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Abstract

The present study addresses the numerical simulation of the stress-strain behavior of synthetic
multifilaments subjected to creep, fatigue cycles, and rupture. Understanding the mechanical
properties of these materials is essential for various industrial applications, including technical
textiles, ropes, cables, and composite materials. In this study, advanced simulation methods are
employed using concepts from continuum mechanics and solid mechanics, coupled with a
hyperelastic model. The simulated materials are high modulus polyester and polyethylene fibers for
use in multifilament structures. Experimental tests were conducted to validate the simulation, and
the simulation results were compared to the reference data to assess the quality of the numerical
simulation. As a result, the numerical modeling shows capable of representing the constitutive
behavior under creep, fatigue, and rupture solicitations. There was a certain difficulty in representing
the behavior when many inelastic components were present in the fibers. Additionally, changes in
curvature and concavity pose challenges that could potentially be addressed by other energy models
integrated into the proposed code. These findings have significant implications in engineering
sectors.

Keywords: Numerical assessment. Polyester fibers. HMPE fibers. Stress-strain behavior.
Hyperelastic model. Viscoelasticity.

Nomenclature

I Invariant 1, continuum mechanics made for the isochoric parcel
I, Invariant 2, continuum mechanics made for the isochoric parcel
I Invariant 3, continuum mechanics made for the isochoric parcel
FT Transposed of the deformation gradient, refers to the isochoric parcel
R3 Real space, three-dimensional coordinates

C;,C,, C3; Model constants

I Invariant 1, continuum mechanics

I, Invariant 2, continuum mechanics

I3 Invariant 3, continuum mechanics

C Modified tensor for right isochoric Cauchy-Green parcel

F Deformation gradient, referring to the isochoric parcel

F Deformation gradient, refers to the volumetric parcel

FT Transpose of the deformation gradient

S Second Piola-Kirchhoff stress tensor, referring to the isochoric parcel
Yoo Model stiffness parcel

oL Linear density

Oexp Experimental stress

Onum Numerical stress

Oni1 Standard transformation (push-forward) for the Kirchhoff stress tensor (spatial)
At Variation in time, or step in time

° Deviatoric function indication

ASTM American Society for Testing and Materials

denier Linear density unit (1 tex = 9 denier)

det Determinant

dev Deviatoric function

dtex Linear density unit, decitex submultiple of tex

HMPE High Modulus Polyethylene

ISO International Organization for Standardization

MODU  Mobile Offshore Drilling Units

PET Polyester, Poly(ethylene terephthalate)

tex Linear density unit, with g/km unit

tr Trace of a matrix
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YBL Yarn break load

Real body

Jacobian

Energy function

Counter structure

Previous time, previous step

Current time, current step

Left Cauchy-Green deformation tensor
Right Cauchy-Green deformation tensor
Deformation gradient

Parameter created in the mathematical model, internal variable
Identity matrix

Second Piola-Kirchhoff stress tensor
Material point in reference

Material property

Finite deformation

Relative percentage difference

Average error

SRS

+
—_

MNEeES I~ mawsS S~

1. Introduction

In recent decades, materials engineering has progressed significantly, driving growth in
academic research, industrial production, technological applications, and commercialization of
polymers, particularly fibers. These polymers are increasingly cost-effective and often possess
superior properties compared to natural materials (Callister Jr, 2008; Hage Jr, 1998).

Polymers excel in applications with characteristics such as low density, substantial toughness
(at times on pair with metals), effective vibration damping, low friction coefficients, thermal
insulation capabilities, and notable corrosion resistance (Mckenna et al., 2004). An example of their
utility is evident in offshore mooring systems, where synthetic fiber ropes have supplanted
conventional steel cables due to their enhanced performance in marine conditions and reduced
weight (Del Vecchio, 1992; Haach et al., 2010).

The continuous evolution of these mooring ropes aims to confer greater stiffness to limit the
movement of floating units, making the study of their mechanical performance a fundamental field
(Barrera et al., 2019; da Cruz et al., 2023; Liu et al., 2014). The synthetic polymeric multifilaments
used in these ropes can be composed of various materials, with polyester and high modulus
polyethylene (HMPE) standing out. Polyester is widely employed in offshore mooring systems and
has a solid foundation of literature studies (Bosman & Hooker, 1999; Del Vecchio, 1992; Flory et
al., 2007; Wibner et al., 2003). On the other hand, high modulus polyethylene, despite being more
recent and costly, exhibits excellent mechanical performance and has been studied for use in Mobile
Offshore Drilling Units (MODU) and other mooring applications (Berryman et al., 2002; Leite &
Boesten, 2011; Lian et al., 2017; Vlasblom et al., 2012).

Mechanical characterization of polymeric materials emphasizes studying multifilament
construction, which is influenced by variables like temperature, humidity, and mechanical loads.
Due to the nonlinear nature of these materials, predicting their behavior poses a complex challenge
(Louzada et al., 2017). Consequently, much research relies on experimental data (Belloni et al.,
2021; da Cruz et al., 2022a; da Cruz et al., 2023; Melito et al., 2022; Sry et al., 2017; Xu et al.,
2020). Analyzing material mechanics is crucial for understanding and foreseeing structural
performance across applications. In the realm of synthetic fibers, like polyester and HMPE,
characterizing responses under different load conditions—rupture, creep, and fatigue—is pivotal for
ensuring the safety and durability of various products and structures.

Numerical simulation becomes a potent means for exploring the inherent behavior of these
materials under diverse loads. Numerous studies in literature use this computational approach to
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examine mechanical performance in scenarios challenging or infeasible for real experiments (Chen
et al., 2023; Cifuentes et al., 2015; Tang et al., 2020; Tsukrov et al., 2005; Yuan et al., 2014).
Furthermore, numerical simulation provides valuable insights by unveiling intricate details about
stress, deformation, and other internal variables that may not be readily observable through
experimentation. Different works in the literature address this constitutive framework that numerical
predicts the stress-strain response under loading conditions (da Cruz et al., 2022b; Danielsson et al.,
2004; Sedighiani et al., 2020; Stumpf et al., 2023; Wang et al., 2022).

This article aims to analyze the constitutive behavior of polyester and HMPE fibers for
offshore use through numerical simulation under different load types by using polymeric fibers with
offshore moorings experiments and numerical approaches. Experimental data were utilized to
validate the numerical simulation. The numerical simulation is based on continuum mechanics and
a hyperelastic model, considering viscoelastic behavior. Simulated loads include rupture, creep, and
fatigue. Understanding the constitutive behavior of polyester and HMPE fibers under creep, fatigue,
and rupture conditions, combined with numerical simulations and experimental analyses allowed to
validate the modeling capability. It is important to highlight that this study is innovative in offshore
mooring ropes applications.

2. Materials and Methods

2.1 Fiber Specification

The study uses polyester (PET) and high modulus polyethylene (HMPE) multifilaments, both
used in the manufacture of offshore mooring ropes and coming from spools. About specifications,
the PET is coded as SFS5202, with a specific mass of 1.38 g/cm?3 and an indicated linear density of
2000 denier (2200 dtex). On the other hand, the HMPE is coded as JX99, with a specific mass of
0.97 g/cm3 and a linear density of 1600 denier (1780 dtex) for the multifilament. Figure 1 depicts
the spools of both materials.

Figure 1 — Spols: (A) High modulus polyethylene; (B) Polyester.

In the tensorial framework, data is processed as stress; however, in the multifilament tests,
measuring the actual area is a challenge, making it impossible to rely on stress calculations using
the conventional load-to-area ratio. Therefore, a mathematical approach is employed that combines
load, density (p), and linear density (p,) to determine the stress (o), as described in Equation 1.

o[MPa] = %[_]m_] )

2.2 Experimental

Numerical simulation incorporates experimental data for creep, fatigue (loading and
unloading), and rupture data. Additionally, a previous characterization of the samples is necessary
in terms of linear density, Yarn Break Load (YBL), linear tenacity, and rupture elongation. The
experimental tests conducted for the polyester and HMPE fibers include: linear density (or title),
break test (Yarn Break Load — YBL), creep, and fatigue.
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Linear density was measured following the ASTM D1577 standard using a precision balance.
Standard 1000 mm samples stabilized for 9 minutes before mass recording, with ten samples per
fiber type.

Yarn Break Load (YBL) test was conducted on the Instron 3365 universal testing machine, as
shown in Figure 2a, following ISO 2062 procedures. Using 500-mm length specimens with a twist
rate of 60 turns/m, an extension rate of 250 mm/min was determined the break strength and
extension (final elongation). Fifteen samples were tested per fiber, contributing to initial
multifilament characterization and subsequent numerical simulation for each material.

The creep rupture test adheres to 1SO 18692-2 for polyester and 1SO 18692-3 for HMPE,
performed on the Instron 3365 (Figure 2a). The test conditions involve stress load and time-stop
parameter, with the reference value being the YBL of each multifilament. The test group for creep
rupture is at 80% of the YBL, using 500-mm sample length with a twist rate of 60 turns/m. A ramp
leads to the creep force level, using a smooth ramp with a rate of 250 N/min under force control.

The fatigue test occurs on the Instron E-3000 (Figure 2b), with force-based control and cyclic
load. It involves a maximum load of 45% of YBL and a minimum load of 0% (zero load). Each
specimen underwent one hundred fatigue cycles at a frequency of 0.10 Hz, resulting a total test time
of 1000 seconds, for the 200-mm specimen length.

Throughout the multifilament tests, temperature remained at 20£2 °C, and relative humidity
was 65+4%, conforming to the 1ISO 139 atmospheric fiber testing standard.

I 1| [

T — L -
Figure 2 — Tensile apparatus: (A) Instron 3365 (YBL and creep rupture test); (B) Instron E-
3000 (fatigue test).

2.3 Tensor Mathematics Methodology

The numerical code was developed based on Simo and Hughes (1997), Cruz (2022) and Cruz
et al. (2023), using the MathWorks Inc. MATLAB platform. The mathematical formulation relies
on the elasticity theory and the properties of the material under analysis.

Considering a body & c R3, subjected to finite deformation ¢: & — R3, the deformation
gradient F = dep(X)/0X is defined where X is the material point in the reference (undeformed)
configuration, and J =detF >0 is the Jacobian. The deformation gradient F can be
multiplicatively decomposed (Flory, 1961), as shown in Equation 2. Where F refers to the
volumetric part and F refers to the isochoric part, respectively defined in Equation 3 and Equation 4.
The variable I corresponds to the identity matrix.

~—

F=FF )
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F =3I with detF = detF =] 3)
F =J7'/3F, with detF = 1 (4)

From Equation 2, the right Cauchy-Green tensor in the isochoric term (C) can be written in

terms of € = F'F = J~2/3C. With detC = 1 and € = FTF, the invariants of C are determined in
Equations 5, 6, and 7.

IL=trC ®)
L= 0? —ur?) (6)
I =detC=1 (7)

An internal variable (H) is introduced from material properties (z;), time step (At,,), and Piola-
Kirchhoff stress tensor (S). Mathematical advancement involves optimization loops for refining
energy model constants (C;) and the tensorial script. The internal variable H updating equation is in
Equation 8. Tensor S is defined in Equation 9.

H,.= exp(_Atn/Ti)Hn + exp(_Atn/ZTi) (§n+1 - S‘n) (8)
— oW W] _ W W, ~-1
5—2[a11+a12]’ 257 C+25715C (9)

In Equation 9, W is the energy function. In the literature, there are various energy models,
both phenomenological and micromechanical. For this study, the two-term Mooney-Rivlin model
is used (Mooney, 1940; Rivlin, 1956), as shown in Equation 10. This model is oriented towards
isotropic and hyperelastic materials, and was chosen because it is a classic model, with wide
application and low computational processing cost (few coefficients to optimize). This model is
phenomenological, linearly dependent on the first and second invariant, and is perhaps the most
celebrated among the classical hyperelastic models (Hoss, 2009).

W =C (I, —3)+C,(I, — 3) (10)

Deviatoric functions are calculated for the second Piola-Kirchhoff stress tensor and for the
internal variable. Equation 11 shows the mathematical form of calculating this deviatoric function.
It is noteworthy that the operation in brackets in Equation 11 is an inner product, which can be
defined as the trace of the inverse of m with €. The superscript '*" indicates the execution of a
deviatoric function.

DEVyy1(m) = (m) = (1/3) - [(m): Cpy1]Cois (11)
The deviatoric functions associated with the stiffness model of the system provide a final
stress matrix, based on Equation 12, where "' indicates the deviatoric function. Simo and Hughes

(1997) define that y,, =y — 1, which corresponds to a stiffness portion of the model. Thus,
Equation 12 is rewritten as Equation 13.

Sfinal =V 'S:1+1 +v: H:1+1 (12)
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Sfinal =@-1 .S;l+1 +v: H:1+1 (13)

For the final stress expression, as comparing the second Piola-Kirchhoff tensor is impractical,
a stress transformation is performed to allow result comparison. Thus, the Kirchhoff (spatial) stress
tensor is calculated through the standard transformation, Equation 14. From the stress already
transformed, deformations and stresses are extracted for plotting.

Oni1 = Fn+1SfinalF17;+1 (14)
To assess the convergence of results, it is necessary to quantify the error. The relative percent

difference () between the experimental and numerical values is calculated using Equation 15, and
then an average error (€) is determined Equation 16.

Y[%] = (w) -100 (15)

Oexp

€[%] = 12 il (16)

i

3. Results and Discussions

3.1 Experimental

The initial characterization results of PET and HMPE multifilaments are shown in Table 1. In
the presented data, it is noteworthy that the tenacity of HMPE conforms to ISO 18692-3 standard
(should be higher than 2.5 N/tex). Additionally, several studies on fibers at the same construction
level (multifilaments) exhibit similar orders of magnitude for both polyester and high modulus
polyethylene (Belloni et al., 2021; Camargo et al., 2016; Chimisso, 2009; da Cruz et al., 2022a;
Hahn et al., 2022; Stumpf et al., 2023; Weller et al., 2015).

Table 1 — Initial characterization results: Polyester and HMPE.

Polyester (PET) HMPE
Linear density [dtex] 2273 1812
Breaking strength [N] 182 561
Breaking stress [MPa] 1084 3001
Elongation at break [mm)] 66.15 14.90
Deformation at break [%] 13.23 2.98
Linear tenacity [N/tex] 0.80 3.09

The experimental rupture data are already compiled in Table 1. The rupture data will be used
for calibrating the numerical simulation. For this purpose, among the tested specimens, the one
closest to the average values was selected, and this representative specimen is used for calibration
and numerical simulation. Figure 3 illustrates the rupture test of the representative specimen for
both polyester and HMPE.
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600

= Polyester
= HMPE

500 ¢

400 ¢

Force [N]
W
()
(a)

100 ¢

0 5 10 15
Strain [%]
Figure 3 — Experimental rupture test.

The experimental creep rupture results are categorized in terms of time and deformations and
are presented in Table 2. It is important to note that numerical simulation deals with the constitutive
behavior, which involves stress-strain information. Therefore, it does not rely on time-related data
or even the conventional creep test. Nevertheless, as an experimental outcome, the creep results for
polyester and HMPE is displayed in Figure 4.

Table 2 — Results of the creep rupture tests for applied loads of 80% of the YBL.

Polyester (PET) HMPE
Creep time [s] 1713 1613
Rupture time [s] 1746 1716
Creep deformation [%] 1.71 2.51
Rupture deformation [%] 12.21 5.23
14
12+
10 |
= g
g
g6
N
4
2 ——Polyester| |
—— HMPE
0 1 | |
0 500 1000 1500 2000

Time [s]
Figure 4 — Experimental creep test at 80%o of the YBL.

The results from Figure 3, Figure 4 and Table 1 show that HMPE is more rigid compared to

polyester (PET) material, which presented a higher deformation capacity. This behavior will also
be evident in the fatigue test, which will be analyzed below.
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For the fatigue test, control is maintained overload, specific frequency, and the number of
cycles for the test. The primary response is in terms of gradual deformation over the cycles. While
only the last fatigue cycle (hundredth cycle) is simulated for numerical purposes, the experimental
results of fatigue-induced deformation for polyester and HMPE in Figure 5.

25 T .

— Polyester
——HMPE

0 | | | | |
0 200 400 600 800 1000

Time [s]
Figure 5 — Experimental fatigue: 100 cycles for polyester and HMPE under
0 - 45% YBL loading.

In the graph presented in Figure 5, the removal of inelastic portions in both materials is evident
in the strain over the loading and unloading cycles, with a more pronounced effect observed in the
polyester. In other words, both viscoelastic materials exhibit inelastic portions that are removed
through cycling. As more cycles are conducted, the behavior becomes more homogeneous, strain
stabilizes, and if a stress-strain graph were plotted, it would approach a hysteresis curve. Polyester
exhibits a higher quantity of inelastic portions when compared to HMPE, as well as a greater
viscoelastic characteristic, as demonstrated in Figure 3.

3.2 Numerical Simulation
For numerical results of the different load conditions applied in the numerical routine, the
constants for all simulations are provided in Table 3.

Table 3 — Numerical simulation constants.

Rupture Creep Fatigue cycle
PET HMPE PET HMPE PET HMPE
y 0.500 0.500 0.500 0.500 0.500 0.500
T 3597.031 731.913 78.533 69.453 22.680 160.292
C; 4.108 162.798 1.370 65.231 21.153 218.432
C, 0.013 9.087 6.151x10* 1.225 8.001x10®  1.640x10°®

When considering the numerical results obtained from the simulation and optimization of the
constants, it becomes challenging to discern a consistent pattern. This difficulty arises from the fact
that the behavior exhibited is not uniform, both concerning the mechanical tests and the material
properties. This is further complicated by the use of a phenomenological model. But some numerical
values and relationships draw attention in certain aspects. If the values of constants C; and C, are
observed, for each of the mechanical load conditions, comparing the values between PET and
HMPE, it is observed that the values for polyester in these constants are significantly lower when

compared to HMPE.
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Another value that draws attention is the y, which for all mechanical tests and all materials
remains the same at 0.500. Although it is a dimensionless value that belongs to system modeling,
this specific value offers an interpretation of something equivalent to a stiffness portion of a
relationship between the system and the material. Its origin comes from the use of the generalized
Maxwell model (Simo and Hughes, 1997), although it is not explored in the present study, it
indirectly infers that this equal value for all simulations is linked to the viscous and non-linear
characteristics of the material.

The results of the numerical simulations are displayed in figures for PET and HMPE. Each
plot includes the curve obtained through numerical simulation and discrete experimental data.
Figure 6 presents the numerical simulations for rupture. Figure 7 depicts the graphical numerical
outcomes for creep. Lastly, Figure 8 shows the simulations for the loading and unloading cycles

(fatigue).

A B
1200 w v 3000
1000 - 2500 r
= 800 | 2000 |
s =
5 000¢ — 1500
& 400+ o 1000 |
200 == Numerical 500 ¢ == Numerical
® Experimental ® Experimental
0 : : 0 ‘ :
0 5 10 15 0 1 2 3

Strain [%] Strain [%]
Figure 6 — Numerical and experimental results for rupture: (A) PET; (B) HMPE.

A B
1000 ‘ ‘ ‘ v ‘
2500 -
800 |
—_ __ 2000 ¢
& &
S 0007 = 1500
2 2
g 400 1 g 1000 +
n n
2007 —e—Numerical 500 ¢ ° =—e—Numerical
® Experimental ® Experimental
0 : ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 0 2 4 6 8 10 12
Strain [%] Strain [%]

Figure 7 — Numerical and experimental results for creep: (A) PET; (B) HMPE.
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0 : : : 0 : : : : ‘
0 1 2 3 4 0 0.2 0.4 0.6 0.8 1

Strain [%] Strain [%]
Figure 8 — Numerical and experimental data for the 100th fatigue cycle:
(A) PET; (B) HMPE.

The most visually compelling results are evident in the fatigue cycle, as well as in the rupture
of HMPE. Nevertheless, the outcomes remain well satisfactory, even in cases where there is less
agreement between the numerical simulation and experimental data.

The numerical simulation of rupture behavior of PET, along with its ramp in creep, is
noteworthy. The model encounters difficulty in capturing changes in the data curvature, especially
shifts in concavity. Considering the good fatigue results, this observation gains significance. These
robust fatigue results arise numerical simulation from testing the hundredth cycle under high load
amplitude.

Specifically for the loading and unloading test, during the previous 99 cycles (although not
numerically simulated), the cycling eliminates the inelastic deformation of both fibers, thus
homogenizing the behavior of the curve. Thus, the behavior of the hundredth cycle, which is
simulated numerically, is stable, with a graphical behavior close to a hysteresis loop. In the
literature, there are studies for synthetic fibers that precisely show these non-linear characteristics,
and the inelastic removal by fatigue and its effect in the stiffness (Chevillotte et al., 2020; Huang et
al., 2013; Melito et al., 2022; Nguyen and Thiagarajan, 2022; Pham et al., 2019; Serum et al., 2023;
Wtochowicz et al., 2016).

Homogenization of the curve by removing inelastic portions does not produce a linear fatigue
behavior of the stress-strain relationship. Curvature persists in the fatigue response, also revealing
some non-coincidence in load and unload data. The crucial aspect is that despite curvature
adjustments, the behavior remains homogenous with just one concavity. The mathematical criterion
for quantifying the error is applied to all simulations, compared to experimental. Table 4 presents
the average errors expressed as percentages.

Table 4 — Average error (€) of numerical simulations, in percentage [%0].

Polyester (PET) HMPE
Rupture 16.15 1.44
Creep 10.93 5.67
Fatigue cycle 3.01 2.79

4. Conclusions

The mechanical tests showed different behaviors between PET and HMPE materials used in
mooring rope applications.

Numerical simulation plays a pivotal role in comprehending the stress-strain behavior of
synthetic multifilaments under various loading conditions. The script developed in this study
captures the constitutive behavior concerning rupture, creep, and fatigue, offering a valuable tool
for predicting and optimizing multifilament performance to technological applications.
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This investigation delves into the intricacies of material properties, load impacts, and their
influence on numerical mechanical responses. Key trends emerge, such as the consistent global
stiffness alignment (represented as y) and the magnitudes of simulated constants. Using advanced
computational models, we have successfully explored complex scenarios, with the exception of
polyester rupture, where average errors exceeded 10%. These findings underscore the critical role
of simulation in ensuring multifilament safety and reliability across diverse load conditions,
highlighting the importance of both macroscopic factors such as maximum stress and strain, as well
as microscopic aspects encompassing filament interactions and internal failures.

Remarkably, the most substantial reduction in errors is observed in load cycling simulations,
where inelastic fiber parcels have minimal effects. However, to make further advancements, it is
necessary to enhance simulation models to incorporate greater realism, accounting for material
variations, environmental influences, and geometric complexities. Experimental validation remains
an essential guiding principle for future research endeavors. The integration of additional models
that can better capture curvature and concavity modifications holds promise for achieving even
smaller errors in representing the constitutive behavior of multifilaments. The numerical simulation
and experimental validation can undoubtedly continue to advance our understanding and prediction
of multifilament behavior in various industrial and technological contexts.
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