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Abstract. Polyester fibers have been used in offshore mooring due to their excellent mechanical properties,
resistance to marine environments, and relatively low cost. However, its mechanical behavior still needs further
investigation since its working environment is subject to adverse conditions that can magnify inelastic behaviors.
Thus, this work focuses on the characterization of components of this material according to different levels of
construction. Multifilaments and sub-ropes were numerically simulated based on the Modified Yeoh strain energy
model. The simulation parameters were adjusted using experimental data from cyclic tests, and the results were
then compared with the experimental data. The numerical simulations demonstrated good agreement, with an
average error of approximately 1.3% for both multifilaments and sub-ropes. Furthermore, the study identified
dissimilarities in constitutive behavior between them due to the twisting and braiding involved in sub-rope
construction. These findings suggest the possibility of developing a formation law that can predict the constitutive
behavior of sub-ropes based on the numerical simulation results obtained for multifilaments. Such correlation
could prove advantageous in optimizing material performance and construction methods for offshore moorings
utilizing polyester fibers. However, it's important to conduct further studies to establish the precise correlation
between both behaviors under different manufacturing conditions.

Keywords: Offshore mooring, Ultra deep-water, Constitutive model, Synthetic fibers, Strain energy function.

1 Introduction

In recent decades, polymeric materials have replaced classic engineering materials and shown promise in
various applications, such as ropes for climbing and rescue operations (Horn et al. [1], Leal et al. [2]), surgical
sutures (Pillai and Sharma [3], Chu [4], Tummalapalli et al. [5]), and concrete reinforcement to enhance tensile
strength (Gupta et al. [6], Huang et al. [7]). These materials have also found use in reinforcement applications for
ballistic protection (Tam et al. [8], Nurazzi et al. [9]) and offshore moorings (Del Vecchio [10]).

With a particular focus on the offshore sector, Del Vecchio [10] is a reference work that replaced steel
catenaries with a Taut-Leg mooring system made of synthetic polyester fibers. This context has enabled the study
and advancement of various synthetic fibers. To this day, polyester fibers remain prominent in mooring systems
due to their excellent mechanical properties, low specific weight, resistance to the marine environment, and
relatively low cost. Numerous works in the literature have addressed the use of polyester for offshore moorings,
with studies on its properties dating back to the 1990s and continuing to the present day (Del Vecchio [10],
Petruska et al. [11], Huang et al. [12], Weller et al. [13], Agdam et al. [14], Saidpour et al. [15], Xu et al. [16]).

The development of numerical simulations has accompanied the evolution of polyester's use in the offshore
sector. Many studies in the literature have numerically approached the material and tying systems (Beltran and
Williamson [17], Ouarhim et al. [18], Amaechi et al. [19], da Cruz et al. [20]). However, simulating polymeric
materials in numerical approaches presents challenges due to their viscoelastic characteristics and material and
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geometric nonlinearities. Moreover, conducting experimental studies at the rope level is costly, making
multifilament studies more common. Nevertheless, these multifilament studies may help predict parameters in
numerical simulations through correlations between multifilaments and ropes.

The objective of this work is to simulate the constitutive behavior (stress-strain) of polyester fibers at two
different construction levels: multifilaments and sub-ropes. To achieve this objective, numerical simulations will
be performed for a load cycle involving loading and unloading (hysteresis), and the results will be adjusted using
experimental data.

The numerical simulation routine follows the approach of Simo and Hughes [21], which addresses stress-
strain relationships using tensors and mathematical definitions related to solid mechanics. The strain energy
function is a crucial aspect of the numerical simulation, and for this study, the Modified Yeoh model will be used.

With the obtained results, we aim to analyze the correlations and potential observations of the results and
model constants. By comparing the constitutive behaviors and simulation results for each construction level, it
may be possible, with appropriate adjustments, to predict the constitutive behavior of different construction levels
based on the results obtained from multifilament simulations.

2 Materials and methods

2.1 Material specification

The material used in this work is the polyester SFS5202, specifically used for offshore mooring applications.
The material has a specific mass of 1.38 g/cm3 and a linear density of 2000 denier (2200 dtex) for multifilament.
The samples are manufactured at two different construction levels: multifilament base material and constructed
sub-rope. Figure 1 illustrates the construction levels and shows the multifilament and sub-rope samples.
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Figure 1. Rope exploded parts (left), spool for multifilament samples (center), sub-rope sample (right)

2.2 Experimental characterization

The numerical simulation incorporates experimental data from the charge and discharge cycle, which relies
on the multifilament/sub-rope breaking load. The sub-rope has a Minimum Breaking Strength (MBS) of 1470kN,
while the multifilament undergoes an experimental test to determine its linear density and tensile strength.

To conduct these tests, the linear density measurements were performed following ASTM D1577 [22]
guidelines, using a precision scale. Each specimen was given 9 minutes for stabilization before recording its mass.
The rupture test (Yarn Break Load, YBL) was carried out in accordance with the 1SO 2062 [23] standard.
Specimens with a useful length of 500 mm were subjected to an extension rate of 250 mm/min to obtain the
resistance to rupture of multifilaments in Newtons.

Regarding the loading and unloading data used as a reference for the numerical simulations, it corresponds
to the 10th load cycle as per the procedural protocol presented by da Cruz et al. [24]. The experimental reference
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data corresponds to the last cycle conducted in a sine wave, with a lower limit of 20% and an upper limit of 50%
of the breaking load, at a frequency of 6.25 mHz (160 seconds per cycle).

2.3 Mathematical and tensor description for the simulation

The numerical code was based on Simo and Hughes [21] and implemented by Cruz [25], being developed in
MATLAB. The mathematical description was developed based on the theory of elasticity, continuum mechanics
and the characteristics of the material worked.

For a body Q c R3, subjected to a finite deformation ¢ : Q — R3, define the deformation gradient F =
dp(X)/0X with the Jacobian J = detF > 0, where X is the material point in the reference, undeformed
configuration. The strain gradient F can be decomposed multiplicatively, as shown in eq. (1), Flory [26]. Where
F refers to the volumetric part with detF = detF = J, and F refers to the isochoric part with detF =1,
respectively defined in eq. (2) and eq. (3). (I corresponds to the identity matrix).

F=FF )
F =JY31 )
F=]'3F 3)

From eq. (1), the right Cauchy-Green tensor in an isochoric parcel (C) is written as eq. (4). Since det € = 1
and € = FTF, determine the invariants of C, in eq. (5), (6) and (7).

C=F'F=J7?5c Q)
L=trC (5)
L=ty —ut?) (6)
L =detC=1 (7

Based on Simo and Hughes [21], an internal variable (H) is created dependent on the material properties (z;),
the time step (At,,) and the Piola-Kirchhoff stress tensor (), eq. (8). Thus, the operation counts on current time
n + 1, and previous time n indicated in the subscripts.

Hn+1 = exp(_Atn/Ti)Hn + exp(_Atn/ZTi) (§n+1 - S‘n) (8)

The second Piola-Kirchhoff stress tensor (S) is defined in numerical modeling according to eq. (9). This
expression allows to obtain the Kirchhoff stress update equation through the mathematical model and strain and
stress tensors and constitutes the counterpart as the spatial description of the updated formula. In the terms that
appear, I is the identity matrix, C is the Cauchy-Green tensor on the right (which when it assumes the isochoric
form gives rise to §) and W refers to the energy function used. Section 2.4 is devoted to the strain energy model.
ow  ow

5:2[6—11 -

]I—ZZTV:C+ZZTV:13€—1 )
An incremental deformation matrix is defined. This allows calculating the left (B) and right (€) Cauchy-
Green strain tensors, operating with the strain matrix (F) and its transposition according to continuum mechanics.
A deviation function equation is calculated both for the second Piola-Kirchhoff stress tensor (S) and for the
created variable (H). Equation (10) shows the mathematical form of calculating this deviation function. It is also
noteworthy that the operation between square brackets of eq. (10) is an inner product, which can be defined as the
trace of the inverse of m with C.

DEV,,,,[m] = () =S [(m): €] Crly (10)

The deviation functions associated with the system stiffness model provide a final stress matrix, indicated in
eq. (11), where " indicates the deviation function. Simo and Hughes [21] also define that ¥, = y — 1, where
corresponds to a portion of the model's stiffness, rewriting eqg. (11) in eq. (12).

Sfinal =V " S:1+1 +y: H:z+1 (11)
Sfinal =@—-1- S:1+1 ty: H:z+1 (12)
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For the final stress expression, as the second Piola-Kirchhoff tensor is not feasible to be compared, a stress
transformation is performed, which allows comparing the results. Thus, the Kirchhoff stress tensor (spatial) is
calculated through the standard transformation (push-forward), eq. (13). With the stress already transformed, it is
possible to extract strain and stress for plotting.

Ont1 = Fn+lsfinalF£+1 (13)

2.4 Hyperelastic Strain Energy Models

Hyperelastic models are particularly well-suited for highly deformable elastic materials. The hyperelastic
material, also known as Green's elastic material, according to Holzapfel [27], postulates the existence of a specific
strain energy function W, commonly referred to as Helmholtz free energy. This function can be described for
homogeneous and isotropic materials as a function of the strain invariants, W (I, I,, I;). Another simplification
occurs when considering incompressible materials, where the third invariant of the tensor is unity. This approach
is applicable to numerous polymeric materials, including polyester. Therefore, in this study, we work with
hyperelastic models suitable for isotropic, homogeneous, and incompressible materials.

In the literature, there are several hyperelastic models for strain energy, broadly categorized into two groups:
phenomenological models and micromechanical models. For this particular study, the model chosen is the
Modified Yeoh model eq. (14), as presented in Yeoh [28]. This model falls under the phenomenological category
and has been preferred due to its ability to minimize the average error for polyester fibers, as demonstrated in a
similar implementation found in the literature by da Cruz [29].

W =il = 3) + Col = 3)° + G5l = 3% + (2) - (1 = exp(=Cs(1 - 3))) (14)

The material parameters of the viscoelastic model (z;, y) and the hyperelastic model (C;) are obtained by a
fitting curve procedure, where the numerical results, when compared to the experimental, should present small
errors. A point-to-point percentage relative difference (RD) is used to quantify the error, and these relative
differences compose an average error for the objective function.

3 Results

The result of the characterization of the SFS5202 polyester multifilaments is shown in Tab. 1.

Table 1. Mechanical results polyester SFS5202

Property Test Result
Linear Density [dtex] 2266.8
Breaking Strength [N] 191.95
Elongation at Break [%] 13.73
Linear Tenacity [N/tex] 0.8468

In the loading and unloading (fatigue cycle), the control is by force. As stated in the methodology, the loading
varies between 20% and 50% of the rupture value for each sample. In the case of the sub-rope test, force data
acquisition and area estimation are combined to obtain tension-related data. On the other hand, measuring the area
for the multifilament poses a challenge, so a mathematical approach is employed, which combines force values,
specific mass (p), and linear density (p,) to determine the tension (o), as described in eq. (15).

)
o[MPa] = %;73] (15)
pulz]

With the experimental stress data that adjust the numerical simulation for the last load cycle of the protocol
presented in da Cruz et al. [24], is possible to carry out the numerical simulation. Below, the results are plotted in
terms of experimental data (black dots), along with numerical simulation (blue curve), in Fig. 2 for multifilament
and in Fig. 3 for sub-rope.
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Figure 2. Numerical simulation result, multifilament
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Figure 3. Numerical simulation result, sub-rope

The numerical simulation itself proves to be highly efficient, both in terms of visual and mathematical criteria,
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with the average error for the multifilament simulation being 1.34% and for the sub-rope simulation being 1.28%.

The model constants obtained in the numerical simulation are shown in Tab. 2. The same table also presents
a ratio between the values of multifilament and sub-rope. It is important to note that the first three constants
described are in the same order of magnitude and exhibit good similarity, with ratios close to 1. However, the
constants C2 and C5 are in different orders of magnitude (integer and decimal) and show slight differences when
observing the ratios. As for constants C3 and C4, they demonstrate the most significant differences in the ratios,
but it is important to highlight that the values for both samples and both constants are minimal (negligible).

Table 2. Strain energy function constants, Modified Yeoh

Constants ~ Multifilament  Sub-rope Multifilament/Sub-rope

¥ 0.500 0.500 1.000
T 18.505 22.756 0.813
C, 41.694 45.103 0.924
C, 0.655 1.037 0.631
Cs 3.000E-08  1.000E-08 3.000
C, 2.280E-06  2.900E-07 7.862
C, 0.441 1.202 0.367

Regarding the differences in the values of the constants in the model, they indicate distinct constitutive
behaviors. This observation is evident from the experimental values themselves, where similar stresses are noted,
but the strains exhibit varying scales and gaps. Since these experimental data are utilized as adjustments for
simulations, it is natural for some differences to arise in the constant values.

Despite these variations, specific values still exhibit similarities. It is possible that the differences in strain
behavior are linked to the construction level, as sub-ropes undergo twisting and braiding. The braiding step often
serves the purpose of constraining deformation precisely.

4  Conclusions

The results show that different construction levels can be adequately simulated, and their mechanical
behavior remains representative. The variations in the model constants are attributed to the construction level, but
the constitutive behavior remains dominant for the material.

There is a possibility that the strain energy model obtained for the multifilament can be adjusted using a
formation law to approximate the behavior of the sub-rope. In the literature on offshore moorings with synthetic
fibers, some authors indicate a correlation of properties between 65-75% between multifilament and rope.

Future studies, even exploratory at this stage, can be conducted to establish this formation law or degree of
correlation between the numerical simulation for a multifilament and the adjusted expression to determine the
constitutive behavior of a sub-rope. Setting up a database for different conditions of torsion and strand pitch in
manufacturing the sub-rope would be essential for this purpose. Once this formation law is derived, it will apply
to all interpolated conditions for that material.

Therefore, this study provides evidence of such a correlation and makes progress towards enabling the
determination of the constitutive behavior in multifilament to predict the constitutive behavior of higher
construction levels if they are made from the same material and manufacturing process.
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