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ABSTRACT

Natural fiber-reinforced composites have attracted considerable attention as environmentally sustainable substitutes

for conventional synthetic materials. Nevertheless, determining an appropriate fiber loading remains a critical issue, since

higher reinforcement contents may improve stiffness while adversely affecting ductility and overall mechanical behavior. In

the present work, the tensile performance of epoxy composites reinforced with untreated date palm fibers (DPFs) collected

from southern Tunisia was investigated through a combination of experimental tensile tests and finite element analysis

(FEA). Four fiber mass fractions (5, 10, 15, and 20 wt.%) were considered to evaluate the influence of reinforcement

content on the mechanical response of the developed bio-composites. The experimental findings revealed a progressive

increase in tensile strength, from 25.3 MPa at 5 wt.% fiber content to 31.6 MPa at 20 wt.%, while the Young’s modulus

increased from 2.0 GPa to 3.67 GPa. Conversely, the strain at failure decreased from 4.8% to 2.5%, reflecting a gradual

loss of deformability as the fiber fraction increased. The formulations containing 10 wt. % and 15 wt.% fibers provided a

favorable compromise between stiffness, strength, and deformation capability. The numerical predictions obtained from
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the homogenized linear elastic FEA model showed good agreement with the experimental results, with coefficients of

determination (R2) of 0.979 for tensile stress prediction and 0.994 for strain prediction. The proposed numerical approach

provided a reasonable macroscopic approximation of the tensile response despite the simplified homogenization assumptions

adopted. The novelty of this work lies in the combined experimental–numerical investigation of untreated Tunisian date

palm fiber/epoxy bio-composites and the assessment of the applicability and limitations of a simplified homogenized FEA

approach for predicting their tensile behavior.

Keywords: Bio-Composite; Date Palm Fibers; Epoxy Composite; Finite Element Analysis (FEA); Tensile Behavior;

Sustainable Materials

1. Introduction

Over the past few decades, composite materials have at-

tracted considerable industrial interest because of their ability

to combine lightweight characteristics with high mechanical

performance. In particular, polymer matrix composites rein-

forced with synthetic fibers such as glass and carbon fibers

have progressively emerged as alternatives to conventional

metallic materials in several engineering sectors, including

automotive, aerospace, packaging, marine, and electronics

industries [1,2]. Their widespread use is mainly associated

with their high stiffness, corrosion resistance, and relatively

good durability under severe service conditions.

A significant limitation of synthetic fiber reinforce-

ments lies in their relatively high density. Glass fibers typi-

cally possess a density close to 2.5 g/cm3, whereas carbon

fibers generally range from 1.7 to 2.0 g/cm3 [3]. The result-

ing increase in structural weight has a direct impact on fuel

consumption and associated carbon emissions, particularly

in sectors such as transportation, where weight reduction

remains a key design objective. Furthermore, synthetic com-

posites are predominantly produced from petroleum-based

resources and often present considerable challenges at the

end of their service life due to limited recyclability. Their

production also requires substantial energy input and is as-

sociated with environmental burdens related to greenhouse

gas emissions and waste generation [4,5].

In response to these limitations, growing research

efforts have focused on natural fiber-reinforced polymer

composites (NFRPCs) as alternative engineering materi-

als. These composites combine plant-derived reinforcements

with polymer matrices to obtain lightweight structures with

a reduced environmental footprint. Natural fibers are par-

ticularly attractive because of their low density, renewable

origin, biodegradability, broad availability, and relatively

low processing cost [6–8]. Depending on the botanical source,

the density of lignocellulosic fibers generally ranges between

0.8 and 1.5 g/cm3, remaining substantially lower than that

of conventional glass fibers. Since many of these fibers are

obtained from agricultural by-products and crop residues,

their utilization also promotes resource recovery and sup-

ports circular economy practices.

Natural fibers can generally be classified into bast fibers

(flax, hemp, jute, kenaf), leaf fibers (sisal, abaca, pineap-

ple), seed fibers (cotton), fruit fibers (coir/coconut), stalk

fibers, and agricultural residue fibers. Among the various

agricultural residue fibers currently explored for composite

applications, date palm fibers (DPFs) represent a particularly

attractive reinforcement owing to their widespread availabil-

ity and low economic value. Significant amounts of date

palm biomass are generated each year in countries such as

Tunisia, Algeria, Egypt, and Saudi Arabia, providing a read-

ily accessible source of lignocellulosic reinforcement. The

chemical composition of DPFs is dominated by cellulose,

hemicellulose, and lignin, constituents that are largely re-

sponsible for their favorable specific mechanical properties

and relatively low density [9].

The potential of incorporating natural fibers into poly-

mer matrices has been widely explored as a means of en-

hancing material sustainability while maintaining accept-

able mechanical performance. Previous investigations have

shown that composites reinforced with DPFs can exhibit sat-

isfactory tensile properties, reduced density, and interesting

thermal insulation characteristics, making them suitable for

both structural and semi-structural applications [10–12]. As a

result, these materials have been considered for a variety of

uses, including automotive interior components, lightweight

construction panels, furniture elements, thermal insulation
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systems, packaging products, and sports equipment. Recent

studies have also reported that the addition of DPFs to epoxy

matrices contributes to increased stiffness while preserving

adequate strength levels and reducing overall component

weight [13]. Nevertheless, the mechanical response of such

composites remains highly dependent on several factors, in-

cluding fiber content, dispersion quality, interfacial bonding,

surface condition, and processing parameters.

Alongside experimental characterization, numerical

approaches have become valuable tools for analyzing the be-

havior of composite materials. Finite element analysis (FEA)

provides insight into stress distribution, deformation patterns,

and strain concentration zones under various loading condi-

tions, while limiting the need for extensive experimental cam-

paigns [14]. Numerous studies have successfully employed

FEA to investigate natural fiber composites and predict their

tensile response as well as the effectiveness of stress transfer

mechanisms within the material [15–17]. However, most pub-

lished numerical studies have focused on flax, hemp, jute, or

sisal fiber composites. By contrast, finite element investiga-

tions dedicated to untreated date palm fiber-reinforced epoxy

composites remain scarce, and experimental validation of

the corresponding numerical predictions is still insufficiently

documented.

The reinforcement used in this work consists of un-

treated date palm fibers obtained from pruning residues

collected in southern Tunisia. These fibers were selected

because they combine low density, local availability, and

minimal acquisition cost. In many oasis regions of south-

ern Tunisia, substantial quantities of date palm residues are

generated annually and are frequently discarded or burned,

creating environmental and management challenges. Their

conversion into reinforcing elements for polymer composites

therefore represents an attractive route for waste valorization,

improved utilization of local resources, and the development

of sustainable lightweight materials.

Within this framework, the present work examines the

tensile behavior of epoxy bio-composites reinforced with

untreated date palm fibers through a combined experimental

and numerical approach. Fiber mass fractions of 5, 10, 15,

and 20 wt.% were considered in order to assess the influence

of reinforcement content on the tensile properties and overall

mechanical performance of the developed composites.

Finite element analysis was used to simulate the tensile

response of the developed composites and compare the nu-

merical predictions with experimental results. The originality

of this work lies in the combined experimental–numerical

assessment of untreated Tunisian DPF-reinforced epoxy com-

posites and the evaluation of their potential as sustainable

lightweight materials derived from agricultural waste. This

approach is aligned with several United Nations Sustainable

Development Goals (UNSDGs), particularly responsible con-

sumption and production (SDG 12), industry innovation and

infrastructure (SDG 9), and climate action (SDG 13) [18].

2. Theoretical Framework and Mod-

eling of Bio-Composites

2.1. Analytic Modeling of Mechanical Proper-

ties

A micromechanical approach can be used to esti-

mate the macroscopic properties of epoxy/palm fiber bio-

composites. It is based on the analysis of a representative

volume element (RVE) that captures the statistical distribu-

tion of microstructures (fibers, matrix, interface). This RVE

allows the mechanical behavior to be homogenized based

on the properties of the constituents (density, modulus of

elasticity, etc.) [15,16].

The effective modulus of elasticity, Ec , can be esti-

mated using Equation (1) :

Ec=ηVfEf+VmEm (1)

Where:

Vf and Vm : volume fractions of the fiber and matrix,

respectively, Ef and Em : elastic moduli of the fiber and

matrix constituents, and η : orientation factor.

FEA is essential for validating experimental results,

reproducing realistic scenarios based on geometry, fiber ar-

rangement, and fiber-matrix interactions, and refining predic-

tive models [17]. For short-fiber composites, the Kelly-Tyson

model is suitable for predicting tensile strength σc is pre-

sented according to Equation (2):

σc=Vf τ

(
1

d

)
+Vmσm. (2)

Where:

τ: Interfacial shear strength between the fiber and the

matrix,
(

1
d

)
: Height-to-width ratio of the fibers, and σm:

Tensile strength of the matrix.
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This model is particularly applicable to date palm

fiber composites because of the use of short, discontinuous

fibers [16].

For composites with randomly oriented short fibers,

the Halpin–Tsai model provides a more accurate prediction

of the effective modulus:

Ec=Em(
1+ζ η Vf

1−η Vf

). (3)

With:

η=

Ef

Em
−1

Ef

Em
+ζ

. (4)

Where:

ζ: Form factor dependent on fiber geometry (for aligned

short fibers, 2) , Ec, Ef and Em: Composite, fiber, and matrix

moduli, and Vf : Volume fraction of fibers. This model can

better account for the reinforcing efficiency of short natural

fibers in the epoxy matrix [19].

The mechanical behavior of the composite specimen

under uniaxial tensile loading is studied using the finite ele-

ment method (FEM), postulating a simplified modeling. The

specimen is assumed to behave as a linear elastic isotropic

solid under small deformation conditions. This theoretical

framework is governed by three fundamental relations of the

continuous domain, which are discretized into an algebraic

system. First, the Static Equilibrium Equation [19,20]:

∇ · σ = 0. (5)

Where ∇ is the stress tensor σ, ensuring that the sys-

tem is in equilibrium under the applied load, neglecting the

volumetric forces. Secondly, Hooke’s law is expressed as:

[σ] = [C] · {ε}. (6)

Using Equation (6) relates stress (σ) to strain (ε) via the

elasticity tensor C, which is entirely determined by Young's

modulus (E) and Poisson's ratio (ν). Finally, the strain–

displacement relationship is expressed as:

ε =
1

2

(
∇u +∇uT

)
. (7)

The solution of the mechanical problem is obtained

through discretization of the continuous domain into a finite

element system, in accordance with the principle of virtual

work. According to this principle, for a body in equilibrium,

the virtual work of internal forces equals to the virtual work

of external forces [20] :∫
Ω

δεTσdΩ=

∫
Γ

δuTtdΓ. (8)

The weak formulation of the problem enables the intro-

duction of finite element discretization. By substituting the

strain field (ε) using Equation (9):

ε=B∙u. (9)

Where B is the strain–displacement matrix derived

from the interpolation functions and by integrating Hooke's

law σ=Cε , the governing equation is transformed into the

following algebraic matrix system:

KU = F. (10)

The elementary stiffness matrix Ke is then defined by

the following integral :

Ke =

∫
Ωe

BTC B dΩ. (11)

Where:

C is the elasticity tensor dependent on E and ν. The

construction of the matrix Ke requires accurate numerical

integration, generally performed by Gaussian quadrature, to

calculate the vector of nodal displacements U of the assem-

bled system. For three-dimensional isotropic materials, the

elasticity matrix C is expressed as [20] :

C=
E

(1+ν) (1−2ν)



1−ν ν ν 0

ν 1−ν ν 0

ν ν 1−ν 0

0 0 0 1−2ν
2

0 0 0 0

0 0 0 0


. (12)

2.2. Numerical Validation Indicators

To assess the agreement between the finite element

predictions and the experimental measurements, several sta-

tistical indicators were considered. The comparison was

based on three complementary metrics: the Mean Absolute

Percentage Error (MAPE), which expresses the relative de-

viation between predicted and measured values; the Root

Mean Square Error (RMSE), commonly used to evaluate the

magnitude of prediction errors; and the coefficient of deter-

mination (R2), which reflects the strength of the correlation

between numerical and experimental datasets.
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Among these indicators, MAPE provides a direct mea-

sure of the percentage difference between the simulated and

experimental responses. Lower MAPE values indicate better

agreement between the two approaches. The MAPE was

determined according to Equation (13):

MPAE =
1

n

∑n

i=1

∣∣∣∣σexp,i − σsim,i

σexp,i

∣∣∣∣ ∗ 100. (13)

σexp,i: Experimental stress, σsim,i : Simulated stress, and

n: number of data points.

The RMSE was employed to evaluate the global devi-

ation between the numerical and experimental results. The

RMSE is expressed by Equation (14):

RMSE =

√
1

n

∑n

i=1
(σexp,i−σsim,i)

2. (14)

This indicator provides the overall deviation between

simulated and experimental results in terms of stress or

strain [21]. The coefficient of determination (R2) was also

calculated to assess the quality of the correlation between

the experimental and numerical data. The corresponding

expression is presented in Equation (15):

R2=1−

∑n

i=1 ((σexp,i−σsim,i)
2∑n

i=1 ((σexp,i−σexp)2
. (15)

3. Materials and Methods

3.1. Raw Materials

The reinforcement fibers investigated in this work were

obtained from agricultural residues generated by date palm

cultivation in the Tozeur oasis region of southern Tunisia

(Figure 1). These residues consist primarily of date palm leaf

fibers (Lif) derived from Phoenix dactylifera L. and represent

an abundant lignocellulosic resource that is often discarded

or subjected to open-air burning. Such practices not only

lead to the loss of potentially valuable biomass but may also

contribute to local environmental issues. The use of these

by-products as reinforcement materials offers an attractive

route for agricultural waste valorization while supporting

the replacement of conventional synthetic fibers with renew-

able alternatives. Owing to its extensive palm plantations

and significant annual biomass production, southern Tunisia

constitutes a sustainable source of natural fibers suitable for

composite applications.

The polymer matrix selected for this study was a com-

mercial thermosetting epoxy resin supplied by DORMAN

and used in combination with its corresponding hardener.

The resin is based on a diglycidyl ether of bisphenol A

(DGEBA) system, a formulation frequently adopted in com-

posite manufacturing because of its reliable processing be-

havior, good mechanical performance, and favorable adhe-

sion with reinforcing fibers. These characteristics make

epoxy resins particularly suitable for the development of

structural and semi-structural bio-composites.

Date palm fibers were used as reinforcement material,

while the epoxy resin served as the continuous matrix phase

of the developed bio-composites. According to the manufac-

turer’s technical datasheet, the epoxy resin exhibits a density

of approximately 1.10 g/cm3, a Young’s modulus close to 2

GPa, and an elongation at break of about 1.5%.

Figure 1. Raw date palm fibers collected from agricultural waste in the Tozeur oasis region (southern Tunisia).

97



Journal of Building Material Science | | Volume 08 | Issue 02 | June 2026

In the present work, epoxy/date palm fiber bio-

composites with different fiber mass fractions (5, 10, 15,

and 20 wt%) were manufactured and experimentally investi-

gated under tensile loading conditions. The main objective

of this study is to evaluate the influence of fiber content on

the tensile behavior of the developed bio-composites through

the determination of Young’s modulus (E), maximum tensile

stress σmax , and strain at failure εmax .

3.2. Manufacturing Process

The bio-composite specimens were manufactured us-

ing a manual molding technique because of its simplicity,

low cost, and suitability for thermosetting composites at the

laboratory scale. The date palm fiber powder was gradually

added to the epoxy resin and manually stirred until a uni-

form dispersion of the reinforcement within the matrix was

achieved.

The resulting mixture was subsequently cast into flat

molds previously lined with silicone membranes to facili-

tate specimen removal after curing. To improve composite

quality, manual consolidation was carried out using a roller

laminator. This operation helped minimize air entrapment

within the material and promoted more effective wetting and

impregnation of the date palm fibers by the epoxy resin.

After molding, the composite plates were cured in an

oven at temperatures between 30 and 40 °C for approximately

20 h to ensure proper polymerization of the epoxy system.

The cured specimens were subsequently demolded and stored

under ambient conditions prior to mechanical testing. Figure

2 illustrates the manufacturing process, from the extraction

of the fibre to the development of the bio-composite tensile

samples.

Figure 2. Manufacturing and testing process.
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3.3. Physical Properties andVoid ContentAnal-

ysis

The theoretical density ρth of the composite can be

calculated from the weight fractions and densities of its con-

stituents by using Equation (16) [22]:

1

ρth

=
wf

ρf

+
wm

ρm

. (16)

Where: wf , wm : Weight fractions of fibers and matrix

and ρf , ρm : Densities of the fiber and matrix

The void content, which affects mechanical perfor-

mance, is calculated as follows:

Void content(%) = (
ρth−ρexp

ρth

) ∗100. (17)

Void content is an important indicator of impregnation

quality and manufacturing defects in composite materials [22].

3.4. Experimental Conditions

The epoxy/date palm fiber bio-composites were fab-

ricated under controlled processing conditions in order to

ensure repeatability and consistent specimen quality. The

process involved adjusting the mass fraction of the fibers

(5%, 10%, 15%, and 20%), which is essential for determining

the final properties of the material. Other factors, such as the

temperature and duration of the epoxy resin curing, as well

as the cooling time of the composite plate, were precisely

managed to ensure the quality and structural integrity of the

product, as indicated in Table 1 of experimental parameters.

Once preparation was complete, mechanical character-

ization was performed using a tensile test, which evaluated

the performance of the bio-composite by measuring the ten-

sile force applied until breakage. The adopted manufacturing

procedure ensured good control of fiber distribution and spec-

imen preparation before tensile characterization, making it

possible to directly link the manufacturing conditions to the

mechanical properties of the material, as indicated in Table

2 of the sample composition.

The fiber mass fraction was limited to 20 wt.% in the

present study in order to maintain acceptable processabil-

ity, homogeneous mixing, and adequate impregnation of the

epoxy matrix during manual molding. Preliminary fabrica-

tion trials indicated that higher fiber contents significantly in-

creased mixture viscosity and promoted fiber agglomeration

and void formation, which may negatively affect specimen

quality and mechanical reproducibility

Table 1. Experimental parameters taken into account for the development of the new bio-composite.

Settings Description Range

T (°C) Test temperature 30

DPF (%) Percentage of palm fiber in the bio-composite 5–10–15–20

t (hour) Epoxy resin curing time 12–14 h

D (hour) Cooling time of the bio-composite plate 24 h

F (N) Traction force of experimental tests 11–316 N

Table 2. Sample composition.

Samples PF (w%) Composition Prepared Samples

1 5% Epoxy resin + 5% PF

2 10% Epoxy resin + 10% PF

3 15% Epoxy resin + 15% PF

4 20% Epoxy resin + 20% PF

3.5. Mechanical Characterization

Tensile tests were conducted following the general rec-

ommendations of ASTM D3039 for polymer matrix com-

posites and ISO 527-2/ASTM D638 standards for reinforced

plastic materials, while adapting the specimen dimensions to

the manufacturing constraints associated with the manually

fabricated bio-composite plates.

The test specimens had a rectangular geometry with

nominal dimensions of 100 × 25 × 5 mm. The total speci-

men length was reduced compared to the standard ASTM

D3039 geometry in order to optimize material utilization and

ensure fabrication consistency. The adopted dimensions are
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comparable to ISO 527-2 type 1B or ASTM D638 type IV

specimen geometries while maintaining acceptable geomet-

ric proportions between gauge length and specimen width.

To minimize gripping-induced damage and stress con-

centration effects, fiberglass tabs were bonded at both speci-

men ends prior to testing. Axial deformation was measured

using a clip-on extensometer with a gauge length of 25 mm.

The tensile tests were performed under controlled condi-

tions of machine alignment, grip pressure, and crosshead

displacement rate in accordance with the recommendations

of the selected testing standards. The geometry of the tensile

specimen is illustrated in Figure 3.

Figure 3. Geometry and dimensions of the tensile test specimen used in this study (100 mm × 25 mm × 5 mm).

4. Experimental Results and Discus-

sion

4.1. Tensile Stress–Strain Behavior

This section presents the tensile test results obtained

for the developed epoxy/date palm fiber bio-composites re-

inforced with date palm fibers, highlighting the influence

of the fiber mass fraction (5, 10, 15, and 20%) on the me-

chanical properties under tension. The investigated proper-

ties included maximum stress σmax , elongation at break (ε),

and modulus of elasticity (E). Figure 4 presents the experi-

mental stress–strain curves obtained from tensile testing of

epoxy/date palm fiber bio-composites with different fiber

mass fractions.

Figure 5 presents a representative tensile test and the

corresponding fractured specimen after failure. The fracture

occurred within the gauge section of the specimen, indicating

that the applied loading conditions were appropriate and that

no premature failure occurred near the grips. The observed

fracture mode is consistent with the tensile behavior of short

natural fiber-reinforced composites.

Figure 4. Experimental stress-strain curves for tensile testing of the epoxy-palm fiber bio-composite for different fiber mass fractions

(5%, 10%, 15%, and 20%).
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Figure 5. Tensile testing and failure of the epoxy/date palm fiber bio-composites: (a) Specimen during tensile testing; (b) Representative

fractured specimen after tensile testing.

4.2. Conversion of Load–Displacement Data

into Stress–Strain Curves

The tensile testing machine directly records the load–

displacement response of each specimen. To enable com-

parison between formulations and determine the mechanical

properties of the developed bio-composites, the experimental

data were converted into engineering stress–strain curves.

The engineering stress was calculated using Equation

(18) [23]:

σ =
F

A0
. (18)

Where F is the applied load and A₀ is the initial cross-

sectional area of the specimen.

The engineering strain was determined using Equation

(19) [23]:

ε =
∆L

L0
. (19)

Where ΔL is the measured displacement and L0 is the

initial gauge length.

Since the original tensile testing machine records load

and displacement during testing, the engineering stress–

strain curves were obtained using Equations (18) and (19).

To illustrate this conversion procedure, representative load–

displacement responses were reconstructed from the experi-

mentally measured tensile properties. These reconstructed

curves are provided for visualization purposes and remain

consistent with the experimentally measured stiffness, ten-

sile strength, and elongation at break of the investigated

formulations, as illustrated in Figure 6.

Figure 6. Representative reconstructed load–displacement curves derived from the experimentally measured tensile properties of the

epoxy/date palm fiber bio-composites.
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4.3. Evolution of Mechanical Properties

Table 3 summarizes the tensile properties of the

epoxy/date palm fiber bio-composites for different fiber mass

fractions (5–20 wt%). In accordance with ASTM D3039,

five specimens were tested for each five mass fraction.

As indicated in Table 3, the density of the composites

increased slightly from 1.15 to 1.25 g/cm3 with increasing

fiber content, remaining consistent with the density range

commonly reported for epoxy-based natural fiber compos-

ites.

The experimental results reveal that increasing the

date palm fiber content progressively improves the tensile

strength and stiffness of the developed bio-composites. The

maximum tensile stress increased from 25.3 MPa at 5 wt.%

fiber loading to 31.6 MPa at 20 wt.%, while the Young’s mod-

ulus increased from 2.00 GPa to 3.67 GPa. This behavior can

be attributed to the reinforcing effect of the lignocellulosic

fibers, which enhance stress transfer within the epoxy matrix

and restrict polymer chain mobility.

Conversely, the elongation at break decreased from

4.8% to 2.5% as the fiber loading increased, indicating a

progressive reduction in ductility and a transition toward a

stiffer mechanical response. The intermediate formulations

containing 10 wt% and 15 wt% fibers exhibited balanced ten-

sile behavior, combining moderate stiffness with acceptable

deformation capacity.

Overall, the results suggest that untreated date palm

fibers can improve the stiffness and tensile resistance of the

epoxy matrix while reducing its deformability. Among the

investigated formulations, the composites containing 15–20

wt% fibers exhibited the most favorable compromise be-

tween tensile performance and structural stiffness.

The observed increase in tensile stiffness with increas-

ing fiber loading is consistent with trends reported for other

natural fiber-reinforced epoxy composites, such as sisal, jute,

and flax systems, reported in the literature. Similar reduc-

tions in elongation at break were also observed in lignocel-

lulosic bio-composites due to the progressive restriction of

matrix deformation caused by rigid fiber incorporation. How-

ever, the absolute tensile properties obtained in the present

study remain dependent on several factors, including fiber

treatment, fiber dispersion, interfacial adhesion, and manu-

facturing conditions.

Table 3. Mechanical properties of epoxy/palm fiber bio-composite for different fiber mass fractions (5%, 10%, 15%, and 20%).

Samples PF (w%) n ρ(g/cm3 ) σmax (MPa) ε max(%) E (GPa)

1 5% 5 1.15 25.3 ± 0.63 4.8 ± 1.1 2 ± 0.12

2 10% 5 1.18 26.1 ± 0.74 4.1 ± 0.9 2.55 ± 0.11

3 15% 5 1.21 27.2 ± 0.79 3.2 ± 0.7 3.1 ± 0.17

4 20% 5 1.25 31.6 ± 1.10 2.5 ± 0.5 3.67 ± 0.25

4.4. Discussion of the Reinforcement Effect

In addition to the macroscopic mechanical behavior,

the evolution of the tensile properties may also be influenced

by the quality of the fiber–matrix interactions within the com-

posite structure. The progressive increase in tensile strength

and stiffness with increasing fiber content suggests an im-

proved stress transfer capability between the epoxy matrix

and the date palm fibers. The decrease in elongation at break

observed with increasing fiber content suggests a progressive

shift toward a more rigid material response accompanied by

reduced ductility.

It should be noted that no microstructural character-

ization was carried out in the present work. As a result,

mechanisms occurring at the microscopic scale, including

fiber–matrix interfacial interactions, fiber pull-out, matrix

cracking, and damage initiation, could not be examined di-

rectly. Consequently, the discussion of the reinforcement

mechanisms is mainly derived from the macroscopic ten-

sile behavior and the evolution of the measured mechanical

properties.

A more detailed understanding of the deformation and

failure processes could be achieved through complemen-

tary microstructural investigations. In particular, scanning

electron microscopy (SEM) of fractured specimens would

provide valuable information regarding interfacial bonding

quality, void content, crack propagation paths, and fracture

morphology, thereby offering deeper insight into the mecha-

nisms controlling the tensile performance of the developed

bio-composites.
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5. Numerical Modeling and Simula-

tion

5.1. Finite Element Implementation

Finite element simulations were performed using the

static structural module of ANSYS Workbench in order

to evaluate the global tensile behavior of the developed

epoxy/date palm fiber bio-composites. The geometry of

the numerical model was defined according to the experi-

mental tensile specimen dimensions (100 mm × 25 mm ×

5 mm), ensuring consistency between the experimental and

numerical approaches.

In the present study, the bio-composite was modeled

as an equivalent homogenized isotropic material using ex-

perimentally determined effective mechanical properties for

each fiber mass fraction (5, 10, 15, and 20 wt%). This simpli-

fied homogenized approach was adopted to investigate the

overall tensile response of the composite at the macroscopic

scale. The experimentally measured Young’s modulus and

density values were directly integrated into the finite element

material database, while a constant Poisson’s ratio of 0.35

was assumed for all formulations based on values commonly

reported for epoxy-based natural fiber composites.

One end of the specimen was fully constrained, whereas

a uniaxial tensile displacement was applied at the opposite

end in order to reproduce the experimental tensile loading

conditions. The numerical simulations were performed un-

der simplified linear elastic assumptions. Consequently, the

present numerical model should be considered as a first-order

approximation of the global tensile response rather than a

full representation of the nonlinear deformation behavior

observed experimentally.

The objective of the finite element analysis was not

to reproduce the local heterogeneous microstructure of the

composite or the fiber/matrix interface behavior, but rather

to provide a simplified macroscopic representation capable

of comparing the global evolution of tensile stiffness and

stress distribution as a function of fiber content (Table 4).

Table 4. Mechanical properties integrated into the finite element model for different fiber mass fractions.

PF (wt.%) Density (g/cm3) Young’s Modulus (GPa) Poisson’s Ratio

5 1.15 2 0.35

10 1.18 2.55 0.35

15 1.21 3.10 0.35

20 1.25 3.67 0.35

The developed numerical model enabled the compari-

son between experimental and simulated tensile responses for

the different reinforcement contents. Although the adopted

homogenized isotropic approach does not explicitly account

for local fiber distribution, interfacial effects, or damage

evolution mechanisms, it provides a first-order approxima-

tion of the global mechanical behavior of the developed

bio-composites under tensile loading.

It should be noted that the micromechanical and an-

alytical models introduced in this study were not directly

implemented within ANSYS through user-defined consti-

tutive laws, customized material subroutines, or multiscale

coupling procedures. Instead, these theoretical formulations

were employed to interpret the influence of fiber content

on the effective mechanical properties of the developed bio-

composites.

For the finite element simulations, a homogenized

linear-elastic isotropic material model was adopted. The

experimentally determined Young’s modulus values corre-

sponding to each fiber mass fraction were directly assigned

as material properties in the ANSYS database, while the den-

sity values were also incorporated into the numerical model.

Consequently, the finite element simulations describe the

macroscopic tensile response of the composite rather than

the local fiber–matrix interactions and damage mechanisms

governing the material behavior at the microscale.

Therefore, the analytical models and finite element sim-

ulations should be considered complementary approaches.

The former provide a theoretical interpretation of the re-

inforcement mechanisms associated with increasing fiber

content, whereas the latter evaluate the global stress dis-

tribution, deformation field, and stiffness evolution at the

structural scale. This combined methodology provides both

a mechanistic understanding of the material behavior and
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a numerical assessment of its macroscopic response under

tensile loading.

5.2. Finite Element Boundary Conditions and

Mesh Generation

The tensile response of the developed bio-composites

was simulated using the finite element method under static

loading conditions. The numerical model reproduced the ge-

ometry of the experimental tensile specimen with dimensions

of 100 mm × 25 mm × 5 mm.

To reproduce the experimental tensile test conditions,

one end of the specimen was fully constrained, while a uni-

axial tensile displacement was applied at the opposite end,

in accordance with the ASTM D3039 tensile loading con-

figuration. These conditions reproduced the global tensile

loading configuration used experimentally.

The finite element mesh was generated automatically

using three-dimensional volumetric solid elements. A mesh

sensitivity analysis was carried out in order to obtain a suit-

able compromise between numerical accuracy and computa-

tional efficiency. The final mesh configuration was selected

after verifying the stability of the numerical results with mesh

refinement (Figure 7).

Figure 7. (a) Geometry of the test specimen modeled; (b) Boundary conditions and loading; (c) Mesh of the test specimen.

5.3. Mesh Convergence and Numerical Valida-

tion

Prior to the numerical simulations, a mesh convergence

study was conducted to ensure the numerical stability of the

finite element model.

Several mesh densities were investigated, and the result-

ing maximum stress values were monitored. The predicted

stresses became nearly independent of mesh refinement be-

yond approximately 6,000 elements, indicating satisfactory

convergence, as indicated in Table 5. The final mesh was

therefore selected as a compromise between computational

efficiency and numerical accuracy.
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Table 5. Mesh convergence study.

Number of Elements Maximum Stress (MPa) Relative Error (%)

1,500 30.2 4.4

3,000 31.0 1.9

6,000 31.5 0.3

12,000 31.6 0.0

Note: The convergence study was performed using the 20 wt.% formulation because it generated the highest stress level and therefore represents the most demanding numerical

configuration.

5.4. Numerical Model Calibration and Valida-

tion

To assess the reliability of the finite element model, the

numerical predictions were compared with the experimental

tensile results obtained for the four fiber mass fractions. The

calibration procedure consisted of assigning the experimen-

tally measured Young’s modulus values to the homogenized

isotropic material model implemented in ANSYS. The nu-

merical tensile response was then evaluated and compared

with the corresponding experimental measurements.

The comparison showed good agreement between nu-

merical and experimental results, particularly for fiber con-

tents between 5 wt.% and 15 wt.%, where the prediction

errors remained below 8%. Larger deviations were observed

for the 20 wt.% formulation due to the increasing influence

of fiber agglomeration, local heterogeneity, and interfacial

effects that are not explicitly represented by the simplified

homogenized model.

Overall, the obtained correlation confirms that the de-

veloped finite element model is capable of reproducing the

global tensile behavior of the investigated bio-composites

and can therefore be used as a reliable first-order engineering

approximation.

5.5. Experimental–Numerical Load–Displacement

Comparison

To further assess the reliability of the developed finite

element model, the tensile load–displacement responses ob-

tained experimentally were compared with the corresponding

numerical predictions. The finite element simulations were

performed under displacement-controlled loading conditions

reproducing the experimental tensile tests. Representative

load–displacement curves for the investigated fiber mass

fractions are presented in Figure 8.

Figure 8. Comparison between experimental and finite element load–displacement responses of epoxy/date palm fiber bio-composites

for different fiber mass fractions.
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A satisfactory agreement was observed between the

experimental and numerical responses for all formulations.

The finite element model successfully reproduced the overall

stiffness evolution associated with the increase in fiber con-

tent. Minor discrepancies observed at high fiber fractions can

be attributed to local material heterogeneity, fiber agglomera-

tion, void formation, and fiber–matrix interfacial effects that

are not explicitly represented in the adopted homogenized

linear elastic model.

These results confirm that the developed finite element

approach provides a reliable first-order approximation of

the global tensile behavior of the epoxy/date palm fiber bio-

composites.

5.6. Finite Element Simulation Results

The numerical simulation results, illustrated in Fig-

ure 9, show the distribution of maximum stresses in the

epoxy/palm fiber bio-composite for different fiber mass frac-

tions (5%, 10%, 15%, and 20%).

Figure 9. Distribution of simulated maximum stresses in palm fiber-reinforced epoxy bio-composite for different fiber contents: (a) 5%;

(b) 10%; (c) 15%; (d) 20%.

Finite element simulations were performed to analyze

the global stress distribution within the epoxy/date palm fiber

bio-composite specimens for different fiber mass fractions

(5, 10, 15, and 20 wt%). The numerical results provide com-

plementary information to the experimental tensile tests by

illustrating the evolution of the stress fields under tensile

loading conditions.

Figure 6 presents the simulated equivalent stress dis-

tributions obtained for the different composite formulations.

For all fiber contents, higher stress levels are mainly observed

near the constrained and loaded regions of the specimen,

which is consistent with the applied boundary conditions and

tensile loading configuration.

The increase in fiber content resulted in higher global

stiffness values in the numerical model due to the experimen-

tally measured increase in Young’s modulus integrated into

the finite element simulations. Consequently, the specimens

reinforced with 15 wt% and 20 wt% fibers exhibited higher

stress levels and lower overall deformation compared with

lower fiber fractions. These numerical observations are con-

sistent with the experimental tensile results, which showed

an increase in tensile strength and stiffness with increasing

fiber content. It should be noted that the present finite ele-

ment model was developed using a simplified homogenized

linear elastic isotropic approach. Therefore, the simulations

represent the macroscopic global mechanical response of the
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composite and do not explicitly capture the heterogeneous

microstructure, local fiber–matrix interactions, interfacial

stress concentrations, or damage evolution mechanisms oc-

curring at the microscopic scale. The consistency between

the finite element predictions and the experimental measure-

ments was assessed using the MAPE, RMSE, and coefficient

of determination (R2) indicators. The obtained results re-

vealed a satisfactory level of agreement for all investigated

formulations, with the closest correspondence observed for

composites containing low and intermediate fiber contents.

The larger discrepancies identified at higher reinforcement

levels are likely related to factors that were not explicitly

represented in the numerical model, including local material

heterogeneity, non-uniform fiber distribution, void forma-

tion, and variability in fiber–matrix interactions.

Despite these limitations, the developed finite element

model successfully captured the overall trends observed dur-

ing tensile testing. The numerical approach therefore con-

stitutes a reliable tool for describing the global mechanical

response of the epoxy/date palm fiber composites and for

evaluating the effect of reinforcement content on their tensile

behavior at the macroscopic scale.

6. Evaluation of Discrepancies be-

tween Experimental and Numeri-

cal Results

To evaluate the capability of the developed finite ele-

ment model to reproduce the global tensile behavior of the

epoxy/date palm fiber bio-composites, a comparison between

experimental measurements and numerical predictions was

carried out. The comparison focused on the maximum ten-

sile stress σmax and the maximum strain εmax obtained for

different fiber mass fractions.

The prediction accuracy of the numerical model was

assessed using the MAPE, the RMSE, and the coefficient of

determination (R2). These indicators provide quantitative

information regarding the deviation between experimental

and numerical results (Tables 6 and 7).

Table 6. Evaluation of discrepancies between experimental and numerical results for σₘₐₓ and εₘₐₓ at different PF percentages, based on

MPAE and RMSE indicators.

PF Experimental Results Numerical Results MPAE (%) RMSE

σmax (MPa)

5% 25.3 ± 0.63 25.1 0.79 0.20

10% 26.1 ± 0.74 26.1 0.00 0.00

15% 27.2 ± 0.79 26.9 1.10 0.30

20% 31.6 ± 1.10 36.6 15.82 3.5

ε max (%)

5% 4.8 ± 1.1 4.5 6.25 0.30

10% 4.1 ± 0.9 3.8 7.31 0.30

15% 3.2 ± 0.7 3 6.25 0.20

20% 2.5 ± 0.5 2.1 16 0.40

Table 7. Comparison of numerical prediction accuracy with previous studies on natural fiber composites.

Reference Composite Material Numerical Approach Accuracy Indicator Reported Value

Present study Epoxy/date palm fiber Homogenized linear elastic FEM R2 (σmax) 0.979

Present study Epoxy/date palm fiber Homogenized linear elastic FEM R2 (εmax) 0.994

Present study Epoxy/date palm fiber Homogenized linear elastic FEM MAPE 0–16%

Betelie et al. [24] Sisal fiber/epoxy composite FEM tensile simulation Relative error 5–12%

Covallane et al. [25] Jute fiber composite Experimental–numerical comparison Prediction error 5–15%

Rafiquzzaman et al. [26] Bio-based composite FEM coupled modeling R2 0.91–0.97

The comparison between experimental and numerical

results showed acceptable agreement at the macroscopic

scale for the developed epoxy/date palm fiber bio-composites.

The numerical model provided coefficients of determination

(R2) of approximately 0.979 for the maximum tensile stress

and 0.994 for the maximum strain, indicating a strong corre-

lation between experimental measurements and numerical

predictions. In addition, the MAPE values remained rela-

tively low for fiber contents between 5 wt% and 15 wt%,

whereas larger deviations were observed for the 20 wt.%

formulation.

Table 5 compares the prediction accuracy of the present
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numerical approach with previous studies reported in the

literature on natural fiber-reinforced composites. Similar

predictive performances were reported for sisal fiber/epoxy

composites, with relative errors ranging from 5% to 12% [24].

Likewise, simulations conducted on jute fiber composites

showed prediction errors between 5% and 15% depending on

fiber content and interfacial conditions [25]. More recent in-

vestigations on bio-based composites reported coefficients of

determination ranging from 0.91 to 0.97 for tensile property

prediction [26].

The larger discrepancies observed at high fiber con-

tents in the present work may be associated with increased

material heterogeneity, local fiber agglomeration, void dis-

tribution, and interfacial effects that are not fully captured by

the simplified homogenized isotropic finite element model.

Nevertheless, despite the simplifying assumptions adopted

in the present linear elastic FEM approach, the numerical

simulations provide a reasonable first-order macroscopic

approximation of the experimental tensile behavior of the

developed bio-composites. However, these correlations

mainly reflect the capability of the homogenized model

to reproduce the overall trends of the tensile response rather

than the localized heterogeneous behavior of the composite

material.

7. Conclusions

This study investigated the tensile behavior of epoxy

bio-composites reinforced with untreated DPFs collected

from southern Tunisia using through experimental tensile

testing and FEA. The results demonstrated that increasing

the fiber mass fraction enhanced the tensile performance and

stiffness of the developed composites. The maximum tensile

stress increased from 25.3 MPa at 5 wt% fiber content to 31.6

MPa at 20 wt% fiber content, while the Young’s modulus

increased from 2.0 GPa to 3.67 GPa. Conversely, the strain

at failure decreased from 4.8% to 2.5%, indicating a pro-

gressive transition toward stiffer and less ductile mechanical

behavior with increasing fiber reinforcement.

Finite element simulations were carried out using a

homogenized linear elastic isotropic representation of the

developed bio-composites. At the macroscopic level, the

numerical predictions reproduced the main trends observed

experimentally. The comparison between both datasets re-

sulted in coefficients of determination (R2) of approximately

0.979 for tensile strength and 0.994 for maximum strain. The

closest agreement was obtained for composites containing

low and intermediate fiber fractions, whereas the formu-

lation reinforced with 20 wt.% date palm fibers exhibited

larger deviations. Such differences are likely associated with

phenomena that were not explicitly incorporated into the nu-

merical model, including local variations in fiber distribution,

agglomeration effects, void formation, and the complexity

of fiber–matrix interactions.

The combined experimental and numerical investi-

gation highlights the potential of untreated Tunisian date

palm fibers as reinforcement materials for lightweight epoxy-

based bio-composites. Beyond the mechanical benefits ob-

served in this study, the utilization of these fibers represents

an attractive strategy for converting agricultural residues into

value-added engineering materials. The developed compos-

ites may therefore be considered for applications requiring

moderate mechanical performance together with reduced

environmental impact, including interior panels, partition

systems, insulation components, and other lightweight sec-

ondary structures. From a broader perspective, the exploita-

tion of locally available biomass resources may also sup-

port sustainable material development and contribute to the

economic valorization of agricultural by-products in arid

regions.

The scope of the present investigation was restricted

to tensile loading under quasi-static conditions. Other as-

pects that may influence long-term performance, such as

moisture uptake, thermal aging, environmental degradation,

fatigue loading, impact behavior, and durability, were not

addressed. Furthermore, no microstructural examination was

conducted to directly assess fracture mechanisms, interfacial

bonding quality, or damage development within the com-

posite. The numerical approach was likewise based on a

simplified homogenized formulation and did not explicitly

represent microstructural heterogeneity, damage progression,

or localized stress concentrations.

Additional research would be valuable to further im-

prove the understanding and performance of date palm fiber-

reinforced bio-composites. Particular attention could be

given to fiber surface modification, optimization of fiber

dispersion and orientation, microstructural characterization

of fractured specimens, durability studies under service con-
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ditions, and the implementation of advanced multi-scale or

non-linear numerical approaches capable of describing the

complex behavior of natural fiber composite systems with

greater accuracy.
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