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ABSTRACT

The automotive sector faces rising fuel consumption and pollution due to the increasing vehicle
numbers. To mitigate these challenges, lightweight materials have become imperative to diminish
the weight of automotive components. Additionally, addressing the pervasive issue of plastic
pollution necessitates innovative solutions, such as recycling or reusing the primary plastic
pollutant, polyethylene terephthalate (PET). This study tackles two interconnected issues: reducing
vehicular weight through material substitution and mitigating plastic waste by reusing PET from
discarded water bottles. The main objective of this study is to design and optimise a hybrid
polyester composite material for bus roof plates for the modified ISUZU NPR71 4570cc, utilizing
jute and reused PET fibers as reinforcement. Samples were prepared using the hand lay-up method,
with fiber-to-matrix weight fractions ranging from 40% to 60%. Five laminates were created,
incorporating alkali-treated jute fibers to enhance interfacial adhesion. Through a series of
experimental tests, the tensile, compressive, flexural, impact strengths, density, and water
absorption rates were conducted. The TOPSIS method was applied to assess and evaluate the
properties of prepared laminate samples. Results indicate that the P-J-J-P orientation of NaOH-
treated jute fiber stands out as the optimal choice. The NaOH-treated jute fiber reduces water
absorption by 47% (1.13% compared to 2.13% for untreated jute). A hybrid composite with a P-
J-J-P layup and a 0°-90°-0° orientation was used to design a bus roof plate, optimised using
HyperWorks-Optistruct and validated through re-analysis with ABAQUS. The optimised jute/PET
hybrid polyester composite roof plate achieved a 34.58% weight reduction compared to a mild
steel plate, decreasing from 210.38 kg to 137.63 kg, and saved 0.2765 litres of fuel per 100 km.
This demonstrates that jute/PET hybrid polyester composites can effectively replace steel
structures, offering significant environmental benefits and fuel savings without compromising

performance or vehicle load capacity.

Keywords: Reusing PET fibers, Bus roof plate, Modified ISUZU NPR71 4570cc, Lightweight materials,
Hyperworks-Optistruct, ABAQUS validation
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CHAPTER ONE
1. INTRODUCTION

1.1. Background
There is increasing concern about fuel consumption and pollution due to the rising number of
vehicles. The automotive industry faces significant pressure to lower fuel usage and emissions [1].
Approximately 75% of a vehicle's fuel consumption is influenced by its weight. Directly reducing
weight by using lighter materials is crucial for the industry. One potential solution to these issues
is reducing the weight of individual car components. As a result, composite material is recently
used widely in aerospace and automotive industries, one is continuously looking for ways to lower
the overall mass of the aircraft and vehicle without decreasing the strength and stiffness of its
components [2], [3]. Developing lighter materials is a key strategy to address the economic
benefits of using easily available materials while avoiding the drawbacks of heavy components in
vehicles [4]. Composite materials play a significant role as engineering materials, and their use has
Rising due to their high strength-to-weight ratio, high modulus-to-weight ratio, corrosion
resistance, and wear resistance [5]. Most automotive manufacturers use natural fibers composite

in their products aiming to minimise the cost, vehicle weight, life cycle, and environmental impact
[4], [5]-

On the other hand, the excessive use and improper disposal of plastic water bottles are influential
to pollution, biodiversity loss, habitat destruction, and climate change [6]. Once discarded, these
bottles can persist in the environment for centuries, adding to the problem of plastic pollution.
Despite their environmental drawbacks, plastic has better durability, strength, and flexibility
making it a popular material in various industries and sectors. This widespread use has led to
significant environmental pollution that impacts our daily lives. However, there are solutions to
mitigate plastic pollution, such as using biodegradable and compostable materials, reusing plastic
items, and recycling. Implementing these strategies can reduce the negative effects of plastic on
our planet [7], [8].

To tackle these issues, a crucial solution involves minimizing environmental pollution and fuel
consumption in a vehicle by reusing the primary plastic pollutant, polyethylene terephthalate, in

combination with natural fibers. The hybridization of natural fibers such as jute, sisal, rice straw,



flax, banana fiber, hemp, and sugarcane with synthetic fibers like PET (polyethylene
terephthalate), e-glass, and acrylics can greatly improve the performance of polymer composites,
increasing their versatility for various applications. This hybridization method enables the
adjustment and enhancement of the composite's properties to meet specific requirements [9].
Among all natural fibers, jute appears to be the most useful, and economical and exhibits
moderately higher mechanical properties [4]. The high cellulose content and low micro-fibril angle
of jute fiber provide good reinforcement in the polymer matrix and exhibit inherent advantages
like low density, high specific strength, and stiffness. Additionally, Jute's natural capacity to absorb
vibrations is crucial for automotive applications under impact loading conditions, leading to better
ride comfort and lower noise levels [5] and it is fully biodegradable. On the other hand, PET fibers
exhibit excellent properties such as good strength, elasticity, heat retention, and resistance to acids,
and alkalis [10]. By designing the stacking sequence of laminate, and optimizing the composite
structure it is possible to achieve lightweight, high-performance materials suitable for a wide range

of applications.

This study explores the potential benefits of using hybrid polymer composites in specific areas of
the bus roof plate for the modified 1ISUZU NPR71 4570cc bus, through experimental
characterization, analytical modeling, Optistruct optimization, and Abaqus validation. By

combining jute with PET fiber, the properties of the composite are enhanced.

Figure 1-1: Modified ISUZU NPR71 4570cc bus



1.2. Problem Statement

The automotive manufacturing sector is increasingly focused on enhancing weight reduction,
performance, and fuel efficiency through the development of alternative materials. Steel, despite
its favourable weight-to-strength ratio, remains the primary material in vehicle production,
constituting up to 65% of a vehicle’s average weight [11]. This reliance poses significant
challenges, as steel’s weight contributes to higher fuel consumption and CO2 emissions,
particularly in vehicles like the modified ISUZU NPR71 4570cc buses, which currently use steel
for their roofs, leading to unnecessary weight and fuel inefficiency, despite steel's favourable
weight-to-strength ratio. given these challenges, there is a pressing need to investigate hybrid
composite materials as a lighter, balanced alternative. This study aims to assess the feasibility of
replacing the steel roofs of these buses with hybrid composites, ensuring that they meet the

required strength and performance specifications without compromising safety or functionality.

Figure 1-2: Roof of modified ISUZU NPR71 4570cc buses

1.3. The objective of the study
1.3.1. General Objective

The main objective of this study is to design and optimise a hybrid polyester composite material
for bus roof plates, utilizing jute and reused PET fibers as reinforcement.



1.3.2. Specific Objectives
The specific objective of this project is;

1. To investigate the physical and mechanical properties of jute/PET fiber through
hybridization and alkali treatment of natural fiber.

2. To select the best laminate stacking sequence of jute/PET fiber hybrid reinforced
polyester composites using a TOPSIS method.

3. To design and optimize the size of the existing bus roof by jute/PET fiber hybrid
reinforced polyester composites using CLT and Altair HyperWorks software
(Optistruct)

4. To validate the optimized hybrid bus roof by using FEM (ABAQUYS).

1.4. Scope of the Project

The scope of this study is to enhance, investigate, and design a bus roof material from jute/PET
fiber hybrid reinforced polyester composite based on the collected related data, and analysis
investigated. These researches attain the chemical treatment of the jute fiber, and sample
fabrication, characterizing the mechanical and physical properties, testing based on the ASTM
standards, selecting the best stacking sequence laminate based on the TOPSIS method, designing
a jute/PET fiber hybrid composite, optimizing the geometry of the bus roof using Altair Optistruct,
and validate the optimized hybrid composite using Abaqus and analyzing the economic advantages
of the designed part. Furthermore, this research targets, a bus roof of modified ISUZU NPR71
4570cc buses.

1.5. Significance of the Study
The significance of this study lies in its potential to reduce fuel consumption and enhance vehicle
performance by replacing steel bus roofs with a hybrid composite made from natural fibers and
reusing PET fibers. Hence, the hybrid composite material has a high strength-to-weight ratio,
corrosion resistance, environmentally sustainability, and wear resistance, making it a viable
alternative for automotive manufacturing. By demonstrating the feasibility of locally fabricating
these components, the study aims to promote cost-effective, eco-friendly solutions, raise
awareness among manufacturers, and encourage the adoption of sustainable materials in the

automotive industry.



1.6. Justification of Study

Automotive companies have been working hard to make cars lighter and more fuel-efficient.
They've been experimenting with new materials to achieve these goals. Many researchers have
studied the weight optimization of vehicle components for economic advantages and resource-
utilizing influence on the community [1], [11], [12]. With the increasing awareness of
environmental sustainability, composite materials are used because of their sustainable benefits,
such as being more economical and biodegradable. Researchers use synthetic fiber as a
reinforcement to replace the existing material of automotive components. Using synthetic fibers
for the composite material is another cost increase for the material [13]. Using hybridized
composite material can be a choice that provides benefits in terms of energy conservation,
minimizing production costs, and conservation of material resources. Despite many challenges,
developing the use of composite material in the manufacturing of automotive components is a
current emerging area of study, especially hybridized fiber material [14]. Thus, hybrid composite
material plays a major role in the automotive field due to its mechanical and physical properties to

balance the strength-to-weight ratio without sacrificing its strength, performance, and safety.



CHAPTER TWO
2. LITERATURE REVIEW

This chapter reviews and synthesizes relevant studies, previous research, data, and findings to
establish and identify existing research gaps. Furthermore, It focuses on earlier investigations of
hybrid jute/PET polymer matrix composites, discussing results and characterization standards that
acted as benchmarks for this work. The chapter also highlights the essential properties that define
these composites, provides an overview of laminate structure analysis, and examines the effects of

weight reduction on vehicles.

2.1. Introduction

A composite material system is composed of two or more physically distinct phases whose
combination produces aggregate properties that are different from those of its constituents [15].
One component is known as the reinforcing phase, while the surrounding component is called the
matrix. The reinforcing phase can be made up of fibers, particles, or flakes, while the matrix is
usually continuous. In recent decades, reinforced polymer composites have gained popularity
because of their enhanced properties and availability compared to traditional monolithic metals
like steel and aluminum. Composites are categorized based on their matrix materials into metal,
ceramic, and polymer matrixes. Polymer matrix composites are particularly versatile, finding use
in various applications due to their low density, excellent thermal and electrical insulation, and
cost-effectiveness [15], [16].

Based on the type of reinforcement, polymer composites are categorized into fiber-reinforced
polymer composites and particle-reinforced polymer composites. Fiber-reinforced polymer
composites demonstrate outstanding performance and can be easily produced by combining
cellulose fiber molecules with resin in the fiber-reinforced matrix. Various factors affect the
performance of these composites, including the properties of the fibers, their orientation, fiber
content, fiber matrix, and interface. Notably, fiber orientation is a crucial factor in the design of
composite materials, as it can significantly impact their performance [15], [17]. Researchers are
currently focusing on fiber-reinforced polymer composites, which are increasingly gaining traction

in engineering applications [18].



2.2. Study on Polymer Matrix of Composite

The matrix or resins used in fiber-reinforced composites are often referred to as "polymers.” All
polymers share a key characteristic: they comprise long, chain-like molecules composed of
numerous repeating units that define their suitability for various applications. Generally, polymers
can be divided into two main categories: thermoplastics and thermosetting polymers. Among the
most commonly used thermosetting resins are epoxy and polyester resins. Unsaturated polyester
resins also known as general polyesters, fall under this category [5], [19]. Thermoset polymers are
materials that harden permanently due to a network of strong chemical bonds between their
molecules. Once they've set, they can't be reshaped or softened. Strong bonds between the filler
and the polymer are crucial for creating a composite with good mechanical strength [20].

When the resin is heated beyond its glass transition temperature (Tg), there is a notable change in
its mechanical properties, which can be reversed by cooling it back below Tg. Above this
temperature, stiffness decreases significantly, decreasing the composite's compressive and shear
strength [21]. The fabrication and shaping of composite materials into finished products can be
done using various methods. One of the most commonly used and simplest techniques is the hand
lay-up method, suitable for manufacturing small and large reinforced thermoset products. The

hand lay-up open mold technique is a straightforward process for forming and shaping composites

[5], [22].

Numerous researchers, [5], [23], [24] have conducted experiments to enhance the mechanical
properties of polymer composites that incorporate natural fibers, owing to their attractive features

such as flexibility, low cost, availability, biodegradability, and lightweight nature.

2.3. Study on Natural Fiber
The natural fibers used for reinforcement include sisal, jute, rice straw, flax, banana fiber, hemp,
and sugarcane fibers. These natural fibers are cultivated as crops [25]. Among these, the best-
performing fibers (kenaf, hemp, jute, and flax) demonstrate superior flexural strength and modulus
of elasticity, while leaf fibers like sisal exhibit excellent impact properties. Natural fibers are
composed of cellulose microfibrils dispersed within an amorphous matrix of lignin and
hemicellulose [26], [27].



Figure 2-1: (a). Jute plant, (b). Jute fiber and (c). Meshed Jute [19], [28]

Jute fiber is the finest fiber and is a long, soft shiny fiber that can be spun into a coarse and strong
tread. It has good tensile strength and is a good thermal and electrical insulator [19], [28].

Table 2-1: Properties of jute fibers [4], [29], [30], [31], [32], [33]

Properties Unit Jute fiber
Density g/cm? 1.3 1.5, average 1.4
Tensile strength kN /mm? 610 — 780
Stiffness kN /mm 15-35
Elongation at break % 1.0-1.9
Max. elongation Mm 10-14
Tensile modulus Gpa 12 -60
Youngs modulus Gpa 15-30
Cellulose content % 59-70
Hemicellulose content % 15-20
Fiber length Mm 120 -900
Microfibrillar angle Deg 8-9

Recently, natural fiber-reinforced polymers have created interest in the automotive industry for
the following reasons [14], [15], [8]
= They are environment-friendly, meaning that they are biodegradable.
= The density of natural fibers is low compared to glass and carbon fiber, in the range of 1.25
- 1.5 g/em?,
= The modulus-weight ratio of some natural fibers is greater than that of E-glass fibers.

= Natural fibers are much less expensive than glass and carbon fibers.



2.3.1. Characterization of Natural Fiber in Hybrid Composites

Natural fiber has a high aspect ratio a high strength-to-weight ratio, is low in energy conversion,
and has better insulation properties. The fiber's inherent hydrophilic nature makes it susceptible to
water uptake in moist conditions, which directly affects the mechanical properties, such as stiffness
and strength, which are negatively influenced and decreased. To overcome this limitation the fiber-
matrix adhesion may be improved and the fiber swelling reduced using chemical treatments such
as alkaline treatment, silane treatment, benzoylation, peroxide treatment, and permanganate
treatment [34], [35]. Alkaline treatment is the cheapest and the most applied of all methods [34].

A research study [36] found that jute natural fiber is an excellent and most important sound-
absorbing and (vibration absorbing material) damping characteristics material with greater savings
in weight and cost without causing harm to the environment. In the application of automobile
roofing, flooring, door panels, and engine partition parts it is eco-friendly, biodegradable, and

economical. jute natural fiber is an alternative to noise-controlling materials [37].

The development of jute hybrid composites in car panels [21] studied the stiffness and flexural
strength of jute epoxy-reinforced composite for car panels. Steel is much heavier than jute
composites. For the area of 118.24mm?, jute composite weighs 0.4414N and mild steel weighs
3.375N. This means steel-made cars are bulkier, slower, and less fuel-efficient. Jute composites

could help improve movement, handling, fuel efficiency, and carbon dioxide emissions.

According to the comparative evaluation of properties of hybrid glass fiber - sisal/jute reinforced
epoxy composite research result, the addition of sisal fiber with GFRP exhibited superior
properties than the jute fiber with GFRP composites in tensile properties and jute fiber reinforced
GFRP composites performed better in flexural properties [38]. The reinforcement of natural fibers
with synthetic fibers reduces moisture absorption, improving overall material performance. These
hybrid composites are gaining popularity due to their advantages over synthetic fibers. However,

while they improve certain properties, their performance still falls short compared to pure GFRP.

The effect of the weight percentage of jute fiber reinforced in polypropylene-based composites
found that mechanical properties increased as the jute weight percentage increased up to 40% [39].
In comparison to natural to synthetic fibers, natural fibers have a special advantage in

biodegradability and are abundantly available from renewable resources But their properties of
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hydrophilic and high moisture content lead to poor interface between the fiber and matrix and to
improve the interface in natural fibers, several chemical treatment methods can be used. [20]. The
mechanical and water absorption properties are enhanced when the natural fiber is treated. Alkali
treatments improve tensile, compression, and impact strengths while reducing water absorption
[40]. To accomplish the desired enhanced adhesion between the hydrophilic fibers and the
hydrophobic PM Chemical modification is necessary. The alkali treatment of fibers is the most

prevalent and effective way for the chemical modification of fibers [41].

2.3.2. Investigation of Chemical Treatment of Natural Fibers in Composite
Natural fibers are chemically treated to remove impurities, lignin, pectin, waxy substances, and
natural oils covering the surface of the fiber cell wall. Mercerization is the treatment of natural
fibers to have good interfacial bonding between the reinforcing fiber and the risen matrix in the
composite. Sodium hydroxide (NaOH) is the most commonly used chemical for treating the
surface of plant fiber fine structure of the native cellulose I to cellulose Il by a process known as
alkalization. NaOH alkali solution treatment of jute enhances the mechanical properties, it gives a
rough surface having good mechanical interlocking, increases fiber uniformity, adhesive
characteristics of jute fiber surface by removing natural and artificial impurities, increases
dispersibility and well separated, increases the tenacity, the modules of jute fiber, and reduction in
weight Treatment of natural fiber is important to improve the bonding between the fiber and matrix
for composite application to increase tensile strength, tensile modulus and flexural strength of the
composite [42], [34], [43].

The effect of chemical treatment on jute fiber in the fabrication of composites, and the study’s
results show that the alkaline treated specimen improved in impact strength by 20% when
compared to the untreated fiber of jute [19]. Regardless of the desirable natural fibers as
reinforcement in composite materials have some challenges [44]. This includes incompatibility
with hydrophobic matrix and a tendency to form aggregates. Consequently, researchers adopted a
method for improving the compatibility of natural fibers with hydrophobic matrix. The alkaline
treatment of jute fibers with a 5% aqueous NaOH solution showed a significant change in the
mechanical properties of natural fibers reinforced composites [45].
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The experiment was conducted on jute fiber with a solution of 5 w% NaOH for 24 hrs. at room
temperature, and then after removing the excess NaOH with distilled water found to improve in
mechanical properties [46]. Chemical treatment was among the methods that activated the hydroxy
chemical group to make fiber compatible with the matrix [47]. The alkali treatment of jute fiber
improves the load shearing capability, resulting in higher tensile strength in composites by
removing cellulosic materials and making the fiber more capable of rearranging itself along the
fiber direction and improving fiber-matrix adhesion [48]. The flexural strength of 5 % alkali-
treated jute fiber/unsaturated-polyester resin composites treated for 2h and 4h increased by 3.16%

and 9.5%, respectively, when compared to untreated jute fiber composites [49].

The alkaline treatment enhances the bond between jute fibers and the matrix, reducing water
absorption and improving impact strength. This treatment improves the mechanical and physical
properties of natural fibers by addressing the water-absorbing hemicellulose in jute. As a result,
the overall performance of the treated jute fibers is significantly enhanced [50]. Chemical
treatments considered in modifying the properties of the natural fibers; including sodium
hydroxide, acetic acid, silane, benzoylation, acylation, malleated coupling agents, isocyanates, and
potassium permanganate were studied. V.A. The characteristics of jute fibers that were enhanced
with alkaline (NaOH) treatment resulted in an increase in tensile strength from 44.3 to 63 MPa
(42.2%) and flexural strength was found to increase from 56.2 to 64 MPa (13.9%) [27].

2.4. Study on the impact of disposal of waste plastic bottle
Plastic has become an integral part of modern life, influencing various aspects of our daily
activities. The rising demand for plastics and plastic products is a major contributor to
environmental pollution. Globally, over 300 million metric tons of plastics are produced each year
from more than 20 different types of plastic [51], [52]. In Tigray, over 23 million plastic bottles
and bags are consumed annually, with most ending up in the solid waste stream, creating
significant challenges for waste management [53]. Despite the many disadvantages, plastics offer

considerable benefits, such as being cost-effective, lightweight, and versatile.

The non-biodegradable nature of plastics contributes to severe environmental pollution, impacting
soil, water, and air quality. Different studies explore the toxic effects of plastics on human health

and the environment, due to harmful chemicals like Bisphenol A (BPA), phthalates, and
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brominated flame retardants, especially at high temperatures, which can lead to toxic chemicals
leaching into food and water. Furthermore, improper disposal practices and open burning release
harmful substances into the air, posing serious health risk issues including respiratory problems,

liver dysfunction, skin diseases, and even cancers [6], [7], [8].

Figure 2-2: Waste plastic bottle [54]

Implementing proper regulations around the production and use of plastics could mitigate these
toxic effects. As a result, there is a pressing need for effective management strategies, including

recycling, reusing, and the development of biodegradable alternatives [8], [52].

Plastic bottles are bottles made of high or low-density plastic, such as polyethylene terephthalate
(PET), polyethylene (PE), polypropylene (PP), polycarbonate (PC), or polyvinyl chloride (PVC).
Each of the materials mentioned has a distinct function, which includes [55]:

1. PET: atype of plastic used to carry water and refreshments on the go.

2. PE: astiff plastic bottle material used to make squeeze bottles.

3. PP:aplastic that is used to make pharmaceutical bottles (pills)

4. PC: amaterial that is used to create refillable and reusable containers.

5. PVC: a durable material used for products that require long-term storage.

2.5. Reviews on the PET and PET fiber hybrid composite
PET: Reacting petroleum hydrocarbons with ethylene glycol and terephthalic acid, to create
thermoplastic polymer. The polymer might be opaque or transparent depending on the particular
material makeup. Polymerization is used in the production process, which results in long molecular
chains that can later be used to build PET bottles. A high concentration of acetaldehyde in PET
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used during bottle manufacturing might give the beverage inside an off taste. the PET bottle

production stage begins After the plastic has been created [55].

PET (polyethylene terephthalate) is a commonly used plastic material found in numerous single-
use items, including water bottles, food containers, and packaging. When improperly disposed of,
plastic waste accumulates in landfills and water bodies, where it persists for hundreds of years,
releasing harmful chemicals and disrupting fragile ecosystems.

Table 2-2: Properties of PET [10], [56], [57], [58]

Properties Unit PET
Coefficient of friction - 0.2-04
Hardness — Rockwell - M94 —101
Izod impact strength J/m 13-35
Poissons ratio - 0.37-0.44
Density g/cm? 1.3 - 1.4 Average 1.35
Flammability - Self-extinguishing
Tensile strength kN/mm? 80, for biax film 190-260
Stiffness kN /mm?2 28-35
Elongation at break % 60 — 165
Tensile modulus Gpa 2—-4
Youngs modulus Gpa 2-35
water absorption — over 24 hrs % 0.1

An experiment was conducted [59], to evaluate the effectiveness of recycled waste polypropylene
(PP) by comparing waste PP-jute composites with virgin PP-jute composites. The study involved
collecting, washing, drying, and mechanically recycling waste PP into granules, and using jute
fibers as a reinforcing agent. Composites with varying jute fiber percentages (5 wt.% - 30 wt.%)
were produced through injection molding. The results indicated that virgin PP had a 6% higher
tensile strength and a 19% greater elongation at break compared to waste PP. and, the performance
of waste PP-jute composites was nearly equivalent to that of virgin PP-jute composites and the
chemical structures of waste and virgin PP are nearly identical, with no significant degradation of
waste PP. Physico-mechanical tests demonstrated similar results for both types of composites

suggesting that recycled PP can be both economically and environmentally viable. The potential
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for recycled PP to reduce waste while providing composites with good mechanical properties for

construction and other industries is significant [60].

The research focuses [61], on characterizing injection molded PET composites reinforced with
sisal fibers subjected to different treatments. Composites containing 40 wt.% of untreated,
alkaline-treated, and alkali/acetylated sisal fibers were prepared through compounding and
injection molding. The insertion of 40 wt.% sisal significantly increased the tensile modulus by
137%, with alkali-treated sisal further enhancing it by 179%, and the combined alkali/acetylation
treatment yielded a 233% improvement. These enhancements are crucial, as modulus is a key
factor in engineering design and performance. Overall, the mechanical, thermal, and water
absorption properties of the alkali-treated and alkali/acetylated sisal composites showed
substantial improvements over the raw sisal composite [62]. Compared to commercially available
natural fiber-reinforced thermoplastic composites in the automotive industry, the sisal-PET
composites demonstrated a remarkable increase in flexural strength (66.6% to 190%) and flexural
modulus (110.5% to 410%), depending on the treatment and comparison [61]. Therefore, these

composites are recommended for various automotive applications.

Most plastic products should be recycled or reused since they are non-biodegradable and do not
easily integrate into the environment. The recycling of PET and the creation of recycled PET
(rPET) or polyester composites reinforced with various natural fibers, emphasize their
environmental benefits by repurposing them into secondary products, thereby promoting
sustainability [63]. PET is a low-cost, high-performance thermosetting polymer widely used in
packaging due to its abrasion resistance, hardness, solvent resistance, and stiffness [10]. PET has
fascinating physical and chemical properties as a thermoplastic polyester resin. It is a semi-
crystalline polymer that behaves like an amorphous glass at lower temperatures. When heated
above 72°C, PET transforms from a rigid, glass-like state into a flexible, rubbery form [63].

Jute fiber-reinforced PET and a mixture of PET/ Linear low-density polyethylene (LLDPE)
composites (50% fiber by weight) were prepared by compression molding. A fraction of PET and
LLDPE was varied from 20-80% by weight in the composites and the mechanical properties were
investigated and compared over PET/jute composites [64]. It was found that with the increase of

LLDPE in the composites, a fraction of the mechanical properties were decreased due to the
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incorporation of the LLDPE except elongation at break (Eb%). LLDPE blended with PET-based
composites gained a significant improvement in the Eb (%). Composites lost their mass slowly in

soil medium and thus indicated their semi-degradable characteristics.

2.6. Characterization of Water Absorption Property on Hybrid

Composite

A research study of water absorption properties of natural fiber-reinforced polyester composite
[40] clearly showed that the water absorption rate with pure polyester increases treated fiber and
untreated fiber content after 24 hours, and the result showed that the percentage of water absorption
is increased with the increasing of fiber content and reduced with the alkali treatment of natural
fibers. Pure polyester’s water absorption rate reaches 0.4%, untreated 20% sisal fiber is 10%, and
treated 30% sisal fiber is 2.8%. This showed that the alkali treatment of natural fiber improves the
water absorption rate by creating an outer surface layer resistant to water. Additionally, increasing
the fiber content improves the impact property of the composite.

Woven composites and interwoven hybrid composites were tested for the effects of water
absorption on tensile and flexural properties compared between the dry and wet samples obtained
by immersion of the composite samples into tap water until reaching the saturation point result.
The study showed that the water absorption and mechanical properties enhanced through
hybridization with interwoven processes than individual woven ones. The strength and modulus
properties are reduced with water resistance decreasing or increasing water penetration by matrix

cracking, voids, delamination, and a weak bond interface between the matrix and fiber [65].

2.7. Review on the Effects of the Stacking Sequence of Composite

Laminate
Fabrication of composites from jute and glass fiber research study [22] investigated the best
laminate stacking sequence of the composite. G-J-J-G laminate composite has better mechanical
properties, like impact strength and ductility than J-G-G-J laminate. Laminate with stacking
sequence G-G-G-G has high tensile strength causing pure brittleness. In addition, the G-J-J-G

laminate is used as a structural component in a medium load [66].
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The mechanical properties of jute woven fabric composites and their hybrids have been
investigated in the research work [67]. Jute woven fabric composites were sandwiched with glass
woven composites with the epoxy matrix. The increase in tensile properties of jute composites
depends on the number of glass composites hybridized or sandwiched with jute composites. The
bending and impact properties will significantly increase by adding thin layers of glass composites
as skin or outer layers into jute composites to reduce water absorption. The bending strength and
impact of jute—glass sandwich is higher than nearly twice that of jute composites. The use of glass
fiber in the composites increases the ductility [68]. The best mechanical properties of composites
can be obtained when the fiber is aligned parallel to the direction of the applied load [69]. Several
layers and layering sequences on the fibers affect the mechanical properties, like tensile, flexural,
and impact strength on the composite material [70]. According to the study, tensile and flexural
strength is better when the synthetic fibers are layered at the outer with an increasing number of

layers and impact is better when the natural fiber is layered at the outer surface.

Decision-making tool for different alternatives with multiple criteria

Choosing and applying appropriate decision-making methods has a vital role in the simplifying of
design optimization of a particular part or feature [71]. One of the decision-making tools for
solving problems with multiple criteria of alternatives from the given one is the TOPSIS
(Technique for Ordering Preference by Similarity to Ideal Solution) method, which is a multi-
criteria decision-making tool that shows the shortest distance from the ideal solution and the
longest distance from the negative ideal solution. The positive best alternative maximized the
beneficial attribute and the negative best alternative minimized the cost attribute fitted the best
solution [72], [73]. It has numerous advantages, easy to use, fast, and relatively simple, and a

systematic procedure.

The TOPSIS method is used to solve problems with multiple objective optimization problems in
ranking composite materials by considering different variables which help to choose the best
alternative from a set of alternatives [74]. TOPSIS solves the positive and negative best

alternatives, which are used as references for the optimal [75].
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2.8. Study on the Effect of Weight Reduction in Vehicles

Weight reduction in a vehicle plays a significant role in fuel consumption, and harmful gas
emissions to the environment. When the weight is reduced the power, inertial forces, and energy
required for engine, brake, and suspension systems are lowered. The reduction can be achieved by
lightweight material substitution [1]. Based on this study 0.1kg weight reduction in an average
vehicle’s weight has an effect of 0.7L per 100km fuel consumption reduction. There are three
strategies to reduce the weight of a vehicle, these are lightweight material substitution, vehicle
design changes, and vehicle downsizing. Direct weight reduction or the substitution of lightweight
material plays a great role in the industry [2]. Some components of vehicles like floors, roof panels,
longitudinal front panels, firewalls, rear walls, and strut tower walls substitute currently
lightweight materials rather than mostly made heavy weight and robust materials from steel and
aluminum [3], [21].

Composite material has recently been used widely in automotive lightweight design to meet the
worldwide top need for reducing carbon emissions to the environment and fuel consumption.
Lightweighting of vehicles is one of the most realistic ways to meet these requirements due to the
inherent relationship between mass and fuel consumption [76]. According to this journal, polymer
composites can be a major part of the solution for the automotive industry’s needs. Fiber-
reinforced polymer composites present major lightweight opportunities for structural vehicle
components. At a weight 50% lighter than conventional steel and 30%lighter than aluminum, more

automakers use these materials as the body structure or other car components.

EDAG Silverado body light weighting final LCA report [77] has reported that the vehicle weight
optimization method reduces fuel consumption and CO2 emissions to the environment. According
to this report, the fuel savings for articulated trucks are estimated to be 0.03 liter per (L00km x
100kg) on the flat 11 highway and up to 0.1 liter per (100km x 100kg) in urban traffic situations
due to frequent accelerations, implying that the average fuel savings for trucks are about 0.06 liter
per 100 km for a 100 kg weight reduction. Fuel consumption and CO2 emissions increase by about
6.5 percent for petrol engines and 7.1 percent for diesel engines for every 100 kg increase in mass.

The more vehicle weight the higher the fuel consumption and CO2 emission.
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More and more alternative lightweight materials are available, that can be used in the automotive
industry, such as composite/polymer matrix material, high-strength steel (HSS), aluminum,
magnesium, and so on. Usually, advanced materials have higher specific stiffness/strength than
traditional materials. For some concept vehicles, the weight savings could reach 20% - 45% if

advanced lightweight materials are used [78].

2.9. Study on the Analysis and Optimization of Composite’s

Structural Element
Structural elements are represented and idealized using mathematical models to simplify the
analysis. A plate is a flat structural element characterized by small thickness compared with the
surface and subjected to static or dynamic load only to in-plane loading, mainly concerned with
perpendicular loads to the plate face or lateral loading [79], [80]. Thin plates combine light weight
and form efficiency with high load-carrying capacity, economy, and technological effectiveness
[80]. Problems of plates can be solved by classical plate theory.

Problems of rectangular plates clamped on four sides and carrying a uniformly distributed load
maximum deflection were solved using the classical cosine series expansion method. A solution
of governing equation interims of trigonometric and hyperbolic function result calculations for
several ratios of a side of the plate was analyzed in a research study of an exact solution for the

deflection of a clamped rectangular plate under uniform load [81].

The structural Analysis is performed for the Bus body superstructure [82], and the model is
discretized into 241728 elements and 474933 nodes. Based on the Analytical results obtained by
performing analysis on different locations (Cant rail, waist rail) of the Bus body superstructure.
The bus body Superstructure is analyzed using ANSYS for materials like Carbon Fiber, Glass
fiber, and Structural Steel, as per the result the maximum deformation that occurred for Structural

steel and E-Glass is more compared to carbon fiber and E-Glass.

The basic principle of optimization is to find the best possible solution under given circumstances
with the objective of maximization or minimization, Structural optimization is one application of
optimization. Here the purpose is to find the optimal material distribution according to some given

demands of a structure. Some common methods to minimize mass, displacement, or compliance
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(strain energy). The main program used for performing finite element analyses and optimizations

is the solver Optistruct 10.0 from Altair 17 Engineering [83].

Hypermesh is the preprocessor used to discretize (mesh) a CAD model, set boundary conditions,
properties, and options, and set up the problem to be solved (optimization, static analysis, modal
analysis, etc.). From Hypermesh a file that completely describes the problem is exported and then
processed using Optistruct. The results from Optistruct can then be evaluated using the
postprocessor Hyper View [83], [84]. The structural analysis of fiber-reinforced composite
material utilizing the laminate theory and ANSY'S finite element analysis methods for verifying
the result and checking the failure of the ply laminate according to the Tsai-Wu failure theory for

different stacking sequences [85].

2.10. Research Gap in Previous Research Works

Based on the reviewed research and literature, extensive studies have explored the combination of
natural fibers (such as jute) with synthetic fibers (like PET) to create polymer composite materials,
with a focus on characterizing their mechanical (e.g., strength, stiffness) and physical properties
(e.g., durability, water absorption). However, these studies often conclude by suggesting that these
hybrid composites could be used in lightweight vehicle components, without offering specific
designs for particular applications. This represents a lack of detailed, practical designs for real-
world applications. While these studies suggest potential uses in lightweight vehicle components
(e.g., parts of cars or trucks), they generally do not provide concrete solutions.

Additionally, although significant research has been done on the chemical composition and
recycling of PET fibers, there has been limited exploration of reusing PET by directly extracting
it from plastic bottles. This method could contribute to reducing waste and enhancing the
sustainability of composite materials. The gap in research is evident in the areas of simulation and
experimental analysis of composite materials under various load conditions, particularly in
automotive applications. Therefore, further work is needed to characterize, design, and optimize
hybrid woven jute/PET composites for lightweight vehicles, to improve their strength-to-weight

ratio for practical use.
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CHAPTER THREE
3. METHODOLOGY

3.1. General Procedures
This chapter outlines the raw materials and fabrication of laminates, as well as the test setup and
experimental findings related to the hybrid composites. The characterization of the laminates
follows ASTM standards. The optimal laminate material is identified using the TOPSIS method,
then designed and optimized with Optistruct, and validated through FEM analysis using
ABAQUS. The figure below illustrates the research methodology flow.
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Figure 3-1: Research methodology flow diagram
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3.2. Experimental procedures

The following sections provide a detailed overview of the apparatus, raw materials, and the method
to manufacture composite laminates.

3.2.1. Apparatus
The apparatus used in this study was employed to prepare the raw materials for laminate
production. The tools utilized for laminate preparation included scissors, gloves, a brush, a support
table, a fine surface table, a plastic jar, a syringe, plaster, a hard flat plastic sheet, a ruler, a stick,
an electronic balance, a roller, pressing weights, caliper, pincer, metal frame, screwdriver, screw
nail, tape meter, disc cutter, and blade cutter.

Figure 3-2: Different Apparatus used for laminate preparation

3.2.2. Raw materials preparation
The main raw materials for this study include woven Jute fiber, PET fiber, Unsaturated General
Polyester, Sodium hydroxide, and MEKP-Butanox M-50 hardener. Woven Jute fiber mats are
purchased from the local market Mekelle. General polyester, Hardener (MEKP/Butanox M50),
and releasing wax are purchased from Tiger Fiber Plc. in Mekelle. Also, Sodium hydroxide is used
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from the Department of Chemical Engineering at Mekelle University. Whereas the Woven PET

fiber is prepared from waste water plastic bottles manually.

* Unsaturated
’ Polyester

| Resin (UPR) |1

Figure 3-3: (a) general polyester resin and hardener, (b) sodium hydroxide pellets

A. Preparation of Woven PET fiber
To prepare the woven PET fiber, begin by collecting various waste plastic bottles, commonly
known as "highland"”, and wash them thoroughly to remove dust and debris that could create voids
or cavities in the laminate structure. After cleaning, cut the bottles into thin strips with an average
width of 4 mm using a simple cutting mechanism in the workshop. Thin fiber composites generally
outperform thick fiber composites in terms of strength, stiffness, and ductility [86], [87]. This is
because thick fiber composites have fracture regions characterized by scattered bands of filaments,

while thin fiber composites consist of more densely packed and overlapping filaments [87].

ol

Figure 3-4: Collected different water plastic bottles
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To produce PET fiber, insert the prepared plastic
bottle into the central pillar, which enables rotation
by pulling the fiber through the adjusted cutter
positioned between the fixed plate and the cutter.

®)

The gap between the fixed plate and the cutter is
4mm.

Pillar

Cutter Fixed plate

Figure 3-5: Plastic bottle cutting mechanism

Finally, manually weaving the thin PET strips into woven PET fiber. To make the woven fabric,
start by creating a metal square frame measuring 350mm x 350mm to hold the thin PET strips.
The woven fabric is formed by interlacing the yarns at right angles, typically 90 degrees, with the
vertical threads referred to as "warp" and the horizontal threads called "weft". Woven fiber
composites offer numerous advantages, such as fewer preforming process steps, good impact and
delamination resistance, and strong thermo-mechanical properties. Woven hybrid fiber-reinforced
composites exhibit superior properties because the loads applied to the composite surface are
evenly distributed along the warp and weft directions of the fibers. This is particularly noticeable
in impact resistance, where the interlocking of fibers enhances energy dissipation, leading to

greater resistance [88].
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Figure 3-6: Metal frame and Hand made woven PET fiber

B. Alkali treatment of Jute fiber
The jute fiber was soaked in a 5% sodium hydroxide (NaOH) alkaline solution, prepared by
dissolving 250g of NaOH pellets in water [28]. The fiber was immersed in the solution for 4 hours
at room temperature. Subsequently, it was washed several times with clean water to eliminate any

residual NaOH on the surface, and then dried in sunlight for up to 48 hours.

Figure 3-7: (a) jute immersed in the alkali solution and soaked (b) washed by pure water (c) fiber dried

C. Unsaturated Polyester Resin (Upr) - Hardener (Mekp/ Butanox M-50) Mixture
The resin utilized in this study was Unsaturated Polyester resin 1003, characterized by its low
viscosity and formulated to produce minimal styrene emissions. Compared to standard resins, it
demonstrates excellent mechanical and electrical properties, as well as strong chemical resistance.
This resin serves as a matrix in composite materials, enhancing the strength and water absorption

resistance of the composite laminate [88].
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Figure 3-8: (a) measuring hardener (b) adding the hardener to polyester (c) and Mixing

Methyl Ethyl Ketone Peroxide (MEKP) serves as the curing agent for unsaturated polyester resins
at room temperature, specifically the MEKP/Butanox M-50. In this study, 20 ml of MEKP-
Butanox M-50 was used for every 1 kg of unsaturated polyester resin (UPR) [89], [90]. Then the
mixture was gently stirred for about two minutes before being applied to the composite fiber in the

mold.

D. Preparation of Jute and PET Fibers
The fibers (both treated and untreated jute fiber and PET fiber) were cut into 300 mm x 300 mm
sguares using scissors to prepare the samples. A tape meter and ruler were employed to measure

the dimension of the specimens, while an electronic balance was used to determine their weight.

Figure 3-9: (a) woven PET fiber and (b) woven Jute fiber
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3.2.3. Laminate Preparation
This research examined the physical and mechanical properties of the composite by creating
various arrangements of jute and PET fibers for experimentation and analysis. To assess the
mechanical properties of the samples, both alkaline-treated and untreated jute fibers were
hybridized with woven PET fiber, following ASTM standards for design and fabrication. The
composite was made using jute and woven PET fiber as reinforcement, with general polyester

resin serving as the binder.

The fabrication of jute/PET fiber hybrid reinforced polyester composite was designed with the
stacking sequences P-J-J-P, P-J-P-J, J-P-P-J containing alkaline-treated jute fiber lamina, P-J-J-P
containing untreated jute fiber and also PET polyster (with out jute fiber). For each stacking
sequence, the composites were reinforced with a jute/PET fiber [0°, 0°] orientation [17], [91].

Determining the percentage composition of fiber to matrix ratio is the most important task in the
fabrication and analysis of hybrid composite materials [91]. It was assumed that the fiber-reinforced
hybrid composite performs perfect bonding between fibers and matrix, uniformity of fibers and free
void throughout the matrix, the applied load is either parallel or normal to the fiber direction, stress-
free state lamina and both fiber and matrix behave as linear elastic materials [16]. The fiber and matrix
volume fraction of the hybrid composite was calculated by the rule of a mixture using the measured
mass of the fibers and matrix on an electronic balance device [91]. The fiber density and matrix
densities for PET fiber, jute fiber, and polyester resin were obtained from different literature reviewed
as illustrated in Table below.

Table 3-1: Properties of raw materials

Material Density Young’s Poisson’s  Shear modulus Reference

(9/cm3) modulus (GPa) ratio (GPa)
Jute fiber 1.4 26.5 0.25 0.5-2.5 [4], [29], [30], [31], [32]
PET fiber  1.35 2-3.50 0.39 1.375 [10], [56], [57].[58]
Polyester  1.25 3.2 0.36 0.8-3 [91], [92]

Thus, the volume fraction of jute fiber, PET fiber, and unsaturated polyester resin (UPR), was indicated

in Table below.
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Table 3-2: Experimental raw materials weight, weight fractions, and volume fractions

Mass (g) / Number of Weight fraction (%) Volume fraction (%)

> 3 . :

< § layers in the laminate(n)

[3°]

) (03_ m Mpet Mm W, Wpet Wi Whn V; VeeT Vi Vi
P-J-J-P  109.4/2 81.6/2 2865 2291 17.08 40 60 21.24 16.43 37.7 623
(UJF)

J-P-P-J 104.6/2 82.4/2 2805 2237 1762 40 60 20.74 16.94 37.7 623
P-J-J-P  103.6/2 83.4/2 2805 2216 17.84 40 60 2054 17.15 377 623
P-J-P-J  103/2 82.6/2 2784 2219 178 40 60 2058 17.11 377 623

PET 0 52.1 78.15 40 0 40 60 0 38.16 38.1 61.8
Polyester

Where, m; - jute mass, Mpet- PET mass, and mp - matrix mass,

3.2.4. Sample fabrication procedures

The process of fabricating, forming, and shaping composite materials into final products is
achieved through various methods. One of the most widely used and straightforward techniques is
the hand lay-up method, which is commonly employed for producing both small and large
reinforced thermoset-based fiber products [66]. In this study, the hand lay-up method is used to
prepare composite laminates, as illustrated in the figure below. Composites with different
compositions are created by reinforcing jute fiber, and PET fiber at 40%, with a polyester matrix
making up 60%, based on weight percentage, and their mass is measured using an electronic
balance.

Hard plastic sheets are placed on the top and bottom of the mold plate to ensure a smooth surface
finish for the product. A release wax is applied to the plastic sheets used at the top and bottom of
the mold plate to prevent the polyester from sticking to the mold surface and to achieve a good
surface finish on the product. The fiber is then positioned on the mold surface, and then pouring
the liquid polyester mixture onto the fiber. The polyester is evenly spread using a brush and roller
to eliminate trapped air and excess polyester. This process is repeated for each layer according to
the composite's stacking sequence. After covering the plastic sheet with a release wax, the top
mold plate is positioned, and heavy pressure is applied. The mold is left to cure for 24 to 48 hours
at room temperature before being opened and the finished composite part is removed. Finally, the
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samples are cut for testing following ASTM standards [18][65]. The process was repeated for each

sample of jute and PET fiber as per the orientation of the designed layers.

Alkaline for
Treatment
(NaOH)

s
WVt o

Cutting the alkaline treated and untreated Jute & PET
fiber to a size of 300 mm x 300 mm

[0

Adding and mixing UPR with hardener Covering release wax to top and bottom
(MEKP) then Stirrina for a minute mold hard plastic covered plates

Poured the resin mixture in the jute Adding the layers by their sequence & resin
Layer and uniformly spread using brush is spread uniformly with the help of roller
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The top plate mold is covered and
load pressure is applied. the mold

Samples are cutted into specimens based on ASTM standards

Figure 3-10: Hybrid composite sample manufacturing process

3.3. Experiment to Determine Physical Property
3.3.1. Density of the Hybrid Composite
Density of composite is determined by the fraction of mass to volume of composite based on the
ASTM D1895 standard [93]. The actual density (pa) or experimental density of the composite

was determined by the formula below;

Density (g/cm3) = My i (31)

Where m is the mass of the composite and V is the volume of the composite
Also, the theoretical density of the composite is determined by the equation of the Rule of Mixture

[94]; Properties of fibers and matrix from table below;
1

Ptheoretical = [(Wf/pf) N (Wm/pm)]

e (3.2)
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Where; Wk is the fiber weight fraction, ps is fiber density, Wr is matrix weight fraction, and pm is
matrix density.

The rule of mixture allows the calculation of the approximate density of composite material based
on the densities of individual components and their volume fractions in the composite. The
densities of composite materials were normally measured using the Archimedes, and the density

gradient method.

3.3.2. Water Absorption Testing

The water absorption test of jute and PET fiber-reinforced polyester composite materials was
conducted by immersing the specimens in rainwater. pure water was selected to check the
performance and applications of manufactured hybrid material in real-life conditions such as in rainy
and humid environments Each sample was submerged for 24 hours at room temperature. After
removal, the specimens were wiped dry and weighed daily over six days using a precise electronic
scale to measure the amount of water absorbed. The weight changes were then used to calculate
the water absorption percentage according to ASTM D570 standards, with the sample size being
76.2mm X 25.4mm X thickness (t mm) [95].

Figure 3-11: Samples are immersed in a water container

The water absorption percentages were subsequently determined as [94];

Wom Wi 100 (3.3)

1

Water absorption content, M, (%) =

Where W, and W1 mass of the moist specimen after immersion and mass of dry specimen before

immersion respectively.
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3.4. Experiment to Determine Mechanical Property
The manufactured hybrid composite specimen was cut to the required dimension per ASTM testing
guidelines using a disc cutter. Tensile testing, compression testing, and flexural testing were
performed using Universal testing machines (Microcomputer Controlled Electro-Hydraulic Servo
Universal Testing Machine, Model: SI-1000KN) and impact test was using charpy impact tester
(Pendulum Impact Testing Machine, Model: SI-42, Impact Energy 150 J).

3.4.1. Tensile Testing

For tensile strength testing, a sample of the fabricated composite material was cut to dimensions
of 250mm x 25mm x thickness (t mm) according to ASTM D3039 standards [96]. The test was
conducted with a head displacement rate of 2mm/min and a gauge length of 150mm. Tensile
testing evaluates the force required to break a composite or plastic sample, and how much the
specimen elongates before rupture, providing data on its tensile strength, yield strength, and
ductility [94]. The specimen was placed in a tensile testing machine, where tension was applied
until the material broke.

|
Figure 3-12: Tensile testing using universal testing machine and Failure mode of specimens
3.4.2. Compression Testing
Composite compression testing methods apply a compressive load to the material while preventing
it from buckling [94]. Compressive properties were determined by static compression test by
ASTM D6641 [97]. A compression test was performed on a designed specimen with nominal
geometrical dimensions of 50mm x 50mm x t mm, in which the maximum compressive strength

and compression modules of the hybrid composite specimen were recorded.
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3.4.3. Flexural Testing
The flexural test measures the force required to bend a beam under three-point loading conditions
and measures the flexural stiffness and strength parameters of the hybrid polymer composite, as a
result, the nominal specimen’s geometrical dimensions were 150mm x 13mm x t mm as specified
by ASTM D7264-07 standards [98]. Flexural strength is the ability of a material to bend before
the breaking point. Bending strength was calculated from the data using the bending strength
equation [94].
o=3PL/ 2 i (B4

Where: ¢ = stress at the outer surface at mid-span, P = applied force, L = support span, mm [in.],
b = width, and h = thickness.

The specimen was horizontally mounted on two supports in the flexural testing and the load was
then slowly increased to the center of the specimen with a speed of 5mm/min.

3.4.4. Impact Testing
The Charpy impact test measures the energy absorbed during fracture under an impact load,
helping to assess the material's fracture toughness. The material's ability to resist a sudden applied
load was tested using a Charpy impact testing machine (Pendulum Impact Testing Machine,
Model: SI-42, Impact Energy 150 J) [94]. Five un-notched specimens were prepared according to
ISO 179/92 (2010) or ASTM D 256 standards [99], with dimensions of 80mm x 10mm x thickness
(t mm) for each composite laminate. The impact strength was calculated by dividing the absorbed

energy by the cross-sectional area of each specimen.

Figure 3-13: Charpy impact testing machine and Failure mode of specimens
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3.5.  Application of the TOPSIS method

All the fabricated samples were characterized and investigated their mechanical and physical
properties were based on the test requirement of ASTM standards. Selecting the best laminate
stacking sequence from the different alternatives based on the criteria using the TOPSIS technique
helps in decision-making. The selection of evaluation criteria depends on the specific objective
and requirements of the composite material application. The criteria taken to compute the
composite laminates are (tensile strength, compressive strength, flexural strength, impact strength,

water absorption, and density).

TOPSIS method involves some steps; these are as follows [73], [74].
Step 1: Establishing a decision matrix for ranking consisting of alternatives and criteria.
Step 2: Construct the normalized decision matrix
Step 3: Determine the weighted normalized decision matrix
The bus roof loading plate application is always related to the impact-loading type. In this study,
based on the relative importance of criteria to the specific application area of top bus roof load
plate its material properties of tensile, compressive, flexural strength, and cost, weighted as 0.15
to each, impact strength as 0.2, water absorption, and density as 0.1.
Step 4: Calculate the positive (best) ideal solutions (V+) and negative (worst) ideal
solutions (V-) for each criterion from the alternatives.
Step 5: Calculate the Euclidean distance between the target alternative and the best/worst
alternative Si+/Si- separation measure value using the Euclidean distance method.
Step 6: Determine the relative closeness to the ideal solution for each alternative.
Step 7: Finally Rank the preference order. A large value of the closeness coefficient
indicates a good performance of the alternative. The best alternative is the one with the

greatest relative closeness to the ideal solution.

3.6. Determining the Applied Load on the Existing Bus roof plate
To determine the applied load, the existing input data were acquired from the ISUZU company

websites [100], and the importing company found in Addis Ababa's local market is given in the

Table below.
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Table 3-3: The input data of modified ISUZU NPR71 4570cc buses

Model name ISUZU NPR71
Engine capacity CC 4570 cc
Gross Vehicle weight 6 tonne
Maximum loading capacity 3 tonne
Roof size 6.7m X2 m
Thickness 2mm —3 mm
The density of the Mild steel 7850kg/m3
Young’s modulus 200Gpa
Poisson’s ratio 0.303
Upper loading box size (a x b) 1.20m X 2.80m
Maximum loading capacity on 550 Kg

upper loading box

The length and width dimension of the plate surface is much greater than its thickness, so it is a
thin plate and it is solved using classical plate theory. Assumption of classical thin plate theory of
fully supported plate [101], [102];

= The material is homogeneous and isotropic.

= The thickness of the plate is much smaller than the in-plane dimensions.

= The deformations of the plate surface are small compared to the plate thickness.

= Vertical deflection does not vary through the thickness.

= Normal to the undeformed plate surface remains normal to the deformed plate surface.

= Transverse loads applied at the shear center prevent torsion or twist in the structure

= The mid-plane is a natural plane

= Stress, normal to the plate surface is negligible

= The self-weight of the plate is ignored.

Since the top roof is fully supported by the bus body frame (structure), it is modeled as fixed in all
edge plates with uniformly distributed load applied on the loading box only. According to
Timoshenko the deflection and moments of uniformly loaded and all-edge built-in rectangular

plates are symmetrical to the coordinate axes [101].
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Figure 3-14: In-plane normal forces and bending moments diagram
Moment—curvature equations for a plate can be expressed in the following equation [81];
e fh/z a7 — fh/z 2E (32w, s 92w, a7 ER?  [8%w, . 92w,
X —h/ZUX - ~hy, 1—v2\axz 77 dy? T 12(1 —v?)| ax2 v dy?

aZWO 62w0
+v
0x? ay?

e J-h/z 2d7 — fh/z 2E 62w0+ 9%wyq 7d7 = Eh? 62W0+ 9w,
L _h/zay N ~hy, 1—v2\ dy2 Vox? T 12(1 —v?)| ay? Vox?

e e (3.5)

MX:D

My =D azW"+ 0wy (3.6)
Y ay? dx?
Where factor D is called plate stiffness or bending rigidity.
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Figure 3-15: FBD of a rectangular thin plate fixed in all edges and load distribution
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The above figure shows the distributed load subjected to the existing loading box of the top roof
of the bus. Using the simplified equation below, the maximum load applied on the loading box of
the bus is 5395.5 N and the distributed weight on the loading box of the bus will be 1605.80 N/m?.

F = Maximum applied load X g = 550 Kg X 9.81m/52 =53955N ..... (3.7)

1= F/Area of the plate — 23925 N/(1.2 m X 2.8m) ~ 1605.80 N/m2 e (3.8)
Normal forces per unit length of sections of a plate perpendicular to x and y direction, Nx and Ny
respectively.

Ny = ¥/, =449625N/p ... .. (3.9)
Ny = F/, =192696 N/ ... (3.10)
Bending moments per unit length of sections of a plate perpendicular to the x and y axes, Mx and
My respectively. The coefficients of length-to-width ratio o and 3 of 1.1 are given [103];
M enter = aqab, And Mg44. = Bgab...........(3.11)
My = B,qab = —0.0392gab = —211.5 Nm/m
My = a,qab = 0.0183gab = 98.74 Nm/m
My = Bpqab = —0.0098qab = —52.87 Nm/m
My = ayqab = 0.00461qab = 24.87 Nm/m

Maximum stress has occurred at the mid-edge of b,
2

a
Omax = 4 = =127.97Mpa.... ... .. .......(3.12)
22(0.623(5)° + 1)
Maximum deflection also occurs at the center,
0.0284qa* e
Appax = =0.517465x 10 m ... ... ....... (3.13)

Et2(1.056 (%)5 +1)
3.7. Design of Hybrid Laminate Composite Bus Roof

The design and analysis of laminated structures involve examining strength, stresses, and strain

distribution using Classical Laminate Theory (CLT) and Finite Element Analysis (FEA).

Mechanical structures experience external forces that result in internal forces within the body

[104]. In this study, hybrid jute and PET fiber laminates with 0° ply orientations were created,

consisting of four fiber layers bonded with a polyester matrix. The fiber stacking sequence of
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Woven P-J-J-P was selected using the TOPSIS method. The laminate was designed symmetrically,
with equal ply dimensions above and below the mid-plane, all having 0° orientations. The

schematic below illustrates the four-layer composite in a symmetric configuration.

PET |
Jute |
Jute |
PET

-
-

Width (a)
Weft direction woven mat

Figure 3-16: Stacking sequence and orientation of the fabricated composite sample

Assumptions taken for the laminate composite [15], [104];

= Each lamina (layer) of the laminate is a quasi-homogeneous material with known effective
properties and orthotropic.

= The laminate consists of perfectly bonded layers.

= Individual layer properties can be isotropic, orthotropic, or transversely isotropic.

= The displacements are continuous throughout the laminate.

= Normal distances from the middle surface constant, that is, the transverse normal strain &, is
zero and each layer is in a state of plane stress.

= Each displacement is small compared with the thickness of the laminate|u|, |v|, |w| < h.

= The stress-strain and strain displacement are linear.

= The plate is considered to be under plane stress; That is, 63 = T3 = T,3 =0

Stress-strain Relationship for Orthographic Lamina

For a thin layer of the composite lamina, it can be assumed that the lamina is under plane stress
conditions in the direction of lamina thickness [101]. The stress-strain relationship in principal

material generalized by Hooke’s law for orthotropic material is given by:

(o} = [0){e} TSRS ¢ 3 1)

Where; the stress-strain relationship can be expressed in the matrix as follow:
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04 Q11 Q12 O 0 0 0 51 \
(o:] |@2 @ o o o o
o3| | O 0 Q33 O 0 0 ! L
T12 - 0 0 0 Q44, 0 0 Y12 I T (315)
13 0 0 0 0 Qs O V13
123 0 0 0 0 0 Qgel Vz3

Where [Qi/] is a reduced-stiffness matrix and the subscripts 1, 2, and 6 refer to the properties along

the fiber, transverse to the fiber, and shear in the plane respectively.

The plane is under plane stress condition, all the stress components in the out-of-plane direction

are zero. Therefore, the minimized stress-strain relationship in the matrix form is given by;

Q11 Q12 0 &
[ ‘ [Q12 Qp, O ] [52 ] cen e e e e e e e (3016)
0  QeellVr2

Where E; and E, are the young’s moduli of lamina along the longitudinal and transverse to the
fiber direction, respectively. v;, is Poisson’s ratio and G, is the shear modulus of lamina under a

loading along the fiber direction.

g2
Figure 3-17: Longitudinal (a;), transverse (o, ) and shear stress ()

The matrix Qi depends on the material properties and it is given in terms of engineering constants
as follows;
Q11 = LEZ Q2 = LZEZ Q22 = LEZ and Qge = Giz ... (3.17)
1_”‘7125'_ 1_17125_ 1_1712E_1
Analytical calculation using the rule of mixture equation, the material properties of E1, E2, v12, and
G2 each ply is calculated using the equations below to find the value of the reduced stiffness

matrix [Qjj] for each ply, E1, Ez, vi2, and G2 in table A-2 in the Appendix A.
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Young’s modulus;

E, = E,E, + E,V and E, = ——" 3.18
1= EfEn mVm an Z_EfVm+EmVF e - (3.18)
Poisson's Ratio;
E>v15
V2 = VVr + vV and vy = 3 e e e e (3.19)
1
Shear modulus;
E G G
G= ———— d Gip =—7—"T— e e (3.20
20+v) @ 127 GV ¥ GV (320)
The stiffness matrix of each ply is calculated using,
Qll Q12 Q16
[Q] = [Q1z Q22 Q26 e (3.21)
Q16 Q26 Q66

Force and Moment Resultants Related to Mid-plane Strains and Curvatures

The mid-plane strains and mid-surface curvatures can be found using the ABD matrix which is a
6x6 matrix that the applied loads and the associated strains in the laminate. It essentially defines
the elastic properties of the entire laminate. [A], [B], [D] are called extensional, coupling, and
bending stiffness matrices respectively, their formulas are described in Appendix C. The stress,

resultant force, and moment relationships for laminate are given as follows.

] = [Eﬂ {gﬂ ["::] e (3.22)

According to lamination theory, stiffness matrices are generally derived relative to the mid-plane
of a laminate. A laminate is considered symmetric when each layer on one side of the reference
plane (the middle surface) has a corresponding layer on the opposite side at an equal distance, with

identical thickness, orientation, and material properties.

In the case of symmetric laminates, the coupling stiffness matrix [B] equals zero, indicating no
coupling between bending and stretching. Consequently, in-plane loads do not induce bending or
twisting curvatures that could lead to out-of-plane deformation, and bending or twisting moments
do not produce strain in the middle surface. When subjected solely to forces, a symmetric laminate
will exhibit zero curvature at the mid-plane; when subjected only to moments, it will experience

zero mid-plane strains. The laminate’s structural response is characterized by the strains and
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curvatures at its mid-plane, and global stresses (such as those from angle plies) are calculated based

on these mid-plane strains and curvatures.

[ Ox ] Q11 Q12 Qus|[&x
Iy |= Q12 Q22 Qu [ey] e e (3.23)
Fy. 1016 Q26 Qo) V¥
[ €x ] [ €x0 ky
And gy |=|&o |+Z]|ky e e e e e e (3.24)
[ Vxy | |V xy0 kxy

Where &y, €0, and ¥y, the mid-plane strains k,, k,, and k., are the mid-plane curvatures, Z is
the coordinate measured from the mid-plane to the lamina and ¢,, €, and &,,, are the strains in
the k., ply.

The above equation indicates the linear relationship of the strain to the curvatures of the laminate.
Where (&40, €50, and y,,,0) are the mid-plane strains and (k,, k,, and k,,) are the mid-plane
curvatures, Z is the coordinate measured from the mid-plane to the lamina. The global and local
coordinate systems are related by the angle at which the lamina is placed (0). Using a

transformation matrix, it is possible to convert the global stress in a laminate into the local of a

lamina.
m? n? 2mn
[T] = n? m?2 —2mn e e e e (3.25)
—mn mn m—n?
Where; m =cos O and n =sin 0
ho
Fy PET Fy
1 Ly
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Figure 3-18: Coordinate locations of plies in a laminate

The laminate extensional stiffness matrix can be calculated by using the stiffness matrixes and the

position and thickness of the lamina. [A], [B], and [D] matrix is given by;
4

[A] = Z[Qij]k (Zx — Zxc1),,i = 1,26 e e e v (3.26)

k=1

40



4
10 =
[B] = EZ[Q”]k (Zi> = Z1%) i = 1,26 oo (3.27)
k=1
1 4
[D] =3 Z[Qi,-]k (Z® = Zx-1°)1,j =126 . v (3.28)
k=1

The mid-plane strain and plate curvature are calculated to determine the global and local stress and
strains. The values of global, and local strains and stresses of each ply are detailed and calculated

as shown in Appendix C to predict the performance of the hybrid composite.

Failure theories are developed to compare the stresses in the material with the failure criteria. The
Tsai-Wu failure theory was used as a constraint throughout the analysis and optimization of the
bus roof plate. Tsai-Wu failure theory is based on the total strain energy failure theory to lamina

in the plane stress, and the lamina fails if (3.29) is violated.
g(U.) = F10'1 + F20'2 + F6O'12 + F110'12 + F220'22 + F66O-122 + F120-10'2 <1 .... (329)

Where, F;, F,, Fg, F11, 55, Feg and F;, were the components of the failure theory parameters

found using the five strength parameters in Appendix C, table C-1.

Strength Ratio
If SR>1 then the lamina is safe and the applied stress can be increased by a factor of SR. If the
SR < 1the lamina is unsafe and the applied stress needs to be reduced by a factor of SR.

Ultimate stress

= > v e (330
Applied stress ( )

3.8. HyperWorks-Optistruct Modeling, Analysis & Optimization of

Plate Composite
Altair HyperWorks 2019 software is utilized for the design analysis and optimization of hybrid
composites. The composite part's finite element model is created in HyperMesh, where the
properties of each lamina are inputted, and the user profile preferences are set to OptiStruct. For
the model, PET/polyester lamina and jute/polyester lamina material types are used, with their
respective properties provided in Tables A-2 and C-1 in Appendix A and C. The software enables
the modeling of the hybrid composite structure and the creation of its mesh. Once the model is

constructed using the input data in HyperMesh, it is ready for structural analysis.

41



W% oW

-—---ri Components (1)

- il @ PLATE

-r---ri’ Laminates (1)

- Bl laminate

-—---ng Materials (2)

“[& PET Polyster

“[E JUTE Polyster

-—---Q Plies (3)

- oy

v---fﬁ Properties (1)

“-dg PET/JUTE Palyster prop.
surfs |4 |
¥ size and bias

¢ batchmesh/QI optimize

adl

N oo
D @

[ —_
]

i Rd —

—_

element size
mesh type:

1.000e-01
quads

elems to current comp
first order
keep connectivity

|
le

Ak | AIr

4

Figure 3-19: Model browser and hyper mesh hybrid composite plate model

Defining boundary conditions and loads
Since the plate is fully supported, It is fixed on all edges, and the maximum load applied is
distributed to the number of elements created on the plate as shown in Figure 3.17.

Entities
-—---r; Components (1)

[E JUTE Polyster
s (3)

—Q Plie

+fi Properties (1)
g PET/JUTE Polyster prop.

" create | loads |14 | [ dof1 = 0.000
@ update [v dof2 = 0.000
relative size = | 10.000 | label constrainfy dof3 = 0.000
% | constant value I [~ fixed v dofa = 0.000
[ dofs = 0.000
[ dof6 = 0.000

a) load types = |l spC
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Figure 3-20: (a) Applying BCs, and (b) Load applied to the laminate

Altair OptiStruct offers extensive optimization capabilities to select the best possible options while
considering the imposed constraints and desired objectives, ultimately improving composite
models [83], [84]. The free-size optimization (FZO) in OptiStruct optimizes the thickness of each
ply on an element-by-element basis, subject to an upper bound. The free-size optimization problem

consists of the following components:

Design Variables are system parameters that can vary to optimize system performance which
change to get the best of several possible design configurations. In this study, the design variable
is the thickness of each ply and lamina angle orientation.

TE<t;<TY o i = 1,23, e et e e (3.31)

Continuous variation of thickness offers move design freedom, because of FZO ti allows to vary
freely between the lower, T and upper bound thickness, TU. The discrete solution is achieved by

penalizing intermediate thickness (taking average thickness).

Angle orientation = [min(o.)] = [max(FS)] ... ... ... (3.32)
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FZO optimizes the angle indirectly by comparing the maximum element composite stress resulting
from the optimized thickness that creates the minimum stress distribution developed in the

structure to have a greater factor of safety.

Responses are any value or function measurable in the problem parameters that are dependent on
the Design Variable and evaluated during the solution. For this study, the responses are mass, and

composite failure index.

- aomohh- 1 R@S ¢ ik o -G -@-@l8uomw -

response = | MASS = | region id = ||_
= response type
- mass - total

response = || Failure Index 5 | region id = "—
2 response type
- composite failure - props m - | tsai-wu |

excluding:
elems | E] | - | all plies |

Figure 3-21: Design Response for Optimization

Constraints represent a lower or upper limit on any response that depends on the design variable.
In this study, the constraint applied to the analysis for determining the optimized bus roof plate

was the Tsai-Wu failure theory equation, which relies on the material properties of the laminate

composite.

i moetohih R@E 7 ik iTuw G @ Q@um -G -@P--

constraint = ||Maximum Compaosite FI response = || Composite Failure index
™ lower bound = | -1.000e+20 loadsteps T
v upper bound = | 1.000

Figure 3-22: Design Constraint for Optimization

Objectives In design optimization, the objective function is minimized (or maximized) while
adhering to performance constraints by varying the set of design variables, such as part
dimensions, material properties, and others. The primary goal of this thesis is to achieve a bus roof

plate with a minimum weight-to-strength ratio.
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Figure 3-23: Design Objective for Optimization

The input file for all Optistruct optimizations is provided in Appendix D and was used to optimize

the thickness and minimize the overall weight of the loading floor plate.

3.9. Validation using ABAQUS software

To validate the result the optimized loading floor plate is re-analyzed using ABAQUS 2022 for
validation.

Model

The figure below depicts the structural configuration of the Jute-PET composite plate, along with

the layering sequence of the ply laminate (P-J-P), which consists of plies oriented at 0°, 90°, 0°.

|: Property v Model: |: Model-1 ™| Part: |: J & PET Composite Plate |

[Z] Viewport: 2 Ply Stack Plot

[Z] Viewport: 1 Model: Model-1  Part: ) & PET Composite Plate =)

Layup: "CompositeLayup-1"
3 Plot of plies 1 to 3, of 3.
2

Figure 3-24: Optimized 3D model and ply stacking sequence of the bus roof plate

Meshing

Meshing entails breaking down the solids or surfaces into individual elements. This was done
using the S4R linear mesh element type, which is a 4-node, doubly curved shell capable of handling
both thin and thick structures. It incorporates reduced integration, hourglass control, finite

membrane strains, and a mesh size of 0.05.
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| Model: |2 Medel-1 Object: O Assembly (®) Part: | J & PET Composite Plate

¢ Global Seeds

Sizing Controls

Approximate global size: | 50

Maximum deviation factor (0.0 < h/L < 1.0): | 0.1
(Approximate number of elements per circle: 8)

Minimum size control

(O] By fraction of global size (0.0 < min < 1.0} | 0.1

(@] By absolute value (0.0 < min < global size) |5

Defaults Cancel

16080 elements have been generated on part: J & PET Composzite Plate

Figure 3-25: Meshing using 3D element

Defining applied load
In this step, the applied load and the constraints are defined. The distributed load is applied on the

structural plate and designed for static load. and the constraints are defined as fixed in all edges and

distributed load 1605.80 N /m?.

* Load M Model: [ Model-1 V Step: |5/ Step-1 ™
wE Condition *
Name: BC-4
Type:  Displacement/Rotation
e
Step:  Initial -
Region: Set-4 Mame: Load-1

CsvS: (Glabaly [3 L Type: Pressure

" Step: Step-1 (Static, General)

Fuz Region: Surf-1

¥

U3 Distribution: | Uniform | fix)
UR1

UR2 Magnitude: | 1605.80

UR3 Amplitude: | (Ramp) ™ Pb‘

Note: The displacement value
maintained in subseque oK Cancel

OK Cancel

Figure 3-26: Load defining
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CHAPTER- FOUR
4. RESULT AND DISCUSSION

4.1. Introduction

This chapter presents the results from various sample tests on composite materials with fiber-to-
matrix weight fractions ranging from 40% to 60%. It also analyzes the laminated structure of bus
roof plates using Classic Laminate Theory and Tsai-Wu failure theory. The bus roof plate is
designed based on experimental data and the properties of the composite materials. An
optimization study was conducted using Altair Hyperworks-Optistruct software to reduce the
weight of the bus roof plate structure. The optimized design is then validated through Abaqus

software. The results are summarized and discussed in the following sections.

4.2. Physical Property
4.2.1. Density

The density of each specimen is measured according to the procedures outlined in the materials
and methods chapter of this thesis. The composite laminate has a density of 1297.8 kg/m3. A
comparison of the experimental and theoretical densities is provided in the summary table (A-1)
in Appendix A. The results show that the theoretical densities are higher than the experimental

values, as the effects of voids and porosity are not considered in the theoretical calculations.

4.2.2. Water absorption
The amount of water absorbed by a particular specimen depends upon the total reinforcement in
the composite and the jute fibers' weight percentage [17]. The results revealed that the Jute/PET
fiber reinforced composite with a P-J-J-P sequence absorbed 1.13% of water after 144 hours of
immersion in rainwater, while the hybrid composite with the same sequence but using untreated
jute fiber absorbed 2.13% over the same period. This suggests that the untreated fibers exhibited a
notable increase in water absorption, while alkali treatment of the fibers significantly reduced
water absorption by sealing the fiber-matrix interfaces and minimizing voids. In the J-P-P-J
sequence, the water absorption rate is 3.13%, whereas the P-J-J-P sequence had a lower absorption
rate of 1.13%. This suggests that the outer PET fiber significantly reduces water absorption, as

laminating it on the outer surface of the composite lowers jute fiber's absorption.
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Figure 4-1. Water Absorption Results Diagram

In contrast, when the outer layer is made of natural fiber, water absorption increases due to its
hydrophilic nature. On the other hand, the water absorption rate of PET polyester is nearly zero,
as polyester is generally hydrophobic and does not absorb water easily, instead transferring

moisture to adjacent fibers.

4.3.  Mechanical Properties
4.3.1. Tensile Strength Test Result

Figure 4.2 illustrates the tensile strength of various jute/PET hybrid reinforced composite
materials. The composite with an alkaline-treated jute fiber inner layer (P-J-J-P) exhibits the
highest tensile strength, 107.4 MPa, among all the tested samples. In contrast, the PET polyester-

only composites have the lowest tensile strength, 48.4 MPa.

The alkaline treatment of the jute fiber significantly improves the tensile strength by 28.2% in the
P-J-J-P composite. Therefore, treating natural jute fiber gives a better tensile property for the
composite. Generally, tensile strength increases when alkali-treated fiber is used which increases
the interfacial bonding between fiber-matrix adhesion. The jute fibers in the outer layers of the
specimens are less capable of handling high loads, resulting in the PET fibers bearing most of the
stress. However, alkaline-treated jute fibers perform better under stress than untreated jute in

composites with identical stacking sequences.

Composites with outer PET fiber layers (e.g., P-J-P-J) demonstrate superior mechanical properties
compared to other configurations. For instance, the ultimate tensile strength of the P-J-P-J
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composite is 91.6 MPa, higher than the 77.3 MPa of the J-P-P-J hybrid. Overall, hybridizing jute
with PET polyester matrix increases in tensile strength, with an improvement of 121.9% (from
48.4 MPa to 107.4 MPa).
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Figure 4-2: Average tensile strength test results

4.3.2. Compression Strength Test Result
Figure 4.3 illustrates that the J-P-P-J hybrid reinforced fiber specimen has a relatively low average
compressive strength of 38.3 MPa, while the P-J-J-P hybrid specimen with alkaline-treated jute
fiber achieves the highest compressive strength of 56.2 MPa. The compressive strength of the P-
J-J-P composite with alkaline-treated jute fiber is 14.4% greater than that of the untreated jute fiber
in the same configuration and 7.66% higher than the treated jute fiber in the P-J-P-J sequence. This
shows that treated jute fiber improves the compressive properties of the composite. Compressive
strength increases with alkali treatments of the fiber. Conversely, untreated jute fibers in the P-J-
J-P hybrid provide a 28.2% higher compressive strength than the J-P-P-J hybrid. This suggests that
the outer PET fiber layers significantly contribute to improved compressive strength, likely due to

their lower water absorption properties.

Overall, combining alkaline-treated jute fibers with a PET polyester matrix leads to a significant

enhancement in compressive strength, showing a 112.87% increase (from 26.4 MPato 56.2 MPa).
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Figure 4-3: Compressive Strength test results

4.3.3. Flexural Strength Test Result

Figure 4.4 presents the results of a three-point bending flexural test, comparing the flexural
strength of various composite materials. All composites, whether reinforced with treated or
untreated jute fibers in combination with PET fibers and matrix, demonstrated strong flexural
performance. Among the tested hybrids, the P-J-J-P stacking sequence exhibited the highest
flexural strength, attributed to the two layers of alkaline-treated jute fiber in the outer layers,
complemented by PET fibers. Alkaline treatment of the jute fiber resulted in a 4.15% increase in
flexural strength, rising from 183.6 MPa (P-J-J-P UJF) to 191.2 MPa (P-J-J-P).
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Figure 4-4: Flexural strength test result
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In general, the hybridization of alkaline-treated jute fibers with a PET polyester matrix leads to a

substantial improvement in flexural strength, with an increase of 95.5% (from 97.8 to 191.2 MPa).

4.3.4. Impact Strength Test Result
Figure 4.5 presents experimental results indicating that alkaline-treated jute fiber hybridized with
PET fiber exhibits slightly higher impact strength compared to composites made with untreated
jute fiber. Specifically, the untreated jute fiber in the P-J-J-P composites results in an impact
strength of 79.8 MPa, while the alkaline-treated jute fiber in the same stacking sequence reaches a
maximum impact strength of 81.3 MPa. This improvement is due to the enhanced mechanical

properties of the jute fibers after alkaline treatment.

Additionally, the impact strength of composites with alkaline-treated jute fiber in the outer layers
is lower than that of composites with PET fiber in the outer layers. For example, the P-J-P-J
composite, with PET fiber as the outer layer, shows an impact strength of 74.6 MPa, which is
lower than the 81.3 MPa of the P-J-J-P composite with treated jute fibers. However, it is slightly
higher than the 71.3 MPa observed in the J-P-P-J composites. This difference is attributed to the

fact that PET fibers in the outer layers absorb more impact energy than jute fibers.
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Figure 4-5: Impact strength test result

In general, the hybridization of alkaline-treated jute fibers with a PET polyester matrix leads to a
substantial enhancement in impact strength, with an increase of 78.68 % (from 45.5 to 81.3 MPa).

51



4.4. TOPSIS analysis method
The steps of the decision-making technique and the resulting outcome are provided in Appendix
B. It was found that the optimal laminate composite stacking sequence, chosen from five different
fabricated sample alternatives (P-J-J-P (UJF), J-P-P-J, P-J-J-P, P-J-P-J, and PET polyester), based
on mechanical and physical properties (tensile, compressive, flexural, impact strength, water
absorption, and density), is P-J-J-P. This sequence, a woven jute/PET polyester hybrid reinforced

composite, demonstrated superior properties and higher strength than all the other samples.

4.5. Hyperwork-Optistruct analysis and optimization

A model was developed to assess stress and strain in four-layered, angle-ply symmetric laminated
plates. The numerical analysis used classical lamination theory to calculate resultant forces and
bending moments, determining stresses and strains per ply. HyperWorks (OptiStruct) analysis
revealed that the 0°, 90°, and 0° P-J-P ply orientation yielded the lowest maximum stress and
failure index. This configuration was selected as optimal, as detailed in Table 4.1. From analyzing
the strength ratio, the PET-J-PET composite achieved its highest value (SR = 2.658) at an angle
orientation of 0°, 90°, and 0°. This suggests that the maximum elemental stress within the plate is
reduced more effectively at this specific angle compared to other orientations. The composite
exhibited maximum stress and strain values of 21.14 MPa and 1.871e-3, respectively.

Table 4-1: Optistruct Analysis Result

Angle orientation Maximum Maximum Composite Factor
of P-J-P element composite failure index of

stresss(MPa) strain (FI) safety
0% 09 Q° 21.78 1.869E-3 0.06041 2.580
0%, 30°, 0° 21.92 1.854E-3 0.05968 2.563
0%, 45°, Q° 21.95 1.847E-3 0.05978 2.560
0°, 900, Q° 21.14 1.871E-3 0.0581 2.658
30°, 0°, 30° 23.79 1.890E-3 0.1318 2.362
30°, 30°, 30° 23.98 1.893E-3 0.1324 2.343
30°, 45°, 30° 24.07 1.901E-3 0.1339 2.334
30°, 90°, 30° 23.69 1.921E-3 0.1391 2.372
45°, 0, 45° 24.37 2.059E-3 0.2138 2.306
45°, 450, 450 24.75 2.079E-3 0.2179 2.270
45°,90°, 45° 24.29 2.104E-3 0.2276 2.313
60°, 0°, 60° 23.79 2.218E-3 0.2303 2.362
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60°, 45°, 60° 24.25 2.236E-3 0.2354 2.317

60°, 90°, 60° 23.71 2.282E-3 0.2481 2.370

90°,0°,90° 25.31 2.231E-3 0.07804 2.220
90°,45°,90° 26.06 2.231E-3 0.07994 2.156
90°,90°,90° 26.64 2.134E-3 0.08385 2.109

The HyperWorks (OptiStruct) analysis for the 0°, 90°, and 0° P-J-P ply orientation is illustrated in

the figure below, providing detailed insights into the stress and strain distribution.

Analysis Results

Contour Plot
Element Stresses (2D & 3D)(vonMises, Max)
Analysis system

— 2114E4H07
1.879E+07
1.645E+07
1.410E+07
1.175E+07
9.397E+06
7.048E+06
4.699E+06
2.350E+06
3.044E+02

O Result

Figure 4-6: Composite element stresses analysis result of composite laminate

Analysis Results

Contour Plot
Composite Strains(Von Mises Strain, Max)

1.871E-03
1.663E-03
1.455E-03
1.247E-03
1.039E-03
8.315E-04
6.236E-04
4.158E-04
2.079E-04

2145€-08

Max= 1.871E-03
2D 452

Min= 2.145E-08
2D 1200

Figure 4-7: Composite strains analysis result of composite laminate
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Analysis Results

Contour Plot
Composite Failure Index{Failure Index)
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— 5.157E-02
Z 451202
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§ 257802
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1.289E-02
— 6.446E-03

- 3oy

- esult

Max= 5.801E-02
2D 244

Min= 3.193E-07
2D 1200

Figure 4-8: Composite FI result

Using thickness and angle orientation as design variables in Optistruct optimization for the
composite plate, the process begins by adjusting the thickness to reduce weight, as illustrated in
Figure 4.9., Iteration 4 achieves the first satisfactory convergence ratio, reducing the mass to
137.63 kg. Subsequently, the stress distribution in the optimized structure is assessed by iteratively
modifying the ply angle orientations, specifically testing the PET-J-PET arrangement at 0°, 90°,
and 0°.

ITERATICON 4

Objective Function (Minimize MASS ) = 1.37T635E402 % change = =1,04
Maximum Constraint Violation % = 0.00000E+00
Design Volume Fraction = T7.50000E-02 Mass = 1.37T635E+02

Subcase Compliance Epsilon
1 4.703385E+02 95.006211F-13

Hote : Epsilon = Residual Strain Energy Ratio.

Figure 4-9: Optistruct Optimization Result

The optimized thickness results show that the PET polyester laminate on the outer surfaces
specifically plies one and three, is 1.2 mm, while the jute polyester laminate in the middle layer,
ply two, has a thickness of 4.8 mm. This configuration results in a total mass of 137.63 kg. The
total mass of the existing (mild steel) bus roof plate is 210.38 Kg. Considering the optimized hybrid
composite laminate for the bus roof plate without changing the structure achieved 34.58% mass

saving compared to steel.
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Volumeijg steer = 6.7m X 2m X 0.002m = 0.0268m3

Mass i steer = 0.0268m* x 7850 9 / . = 21038 Kg

Table 4-2: Mass comparisons

Type Mass (Kg) % reduced
Mild steel 210.38 0%
Optimised composite 137.63 34.58%

This reduction in mass not only enhances fuel efficiency and reduces operational costs but also
contributes to the vehicle's overall sustainability and minimises its environmental impact. The
lighter weight of the optimised composite improves vehicle efficiency, delivering both economic
and environmental advantages. Theoretical fuel savings can be estimated using the formula
provided below [21].

0.38 L * reduced mass

Average fuel saving = 100kg * 100km v eveeee e (4.36)

reduced mass = 210.38Kg — 137.63Kg = 72.75Kg

0.38L*72.75Kg _ 0.2765 litre
100kg * 100km  100Km

Average fuel saving =

An average fuel saved of 0.2765 litre/100 Km was achieved by the optimised composite bus roof
for the ISUZU NPR71 4570cc buses.

4.6. Validation of results using Abaqus software
The Analysis and optimisation were done using Hyperworks-Optistruct software. Here, to confirm

the results the optimised bus roof is analysed again using ABAQUS 2022 for validation purposes.

1. Von Mises Stresses on each ply
The Von Mises stress is a measure of equivalent stress that cumulates the impact of all individual

stress components.
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PET fiber-reinforced polyester plies (ply-1 and ply-3)
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Figure 4-10: Ply-1 Von Mises Stress
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Figure 4-11: Ply-3 Von Mises Stress

Jute fiber-reinforced polyester ply (ply-2)
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Figure 4-12: Ply-2 VVon Mises Stress

The PET fiber-reinforced polyester plies show higher von Mises stress values compared to the jute
fiber-reinforced ply. Specifically, ply-1 and ply-3, both PET-reinforced, exhibit similar von Mises

stress values of 21.03 MPa, as shown in the figure above. In contrast, the jute fiber-reinforced ply
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displays lower von Mises stress of 0.8040 MPa, as illustrated in Figure 4.12, indicating it
undergoes less stress. This disparity in stress levels underscores an uneven distribution, with the
PET fiber-reinforced plies bearing the majority of the load, while the jute fiber-reinforced ply
contributes to damping and weight reduction.

2. Stress Components in each ply
This represents normal and shear stresses in various directions. For each ply of a composite
laminate, the stress is analyzed within the local coordinate system of the ply, aligned with the
material orientation. In a 2D plane stress state, the key stress components include longitudinal
stress (S11), transverse stress (S22), and in-plane shear stress (S12). These are the primary stress

results considered in such an analysis.

PET fiber-reinforced polyester ply (ply-1)
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PLY-1 (middle)

(Avg: 75%)
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S, 512
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Figure 4-13: ply-1 stresses (a) Longitudinal(S11), (b) transverse(S22), and (c) in-plane shear(S12)
For the PET polyester lamina (ply-1), the longitudinal normal stress (S11) is less than the
transverse normal stress (S22), attributed to the laminate's two 0° plies, which enhance stiffness in
the transverse direction. FEA results reveal longitudinal tensile and compression strengths of
13.42MPa and 6.64MPa and transverse tensile and compression strengths of 23.61 MPa and 17.41
MPa, respectively, at the edges, while experimental values are higher at 67.5 MPa (transverse
tensile) and 62.2 MPa (transverse compression). Also, The FEA-predicted shear strength (S12) is
8.22 MPa near the corners due to stress concentration, compared to the experimental shear strength
of 25.5 MPa This indicates that the material, though stressed at the edges, remains within safe
limits. The PET polyester layer (ply-1) functions securely within its strength boundaries,

maintaining a safety factor of at least 2.855 against failure in transverse tensile strength for ply-1.

PET fiber-reinforced polyester ply (ply3)
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Figure 4-14: ply-3 stresses (a) Longitudinal(S11), (b) transverse(S22), and (c) in-plane shear(S12)
For the PET polyester lamina (ply-3), the longitudinal normal stress (S11), transverse normal stress
(S22), and shear stress are very similar to those of ply-1, with values of (6.64 MPa and -13.42
MPa), (17.41 MPa and -23.61 MPa), and 8.22 MPa, respectively. The primary difference between
ply-1 and ply-3 is the direction of the stress, while the stress magnitudes remain comparable.
Experimental values, however, are higher at 67.5 MPa (transverse tensile) and 62.2 MPa
(transverse compression). The PET polyester layer (ply-3) operates safely within its strength
limits, with a minimum safety factor of 2.634 against failure in transverse compressive strength

for ply-3.
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Jute fiber-reinforced polyester ply (ply-2)
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Figure 4-15: ply-2 stresses (a) Longitudinal(S11), (b) transverse(S22), and (c) in-plane shear(S12)

The jute polyester ply (ply-2) shows a maximum normal stress of 5.53 MPa in the fiber direction
(S11) and a transverse stress of 4.12 MPa, both are lower than those in PET polyester fiber-
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reinforced plies. Despite this, the jute ply maintains a reasonable load-bearing capacity, with a
shear stress (S12) of 4.58 MPa. Experimental results, however, reveal much higher values: 69.4
MPa for longitudinal compression, 58.1 MPa for transverse tension, and 25.5 MPa for shear
strength. FEA indicates that the stresses in the jute ply are well below its actual capacity,
confirming that the ply is not overstressed. With a safety margin of 6.55 against failure, the jute-
polyester lamina (ply-2) operates securely within its strength limits, ensuring a reliable and robust

design.

3. Von Mises Stress on the hybrid composite plate
The Von Mises stress contour plot for the plate under a uniformly distributed payload is illustrated
in Figure 4.16. The maximum Von Mises stress recorded is 23.04 MPa, which is localized in the
region where the distributed load is applied (the loading box of the bus roof plate). This stress
concentration arises from the focused application of force in that specific area, resulting in elevated

stress levels.

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+2.304e+07
+2.112e+07
+1,920e+07
+1,728e+07
+1,536e+07

+1.344e+07
+1.152e+07
+9.601e+06
+7.681e+06

+5.760e+06
+3.840e+06
+1,920e+06
—~ +4,244e+01

Figure 4-16: Contour plot of VVon Mises Stress

4. Displacement (U, Magnitude)
The resulting displacement magnitude is shown in Figure 4.17, U=3.88mm representing the
maximum deformation of the composite laminate under the applied load. This indicates the

structure has low levels of deformation or it is very stiff.

61



U, Magnitude

+3.880e-03
+3.557e-03
+3.234e-03
+2.910e-03
+2.587e-03
+2.263e-03 HH
+1.940e-03 e
+1.617e-03 fainiaes
+1.293e-03
+9.7012-04
+6.467e-04
+3.234e-04
+0.000e-+00

Figure 4-17: Deformation of hybrid composite plate

The maximum stress calculated by Optistruct was 21.14 MPa, whereas the finite element method
(FEM) analysis conducted using Abaqus produced a result of 23.04 MPa, indicating an 8.9%
difference. According to the Abaqus explicit model analysis, the maximum stress experienced by
the developed hybrid jute/PET fiber composite structure was considerably lower than the
experimentally measured tensile strength (107.4 MPa) and compressive strength (56.2 MPa) of the
P-J-J-P hybrid composite with an identical layering sequence. This demonstrates that the bus roof
plate functions within a safe operational range relative to its ultimate strength, with a minimum
safety factor of 2.634 against failure in transverse compressive strength for ply-3. Furthermore,

the maximum deflection (U-Magnitude) was 3.88 mm.
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CHAPTER- FIVE
5. CONCLUSION AND RECOMMENDATION

5.1. Conclusion

This thesis focuses on the characterization, fabrication, and investigation of the mechanical and
physical properties, design, and optimization of Jute/PET Hybrid Polymer Matrix Composite
materials, specifically for lightweight vehicle components such as bus roof plates. The research
methodology combined experimental testing, analytical modeling, and Finite Element Analysis
(FEA) to derive meaningful insights. Based on these approaches, several key findings and

conclusions have been established:;

= The experimental results demonstrated that alkali treatment and fiber orientation
significantly influence the tensile, compression, flexural, and impact properties.
Alkaline treatment of jute fiber reduces moisture absorption while enhancing the
mechanical properties of hybrid reinforced polyester composites.

= The TOPSIS method supports decision-making by evaluating various criteria and
alternatives, enabling the identification of the optimal laminate composite stacking
sequence for particular applications. Utilizing alkaline-treated jute fiber with PET
fiber lamina as the outer layer (PET-J-J-PET) improved mechanical and physical
properties.

= The optimized Jute/PET hybrid polyester composite bus roof for the modified ISUZU
NPR71 4570cc buses resulted in a 34.58% reduction in weight compared to mild steel
plate material, decreasing from 210.38 kg to 137.63 kg. Additionally, this
modification could achieve a fuel saving of 0.2765 liters per 100 kilometers without
affecting the vehicle's carrying capacity.

= PBased on the HyperWorks (Optistruct) analysis, the optimized thickness results
indicate that plies one and three, made of PET polyester, have a thickness of 1.2 mm,
while ply two, composed of jute polyester, has a thickness of 4.8 mm. Using these
thicknesses, Finite Element Analysis (FEA) conducted in Abaqus revealed that for the
PET polyester lamina (ply-3), the longitudinal normal stress (S11), transverse normal

stress (S22), and shear stress are very similar to those of ply-1, with values of (6.64
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MPa and -13.42 MPa), (17.41 MPa and -23.61 MPa), and 8.22 MPa, respectively. The
primary distinction between ply-1 and ply-3 lies in the direction of the stress, while
the stress magnitudes remain comparable. Therefore, the PET-jute polyester
composite laminate operates safely within its strength limits, demonstrating a safety
factor of 2.634 against failure in transverse compressive strength for ply-3.

The PET fiber layer primarily carries most of the load, whereas the jute fiber layer
contributes lightweight characteristics and enhanced damping properties.

Overall, the hybrid composite emerges as a promising alternative to steel for
applications like bus roof plates, offering a balance between mechanical performance

and weight reduction.

5.2. Recommendation

Based on the characterization and development of a hybrid composite plate for the bus roofs of

modified ISUZU NPR71 4570cc buses in this thesis, it is recommended to replace metals and

synthetic fibers with a hybrid composite combining natural and synthetic fibers with a matrix. This

approach proved feasible for manufacturing internal and external vehicle parts, particularly the bus

roof component studied here. Extending this replacement to most of the vehicle body could

significantly reduce gross weight, enhancing overall efficiency and performance.

5.3. Future Work

Here are some recommendations for future research:

In addition to the properties studied, further research can be conducted by considering
different loading scenarios such as thermal load, and dynamic load effect on the
composite.

Additional research should be carried out to evaluate the composite's flammability,
and machinability.

Implement field trials of the composite material to gather empirical data on its

performance under actual loading conditions.
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APPENDIX-A
RULE OF MIXTURE

> Fiber and matrix weight fraction (Wg, W),)

Weight of Fiber
Total weight of the composite

Fiber weight fraction =

Weight of Fiber
Total weight of the composite

Fiber weight fraction =

Total weight of composite = the sum of fiber and matrix weight
» Fiber and matrix volume fraction (Vz, V)

Weight of fiber
Density of fiber

Volume of fibers =

Weight of matrix

Volume of matrix = - -
/ Density of matrix

Total Volume of composite = sum of Volume of fibers + Volume of matrix

Volume of fibers

Vol ti Fiber =
olume fraction of Fiber Total Volume of composite

Volume of matrix

Volume fraction of Matrix =
f / Total Volume of the composite

Table A - 1: The experimental and theoretical densities of composite laminate results summary

Stacking molded weight | ptheo=1/[wf/pf+ wm/pm] | pexp (molded

Sequence (kg) (g/cm?) mass/volume)
P-J-J-P 0.377 1.298304 1.0250
J-P-P-J 0.367 1.298065 1.0190
P-J-J-P 0.357 1.297970 1.0011
P-J-P-J 0.364 1.297987 1.0182
PET Polyster 0.132 1.288167 1.3054




Table A - 2: Composite laminas property

Variables PET polyester lamina | Jute polyester lamina

El (GPa) 2.533971 7.438216

E2 (GPa) 4.013705 4939528

V12 0.291182 0.275653

V21 0.46122 0.183054

G12(GPa)= G13 2.792269 4.404167

Q11(GPa) 2.927074 7.833488

Q22(GPa) 4.636364 5.202018

Q12(GPa) 1.350026 1.433951

G23(GPa) 1.394755 1.35990

Table A - 3: Average Water absorption test results
Water absorption rate (%)
Laminates | 24 hrs | 48 hrs 72 hrs 96 hrs 120 hrs 144 hrs

P-J-J-P (UJF) | 1.38 1.77 1.89 1.97 2.09 2.13
J-P-P-J 2.81 2.99 3.03 3.08 3.11 3.13
P-J-J-P 0.65 0.99 1.03 1.05 1.09 1.13
P-J-P-J 0.95 1.28 1.46 1.59 1.75 1.76
PET polyster 0 0 0.01 0.01 0.15 0.15

Table A - 4: Average mechanical property Test results

Laminates Tensile Compressive Flexural Impact strength
strength (MPa) | strength (MPa) | strength (MPa) (KJ/m2)
P-J-J-P (UJF) 83.78 49.1 183.6 79.8
J-P-P-J 77.3 38.3 128.7 71.3
P-J-J-P 107.4 56.2 191.2 81.3
P-J-P-J 91.6 52.2 187.9 74.6
PET polyster 48.4 26.4 97.8 455
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TOPSIS method involves number of steps;

APPENDIX-B
TOPSIS Analysis steps

Step 1: Establishing a decision matrix for ranking consisting of alternatives and criterias.

Tensile | Compression | Flexural Impact Water density
Samples Strength Strength Strength Strength | Absorption (9/cm)
(Mpa) (Mpa) (Mpa) (Mpa) (%)

P-J-J-P (UJF) 83.78 49.1 183.6 79.8 2.13 1.298
J-P-P-J 77.3 38.3 128.7 71.3 3.13 1.298
P-J-J-P 107.4 56.2 191.2 81.3 1.13 1.2978
P-J-P-J 91.6 52.2 187.9 74.6 1.76 1.298

PET polyster 48.4 26.4 97.8 45.5 0.15 1.288

Step 2: Construct the normalized decision matrix;
g = S
S, X5
Relative importance weighting
Importance 5 4 3 2 1
Description Most important More Moderate Less Not-
important important | important | important
Difference b/n Significant Comparable Almost equally Equally
the alternatives variable variable equally
Weighting 0.2 0.15 0.1 0.5 0
Criteria Tensile | Compression | Flexural | Impact Water Density
- Strength Strength Strength | Strength | Absorption
Importance in 4 4 5 3 3
the application
Weight =1 0.15 0.15 0.15 0.2 0.1 0.1
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Normalization
Samples Tensile | Compression | Flexural Impact | Water abs | Density
ST ST ST ST
P-J-J-P (UJF) 0.4462 0.4801 0.5059 0.4978 0.4922 | 0.4479
J-P-P-J 0.4116 0.3745 0.3546 0.4448 0.7232 | 0.4479
P-J-J-P 0.5719 0.5496 0.5269 0.5072 0.2611 | 0.4478
P-J-P-J 0.4878 0.5104 0.517/8 0.4654 0.4067 | 0.4479
PET polyster 0.2577 0.2582 0.2695 0.2838 0.0347 | 0.4445
Step 3: Determine the weighted normalized decision matrix;
Vij= XijxW;
weighted normalized
Samples Tensile | Compression | Flexural Impact Water Density
strength strength strength strength abs
P-J-J-P (UJF) | 0.066923 0.072019 | 0.075887 | 0.099561 | 0.049215 | 0.044791
J-P-P-J 0.061746 0.056178 | 0.053195 | 0.088956 | 0.072321 | 0.044791
P-J-J-P 0.085790 0.082433 | 0.079028 | 0.101433 | 0.026109 | 0.044784
P-J-P-J 0.073169 0.076566 | 0.077664 | 0.093074 | 0.040666 | 0.044791
PET polyster | 0.038661 0.038723 | 0.040423 | 0.056767 | 0.003465 | 0.044446

Step 4: Calculate the positive (best) ideal solutions (V+) and negative (worst) ideal solutions (V-)

for each criterion from the alternatives.

Ideal solution | Tensile ompression | Flexural Impact Water Density
Strength Strength Strength Strength Absorption

V+ 0.0857907 | 0.0824336 | 0.0790285 | 0.1014333 | 0.0034659 | 0.0444464

V- 0.0386617 | 0.0387232 | 0.0404236 | 0.0567677 | 0.0723213 | 0.0447915

Step 5: Calculate the Euclidean distance between the target alternative and the best/worst

alternative Si+/Si- separation measure value using the Euclidean distance method,;

And

m

St =

L

2,

i=1

0.5
(Vij = Vi+)2]
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m 0.5
Si = Z(Vij - Vi+)2]
i=1
Wherei=1,2,3...m

Distance separation

Samples A S;
P-J-J-P (UJF) 0.050704 0.074366
J-P-P-J 0.082653 0.045132
P-J-J-P 0.022646 0.098755
P-J-P-J 0.040613 0.079561
PET polyster 0.087276 0.068856

Step 6: Determine the relative closeness to the ideal solution for each alternative.

Step 7: Finally Rank the preference order.

To calculate the performance score, Pi; P, = S ;’Sisi‘
Sample Performance score = Rank
P-J-J-P (UJF) 0.59459 3
J-P-P-J 0.35318 5
P-J-J-P 0.81346 1
P-J-P-J 0.66204 2
PET polyster 0.44101 4
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APPENDIX-C
Classical Laminate Theory Calculation (CLT)

» The value of the reduced stiffness matrix [Qij] for each ply is using Eqn(3.22)
The stiffness matrix for ply one and ply four lamina of PET polyester lamina

2927 1.350 0

[Q]pET=[1.350 4636 0 ]Gpa and
0 0 2792

The stiffness matrix for ply two and ply three lamina of jute polyester lamina
7.833 1.434 0

[Q]]=[1.434 5202 0 ]Gpa and
0 0  4.404

» The laminate extensional stiffness matrix is calculated by using the stiffness matrixes and

thickness of the lamina using Equation (3.28-3.30)
4

~ 10.76 x 106 2.784 x 106 0
[A] = Z[Qn]k (Zx — Zy—1) = [2.784 x 10° 9.838 x 10° 0 pa.m
=1 0 0 3.598 x 10°

1 —
[B] = 52ﬁ=1[Q1j]k (Zi > — 73 ,%) =0

) ~ 236 0907 0
D] =2 St [Qy], (2 - Zea®) ={0.907 3137 0 |pa.m?

0 0 1.9956
» Calculating mid-plane strains

Ny A1 Az Ags €y
Ny ( = |A12 Az Age 8}9
Nxy Aie Aze Assl |2,
5)9 1.0028 —0.284 0 4496.25 396.158 x 1077
83 =1-0.284 1.0967 0 x 1077 {1926.96; = [83.6362 x 1077
ygy 0 0 2.779 0 0
My D11 D1z D6 (Kx
MY = D12 Dzz D26 Ky
Myy Di¢ Dye Deel \Kxy
Ky 0.4767 —0.13782 0 —211.5 —93.535
Ky ¢t = |—0.13782 0.35862 0 —52.87¢t= |10.1886 | /m
Kxy 0 0 0.501 0 0
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» Calculating global strains of the plies
ex &x Kx —0.1870
gy r=14¢ r+z{K =1 0.020
Yxy Yy Kxy 0

» Calculating local stress and strains of each lamina

A transformation matrix

m? n? 2mn 1 0 0
2 m2 —-2mn|=[0 1 0|, Where; m = cosfandn = sin0
—mn mn m-—n? 0 0 1

€x 1 0 O &x —0.187
=[T]| é& [=]0 1 o|| é& |= ] 0.020
Yxy/2 0 0 111¥xvs2 0

[T] =

Local strains

&1
V12,2
Tsai-Wu Failure Theory Components

g(u) - F101 + on-z + F6O-12 + F110-12 + F220-22 + F660—122 + F120-10-2 S 1

1 1 1 1
h=y—wh=yx
t c t c
Fg =0
1 1
Fio.=—7F =—
U7 xexd T2 T vy,
1 1 1
Foo = ———Fj; = —=
66 (712)2Ult’ 12 24| XtXcYtYe

Table C - 1: Strength property of each lamina

Strengths PET polyester lamina | Jute polyester lamina

Longitudinal strength in tension, X; 72.5Mpa 89.5MPa
Longitudinal strength in compression, X -65.5Mpa -69.4MPa
Transverse strength in tension, Yt 67.5Mpa 58.1MPa
Transverse strength in compression, Y -62.2Mpa -67.3MPa
Shear strength, S 25.5Mpa 30MPa

Strength Ratio

Ultimate stress

~ Applied stress
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APPENDIX-D
HYPER WORK-OPTISTRUCT

Optistruct Optimization Input File

$$
$3$ Optistruct Input Deck Generated by HyperMesh Version : 2019.1.0.20
$3$ Generated using HyperMesh-Optistruct Template Version : 2019.1.0.20
$$
$$ Template: optistruct
$$
$$ optistruct
$
OUTPUT,FSTOSZ, 4
CFAILURE(NDIV=1) = ALL
CSTRAIN(NDIV=1) = YES
CSTRESS(NDIV=1) = ALL
DISPLACEMENT = ALL
$$--- $
$$ Case Control Cards $
$$--- $
$$
$$ OBJECTIVES Data
$
$SHMNAME OBJECTIVES lobjective
$
DESOBJ(MIN)=1
$
$
SHMNAME LOADSTEP 1"LS" 1
$
SUBCASE 1
LABEL LS
ANALYSIS STATICS
SPC = 1
LOAD = 2
DESSUB = 2
$$--- -
$$ HYPERMESH TAGS
$$--- -
$$BEGIN TAGS
$$END TAGS
$
BEGIN BULK
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$

$HMNAME PLYS 1"ply1"
$HWCOLOR PLYS 1 23
PLY 1 1 0000500 YES
+ 1

$

$HMNAME PLYS 2"ply2"
$HWCOLOR PLYS 2 52
PLY 2 2 0001 900 YES
+ 2

$

$HMNAME PLYS 3"ply3"
$HWCOLOR PLYS 3 23
PLY 3 1 0000500 YES
+ 3

$$

$$ Stacking Information for Ply-Based Composite Definition
$$

$HMNAME LAMINATES 1"laminatel"”
$HWCOLOR LAMINATES 1 5
STACK 1 1 2 3

$$

$HMSET 1 2 "ply1"
$HMSETTYPE 1 "formula"
SET 1 ELEM LIST

+ 1 THRU 1340

$

$HMSET 2 2 "ply2"
$HMSETTYPE 2 "formula"
SET 2 ELEM LIST

+ 1 THRU 1340

$

$HMSET 3 2 "ply3"
$HMSETTYPE 3 "formula"
SET 3 ELEM LIST

+ 1 THRU 1340

$

$HMNAME OPTICONTROLS  1"optistruct_opticontrol" 1
$

DOPTPRM DESMAX 200

$HMNAME DESVARS 1thickness
DSIZE 1 STACK 1
+ MEMBSIZ 0.015



+ COMP LAMTHK 0.0005 0.002
+ COMP BALANCE45.0 -45.0 BYANG

$$

$$ OPTIRESPONSES Data

$$

DRESP1 1  MASS MASS 1

DRESP1 2  FI INDEXCFAILUREPCOMP 1 TSAlI ALL
$$

$$ OPTICONSTRAINTS Data

$$

$HMNAME OPTICONSTRAINTS  1MAXFI

$

DCONSTR 1 2 0.99

DCONADD 2 1
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