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Abstract. This study presents a constitutive numerical simulation framework for modeling the cyclic mechani-
cal behavior of synthetic fibers under repeated tensile loading, with a particular focus on hysteresis stabilization
and stiffness evolution. The simulation approach is based on finite strain elasticity theory and employs a phe-
nomenological strain energy function (Modified Yeoh model) calibrated with experimental data. Two types of
fibers commonly used in offshore mooring systems, high-modulus polyethylene (HMPE) and polyester (PET),
were investigated at the multifilament level. Experimental tests consisted of sinusoidal zero-to-tension load cycles
up to 45% of the Yarn Break Load (YBL), with a frequency of 0.1 Hz, and extended to 100 cycles. Numerical
simulations were conducted for selected cycles (1st, 25th, 50th, 75th, and 100th), and their convergence was eval-
uated using average relative error. Results indicate that simulation accuracy improves with hysteresis stabilization,
especially after initial inelastic effects diminish. A correlation was observed between normalized stiffness and
numerical convergence, suggesting that stiffness stabilization may serve as an indicator of model reliability. These
findings support future extensions to other structural levels and testing protocols, contributing to the advancement
of predictive modeling in offshore fiber applications.

Keywords: Numeric assessment, Mechanical properties, Dynamic load, Continuum mechanics, Strain energy
function

1 Introduction

Synthetic fibers have played an increasingly important role in engineering applications, particularly in struc-
tural systems that require high specific strength, flexibility, low weight, and resistance to environmental degradation
[L]. In the offshore sector, these materials have become fundamental components in mooring lines, gradually re-
placing traditional steel catenary systems and enabling more efficient configurations, such as synthetic taut-leg
moorings [2HS5]. Among the most widely used fibers, polyester (PET) stands out for its mechanical robustness, en-
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vironmental stability, and competitive cost, having been the primary industrial choice for mooring applications for
decades. In parallel, high-performance fibers such as high-modulus polyethylene (HMPE) have gained prominence
in applications that demand higher tenacity, lower density, and buoyancy [6H10].

Despite experimental advances and the extensive characterization of the physical and mechanical properties
of these fibers, the challenge of accurately understanding and simulating their nonlinear behavior under cyclic
loading conditions remains. In particular, the mechanical response under repeated loading often involves complex
phenomena such as hysteresis stabilization, accumulation of residual strains, and stiffness evolution throughout
the cycles [T} [12]. These aspects are critical for the reliable modeling of the structural performance of fibers in
offshore operations, where cyclic load variations are constant and unavoidable.

In this context, the present work proposes a constitutive numerical approach based on a phenomenological
hyperelastic formulation, employing a modified Yeoh strain energy function coupled with a parametric optimiza-
tion routine built upon the principles of continuum mechanics. The modeling is carried out in tensorial terms, using
the decomposition of the deformation gradient and the explicit definition of stress and strain tensors, enabling a
consistent representation of the constitutive behavior across different deformation regimes.

The model calibration is performed using experimental data obtained from dynamic cyclic tensile tests con-
ducted on PET and HMPE multifilaments, with load amplitudes ranging from 0 to 45% of the Yarn Break Load
(YBL), at a frequency of 0.1 Hz and totaling 100 cycles. The 1st, 25th, 50th, 75th, and 100th cycles were selected
as references for numerical calibration, in order to capture both the initial hysteresis effects and the subsequent
stabilization and evolution of the mechanical behavior over time.

This study is part of a well-established research line that investigates the constitutive numerical response
of synthetic fibers based on phenomenological models calibrated with experimental data. Previous works have
addressed various fiber types, hybrid configurations, distinct mechanical behaviors, and different construction
levels [13HI8]]. Although the numerical code has been employed in the aforementioned studies by the research
group, the present work is pioneering in applying this tool to the simulation of hysteresis stabilization under
repeated cyclic loading in PET and HMPE fibers, including the assessment of the model’s validity under both
initial and stabilized conditions.

Thus, the central objective of this work is to develop and validate a constitutive simulation framework ca-
pable of representing the cyclic mechanical response of synthetic fibers subjected to repeated dynamic loading,
with emphasis on hysteresis stabilization and gradual stiffness evolution. The ultimate goal is to provide a solid
foundation for incorporating these fibers into more realistic offshore system simulations, thereby enhancing the
predictive capabilities of numerical tools applied to the design of synthetic mooring systems and advancing both
the multiscale understanding of these materials and the numerical modeling approaches used in ocean engineering.

2 Materials and Methods

2.1 Fiber Information and Mechanical Test

The fibers under investigation are high-modulus polyethylene (HMPE) and polyester (polyethylene tereph-
thalate, PET), both in the form of multifilaments (or yarns), which represent the basic structural unit for manufac-
turing offshore mooring ropes (Fig.[Ta). The samples were extracted from a virgin spool of untwisted multifilament
(Fig.[Ib]and Fig.[Ic). Initial characterization tests were conducted on the synthetic fibers, including linear density,
Yarn Break Load (YBL), and linear tenacity.

(a) Mooring rope schematic levels (b) HMPE spool  (c) PET spool

Figure 1. Synthetic fibers samples.
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Table E] presents the results obtained from the initial characterization (linear density, break load, linear tenac-
ity), as well as the specific mass (p) and specific cost of the fibers.

Table 1. Results for initial mechanical characterization and information.

Property/information HMPE PET
Linear density [tex] or [g/km]  181.20 227.30
Break force, YBL [N] 560.73 182.47
Break strain [%] 2.98 13.23
Break stress [MPa] 3001.70  1107.82
Linear tenacity [N/tex] 3.095 0.803
Specific mass [g/cm?] 0.97 1.38
Specific cost [US/kg] 19.50 3.80

For the stress values shown in Table|[l] the conventional mathematical definition of force over area is difficult
to apply due to the lack of precision in determining the cross-sectional area of a yarn bundle. Therefore, an
alternative mathematical formulation is adopted, where the stress (o) is calculated based on the breaking force
(F), the linear density (pr), and the specific mass (p) of the material, as defined in eq. (I):

FN] x plg/en?’]
prlgm]

The dynamic loading cycles to be simulated numerically and calibrated against experimental measurements
consist of zero-to-tension sinusoidal loadings at a frequency of 0.1 Hz, load-controlled, with amplitudes ranging
from 0 to 45% of the YBL, totaling 100 cycles. The tests were conducted for both fiber types using an Instron
ElectroPuls E3000 dynamic testing machine. Based on the collected data, the corresponding numerical simulations
were carried out for a set of five cycles per fiber: the 1st, 25th, 50th, 75th, and 100th cycles.

All tests (initial characterization and dynamic loading) were performed under controlled temperature and
humidity conditions in accordance with ISO 139 [20].

o[MPa] = (1)

2.2 Numeric Code Description

The numerical simulations in this study are based on the continuum mechanics framework for finite defor-
mations, following Simo and Hughes [21] development. The implementation was developed in MATLAB, and the
material behavior is described using hyperelastic theory with a phenomenological strain energy function.

Let Q C R? be a deformable body subjected to a finite deformation ¢ : Q — R3, with deformation gradient
F = 0p(X)/0X and Jacobian J = det F > 0. The deformation is split multiplicatively into a volumetric (F) and
an isochoric (F) partas F = JY/3T.J~1/3F = FF, following the Flory decomposition [22].

For nearly incompressible polymeric materials, only the isochoric contribution of the strain energy function
is considered, i.e., W = W°(C), where C = FTF = .J~2/3C is the isochoric right Cauchy-Green deformation
tensor. The relevant invariants used in the model are derived from C (isochoric contribution), with I; = tr( C) and
I, = 1[(tr(C))? — tr(C?)]. For incompressible materials, I3 = det(C) = 1.

The constitutive model introduces an internal variable H to capture viscoelastic memory effects, updated at
each time step (At,,) as a function of the material relaxation (7;) and the Piola-Kirchhoff stress in isochoric term
(S), shown in eq. (2):

H, = e 2/TH, +e 8/ (§,, - 8§,). )

This stress tensor in isochoric terms (S) is also presented in eq. :

_ ow oW ow _ ow _ ~
S=2|—+—-—|1I-2—C+2_——LC" 3
[8[1 a5 ] on -t an )
Deviatoric functions are applied to both stress and internal variable tensors to isolate the isochoric contri-
butions (superscript with “o” indicates the execution of a deviatoric function), and thus the final stress tensor is
computed (where ~ is a parameter which corresponds to a stiffness portion of the model), as shown eq. (@):

Sfinal = ('7 - ]-) SSL+1 + 7H$1+1' “4)
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To obtain the spatial stress tensor for comparison with experimental data, a push-forward operation is applied
to yield the Kirchhoff stress, eq. (3):

T
Opnt1 = Fn+1 Sﬁnal Fn+1- (5)
Model performance is assessed by computing the mean relative error between experimental (0exp) and nu-

merical (0um) stress values, as indicated in eq. (6):

1 n

i=1

In eq. (3), note that the strain energy function (1) is employed. In this case, Modified Yeoh model is used

[23]. This phenomenological formulation was chosen due to its proven ability to minimize numerical error in
cyclic simulations involving synthetic fibers [13]. The Modified Yeoh model is defined according eq. (7):

Oexp, — Onum;

% 100. (6)

Oexp,

c
W =Cy(Iy — 3) + Co(Iy — 3)? + Cs(I; — 3)° + ?‘; [1—exp (—C5(I; — 3))]. 7

3 Results and Discussion

The graphical results of the numerical simulations are presented together with the respective selected cycles
in Fig. 2] for HMPE and Fig. 3] for PET. In addition to the numerical simulations, all plots include the discrete
experimental data points used for calibration. Table 2] presents the mathematical criterion of the mean error (e) for
each simulation, calculated according to eq. (6).

1500 1500
——Num. ——Num. ——Num.
4 Exp. 4 Exp. 4 Exp.
& 1000 & 1000
2 2
= 500 2 500
A
A A
A 0 0
0 0.5 1 L5 2 0 0.5 1 1.5 2 0 0.5 1 L5
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0 ‘ ‘ ‘ 0 ‘ ‘ ‘
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Figure 2. Graphical results of constitutive numerical simulations for the HMPE.
Table 2. Results of the mean errors of the constitutive numerical simulations, in percentage.
Cycle 1st 25st 90st 75st  100st
HMPE 15.093 7.322 6.918 6.875 6.692
PET  15.711 3.,517 2.630 2.577 2.207
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Figure 3. Graphical results of constitutive numerical simulations for the PET.

In the presented graphical results, it is evident that the simulations for the 1st cycle in both materials (Fig.
and Fig. exhibit low convergence, which can be attributed to the inelastic components still present in the
fibers at the onset of dynamic cycling. When analyzing the subsequent cycles for each fiber, the graphical criterion
indicates a well-defined stabilization by the 25th cycle, with little variation in mechanical behavior or in the quality
of the numerical simulation compared to the hundredth (and final) cycle. Based on the mathematical mean error
criterion (¢€), a progressive improvement in the convergence of the numerical simulation is observed with increasing
cycle count, yielding the lowest mean errors for the 100th cycle.

Still in Fig. 2] and Fig. 3] a significant effect can be observed regarding the inelastic components. At the end
of the 1st cycle for HMPE (Fig. 2a), the strain at the end of the cycle is & 0.4%, whereas at the end of the 100th
cycle (Fig. it reaches =~ 0.75%, that is, the strain of the first cycle corresponds to = 53% of the final strain of
the dynamic test for HMPE. For polyester, at the end of the 1st cycle (Fig. [3a), the final strain is &~ 3.3%, and at the
end of the 100th cycle (Fig. it is ~ 4.5%, meaning that the first cycle corresponds to = 73% of the final strain
of the dynamic test for PET. This behavior suggests that PET exhibits a more pronounced initial accommodation,
rapidly consuming most of the inelastic strain. As a consequence, the stabilization of the cyclic responses occurs
more efficiently in this material, which is reflected in the lower mean errors for PET when compared to HMPE, as
observed in the higher-order cycles (Table[2).

It should also be noted, in Table [2| specifically in the comparison between the 75th and 100th cycles, that
PET exhibits a significant reduction in mean error (= 15%), whereas HMPE shows a considerably smaller mean
error reduction between these simulations (= 3%).

Based on the experimental data, the normalized stiffness (K') of each cycle can be calculated using the ex-
pression K = (AF/YBL) /(AL/Ly). It is important to note that, regardless of whether force or stress is used,
the numerator represents the load variation in the dynamic cycling, which is fixed at 0.45, while the denominator
corresponds to the strain variation Ae that occurs within each cycle. Accordingly, Fig. [4] presents the experimen-
tally obtained normalized stiffness values for each material, plotted alongside the mean errors from the numerical
simulations, in Fig. fa|for HMPE and Fig. [4b] for PET.

It can be observed in Fig. [ that the regions with lower error coincide with those where the normalized
stiffness stabilizes. Although it cannot be stated that a specific stiffness value directly ensures good convergence of
the constitutive numerical simulation under mechanical hysteresis, the observed trend should be taken into account.
An important distinction must be highlighted in the data: while the numerical simulations are performed for five
equally spaced cycles, the normalized stiffness values are calculated from experimental data collected at 19 points,
organized in progression by magnitude (unit-based within the tens, and tens-based within the hundreds).
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Figure 4. Results of normalized stiffness and mean simulation error in different cycles in dynamic loading.

Therefore, normalized stiffness should be regarded as an important criterion for the convergence of constitu-
tive numerical simulations. If the objective is to perform a numerical simulation to obtain a strain energy model
that represents the constitutive behavior under loading and unloading conditions, normalized stiffness (particularly
its stabilization), serves as a strong indicator of the model’s capability to accurately capture such behavior. This is
closely related to the viscoelasticity and the progressive removal of inelastic contributions over successive cycles.

In Fig. @} considering the region where normalized stiffness stabilizes and the region where the numerical
simulation error also stabilizes, it is possible to establish a mathematical inverse relationship that allows one vari-
able to be “predicted” based on the other. Naturally, several caveats apply to the validity of this relationship,
primarily due to the specificity of the testing conditions. Such a correlation can only be considered valid under the
parameters evaluated: multifilament level, zero-to-tension loading, cycling from 0 to 45% of the YBL, and the use
of high-modulus polyethylene and polyester fibers. Under different conditions, this relationship is likely to change.

4 Conclusion

This study presented a constitutive numerical simulation framework to represent the cyclic behavior of syn-
thetic fibers subjected to repeated tensile loading, focusing on the stabilization of mechanical hysteresis and the
evolution of stiffness. The proposed model, based on finite strain elasticity theory and a modified Yeoh strain
energy function, demonstrated a strong ability to reproduce the experimental response of PET and HMPE fibers,
especially from the intermediate cycles onward, where initial inelastic effects become less significant.

The combined analysis of experimental data and simulations revealed that normalized stiffness tends to sta-
bilize over the loading cycles, a behavior that directly correlates with the progressive improvement in numerical
convergence. This correlation suggests that normalized stiffness may serve as an indicative parameter for both
stabilization and fitting quality in constitutive modeling under cyclic behavior.

As future research perspectives, it is proposed to deepen the understanding of the relationship between stiff-
ness and numerical performance, through the empirical equations and the validation of these relationships under
different testing protocols. Furthermore, investigating the sensitivity of the model parameters to variations in
experimental data is relevant for expanding the understanding of the model’s robustness and adaptability.

Other extensions of this study include applying the proposed approach to different structural levels, such as
twisted legs and subropes, as well as expanding the experimental scope to include load cycles with varying ampli-
tudes, frequencies, and preloading regimes. These advancements are expected to contribute to the consolidation
of a comprehensive database that enables the use of neural networks or machine learning techniques to achieve
accurate predictions of the constitutive behavior, based on phenomenological models with low computational cost.
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