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ABSTRACT 

The objective of this thesis is to investigate the free vibrational behaviors of bamboo/glass 

fiber reinforced epoxy hybrid composites with and without edge cracks by using analytical, 

simulation and experimental methods. The analytical and simulation methods were 

performed to obtain the first three natural frequencies based on First-Order Shear 

Deformation Theory (FSDT) and ABAQUS respectively. BGHC materials with an angle 

of orientation [00 900 00 00 900 00] and lamina arrangement [bamboo-glass-bamboo-glass 

bamboo-glass] were fabricated using a vacuum bag moulding assisted hand layup method. 

The experimental testing was performed to determine the first three natural frequencies and 

damping ratios of cracked and uncracked BGHC materials using ACC103 accelerometer 

with DAQ USB NI-6009 were connected to the computer by integrated the LABVIEW. 

The first three damping ratios were measured according to the half-bandwidth method from 

the frequency response function graph plotted. By comparing the natural frequencies of 

BGHC-1, BGHC-2, and BGHC-3 materials, it has seen that BGHC-3 recorded the highest 

natural frequency while BGHC-2 recorded the lowest natural frequency. The obtained test 

results from the experimental method were validated with the analytical and simulation 

results. A good agreement was accomplished between the analytical, simulation and 

experimental results. The analytical, simulation and experimental results have shown that 

the first three natural frequencies and damping ratios were decreased with an increase of 

crack depth. And also, the natural frequencies were decreased and damping ratios were 

increased with an increase of bamboo fiber in BGHC-1, BGHC-2, and BGHC-3 materials. 

The experimental result confirms that the damping ratio for BGHC-2 was equal to 0.23974 

at room temperature. This is definitely greater than for most other conventional materials 

like cast iron, steel, and aluminum. Thus, BGHC-2 made from 30% bamboo and 10% glass 

fiber could be a viable candidate for applications that need good vibration properties. 

Keywords: Hybrid Composite Materials; Free Vibration; Edge Crack; FSDT Method; 

Finite Element Method and Experimental Method. 

 



vii 

 

TABLE OF CONTENTS 

DECLARATION ................................................................................................................. i 

ACKNOWLEDGMENTS .................................................................................................. v 

ABSTRACT ....................................................................................................................... vi 

TABLE OF CONTENTS .................................................................................................. vii 

LIST OF ABBREVIATIONS ............................................................................................. x 

LIST OF SYMBOLS ......................................................................................................... xi 

LIST OF FIGURES .......................................................................................................... xii 

LIST OF TABLES ............................................................................................................ xv 

CHAPTER ONE ................................................................................................................. 1 

INTRODUCTION .............................................................................................................. 1 

1.1. Background .............................................................................................................. 1 

1.2. Statement of the Problem ......................................................................................... 6 

1.3. Objectives of the Thesis ........................................................................................... 7 

1.3.1. General Objective .............................................................................................. 7 

1.3.2. Specific Objective .............................................................................................. 7 

1.4. The Scope of the Study ............................................................................................ 7 

1.5. The Significance of the Study .................................................................................. 8 

1.6. Thesis Paper Organization ....................................................................................... 8 

CHAPTER TWO ................................................................................................................ 9 

LITERATURE REVIEW ................................................................................................... 9 

2.1. Bamboo Plant ......................................................................................................... 10 

2.2. Bamboo Fiber ......................................................................................................... 11 

2.2.1. Extraction Process of Bamboo Fiber ............................................................... 11 

2.2.2. Chemical Treatment Process of Bamboo Fiber ............................................... 12 



viii 

 

2.3. Vibration Analysis of Composite Materials Without Crack .................................. 13 

2.3.1. Basic Concepts of Vibration ............................................................................ 13 

2.3.2. Basic Concepts of Damping ............................................................................ 14 

2.4. Vibration Analysis of Composite Materials with Crack ........................................ 18 

2.4.1. Basic Concepts of Cracks ................................................................................ 18 

2.5. The Research Gaps ................................................................................................. 21 

CHAPTER THREE .......................................................................................................... 22 

MATERIALS AND EXPERIMENTAL METHODS ...................................................... 22 

3.1. Materials ................................................................................................................. 22 

3.1.1. Bamboo Fiber .................................................................................................. 22 

3.1.2. Glass Fiber ....................................................................................................... 26 

3.1.3. Epoxy Resin ..................................................................................................... 27 

3.1.4. Hardener .......................................................................................................... 27 

3.2. Fiber and Matrix Composition Content of the Hybrid Composite......................... 28 

3.3. Composite Plies and Laminates Design ................................................................. 29 

3.4. Lamination Theory of Hybrid Composite Materials .............................................. 30 

3.4.1. Volume Fractions ............................................................................................ 31 

3.4.2. Weight Fractions.............................................................................................. 31 

3.4.3. Density of Composite ...................................................................................... 31 

3.4.4. Elastic Properties of a Lamina ......................................................................... 32 

3.4.5. Stiffness Matrix ............................................................................................... 33 

3.4.6. ABD Matrix of Composite Materials .............................................................. 35 

3.4.7. Strains and Stress Relationship........................................................................ 36 

3.5. Analytical Analysis of Vibration ........................................................................... 38 

3.5.1. The Hybrid Composite Beam Without Crack ................................................. 38 



ix 

 

3.5.2. Cracked Hybrid Composite Material Modeling .............................................. 42 

3.6. Modeling and Simulation for Vibration Analysis .................................................. 44 

3.6.1. Finite Element Modeling ................................................................................. 44 

3.7. Experimental Methods of Hybrid Composite Materials ........................................ 45 

3.7.1. The Hybrid Composite Manufacturing Process .............................................. 45 

3.8. The Dimensions of Hybrid Composite Specimens ................................................ 50 

3.9. Experimental Setup for Vibration Test .................................................................. 51 

3.10. Damping Properties of Hybrid Composite Materials ........................................... 53 

CHAPTER FOUR ............................................................................................................. 56 

RESULT AND DISCUSSION ......................................................................................... 56 

4.1. Analytical, Simulation and Experimental Results .................................................. 56 

4.1.1. Analytical Result of Free Vibration of BGHC Materials ................................ 56 

4.1.2. Simulation Result of Free Vibration of BGHC Materials ............................... 60 

4.1.3. Experimental Results of Free Vibration of BGHC Materials.......................... 66 

4.2. Discussion .............................................................................................................. 77 

4.2.1. The Comparisons Between Analytical, Simulation and Experimental Results of 

Natural Frequency ..................................................................................................... 77 

CHAPTER FIVE .............................................................................................................. 82 

CONCLUSION, RECOMMENDATION AND FUTURE WORK ................................. 82 

5.1. Conclusions ............................................................................................................ 82 

5.2. Recommendation .................................................................................................... 83 

5.3. Future work ............................................................................................................ 83 

REFERENCE .................................................................................................................... 84 

APPENDIXES .................................................................................................................. 91 

 



x 

 

LIST OF ABBREVIATIONS 

FEM              The Finite Element Method 

ANA              Analytical  

EXP               Experimental 

HCM               Hybrid Composite Materials  

ASTM            America Society for Testing and Material  

FSDT             First-Order Shear Deformation Theory  

NI                   National Instrument 

DAQ               Data Acquisition   

LabVIEW       Laboratory Virtual Instrumentation Engineering Workshop 

FRF                Frequency Response Functions 

Eq.                  Equation 

cc                    Cubic Centimeter 

UD                  Unidirectional 

BGREC          Bamboo-Glass Fiber Reinforced Epoxy Hybrid Composite 

VBMAHT         Vacuum Bag Moulding Assisted Hand Lay-Up Technique  

BGHC            Bamboo-Glass Fiber Hybrid Composite 

m                    Meter 

mm                 Millimeter 

 

 

 

 

 

 

 



xi 

 

LIST OF SYMBOLS 

Wf = weight of Fiber (g) 

Wm = weight of Matrix (g) 

Wc = weight of composite specimen (g) 

𝜌f = Density of Fiber (g/cc) 

𝜌b = Density of bamboo fiber (g/cc) 

𝜌m = Density of Matrix (g/cc) 

Vf = Volume of fibers, (cm3) 

Vm = Volume of matrix, (cm3) 

Vc = Volume of Composite mold (cm3) 

WF = Fiber weight fraction 

Wm = Matrix weight fraction 

∀f = Fibers Volume fraction 

∀m = Matrix Volume fraction 

Mb = Mass of bamboo fiber 

σ = Stress (MPa) 

ε = Strain (mm/mm) 

τ12 =Shear stress (MPa) 

𝛾 = Shear Strain (mm/mm) 

G12= Shear modulus (MPa) 

∆ω = Bandwidth (Hz) 

ζ = Damping coefficient 

ωn = Natural frequency (Hz) 

 

 

 

 

 



xii 

 

LIST OF FIGURES 

Figure 1.1 Composite material classification [4] .................................................................2 

Figure 1.2  Classification of natural fibers which can be used as reinforcement or fillers [7]

..............................................................................................................................................4 

Figure 2.1 Bamboo Plant ...................................................................................................10 

Figure 2.2 Model for the cracked beam [36] .....................................................................19 

Figure 2.3 Cantilever beam with crack and representation of crack by rotational spring [37]

............................................................................................................................................19 

Figure 2.4 Unidirectional fiber-reinforced composite cantilever with an open edge crack 

[13] .....................................................................................................................................20 

Figure 3.1 Manual and chemical fiber extraction processes, a) Cut Bamboo strips from its 

segment or node, (b) Slice bamboo-segment by a knife to get bamboo strips, (c) Bamboo 

strips immersed in water and (d) The final phase of manually extracted bamboo fiber. ...25 

Figure 3.2 Alkaline treatment & mat preparation of bamboo fiber, (a) Bamboo fiber soaked 

by NaOH, (b) bamboo fiber soaked by NaOH is covered by plastic, (c) Bamboo fiber after 

soaked with sodium hydroxide and (d, e, f) Unidirectional bamboo mat with angles of 

orientation. .........................................................................................................................26 

Figure 3.3 Unidirectional glass fiber .................................................................................27 

Figure 3.4 The sequence of lamina hybrid composite structure with [00 900 00] 
s .............30 

Figure 3.5 Symmetric layer of composite plate [00 900 00 00 900 00]. ...............................35 

Figure 3.6 Midplane or the lamina staking sequence of composite plate ..........................36 

Figure 3.7 Cantilever hybrid composite beam ...................................................................38 

Figure 3.8 The geometric dimension of cracked hybrid composite beam .........................39 

Figure 3.9 The cracked beam under generalized loading conditions .................................39 

Figure 3.10 FE model used for numerical simulation........................................................44 

Figure 3.11 Mold or frame for the fabrication of composite plate ....................................45 

Figure 3.12 Hand lay-up assisted by vacuum bag moulding technique ............................46 

Figure 3.13 Vacuum pump ................................................................................................47 

Figure 3.14 Vacuum bagging system materials - (a). Release fabric/peel ply (b). Perforated 

nylon (c). Breather (d). Vacuum nylon (e). Vacuum tape and (f). Wax. ...........................48 

Figure 3.15 Hybrid composite manufacturing steps ..........................................................49 



xiii 

 

Figure 3.16 Hybrid composite manufacturing steps ..........................................................49 

Figure 3.17 Hybrid composite fabrication by using vacuum bagging. ..............................50 

Figure 3.18 Three samples of hybrid composite plates for vibration test ..........................51 

Figure 3.19 Hybrid Composite specimen for vibration test ...............................................51 

Figure 3.20 Hybrid Composite plate specimen with crack depth (a) 3mm, (b) 7mm and (c) 

11mm in each sample.........................................................................................................51 

Figure 3.21 Vibration experimental set up ........................................................................52 

Figure 3.22 Block diagram used for acceleration velocity and displacement data ............53 

Figure 3.23 Frequency response function of composite ....................................................54 

Figure 4.1 Natural frequency at the first mode according to crack depth by analytical 

method................................................................................................................................58 

Figure 4.2 Natural frequency at the second mode according to crack depth by analytical 

method................................................................................................................................58 

Figure 4.3 Natural frequency at the third mode according to crack depth by analytical 

method................................................................................................................................59 

Figure 4.4 The natural frequency of uncrack, BGHC-1 ....................................................60 

Figure 4.5 The natural frequency of uncrack BGHC-2 .....................................................61 

Figure 4.6 Natural frequency uncrack BGHC-3 ................................................................61 

Figure 4.7 Natural frequency of cracked BGHC-1 with 3 mm crack depth ......................62 

Figure 4.8 Natural frequency of cracked BGHC-1 with 7 mm crack depth ......................62 

Figure 4.9 Natural frequency of cracked BGHC-1 with 11 mm crack depth. ...................63 

Figure 4.10 Natural frequency at the first mode according to crack depth by simulation 

method................................................................................................................................65 

Figure 4.11 Natural frequency at the second mode according to crack depth by simulation 

method................................................................................................................................65 

Figure 4.12 Natural frequency at the third mode according to crack depth by simulation 

method................................................................................................................................66 

Figure 4.13 Experimental result of the raw acceleration of BGHC-1 ...............................67 

Figure 4.14 Frequency Response Function (FRF) of BGHC-1 .........................................68 

Figure 4.15 Frequency response function (FRF) of the BGHC-1 with bandwidth points .68 

Figure 4.16 Experimental result of the raw acceleration of BGHC-2 ...............................69 



xiv 

 

Figure 4.17 Frequency Response Function (FRF) of BGHC-2 .........................................69 

Figure 4.18 Experimental result of the raw acceleration of BGHC-3 ...............................70 

Figure 4.19 Frequency Response Function (FRF) of BGHC-3 .........................................70 

Figure 4.20 Damping ratios of different materials.............................................................72 

Figure 4.21 Natural frequency at the first mode according to crack depth by the 

experimental method ..........................................................................................................73 

Figure 4.22 Natural frequency at the second mode according to crack depth by the 

experimental method ..........................................................................................................73 

Figure 4.23 Natural frequency at the third mode according to crack depth by the 

experimental method ..........................................................................................................74 

Figure 4.24 Damping ratio at the first mode according to crack depth by the experimental 

method................................................................................................................................75 

Figure 4.25 Damping ratio for the second mode according to crack depth by the 

experimental method ..........................................................................................................75 

Figure 4.26 Damping ratio at the third mode according to crack depth by the experimental 

method................................................................................................................................76 

Figure 4.27 First natural Frequency vs Crack Depth for the three methods ......................78 

Figure 4.28 Second Natural Frequency vs Crack Depth for the three methods ................79 

Figure 4.29 Third Natural Frequency vs Crack Depth for the three methods ...................81 

Figure B.1 Result display diagrams ...................................................................................92 

Figure B.2 Amplitude vs natural frequency graph of BGHC-1 with 3mm crack depth ....92 

Figure B.3 Amplitude vs natural frequency graph of BGHC-1 with 7mm crack depth ....93 

Figure B.4 Amplitude vs natural frequency graph of BGHC-1 with 11mm crack depth ..93 

Figure B.5 Amplitude vs natural frequency graph of BGHC-2 with 3mm crack depth ....94 

Figure B.6 Amplitude vs natural frequency graph of BGHC-2 with 7mm crack depth ....94 

Figure B.7 Amplitude vs natural frequency graph of BGHC-2 with 11mm crack depth ..95 

Figure B.8 Amplitude vs natural frequency graph of BGHC-3 with 3mm crack depth ....95 

Figure B.9 Amplitude vs natural frequency graph of BGHC-3 with 7mm crack depth ....96 

Figure B.10 Amplitude vs natural frequency graph of BGHC-3 with 11mm crack depth 96 

 



xv 

 

LIST OF TABLES 

Table 2.1 Mechanical properties of various natural fibers [17] ...........................................9 

Table 2.2 Properties of bamboo fiber [9] ...........................................................................11 

Table 3.1 Composition of hybrid composites materials ....................................................29 

Table 3.2 The weight of fibers and matrix .........................................................................37 

Table 3.3 Mechanical properties of hybrid composite materials .......................................37 

Table 4.1 Mechanical properties of hybrid composite materials .......................................56 

Table 4.2 The natural frequency of hybrid composite materials without crack and according 

to crack depth .....................................................................................................................57 

Table 4.3 The natural frequency of the hybrid composite materials according to crack depth 

by simulation method .........................................................................................................64 

Table 4.4 The experimental value of natural frequency and damping ratio of BGHC 

materials without crack ......................................................................................................71 

Table 4.5 The experimental results of natural frequency according to crack depth ..........72 

Table 4.6 The experimental results of damping ratio according to crack depth ................74 

Table 4.7 The result comparison of the first natural frequencies recorded from BGHC 

materials by analytical, simulation and experimental methods .........................................77 

Table 4.8 The result comparison of the second natural frequencies recorded from BGHC 

materials by analytical, simulation and experimental methods .........................................79 

Table 4.9 The result comparison of the first natural frequencies recorded from BGHC 

materials by analytical, simulation and experimental methods .........................................80 

Table A.1 Technical Data of epoxy ...................................................................................91 

Table A.2 Typical properties of unidirectional E-glass fiber ............................................91 

Table A.3 Typical Mechanical Properties of system 501 Epoxy Resin with its hardener.91



1 

 

CHAPTER ONE 

 INTRODUCTION 

1.1. Background 

Vibration is a mechanical phenomenon whereby oscillations occur about an equilibrium 

point. Vibrations are undesirable for a mechanical structure, due to the need for structural 

stability, position control durability (particularly durability against fatigue), performance, 

and noise reduction. Vibrations are of concern to large structures such as aircraft, as well 

as small structures such as electronics. Nowadays, it has been used in electronics, aviation, 

and automobile application, etc. Composites materials are having excellent mechanical, 

tribological, thermal, water absorption and vibrational properties. Moreover, the use of 

composites to fabricate structures is one of the ways to reduce vibrations [1].  

Polymers are the best in damping properties as they possess further viscoelastic property. 

In manufacturing like a wind turbine, one has to always reason for reducing the weight of 

the wind turbine and this can only be done by substituting the conventional material with 

the composite material without negotiating strength. Composites materials are one of the 

opportunities to make structure lighter while taking into account other properties also. The 

present probe emphasizes the use of composite materials to enhance the damping capability 

of structures [2]. 

The composite materials are defined as the materials which consist of a mixture or a 

combination of two or more materials which are insoluble in each other and differ in form 

or in chemical composition. Thus, the composite materials are labeled as any materials 

consisting of two or more parts. Many mixtures of materials named composite materials, 

such as concrete, mortar, fiber-reinforced plastics, fiber-reinforced metals and similar fiber 

impregnated materials [3,4]. 

The fiber-reinforced polymer composite materials are classification into four broad groups 

has been done as a result of the matrix used. Thus are, carbon fiber reinforced polymer 

composites, polymer matrix composites, metal matrix composites, and ceramic matrix 

composites. Polymer matrix composites are made of thermoplastic or thermoset resins 

reinforced with fibers such as glass, carbon or boron. A metal matrix composite material 
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consists of a matrix of metals or alloys reinforced with metal fibers. Ceramic matrix 

composite materials consist of ceramic matrices reinforced with ceramic fibers such as 

silicon carbide, alumina or silicon nitride. They are mainly effective for high-temperature 

applications. Polymeric is the most frequently used matrix materials. In general, the 

mechanical and physical properties of polymer composites are inadequate for many 

structural applications. In specific, their stiffness and strength are low compared to metals 

and ceramic composites. These difficulties are overcome by reinforcing other materials 

with polymers. Secondly, the processing of polymer matrix composites needs not to 

involve high pressure and does not require high temperature. Also, the equipment essentials 

for manufacturing polymer matrix composite materials are simpler. For this reason, 

polymer matrix composite materials developed rapidly and soon became popular for 

structural applications. Composite materials are used because the overall properties of the 

composite materials are larger than those of the individual component materials, for 

instance, polymer/ceramic. Composite materials have a superior modulus than the polymer 

component but are not as brittle as ceramics. In addition to these, there are three types of 

polymer composite materials. Thus are, Particle reinforced polymer (PRP), Fiber-

reinforced polymer (FRP), and structural composites. Generally, composite materials are 

classified and related to constituents as depicted in figure1.1. 

 

Figure 1.1 Composite material classification [4] 
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Fiber Reinforced Polymer is a common fiber-reinforced composite that is a combination 

of fibers and a matrix. In composite, fibers are used for reinforcement and the main source 

of strength while matrix adhesives all the fibers together in form and transfers loads 

between the reinforcing fibers. The fibers are carrying the loads along with their 

longitudinal directions. The common fibers used as reinforcing agents include beryllium 

carbide, carbon-graphite fibers, beryllium oxide, molybdenum, aluminum oxide, 

polyamide, glass fibers, natural fibers, etc. 

The primary phase of composite material is called a matrix having a continuous 

characteristic. In other word, matrices are a material which acts such as a binder and holds 

a fiber in the desired place thereby transferring the external load to fiber reinforcement. 

The common matrix such as epoxy, polyester, vinyl ester, polyurethane, etc. Among these 

resin materials, peek is the most widely used in composite materials. and also, epoxy has 

higher adhesion and less shrinkage than the peek matrix comes in second for its high-cost 

Fiber. Reinforced epoxy is the composite material is made of an epoxy matrix embedded 

with high strength of fibers such as carbon glass, basalt, aramid, and natural fibers [4,6,7].  

In fact, the use of composite materials started with natural fibers. In earliest Egypt, about 

3000 years before, they used clay as reinforced with straw to build walls of the shelter. 

Later on, the natural fibers lost much of their attention due to the use of other more 

conventional materials for instance metals and synthetic composite materials [6]. There is 

a wide variety of different natural fibers that can be applied as reinforcement or fillers. An 

organigram with a classification of the various fibers is presented in Figure 1.2. 
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Figure 1.2  Classification of natural fibers which can be used as reinforcement or fillers [7] 

The most vital types of natural fibers involved in the manufacturing of composite materials 

are flax, hemp, bamboo, kenaf, and sisal due to their properties and availability. Among 

different natural fibers, bamboo fiber is an important grass fiber with a number of 

advantages. Bamboo fiber can be extracted from a bamboo plant that finds wide different 

types of applications in the world, and bamboo plants measured such as a hopeful housing 

material in an underdeveloped and developed country [10,11]. 

Bamboo plants in comparison with other natural fibers sourced plants are eco-friendly with 

a higher growth rate and to fix the carbon dioxide of the atmosphere. The extraction of 

good quality natural, technical fibers from the bamboo culm is still a challenge. Bamboo 

fiber has a lot of advantages such as high strength, lightweight, biodegradability, stiffness, 

and even its roots and the leaves keep the soil together and safely protect it against the sun 

respectively [12,13].  
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Bamboo fibers reinforced composites have also high strength and durability so these fibers 

are mostly preferred over other bio-fibers. Because It contains 26% to 43% of Cellulose 

and 21% to 31% Lignin. Bamboo fibers have a high strength to weight ratio in the 

longitudinal direction as compared to synthetic materials like concrete, timber, steel [6]. 

Because of this reason, the composite material becomes hybrid within the bamboo fiber. 

Hybrid composite materials can be made by introducing two or more than two types of 

fibers in the same matrix in order to get high-performance composite materials [10]. The 

overall strength of the hybrid composite materials are dependent on the properties of fibers, 

volume fraction of fiber content, length of the individual fibers, the orientation of fibers, 

the extent of the intermingling of fibers, fiber to the matrix interface bonding of fibers and, 

arrangement of both fibers and also on the failure strain of individual fibers [11].  

The fiber-reinforced composites are very important in engineering uses due to their 

excellent features such as high strength-to-weight and high stiffness-to-weight ratio. Over 

the last decades, the use of composite materials has significantly increased. They have 

gradually replaced the metal material structures in various industrial fields such as water 

sports, ship-building, railroad transport, civil structure, marine, robot industry, automotive 

industry, and the aerospace industry. However, these types of conventional material 

structures can lead to undesirable of high vibration. Over time, the vibration can have a 

long-term as well as short-term damaging effects on the conventional material structures. 

Such phenomena are potentially dangerous as they can create a complete imbalance of the 

structure which can then ultimately fail. Hence, the detection and localization of 

destruction to thin and thick material structures at the primary stage of development can 

improve the system performance and safety [12]. Crack initiation and propagation in the 

fiber-reinforced composite materials are one of the failure modes. Nowadays, crack and 

vibration has been an important topic in composite materials and fracture mechanics 

communities [13]. Cracks in a structure reduce the local stiffness such that the change of 

vibration characteristics (particularly natural frequencies, damping, etc.) may be used to 

detect the crack location and even its size. Cracks are inevitable during the service life of 

structures and occur due to overloading and strength degradation. These cracks cause them 

to form at closer spacing and delaying the formulation of a large crack and finally lead to 

catastrophic failures [18,19]. In the structural design, the elimination of resonant frequency 
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caused by high amplitude is very important as resonance vibration effects can induce the 

failure of assembled structures. An estimate of natural frequency and working optimal 

frequency in structures is required [15]. As one of the failure modes for the high-strength 

materials, 

And also, for engineering application, most of the structures were used metal materials, 

which, will undergo dangerously large oscillations which may lead to excessive deflection 

and failure and also, the weight of the structure increase. which leads, the live performance 

of the structure is decreased. The vibration of the structure also causes high-stress 

concentrations at ascertaining location. In order to attain the right combination of material 

properties, application service performance and, the dynamic performance is the main point 

to be considered in the composite structure. To avoid the typical problems caused by 

vibration and crack, it is important to determine the natural frequency and damping ratio 

of the hybrid composite materials. 

The main objective of this thesis is to study the free vibration behavior of bamboo/glass 

fiber reinforced epoxy hybrid composite materials that consisted 60% of epoxy with 10%, 

20% and 30% of bamboo and 30%, 20% and 10% of glass fibers weight percentage 

respectively by using analytical, simulation or numerical, and experimental approaches 

with and without edge crack. 

1.2. Statement of the Problem 

Most of the engineering applications, the structures have been made from conventional 

materials for instance cast iron, steel, and aluminum. These structures were made from 

conventional materials are failed due to excessive vibrations in their working life. This 

conventional material such as steel and cast iron cannot easily control the vibration and 

mechanical properties. 

Composite material has turned up as one of the major replacements for the conventional 

materials for weight reduction such as steel and cast iron. When the composite materials 

made from natural fiber the toughness property of the material is reducing. And also, it 

made from synthetic fiber, the damping properties of the material are reducing and it is not 

biodegradable. Resonant vibration is mostly caused by an interface between the inertial 

and elastic properties of the materials in a structure. During service time, the natural and 
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synthetic fiber composite can Cause a catastrophic failure could be an observation problem 

of composite laminates as compared to hybrid composite materials.    

The majority of structures can be made to resonate or to vibrate with an oscillatory input 

of frequency the same as the natural frequency of the structure. In general, for engineering 

applications, the structures of metal materials will undergo dangerously large oscillations 

which may lead to excessive deflection and failure. And also, when the weight of the 

structure increase, the live performance of the structure is decreased. The vibration of a 

structure also causes high-stress concentrations at a certain location. In order to attain the 

right combination of material properties and service performance, the dynamic behavior is 

the main point to be considered in hybrid composite structures. To reduce the classic 

problems caused by vibration, it is important to evaluate the natural frequency and damping 

ratio of bamboo/glass fiber reinforcement epoxy hybrid composite. 

1.3. Objectives of the Thesis 

1.3.1. General Objective 

The general objective of this thesis is to study the vibrational behaviors, particularly the 

natural frequency and damping ratio of edge cracked bamboo/glass fiber reinforced epoxy 

hybrid composites. 

1.3.2. Specific Objective 

• Improvement of stiffness & interfacial adhesion through chemical treatment of 

fiber.  

• To manufacture BGHC materials with a constant epoxy weight ratio, at a different 

bamboo and glass fiber weight ratio. 

• To determine the natural frequency and damping factor of the BGHC materials with 

crack and without crack by using First-order shear deformation theory (FSDT), 

finite element method (ABAQUS-2017) and experimental methods. 

• To validate the theoretical and simulation results by experimental results. 

1.4. The Scope of the Study 

The scope of the study includes the following. 

• Fabrication of bamboo glass fiber reinforcement epoxy hybrid composite. 
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• Experimental free vibration analysis of hybrid composite material caring out on 

accelerometer ACC-103. 

• Determining parameters like the weight of epoxy resin, the weight ratio of glass 

fiber and bamboo fiber, crack length and crack width of hybrid composite materials. 

1.5. The Significance of the Study 

The significance of the outcome of the study 

The importance of naturally available bamboo fiber 

• To increase the utilization of raw bamboo in Ethiopia specially Gish Abay which 

has around 20,000 hectors. 

• Bamboo/glass hybrid composite replaces conventional materials like steel, cast 

iron, and aluminum during the dynamic load condition. 

• As an alternative in replacing metals such as aluminum, cast iron, and steel, which 

fail under high vibrational applications. 

• To enhance the corrosion resistance of the materials. 

• To improve the lightweight, high strength to weight ratio and good stiffness. 

1.6. Thesis Paper Organization 

In this thesis work, the main body organized into five chapters. The first chapter is devoted 

to a brief description of composite materials related to its application and vibration effect 

on cracked composite; the thesis background; the problem of the statement; general and 

specific objectives. The second chapter presents a literature review on composite materials, 

bamboo plants, bamboo fiber, extraction of bamboo fiber, bamboo fiber treatment, 

Vibration analysis of composite materials with and without crack, basic concepts of crack, 

basic concepts of damping and Modeling of the cracked laminated beam.  The third chapter 

deals with the experimental program which focused on materials, test specimen 

preparations, analytical, numerical and experimental methods, conditions and test set up 

for vibration tests of bamboo & glass fibers hybrid composite materials. The fourth chapter 

addresses analytical, simulation or numerical and experimental test results and discussion. 

The last chapter dedicated to drawing conclusions, recommendations, and future works. 
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CHAPTER TWO 

LITERATURE REVIEW 

This section deals with a brief review of the research work done by different researchers 

related to vibration analysis of the bamboo/glass fiber reinforced epoxy hybrid composite. 

The multi-use of composite structures in aerospace applications has studied by many 

scholars to study various aspects of their structural characteristics. These materials are 

particularly widely used in situations where a large strength-to-weight ratio is required. 

Similarly, to isotropic materials, the hybrid composite materials are subjected to various 

types of damage, mostly cracks and delamination. These result in occupant changes in the 

stiffness of essentials for such materials and as a result, their dynamic properties are altered. 

Therefore, a comprehensive understanding of the vibration behavior hybrid composite 

materials is the fundamental importance in the assessment of the structural performance of 

hybrid composites [16]. Nowadays the attention in natural fiber reinforced epoxy 

composites increasing rapidly due to its many advantages. These composites are more 

environmentally free and frequently used in many engineering applications [17]. 

Table 2.1 Mechanical properties of various natural fibers [17] 

Natural Fiber Tensile 

strength (MPa) 

Young’s 

modulus (GPa) 

Elongation at 

break (%) 

Density 

(g/cm3) 

Bagasse 290 17 ----- 1.25 

Bamboo 140-230 11-32 ----- 1.181 

Banana 500 12 5.90 1.35 

Coir 175 4-6 30 1.20 

Cotton 287-597 5.50-12.60 7-8 1.50-1.60 

Date palm 97-196 2.50-5.40 2-4.50 1-1.20 

Flax 345-1035 27.60 2.70-3.20 1.50 

Hemp 690 70 1.6 1.48 

Alfa 350 22 5.80 0.89 

Jute 393-773 26.50 150-1.80 1.30 
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The researchers were studies on natural fibers such as hemp, bamboo, jute and, flax which 

tells that the mechanical and physical properties of fiber-reinforced composite materials 

depend on a number of fiber parameters such as fiber length, fiber loading, fiber aspect 

ratio, fiber angle orientation, and fiber-matrix adhesion. 

2.1. Bamboo Plant 

Bamboo plants are woody stems which are the fast-growing grasses. The characteristics of 

bamboo pants are growth habit, each varies in size, soil moisture needs, sun tolerance, and 

heat/ cold temperature tolerance. Several agents have evaluated bamboo plants as the 

source of cellulose from pulping the bamboo plants and as the source of fiber. One of the 

benefits of using bamboo fiber is that bamboo is a plentiful natural resource in Middle & 

South America and Asia [18]. Bamboo plant, itself is very strong in its longitudinal 

direction due to the strong fiber bundles diffusion. Bamboo plants, as compared to woods, 

have overall mechanical and physical properties that are similar to those of woods while 

having benefits of lower weight and short collecting time of 3-4 years counting from the 

time of plantation [19]. Moreover, bamboo plants do not need re-planting as the extensive 

root base sprouts new shoots readily. These bamboo plants are shown in figure 2.1.  

 

Figure 2.1 Bamboo Plant  
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Different researchers conduct tests on the mechanical properties for different species of 

bamboo fibers as a purpose of age, moisture content, density, etc. The optimum mechanical 

properties of fiber occur between 2.5 to 4 years [20]. 

2.2. Bamboo Fiber 

Bamboo has many culms. There is a variation between different culms on stiffness, strength 

and fracture toughness. The culm of a bamboo plant is a lingo cellulosic natural 

functionally graded hybrid composite material. Fibers are heavily located around the 

external cortex and correspondingly on the topmost of the culm. As a result, when we 

examine bamboo timber; from inner to the outer and from the bottom culm to the top, the 

mechanical strength of the bamboo is augmented. When bamboo fiber compared to other 

natural fibers, it has the following properties that are listed below.   

Table 2.2 Properties of bamboo fiber [9] 

 

Property Bamboo Plant 

Density Low 

Cost Low 

Disposal Biodegradation 

CO2 absorption Yes 

Recyclability Yes 

Renewability Yes 

Energy for extraction Low 

 

2.2.1. Extraction Process of Bamboo Fiber 

The bamboo fibers can be extracted from the bamboo plate in different ways. Some of the 

extraction methods are explained below. 

1. Mechanical Extraction: This extraction method can take in the form of different 

processes such as heat steaming or a steam explosion retting, crushing, rolling in a mill and 

grinding. All the above methods have been used to extract bamboo fiber for the application 

of fiber-reinforced composite materials in several industrial applications. The main benefit 

of mechanical extraction bamboo fiber over the chemical extraction processes is its 

enhanced environmental faces [21]. Thereafter cutting nodes, the most inner portions and 
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an outer thin layer of the exoderm of the highland bamboo plants have been detached, the 

remaining parts have cleaved in the longitudinal direction to the thin strips by using a band 

saw. Then, these strips are bundled and kept in the water for five days to get a soften strip. 

After eliminating, they are heated gently at a slow constant impact load using the rubber 

hammer in order to release and separated fibers. The resulting fiber bundle is combed by 

using a wire comb [22]. 

2. Chemical Extraction: The acid retting or alkali, chemical assisted natural or 

degumming, chemical retting extraction procedures are used to remove or reduce the lignin 

content of the elementary fibers. This chemical treatment also has effects on the other 

components of the bamboo microstructure including hemicellulose and pectin. This 

process is hydrolysis alkalization. Shortly the process is the crushed bamboo strips are 

cooked into a chemical solution [23]. After that, the manually decorticated bamboo fiber 

strips are dried off in the sun. These strips of the fiber detached from the gums and culms 

contain tissues. After decorticating, the dry fiber is extracted using a chemical process of 

decomposition called degumming, in which the adhesive materials and the pectin are 

removed. The technique of degumming studied [24] has been taken as a basis for chemical 

extraction. The chemical extraction process yields about 33% of fiber on a weight basis. 

first, the nodes of the raw bamboo plant which has the age of  2-4 years old were removed 

and the remaining parts bamboo segments were cut in a longitudinal direction to the thin 

slabs with 2-3 mm in thickness and 20-30 cm in the length by the slicer [25]. These thin 

slabs of bamboo strips were immersed in NaOH solution at the temperature of 700C for a 

duration of 10 hours. The percentage of NaOH was 1%, 2% and, 3%. Than 1% 

concentration of NaOH solution was a selection of in this study based on the higher 

mechanical and physical properties of the fibers with 1% than the other fiber treated with 

the concentration of NaOH solution. Finally, they were washed with fresh water to 

neutralize and dried in the oven for 24 hours at 1050C.  

2.2.2. Chemical Treatment Process of Bamboo Fiber 

This fiber treatment was classified into two parts. That is pretreatment and chemical 

treatment. The pretreatment had the purpose of making a preliminary cleaning of the fiber 

surface, by dissolving some constituents (starch, pectineus, and sugar) that disturb the fiber. 
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The mercerization, chemical treatment used, had the purpose of activating some hydroxyl 

groups, presented in both cellulose and lignin and which may be involved in the hydrogen 

bonding within the fiber structure. With these procedures, in the molecular structure of 

cellulose, there is the weakening of the hydrogen bonds, which presents itself as a mesh, 

leading to an increase in the amount of amorphous cellulose. As this treatment happens in 

the presence of water, the cellulosic structure modifies its crystalline structure from 

monoclinic to polymorphic and therefore swells. Besides, the mercerization process 

promotes the solubilization of hemicellulose (soluble in deficient concentrations of alkalis) 

and lignin (basic hydrolysis), two constituents of the lingo cellulosic fibers. This process 

increases the roughness of the fiber surface and improves the mechanical anchoring. 

Primarily, the fibers were socked in cleaned water at the temperature of 100ºC with a 

duration of 1 hour and then after the fiber dried at 100ºC for the duration of 40 min. The 

part of these pretreated fibers was submerged in a concentration of 5% NaOH solution, 

then heated under the temperature of 60-65ºC for a duration of 1 hour until it gets the 

desired fiber. Then, to order neutralize, the fibers were washed by distilled water. Finally, 

the washed fiber was dried at a temperature of 100 ºC for 40 min [26]. The bamboo fiber 

was soaked in 5% NaOH solution for 24 hours at 60 ºC in the oven-dry to remove excess 

fats from individual fiber [22]. 

2.3. Vibration Analysis of Composite Materials Without Crack 

2.3.1. Basic Concepts of Vibration 

Vibration is a repetitive type of motion with a pre-defined time interval. The vibration 

theories comprise of the detailed analysis of oscillatory motions of bodies and the results 

affecting by applied forces. The vibration can also cause by an external unbalanced force. 

In general, vibratory systems will include the inertia member of the material to store the 

kinetic energy and an elastic member of the material to store the potential energy with a 

damping mechanism wherein an incremental energy loss of the member occurs. Vibrations 

may be reliable with absolute amplitude and frequency but excessive vibrations result in:  

• Resonance and in turn excessive noise. 

• Structural failure of components of the machine. 

• Reduction in the working lifecycle of components 

• Loss in power transmission in case of gears.  
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• The increase in the bearing clearances. 

• The effect on financial growth. 

The concepts of vibrations are widely dependent upon the time with displacements where 

the systems of particles or the material particles transform with a constant correspondence 

location. If there is an oscillation of displacements and occurs with equivalence conditions 

in a uniform period, the resultant moment is known as periodic. The natural frequency of 

the system is one of the most significant parameters related to an engineering system 

vibration. Every member consists of their very own natural frequency to obtain various 

modes to control its dynamic behavior. The natural frequency of vibration mode in a 

structure corresponding to the frequency of exterior dynamic loading is known as the 

phenomenon of resonance which leads to excessive deflections and potentially catastrophic 

failures. Tacoma Narrows Bridge is a well-known example of structural failure under 

dynamic loading due to wind-induced vibration in resonant conditions. The vibration 

analysis is a great significance in practical applications. For example, a significant number 

of researchers are investigating vehicle stimulated oscillation in bridges and related 

structures that will simulate oscillation connecting the beams. All the structures that vibrate 

possess mass and elasticity. Failure of the structure occurs when the permissible limit will 

exceed the mass, stiffness and damping characteristics. The working frequencies of the 

component or the systems should be identified to eliminate such a situation along with 

several conditions for instant fixed, supported and, cantilever. 

 2.3.2. Basic Concepts of Damping  

Damping is the phenomenon by which mechanical energy is dissipated (usually converted 

into internal thermal energy) in dynamic systems. knowledge of the level of damping in a 

dynamic system is essential in utilization, analysis, and testing of the system. Under cyclic 

stress, the energy dissipation of a system or material is governed by damping. There are 

some types of damping that are essentially present in a mechanical physical system [27]. 

1. Internal (Material) Damping: In microscopic and macroscopic processes, the internal 

damping results from mechanical-energy dissipation within the material.  

2. Structural Damping: Structural damping is caused by mechanical energy dissipation 

resulting from relative motions between components in a mechanical structure that has 

common points of contact, joints, or supports [27].   
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3. Fluid Damping: Fluid damping arises from the mechanical energy dissipation resulting 

from drag forces and associated dynamic interactions when a mechanical system or its 

components move in a fluid [28]. 

The damping capacity of a material is the fundamental property for designing and 

manufacturing structural components in dynamic applications. Materials with high 

damping properties are very desirable to suppress mechanical vibration and transmission 

of waves, thus decreasing noise and maintaining the stability of structural systems [28]. 

Damping in composites involves a variety of energy dissipation mechanisms that depend 

on vibrational parameters such as frequency and amplitude and these are studied with 

nondestructive evaluation. 

Many researchers have investigated the natural frequency and damping properties of 

composite structures and conventional materials. 

At 40 wt% fiber content, damping value has decreased for banana fiber composites except 

for 4 mm fiber length. This may have happened due to weak interphase for 4 mm fiber 

length with 40 wt% of banana fiber-reinforced composites, which was confirmed from 

their modulus (4 mm fiber length, 40 wt%). However, for 5 mm fiber length, 40 wt% of 

banana fiber composites, damping value abruptly decreases about sisal fiber composites. 

While the fiber content increased from 40 to 50 wt% of banana fiber polymer composites, 

damping value decreased linearly, except for 5 mm fiber length. Conversely, in the case of 

sisal fiber polymer composites, the damping value increased linearly, except for 5 mm fiber 

length [27,29]. The Damping ratio is a parameter, usually denoted by ζ (zeta) provides a 

mathematical means of expressing the level of damping in a system relative to critical 

damping.  

The vibration and buckling analysis of glass/carbon epoxy hybrid plates were conducted 

and the next outcomes were got. In the form of hybrid composite plates, the frequencies 

are observed to change with the stacking sequence. At the stacking sequence with (carbon-

glass-carbon-glass)2, with hybrid of 50%, carbon fiber composites have the minimum 

natural frequency and the volume fraction of hybrids with 25% composite layers of carbon 

fiber and the remaining 75% glass fiber, at the stacking sequence of (glass-carbon-glass-

glass) s, the minimum natural frequency was observed. Plies possessing a higher modulus 
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of elasticity when present on the outermost layer, gives maximum buckling load. The 

effectiveness of hybridization increases if materials with high values of young’s modulus 

form the outermost layer. The buckling loads of hybrid composite materials with the same 

mass and a small amount of fiber through high-stiffness are greater [5]. 

The vibration analysis most of all focused on artificial fibers. Only a few researchers are 

concentrated in natural fibers. It is observed that many methods have been used to find 

natural frequencies and damping ratios. By using the finite element method, by considering 

design parameters of beams such as pre-twist angles, rotating speeds and, fiber orientations 

and vibration control effect. In frequency and time, domain method composites have a 

good estimate of the damping behavior of the hybrid structure provides the rule of mixtures 

in weight fractions as a substitute for volume fractions [30]. 

The composite materials were manufactured by using natural fibers that have superior 

vibration damping performance and acoustic behaviors without a change in the strength-

to-weight ratios. The sound absorption coefficient of flax fiber-reinforced composites has 

21.42% higher than that of glass fiber reinforced composites at a higher frequency level 

(2000 Hz). At lower frequency level (100 Hz), the flax fiber-reinforced composites have 

25% higher in sound absorption over glass fiber reinforced composites. From the vibration 

study it is observed that when compared to the glass fiber reinforced composites, the flax 

fiber-reinforced composites have 51.03% higher in vibration damping, which means that 

the utilization of natural fiber-reinforced composites has better results in vibration damping 

properties. The weight of the flax fiber reinforced composites also 33.33% lesser than that 

of glass fiber reinforced composites. The specific flexural strength and specific flexural 

modulus of flax fiber-reinforced composites are also at par with that of glass fiber 

reinforced composites. These results suggest that the flax fiber reinforced composites could 

be a viable candidate for applications that need good sound and vibration properties [31]. 

The phoenix sp fiber was manually extracted from Phoenix Sp plants and its physical, 

chemical and mechanical properties were determined. This fiber has more cellulose 

content, which increases the properties like tensile strength, Young’s modulus and 

stiffness. Other properties are comparable with available natural fibers like sisal, hemp, 

and coir, etc. The maximum tensile strength of Phoenix Sp fiber was evaluated from the 
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20 mm gauge length was 348. 95 MPa. The Phoenix Sp fiber has the potential to use as 

fiber reinforcement in polymer matrix composites materials. Moreover, the free vibration 

analysis of the composite materials, which made from 10mm and 50 mm fiber length, at a 

clamped- free boundary conditions, the natural frequency recorded from the composite 

beam was 25 Hz, but the amplitude was higher at the composite beam which contains 50 

mm fiber length. The composite beam having a 30 mm fiber length has a maximum natural 

frequency of 32 Hz. Hence the optimum value of fiber length of 30 mm is selected to avoid 

the condition of resonance [8]. 

The free vibration and buckling properties of natural fiber composite beam under axial 

compression are analyzed experimentally. A detailed parameter study is carried out to 

analyze different vital aspects associated with the woven fabric composite. The serious 

buckling load calculated experimentally is verified with numerical analysis. It is found that 

when the number of layer increase, the buckling strength of the woven fabric composite 

material increases. It is also showed that the weaving pattern of a woven fabric composite 

influences the basket type weaving architecture and critical buckling load results better-

buckling strength. Correspondingly, the sandwich effect of the stacking sequence layer 

increases the buckling load. When the axial compression load increase, the natural 

frequency of the woven fabric composite is increased significantly in the post-buckled 

region while it reduces in the pre-buckled region. However, for the other modes decrease 

in natural frequency and an increase in modal damping is observed with an increase in axial 

compression load [32]. 

The effect of fiber length particularly in depth to 29, 27 and 25 mm of composite materials. 

Then previous studies were made of composite materials 50,30 and 10 mm. where the 

maximum results are obtained at 30 mm and in the present project it is extended to 27 mm 

fiber length. This proves that the advantage of Areca fiber biocomposites mainly has 

applications in low strength structural and nonstructural areas. It can withstand rotor 

dynamic frequency since areca fiber biocomposites have better elongation properties. And 

also, the bonding between fibers and matrix can be enhanced by selecting suitable 

fabrication methods. The over damping properties of the composite material enhances, the 
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composite materials used for sound absorber application. The composite porosity can be 

decreased by using hybrid polymers and high pressurized fabrication methods [33]. 

This research shows that, the study of the dynamic characteristics of the carbon composites 

with and without inserting flax of Ethylene Vinyl Acetate plies. Experimental dynamic 

characteristics of the viscoelastic layer and the carbon and flax composite materials were 

evaluated from the natural frequency of hybrid composite materials. The results of the 

damping ratio were evaluated by using logarithmic decrement, which increases with the 

natural frequency. Moreover, the carbon-epoxy composite loses less strain energy than the 

flax-epoxy composite. In specific, the value of flax composite in longitudinal damping η11 

is 3.5 times higher than that of the carbon composite. In addition to that, the adding of flax 

and viscoelastic layers on one side of the carbon-epoxy composite does not affect its free 

vibration particularly natural frequency and at in a similar way improves its damping ratio 

by about 36–117% [34]. 

2.4. Vibration Analysis of Composite Materials with Crack 

2.4.1. Basic Concepts of Cracks 

Crack is one of the causes of break and fracture without being parted from the main 

component. The cracked beam will be affecting the vibration response of the mechanical 

component by leading a local higher plastic zone that results in extensive local plastic 

deformation in the mechanical system. For the detection of the determination of a crack, 

the depth of crack and its location in mechanical system characteristics may be used. In 

addition, the vibration response of the structural member under external load is affected by 

the presence of cracks by altering the local compliance in the structure. Also, the prevalence 

of fracture in any structural elements like beams induces modifications in stiffness. The 

magnitude of stiffness majorly relays upon the depth and location of cracks. Physical 

properties will be altered by the presence of cracks in the structure, in turn, it also changes 

the dynamic response characteristics. Hence this demands through the monitor of the 

modification in responsive parameters of structure for assessing its safety, integrity, and 

performance [35]. 
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2.4.1.1. Modeling of Cracked Laminated Beam 

The cracked composite materials are detached into two parts by the means of crack section 

and continuous situations at the joining face are demonstrated by the inverse of the 

flexibility coefficient. Thus, in this section, the evaluation techniques of the flexibility 

coefficients of cracked composite materials accompanied by different laminated composite 

beams and fiber angles of orientation are analyzed. Model the local flexibility at the crack 

with different spring in the present investigation first-order shear deformation theory were 

used to evaluate the free vibration of the cracked composite laminate [36]. The cracked 

part model used three springs to indicate the axial, bending and shear effect on the vibration 

properties. The model used for the analysis is presented in figure 2.2. 

 

Figure 2.2 Model for the cracked beam [36] 

The crack is modeled as rotational spring analysis for a cantilever beam having a 

rectangular cross-section that is shown in figure 2.3, and the effect of crack location and 

the crack size on natural frequency is studied [37]. 

 

Figure 2.3 Cantilever beam with crack and representation of crack by rotational spring [37] 

The crack is demonstrated with a local flexibility matrix such that the cantilever beam is 

replaced with two intact beams with the crack as the additional boundary condition. Let 

the edge crack be located at ℑ= l/L; as shown in figure 2.4. The cantilever beam is then 

replaced with two intact beams connected at the crack location by the local flexibility 
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matrix. For the unidirectional fiber-reinforced composite, analysis indicates that changes 

in natural frequencies and the corresponding mode shapes depend on not only the crack 

location and ratio but also the material properties (fiber orientation, fiber volume fraction) 

[13]. 

 

Figure 2.4 Unidirectional fiber-reinforced composite cantilever with an open edge crack [13]  

Many works are carried out to study vibration behavior within a cracked element and major 

studies assume that the crack will always remain open in a structural member during 

vibration. The surface crack will frequently occur in the structures having engineering 

applications. The effect of these cracks is more severe on the performance of the structure. 

Many researchers have investigated the natural frequency and damping properties of 

composites and conventional materials. Thus are:   

The dynamic response of stiffness matrices for transverse vibration of composite materials 

based on the FSDT and HSDT earlier resulting by researchers have been coupled with the 

dynamic stiffness matrix of composite materials undergoing in-plane vibration. The effects 

of boundary conditions, transverse shear deformation, crack length, side-to-thickness ratios 

or reinforcement amount within the GFRP plate on the free vibration behaviors have been 

evaluated [38]. 

The surface crack will commonly occur in the Polymer composite materials are one of the 

materials used for the manufacturing of the lightweight and more strength materials which 

are used in all engineering application. The repeated load which may affect the 

development of the crack on the edges may lead to the failure or the damage of the 

structural components. Therefore, in this research, it investigates, the dynamic properties 
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and its features of a polymer composite specimen with and without the edge crack and 

going to calculate the natural frequency and damping ratio of the beam structure. And also 

these are compared with the results of the experiment with the finite element -analysis 

using ANSYS [39]. 

2.5. The Research Gaps  

Thorough the above review of related research, works show that the composites materials 

have much potential as advanced materials in various diverse sectors such as structural, 

automotive, aerospace, and marine applications. And Cracks in a structure reduce the local 

stiffness such that the change of vibration characteristics (particularly damping ratio, 

natural frequencies, and mode shapes, etc.) may be used to detect the crack location and 

even its size. However, owing to their recent discovery, not much research has been done 

on the vibration analysis of cracked hybrid composites materials with the angle of 

orientation and the combination of variables considered during previous studies like crack 

depth is still limited. In this study, the effects of fiber weight ratio and cutout triangular 

shape or crack of the hybrid composite materials on the natural frequency and damping 

ratio of cracked bamboo/glass fiber reinforced epoxy hybrid composite materials are taken 

into consideration.  
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CHAPTER THREE    

MATERIALS AND EXPERIMENTAL METHODS 

In this chapter, the raw materials and processing equipment used for the fabricating of 

hybrid composites are briefly discussed. The sample preparation and testing procedure are 

also explained. From the free vibration study, the natural frequency and damping ratio of 

hybrid composite materials with edge crack have been determined. Furtherly, hybrid 

composites were manufactured by using a vacuum bag moulding hand layup assisted 

technique. All the fabricated samples are tested under ASTM standards. 

3.1. Materials  

The materials required for the fabrication of hybrid composites and the experimental 

procedures followed for their characterization are bamboo fiber, glass fiber, epoxy resin 

with its hardener and, accelerometer ACC 103 with DAQ NI-6009. The bamboo fiber was 

extracted from bamboo culms have been obtained from Gish Abay, North West part of the 

country, which is procured from Bahir Dar in a green form. Whereas, glass fiber was 

purchased from the Dejen Aviation industry, Bishoftu, Ethiopia. And Epoxy 501 and its 

hardener were purchased from the Company Kadisco color factory, Addis Ababa.   

3.1.1. Bamboo Fiber 

The bamboo plant is either naturally grown or farmed in a farmyard in the countryside of 

Ethiopia. The Ethiopian natural bamboo forest covers about 1 million hectares, which is 

about 7% of the world's total and 67% of the African bamboo forest area. From this fact, 

the availability of this plant for the fiber extraction process is not a problem. Such a 

situation causes the relying on this plant alone for different studies in the past. This, in the 

unavailability of sufficient research, carried out in the past on the potential and presence of 

different natural plants in Ethiopia beyond the bamboo plant. 

Bamboo fiber has been widely used for many applications due to its low cost, lightweight, 

short growth cycle and high availability weight. From this work such as glass fibers, 

bamboo fibers and, Epoxy resin with its hardener are utilized directly for hybrid composite 

preparation. The bamboo, which is used in this study is taken from the source of a blue nail 

in Sekela Gish Abay, which grown in a farmyard. Bamboo is taken from this area because 

of the following reasons: 
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• Available of suppliers, and many amounts of bamboo timber present in Bahir Dar; 

• Presence of information about plants such as age; and  

• Its mechanical properties are superior to other natural fibers. 

The bamboo plant type is selected from the highland bamboo which is Yushania Alpina 

bamboo species. The single bamboo timber has an average length, diameter, and wall 

thickness of 25mm, 185mm, and 60mm, respectively. The average unit price of a single 

Ethiopian bamboo is 10 birrs. The fiber length and fiber wall thickness are increased with 

an increase in the age of bamboo. Furthermore, the strength of bamboo increases with an 

increment of age [21]. The optimal strength of the bamboo plant occurs in the interval of 

2.5 - 4 years. However, as age increases the extraction of bamboo fiber from the culm is 

more complicated. From these aspects, for this study, a green bamboo plant with 3.5 years 

old. which is the highest age of bamboo timber available on suppliers is taken for fiber 

extraction. 

3.1.1.1 The Extraction Process of Bamboo Fibers. 

There is a partial knowledge regarding bamboo fiber extraction methods, only a few studies 

have been done with different processes to describe the mechanical characteristics and the 

usage of bamboo fiber as reinforced polymer composites [21,40]. However, there are 

different methods of bamboo fiber extract from bamboo culms. These methods are 

mechanical extraction methods by using different machines such as advanced roller & 

mechanical dryer; chemical extraction methods by applying different chemicals and or by 

steam explosion technique, using steam gases. However, in this study, the bamboo fiber 

was extracted using a manual mechanical and chemical extraction technique by considering 

the following reasons: 

• No need for advanced equipment, such as roller, mechanical dryer, boiler, 

• The high aspect ratio of fiber (length-to-diameter ratio),  

• Low energy consumption and,  

• Easy control of fiber property 

1. Mechanical Extraction Method: by means of using different machines such as 

advanced roller & mechanical dryer. to extract fibers from bamboo culm firstly, the 

diaphragm and node have been removed, and then he hollows portions have been used for 
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processing. Nodes of raw bamboo (3.5 four years old) were first removed and the 

remaining parts were cleaved in the longitudinal direction to thin slabs with 20-30 cm in 

length and 2-3 mm in thickness by the slicer. Then, the strips were bundled and kept in 

water for 3 days in order to soften them. Then, the strips were further sliced by slicer to get 

desired thin strips. 

2. Chemical Extraction Method: The thin bamboo strips have been immersed in NaOH 

concentrations of 1%, 2%, and 3% for 8 hours at room temperature. Based on preliminary 

results, the 1% concentration of NaOH was selected in this study due to ease of extraction 

and the higher mechanical properties of fiber as compared with the 2% and 3% of NaOH. 

Moreover, later, these strips were taken out of the solution and hammered to get long thin 

fiber. Then these fiber bundles were washed with distilled water to neutralize the chemicals 

present on the fibers [44,45].  

Figure 3.1 showed a manual extraction process of bamboo fiber from the bamboo culm. In 

more scientific studies in order to extract fibers from bamboo culm firstly, the diaphragm 

and node have been removed, and then the hollow portions have been used for processing. 

Nodes of raw bamboo (3.5 years old) were first removed and the remaining parts were 

cleaved in the longitudinal direction to thin slabs with 20-30 cm in length and 2-3 mm in 

thickness by the slicer. Then the strips are bundled and are kept in water for 3 days in order 

to soften them. After that, the thin strip was slice by slicer to get a thin strip. They are 

beaten gently at a slow constant impact load using a rubber hammer in order to loosen and 

separate the fiber. 
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Figure 3.1 Manual and chemical fiber extraction processes, a) Cut Bamboo strips from its 

segment or node, (b) Slice bamboo-segment by a knife to get bamboo strips, (c) Bamboo strips 

immersed in water and (d) The final phase of manually extracted bamboo fiber. 

3.1.1.2 Alkaline Treatment and Mat Preparation of Bamboo Fiber 

Chemical extraction method which also used as a treatment of bamboo fiber. Alkali 

treatment can make the fiber surface clean due to the removal of waxes, hemicellulose, 

pectin, and parts of lignin. In general, removal of these fatty like components from bamboo 

fiber leads the fibers to:  

• Improve an adhesive property for the fiber-matrix interface;  

• Improve fiber’s shear strength;  

• Improve fiber’s rigidity and stiffness;  

• Improve moisture absorption problems;  

• Reduce fiber’s weight etc. 

However, when the percentage of NaOH is increased it affects the properties of the fiber 

by reducing the bonding capacity during the preparation of the composites. In this study, 
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the extracted bamboo fibers were dipped into the 1% NaOH solution for 8 hours, and the 

fiber was washed with fresh water or distilled water to neutralize the fiber, and the fibers 

were dried in the sun for 8 days at room temperature before it made the fiber mat. Finally, 

the dried bamboo fiber mat was prepared in 00 and 900 angles of orientation in the form of 

unidirectional lamina [5,46] by using a weaving machine. The overall steps of fiber 

treatment and mat preparation was shown in figure 3.2. 

 

Figure 3.2 Alkaline treatment & mat preparation of bamboo fiber, (a) Bamboo fiber soaked by 

NaOH, (b) bamboo fiber soaked by NaOH is covered by plastic, (c) Bamboo fiber after soaked 

with sodium hydroxide and (d, e, f) Unidirectional bamboo mat with angles of orientation. 

3.1.2. Glass Fiber  

E-glass fiber also called fiberglass. E-glass fiber has a laminate structure with different 

fibers orientations in the reinforcing glass layers composites. Various glass fibers 

orientations result in anisotropy of the material properties in the plane parallel to the 

laminates. E-glass fibers are, by far, the most common types found in composites. These 

types have excellent combinations of chemical resistance, mechanical and insulating 

properties. Furthermore, E-glass offers more attractive economics. Glass has the following 

advantages as compared to other types of glass fibers. 

• E-glass fiber is cheap   

• E-glass fiber has excellent electrical insulator characteristic  
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• E-glass fiber has higher mechanical strength than other glass fiber types 

• E-glass is low susceptibility to moisture (resists attacks from water)  

Due to the above-gifted properties, E-glass fiber has been taken into the reinforcement 

hybrid composite with bamboo fiber for this study. E-glass fibers are usually existing in 

four principal types, including, chopped glass fiber, continue glass fiber, bidirectional or 

woven glass fiber and, unidirectional glass fiber. The types of E-glass fiber which are used 

in this study are unidirectional (UD) E-glass type. UD fiber type has an excellent 

mechanical characteristic as compared to other fiber types and most of the time it uses in 

the fabrication of the structural application. The typical mechanical properties of UD E-

glass is provided in appendix A 

 

Figure 3.3 Unidirectional glass fiber 

3.1.3. Epoxy Resin 

Features of epoxy resin are lightweight, resists most alkalis and acids, resists stress 

cracking, retains stiffness and flexibility, low moisture absorption, non-staining and easily 

fabricated. The applications of epoxy risen are Structural applications, Industrial tooling 

application, and epoxy resins being the prevalent polymer used with advanced composites. 

Their wide use is mainly due to good possibility, their superior mechanical characteristics, 

utilizing addition-type reactions, excellent adhesion, tensile strength, low cure shrinkage, 

bond strength, fatigue resistance than other types of resins, adhesive characteristics and 

low cost. Because of the above reason, the resin used for this study is 501 epoxy resin.  

3.1.4. Hardener  

Epoxy resin is changed in to solid by adding a catalyst like a hardener, which causes a fast-

chemical reaction without changing its own mechanical property. The hardener initiates 
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the chemical reaction of the epoxy resin and monomer ingredient from liquid to a solid-

state. The ratio of epoxy resin to hardener used for this study was based on their masses. 

In general, the ratio is calculated based on curing time and the manufacturing guideline. 

By preliminary test, the minimum curing time that occurs at the ratio of hardener to epoxy 

is 1:2 of 50% hardener for 100% epoxy. According to manufacturer guidelines, better 

mechanical properties of composites after the curing process are attained if and only if the 

ratio-mentioned about is correctly applied irrespective of any environmentally determined 

conditions. Finally, this proper amount of epoxy & hardener is mixed and stirred for a few 

minutes using in-depth stick material. The typical mechanical properties of epoxy and 

hardener which used in this work are depicted in appendix A. 

3.2. Fiber and Matrix Composition Content of the Hybrid Composite 

In the manufacturing and analysis of hybrid composite materials, the first and the most 

critical tasks are the determination of ingredient percentages such as fiber and matrix 

(resin) fraction presence in hybrid laminates. These components are microstructural 

elements of the hybrid composite in which composites of strength and properties are 

determined and limited by these values. In generals, the result found from the equations 

obtainable below is mandatory for:  

• Hybrid composite material preparation 

• To evaluate the size of laminates that meets the ASTM requirements prior to 

laminate fabrication, these values are necessary. 

• The improvement of fabricated laminate for the future by varying these values. 

These values can be used as a design manual assisted vacuum bag moulding in 

collaboration of composite laminate’s different experimental results which are fabricated 

by the composition of 60% matrix with 40% fiber. The compatibility of fiber to the matrix 

is improved at a weight of 60% matrix with 40% fiber [45]. The percentage of fiber and 

matrix was determined by the design of experiment processes using Minitab software.  

The composition and designation of the hybrid composite prepared for this study were 

listed in table 3.1. 
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Table 3.1 Composition of hybrid composites materials  

No. Composite Composition 

1 BGHC-1 Epoxy 60% + bamboo fiber (20 wt.%) + glass fiber (20 wt.%) 

2 BGHC-2 Epoxy 60%+ bamboo fiber (30wt.%) + glass fiber (10 wt.%) 

3 BGHC-3 Epoxy 60% + bamboo fiber (10 wt.%) + glass fiber (30 wt.%) 

 

3.3. Composite Plies and Laminates Design 

The characteristics of hybrid composite materials resulting from the combination of 

reinforcement and matrix are generally depended upon:  

• The proportions of reinforcements and matrix 

• The form of the reinforcement  

• The fabrication processes 

The proportion of reinforcement and matrix which has done in this work has been 

elaborated. The fabrication process undertaken in this work has been discussed in the next 

subtopics. The form of reinforcement and some preliminary conditions for this bamboo 

and glass fiber reinforced epoxy hybrid composite material fabrication process has been 

presented here. Plies in composite materials are substructures of the hybrid composite 

materials and most of the time they are considered in prepreg form. So, hybrid composite 

materials are formed by stacking different plies with different angles of orientations and 

stacking plies with fiber arrangements by forming different laminated layers [46]. 

The different lamina sequences of the sisal and hemp fiber mats which are used for the 

manufacturing of the hybrid laminates and symbols for the designated plying sequences 

were presented. That is, [hemp-hump-hump-hump], [sisal-sisal-sisal-sisal], [hump-sisal-

sisal-hump], [sisal-hump-hump-sisal], [hump-hump-sisal-sisal], and [hump-sisal-hump-

sisal]. From the investigation, the highest tensile strength recorded from [hump-sisal-

hump-sisal] composite was 31.762 MPa and the least was recorded from the green epoxy 

matrix was 25.66 MPa [47]. The effect of stacking sequence on tensile, flexural and 

interlinear shear properties of untreated woven jute and glass fabric reinforced epoxy 

hybrid composite has been evaluated experimentally. The experimental values showed that 

the characteristics of E-glass/jute epoxy and its hybrid laminates can be considerably 
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enhanced by the incorporation of glass fiber as extreme glass piles. The stacking sequence 

of the composite was [glass-jute-glass-jute], [jute-jute-jute-jute], [glass-jute-jute-glass], 

[jute-glass-glass-jute]. The tensile strength of [glass-jute-glass-jute] was the highest [48]. 

Based on this study, in this research, the fiber arrangements or stacking sequence of the 

Bamboo and Glass fiber lamina were [bamboo-glass-bamboo-glass-bamboo-glass]. In the 

manufacturing of composite materials, the increase in the angle of the fiber orientation 

from 0° to 90° resulted in a decrease in the first natural frequency and an increase in the 

damping properties [49]. When the angle orientation increase, the natural frequencies 

decrease. The minimum natural frequency the maximum damping property occurs on the  

[00 900 00] s laminated materials. Based on this, the stacking sequence of lamina fiber 

symmetry hybrid composite and the angle of orientation [00 900 00]s [5,46,48]. 

 

Figure 3.4 The sequence of lamina hybrid composite structure with [00 900 00] 
s 

3.4. Lamination Theory of Hybrid Composite Materials 

The classical lamination theory is useful to calculate stresses and strains in each ply of a 

thin hybrid laminated structure.  The calculation Start with the stiffness matrix of each ply 

and, the step-by-step process in lamination theory includes the Calculation of mechanical 
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properties which helps to evaluate vibration properties particularly the natural frequency 

of the hybrid composite materials. 

Fiber- matrix interactions in a unidirectional ply owing to compressive and tensile loadings 

are working in the following basic assumptions [51].  

• Fibers are uniformly distributed throughout the matrix.  

• Perfect binding exists between the fibers and the matrix.  

• The matrix is free of voids.  

• The applied forces are either normal or parallel to the fiber directions.  

• The lamina is primarily in a stress-free state (i.e., no residual stresses are present in 

the fibers and the matrix).  

• Both fibers and matrix behave as linearly elastic materials 

3.4.1. Volume Fractions 

The composite laminate consists of fiber-matrix materials. The volume fraction of the 

composite laminate is the sum of the matrix and fiber volume. Therefore: 

Vc = Vf+ Vm                                                                                                                  (3.1) 

Let, the fiber volume fraction ∀𝒇 and the matrix volume fraction ∀𝒎be defined as: 

 ∀bf = 
vbf

vc
  and  ∀gf = 

vgf

vc
  

 Vm =Vb + Vg and  ∀m = 
vm

vc
  

Such that the sum of volume fractions is ∀f+ ∀m=1 

3.4.2. Weight Fractions 

Assuming that the composite material consists of matrix and fibers, the composite material 

weight is the sum of the matrix and the weight of the fibers. The mass fractions (weight 

fractions) of the matrix and the fiber are defined as:  

Wbf = 
wbf

wc
 , Wgf = 

wgf

wc
 and  Wm = 

wm

wc
                                                                                (3.2) 

Such that the sum of weight fractions is Wf+ Wm=1 

3.4.3. Density of Composite  

The density of composite material can be defined as the ratio of the weight of the composite 

material to the volume of the composite material and is expressed as: 
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 ρc = 
wc

Vc
                                                                                                                                (3.3) 

Or ρ = 𝜌bf. ∀bf + ρm. ∀m + ρgf. ∀gf 

3.4.4. Elastic Properties of a Lamina 

The rule of mixtures was also used to predict the longitudinal modulus E11 for 

Bamboo/Glass-reinforced epoxy hybrid composite. However, for the hybrid of composites, 

the rule of mixtures was modified in order to evaluate the volume fraction of both bamboo 

and glass fibers, and it is shown later that the E11 for hybrid composites obtained as such, 

matches well with the results from finite element analysis [52]. E11, ν12 and ν13 are 

calculated using the rule of hybrid mixture (Rohm) equations and E2, E3, G12, G13, and G23 

are calculated using modified Halpin-Tsai equations [53]. 

1. Longitudinal modulus of composite or longitudinal tensile modulus along X 

direction(E11). 

E11=Ebf × ∀𝑏f +∀gf×Egf +Em× ∀m                                                                                                                 (3.4) 

2. Transverse modulus or transverse  tensile  modulus  along  Y direction (E22=E33) 

For the transverse modulus, E22, semi-empirical formulations similar to the Halpin-Tsai 

equation were derived[54]. 

E22

Em
 = 

1+ξ(ƞb∀bf+ƞg∀gf)

1−(ƞb∀bf+ ƞg∀gf)
                                                                                             (3.5) 

ξ  =2 ×  
a

b
                                                                                                              (3.6) 

Where,ξ is Cross-sectional aspect ratio of reinforcement in the definition and For circular 

cross-sectioned fibers,ξ =2 [54]. Moreover, ξ is a curve-fitting parameter, which is 

dependent on the fiber packing arrangement. Halpin and Tsai found that the value gave ξ 

=2 for an excellent fit for the transverse modulus of a square array of circular fibers. 

 ƞb = 

Ebf
Em

−1

Ebf
Em

+ξ
   

 ƞg = 

Egf

Em
−1

Egf

Em
+ξ

  

3. Major poison’s ratio or Poisson ratio along XY direction, (V12= V13) 

υ12= υbf∀f + υgf∀f + υm∀m                                                                                                                       (3.7) 
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4. Minor poison’s ratio or Poisson ratio along YZ direction,  

υ23=
E22

E11
 *υ12                                                                                                     (3.8) 

To calculate G12, we need to know the values of Gf and Gm. assuming isotropic 

relationships, we estimate 

           Gbf = 
Ebf

2(1+υbf)
                                                                   

           Ggf= 
Egf

2(1+υgf)
                                                                                                       (3.9) 

           Gm = 
Em

 2(1+υm)
  

5. In-plane shear modulus or shear modulus along XY direction (G12= G13).  

          
G12

Gm
 = 

1+ξ(ƞb∀bf+ƞg∀gf)

1−(ƞb∀bf+ ƞg∀gf)
                                                                            (3.10) 

For the same material and fiber volume fraction, a value of ξ = 1.2 gave excellent 

agreement for G12 and G13 and 0.1 for G23 [53]. 

ƞb = 

Gbf
Gm

−1

Gbf
Gm

+ξ
    

  ƞg = 

Gbf
Gm

−1

Gbf
Gm

+ξ
   

6. in-plane shear modulus or shear modulus along YZ direction  

   G23 =  
E22

2(1+υ23)
                                                                                                        (3.11) 

3.4.5. Stiffness Matrix 

It is the inverse of compliance matrix which used in relating stresses to know strains. 

Q11 = 
E11

1−v12 v23
                                                                                                       (3.12) 

Q22 = 
E22

1−v12v23
                                                                                                        (3.13) 

Q12 = Q21= 
v12E22

1−v12v23 
 = 

v21E11

1−v12v23
                                                                               (3.14) 

Q66 = G12  



34 

 

Where U1 through U5 represents angle invariant stiffness properties of a lamina are given 

bellow: 

U1 = 
1

8
 (3Q11 +3 Q22 +2Q12 +4Q66)  

U2 = 
1

2
 (Q11 – Q22)   

U3 = 
1

8
(Q11 + Q22−2Q12−4Q66)                                                                          (3.15) 

U4 = 
1

8
(Q11 + Q22 +6Q12−4Q66)  

U5 = 
1

2
(U1 – U4)  

Using trigonometric identities, Tsai and Pagano the elements in [Ǭ͞͞͞͞ ] matrix can be written: 

Ǭ11= U1 + U2 cos 2𝜃 + U3cos 4𝜃,  

            Ǭ12 = Ǭ21 = U4− U3cos 4𝜃 

Ǭ22 = U1− U2 cos 2𝜃 + U3cos 4𝜃 

Ǭ16 = 
1

2
 U2 sin 2𝜃 + U3sin 4𝜃                                                                           (3.16) 

Ǭ26 = 
1

2
 U2 sin 2𝜃 − U3sin 4𝜃 

Ǭ66 = U5− U3cos 4𝜃 

[Ǭ] =[

Ǭ11 Ǭ12 Ǭ16

Ǭ21 Ǭ22 Ǭ26

Ǭ61 Ǭ62 Ǭ66

]  GPA 

The mid-plane is identified that the co-ordinates of each lamina to calculate the mechanical 

properties of the hybrid composite are given below. When the fiber angle increases, the 

natural frequencies decrease. The optimal natural frequency occurs on [00 900 00]s [50]. 

Laminated plate. Based on this the stacking sequence of lamina bamboo-glass-bamboo-

glass-bamboo-glass and the angle of orientation [00 900 00]s. Laminated fabrics with 

dimensions 300 × 300 mm2 were prepared using vacuum bagging hand layup assisted resin 

transfer moulding technique. The thickness of the lamina was measured as t=0.5 - 1.7±0.02 

mm [44]. Based on this, the lamina thickness was t = 0.5 mm. The six-layers of the hybrid 

composite was equal. 
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Figure 3.5 Symmetric layer of composite plate [00 900 00 00 900 00]. 

3.4.6. ABD Matrix of Composite Materials 

Where [A] = extensional stiffness matrix for the laminate (unit: N/m)  

[A]=[

𝐴11 𝐴12 𝐴16

𝐴21 𝐴22 𝐴26

𝐴16 𝐴26 𝐴66

]                                                                                        (3.17) 

 [B]= coupling stiffness matrix for the laminate (unit: N or lb) 

 [B]=[
B11 B12 𝐵16

B12 B22 B26

B16 B26 B66

]                                                                                        (3.18) 

Bmn= 
1

2
((Ǭmn) 1(h1

2-h0
2) + (Ǭmn) 2(h2

2-h1
2) + (Ǭmn) 3(h3

2-h2
2) + (Ǭmn) 4(h4

2-h3
2))                  (3.19) 

The B matrix is called as the extension-bending coupling stuffiness matrix. The 

contribution of the lamina to a particular term of the B matrix is given by the product of 

the corresponding term in the Ǭ matrix and the difference of the squares of z coordinates 

of the top and bottom surface of each ply. The contribution of a lamina above the geometric 

mid-plane can be nullified by placing an identical lamina below the mid-plane [51]. 

This leads to [Bij] = 0 

 [D] = bending stiffness matrix for the laminate (unit: N m or lb-in.) 

[D]=[
D11 D12 𝐷16

D12 D22 D26

D16 D26 D66

]                                                                                             (3.20) 



36 

 

3.4.7. Strains and Stress Relationship 

 

Figure 3.6 Midplane or the lamina staking sequence of composite plate 

Consider a laminate consisting of N orthotropic lamina as shown in Figure 3.6. As the 

number of layers is a finite one, the force-moment system acting at the midplane of the 

laminate can be obtained by replacing the continuous integral by the summation of integrals 

of each lamina. Therefore, the midplane strains and curvatures were evaluated by the help 

of a reasonable moment and force resultants acting on a laminate [51]. 

[

εo
xx

εo
yy

γo
xy

] = [A1] [

Nxx

Nyy

Nxy

] + [B1] [

Mxx

Myy

Mxy

]   And                                                   (3.21)     

[

kxx

kyy

kxy

] = [C1][

Nxx

Nyy

Nxy

] + [D1][

Mxx

Myy

Mxy

]                                         (3.22)  

Where 

[A1] = [A-1] + [A-1] [B] [(D*)-1] [B] [A-1] 

[B1] = −[A-1] [B] [(D*)-1] 

[C1] = −[(D*)-1] [B] [A-1] = [B1]
 T                                                                                                            (3.23) 

[D*] = [D] – [B] [A-1] [B] 

[D1] = [(D*)-1]   

In this study, the preliminary data from manufacturers’ manual about Bamboo/Glass fiber 

and matrix like epoxy are taken. By using the above rule of mixture equations, these values 

of mass in gram were evaluated and presented in table 3.2. 
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Table 3.2 The weight of fibers and matrix 

Composite 

materials 

Epoxy in grams The bamboo 

fiber in grams 

Glass fiber  

in grams 

Total weight  

in grams 

1 217.158 72.386 72.386 361.930 

2 204.416 102.209 34.070 340.694 

3 231.424 38.572 115.715 385.714 

 

By using the above mathematical formula of the rule of a mixture and classical lamination 

theory of hybrid composite materials, the mechanical properties of the hybrid composite 

materials have been shown in table 3.3. 

Table 3.3 Mechanical properties of hybrid composite materials 

Mechanical 

properties of 

hybrid 

composite plate 

60% of Epoxy with 

20% bamboo and 

20% glass fiber 

(BGHC-1) 

60% of Epoxy with 

30% bamboo and 

10% glass fiber 

(BGHC-2) 

60% of Epoxy with 

10% bamboo and 

30% glass fiber 

(BGHC-3) 

𝜌 (kg/m2) 1340 1263 1429 

E11 (Gpa) 14.829 12.811 17.180 

E22 (Gpa) 7.111 7.321 6.899 

E33 (Gpa) 7.111 7.321 6.899 

V12 0.32 0.345 0.334 

V23 0.163 0.197 0.134 

V13 0.32 0.345 0.334 

G12 (Gpa) 2.411 2.497 2.324 

G13 (Gpa) 2.411 2.497 2.324 

G23 (Gpa) 3.057 3.058 3.042 

 

Bamboo/glass fiber reinforced epoxy hybrid composite materials, which made from 60% 

of epoxy with 30% of bamboo fiber and 10% of glass fiber is lightweight and have high 

tensile strength in the transverse direction. BGHC-2 has a high strength to weight ratio. 
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3.5. Analytical Analysis of Vibration  

3.5.1. The Hybrid Composite Beam Without Crack 

The vibration analysis of the BGHC materials included evaluation of the natural frequency 

and damping ratio of BGHC materials was considered as the cantilever beam with different 

parameter effects by using first shear deformation theory(FSDT) [14]. The basic 

configuration of the hybrid composite beam is length L, width w and height h, with edge 

cracks with different crack depths ‘ai,’ located at a fixed position (Lc = 75 mm) along the 

beam span as shown figure 3.8. 

The theory of free vibration for a new hybrid laminate beam of rectangular cross-section is 

treated, this will include the effects of transverse shear deformation. In this study, the 

dimensions of beam are considered as 200 mm long (L), 30 mm wide (W) and 3 mm 

thickness (t) with six layers, as shown in Figure 3.7. 

 

Figure 3.7 Cantilever hybrid composite beam 

The assumptions made in the free vibration analysis are: 

• The deformation of the beam takes place in the x-z plane 

• There is no warping effect 

• The stress-strain distribution is linear and small displacement theory is applied. 

• Damping effects are neglected 

According to FSDT for laminated composite beam, the displacement field can be [14]:  

U(x, z, t) = u(x, t) + zφ(x, t)                                                

W(x, z, t) = w(x, t)                                                                                                                 (3.24) 

Where “u” and “w” represent the centerline displacement along x and z-direction of the 

beam, and 𝜑 is an unknown function that represents a shear strain on the centerline of the 

beam. The strain displacement relations are given by:  

εx = εxx0 + kxx 

γxz = γxz0                                                                                                                 (3.25)  



39 

 

εxx0 =
∂u

∂x
, 

kxx =
∂φ

∂x
,                                                                                                                                         (3.26)                                                     

γxz0 = φ +
∂w

∂x
                                                                    

3.5.1.1 Stress Intensity Factor of Cracked Hybrid Composite Beam 

 

Figure 3.8 The geometric dimension of cracked hybrid composite beam 

 

Figure 3.9 The cracked beam under generalized loading conditions 

The methods for calculating stress intensity factors of cracked composite beam 

corresponding to generalized loading conditions are described. The cracked hybrid 

composite materials are shown under generalized loading in figure 3.9. A cracked hybrid 

composite material of rectangular cross-section has an edge crack with a tip line parallel to 

the z-axis, that is with a uniform depth, and six general forces indicate the generalized 

loading: that is P1 is an axial force P2 and P3 are shear force, P4 and P5 are bending moments 

and P6 a torsional. The stress intensity factors of the three modes of fracture, that is opening, 

sliding and tearing types correspond to the generalized loading Pn. in general, the stress 

intensity factors Kjn (j = I, II, III) of the hybrid composite materials cannot be taken in the 

same form of as the stress intensity factors of anisotropic material in the same loading and 

geometry conditions. The stress intensity factors Kjn (j = I, II, III) of the fiber-reinforced 

composite materials can be expressed as [13,55]: 

Kjn = 𝜎n√𝜋𝑎Fjn (𝑎/h, λ
1

4 L/h, 𝛿)                   (3.27) 

Where,  𝜎n is the stress  
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               a is the crack depth  

               Fjn is the correction function according to the geometric shape of the beam.  

               λ is dimensionless parameters taking into account the in-plane orthotropic           

               and defined as functions of the elastic constants by: 

λ = E22/E11,  

δ = √E22E11/2G12 - √𝜇12𝜇21                                                                (3.28)                                                                     

where λ
1

4 L/h ≥ 2, the term related to  λ
1

4 L/h is ignored. For a fiber-reinforced composite 

beam whose aspect(L/4) ratio greater than 4, it satisfies this condition, the stress intensity 

factor Kjn becomes: 

Kjn = 𝜎n√𝜋𝑎Fjn(𝑎/h) Yj( 𝛿)                     (3.29) 

Where  

Yj(δ) is the correction function for orthotropic material and Fjn((𝑎/b) takes the same form 

as correction function in orthotropic material selected according to geometry shape of the 

beam and loading acting on the beam. The stress intensity factor of the unidirectional 

bamboo/glass fiber reinforced hybrid composite beam is determined by using the follows 

expressions as:  

KI1 = 𝜎1√πaF1(𝑎/b)Y1( δ),  𝜎1 = 
P1

bh
 

KI4 = 𝜎4√πa Y1( δ) F2(a/b),  𝜎4 = 
12P4

bh3
z 

KI5 = 𝜎5√πa Y1( δ) F2(a/b),  𝜎4 = 
6P4

bh2
 

KI2 = KI3 = KI6 = 0 

KII3 = 𝜎1√πa YII( δ) FII(a/b),  𝜎1 = 
P3

bh
                                                                   (3.30) 

KII1 = KII2 = KII4 = KII5 = KI6 = 0  

KIII2 = 𝜎2√πa YIII( δ) FIII(a/b),  𝜎2 = 
P2

bh
 

KIII6 = 𝜎6√πa YIII( 𝛿) FIII(a/b),  𝜎6 = 
24P6π3

π5bh2−192h3
 cos(

π

h
z)  

KIII1 = KIII3 = KIII5 =0                     
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Where  

F1(a/b) = √
2h

πℑ
tan 

πa

2b
 
0.752+2.02(

a

h
)+0.37 (1−sin

πa

2b
)

3

cos 
πa

2b

 

F2(a/b) = √
2h

πℑ
tan 

πa

2b
 
0.923+0.199 (1−sin

πa

2b
)

4

cos 
πa

2b

                                                (3.31) 

FII(a/b) = 
1.122−0.561(

a

b
)+0.085(

a

b
)

2
+0.18 (

a

b
)

3

√1−(
a

b
)

  

FIII(a/b) = √
2h

πa
tan 

πa

2b
                                                    

And YI(𝛿) = 1+0.1(𝛿 − 1) – 0.016(𝛿 − 1)2+0.002(𝛿 − 1)3, YII (𝛿) = YIII (𝛿) = 1 (3.32) 

The equation of motion using first-order shear deformation beam theory is expressed as:  

∂N

∂x
= I1

∂2u

∂t2
+ I2

∂2∅

∂t2
− px 

∂M

∂x
= I2

∂2u

∂t2 + I3
∂2∅

∂t2 + Q                                                                                                          (3.33) 

∂Q

∂x
= I1

∂2∅

∂t2 − pz                               

To obtain the solution of the governing equation, by assuming the displacement field of 

equations as follows: 

u0, w0, φ0 = ∑ [Am cos(αmx) , Cm sin(αmx) , Bm cos(αmx)]M
m=1 sin (ωt)    (3.34) 

Substituting the equation (3.34) into the equation of motion, obtained the characteristics 

equation for a hybrid composite beam without crack is: 

[
c11 c12 c13
c21 c22 c23
c31 c32 c33

] [
Am
Cm
Bm

] + ω2 [
I1 0 I2
0 −I1 0
I2 0 I3

] [
Am
Cm
Bm

] + [
Pxm

−Pzm
0

] = 0              (3.35) 

Where 

c11 = −αm
2A11, c22 = αm

2A55, 

c33 = −αm
2D11 − A55, c31 = c13 = −αm

2B11,                                        (3.36) 

c23 = c32 = αm
2A55, c12 = c21 = 0               
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And the stiffens matrixes have given as follow:  

Aij = ∑[Qij
−k]

k
(ZK+1 − Zk)

Nk

k=1

 

Bij =
1

2
∑ [Qij

−k]
k

(ZK+1
2 − Zk

2)Nk
k=1                                                                                  (3.37)                                                                                                             

Dij =
1

3
∑ [Qij

−k]
k

(ZK+1
3 − Zk

3)Nk
k=1            

Aij, Bij and Dij are the extensional, bending-stretching coupling and bending stiffnesses 

respectively. The transformed, reduced stiffness constants 𝑄11
−𝑘 are [14]: 

Q11
−k = Q11

km4 + 2(Q12
k + 2Q66

k)m2n2 + Q22
kn2 

Q12
−k = (Q11

k + Q22
k − 4Q66

k)m2n2 + Q12
k(m2+n2) 

Q22
−k = Q11

kn4 + 2(Q12
k + 2Q66

k)m2n2 + Q22
km4 

Q16
−k = (Q11

k − Q12
k − 2Q66

k)m3n + (Q12
k − Q22

k + 2Q66
k)mn3 

Q26
−k = (Q11

k − Q12
k − 2Q66

k)n3m + (Q12
k − Q22

k + 2Q66
k)nm3            (3.38)                             

Q66
−k = (Qk

11 + Qk
22 − 2Qk

12 − 2Qk
66)m2n2 + Qk

66(m4 + n4) 

Q44
−k = Q44

km2 + Q55
kn2 

Q45
−k = (Q55

k − Q44
k)mn, Q55

−k = Q55
km2 + Q44

kn2                                      

Where: m = cosαk
fiber , n = sinαk

fiber  

The lamina elastic coefficients 𝑄𝑖𝑗
𝑘 in the above equation can be obtained from the material 

properties of the kth orthotropic lamina layer: 

Q11
k =

E1k

1−μk
12μk

21

, Q12
k =

μk
12E2k

1−μk
12μk

21

, 

 Q22
k =

E2k

1−μk
12μk

21

,                                                                                          (3.39) 

 Q44
k = Gk

23, Q55
k = Gk

13, Q66
k = Gk

12                                                                        

3.5.2. Cracked Hybrid Composite Material Modeling  

At the crack section, the cracked beam is separated into two parts and the inverse of the 

flexibility coefficient models a continuous condition at the connecting face. The additional 

strain energy due to the presence of the edge crack can be also expressed as [36]: 

𝑈𝐶 = ∫ 𝐽(𝜉)𝑑𝐴                                     (3.40) 
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The flexibility coefficient which are functions of stress intensity factor and the crack shape 

can be expressed as: 

Cij =
∂wi

∂pi
=

∂2Uc

∂pipj
=

∂2

∂pipj
∫ J(ξ)dA                        (3.41) 

For an existing stress intensity factor Kjn, the local flexibility matrix Cjn is expressed as 

follows: 

Cij =
∂2

∂pipj
∫ ∫ [D1(KΙ1 + KΙ4 + KΙ5)2 + D2KΙΙ32 + D12(KΙ1 + KΙ4 +

a

0

h/2

−h/2

                         KΙ5)KΙΙ3 + D3(KΙΙΙ2 + KΙΙΙ6)2] dξ dz                                             (3.42)  

For the hybrid composite, under this study, there exist three independent variables which 

are the vertical displacement, the axial displacement, and the rotational displacement of the 

hybrid composite cross-section. And the corresponding flexibility matrix of hybrid 

composite material is expressed as [36]:  

Cij =
∂2

∂pipj
∫ ∫ [D1(KΙ1 + KΙ4)2 + D3(KΙΙΙ2)2] dξ dz

a

0

h/2

−h/2
                    (3.43)  

If the fiber angle of orientation is different in every layer, the coefficient value of D will 

be change, so the flexibility matrix corresponding to the entire height of the edge cracked 

hybrid composite beam can be written as: 

C11 =
2πYΙ(δ)2

b2h2
∑ D1k ∫ ∫ ξF12(ξ/b) dξ dz

a

0

hu

h1

n

k=1

 

C22 =
2πYΙΙΙ(δ)2

b2h2
∑ D3k ∫ ∫ ξFΙΙΙ2(ξ/b) dξ dz

a

0

hu

h1
n
k=1                                                  (3.44)                                                             

c44 =
288πYΙ(δ)2

b2h6
∑ D1k ∫ ∫ ξF22(ξ/b) dξ dz

a

0

hu

h1
n
k=1            

The connecting spring wrote expressed as follows: 

kuc = c11
−, kwc = c22

−, kϕc = c44
−                                                                       (3.45)  

The spring force stored in the spring expressed as:  

Kt = kuc ∗ u + kwc ∗ w + kϕc ∗ ϕ                                                               (3.46)                                          

            [
Kuc 0 0

0 Kwc 0
0 0 Kϕc

] [
Am
Cm
Bm

]                                                                                      (3.47)                                                                      

Subtract equation (3.47) from equation (3.35) in the flexibility matrix part of the 

characteristic’s equation for a hybrid composite beam without crack, then the 

characteristics equation for a hybrid composite beam with crack is: 
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[
c11 c12 c13
c21 c22 c23
c31 c32 c33

] [
Am
Cm
Bm

] − [
Kuc 0 0

0 Kwc 0
0 0 Kϕc

] [
Am
Cm
Bm

] + ω2 [
I1 0 I2
0 −I1 0
I2 0 I3

] [
Am
Cm
Bm

] + [
Pxm

−Pzm
0

] 0                                                                                                   

(3.48) 

3.6. Modeling and Simulation for Vibration Analysis 

All the simulations and analyses of hybrid composite materials have been done by using 

ABAQUS 2017 software. As a general-purpose, the finite element analysis code, based on 

user and reference ABAQUS has been widely used in all industries and academics for 

solving engineering problems, including automotive, aerospace, defense and energy, and 

life sciences. ABAQUS /CAE or “Complete ABAQUS Environment “is the analysis 

software application used for both the modeling and analysis of mechanical components 

and assemblies (pre-processing) and visualizing the finite element analysis result.   

ABAQUS 2017 is used for the analysis purposes of any systems. The hybrid composite 

beam is modeled in ABAQUS and clamped - free end boundary conditions were configured 

and analysis was done to find out vibration properties like natural frequency and modal 

shapes. Figures 4.4, 4.5,4.6 4.7, 4.8 and 4.9 were shows the visual interpretation of different 

modes of vibration and table 4.3 shows the results of natural frequency and mode shape 

obtained from BGHC materials by ABAQUS 2017 software. 

3.6.1. Finite Element Modeling  

Based on ASTM standards of E-756, the dimension of bamboo/glass fiber reinforced epoxy 

hybrid composite cantilever beam is 200 x 30 x 3 mm3 with the mechanical properties of 

each sample of BGHC materials and using boundary conditions of the cantilever beam was 

the fixed-free end. 

 

Figure 3.10 FE model used for numerical simulation 
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Meshing: In this paper, a solid element C3D8R element was used. In this research, the 

same element number use for all the specimens. The mesh convergence was done using 

approximate global size value 0.00045 and the results are nearly the same for 208236 

elements are selected for analysis. 

3.7. Experimental Methods of Hybrid Composite Materials  

3.7.1. The Hybrid Composite Manufacturing Process 

In the vibration and mechanical property characterization process, it was crucial to keep 

the fibers alignments in the desired direction and well in place. However, due to the natural 

properties of the bamboo and glass fiber, its alignment at the desired direction is difficult. 

Due to this, the dimensioned metallic frame was used in the study in order to keep the fiber 

alignments properly as shown in figure 3.11. Then the hybrid composite materials were 

fabricated by using hand layup insisted vacuum bagging produces by removing the frame 

from the unidirectional bamboo and glass fiber. 

 

Figure 3.11 Mold or frame for the fabrication of composite plate 

3.7.1.1 Vacuum Bag Moulding Assisted Hand Lay-Up Technique (VBMAHT) 

Hand lay-up is one of the oldest and the least capitally intensive composite manufacturing 

techniques. The mold in the final shape of the part is constructed with the desired surface 

finish. The mold surface is treated with mold release compounds consisting of wax and/or 

other chemical compositions. Epoxy resin and hardener mixture are mixed by hand into 

the fibers. This is frequently accomplished by brushes or rollers, with increasing use of nip 

- roller type mixers for forcing the resin into the fabrics composite by the means of rotating 

rollers and a bath of resin. Then the composites are left to cure air at room temperature. 

Vacuum bag moulding Assisted Hand Lay- up technique (VBMAHT) is an extension of 

the hand lay-up process described above where pressure is applied to the laminate once 
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laid - up during its curing cycle in order to improve its consolidation. This is achieved by 

sealing a plastic material film over the wet-laid- up composite and onto the tool. A vacuum 

pump extracts the air under the vacuum bag and thus up to one atmosphere of pressure can 

be applied to the laminate to consolidate it. The main goal of VBMAHT is to produce a 

homogeneous laminated composite by:  

• Removes the trapped air between laminate layers 

• Compacts the fiber layers for more efficient force- transmission amongst fiber 

bundles 

• Prevents shifting of fiber orientation throughout the curing process and Reduces 

humidity  

So, if the VBMAHT procedure is properly used as shown in figure 3.12, and universally, 

there is no doubt about the homogeneity of fabricated laminate. 

 

Figure 3.12 Hand lay-up assisted by vacuum bag moulding technique 

3.7.1.1.1 Vacuum Bag Moulding Equipment’s 

Vacuum pump: The vacuum pump in the heart of a VBMAHT system. The vacuum 

pumps have been designated by their potential of vacuum pressure or “Hg maximum”, their 

displacement unit in cubic feet per minute and the horsepower required to drive the pump. 

The pump used for this work is taken from Dejen Aviation, Unmanned Air Vehicle 

department which has the following specification: Which is, the type of pump is rotary, 

model number: 2TW-4C, Capacity: 8cfm, Vacuum pressure: 6.7× 102 Pa, power: 220-

240v/50Hz.  
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Figure 3.13 Vacuum pump 

Perforated film: It used in combination with the peel ply. This film helps to carry the resin 

in the composite when high vacuum pressure is used with slow curing resin systems or thin 

composite laminates. 

Peel ply: They are placed against the laminate to provide a molded surface suitable for 

secondary bonding or painting. Next peeling off from the composite, the fabric laminate 

leaves an impress of its weave design. They can be applied dry or impregnated with the 

same resin as the composite laminate. Dry peel ply bleeds out a controlled amount of resin 

from the composite laminate without bonding to it. Impregnated peel ply does not bleed 

any resin from the composite laminate stack, which is mainly useful when processing thin 

composite materials using zero bleed resin systems. 

Breather: Non-woven polyester bleeder or breather fabrics are used to allow the free 

passage of air across the bag face of a laminate while under vacuum or autoclave pressure. 

This allows air and volatiles to be pulled from the laminate and even pressure applied to it. 

The secondary use of these fabrics is the absorption of any excess resin which is bled from 

the laminate during cure. 

Vacuum nylon: These materials are used to form the vacuum bag. The film is sealed to 

the edge of the mold with vacuum bag sealant tape. Vacuum bags must be completely 

airtight to ensure no leaks occur at full vacuum during the final cure. The most commonly 

used material is nylon film due to its excellent physical properties. As well as being 

extremely tough, it has good flexibility and high elongation. Special additives allow it to 

be used at high temperatures and make it the most cost-effective material available. 
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Vacuum tape: Also known as “tacky tape”, which is used to afford an airtight cover 

between the tool/master bagging film and model. The tape must have sufficient tack to 

adhere well to the mold surface but not so much tack that the bag cannot be stripped away 

from the tape for re-positioning during lay-up. The tape must also strip cleanly from the 

mold surface after the cure cycle has been completed. 

Mold Release/Wax: It is commonly used in the vacuum bagging process in order to 

prevent the epoxy and its hardener mixture from sticking to the mold when laminating the 

composite parts. Generally, there are three types of mold releases used in the industry 

depending on the mold material and the desired characteristic of the finished part. The most 

common type is carnauba-based paste wax. This is usually put on it up to 5 composite plies 

for the new molds and at least one ply before each new part is prepared. 

  

Figure 3.14 Vacuum bagging system materials - (a). Release fabric/peel ply (b). Perforated nylon 

(c). Breather (d). Vacuum nylon (e). Vacuum tape and (f). Wax. 

The tools for hand layup technique were,  

1. Weighing balance: To measure the weigh the matrix-like epoxy with hardener and 

fibers like bamboo and glass fiber. 

2. Brushes: Which is used to apply resin for both gel coat application and for lamination. 

3. Rollers: To remove the air bubbles and also for applying resin. 
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3.7.1.1.2 The Manufacturing Procedure of Hybrid Composite Materials 

 

Figure 3.15 Hybrid composite manufacturing steps 

 

Figure 3.16 Hybrid composite manufacturing steps 
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Figure 3.17 Hybrid composite fabrication by using vacuum bagging. 

3.8. The Dimensions of Hybrid Composite Specimens 

The testing specimens for vibration and damping properties of bamboo/glass reinforcement 

epoxy hybrid composite materials for the structural application have been cutting into the 

specified dimensions from the laminates as per the ASTM standard E756 [56]. The three 

hybrid laminates as shown in figure 3.18, have been cutting to the required shape and 

dimensions, 200 × 30 × 3 mm3, by a composite circular cutting machine for vibrational 

tests according to ASTM E756. After cutting into the specimen, an edge cracked as shown 

in figure 3.20, has been created at the length of 75 mm from the fixed end and at different 

crack depths, 3 mm, 7 mm, and 11 mm by using a hacksaw. For each test configuration, 

with and without edge crack, as shown in figure 3.19 and 3.20 respectively has five 

specimens. Which were prepared for statistical significance. 
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Figure 3.18 Three samples of hybrid composite plates for vibration test 

 

Figure 3.19 Hybrid Composite specimen for vibration test 

 

Figure 3.20 Hybrid Composite plate specimen with crack depth (a) 3mm, (b) 7mm and (c) 11mm 

in each sample. 

3.9. Experimental Setup for Vibration Test 

Vibration analysis is a technique used to study the dynamic properties of a mechanical 

structure. Additionally, this technique can describe a structure in terms of its natural 

properties which are the damping, natural frequency, and mode shapes. Mainly there are 

two vibration analysis methods for evaluation modal analysis, namely, vibration shaker 

and impact test. From the theoretical point of view, the evaluated Frequency Response 

Functions (FRF) may be obtained with both methods, but there are frequently differences 

due to the practical aspects related to data collection. In this study, vibrational analysis has 

been performed with the help of an impact hammer test without a force sensor. Then, the 

vibration tests of hybrid composite made from bamboo/glass fibers were performed by 
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considering the materials as a cantilever beam has clamped by C-clamp on its support, as 

shown in figure 3.21. Natural frequency and damping ratios were performed using the 

ACC103 accelerometer with DAQ USB NI-6009 were connected to the computer by 

integrated the LABVIEW 2018 software. The accelerometer was attached at the free end 

of the cantilever hybrid composite material (dimensions: 200 × 30 × 3 mm3) with wax 

(figure 3.21) and connected to the DAQ USB NI-6009 data acquisition system. The DAQ 

was used to convert the analog data to the digital data to determine the amplitude versus 

frequency responses. The DAQ NI-6009 is the central unit to control various input/output 

signals, collects data and analysis by the means of lab view block diagram, that shown in 

figure 3.22. This system is used for obtaining higher frequencies and the hitting with the 

hammer occurs at the free end. The displacement signal from the accelerometer is recorded 

in a PC using a DAQ integrated within the lab view block diagram. Generally, the data 

have been analyzed by using LABVIEW 2018 vibration tool kit. 

 

Figure 3.21 Vibration experimental set up 
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Figure 3.22 Block diagram used for acceleration velocity and displacement data 

3.10. Damping Properties of Hybrid Composite Materials 

Damping is vital to the study of the dynamic properties of natural and synthetic fiber-

reinforced or natural/synthetic fiber-reinforced hybrid composites. Damping performance 

in natural fiber laminates differs entirely from those in conventional materials ( like steel 

and cast iron) and energy dissipation depends upon factors like the viscoelastic nature of 

the fiber/matrix interphase, damage and the visco-plastic characteristics [29]. 

The damping performance which indicates the ability of vibration energy absorption is 

another exceptional property of fiber-reinforced laminates. It is used for reducing the 

transmission of noise and vibrations to neighboring structures [28,57]. In particular, 

damping of materials made from natural fibers is difficult to investigate, due to their natural 

chemical constituents. However, it shows good damping performance due to their inherent 

porous nature. There are different techniques to evaluate the damping performance of the 

materials. The half-power bandwidth method is worked to find the damping ratios of 

bamboo/glass fiber reinforced epoxy hybrid composites through Frequency response 

function (FRF) curves obtained from the experimental work which was determined by 

using the free vibration method as per the ASTM standard E756. Specimens were cut into 

the specified dimensions from the hybrid laminates. The dimensions of specimens are 
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200×30×3 mm3. The specimens are placed in the form of a cantilever beam structure by 

using a fixture. Figure 3.19 shows the different vibration test specimens. An accelerometer 

sensor whose sensitivity of 10 mV/g was placed at the free end of the specimen. The output 

signals are received by means of connecting the accelerometer sensor with a Data 

Acquisition (DAQ) card of USB NI-6009 which is connected to the PC and interfaced with 

the Laboratory Virtual Instrumentation Engineering Workshop (LabVIEW) software 

supplied by National Instruments. After the Frequency response function result, the 

damping responses of the hybrid composite plate were calculated by half the power 

bandwidth method, used for the first natural frequency mode of the specimen. The damping 

ratio was measured according to the half-bandwidth method as shown in figure 3.23 and 

according to equation (3.49) [4]. 

 

Figure 3.23 Frequency response function of composite 

ζ =  
ω2−ω1

2.ωn
                                                                                                                          (3.49) 

Where 𝜔1, 𝜔2 are the bandwidth, 𝜔𝑛 is the natural frequency of the first mode, and 𝜁 is the 

damping ratio. Furthermore, figure Xmax is the maximum amplitude of the first mode. In 

actual free vibration experiments, the amplitude and frequency of oscillations are affected 

by damping. The indicated portion of the sub-graph shown in figure 3.23 has been used for 

calculating the damping values using the half-power bandwidth method. This figure 
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represents how to count the half-power points on Frequency response function (FRF) 

curves, i.e. by finding the intersections or crossings of the frequency line from the given 

FRF curve. Xmax is the maximum amplitude obtained from the resonant peak of the curve, 

∆𝜔 is the difference between the frequency values of bandwidth which is cut by the 

horizontal line taken Xmax/√2 the value below the amplitude of peak value, (∆𝜔 = 𝜔2- 𝜔1). 

The half-power points are used to evaluate the damping ratio.  
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CHAPTER FOUR 

RESULT AND DISCUSSION 

4.1. Analytical, Simulation and Experimental Results 

4.1.1. Analytical Result of Free Vibration of BGHC Materials 

Vibration analysis of a cantilever beam was performed for the BGHC materials with the 

different weight ratios of bamboo and glass fiber. The natural frequency with respect to 

fiber weight ratio and crack depth has been determined with the help of theoretical 

equations by using FSDT. The results obtained from BGHC materials by using the 

theoretical method were plotted in the form of graphs by Microsoft Excel worksheet. The 

mechanical properties of Bamboo/Glass fiber-reinforced epoxy hybrid composites were 

listed in table 4.1. 

Table 4.1 Mechanical properties of hybrid composite materials 

Mechanical 

properties of 

BGHC plate 

60% of Epoxy with 

20% bamboo and 

20% glass fiber 

(BGHC-1) 

60% of Epoxy with 

30% bamboo and 

10% glass fiber 

(BGHC-2) 

60% of Epoxy with 

10% bamboo and 

30% glass fiber 

(BGHC-3) 

𝜌 (kg/m2) 1340 1263 1429 

E11 (Gpa) 14.829 12.811 17.180 

E22 (Gpa) 7.111 7.321 6.899 

E33 (Gpa) 7.111 7.321 6.899 

V12 0.32 0.345 0.334 

V21 0.163 0.197 0.134 

V23 0.163 0.197 0.134 

G12 (Gpa) 2.411 2.497 2.324 

G13 (Gpa) 2.411 2.497 2.324 

G23 (Gpa) 3.057 3.058 3.042 

 

The results of the natural frequency of bamboo/glass fiber reinforced epoxy hybrid 

composite materials, with different weight ratios of fiber have been discussed for a length 

of beam = 200 mm, Cross-section= 30 × 3 mm2, at a constant crack location, which is, 75 
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mm from the fixed end and edge crack depths, which are, 0 mm 3 mm, 7 mm, and 11 mm 

can be solved by using equation (3.48), at the mode shape of 1, 2, and 3 were listed in table 

4.2. In the analytical method of calculation, the number of samples has taken in each type 

of bamboo/glass fiber reinforced epoxy hybrid composite is one. 

Table 4.2 The natural frequency of hybrid composite materials without crack and according to 

crack depth 

 

Composite 

materials 

 

Mode 

 Natural frequency (Hz) with different crack depth 

Crack depth(mm) 

0 3 7 11 

 

 BGHC-1 

1 40.320 38.251 35.304 32.081 

2 252.697 239.729 221.261 201.102 

3 707.451 671.147 619.441 563.005 

 

 BGHC-2 

1 38.601 36.621 33.799 30.720 

2 241.929 229.514 211.831 192.532 

3 677.302 642.546 593.043 539.013 

 

 BGHC-3 

1 42.025 39.869 36.797 33.445 

2 263.386 249.870 230.619 209.609 

3 737.375 699.535 645.642 586.820 

    

The Natural frequencies were calculated from all the three samples of BGHC materials at 

modes 1, 2, and 3 were shown in table 4.2. The natural frequency of BGHC-3 was the 

highest, followed by BGHC-1 and BGHC-2. The above result indicated that when the 

natural fiber increases the natural frequency decrease. Moreover, synthetic fiber increases 

the natural frequency increase. In this case, when the hybrid composite materials were 

made from natural fibers, the natural frequency of the hybrid composite materials are low. 

It indicates that the damping performance of the material is high. In addition to these, the 

theoretical natural frequencies recorded from BGHC-1, BGHC-2, and BGHC-3 materials 

at a crack depth of 0 mm, 3 mm, 7 mm, and 11 mm with a constant crack location. The 

natural frequencies were calculated from BGHC materials at modes 1, 2, and 3 decreases 

within the crack depth increase. By comparing the natural frequencies in BGHC-1, BGHC-

2, and BGHC-3, the observation is that the BGHC-3 recorded the highest natural frequency 

while BGHC-2 recorded the lowest. Additionally, natural frequencies were decreased 
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within the increase of the crack depth. It indicated that, in the BGHC materials, the crack 

occurs due to the manufacturing defaced of the BGHC materials, because of this reason, 

the natural frequency of the BGHC materials decreased. During the dynamic load, the 

propagation of crack tends to increase, then the BGHC materials get catastrophic failure. 

 

Figure 4.1 Natural frequency at the first mode according to crack depth by analytical method 

 

Figure 4.2 Natural frequency at the second mode according to crack depth by analytical method 
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Figure 4.3 Natural frequency at the third mode according to crack depth by analytical method 

Figures 4.1, 4.2, and 4.3 show that the natural frequency was high at a low bamboo fiber 

weight ratio of BGHC materials. Then, the fiber weight ratio is one of the most crucial 

factors affecting the natural frequency and damping properties. The effect of fiber weight 

ratio in bamboo reinforced composite materials. Two volume fractions of 10% and 15% of 

bamboo fiber were utilized in unsaturated polyester resin (UPR) [6].  

The data found represented that, the natural frequency was higher at 10% bamboo fiber. 

The investigation performed by varying the volume fraction, which is slightly changing the 

mass and stiffness of composite materials. Any changes in stiffness will alter the 

performance of the natural frequency and damping ratio of the composite materials. 

Composite materials with lower volume/weight fractions of natural fiber-reinforcement 

show higher stiffness. In addition to these, the graph of the natural frequency of BGHC-1, 

BGHC-2, and BGHC-3 at modes 1,2, and 3, according to crack depth of 0 mm 3 mm, 7 

mm, and 11 mm obtained from the analytical method have been plotted. The values of 

natural frequencies were observed to be highest from BGHC-3 followed by BGHC-1 and 

BGHC-2 in all three modes of vibration. Decreased in natural frequency caused by 

increased crack depth for all in the three modes vibration was observed. The natural 

frequency of the hybrid composite materials is inversely proportional to the crack depth. 

From the investigation, it has been observed that the change in natural frequencies is 
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affected by not only a function fiber weight ratio but also the crack depth. The decrease in 

natural frequencies was more for a crack depth where the bending moment is higher. At 

mode three the bending of the material was high and the material tends to fail. 

4.1.2. Simulation Result of Free Vibration of BGHC Materials 

The effect of bamboo fiber weight and glass fiber weight ratio, on the first three modal-

frequencies, were determined by using ABAQUS 2017 software. The natural frequencies 

of the BGHC materials without crack have been plotted in figures 4.4, 4.5 and 4.6. The 

first three mode shapes and the corresponding natural frequencies of BGHC-1, BGHC-2, 

and BGHC-3 in fixed-free end conditions were simulated. It is observed that the stiffness 

of the hybrid composite material increased with the increase in the weight percentage of 

glass fiber. So that the corresponding natural frequencies were increased.  

 

Figure 4.4 The natural frequency of uncrack, BGHC-1 
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Figure 4.5 The natural frequency of uncrack BGHC-2 

 

Figure 4.6 Natural frequency uncrack BGHC-3 

Figures 4.4, 4.5, and 4.6 show that the natural frequency recorded from BGHC-3 was the 

highest followed by BGHC-1 and BGHC-2. It indicates that when the synthetic fiber 

increase, the natural frequency of the hybrid composite materials was an increase. 
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The natural frequencies of BGHC materials with crack were computed by using ABAQUS 

2017. Figures 4.7, 4.8, and 4.9 showed that the first three mode shapes and the 

corresponding natural frequencies of BGHC-1 in fixed-free end conditions with different 

crack depth, that is 3 mm, 7 mm, and 11 mm at a constant crack location, which is 75mm. 

 

Figure 4.7 Natural frequency of cracked BGHC-1 with 3 mm crack depth 

 

Figure 4.8 Natural frequency of cracked BGHC-1 with 7 mm crack depth 
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Figure 4.9 Natural frequency of cracked BGHC-1 with 11 mm crack depth. 

Figures 4.7, 4.8, and 4.9 show that the first three modes of vibration in, BGHC-1 having 

crack depth size 3 mm, 7 mm, and 11 mm. From the above result, the value of natural 

frequencies was decreased with increased crack depth. The first mode is the bending mode 

of vibration where the BGHC materials tend to bend about the root sections. The analysis 

reveals that the parameter affecting the root stiffness has a huge effect on the initial mode 

of frequency. It is influenced by the parameters which affect the tip mass of the BGHC 

materials. The second mode of vibration is a bending mode where the natural frequency is 

greater than the initial mode of vibration. In this case, the internal résistance of the hybrid 

composite material is high. 

Generally, in this study, the FEA of a cantilever hybrid composite material with a single 

edge crack was done in ABAQUS 2017. The mode shapes of the first three modes of free 

vibration were plotted and a comparison of mode shapes of the healthy and cracked beam 

was done. It is observed that the natural frequencies of all three transverse modes of 

vibrations decrease with an increase in the crack depth. As the presence of a crack in 

structural member introduces local flexibilities. The frequency of the third mode shape has 

the highest frequency in all the above mode shapes. From this the bending moment of the 

materials is high. Similarly, the natural frequency results of BGHC-1, BGHC-2, and 

BGHC-3 at crack depth 3 mm, 7 mm, and 11 mm by the simulation method using 

ABAQUS 2017 were listed in table 4.3. 
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Table 4.3 The natural frequency of the hybrid composite materials according to crack depth by 

simulation method 

 

Composite plate 

 

Mode 

 

Natural frequency (Hz) with different crack depth 

Crack depth(mm) 

0 3 7 11 

 

BGHC-1 

1 39.999 38.131 35.812 34.622 

2 250.00 239.480 223.710 215.930 

3 698.080 668.481 624.330 602.010 

 

BGHC-2 

1 38.455 36.733 33.986 32.984 

2 240.530 229.630 213.098 205.562 

3 671.870 641.490 597.139 575.009 

 

BGHC-3 

1 41.817 39.120 36.209 35.234 

2 261.340 247.097 239.923 231.912 

3 729.020 697.947 653.823 631.812 

 

As observed in table 4.3, the natural frequencies of BGHC-1, BGHC-2, and BGHC-3  

materials were decreased as the crack depth increase in all the three modes of vibration. By 

comparing the natural frequencies obtained from BGHC-1, BGHC-2, and BGHC-3 it has 

noticed that the BGHC-3 recorded highest, the natural frequency recorded from BGHC-2 

was the lowest. Moreover, it indicates when the crack propagation increase, the material 

tends to fail because the natural frequency of the materials is close to the working or 

operating frequency. And also, it indicates that the crack was weakening the structure and 

the material strength will decrease. When the hybrid composite is subjected to fatigue load, 

it going to fail when compared to a static load. The crack occurs on the structure, the hybrid 

composite material stiffness is going to be reduced. In addition to this, the natural 

frequency changes significantly due to the existence of cracks depending upon the size of 

crack's depth. When the crack location is constant i.e. at the specific crack location, the 

natural frequencies of a cracked beam are inversely proportional to the crack depth. As a 

result, natural frequencies are not only a function of crack depth, and crack location, but 

also of the mode number. Therefore, to estimate the drop in natural frequency due to crack 

depth. 
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Figure 4.10 Natural frequency at the first mode according to crack depth by simulation method 

Figure 4.10 shows that the natural frequencies of BGHC-1, BGHC-2, and BGHC-3 

materials, according to crack depth of 0 mm 3 mm, 7 mm, and 11 mm, at the first mode 

obtained from the simulation analysis have been plotted. The decrease in natural frequency 

and increase in depth of the crack for the first mode was observed. Then the natural 

frequency of the BGHC material affected by the crack depth. 

 

Figure 4.11 Natural frequency at the second mode according to crack depth by simulation method 
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Figure 4.11 shows that the natural frequencies of BGHC-1, BGHC-2, and BGHC-3 

materials, according to crack depth of 0 mm 3 mm, 7 mm, and 11 mm, at the second mode 

obtained from the simulation analysis have been plotted. It is noticed that the natural 

frequencies from BGHC-3 were varying slightly with an increase in crack depth. From 

BGHC-1 and BGHC-2, there is a gradual decrease in the values of natural frequencies with 

respect to increasing in crack depth. 

 

Figure 4.12 Natural frequency at the third mode according to crack depth by simulation method 

Figure 4.12 shows that the natural frequencies of BGHC-1, BGHC-2, and BGHC-3 

materials, according to crack depth of 0 mm 3 mm, 7 mm, and 11 mm, at the third mode 

obtained from the simulation analysis have been plotted. The decrease in natural frequency 

and increase in the crack depth for the first mode have been observed. 

4.1.3. Experimental Results of Free Vibration of BGHC Materials 

4.1.3.1. Bamboo/Glass Fiber Hybrid Composites Without Crack 

Through the experimental setup, that is, an accelerometer ACC-103 attached at the end of 

the specimen by wax and the DAQ USB NI-6009 were connected to the computer by the 

help of lab view 2018 software, then the natural frequencies of the cantilever BGHC 

materials were recorded on MATLAB by the help of block diagram of lab view software. 
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4.1.3.1.1 Damping Ratio and Natural Frequencies of BGHC Materials 

In the free vibration experimental investigation, the amplitude and frequency of oscillations 

were affected by the damping properties of the materials. Figures 4.13, 4.16, and 4.18 show 

that the first mode of damping responses for the cantilever beam of BGHC-1, BGHC-2, 

and BGHC-3 respectively. The damping of hybrid composite material trends was observed 

with the increase in the content of bamboo fiber and a decrease in the content of glass fiber, 

for the former damping decreased and for the latter, it increased. In general, the higher 

natural fiber content of hybrid composite materials should lead to higher damping due to 

its viscoelastic nature of the natural fiber. Through the same experimental setup and DAQ 

analysis, the natural frequencies for the cantilever beam of BGHC-1, BGHC-2, and BGHC-

3 are plotted on the linear scales are shown in figure 4.14, 4.17, and 4.19, the results are 

plotted. 

 

Figure 4.13 Experimental result of the raw acceleration of BGHC-1 
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Figure 4.14 Frequency Response Function (FRF) of BGHC-1 

 

Figure 4.15 Frequency response function (FRF) of the BGHC-1 with bandwidth points 
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Figure 4.15 represents the free vibration response of hybrid composite materials obtained 

from the LabVIEW software while the specimen was made to oscillate. Numbers of trails 

were taken to obtain accurate readings for the calculation of damping ratios (ζ) by using 

power bandwidth methods.  

 

Figure 4.16 Experimental result of the raw acceleration of BGHC-2 

 

Figure 4.17 Frequency Response Function (FRF) of BGHC-2 
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Figure 4.18 Experimental result of the raw acceleration of BGHC-3 

 

Figure 4.19 Frequency Response Function (FRF) of BGHC-3 
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Table 4.4 The experimental value of natural frequency and damping ratio of BGHC materials 

without crack 

Composite plate Mode Natural frequency (Hz) Damping ratio (ζ) 

 

BGHC-1 

1 41.55 0.10951 

2 256.1 0.02148 

3 708.6 0.00353 

  

BGHC-2 

1 36.29 0.23974 

2 242 0.05785 

3 681.3 0.01174 

 

BGHC-3 

1 43.81 0.06505 

2 264.4 0.01135 

3 736.5 0.00339 

 

Table 4.4 shows that the natural frequencies and damping ratios recorded from BGHC 

materials by experimental methods. The fundamental mode shapes of BGHC materials 

provide insight into the selection of materials for suitable structural applications. In this 

study, the natural frequencies of the BGHC materials are inversely proportional to the 

damping ratios. In addition, the magnitude of the natural frequency and damping ratio of 

the BGHC were significantly influenced by the fiber weight ratio of the hybrid composite 

materials. the maximum natural frequency was found from the BGHC-3 as indicated by 

the FRF curve shown in Figure 4.14, 4.17, and 4.19. And also, the maximum damping ratio 

was found from the BGHC-2. Thus, results again indicate that stiffness in BGHC materials 

is not only influenced by the fibers but also depends on the weight ratio of natural fiber. In 

order to get the best understanding of the obtained values, it can be useful to compare the 

obtained damping ratios of BGHC to damping ratios of different materials. When 

comparing the different damping ratios, it can be seen that composites offer improved 

damping characteristics. Figure 4.20 shows the damping ratios of different materials. 



72 

 

 

Figure 4.20 Damping ratios of different materials. 

Looking at the results obtained in table 4.4, there is a distinct trend in the damping ratio 

can be observed with an increase in alternate natural fiber loading. Moreover, a clear gain 

in vibrational characteristics can be seen in the hybridized samples. Typical damping ratio 

values for structural composites have been found to be within 0.003 and 0.006 [57]. which 

proves that the obtained damping ratios of BGHC materials are reasonable. 

4.1.3.2. Bamboo/Glass Fiber Hybrid Composites with an Edge Crack 

The experimental results of natural frequencies and damping ratio obtained from the 

cracked BGHC materials at a crack depth of 0 mm 3 mm, 7 mm, and 11 mm were shown 

in table 4.5 and 4.6 respectively. 

Table 4.5 The experimental results of natural frequency according to crack depth 

Composite  

materials 

 

 

Mode 

 

Natural frequency (Hz) 

Crack depth(mm) 

0 3 7 11 

 

BGHC-1 

1 41.55 37.861 35.121 33.102 

2 256.1 238.916 223.987 206.987 

3 708.6 684.618 621.765 574.312 

 

BGHC-2 

1 36.29 34.914 32.105 31.019 

2 242 227.916 210.043 193.024 

3 681.3 640.147 594.201 537.201 

 

BGHC-3 

1 43.81 40.002 35.097 32.270 

2 264.4 248.143 229.014 208.134 

3 736.5 695.913 641.812 582.914 
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Figure 4.21 Natural frequency at the first mode according to crack depth by the experimental 

method 

 

Figure 4.22 Natural frequency at the second mode according to crack depth by the experimental 

method 
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Figure 4.23 Natural frequency at the third mode according to crack depth by the experimental 

method 

Figures 4.21, 4.21, and 4.23 show that the experimental results of natural frequency 

recorded from BGHC-1, BGHC-2, and BGHC-3 in all the three modes of vibration at 

different crack depth. 

Table 4.6 The experimental results of damping ratio according to crack depth 

Composite  

materials 

 

 

Mode 

 

Damping ratio (ζ) 

Crack depth(mm) 

0 3 7 11 

 

BGHC-1 

1 0.10951 0.09979 0.09256 0.07024 

2 0.02148 0.02004 0.01879 0.01036 

3 0.00353 0.00341 0.00309 0.00196 

 

BGHC-2 

1 0.23974 0.23065 0.21209 0.18492 

2 0.05785 0.05448 0.05021 0.03914 

3 0.01174 0.01103 0.01024 0.00810 

 

BGHC-3 

1 0.06505 0.05940 0.05211 0.03292 

2 0.01135 0.01065 0.00983 0.00703 

3 0.00339 0.00320 0.00295 0.00191 
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Figure 4.24 Damping ratio at the first mode according to crack depth by the experimental method 

 

Figure 4.25 Damping ratio for the second mode according to crack depth by the experimental 

method 
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Figure 4.26 Damping ratio at the third mode according to crack depth by the experimental method 

From figures 4.24, 4.25, and 4.26, the effects of damping ratio on fiber weight ratio and 

crack depth have been analyzed. At BGHC-2, the damping ratio was heights, followed by 

the damping ratio of BGHC-1, and BGHC-3 were the lowest. The lowest damping ratio 

caused by the weak interphase bamboo/glass fiber reinforced hybrid composites. At the 

natural fiber content increases from 10 to 30 wt% of BGHCs, the damping ratio increases 

linearly. In this study, the crack depth increases, the natural frequency, and the damping 

ratio decrease. Then crack affects both natural frequency and damping ratio of the BGHC 

materials. From the result, In the case of bamboo fiber, the BGHC-2 provides the best 

damping ratio with a 3 mm crack depth. 

In general, the first three modes of natural frequency and damping ratio of various 

bamboo/glass fiber epoxy hybrid composites were recorded. For a constant epoxy, three 

kinds of natural frequency and damping ratio trends are observed with the varying in the 

content of bamboo and glass fiber in composites. At BGHC-3, the natural frequency was 

highest and the damping ratio was lowest. For this study when, the natural frequency 

increases, the damping ratio decreases. The damping ratio increase in BGHC-2 which 

contents the highest weight of bamboo fiber. In general, higher natural fiber content should 

lead to a higher damping ratio, due to its viscoelastic nature [31]. It can be inferred that 
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apart from the fiber content, the interface thickness and interface stiffness also play 

important roles in the damping mechanism [28]. Generally, in this research the highest 

damping ratio record at the highest natural fiber. And the highest natural frequency 

recorded from the high content of synthetic fiber in the BGHC materials. Behind thus 

results, the synthetic fiber leads the hybrid composite materials are stiffer. But the damping 

properties of the materials are less. In reverse, the natural fiber led to the hybrid composite 

materials has high damping performance. Therefore, the hybrid composite which contents 

natural fiber the damping capacity of the material is high. 

4.2. Discussion 

4.2.1. The Comparisons Between Analytical, Simulation and Experimental Results of 

Natural Frequency 

There are three different methods have been used in this research. The results were 

described in the above sections and the comparisons were listed in the following section. 

Table 4.7 The result comparison of the first natural frequencies recorded from BGHC materials 

by analytical, simulation and experimental methods 

Composite 

materials 

Crack 

Depth 

(mm) 

 

Analytical 

 

Numerical 

 

Experimental 

% Error with 

analytical 

value 

% Error with  

numerical 

value 

 

BGHC-1 

0 40.320 39.999 41.550 3.051 3.878 

3 38.251 38.131 37.860 1.019 0.708 

7 35.304 35.812 35.120 0.518 1.930 

11 32.081 34.622 33.100 3.183 4.390 

 

BGHC-2 

0 38.601 38.455 36.290 5.987 5.630 

3 36.621 36.733 34.910 4.661 4.952 

7 33.799 33.986 32.100 5.012 5.537 

11 30.720 32.984 31.020 0.973 5.957 

 

BGHC-3 

0 42.025 41.817 43.810 4.247 4.766 

3 39.869 39.120 40.000 0.334 2.255 

7 36.797 36.209 35.100 4.620 3.071 

11 33.445 35.234 32.270 3.513 8.412 



78 

 

 

Figure 4.27 First natural Frequency vs Crack Depth for the three methods 

Figure 4.27 shows that the first natural frequency of BGHC materials at the different crack 

depths, 3, 7, and 11mm for crack location Lc/L= 0.375 were considered. It was observed 

that, from the crack depth of 3, 7, and 11mm, at the relative crack location of Lc/L= 0.375, 

the fundamental natural frequencies of BGHC-1 reduced by 8.874%, 15.473%, and 

20.332% respectively, as compared with the uncracked BGHC materials. For the BGHC-

2, the fundamental natural frequency reduced by 3.792%, 11.532%, and 14.524%, as 

compared with the uncrack BGHC materials. Similarly, for the BGHC-3, the fundamental 

natural frequency reduced by 8.692%, 19.888%, and 26.341%, as compared with the 

uncrack BGHC materials. An observed in BGHC-1, BGHC-2, and BGHC-3, generally, the 

fundamental frequency decreased as the crack depth increased in all the three methods for 

a relative crack location Lc/L= 0.375. 
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Table 4.8 The result comparison of the second natural frequencies recorded from BGHC 

materials by analytical, simulation and experimental methods 

Composite 

materials 

Crack 

Depth 

(mm) 

 

Analytical 

 

Numerical 

 

Experimental 

% Error with 

analytical 

value 

% Error with 

numerical 

value 

 

BGHC-1 

0 252.697 250.000 256.100 1.347 2.440 

3 239.729 239.480 238.900 0.334 0.236 

7 221.261 223.710 224.000 1.232 0.124 

11 201.102 215.930 207.000 2.926 4.142 

 

BGHC-2 

0 241.929 240.530 242.000 0.030 0.611 

3 229.514 229.630 227.900 0.696 0.746 

7 211.831 213.098 210.000 0.844 1.433 

11 192.532 205.562 193.000 0.255 6.099 

 

BGHC-3 

0 263.386 261.340 264.400 0.777 1.171 

3 249.870 247.097 248.100 0.691 0.423 

7 230.619 239.923 229.000 0.696 4.547 

11 209.609 231.912 208.100 0.332 9.917 

 

 

Figure 4.28 Second Natural Frequency vs Crack Depth for the three methods 
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Figure 4.28 shows that the second natural frequency of the BGHC materials, considered as 

the cantilever beam with different crack depth for BGHC-1, BGHC2, and BGHC-3. The 

second natural frequency is higher than the fundamental frequency of the cracked BGHC 

materials. It is observed that the second natural frequency of BGHC-1 for a relative crack 

location of Lc/L= 0.375 reduced by 6.710%, 12.539%, and 19.177%, respectively, as 

compared with the corresponding uncracked BGHC materials. for the BGHC-2, the second 

natural frequency reduced by 5.820%, 13.205%, and 20.238% for crack depths of 3, 7, and 

11 mm, respectively, as compared with the corresponding uncracked BGHC materials. 

Similarly, for the BGHC-3, the second natural frequency reduced by 6.147%, 13.384%, 

and 20.986% for crack depths of 3, 7, and 11 mm, respectively, as compared with the 

corresponding uncracked beam. 

Table 4.9 The result comparison of the first natural frequencies recorded from BGHC materials 

by analytical, simulation and experimental methods 

Composite 

materials 

Crack 

Depth 

(mm) 

 

Analytical 

 

Numerical 

 

Experimental 

% Error with 

analytical 

value 

% Error with 

numerical 

value 

 

BGHC-1 

0 707.451 698.080 708.600 0.162 1.507 

3 671.147 668.481 684.600 2.007 2.414 

7 619.441 624.330 621.800 0.375 0.411 

11 563.005 602.010 574.300 2.008 4.601 

 

BGHC-2 

0 677.302 671.870 681.300 0.590 1.403 

3 642.546 641.490 640.100 0.373 0.209 

7 593.043 597.139 595.100 0.195 0.492 

11 539.013 575.009 537.200 0.336 6.575 

 

BGHC-3 

0 737.375 729.020 736.500 0.118 1.026 

3 699.535 697.947 695.900 0.517 0.291 

7 645.642 653.823 641.800 0.593 1.837 

11 586.820 631.812 582.900 0.665 7.739 
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Figure 4.29 Third Natural Frequency vs Crack Depth for the three methods 

On the other hand, the introduction of cracks in BGHC-1, BGHC-2, and BGHC-3 materials 

showed in figure 4.29 a slightly reduced effect on the third natural frequency, but the 

change in magnitude was less significant in the unidirectional composite beam. For the 

BGHC-1 materials, the third natural frequency reduced by 3.384%, 12.254%, and 18.951% 

for crack depths of 3, 7, and 11 mm, respectively. And For the BGHC-2, the third natural 

frequency reduced by 6.040%, 12.784%, and 21.784% for the given crack depths of 3, 7, 

and 11mm, respectively. Similarly, For the BGHC-3, the third natural frequency reduced 

by 5.511%, 12.856%, and 20.854% for the given crack depths of 3, 7, and 11mm, 

respectively. From tables 4.7, 4.8, and 4.9, The natural frequencies obtained experimentally 

at the first, second and third mode of vibration of all the three samples of composites, 

BGHC-1, BGHC-2, and BGHC-3 have been compared with the theoretical and numerical 

values. The result shows that there are a better agreement between the experimental, 

analytical and numerical results of natural frequency. The discrepancy may be due to a 

manufacturing defect of hybrid composite materials and loading effects during 

experimentation. Generally, good agreement was observed between experimental, 

analytical and numerical natural frequencies. 
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CHAPTER FIVE 

CONCLUSION, RECOMMENDATION AND FUTURE WORK 

5.1. Conclusions  

In this study, the successful fabrications of bamboo/glass fiber reinforced epoxy hybrid 

composite materials have been done.  Moreover, analytical First-Order Shear Deformation 

Theory (FSDT) and simulation using ABAQUS software were used to study the first three 

natural frequencies of BGHC Materials with and without edge cracked for cantilever beam 

boundary conditions. Experimental investigations have done the first three natural 

frequencies and damping ratios of unidirectional bamboo/glass fiber reinforced epoxy 

hybrid composite materials with and without edge cracked. 

The following conclusions are drawn from the present investigation. 

• The above results suggest that the highest natural frequency was found in both 

uncracked and cracked BGHC materials made from, 60% of Epoxy with 10% 

bamboo and 30% glass fiber in all the three modes of vibration. Besides, 60% of 

Epoxy with 30% bamboo and 10% glass fiber, offered the highest damping ratio. 

• As the natural fiber weight ratio increases in the BGHC materials, the changes in 

frequencies reduce for all modes of vibration. In reverse, the damping ratio 

increased shows that, the damped material performance was increased. 

• The crack depth 3 mm, 7 mm, and 11 mm have a significant effect on the natural 

frequencies and damping ratios of the cracked BGHC materials for all the first three 

modes of vibration. This means the introduction of crack decrease the natural 

frequency of the hybrid composite materials. As the crack depth increase the natural 

frequency decrease.  

• By using natural fiber-based hybrid composite materials, it is possible to create a 

hybrid composite material with superior vibration damping performance without 

sacrifices in stiffness-to-weight ratios. 

• It is observed that the results obtained from the present analytical and numerical 

(finite element analysis) are in good agreement with the experimental values. 

• For application, when damping ratio is below 10% then such materials will be used 

in for a structural application and if damping ratio is in the range of 20-25% then 
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materials are used in automobile suspension, it is higher than 30%, then it will be 

utilized in heavy-duty suspension[58]. The damping ratio of BGHC-2 is 23.974%, 

then the BGHC materials which are made from 60% of epoxy with 30% bamboo 

and 10% glass fiber are used for semi-structural medium load-carrying capacity. 

From the above discussions, it is clear that the natural frequencies and damping ratios are 

greatly affected due to fiber weight ratio and crack depth. So, cracks play a vital role in the 

vibration behavior of the hybrid composite structures. Furthermore, the high damping ratio 

indicates that the composite materials have high performance.  

5.2. Recommendation 

The recommendation from this thesis paper is that using ABAQUS CAE software is good 

to predict the vibration properties of BGHC materials. From the results that seen the stiffens 

of the material is changed due to edge crack, and that affects the natural frequency and 

damping ratio of the BGHC materials. But edge crack is not the only cause that affects the 

vibration properties of BGHC materials. So, manufacturers must consider other parameters 

like delamination for the change in the material stiffens. As seen from the research the 

natural frequency of BGHC materials was highest at BGHC-3 and the damping ratio was 

highest at BGHC-2. So, it recommends for the manufacturers by increasing the natural 

fiber in hybrid composite materials, they can get the different working frequency and high 

damping capacity of the hybrid composite materials. 

5.3. Future work 

From different aspects, working on natural materials as composite has several advantages. 

From this point of view, regarding BGHC’s several things can be made and improved in 

the future in which this study couldn’t address.  

So, the following research areas are recommended for future studies. 

• Variable cross-section beams can be analyzing. 

• Different boundary conditions will be study. 

• Forced vibration will be study. 

• The effect of different bamboo fiber angles of orientation and crack location on the 

natural frequency and damping ratio of hybrid composite will be study. 
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APPENDIXES 

Appendix A: Mechanical Properties of Materials. Mechanical properties of unidirectional 

E-glass fiber, epoxy, and hardener, Unidirectional E-Glass fiber 

Table A.1 Technical Data of epoxy 

Color white 

Normal thickness 0.35mm 

Weight (g/m2 ) 420 ± 5 

Weave type Plain 

 

Table A.2 Typical properties of unidirectional E-glass fiber 

 

Mechanical Properties value Test methods 

Density (gm./cc) 2.57  

Tensile strength (MPa), @ 23C0 1725 ASTM 

Young’s modulus (GPa), @ 23C0 72.3 ASTM 

Refractive Index 1.557  

Thermal Coef. Of Expansion Range 5.4 x 10-6 in./in./° C  

Elongation 4.8%  

 

[Source: Manufacturer is not known, procured by Dejen Aviation Industry (DAVI), 

Bishoftu, Ethiopia] 

Typical Mechanical Properties of system 501 Epoxy Resin with its hardener 

Table A.3 Typical Mechanical Properties of system 501 Epoxy Resin with its hardener 

No. Property value unit 

1 Density 1.17 g/cm3 

2 Young’smodulus, Em 3.4 Gpa 

3 Tensile strength Fmt 0.080 Gpa 

4 Shear modulus, GM 1.26 Gpa 

5 Poisons ratio 0.36  

6 Compressive strength, Fcm 0.104 Gpa 

7 Glass transition temperature, Tg 152 0C 
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Appendix B: Custom LabVIEW and Experimental results of natural frequency with 

different edge cracks. 

 

Figure B.1 Result display diagrams 

 

Figure B.2 Amplitude vs natural frequency graph of BGHC-1 with 3mm crack depth 
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Figure B.3 Amplitude vs natural frequency graph of BGHC-1 with 7mm crack depth 

 

Figure B.4 Amplitude vs natural frequency graph of BGHC-1 with 11mm crack depth 



94 

 

 

Figure B.5 Amplitude vs natural frequency graph of BGHC-2 with 3mm crack depth 

 

Figure B.6 Amplitude vs natural frequency graph of BGHC-2 with 7mm crack depth 
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Figure B.7 Amplitude vs natural frequency graph of BGHC-2 with 11mm crack depth 

 

Figure B.8 Amplitude vs natural frequency graph of BGHC-3 with 3mm crack depth 
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Figure B.9 Amplitude vs natural frequency graph of BGHC-3 with 7mm crack depth 

 

Figure B.10 Amplitude vs natural frequency graph of BGHC-3 with 11mm crack depth 


