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A B S T R A C T
Sisal fiber-reinforced composites have huge potential applications in many industries. Different defects
during the production process of the composite may decrease the performance of these composites. In
this work, one of the important defects such as the waviness of thesisal fiber was studied under
compressive loading. Two types of composite materials were considered for this study. One is sisal fiberreinforced polymer matrix composite and another one is hybrid composite i.e sisal fiber and carbon
nanotube reinforced polymer matrix composite. The sisal and hybrid sisal straight fiber composite
specimens are prepared by using the hand lay-up technique. The buckling load of the sisal and sisal
hybrid composites is estimated by conducting suitable experiments. Further, using the finite element
method the effect of the waviness of sisal fiber on the buckling load is estimated. Two different wavy
patterns such as Full Sine Waviness (FSW) and Half Sine Waviness (HSW) are considered for sisal fiber.
The position effect of waviness of the fiber on the same property is also estimated by changing (A/λ)
ratio from 0.1 to 0.35 and the amplitude of waviness from 5 to 17.5 mm (A) and maintaining the length
of waviness (λ) to 100mm. The present study is used to design the buckling load of natural composite
with waviness because the perfectly straight fibers are difficult to extract from plants.
doi: 10.5829/ije.2021.34.12C.06

1. INTRODUCTION1
The biodegradability, as well as environmental concerns
in the view of plastic usage, has awakened many
researchers to replace the conventional composite with
natural fiber-reinforced composites. Sisal, hemp, jute,
banana fibers are the most used fibers in the place of manmade fiber-reinforced composites. Two important
aspects in the usage of the natural composite are needed
to be addressed while replacing the commercial
composite with natural composite. The first one is the
type of natural resource we are using in the form of fiber
and their characterization. The second aspect are how to
enhance the already used natural fibers to make them as
a better competitor in place of man-made fibers.
From these perspectives, the work performed so far
on natural and hybrid composite has been reported. The

buckling characteristics of natural fiber reinforced
polymer composite beamsare studied experimentally [1].
In the view of lightweight structures, the compressive
strength of flat plates and plain channel sections made
with natural flax, jute and hemp have been studied [2-3].
The critical axial and lateral buckling loads of the
composite material have been evaluated by conducting
suitable experiments [4]. The extension in the buckling
behavior was identified by preparing specimens with
aluminium and polypropylene [5]. Woven flax–epoxylaminated composite specimens are prepared and tested
for in-plane and out-of-plane compressive behavior [6].
Rectangular and skew composite plates with embedded
shape memory apply wire are tested for thermal buckling
[7]. A thin-walled open cross-section profile made of
fiber metal laminates were tested for buckling response
[8]. Compared to straight fiber, the sinusoidal curved
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fiber showed high buckling strength than straight fiber
reinfroced composite plate [9]. Composite I-beams are
analyzed by adopting the refined beam theory supported
by 3D Saint-Venant's solution [10]. Reinforcing the
Carbon nanotubes with regular composite effects
thebending
and
buckling
properties
because
reinfrocement of CNT’s enhances the stiffness of the
resulting composite [11]. Compressive and tensile
mechanical behavior along with the properties of Flaxfiber reinforced-Epoxy composite is examined [12]. The
large deflection, post-buckling of graphene nano
platelets-reinforced multi-scale composite beams is
studied through a theoretical study [13]. Critical buckling
strength of natural fiber fabric, polymer composite beam
is analyzed experimentally. [14]. Using the
Micromechanics methodology, the plate thickness
influence by using functional graded graphene reinforced
composites are reported [15]. Buckling loads and
corresponding failure modes are also presented [16]. The
global buckling and wrinkling behavior of sandwich
plates with anisotropic face sheets are investigated [17].
The buckling behaviour of composites with cenosphere
and sisal fabric epoxy is disussed y Wang and Wang [18].
The waviness effect of sisal fiber reinforced composite
on elastic properties are explored by using experimental
and micromechanics [19]. Using the micromechanics,
moisture effect of fiber reinforced composites are
explored [20]. The debond effet of fiber reinfroced nano
based composite was addressed by Prasanthi et al. [21].
The waviness effect of fiber on the fatigue response is
also explored [22]. Random waviness of fiber is also
identifed [23-27]. Carbon nanotube curviness and
waviness effect on the longitudinal modulus is reported
by Matveeva et al. [26]. Using the multiwall carbon
nanotube reinfrocement, buckling analysis performed on
composite beams [28]. Using the buckling-restrained
braces, the buckling failure load can be avoided [29].
From the above finding, the knowledge gap has been
identified in relation to the natural fiber with waviness
under compressive load.
The position effect of waviness of natural fiber with
respect to the constrains (fixed and free end of the
specimen) is not addressed so far. The buckling load of
sisal fiber and carbon nanotube mixed epoxy composite
is not performed yet. Considering the above factor, in this
work, a complete study on buckling behavior of sisal
fibers reinforced composite with waviness effect is
reported using both experimental and analytical
approaches. Two different waviness patterns such as Full
Sine waviness (FSW) and Half Sine Wave (HSW)
patterns are considered over a length of 100mm (λ) by
varying the amplitude of waviness by changing (A/ λ)
ratio to 0.1 to 0.35.
2. MATERIALS AND METHODS

The aim of the current proposal is to recognize the
buckling load of natural sisal fiber composite and carbon
nanotube reinforced sisal fiber (Hybrid) composite by
using wavy fibers as reinforcement subjected to
compressive load. The buckling load is estimated with
experimental and Finite Element studies. Mostly faced
problems in the natural fiber is waviness and the effect of
waviness on the compressive strength and enhancement
of buckling strength by nano reinforcement is also
addressed in this work.
To conduct experimental studies, the testing samples
are manufactured by using the hand lay-up technique. For
that, the fibers were purchased from Vruksha composites,
Tamilnadu. These fibers were treated with NaOH
solution for 24 hours to promote better bonding between
these fibers and the polymer matrix. These treated fibers
are used as reinforcement in the polymer matrix and the
weight of the matrix is selected in such a way that the
fiber weight fraction is 0.1, 0.2, 0.3, 0.4 and 0.5%,
respectively. The testing sample dimensions are fixed
according to ASTM specified standards. To maintain the
accuracy of the results, four testing samples are
manufactured and tested.
To create hybrid composites, the Nano carbon tubes
are used as reinforcement along with sisal fibers. In this
work hybrid composite means sisal fiber reinfroced in
CNT mixed epoxy matrix. The carbon tubes are mixed
with polymer matrix using Ultra Sonication. The ultra
sonicator ensures the uniform mixing of carbon tubes in
the polymer matrix. The carbon nanotube-infused
polymer matrix is used as a hosting medium to reinforce
the sisal fibers. In this case, two types of reinforcements
are using i.e sisal fiber and carbon nanotubes. The carbon
nanotubes weight fraction is maintained at 0.1%. The
sisal fiber weight fraction is the same fraction as
considered for sisal composites. The specimens of sisal
and hybrid composite are presented in Fig.1a-b.
Axial buckling samples were prepared according to
the standards ASTM E2954 with a size of 200 mm length
and 20 mm width and the thickness of the specimens is
in the range of 2.5mm. Using a compression testing
machine with 50KN loading capacity, the testing is
performed by applying compressive load along the length
of the fiber. The buckling load and corresponding
elongation are estimated for sisal and hybrid composite.
During the experiments, the specimens are fixed both
from the bottom and top grips, the specimens are loaded
in the axial direction (Fig. 1a). Four samples are tested at
each weight fraction, and the average value is considered
as the final buckling load (Fig.1b).
2. 1. Finite Element Method
To identify the waviness of sisal fiber composites on
buckling load, the finite element method is used. The
finite element models are created by using ANSYS.
Using the mechanics of material method, the buckling
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load is estimated for sisal and hybrid composite.
Applying the assumption of the micromechanics
approach that is considering the uniform distribution of
fibers in the hosting medium and selecting one unit cell
from the total array and by analyzing one unit cell under
compressive load, the buckling load can be obtained.
(Fig. 2)

ANSYS software. The fibers are modeled with waviness
and the waviness is created at the center of the fiber. The
length of the fiber (L) is 200mm, waviness length of the
fiber (λ) and the amplitude (A) is changing according to
the A/λ equal to 0.1, 0.2, 0.3 and 0.35. Fig. 4 shows the
Full Sign Waviness (FSW) and Half Sign Waviness
(HSW) of FE models.

Figure 3. FE model and Finite element mesh

Figure 4. Finite Element models with fiber waviness
Figure 1. Sisal and hybrid composite and Microscopic
view

Further, the position of the waviness effect on the
buckling load also studied by creating waviness at fixed
end (Fig. 5) and load end of the fiber (Fig. 6). In all the
cases, the waviness length in the fiber is fixed to 100 mm
in the total length of 200 mm fiber and the amplitude of
the waviness varies from 5 mm , 10mm, 15mm and
17.5mm. With these amplitude the (A/λ) becomes 0.1,
0.2, 0.3 and 0.35.

Figure 2. Micromechanics approach and unit cell
The unit cell dimensions are calculated based on the
volume fraction of fiber. The volume fraction of fiber is
changed from 10 to 50%. The Young’s modulus of an
epoxy matrix is 5.171 GPa, Poisson’s ratio (ν) 0.35, sisal
fiber modulus 190GPa, Poisson’s ratio of sisal fiber 0.3
[20-21, 27]. The carbon nanotube mixed sisal fiber
reinforced epoxycomposite elastic properties are
obtained from our previous research work [28]. To
compute the buckling load, one end of the FE model is
fixed (Fig. 3a) and compressive elongation obtained from
the experiments is applied at the opposite end of the FE
model as shown in Fig. 3a. The eigen buckling load is
estimated by performing analysis for strainght fibers.
The finite element mesh on the FE model is presented in
Fig. 3b.
The buckling load obtained from the finite element
model and experimental results are presented along
with the percentage of error in the results and
discussion section. Further, the buckling load is
estimated for the wavy fibers using finite element method

Figure 5.waviness at the fixed end of the fiber

Figure 6.waviness at the Load end of the fiber
3. RESULTS AND DISCUSSIONS
Fig. 7 shows the buckling load of sisal and hybrid
composites. The buckling load is increased with
increasing the weight content of sisal fibers up to 40%
[9]. Later the buckling load is slightly decreased in case
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and buckling strength is more. Similar trend in the results
are found for fiber with sine waviness [9]
Fig. 10 shows the variation of buckling load with
HSW of fiber at the center of its length. Compared to
FSW of fiber, the buckling load is less for HSW of fiber.
This is due to the reason that fiber penetration part into
the matrix due to the waviness is less than FSW.
2000

Buckling Load (N)

of sisal fiber composites due to improper load
transmission between the fibers and matrix under
compressive loading. That 40% is the treshold limit for
this case [4] .The hybrid composite buckling load is also
increased with increasing the weight fraction of sisal
fiber. The buckling strength is more for hybrid
composites due to the additional carbon nanotubes in the
polymer matrix. From this it is observed that, addition of
nano CNT will enhance the buckling load of the sisal
fiber reinforced composite [11]. Standard devaition of the
results also presented in Table 2.
Fig. 8 shows the comparison of buckling load from
experimental and FE results. To validate the finite
element models, the buckling load of the composite plate
is analysed, compared with the published results [25-26].
Table 2 presents the comparison of buckling loads of
composite plate under uniaxial compression load with
[400/+400/900/00]2s laminate lay-up and with two ends
fixed support and two ends are simply supported. The
results are obtained by performing the analysis with the
same material properties, same geometrical data and
same boundary conditions [25-26]. Good agreement is
found between the present results and published results
(Table 1).

2.294
3.1674

4.41%
4.08%

At every volume fraction, the percentage of error
between the experimental and analytical results is also
presented. The correlation between the experimental and
FE results are good at a lower weight fraction of sisal
fiber. After validating the experimental and analytical
results of buckling load, the waviness effect of sisal fiber
on the buckling load is presented.
Fig. 9. shows the buckling load of sisal and hybrid
composites by considering waviness in the fiber in the
center of the fiber. The buckling load increasing with
increasing the weight fraction of sisal fiber and hybrid
composite buckling load is more than the sisal fiber
composite. Increasing the waviness ratio (A/λ) from 0.1
to 0.35, increases the buckling load. Increasing the (A/λ)
means the amplitude of the full sine wave increasing that
means the deviation of the fiber from the straight shape
is increasing and the resulting buckling load is also
increasing. The reason for this behavior is that wavy
pattern is created at the middle of the FE model and while
transmitting a compressive force through the model, the
fiber takes more loads. The penetrated fiber portions due
to waviness receive more load than a pure matrix, as a
result, the deformation due to compressive load is less
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Figure 7. Buckling Load of sisal and Hybrid composites
TABLE 2. Standard deviation of experimental results
S1

Sisal fiber reinforced composite
S3
S4
Avg.
254
239
255
242
480
492
516
500
840
860
890
860
1015
1021
1014
1012
954
995
1003
978
Hybrid composite
S2
S3
S4
Avg.
442
457
458
452
745
750
765
750
1222
1256
1268
1243
1554
1542
1514
1542
1502
1476
1454
1475
S2

220
512
850
998
960
S1
451
740
1226
1558
1468

Buckling Load (N)

2.4
3.2

1200

1542
1243

0

TABLE 1. validation of buckling load with published results
Buckling
load Buckling load Buckling
% error
(KN/cm) [25]
(KN/cm) [26]
load
(KN/cm)
Present work

2.4
3.3

Sisal Composite
Hybrid Composite

1600

2400
2000
1600
1200
800
400
0

SD
16.39105
16.97056
21.60247
9.831921
24.58997
SD
7.348469
10.80123
22.53886
19.86622
20.16598

Sisal Composite (Experiment)
Sisal Composite FEM
Hybrid Composite (Experiment)
Hybrid composite FEM
% error (sisal Exp and FEM)
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Weight Fraction of Sisal fiber (%)

Figure 8. Buckling load from Experimental and FE
results with percentage error
Figs. 11 and 12 show the response of buckling
load of sisal and hybrid composite with the waviness at
the fixed end of the fiber. In this case, the waviness effect
of fiber is negligible on the buckling load. Because the
waviness of the fiber is located nearer to the fixed end.
The fixed end resricts the movement as a result the
buckling load is not effected with the waviness of fiber.
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Figure.10. Buckling Load of HSW
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As the fiber weight fraction increases, the buckling load
increases up to 40% of weight fraction, later there is no
improvement in the same property; but the hybrid
composite buckling load increases even beyond 40% of
fiber weight fraction due to the nano reinforcement.
Compared to FSW fiber reinforced composite, HSW
fiber composite showed less buckling loads at all the
waviness ratio (A/λ ) considered for the study.
The waviness is located nearer to the fixed support
will not influence the buckling load of wavy fiber
reinforced composite. Whereas the waviness at the
middle and nearer to the load ends, have a considerable
influence on buckling load. In these cases, the waviness
located at the load end having very high impact on
buckling strength
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کامپوزیت های تقویت شده با الیاف سیزال کاربردهای بالقوه عظیمی
 نقص های مختلف در طول فرآیند تولید.در بسیاری از صنایع دارند

)P. Phani Prasanthi et al. / IJE TRANSACTIONS C: Aspects Vol. 34, No. 12, (December 2021

کامپوزیت ممکن است عملکرد این کامپوزیت ها را کاهش دهد .در
این کار  ،یکی از نقص های مهم مانند موج دار بودن الیاف پایان نامه
تحت بار فشاری مورد مطالعه قرار گرفت .دو نوع مواد کامپوزیتی
برای این مطالعه در نظر گرفته شد .یکی کامپوزیت ماتریس پلیمری
تقویت شده با فیبر سیزال و دیگری کامپوزیت ترکیبی یعنی فیبر
سیزال و کامپوزیت ماتریس پلیمری تقویت شده با نانولوله های
کربنی .نمونه های کامپوزیت سیزال و هیبرید سیزال با استفاده از
تکنیک چیدن دست آماده می شوند .بار کمانش کامپوزیت های
سیزال و سیزال با انجام آزمایشات مناسب برآورد می شود .عالوه بر
این  ،با استفاده از روش اجزای محدود  ،اثر موج الیاف سیزال بر بار
کمانش برآورد می شود .دو الگوی موج دار مختلف مانند موج
سینوسی کامل ( )FSWو موج نیمه سینوسی ( )HSWبرای فیبر
سیزال در نظر گرفته شده است .اثر موقعیت موج دار شدن الیاف بر
روی همان ویژگی نیز با تغییر نسبت ( )A/λاز  0.1به  0.35و دامنه
موج از  5تا  17.5میلی متر ( )Aو حفظ طول موج ( )λتا  100میلی
متر مطالعه حاضر برای طراحی بار کمانش کامپوزیت طبیعی با موج
استفاده می شود .زیرا استخراج الیاف کامالً مستقیم از گیاهان دشوار
است.

