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Abstract: The construction and infrastructure sectors are shifting toward lighter, low-emission, and
sustainable materials in response to the high carbon footprint and excessive weight of common mate-
rials such as concrete and steel. One promising alternative widely developed is natural fiber—based
composites. However, studies comparing mechanical properties of variations of natural fibers within a
single framework remain limited. This study aims to evaluate and compare composite mechanical prop-
erties reinforced by sisal fiber, bamboo fiber, and pineapple leaf fiber to determine the optimal fiber
type for sustainable infrastructure applications. The research methodology involved fabrication of
composite specimens using a unidirectional fiber configuration with a resin matrix, molded following
ASTM D638 Type I dimensional and geometrical requirements. Tensile testing was conducted to eval-
uate mechanical responses, including ultimate tensile behavior, deformation characteristics, and elastic
properties, which were presented in tabular and graphical forms. The results show that incorporation
of all natural fiber types significantly enhanced composite mechanical properties, exhibiting an average
tensile strength of approximately 26 MPa. Pineapple leaf fiber demonstrated balanced mechanical be-
havior combining strength and ductility, while sisal fiber showed superior tensile resistance and rigidity.
Bamboo fiber provided moderate mechanical improvement. Overall, natural fiber—reinforced compo-
sites demonstrate strong potential as environmentally friendly alternative materials for infrastructure

applications, with mechanical characteristics adjustable based on reinforcing fiber type.
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Published: January 31, 2026 The global construction and infrastructure sectors are currently undergoing a significant

transition toward the use of lighter, energy-efficient, and environmentally friendly materials,
driven by increasing concerns over climate change and sustainable development (Homod et
@ @ @ al., 2025; Wang, 2025). Conventional materials such as concrete and steel continue to domi-
a—— nate infrastructure development based on their mechanical strength and durability; however,
the production processes of these materials are known to contribute substantially to carbon
emissions and energy consumption (Miller et al., 2018). The cement industry alone is reported
to account for more than 7% of global CO; emissions, highlighting the urgent need for al-
ternative materials that can reduce environmental impacts without compromising structural
mechanical performance. In this context, natural fibers—treinforced composites have emerged
as one of the most extensively studied material solutions over the past decades as substitutes
SA) license (https://creativecom-  for Jess sustainable conventional materials (Faruk et al., 2012).
mons.org/licenses/by-sa/4.0/) Natural fibers offer several advantages, including low density, biodegradability, wide
availability, and resulting in reduced carbon emissions relative to fossil-based synthetic fibers
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(Gauss et al., 2021). The use of natural fiber reinforcement in polymer matrices has been
found to enhance tensile strength and stiffness while simultaneously reducing the environ-
mental impact across the material life cycle. Sisal fiber, bamboo fiber, and pineapple leaf fiber
are three types of natural fibers with distinct mechanical characteristics and strong potential
as composite reinforcements for lightweight and sustainable infrastructure applications. Sisal
fiber is known for its high stiffness and tensile strength, bamboo fiber exhibits a favorable
strength-to-weight ratio, and pineapple leaf fiber provides a balanced combination of strength
and ductility (Faruk et al., 2012). Although each of these fibers has been widely studied indi-
vidually, comprehensive comparative investigations evaluating their mechanical performance
within a single composite system under identical testing conditions remain limited. Therefore,
a comparative study is necessary to determine the most optimal fiber type for sustainable
infrastructure applications.

2. Literature Review

Natural Fiber Reinforced Polymer Composites (NFRPCs) have successfully developed
rapidly as environmentally friendly alternatives to synthetic fiber—based composites for struc-
tural applications. This development is driven by the increasing demand for materials with
lower carbon emissions, lightweight characteristics, and renewable resource availability (Joshi
et al., 2004). Previous studies have reported that the properties of NFRPCs are strongly af-
fected by several parameters, including volume of fiber or mass fraction, fiber orientation,
and the matrix and interfacial bonding quality, all of which directly determine the efficiency
of load transfer within the composite system (Jawaid & Abdul Khalil, 2011). A strong inter-
facial interaction of the fiber-matrix system is a key factor in enhancing the mechanical per-
formance of natural fiber composites. Effective interfacial bonding allows the applied stress
on the matrix to be efficiently transferred to the reinforcing fibers, thereby improving the
overall tensile strength and stiffness of the material (Thakur et al., 2014). In addition, fiber
orientation alighed with the loading direction has been observed to significantly improve the
mechanical performance of composites compared to random fiber orientations, particularly
for lightweight structural applications.

2.1. Sisal Fiber Composite

Sisal fiber is natural fibers that widely used as reinforcement substance in polymer com-
posites. Its have high microfibril structure of cellulose structure, which is estimate to contrib-
ute on improvement of tensile strength and stiffness. According to literature, sisal fiber-rein-
forced composites significantly outperform neat polymer matrices in relation to tensile
strength and elastic modulus (Andrade et al., 2008). This improvement is ascribed to sisal
fibers' capacity to transfer applied loads efficiently because of their more uniform and persis-
tent mechanical properties when compared with a few other natural fibers. In addition to its
mechanical strength, sisal fiber also demonstrates good dimensional stability when used as
reinforcement in lightweight structural composites. As a result, sisal fiber—reinforced compo-
sites have shown promising performance for engineering applications such as structural pan-
els and semi-structural components (Ibrahim et al., 2016). However, hygroscopic nature of
sisal fibers can influence the quality of the fiber—matrix interfacial bonding; therefore, proper
control of fiber fraction and appropriate fiber treatments are required to maintain long-term
mechanical performance.

2.2 Bamboo Fiber Composite

Bamboo fiber is recognized as promising natural fibers from a sustainability perspective
due to its rapid growth rate, abundant availability, and ability to absorb carbon during its
growth cycle. Bamboo fiber—reinforced composites exhibit a competitive strength-to-weight
ratio, making them attractive for lightweight structural applications. These characteristics po-
sition bamboo as an economical and environmentally friendly alternative reinforcement ma-
terial (Okubo et al., 2004). Despite its significant potential, the mechanical properties of bam-
boo fiber tend to vary due to differences in fiber age, growth location, and anatomical struc-
ture. Such variability affects the tensile strength and elastic modulus exhibited by bamboo
fiber—reinforced composites, which generally fall within a moderate range compared to other
natural fibers (Yu et al., 2011). Therefore, fiber quality control and optimization of fiber
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orientation are critical factors in improving the consistency and reliability of the mechanical
properties of composite that reinforcement by bamboo fiber.

2.3 Pineapple Leaf Fiber Composite

Pineapple Leaf Fiber (PALF) possesses a high cellulose content, which contributes to
good tensile strength as well as a relatively high deformation capability before failure. PALF-
reinforced composites are capable of providing a balanced combination of tensile strength and
strain relative to other natural fiber—based composites (Asim et al., 2015). These characteristics
make PALF particularly suitable for applications requiring semi-flexible behavior without
compromising structural strength. In addition to its mechanical performance, the utilization
of PALF offers significant environmental benefits by valorizing agricultural waste from pine-
apple leaves that previously had little or no economic value. The use of PALF as composite
reinforcement supports the principles of the circular economy by reducing biomass waste
while simultaneously producing value-added materials (Ramesh et al., 2013). Consequently,
PALF-reinforced composites not only improve material mechanical performance while also
contributing to sustainable resource management.

3. Proposed Method

This study employed an experimental method to assess the mechanical behavior of com-
posite materials. Sisal fiber, bamboo fiber, and pineapple leaf fiber were used as reinforcement
materials and integrated with a polymer resin matrix. To ensure uniform load distribution, the
fibers were arranged in a unidirectional alighment within the mold. Composite specimens
were fabricated with fiber mass variations from 0.10 g, 0,3 g, 0.50 g. All specimens were
molded in accordance with the ASTM D638 type I tensile testing standard at Universitas
Negeri Malang to ensure the validity and comparability of the test results (Maulana et al.,
2025). In addition, control specimens without fiber reinforcement were prepared for com-
parison to evaluate the effect of fiber incorporation on the mechanical behavior of the com-
posites.

3.1. Algorithm

The research procedure was conducted systematically to ensure the consistency and re-
liability of the results. The experimental stages began with material preparation and continued
through specimen fabrication, tensile testing, and analysis of the obtained data.

Algorithm 1. Research Procedure for Natural Fiber Reinforced Composite.
INPUT: Type of natural fiber (sisal, bamboo, pineapple leaf), fiber mass (0.10—0.50 g),
polymer resin matrix, specimen mold, ASTM D638 type 1 tensile testing standard
OUTPUT: Tensile strength (MPa), strain (%), and Young’s modulus (MPa) of natural fi-
ber—reinforced composites

1:  Prepare the natural fibers by cleaning them to remove impurities and drying them until

a minimum moisture content is achieved.

Weigh the fibers according to the specified mass vatiations (0.10 g to 0.50 g).

Arrange the fibers in a unidirectional alighment inside the specimen mold.

Pour the resin matrix into the mold until the fibers are uniformly impregnated

Perform the curing process under predetermined conditions until the composite is

fully hardened.

Shape and finish the specimens according to the standard dimensions specified in

ASTM D638 type I for tensile testing.

7:  Conduct tensile testing employing a universal testing machine and record the maxi-
mum load and elongation of the specimens

8: Calculate the tensile strength, strain, and Young’s modulus based on the experimental
data obtained

9:  Analyze and compare the mechanical performance among different fiber types and
fiber mass variations

@

3.1.1. Fiber Mass Variation
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To achieve for examine the effects of fiber content on improving composite mechanical
properties specifically, variations in tensile strength, strain, and Young’s modulus in fiber mass
were carried out. Theoretically, increasing the fiber fraction improves the ability to withstand
tensile loading of the composite due to the contribution of the fibers as the primary reinforc-
ing elements. However, excessive fiber content must be carefully controlled, as it may deteri-
orate the quality of the interfacial bonding between the fiber and matrix . The selection of
fiber mass variations in this study was based on the following considerations :

a. Increasing the contribution of fibers to the composite’s tensile strength;

b. Maintaining the interfacial bonding condition of the fibers within the resin matrix;

c. Preventing fiber agglomeration that could reduce mechanical performance;

d. Achieving a balance between strength, ductility, and stiffness of the composite

The fiber mass variations were systematically determined to identify the optimum com-

posite configuration. The stages of fiber mass variation were designed as follows:

1) Low fiber mass (0.10 g) to assess the initial influence of fiber incorporation on the

polymer matrix;

2) Medium fiber mass (0.30 g) to identify significant improvements in mechanical

properties;

3) High fiber mass (0.50 g) to observe the maximum performance enhancement limit

before degradation of interfacial bonding occurs.

This approach enables a systematic analysis of the relationship between fiber content

and changes in composite mechanical properties, allowing the determination of the most op-
timal fiber mass configuration for sustainable infrastructure applications

3.2. Formatting of Mathematical Components

The fundamental calculation describing material mechanical properties was used to de-
termine the composite's tensile strength. Equation (1), which represents the ratio between the
highest tensile load and the test specimen's cross-sectional area, was employed to determine
the tensile strength (o) in this investigation.

o =F/A (1)

The maximum load-beating capacity of the material under tensile loading is determined
using equation (1), where F is the highest tensile force observed during the experimental test
(N) and A is the specimen's cross-sectional area (mm?. The primary parameter used to assess
what happens when fiber mass and type affect the composites' mechanical performance is
tensile strength. Young's modulus (E), which indicates the material's stiffness, is a crucial
mechanical analysis metric in addition to tensile strength. The linear relationship between
stress and strain within the elastic area of the stress—strain curve, as stated in Eq. (2), served
as the basis for calculating Young's modulus.

E=o0/¢ @)

Equation (2) is used to determine the stiffness of the composite material, where ¢ denotes
stress and e represents strain. A higher Young’s modulus indicates a stiffer and more struc-
turally stable material; therefore, this parameter provides a basis for assessing the suitability
of the composite for structural or semi-structural applications.

4. Results and Discussion

The incorporation of natural fibers resulted in a significant improvement in the mechan-
ical properties of the composites compared to the control specimens without fiber reinforce-
ment, which exhibited an average tensile strength of 26.27 MPa. Among the investigated fi-
bers, pineapple leaf fiber demonstrated the most balanced performance between strength and
ductility(Kumar et al., 2021). At a fiber mass of 0.30 g, composites reinforced with pineapple
leaf fibers exhibited a tensile strength of approximately 40.91 MPa with the highest strain
value reaching up to 11%, indicating the ability of this fiber to sustain tensile loads while
maintaining elastic deformation prior to failure. Sisal fiber provided the highest tensile
strength and stiffness among all fiber types. At a fiber mass of 0.30 g, sisal fiber—reinforced
composites reached a tensile strength of 52.96 MPa and exhibited the highest Young’s mod-
ulus of approximately 7.38 MPa, confirming the effectiveness of sisal as a rigid and structurally
stable reinforcement material. Bamboo fiber also showed a noticeable enhancement in
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mechanical performance, although its properties remained below those of sisal and pineapple
leaf fiber in terms of stiffness and ductility. At a fiber mass of 0.50 g, bamboo fiber—teinforced
composites reached a tensile strength of up to 57.55 MPa; however, the corresponding strain
and Young’s modulus values were relatively moderate.

4.1. Figures and Tables

Natural fiber reinforced composite specimens after the fabrication and curing process.
The specimens are in the form of composite plates with unidirectional fiber orientation, which
were subsequently cut according to ASTM D638 Type I standard for tensile testing(Ven-
katesh et al., 2023).

Figure 1. ASTM D638 Type I tensile test specimen.

Table 1. Tensile Strength of Natural Fiber Reinforced Composites.

Average Tensile Strength

Types of Fiber Fiber Mass (g) (Mpa)
Bamboo 0,1 32.324
Bamboo 0,3 39.921
Bamboo 0,5 57.515
Pinepple 0,1 39.642
Pinepple 0,3 40.912
Pinepple 0,5 60.194

Sisal 0,1 38.908
Sisal 0,3 52.965
Sisal 0,5 54.454

wrw) Dartannrkan Berpt Sarnt

TR

Figure 2. average fiber ratio.

Tensile strength, strain, and Young's modulus comparisons of natural fiber-reinforced
composites with varying fiber mass changes are shown in Figure 3. A clear comparison of the
impact of fiber type and fiber mass on composite performance is made possible by the table,
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which summarizes the mechanical characteristics of the control specimens and composites
reinforced with sisal, bamboo, and pineapple leaf fibers.

ANOVA

i

Figure 3. Diagram Anova.

Figure 4 presents the findings from the one-way ANOVA analysis conducted to evaluate
the statistical significance of the differences in tensile strength among the tested composites.
This analysis was performed to determine whether the variations in fiber type and fiber mass
produced a statistically significant effect on mechanical features of the composites.

5. Comparison

A comparative analysis of the mechanical properties of composites shows that sisal fi-
bers provide the most significant improvement regarding the tensile strength and Young’s
modulus of the composites. This indicates the ability of sisal fibers to effectively transfer loads
from the matrix to the fibers, resulting in composites with high stiffness and dimensional
stability. Therefore, sisal fiber-reinforced composites are better suited for lightweight struc-
tural applications that require resistance to tensile loads and minimal deformation(Gebremi-
chael et al., 2025; Sathishkumar et al., 2025).

In contrast, pineapple leaf fiber-reinforced composites exhibit a better balance between
strength and flexibility, characterized by higher strain values before material failure. This char-
acteristic makes them suitable for semi-flexible applications that require deformation capabil-
ities without significant loss of strength. Meanwhile, bamboo fibers produce medium-level
mechanical performance and offer advantages based on availability and sustainability, making
them a viable economical reinforcement alternative for infrastructure applications with me-
dium performance requirements.

6. Conclusions

This study confirms that the addition of natural fibers significantly enhances the me-
chanical properties of composites compared to materials without fiber reinforcement. In-
creasing the fiber mass from 0.10 g to 0.50 g consistently enhances the tensile strength, strain,
and Young’s modulus, indicating that fiber content is essential for strengthening the compo-
site structure. Composite without fiber exhibits a tensile strength of only about 26 MPa, while
fiber-reinforced composites reach values of over 50 MPa, demonstrating the effectiveness of
natural fibers as reinforcement materials. Among all tested fibers, pineapple fiber provides
the most balanced performance between strength and flexibility. At a fiber mass of 0.30 g,
the pineapple fiber composite achieves a tensile strength of approximately 40.91 MPa with
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the highest strain (about 11%), indicating excellent load-bearing capacity while maintaining
elasticity before failure.

In contrast, sisal fiber delivers the highest strength and stiffness, reaching a tensile
strength of up to 52.96 MPa and a Young’s modulus of around 7.38 MPa, making it highly
suitable for structural applications requiring rigid and stable materials. From an application
perspective, the results demonstrate that fiber selection can be tailored to specific functional
requirements. Pineapple fiber is ideal for semi-flexible uses including protective panels and
automotive parts, while sisal fiber is more appropriate for load-bearing structures that require
high stiffness. Bamboo fiber also shows notable performance improvements, although lower
than sisal and pineapple, making it a viable reinforcement alternative for general applications
that demand a balance between strength and elasticity. Overall, natural fiber composites pre-
sent a strong, flexible, and sustainable material solution..
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