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Abstract: Recently, basalt fiber reinforced polymer (BFRP)
is acknowledged as an outstanding material for the
strengthening of existing concrete structure, especially it
was being used in marine vehicles, aerospace, automo-
tive and nuclear engineering. Most of the structures were
subjected to severe dynamic loading during their service
life that may induce vibration of the structures. However,
free vibration studied on the basalt laminates composite
plates with elliptical cut-out and correlation of natural fre-
quency with buckling load has been very limited. There-
fore, effects of the elliptical hole on the natural frequency
of basalt/epoxy composite plates was performed in this
study. Effects of stacking sequence (), elliptical hole incli-
nation (¢), hole geometric ratio (a/b) and position of the
elliptical hole were considered. The numerical modeling of
free vibration analysis was based on the mechanical prop-
erties of BFRP obtained from the experiment. The natural
frequencies as well as mode shapes of basalt laminates
composite plates were numerically determined using the
commercial program software (ABAQUS). Then, the deter-
mination of correlation of natural frequencies with buck-
ling load was carried out. Results showed that elliptical
hole inclination and fiber orientation angle induced the in-
verse proportion between natural frequency and buckling
load.
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1 Introduction

Fiber reinforced polymers are very significant in engineer-
ing applications owing to their excellent characteristic
such as high strength-to-weight ratios, high stiffness, con-
trollability of property, low coefficient of thermal expan-
sion, admirable corrosion resistance and worthy fatigue re-
sistance [1-4]. Therefore, they have been commonly used
in numerous civil engineering fields such as: the aerospace
industry, marine vehicles, chemical, automotive, nuclear
engineering and space vehicle. In design structure under
the dynamics loading, reduction of resonant frequency
is significant to improve the performance of constructed
structures. Working optimum frequency and prediction of
natural frequency in structure is thus required.

Cutouts have been commonly used in practical ap-
plications such as: altering the natural frequency, dam-
age inspection, and access ports for electrical and me-
chanical systems. Damping and natural frequency proper-
ties of composite structures were investigated by many re-
searchers [5-9]. Free vibration of symmetrically laminate
composite beam was studied by Chandrashekhara et al. [5].
In calculation, first order shear deformation and rotary in-
ertia effects were carried out for analysis. Turvey et al. [6]
studied on effects of anisotropy, boundary conditions and
hole size ratio on the natural frequency of square glass
fiber reinforced polymer. Clamped, free edge support and
simply support were performed as boundary conditions.
Results showed that finite element and experiment were
agreement with each other. Free vibration of rectangular
plates with rectangular cutouts at the center was consid-
ered by Liew et al. [7]. Combination of clamped and simply
support condition were implemented. Aydogdu [8] was in-
terested in vibration analysis of laminate composite beam
with various boundary conditions. Ritz method with a 3 de-
gree of freedom shear deformable beam theory was used
to analyze free vibration frequencies. Erklig et al. [9] stud-
ied the effects of hole cutouts (square, circular, triangular
and elliptical) on the natural frequency of laminate com-
posite plates. Moreover, effects of fiber orientation, cutout
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position and length of the plate were considered. Results
showed that cutout location and fiber orientation angle are
the most crucial parameters of the natural frequency.

An analytical method based on Rayleigh-Ritz and
Fourier-Bessel series expansion method was developed
by Jhung et al. [10] to investigate the effects of an eccen-
tric hole on natural frequency of the circular plate. The
third-order shear deformation theory was employed to an-
alyze free vibration and buckling finite strip analysis of
composite plates by Ovesy and Fazilati [11]. The effect of
cutout based on two different modeling methods (spline
and semi-analytical approaches) was consider. Sivakumar
et al. [12] used first order shear deformation theory to in-
vestigate the free vibration response of composite plates
with elliptical hole cutout. [13, 14] implemented a finite
element formulation based on Hamilton’s principle and
higher order shear deformation theory (HSDT) to study the
free vibration responses of thick square composite plates.
The plates with central rectangular cut-out were consid-
ered. The dynamic stability of curved panels having cut-
out in the framework of first order shear deformation the-
ory (FSDT) based on the Bolotin’s approach was investi-
gated by Sahu and Datta [15]. Reddy and Palaninathan [16]
considered the free vibration response of composite plate.
A general high-precision triangular plate bending finite el-
ement and a nine-node isoperimetric plate with FSDT were
carried out.

The free vibration response of cylindrical skew pan-
els and skew plates using finite element method as well
as experiment were studied [17-22]. The effects of as-
pect ratio and skew angle on the natural frequencies of
isotropic skew plates were considered. Moreover, the ef-
fects of aspect ratio, skew angle and fiber orientation an-
gle of the natural frequencies of laminate composite plates
have been studied. Although, a numerous of the literature
have been studied on either numerical or experimental ap-
proach for the free vibration analysis of laminate compos-
ite plates with various cut-out, there were very limited pub-
lication on the effect of elliptical hole on the correlation of
natural frequency with buckling load of basalt laminates
composite plates.

In this study, the evaluation of the effects of elliptical
cut-out on the natural frequency of BFRP laminate compos-
ite plates was carried out. The natural frequencies as well
as mode shapes of basalt laminates composite plates are
numerically obtained using the commercial program soft-
ware (ABAQUS). Effects of fiber orientation angle, ellipti-
cal hole inclination, elliptical hole aspect ratio and thick-
ness of laminate composite plates were considered. The
numerical modeling of free vibration analysis based on the
mechanical properties of BFRP was received from the ex-
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periment. Then, the correlation of natural frequency with
buckling load was implemented.

2 Experimental study on
mechanical properties of BFRP

2.1 Materials

In this study, basalt plain woven fabrics was provided by
Basalt Fiber Tech company where situated in Australia.
The filament diameters of basalt plain woven fabrics are
about 13-220pm. Epoxy resin was supplied by Kukdo Chem-
ical company in South Korea. Its viscosity (cps at 25°C)
range between 11500-13500 and its mixing ratio (resin:
hardener) is of 100:33. The material properties of basalt
fiber as well as epoxy resin were listed in Table 1. To
obtain the mechanical properties of epoxy resin, ASTM
D2344/D2344M-03 [23] standard was conducted.

Table 1: Material properties of basalt fiber fabric and epoxy

Items Basalt fiber  Epoxy
fabric

Thickness (mm) 0.125

Density (g/cm?) 2.8

Tensile strength (MPa) 4840 250

Elastic modulus 89

Elongation rate (%) 3.15

Heat distortion temperature (°C) - 61

2.2 Testing program

In this work, five plies of BFRP were made of basalt plain
woven fabrics and epoxy resin by means of a vacuum in-
fusion process as shown in Figure 1(a). after completing
the vacuum process 24 hours, the BFRP plate was kept in
the temperature controlled room for two hours at the tem-
perature of 80°C. Then the manufactured BFRP plate was
cut to the required dimension for tensile and shear coupon
test specimens by a water jet cutter. The dimension of ten-
sile and shear test was conducted accordingly to ASTM D
3039/D 3039M-00 [24] and D 4255/D 4255M - 01 [25], re-
spectively. Two aluminum plates of 25 mm length, 15 mm
width and 1.5 mm thickness were attached on each side
of the tensile specimens to ensure uniform load transfer
and avoid stress concentration. To obtain the stain of spec-
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Figure 1: () vacuum infusion process, (b) tensile testing and (c) shear testing
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Figure 2: Stress-strain curve of: (a) tensile and (b) shear

imens, strain gauges were glued at the center of the speci-

mens for tensile and shear testing as shown in Figure 1(b)
and 1(c), correspondingly.

To conduct the experiment of coupon test, Universal
testing machine (model AST-MHA) in Gangneung-Wonju
National University with capacity of 100kN was used as

shown in Figure 1(b) and 1(c). Monotonic testing was per-

formed with the strain rate of 0.01/mm. The five specimens

were conducted with the same condition of strain rate. Fi-

nally, the average results of tensile as well as shear testing
were obtained from the each of five specimens.

2.3 Experimental results

The average stress-strain curve results of tensile and shear
testing were plotted as illustrated in Figure 2(a) and 2(b),
respectively. It was observed that the stress of the tensile
specimen was increased linearly with proportional to in-
creasing the tensile strain. This can be noted elastic region,
where the deformation of the specimen returned to the
original region when removing loading. Based on this ten-
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sile curve, it can be concluded that basalt fiber reinforced
polymer (BFRP) is the elastic material. Elasticity module
can be defined from the slop of proportional limit as de-
scribed in (ASTM D 3039/D 3039M-00 [24]). Figure 2(b)
was demonstrated that the stress-strain curve of the shear
specimen was increasing non-linearly. It can be observed
that this almost followed the bilinear curve. Firstly, it was
increased rapidly and then changed to increas dramati-
cally until failing. To obtain the shear module, it was deter-
mined in accordance with ASTM D2435/D2435M-01 [25]. To
end, the elastic and shear module can be found and listed
in Table 2. The mechanical properties of BFRP were used as

Table 2: Mechanical properties of BFRP

Properties BFRP
Density (kg/m?) 2600
Longitudinal modulus E1;(GPa) 37.03
Transverse modulus E»,(GPa) 37.03
Poisson’s ratio vy, 0.290
Shear modulus G1,(GPa) 2.370
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input in numerical modeling to determine the natural fre-
quencies as well as the correlation of natural frequencies
with buckling load of laminate composite plates.

3 Finite element modeling

3.1 Numerical modeling

The commercial finite element program ABAQUS was used
to simulate the numerical investigation of the natural fre-
quency of laminate composite plate as illustrated in Fig-
ure 3a. Appropriate elements were designated from the
ABAQUS software library to suitably simulate the charac-
teristic of the component of the free vibration analysis of
laminate composite plate. A quadrilateral type eight-node
shell elements (S8R) was sued to present the BFRP lami-
nate composite that shell element is appropriate for mod-
eling thin to adequately thick shell structure with mem-
brane option. The shell element has six degrees of freedom
at each node: 3 translations and other 3 rotations. 19874
quadrilateral S8R elements were used with a mesh size re-
fine in the area of the elliptical hole as shown in Figure 3a.
The analysis was carried out in plane stress. The plate was
established of eight plies, each ply having a thickness of
0.125 mm.

In this study, a thin rectangular plate of length (L) and
width (H) with an elliptical hole was considered. The ratio
between the length L = 200 mm and the width W = 100 mm
of the plate is L/W = 2 and thickness t = 1 mm. The mate-
rial properties of BFRP were listed in Table 2 and laid up
in 8 plies. In application of laminate composite plates, var-
ious forms of the cut-out can be implemented for design
purpose. The form of the cut-out was supposed to be an
elliptical cut-out in the center of the plate. Thus, the ef-
fect of different elliptical hole inclination on the natural
frequency was highlighted. The elliptical hole inclination
was conducted with angle of 0° 15°, 30°, 45°, 60°, 75° and
90°. When the angle of the elliptical hole (¢ = 0°), it means
that major axis is parallel to the xx axis and when the angle
(¢ =90°), the major axis is parallel to the yy axis. The ma-
jor and minor diameter of elliptical hole was represented
by ‘b’ and ‘@, respectively as demonstrated in Figure 3b.
Furthermore, the effect of different elliptical hole aspect ra-
tios (a/b) were considered. The major axis of the elliptical
hole (b) is equal to 20 mm and the minor axis (a) is varied
4, 8,12, 16, and 20 mm.
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Figure 3: (a) Meshing of the plate with elliptical hole and (b) geomet-
ric modeling

3.2 Validation of numerical modeling

In this validation, the dimension of symmetric laminate
composite plates was 76 mm x 76 mm x 1.04 mm (plate
aspect ratio 1) and 152 mm x 76 mm x 1.04 mm (plate as-
pect ratio 2) with 8 layers. Each ply thickness was taken as
0.13 mm. The plates with each aspect ratio were orientated
of [0/0/30/-30]s, [0/45/-45/90]s and [45/-45/-45/45]s. The
present finite element analysis was used the same material
properties to those used by Crawley [26]. The results of this
present study were validated for plates having aspect ra-
tios 1 and 2 as illustrated in Table 3. It can be seen that the
present finite element and observed results was initiated
to be reasonable, but it has some differences. This inconsis-
tency was due to reduction values of transverse shear stiff-
ness in the finite element model. However, a reduction of
20% in transverse shear modulus lowered frequencies less
than 1%. Furthermore, the in-plane stiffness used in the fi-
nite element analysis is too high, and that the dynamic flex-
ural modulus is lower than the static extensional modulus
as explained by Pingulkar and Suresha [27].
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Table 3: Validation of natural frequencies of 76 mm x 76 mm and 152 mm x 76 mm graphite epoxy cantilever plates

76 mm x 76 mm plates

152 mm x 76 mm plates

Laminate Mode Ref [26] Presents % Diff Ref [26] Presents % Diff
1 234.20 261.26 10.36 58.30 65.24 10.63
[0/0/30/-30];s 2 362.00 361.88 -0.03 148.00 136.89 -8.12
3 728.30 755.97 3.66 362.70 407.13 10.91
1 196.40 223.57 12.15 48.60 55.45 12.35
[0/45/-45/90]; 2 418.00 419.24 0.30 169.00 174.42 3.11
3 960.00 1004.50 4.43 303.00 344.36 12.01
1 131.20 137.66 4.69 31.30 31.82 1.64
[45/-45/-45]45]s 2 472.00 493.53 4.36 185.80 190.52 2.48
3 790.50 789.55 -0.12 214.00 226.29 5.43

4 Sensitive analysis of the natural
frequency of BFRP laminate
composite plate

4.1 Effect of stacking sequence on the
natural frequency

To illustrate the effect of the fiber orientation angle on
the natural frequency of symmetrical laminate composite
plates with regards to the elliptical hole as shown in Fig-
ure 4, the hole geometric ratio (a/b = 0.5) with clamp sup-
ports for all edges was considered. It can be seen that the
largest values of natural frequency were obtained when
the major axis of elliptical hole equals to ¢ = 90° regard-
less ply angle. And the composite plates with elliptical
hole ¢ = 0° offer the smallest resistance to free vibration.
Furthermore, it can be noted that the composite plate with
fiber orientation angle (0 = 45°) provided the smallest nat-
ural frequency, while the greatest values of natural fre-
quency were achieved for the plate with ply angle 8 = 0°

Natural frequency [Hz]
® v & &
(=] (=] (=] (=]

——$=90

w
~
(=}

45 60 75
Ply angle 6 ( degree)

o

15 30 90

Figure 4: Natural frequency fiber orientation angle versus elliptical
hole inclination (a/b = 0.5; BC = CCCQ)

and 90°. Thus, it can be noted that, to avoid reduction
of the resistance to free vibration, the laminate composite
plate should not be oriented at 8 = 45°.

4.2 Effect of hole geometric ratio on the
natural frequency

The effect of the hole geometric ratio (a/b) was also stud-
ied for different stacking sequences of laminate compos-
ite plate with elliptical hole inclination ¢ = 45°. The ma-
jor axis of elliptical hole was maintained constant (b =
20 mm) and minor axis (a) varied for each case. Clamp
support for all edges were performed. As illustrated in Fig-
ure 5, it can be seen that the composite plate with stack-
ing sequence [90/0/90/0]s provided the greatest natural
frequency, while the lowest natural frequency values were
obtained with stacking sequence [45/-30/60/-45]s. It can
also be observed that the natural frequency increases lin-
early with the increasing of hole aspect ratio for all stack-
ing sequences. Although cut-out can reduce stiffness of
composite plate, the reduced mass of the plate was more
prominent which resulted in the increment of natural fre-
quency. Thus, it can be concluded that the bigger the com-
posite plate cut-out, the greater the resistance of compos-
ite plate to the free vibration.

The influence of the elliptical hole inclination on the
variation of natural frequency was illustrated in Figure 6
for several geometric ratios (a/b). The laminate compos-
ite plate studied in this case was symmetrical of type
[90/0/90/0]s. Figure 6 shows an exponential increase of
natural frequency for the increment of elliptical hole in-
clination of the laminate composite plate for the geomet-
ric ratios (a/b) smaller than 1.0. For cases where ¢ < 60°,
it can be noted that the maximum values of natural fre-
quency were obtained for the composite plate with geo-
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metric ratio (a/b = 1.0). While, the composite plate with
geometric ratio (a/b = 0.2) yields the minimum values of
natural frequencies. In contrast, for cases where ¢ = 60°,
it can be seen that the composite plate with the greatest
resistance to free vibration were obtained, when a/b = 0.2.
While the composite plate with geometric ratio (a/b = 1)
provided the smallest values of natural frequencies. Addi-
tionally, according to Figure 6, it can be concluded that the
natural frequency was less affected by the hole inclination
when the geometric ratio getting bigger.
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Figure 6: Effect of elliptical hole inclination on the variation of
natural frequency (BC = CCCC; §=[90/0/90/0]s)

4.3 Effect of the hole position

Figure 7 shows the natural frequency curve when the po-
sition of the center of the elliptical hole changes with re-
gards to the free vibration. The effect of fiber orientation
angle with the geometric ratio (a/b = 0.5) was highlighted.
The presence of elliptical hole inclination ¢ < 45° was con-
sidered. Clamp support on one edge and three free edge
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(CFFF) was studied. Figure 7 shows that the maximum val-
ues of natural frequency were obtained when the compos-
ite plate had a stacking sequence [90/0/90/0]s. While the
plate with ply angle [45/-30/60/-45]s provided the mini-
mum values of natural frequencies. It can also be seen that
the natural frequency increases linearly when the center of
elliptical hole position farther away from the support. This
was due to the decrement of the composite plate stiffness
when transferring vibration to the support when cut-out
was closer to the support. Therefore, it can be concluded
that, to avoid obtaining lower resistance to free vibration,
the laminate composite plate shouldn’t be cut-out near the
support.
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Figure 7: Effect of hole position on the natural frequency (a/b = 0.5;
¢ = 45; BC = CFFF)

5 Correlation of natural frequency
with buckling load

5.1 Mode shapes under free vibration and
buckling load of laminate composite
plates

Figure 8 shows the mode shapes of free vibration and buck-
ling load (bi-axial load). The symmetric laminate compos-
ite plate with stacking sequence [0/0/0/0]s was studied.
Also, the geometric ratio (a/b = 0.6) and clamp support
for all edges was considered. Five mode shapes of free vi-
bration and buckling load were investigated. Based on Fig-
ure 8, it is interesting to observed that mode shapes of com-
posite plate under free vibration were similar to those of
buckling load, for mode shapesI, Il and III. However, those
mode shapes were different for the mode shapes IV and V.
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Figure 8: Mode shapes of free vibration and buckling load
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5.2 Effect of elliptical hole inclination

The correlation of free vibration and buckling load of the
composite plate with clamp support on all edges were stud-
ied. The effects of elliptical hole inclination and fiber orien-
tation angle were considered. The correlation curves were
determined based on the plotted of data points of various
fiber angles. With the presence of hole cut-out, four cases
(a/b=0.2, 0.4, 0.6 and 0.8) were investigated. As shown in
Figure 9 and 10, the correlation coefficient (r) of natural fre-
quency and buckling load had a negative value. This nega-
tive correlation coefficient showed the inverse proportion
between natural frequency and buckling load, i.e. natural
frequency decrease as the buckling load increased. More-
over, it was illustrated that the composite plate with ellip-
tical hole inclination ¢ = 0° had the strongest correlation
between natural frequency and buckling load, while the
lowest was obtained from the plate with elliptical hole in-
clination ¢ = 90° regardless geometric ratio. Thus, it can
be concluded that elliptical hole inclination as well as fiber
orientation angle induced the inverse proportion between
natural frequency and buckling load.
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Figure 9: Correlation of natural frequency and buckling load: (a) a/b
=0.2and(b)a/b=0.4
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According to Figure 9(a) and 9(b), it can also be seen
that each correlation curve was widely separated from
each other. This was due to the significant effect of ellip-
tical hole inclination on the laminate composite plate that
caused a large gap of buckling load. In contrast, the small
gap between each curve was obtained when the compos-
ite plates had the geometric ratio greater than 0.6 as illus-
trated in Figure 10(a) and 10(b). Thus, it can be noted that
when the geometric ratioa/b > 0.6, the curves were close to
each other. From these curves, it was also observed that the
plate with elliptical hole inclination parallel to the width
of the plate provided the maximum values for both natural
frequency and buckling load, while the minimum values
were obtained for the plates with hole inclination perpen-
dicular to width of the plate.

6 Conclusions

The application and design parameters have great effect
on the failure mode of a structure. In this study, the free
vibration analysis of symmetric rectangular laminate com-
posite plate with the elliptical hole was considered. The ef-
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fects of fiber orientation angle, elliptical hole inclination,
geometric ratio and hole position were highlighted. The
numerical modeling of free vibration analysis was based
on the mechanical properties of BFRP obtained from the
experiment. The mode shapes and natural frequencies of
basalt laminates composite plates were obtained from the
numerical analysis with the commercial program software
(ABAQUS). Then, the determination of correlation of nat-
ural frequencies with buckling load was carried out. The
following conclusions can be drawn:

¢ In case of clamp support for all edges, to obtain the
highest vibration resistance, the major axis of the el-
liptical hole should cut-out parallel to the width of
the plate regardless of the fiber orientation angle.

¢ In case CFFF, to avoid the decrement of natural fre-
quency of the laminate composite plates, the plate
should not be cut-out near the boundary.

e The laminate composite plate with smaller ellipti-
cal cut-out provide lower natural frequency, while
the greater natural frequency was obtained from the
plate with bigger cut-out. This was owing to the re-
duction of mass of the plate was more predominant
than the reduction of their stiffness. The elliptical
hole inclination had a smaller effect on the natural
frequency of laminate composite plate, when the ge-
ometric ratios was bigger.

¢ It can be noted that mode shapes of free vibration
as well as buckling load were almost the same for
modes I, II and III. However, those of mode shapes
IV and V were different.

e The composite plate with elliptical hole inclina-
tion parallel to the width of the plate provided
the strongest correlation between natural frequency
and buckling, while the lowest correlation was ob-
tained for the plate with elliptical hole inclination
perpendicular to the width of plate regardless geo-
metric ratio.

e It can be concluded that elliptical hole inclination
and the fiber orientation angle induced the inverse
proportion between natural frequency and buckling
load.

¢ For plates with geometric ratio a/b = 0.2 and 0.4,
each correlation curve was widely separated from
each other. This was owing to the significant effect
of elliptical hole inclination on the laminate compos-
ite plate that caused a large gap of buckling load. In
contrast, the small gap between each curve was ob-
tained when the composite plate with geometric ra-
tio greater than 0.6
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