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Finite Element Analysis; Hybrid laminates have been utilized in vast applications, namely aircraft, automotive, and
Tsai-Wu failure; other areas of light weight and high strength requirement. There are various types of hybrid
Hybrid composites; laminates and an assessment of these laminates for their application is necessary.
Basalt fibre; Experimental testing as per ASTM is expensive since it is destructive testing. In addition, the
Carbon fibre. hybridization of basalt, a promising fibre along with other fibres has shown better laminate

properties. Basalt-carbon epoxy hybrid laminated composites are a comparably inexpensive
and sustainable alternative to conventional carbon fibre epoxy composites. Thus, in this
paper, the evaluation of the new and advanced basalt-carbon epoxy hybrid laminated
composites under static loading was conducted using Finite Element Analysis. Mechanical
properties of basalt-carbon epoxy hybrid laminated composites such as tensile and
compression strength, flexure strength, interlaminar, and in-plane shear strength were
evaluated through different static test simulations. Specimens having different stack-up
sequences and fibre orientations were analysed for failure based on Tsai-Wu failure criteria
using commercial finite element software ANSYS Composite Pre-Post (ACP) and ANSYS
Mechanical. The outcome of this work shows that laminates with basalt fibres on the inner
side and carbon fibres on the outer side provided a better alternative with around 90-98%
equivalent strength to pure carbon laminates in various mechanical strength tests. In
addition, the lay-up of specimen C2 [0.C/+45B/0B]s was found to be the optimal stacking
arrangement. Using specimen C2 as a substitute to pure carbon fibre laminate not only
provides almost equivalent strength but also reduces the cost by up to 40%. The comparable
strength property of specimen C2 was due to the placement of 0° carbon fibre at the outer
faces of the composite.

1' IntrOdUCtion 1 \Flbers~
Composite materials are constructed using N
two, or more materials (known as constituents) 2 Resin

that have varying characteristics, schematically
represented in Figure 1. Composite materials

exhibit characteristics derived from each of the 3 \\Composite
individual constituents. However,  the \
constituents remain distinct and isolated within 4 Laminate

the final structure. The characteristics of the new %

material are dependent on the individual \ :
constituents as well as the way the constituents

are combined. The resulting properties can Figure 1: Schematic representation of a composite
exceed or possess the combined properties of the laminate.

individual constituents.
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In recent years, it has been observed that
basalt fibre finds a spectrum of applications.
Wang et al. [1] evaluated the damage
characteristics of basalt fibre reinforced mortar
under compression. Their results showed that
the addition of basalt fibre improved the rigidity
and the ductility of the mortar specimen.
Evaluation of mechanical properties and
degradation of basalt was carried out by
Sakthivel et al. [2]. Their work showed that basalt
fibre reinforced polypropylene (BFRP) is
superior to glass fibre reinforced polypropylene
(GFRP). Some researchers claim that basalt fibre
has a good potential to provide benefits that are
superior to glass fibre, and significantly cost-
effective to carbon fibre. Basalt fibre has received
increasing attention as a newcomer to fibre
reinforced polymers based on its superior
mechanical properties like high tensile strength,
modulus, rupture strength, good range of thermal
performance, good chemical resistance, superior
electromagnetic properties, good resistance to
vibration, high compressive strength, and better
strain to failure, inexpensive, environmentally
and ecologically harmless based on the
investigations by Parnas et al. [3] as well as
Singha [4]. Basalt is the most abundant rock type
in the earth’s crust. Basalt fibre is made from
extremely fine fibres composed of the mineral’s
plagioclase, pyroxene, and olivine. Due to its
extraordinary mechanical properties, basalt fibre
is seen as a potential alternative to S2-fibreglass
and E-glass which have already established a
benchmark in the industry.

Mingchao et al. [5] investigated the
mechanical properties of basalt fibre reinforced
plastic. They concluded that the interface formed
between basalt fibre reinforced plastic and epoxy
resin is better than glass fibre reinforced plastic.
Czigany et al. [6] examined the basalt fibre as a
reinforcement of polymer composites. They
claimed that basalt fibre due to its outstanding
mechanical properties can be an alternative to
glass fibre. Aslan et al. [7] used basalt fibre in
conjunction with graphene nanoplatelets and
subjected it to tensile, flexural, and impact loads.
Their work was indicative of superior flexural
properties of basalt fibre as well as the finding
that the ratio of basalt fibre content increased the
impact energy of hybrid composites. Khalili et al.
[8] presented an experimental investigation on
the mechanical behaviour of basalt fibre
reinforced composite under tensile and bending
loads. The results revealed that basalt fibres can
be successfully used instead of glass fibres in
fibre composite manufacturing. Hawileh et al. [9]
presented an experimental and analytical
investigation on the behaviour of reinforced
concrete beams strengthened in flexure
properties by means of a different combination of
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externally bonded hybrid Glass and Carbon Fibre
Reinforced Polymer (GFRP/CFRP) sheets.

Naser et al. [10] presented an application of
FRP systems in reinforced concrete structural
members and highlighted the performance of
FRPs under extreme conditions such as elevated
temperature, saline environment, and cycles of
freezing and thawing. Maxineasa et al. [11]
conducted life cycle assessment studies to
determine if composite materials should be
considered in the life cycle analysis of
strengthening concrete beams with fibre
reinforced plastics where basalt fibre was
explored to minimize the environmental
footprint. Refai et al. [12] reported on the
experimental and analytical investigation of the
shear performance of concrete beams cast with
basalt fibre-reinforced concrete and a good
agreement between the predicted and
experimental shear strength was evident. Gencel
et al. [13] studied and reported the addition of
basalt fibre which then enhances mechanical
properties while increasing the porosity and
water absorption values of foam concrete.

Yang et al. [14] studied the effects of raw
material homogenization on the structure of
basalt melt and the performance of fibres. They
concluded that fibre strength increased with
increasing degree of polymerization. As the
homogenization time and temperature increased,
coefficients of variation of fibre strength and fibre
diameter decreased, indicating enhanced fibre
stability. Zheng et al. [15] explored Nano-SiO2
modified basalt fibre for enhancing the
mechanical properties of oil well cement. Their
results indicate that nano-silica on the surface of
basalt fibres can improve the bond strength
between the fibres and the cement matrix, thus
enhancing the bridging effect of basalt fibres in
the cement matrix. Chandrasekar et al. [16]
explored the low-velocity impact properties of
basalt fibre-reinforced composites, as they have
the potential to be applied in aeronautical
applications where low-velocity impact damage
occurs due to bird strikes, hailstones, runway
debris, etc. They concluded that the impact
properties of these composites can be tailored by
using different fibre architecture, hybridization,
varying the impact energy, impact velocity, and
sample temperature. Basalt/Carbon
experimentations for wind turbine blade
application conducted by Mengal et al. [17] can be
considered for validation of the FEA analysis
conducted in this work. There has been a great
interest in hybrid materials, particularly with the
combination of basalt fibre and carbon fibre as
can be seen from this work. Due to its
extraordinary mechanical properties over other
fibre reinforced composites, its use in wind
turbine blades is ideal.
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Due to the ever-increasing demand and
methods of manufacturing, the cost of carbon
fibre presents an unprecedented economic
situation. This is where basalt fibre plays a
pivotal role as it is both, abundant and
inexpensive. Ludovico et al. [18] presented a
paper where basalt fibre is found to be cheaper
compared to carbon and glass fibres due to less
processing and energy consumption during its
manufacturing process. Due to different fibre
manufacturing methods and specifications, a
fixed cost could not be estimated. Our findings
after consulting several manufacturers led us to
establish the average cost of unidirectional
carbon fibre as USD 26.92 per m? and the cost of
unidirectional basalt fibre as USD 16.15 per m*
For accounting for regional variation in the
manufacturing cost of the fibres, the average of
five different costs from five vendors was
considered for this work. Substituting basalt
layers in the place of carbon fibre is expected to
provide a strength which is second only to pure
carbon fibre while offering significant cost
reduction. As per literature [11][18], basalt fibre
has been found to be inexpensive compared to
carbon fibre due to a simpler fibre manufacturing
process. Basalt products have no toxic reaction
with air or water and are non-combustible and
explosion-proof. Thus, basalt fibre can be
classified as a sustainable material [19]. In
continuation, the following are the major
objectives of this work:

1. To evaluate the ultimate tensile strength,
ultimate compressive strength, ultimate flexural
strength, interlaminar shear strength, and in-

plane shear strength of basalt-carbon epoxy
hybrid laminated composite based on Tsai-Wu
failure index parameters using FEA.

2. To propose an optimal stacking sequence
for basalt/carbon hybrid laminates based on
comparative strength analysis.

3. To estimate cost reduction from using
basalt in a 4:4 ratio with carbon fibre with that of
pure carbon reference specimen C1.

Tsai-Wu criterion is deemed fit as it considers
the total strain energy which includes both
distortion energy and dilatation energy for
predicting failure. In comparison to Tsai-Hill
failure, Tsai Wu's criteria is more general as it
distinguishes between compressive and tensile
failure strengths.

2. Materials and Methodology
2.1. Materials

Materials used for the hybrid laminates were
carbon fibre, basalt fibre, and resin LY556 as the
matrix. Six symmetrical lamination stacking
sequences with eight layers of unidirectional 0°
and biaxial +45° were selected for the current
study. One eight-layered unidirectional 0° fibre
layup of pure carbon fibre and one eight-layered
unidirectional 0° fibre layup of pure basalt were
used as a reference. For all six hybrid composite
laminates, the composition of basalt to carbon
fibre ratio was maintained at 4:4 with varying
stacking sequences. Table 1 lists the stacking
sequence arrangement of coupon specimens and
fibre orientations.

Table 1: Stack up sequence [17].

Laminate Stacking
Group Fibre Orientation (°)
Code Sequence
C1 Cs [0sC]
Pure laminates
B1 Bs [0sB]
c2 C2B4C2 [02C/+45B/0B] s
Hybrid laminates with carbon fibres at the 3 CoBaCa [0,C/0B/+45B] s
outer layers
C4 C2B4C2 [02C/+452B] s
B2 B2C4B2 [0B/+45B/02C] s
Hybrid laminates with basalt fibres at the B3 BoCaBa [+45B/0B/0:C] s
outer layers
B4 B2C4B2 [+452B/02C] s
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Table 2: Combined material properties of matrix and fibres [16]

Properties Basalt + Epoxy Carbon + Epoxy
Density (kg/m3) 1830 1560
Young's Modulus in X-direction (MPa) 38900 103000
Young's Modulus in Y-direction (MPa) 7470 8019.02
Young's Modulus in Z-direction (MPa) 7470 8019.02
Poisson's Ratio XY 0.281 0.3447
Poisson's Ratio YZ 0.455 0.3447
Poisson's Ratio XZ 0.281 0.4247
Shear Modulus XY (MPa) 2710 3298
Shear Modulus YZ (MPa) 2540 3298
Shear Modulus XZ (MPa) 2710 2814
Tensile strength in X-direction (MPa) 1220 3200
Tensile strength in Y-direction (MPa) 62.1 70
Tensile strength in Z-direction (MPa) 62.1 70
Compressive strength in X-direction (MPa) -780 -918
Compressive strength in Y-direction (MPa) -93.1 -170
Compressive strength in Z-direction (MPa) -93.1 -170
Shear strength in XY direction (MPa) 85.7 88
Shear strength in YZ direction (MPa) 51.42 50
Shear strength in XZ direction (MPa) 85.7 88

The coupling coefficient for Tsai-Wu failure of

all materials is -1. Orthotropic strain limits can be F]beronemaua:? a
calculated using the relation in Eq. 1. "
T
Modul £ Elasticity = Orthotropic Stress E
oqutus o asticity = Orthotropic Strain (i‘ -
(Eq. 1) @
2.2. Specimen Geometries Yoo
The specimens for the mechanical tests were - st anaton v
designed according to the ASTM standards - g
ASTM D3039 [21] for tensile test, ASTM D6641 &
[22] for compression test, ASTM D7078 [23] for YT
flexural fest, ASTM D2344 [24] for interlaminar o
test, and ASTM D7264 [25] for in-plane shear
test. The specimen dimensions are as in Figures Figure 2: (a) Tensile Specimen [17] (b) Compression
2.4 Specimen [18].
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Figure 3: (a) Flexural specimen [19] (b) Interlaminar
specimen [20].
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Figure 4: In-plane shear specimen [21]

12.5 12.5
31 mm

2.3. Methodology

In ANSYS Workbench [27], all material data
mentioned in Table 2 served as the input for the
Engineering Data module in ANSYS Workbench
as shown in Figure 5. After the input of material
data, the design modeler was used to draft the
specimen geometry. Then the model was meshed
in ANSYS Mechanical. The mesh size was selected
from a range of 0.5 to 1 mm depending on the
specimen geometry indicated in Figures 2-4. The
meshed model was then exported into ANSYS
ACP-Pre for modeling, material assignment, fibre
orientation, and stacking of layers. Each layer was
assigned material, fibre direction, and stack-up
sequence according to the specimen
configurations as mentioned in Table 1. A
thickness of 0.4 mm was assigned to each layer of
the composite model which makes the solid
composite model 3.2 mm thick. A schematic of the
solid composite model demonstrating the fibre
orientation of 45° with green arrows and 0°
reference fibre direction with yellow arrows is
shown in Figure 6. The meshed solid composite
model was transferred from ANSYS ACP to ANSYS
Mechanical/ Static Structural for the application
of loading and boundary conditions. As per the
literature [17], the tests were displacement
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controlled. Displacement was applied as a
function of time-steps which can be input by
changing the solver analysis settings in ANSYS.
The steps required vary for each test and the time
required to achieve failure can also be evaluated
as shown in Figure 7. Double displacement at 1
mm/min was levied on the side faces of the
meshed model as shown in Figure 8. The solution
was then exported to ACP-Post. The Tsai-Wu
failure criteria was selected and equivalent von-
Mises stress and shear stress were evaluated. The
composite model fails when the Tsai-Wu failure
index is greater than or equal to 1. For accuracy,
the results were evaluated at the Tsai-Wu failure
index ranging between 1 and 1.1.

Outline of Schematic A2, B2, D2, E2, 62,

% BasaT

1
2

N | [ | SR D:pasalt, T800 &
4 % ResinEpoxy =| [ | SR D:pasat, Ta0oa
5 % T80 HEIEE T

A B c D
1 Property Value unit R
> 7 Material Field Variables [ Table
3 ] Density 1830 kgm~-3 2 [E][
4 {3 A Orthotropic Elasticity B
5 Young's Moduus X drection 38E+10 ra H @
6 ‘Young's Modulus Y direction 7.47E409 Pa 2 @
7 ‘Young's Modulus Z direction 7.47E409 Pa H @
3 Poisson's Ratio XY 0.281 a
9 Poisson's Ratio YZ 0.455 [&]
10 Poisson's Ratio XZ 0.281 [
11 Shear Modulus XY 2.71E408 Pa 2 @
2 Shear Modulus YZ 254409 [ = =]
13 Shear Modulus X2 2.71E409 Pa H B
14 |@ T Orthotropic Stress Limits 5]
2 |@ A Orthotropic Strain Limits a
34 |@ A Tsai-WuConstants ]
1B (@ P ey B

Figure 5: Engineering data module in ANSYS.

EREREBBREBR BB

Figure 6: Fibre orientation in ANSYS ACP.

Details of *Analysis Settings" Tabular Data

= Step Controls Steps | Time 5] [V X[mm] |[V ¥ [mm] |[v Z [mm]
Number Of Steps |3, L A =0, 0
| Current Step Number |2 o LI . 5
il bl B2 Jm =0 =0 2
Step End Time 1205 NE T -0 3,
Auto Time Stepping | Program Controlled :

Figure 7: Time-steps in ANSYS Mechanical.
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00 (men)

Figure 8: Meshed model with double displacement
boundary condition ready for tensile loading in ANSYS

3. Results and Discussion

The results of static tests of these laminates
are in line with the objectives of this paper. The
FE results for tensile, compression, flexure,
interlaminar, and in-plane shear tests have been
evaluated and compared with the experiments.
Since specimen C1, a pure carbon laminate is an
industry standard composite material compared
to the novel nature of basalt fibre, it served as a
reference to compare the strength of other

specimen configurations.

The ratio of the

strength of each specimen to that of specimen C1
was evaluated for FEA as well as experimental
findings to validate the nature of FEA results.

3.1. Tensile Strength Evaluation

Table 3 shows the tensile test results
comparison between FEA and the experimental
tensile test. Similarly, the ratio of tensile strength
of individual specimens with respect to pure
carbon reference specimen C1 indicating the
variation in tensile strength for both FEA results,
and experimental findings is represented
graphically. Figure 9 shows the comparison plot
of these ratios. Pure carbon reference specimen
C1 as anticipated produced the best results. FEA
results showed that specimens C2 and B2, having
a ratio of 0.99 and 0.98, resulted in strength near
reference specimen C1 which indicates a good
stacking sequence. Specimen B1, the pure basalt
specimen having a ratio of 0.84 produced a poor
overall resistance to static loads. In tension,
specimens C4 and B4 which have only four layers
of 0° plies attained minimum strength. Placing a
+45° layer on the outer side causes a decrease in
the tensile strength of hybrid composites. Despite
the deviations, the variation in the ratio of FEA
results is akin to that of the experimental findings
as evident from Figure 9. The discrepancies and
deviations are commonly discussed in section
3.6. Figure 10 shows the sample ANSYS failure
contour plot for the best-stacked basalt/carbon
(C2). Inner layers fail when the failure index
marginally exceeds 1.

Table 3: Tensile test results

E i tal
. Tsai-Wu failure ?(perlmen a FEA tensile FEA/Experimental
Specimen ) tensile strength i
index strength (MPa) ratio
(MPa)
C1 1.014 625 962.3 1.54
C2 1.004 591 956.4 1.62
C3 1.009 539 932.3 1.73
C4 1.004 527 869.4 1.65
B1 1.002 482 808.5 1.68
B2 1.007 554 943.8 1.70
B3 1.007 509 884.3 1.74
B4 1.007 499 889.8 1.78
Tensile Ratio
1.20
1.00
0.80
2
= 0.60
= 0.40
0.20
0.00

51-C S$5-M §2-M S3-M $4-M S6-M §7-M S8-M
Specimens

==@== Experimental Ratio  ==®==FEA Ratio

Figure 9: Tensile Test Ratio Plot for all Specimens.
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3.2. Compression strength evaluation

Table 4 shows the compression test results
comparison between FEA and the experimental
compression test. Tsai-Wu failure index
considered during the FEA is also listed.
Similarly, the ratio of compressive strength of
individual specimens with respect to pure carbon
reference specimen C1 (benchmark laminate)
indicating the variation in compressive strength
for both FEA results, and experimental findings is
represented graphically. Figure 11 shows the
comparison plot of these ratios. In compression
test simulation, specimens C3 (Figure 12) and B3
were concluded to be optimal because they
produced a better response to compressive loads
as evident from Table 4, and displayed lesser
deviation with a ratio of 0.96 and 0.93 from the
pure carbon reference specimen C1. The
selection of specimens C3 and B3 can also be
adduced by the fact that their configurations are
mirror images of each other as mentioned in
Table 2. In spite of the deviations, the fall in the
ratio of FEA results for specimens C3 and B3 is
similar to the experimental findings.

Compressive Ratio

1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

Ratio

51-C §5-M 52-M 53-M 54-M S6-M S7-M 58-M
Specimens
==@==Experimental Ratio ==®==FEA Ratio

Figure 11: Compression test ratio plot.

3.3. Flexural strength evaluation

Table 5 shows the flexure test results
comparison between FEA and experimental
flexure tests. The Tsai-Wu failure index
considered during the FEA is also listed. The ratio
of flexural strength of individual specimens with
respect to pure carbon reference specimen C1
indicating the variation in flexural strength for
both FEA results and experimental findings is
represented graphically. Figure 13 shows the
comparison plot of these ratios. The pure carbon
specimen C1 showed rapid and steep load rise,
producing the highest flexural strength. The
flexural strength of hybrid laminates with carbon
fibres at the outer layers was higher than hybrid
laminates with carbon fibres embedded in the
middle layers, particularly for FEA. Results of
specimen C2 were found to have a ratio of 0.93
with respect to pure carbon laminate. This is due
to the higher strength of four carbon fibre layers
which bears most of the applied load when placed
at the outer side of the laminates. C2 produced
flexural strength equal to the pure carbon
laminate from the experimental findings and
hence concluded as the optimal specimen for the
flexural test. Figure 14 shows the specimen C2
failure contour.

Sefi 1 -Time/Freq: 26.75 (Last)
Max: 1.0421
Min:0.2041

Falure 1
1125

Figure 12: Compression test results of specimen C3.

Table 4: Compression test results.

E i tal
. Tsai-Wu failure xperlm.en a FEA compression FEA/Experimental
Specimen ) compression i
index strength (MPa) ratio
strength (MPa)
C1 1.005 425 841.5 1.98
C2 1.021 485 751.5 1.55
C3 1.009 451 807.9 1.79
C4 1.007 445 726.3 1.63
B1 1.004 361 661.5 1.83
B2 1.008 473 585.1 1.24
B3 1.002 435 783.1 1.80
B4 1.003 429 724.2 1.69
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Table 5: Flexural test results.

. . Experimental- ]
. Tsai-Wu failure FEA- flexural FEA/experimental
Specimen ) flexural strength i
index strength (MPa) ratio
(MPa)
C1 1.05 621 653.8 1.05
C2 1.1 589 609.4 1.03
C3 1.01 540 483.1 0.89
C4 1.07 521 572.7 1.10
B1 1.03 478 366.7 0.76
B2 1.09 538 401.7 0.75
B3 1.06 503 480.6 0.96
B4 1.02 492 397.9 0.81
3.4. Interlaminar shear strength evaluation
20 Flexure Ratio

Table 6 shows the interlaminar shear stress
1.00 (ILSS) test results comparison between FEA and
experimental tests. The Tsai-Wu failure index

R 080 considered during the FEA is also listed. The ratio
E 0.60 of interlaminar shear strength of individual
0,40 specimens with respect to pure carbon reference
specimen C1 indicating the variation in

0.20 interlaminar shear strength for both FEA results
0.00 and experimental findings is represented
§1-C 85-M S$2-M $3-M S4-M 56-M S7-M $8-M graphically. Figure 15 shows the comparison
Specimens ratio plot of both the test evaluations. Specimens

C2 and C3 having a ratio of 0.95 and 0.92
respectively produced better interlaminar shear
Figure 13: Flexure test ratio plot. strength than their counterparts. This could be
attributed to the fact that most of the transverse
load was accosted by the fibres arranged
perpendicular to the line of action of the applied

I e 1600 load. Although C3 produced the same reduction
TH R in ratio as that of specimen C2, it was discarded
as the optimal specimen based on a higher
deviation from experimental findings. Figure 16
shows the failure contour of specimen C3, where

==@==Experimental Ratio =~ ==®==FEA Flexural

Falure.1

1125
.

R the outer layers (carbon) are failing. This shows
0w that basalt and carbon are no different for
lgfis interlaminar shear related applications. The
’ deviations in subsequent specimens obtained are
Figure 14: Optimal flexural specimen C2 results discussed in section 3.6.

Table 6: Interlaminar shear test results

Experimental FEA - interlaminar

Specimen Tsai-Wu failure index interlaminar strength  shear strength (ILSS) FEA/expe'rlmental
(ILSS)(MPa) (MPa) ratio
C1 1.08 21.8 17.3 0.79
C2 1.04 20.4 16.5 0.81
C3 11 229 15.9 0.69
C4 11 21.5 13.3 0.62
B1 1.06 243 12.7 0.52
B2 1.07 22.7 15.2 0.67
B3 1.05 16.1 14.1 0.88
B4 1.06 14.7 11.3 0.77
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Interlaminar Ratio

1.20

1.00 W/‘*/.\\

0.80
2 B
" 0.60
=4

0.40

0.20

0.00

$1-C §5-M S2-M S3-M S4-M S6-M S7-M S8-M
Specimens
=== Experimental Ratio FEA Ratio

Figure 15: Interlaminar shear strength ratio plot.

Falure - if
Element-Wke

n
Set: 1 - Time/Freq: 7.5 (Last)
a1

Min: 000078197

Falure.]
s
1

Figure 16: Best Interlaminar shear specimen C3.

3.5. In-plane shear strength evaluation

Table 7 shows the in-plane shear test results
comparison between FEA and the experimental
shear test. The Tsai-Wu failure index considered
during the FEA is also listed. The ratio of in-plane
shear strength of individual specimens with
respect to pure carbon reference specimen C1
indicating the variation in in-plane shear strength
for both FEA results and experimental findings is
represented graphically. Figure 17 shows the
comparison plot of in-plane shear strength ratios
when compared with pure carbon laminate.
Further for in-plane shear, specimen C2 having a
ratio of 1.75 produced an in-plane shear strength
response significantly greater than reference
specimen C1. A similar observation was recorded
for experimental findings where the ratio
increased to 1.77. Both the ratios indicated the
same rise as seen in Figure 17 where it is also
evident that both FEA results and experimental
findings were following a similar pattern. Figure
18 shows the sample in-plane shear failure
contour of specimen C2.

Table 7: In-plane shear results.

. . Experimental FEA results for .
. Tsai-Wu failure . FEA/experimental
Specimen index shear strength in-plane shear ratio
(MPa) strength (MPa)
C1 1.004 17.8 16.6 0.93
Cc2 1.003 31.5 29.2 0.93
C3 1.004 27.6 19.2 0.70
C4 1.008 23.2 20.2 0.87
B1 1.011 15.2 13.6 0.89
B2 1.014 29.4 21.6 0.73
B3 1.002 25.1 24.7 0.98
B4 1.006 24.3 33.0 1.36
Table 8: Specimen C2 ratio
Test Specimen C1 Speci 2 Ratio =
es ecimen
(Reference) P c2/C1
Tensile strength 962.3 MPa 956.4 MPa 0.99
Flexural strength 662.8 MPa 609.4 MPa 0.92
Interlami h
nreriaminar shear 17.8 MPa 16.5 MPa 0.93
strength
In-plane shear
16.6 MPa 29.2 MPa 1.77

strength
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Inplane Ratio
2.50
2.00
1.50

1.00

Ratio

0.50

0.00
51-C S5-M S2-M S3-M S4-M 56-M 57-M 58-M
Specimens
Experimental Ratio FEA Ratio

Figure 17: In-Plane shear strength ratio plot.

001 785
Falure -irf
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Figure 18: Best In-plane shear strength specimen C2.

3.6. Summary

On evaluating the result of static tests, it was
observed that specimens C2 and B2 produced
strength greater than most of the other
specimens in the majority of the tests. An
explanation might be the configurations of
specimens C2 and B2 which are mirror images of
each other when viewed about the plane of
symmetry. While specimen B2 did offer
promising results for interlaminar and in-plane
shear tests with a ratio of 0.88 and 1.59 compared
to pure carbon, it was discarded candidate for
optimal specimen based on poor tensile and
flexural response compared to specimen C2.
From the above discussion, it can be summarized
that specimen C2 produced an in-plane shear
strength (29.2 MPa) significantly greater than
reference pure carbon specimen C1 (16.2 MPa).
Moreover, tensile, flexural, and interlaminar
shear strength responses of specimen C2 are
almost equal to the reference pure carbon
specimen C1 as evident from the comparison
ratio table (Table 8). Thus, from this analysis, it
can be inferred that specimen C2 is the optimal
specimen.

Using specimen C2 as a substitute for pure
carbon not only provides better strength but also
reduces the material cost. The percentage of
savings by using basalt instead of carbon fibre is
given by the equation below:
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Saving % =
Difference between cost of basalt fibre and carbon fibre per m2
Cost of carbon fibre per m2
100 (Eq.2)
_ (26.92 — 16.15)USD
Saving % = x 100 = 40%

26.92 USD
3.7. Discussion for Deviations

1. Differences were observed between ANSYS
simulations and experimental findings which can
be attributed to the composite curing process as
evident from the works of Kumbhare et al. [26].
The composite curing process leads to various
chemical interactions like cross-linking of fibres
as well as structural distortions in the laminate,
inducing residual stresses which cause
premature failures in composites.

2. The experimental findings tabulated failure
on basis of de-bonding (fibre fracture) or
delamination (ply separation) theories. In
practice, a resin was used to bind the layers
together which made delamination, a probable
cause of failure when the interfacial strength was
exceeded. However, while performing
simulations, since it was a solid composite model,
the ANSYS solver fixed the layers above each
other which made debonding the only mode of
failure.

3. In contrast to traditional experiments
where a resin is used to bind two layers, while
performing simulations, combined properties of
resin and fibre were imparted to a single layer in
order to account for the effect of resin followed
by the other layers which were modeled in the
same way.

4. ANSYS Mechanical works on Inverse
Reserve Factor (IRF) plot that divides the
ultimate strength by the von Mises equivalent
stress at each node. Therefore, when IRF > 1 the
part was considered to have failed, and when IRF
< 1 the part has not failed.

4. Conclusion and Future Work

Basalt, although a newcomer, presents
immense potential to be utilized especially in
today’s evolving world and its expectations in the
field of hybrid composites. Based on the
observations and discussion of the results, the
major outcomes of the work are as follows:

1. It is established that embedding the basalt
fibre layer in the inner part or using carbon fibre
in the outer layers of the composite has led to the
production of composite with strength in
proximity to the unidirectional pure carbon
specimen C1.

2. The optimal basalt/carbon stacking
sequence based on the results was found to be
specimen C2 [02C/+45B/0B] s. The comparison
table showed that specimen C2 can be a decent
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substitute for pure carbon laminates. Apart from
strength advantage, the work also demonstrates
that substituting basalt fibre in a 4:4 ratio with
carbon fibre provides a substantial cost reduction
of around 40%.

3. The paper also presented deviations in
strength evaluation between experimental and
FE analysis which was varying for different tests.
Tensile tests showed an average variation of
60%, while compression tests' average variations
were 70%. Meanwhile, the variations in flexure,
interlaminar shear, and in-plane shear tests were
around 15%, 20%, and 12%, respectively.

As part of the future scope, a parametric study
to examine the influence of different parameters
like specimen geometry, newer materials, and
evaluation of hole pattern arrangement can be
conducted.
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