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ABSTRACT

In recent years, the growing emphasis on sustainability has driven researchers to explore eco-friendly
materials that can provide sufficient mechanical strength while minimizing environmental impact. Composite
materials have gained prominence for their ability to combine the advantageous properties of different
constituents. In particular, hybrid composites composed of multiple fibre types offer potential for use in
demanding industries such as aerospace and automotive manufacturing. Although fibreglass and epoxy are widely
recognized for their excellent mechanical performance, the integration of natural fibres such as banana fibre in
hybrid composites remains limited. Previous studies have also revealed a notable lack of simulation-based
research focusing on banana fibre reinforcement, whether as a standalone material or in combination with
fibreglass. Therefore, this gap highlights the need to further investigate and validate the mechanical performance
of banana-glass fibre composites through both experimental and simulation approaches. This study aims to
determine the optimal tensile properties of glass fibre and banana fibre composites with various layer
configurations and validate the simulation results against experimental findings to ensure the accuracy and
reliability of the modelling approach. The composites were fabricated using the hand lay-up method and evaluated
through tensile testing and simulation. The findings showed that the L1 configuration, composed entirely of glass
fibre, exhibited the highest tensile strength, recording an ultimate load of 5.96 kN and an ultimate stress of 119.46
MPa experimentally, while simulation results yielded 5.83 kN and 119.06 MPa. In contrast, the L2 configuration,
made solely of banana fibre, showed the lowest tensile performance, with an ultimate load of 1.13 kN and ultimate
stress of 10.17 MPa experimentally, compared to 1.11 kN and 9.84 MPa in simulation. Among the hybrid
laminates, L4 (5 glass fibre layers and 4 banana fibre layers) outperformed L3 (4 glass fibre layers and 5 banana
fibre layers), attributed to its layer arrangement that enhanced structural integrity. The percentage error between
experimental and simulated results was below 4%, confirming strong correlation and model accuracy. Both
research objectives were successfully achieved. The results demonstrated that glass fibre significantly enhances
the tensile strength of hybrid composites, while banana fibre contributes to environmental sustainability with
moderate strength retention. Overall, the study validates the feasibility of using banana—glass fibre hybrid
composites and supports their potential application in lightweight, sustainable engineering materials. The first
objective, which aimed to determine the optimal tensile properties of glass fibre and banana fibre in various
configurations by adjusting their layer arrangements, was successfully achieved. The second objective, focused
on validating the tensile properties obtained from simulation results against experimental findings, was also
successfully fulfilled where the percentage error was below percentage error of 4%. The results indicate that the
laminate composed entirely of glass fibre layers (L1) exhibited the highest tensile properties, whereas the laminate
consisting solely of banana fibre layers (L2) demonstrated the lowest tensile strength. In the case of hybrid
composites, glass fibre contributed a significantly greater effect on the overall strength compared to banana fibre
alone. Among the hybrid laminates, L4 achieved higher ultimate load and ultimate stress than L3, which could be
attributed to its lay-up configuration where two glass fibre layers were positioned between two banana fibre layers,
thereby enhancing the structural integrity of the composite.
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Nomenclature (Greek symbols towards the end)

Pgr Density Glass Fibre (g/cm?)

Wr Weight of Glass Fibre (g)

Pof Density of Banana Fibre (g/cm?)

Wy s Weight of Banana Fibre (g)

Pm Density of Matrix (g/cm?)

Wingr Weight of matrix for glass fibre (g)
Wb Weight of matrix for banana fibre (g)
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En Axial stiffness of the composite (MPa)

Ea Transverse stiffness of the composite (MPa)

Viz Poison’s ratio of the composite

G2 Axial shear stiffness (MPa)

G2 Shear stiffness (stress) acting in the 1 direction on a plane with a normal in the 3
direction (MPa)

Gsi Shear stiffness (stress) acting in the 2 direction on a plane with a normal in the 3
direction (MPa)

Xt Longitudinal tensile strength (MPa)

Xc Longitudinal compressive strength (MPa)

Y Transverse tensile strength (MPa)

Yc Transverse compressive strength (MPa)

St Longitudinal shear strength (MPa)

St Transverse shear strength (MPa)

Gxr Longitudinal tensile fracture energy (N/mm)

Gxc Longitudinal compressive fracture energy (N/mm)

Gyr Transverse tensile fracture energy (N/mm)

Gyr Transverse compressive fracture energy (N/mm)

Abbreviations

L1 Laminate 1

L2 Laminate 2

L3 Laminate 3

L4 Laminate 4

Br Banana Fibre

Gr Glass Fibre

Vi Volume Fibre

Vi Volume matrix

Ver Volume Glass Fibre

Vg Volume Banana Fibre

1.0 INTRODUCTION

In the realm of composite materials, a diverse group of researchers has contributed to the study of mechanical
properties such as tensile properties and flexure modulus of natural and synthetic fibres reinforced polymer
composites [1][2]. The natural fibres such as banana used in composite materials have an advantage due to its
eco-friendly waste and low impact to the environment properties. Hence, it is suitable in the development of
biodegradable and renewable composite materials. It was also recommended to serve as an alternative to a
synthetic fibre such as glass fibre [3][4]. For example, hemp and banana fibres produced comparable performance
to synthetic fibres in helmet manufacturing [5]. Nonetheless, a study showed that glass fibre composites exhibited
higher tensile strength and fracture toughness compared to banana fibre composites [3]

To further improve the performance of banana fibre reinforced composites, hybridization process was
introduced. The finding suggested the potential of these composites for diverse applications, offering enhanced
stiffness, elasticity, and ultimate tensile strength [6]. Prabhu et al. investigated the mechanical properties of flax,
banana, and industrial waste tea leaf fibre-reinforced hybrid polymer composites, highlighting the superior
mechanical characteristics of specific fibre combinations [7]. Similarly, Reddy et al. explored the influence of
glass fibre on the mechanical properties of banana fibre-reinforced epoxy composites, emphasizing the significant
impact of glass fibre on various mechanical properties [8]. Karthick et al. evaluated the mechanical behaviour of
banana fibre-reinforced hybrid epoxy composites, indicating the significant effect of fibre length and loading
contribution in composite materials [9]. The hybridization of E-glass and banana fibres also yielded a better water
absorption and flexural properties of epoxy composites [10]. Rouf et al. explored the use of alkali-treated banana
fibres as natural reinforcement in gypsum and resulted in improvement of interfacial bonding .

Apart from hybridization of composites, the mechanical properties of composite materials are enhanced by
incorporating particle such as nano marble dust particles in banana/sisal fibre composites and rice husk fillers at
specific fibre volume fractions banana/epoxy composites. It helps in enhancing their flexural strength, impact
resistance, and thermal conductivity [11] [12]. Likewise, the treated banana fibre improves the mechanical
properties compared to the untreated one. These findings indicate the potential of these composites for various
industrial applications, offering a cost-effective and sustainable alternative to traditional materials [13].
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Furthermore, studies conducted by Santhanam et al. [14], Batu and Lemu [15] and Negawo et al. [16] revealed
the effects of fibre orientation, volume fraction and hybridization to enhance mechanical properties of
banana/glass fibre reinforced composites. Based on the results, it was suggested the hybrid banana/glass could be
a potential application for load-bearing structures. In a study conducted by Omprakasam et al. [17], banana fibre
with madar fibre composites provides a feasible and sustainable replacement to conventional PCBs.

Koloor et al. [18] investigated composite structures composed of multidirectional (MD) fibre-reinforced
polymer (FRP) laminates, which typically fail through various damage mechanisms in the matrix, interface, and
fibres at different scales. In their approach, the composite was modelled using the lamina strength limit to represent
the onset of damage. However, the yielding behaviour of MD composites in structural applications remains
difficult to quantify because of the complex sequence of damage progression across laminas, which depends on
their orientation and properties. To address this, the study introduced a new method for identifying the yield point
of MD composite structures by analysing the evolution of damage dissipation energy (DDE). Through a
simulation study, the yield points of three antisymmetric MD FRP composite structures under flexural loading
were established and compared using both the Hashin unidirectional (UD) failure criteria and the energy-based
criterion.

Al Rashid et al. [19] explored the development of new materials for field hockey equipment with the aim of
reducing manufacturing costs and minimizing the environmental impact associated with synthetic materials, while
maintaining the quality and performance of the final product. Their review of natural fibres highlighted their
excellent mechanical properties and strong compatibility for composite applications. In their study, simulation
models were developed using ABAQUS, replicating the specimen geometry used in experimental tests. The
supports and rollers were modelled as rigid, non-deformable materials to simplify boundary conditions.
Subsequently, the composite laminates were constructed symmetrically, and the material properties were defined
using engineering constants to represent the lamina characteristics accurately.

Based on the literatures, these studies have collectively contributed to the understanding of the mechanical
properties and potential applications of natural and synthetic fibre composites, as well as the effects of specific
materials on composite properties. The research findings underscored the importance of material selection,
hybridization, and treatment in optimizing the performance of composite materials for various applications. These
insights have significant implications for industries such as automotive, construction, aerospace, and more, where
lightweight, strong, and environmentally friendly materials are in high demand. Nevertheless, the previous
investigations were based on experimental testing. In order to further evaluate the mechanical behaviour and
characteristics of banana and glass fibre reinforced epoxy, numerical simulation can be utilized as a research
method. Hence, this study focuses to examine the effects of varying volumes of banana and glass fibres in epoxy
composites to the tensile strength via both experiment and numerical simulation.

2.0 METHODOLOGY

The methodology of this study, as illustrated in Figure 1, outlines the process flow sequence that incorporated
both experimental and simulation approaches. The experimental work began with the preparation of materials,
namely banana fibre, glass fibre, resin, and hardener. Specimens with different laminate configurations were
fabricated using the hand layup technique. These specimens were then subjected to tensile testing to determine
the optimal tensile properties for various configurations of glass fibre and banana fibre.

For the simulation, Abaqus software was employed. The procedure consisted of seven steps: designing the
specimen, assigning material properties, defining the analysis step, applying loads, generating the mesh, running
the simulation, and finally, obtaining the results. Convergence analysis was also conducted to determine the
optimal mesh size.

Finally, the experimental and simulation results were compared to validate the tensile properties obtained
from simulation against those from experimentation, confirming the determination of the optimal tensile
properties for the studied laminate configurations.
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Figure 1. Flow chart of study
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2.1 Experiment setup

The preparation began with the selection of glass fibre in the form of woven roving. As illustrated in Figure
2 (a), woven roving consisted of continuous rovings woven into a fabric and was commonly used for
manufacturing flat laminates. This reinforcement allows the integration of higher-quality fibres into the
composite, thereby enhancing its specific strength. Glass fibre was chosen as the reinforcement material due to its
easy availability, high stiffness, flexibility in fibre placement, and cost-effectiveness[20].

Banana fibre was sourced from Indonesia, as illustrated in Figure 2(b). The extraction process involved
squeezing the banana plant’s stem, which resembles a trunk, to remove approximately 60% of its water and lignin.
The stem was then submerged in stagnant water for 10 to 15 days to dissolve the remaining lignin, after which it
was washed with clean water and dried in open air at room temperature [21]. The raw banana fibres were
subsequently treated with sodium hydroxide (NaOH) to remove wax, hemicellulose, and residual lignin from the
fibre surface, as shown in Figure 3, and were then sun-dried.

The hand lay-up process began with the preparation of the matrix by mixing epoxy resin and hardener in a 10:1
ratio. Wax was applied to the board to act as a releasing agent (Figure 4). Using the hand lay-up technique (Figure
5), nine (9) plies of fibre were fabricated [21] [20]. Epoxy resin was poured and uniformly spread with a roller,
which also assisted in removing trapped air and enhancing bonding with the gel coat. Each ply was placed
sequentially with resin application until all nine plies were laminated. The laminates were then cured at room
temperature for 24 hours, during which a load of approximately 20 kg was applied to each composite cast to
ensure proper consolidation and solidification [22].

Four types of specimens were fabricated and tested, consisting of nine plies of glass fibres, nine plies of
banana fibres, four plies of glass fibres with five plies of banana fibres, and four plies of banana fibres with five
plies of glass fibres. The specimens were cut according to the ASTM D638 standard [23], as shown in Figure 6.
This standard was chosen because it specifies the procedure for determining the tensile properties of specimens
under defined conditions of pretreatment, temperature, humidity, and testing machine speed. The thickness of the
specimens in this study ranged from 5.1 mm to 13.5 mm, and the crosshead speed during testing was set at 1
mm/min.[23]

a) Glass fibre b) Banana fibre

Figure 2: Raw materials as reinforcement fibre used in the study

Figure 3: Treat banana fibre with NaoH
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Figure 4. Wax applied on the board

Figure 5. Hand lay-up process
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Figure 6. Tensile test specimen

2.2 Simulation

Subsequently, simulations were conducted using ABAQUS software, and the results from both the
experimental and simulation phases were compared for analysis. The process began by developing a 3D model of
the tensile test specimen, adhering to the dimensions and geometry presented in Figure 7. Material properties,
including the Lamina property (Figure 8) and Hashin’s failure criteria (Figure 9) [24] were then assigned to the
model. To enhance the accuracy of the simulation, data sets were imported from reliable sources such as Monzon
et al. [25] and Koloor et al. [18]. By carefully importing and defining these data sets, the simulation was able to
replicate real-world behaviour more effectively, resulting in reliable and valid outcomes. This preparation is a
crucial stage in the process, as it establishes the foundation for generating a realistic and precise simulation,
ensuring that the final model accurately represents the intended design and operational conditions.

It was further assumed that both glass fibre epoxy and banana fibre epoxy materials exhibited anisotropic and
orthotropic characteristics [26]. Anisotropic materials possess directionally dependent properties, meaning their
mechanical and physical behaviour varies with the direction of applied forces. In this context, elastic properties
such as Young's modulus, shear modulus, and Poisson’s ratio differed along various axes, reflecting the
anisotropic nature of the materials.
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The mesh structure of the model was designed using only quadrilateral (quad) elements, specifically quad
shell elements, to ensure accurate and efficient simulation results. Quadrilateral elements were chosen due to their
superior performance in capturing geometry and stress distribution. As illustrated in Figure 10, the mesh was
structured with five nodes along the length of the part, which is essential for accurately applying boundary
conditions later in the "Load' step. The "edge by number" process was employed to seed the top and bottom edges
of the part, ensuring the creation of the correct number of elements. By selecting the top and bottom edges and
specifying an even number of elements, the mesh was evenly divided, resulting in uniform element distribution.
This structured mesh with five nodes along the part simplifies the application of boundary conditions, allowing
for precise and consistent application of loads, constraints, and other boundary conditions, ultimately leading to
more reliable simulation results.

The convergence analysis graph, as shown in Figure 11, illustrates that the load increased significantly as the
number of nodes increased from 2.5 to 3.5, rising from approximately 2.7 kN to 5.3 kN. Beyond this point, the
load values began to stabilize, reaching about 5.8 kN at five nodes. This trend indicates that the results have
converged, as further increases in the number of nodes produce minimal changes in the load. Therefore, the model
achieved convergence at five nodes, suggesting that this mesh density is sufficient to ensure accurate and reliable
simulation results.

The boundary conditions (BCs) were crucial for accurately modelling the physical test by specifying the
constraints and displacements on the created part to closely match the physical test conditions. Node sets were
created at the top and bottom of the specimen, as illustrated in Figure 12. A displacement boundary condition was
then applied to simulate the effect of a tensile force being exerted on the specimen, pulling it in the direction of
the force. This setup allows for the accurate simulation of a tensile test, where the applied displacement at the top
pulls the specimen, and the fixed bottom maintains stability, ensuring that the stresses, strains, and deformation
patterns observed in the simulation closely match those in the actual physical test, thereby providing reliable and
meaningful results. The analysis results are subsequently visualized as contour plots and graphs, which highlighted
deformation patterns, stress concentration regions, and strain distribution. Finally, the discussion and conclusion
focus on interpreting the results, where the simulation models are validated against experimental data. The
validation confirms their accuracy and reliability, with discrepancies maintained below 9% [27].

Figure 10. Meshing the part with 5 nodes
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Figure 11. Convergence Analysis
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Bottom

Figure 12. Boundary Condition of part in Top and Bottom

2.3 Fibrous structures

The fibre volume fractions of both glass fibre and banana fibre were determined using Equation 1 and
Equation 2, in accordance with ASTM D2584 standards. These calculations establish the composite volume
fraction by evaluating the ratio of each constituent's volume to the total volume of the hybrid composite. This step
is essential for evaluating the mechanical properties and ensuring the optimal fibre-to-resin ratio in the composite
material [28].

Ve = [pm'Wf/(pm'Wf + oy 'Wm)] (D

Vi = [1= V] )

where V; volume fraction of fibres, wy weight of fibres, w,,, weight of matrix, ps density of fibres, p,,, density of
matrix, V,,, volume fraction of matrix.

2.4 Specimen detail

Table 1 summarizes the density and weight characteristics of glass fibre, banana fibre, and the matrix. The
density of glass fibre (pgf) was notably high at 2.5 g/cm?, attributed to its composition, mainly 54% SiOz, 15%
Al0s, and 12% CaO, which are typical of Woven Roving reinforcement [20]. In contrast, banana fibre (0,f) had
a lower density of approximately 1.25 g/cm?, as it is sourced solely from the pseudostem of the banana plant, the
only part suitable due to the reduced strength of the other tree sections [7]. The matrix density p,,, made from
epoxy resin, was the lowest among the three materials at about 1.175 g/cm?, owing to the specific resin compound
((CH)sC(CsHsOH)2) used in the glass-epoxy composite formulation [20]. The weight of each material of glass
fibre (Wp¢), banana fibre (Wy,p¢), and the matrix was calculated per layer and applied consistently across all
respective fibre layers in the specimens.

Table 2 presents the volume fractions of six different laminate configurations (L1 to L4), each consisting of
varying layers of glass fibre (GF), banana fibre (BF), and matrix material. Laminate L1 was composed entirely of
nine layers of glass fibre without any banana fibre. This configuration resulted in the highest total fibre weight of
9.78 grams and a relatively low matrix weight of 7.68 grams. Consequently, it yielded the highest fibre volume
fraction (Vr) of 36% and a matrix volume fraction (V) of 64.1%. The high fibre density of 22.5 g/cm? significantly
contributed to the overall fibre weight, even with less matrix content. As a result, Laminate L1 exhibited the
highest mechanical properties among all configurations, primarily due to its increased fibre volume fraction [29].
In contrast, Laminate L2 consisted of nine layers of banana fibre with no glass fibre. Due to the lower density of
banana fibre (11.25 g/cm?), the total fibre weight was only 4.19 grams, while the matrix weight was significantly
higher at 23.05 grams. This resulted in a much lower fibre volume fraction of 13.8% and a matrix volume fraction
of 86.2%. The lower density of banana fibre directly reduces the fibre's weight contribution, demonstrating how
both fibre density and the number of layers influence the final weight distribution[28].

Laminate L3 incorporated a hybrid composition of four layers of glass fibre and five layers of banana fibre.
This arrangement produced a combined fibre density of 16 g/cm?, contributing to a total fibre weight of 6.67
grams and a matrix weight of 16.22 grams. The resulting fibre and matrix volume fractions were 20.0% and
80.0%, respectively. Laminate L4, on the other hand, consisted of five layers of glass fibre and four layers of
banana fibre. This slightly increased the combined fibre density to 18 g/cm?, leading to a total fibre weight of 7.29
grams and a matrix weight of 14.51 grams. As a result, the fibre volume fraction rose to 22.1%, while the matrix
volume fraction decreased to 77.9%. The increase in fibre content slightly enhanced the mechanical properties of
Laminate L4 compared to L3, in line with the higher fibre volume fraction [30].
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Table 1: Properties of Fibre and Matrix [7] [20]

Property Value Unit

Density Glass Fibre (pg¢) 2.5 g/cm3
Weight of Glass Fibre (wy¢) 1.086 g
Density of Banana Fibre (pj¢) 1.250 g/cm3
Weight of Banana Fibre (wy,¢) 0.466 g
Density of Matrix (p,,) 1.1 g/cm3
Weight of matrix for glass fibre (wy,g5) 0.854 g
Weight of matrix for banana fibre (Wy,r) 2.561 g

Table 2: Fibre volume fraction for composite layup configurations

Laminate Poly Total Density (g/cm®) Total Weight (2) Volume Friction

GF BF Fibre Matrix Fibre Matrix Fibre (Vi) Matrix (Vm)
L1 9 0 22.50 9.90 9.78 7.68 35.9% 64.1%
L2 0 9 11.25 9.90 4.19 23.05 13.8% 86.2%
L3 4 5 16.25 9.90 6.67 16.22 20.0% 80.0%
L4 5 4 17.50 9.90 7.29 14.51 22.1% 77.9%

2.5 Material properties for simulation

The Lamina Property and Hashin Property are essential for numerical modelling of the specimens accurately.
These properties define the behaviour and characteristics of the composite materials under different conditions.
To generate a realistic simulation model, these material properties were meticulously extracted from several
credible sources. Table 3 tabulates the properties, showing the specific values and parameters used to ensure the
simulation closely replicates actual performance. By integrating these properties into the simulation, it becomes
possible to predict how the composite materials will respond to various stresses and strains, thereby providing
valuable insights into their tensile properties and overall mechanical behaviour.

The lamina properties for glass fibre and banana fibre were sourced from Monzén et al. [27]. The Hashin
material properties for Glass Fibre + Epoxy were derived from Koloor et al. However, there is a lack of studies
providing the material properties for Banana Fibre + Epoxy. Consequently, this study assumes that the Hashin
properties for both Glass Fibre + Epoxy and Banana Fibre + Epoxy are identical, as referenced in Callister [31].

Table 3. Material properties for simulation [27] [31]

Property Unit Banana Glass

Fibre Fibre
Eu MPa 1286.7 27380
Lamina Property Ex» MPa 1288.8 3005
(Deepan et al.’ V12 0384 0.272
2023; Santhanam et Gn MPa 453.2 1090
al., 2020) Gs  MPa 449.1 1090
G3i MPa 4492 1141
Xr MPa 1340 820
Xc MPa 1192 500
Yr MPa 19.6 80.6
Yc MPa 92.3 322
Hashin Material S, MPa 51 54.5

Properties (Koloor

et al., 2020) ST MPa 23 161.2
GXT N/mm 48.4 32
Gxc N/mm 60.5 20
GYC N/mm 45 45
Gyc N/mm 8.5 4.5
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3.0 RESULTS AND DISCUSSION
3.1 Tensile specimen

Figure 13 (a) to (d) shows the specimens subjected to a tensile test according to ASTM D-638. The
experimental results were then validated by comparing with the simulation outcomes. The tests were conducted
at a controlled rate of 1 mm/min to ensure consistent loading conditions for all specimens. The validation process
started by comparing the results from the physical experiment with the simulation for each specimen. This
comparison involved analysing how closely the simulated results matched the experimental data in terms of key
parameters for tensile property. Any discrepancies between the two sets of results were examined to identify
possible reasons, such as differences in material properties, boundary conditions, or assumptions made in the
simulation model.

When comparing the experimental specimens for configurations L1 (Figure 13 (a)), L3 (Figure 13 (c)) and
L4 (Figure 13 (d)), it was observed that even though the tensile test reached the maximum tensile load, the
specimens did not completely fracture. Instead, they developed cracks, primarily because the stress was uniformly
distributed across the middle section of the specimens [27].

The analysis of simulated specimens with a higher proportion of glass fibre compared to banana fibre, such as
L1 (shown in Figure 13 (a)), L3 (shown in Figure 13 (c¢)) and L4 (shown in Figure 13 (d)), revealed that the
highest stress values were concentrated in the middle section of each specimen, likely where the cross-sectional
area was smallest. This was indicated by the colour scale, with red representing the highest stress and blue the
lowest. Such stress concentration is typical in tensile tests and highlights potential failure points under tensile
loading. The colour scale exhibited a linear gradient from the centre towards the ends of the specimens, suggesting
they were subjected to a uniform tensile load. This resulted in a consistent variation in stress along the length,
with a uniform stress distribution across the cross-section at any given point, indicating that the tensile test was
accurately simulated with evenly applied loads. Similar simulations pattern was observed in Monzon et al. as the
stress was concentrated in the middle zone.

$,822

1

(c)L3

Figure 13. Tensile test specimen after the experiment and simulation
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In experimental L2, as depicted in Error! Reference source not found. (b), this stress distribution pattern |
ed to the formation of a crack, particularly at the top middle, indicating that the specimen was on the verge of
failure at this location[27], [32]. This partial damage reflects the uneven distribution of stress and the material’s
varying resistance across different regions. The banana fibres outnumbered glass fibres as the stress distribution
showed a distinct pattern. The contour plot stress decreased from the centre toward the edges, a phenomenon
rooted in the distinct mechanical properties of the fibres. Glass fibres, known for their superior strength and
stiffness, bear a larger portion of the load, resulting in higher stress concentrations in the central region of the
specimen. As the load is transferred outward towards the edges, where banana fibres are more prevalent, the stress
diminishes. This is due to banana fibres being less stiff and less strong, making them less effective at resisting the
applied load. The adhesion loss between the fibres and the matrix leads to the initiation of fibre breakage and pull-
out [8]. Consequently, the material exhibits a stress gradient, with higher stress levels at the centre and lower
levels at the edges—a characteristic common in uniformly loaded composite materials, where stronger materials
are positioned to handle more stress in the central regions, and weaker materials manage less stress towards the

periphery.

3.2 Comparison of the composition configuration

Table 4 tabulates the comparison between the experiment and the simulation results. The simulation results
for the 9-glass fibre (GF) plies showed a slight overestimation of both peak load and ultimate stress compared to
the experimental values. In Experiment L1, the ultimate load recorded was 5.96 kN, while the simulation predicted
5.83 kN, showing a small difference of 2.18%. The ultimate stress from the experiment was 119.46 MPa, slightly
higher than the simulation's 119.06 MPa, with a 0.33% difference. For Experiment L2, the ultimate load measured
was 1.13 kN, while the simulation showed 1.11 kN, a difference of 1.77%. The ultimate stress recorded was 10.17
MPa, compared to the simulation's 9.84 MPa, resulting in a 3.24% difference. In Experiment L3, the ultimate load
was 3.72 kN, and the simulation predicted 3.78 kN, showing a 1.61% difference. The ultimate stress recorded was
36.57 MPa, slightly lower than the simulation's 36.77 MPa, with a 0.55% difference. Lastly, for Experiment L4,
the ultimate load measured was 4.23 kN, while the simulation gave 4.17 kN, with a difference of 1.42%. The
ultimate stress in the experiment was 52.46 MPa, while the simulation showed 52.08 MPa, resulting in a 0.73%
difference.

For all four (4) types of materials, the simulated values for both peak load and ultimate stress are generally
close to the experimental values, as indicated by the low percentage errors. The percentage errors are relatively
small, suggesting that the simulation results are in good agreement with the experimental data. Overall, the
simulation seems to be performing well in predicting the mechanical behaviour of the tested methods, with the
differences between experimental and simulated values being within reasonable limits.

Table 4: Comparison between experiment and simulation results

Sample Method Pea(l&;ad Ultil?;[tle;as)tress

Experiment 5.96 119.46

I;Llies GF Simulation 5.83 119.06
Percentage error 2.18 0.33

Experiment 1.13 10.17

I;i)lies BF Simulation 1.11 9.84
Percentage error 1.77 3.24

L3 Experiment 3.72 36.57
5 plies BF + 4 Simulation 3.78 36.77
plies GF Percentage error 1.61 0.55
L4 Experiment 4.23 52.46
4 plies BF +5 Simulation 4.17 52.08
plies GF Percentage error 1.42 0.73
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3.3 Load displacement and stress strain curves

Figure 14 presents the experimental and simulation results of Load versus Displacement for L1. Initially, both
curves exhibited a linear increase as the applied load increased, continuing this trend until reaching their respective
peak loads. The experimental results showed a peak load of 5.96 kN at a displacement of 6.42 mm, while the
simulation results indicated a maximum load of 5.83 kN at 7.45 mm. These peak values represent the material's
maximum load capacity, signifying the complete failure of the matrix material in the laminate. The remaining
portion of the graph illustrates the progressive failure of the reinforcing material [33].

This result is essential for verifying whether the experimental outcome meets the required specifications based
on the selected method. To ensure accuracy, the experimental result was compared with the data from Stanciu et
al. [34], which reported a value of 5.738 kN. The calculated percentage error was approximately 3.83%.
Additionally, the comparison between the experimental and simulation results revealed a close alignment in both
load-displacement. The discrepancies were minimal, with only a 2.18% variation in ultimate load (kN), where the
experiment yielded 5.96 kN and the simulation produced 5.83 kN.

Figure 15 presents the stress-strain curve for L1, comparing experimental and simulation results to provide
key insights into its tensile behaviour. Initially, the curve follows a linear trend at low strain values. This linearity
persists until the material reaches its ultimate tensile strength. The peak stress, representing the ultimate tensile
strength, was recorded at 119.46 MPa with a strain of 10.94% in the experiment and 119.06 MPa with a strain of
13.55% in the simulation. This corresponded to a 0.33% variation in ultimate stress between the experimental and
simulation results. Furthermore, the obtained values align with the reported range of ultimate stress from previous
studies, such as 120 MPa by Prem Chand et al. [35] and 228 MPa by Stanciu et al. [34], confirming that the results
fall within an acceptable range.

The graph in Figure 16 illustrates the relationship between load and displacement, comparing experimental
data with simulation data for L2. Both the experimental and simulation curves exhibited an upward trend,
indicating that as displacement increased, the load required also increased [23]. In the initial phase, both curves
exhibited a relatively steep slope. In the mid-region, the curves became less steep, with the experimental curve
reached 1.13 kN at a displacement of 4.02 mm, while the other curve attained 1.11 kN at a displacement of 3.42
mm. Towards the final stage, the curves gradually flattened out. The peak load values are considered acceptable,
as they fall within the acceptable range based on previous references [23] [27] [3].

Moreover, the experimental and simulation curves showed some similarities, but there were noticeable
differences. The simulation curve generally lies above the experimental curve, indicating that the simulation
predicts slightly higher load for a given displacement compared to the actual experiment [36]. The ultimate load
recorded in the experiment was 1.13 kN, while the simulation predicted an ultimate load of 1.11 kN. This
comparison indicates that the results for load displacement are closely aligned, with only a slight discrepancy of
1.77% in the ultimate load (kN).

Load vs Displacement L1
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Figure 14. Load vs Displacement curve for L1
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Stress vs Strain L1
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Figure 15. Stress vs strain curve for L1
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Figure 17 illustrates a comparison of the stress-strain behaviour observed in Experiment L2 and Simulation
L2, revealing several key differences between the two datasets. Both curves demonstrated an increase in stress as
strain increased. However, Simulation L2 initially exhibited a steeper slope in comparison to Experiment L2 [36].
In terms of peak stress and strain, Simulation L2 reached a maximum stress of approximately 9.84 MPa at a strain
of 6.82%, while Experiment L2 achieved a higher peak stress of 10.17 MPa at a strain of 8.05%. These results are
deemed acceptable as they align with the expected range outlined in previous references[23][37].

The ultimate stress recorded in experiment L2 was 10.17 MPa, whereas simulation L2 predicted an ultimate
stress of 9.84 MPa. This comparison highlighted that the results for stress-strain were closely aligned, with only
a slight discrepancy of 3.24% in the Ultimate Stress. This minor difference underscores a generally good
agreement between the experimental and simulated results, despite the observed variations. Additionally, the
comparison between glass fibre and banana fibre reveals that while both materials exhibit similar trends, banana
fibre has lower mechanical properties than glass fibre [38]

The graph in Figure 18 presents Load versus Displacement for L3 which compares experimental and
simulated data, illustrating the relationship between load and displacement. At the initial stage, both curves
originated from the zero point and in the mid-region, the experimental curve exhibited a steeper slope compared
to the simulation [36], reaching a maximum load of 3.72 kN at a displacement of 6.92 mm, whereas the simulation
recorded a maximum load of 3.78 kN at a displacement of 6.85 mm.

As aresult, the ultimate load recorded in the experiment was 3.72 kN, while the simulation predicted a slightly
higher ultimate load of 3.78 kN. The material failure in the laminate during the tensile test is attributed to fibre
pull-out in the composite [35]. This comparison indicates a close agreement between the experimental and
simulation load-displacement results, with only a minor discrepancy of 1.61% in the ultimate load.

Figure 19 presents a line graph showing the experimental and simulation Stress versus Strain curves for L3.
Both the experimental and simulation curves followed a similar trend. Initially, stress increased almost linearly
with strain, showing similar elastic behaviour. The ultimate stress reached at 36.57 MPa with a strain of 11.27%
in the experiment, while in the simulation, it occurred at 36.77 MPa with a strain of 11.42%.

Both graphs on Load vs. Displacement and Stress-Strain curves reveal a noticeable discrepancy in the slopes
between the experimental and simulation results. This deviation arises due to factors such as void formation,
uneven fibre distribution, and potential delamination of layers inherent in the hand layup technique. The FEA by
used the ABAQUS software effectively captures the material's linear elastic behaviour across various stacking
sequences. However, more advanced simulations are required to accurately model the plastic behaviour of
composites, particularly for fatigue-related applications [36].

The maximum stress, or strength, observed in the experiment was slightly higher than the simulation's
prediction. For instance, the ultimate stress in experiment L3 was recorded at 36.57 MPa, compared to the 36.77
MPa predicted by simulation L3. This comparison reveals that the load displacement and stress-strain results are
very close, with only a minimal difference of 0.55% in ultimate stress.
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Figure 18. Load vs displacement curve for L3
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Figure 20 presents the Load versus Displacement results, where the experimental load graphs exhibited a
general trend of increasing load and stress with displacement, progressing through distinct phases before reaching
their peak values. Initially, L3 followed a linear upward trend until they reached the maximum load stress [37].
The experimental results peaked at 4.23 kN at a displacement of 5.45 mm, while the simulation reached a slightly
lower peak of 4.17 kN at 5.0 mm. Notably, after reaching the peak, the experimental data showed a load drop to
3.20 kN at 5.32 mm, whereas the simulation did not exhibit this immediate drop but instead gradually decreased
to 3.61 kN at 7.80 mm. The comparison simulation and experiment of ultimate load shows a close match in the
load-displacement results, with only a slight deviation of 1.42% in ultimate load (kN).

Figure 21 illustrates the Stress versus Strain relationship, where both the experimental and simulated results
followed a similar trend. The experimental peak stress was recorded at 52.46 MPa at 8.95% strain, while the
simulation reached 52.08 MPa at 8.47% strain. Additionally, the ultimate stress in experiment L3 was recorded at
52.46 MPa, closely matching the 52.08 MPa predicted by simulation L4. The stress-strain results align closely,
with just a minimal difference of 0.73% of simulation and experiment.

Both graphs are similar to L3, which reveal a clear difference in slopes between the simulation and
experiment, attributed to voids, uneven fibre distribution, and potential layer delamination in the hand layup
process. While Abaqus effectively predicts the material's linear elastic behaviour, more advanced simulations are
required to model plastic behaviour, particularly for fatigue applications [36].
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Figure 19. Simulation stress vs strain curve for L3

Load vs Displacement L4

/, Experiment L4

Loas (kN)
N
(9]
\\

1 y e mee-- Simulation L4

0 2 4 6 8 10

Displacement (mm)

Figure 20. Load vs displacement curve for L4

154



JAEDS Volume 5 Issue 2 (September 2025)

Stress vs Strain L4
60
50 [ e Y el
40 e
30 »7
, Experiment L4
20 42

sz . ==e==- Simulation L4
10 |

Stress (MPa)

0 2 4 6 8 10 12 14
Strain (%)

Figure 21. Stress vs strain curve for L4

4.0 CONCLUSION

The first objective of this study was to determine the optimal tensile properties of glass fibre and banana fibre
composites in various configurations by modifying their layer arrangements. This objective was successfully
achieved. The tensile performance of the composite materials was optimized by altering the stacking sequence of
glass and banana fibre layers. Among all configurations, L1, composed entirely of glass fibre, exhibited the highest
tensile strength, achieving a peak load of 5.96 kN and an ultimate stress of 119.46 kN. The L4 configuration,
consisting of five plies of glass fibre and four plies of banana fibre, recorded a peak load of 4.23 kN and an
ultimate stress of 52.46 kN. Similarly, L3, which contained four plies of glass fibre and five plies of banana fibre,
demonstrated a peak load of 3.72 kN and an ultimate stress of 36.57 kN. Finally, L2, made entirely of nine plies
of banana fibre without glass fibre reinforcement, exhibited the lowest tensile properties, with a peak load of 1.13
kN and an ultimate stress of 10.17 kN.

The second objective, which aimed to validate the tensile properties obtained from simulation results against
experimental findings, was also successfully accomplished. The validation confirmed that the simulation model
accurately predicted the tensile behaviour of the composite materials, demonstrating strong agreement between
experimental and simulated results and reinforcing the model’s reliability. The specimens were modelled using
finite element analysis (FEA) in Abaqus, and a detailed comparison between experimental and simulation data
provided valuable insights into the mechanical behaviour of epoxy composites reinforced with glass and banana
fibres. The load—displacement and stress—strain curves consistently highlighted the superior strength of glass fibre
compared to banana fibre, as observed in both experimental and simulated outcomes. The comparison revealed
an average percentage error of 9% between the peak load (kN) and ultimate stress (MPa). Specifically, the errors
for peak load and ultimate stress were 2.18% and 0.33% for L1, 1.77% and 3.24% for L2, 1.61% and 0.55% for
L3, and 1.42% and 0.73% for L4, respectively.
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