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ABSTRACT

Natural fiber reinforced composites offer a sustainable alternative in the composite industry due
to their low density, high specific strength, and eco-friendliness. Sisal fibers, abundantly grown
in northern Ethiopia, are attractive for their low cost and favorable mechanical properties but are
limited by their inherent weaknesses in mechanical strength, water absorption resistance, and
durability. This research focuses on enhancing these properties in sisal/polyester composites for
automotive applications, specifically for a semi-trailer loading floor. The study investigates the
efficacy of alkali (NaOH) treatment of sisal fibers and hybridization with granite powder as a
filler to improve mechanical performance and water resistance. Experimental evaluations
determined that a composite with 30 wt.% alkali-treated sisal fibers and 5 wt.% granite powder
(E8) exhibited the best overall mechanical properties (tensile, flexural, compressive, and impact
strengths) and significantly reduced water absorption. The Technique for Order Preference by
Similarity to Ideal Solution (TOPSIS) was employed to select this optimal composite
formulation from various alternatives. Subsequently, a Genetic Algorithm (GA) was used to
optimize the design of a sisal/granite hybrid composite loading floor, achieving an approximate
weight reduction of 64.3% compared to a conventional steel counterpart. Finite Element
Analysis (FEA) validated the optimized design, confirming a peak stress of 43.9 MPa and a
minimum factor of safety of 2.19 in the most critical ply, meeting the design constraints. The
maximum deflection was 1.459 mm, well within serviceable limits. The findings demonstrate the
potential of alkali-treated sisal/granite polyester composites as a lightweight, durable, and

sustainable material for semi-structural transport applications.
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CHAPTER ONE

1 INTRODUCTION

1.1  Background

Natural fiber reinforced composites are increasingly recognized as a viable alternative to
conventional materials in various industries, particularly automotive, due to their low density,
commendable specific strength, and environmental benefits. Sisal fibers, abundantly available in
regions like northern Ethiopia, present a promising reinforcement option owing to their low cost
and inherent mechanical attributes such as good specific tensile strength and stiffness. However,
the broader adoption of sisal fibers in demanding applications has been constrained by their
relatively poor mechanical properties, susceptibility to water absorption, and degradation over
time, which can compromise the long-term performance of sisal/polyester composites. This
necessitates research focused on enhancing these characteristics. Methods such as alkali
treatment have been shown to improve fiber-matrix adhesion and, consequently, the mechanical
and water resistance properties of composites. Furthermore, the incorporation of filler materials,
like granite powder, offers a pathway to further augment the composite's performance,
contributing to increased stiffness, wear resistance, and dimensional stability. Granite, a readily
available industrial byproduct, can also improve the eco-profile of the composite. This research
explores the synergistic effects of alkali treatment on sisal fibers and the hybridization with
granite powder within a polyester matrix. The study aims to develop an optimized
sisal/granite/polyester composite tailored for automotive components, such as semi-trailer
loading floors, thereby addressing the industry's demand for lightweight, sustainable, and high-

performance materials.



1.2 Problem Statement

Sisal plants are abundantly available in northern Ethiopia, offering a readily accessible and
drought-resistant lignocellulosic fiber source. Despite their prevalence and ease of cultivation,
sisal fibers have predominantly been confined to low-value applications such as ropes, bags, and
traditional crafts due to their inherent limitations, including relatively poor mechanical
properties, high moisture absorption, and insufficient interfacial adhesion with polymeric
matrices when used in composites. This underutilization signifies a missed opportunity for value
addition and economic benefit for local communities. The automotive industry is actively
seeking lightweight, sustainable, and cost-effective alternatives to traditional materials like steel
to enhance fuel efficiency and reduce emissions. While natural fiber composites are promising
candidates, untreated sisal fibers often fail to meet the demanding performance criteria for
structural or semi-structural automotive components. Enhancing the mechanical strength,
durability, and reducing the water uptake of sisal fiber-reinforced polyester composites is
therefore crucial for their viable application in this sector. This research specifically addresses
the challenge of improving sisal/polyester composites by employing alkali (NaOH) treatment to
modify the sisal fiber surface, aiming to improve its compatibility and interfacial bonding with
the polyester matrix, thereby enhancing mechanical performance. Additionally, it incorporates
granite powder, an industrial byproduct, as a filler material to further enhance the composite’s
properties such as stiffness, wear resistance, and thermal stability, while also contributing to a
more sustainable material lifecycle. A critical aspect is the systematic optimization of this hybrid
composite system—determining the optimal balance of alkali-treated sisal fibers and granite
powder within the polyester matrix to achieve superior performance characteristics tailored for
specific automotive applications, such as semi-trailer loading floors. This involves a methodical
approach to material formulation and selection, which is often lacking for this specific
combination of materials. Therefore, this research confronts the problem of transforming
underutilized local sisal fibers and industrial granite waste into a high-performance, lightweight,
and sustainable composite material suitable for automotive applications. It aims to overcome the
current limitations of sisal fibers through chemical treatment and hybridization, and to establish
an optimized material system using multi-criteria decision-making techniques, thereby fostering

local economic development and contributing to environmentally conscious material solutions.



1.3

1.3.1

1.3.2

Objective
General Objective

The general objective of this dissertation is to enhance the mechanical properties and
water absorption resistance of sisal/polyester composite materials for automotive
applications through the application of alkali (NaOH) treatment, granite filler
hybridization, and optimization using the Technique for Order Preference by Similarity to
Ideal Solution (TOPSIS) and genetic algorithm (GA).

Specific Objectives

To experimentally analyze the influence of incorporating varying weight percentages
(2.5%, 5%, 7.5%, 10%) of granite powder as a filler on the mechanical properties
(tensile, flexural, compressive, impact), water absorption characteristics, and density of
the alkali-treated sisal/polyester composites with different fiber-to-matrix ratios (20/80
and 30/70).

To utilize the Technique for Order of Preference by Similarity to Ideal Solution
(TOPSIS) method to evaluate and select the most suitable sisal/granite/polyester
composite formulation for a semi-trailer loading floor application, based on a multi-
criteria assessment including mechanical strength, water absorption, and density.

To design and optimize a lightweight sisal/granite hybrid composite semi-trailer loading
floor using a Genetic Algorithm (GA), with the objective of minimizing weight while
satisfying structural performance constraints (e.g., Tsai-Wu failure criterion, stress and
strain limits) under defined loading conditions.

To validate the structural performance (stress distribution, deflection, and factor of
safety) of the GA-optimized sisal/granite composite loading floor design using Finite
Element Analysis (FEA) in Abaqus and compare its weight and potential fuel savings

against a conventional steel counterpart.



1.4  Scope

This dissertation investigates the development and optimization of sisal fiber-reinforced
polyester composites hybridized with granite powder for use in automotive applications,
particularly semi-trailer loading floors. The study encompasses the enhancement of mechanical
properties through alkali (NaOH) treatment of sisal fibers and the inclusion of granite powder as
a secondary filler to improve strength, stiffness, and water resistance. The mechanical
performance of the composites is comprehensively assessed through tensile, compressive,
flexural, and impact testing. In addition to evaluating mechanical behavior, the study examines
water absorption and density to determine the material’s suitability for semi-structural
components that require both durability and light weight. To identify the most effective
composite formulation, a multi-criteria decision-making method—Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS)—is employed. The selected optimal
material is then used in the structural design of a semi-trailer loading floor, with weight reduction
being pursued through optimization using a Genetic Algorithm (GA). The structural performance
of the GA-optimized composite floor is further validated through Finite Element Analysis (FEA)
under static loading conditions, ensuring the design meets required mechanical and safety
standards. Overall, the scope of this work spans materials development, experimental validation,
computational optimization, and structural simulation, offering a complete framework for

assessing the viability of natural fiber hybrid composites in automotive design.



1.5 Limitations

Despite its comprehensive approach, this study has certain limitations that should be
acknowledged. The research is limited to evaluating the structural performance of the composite
material under static loading conditions; it does not address fatigue behavior or cyclic loading,
which are critical for predicting the long-term durability of automotive components.
Environmental factors such as prolonged UV exposure, temperature fluctuations, and
biodegradation were not studied, leaving uncertainties regarding the composite’s performance in
real-world service environments over extended periods. Additionally, the manufacturing process
was confined to hand lay-up and compression molding techniques, which may not reflect the
scalability or cost-efficiency of industrial production methods. The natural variability in sisal
fiber properties, such as differences in fiber strength and diameter from batch to batch, was not
thoroughly quantified or incorporated into the performance assessment, potentially affecting
consistency in large-scale applications. These limitations suggest areas for future research aimed
at enhancing the robustness and applicability of sisal/granite hybrid composites in demanding

engineering contexts.



1.6  Organization Of the Thesis

This thesis investigates the development and optimization of sisal fiber-reinforced polyester
composites hybridized with granite powder for use in automotive applications, specifically semi-
trailer loading floors. The study is structured into six chapters. Chapter One introduces the
research problem, objectives, scope, and limitations. It emphasizes the need for sustainable,
lightweight materials and explores the potential of underutilized local resources such as sisal
fiber and granite powder. Chapter Two provides a comprehensive literature review on natural
fiber composites, chemical treatments, hybridization with synthetic fillers, and the challenges of
water absorption. The review identifies research gaps, particularly the lack of systematic studies
combining alkali-treated sisal fibers with granite powder in polyester matrices. Chapter Three
presents the materials and fabrication methods used in this study. It outlines the selection and
treatment of sisal fibers, the preparation of granite-filled polyester resin, and the hand lay-up and
compression molding process used to produce the composite laminates. Chapter Four details
the experimental procedures used to evaluate the mechanical properties of the composites,
including tensile, compressive, flexural, and impact strength, as well as water absorption and
density. This chapter also introduces the methodology for multi-criteria decision-making using
the Technique for Order Preference by Similarity to Ideal Solution (TOPSIS), and the design
optimization process using a Genetic Algorithm (GA). Furthermore, it describes the use of Finite
Element Analysis (FEA) to validate the optimized design. Chapter Five presents the
experimental and optimization results. It compares the performance of different composite
formulations, identifies the optimal material using TOPSIS, and evaluates the GA-optimized
design. FEA simulations are used to validate the structural integrity of the optimized composite
floor. Chapter Six concludes the thesis by summarizing the key findings and contributions. It
also outlines recommendations for future research, including fatigue testing and long-term
durability studies to support broader application of natural fiber composites in structural
components. This thesis contributes to the advancement of sustainable composite materials by
demonstrating the effective use of locally available natural fibers and industrial byproducts,

offering an eco-friendly and high-performance alternative for automotive applications.



CHAPTER TWO

2 LITERATURE REVIEW

2.1 Introduction

In recent years, there has been increasing interest in developing sustainable and environmentally
friendly materials for automotive applications to minimize the ecological impact of vehicle
production and use. Natural fiber-reinforced composites have emerged as a viable alternative to
conventional synthetic materials for various automotive components, owing to their renewability,
affordability, lightweight characteristics, and potential to reduce carbon emissions. Among these
applications, the use of natural fibers in structural and semi-structural automotive components
has gained significant attention. This literature review aims to examine the current advancements
in the research and development of natural fiber-reinforced composites, with a particular
emphasis on their suitability for automotive applications. The review will explore the effects of
hybrid fillers, alkali treatment, and water absorption behavior on composite performance.
Furthermore, it will highlight recent progress in optimizing these composites through material
enhancements and structural design improvements to meet the demanding requirements of the

automotive industry.

2.2 Sisal Fibers

Sisal fibers, a natural resource abundant in the northern region of Ethiopia, have historically been
limited to traditional uses such as bags, baskets, ropes, and rugs due to their poor physical and
mechanical properties. Despite their underutilization in industrial applications, sisal plants are
resilient to drought and easy to cultivate, presenting a valuable opportunity to generate income
for local farmers and small-scale manufacturers. By conducting ongoing research to enhance the
mechanical and physical properties of sisal fibers, there is potential to elevate their industrial
relevance and unlock new economic opportunities in the region.

A study conducted by Asfaw [1] on sisal plants grown in northern Ethiopia revealed that the
length and tensile strength of sisal fibers vary depending on the collection sites. In a separate
research by Melkamu et al. [2] the mechanical and water-absorption properties of randomly

oriented short sisal fiber reinforced polyester composite were examined. The sisal fibers used in



this study were sourced from Kuha, Tigay, Ethiopia. The tensile strength of the composites was
found to be lower than that of pure polyester, while other mechanical properties showed
improvement. Similarly, Maurya et al. [3] conducted experiments on randomly oriented short
sisal fiber reinforced epoxy composite to evaluate the tensile strength, flexural strength, and
impact strength of the composite material. The composites were fabricated using the hand lay-up
method with varying fiber lengths (5, 10, 15, and 20 mm) and a consistent 30% weight of sisal
fiber content. The results revealed that while the tensile strength did not increase with sisal
reinforcement, the flexural strength showed a 25% improvement with 15 mm sisal fiber, and a
significant enhancement was observed in impact properties with 20 mm long sisal fiber. The
maximum mechanical properties achieved in this study were: Flexural strength of 128 MPa,
tensile strength of 40 MPa, flexural modulus of 11.896 GPa, tensile modulus of 187 MPa, and
impact strength of 27.6295 kJ/m2. Similarly, research by Gupta & Srivastava [4] demonstrated
improvements in the mechanical, thermal, and water absorption properties of sisal fiber
reinforced epoxy composite by aligning the fibers in a unidirectional arrangement. The sisal fiber
exhibited mechanical properties including a tensile strength range of 363-700 MPa, young
modulus of 9-38 GPa, strain of 2.0-2.5%, and a length of 900 mm [4,5].

The mechanical properties of composites are adversely affected by water absorption [6-10].
Chaudhary et al. [8] specifically documented a significant reduction of up to 46.9% in tensile
strength as a consequence of water absorption. This finding underscores the critical importance
of addressing water-induced degradation to maintain the structural integrity and performance of
composite materials.

Researchers have dedicated efforts towards improving the inadequate mechanical and water
absorption properties of sisal fiber reinforced composites for a wide range of applications. This
has been achieved through the utilization of treatments and hybridization with synthetic fibers.
Various chemicals have been commonly employed in this process, including amino acids, methyl
methacrylate mixed with ceric ammonium nitrate, alkali, and alkali combined with clay.
Furthermore, hybrids such as glass fibers, carbon fibers, and various fillers have been
incorporated to enhance the properties of these composites. The combination of these treatments
and hybridizations has shown significant enhancement in the overall performance and durability

of sisal fiber reinforced composites, making them suitable for diverse industrial applications.



2.3 Alkali Treatments

The treatment of sisal fibers before their use as composite reinforcement enhances the adhesive
characteristics of the fiber surface, leading to improved fiber-matrix interface adhesion and
increased mechanical properties. Various chemicals are utilized for this treatment, including
amino acids, methyl methacrylate mixed with ceric ammonium nitrate, alkali, and alkali
combined with clay [11-18]. Studies have shown significant enhancements in mechanical, water
absorption, and heat resistance properties by enhancing the interfacial adhesion between fibers
and polymer matrix. This improvement in interfacial adhesion is crucial for enhancing the
mechanical properties of natural fiber reinforced composites [12]. Up to 16.73% improvement in
impact strength of alkali-treated sisal/cattail polyester commingled hybrid composites at 20%
fiber weight fractions was reported by Mbeche & Omara [19]. Fiore et al. [20] introduced a
novel chemical treatment method for natural fibers using an eco-friendly and cost-effective
approach based on the use of commercial sodium bicarbonate (baking soda). Sisal fibers treated
with a 10% sodium bicarbonate solution for an optimized time of 120 hours exhibited improved
mechanical properties due to enhanced interfacial fiber-matrix adhesion. In recent years, the eco-
friendly and cost-effective treatment involving the soaking of natural fibers in a sodium
bicarbonate solution has gained popularity [21-28]. Moreover, research on silane treatment of
sisal fibers has demonstrated a significant transformation in the surface topography, chemical
structure, and thermal degradation characteristics of sisal fibers, leading to enhanced mechanical
properties of the composite [29]. The application of flame retardants such as ammonium
polyphosphate (APP), magnesium hydroxide (Mg(OH)2), zinc borate (Zb), and a combination of
APP with Mg(OH)2 and Zb to sisal fiber/polypropylene (PP) composites has also resulted in
improved flame retardancy and thermal stability of the PP composites, while maintaining their
mechanical properties undamaged[30]. Furthermore, treating sisal fibers prior to their use in
composites has shown decrement in their degradation due to water absorption [10,31].



2.4 Hybridization

Fillers have emerged as effective hybrid materials for enhancing the properties of fiber-
reinforced composites and reducing the overall production costs [32,33]. Researchers have
explored various natural and synthetic fillers, such as granite, wood dust flour, wood charcoal,
carbon nanotube fillers, and graphene powders, to enhance the performance of fiber-reinforced
polymeric composite materials. [34-36] In recent years, the biodegradability, cost-effectiveness,
sustainability, and eco-friendliness of natural fibers have gained the attention of researchers in
developing composites by incorporating hybrid nano-fillers with natural fibers as a sustainable
alternative to synthetic fibers [35—43]. Ganapathy et al. [35] investigated the impact of graphene
powder on banyan aerial root fibers reinforced epoxy composites. They achieved a maximum
increase of 45.4% in tensile strength and 5% in flexural strength with a 4 wt.% graphene powder
content in the composite. However, a further increase in graphene content led to a decrease in
mechanical properties. Saiteja et al. [36] reported the highest tensile and impact strengths in a
jute-reinforced hybrid polymer composite filled with a 6% volume of carbon nanotube fillers.
The flexural strength increased up to the addition of 8% volume of nanotube fillers and then
decreased due to the agglomeration of nanotube fillers in the composite. Cardoso et al. [44]
evaluated HDPE composites with alumina and silicon carbide for lightweight body armor.
Samples A80 and A70 showed the best ballistic performance with DOP values of 15.98 mm and
17.98 mm. Ceramic reinforcements reduced tensile strength and impact resistance but increased
Shore D hardness in samples A40, A50, and A60. Gebremeskel et al. [45] examined the strain
rate sensitivity of PP composites with nano-clay fillers for lightweight armor. Testing showed
that 5wt% nano-clay improved the strain rate sensitivity index and strength compared to 2wt%
and neat PP. A new method combining stress-strain data from quasi-static and high strain rates
highlighted enhanced performance, with values comparable to superplastic alloys. Dias et al.
[46] explored HDPE composites with 3% montmorillonite (MMT) filler for ballistic
applications. The HDPE/MMT matrix showed superior compression strength, dynamic response,
and ballistic limits compared to a commercial resin matrix. The addition of filler improved fiber
interaction and energy absorption, making HDPE/MMT a promising lightweight solution for
ballistic protection. Haro et al.[47] studied Kevlar fiber-reinforced HDPE hybrid composites
with micro (chonta wood, potato flour) and nano-fillers (silica, alumina). Tests showed synthetic

nano-fillers improved stiffness (43.5%) and impact resistance, with gamma alumina achieving

10



the highest energy absorption. Fillers reduced crystalline peak intensity but maintained structure.
Hybridization enhanced stiffness, impact resistance, and ballistic performance. Dharani Kumar et
al. [48] found that adding 2wt% boron carbide (B4C) to glass fiber epoxy composites improved
mechanical properties and ballistic performance, with better energy absorption and lower back
face signature in tests. The filler has enhanced matrix toughening and fiber-matrix bonding,
while unfilled composites showed weaker performance. Matrix hardening and strong bonding
enhance toughness and energy absorption, with synergistic fillers playing a key role in
strengthening energy dissipation and improving GFERC performance. [45,48]

Moreover, the use of leftovers as fillers in polymer composites has become a unique area of
waste reuse techniques. Approximately 200 million tons of marble waste powder or sludge is
produced annually worldwide by the marble industry, and these materials have lately been
investigated as fillers for PP and epoxy resin composites [49]. Granite powder, a byproduct of
the marble and granite industries, contributes to air, water, and soil pollution, disrupting
ecosystems and posing environmental hazards. It is produced during processes like cutting and
polishing granite stones and can also be harmful to humans if inhaled [42,50,51]. Reddy et al.
[42] investigated the impact of granite powder on the mechanical and water absorption
properties of fiber-reinforced polyester composites. Using Cordiadichotoma fiber and polyester
matrix, the study showed that adding granite powder improved the tensile, flexural, and impact
strengths of the composites. Awad et al. [52] studied the reuse of marble and granite (M&G)
waste in polypropylene (PP) composites to reduce costs and promote eco-friendly production.
Incorporating 0-50 wt% M&G dust improved mechanical properties, thermal stability, and water
resistance, offering a practical solution for waste management and low-cost product
manufacturing. Pour et al. [53] studied the use of GFRP rebars and PP fibers to enhance the
shear performance of RCA concrete beams. The results showed that increasing RCA content
improved the effectiveness of PP fibers, boosting ductility and deformability while reducing the

risk of sudden shear failure.
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2.5 Composites in Automotive Application

Advancements in the aviation and automotive industries have fostered healthy competition and
spurred innovation in the modification and replacement of conventional components with
advanced material-based alternatives. In the current landscape, weight reduction has become a
key priority in the automotive sector, driven by the need to conserve natural resources and
minimize energy consumption. This objective has been pursued through the development of
high-performance materials, optimized structural design, and improved manufacturing
techniques [54-57]. Optimization efforts in the automotive industry have increasingly focused on
reducing the weight of structural components without compromising strength, durability, or
safety. Researchers have employed techniques such as finite element analysis (FEA) and
evolutionary algorithms to refine the geometry, material distribution, and configuration of
components under various loading conditions. For instance, Shokrieh and Rezaei [58]
demonstrated that replacing a steel automotive component with an optimized glass/epoxy
composite counterpart can achieve significant reductions in stress levels and natural frequencies
while achieving up to 80% weight savings. The optimized component featured geometrical
variations such as a linear increase in thickness and a tapered width to ensure uniform stress
distribution. Common design constraints in such optimization studies include the Tsai—-Wu
failure criterion and displacement limits [58-60]. More recently, Ma et al. [61] proposed an
effective algorithm for structural optimization of composite automotive parts, achieving
compliance with bending stiffness and stress requirements. Similarly, Wang et al. [62] developed
a lightweight composite structure for a semi-trailer application using glass fiber composites,
achieving a 64.3% weight reduction compared to a steel equivalent while also improving fatigue
performance by over 60%. These advancements underscore the transformative potential of
material and structural optimization in achieving lightweight, durable, and high-performance

solutions for the next generation of automotive components.
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2.6 Literature Gaps

Extensive research has explored natural and synthetic fillers—Ilike graphene, carbon nanotubes,
nano-clays, and waste powders—in various polymeric composites for applications ranging from
ballistic protection to general structural components. Many studies report improvements in
strength, impact resistance, and thermal behavior through such hybridizations. However, a
specific gap exists in the systematic development and optimization of sisal fiber-reinforced
polyester composites utilizing granite powder as functional filler, explicitly targeting automotive
structural applications like semi-trailer loading floors. While granite powder, an industrial
byproduct with potential environmental concerns if not managed, has shown promise for
enhancing mechanical and water-resistant properties in some composite systems, its efficacy and
interaction within sisal/polyester matrices remain largely underexplored. Furthermore, although
alkali (NaOH) treatment is a known method for improving fiber-matrix adhesion in natural fiber
composites, there is limited research that comprehensively evaluates its combined effect with
granite powder fillers on the mechanical performance, water absorption characteristics, and long-
term durability factors of sisal/polyester composites. Additionally, while optimization techniques
such as Genetic Algorithms (GA) have been applied in composite design, the strategic use of the
Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) for selecting optimal
material formulations specifically within the context of sisal/granite/polyester composites for
such applications is underutilized. Therefore, this research addresses these critical gaps by
systematically investigating the combined effects of alkali-treated sisal fibers and varying
concentrations of granite filler in a polyester matrix. It further employs TOPSIS for optimal
material selection and a Genetic Algorithm for design optimization of a semi-trailer loading
floor, aiming to develop a cost-effective, durable, and eco-friendly composite solution. This
approach not only seeks to advance material performance but also promotes sustainable resource
utilization by adding value to agricultural (sisal) and industrial (granite waste) byproducts,

potentially fostering local economic development.
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CHAPTER THREE

3 MATERIAL SELECTION AND MANUFACTURING PROCESS

3.1 Materials

3.1.1 Sodium Hydroxide

Sodium hydroxide (NaOH) was chosen for treating sisal fibers in this study due to several
important considerations. Its strong alkaline properties allow it to efficiently remove lignin and
other unwanted substances from the fibers, thereby enhancing their quality and performance.
Furthermore, NaOH is a cost-effective and easily accessible chemical that is commonly used
across various industries, making it a practical option for this application. Its proven
effectiveness in fiber treatment is well-supported by existing research, and the process can be
carefully managed by adjusting variables such as concentration, temperature, and treatment
duration. With appropriate safety precautions in place, NaOH presents a reliable and safe choice
for fiber treatment. As a result, commercially available sodium hydroxide was selected for use in
this study.

3.1.2 Polyester

The choice of unsaturated polyester resin for fabricating sisal-reinforced composites is supported
by several key reasons. Primarily, this type of resin is known to exhibit excellent compatibility
with natural fibers like sisal, promoting strong interfacial bonding and improving the mechanical
performance of the composite. Additionally, the resin was sourced from a local composite
material supplier, ensuring both availability and a steady supply throughout the research. Its cost-
effectiveness, compared to other resin systems, further reinforces its suitability for research
purposes. Unsaturated polyester resin also offers favorable processing features such as low
viscosity and rapid curing, which aid in the efficient impregnation of sisal fibers and enable the
production of composites with desirable characteristics. Moreover, its widespread use and
proven reliability in the composites industry—particularly in applications involving natural

fibers—underscore its appropriateness for this study. Based on these considerations, unsaturated
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polyester resin was obtained locally and used in the preparation of sisal-reinforced composite

materials.
3.1.3 Sisal Fiber

The selection of sisal fibers for semitrailer loading floor applications presents numerous benefits.
To begin with, the widespread cultivation of sisal plants ensures a consistent and easily
accessible supply of fibers, particularly in northern Ethiopia. This local availability reduces
reliance on expensive imports and promotes regional economic development. Furthermore, sisal
fibers are notably lightweight, contributing to a reduction in vehicle weight. This decrease
enhances fuel efficiency, leading to both cost savings and environmental advantages. The
adoption of sisal fibers in such applications also holds the potential to boost the livelihoods of
local communities in northern Ethiopia. As research continues and new applications are
explored, the demand for sisal can grow, creating a sustainable market and a steady income
source for local farmers. Overall, the accessibility, lightweight characteristics, and economic
potential of sisal fibers make them a highly suitable material for use in loading floor production,
supporting both fuel efficiency initiatives and the local economy. Consequently, sisal fibers were

sourced from the areas surrounding Mekelle in the Tigray region of Ethiopia. The sisal plant and

the extracted fibers are illustrated in Figure 3-1.

Figure 3-1: (a) Sisal plant (b) sisal fibers.
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3.1.4 Granit Powder

Granite powder was selected as a hybrid filler material alongside sisal fibers for automotive cross
bar applications due to its numerous advantages in enhancing composite performance. As a
naturally hard and durable mineral, granite powder significantly improves the stiffness, strength,
and load-bearing capacity of the composite—key requirements for structural automotive
components like cross bars. When combined with sisal fibers, this hybrid material offers a
strong, lightweight, and efficient alternative to conventional materials. In addition to its
mechanical benefits, granite powder exhibits excellent resistance to wear, corrosion, and
environmental degradation, contributing to the long-term durability and reliability of the cross
bar under demanding operating conditions. This enhanced performance ensures structural
stability over time, reducing maintenance needs and the risk of component failure. Granite
powder is also an economical and sustainable choice. It is widely available as a byproduct of
stone cutting and polishing in the marble industry, making it a low-cost filler material. In this
study, the granite powder was collected from local marble manufacturers, supporting the use of
regional resources while minimizing material costs and environmental impact. Repurposing this
industrial waste helps reduce landfill burden and promotes sustainable manufacturing practices.
The hybridization of sisal fibers with granite powder not only improves mechanical and thermal
properties but also contributes to vehicle weight reduction, enhancing fuel efficiency without
compromising safety or strength. Overall, the use of locally sourced granite powder and natural
sisal fibers provides a cost-effective, durable, and eco-friendly solution for manufacturing
automotive cross bars.

Therefore, the granite powder used in this study was collected from local marble
manufacturers, where it is generated as a byproduct during cutting and polishing processes. This
approach not only ensures a readily available and cost-effective supply of the material but also
supports sustainable practices by repurposing industrial waste. Utilizing granite powder from
nearby sources further promotes the use of local resources, reduces transportation-related
emissions, and contributes to the development of environmentally conscious composite materials

for automotive cross bar applications.
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3.2 Manufacturing Process

In this study, the manufacturing process for fabricating composite laminates is explained in the
following sections. The production of composite materials involves various techniques and

treatments.
3.2.1 Fiber Treatment and Preparation

The sisal fibers used in this study were manually extracted from locally collected sisal leaves. To
enhance their properties, the fibers underwent treatment using sodium hydroxide (NaOH). A 6%
weight diluted solution of sodium hydroxide was employed for treating the sisal fibers. The
fibers were immersed in this solution for duration of 3 hours, as per the recommendation of [63].
Subsequently, the fibers were washed with water to eliminate any residual sodium hydroxide and

left to dry at room temperature for a period of three days.
3.2.2 Sisal ply Preparation

The sisal fibers were initially cut into lengths of 300 mm and then manually arranged in a
unidirectional orientation to ensure continuous fiber alignment. To maintain this configuration,
the aligned fibers were placed between sheets of paper on both the top and bottom surfaces. To
secure the alignment and prevent displacement during handling, the fiber-paper assembly was
stitched together using a sewing machine. Following the stitching process, the papers were
removed by immersing the fabric in water, which facilitated easy separation from the fibers.
After paper removal, the sisal fiber fabric was dried in direct sunlight for three days to ensure

complete moisture evaporation. The outcome of this process was a fully dried, continuously
aligned unidirectional sisal fiber fabric, as illustrated in Figure 3-2. This fabric served as the

foundational reinforcement material for the subsequent preparation of composite laminates.

17



Figure 3-2: Unidirectional continuous sisal plies made by sewing.

3.2.3 Matrix Preparation

Firstly, the polyester resin was precisely weighed using a digital balance. Granite powder was
then added to the resin at weight percentages of 2.5%, 5%, 7.5%, and 10%, and mechanical
stirring equipment was used to thoroughly mix the filler and resin, ensuring a uniform and
consistent dispersion while preventing agglomeration. The filler loadings were kept below 10%
based on previous studies indicating maximum performance at these levels [35,36]. Once a
homogeneous mixture was achieved, the required amount of Butanox hardener was carefully
measured and added to the modified matrix, then mixed for an additional 2 minutes to ensure
proper incorporation. The resulting granite-filled polyester matrix was subsequently used in the
fabrication of the composite laminates. Figure 3-3 shows the materials used for preparation of

the matrix.
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Figure 3-3: Matrix preparation: (a) weighing (b) polyester (c) hardener (d)granite powder.

3.2.4 Fabrication of Composite Laminates

The composites were fabricated using the hand layup method followed by compression molding.
To facilitate easy removal of the cured composites from the mold, a releasing agent was applied
beforehand. The sisal fiber content was selected based on previous studies, which identified 20
wt.% and 30 wt.% as the optimal levels [42,64]. Granite powder was incorporated as the filler
material to evaluate its effect on the composites. Four different filler loadings—2.5 wt.%, 5
wt.%, 7.5 wt.%, and 10 wt.%—were used during fabrication. The matrix consisted of polyester
resin, applied both in its pure form and modified with granite powder fillers. Two laminates,
labeled S1 and S2, were prepared using the pure resin matrix combined with sisal plies, while the
remaining sixteen composites (S3 to S18) were produced using the granite-modified resin matrix
along with the sisal plies. During the fabrication process, the sisal plies were carefully positioned
in the mold and impregnated by pouring the appropriate resin matrix over them. A roller was
then used to ensure even distribution of the resin throughout the sisal layers and to remove any
trapped air bubbles. The composites were cured under a constant load of 2 kN for 24 hours. Each

composite measured 300 x 300 mmz2. The detailed composition of the composites, including the
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amounts of sisal fibers, granite filler, and polyester resin, is presented in Table 3.1Error!

Reference source not found.. Moreover, the manufacturing process is given in Figure 3.4.

Table 3.1: Composition of composites.

Composition
Laminate Sisal ((wt.%) Polyester ( wt.%) Granite ( wt.%)
El 20 80 0
E2 30 70 0
E3 20 80 2.5
E4 20 80 5
E5 20 80 7.5
E6 20 80 10
E7 30 70 2.5
E8 30 70 5
E9 30 70 7.5
E10 30 70 10

T 1
| Fiber Treatment & Preparation |
L 1

- Extract =isal fibers
- B MalH Ttreatment (=2 hrs)
— Wash & dry {Z days)

| Si=al Ply Preparation |

- Cut to =58 mm

- Align unidirectiomally
- Stitch belbwmeen papers
- Remowve paper 1n walter
- Sun-dry (3 days)

| m™atrix Preparation |
L 1

- welgh polyester resin

- Add granite posder {(Z.5-18%)
- Fechanical stirrimg

- Add Butamcse hardemner

- Stir 2 min - uniform matrix

-

T 1
] Composite Laminmate Fabrication |
L ]

- Apply mold release agent

- Positiom sisal plies

- Pour matrix owver fibers

- Roll to remowe alr bubbles

- Cwure wunder 2 kWM load (29 hrs)

- Fimal size: 38a = 93 mm*

| Composite Laminates Ready |

Figure 3-4: Manufacturing Process.
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CHAPTER FOUR

4 EXPERIMENTAL METHODS AND ANALYTICAL PROCEDURES

4.1 Tensile Strength

Tensile test specimens were prepared following the ASTM D3039/D3039M [65] standard. To
guarantee adequate sample size and statistical reliability, at least five specimens were cut from
each laminate for testing. The specimens were precisely dimensioned at 250 x 15 x 3 mm3. The
ends of the samples were carefully polished using a file and emery paper to create smooth
surfaces, removing any roughness or cracks that might influence the test outcomes. The tensile
tests were carried out using a Microcomputer Controlled Electro-hydraulic Servo Universal
Testing Machine, Model SI-1000KN, under ambient conditions. Testing was performed at a
controlled crosshead speed of 2 mm/min to ensure consistent and accurate loading throughout

the procedure.

4.2 Compressive Strength

Compressive testing was performed in accordance with ASTM D695-10 using rectangular
specimens. Each specimen measured 12.7 mm x 12.7 mm in cross-section and 25.4 mm in
length, maintaining the standard 2:1 length-to-width ratio. A total of five specimens were tested
under ambient temperature conditions to ensure the reliability and repeatability of the results.

4.3 Impact Strength

Impact tests were conducted following the 1ISO 179-1[66] standard using a Charpy impact tester,
specifically the Pendulum Impact Testing Machine, Model SI-42, with an impact energy of 150
J. For each test, at least five un-notched specimens measuring 80 x 10 x 4 mm? were prepared.
During testing, the samples were struck by a hammer in both flatwise and normal orientations.
The impact strength was determined by dividing the absorbed energy by the cross-sectional area
of each specimen. All tests were performed under ambient conditions to ensure consistent testing

environments and reliable, comparable results.
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4.4  Flexural Strength

Flexural tests were carried out in accordance with ASTM D790-10 [67] using a Microcomputer
Controlled Electro-hydraulic Servo Universal Testing Machine, Model SI-1000KN, the same
machine used for the tensile tests. Specimens were prepared with dimensions of 125 x 13 x 3.2
mm3, complying with the ASTM D790 standard. The tests employed a three-point bending setup,
applying a constant loading rate until the specimens failed. During testing, the flexural strength
was determined by examining the load-displacement data. This strength corresponds to the
maximum stress the specimen endured at the point of failure. The highest load recorded
immediately before fracture was used to calculate the flexural strength, typically expressed in
force per unit area. All tests were conducted under ambient conditions to ensure consistent and

reliable results.

4.5 Water Absorption

The water absorption behavior of the composite laminates was evaluated following the ASTM
D570-98 [68] standard. Test specimens measuring 76.2 x 25.4 x 4 mm were prepared as per the
standard specifications. Before the water absorption test, the specimens were dried in an oven at
50°C for 24 hours to ensure they were completely moisture-free. After drying, the samples were
cooled to room temperature, and their initial weights were recorded using a digital balance with a
precision of 0.01 g to establish a baseline for comparison. The specimens were then submerged
in a water bath at room temperature and left to soak until fully saturated. Weight measurements
were taken at predetermined intervals. Before each weighing, the specimens’ surfaces were
carefully dried with clean cotton to remove any excess water, and the measurements were
recorded immediately to prevent environmental factors from influencing the results. The water

absorption of the samples was calculated using Equation 4.1.

M,, — M 4.1

0
Ma = 1009
a M, X Y%

Where Ma is the percentage of water uptake the specimen, M,, is the weight of the wet

specimen, and M, is the weight of the dry specimen.
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4.6 Density

The density of specimens was determined following the ASTM D792-20 [69] standard. The
specimens were prepared in accordance with the standard's specified dimensions. The mass of
each specimen was measured using a precise balance with a precision of 0.01 g. The volume of
the specimens was determined using displacement methods as outlined in the ASTM D792-20
standard. The density of the specimens was determined in units of mass per unit volume which

provides valuable information about the material's compactness and mass distribution.

4.7 Performance Evaluation Using TOPSIS

4.7.1 Selection of Criteria for Evaluation

When developing an automotive component, multiple factors must be taken into account. Key
considerations include tensile strength, impact resistance, flexural strength, compressive
strength, material density, and water absorption. High tensile strength is essential for the
component to endure significant loads without permanent deformation or breaking. Impact
resistance ensures durability against sudden shocks and vibrations. Flexural strength is important
for the component to retain its structural integrity under bending forces. Compressive strength
enables the material to withstand pressure without collapsing. Lower density materials can
reduce the overall weight, potentially enhancing fuel efficiency. Additionally, low water
absorption is desirable to minimize the risk of corrosion and material deterioration. By
thoroughly assessing these properties, the optimal material for the intended automotive
application can be identified.

4.7.2 Weightage

In the material selection process for an automotive trailer floor, it is essential to assign
appropriate weights to each evaluation criterion based on the specific performance requirements
of the application. These weights are determined through expert judgment, taking into account
the operational environment, expected mechanical loads, and long-term durability needs of the
trailer floor. The goal is to reflect the relative importance of each property—such as tensile
strength, impact strength, flexural strength, compressive strength, density, and water
absorption—in meeting the demands of real-world use. To facilitate objective evaluation and

comparison, the assigned weights are normalized so that their total equals one. This ensures that
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the contribution of each criterion is proportionally represented when applying decision-making
tools such as weighted scoring models or multi-criteria decision analysis (MCDA). For a trailer
floor, which typically experiences heavy loading, repeated impact from cargo, flexural stresses
during transit, and exposure to outdoor environmental conditions, certain material properties are
especially critical. Impact strength and flexural strength receive higher weighting, as the floor
must absorb dynamic loads and resist deformation under varying weight distributions.
Compressive strength is also significant to prevent localized crushing under high loads. Tensile
strength supports structural integrity, particularly when the floor is integrated with the trailer
frame. Density plays a role in overall vehicle weight, which affects towing efficiency and fuel
consumption. Water absorption must be minimized to reduce the risk of moisture-related
degradation, especially when operating in wet or humid environments. The final weights
assigned to each of these criteria, reflecting their relevance to the trailer floor application, are
presented in Table 4.1. These weights provide the foundation for a systematic, performance-
driven material selection process that ensures safety, reliability, and cost-effectiveness over the

trailer’s service life.

Table 4.1: Weight assignment for decision criteria.

o Tensile Compression  Flexural  Impact Water _
Criteria ] Density
Strength Strength Strength ~ Strength  Absorption
Weight =1 0.18 0.18 0.21 0.21 0.10 0.12

4.7.3 Calculation of Performance Scores using TOPSIS

TOPSIS (Technique for Order of Preference by Similarity to Ideal Solution) is a decision-
making method used to rank alternatives based on their similarity to an ideal solution. It is
commonly used when multiple criteria need to be considered in selecting the best alternative.
The steps involved in the TOPSIS procedure are as follows:

Step 1: Construct a decision matrix that compares the performance of each alternative with

respect to each criterion in matrix form as expressed in Table 4.2.
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Table 4.2: Decision matrix.

Tensile Compression Flexural Impact Water density
Strength Strength (Mpa) Strength Strength Absorption (g/cm)
Composites ~ (Mpa) (Mpa) (KJ/m?) (%)

El 70.14 54.08 103.11 94.23 6.2 14
E2 85.1 62.11 116.23 118.45 6.7 1.39
E3 80.45 63.65 109.25 119.87 5.6 141
E4 85.76 68.12 120.43 137.23 4.7 1.42
E5 95.76 72.79 130.15 152.12 3.8 1.43
E6 90.42 69.34 121.13 136.12 3.3 1.44
E7 99.98 68.14 141.27 146.23 5.8 1.43
E8 107.9 76.19 150.76 176.73 5 1.45
E9 102.87 70.17 141.11 160.21 4.2 1.46
E10 99.08 67.87 137.18 139.13 3.8 1.47

Step 2: Normalize the matrix by dividing each value by the sum of the squared values in the
same column as given in Equation 4.22.

Xij 4.2

Rl] = _(Z?;1Xi2j)1/2

Wherei=1,2..., mandj=1, 2, .., n. and X — denote the decision matrix and R- denote the
normalized decision matrix.

Step 3: The obtained normalized matrix is then converted into the weighted normalized decision
matrix (Vi) by multiply each element in the normalized decision matrix R by its respective

weight in Table 4.3 using Equation 4.3. The weighted normalized decision matrix is given in
Table 4.3.

V_ij=R_ij*W_j 4.3
Wherei=1,2,..,mandj=1,2,..n.
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Table 4.3: Weighted normalized decision matrix.

Tensile  Compression  Flexural Impact Water density
Strength Strength Strength ~ Strength  Absorption
Composites

El 0.043 0.046 0.054 0.045 0.039 0.037
E2 0.052 0.052 0.060 0.056 0.042 0.037
E3 0.050 0.054 0.060 0.057 0.035 0.037
E4 0.053 0.057 0.057 0.065 0.030 0.038
ES 0.059 0.061 0.063 0.072 0.024 0.038
E6 0.056 0.058 0.068 0.065 0.021 0.038
E7 0.062 0.057 0.063 0.069 0.036 0.038
E8 0.066 0.064 0.073 0.084 0.031 0.038
E9 0.063 0.059 0.078 0.076 0.026 0.039
E10 0.061 0.057 0.073 0.066 0.024 0.039

Step 4: Determine the positive and negative ideal solutions: Identify the best and worst values

among all alternatives for each criterion. The positive ideal solution is denoted as A+ and the

negative ideal solution is denoted as A-. The positive ideal solution and the negative ideal

solution of all the criteria are given in Table 4.4.

Table 4.4: The positive ideal solution and the negative ideal solution.

A+_j:{

A-_]

max(V_ij), if j is a benefit criteria or larger — the — better

min(Vij), if j is a cost criteria or smaller — the — better

. {min(V_ij), if j is a benefit criteria or larger — the — better
B max(V_ij), if j is a cost criteria or smaller — the — better

SIN  Criteria Ideal positive(A+) Ideal negative (A-)
1 Tensile Strength 0.0665 0.0432
2 Compression Strength 0.0643 0.0456
3 Flexural Strength 0.0783 0.0535
4 Impact Strength 0.0840 0.0448
5 Water Absorption 0.0421 0.0208
6 Density 0.0390 0.0369
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Step 5: Calculate the separation measures: The separation measures indicate how close or far an
alternative is from the ideal solutions. Compute the Euclidean distance between each alternative
and the positive ideal solution (D+) and the negative ideal solution (D-) using Equation 4.4. The
results are given in Table 4.5.

44

Di+=\/27=1 ( V]+ - Vij)z
o= {3, (V) = Vi)’

Step 6: Calculate the relative closeness to the ideal solution: Determine the relative closeness (C)

of each alternative to the ideal solution by calculating the ratio of the distance to the negative
ideal solution and the sum of the distances to both ideal solutions using Equation 4.5. Thus, the
alternative with the highest relative closeness value (C) is considered the best composite among
the given alternatives. The relative closeness values (C) of all alternatives along with their ranks
are given in Table 4.5. Based on the analysis presented in Table 4.5, composite E8 has emerged
as the most appropriate material choice for the trailer floor application. This conclusion is drawn
from its highest relative closeness value, which indicates superior performance in comparison to
the other evaluated alternatives. The selection is based on multiple criteria, including mechanical
strength, durability, cost-effectiveness, and overall suitability for structural applications in
transportation. Thus, composite E8 is chosen not only for its favorable evaluation metrics but
also for its potential to enhance the performance and longevity of the trailer floor. Consequently,
this material composition will be utilized in the subsequent stages of the project, including the
structural design, design optimization, and finite element analysis (FEA), to ensure the

development of a robust and efficient trailer floor system.

__ Di- 4.5
(0 + D)
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Table 4.5: The separation measures, the relative closeness and rank of alternative laminates.

Separation measures Closeness factor Rank
Composites D+ D- C+
El 0.058 0.004 0.059 10
E2 0.043 0.018 0.290 o
E3 0.041 0.019 0.315 8
E4 0.034 0.029 0.460 !
ES 0.021 0.041 0.656 4
E6 0.025 0.037 0.595 >
EY 0.028 0.035 0.557 0
. B ooz o4  os0 L1
E9 0.012 0.049 0.811 2
E10 0.021 0.040 0.659 3

4.8 Design and Optimization of Bus Roof Panel

4.8.1 Design Parameters and Materials

The input parameters for the selected semitrailer model, which served as the reference vehicle in
this study, are detailed in Table 4.6. Additionally, the material properties of the sisal/granite

fiber-reinforced hybrid composite used in the design optimization process are provided in Table
4.7.
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Table 4.6: Input data for the modified semi-tailor loading floor.

Name Semi-Trailer
Payload (ton) 60
Tare-weight (ton) 12
King pin position from front board (mm) 1300
Rear overhang to center of quake (mm) 3450
Total length of the semi-trailer (mm) 13500
Total width of the semi-trailer (mm) 2502
Load carrying length of the semi-trailer (mm) 13400
Spring center (mm) 920
Gross combination weight (ton) 84
Gross combination length (m) 18.5

Table 4.7: Mechanical properties of sisal/granite hybrid composite.

Tensile Modulus along longitudinal direction, E1(GPa) 7.21
Tensile Modulus along Transverse direction, E2 (GPa) 3.12
Poison’s ratio, V12 0.32
Poison’s ratio, V21 0.14
Shear Modulus (G12) (GPa) 2.5

Longitudinal strength in tension, X; (MPa) 107.9
Longitudinal strength in compression, X¢ (MPa) 76.19
Transverse strength in tension, Yt (MPa) 57.34
Transverse strength in compression, Y. (Mpa) 32.12
Shear strength, S (MPa) 29.45

4.8.2 Local Calculation

In this study, the critical loading scenario involves a uniformly distributed load applied across
the entire area of the semi-trailer’s loading floor. The semi-trailer is structurally supported at two

primary locations: the kingpin connection at the front, which links it to the tractor unit, and the
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rear axle support points. This setup reflects realistic operating conditions where the payload is
evenly distributed over the floor surface, as typically observed during transportation.

A payload of 60 metric tons was considered, corresponding to a gravitational force of:
9.81m
s2

The tare weight of the semi-trailer, obtained from the existing MIE design report, was taken as 8

60t = 60 x 1000kg X

= 550,800N (550.8KN)

metric tons, which equates to:
8t = 8 X 1000kg x 9.81m/s? = 78,480N (78.48KN)
The total static load applied along the trailer floor is therefore:
Total load =78,480N+550,800N=629,280N (629.28KN)
This loading condition was used to evaluate the stress distribution, deflection characteristics, and
structural performance of the proposed sisal/granite fiber-reinforced hybrid composite floor

under realistic service conditions.

4.9 Mathematical modeling

Classical Laminate Theory (CLT) is applied to model the semi-trailer’s composite loading floor,
with key assumptions simplifying the analysis while accurately capturing the mechanical
behavior of the laminated structure. This approach enables effective prediction of stiffness, stress
distribution, and deformation under applied loads, making it suitable for evaluating the structural

performance of the hybrid composite floor under operational conditions.

4.9.1 Bending moment analysis

According to established mechanical design principles and plate theory, the composite loading
floor of the semi-trailer is modeled as a simply supported continuous rectangular plate spanning
over three supports. For analytical purposes, the loading floor is represented as a rectangular
plate of width ‘b’ and length ‘a’, corresponding to the full dimensions of the floor structure.
Assuming a uniformly distributed load acting over the surface, the maximum bending moments
in the longitudinal (Mx) and transverse (My) directions, as well as the maximum shear forces,
are calculated using classical plate theory formulations, as shown in Equations 4.6. This
modeling approach enables a simplified yet accurate prediction of structural behavior under
service loads. The load distribution applied to the composite loading floor is illustrated in Figure
4.1.
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My =ﬁqlz

My = Byql? 4.6
Vx =yql
Vy =114l

Where; Mx & M,y are bending moments in X and Y direction respectively.
Vx & Vy are shearing forces in X and Y direction respectively.

g= load per unit area

a= shortest span length

b= longest span length

B.B1,v,v1 are length to width ratio coefficient.

| = the smaller of spans a and b

Lateral load

Mid Plane

Figure 4-1: Load distribution of loading floor.

4.9.2 Stress-Strain Relationship

Hooke’s Law is applied to analyze the stress distribution across the composite loading floor of
the semi-trailer. Given the structural configuration and loading conditions, it is assumed that
there are no significant out-of-plane forces acting on the floor. As a result, the loading floor can
be idealized as a thin laminated structure subjected to in-plane forces only, justifying the use of

the plane stress assumption. This simplification reduces the general three-dimensional stress—
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strain relationships to a two-dimensional form, making the analysis more computationally
efficient while maintaining accuracy. Under the plane stress condition, the composite laminate is
treated as an orthotropic material, meaning its mechanical properties differ along different
directions (e.g., fiber direction vs. transverse direction). Therefore, the stress—strain relationship
is governed by the constitutive equations for orthotropic materials in two dimensions. These
relationships are expressed in matrix form, as shown in Equation 4.7, and are fundamental to
predicting how the laminate will deform under in-plane loading. This formulation is crucial for
evaluating the structural response and optimizing the material layout of the composite loading

floor under service conditions.

[Gij] = [Qij]l&;] iandj=1,2,3..6
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Since all the stress components in the Z-axis are zero due to the plane stress condition, the
reduced stress-strain relationship for orthotropic materials is simplified to Equation 4.8.

01 Q11 012 0 €
O2¢=] Q12 Q2 O & 4.8
T12 0 0 Qecl V12

Where, Qjj is the reduced stiffness matrix that describes the elastic behavior of the ply under

plane loading, given as follows:

_F
G = 1/(1 — V12V21)

= Vi2Eq
(1 —v12V21)
Q22 = EZ/
(1 —v12V21)
Qe6 = G12

Where:
E: - Longitudinal Young’s modulus
E2 - Transverse Young’s modulus

V12~ Major Poisson’s ratio

32



G12 - In-plane shear modulus

To evaluate the mechanical response of the semi-trailer’s composite loading floor under applied
loads, the mid-plane strains and mid-surface curvatures are calculated using the laminate
stiffness matrix, commonly referred to as the ABD matrix. This comprehensive 6x6 matrix
framework defines the relationship between the in-plane and out-of-plane loads applied to the
laminate and the resulting strain and curvature responses. It encapsulates the overall elastic
behavior of the composite floor by integrating the contributions of all individual plies across the
laminate thickness. The ABD matrix is composed of three sub-matrices: [A], [B], and [D]. The
[A] matrix represents the extensional stiffness, which relates in-plane forces to mid-plane strains.
The [D] matrix captures the bending stiffness, relating applied moments to curvatures. The [B]
matrix, known as the coupling stiffness matrix, describes the interaction between in-plane forces
and out-of-plane bending — a phenomenon typical in unsymmetrical laminates. Together, these
matrices provide a complete description of the laminate’s stiffness characteristics. The
relationship between the generalized loads (in-plane forces and bending moments) and the
corresponding mid-plane strains and curvatures is mathematically represented by the ABD
matrix formulation, as shown in Equation (4.9). This formulation is critical in analyzing and
optimizing the performance of the composite floor under various load conditions, ensuring that

the design meets the structural demands of real-world trailer operations.

by 0 Degree b2
Mid-plai
__T_h_l == 90 Degree — — = m—imme ] oo
z
0 Degree
Figure 4-2: Three-ply loading floor.
[N] _ [[A] [B]] [80] 4.9
M [B] [D]ILlk

As illustrated in Figure 4.2, the composite laminate used in the semi-trailer’s loading floor is
designed to be symmetric with respect to both geometry and material stacking sequence. In
symmetric laminates, the bending—stretching coupling matrix [B] becomes zero, i.e., [B] = 0.
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This eliminates any coupling between in-plane stretching and out-of-plane bending, thereby
simplifying the structural analysis. The absence of coupling effects is advantageous for ensuring
predictable and independent behavior under specific load cases. Since the composite floor is
subjected primarily to a uniformly distributed transverse load, the structural response is
dominated by bending rather than in-plane stretching. Under these conditions, the relationship
between the applied loads and the resulting mid-plane strains and curvatures is simplified and
governed by a reduced form of the laminate constitutive equation, as expressed in Equation 4.12.
The global stress distribution in each ply of the laminate is determined using Equation 4.13,
which calculates stresses based on the mid-plane strains and curvatures induced by the applied
moments and forces. These deformation quantities are, in turn, derived using the extensional
stiffness matrix [A] and the bending stiffness matrix [D], which are computed according to
Equations 4.10 and 4.11, respectively. This analytical approach enables an accurate evaluation of
internal stresses across the laminate’s thickness, providing critical insight into the structural

integrity and performance of the composite loading floor under service conditions.
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The [Q] reduced stiffness matrix is given in the following Equation 4.14.
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_ gll q12 g16 4.14
[Q] = 912 922 Qze
Q16 Q26 Ces
Where
Q11 = m*Q1q +2m*n*(Q12 + 2Q6s) + n* Q22
Q12 = m*n?(Q11 + Q22 — 4Q¢6) + Q12(n* +m*)
Q22 = n*Q11 + 2m*n?(Qq2 + 2Qe6) + M* Qo
Q16 = M*n(Qq1 — Q12) + mn®(Q12 — Q22) + 2mn(m? — n*)Qes
Q26 = mn®(Q11 — Q12) + m3n(Q12 — Qz2) + 2mn(m? —n?)Qes
Qo6 = M*1n%(Q11 + Q22 — 2Q12) + (M* — n?)?Qqs
Where m = cos6f and n = sinf
The global strain in every ply can be calculated using the Equation 4.15 shown below.
Ex €2 ky 4.15
[sy] = [53 +7Z|ky
Vxy Vxy Kxy
Where €} , &) and vy, represent the mid-plane strains and k., k, and k,, are the mid-plane
curvatures, with z representing the distance from the mid-plane to the lamina (Figure 4.2).
Stresses in the k™ ply are analyzed using Equation 4.13, while principal stresses are obtained by

applying the transformation matrix in Equation 4.16 to the stress matrix from Equation 4.13.

m? n?® 2mn 4.16
[T]=]| n2 m? -2mn
—mn mn m-—n?

4.9.3 Optimization Using Genetic Algorithm

A Genetic Algorithm (GA) is employed to optimize the composite laminate configuration of the
semi-trailer’s loading floor, targeting minimum structural weight while maintaining sufficient

load-bearing capacity and ensuring safety under operational conditions. In this study, all key
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laminate parameters are treated as design variables, including the fiber orientation angles,
individual ply thicknesses, and the stacking sequence. This comprehensive optimization allows
the algorithm to explore a wide solution space to discover innovative, high-performance laminate
designs. Each potential laminate configuration is encoded as a chromosome, where each gene
represents a specific ply’s orientation angle, thickness, and position in the stacking sequence.
The GA evaluates these chromosomes using a fitness function that balances weight reduction
with mechanical performance criteria. Structural integrity is enforced through the incorporation
of the Tsai-Wu failure criterion, which ensures that no ply experiences failure under the applied
transverse distributed loads. The fitness function also penalizes solutions that exceed allowable
stress and strain limits, ensuring both safety and performance. The optimization process involves
the core GA operators: selection, crossover, and mutation. Selection favors lighter, structurally
compliant laminates; crossover combines features from high-performing designs to generate
improved offspring; and mutation introduces small variations in ply properties or ordering to
maintain diversity and avoid premature convergence. This iterative process, as depicted in the
genetic algorithm flowchart in Figure 4.3, guides the evolution toward an optimal laminate
layout. Classical Laminate Theory (CLT) is applied throughout the optimization to calculate the
in-plane and bending stiffness matrices ([A], [D]), as well as the mid-plane strains and
curvatures. These quantities are used to perform stress analysis for each ply, ensuring the design
meets the mechanical demands imposed by the uniformly distributed payload. The stress results
are checked against the Tsai-Wu criterion to verify structural safety at every step of the
optimization. By optimizing all laminate parameters—orientation, thickness, and stacking
sequence—the GA identifies non-intuitive, high-performance composite configurations that
achieve significant weight reduction while maintaining or enhancing the structural integrity of
the semi-trailer’s loading floor. This approach not only improves vehicle efficiency and payload
capacity but also provides a robust design methodology for advanced composite applications in

transportation engineering
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Figure 4-3:Flow chart for composite loading floor optimization using GA.
Objective function

The primary objective of optimizing the composite loading floor of the semi-trailer is to
minimize its structural weight while maintaining its mechanical integrity under service loads.
Accordingly, the objective function (F) is defined as the total weight of the laminate, which is to
be minimized through the adjustment of key design variables—specifically, the fiber orientation

angles, individual ply thicknesses, and stacking sequence. During the optimization process, the
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Genetic Algorithm (GA) modifies these variables to reduce the overall weight of the floor panel,
subject to constraints that ensure safe and reliable performance. One critical constraint is the
Tsai-Wu failure criterion, which is applied to each ply to prevent material failure under the
applied transverse distributed load. Additionally, stress and strain limits are incorporated into the
design space to eliminate structurally infeasible configurations. Thus, the objective function for
optimizing the composite loading floor can be mathematically represented as shown in Equation
4.17, where the total weight of the laminate is expressed as a function of the ply-level design
variables. The optimization process seeks to identify a laminate configuration that minimizes this
function while satisfying all mechanical and safety constraints imposed by loading conditions

and material limits.

F(y) = Lbp(t1 + t2 + t3) 4.17

Where; L is length of the plate
b -Width of the plate
p -Material density

t1, t2, t3-Corresponding ply thickness of each composite material
Constraints and variables

In the Genetic Algorithm (GA) optimization process for the semi-trailer’s composite loading
floor, the Tsai-Wu failure criterion is employed as a critical constraint to ensure structural
reliability and safety. This criterion is particularly suitable for composite materials as it accounts
for both tensile and compressive failure modes, making it highly effective in capturing the
complex failure behavior of fiber-reinforced laminates. The design variables considered in this
optimization include the thicknesses of individual plies (t1,t2,t3) and their corresponding fiber
orientation angles (61,02,03). These variables are systematically adjusted by the GA to minimize
the total weight of the laminate while ensuring that the structural performance remains within
allowable limits. To guarantee an adequate margin of safety under operational loading, a safety
factor of 2 is applied within the Tsai-Wu failure criterion. This means the optimized design must
not only avoid failure but must also demonstrate sufficient reserve strength under the worst-case
loading conditions. By integrating this safety factor directly into the evaluation of each candidate

solution, the GA filters out any configurations that approach critical failure thresholds.
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The Tsai-Wu failure index is computed for each ply using the in-plane stress components
resulting from the applied transverse distributed load. The simplified version of the Tsai-Wu
failure criterion, as applied in this study, is expressed in Equation 4.18. This equation evaluates
whether the combination of stress components and material strength parameters exceeds the
allowable failure envelope for the laminate. This constraint ensures that the final optimized
composite floor structure not only achieves minimal weight but also provides robust resistance to
both bending and in-plane loads during service, thereby meeting the mechanical performance

and safety requirements for real-world semi-trailer operations.
F101R + Fy0,R + Fg01,R + F1101%°R? + F5,0,°R? + Fye0,,°R? + 2Fj,000,R <1 418

Where; F,, F, Fg, F11, Fi5, Feg and F,;, are the components of the failure theory, 6, c,= principal

stresses along the fiber and perpendicular to the fiber respectively, and R is the margin of safety.

4.9.4 Finite Element Analysis

The optimized composite loading floor design for the semi-trailer is validated using Finite
Element Analysis (FEA) in ABAQUS to ensure the accuracy and practical feasibility of the
Genetic Algorithm (GA) optimization results. This validation step compares the GA-derived
laminate design with simulation outcomes to confirm that the optimized floor configuration
meets structural performance expectations under real-world conditions. A structural model of the
semi-trailer’s loading floor is developed in ABAQUS using the optimized design parameters,
including ply thicknesses, fiber orientations, stacking sequence, and geometric dimensions, all
based on the GA results. The composite material used in this study is a sisal/granite fiber-
reinforced polyester laminate, selected for its favorable mechanical properties and lightweight
characteristics. The full laminate configuration is illustrated in Figure 4.4(a). The model is
meshed using S4R shell elements with a 0.03 m mesh size to ensure sufficient accuracy in stress
and deformation analysis. Boundary conditions are applied to represent the real-world
supports—the floor panel is modeled as simply supported along all four edges, simulating
attachment to the trailer chassis. A uniformly distributed static load, representing the combined
payload and self-weight of the trailer, is applied across the floor surface, as shown in Figure
4.4(b). The FEA simulation calculates stress distribution and deformation under this applied load

to assess the structural response of the optimized floor. The Maximum Stress Theory is used as
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the failure criterion, evaluating the individual ply-level tensile, compressive, and shear stresses to
ensure they remain within the allowable limits of the sisal/granite polyester composite material.
By comparing the simulation results to design constraints, the FEA validation confirms whether
the optimized design satisfies mechanical performance and safety requirements. This process
ensures that the GA-derived laminate not only minimizes weight but also maintains sufficient
structural integrity and durability under static service loads. All optimized configurations of the
composite loading floor undergo this verification step to ensure they are structurally robust and
suitable for real-world semi-trailer applications.

b)
Figure 4-4: Optimized loading floor: (a) Ply stacking sequence and orientation (b) Loading and
boundary conditions.
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CHAPTER FIVE

5 RESULTS AND DISCUSSION

5.1 Tensile Strength

Figure 5.2 provides valuable insights into the effect of granite powder on the tensile strength of
sisal/polyester composites. The incorporation of granite particles led to a notable improvement in
the tensile properties across both 20/80 and 30/70 fiber-to-matrix compositions. Among the
20/80 composites, the highest tensile strength was achieved with the inclusion of 7.5 wt.%
granite (E5), whereas the 30/70 composites attained peak tensile strength at 5 wt.% granite
addition (E8). This difference is primarily attributed to the higher resin content in the 20/80
composite, which allows for greater dispersion of granite fillers before issues such as
agglomeration and interfacial weakening begin to reduce performance. In the 30/70 composites,
the tensile strength began to decline beyond 5 wt.% granite due to the limited matrix content,
which constrained proper distribution of the filler. The excess granite likely induced
microstructural defects such as particle agglomeration, voids, or poor wetting, all of which
degrade the interfacial bonding between the fibers, filler, and matrix [35,36,42]. The observed
decrease after 5 wt.% suggests a critical filler loading threshold for maximizing mechanical
efficiency without compromising the internal integrity of the laminate. Quantitatively, the 20/80
composites showed a maximum increase of 36.5% in tensile strength (from 70.14 MPa in E1 to
95.76 MPa in E5), while the 30/70 composites achieved a 26.7% improvement (from 85.10 MPa
in E2 to 107.9 MPa in E8). Although the percentage gain was higher in the 20/80 configuration
due to its lower initial strength, the absolute tensile strength was greater in the 30/70 composites.
Notably, the 30/70 composite with 5 wt.% granite (E8) exceeded the tensile strength of all 20/80
samples, outperforming E5 by approximately 12.7%. This reinforces the importance of fiber
content and filler dispersion synergy for optimizing mechanical performance. Therefore, based
on the results, incorporating 5 wt.% granite powder into the 30/70 sisal/polyester composite is
recommended to achieve superior tensile strength, offering the best balance between fiber

reinforcement and matrix-filler interaction.
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Figure 5-1: Effect of granite fillers on tensile strength: (a) 20/80 composites and (b) 30/70
composites.



5.2 Compressive strength

Figures 5.2a and 5.2b depict the compressive strength behavior of sisal/polyester composites
modified with varying granite powder contents. A consistent trend is observed across both
laminate systems: compressive strength increases with filler addition up to an optimal level,
beyond which a slight decline occurs due to filler-related issues. In the 20/80 fiber-to-matrix
composites (Figure 5.2a), the inclusion of granite powder markedly enhanced compressive
performance. The unmodified composite (E1) recorded the lowest strength at 54.08 MPa.
Introducing 2.5 wt.% granite (E3) elevated the strength to 63.65 MPa, while the peak value of
72.79 MPa was achieved at 7.5 wt.% granite (E5)—representing a 34.6% improvement over the
baseline. However, further increasing the granite content to 10 wt.% (E6) resulted in a slight
reduction to 69.34 MPa, attributed to potential particle agglomeration, formation of resin-rich
regions, and interfacial discontinuities that compromise the composite’s structural integrity. A
comparable trend was noted in the 30/70 composites (Figure 5.2b), which exhibited generally
higher compressive strengths due to their greater fiber content. The control sample (E2) reached
62.11 MPa, which increased to a maximum of 76.19 MPa at 5 wt.% granite loading (ES8),
marking a 22.7% enhancement. However, beyond this point, compressive strength began to
decline; the 7.5 wt.% formulation (E9) dropped to 70.17 MPa. This reduction can be linked to an
insufficient resin matrix to adequately wet both the fibers and the increasing filler content,
leading to microstructural defects such as voids, filler agglomerates, and poor interfacial
adhesion. Overall, the results confirm that granite powder can effectively reinforce
sisal/polyester composites when applied at optimal concentrations. For the 20/80 system, the
optimal filler content is 7.5 wt.%, whereas for the 30/70 system, 5 wt.% granite yields the
highest compressive strength. The greater improvement seen in the 30/70 composites suggests
that increased fiber content enhances load distribution and stress transfer within the matrix.
Nevertheless, maintaining an appropriate filler-to-matrix ratio is essential to avoid the adverse
effects associated with overfilling. For applications where compressive strength is a key
performance criterion, the 30/70 sisal/polyester composite with 5 wt.% granite powder offers the
best balance between fiber reinforcement and filler enhancement. This composition provides

optimal structural efficiency while minimizing defects related to excessive filler loading.
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5.3  Flexural Strength

The provided bar graphs illustrate the flexural strength of sisal/polyester composites modified
with varying weight percentages of granite powder, with Figure 5.3 a showing the results for the
20/80 fiber-to-matrix ratio composites and Figure 5.3 b depicting the 30/70 fiber-to-matrix ratio
composites. A consistent trend emerges across both systems: the flexural strength generally
increases with the addition of granite filler up to an optimal concentration, beyond which a slight
decrease is observed, likely due to challenges associated with higher filler loadings. For the
20/80 sisal/polyester composites (Figure 5.3 a), the introduction of granite powder significantly
influenced flexural strength. The unmodified composite (E1) recorded the lowest flexural
strength at 103.11 MPa. Adding 2.5 wt% granite (E3) increased this to 109.25 MPa, while 5 wt%
granite (E4) further improved it to 120.43 MPa. The peak flexural strength of 130.15 MPa was
achieved with 7.5 wt% granite (E5), representing approximately a 26.2% improvement over the
baseline. However, increasing the granite content to 10 wt% (E6) resulted in a slight reduction in
strength to 121.13 MPa, potentially due to particle agglomeration, resin-rich areas, or interfacial
defects. A comparable pattern was noted in the 30/70 sisal/polyester composites (Figure 5.3 b),
which generally exhibited higher flexural strengths attributable to their greater fiber content. The
control sample (E2) had a flexural strength of 116.23 MPa, which substantially rose to 141.27
MPa with 2.5 wt% granite (E7). The maximum flexural strength of 150.76 MPa was attained at a
5 wt% granite loading (E8), marking an enhancement of approximately 29.7% compared to the
control. Beyond this point, the strength declined; the 7.5 wt% granite formulation (E9) dropped
to 141.11 MPa, and the 10 wt% granite (E10) further decreased to 137.18 MPa, likely due to
insufficient resin to adequately wet both fibers and the increasing filler, leading to
microstructural imperfections. Overall, these results confirm that granite powder can effectively
enhance the flexural strength of sisal/polyester composites at optimal levels: 7.5 wt% for the
20/80 system and 5 wt% for the 30/70 system. The superior performance of the 30/70 composites
suggests better load-bearing capacity due to higher fiber content, though maintaining a proper
filler-to-matrix ratio is crucial. For applications demanding high flexural strength, the 30/70
sisal/polyester composite with 5 wt% granite powder (E8) offers the most favorable balance of

reinforcement and structural efficiency.
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Figure 5-3: Effect of granite fillers on flexural strength: (a) 20/80 composites and (b) 30/70
composites.



5.4 Impact Strength

The impact strength results of sisal/polyester composites modified with granite filler are
presented in Figures 5.4a (20/80 fiber-to-matrix ratio) and 5.4b (30/70 ratio). Both systems
exhibit a similar trend: impact strength initially increases with granite addition before declining
at higher filler loadings, indicating an optimal reinforcement threshold. For the 20/80 composites
(Figure 5.4a), the unfilled sample (E1) shows an impact strength of 94.23 KJ/m2. The addition of
2.5 wt.% granite (E3) improves this by 27.2% to 119.87 KJ/m?, while the 5 wt.% (E4) and 7.5
wt.% (E5) formulations achieve peak values of 137.23 KJ/m? and 152.12 KJ/m?, respectively.
However, at 10 wt.% (E6), the impact strength drops to 136.12 KJ/m?, suggesting that excessive
filler disrupts energy absorption. The 7.5 wt.% loading thus represents the optimal balance for
this system. In the 30/70 composites (Figure 5.4b), the baseline impact strength (E2) is higher at
118.45 KJ/m2 due to increased fiber content. The 2.5 wt.% (E7) and 5 wt.% (E8) granite loadings
enhance this further to 146.23 KJ/m? and 176.73 KJ/m?, respectively. Beyond 5 wt.%,
performance declines, with the 7.5 wt.% (E9) and 10 wt.% (E10) samples dropping to 160.21
KJ/m2 and 139.13 KJ/m2. This confirms that the 30/70 system benefits most from 5 wt.% granite,
as higher loadings likely cause resin starvation and poor filler dispersion. The superior impact
resistance of the 30/70 composites underscores the reinforcing role of fibers, while the optimal
filler thresholds (7.5 wt.% for 20/80 and 5 wt.% for 30/70) highlight the need to tailor filler
content to the fiber-matrix ratio. These trends, illustrated in Figures 5.4a and 5.4b, emphasize
that while granite filler enhances impact strength, its overuse can compromise performance due
to agglomeration and interfacial defects. For applications demanding high impact resistance, the
30/70 composite with 5 wt.% granite is recommended, whereas the 20/80 system performs best
at 7.5 wt.%.

47



180
160
140
120
100
80
60
40

Impact Strength (KJ/m2)

20

El

E3

E4

ES

E6

Average

94.23

119.87

137.23

152.12

136.12

STDEV (+/-)

1.8

2.0

1.9

2.1

1.7

Laminates

a)

200

180

160

140

120

100

80

60

40

20

Impact Strength (KJ/m2)

E2

E7

E8

E9

E10

Average

118.45

146.23

176.73

160.21

139.13

STDEV (+/-)

1.9

2

2.1

1.8

Laminates

b)

Figure 5-4: Effect of granite fillers on impact strength: (a) 20/80 composites and (b) 30/70
composites.



5.5 Water Absorption

The water absorption behavior of sisal/polyester composites modified with granite filler, as
detailed in Table 5.1 and Figures 5.5, reveals significant improvements in moisture resistance
across both the 20/80 and 30/70 fiber-to-matrix ratio systems. In the 20/80 composite series, the
unfilled laminate (E1) exhibited the highest water absorption at 6.2%, which progressively
declined with increasing granite content—dropping to 3.8% at 7.5 wt.% (E5) and further to 3.3%
at 10 wt.% (E6). A similar trend was observed in the 30/70 composites, where absorption
decreased from 6.7% in the unfilled specimen (E2) to 4.2% at 7.5 wt.% (E9) and 3.8% at 10
wt.% (E10). These reductions correspond to relative decreases of 38.7-46.8% for the 20/80
system and 37.3-43.3% for the 30/70 system, clearly demonstrating the filler’s effectiveness in
enhancing hydrophobicity. The improved moisture resistance is attributed to several synergistic
mechanisms. Granite particles act as impermeable barriers that inhibit water diffusion through
the composite matrix. Their presence also enhances the overall density of the material, reducing
microvoids and capillary pathways that typically facilitate water ingress. Additionally, the filler
may partially shield the inherently hydrophilic sisal fibers, minimizing direct fiber exposure to
moisture. This barrier effect is particularly effective up to 7.5 wt.%, beyond which the
incremental gains in moisture resistance become marginal. Notably, while higher granite
loadings (e.g., 10 wt.%) continue to reduce water absorption, they must be evaluated alongside
mechanical performance, as excessive filler content has been shown to slightly reduce strength
due to poor dispersion and interfacial issues. Therefore, 7.5 wt.% granite emerges as the optimal
loading level, striking a balance between significant water absorption reduction (to 3.8% for
20/80 and 4.2% for 30/70 composites) and sustained mechanical integrity. From an application
standpoint, these findings are particularly relevant for environments where dimensional stability
and durability under humid or wet conditions are essential. While the 30/70 composites
inherently absorb slightly more moisture due to their higher fiber content, their superior
mechanical performance may offset this drawback in structural applications. In conclusion,
granite filler not only improves the strength of sisal/polyester composites but also significantly

enhances their durability by reducing moisture uptake.

49



=4—E1 -—E3 ~4A—E4 —<E5 —¢E6

Water uptake rate (%)
o = N w H 6, ()] N

24

48

72 96 120 144 168 192 216 240
Time (Hours)

a)

~4—E2 ——E7 ~/—E8 —<E9 —+E10

e *
—

i i i

iy —

Water uptake rate (%)
O = N W & U1 O N ©

24

48

72 96 120 144 168 192 216 240
Time (Hours)

b)

Figure 5-5: Effect of granite fillers on water uptake rate: (a) 20/80 composites and (b) 30/70

composites.
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Table 5.1: Percentage of water absorption at saturation.

Laminates El E2 E3 E4 ES E6 E7 ES8 E9 E10

Average (%) 6.2 6.7 5.6 4.7 3.8 3.3 5.8 5 42 3.8

STDEV (+/-) 0.08 008 005 003 003 0.02 005 004 003 0.02

5.6 Density

The density measurements of the sisal/polyester composites provide valuable insight into the
structural impact of granite filler incorporation. Across both the 20/80 and 30/70 fiber-to-matrix
ratio systems, a consistent increase in density is observed with rising granite content as shown in
Figure 5.6 a and b. This trend reflects the physical influence of the high-density filler on the
composite's overall mass-to-volume ratio. In the 20/80 composites (E1-E6), density increases
from 1.40 g/cm3 in the unfilled sample (E1) to 1.44 g/cm3 at 10 wt.% granite content (E6). A
similar pattern is evident in the 30/70 composites (E2, E7—E10), where density rises from 1.39
g/cm3 in the control sample (E2) to 1.47 g/cm3 at 10 wt.% granite loading (E10). This systematic
increase is primarily attributed to the higher specific gravity of granite particles compared to both
the polyester matrix and sisal fibers. Several factors contribute to this enhancement in density.
Firstly, granite’s inherent density naturally raises the overall composite density when
incorporated as a filler. Secondly, the filler particles assist in minimizing void content by filling
gaps between the matrix and fibers, resulting in improved packing and a more compact
microstructure. Furthermore, at optimal loading levels, granite particles may enhance fiber—
matrix interfacial bonding, which further reduces the presence of microvoids and enhances
structural cohesion. The observed increase in density aligns with other key improvements in
composite performance. Higher-density samples—particularly those containing 5-7.5 wt.%
granite, such as E5 and E8—also exhibited superior mechanical properties and reduced water
absorption. Notably, the most significant density gains occur within the 0-5 wt.% filler range,
beyond which the rate of increase tapers off, suggesting the system is approaching a packing
limit where additional filler yields diminishing structural returns. In summary, the incorporation
of granite filler contributes to the development of a denser, more tightly packed composite
structure, which in turn supports enhancements in mechanical strength and moisture resistance.

However, for applications where weight is a critical design factor, the increase in density must be
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carefully balanced against the performance gains. The data demonstrate that moderate granite
loadings offer the most efficient trade-off between improved composite properties and

manageable weight increases.
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Figure 5-6: Effect of granite fillers on density: (a) 20/80 composites and (b) 30/70 composites.

5.7 GA Optimization

Based on the results obtained from Genetic Algorithm (GA) optimization, composite materials
are found to be preferable over conventional steel for the Semitrailer loading floor application,
primarily due to their significant weight reduction. As shown in Table 5.2, the loading floor
made from a hybrid sisal/granite composite weighs only 470.18 kg, compared to 1317.30 kg for
its steel counterpart (Steel 52). This represents a substantial weight reduction of approximately
847.12 kg, or about 64.3%. Importantly, this reduction is achieved without compromising the
load-carrying capacity or safety factor of the component, indicating the viability of composites as
structural alternatives in transportation applications. This weight reduction has a direct impact on
fuel efficiency. According to established data, for every 100 kg decrease in vehicle weight, fuel
consumption is reduced by an average of 0.065 liters per 100 kilometers. Therefore, with a
reduction of over 847 kg, the expected fuel saving is approximately 0.55 liters per 100 km. Over
the course of 100,000 kilometers, this would result in a total fuel saving of around 550 liters.
This has notable implications for fleet operations and logistics companies looking to reduce fuel

costs and improve overall efficiency. Furthermore, reduced vehicle mass also contributes to
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lower greenhouse gas emissions. It is estimated that fuel consumption and CO, emissions
increase by about 6.5% for petrol engines and 7.1% for diesel engines with every additional 100
kg of mass. Thus, by replacing the steel loading floor with the hybrid composite version, a truck
could avoid the emission penalties associated with such mass increases. In relative terms, this
equates to avoiding up to 60.1% of the potential emission increases linked to the heavier steel
component. The superior performance of the composite material can be attributed to several key
advantages. First, the lightweight nature of natural and mineral fibers, such as sisal and granite,
allows for a much lighter structure even with a slightly greater overall thickness (9.6 mm vs 5
mm for steel). Second, the use of a layered ply structure with a 0/90/0 orientation and ply
thicknesses of 2.4 mm / 4.8 mm / 2.4 mm enables optimized mechanical performance. This
balanced orientation enhances both longitudinal and transverse strength and stiffness, which is
especially important for structural components like a loading floor that experience multi-
directional loading. Third, from a sustainability standpoint, sisal is a renewable natural fiber, and
granite particles can be sourced as an industrial by-product, making the composite both eco-
friendly and cost-effective. In conclusion, the GA-optimized sisal/granite hybrid composite with
a 0/90/0 ply orientation is a highly effective alternative to traditional steel for the semitrailer
loading floor. It achieves remarkable weight reduction, significantly improves fuel efficiency,
and contributes to lower CO, emissions, all while maintaining structural integrity and
performance. These benefits underscore the growing importance and potential of natural fiber
hybrid composites in the automotive and transportation sectors, particularly in the pursuit of

lightweight, sustainable design.

Table 5.2: Comparison of GA optimized variables and objective function between steel and the
hybrid sisal/granite composite loading floor.

Criteria Sisal/granite hybrid composite Steel 52
Weight (Kg) 470.18 1317.30
Orientation 0%/90°/0° n/a
Ply thickness
24 48 24 5
t1,t2,t3 (mm)
Over all thickness (mm) 9.6 5
Width(mm) 2.502 2.502
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5.8 Finite Element Analysis (FEA)

5.8.1 Stress

The structural performance of the sisal/granite hybrid composite loading floor was evaluated
using Finite Element Analysis (FEA) in ABAQUS, with failure assessment performed using the
Maximum Stress theory. The laminate is composed of three plies arranged in a 0/90/0
orientation, designed to provide balanced stiffness and strength in both longitudinal and
transverse directions. The stress results for each ply—Ilongitudinal (S;4), transverse (S.;), and
shear (S12)—are presented in Table 5.3 and Figures 5.7 to 5.9. The outer layers (Ply 1 and Ply 3),
aligned at 0°, bear the highest loads, exhibiting compressive and tensile stresses of £18.42 MPa
(S11), £14.66 MPa (S;,), and +£9.371 MPa (S;,). The middle layer (Ply 2), oriented at 90°,
experiences significantly lower stress: —1.175 MPa (S11), —0.198 MPa (S,;), and —1.223 MPa
(S12), as expected from its transverse orientation to the primary loading direction. Safety factors
calculated using the Maximum Stress theory indicate that all plies are structurally sound, with
values exceeding the failure threshold of 1. However, Ply 1 exhibits the lowest safety factor of
2.19 in the transverse direction, only slightly above the target safety factor of 2, which was set
during genetic algorithm (GA)-based optimization using the Tsai-Wu failure criterion. While this
confirms that the layer meets the design requirement, its proximity to the threshold identifies Ply
1 as the most critical layer under increased loading scenarios. This relatively low safety factor is
not due to conservatism in the failure theory, but rather a result of actual mechanical
vulnerability—particularly compressive stresses acting in both the fiber and transverse
directions. Hybrid natural composites, such as sisal/granite, generally have lower compressive
strength compared to tensile strength, making them more susceptible to failure mechanisms like
matrix cracking or fiber micro-buckling under compressive loading. Therefore, Ply 1 is the most
likely to initiate failure under load escalation. In contrast, Ply 2 exhibits exceptionally high safety
factors—64.84 in the fiber direction and 162.2 in the transverse direction—attributed to its
minimal stress exposure. Ply 3, which shares the same 0° orientation as Ply 1, undergoes a
mirrored stress state but remains in tension, resulting in a slightly more favorable safety factor.
In conclusion, the sisal/granite hybrid composite loading floor demonstrates robust structural
performance, with all plies exceeding the minimum safety requirements. Nonetheless, Ply 1
remains the most vulnerable due to its compressive stress state, despite meeting the design

threshold. This highlights the importance of considering compressive failure behavior in
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laminate design and suggests that future improvements—such as targeted reinforcement, ply
angle variation, or improved matrix properties—could further enhance performance and

reliability under demanding loading conditions.
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Figure 5-9: Ply-2 stresses (a) Longitudinal (S11), (b) transverse (S22), and (c) in-plane shear
(512).

Table 5.3: Stress distribution and safety factor along the cross-section of the semi-trailer loading

floor.

Maximum stress Sisal/granite hybrid composite
Plyl Ply2 Ply3
S11(MPa) -18.42 -1.175 18.42
S22(MPa) -14.66 -0.198 14.66
S12(MPa) -9.371 -1.223 9.371
Safety  factor  using 1-direction 4.17 64.84 5.86
Maximum Stress theory ~ 2-direction 2.19 162.2 5.2
Shearing 3.14 24.08 3.14

5.8.2 Deflection

Figure 5.10 illustrates the bending behavior of a sisal/granite hybrid composite laminate,

evaluated as a potential material for semitrailer loading floors. The figure presents results from a
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finite element analysis (FEA), depicting the displacement magnitude under applied loading. A
color contour map is used to represent the deflection, with red indicating zones of maximum
displacement and blue representing areas of minimal or zero deflection. This visual
representation helps to understand the deformation pattern and the structural response of the
laminate under load. The simulation reveals a maximum deflection of 1.459 mm, occurring at the
center of the panel—where the structure is most susceptible to bending due to its distance from
the supports. This central region is shown in red, indicating the highest deformation, while the
outer edges, depicted in blue, remain largely undeformed due to being fixed or supported. Such a
deflection pattern is typical of panels that are supported along their perimeter and experience
either centrally applied or uniformly distributed loads, as would be the case in a semitrailer
loading floor. To determine whether the deflection is within acceptable engineering limits, it is
standard to compare the measured value against a deflection criterion such as L/300, where L is
the unsupported span of the panel. In this case, the longest unsupported span is 850 mm, which
means the allowable deflection is approximately 2.83 mm. Since the observed maximum
deflection of 1.459 mm is well below this threshold, the composite structure can be considered
sufficiently stiff for the intended application. This low level of deflection indicates that the
laminate is capable of maintaining its structural integrity and supporting heavy loads without
excessive deformation, which is essential for safe and reliable cargo transport. The use of a
sisal/granite hybrid composite offers a desirable combination of sustainability and performance.
Sisal fibers, being natural and renewable, provide lightweight reinforcement and good tensile
strength. Granite particles enhance the laminate's compressive strength, stiffness, and wear
resistance. Together, these reinforcements result in a hybrid material that is both strong and
lightweight—qualities that are highly valuable in transportation systems where minimizing
weight while maximizing durability is a key objective. Moreover, the smooth gradient of
deflection from the center toward the edges suggests efficient load distribution and uniform
stress handling. This even deformation behavior reduces the risk of localized stress
concentrations, which can cause fatigue or failure over time. Such mechanical performance
supports the long-term durability of the laminate, even under dynamic or repeated loading
conditions typically encountered during freight operations. In conclusion, the sisal/granite hybrid
composite demonstrates excellent mechanical performance for use in semitrailer flooring

applications. The maximum deflection of 1.459 mm, remaining well within the allowable limit of
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2.83 mm for an 850 mm span, confirms the material’s structural adequacy. Its favorable balance
of strength, weight, and durability, combined with the benefits of sustainability and efficient load
management, make it a promising candidate for advanced transportation and infrastructure
applications. Further refinement through simulation and material optimization can enhance its

performance even further for demanding real-world conditions.

U, Magnitude
+1.459e+00
+1.,337e+00
+1.216e+00
+1.094e+00
+9.725e-01
+8.509e-01

+7.294e-01
+6.078e-01
+4.862e-01
+3.647e-01
+2.431e-01
+1,216e-01
+0.000e+00

Figure 5-10: Deflection of the sisal/granite hybrid composite loading floor.
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CHAPTER SIX

6 CONCLUSION AND FUTURE WORKS

6.1 Conclusion

This study investigated the development and optimization of sisal/granite hybrid composite
laminates for use in semi-structural transport applications, specifically focusing on semi-trailer
loading floors. The objective was to produce a lightweight, sustainable, and mechanically robust
material using locally sourced alkali-treated sisal fibers and granite powder as reinforcement in a
polyester matrix. Experimental results confirmed that incorporating 5 wt.% granite powder into a
30 wt.% sisal-reinforced polyester laminate (E8) yielded the most favorable balance of
properties. This composite showed significantly enhanced mechanical strength, including tensile,
flexural, compressive, and impact resistance, while also reducing water absorption by up to
43.3% compared to the unfilled system. This moisture resistance is crucial for structural panels
subjected to variable environmental conditions. Using the TOPSIS (Technique for Order
Preference by Similarity to Ideal Solution) method, E8 was identified as the optimal composite
formulation based on a multi-criteria evaluation of mechanical performance, density, and
durability. The structure was then optimized using a Genetic Algorithm (GA) to minimize weight
while satisfying mechanical constraints. The final GA-optimized design achieved a weight
reduction of approximately 64.3% compared to a steel floor panel of equivalent size and load-
bearing capacity, significantly improving transport efficiency. To verify structural performance,
a finite element analysis (FEA) was conducted using Abaqus. The FEA results revealed a peak
stress of 43.9 MPa, with stress concentrations localized in the central region of the panel. The
Tsai-Wu failure index remained below 1.0 for all plies, indicating that no layer experienced
failure under the design load. Evaluation using the Maximum Stress Theory further supported
these results. The minimum factor of safety (FOS) was calculated as 2.19 in the transverse
direction of Ply 1, which was the most critically stressed layer. This value not only exceeds the
commonly accepted threshold for structural applications but also matches the design constraint
of 2.0 set during the GA optimization based on the Tsai-Wu criterion. The FEA also confirmed
the predicted deformation behavior, with a maximum displacement of 1.459 mm observed at the
panel center—fully within serviceable limits. These results demonstrate that the composite is
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capable of sustaining operational loads while maintaining dimensional stability and mechanical
integrity. In conclusion, the integration of material selection (via TOPSIS), design optimization
(via GA), and structural validation (via FEA) has resulted in a high-performance, lightweight,
and environmentally friendly composite panel. The use of locally available natural fibers and
industrial byproducts not only reduces environmental impact but also supports regional resource
utilization and circular economy goals. This study provides a viable path forward for the
implementation of sustainable composite materials in transportation infrastructure and other

structural engineering applications.

6.2 Future Research Directions

The primary goals for future research involve thoroughly evaluating the material's long-term
performance and safety, enhancing its sustainability and manufacturing processes, analyzing its
overall economic and environmental impact, and validating its performance in real-world
applications.
Key areas for investigation include:
e Durability & Performance: Testing fatigue under cyclic loading and resistance to
environmental aging (UV, temperature).
o Impact Assessment: Conducting life-cycle and cost-benefit analyses.
o Real-World Validation: Integrating the composite into full-scale structures (e.g., semi-
trailers) to test its performance under service conditions.
o Fatigue testing is required as the component may be subjected to fatigue loads.
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APPENDICES

Appendix Al: Objective function

function v = loading floor(x)

L1=13.5;% length

b=2.502;% width

dens=1.45e3;%density of E8

t1=x(1);t2=x(2);t3=x(3);

v=(L*b*((t1+t2+t3)*dens);% mass of the loading floor
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Appendix B2: GA Optimization

Ib=1[0 0 O];

ub =[10 10 10];

opts = optimoptions(@ga, ...
'PopulationSize’, 150, ...
'‘MaxGenerations', 200, ...
'EliteCount’, 3, ...
'FunctionTolerance’, 1e-8, ...
'PlotFcn’, @gaplotbestf);

X0 =100 0]; % Start point (row vector)

options.InitialPopulationMatrix = X0;

[xbest fbest] = ga(@loading floor, 3,[1, 0.1, [I. --

Ib, ub, @loading floor constraints);
display (xbest)
display (fbest)
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Appendix A3: Constraints

The ply angle orientation in the composite laminates is varied by altering the value of 6 within
the constraint function during the optimization process. The laminate stacking sequences
evaluated in this study include a range of symmetrical and asymmetrical configurations to assess
their impact on mechanical performance. The specific orientations analyzed are [0°/90°/0°],
[45°/45°/45°], [0°/0°/0°], [0°/45°/0°], [45°/-45°/45°], [90°/0°/90°], [90°/45°/90°], [90°/90°/90°],
and [45°/0°/45°]. These configurations are selected to explore the effects of different ply

alignments on strength, stiffness, and failure response under operational loading conditions.

Constraint Function

%constraint function
function [c,ceq]=myconstraint(x)
M=P*L; %The bending moments of the loading floor
R=2; % margin of safety
% Mechanical properties
E1=7.21¢9; %Longitudinal modules in pa
E2=3.12e9; % Transverse modulus in pa
V12=0. 0.32;
G12=2.5e9; %In plane shear modulus in pa
Xt=107.9e6; %Longitudinal tensile strength in pa
Xc=-76.19e6; %Longitudinal compression strength in pa
Yt=57.34e6; % Transvers tensile strength in pa
Yc=-32.12e6; %Transvers compression strength in pa
xy=29.45e6; %Shear strength in pa
theta=[0 90 0];
N=3; %layer number
% reduced stiffness matrix calculation
V21=V12*E2/E1,
Q11=E1/(1-(V12*V21));
Q12=(V12*E2)/(1-(V12*V21));
Q22=E2/(1-(V12*V21));
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Q66=G12;
% initialising the bending stiffness matrix
D11=0;
D12=0;
D22=0;
D66=0;
for i=1:N % layer number identifier
deg=(theta(i))*pi/180;
m=cos(deg);

n=sin(deg);

%transformed stiffness matrix
Qbar11=(Q11*m"4)+(2*(Q12+(2*Q66))*(Mm"2)*(n"2))+(Q22*n"4);
Qbar12=((Q11+Q22-(4*Q66))*(m"2)*(n"2))+(Q12*((m"4)+(n"4)));
Qbar22=(Q11*(n"4))+(2*(m"2)*(n"2)*(Q12+(2*Q66)))+(Q22*m"4);
Qbar66=(Q11+Q22-(2*Q12))*(m"2)*(n"2)+(Q66*((M"2)-(n"2))"2);

%bending stiffness matrix

D11storage=Qbar11*(((-(x(1)*(N-2*i)/2))"3-(-(x(1)*(N-2*(i-1))/2))"3)/3);
D12storage=Qbar12*(((-(x(1)*(N-2*i)/2))"3-(-(x(1)*(N-2*(i-1))/2))"3)/3);
D22storage=Qbar22*(((-(x(1)*(N-2*1)/2))"3-(-(x(1)*(N-2*(i-1))/2))"3)/3);
D66storage=Qbar66™(((-(x(1)*(N-2*1)/2))"3-(-(x(1)*(N-2*(i-1))/2))"3)/3);

D11=D11+D11storage;
D12=D12+D12storage;
D22=D22+D22storage;
D66=D66+D66storage;

end
D=[D11 D12 0; D12 D22 0; 0 0 D66];

%calculating the mid surface curvatures
K=D\M;
k=theta(1,1); % ply indicators
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deg=(K)*pi/180;
m=cos(deg);
n=sin(deg);

%transformed stiffness matrix
Qbar11=(Q11*m"4)+(2*(Q12+(2*Q66))*(Mm"2)*(n"2))+(Q22*n"4);
Qbar12=((Q11+Q22-(4*Q66))*(m"2)*(n"2))+(Q12*((m"4)+(n"4)));
Qbar22=(Q11*(n"4))+(2*(m"2)*(n"2)*(Q12+(2*Q66)))+(Q22*m"4);
Qbar66=(Q11+Q22-(2*Q12))*(m"2)*(n"2)+(Q66>((M"2)-(n"2))"2);

Qk=[Qbarl1 Qbarl2 0; Qbarl2 Qbar22 0; 0 0 Qbar66];

zvalues=[(3*x(1))/2, x(1)/2] ; %z for upper and lower surface of the ply

%strains in a laminate

for j=1:length(zvalues)
z=zvalues(j);

epsilonk=z.*K;

%ostress in a laminate
sk=Qk*epsilonk;

%local stress
T=[m"2 n"2 2*m*n; N2 M"2 -2*m*n; -m*n m*n m"2-n"2];

stress=T*sk;

%The components of the failure theory are found using the five strength parameters
F11=(-1/(Xt*Xc));

F22=(-1/(Yt*Yc));

F12=-0.5*(F11*F22)"0.5;

F66=1.0/xy"2;

F1=(1/Xt)+(1/Xc);

F2=(1/Yt)+(1/Yc);

F6=0;

%TSAI-WU Failure criterion
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TS=((F1*stress(1,1)*R)+(F2*stress(2,1)*R)+(F6*stress(3,1)*R)+(F11*(stress(1,1))"2*(R"2))+(
F22*(stress(2,1))"2*(R"2))+(F66*(stress(3,1))"2*(R"2))+(2*F12*(stress(1,1))*(stress(2,1))))<1;
end

max_stress=max(sk); %display maximum stress value

t=3*x(1);

% All nonlinear constraints

¢ = [-t+(3*x(1)); t-(3*x(1)); TS];

% No equality constraints

ceq = [I;
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