
Science Arts & Métiers (SAM)
is an open access repository that collects the work of Arts et Métiers Institute of

Technology researchers and makes it freely available over the web where possible.

This is an author-deposited version published in: https://sam.ensam.eu
Handle ID: .http://hdl.handle.net/10985/26182

To cite this version :

Saïf Eddine SEKKAL, Fodil MERAGHNI, George CHATZIGEORGIOU, Francis PRAUD, N.
DURAND - Multiscale modeling of mechanically recycled glass fiber reinforced polyamide 6
composites accounting for viscoelasticity, viscoplasticity, and anisotropic damage - Composite
Structures - Vol. 361, p.119016 - 2025

Any correspondence concerning this service should be sent to the repository

Administrator : scienceouverte@ensam.eu

https://sam.ensam.eu
https://sam.ensam.eu
http://hdl.handle.net/10985/26182
mailto:scienceouverte@ensam.eu
https://artsetmetiers.fr/


Journal Pre-proof

Multiscale modeling of mechanically recycled glass fiber reinforced
polyamide 6 composites accounting for viscoelasticity, viscoplasticity,
and anisotropic damage

Saïf Eddine Sekkal, F. Meraghni, G. Chatzigeorgiou, F. Praud,
N. Durand

PII: S0263-8223(25)00181-3
DOI: https://doi.org/10.1016/j.compstruct.2025.119016
Reference: COST 119016

To appear in: Composite Structures

Received date : 21 October 2024
Revised date : 23 January 2025
Accepted date : 26 February 2025

Please cite this article as: S.E. Sekkal, F. Meraghni, G. Chatzigeorgiou et al., Multiscale modeling
of mechanically recycled glass fiber reinforced polyamide 6 composites accounting for
viscoelasticity, viscoplasticity, and anisotropic damage. Composite Structures (2025), doi:
https://doi.org/10.1016/j.compstruct.2025.119016.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the
addition of a cover page and metadata, and formatting for readability, but it is not yet the definitive
version of record. This version will undergo additional copyediting, typesetting and review before it
is published in its final form, but we are providing this version to give early visibility of the article.
Please note that, during the production process, errors may be discovered which could affect the
content, and all legal disclaimers that apply to the journal pertain.

© 2025 Published by Elsevier Ltd.

https://doi.org/10.1016/j.compstruct.2025.119016
https://doi.org/10.1016/j.compstruct.2025.119016


Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

Multiscale modeling of mechanically recycled glass fiber

reinforced polyamide 6 composites accounting for

viscoelasticity, viscoplasticity, and anisotropic damage
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Abstract

Fiber-reinforced thermoplastic composites are valued for their strength-to-weight ra-
tio, cost-effectiveness, and recyclability, highlighting the need for efficient recycling
technologies amid environmental concerns. This study addresses these challenges
by examining the mechanical response of recycled glass fiber reinforced polyamide 6
composites and modeling their nonlinear, time-dependent behavior under complex
loading conditions. Advanced nonlinear constitutive and multiscale models, initially
developed for conventional fiber composites, are adapted to capture the stochastic
response of recycled materials. These models integrate viscoelasticity, viscoplasticity
and damage in the polymer matrix and account for anisotropic damage in the strands,
addressing the heterogeneity introduced by the recycling process. A modified random
sequential adsorption technique replicates the microstructures for nonlinear response
modeling. Hypotheses based on microstructural investigations consider processing
effects that disrupt the initial chip woven structure and create matrix-rich areas. The
model captures anisotropy and variability observed in experimental data, providing
a reliable framework for predicting the performance of recycled thermoplastic com-
posites and improving the understanding of the relationship between microstructure
and mechanical properties, with a focus on inelastic nonlinear behavior.
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LEM3-UMR 7239, 4 rue Augustin Fresnel, 57078 Metz, France

Preprint submitted to XX February 28, 2025



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

1. Introduction

Continuous fiber reinforced thermoplastic composites have emerged as a robust
solution in the automotive, aerospace, and renewable energy sectors. These materi-
als offer superior mechanical properties, lower manufacturing costs, enhanced impact
resistance, and excellent recyclability compared to thermoset counterparts [1, 2, 3,
4, 5, 6, 7]. As the range of applications and demand for these composites expand,
research into their closed-loop recycling processes has become a pressing concern.
Recent environmental directives aim to reduce waste sent to incineration or landfill,
stressing the importance of developing sustainable, viable, and economically attrac-
tive recycling technologies [8].

Composite recycling technologies are classified into mechanical, thermal, and
chemical methods, chosen based on the material type and intended product ap-
plication [5, 6]. Thermal recycling of carbon fibers involves pyrolysis, breaking down
polymer matrices in an inert atmosphere above 350°C, ideally suited for thermoset
composites to recover fibers alone. However, Mazzocchetti et al. noted recycled car-
bon fiber composites generally have lower mechanical properties compared to virgin
carbon fiber composites, with inconsistent crystallinity and impurities observed on
the fibers [8, 9]. Chemical recycling via solvolysis breaks down polymer matrices
using reactive solvents like water or organic solvents at varying temperatures and
pressures, achieving clean fiber extraction with minimal mechanical property loss
and maintaining fiber length. However, this method is costly due to specialized
high-temperature, high-pressure reactors needed, thus lagging behind thermal and
mechanical methods in industrial implementation [10].

In contrast, thermoplastic matrices, owing to their meltability compared to non-
meltable thermoset polymers, facilitate easier handling in recycling processes, making
them particularly suitable for mechanical recycling by shredding or cutting, followed
by thermocompression or injection molding processes [1, 7, 11, 12, 13, 14]. Colucci
et al. [12] studied mechanical recycling effects on polymeric composite behavior and
microstructure via injection molding post artificial aging. Their results indicated
minimal impact of recycling and aging on final properties and microstructure. How-
ever, the injection molding process, which is shear-intensive, can lead to severe fiber
attrition, resulting in short fiber composites with low impact strength [13, 14]. Pro-
cessing parameters such as mold temperature and extruder speed play a crucial role
in determining the mechanical properties of recycled composites.

An alternative mechanical recycling route for thermoplastic composites involves
direct processing without prior material homogenization. This method includes chop-
ping the material into centimeter-sized chips and using compression molding to form
simple or complex parts. Tapper et al. [15] assessed closed-loop recycling of discon-
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tinuous carbon fiber polyamide 6 composites, noting a significant decrease in tensile
stiffness and strength over two recycling cycles due to fiber misalignment and break-
age under high compaction pressures. Other studies have explored similar techniques
using long chopped unidirectional carbon fiber thermoplastic tapes [7, 16, 17, 18]. In
contrast, Kiss et al. [4] proposed a variation of this approach by co-molding shredded
material as a core layer between continuous fiber skins. These sandwich-like panels
demonstrated significant potential for upcycling, restoring original composite lam-
inate properties in flexural and impact loading. Control of processing parameters
such as mold temperature and extruder speed remains critical in determining the
mechanical properties of these recycled composites.

The literature on modeling nonlinear mechanical behavior in recycled composite
materials is scarce. Modeling the mechanical properties of these materials requires
a deep understanding of the complex microstructures induced by the recycling pro-
cess. The challenge lies in accurately identifying the microstructural parameters
that have the most influence on the performance of recycled composites, while ef-
fectively representing them in the model. In contrast, research on prepreg platelet
molded composites and randomly oriented strand composites provides insights ap-
plicable to recycled thermoplastic composites. Kravchenko et al. conducted com-
putational analyses on prepreg platelet molded composites (PPMCs), focusing on
stochastic meso-scale morphology and its impact on tensile properties under uniax-
ial tension [19, 20, 21]. Their work utilized progressive failure analysis to simulate
distributions of tensile properties, emphasizing how factors such as platelet geom-
etry and system morphology contribute to variations in effective tensile properties.
The study validated predictions using experimental data, highlighting the influence
of flow-induced fiber orientation and compaction deformations on composite proper-
ties. Harper et al. [22] developed a geometrical modeling scheme to create realistic
random fiber architectures for discontinuous fiber composites, facilitating subsequent
modeling of their mechanical properties. Tang et al. [23] investigated the fatigue
behavior of chopped carbon fiber chip-reinforced composites through experimental
and numerical methods.

The structures of recycled composites are well-suited for homogenization and
multi-scale approaches to predict their overall mechanical responses. Among the
available theories, mean-field [24, 25, 26, 27] and full-field approaches are particu-
larly effective [28, 29, 30]. Several studies have used a combination of the two ap-
proaches for hierarchical composite materials, particularly for thermoplastic woven
composites [31, 32, 33]. In recent years, Fast Fourier Transform (FFT)-based meth-
ods have been developed as an alternative to the Finite Element Method (FEM) for
solving microstructural boundary value problems. Based on the foundational work
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of Moulinec and Suquet [34], these methods use a regular grid discretization to solve
equilibrium equations in heterogeneous media [35, 36].

The authors’ previous work focused on detailed microstructural investigations
of recycled thermoplastic composites to understand the relationship between mi-
crostructure and mechanical properties [37, 38]. The recycled material was initially
modeled using a meso-macro scheme to represent nonlinear flexural behavior [37],
and subsequently with a multi-scale predictive model that captured the observed
anisotropy in the material [38]. This research laid the groundwork for detailing the
microstructure generation process, capturing anisotropy through Orientation Distri-
bution Function (ODF), and incorporating fiber structure degradation after recy-
cling into the model. The current work focuses on recycling glass fiber polyamide 6
composites. This matrix is highly sensitive to relative humidity, affecting the glass
transition temperature, rheology, and damage mechanisms [39, 40, 41, 42]. These
polymers exhibit inelastic nonlinear behavior driven by viscoelastic and viscoplastic
deformation mechanisms. Numerous constitutive models have been presented in the
literature for these polymers [43, 44, 45, 46].

The novelty of this work lies in the following key contributions:
� Advanced nonlinear constitutive and multiscale models are adapted to address
the unique, heterogeneous microstructure of recycled composites. These mod-
els, initially designed for conventional fiber composites (woven and short fiber),
incorporate viscoelasticity and viscoplasticity with damage in the polymer ma-
trix, as well as anisotropic damage in the strands. To address the challenges
of the microstructure complexity of a recycled material, a modified random
sequential adsorption technique has been integrated into the multiscale frame-
work.

� Simplifying hypotheses are formulated based on extensive microstructural in-
vestigations and material response examinations. These hypotheses account for
the processing effects that disrupt the initial chip woven structure and create
matrix-rich areas. By incorporating these experimental findings into the non-
linear homogenization framework, the model effectively captures the inherent
heterogeneity and variability observed in experimental data.

The paper is structured as follows: Section 2 provides an overview of the examined
material, the recycling process, and the resulting recycled composite microstructure.
Section 3 outlines the theoretical background of periodic homogenization and the
microstructure generation process for nonlinear analyses. Section 4 presents the con-
stitutive models used to describe the matrix and strand behaviors. Finally, Section 5
discusses the experimental and numerical results concerning the nonlinear macro-
scopic response of recycled thermoplastic composites.
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2. Recycled glass fiber reinforced polyamide 6 composites

2.1. Recycling process

The recycled composites studied in this work are manufactured and supplied by
Cetim, a Research and Technology Organization (RTO) that contributed to the de-
velopment of mechanical recycling of polymer composites. Their modular production
line, “Thermosäıc®” recycles end-of-life parts and production offcuts into consoli-
dated plates through compression molding. The process begins by shredding the
material into small chips using a mill. The chips are then distributed evenly for
proper consolidation.

The chips undergo two compression stages: the first stage pre-heats and pre-
compacts the strands with a load not exceeding 50 kN and a temperature lower than
the resin’s fusion point. The second stage involves a higher temperature and load,
not exceeding 1300 kN, to ensure proper matrix fusion without undesired squeeze
flow. The formed plate is then cooled and ejected at the end of the production line.
This process is summarized in Figure 1.

To limit the number of factors and variables, this study focuses on recycled com-
posites produced from uniformly cut chips sized 20 x 20 x 1 mm3. The original virgin
material is a PA-GF woven composite with a fiber volume fraction of 47%, referenced
as Tepex® Dynalite 102-RG600(x)/PA-GF/47%, and supplied by Bond-Laminates
GmbH (Am Patbergschen Dorn 11-D-59929 Brilon, Germany). The resulting recy-
cled plate is 5 mm thick. For the present work, the studied mechanically recycled
composite will be referred to as RTPC (Recycled ThermoPlastic Composite).

The mechanical performance of these recycled composites is closely tied to the
processing parameters used in their production. Selecting the optimal parameters
for the best mechanical performance is challenging and can be expensive without
numerical tools for modeling the process and mechanical performance. Specifically,
modeling the mechanical behavior requires a deep understanding of the material
microstructure and its variability with respect to the mechanical response. A com-
prehensive microstructural investigation, including an analysis of this variability, was
conducted in previous work [38]. The main findings will be summarized in Section 2.2.

2.2. RTPC microstructure description and investigation

Optical microscopy observations reveals that the composite microstructure can
be analyzed at two different scales: a microscopic scale and a mesoscopic scale.
The main reason for this scale separation is the irregular distribution of the matrix
in the material, as shown in Figure 2. This heterogeneity is characterized by the
presence of regions that are rich in matrix and others that are rich in fibers. At the
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Figure 1: Overview of the Thermosäıc® production line detailing the mechanical recycling process
for thermoplastic composites [38].

mesoscopic scale, the fibers form a wave pattern with mostly in-plane orientation. It
is possible to distinguish two different strands based on changes in orientation or the
presence of matrix-rich regions as shown in Figure 2. At the microscopic level, the
microstructural morphology within the strands is more homogeneous, with multiple
fibers having a similar orientation.

These microstructural observations provide crucial quantitative measurements for
numerical simulations, offering detailed insights about the material’s microstructure,
particularly the volume fractions at relevant scales. At the microscale, the average
fiber ratio inside the strand, vf/s, is 75.36%. At the mesoscale, the strand ratio
within the composite is computed assuming a global fiber volume fraction of 47%,
obtained by matrix burn-off, resulting in a value of 62.36%. This data serves as input
for the microstructure generation process preceding multiscale modeling.

X-ray tomography investigation of the studied material reveals that the woven
structure is maintained at the plate center across its thickness, as depicted in Fig-
ure 3b. Notably, in several instances, the woven structure deviates from the initial
0° and 90° yarn orientations, likely due to material flow during thermocompression.
Additionally, the upper and lower surfaces (Figures 3a and 3c) exhibit fewer instances
of woven structure, with multiple unidirectional fiber bundles apparent instead. This
heterogeneity may result from uneven temperature and pressure distributions within
the mold during processing.
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3
1

Fiber rich area Matrix rich area

Figure 2: Optical light microscopy image of the RTPC microstructure, showing observed hetero-
geneities that lead to an analysis by scale separation.
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Figure 3: Comparison of the fiber structures at different relative out-of-plane coordinates δ∗ for
an RTPC specimen using X-ray micro-computed tomography. Micrographs show the upper surface
(a), center (b), and lower surface (c) of the plate, highlighting the variability and heterogeneity in
composite microstructure across the thickness.
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3. Multi-scale modelling of recycled glass fiber reinforced polyamide 6
composites

A multi-scale model is generally based on a Representative Volume Element
(RVE) describing the microstructural morphology of the composite over which its
mechanical response can be objectively assessed. To do so, the scale separation as-
sumption states that the characteristic dimensions of the RVE are much smaller than
the characteristic dimensions of the macroscopic medium. Basically, this implies that
any macroscopic material point is associated with an RVE domain B in which any
microscopic material point is denoted by x.

3.1. Background in full-field multi-scale modelling
As common in multi-scale modeling, the connection between the macroscopic

and microscopic scales is established by averaging the stress and strain over the RVE
domain B. Therefore, the macroscopic stress and strain are given by:

σ =
1

V

∫

B

σ(x) dV, ε =
1

V

∫

B

ε(x) dV, (1)

where V denotes volume of the whole RVE domain B.
Assuming that the RVE can be represented as a repeating element, it can be

idealized as a periodic unit cell in which the displacement field u takes the following
additive form:

u(x) = ε · x+ u′(x) + u0 ∀x ∈ B, (2)

where the first term depicts the affine partition of the displacement field, while the
second term, u′ represents a periodic fluctuation that maintains identical values at
each pair of opposite points, x+ and x− within the RVE boundary ∂B:

u′(x+) = u′(x−) ∀x+,x− ∈ ∂B. (3)

Besides, it is worth noticing that, due to its periodicity, the part of the strain asso-
ciated with u′ vanishes once averaged, ensuring a full consistency between (1) and
(2). Note that, in (2), u0 denotes an eventual rigid body motion.

Inserting (2) into (3), one can express the Periodic Boundary Conditions (PBCs)
in terms of displacement u, while directly involving the macroscopic strain ε. Those
apply to the unit cell’s boundaries ∂B such that:

u(x+)− u(x−) = ε · (x+ − x−) ∀x+,x− ∈ ∂B (4)

Based on this framework, the macroscopic stress-strain response of the composite
results from the solution of the unit cell problem. In this work, the latter is solved
through the finite element method, using periodically meshed unit cells as in what
follows.
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3.2. Microstructure generation for recycled glass fiber reinforced polyamide 6 com-
posites

3.2.1. Microstructure generation process

The primary challenge in Recycled ThermoPlastic Composite RVE generation
for this research is achieving the high strand volume fraction necessary to accurately
represent the real microstructures of these materials. To attain this value, the RVE
is constructed in multiple layers rather than by placing inclusions directly in the 3-D
RVE. The microstructure generation algorithm is based on the Random Sequential
Absorption (RSA) approach [47, 48, 49, 50]. Strands are sequentially placed in
each layer of the RVE according to a user-defined Orientation Distribution Function
(ODF) until the required strand ratio is reached. The implementation, done in
Matlab, utilizes the polyshape and intersect functions to detect intersections
between the generated strands.

A Python script is used to generate a finite element model using data from the
Matlab generation code. The Matlab code supplies the coordinates of the strand
vertices, the orientations of the strands, and the strand volume fraction during the
generation process. The Python script then uses this data to generate a Finite
Element (FE) mesh with the help of ABAQUS. This process includes positioning
the strands with the vertex data, eliminating the unit cell edges, adding the matrix
material, and assigning material orientations to each strand.

The generation process begins by randomly selecting strand center coordinates
within the designated domain. To ensure periodicity within the RVE, any strand
intersecting a boundary is duplicated on the opposite side. For strands positioned in
a corner, duplication occurs on all other corners. Next, intersections between strands
are checked. If an intersection is found, the iteration stops, and a counter increments
to track the number of attempts. If the maximum number of attempts is reached,
the current RVE is discarded, and a new one is generated. This loop continues until
the desired strand ratio is achieved. A flowchart detailing the generation process is
presented in [38]. An example of a generated unit cell is shown in Figure 4. Figure 4a
displays the RVE, while Figure 4b shows the RVE with the matrix hidden.

For this work, a RVE unit cell is comprised of multiple layers. Each RVE, mea-
suring 100 × 100 × 5 mm3, consists of four layers. Strands of 20 × 20 mm2 are
deposited until saturation (vs/c of 56%), with a condition of spacing between them
to prevent high stress concentration. AMatlab function computes the minimum eu-
clidean distance between polygons, enforcing a minimum of 4 mm separation between
strands [51]. However, this additional requirement significantly increased runtime.
To mitigate this, the generation process was adjusted: the 100 x 100 mm area was
divided into four squares. Strands are deposited in each square sequentially until
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Figure 4: (a) Generated unit cell showing the RVE. (b) RVE with the matrix hidden to better
illustrate the spatial distribution of the strands through the thickness.

saturation, ensuring compliance with spacing criteria. This process is illustrated
in Figure 5, where the generation process begins by depositing strands in the first
square until a maximum amount of trials is achieved (Figure 5a), before moving to
the next square (Figure 5b).
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Figure 5: Illustration of the modified strand deposition process. (a) Strands are deposited in the
first square until the maximum number of trials is achieved. (b) The process is repeated sequentially
for each subsequent square, ensuring minimum spacing requirements are met.

3.2.2. Discussion on the mechanical response of recycled composites and model fine-
tuning

Previously performed tensile tests over different specimen orientations have shown
that significant discrepancy in mechanical response was observed between the 0°
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(manufacturing direction) and the 90° orientations [38]. This can be attributed to
the complex material flow inside the mold during thermocompression, that has likely
oriented more fibers closer to the 0° direction, making it stiffer. The above leads to
the conclusion that the RTPC material is not macroscopically transversely isotropic
as was expected, but rather exhibits a certain anisotropy. To capture the material’s
anisotropy, a specific Orientation Distribution Function (ODF) was applied during
microstructure generation, as illustrated in Figure 6. Given the complexity and
heterogeneity of the material’s microstructure, experimentally quantifying an ODF
is challenging. Consequently, a numerical approach was employed, involving the
generation of multiple RVEs with various ODFs to closely replicate the experimental
observations [38].

Figure 6: Adopted orientation distribution function (ODF) for the strand generation.

Initially, the strands were modeled as a unidirectional composite. This simplifica-
tion was based on various microstructural observations that revealed the material’s
complexity after processing: some chips retained a woven structure, while others
displayed a unidirectional architecture. A mean-field Mori-Tanaka homogenization
scheme calculates the strand material properties [52, 53, 54]. The computed elas-
tic constants are then used for mesoscale full-field homogenization. However, this
model’s implementation results in an overestimation of the mechanical response of
RTPC material when compared to experimental data. This discrepancy may be
due to the fibers sustaining damage during processing, which changes their orien-
tations and reduces their properties. To correct this, a calibration process based
on experimental results is implemented. The revised model introduces a correction
coefficient, which accounts for the microstructural complexity of the strands and the
degradation the chips undergo during processing. After calibration, the recovered

11



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

Young’s and shear moduli values from micro-homogenization are reduced by 35%.
Accounting for fiber degradation, Young’s moduli for randomly oriented strand RVEs
approach experimental values. For more details about model fine-tuning to capture
microstructural effects on material response, readers are referred to [38].

4. Constitutive models of the constituents

In the considered RVEs, two specific constitutive models are employed to describe
the microscopic response of the matrix and strand phases within the unit cell. They
are briefly presented in this section.

4.1. Constitutive model for the thermoplastic matrix

Thermoplastic matrices like polyamide 6 are known to exhibit a complex dissi-
pative behavior combining both solids and fluids properties along with progressive
degradation [55]. To describe this type of behavior, the phenomenological multi-
mechanism constitutive model developed by [46, 56] is utilized to represent the ma-
trix phase in the present multi-scale modeling approach. Note that a brief overview
of this constitutive model is given in this section for the sake of conciseness. However,
readers are referred to above-mentioned references for a comprehensive description.

This constitutive model is based on a thermodynamically-consistent formulation
integrating both viscoelastic and viscoplastic deformations as well as ductile damage,
as depicted by the rheological scheme in Figure 7. The latter consists in one single
spring subjected to an elastic strain εe, N viscoelastic Kelvin-Voigt branches, each
one of them being subjected to a viscoelastic strain εvi , and a viscoplastic branch
subjected to a plastic strain εp along with r as hardening measure. All of these
branches act under the effect of the effective stress σ̃ to represent damage which is
regarded as an isotropic phenomenon through the damage variable D.

Figure 7: Rheological scheme of the constitutive model for the thermoplastic matrix.
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The constitutive equations of this model, which are presented briefly below, con-
sider the total strain ε as the only external state variable, whereas εvi , r, εp and D
act as internal state variables.

σ = (1−D)Ce :

(
ε−

N∑

i=1

εvi − εp

)
(5)

−σvi = (1−D)Cvi : εvi − σ (6)

R = Krn (7)

ε̇vi =
V−1

vi

1−D
: σvi (8)

ε̇p =
3

2

Dev(σ)

eq(σ)

ṙ

1−D
(9)

Ḋ = Λ(D)

(
Y

S

)β
ṙ

1−D
(10)

f =
eq(σ)

1−D
−R(r)−R0 (11)

Active (ṙ > 0) if f > 0,
〈
f
〉
+
= Hṙm (12)

In these constitutive equations, Ce, Cvi and Vvi are the elastic stiffness tensor, vis-
coelastic stiffness tensor and a viscosity tensor respectively. Those are classically
formulated for bulk isotropic materials and are defined by the Young’s modulus Ee

and Evi and the viscosity ηvi respectively, as well as the Poisson’s ratio ν. The
value of ν presented in Table 1 holds for the elastic response as for all Kelvin-Voigt
branches. Moreover, R0 represents the initial yield threshold. K and n are hardening
parameters. This model assumes isotropic hardening, which simplifies the represen-
tation of the material’s response. While kinematic hardening can be significant in
cyclic loading scenarios, particularly for polymers [57, 58, 59, 60, 61], its experimen-
tal verification is challenging due to complications such as buckling in compression
tests. For this reason, the current work focuses on isotropic hardening parameters, as
they provide a more straightforward approach to capturing the primary viscoplastic
behavior. However, the influence of tension-compression asymmetry and the hydro-
static sensitivity of the viscoplastic response can significantly influence the polymer’s
behavior. These factors have been addressed in other studies [60]. H and m are vis-
cous parameters. S and β are damage parameters. It should be mentioned that
the damage-related parameter β, typically positive for metallic materials with slow
initial and rapid later-stage damage propagation, is set to negative values to cap-
ture the opposite trend observed in thermoplastic polyamide, where damage initiates
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quickly but grows slowly. A damage saturation function Λ(D) is employed in the
matrix phase to ensure that the damage coefficient D does not exceed its limit. The
function is defined as shown in Equation (13), where the initial and ultimate damage
saturation limits, Dini = 0.45 and Dult = 0.6, are determined from a tensile test on
a polyamide specimen. This approach prevents numerical and convergence issues in
simulations.

Λ(D) =





1, D ≤ Dini,√
1−

(
D−Dini

Dult−Dini

)2
, Dini < D < Dult,

0, D = Dult.

(13)

Furthermore, note that eq(σ) denotes the von Mises stress, while Dev(σ) stands
for the deviatoric part of the stress. It is worth noticing that, in this model, vis-
coplasticity and damage evolve via a common multiplier r, which stands for the
hardening variable. This is done to transcribe the fact that, in thermoplatics, dam-
age is known to be closely connected to yielding [55], making those two mechanisms
directly coupled.

The material parameters listed in Table 1 were identified from the polyamide
matrix by following a dedicated procedure [46, 56, 62], considering 50% of relative
humidity and room temperature. The identification process employs the Leven-
berg–Marquardt algorithm [63] to fit the model parameters to experimental data,
with the experimental procedure and detailed methodology thoroughly reported in
[46]. However, although these environmental conditions are retained in this work,
note that other sets of parameters can be found in [41, 60] for different environmental
conditions in terms of relative humidity, using the Nelder-Mead approach.

4.2. Constitutive model for the strands

As discussed earlier in Section 3.2.2, the strands are regarded as equivalent to
a unidirectional composite. In such a material, the presence of long unidirectional
fibers makes the longitudinal response, i.e., tension 11, linear elastic up to brittle fail-
ure due to fibers breakage. However, the transverse response, i.e., tension 22 and/or
in-plane shear 12, exhibits a much more progressive degradation. The latter is caused
by the development of micro-cracks initiating by debonding at the fiber/matrix in-
terfaces and then propagating by coalescence. To describe this phenomenology, the
constitutive model specifically developed by [31, 56] for these type of materials is uti-
lized to represent the strand phase in the present multi-scale modeling approach. As
for the previous section, a brief overview of this constitutive model is given in here.
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Table 1: Parameters for the constitutive model of the thermoplastic matrix, considering 50% of
relative humidity and room temperature as environmental conditions.

Feature Parameter value unit

Viscoelasticity Single spring Ee 2731 MPa
Kelvin-Voigt branch 1 Ev1 8766 MPa

ηv1 1395 MPa.s
τv1 =

ηv1

Ev1
0.16 s

Kelvin-Voigt branch 2 Ev2 13754 MPa
ηv2 165601 MPa.s
τv2 =

ηv2

Ev2
12.04 s

Kelvin-Voigt branch 3 Ev3 15010 MPa
ηv3 457955 MPa.s
τv3 =

ηv3

Ev3
30.51 s

Kelvin-Voigt branch 4 Ev4 11634 MPa
ηv4 1307516 MPa.s
τv4 =

ηv4

Ev4
112.39 s

Poisson ratio ν 0.3 -
Viscoplasticity Yield threshold R0 4.86 MPa
coupled to damage Hardening function K 1304.33 MPa

n 0.674 -
Viscous stress function H 47.35 MPa.sm

m 0.068 -
Damage S 21.607 MPa

β −1.105 -

However, reader are referred to the above-mentioned references for a comprehensive
description.

This constitutive model is based on a thermodynamically-consistent formulation,
while some features are based on mean-field micromechanics. Indeed, this model
introduces an anisotropic damage via a micromechanical description of a RVE con-
taining a micro-crack density γc, as illustrated in Figure 8. As a known phenomenon
in this type of material, damage is accompanied by permanent strains caused by
the non-closure effect of the micro-cracks. This aspect is then described through an
inelastic strain εs.

The constitutive equations of this model consider the total strain ε as the only
external state variable, whereas γc and εs act as internal state variables. In these
constitutive equations, the initial fourth order stiffness tensor C0, defined as trans-
versely isotropic, is gradually reduced by a tensor D(γc). The latter is defined as a
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Figure 8: Principle of the constitutive model for the strands: i) Initially transversely isotropic
medium. ii) Embedding a micro-crack density γc into this medium. iii) Evaluation of the stiffness
reduction D(γc) induced by γc via mean-field micromechanics.

function of the micro-crack density γc using mean-field micromechanics [64]. Under
this configuration, the transverse shear and in-plane shear stiffnesses are the most
affected by the presence of micro-cracks, while the longitudinal stiffness is nearly
unaffected.

Below is a summary of the key constitutive equations:

σ =
[
C0 − D(γc)

]
: (ε− εs) (14)

ε̇s =
∂Hs(σ)

∂σ
γ̇c (15)

The local mean stress, σ0, in the virgin part of the material is expressed as:

σ0 = C0 : ε0 with ε0 = A0(γc) : (ε− εs) (16)

where A0 stands for the fourth order strain concentration tensor [31].
The criterion governing damage initiation and development is formulated as:

Hc(σ0) =

√√√√
(
σ022

R22

)2

+

(
σ012

R12

)2

(17)

The criterion governing the direction of the inelastic strain is defined as:

Hs(σ) =
√

(a22 σ22)2 + (a12 σ12)2 (18)

and micro-crack density, γc, given as:
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γc = γ∞
c

[
1− exp

(
−
[〈

sup(Hc)− 1
〉
+

S

]β)]
(19)

Since conducting mechanical tests on isolated strands is nearly impossible, it
remains very challenging to identify the parameters of the strands constitutive model.
Nonetheless, a set of parameters were previously identified by [31, 66] for yarns within
a polyamide based woven composite, which can be reasonably considered as close to
the strands material. Starting from the values reported in these works as initial guess,
the parameters of the model were adjusted to match the macroscopic responses of
the recycled glass fiber reinforced polyamide 6 composite. The obtained value are
listed in Table 2.

Table 2: Parameters for the constitutive model of the strands.

Feature Parameter value unit

Transversely isotropic stiffness tensor C01111 45365 MPa
(non-null components) C01122 = C01133 6745 MPa

C02222 = C03333 22101 MPa
C02233 7742 MPa
C01212 = C01313 8193 MPa
C02323 = 1

2 (C02222 − C02233) 7179 MPa
Pure transverse tension threshold R22 40 MPa
Pure in-plane shear threshold R12 20 MPa
Weibull length parameter S 12.3 -
Weibull exponent parameter β 2.75 -
Micro-cracks saturation γ∞

c 0.025 -
Transverse tension anelasticity parameter a22 3.60 -
In-plane shear anelasticity parameter a12 2.15 -

5. Macroscopic response of recycled thermoplastic composites

The multi-scale model for recycled thermoplastic is obtained from the generated
RVEs in which the previously discussed constitutive models are introduced to de-
scribe the behavior of the matrix and the strands. Note that these constitutive
models both make use of local damage formulations, which cannot be safely em-
ployed beyond the strain softening onset due to well-known strain localization issues
[67]. In this study, stopping the analyses when such critical point is attained would
be very restrictive as it may occur at the very first loading stages at a few locations
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with high stress concentrations. Therefore, to overcome this, damage in the matrix
is virtually prevented from exceeding the value of 0.6 at which the strain softening
usually occurs with the identified parameters in Table 1. In the strands, the dam-
age saturation parameter γ∞

c is set to a value at which there is no strain softening.
Besides, all the simulations presented here were performed at moderate macroscopic
strain levels so that these critical damage levels are only reached in very limited
parts of the RVE having a minor influence on the macroscopic response of the whole
composite.

In this section, the multi-scale model is employed to reproduce uni-axial tests
performed on three types of specimens, each one of them having the reference direc-
tion oriented at 0◦, 45◦ and 90◦, as shown in Figure 9. As detailed in Section 2.2,
the examined recycled composite exhibits a macroscopically heterogeneous structure,
posing a challenge in determining the optimal specimen size to ensure representa-
tive macroscopic mechanical response. Previous work addressed this by varying the
widths of tensile specimens [38]. Findings indicate that the influence of specimen
width between 25 mm and 40 mm is minimal compared to factors like specimen
orientation. Specimens were cut off from 5 mm thick plates using a water jet hy-
perbaric machining process. To maintain consistent testing conditions, all specimens
were conditioned to 50% of relative humidity1 before being tested at room tempera-
ture, specifically at 20 ± 1◦C. It’s worth mentioning that the viscoelastic behavior of
the material can be heavily influenced by temperature [68]; however, this potential
effect was not considered within the scope of the current study. To comprehensively
understand the mechanical performance of the recycled composite, several tests are
conducted. Firstly, cyclic tests are performed to assess the material’s response to re-
peated loading and unloading cycles. These tests provide insights into the material’s
damping properties, energy dissipation during hysteresis, and the accumulation of
damage over multiple cycles. Secondly, creep and strain recovery tests are conducted
to evaluate the material’s viscoelastic time-dependent deformation behavior. These
tests aim at characterizing how the material responds to sustained loading and its
ability to recover deformation over time.

1The conditioning was done by initially drying the specimens in a chamber at 80◦C. The speci-
mens were next placed in a hygrometric chamber at an elevated temperature to accelerate the water
uptake before lowering the temperature to near-room levels to ensure a uniform water distribution
throughout the specimen thickness.
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Figure 9: Recycled composite tensile tests specimens cut in 0°, 45° and 90° orientations.

5.1. Monotonic loading: effects of strand positions and orientations

To model the response of the recycled composite under monotonic loading, the
matrix is represented using a viscoelastic viscoplastic with ductile damage consti-
tutive model (discussed in Section 4.1). Damage initiated by micro-cracks within
the strands is adressed using an anisotropic damage constitutive model detailed in
Section 4.2. While the previous version of the model exhibits good repeatability in
predicting effective properties, nonlinear behavior modeling may introduce variabil-
ity in results. Therefore, for this work, 10 RVEs are generated, with random strand
positions and according to the orientation distribution function (ODF) shown in Fig-
ure 6. It’s important to note that the current generation process selects orientation
angles randomly within predefined 20° intervals to maintain fidelity to the overall
ODF. For instance, during the initial strand deposition, a random angle between 0°
and 20° is chosen until the specified number of strands for that interval is deposited,
before moving on to the next interval.

The analyses are strain controlled, with the RVEs loaded to 1.2% strain in both
0° and 90° orientations, matching the strain at failure for most tested specimens. The
results are plotted as stress-strain curves in Figure 10a and compared to previously
performed experimental tensile tests on RTPC specimens [38]. A mean response
curve is plotted for numerical data, along with a 95% confidence interval represented
by a gray shaded area to assess variability. The model accurately captures the exper-
imental trends, especially the anisotropy between the 0° and 90° orientations through
the assigned ODF. The 0° orientation results fall within the range of experimental
curves, while the 90° orientation results show a slightly more rigid response. The
model shows acceptable levels of variability and dispersion, with numerical variabil-
ity being less than the experimental. The 90° orientation results show little variability
compared to the more significant variability in the 0° orientation. This could be due
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to the ODF selecting angles randomly within predefined 20° intervals.
To better understand the source of this variability, 10 additional RVEs are gener-

ated using a new orientation protocol. Instead of randomly selecting angles, a fixed
ODF with known angle values that best fit the mean experimental data is used. This
reduces uncontrolled parameters to only the random spatial position of the strands.
The results are presented in Figure 10b as stress-strain curves, showing significantly
reduced variability, especially for the 0° orientation results. These adjustments lead
to the understanding that variability is heavily influenced by the generation ODF.
This conclusion can be exploited in model development by taking into account ex-
perimental variability and adjusting the orientation protocol to match it.

5.2. Loading and unloading cycles at increasing strain levels

Cyclic loading-unloading tests were conducted at four increasing strain levels:
ε = 0.3%, ε = 0.6%, ε = 0.9%, and ε = 1.2%. Loading and unloading stages were
controlled with a strain rate of approximately ε̇ = 8 × 10−3 s−1. It should be noted
that strain cannot be perfectly regulated by the testing machine. Hence, the strain
rate is not perfectly uniform during the test but is generally close to the indicated
value. This strain rate was chosen to stay in accordance with the values used to
calibrate the constitutive model, namely, the characteristic times of Kelvin-Voigt
branches. During unloading cycles, the load was reduced until reaching a threshold
value close to F = 0 N (here F = 50 N) to prevent specimen compression. Figure 11a
shows the applied strain over time that was recorded by the extensometer for the
specimen cut along the 0° direction, while Figure 11b illustrates the stress response
highlighting the stress-controlled unloading steps.

Figure 12 shows the strain-stress responses for 0°, 45°, and 90° specimen orienta-
tions, illustrating the anisotropy observed in prior monotonic tests [38]. A significant
stiffness discrepancy between the 0° and 90° orientations is evident in Figure 12a,
consistent with monotonic tensile test results. The 0° specimens exhibit the high-
est stiffness, the 90° specimens the lowest, and the 45° specimens show intermediate
stiffness (Figures 12b and 12c). This anisotropy supports assumptions of preferential
fiber orientation induced by the recycling process, aligning with typical behavior in
short fiber composites where fibers predominantly align in a direction that maximizes
stiffness, while the transverse direction exhibits minimal stiffness [69].

Hysteresis loops, indicating energy dissipation during loading-unloading, are most
pronounced at 90°, indicating higher internal friction and energy loss. At 45°, hystere-
sis loops are less prominent, suggesting moderate energy dissipation. At 0°, hysteresis
loops are minimal, reflecting minimal energy loss and more elastic behavior.

The experimental loading paths were reproduced numerically on five RVEs, with
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(a)

(b)

Figure 10: Stress-strain curves for RVEs with (a) random and (b) fixed orientation distributions
compared to experimental data, showing significant improvement in variability with fixed orienta-
tion.
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(a) (b)

Figure 11: Strain recorded by the extensometer for a specimen cut along 0° direction and its
stress response upon loading unloading stages with increasing strain levels of ε = 0.3%, ε = 0.6%,
ε = 0.9%, and ε = 1.2%.

loadings at the four increasing strain levels: ε = 0.3%, ε = 0.6%, ε = 0.9%, and
ε = 1.2% and unloadings at zero stress. To remain consistent with the experimental
data, the exact loading paths of Figure 11 were applied to the model to ensure proper
strain rates. These RVEs were generated following the previously established ODF
(Figure 6), with orientation angles randomly set within predefined 20° intervals to
reproduce the experimental variability in the numerical results over multiple RVEs.

Simulation results are presented in Figure 13 in the form of stress-strain curves
for three material orientations (0°, 45°, and 90°) across five RVEs, compared against
experimental data (dashed lines). As expected, material response varies significantly
among orientations. The 0° orientation (Figure 13a) exhibits a more rigid response
compared to 45° (Figure 13c) and 90° (Figure 13e). For the 90° orientation, numerical
results closely match experimental findings with less variability across different RVEs
compared to the 0° and 45° orientations, where responses varied more among RVEs.
Simulations generally align closely with experiments across all orientations, despite
minor discrepancies mainly for the 0° and 45° orientations. These discrepancies are
acceptable for these materials, where the recycling process strongly influences the
subsequent microstructure, resulting in significant variability in experimental results.

The viscoelastic viscoplastic matrix model effectively captures hysteresis loops,
indicating energy dissipation in both matrix and strands, crucial for simulating stiff-
ness reduction from accumulated damage. Specifically, the 90° orientation shows
increased energy dissipation per cycle, with notable hysteresis loops in experiments.
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(a) (b)

(c)

Figure 12: Strain-stress curves for cyclic loading and unloading tests for various specimen orien-
tations, demonstrating anisotropy consistent with prior monotonic tests. (a) Discrepancy between
0° and 90° orientations, with 0° showing maximum stiffness and 90° showing minimal stiffness. (b)
and (c) Intermediate stiffness at 45°, illustrating a gradual transition between 0° and 90°.
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However, the model’s ability to replicate this higher dissipation is limited, partly
due to insufficient representation of viscous effects. Adding Kelvin-Voigt branches
with varying characteristic times could enhance the model’s ability to replicate these
effects. Moreover, the current model does not consider thermomechanical couplings,
which could incorporate temperature-dependent material property changes, poten-
tially improving overall accuracy.

After analyzing the material’s average macroscopic response, the local fields at the
microscopic level were evaluated (Figure 13). The analysis focused on the distribution
of damage, assessed through the micro-crack density, denoted as γc. The results
showed that the highest micro-crack densities occurred in the 0° loading direction,
followed by the 45° and 90° directions.

For the 0° and 90° loading directions, the highest micro-crack densities were
observed on strands with local orientations closer to 45°. Specifically, for the 0°
loading direction, the maximum damage occurred on a strand with a local material
orientation of -37.58°, as shown in Figure 13b. Similarly, for the 90° loading direction,
the highest damage was found on a strand with a local orientation of 39.49°, as shown
in Figure 13f. In contrast, for the 45° loading direction, the greatest damage was
recorded on a strand with a local orientation closer to 0° (0.022°), as depicted in
Figure 13d.

From a modeling perspective, although identifying the exact reasons for these
observations is challenging due to the interplay of multiple factors, one possible
explanation is that damage is primarily initiated by in-plane shear. This is because,
in this model configuration, the shear activation threshold (R12 = 20 MPa) is lower
than the tensile activation threshold (R22 = 40 MPa), as shown in Table 2.
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Figure 13: Comparison of numerical and experimental results for cyclic loading and unloading at
increasing strain levels for various specimen orientations: (a) 0°, (b) 45° and (c) 90°. Loading and
unloading stages were controlled with a strain rate of ε̇ = 8×10−3 s−1. Comparison of local damage
distribution assessed through micro-crack density γc for the three loading direction: (d) 0°, (e) 45°
and (f) 90°.
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5.3. Creep and strain recovery

Creep and strain recovery tests complement cyclic loading-unloading tests by eval-
uating long-term deformation and strain recovery behaviors of materials. These tests
provide insights into both viscoelastic and viscoplastic properties that load-unload
tests may not fully capture. The loading and unloading phases were conducted at
a strain rate of ε̇ = 2 × 10−3 s−1. During the creep stage, the material was sub-
jected to 50% of its ultimate stress (σult) with respect to each orientation. This
precaution was taken to prevent the specimen from breaking in the middle of the
test, particularly considering the significant variability in these values for the studied
recycled composite. In the recovery step, the load was reduced to 50 N to prevent
compression upon unloading, and this load was maintained for 5 minutes for both
the creep and recovery stages. The applied stresses with respect to time are plotted
in Figures 14a, 14b and 14c for the 0°, 45° and 90° orientations respectively.

The results of creep and strain recovery tests are presented in Figure 15 for the
three orientations. Due to the significant variability observed, an average curve is
plotted to illustrate the mean response. Stress-strain curves represent the overall
behavior of the tested specimens, while strain responses highlight the creep behavior
after load stabilization and strain recovery upon load removal. In the 0° orientation
(Figures 15a and 15b), significant variability is observed among specimens. In two
cases, noticeable creep behavior is observed, with strain gradually increasing under
a constant load, while the stiffest specimen exhibits less creep. Specimens with
greater creep have more open hysteresis loops. The 90° orientation (Figures 15e
and 15f) exhibits more pronounced creep response than the 0°, with significant strain
accumulation and wider hysteresis loops, suggesting greater energy dissipation. The
45° orientation (Figures 15c and 15d) shows consistent results for all specimens, with
creep behavior similar to the 90° orientation.
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(a) (b)

(c)

Figure 14: Applied stresses over time during creep and strain recovery tests for different material
orientations: (a) 0°, (b) 45°, and (c) 90°.
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(a) (b)

(c) (d)

(e) (f)

Figure 15: Creep recovery test results for various specimen orientations, illustrating variability and
mean behavior. (a) and (b) 0° orientation: noticeable creep in some specimens, less prominent in
the stiffest one. (c) and (d) 45° orientation: showing pronounced creep. (e) and (f) 90° orientation:
consistent results similar to 45°, significant strain accumulation and increased energy dissipation.
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After demonstrating the model’s ability to capture phenomena in cyclic loading
and unloading, including energy dissipation and permanent stiffness reduction, the
creep and strain recovery numerical response of the RTPC model is examined. Ex-
perimental loading paths in Figure 14 were reproduced numerically on the same five
RVEs. Simulations were stress-controlled by rapidly loading to 50% of the ultimate
stress (σult) for each orientation, maintaining the load for 5 minutes, then rapidly
unloading to near zero stress and holding for another 5 minutes. The focus is on how
strain accumulates under constant load, recovers at near zero stress, and how well
the modeling results match experimental findings.

Simulation results are presented as stress-strain curves in Figure 16, showing the
overall response for all RVEs across the three material orientations (0°, 45°, and
90°) and comparing them to experimental data (dashed lines) in the Figures 16a, 16c
and 16e. Strain evolution curves for the three orientations are also plotted to observe
strain accumulation during creep and its recovery after unloading (Figures 16b, 16d
and 16f). A mean response curve is plotted for numerical data, along with a 95% con-
fidence interval represented by a gray shaded area, to assess variability and compare
it across material orientations.

After further investigation of stress-strain curves, the results for the 0° orien-
tation show that the 5 RVEs fall within the experimental curves’ upper and lower
bounds. Expected variability is observed in the same magnitude for both monotonic
and cyclic loading and unloading cases, as detailed in Sections 5.1 and 5.2. For the
45° orientation, numerical results slightly overestimate the experimental response on
average, with less variability compared to the 0° orientation. Meanwhile, for the 90°
orientation, numerical results are very close to the experimental data, showing min-
imal variability across RVEs. Moreover, significant energy dissipation and stiffness
loss are observed in the experimental results for the 45° and 90° orientations, which
the numerical model does not perfectly capture.

Focusing on strain evolution curves, for the 0° orientations, simulation results
align with the main experimental trends, with the 95% confidence interval spectrum
of numerical results falling within the experimental data range. Strain accumu-
lation stabilizes similarly in simulation results after loading. In contrast, for the
45° orientation, numerical results show lower strain levels compared to experiments,
where significant strain accumulation is observed. In the case of the 90° orienta-
tion, numerical results generally match the experimental data range, though strain
accumulation was more pronounced in some specimens. Regarding strain recovery,
the model consistently shows higher recovery than observed experimentally across
all material orientations. As anticipated, variability in numerical results decreases
relative to material orientation, indicated by a narrower 95% confidence interval for
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45° compared to 0°, and even narrower for 90° compared to both.
Overall, considering the variability in mechanical response due to RTPC’s com-

plex microstructure and loading configurations, this study’s modeling efforts yield
satisfactory results. Attempts to reproduce experimental variability generally align
within acceptable ranges. However, the model struggles to capture significant en-
ergy dissipation during cyclic loadings and creep-recovery phases, especially for 45°
and 90° orientations, due to insufficient representation of viscous effects. Enhancing
the model with Kelvin-Voigt branches of varying characteristic times could address
these limitations. Additionally, the current model lacks consideration of thermome-
chanical couplings, which could incorporate temperature-dependent material prop-
erty changes and potentially enhance accuracy. Notably, the viscoelastic-viscoplastic
with ductile damage matrix model used for this work was calibrated based on vir-
gin polymer data. Conducting new experiments with polymer matrices subjected
to processing conditions similar to those in recycled composites could yield more
appropriate model parameters, thereby significantly improving results.
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(a) (b)

(c) (d)

(e) (f)

Figure 16: Stress-strain and strain evolution curves for various specimen orientations, comparing
simulation results to experimental data. (a), (c), (e) Stress-strain curves for 0°, 45°, and 90° orien-
tations: simulations fall within experimental bounds, with minimal variability. (b), (d), (f) Strain
evolution curves: simulations align with experimental trends, showing stabilized strain accumu-
lation and higher strain recovery. Variability decreases with orientation, indicated by narrower
confidence intervals.
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6. Conclusions and further work

This study presents a novel numerical and experimental investigation into the
inelastic nonlinear response of a mechanically recycled composite. The material un-
dergoes cyclic loading-unloading and creep-recovery tests to characterize its damping
properties, energy dissipation during hysteresis, and time-dependent behavior. Ex-
perimental results indicate anisotropy consistent with previous monotonic tensile
tests, likely due to preferential fiber orientation induced during the molding process.
Pronounced hysteresis loops are more apparent in specimens cut perpendicularly to
the production direction. Significant variability is observed in creep-recovery tests,
with some specimens exhibiting stiffer responses and others displaying strain accu-
mulation upon load stabilization and less strain recovery after load removal.

The nonlinear behavior is attributed mainly to the polymer matrix’s viscoelas-
tic and viscoplastic mechanisms. A viscoelastic viscoplastic with continuum dam-
age constitutive model is considered for the matrix to capture these effects, and an
anisotropic damage model is applied to the strands to account for micro-cracks under
loading. The proposed model effectively captures the monotonic loading response,
and multiple RVEs have been generated to study the effects of strand positions and
orientations. The generation process produces numerical variability less than the
experimental dispersion, suggesting variability is influenced by the generation ODF.

For cyclic loading-unloading tests, the model effectively captures the experimen-
tally observed anisotropy and the general trends of hysteresis loops induced by dis-
sipation and stiffness reduction from accumulated damage. For creep-recovery re-
sponses, the model’s results generally fall within the experimental data range, though
high levels of dissipation and stiffness loss in certain orientations are captured less
accurately, likely due to insufficient representation of viscous effects. Overall, consid-
ering the variability in mechanical response due to the recycled composite’s complex
microstructure and loading configurations, the study’s modeling efforts yield satisfac-
tory results, generally aligning within acceptable ranges of experimental variability.

Further research should focus on modeling the recycling process to complete the
process-microstructure-property linkage. This includes understanding the impact of
processing parameters on the resulting microstructure after recycling and using the
proposed model to predict the mechanical response. To accelerate the development
of recycled composites, the proposed nonlinear multiscale model could inform data-
driven approaches based on neural networks [70, 71, 72]. The authors have developed
similar modeling tools for woven composites, offering a solid thermodynamic foun-
dation that enhances prediction reliability and admissibility [73, 66]. This approach
could be integrated with commercial finite element codes for multi-level simulations of
structures. Applying this to recycled composites would involve defining appropriate
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Internal State Variables (ISVs) to capture the thermodynamical states of the strands
with respect to their orientations. Moreover, temperature and strain rate sensitivity
significantly affect the behavior of polymers, as shown in previous studies [74, 75, 76].
In future work, incorporating these effects within the proposed modeling framework
will further enhance the predictive capability of the material response, particularly
under varying environmental conditions.
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