2)

Wet mass (kg/m3)

100

0.1

1.5×1011

7 850

1 530

0.05

2×1010

1 440

204



Z. Z. Zhang et al.: Influence of Elastic Modulus on the Dynamic Response of Polyester Mooring Under a Large Axial Stretch

The static iterative configuration of the polyester line is 
performed with the mooring parameters mentioned in Table 1, 
and the comparison of the theoretical and numerical simu‐
lation results of a static configuration of the chain–polyes‐
ter–chain line are shown in Figure 4.

The numerical software cannot accurately simulate the 
effect of large axial stretch on the dynamic response of the 
polyester cable mooring. Therefore, the effect of axial ten‐
sion must not be considered in the results of program cal‐
culation and comparison with the numerical software.

The simple harmonic forced motion is applied to the top 
fairlead of the polyester mooring in the horizontal direc‐
tion; the amplitudes are 5, 10, and 20 m; and the frequency 
ω is 0.6 rad/s. The stable section data from 100 to 200 s 
are extracted from the comparison results. The time histo‐
ry results and time–frequency conversion results of a sin‐
gle polyester line are shown in Figures 5, 7, and 9. The com‐
parison results of the component forces in the X and Z direc‐
tions under various amplitudes are shown in Figures 6, 8, 
and 10.

Figure 4 shows that the theoretically written polyester 
cable mooring calculation program is the same as the nu‐
merical software for the configuration of the mooring line, 
indicating that the polyester cable calculation program is 
accurate for the static iteration method of the mooring line 
parameters.

Figures 5–10 show that the comparison results of the dy‐
namic response of the polyester cable calculation program 
and the numerical software, when the amplitude motion is 
applied, are the same, which verifies the accuracy of the 
program. Among them, the average error of the compari‐
son results of the vertex effective tension, component 
force X, and component force Z at the respective ampli‐

tude of 5 m is 2%, 1.5%, and 1.7%. Moreover, the average 
error of the comparison results in other amplitudes is 
small, which is within the allowable range of error. Nota‐
bly, the peak value of the comparison result of the compo‐
nent force Z in Figure 10 is different because although the 

Figure 3　Numerical calculation model

Figure 4　Comparison of theoretical and OrcaFlex results of a single 
polyester cable mooring configuration

(a) Time domain results

(b) Frequency domain results

Figure 5　Comparison of theoretical and OrcaFlex results of effective 
tension (Amplitude is 5 m)

(a) Force X

(b) Force Z

Figure 6　Comparison of theoretical and OrcaFlex results of the 
component force (Amplitude is 5 m)

(a) Time domain results

(b) Frequency domain results

Figure 7　Comparison of theoretical and OrcaFlex results of effective 
tension (Amplitude is 10 m)
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length change caused by the large axial tension is not con‐
sidered in the program setting, the resulting stress still af‐
fects the result. The difference between the numerical and 
theoretical calculation results during the intermediate pro‐
cess is caused by the difference between the calculation ac‐
curacy of the theory used in this article and that of the cen‐
tralized mass method used by the OrcaFlex numerical sim‐
ulation software.

4  Influence of the value of elastic modulus 
on the results of dynamic response

Equations (23) and (24) show that the large axial stretch 
is a process wherein the strain changes with the stress, and 
the degree of change is related to the value of the elastic 
modulus.

The third chapter discusses that the calculation program 
based on the theory is consistent with the comparison results 
of the numerical calculation software OrcaFlex. To reflect 
the influence of large axial tension more intuitively, it is 
necessary to compare the theoretical results of large axial 
tension with the results of the numerical software.

The modulus of elasticity can be regarded as an index to 
measure the degree of difficulty in the elastic deformation 
of a material. The greater the value, the greater the stress 
causing the material to undergo a certain elastic deforma‐
tion (Tahar and Kim, 2008).

To reduce the interference of other variables on the results, 
a single mooring making the length of the anchor chain 
segment and the polyester mooring segment close is select‐
ed as the research object, and different levels of elastic 
modulus are selected in the polyester cable segment for 
calculation. Further, the accuracy of the polyester cable cal‐
culation program based on the slender rod theory is verified.

The water depth of the given sea area is 420 m, and the 
mooring line is composed of an anchor chain–polyester ca‐
ble–anchor chain. The total length of the mooring line is 
1 300 m, and the horizontal distance between the fairlead 
and the anchor point is 1 170 m. The specific material pa‐
rameters are shown in Table 2.

Since it is necessary to compare the influence of the 
elastic modulus of the polyester cable segment on the dy‐
namic response results, the elastic modulus must agree 
with reality (1×108–1×1011). A simple harmonic forced mo‐
tion in the horizontal direction is applied to the fair lead of 
the polyester cable. The amplitude is 5, 10, and 20 m, the 
frequency ω is 0.3 rad/s. The axial stretching amount is 
different under different amplitude motions. When the mo‐

(a) Force X

(b) Force Z

Figure 8　 Comparison of theoretical and OrcaFlex results of 
component force (Amplitude is 10 m)

(a) Time domain results

(b) Frequency domain results

Figure 9　Comparison results of effective tension (Amplitude is 20 m)

(a) Force X

(b) Force Z

Figure 10　 Comparison of theoretical and OrcaFlex results of 
component force (Amplitude is 20 m)

Table 2　Parameters of the polyester mooring considering the change 
in the elastic modulus

Anchor chain

Polyester cable

Length (m)

Diameter (m)

E (N/m2)

Wet ness (kg/m3)

Length (m)

Diameter (m)

E (N/m2)

Wet ness (kg/m3)

400

0.286

2.98×1011

7 850

500

0.15

2×108/2×109/2×1010

1 440
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tion amplitude is 5 m, the mooring elongation of the poly‐
ester mooring considering axial stretching is 3.2 m longer 
than that without a stretch; when the amplitude is 10 m, 
this value is 6.56 m; when the amplitude is 20 m, this value 
is 14.67 m. Although there is a certain amount of axial 
stretch, it changes little compared with the whole mooring 
line. The data of the stable section in the calculation results 
are extracted, and the comparison time history results of 
the apex tension of the elastic modulus of the polyester cable 
are obtained at different levels, as shown in Figures 11‒13.

The comparison results of the dynamic response of dif‐
ferent elastic moduli show that when the elastic modulus 
is 2×108 N/m2 (Figure 11) (Amplitude is 5 m), whether the 
effective tension of large axial stretch is considered or not, 
the maximum difference at the peak is 82.3 kN, and the 
maximum difference in Figure 12 (Amplitude is 10 m) is 
92.1 kN. In Figure 13 (Amplitude is 20 m), the maximum 
difference is 101.7 kN. When the moduli of elasticity are 
2×109 and 2×1010 N/m2, almost no difference is observed 
with or without considering the dynamic response results 
of the large axial stretch. Alternatively, when the bending 
stiffness and tension consider the large axial tension caused 
by strain transformation, the periodic peak of motion will 
get smaller stress response results compared with the nor‐
mal case. This is also consistent with the conclusion of Equa‐
tions (21) and (22). As the stress ε increases, K would de‐
crease and affect the size on the right side of Equation (25). 
Irrespective of the amplitude of motion, when the elastic 
modulus is 2×108 N/m2, a great difference exists between 
the effective tension under consideration of large axial ten‐
sion and that under normal conditions, with the latter being 
greater than the former. In other words, when the magni‐
tude of the elastic modulus is relatively small (2×108 N/m2 
in this paper), the effective tension at the top of the polyester 
cable will decrease under large axial tension.

5  Conclusions

As described in this paper, polyester is prone to tensile 
deformation. Conventional numerical software does not 
consider the impact of large axial tension on the response 
results in the mooring of a polyester cable. Owing to the 

(a) E = 2×108 N/M2

(b) E = 2×109 N/M2

(c) E = 2×1010 N/M2

Figure 11　Comparison results of effective tension under different 
elastic modulus (Amplitude is 5 m)

(a) E = 2×108 N/m2

(b) E = 2×109 N/m2

(c) E = 2×1010 N/m2

Figure 12　Comparison results of the effective tension under different 
elastic moduli (Amplitude is 10 m)

(a) E = 2×108 N/m2

(b) E = 2×109 N/m2

(c) E = 2×1010 N/m2

Figure 13　Comparison results of effective tension underdifferent 
elastic modulus (Amplitude is 20 m)
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long-term use of the mooring system, the polyester cable 
section could have a large axial stretch, which can consid‐
erably impact the dynamic response of the floating platform. 
The results and conclusions of this paper are as follows.

Based on the slender rod theory, combined with the 
shape function, the calculation equation of the large axial 
stretch was derived. Comparing the written calculation 
program with the results of the numerical software has 
proven the correctness and reliability of the deduced equa‐
tion and written calculation program.

Considering the change in the strain magnitude, the dy‐
namic response results of large axial deformation were com‐
pared under different elastic moduli. The smaller the mod‐
ulus of elasticity, the greater the difference between the dy‐
namic response results of a large axial stretch.

Under the same modulus of elasticity, as the amplitude 
of the given simple harmonic motion increases, the differ‐
ence between the dynamic response results with and with‐
out considering the axial stretch increases.

Polyester mooring will inevitably have a large axial stretch. 
This paper concludes that increasing the elastic modulus 
of a polyester cable can effectively reduce the influence of 
a large axial stretch.
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