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Abstract

Bagasse fibers, like other natural fibers, exhibit geometric irregularities. Their diameters vary not only between
individual fibers but also along the length of each fiber, leading to considerable variation in tensile strength. In a
previous study, we analyzed the deformation, stress, and strain behavior of bagasse fiber-reinforced composites in
ANSYS Workbench, assuming the fibers had a cylindrical shape. This study builds on our previous work by
incorporating the effects of geometric irregularities. The bagasse fibers were first examined under an optical
microscope, and images were processed using ImageJ software to measure fiber diameters at multiple points. These
measurements were then used to model the fibers in ANSYS, employing Blend tool features to create geometrically
irregular fiber structures. The results indicate that variations in fiber geometry significantly affect the deformation,
stress, and strain behavior of the composites.
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1. Introduction

Thermoplastic accumulation in natural ecosystems has escalated to harmful levels in recent decades, transforming the
environmental challenges linked to plastics into an urgent global concern. Conventional plastics, which are mainly
derived from non-renewable fossil fuels, are extremely resistant to decomposition, resulting in persistent pollution and
adversely affecting wildlife and marine ecosystems [Geyer et al. (2017)]. Moreover, the life cycle of these plastics,
from manufacture to disposal, contributes substantially to greenhouse gas emissions, which aggravates the global
climate crisis [Zheng e al. (2019), Lau et al. (2020)]. To tackle these pressing issues, research has concentrated on
creating sustainable alternatives to substitute conventional plastics. The evaluation of biodegradable polymers, like
Polylactic acid (PLA) and Polyhydroxyalkanoates (PHAS), has surfaced as a promising solution because of their break
down behavior in certain environmental conditions, which helps lessen their long-term ecological effects [Atiwesh et
al. (2021)]. Furthermore, recent developments have concentrated on using agricultural by-products such as flax, hemp,
jute, abaca, kenaf, olive branches, almond shells, etc. [Ho et al. (2012), Gokuldas et al. (2019), Ramakrishnah et al.
(2019), Shaheb et al. (1999)] as reinforcements in polymer matrix composites fabrication. This approach not only
lessens dependency on fossil fuels but also promotes the idea of circular economy by enhancing resource efficiency
and minimizing waste [Atiwesh et al. (2021)].

In Bangladesh, fresh sugarcane juice is very popular, especially in metropolitan areas and major cities, with demand
peaking during the summer months from March to August [Bhuiyan et al. (2021)]. Most of this juice is sold by street
vendors at roadside stalls, parks, and bustling marketplaces [Bhuiyan et al. (2021)]. Bagasse, a common byproduct of
the sugarcane juice extraction process, is rich in cellulose (approximately 50% [Pandey et al. (2000)]) which can be
used as a filler material in composite fabrication [Devadiga et al. (2020)]. Bagasse accounts for about 36% of the
byproducts from sugarcane juice production, with approximately 0.2 million tons of annual production by street
vendors [Hossain et al. (1994), Lee et al. (2008)]. This large volume of bagasse is typically discarded by vendors as
waste, often left in the open air. However, this readily available waste material can be converted into a valuable
resource by utilizing it as reinforcement in composite development. This approach not only mitigates environmental
pollution but also transforms waste into a valuable resource.

In composite materials reinforced with natural fibers, the fibers primarily take the applied load along their direction,
while the matrix holds the fibers together and facilitates the transfer of applied loads to them. Therefore, the
mechanical properties of composites reinforced with natural fibers are affected by: (i) the properties of the individual
fiber and matrix materials, and (ii) the properties of the fiber-matrix interface [Sanjay et al. (2018), Singha and Thakur
(2008)]. Unlike synthetic fibers, which are geometrically uniform, natural fibers exhibit dimensional irregularities
[16]. The impact of fiber irregularities on tensile properties has long been acknowledged [He et al. (2001)]. Banky
and Slen (1955) performed experiments on irregular wool fibers and found considerable variations in the extension of
different parts of the same fiber, with the thinner parts stretching more than the thicker parts. Kenny and Chaikin
(1959) investigated the stress-strain-time relationships of non-uniform keratin fibers and discovered that a keratin fiber
exhibiting a 16% coefficient of variation in its cross-sectional area elongated 60% more than a uniform keratin fiber
with the same average cross-sectional area.

Fiber irregularities alter the shape of stress-strain curves leading to a reduction in fiber-breaking strength as the
variations in the fibers increase [Kenny and Chaikin (1959), Collins and Chaikin (1965), Collins and Chaikin (1966),
Collins and Chaikin (1968), Collins and Chaikin (1969)]. He and Wang (2003) investigated the effects of fiber
dimensional irregularities on the tensile properties of linear elastic wool fibers through finite element methods. The
irregularities in wool fibers were modeled as a sine wave with a 30% variation in diameter. Their findings revealed
that these irregularities influence not only the breaking load and extension values but also alter the shape of the load-
extension curves. Similar to other natural fibers, the diameter of bagasse fibers varies both between fibers and along
the length of a single fiber. Figure 1 depicts the typical profile of two individual bagasse fibers observed under an
optical microscope, highlighting their diameter variations along their lengths. The significant dimensional
irregularities of the bagasse fibers are clearly evident. Modeling these irregularities using a sine wave oversimplifies
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their geometric complexity and fails to capture their true structural characteristics. This inadequacy in representation
may lead to inaccurate predictions of stress-strain behavior under applied loads.
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Figure 1. (a) Optical microscope image of Fiber 1; (b) Diameter variation histogram corresponding to Fiber 1; (c)
Optical microscope image of Fiber 2; (d) Diameter variation histogram corresponding to Fiber 2

Unlike previous numerical models [He et al. (2001)] that simulated fiber irregularities using sine waves of varying
magnitudes and frequencies, this study utilized an image-based approach to precisely capture fiber irregularities. The
geometrically irregular fibers were then used to model bagasse-reinforced composites, and the deformation, stress,
and strain behavior of the composite material under tensile loading was analyzed using ANSYS Workbench software.
This software was chosen because of its robust capabilities in modeling composite materials, particularly those with
geometrically irregular fibers, as well as its extensive range of tools for finite element analysis (FEA).

2. Finite Element Analysis

2.1 Geometry modeling:
The dimensional irregularities of fibers are modeled using the following assumptions:

o Fibers are assumed to have flawless internal structures.
e  The fibers have circular cross-sections along their entire length, with dimensional irregularities characterized
by diameter variations.

e Fibers maintain a straight-line configuration within the domain, exhibiting no bending.
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e All bagasse fibers span the entire domain without interruption.
e Both the resin and bagasse fibers are modeled as isotropic materials with linear elastic behavior.
e The resin and bagasse fibers are perfectly bonded, ensuring no air bubbles or slippage at the interface.

For developing the finite element (FE) model, a comprehensive geometric modeling approach was adopted, focusing
on accurately representing bagasse fibers with dimensional irregularities. The initial shapes of the bagasse fibers were
captured using a Motic AE 2000 microscope. A total of 20 randomly selected bagasse fibers were observed, and their
images were recorded. These images were then processed using ImagelJ version 1.53g to measure the fiber diameters
at various locations. Before measuring the diameters, the images were rotated to align the fibers as horizontally as
possible, ensuring that measurement errors due to fiber inclination were minimized. This step was critical to eliminate
bias and ensure the recorded dimensions accurately reflected the actual fiber sizes, free from distortion caused by
inclination. After applying horizontal correction, each fiber was measured to have a length of 4.3 mm. The diameters
were typically measured at points where sharp changes in the fiber diameter were observed. These measurements were
subsequently used to create geometric models of the fibers in ANSYS. Blend tool features were applied to represent
the irregular fiber structures, accurately capturing their dimensional variations for simulation purposes. Figure 2
presents an example of a bagasse fiber captured through an optical microscope alongside its corresponding geometric
model created in ANSYS.

Figure 2. Modeling of geometric irregular bagasse fiber showing: (a) Optical microscope image, (b) bagasse fiber
after rotation to make fiber as horizontally as possible, and (c) geometric irregular bagasse fiber model in ANSYS

A representative volume element (RVE) with dimensions of 4.3 mm in length, 4 mm in width, and 2 mm in thickness
was created. A low fiber loading of approximately 10% was chosen to facilitate easier isolation and visualization of
individual fibers, with simulations conducted in displacement mode. Figure 3 illustrates the corresponding 3D model.
The epoxy resin was sandwiched between alternating layers of geometrically irregular bagasse fibers. Table 1
summarizes the mechanical properties of the epoxy resin and bagasse fibers used in the simulation

Table 1. Mechanical properties of Bagasse fiber and Epoxy resin [Kumar et al. (2015)]

Parameter Material
Bagasse fiber Epoxy resin
Tensile strength (MPa) 180-190 54.6
Young’s modulus (GPa) 19 3.78
Bulk modulus (GPa) 10.63 4.2
Shear modulus (GPa) 7.9 1.4
Density (kgm™) 880 1160
Poisson’s ratio 0.202 0.35
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Figure 3. 3D model of the representative volume element (RVE) with specified dimensions

2.2 Boundary conditions and Meshing:
A fixed support is applied at the left end of the composite, while a 2 mm displacement is applied to the right end. The
boundary conditions used in the model are illustrated in Figure 4.

NG

Figure 4. (a) Representative volume element (RVE) model with applied boundary conditions and meshing; (b)
Magnified view of the bagasse fiber meshing; (c) Magnified view of the epoxy meshing, showing the detailed structure
of both phases

The meshing was performed using the body sizing method. To ensure maximum accuracy in the analysis, uniform
meshing was applied to both the fiber and the matrix. A mesh size of 0.02 mm was selected, resulting in a total of
5,309,751 elements in the representative volume element (RVE) model. The details of the meshing process are shown
in Figure 4.For computational analysis, a PC with an Intel Core i9 13th generation processor 3.0 GHz, 128 GB RAM,
and 8 core processor was used. The runtime for this simulation was approximately 224 hours.
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3. Results and Discussion

Figure 5 presents a comparison of the displacement contours for both the matrix and the fibers. It is observed that both
the matrix and the fibers experience maximum displacement at the applied end, which gradually decreases towards
the fixed end. Prashad et al. (2014) conducted a finite element analysis of hybrid composites reinforced with jute and
banana fibers and observed a similar displacement profile.
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Figure 5. Finite element simulation contour showing (a) deformation in the bagasse fiber, (b) deformation in the
matrix

Figure 6 shows the von Mises stress distribution in the composite and bagasse fibers. It can be seen from Figure 6 that
the maximum stress in the fiber reaches about 149 MPa. A close observation revealed that the highest stress is observed
in fibers with greater geometric irregularity. A high-stress gradient is seen in regions where the geometrically irregular
fibers experience sharp changes in shape.
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Figure 6. Finite element analysis contour plot showing (a) stress distribution in the composite, (b) stress distribution
in the fibers, (c) stress distribution in the matrix, and (d) a magnified view of Fig. (b) highlighted by a red dotted
rectangle
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Figure 7 illustrates the strain distribution in the composite and bagasse fiber. Similar to the von Mises stress, the strain
is also found to be higher in fibers with greater geometric irregularities. A high-strain gradient is seen in regions where
the geometrically irregular fibers experience sharp changes in shape.
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Figure 7. Finite element analysis contour plot showing (a) strain distribution in the composite, (b) strain distribution
in the fibers, (c) strain distribution in the matrix, and (d) a magnified view of Fig. (b) highlighted by a red dotted
rectangle

Figure 8 illustrates the stress and strain distribution in the epoxy and bagasse fiber as a function of displacement over
time. The maximum stress in the bagasse fiber is approximately 149 MPa, while the maximum stress in the epoxy
resin reaches about 64 MPa. The stress in the bagasse fiber is roughly 2.32 times higher than that in the epoxy matrix.
Conversely, the strain in the matrix is about 2.15 times higher than that in the bagasse fibers.
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Figure 8. Distribution of (a) stress and (b) strain as a function of time
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The tensile strength of bagasse fiber is approximately 4.9 times greater than that of epoxy resin, and its Young's
modulus is about 3.3 times higher, as indicated in Table 1. When the composite is subjected to tensile loading, the
majority of the load is carried by the fiber because it is stiffer and stronger. This results in higher stress, particularly
in regions where the fiber experiences greater changes in area, compared to the matrix. In contrast, the matrix primarily
serves to hold the bagasse fibers in place, distribute the applied load, and provide shape and toughness to the
composite. Due to its lower Young's modulus, the matrix deforms more to accommodate the displacement and is more
prone to deformation. As a result, while the matrix experiences lower stress, it undergoes significantly higher strain
under the same loading conditions.

The simulation results presented in this paper clearly show that as the level of irregularity in the bagasse fiber increases,
both stress and strain concentrations occur at locations where there are sharp changes in area. Consequently, the fiber
weakens in these stress-concentrated zones, leading to a decrease in the fiber's breaking load. These results are
consistent with the weakest link theory and support the previous simulation findings obtained by He et al. (2001).

4. Conclusion

A linear-elastic finite element model is employed to understand the effect of bagasse fiber geometric irregularities on
the deformation, strain, and stress behavior of bagasse fiber-reinforced composites. The findings of this research are
summarized below:

The level of diameter variation significantly influences the tensile behavior of the fiber-reinforced composite material.
The bagasse fiber is found to carry the majority of the applied load. The stress in the bagasse fiber is roughly 2.32
times higher than that in the epoxy matrix. This is because the bagasse fiber is much stiffer (with higher tensile strength
and Young's modulus) than the epoxy resin, and thus carries most of the applied load.

The strain in the matrix is about 2.15 times higher than that in the bagasse fibers. This is due to the lower Young's
modulus of the matrix, which causes it to deform more to accommodate the displacement, resulting in higher strain.
The level of geometric irregularities in the bagasse fiber significantly influences the tensile properties of both the fiber
and the composite. Both stress and strain gradients are high in regions where sharp geometric irregularities are
observed. The fiber weakens in these stress-concentrated zones, leading to a decrease in the fiber's breaking load.
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