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Abstract: The incorporation of natural fibers into composite materials has attracted growing interest
due to their low cost, regional availability, and reduced environmental impact. However, their adoption
in industrial applications remains limited by the absence of reliable predictive models linking
constituent properties with the laminate’s macroscopic behavior. In this context, this work developed
and validated a multiscale predictive model to estimate the tensile behavior of laminates reinforced
with fique fiber. The approach first evaluates classical micromechanical predictions (Chamis model)
against experimentally characterized ply properties, demonstrating that idealized analytical
formulations fail to capture the structural heterogeneity of twisted natural fibers. Consequently,
experimentally obtained ply data were used as direct inputs for classical laminate theory (CLT) and
finite element method (FEM) simulations to ensure accurate laminate-level predictions. The
predictions were experimentally validated according to ASTM D3039 in [0°/90°/0°], [90°/0°/90°],
and [90°/0°/45°] configurations. The results showed that the Chamis model systematically
underestimates longitudinal strength and overestimates transverse stiffness due to assumptions that do
not accurately represent natural fibers. In contrast, when both CLT and FEM were informed by the
experimental properties of the unidirectional ply, they achieved predictions consistent with the tests:
the combined coefficient of determination of 0.69 for CLT and 0.70 for FEM, with mean absolute
errors of 16.65 and 16.04 MPa, respectively.



411

Keywords: biocomposites; finite elements; fique; laminates; multiscale modeling

1. Introduction

Growing environmental pressure and the demand to reduce the adverse effects of synthetic
materials have driven the search for more sustainable composites [1]. In this scenario, natural plant
fibers emerge as viable alternatives not only due to their low cost, regional abundance, and
biodegradability but also because of their reduced carbon footprint and potential to replace synthetic
reinforcements in a wide range of applications [2].

However, despite growing interest, the industrial implementation of natural fibers in composite
materials remains limited. As noted by Mulenga et al. 3], this constraint is primarily due to the absence
of reliable predictive models capable of accurately predicting their mechanical behavior. The anisotropic
and heterogeneous nature of these fibers, coupled with the inherent complexity of laminates,
necessitates advanced approaches that integrate laminate theories and robust computational methods.
In the absence of such tools, material design relies heavily on costly experimental tests with limited
generalizability, hindering property optimization and restricting their adoption in diverse applications.

Among the most studied natural fibers are hemp, sisal, jute, and kenaf [4—6]. However, the search
for regional alternatives offering technical competitiveness and economic viability continues to
expand. In this framework, fique fiber (Furcraea spp.), native to Latin America, has attracted growing
interest due to its high holocellulose content and low lignin and pectin content, properties that enhance
adhesion to polymeric matrices and confer intrinsic mechanical strength [7]. These characteristics,
coupled with its abundance in countries like Colombia, where over 15,000 hectares are cultivated,
generating thousands of tons of fiber and by-products annually, establish fique as a strategic candidate
for biocomposite development, particularly in regions where its cultivation is widespread and
sustainable, in alignment with policies transitioning toward renewable materials [8].

The literature on fique-reinforced composites primarily focuses on experimental characterization,
without yet consolidating the development of multiscale predictive models. For instance, Laverde
Sarmiento et al. [9] conducted chemical and mechanical characterization of treated and untreated fique
fibers, evaluating stress-strain curves under tensile loading for their potential use as concrete
reinforcement. Similarly, Pabon Rojas et al. [10] investigated fique/epoxy biocomposites processed
via vacuum-assisted techniques, finding that fiber-matrix compatibility and vacuum level significantly
influence mechanical properties. In a complementary approach, Rua et al. [11] evaluated epoxy-fique
laminates using Charpy impact tests, three-point bending, and Split-Hopkinson dynamic tests. The
authors demonstrated that incorporating bidirectional fique layers notably increases energy absorption
and flexural strength, an effect attributed to mechanisms such as crack deflection and adequate
fiber-matrix adhesion.

Consistent with this trend, the review conducted by Goémez and Coérdoba [12] on fique
fiber-reinforced composites reveals that most studies focus on fiber treatments, matrix selection, and
manufacturing processes. In contrast, predictive approaches remain scarce and, when applied, are
limited to basic approximations. While some studies have employed simple analytical models and
finite element simulations to estimate global properties, they have not incorporated multiscale
strategies nor considered the inherent variability of natural fibers, thereby reaffirming the gap
identified in the literature.
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Regarding predictive models, studies in the literature remain limited. Barros et al. [13] developed
a finite element model to analyze the flexural behavior of fique composites, achieving differences
of less than 6.8% between numerical and experimental results for elastic constants, but without
integrating a micromechanical approach to explain behavior from the constituent level.
Gonzélez-Estrada et al. [14] applied homogenization models to woven fique composites, although
without adequately considering the inherent variability of natural fibers. Other studies, such as
Chaves et al. [15], modeled specific behaviors (fatigue) without establishing a connection to basic
mechanical properties, while Avila et al. [16] used the Johnson-Cook model for ballistic analysis with
parameters obtained mainly through empirical calibration and without multiscale validation.

Furthermore, Castro et al. [17] applied the finite element method to analyze a wind turbine blade
manufactured with fique composites, accounting for material anisotropy and proposing a structural
redesign. However, the study did not include experimental validation or predictive optimization
processes, limiting the scope of its results. In a complementary study, Gomez et al. [18] conducted a
comparative modal analysis of fique composites using finite element simulation and analytical
modeling; however, the material was assumed to be isotropic, limiting the representation of the
anisotropic behavior inherent to laminates reinforced with aligned fibers. Similarly, in a study on
school furniture manufacturing, Gémez et al. [19] employed finite element simulation for structural
design assessment, although again under the assumption of material isotropy.

In summary, the current literature on fique fiber-reinforced composite materials presents
significant limitations, such as the absence of multiscale approaches that coherently integrate the
micromechanical, ply, and structural levels; a strong reliance on empirical calibrations lacking a
rigorous theoretical basis; a scarcity of systematic studies on laminates with controlled reinforcement
orientations and volume fractions; and, consequently, limited predictive capability to estimate
mechanical properties based on the characteristics of the material constituents.

To address these specific deficiencies, continuum-based multiscale modeling emerges as a highly
promising strategy. By enabling the explicit linkage of the intrinsic properties of the constituents with
the macroscopic response of the laminate, this approach reduces the need for costly experimental tests
and enhances extrapolation capabilities in the rational design of composite materials [20,21].

While this continuum-based approach effectively resolves the immediate ply-level estimation
gaps for biocomposites, it is also essential to situate it within the broader, rapidly advancing modeling
landscape. In this wider context, the research field is increasingly integrating complementary
methodologies that span from atomistic insights to rate-sensitive structural responses. At the
nanoscale, molecular dynamics simulations have proven effective in elucidating interfacial bonding
mechanisms and energy dissipation pathways; for instance, Zhang et al. [22] demonstrated that
oriented graphene oxide coatings enhance damping capacity through interlayer slip, offering
microscopic criteria that can refine constitutive assumptions at higher scales. To bridge these atomistic
insights with continuum representations, hierarchical homogenization frameworks, such as the
sequential multiscale approach by Shu and Stanciulescu [23], rigorously incorporate interface
imperfections by coupling micromechanical formulations with mean-field methods, enabling efficient
upscaling to macroscopic effective properties. At the structural level, rate-dependent damage
formulations, such as the continuum framework proposed by Fedorenko et al. [24] for thin-ply CFRP
under impact, illustrate how dynamic failure can be captured without resorting to computationally
intensive cohesive zone models. Although these advanced methodologies exceed the quasi-static scope
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of the present study, acknowledging them helps contextualize the current modeling landscape and
outlines clear pathways for future research on interface-optimized or dynamically loaded biocomposites.

In this context, the present paper aims to develop and validate a hybrid multiscale predictive
model to estimate the tensile behavior of laminates reinforced with fique fiber. Rather than relying
solely on theoretical estimates, the proposed methodology first employs the Chamis micromechanical
model as a diagnostic baseline. This step serves to quantify the systematic deviations that arise when
standard continuum-based micromechanics are applied to highly anisotropic and twisted natural
reinforcements. By explicitly demonstrating these limitations, the study justifies its core approach:
utilizing experimentally characterized unidirectional ply properties as the reliable foundation for
structural upscaling. These empirical inputs are subsequently integrated into the classical laminate
theory (CLT) to estimate the global response of the laminate and further validated through finite
element method (FEM) simulations and experimental tests on representative configurations
([0°/90°/0°], [90°/0°/90°], and [90°/0°/45°]).

2. Materials and methods
2.1. Materials

Twisted fique yarn in its traditional commercial form, widely available in the Colombian market,
was used as reinforcement. This material consists of manually twisted fiber bundles. Unlike technically
braided or woven structures, this twisted architecture does not involve multi-axial interlacing. Instead,
it consists of fiber bundles helically twisted together, which allows for filament rearrangement under
load. Consequently, this configuration results in a lower apparent stiffness compared to the intrinsic
modulus of individual fique fibers. The average diameter of the twisted fique yarn was 1150.97 £ 8.63 um,
while the individual fibers exhibited a diameter of 213.38 £ 1.32 um, as determined by scanning
electron microscopy (SEM) performed on a Tescan MIRA3 system operated at 30 kV. Prior to analysis,
the samples were sputter-coated with a gold layer using a Cressington 108 Auto sputter coater to
enhance surface conductivity and improve image quality (Figure 1).
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Figure 1. Morphological characterization of fique fiber: (a) twisted fique yarn; (b) individual fiber.
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The matrix used was an ortho-phthalic unsaturated polyester resin, supplied by Tecnoquimicas
S.A.S. (Santander, Colombia). According to the technical data sheet, this system exhibits a viscosity
of 550 + 25 mPa-s and a density of 1.25 g/cm® at 25 °C, conditions that facilitate adequate fiber
impregnation. The solids content is 65%, with a gelation time of 18 + 2 min at room temperature. The
curing system was activated by the addition of methyl ethyl ketone peroxide (MEKP) as a curing agent
at 2 wt.% relative to the resin mass, in accordance with the manufacturer’s specifications.

2.2. Chemical treatment of fique fibers

To improve interfacial adhesion between the polymeric matrix and the fique fibers, an alkalization
treatment was applied. The procedure consisted of immersing the fibers in a 10% w/v aqueous sodium
hydroxide (NaOH) solution for 60 min at 23 £ 2 °C.

Subsequently, the fibers were neutralized through successive rinsing, first with distilled water and
then with a dilute 1% v/v acetic acid solution, until a neutral pH (7.0 + 0.2) was achieved, as verified
using a digital pH meter (Hanna Instruments, model HI98107).

Drying was performed in two stages: first under ambient conditions (23 + 2 °C and 50 = 11%
relative humidity (RH)) for 24 h, followed by drying in a forced convection oven (Binder, Model FD23)
at 60 = 1 °C for 8 h. This protocol allowed for the removal of residual moisture without inducing
thermal degradation.

2.3. Mechanical characterization of constituent materials

The mechanical properties of the polymeric matrix and the twisted fique yarn reinforcement were
evaluated using uniaxial tensile tests on an MTS C43.104 universal testing machine (10 kN capacity),
following the crosshead speeds, specimen geometries, and conditioning protocols established in the
corresponding standards.

The tensile properties of the polymeric matrix were evaluated in accordance with ASTM D638-22,
using Type I specimens fabricated by casting with a nominal thickness of 3.2 mm (Figure 2). Curing
was carried out in two stages: first, 24 h at 23 + 2 °C, followed by post-curing at 60 °C for 8 h in a
forced convection oven. The testing speed was 5 mm/min.

+ B 165 mm -
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Figure 2. Polyester resin specimen geometry according to ASTM D638-22.

In-plane shear properties were evaluated in accordance with ASTM D5379/D5379M-19, using
double V-notched specimens (Figure 3), cured under the same conditions as the tensile specimens. The
testing speed was 2 mm/min.
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Figure 3. Polyester specimen geometry according to ASTM D5379/D5379M-19.

The compressive properties of the matrix were determined in accordance with ASTM D695-23,
employing cylindrical specimens 12.7 mm in diameter and 25.4 mm in height, which were also cured
following the same protocol. The testing speed was 1.3 mm/min.

The mechanical characterization of the twisted fique yarn was performed using tensile tests
according to ASTM C1557-20. The samples, with a gauge length of 50 mm, were conditioned for 72 h
prior to testing under controlled conditions (23 + 2 °C and 50 + 11% RH) to stabilize their moisture
content and were tested at a speed of 0.48 mm/min.

Due to the experimental limitations inherent to natural fiber compression tests, caused primarily
by the premature buckling of fibers [25], the compressive strength of the fique fiber (o¢f) was not
measured directly. Instead, an empirical relationship employed for natural fibers was used, which states
that compressive strength typically ranges between 0.5 and 0.8 times the tensile strength (or¢) [26].
For the purposes of this study, the mean value of this range was adopted, as expressed in Eq 1:

Ocf = 0.650’Tf (1)

The fique fiber was modeled as an isotropic material as a first-order approximation, allowing the
shear modulus (G) to be calculated from the elastic modulus (E) and Poisson’s ratio (v) using the
classical relationship shown in Eq 2 [27].

_E
T 2(14v)

2)

Figure 4 shows the experimental setups employed for mechanical characterization of the matrix
and fique fiber reinforcement. For each mechanical test group—matrix tensile (ASTM D638-22),
matrix shear (ASTM D5379/D5379M-19), matrix compression (ASTM D695-23), and twisted fique
yarn tensile (ASTM C1557-20)—five specimens (n = 5) were tested in accordance with the minimum
replicate requirement established by the respective standards for reliable property estimation. Results
are reported as mean + standard deviation to convey the inherent data dispersion observed in natural
fiber systems.
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Figure 4. Experimental setups: (a) matrix tensile test; (b) twisted fique yarn tensile test;
(c) matrix compression test; (d) matrix shear test.

2.4. Micromechanical modeling of the unidirectional ply using the Chamis model

For the theoretical estimation of the mechanical properties of the unidirectional ply, the
micromechanical model proposed by Chamis has been widely employed in the analysis of
fiber-reinforced composites. This approach allows for the prediction of both elastic and strength
properties of the ply based on the characteristics of its constituents (matrix and reinforcement) and the
fiber volume fraction (Vg). The model assumes a uniform distribution of continuous, aligned fibers
with ideal interfacial bonding embedded within a homogeneous matrix [28,29].

In this study, the Chamis model is employed as an analytical reference to evaluate classical
micromechanical predictions.

The elastic properties of the unidirectional ply in the longitudinal (1) and transverse (2) directions
were calculated using the expressions provided in Eqs 3—6 based on the Chamis model [30].
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where E denotes elastic modulus, v is Poisson’s ratio, G represents the shear modulus, Vi fiber
volume fraction and the subscripts f and m correspond to the fiber and matrix phases, respectively.

It should be noted that, given the absence of experimental data on the transverse behavior of fique
fiber, the simplification of assuming that its transverse properties are equivalent to the longitudinal
ones was adopted. While this approximation is common in preliminary studies on natural fibers, it
does not adequately reflect their marked anisotropy. Despite this limitation, this idealization was
considered acceptable for the implementation of the Chamis micromechanical model, while explicitly
acknowledging that it may introduce significant errors, particularly in the prediction of the transverse
modulus of the unidirectional ply.

The strength properties of the unidirectional ply were estimated from the constituent materials
using empirical relationships defined by the Chamis model [31] as presented in Eqs 7—11.

Xt =Viors (7
Vo = orm |1 - (V- 1) (1-22)] (8)
Xc = Vs ocs )

Yo = ocm |1 = (V= Vo) (1 - 2)] (10)
S12 = Sm |1 = (VT = 17) (1-2)] (11)

where Xt and X denote the longitudinal tensile and compressive strengths, respectively; Yr and
Y. represent the transverse tensile and compressive strengths; and S;, is the in-plane shear strength
of the unidirectional ply. Additionally, o1, ocm, and Sy, represent the tensile, compressive, and
shear strengths of the polymer matrix, respectively.

2.5. Fabrication and experimental characterization of the unidirectional ply

The fabrication and experimental characterization of unidirectional plies were carried out to
obtain representative mechanical properties for direct use in CLT and FEM simulations, while
simultaneously contrasting these experimental values with Chamis model predictions to quantify
systematic deviations arising from idealized micromechanics applied to twisted natural reinforcements.
To this end, specimens were prepared with distinct fiber orientation configurations: 0° and 90° for
tensile testing, 0° and 90° for compression testing, and the specific geometry for in-plane shear
testing. These configurations enabled the independent evaluation of the longitudinal (Ey, vq,, X7),
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transverse (E,,Yr), and shear (S;,, G;,) mechanical properties, as well as the longitudinal and
transverse compressive behavior (X¢, Y¢).

The unidirectional plies were manufactured by hand lay-up. The fique fibers were arranged on a
flat mold previously treated with a release agent, ensuring alignment according to the required
orientation. Subsequently, the polyester resin was applied manually and evenly, using a metal roller to
ensure complete impregnation and minimize air bubbles. Curing was carried out in two stages: initially
at room temperature for 24 h, followed by post-curing in a forced convection oven at 60 °C for 8 h, to
maximize resin cross-linking and enhance the mechanical properties of the composite.

A fiber volume fraction of 5% was obtained, resulting from the constraints inherent to the hand
lay-up process combined with the twisted bundle architecture, which limits fiber compaction and
promotes resin-rich zones. Although this value falls below the critical threshold for effective
reinforcement, it was deliberately maintained to reflect realistic conditions achievable with this
manufacturing method and to establish a baseline for the multiscale model validation. This allows the
framework to be assessed under controlled, reproducible conditions before extension to higher volume
fraction systems. All plies exhibited an average thickness of 1.2 + 0.09 mm. The volume fraction (Vf)
was determined using Eq 12:

_ me/ps
Yt = Gatpor+ G/ ) (12)
where m¢ and m,, correspond to the fiber and matrix masses, respectively, and pf and pp
represent the fiber and matrix densities.
The matrix mass was obtained indirectly from the total mass of the composite (m.) and the fiber
mass, according to Eq 13.

my =Mme — My (13)

For tensile testing, specimens were fabricated with dimensions specified by the ASTM
D3039/D3039M-17 standard: 250 mm in length and 15 mm in width for the 0° orientation, and 175 mm
in length and 25 mm in width for the 90° orientation. Due to the manual hand lay-up fabrication and
the irregular geometry of the twisted fique bundles, minor dimensional variations and edge
irregularities were observed across the specimens. To ensure accurate stress calculations, the actual
width and thickness of each sample were measured at three distinct locations within the gauge length
using a digital caliper prior to testing. The average cross-sectional area was used for all mechanical
property determinations, effectively mitigating the influence of geometric non-uniformity on the
reported results. The fabricated specimens are shown in Figure 5.

Compression tests for both 0° and 90° fiber orientations were performed in accordance with
ASTM D695-23 using a lateral support fixture, employing the specimen geometry indicated in Figure 6.

AIMS Materials Science Volume 13, Issue 3, 410-443.
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Figure 5. Ply tensile specimens: (a) 0° specimens; (b) 90° specimens.
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Figure 6. Laminate specimen geometry according to ASTM D695-23 standard.

For the characterization of in-plane shear behavior, specimens were fabricated with the previously
mentioned double V-notch geometry, in accordance with ASTM D5379/D5379M-19.

Figure 7 shows the fabricated specimens for compression and shear characterization.

The mechanical characterization of the unidirectional plies was carried out on an MTS model
C43.104 universal testing machine under controlled environmental conditions (22.8 + 2.2 °C
and 50 = 11% RH). For each test configuration, five specimens (n = 5) were fabricated and tested:
tensile tests in the longitudinal (0°) and transverse (90°) directions were performed according to ASTM
D3039/D3039M-17; compression tests for both orientations followed ASTM D695-23; and in-plane
shear characterization was conducted in accordance with ASTM D5379/D5379M-19. Tensile and
shear tests were performed at a constant crosshead speed of 2 mm/min, while compression tests were
conducted at 1.3 mm/min. Results are reported as mean + standard deviation to reflect the inherent
variability associated with the hand lay-up fabrication process.

AIMS Materials Science Volume 13, Issue 3, 410-443.
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Figure 7. Ply specimens: (a) 0° specimens; (b) 90° specimens; (c) shear specimens.

2.6. Analytical modeling using CLT

The mechanical behavior of the laminates ([0°/90°/0°], [90°/0°/90°], and [90°/0°/45°]) was
analyzed using an analytical approach based on CLT [32]. This model requires the engineering
properties of the unidirectional ply as input, which were previously determined in preceding sections
using two approaches: first, through the predictions of the Chamis micromechanical model, and second,
from the experimental values obtained from the characterization of the fabricated unidirectional plies.

Based on the elastic properties (Ey,E,, V13, G12 ), the reduced stiffness matrix in local
coordinates (Q) was constructed for a unidirectional ply (Eq 14):

Q11 Q12 0
Q= \Qu Q22 0 ] (14)
0 0 Qe

where the components of this matrix are calculated using Eqs 15-18, respectively:

_ Ey
O = (15)
_ B
Q22 = e (16)
_ Vvi2E;
Qup = 2 (17
Q66 = G12 (18)

For each layer oriented at an angle 6, with respect to the laminate’s global coordinate system,
the matrix Q was transformed using the standard transformation matrix, yielding the transformed

reduced stiffness matrix, Q.
With the QU matrices of all layers and their respective thicknesses, the laminate’s stiffness
matrix, [ABD], was assembled. Its submatrices are calculated through integration across the thickness

according to Eqs 19-21:
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A= Z Q™ (zx — zi—1) (19)
k=1
B = %Z QW (2% — z%-1) (20)
k=1
1o -
=§Z Q(k)(Z3k—Z3k_1) (21)

&
[y

where z,, and z,_, represent the upper and lower coordinates of the k-th layer with respect to the
laminate’s mid-plane, and n is the total number of layers in the laminate.

Given that the present study focuses on the laminate response under in-plane loading, specifically
uniaxial tensile tests according to the ASTM D3039/D3039M-17 standard, bending and coupling
effects were neglected. Therefore, only the extensional stiffness submatrix A was used. The
relationship between the resultant mid-plane forces (N) and the mid-plane strains (£°), is expressed
according to Eq 22:

N = Ag” (22)

From this relationship, the effective longitudinal modulus of elasticity was determined for
each laminate configuration using both the properties predicted by the Chamis model and those
obtained experimentally.

To estimate the ultimate strength of the laminate, the Tsai-Hill failure criterion was applied
analytically, layer by layer. This criterion evaluates the interaction between normal and shear stresses
in the material’s principal directions and is expressed as shown in Eq 23:

P (5) -5 () + () @)
where X and Y are the tensile or compressive strengths, depending on the sign of the stress in the
longitudinal and transverse directions, respectively, and S is the in-plane shear strength. The terms
g,, 05, and t,, represent the applied normal stress in the longitudinal direction, the normal stress in
the transverse direction, and the in-plane shear stress, respectively.

Based on the mid-plane strains obtained via CLT, the local stresses in each layer were calculated
for a unit axial load. These stresses were scaled proportionally until the Tsai-Hill failure index reached
unity in the most critical layer. The maximum allowable nominal stress of the laminate (o,,,,) Was
determined according to Eq 24:

Pcritical
Omax = critica (24)
ttotal

where P_;.a 1S the axial load per unit width corresponding to the failure state and ¢, is the total
thickness of the laminate.
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2.7. Finite element simulation

Finite element modeling and analysis were performed using the SolidWorks Simulation module
of the SolidWorks Research 2024 software. A virtual specimen was generated with nominal
dimensions of 250 mm in length, 25 mm in width, and 3.6 mm in thickness, in accordance with the
ASTM D3039/D3039M-17 standard for tensile testing of laminated composite materials. From the
main face of the specimen (250 % 25 mm), a mid-surface equidistant at 0 mm was created, which was
used as the analysis geometry.

Within the static analysis environment, the shell element was configured as a composite type. The
laminate was defined as consisting of three layers, each 1.2 mm thick, and three stacking configurations
were modeled: [0°/90°/0°], [90°/0°/90°], and [90°/0°/45°]. The mechanical properties of each layer were
assigned using an orthotropic material model, with parameters obtained from both the Chamis
micromechanical model and experimental values.

To correctly assign the orthotropic properties, a local coordinate system was defined on the
specimen surface, aligned with its principal geometric axes. This system served as the global reference
for the entire laminate. Subsequently, each layer was defined with a specific angular orientation
relative to this system, allowing the material properties to be applied in the correct fiber direction.

The boundary conditions replicated those of the experimental tensile test: a fixed constraint was
applied to the bottom face of the specimen (the plane defined by the width and thickness), and a uniform
axial tensile load of 1000 N was applied to the opposite face in the longitudinal direction (x-axis).

The mesh was generated using the curvature-based method, with a global size of 1.58 mm, a
minimum size of 0.50 mm, 8 elements per arc length, and a mesh growth ratio of 1.4. This configuration
ensured adequate resolution in critical zones without compromising computational efficiency.

For the estimation of the effective modulus of elasticity, the global nominal stress of the laminate
was used, calculated as the applied load (F) divided by the total cross-sectional area (4), as expressed
in Eq 25:

F
Onom = 3 (25)

This value was divided by the average strain in the loading direction (g), obtained directly from
the simulation.

The ultimate strength of the laminate (oy,;;) was determined using the Tsai-Hill failure criterion
implemented in the software. From the simulation, the minimum factor of safety among all layers was
identified, corresponding to the critical layer. The ultimate strength was calculated by multiplying the
nominal stress by this minimum factor of safety (FSy,in), as expressed in Eq 26:

Oult = OnomFSmin (26)

In the present finite element model, the fiber—matrix interface is not explicitly discretized at the
microscale. Instead, each ply is treated as a homogenized orthotropic continuum using composite shell
elements, consistent with CLT. The mechanical interaction between fiber and matrix is implicitly
accounted for through the effective engineering constants assigned to each layer, which were obtained
either from the Chamis micromechanical model or direct experimental characterization. A perfect
bonding assumption is adopted at this scale, as explicit interfacial debonding or slip mechanisms are
not required for predicting the macroscopic tensile response. Global failure was evaluated using the
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Tsai-Hill criterion, which operates at the ply level and inherently integrates interfacial load-transfer

effects through the calibrated strength parameters

2.8. Fabrication and experimental validation of laminates

For experimental validation, composite laminate specimens were fabricated using the hand lay-up
process, adhering to the nominal dimensions defined in the numerical and analytical models. The fique
fiber layers were arranged sequentially in a unidirectional configuration, following the specified
orientations: [0°/90°/0°], [90°/0°/90°], and [90°/0°/45°]. The [90°/0°/45°] configuration, while
unconventional from a purely structural standpoint, was deliberately included to introduce in-plane
shear stress components under uniaxial loading. This allows the experimental and numerical evaluation
of failure mechanisms dominated by shear, specifically the activation of the Tsai-Hill criterion in
the 45° oriented ply, which would not be observable in symmetric or purely orthogonal configurations.
This configuration thus serves as a diagnostic tool to assess the model’s predictive capability under
combined stress states.

Subsequently, polyester resin was manually infiltrated onto the arranged fiber assembly, ensuring
adequate wetting without significantly altering the pre-established geometry. This approach allowed
for a high degree of control over fiber orientation and continuity.

The curing process was performed in the same manner as for the unidirectional plies. For each
laminate configuration ([0/90/0], [90/0/90], and [90/0/45]) five specimens (n = 5) were fabricated and
tested under uniaxial tension according to ASTM D3039/D3039M-17 to obtain statistically representative
results. The mechanical characterization of the laminates was conducted via tensile tests on an MTS
model C43.104 universal testing machine under controlled environmental conditions (22.8 + 2.2 °C
and 50 + 11% RH), using a constant crosshead speed of 2 mm/min. Results are reported as

mean =+ standard deviation to reflect the inherent data dispersion associated with the hand lay-up
fabrication process and natural fiber variability. The fabricated specimens are shown in Figure 8.
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Figure 8. Fabricated laminate specimens: (a) [0°%/90°/0°]; (b) [90°/0°/90°]; (c) [90°/0°/45°].
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2.9. Statistical analysis

To quantitatively evaluate the predictive capability of the proposed multiscale model, a systematic
comparison was performed between the experimental results obtained from tensile tests on laminates
and the predictions generated by CLT and FEM simulation.

For this purpose, five complementary statistical indicators were employed: relative percentage
error (RPE), mean absolute error (MAE), root mean square error (RMSE), mean absolute percentage
error (MAPE), and the coefficient of determination (R?).

The RPE was used to analyze the performance of each specific laminate configuration, allowing
the identification of whether the prediction underestimates or overestimates the experimental value. It
was calculated as expressed in Eq 27:

red_,,ex
RPE (%) = % x 100% 27)

where yPred is the average experimental value and y®*P is the value estimated by the models.

The MAE and RMSE offer robust measures of the average absolute error, with RMSE being more
sensitive to large errors due to its quadratic nature. Meanwhile, MAPE allows expressing the average
relative error as a percentage, facilitating the comparison between variables with different magnitudes.
These indicators were obtained using Eqs 28-30:

1 d
MAE = =" |y, — yPred] (8)
i=1
1 n
RMSE = |~ (et — y,pred)2 (29)
i=1
n
1 yiexp _ yipred
MAPE (%) = Ez yie—"p X 100% (30)

i=1
where i represents each individual observation and n is the number of observations.

These indicators were calculated both separately for the modulus of elasticity and ultimate
strength, and in a combined manner, considering both variables jointly in a single output vector.
This approach allows for the evaluation of the general performance of the multiscale model, while
the variable-specific analysis facilitates the identification of specific deficiencies in stiffness or
strength prediction.

The R? was used to evaluate how well the predicted values reproduce the trend of the experimental
data using Eq 31:

2
IR eoyred)

RZ=1
Liz, (i S*P—yexP)2

(31

where y®*P is the mean of the experimental results. An R? value close to 1 indicates a high correlation
between predictions and experiments, reinforcing the model’s validity. Conversely, negative R? values
indicate that the predictive model fits worse than simply using the mean of the experimental data as
an estimate.
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This indicator was evaluated at both the individual variable level and a global scope. However,
for the global calculation, the arithmetic mean of the individual coefficients was chosen to avoid biases
derived from magnitude differences between variables. This provides a comprehensive and balanced
view of the model’s predictive capability across all levels of analysis.

3. Results and discussion
3.1. Constituent properties

Following the 10% NaOH alkalization treatment, the diameter of the twisted fique yarn was
reduced to 953.21 £ 57.73 pm, corresponding to a 17.2% decrease relative to the initial value.
Concurrently, the average diameter of the individual fibers was 153.87 £ 1.45 pum, representing a 27.9%
reduction. This decrease is attributed to the partial removal of hemicellulose, lignin, and pectin, which
increased surface roughness and porosity, thereby promoting improved interfacial adhesion with the
polymeric matrix [33] (Figure 9).

(b)

SEM HV: 30.0 kV. WD: 16.43 mm

View field: 277 um

SEMMAG00x |

Figure 9. Morphology of alkalized fique: (a) twisted fique yarn; (b) individual fiber.

Tensile tests performed on twisted fique yarns exhibited a predominantly linear-elastic behavior
up to failure, followed by a stepped rupture with distinct stress-strain curve fluctuations (Figure 10).

The tensile evaluation of the fique yarns yielded an average maximum stress of 70.06 = 16.86 MPa
and an elastic modulus of 1219.10 = 321.20 MPa across five independent replicates tested under
identical conditions. The characteristic stepped fluctuations observed in the stress—strain curves are
attributable to the progressive fracture of the constituent bundles; as the helically twisted architecture
rearranges under uniaxial loading, continuous load redistribution triggers localized, sequential filament
failures prior to ultimate rupture. While the observed data dispersion is inherent to natural twisted
reinforcements, stemming from coupled factors, such as biological heterogeneity (e.g., variations in
cellulose content, microfibril angle, and intrinsic defects), the non-uniform load sharing induced by
the helical geometry, and minor fabrication fluctuations (fiber alignment, resin distribution, and void
content), the consistency of macroscopic trends was preserved through strict environmental
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conditioning (72 h at 23 = 2 °C and 50 = 11% RH) and statistical averaging. Consequently, all
stress—strain curves were retained for analysis, as the non-monotonic segments reflect physically
meaningful failure mechanisms rather than experimental artifacts. From this representative dataset, an
average Poisson’s ratio of 0.38 was determined, which subsequently served as the basis for deriving
the shear modulus (441.70 MPa) and compressive strength (45.54 MPa) using established empirical
relationships for natural fiber systems. It should be emphasized that the reported elastic modulus
corresponds to the structural stiffness of the twisted yarn assembly, not the intrinsic modulus of
individual fique fibers (typically 8-9 GPa [12]); this reduced apparent stiffness arises directly from the
twisted architecture, which accommodates initial deformation via filament rearrangement before
engaging the full tensile load-bearing capacity of the material.
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Figure 10. Stress-strain curves obtained from tensile tests for twisted fique yarn.

The polyester matrix exhibited ductile behavior with a moderate modulus of elasticity,
characteristic of the specific formulation employed, which favors deformation prior to brittle fracture.
The average mechanical properties were as follows: modulus of elasticity of 617.50 + 91.20 MPa,
tensile strength of 39.50 + 5.39 MPa, and Poisson’s ratio of 0.35 (Figure 11).
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Figure 11. Stress-strain curves obtained from tensile tests for polyester.
The shear stress-strain curves presented in Figure 12 characterize the mechanical behavior of the

polymeric matrix under shear loading. The average mechanical parameters obtained for the set of samples
were a maximum shear stress of 10.03 & 1.81 MPa and an average shear modulus of 209.30 + 18.20 MPa.
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Figure 12. Shear stress-strain curves of the polymeric matrix.
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Figure 13 shows the compressive stress-strain curves of the polymeric matrix. The average
compressive strength was 43.10 + 9.60 MPa, and the compressive modulus of elasticity was 1168.40
+ 187.50 MPa.
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Figure 13. Compressive stress-strain curves for the polymeric matrix.
3.2. Assessment of Chamis model predictions for the unidirectional ply

Based on the constituent mechanical properties and assuming a fiber volume fraction of 5%, the
Chamis micromechanical model predicted the following properties for the unidirectional ply:
longitudinal (E1 = 647.60 MPa) and transverse (E> = 694.10 MPa) elastic moduli, Poisson’s
ratio (vi2 = 0.35), in-plane shear modulus (Gi2 = 237.20 MPa), longitudinal (X; = 3.50 MPa) and
transverse (Y. = 36.12 MPa) tensile strengths, shear strength (Si2 = 9.11 MPa) and longitudinal
(Xc =2.28 MPa) and transverse (Yc = 39.41 MPa) compressive strengths.

Experimental tensile tests on unidirectional plies with fibers oriented at 0° reported an average
modulus of elasticity of 464.10 + 77.30 MPa (coefficient of variation, CV = 16.7%), a tensile strength
of 27.71 + 3.70 MPa (CV = 13.4%), and a Poisson’s ratio of 0.37 (Figure 14). The data dispersion
observed in these results is a direct consequence of the intrinsic variability and structural fluctuations
of the twisted fique yarn previously discussed. All stress-strain curves were retained for analysis, as
non-monotonic segments corresponded to physically meaningful mechanisms, such as progressive
bundle fracture and interfacial debonding, rather than experimental anomalies.

A comparison with the pure polyester matrix reveals a reduction in mechanical properties. This
behavior is attributed to the low volume fraction employed. In this regime, rather than acting as the
primary load-bearing element, the twisted fiber bundles introduce structural discontinuities that serve
as stress concentrators within the continuous matrix [34,35].
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Figure 14. Tensile response of the unidirectional ply with fibers oriented at 0°
(longitudinal direction).

Despite the reduction in properties relative to the pure matrix, the results obtained are comparable
to those reported by Rodriguez et al. [36] for polyester composites reinforced with untreated fique,
where, with a fiber mass fraction of 14.9%, a tensile strength of 18.3 MPa was achieved. It is important
to highlight that, in that study, the fique fibers were not subjected to alkalization treatment or surface
modification, which likely limited their adhesion to the matrix and, consequently, their efficiency as
reinforcement. In contrast, the value of 27.71 MPa obtained in this work suggests that, even in a
subcritical fiber fraction regime, the alkaline treatment applied to the twisted fique yarn significantly
improved the fiber-matrix interface, partially mitigating the negative effects associated with the
discontinuous geometry of the reinforcement.

The plies with fibers oriented at 90°, where the load is primarily supported by the matrix,
exhibited a modulus of 258.80 + 32.4 MPa and a strength of 12.92 + 3.17 MPa (Figure 15).

The results obtained confirm the anisotropic behavior of the ply material. The 0° configuration
exhibits significantly higher strength compared to the 90° orientation. This difference is explained by
the fact that, under transverse loading (90°), strength depends exclusively on interfacial adhesion and
matrix strength, with the fibers acting as discontinuities that facilitate crack propagation; whereas, in
the longitudinal direction (0°), the matrix retains its structural continuity to support the axial load,
despite operating in a subcritical fiber fraction regime [37].
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Figure 15. Tensile response of the unidirectional ply with fibers oriented at 90° (transverse
direction).

The specimens subjected to shear loading exhibited an average maximum stress of 9.18 = 0.61 MPa
and an average shear modulus of 237.60 + 17.9 MPa (Figure 16).
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Figure 16. In-plane shear response of the unidirectional ply.
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Compressive tests on unidirectional plies with fibers oriented at 0° reported an average modulus
of elasticity of 1606.6 = 481.7 MPa and a compressive strength of 50.0 + 5.2 MPa (Figure 17).
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Figure 17. Compressive response of the unidirectional ply with fibers oriented at 0°.

Meanwhile, compressive tests on unidirectional plies with fibers oriented at 90° reported an
average modulus of elasticity of 1423.0 = 104.9 MPa and a compressive strength of 42.7 + 8.4 MPa

(Figure 18).
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Figure 18. Compressive response of the unidirectional ply with fibers oriented at 90°.

AIMS Materials Science

Volume 13, Issue 3, 410-443.



432

The quantitative comparison between the model predictions and the experimental results is
summarized in Table 1, which includes the RPE for each property.

Table 1. Comparison between properties predicted by the Chamis model and experimental
values for the unidirectional ply.

Property Chamis (theoretical) Experimental RPE (%)
E; (MPa) 647.60 464.10 39.54
E> (MPa) 694.10 258.80 168.20
G 237.20 237.60 —0.17
Vi2 0.35 0.37 —4.86
Xt (MPa) 3.50 27.71 —87.37
Yr (MPa) 36.12 12.92 179.57
Xc (MPa) 2.28 50.00 —95.44
Yc (MPa) 39.41 42.66 -7.63
S12 (MPa) 9.11 9.18 —0.76

The Chamis micromechanical model exhibited significant limitations in predicting the properties
of the unidirectional ply reinforced with twisted fique yarn. Of note is a marked overestimation of
stiffness, especially in the transverse direction, where the theoretical value exceeds the experimental
result by 168%. This discrepancy stems from the model’s inability to differentiate between the intrinsic
stiffness of the individual fiber and the effective stiffness of the twisted reinforcement. By assuming
cylindrical, continuous, and perfectly aligned fibers, the approach presumes an ideal load transfer that
the helical and discontinuous architecture of the actual fique cannot support [29].

Regarding strength, the deficiencies are even more pronounced. The prediction drastically
underestimates the longitudinal tensile and compressive strengths relative to the experimental data,
while significantly overestimating the transverse tensile strength. These extremes reflect that the
Chamis equations do not capture the complex damage mechanisms inherent in natural reinforcements,
such as inter-bundle delamination, fiber-matrix debonding, and stress concentrations at the fiber twist
angles. Although the original Chamis model was conceived as a semi-empirical formulation, its
extension to strength prediction has shown significant deviations when compared to finite element-based
simulations or experimental tests [31].

Nevertheless, the model exhibits remarkable accuracy in estimating properties governed
primarily by shear response and global volume fraction. Both shear modulus and shear strength present
errors below 1%, and Poisson’s ratio falls within acceptable margins. This result suggests that, for
properties less sensitive to local fiber geometry and more dependent on the global phase proportion,
the Chamis approach retains limited but significant predictive utility. This behavior is consistent with
previous findings; as Habbar et al. [30] observed that the Chamis model predicts the shear modulus in
reinforced materials with high fidelity, even in cases where it clearly underestimates or overestimates
the transverse elastic modulus.

The major deviations are explained by the model’s structural idealizations. The absence of
experimental data on the transverse behavior of the fique fiber necessitated the assumption of isotropy
in its properties, a simplification incompatible with the intrinsic anisotropy of vegetable fibers. Added
to this approximation are further assumptions: continuity, uniform circular cross-section, and
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rectilinear alignment, all of which contrast with the irregular, heterogeneous, and bundled morphology
of twisted fique yarn.

The systematic discrepancies observed underscore the limitations of continuum-based
micromechanical formulations when applied to twisted natural reinforcements, whose structural
heterogeneity and load-redistribution mechanisms diverge from idealized continuous and aligned fiber
assumptions. Consequently, the analytical and numerical predictions developed in this study were
based directly on the experimentally characterized ply properties. By employing these empirical values
as inputs for CLT and FEM simulations, the propagation of biases inherent to idealized
micromechanical homogenization was avoided, ensuring that laminate-level estimates accurately
reflect the actual structural response of the composite.

Given these observations, the applicable boundary of the Chamis micromechanical model for
natural fiber-reinforced composites is largely confined to predicting properties dominated by global
phase proportions and shear response, where it maintains high accuracy. The model becomes
fundamentally inadequate for transverse stiffness and longitudinal strength, as its foundational
assumptions (continuous, perfectly aligned, and cylindrical fibers) fail to capture the inter-bundle
delamination, fiber-matrix debonding, and stress concentrations inherent to the twisted architecture of
natural fique. To overcome these limitations, more precise analytical frameworks that account for fiber
aspect ratios and non-ideal geometries (e.g., modified Mori-Tanaka and empirical Halpin-Tsai
formulations [38]) should be considered. Ultimately, replacing idealized analytical equations with
micro-scale representative volume elements (RVEs) [39] that explicitly resolve the twisted bundle
morphology and incorporate cohesive zone formulations for interfacial damage represents the most
robust pathway for future modeling.

3.3. Results on laminates
3.3.1. Experimental behavior

The average mechanical response obtained from the tensile tests performed on the fique
fiber-reinforced laminates is presented in Figures 19 and 20, which illustrate the ultimate tensile
strength and the modulus of elasticity, respectively. For each laminate configuration ([0°/90°/0°],
[90°/0°/90°], and [90°/0°/45°]), five specimens (n = 5) were tested, and results are reported as
mean + standard deviation, as indicated by the error bars in both figures. The noticeable data dispersion
observed at the laminate level confirms that the inherent biological variability and structural
heterogeneity of the twisted fique yarn propagate from the micromechanical scale to the macroscopic
composite response. This scatter originates from the combined effects of fiber-level heterogeneity, the
helical bundle architecture that promotes uneven load redistribution, and minor fabrication-induced
fluctuations in fiber alignment and resin distribution. Despite this inherent variability, the repeatability
of macroscopic trends was preserved through strict environmental conditioning and a consistent hand
lay-up protocol. Consequently, all stress—strain curves were retained for analysis, as the non-monotonic
segments reflect physically meaningful failure mechanisms rather than experimental artifacts.
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Figure 19. Experimental tensile strength of laminates.
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Figure 20. Experimental modulus of elasticity of laminates.

Regarding mechanical strength, the absolute values obtained demonstrate that the [0°/90°/0°]
configuration exhibited superior performance, reaching an average maximum stress of 19.40+ 3.19 MPa.
This was followed by the [90°/0°/90°] arrangement with 17.70 £ 1.51 MPa, and finally the [90°/0°/45°]
laminate with 14.74 £ 0.65 MPa. This variation demonstrates the strong dependence of mechanical
properties on laminate architecture. The superiority of the [0°/90°/0°] arrangement is attributed to the
fact that two of its three layers are aligned with the loading direction (0°), maximizing the efficiency
of fiber-matrix stress transfer. In contrast, for the [90°/0°/90°] laminate, the response is dominated by
the transverse layers, whose strength relies primarily on the polymeric matrix and the interface,
resulting in significantly lower values.

Additionally, the [90°/0°/45°] configuration exhibited the lowest tensile strength, primarily
attributable to the shear stresses induced in the 45°-oriented layer. Under axial loading, this orientation
generates significant shear stress components, compromising the laminate’s structural efficiency and
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promoting the onset of premature interlaminar failure mechanisms, such as interlayer sliding. This
behavior is widely recognized in the literature on composite materials. For instance, Ramam and
Padal [40] reported that in composites reinforced with natural flax, hemp, and kenaf fibers, tensile
strength in the 45° orientation decreased by 9% to 13% compared to the optimal 0° orientation,
accompanied by drastically reduced elongation at break—a clear indication of premature brittle failure.

Regarding stiffness (modulus of elasticity), a similar trend was observed, although with a reversal
in the order between the [90°/0°/90°] and [90°/0°/45°] configurations. The [0°/90°/0°] laminate recorded
the highest stiffness (421.68 + 126.82 MPa), followed by the [90°/0°/45°] (415.20 + 57.60 MPa), and
finally the [90°/0°/90°] (287.10 + 48.20 MPa). These results confirm that the presence of longitudinally
oriented fibers is crucial for restricting axial deformation, as also observed by Hossain et al. [41], in
carbon fiber composites, where the modulus of elasticity reached its maximum at 0° and dropped to
minimum values at 90°.

The notable difference in stiffness between [90°/0°/90°] and [90°/0°/45°] suggests that, although
both configurations have only one layer in the loading direction, the 45° orientation introduces normal
stress components that contribute to a higher global stiffness compared to purely transverse layers.
This phenomenon is explained by laminate theory: 45° layers possess coupled stiffness terms that,
while not maximizing axial stiffness, do enhance the global response to complex deformations [42].
In contrast, configurations with 90° layers lack this contribution, being limited by the low stiffness of
the matrix.

Despite a low fiber volume fraction, the stacking architecture proved to be the governing factor
in the design, where the symmetric [0°/90°/0°] configuration offers the optimal balance for axial
loading applications, combining maximum strength and stiffness.

Regarding macroscopic failure modes, the laminates exhibited progressive rather than
catastrophic fracture. Initial damage manifested as transverse matrix cracking, consistent with the
non-linear deviations and stepped fluctuations observed in the stress—strain curves. As loading
progressed, this evolved into localized fiber—matrix debonding and inter-bundle separation, driven by
the twisted architecture of the fique yarns. Ultimate failure was characterized by fiber pull-out and
rupture of the longitudinally aligned (0°) bundles. In configurations containing 45° and 90° plies, edge
delamination and matrix-dominated shear fractures were visually evident, corroborating the stress-
state predictions from laminate theory.

3.3.2. Analytical prediction via CLT

The predictive capability of CLT to characterize the mechanical behavior of fique fiber-reinforced
laminates critically depends on the quality of the input properties used to describe the unidirectional
ply [43]. When incorporating the theoretical elastic constants derived from the Chamis model, a
marked discrepancy was observed between the predictions and the experimental results. Specifically,
the theoretical approach underestimated tensile strength by approximately 81% and overestimated
elastic stiffness by over 130%. These deviations reflect the inadequacy of the Chamis model’s
hypotheses of transverse isotropy and perfect geometry in capturing the inherent heterogeneity of
natural fibers. Given that CLT directly propagates errors from the micromechanical level to the
laminate analysis, such inaccuracies severely compromise its predictive utility when based on idealized
parameters [44].
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In contrast, the hybrid strategy employing the mechanical properties obtained experimentally for
the unidirectional ply achieved high convergence with the empirical data, drastically reducing the RPE.
By utilizing these experimentally characterized properties as model inputs, the multiscale framework
inherently accounts for the large data dispersion characteristic of natural fibers, effectively propagating
the real physical scatter that idealized micromechanical equations fail to capture. This improvement is
clearly evidenced in Table 2, where the RPE values for modulus and strength fall below £10% for all
evaluated laminate configurations. These results confirm that, while CLT is sensitive to input
properties, it can constitute a reliable tool for biocomposite design, provided it is supported by a
representative experimental characterization that captures the material’s inherent variability.

Table 2. Properties predicted via CLT using Chamis and experimental properties.

Configuration Approach Modulus (MPa) Strength (MPa) P critical RPE (%) RPE (%)
(N/mm) modulus strength
[0°/90°/0°] CLT-Chamis 663.2 3.58 12.896 57.28 —81.55
[0°/90°/0°] CLT-Experimental 398.0 20.41 73.485 -5.62 5.21
[90°/0°/90°]  CLT-Chamis 678.7 3.66 13.178 136.40 —79.32
[90°/0°/90°]  CLT-Experimental 329.2 16.61 59.778 14.66 —6.16
[90°/0°/45°]  CLT-Chamis 665.0 3.59 12.911 60.18 —-75.64
[90°/0°/45°]  CLT-Experimental 384.4 13.52 48.663 -7.42 —8.28

Statistical validation reinforces this analysis (Table 3). The use of theoretical properties leads to
a global MAPE of 81.73% and a negative coefficient of determination (-36.60), demonstrating the
invalidity of idealized micromechanical assumptions in the context of natural fibers. In contrast, when
employing experimental properties, the global MAPE decreases to 7.89% with a MAE of 16.65, and
the R? rises to 0.69, demonstrating a notable improvement in the model’s predictive capability.

Table 3. Statistical performance indicators of the CLT model.

Input approach Evaluated variable MAE (MPa) RMSE (MPa) MAPE (%) R?

Chamis properties Modulus of elasticity 294.32 302.27 84.62 -22.8
Ultimate strength 13.67 13.80 78.84 -50.40
Global (combined) 154 213.96 81.73 -36.60

Experimental properties ~ Modulus of elasticity 32.19 33.07 9.23 0.72
Ultimate strength 1.11 1.11 6.55 0.67
Global (combined) 16.65 23.40 7.89 0.69

3.3.3. Finite element simulations

The simulations performed using the FEM in SolidWorks Simulation showed that, like the
analytical approach based on CLT, the predictive capability of the multiscale model is strongly
conditioned by the quality of the constitutive properties used as input. When the properties estimated
by the Chamis micromechanical model were employed, the FEM systematically reproduced the same
errors observed in the CLT. An overestimation of the modulus of elasticity and a marked
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underestimation of ultimate strength was observed, as detailed in Table 4. This consistency between
both approaches reinforces the idea that the main limitation stems not from the analysis methodology,
but from the low representativeness of the idealized properties of the Chamis model when applied to
natural fibers with high structural heterogeneity.

Table 4. Properties predicted via FEM using Chamis and experimental properties.

Configuration Approach Strain FSuin Modulus Strength RPE (%) RPE (%)
(mm/mm) (MPa) (MPa) modulus strength
[0°/90°/0°] FEM-Chamis 0.01675 0.3224 663.3 3.58 57.30 —81.53
[0°/90°/0°] FEM-Experimental ~ 0.02792 1.84 398.0 20.44 -5.62 5.36
[90°/0°/90°]  FEM-Chamis 0.01637 0.3294 678.7 3.66 136.4 —79.32
[90°/0°/90°]  FEM-Experimental ~ 0.03375 1.497 329.2 16.633 14.66 —6.03
[90°/0°/45°]  FEM-Chamis 0.01692 0.3186 656.7 3.54 58.16 —75.98
[90°/0°/45°]  FEM-Experimental ~ 0.02512 1.215 4423 13.5 6.53 -8.41

In contrast, when using the experimental properties obtained directly from the unidirectional fique
fiber ply as input, the numerical model successfully reproduced both the stiffness and strength of the
tested laminates with a good approximation. Furthermore, it adequately captured the relative trend
among the different angular configurations, which supports the utility of FEM for comparing laminar
architectures under axial loading.

Another advantage of the finite element analysis was its ability to visually identify the critical
layer based on safety factors. As observed in Figure 21, in the configurations fed with experimental
data for [0°/90°/0°] and [90°/0°/90°], the layers oriented at 90° showed the lowest safety factors, while
in the [90°/0°/45°] configuration, the 45° layer proved to be the most vulnerable. This capability
to localize risk zones within the laminate underscores the utility of FEM as a detailed structural
diagnostic tool.

This layer-by-layer safety factor evaluation effectively serves as a first-ply failure (FPF) mode
analysis. The Tsai-Hill criterion indicates that failure initiation is strongly mode-dependent: in the
[0°/90°/0°] and [90°/0°/90°] laminates, the critical failure mode is transverse matrix cracking in the 90°
plies, governed by normal stresses perpendicular to the fiber direction. Conversely, the [90°/0°/45°]
configuration exhibits a shear-driven failure mode in the 45° ply. This numerical FPF prediction aligns
closely with the progressive damage sequence observed experimentally, where matrix cracking and
shear-induced sliding preceded ultimate fiber rupture. While the present macroscopic model does not
simulate post-initiation damage propagation, the FPF analysis successfully identifies the governing
failure mechanism for each architecture.

AIMS Materials Science Volume 13, Issue 3, 410-443.



438

(b)

1.643
1562

L 1.481
| 1.400
1319
1238
1156

- 1075
- 0.994

l 0913
0.832

1.989
I 1.888
- 1.788
| 1688

1.587
1.487
1.387

- 1.286
- 1.186

Figure 21. Critical layer and safety factor with experimental data: (a) [0°/90°0°]; (b)
[90°/0°/90°T; (c) [90°/0°/45°].

From a statistical perspective, the performance indicators presented in Table 5 show a significant
improvement when experimental properties are employed. The global MAPE decreases from 81.45%
to 7.77%, while the MAE is reduced from 152.6 to 16.04 MPa. The global coefficient of determination
reaches a value of 0.70, indicating a strong correlation between the numerical predictions and the
experimental data.

Table 5. Statistical performance indicators of the FEM.

Input approach Evaluated variable MAE (MPa) RMSE (MPa) MAPE (%) R?

Chamis properties Modulus of elasticity 291.57 300.03 83.95 -22.4
Ultimate strength 13.68 13.82 78.95 -50.50
Global (combined) 152.6 212.34 81.45 -36.47

Experimental properties Modulus of elasticity 30.97 31.98 8.94 0.73
Ultimate strength 1.12 1.12 6.60 0.66
Global (combined) 16.04 22.63 7.77 0.70

These results show that finite element modeling, when based on a rigorous experimental
characterization, constitutes a solid predictive tool for laminar biocomposites. Likewise, it offers
additional advantages over the analytical approach, such as the possibility of visualizing local stress,
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strain, and safety factor fields, which enriches the analysis of structural behavior and facilitates the
interpretation of failure mechanisms [45].

4. Conclusions

This study demonstrates that while idealized micromechanical models like Chamis serve as useful
diagnostic baselines to highlight the limitations of continuum assumptions for natural fibers, their
direct application leads to significant prediction errors. The proposed hybrid framework overcomes
this by integrating experimentally characterized ply properties into CLT and FEM, yielding accurate
tensile predictions (combined R? = 0.70, MAE =~ 16 MPa), correctly capturing architecture-dependent
failure modes, and identifying the [0°/90°/0°] configuration as the most structurally efficient under
axial loading.

Despite its predictive success, this study presents certain limitations. Primarily, the composite
laminates were restricted to a low fiber volume fraction (5%) due to the constraints of the hand lay-up
manufacturing process. In this subcritical regime, the twisted fique yarns acted more as structural
discontinuities than as effective reinforcement, resulting in mechanical properties that are not yet
representative of high-performance structural applications.

Future research must address these limitations by validating the multiscale framework at
industrially relevant fiber volume fractions (25-35%) using advanced manufacturing techniques such
as vacuum-assisted resin infusion (VARI) or resin transfer molding (RTM). Additionally, to overcome
the inherent micromechanical limitations identified in this work, future studies should incorporate
geometry-aware analytical frameworks (e.g., modified Halpin-Tsai and Mori-Tanaka formulations)
alongside the construction of thermo-mechanical constitutive models to evaluate temperature- and
rate-dependent performance, as well as the explicit modeling of multi-scale interface failure
mechanisms, such as cohesive zone formulations or micro-scale representative volume elements, to
deeply understand fiber-matrix debonding, inter-bundle delamination, and progressive damage
propagation in natural fiber composites.
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