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19.1 GENERAL INTRODUCTION
Fiber-reinforced polymer composites (FRPCs) have been used extensively in the past few decades.

Even today, composite materials are still rapidly improving by research around the globe. Several

factors that have motivated researchers to develop FRPCs are to reduce costs, tackle environmental

issues, sustain composite resources, produce a databank in regard to material design, maximize

potential at elevated temperatures and high humidity, and to replace the use of metallic compo-

nents. The application of FRPCs is primarily expanded in the automotive, aeronautics, structural,

and manufacturing industries [1]. In order to make all the inspiration, natural fibers have become

the focus of research. Many advantages may be related to the utilization of natural fiber in FRPCs.

Typically, natural fiber is light, highly available, recyclable, cheap, and has acceptable mechanical

and physical properties and low energy requirements [2]. Therefore natural fiber is essential as a

replacement or alternative to synthetic fiber as a reinforcement material in both thermoplastic and

thermoset matrix polymer composites. Nevertheless, the potential of natural fiber as a reinforce-

ment material is often limited by its low thermal degradation, vulnerability to moisture attack, low

modulus, and poor impact properties [3�5].

Scientists define hybrid fiber composites as a combination of more than one type of fiber in the

same matrix [6]. Hybridization between synthetic fiber and natural fiber was introduced in recent

studies to create a hybrid composite that is of interest in various structural and automotive products.

Through hybridization, the combination of many types of reinforcement materials allows the

establishment of a composite material that fulfils the requirements for structural applications [7].

The main objectives of hybridization are to improve the mechanical properties of natural fiber and
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overcome its weakness. Moreover, this is a successful method to improve the flexibility and reduce

the brittleness of composite materials [8]. Besides that, composites are made from costly synthetic

fibers that are produced from petroleum. Production costs can be reduced through partial replace-

ment with natural fiber [9]. The partial replacement of synthetic fiber with natural fiber can also

produce composite materials that are better than purely natural or purely synthetic fiber�based

composites [3,10].

Much work on hybridization toward reinforcement has been performed by researchers [8].

Hybridization methods in previous work include the use of various fibers consisting of filler,

unidirectional, nonwoven, and woven fibers [11]. The used hybrids may be divided into five types

including [12]:

• Interply hybrids: where layers of two or more homogeneous reinforcements are stacked.

• Intraply hybrids: where layers consisting of two or more constituent types of fiber are combined

in a similar layer.

• Intermingled hybrids: where random constituent types of fiber are mixed.

• Selective placement: where reinforcements are placed where additional strength is needed, over

the base-reinforcing laminate layer.

• Super hybrid composites: composed of metal foils or metal composite plies stacked in a

specified orientation and sequence.

Samanta et al. [5] studied the hybridization between jute/glass fiber and bamboo/glass fiber as

reinforcement materials for epoxy resin polymer composites. The result of the study indicated that

partial replacement of glass fiber with jute and bamboo fiber greatly improved the compressive

strength compared to composites which contained only glass fiber. As highlighted by Júnior et al.

[11], the mechanical properties of hybrid composite are not determined by the type of fabric or

diameter of the thread used. Basically, performance of hybrid composite is quite driven by higher

volume or weight fibre with higher strength. As shown by Jayabal et al. [13], the layering sequence

of the plie affected the flexural properties of an intraply coir/glass hybrid. For instance, the flexural

strength of a sample of GGC is higher than that of GCG. Strength of the composite sample con-

trolled by the fiber on the outer layer. Nevertheless, the performance of the reinforced hybrid could

be related to the volume/weight content of the material and its interfacial properties [11].

Most research on hybrid composites only focuses on the characterization of mechanical

properties comprised of tensile, flexural, impact, compression, and shear. Research in regard to

the vibrational characteristics of polymer composites is still limited. Vibrational analyses are

done by determining and evaluating many parameters such as natural frequencies, damping ratios,

eigenvalues, eigenvector, and frequency response functions (FRFs) [13�15]. The understanding

of vibrational characteristics helps to prevent structural damages due to undesirable vibrations

[16]. Moreover, undesirable vibrations can cause many problems such as high machine mainte-

nance, improper surface quality, and pain and discomfort in humans [17]. Information on natural

frequencies, mode shape, and damping factors is important [18,19]. Each of the parameters of

vibrational characteristics owns a specific purpose [19]:

• Natural frequencies to prevent resonance formation.

• Mode shape improves the damping and distinguish the most flexible point or determine the best

spot for weight reduction.

• Damping factor to eliminate resonance.
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The information obtained from vibrational analysis in composite materials can be applied to the

diagnosis of severe failure to ensure and expand a high service life. Also, valuable numerical values

such as intrinsic mechanical properties obtained from vibrational study can be implemented in the

design equation. Also, valuable information on parameters of a variable FRPC characteristic can

assist researchers to perform accurate numerical analysis and inspection for quality control.

Nowadays, FRPCs are widely used in many antivibration applications due to their high creep

resistance and resilience properties [20]. Therefore modal analysis of FRPCs is important to help

design parts in the automotive, aeronautic, and structural sectors [15]. Natural frequencies, mode

shape, and damping ratio are vital parameters that are obtained through FRFs. Besides that, damp-

ing properties in FRPCs are also important. Various factors can influence the damping properties of

FRPCs, such as the nature of the matrix and fiber, the nature of the interphase, frictional damping,

energy dissipation in cracked and broken fibers [17,21].

The knowledge on hybrid reinforcement performance is still limited in the literature as com-

pared to the single fiber counterpart. Therefore this paper will conduct vibrational analysis of

hybrid (either hybrid of natural/synthetic, natural/natural or synthetic/synthetic) reinforced polyester

composites.

19.2 FREE VIBRATIONAL ANALYSIS OF HYBRID NATURAL
WOVEN�REINFORCED POLYESTER COMPOSITE

19.2.1 FUNDAMENTAL STUDY OF FREQUENCIES AND MODAL TESTING

Modal analysis is performed to determine the natural frequency, damping, and mode shapes of a

material. The natural frequencies can be derived from the general equation of motion for a single

degree of freedom, which is represented in Eq. (19.1)

m €x1 c _x1 kx5QðtÞ (19.1)

where m, c, and k represent the mass, damping, and stiffness of the element. QðtÞ is a vector of

outside force that acts on the system. In the case of free vibration, the damping and external forces

are neglected [16]. Therefore Eq. (19.1) can be rewritten as Eq. (19.2). Natural frequency is defined

as Eq. (19.3).

m €x1 kx5 0 (19.2)

ω5

ffiffiffiffi
k

m

r
rad=s (19.3)

where ω are natural frequencies that stimulate when the structure is displaced and quickly released.

Based on the modal testing, the natural frequency of different mode shapes can be obtained

[22,23]. The mode is important to understand different dynamic behaviors of structures under the

various values of natural frequency. Usually, Mode Shape 1 is called the fundamental mode in

bending, while Mode Shape 2 is known as twisting. Mode Shape 3 is subsequently a combination

of bending and twisting.

ω1 5
Bn

2πL2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E0I
ρA

� �s
(19.4)
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In Eq. (19.4), E0 represents the Young’s modulus, ρ is the moment of inertia, A is the area, and

L is the length of a specimen. Besides that, Bnl is a constant for mode. The value of Bn for the first

mode is shown in Table 19.1 [24].

The storage modulus is elastic energy acquired during deformation and stored in the material

during the loading cycle. The energy is released at the end of the loading. Storage modulus can be

determined using Eq. (19.5).

ω1 5
1:8752

2πL2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E0Ið Þc
ρA

� �s
.E0

c 5
2πl2ω1

1:8752

� �
ρA
Ic

(19.5)

One the other hand, the loss modulus is energy dissipated into the composite as heat during the

loading cycle. Energy that changed into heat due to internal friction can be recovered. To find the

loss modulus, Eq. (19.6) can be utilized.

EvcðωÞ5E0
cðωÞtan δ5 2E0ðωÞδðωÞ (19.6)

where tan δ is a loss factor of the composite beam. The complex modulus consist of two part which

is a storage modulus and loss modulus. The equation for the complex modulus is presented as in

Eq. (19.7):

E� 5E0 1Ev (19.7)

19.2.1.1 Fundamental study of damping
One of the most important parameters in vibrational studies is damping. Damping is defined as

energy loss through restraining vibration amplitude [24�26]. Damping significantly determines the

influence of vibration and noise levels. Damping properties are important dynamic characteristics

that can be determined from vibrational analysis. Information regarding the damping properties can

be used for system utilization, analysis, and testing [21]. Several types of damping exist including

internal damping, structural damping, and fluid damping [15].

• Internal damping: losses of mechanical energy due to microscopic and macroscopic activities

within the mechanical structure.

• Structural damping: losses of mechanical energy due to movement of a component in the

mechanical structure that has a common point of joint or support.

• Fluid damping: losses of mechanical energy due to dynamic contact when a mechanical system

moves in fluid.

Table 19.1 Constant for Bn of Different Configuration Conditions of Cantilever Beam

Beam/Plate Configuration
Condition Frequency Equation

The Value of Bn

First
Mode

Second
Mode

Third
Mode

Fourth
Mode

Fixed-free coshðβnÞcosðβnÞ1 15 0 1.875 4.694 7.855 10.996

Fixed�fixed coshðβnÞcosðβnÞ2 15 0 4.73 7.853 10.996 14.137

Fixed�supported tanðβnÞ2 tanhðβnÞ5 0 3.927 7.069 10.210 13.352

Supported�supported sinðβnÞ5 0 π 2π 3π 3π
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Damping can also be categorized into passive or active, depending on the desired purpose [15].

Passive damping can be used as an absorber which functions to absorb vibrational energy. On

the other hand, active damping can be utilized as a sensor and actuator. Both types of damping

are advantageous. Active damping adds weight to the structure, while passive damping improves

reliability and minimizes system complexity [27].

Damping characteristics in FRPCs are inherited from the natural fiber or matrix polymer.

FRPCs own different characteristics as compared to the damping properties of conventional

materials. The performance of FRPCs is influenced by various factors such as viscoelasticity of

fiber, interphase, damping due to damage, viscoelastic damping, and thermoplastic damping. Fiber

reinforcement that is porous will contribute to significant damping characteristics [23].

As demonstrated in previous work, vibrational behavior consists of determining the natural

frequencies for different modes and damping ratios. Many methods are available to solve and

determine the dynamic properties of viscoelastic materials, which can be divided into two major

categories based on frequency and time domains [28]. Typically the frequency domain is a

half-power point and magnification factor method [29]. On the other hand, the time-based method

is a logarithmic decrement and hysteresis loop method [14]. The most popular method applied by

researchers consists of logarithmic decrement and half-power point methods [14]. Through

the implementation of the logarithmic decrement method, the displacement amplitude for several

vibration cycles on the structure are required to determine the damping factor [30]. Despite that,

the half-power bandwidth method requires the root mean square of amplitude to acquire a damping.

Table 19.2 shows the method to determine the dynamic properties of viscoelastic materials.

19.3 FINITE ELEMENT AND NUMERICAL ANALYSIS
Natural frequencies and mode shape of the composite cantilever beam for free vibration analysis

can be determined according to the Euler�Bernoulli cantilever beam equation [32]. Table 19.3

present the equation Euler�Bernoulli beam for the short and woven fabric composite [32].

In Table 19.3, E, G, V, and D represent the elastic modulus, shear modulus, Poisson ratio, and

density. The subscript f and m represent the fiber and the matrix. In the case of transversely

isotropic materials, several assumptions are made, which are that Ez5Ey5Transverse Young’s

modulus, and υxz5 υxy5 axial Poissons ration.

The constant can be manually determined by performing unidirectional tensile testing on the

specimen in the longitudinal and transverse directions according to ASTM 3039 or ASTM D638

based on the type of composite material.

19.4 POLYMER MATRIX OF POLYESTER RESIN
There are many types of polymer matrix materials available on the market such as epoxy, polyester,

vinyl ester, poly-lactide acid, polypropylene, polyethylene, and others. Polyester resin is among the

favorite matrix polymers, and is used in composite structures and the marine and transportation

industries.

49319.4 POLYMER MATRIX OF POLYESTER RESIN



Table 19.2 Method for Determined Dynamic Properties of Viscoelastic Materials

Method Figure Basic Equation

The free decay
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As compared to other types of matrix polymers, polyester resin owns several advantages, com-

prising of easy handling, excellent mechanical performance, balanced chemical characteristics, and

inexpensive prices [30]. Table 19.4 shows the physical and mechanical performance of polyester

resin as compared to the other types of thermoset matrix polymers such as epoxy and vinyl ester.

Polyester resin is made from diabasic organic acid and a dihydric alcohol. Nevertheless, there

are three types of resins that are produced by varying the acid and alcohol contents such as

orthophtalic, isophthalic, and unsaturated polyester resin. Table 19.5 summarizes the types of

polyester resin [31,32].

Table 19.3 Equation of Euler�Bernoulli Beam for Short and Woven Fiber

Description Basic Equation (Short fiber) Equation for Woven Fiber

Longitudinal Young’s modulus Ex 5Ef V 1Emð12VÞ Ewx 5
Ex

2

ExðEx 1 2EyÞ1 ð11 2υ2xyÞE2
y

ExðEx 1 ð12 2υ2xyÞEyÞ2 υxyE2
y

� �
Transverse Young’s modulus, E2 Ey 5

EmðEf 1Em 1 ðEf 2EmÞVÞ
ðEf 1Em 2 ðEf 2EmÞV

-

Major Poisson’s ratio, υxy 5 vf V 1 vmð12VÞ υwxy 5 4Ewx

Ex

υxyEyðEx 2 υ2xyEyÞ
ExðEx 1 2EyÞ1 ð11 2υ2xyÞE2

y

� �
Minor Poisson’s ratio υyz 5 vf V 1 υmð12VÞ 11 υm 2 υxyEmEx

12 υm2 1 υmυxyEmEx

� �
υwxy 5 Ewx

Ex

Exðυxy 1 υyz 1 υxyυyzÞ1 υ2xyEy

Ex 1 ð11 2υ2xyÞEy

� �
In-plane shear modulus Gxy 5

GmðGf 1Gm 1 ðGf 2GmÞVÞ
Gf 1G2 ðGf 2GmÞV

Gwxy 5Gxy

In-plane shear modulus Gyz 5
Ey

2ð11 υyzÞ Gwxy 5
2GxyE22

2ð11 υyzÞ
Density of composite Density5Df V 1Dmð12VÞ �

Table 19.4 Comparison of Physical and Mechanical Properties of Thermoset Matrix Polymers

Properties
Polyester
[33�35]

Epoxy
[36�38]

Vinyl ester
[39,40]

Phenolics
[41,42]

Viscosity at 25�C, CPS 600�800 700�1700 300�400 800�1200

Specific gravity at 25�C 1.08�1.15 1.14�1.20 1.05�1.06 1.12

Acid value (mg KOH/g) 30 � 6�10 �
Volatile content (%) � � 40�45 �
Gel time at 25�C/140�C (min) 20�24 � 25�30 4�7

Peak exotherm (�C) 155�175 � 160�170 �
Curing time (min) 40 � � �
Tensile strength (MPa) 40�60 61.2�72 15�35 20�30

Young’s modulus (GPa) 2�4 2.7�3.2 0.6 4�6

Flexural strength 60�80 104�120.2 35�80 60�80

Flexural modulus (GPa) 2.24616 0.0022 1.753�3.39 3 �
Elongation at break (%) 2�4 2.9 � �
Poisson ratio 0.35�0.38 0.40 0.3 �
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Commonly, a catalyst and a hardener are required for the curing process of a polyester resin

such as methyl ethyl ketone peroxide (MEKP) and benzoyl peroxide (BPO). Usually, the amount

of MEKP and BPO used to mix with polyester varies between 1% and 2%. The degree of

polyester resin polymerization is also influenced by the processing temperature. Commonly,

researchers cure the polyester at room temperature and low temperature of 80�C. A combination

of a large amount of hardener and high temperature will increase the curing reaction rate for

polyester resin.

19.5 VIBRATIONAL STUDY OF REINFORCED POLYESTER HYBRID
COMPOSITES

Hybrid-reinforced polyester composites are limited in the literature. Hybrid reinforcement in polye-

sters is performed in different combinations consisting of synthetic�synthetic fiber, synthetic�natural

fiber, or natural�natural fiber. A summary of research work in regard to fiber-reinforced polyester

composites is shown in Table 19.6. Table 19.7 presents the vibration and damping properties of

different types of hybrid composites from a past study.

Overall, the hybridization of the reinforcement material has a significant effect on the perfor-

mance of natural frequency and damping factor. As demonstrated by the researcher, the hybrid

composite contributed to the improvement in the natural frequency and damping [32,58].

The result indicated that the natural frequencies and damping ratio were influenced by many

factors such as layering sequence, layering size, volume fraction/weight fraction, fabric architec-

ture, and surface modification.

Table 19.5 Type of Polyester Resin

Type of Polyester
Resin Synthesis Advantages Disadvantages Applications

Orthophthalic Phthalic anhydride and

maleic anhydride or fumaric

acid

Environmentally

sensitive

Low

mechanical

properties

General

purpose

Isophthalic Isophthalic acid or

terephthalic acid

Significant

environmental

resistance and better

mechanical properties

Low

mechanical

properties

General

purpose

Terephthalic [43] Purified terephthalic acid

(PTA)/dimethyl ester

dimethyl terephthalate

(DMT) and mono-ethylene

glycol (MEG)

More uniform and

structured cross-linking

matrix with more

strength, stiffness, and

toughness

High melting

point and

difficult to

synthesize

General

purpose

Dicyclopentadiene

(DCPD)

Maleic anhydride and water

(H2O) with

dicyclopentadiene

High toughness,

mechanical strength,

and crack resistance

High rigidity Boat

building

industry
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Table 19.6 Previous Research Work of Vibrational Analysis of Single Fiber and Hybrid Fiber�Reinforced Polyester Resin

Composites

No. Type of Material 1
Type of
Material 2 A Form of Reinforcement Fiber

Type of Vibrational
Analysis

Surface
Treatment Reference

1 Sansevieria

cylindrica

Coconut sheath Mat Free vibration Alkaline and

silane

[17]

2 Coconut sheath Nanoclay Nanoclay filler and mat Free vibration Alkaline and

silane

[44]

3 Jute Banana Short fiber and random

orientatedWoven fabric

Free vibration and

fixed-free vibration

None [45]

4 E-glass Bagasse Chopped fiberglass and matShort

random oriented bagasse

Fixed-free vibration Alkaline [46]

5 Jute Sisal Woven fabric Fixed-free vibration None [47]

6 Pineapple Glass Mat None [48]

7 Banana Sisal Laminate Free vibration None [49]

8 Coconut sheath Glass Filler and mat Fixed-free vibration Alkaline and

silane

[50]

9 Red mud Banana Short fiber and random oriented

Banana and red mud filler

Free vibration Alkaline and

silane

[51]

10 Sisal Cotton Woven fabric Fixed-free None [52]

11 Carbon Glass Mat Fixed-free None [53]

12 Coconut � Short fiber and random oriented

(whickers)

Free vibration None [35]

13 Curaua Glass fiber � � None [54]

14 Glass fiber � � Free vibration � [55]

15 Kenaf Glass fiber Short fiber and random oriented Free vibration None [56]

16 Glass fiber � Woven Free vibration None [32]

17 Coconut � Short fiber and random oriented Free vibration Alkaline

treatment

[57]



Table 19.7 Natural Frequencies and Damping of Fixed-free Vibration of Hybrid Fiber�Reinforced Polyester Resin Composites

Type of Fiber Treatment

Layering
Sequence/
Formulation

Natural Frequencies Damping Properties

Mode 1 Mode 2 Mode 3 Mode 4 Mode 1 Mode 2 Mode 3 Mode 4

Sansevieria cylindrica

(S)/Coconut sheath (C)

(Interply hybrid)

Nontreated CCC 21.43 162.75 � � 0.0775 0.0412 � �
CCS 25. 76 184. 34 � � 0.0671 0.0529 � �
CSC 28.53 230.50 � � 0.0502 0.0303 � �
SCS 22.10 191.06 � � 0.0686 0.0589 � �
SSC 23.09 204.21 � � 0.0710 0.0422 � �
SSS 17.32 145.17 � � 0.0823 0.0385 � �

Alkaline

treated

CCC 35.26 198.34 � � 0.0731 0.0554 � �
CCS 38.54 290.48 � � 0.0770 0.0587 � �
CSC 44.45 286.67 � � 0.0633 0.0397 � �
SCS 31.26 241.06 � � 0.0622 0.0126 � �
SSC 32.14 232.34 � � 0.0629 0.0572 � �
SSS 33.02 217.14 � � 0.0812 0.0458 � �

Silane

treated

CCC 37.32 210.37 � � 0.0753 0.0322 � �
CCS 42.35 285.35 � � 0.0722 0.0417 � �
CSC 48.25 235.59 � � 0.0612 0.0396 � �
SCS 36.37 255.23 � � 0.0791 0.0403 � �
SSC 39.49 285.34 � � 0.0624 0.0240 � �
SSS 35.33 281.14 � � 0.0862 0.0433 � �

Coconut sheath

(C)/nanoclay (N)

Nontreated C-1% N 29.30 208.7 578.61 � 0.0625 0.0204 0.0274 �
C-2% N 32.96 223.39 593.26 � 0.0929 0.0546 0.0586 �
C-3% N 36.62 238.04 690.92 � 0.0416 0.0218 0.0349 �
C-4% N 43.16 286.25 747.07 � 0.0387 0.0277 0.0217 �
C-5% N 30.52 208.74 601.81 � 0.0400 0.0038 0.0254 �



19.6 EFFECT OF SURFACE MODIFICATION ON THE VIBRATIONAL
CHARACTERISTICS

The effect of surface modification on the vibrational characteristics of previous research was

conducted by Refs. [33,34]. Bennet et al. performed surface modification on hybrids of coconut

sheath/sansevieria, coconut sheath/nanoclay, and coconut sheath/glass fiber. The fiber reinforce-

ments were treated with two types of surface treatment, namely alkali treatment and silane treat-

ment. Based on the findings, surface treatment does have an influence on vibrational characteristics

in terms of natural frequencies and damping ratio. As shown [35], the composite treated with alka-

line and silane performed better as compared to the untreated composite samples. The alkaline

treatment improved the overall performance of natural frequencies for different layering sequences

of coconut sheath/sanseviera from 40% to 90%, but reduced the damping factor by up to 11%.

Meanwhile, the silane treatment improved the natural frequencies by about 70%�100% and

increased the damping factor by up to 17%. Fibre composite which treated with alkaline and silane

treatment perform better than untreated fibre composite due to removal of unwanted material. The

thin coating of silane treatment subsequently improved the natural frequencies and damping ratio.

Also, the alkaline and silane treatments improved composite stiffness.

19.7 EFFECT OF FILLER ON THE VIBRATIONAL CHARACTERISTICS
A filler is a discontinuous form of fiber and is available in inorganic and organic form. The incor-

poration of filler into a polymer matrix can alter its vibrational performances. Subagia et al. [37]

prove that the addition of nanoclay and surface treatment significantly improved the free vibration

characteristic. The addition of nanoclay affected the damping properties by increasing stiffness.

Other evidence that the addition of filler will improve natural frequency and damping ratio was

shown by Erklig and Bulut [59]. They proved that the addition of 5% of borax filler into epoxy

improved the first mode frequency and damping ratio. However, further addition of the borax filler

only increased the natural frequency, while the damping ratio declined. [38].

19.8 EFFECT OF LAYERING SEQUENCE ON THE VIBRATIONAL
CHARACTERISTICS

As shown by Rajasekaran and Alagar [36], different layering sequences contribute to different

values of natural frequency and damping ratio. Different layering sequences vary the sample stiff-

ness of composites. The arrangement of CSC yields the highest natural frequency for Modes 1 and

2 compared to other layering sequences. On the other hand, different placements of coconut sheath

led to damping variations. Other research work performed by Utomo et al. [53] showed that the

arrangement the carbon and glass fiber in various combinations consisted of eight layers. There are

two important findings from the experiment as obtained by Utomo et al. [53]. The increasing num-

ber of carbon layers in the composite increased the natural frequency but reduced the damping

ratio. This indicated that the addition of higher strength reinforcements into the composite
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improved the natural frequency and reduced the damping properties. Also, moving the carbon layer

from the top to the center of the composite also had a significant effect on natural frequency and

damping ratio. After moving to the center, the natural frequency dropped but the damping ratio was

enhanced.

19.9 EFFECT OF ASPECT RATIO (A/B) ON THE VIBRATIONAL
CHARACTERISTICS

Alhumdany et al. [60] showed that a lower aspect ratio (AR5 1) possesses a higher natural

frequency as compared to a composite with a higher aspect ratio (AR5 1.5) [39]. The result was

confirmed by previous experimentation conducted by other researchers [40,42]. The composite

plate with high aspect ratio increase the mass consequently caused a reduction in natural

frequency [41].

19.10 EFFECT OF VOLUME/WEIGHT CONTENT ON THE VIBRATIONAL
CHARACTERISTICS

The volume fraction is one of the most crucial factors affecting the natural frequency and damping

properties. Awang and Ismail (2017) showed the effect of volume fraction in coconut reinforced

composites [61]. Three volume fractions of 5%, 10%, and 15% of coir fiber were utilized in

unsaturated polyester resin (UPR). The data obtained showed that the natural frequency yielded

was higher with 5% coir fiber. Varying the volume fraction will slightly change the mass and

stiffness of composites. Any changes in stiffness will alter the performance of the natural frequency

and damping ratio. Composite with lower volume/weight fractions of fiber reinforcement show

higher stiffness [62].

19.11 SAMPLE PREPARATION AND EXPERIMENTAL SETUP FOR
VIBRATIONAL STUDY

19.11.1 DIMENSIONS FOR COMPOSITE TESTING

The dimensions of utilized composite plates for vibrational studies are varied. Samples for vibra-

tional studies are prepared either in the form of a composite plate or beam. Numerous type of

testing standards available for vibration analysis that has been applied by the researcher on previous

study [17,43,45]. The dimensions for a composite plate in vibrational studies are usually selected

based on the aspect ratio (a/b). The standard aspect ratio applied is 1 and 1.5. ASTM E756 can be

applied to determine the damping properties, Young’s modulus, and loss factor of materials.

Table 19.8 lists the standard dimensions utilized by reaseachers when performing vibration

analysis.
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19.12 EXCITATION METHOD
Several pieces of equipment are required to perform vibrational characterization including a modal

impact hammer, an accelerometer, and Fast Fourier transform (FFT) spectrum analyzer. Two

methods are considered for the purpose of excitation namely impact hammer excitation and shaker

excitation [17]. The conventional method used by researchers is via an impact hammer. The setup

for impact hammer and shacker excitation methods are shown in Table 19.9.

19.13 CASE STUDY

19.13.1 BACKGROUND OF THE STUDY

In line with the article review, a vibrational study on hybrid natural woven polyester resin has been

done. The experiment was performed using two types of natural reinforcements, which was jute

and roselle. The jute and roselle were originated from the best fiber sources and possessed many

advantages such as relatively low specific gravity, high tensile strength, availability in large

quantities [44]. Limited research is available in the literature regarding the effect of layering

sequence and layer sizing of hybrid jute�roselle reinforced unsaturated polyester (UP).

Natural frequencies and damping properties are influenced by many factors as discussed

previously. In the case study, the author studied the natural frequencies and damping properties for

different layering sizes and layering sequences of jute�roselle reinforced UPR. All the composites

were fabricated using the hand lay-up method. Numerical analysis was performed using the finite

element software of ANSYS to confirm the performance of the vibrational characteristics of the

hybrid jute�roselle composites.

19.13.2 MATERIALS PREPARATION

The reinforcement material used was comprised of jute and roselle fibers in the form of plain

woven 1/1. Table 19.10 shows the assigned names and formulations for each jute�roselle rein-

forced unsaturated composite. A total of nine composites with a different number of two and three

Table 19.8 Dimensions for Vibrational Study

Type Dimension (mm) Reference

Plate 1503 1503 2 [35]

37.53 253 5 [60]

253 253 5 [63]

Cantilever beam 1603 203 3 [31,64]

2003 203 3 [65]

2003 193 3 [26]

2003 353 3 [49]
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layers were designed. As the given assigned name, the first letter indicated the top while the last

letter represented the bottom position of fabric placement. All the composite contents were almost

20% (w/w) natural fiber and 80% (w/w) UPR. The specification of UPR is shown in Table 19.11.

MEKP was applied as a hardener in a ratio of 1:10.

Table 19.9 Excitation Method for Vibrational Study

Type of
Method Setup for Testing

Impact

hammer [66]

Shacker

excitation

method [67]
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19.13.3 PREPARATION OF JUTE�ROSELLE REINFORCED UNSATURATED
POLYESTER COMPOSITES

The composite plate of hybrid woven composite was prepared by hand lay-up method. The mold

used in this experiment had dimensions of 300 mm3 300 mm3 3 mm for length, width, and

thickness, respectively. The UP was mixed with MEKP in a ratio of 10:1 by weight in a glass

beaker. The mixture was stirred for 1�2 minutes to produce a homogenous mixture. A releasing

agent was applied to the bottom and top of the mold. A thin film of polyvinyl alcohol was placed

on the surface of the bottom of the mold. Then, the resin was poured into the mold followed

by placing the fabric. The step was repeated until the desired thickness was obtained. During the

process, a roller was used to spread the resin on the woven fabric to eliminate any entrapped air

bubbles. The curing process took place at room temperature (24�C). The woven fabric was cut into

sizes of 300 cm3 300 cm as reinforcement materials.

Table 19.10 Specification of the Unsaturated Polyester Resin

Properties Description/Value

Appearance Pinkish, hazy

Specific gravity 1.12

Volumetric shrinkage (%) 8

Tensile strength (MPa) 52

Tensile modulus (MPa) 3358

Elongation at break (%) 1.6

Deflection temperature under load 1.80 MPa (�C) 59

Barcol hardness (Model GYZJ 934-1) 42

Table 19.11 Formulations for Jute�Roselle Reinforced Polyester Resin

No. of
Layers

Assigned
Name

Total
Mass
Fiber (g)

Total
Mass
Resin (g)

Total
Composite
Mass (Plate)

The Weight
Fraction of
Fiber (% w/w)

The Weight
Fraction of
UPR (% w/w)

2 Layer JJ 51.22 204.88 256.1 20 80

SS 46.65 186.6 233.25 20 80

JS/SJ 48.38 193.52 241.9 20 80

3 Layer JJJ 73.2 292.8 366 20 80

SSS 67.48 269.92 337.4 20 80

JSJ 70.97 283.88 354.85 20 80

SJS 69.89 279.56 349.45 20 80

JJS/SJJ 70.34 281.36 351.7 20 80

JSS/SSJ 68.76 275.04 343.8 20 80
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Five different points with equal divisions on the cantilever beam composite were marked with

node numbers of 1�5. The cantilever beam composite had a fixed-free vibration condition. A data

acquisition system and accelerometer were used to acquire the vibration data and collect the

acceleration signals. The accelerometer (Type 4507-B) was mounted on the cantilever beam of

the composite with a variation point on the top of the sample using bees wax. An impulsive force

was applied at the different nodes with the aid of an impact hammer (Model 086C03). ME’Scope

software was used to gather the data supplied from the accelerometer and to analyze them. The

data on the natural frequency and damping ratio from the software were collected at the first

mode of vibration.

The tensile properties for all the samples were collected first. Tensile testing was performed

according to ASTM 3039 in the direction of warp and weft. The universal testing machine

model was INSTRON 3369. The crosshead speed used was 1 mm/min. The testing was replicated

about five times. The data obtained from the tensile tests were statistically analyzed to obtain

an average. The results of the tensile testing for the hybrid jute�roselle reinforced UP are

presented in Table 19.12. The data from the tensile testing were used for conducting numerical

analysis.

19.13.4 NUMERICAL ANALYSIS OF WOVEN JUTE�ROSELLE REINFORCED
COMPOSITES

Numerical analysis was performed to compare the experimental results with the theoretical results

obtained via simulation based on the finite element method. Modal analysis of the composites was

performed using the ANSYS finite element software. The composite beam was meshed using a

shell-type element with five modes. Fixed-free boundary conditions were considered for the

simulation.

Table 19.12 Physical and Tensile Properties of Jute�Roselle Reinforced UP

No. of
Layers

Assigned
Name

Specimen
Weight
(g)

Composite
Plate
Density

Tensile Properties

Warp Direction Weft Direction

Tensile
Strength
(MPa)

Tensile
Modulus
(MPa)

Tensile
Strength
(MPa)

Tensile
Modulus
(GPa)

2 Layer JJ 15.69 1.31 29.232 950.746 28.438 983.67

JS 15.82 1.32 30.877 995.965 30.262 1016.729

SS 15.76 1.31 28.419 808.706 24.651 881.234

3 Layer JJJ 16.12 1.34 31.202 1037.316 31.198 1076.233

SSS 16.34 1.36 31.091 1028.122 31.063 1036.979

JSJ 16.17 1.35 48.562 1154.616 39.749 1240.138

SJS 16.26 1.36 32.439 1086.128 32.241 1096.842

JJS 15.88 1.32 34.908 1121.736 34.303 1141.301

JSS 15.93 1.33 32.779 1098.229 32.688 1108.698
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19.13.5 RESULT AND DISCUSSION

Fig. 19.1 shows the output data for the natural frequency obtained via ME’scope. In the figure,

many peaks were yielded at different frequencies. All the data collected from ME’scope are

presented in Table 19.13. The data presented in Table 19.13 cover the natural frequency on Mode 1

only.

As shown in Table 19.13, the results of the natural frequencies obtained range between 41.30

and 54.40. The value of natural frequency for the 2-layer composites is lower as compared to that

of the 3-layer composites. All hybrid composites improved the monolithic composite. A similar

pattern was observed in the 3-layer composite samples. The hybrid JSJ composite sample had high-

er natural frequencies.

Also as determined in Table 19.13, composite sample that owns a higher content of roselle

fabric contributes to higher damping properties. The value of the damping ratio was related to

the stiffness of the reinforced materials [45]. Jute fiber is relatively stiffer than roselle due to its

low elastic modulus. Therefore the composite samples of SS and SSS showed higher damping

ratios for the 2-layer and 3-layer composites, respectively. The hybrid composite samples

owned better damping ratio as compared to the single jute composite samples. The result of

this experiment was parallel to the result obtained by Sai et al. [68]. As observed by Sai et al.

[68], the damping factor of hybrid composites was more significant than that of monolithic

composites [46]. However, the value of damping ratio was dependent on the types of material

FIGURE 19.1

Frequency response of composite sample from experimental (JRJ) composite.

50519.13 CASE STUDY



and combinations of hybrid reinforcements. All the hybrid composite samples had balanced

damping ratios. Among the hybrid composites, the JSS sample had the highest damping ratio,

while the JSJ sample had the lowest. Roselle fiber is a better energy absorber than jute fabric.

The layering of the roselle fabric contributed to a damping ratio improvement. For example, the

SJ has a better damping ratio than JS. Nevertheless, a layering sequence of JSS and SJJ are not

much different.

There are several factors that varied the effect on the natural frequency and damping ratio of

the hybrid jute�roselle composites. The first is related to the change of stiffness of the specimens

and the Poisson ratio. The stiffness varies in each composite sample due to the varying layering

sequences and sizes. The vibrational characteristics almost improved when the fabric with a

higher strength was placed on top (JS. SJ and JSS. SSJ). The findings of the experiment are

parallel with results attained by previous research [47,48]. Moreover, another factor was volume

fraction. The volume fraction of the fiber was constant, consisting of about 20%. The most-vast

component of the composites involved UPR. Consequently, the vibrational characteristics of the

composites was more similar to UPR. The differences in composite sample density affected

the vibrational characteristics of the composite samples. The 2-layer composite samples had

lower natural frequencies and damping ratios due to their low density as compared to the 3-layer

composite samples.

A one-way analysis of variance (ANOVA) was conducted to determine the degree of

significance between the independent groups of composites. The results of ANOVA are presented

in Tables 19.14 and 19.15. The confidence level for the ANOVA study was set at about 95%. The

P-value for the 2-layer group was less than .05. The natural frequency obtained for the 2-layer

composites were acceptable. Similarly, the P-value for the natural frequency of the 3-layer compos-

ite was .00392, which was less than .05. From Tables 19.14 and 19.15, the P-values of the damping

ratio obtained for the composites with 2-layers and 3-layers were .00392 and .0538. The P-value

Table 19.13 Natural Frequency and Damping Ratio for 2 Layer and 3 Layer

Composite Samples

No. of Layers Sample
Average Natural
Frequency (Hz)

Average
Damping Ratio

2 Layers JJ 41.30 2.57

JS 44.60 2.72

SJ 43.18 2.86

SS 38.20 4.25

3 Layers JJJ 44.618 2.29

SSS 48.288 3.53

SSJ 46.156 3.39

SJS 46.3 2.97

JSS 46.206 3.045

SJJ 50.454 2.72

JJS 49.684 2.74

JSJ 50.604 2.67
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for 2-layer composites is acceptable, however for 3-layer was rejected since it was more than .05.

The result from ANOVA indicated that effects of layering size and layering sequence were signifi-

cant on natural frequency and damping ratio.

The results of natural frequency for Mode 1 to Mode 4 were obtained from the ANSYS simula-

tion and are tabulated in Table 19.16. For Mode 1, the natural frequency obtained was between 36

and 40 for a 2-layer composite and 40 and 43 for a 3-layer composite. As observed, the data from

the numerical analysis were coherent with the values acquired from the experimental results.

Besides that, Fig. 19.2 illustrates the different mode shapes obtained from the hybrid composite

Table 19.14 ANOVA Test for the Vibrational and Damping Characterization of 2-Layer

Hybrid Jute�Roselle Reinforced Unsaturated Polyester Resin

Properties
Source of
Variation

Sum of
Square

Degree of
Freedom

Mean
Square F P-Value F-Crit

Natural

frequencies

Within row 38.53 3 11.84 4.51 .0178 3.2388

Within column 45.59 16 2.85

Damping Within row 10.7798 3 3.5928 6.14 .00392 3.09839

Within column 11.7074 20 0.58537

Table 19.15 ANOVA Test for the Vibrational and Damping Characterization of 3-Layer

Hybrid Jute�Roselle Reinforced Unsaturated Polyester Resin

Properties
Source of
Variation

Sum of
Square

Degree of
Freedom

Mean
Square F P-Value F-Crit

Natural

frequencies

Within row 181.557 7 25.93673 2.4936 .03656 2.312

Within column 332.838 32 10.4011

Damping Within row 6.726 7 0.96086 3.46769 .0538 2.2490

Within column 11.0835 40 0.27709

Table 19.16 Natural Frequency Obtained From ANSYS Simulation

Type of Composite

Natural Frequencies (Hz)

Mode 1 Mode 2 Mode 3 Mode 4

JJ 39.15 78.70 241.76 465. 61

JS/JS 39. 93 80. 277 246. 60 474.93

SS 36.14 72.63 223.16 429.60

JJJ 40.45 81.31 249.78 481.068

SSS 42.51 85.47 262.55 505.656

SSJ/JSS 41.77 83.98 257.98 519.03

SJS 41.07 82.57 252.60 512.30

SJJ/JJS 42.38 85.19 261.711 504.04

JSJ 42.52 85.47 262.55 505.66
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FIGURE 19.2

The mode shape of hybrid jute�roselle reinforced UPR (JJ sample). (A) First mode; (B) second mode; (C) third

mode; and (D) fourth mode.
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samples of jute�roselle reinforced UPR composites. All mode shapes that were obtained from other

types of hybrid jute�roselle combinations were similar.

A percentage error was utilized to estimate the difference between the theoretical model and the

experimental model of the composite. As seen in Eq. (19.8) [69].

%Error5
absðf experiment-fnumericalÞ

fnumerical
3 100 (19.8)

In Eq. (19.8), f experiment is a value of natural frequencies obtained from the experiment, while

fnumerical is a value of natural frequencies obtained from the simulation.

Table 19.17 shows the difference between the experiment and numerical results for natural

frequency. As observed in Table 19.17, the percentage error for the 2-layer samples was lower as

compared to the 3-layer sample. In most cases, the experimental data were higher than the numeri-

cal data obtained. The high percentage of the composite sample was due to the inconsistency and

uncertainty of the elastic properties that were obtained from the tensile testing. Besides that, the

data sample obtained from the experiment, may suffer from the appearance of a defect, such as a

microvoid on the surface and inside the composite sample. Also, the variation in the thickness and

position of the accelerometer also contributed to the higher percentage error [49].

19.14 PROSPECT OF HYBRID FIBER REINFORCED UNSATURATED
POLYESTER HYBRID COMPOSITES

The demand for polymer fiber-reinforced composites is high, due to the rapid development of their

automotive and structural applications. Composite structures usually suffer from high acoustic and

vibrational loading. The use of solid composites is not affordable for fulfilling the requirements of

advanced engineering applications. However, hybrid composites can improve mechanical perfor-

mance and be profitable due to the replacement of high-cost synthetic fiber.

Table 19.17 Percentage Error of Single and Hybrid Fiber�Reinforced UP

Layering Size Type of Specimen Experimental Linear/Theoretical Percentage Error

2 Layers JJ 48.288 40.45 19.3770087

JS 44.618 42.51 4.95883322

SJ 46.156 41.77 10.5003591

SS 46.3 41.07 12.734356

3 Layers JJJ 46.206 41.77 10.6200622

SSS 50.454 42.38 19.0514394

SSJ 49.684 42.38 17.2345446

SJS 50.604 42.52 19.0122295

JSS 48.288 40.45 19.3770087

SJJ 44.618 42.51 4.95883322

JJS 46.156 41.77 10.5003591

JSJ 46.3 41.07 12.734356

50919.14 PROSPECT OF HYBRID FIBER REINFORCED UNSATURATED



Damping is very important in dynamic response prediction and vibration control. Therefore

materials with high damping or absorbing properties are essential in extending the life of structures.

Also, high damping are necessary to reduce the time period of vibration. The reduction in the struc-

tural material can be reduced by lowering the damping capacity and reducing stiffness. The addi-

tion of natural fiber in polymer matrices can provide excellent damping performance for a variety

of applications such as in automobiles, home appliances, and in architectural applications.

Optimization work on various vibrational parameters of composite plates need to be performed to

produce composites with balanced natural frequencies and damping properties.

19.15 CONCLUSION

The first part of this chapter highlighted a review of the vibrational analysis of hybrid-reinforced

polyester resin. In the literature review, the vibrational characteristics of single and hybrid compo-

sites were performed either experimentally or numerically. The studies indicated that the natural

frequencies and damping behaviors of single and hybrid-reinforced polyesters were influenced by

various factors such as volume fraction, temperature, layering sequence, layering size, and fiber

orientation.

The vibrational characteristics of hybrid fibers in polyester provide many more advantages than

single-type reinforcements. As observed from previous literature and experiments, these conclu-

sions can be drawn:

• The natural frequency and damping properties of the hybrid composite are improved from the

monolithic composite.

• The layering sequence and layering size do have an influence on the vibrational characteristics

of hybrid jute�roselle reinforced UPR. Composites with higher strength on the top of the

composite produce higher natural frequencies. The layering size slightly improves the natural

frequency.

In future, hybrid reinforcement could be improved through the implementation of new types of

reinforced and matrix polymers.
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