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The hybrid composite plate is increasingly used in marine, robotic arm, and other applications. Edge crack is the greatest common
fault in the structural systems during its working time. In this research, the successful fabrications of a hybrid composite of epoxy-
based composites reinforced with bamboo and glass fibers have been done to examine the vibration characteristics under free
vibration. First-order shear deformation theory is used to study the fundamental natural frequencies of asymmetrically hybrid
composite beam with edge cracks for cantilever beam boundary conditions. Both numerical (FEM) using ABAQUS software and
experimental investigations are done for the vibration analysis of unidirectional bamboo/glass fiber epoxy hybrid composite
(BGHC) beam with edge cracks using fracture mechanics theory. It is observed that implications edge crack with different crack
depth and various fiber weight ratio parameters have a major effect on vibration analysis. Also, it is clear that the natural
frequencies of the hybrid composite are significantly affected due to the fiber weight ratio and crack depth of the hybrid composite
materials. So, crack lengths are playing a vital role in the dynamic or vibration characteristics of the hybrid composite materials.
The results of natural frequencies have been shown that they are decreased with an increase in crack depth and an increase in the
bamboo fiber weight. Thus, BGHC-2 made from 30% bamboo and 10% glass fiber can be a viable candidate for applications that
will produce good vibration properties. Generally, the first-third natural frequency of the hybrid composite beam decreases within
the increase of bamboo fiber and decreases in glass fiber. The composite materials having 60% of epoxy with 20% bamboo and 20%
glass fiber, and 60% of epoxy with 10% glass and 30% bamboo fibers, are observed with a gradual decrease in the values of natural
frequencies with respect to increasing in crack depth. A fine agreement was accomplished between the simulation and ex-
perimental results. Therefore, the present approach can be used to identify cracks for mechanical health monitoring by linking the
variation in natural frequencies of the hybrid composite beams.

1. Introduction

The demand of composite materials for the type of structure
have rapidly increased due to industrial stringency, espe-
cially in aerospace and automotive industries in which
lightweights of a structure is essential. In recent years, the
vibrational behavior of composite materials has received

considerable attention as their usage is getting higher in
primary and secondary structures of vehicles, airplanes,
ships, and civil construction. However, the presence of
defects, delamination, and cracks significantly reduces the
stiffness and strength of the physical and may affect their
mechanical properties, fracture toughness, and vibration
characteristics (e.g., natural frequency and mode shape).
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Therefore, the finding and localization of mutilation to
composite structures at the initial stage of development can
optimize system performance and safety.

Two plate theories are widely used in engineering
problems, namely, the Kirchhoft plate theory, or classical
plate theory, and the Mindlin-Reissner plate theory.
Comprehensive background on plates has been provided by
Timoshenko [1]. The composite reinforced materials could
either use synthetic and natural reinforcement fibers [2]. The
fiber-reinforced polymer composites are developed using
synthetic fiber which are having many advantages such as
high strength, high stiffness, long fatigue life, adaptability to
the function of the structure, corrosion resistance, and
environmental stability [3]. However, they are not bio-
degradable, and hence, motive a lot of pollution.

On the other hand, in recent years, the demand for
natural fiber composites in automotive and aerospace in-
dustries as well as civil engineering fields is increasing.
Compared with synthetic composites, natural fiber hybrid
composites have distinct advantages such as low cost, high
strength-weight ratio, recyclable, low energy consumption,
high specific properties, biodegradability, and renewable. So,
it is preferred over synthetic fibers [4]. Various natural fibers
for example sisal, hemp, bamboo, cotton, jute, kenaf, ba-
gasse, and so on have been used for years as a reinforcement
of composites. As compared with other types of natural
fibers, bamboo fiber has high specific stiffness and strength
due to its low density and high mechanical strength with
abandoned resources [5]. The ratio of strength to weight of
bamboo fiber is comparatively higher than conventional
metallic fibers. The bamboo plants are short life cycles to
grow and a good amount of availability in places that qualify
as tropical, subtropical, or temperate zones. By hybridizing
natural fibers for example bamboo fiber, with another
natural fiber/synthetic fiber in one matrix, the resulting
composite is a unique product (hybrid composites) that
displays better mechanical and thermal properties in
comparison with individual fiber-reinforced polymer
composites [6-8].

The performance of composite structures is detrimentally
affected by the presence of damages such as delamination, edge
cracks, voids, inclusion of undesired fillers. Determining the
response hybrid composite subjected to vibration is more
challenging due to the interaction among various types of fibers
and the hosting matrix as compared with a monofiber com-
posite structure. In fiber-reinforced composites, the vibration
response depends on many factors for example fiber length,
fiber/matrix interface, orientation, and content. So, it is
a complex task to find the natural frequency for fiber-
reinforced composites. The occurrence of vibration response
in a structure is an undesirable phenomenon in order to
guarantee structural stability, position control durability
(particularly durability against fatigue), performance, and noise
reduction. Considering the critical condition, the occurrence of
vibration in the cracked plate or beam structure can reduce the
reliability of a structure due to the expansion of crack opening.

Hence, it is very important to thoroughly understand the
vibration response of the cracked hybrid composite plate
structure and to prevent the accident by predicting the
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destruction of the structure [9]. Most of the physical and
mechanical components are damaged due to the crack
propagation of excessive vibrations’ response in their service
life since most people’s activities involve vibration response
in one form or in the other. And also, for engineering
application, the structures of metal materials will undergo
dangerously large oscillations which may prime to excessive
deflection and failure and also, when the weight of the
structure increases, the live performance of the structure
decreases. The vibration of the structure also causes high
stress concentrations at ascertain locations. In order to attain
the right combination of material properties and service
performance, the vibrational behavior is the main point to be
considered in composite structure. To avoid the typical
problems caused by vibration, it is significant to determine
vibrational response of the structure cracked effects to re-
inforce the most flexible regions or to locate the right po-
sitions where weight should be reduced or the service time
should be increased for bamboo glass fiber reinforcement
epoxy hybrid composite.

Mohanty et al. [10] studied the cracks in carbon/epoxy
composite beam which could reduce the structural stiftness.
They mentioned that a better understating had been
achieved on the impact of crack on frequencies when the
experimental and FEM analysis were combined together.
Sahu et al. [11] used ABAQUS platform for FEM analysis to
study the crack effects on vibration frequencies of aluminum
beam. They reported that higher crack depths observed with
noticeable frequencies of vibration. In addition to that,
ABAQUS is one of the best platforms for doing FE mod-
elling they reported. Sahu et al. [12] modelled the frequencies
of crack by dividing the beam into individual segments at
cracks section using ABAQUS software. The C3D8R element
was used for modelling and the beam is considered as
laminated glass/epoxy composite beam with open cracks.
Das et al. [13] carried out an experimental and numerical
approach to find the effect of open cracks woven LCB
(laminated composite beam). Fast fourier transformation
system of analyzer was used for experimental modal analysis.
Multi and single cracked LCB system were observed with
very less frequencies at zero-degree ply orientation. Prusty
et al. [14] analyzed the free vibration on sandwich plates
using experimental and FEM approach. In this research, cut
out model is used in the sand which plates instead of cracks.
Sinha et al. [15] developed the laminated composite plate
with and without and analyzed the free vibration using
experimental and numerical methods. In this paper, Kelly
et al. [16] introduces the utilization of the variational method
for a Timoshenko beam model with a single-edge crack,
reinforced by functionally graded graphene platelet (FG
GPL). It is the first time this method has been applied in such
a context. The variational expression allows for arbitrary and
independent variations of displacement (Ui), total strain
(yij), stress (oij), and momentum (mi) components. The
model not only took into account the concentrations and
properties of the matrix and GPL but also considered the
orientation and aspect ratio of the GPL. Two modifications
are made to the model, including a three-dimensional and
a two-dimensional Halpin-Tsai model. The two-dimensional
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Halpin-Tsai model, in particular, demonstrates a good
ability to predict Young’s modulus of randomly oriented
GPL reinforced polymeric composites.

From the literature study, it is clear that the study of free
vibration analysis is very much essential to identify the
impact of natural frequencies when the composite beam is
exposed to cracks and cutouts. Researchers focused on
composite beam which mainly consists of epoxy, fiber, and
laminated composites. According to the authors’ knowledge,
no study has been carried out to find the impact of natural
frequencies on unidirectional bamboo/glass fiber epoxy
hybrid composite (BGHC) beam with edge cracks when
undergone into free vibration. Thus, keeping these aspects in
consideration, the main objective of this paper is to study the
dynamic behavior of three various hybrid bamboo/glass
epoxy cantilever composite plates that consisted of various
bamboo and glass fibers weight percentages using experi-
mental and numerical approaches.

2. The Mathematical Formulation of
Vibration Analysis

2.1. Uncracked Hybrid Composite Beam Modelling. The
geometric configuration of the bamboo/glass fiber epoxy
reinforced hybrid composite beam is shown in Figure 1:
length L, width, w, and height, h, crack depths “a;,” (i=1, 3),
crack location at the arbitrary positions, Lc.

The assumptions made in the analysis are as follows:

(i) The deformation of the beam takes place in the x-z
plane

(ii) There is no warping effect
(iii) The stress-strain distribution is linear and small
displacement theory is applied

(iv) Damping effects are neglected

According to FSDT for laminated composite beam, the
displacement field can be as follows:

U(x,2,t) =u(x,t) + z(x,t)

(1)
W(x,z,t) =w(x,t),

« » «,

where “u” and “w” represent the centerline displacement
along x and z-direction of the plate and ¢ is an unknown
function that represents a shear strain on the centerline of
the plate.

The strain displacement relations are given by

ex = exx’ + kxx
(2)

0
yXz = yxz ,

where

3
exx’ = a—u
T ox
dg
__r 3
kxx 3 (3)
e =g+
y - (P ax'

2.2. Stress Intensity Factor of Cracked Composite Plate.
The methods for calculating stress intensity factors of
cracked composite plates corresponding to generalized
loading conditions are described in equations (4)-(16). The
geometric dimension cracked hybrid composite plates and
cracked plate under generalized loading are shown in Fig-
ures 2 and 3, respectively. A cracked hybrid composite plate
of rectangular cross-section has an edge crack with a tip line
parallel to the z-axis, i.e., with a uniform depth, and the
generalized loading is indicated by six general forces, that is,
P, is an axial force, P, and P; are shear force, P, and P; are
bending moments, and P4 a torsional. The stress intensity
factors of the three modes of fracture that are opening,
sliding and tearing types correspond to the generalized
loading P,,. In general, the stress intensity factors K, (j=1,
I, and III) of the composite plate cannot be taken in the
same form as the stress intensity factors of anisotropic
material in the same loading and geometry conditions. The
stress intensity factors K, (j=1, II, and III) of the fiber-
reinforced composite beam can be expressed in the following
equation [17-19]:

K, = 0, \/ﬁFj,,(%,AM%, 5), (4)
where 0, is the stress, a is the crack depth, Fj, is the cor-
rection function according to the geometric shape of the
plate, and —A and § are dimensionless parameters taking into
account the in-plane orthotropic and defined as functions of
the elastic constants by using the following equation [17-19]:

-
En
(5)
E,.E
0= ﬁ — VHnbha»

where 1'"* L/h > 2, the term related to A'* L/h is ignored.
For a fiber-reinforced composite beam whose aspect (L/4)
ratio is greater than 4, it satisfies this condition, the stress
intensity factor K, becomes as shown in the following
equation [17-19]:
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FiGure 1: Cantilever hybrid composite plate.

“1

FIGURE 2: The geometric dimension of cracked hybrid composite plate.

FIGURE 3: The cracked plate under generalized loading conditions.
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geometry shape of the plate and loading acting on the beam.
The stress intensity factors of the unidirectional bamboo/
glass fiber-reinforced hybrid composite beam are de-
termined by using equations (7)-(10) [17-19].

Kjn = 0, v, ()7, 6), (6)

where Y, (8) is the correction function for orthotropic
material and Fj,(a/b) takes the same form as correction
function in orthotropic material selected according to

a p1
K, = 01WF1(E>Y1 (8),0, =—

bh
B a _12P,
Ky, =0, VnaY, (8)F2<b>,04 =7 z
_ @\ 5. = %P4
Ky, = osva Y, (6)F2<b>,04 -

Ky, =Ky = K = 0

a P
Ky; = 0,V/ma Yy (S)FH<B>’ 0 = b731 (7)
Kip Kz = Ky = K5 = Kjg =0
a P
Ky, = 0,Vma Yy (6)FIII<E>’ 0, = b_}zz
a 24P .1’ T
Ky = 06/ma Yy (6)F (—),06 = 76cos<—z>
1116 Vma Yy (8) Fry b P — 1921 h
Kim = Ky = Kygis = 0,
where
. <g> _ |2, e 0752 +2.02(alk) +0.37 (1 - sin na/2b)’
\b/ \=S 2b cos ral/2b
. <a> ~ 2ht ma 0.923 +0.199 (1 — sin a/2b)*
b/ =S an 2b cos ta/2b
(g) 1122 - 0.561 (a/b) + 0.085 (a/b)” + 0.18 (a/b)’ (8)
b/~ 1= (a/b)
FIII(E> N
b/ \ma 2b

AndYI (8), = 1+0.1(8 - 1) = 0.016(8 — 1)*> + 0.002 (8 — 1)*, YII(8) = YIII(J) = 1.
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The equation of motion using first-order shear de- The solution of the governing equation assumes the
formation beam theory is displacements are in the following equations:
ON _ ou 00
- = —+ [
ox o e P

oM du 00

-~ 1= = 9
ox g gt ©)
Q_, 0o
Ox - latz Pz'
M
U, Wy, 9 = Z [A,, cos(a,x), C,, sin(a,,x), B, cos(a,,x)] sin (wt).
m=1

Substituting equation (10) into the equation of motion,
the obtained characteristics equation for a hybrid composite
beam without crack is

cll cl12 c137[ Am I1 0 I29[Am Pxm
21 22 23 ||Cm |+w*| 0 -I1 0 ||Cm |+|-Pzm | =0,
c31 ¢32 ¢33 ]LBm 12 0 I3]LBm 0
Nk
where Ajj = pa [Qij_k]k(ZKH - Zy)
th = _“mzAn’sz = “m2A55>533 = _“m2D11 - Ass | Nk
C31 = €13 = =, Byyy oy = €55 = @,  Agsyc5 = ¢y = 0, By = 2 vt [Qijik]k(ZKﬂz B Zkz)
(12)
1 Nk
And the stiffen matrixes given are as follows: Cij = 3 [Qij_k]k(ZK+13 - Zk3)'

(10)

(11)

(13)
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Ajj» Bjj, and D;; are the extensional, bending-stretching

ij>
coupling, and bending stiffnesses, respectively. The trans-

formed reduced stiffness constants Q¥ are as follows:

Qi = Qlim' +2(Qf, +2Q)m*n” + Qyr”

Qi =(Qf, + @, - 4Q5g)m’n® + Qly(m” + 1)

Qo = Q' +2(Qf, + 2Qg)m’n’ + Qym*

Qis =(Q1) - Q1 - 2Qig)m’n +(Ql; - @, + 2Qes)mn’
Qs =(Q11 - Q1 - 2Qig)n’m +(Ql; - @, + 2Qs )’
Qs =(Ql) + @3, - 2Q, - 2Qs)m™n’ + Qg (m"* + 1)

—k k2 k 2
Qs = Quum” + Qssm

(14)

-k k k —k k 2 k. 2
Qys :(st - Q44)mn, Qs5 = Qssm™ + Qun’,

where
k .k
M = COSUpgy,, » N = SiNOg .. (15)

The lamina elastic coefficients Q; ]-k in the above equation
can be obtained from the material properties of the k'
orthotropic lamina layer.

k k ok k
Qk = El QF = 1, E2 Qk = E2
WS R T Tk kR T Tk ok
Hiabo Hiab Hiabo1 (16)

k k Ak k Ak k
Qu = G335 Qs5 = Gy3, Q6 = G-

2.3. Cracked Hybrid Composite Beam Modelling. At the crack
section, the cracked beam is separated into two parts and
a continuous condition at the connecting face is modelled by

U opipj ) e

For the composite under this study, there exist three
independent variables which are the axial displacement, the
vertical displacement, and the rotational displacement of the
cross-section. Also, the corresponding flexibility matrix is
expressed as follows:

the inverse of the flexibility coefficient. The additional strain
energy due to the existence of the crack can be expressed as
follows:

Ue = J](f)dA. (17)

The flexibility coefficients which are functions of stress
intensity factor and the crack shape can be expressed as
follows:

owi ’Uc &
=== s ()
Opi  Opipj Opipj

For the existing stress intensity factor K;,,

flexibility matrix Cj, is expressed as follows:

the local

aZ hi2  ra
J J [Dl (KI1 + KI4 + KIS)2 + D2KII3% + D12 (KI1 + K14 + KI5)KII3 + D3 (KIII2 + KIII6)2]dE dz. (19)
0

az h/2 a ) 5
= D1(KI1 + K4 D3 (KIII2)" |dédz.
ij apiij--th-O[ (KIL+ K147+ D3 ( )] 2z

(20)



If the orientation angle of the fiber in every layer is
different, the coefficients D will be changed, so the flexibility
matrix corresponding to the entire height of the cracked
laminated beam can be written as follows:

. 271YI(8) ZD”‘J Kfplz(g>d€dz
o 27TYIII(5) ZD3"J J:gpnf(%dfdz (21)

8 a
Cyy = 288:326( i kz lej jo EFZZ(g)dfdz.
1

The connecting spring can be expressed as follows:

cll cl12 c137[ Am Kuc 0 0
c21 ¢22 23 ||Cm|-] 0 Kwc O
c31 ¢32 ¢33 [ Bm 0 0 K¢c

3. Experimentation

3.1. Materials. The application of lightweight and low cost,
natural fibers offer the possibility to replace a large section of
the glass and other synthetic fibers in various automotive
and construction applications. Natural fibers such as hemp,
kenaf, bamboo, jute, flax, and sisal are providing re-
inforcement due to reductions in weight and cost, less CO,
consumption for manufacturing, recyclability, and the
added benefit that these fiber sources are “green” or eco-
friendly. Among the all-natural fibers, bamboo fiber has
good mechanical properties. This study utilizes bamboo fiber
as a natural reinforcement for manufacturing hybrid
composite plate and glass fibers as synthetic reinforcement
and glass and bamboo fibers as hybrid reinforcement for
manufacturing composite laminates for analysis purposes.
Bamboo was purchased from Gish Abay, the place where the
source of the Blue Nile river. And glass fiber was purchased
from the Dejen Aviation industry. Epoxy was used as the
matrix for manufacturing composite laminates for both
bamboo and glass fibers. Epoxy 501 and its hardener were
purchased from the Company Kadisco color factory, Addis
Ababa.

3.2. Extraction of Bamboo Fiber. 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 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
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kuc = C{l’ kwc = C;Z’k¢c = C;‘l' (22)

The spring force stored in the spring is expressed as
follows:

Kt = ko u+ ke s w+ kg * ¢, (23)

Kuc 0 0 Am
0 Kwc 0 Cm|. (24)

0 0 K¢cllBm
Subtract equations (24) from (11) 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 as follows:

Am 11 0 I29[Am Pxm
Cm|+w?| 0 =11 0 ||Cm|+|-Pzm |=0. (25)
Bm 12 0 I3JLBm 0

to soften them. Then, the strips were further sliced by
a slicer to get desired thin strips and immersed in NaOH
solution at 27 C for 8 hours [20]. Three NaOH concen-
trations, namely 1%, 2%, and 3% were used initially to
identify the best extraction process and mechanical
properties of the resulting bamboo fibers. 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. Following fiber extraction, the
bamboo fibers were subjected to gently apply repeated
impact loads using a rubber hammer in order to loosen
and separate the fibers.

Finally, they were washed with fresh water or distilled
water to neutralize, and also to separate the long and the
short fiber, the fiber was dried in the sun for 24 hours at 27°C
before the treatment of bamboo fiber [21].

3.3. Chemical Treatment of Bamboo Fiber. Alkaline treat-
ment is the extreme widely used chemical treatment for
natural fiber applications. The main goal of this treatment is
to recover the surface roughness. Bamboo in the natural
form contains wax, lignin, and oils on its outer surface,
which reduces the bonding between resin and fiber [22]. This
treatment removes some amount of wax, lignin, and oils
[23]. To use the bamboo fiber in making composite, they
should be dry and chemically treated. After drying bamboo
fiber, they were dipped into the 1% NaOH solution for
8 hours [24, 25], and the fiber was washed with freshwater 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.
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3.4. Fabrication of Hybrid Composite Laminates. 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. The
sequence of lamina hybrid composite structure is shown in
Figure 4. Plies in composite materials are substructures of
the hybrid composite plates and most of the time they are
considered in prepreg form. So, hybrid composite plates are
formed by stacking different plies with different angles of
orientations and stacking plies with fiber arrangements by
forming different laminated layers [26]. 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-hemp-hemp-hemp], [sisal-sisal-sisal-sisal], [hemp-
sisal-sisal-hemp], [sisal-hemp-hemp-sisal], [hemp-hemp-
sisal-sisal], and [hemp-sisal-hemp-sisal]. From the in-
vestigation, the highest tensile strength recorded from
[hemp-sisal-hemp-sisal] composite was 31.762 MPa and the
least was recorded from the green epoxy matrix was
25.66 MPa [27].

The effect of stacking sequence on tensile, flexural, and
interlinear shear properties of untreated woven glass and
jute 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 30 enhanced by the in-
corporation 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], and [jute-glass-glass-
jute]. The tensile strength of [glass-jute-glass-jute] was the
highest [28]. The composite laminate, [0 90 0] s
[19, 26, 28-30], bamboo/glass epoxy (BGFRE) hybrid, was
manufactured by a hand layup-assisted vacuum bagging
method. The hybrid composite laminate has 6 layers, and the
fiber arrangement of the composite laminate was [bamboo-
glass-bamboo-glass-bamboo-glass] fibers, as shown in Fig-
ure 4. To manufacture the hybrid composite materials, the
mold surface was cleaned using the cleaning agent, acetone.
A release agent, wax, was applied on the mold surface for
easy removal of hybrid composite laminates. The plies
(unidirectional mat) were cut to the required shape and size
and were placed on the mold surface. Table 1 shows the
details of the proportions of bamboo fiber, glass, and epoxy
resin used for fabrication. The peel ply was placed over the
fibers and followed by the distribution medium. The entire
layup was then bagged and placed under a vacuum. The resin
used in this fabrication process was an epoxy 501 mixed with
a hardener (2:1 ratio). The impregnation process was taken
place under the vacuum for 8 hrs. Then, the bag was re-
moved, and the laminate was exposed to an atmosphere
venting in the hood to remove the styrene gas produced
from the curing of the hybrid composite.

Finally, the hybrid laminates were cut to the required
shape and dimensions, 200 x 30 x 3 mm”’, by a composite
circular cutting machine for vibrational tests according to
ASTM E756 [31]. After cutting into specimen an edge crack
has been created at the length of 75 mm from the fixed end as
shown in Figure 5 and different crack depths, 3 mm, 7 mm,

and 11 mm using a hacksaw as shown in Figure 6. For each
test configuration, five specimens were prepared for sta-
tistical significance.

3.5. Experimental Setup for Vibration Test. Vibration tests of
hybrid composite made from bamboo/glass fibers were
performed by considering the plates as a cantilever beam, as
shown in Figure 7. A vibration test was performed using the
ACC-103 accelerometer with DAQ USB NI-6009 were
connected to the computer by integrating the LABVIEW
2018 software. The DAQ was used to convert the analog data
to the digital data to determine the amplitude versus fre-
quency 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, as shown in
Figure 8. The accelerometer was attached at the free end of
the cantilever hybrid composite laminate (dimensions:
200 x 30 x 3mm>) with wax (Figure 7) and connected to
DAQ USB NI-6009 data acquisition.

In this work, a data sampling rate of 1000 readings per
second was chosen to effectively capture the free vibration
response of the cantilever beam subjected to the initial
exiting load. To convert the out-voltage signal, shown in
Figure 9(a), to a natural frequency domain, the fast Fourier
transform (FFT) method was used. FFT was performed in
MATLAB which gives the required results as shown in
Figure 9(b). A representative graphical output of hybrid
bamboo/glass epoxy plate containing 30% bamboo fiber and
is 10% glass fiber is shown in Figure 9.

4. Finite Element Modelling

The vibration response of uncracked and cracked hybrid
composite cantilever beams was investigated numerically
using commercially available FEM software ABAQUS 2017,
as shown in Figures 10 and 11. Properties required for
modelling of the modal analysis of the hybrid composite are
shown in Table 2. Geometric data for the hybrid composite
were  adopted from  the  experimental data,
200 mm x 30 mm x3mm, as per ASTM E756. The me-
chanical properties of the hybrid composite of BGHCs
(bamboo/glass fiber epoxy hybrid composite) were calcu-
lated by classical laminated theory, as shown in Table 2. The
fixed boundary condition and the exciting load were applied
at the fixed-end and free-end, respectively. Figures 10 and 11
show the representative mode shapes results of uncracked
and cracked specimens, respectively. In this study, the results
of BGHC at a different weight ratio of bamboo and glass fiber
are discussed and interpreted from different perspectives in
the following section.

5. Results and Discussion

The experimental and numerical results of natural fre-
quencies of free vibration for 6 layers of unidirectional
bamboo/glass fiber-reinforced epoxy hybrid composite
beam without and with crack are presented for various
parameters.
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FIGURE 4: The sequence of lamina hybrid composite structure with [00 900 00 00 900 00].

5.1. Free Vibration Analysis of Hybrid Composite Beam
without Crack. The variation of the first-third natural fre-
quency of 6 layered cantilever hybrid composite beam has
been obtained by both numerically and experimentally
without crack.

Figure 12 shows both the experimental and FEM results
of uncrack hybrid composite specimens. Results showed that
the first three natural frequencies of the hybrid composite
with a ratio of 60% of epoxy with 20% bamboo and 20% glass
fibers 39.999 Hz, 250 Hz, and 698.080 Hz, respectively. The
hybrid composite with the weight ratio of 60% of epoxy with
10% glass and 30% bamboo fiber, exhibited a reduction of
the first three natural frequencies, 38.455Hz, 240.530 Hz,
and 671.870 Hz, respectively, as compared with the 20%
bamboo hybrid specimen. The highest value of the first three
natural frequencies was obtained by the hybrid specimen
with a weight ratio of 60% of epoxy with 10% bamboo and
30% glass, that is, 41.817 Hz, 261.340 Hz, and 729.020 Hz,
respectively, as compared with the remaining uncracked
hybrid material configurations. Similar trends had been
shown in the numerical results for three samples of hybrid
composites, however, in all cases, the numerical results
exhibited slightly reduced values, as compared with the
experimental results. This could be explained by either by the
uncertainty of materials homogeneity during composite. As
can be seen in Figure 12, the variation in all cases could be
considered negligible, for example, from mode-3 of the
hybrid specimen with a weight ratio of 60% of epoxy with
10% bamboo and 30% glass fiber, the variation was 0.95%.
Generally, the first-third natural frequency of the hybrid
composite beam decreases within the increase of bamboo
fiber and decreases in glass fiber.

5.2. Free Vibration Analysis of Hybrid Composite Beam with
an Edge Crack. Figure 13 represents the graph of natural
frequency for the first mode according to crack depth of
3mm, 7mm, and 11 mm, the natural frequencies of com-
posite for the first mode of natural frequency obtained from
experimental and numerical methods are plotted. The de-
crease in natural frequency and increase in depth of the
crack for the first mode is observed. In general, the vibra-
tional behaviors of composite materials were affected by the
crack depth.

The graph Figure 13 shows that the first natural fre-
quency of BGHC materials at the different crack depths, 3, 7,
and 11 mm for crack location Lc¢/L =0.375 were considered.
It was observed that from the crack depth of 3, 7, and 11 mm,
at the relative crack location of Lc¢/L=0.375, the funda-
mental 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 funda-
mental 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 fre-
quency 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 funda-
mental frequency decreased as the crack depth increased in
all the three methods for a relative crack location Lc/
L=0.375.

Figure 14 represents the graph of fundamental natural
frequency for the second mode according to crack depth of
3mm, 7mm, and 11 mm, the natural frequencies of com-
posite, 60% of epoxy with 20% bamboo and 20% glass fiber,
composite 60% of epoxy with 10% glass and 30% bamboo
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FIGURE 6: Composite plate specimen with crack depth: (a) 3 mm, (b) 7mm, and (c) 11 mm in each sample.

FIGURE 7: Vibration test setup with accelerometer attachment.
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FIGURE 8: Block diagram used for acceleration velocity and displacement data.
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FIGURE 9: Sample 1 (lab view software and MATLAB (FFT result for 30% bamboo fiber and 10% glass fiber)).
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FIGure 10: Natural frequency without a crack composite plate of 60% epoxy with 20% bamboo and 20% glass fiber.

fiber and composite 60% of epoxy with 10% bamboo and
30% glass fiber for the second mode of natural frequency
obtained from experimental and numerical methods are
plotted. It is noticed that the natural frequencies of com-
posite 60% of epoxy with 10% bamboo and 30% glass fiber
are varying slightly with an increase in crack depth. From
a composite material, 60% of epoxy with 20% bamboo and
20% glass fiber, and the composite material 60% of epoxy
with 10% glass and 30% bamboo fibers, there is a gradual
decrease in the values of natural frequencies with respect to
increase in crack depth.

In addition, Figure 14 shows that the second natural
frequency of the BGHC materials, considered as the can-
tilever beam with different crack depth for BGHC-I,
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%, re-
spectively, as compared with the corresponding uncracked
BGHC materials for the BGHC-2, the second natural fre-
quency reduced by 5.820%, 13.205%, and 20.238% for crack
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FIGURE 11: Natural frequency with crack depth composite plate of 60% epoxy with 20% bamboo and 20% glass fiber.

TaBLE 2: Mechanical properties of hybrid composite plate.

60% of epoxy

Mechanical properties of with 20% bamboo

60% of epoxy
with 30% bamboo

60% of epoxy
with 10% bamboo

BGHC plate and 20% glass and 10% glass and 30% glass
fiber (BGHC-1) fiber (BGHC-2) fiber (BGHC-3)

p (kg/m?) 1340 1263 1429

Ey; (Gpa) 14.829 12.811 17.180

E,, (Gpa) 7.111 7.321 6.899

Es; (Gpa) 7111 7.321 6.899

Vi, 0.32 0.345 0.334

v, 0.163 0.197 0.134

Vs 0163 0197 0.134

G,, (Gpa) 2411 2.497 2.324

G,; (Gpa) 2411 2.497 2.324

G,; (Gpa) 3.057 3.058 3.042

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.

Figure 15 represents the graph of natural frequency for
third mode according to crack depth of 3 mm, 7 mm, and
11 mm, the natural frequencies of composite material, 60%
of epoxy with 20% bamboo and 20% glass fiber, composite
material, 60% of epoxy with 10% glass and 30% bamboo
fibers and composite material, 60% of epoxy with 10%
bamboo and 30% glass fibers of the third mode obtained

from numerical experimental methods were plotted. The
decrease in natural frequency and increase in depth of the
crack for the first mode is observed. Generally, during the
change in vibration properties of the composite, the reso-
nance will occur and that causes catastrophic failure of the
composite.

On the other hand, the introduction of cracks in BGHC-
1, BGHC-2, and BGHC-3 materials showed in Figure 15
a slightly reduced effect on the third natural frequency, but
the change in magnitude was less significant in the unidi-
rectional 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.



Journal of Engineering

15

800

700

600

500

400

300

Natural Frequency (Hz)

200

100

B BGHC-1 (FEM)
® BGHC-2 (FEM)

® BGHC-3 (FEM)
B BGHC-1 (EXP)

2 3
Mode

® BGHC-2 (EXP)
m BGHC-3 (EXP)

FIGURE 12: Natural frequency of hybrid composite plate by experimental and numerical methods.
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FIGURE 13: Natural frequency for first mode according to crack depth.

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 11 mm, 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 11 mm,
respectively. From Figures 13-15, 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 the-
oretical and numerical values. The result shows that there is
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 experi-
mental, analytical, and numerical natural frequencies.
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6. Conclusions

In this research, the successful fabrications of a hybrid
composite of epoxy-based composites reinforced with
bamboo and glass fibers have been done. And also, first-
order shear deformation theory is used to study the fun-
damental natural frequencies of asymmetrically hybrid
composite beam with edge cracks for cantilever beam
boundary conditions. Both numerical (FEM) using ABA-
QUS software and experimental investigations are done for
the vibration analysis of unidirectional bamboo/glass fiber
epoxy hybrid composite beam with edge cracks using
fracture mechanics theory. From the above results, it is
concluded that implications edge crack with different crack
depth and different fiber weight ratio parameters have
a major effect on vibration analysis.

The following decisions are drawn from the present
investigation as follows:

(i) It is observed that the results gained from the
present finite element analysis are in good promise
with the experimental values.

(ii) The cracked hybrid composite beam with 60% of
epoxy with 10% glass and 30% bamboo fiber shows
a relative reduction in frequencies.

(iii) As the natural fiber weight ratio increases, the
changes in frequencies reduce for all modes. In the
reverse, the material performance was increased.

(iv) Variation of the first fundamental frequency with
different fiber weight ratio and crack depth for
a cantilever condition with constant crack location
(ccl) =75 mm are investigated.
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(v) The crack depth 3, 7, and 11 mm has an important
effect on the natural frequencies of the crack hy-
brid composite beam for all modes.

(vi) There is a decrease of frequencies happens with the
increase in crack depth on the hybrid
composite plate.

(vii) By using natural fiber-based hybrid composite
structures, it is likely to create a hybrid composite
laminate with superior vibrational performance
without disadvantages in stiffness-to-weight ratios.

(viii) The use of bamboo fiber-reinforced composites has
better benefits to the environment because the
recycling process is short as compared to other
natural fibers. It is also biodegradable.

From the above investigations, it is clear that the natural
frequencies of the hybrid composite are significantly affected
due to the fiber weight ratio and crack depth of the hybrid
composite materials. So, crack lengths play a vital role in the
dynamic or vibration characteristics of the hybrid composite
materials. The outcomes of this research can be used to
identify cracks for mechanical health monitoring by linking
the wvariation in natural frequencies of the hybrid
composite beams.

7. Future Works

(i) Experimental investigation of natural frequencies of
bamboo/glass fiber-reinforced hybrid epoxy matrix
composite has some limitations related to fabrica-
tion methods such as injection molding, and other
techniques. The external force such as the wind
force is not controlled during the experimental
testing. From current work, the following future
scopes are outlined.

(ii) Effect of crack length on the natural frequencies.

(iii) Studying the forced vibration of the hybrid
composites.

(iv) Itis worth noting that further research is required to
optimize the composition and manufacturing
process of the bamboo/glass fiber-reinforced hybrid
composite, as well as to assess its long-term dura-
bility and performance under different environ-
mental conditions. Addressing these aspects will
unlock the full potential of bamboo fiber-reinforced
composites and contribute to advancements in vi-
bration properties.

(v) Experimental and numerical analysis on unidirec-
tional bamboo/glass fiber epoxy hybrid composite
(BGHC) beam with multiedge cracks can be done to
identify the impact of natural frequencies under free
vibration.
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