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Abstract

Graphical abstract

This paper aims to investigate the effect of lamination scheme and angle
variations fo the displacements and failure behaviour of composite laminate.
Finite element modelling and analysis of symmetric, anti-symmeftric and angle-
ply Graphite/ Epoxy laminate with various angles of fiber orientation subjected
fo uniaxial tension are performed. Maximum Stress Theory and Tsai-Wu Failure
Criteria are employed to determine the failure load (failure index = 1). Prior to
that, convergence analysis and numerical validation are carried out.
Displacements and failure behaviour of the composite laminates (symmetric,
anti-symmetric and angle ply) are analysed. The failure curves (FPF and LPF) for
both theories (Maximum Stress Theory and Tsai-Wu) are plotted and found fo be
very close to each other. Therefore, it can be concluded that the current study
is useful and significant to the displacements and failure behaviour of
composite laminate.
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be observed that the Iamination schemes and

variations of angle orientation could effect the
a displacements and failure behaviour of the symmetric,
anti-symmetric and angle-ply laminate.

Therefore, this study aims to investigate the effect of
lamination scheme and angle variations to the
displacements and failure behaviour of composite
laminate.

1.0 INTRODUCTION

Composite  materials can  be defined as
combination of perfectly bonded reinforcements into
the binding materials (matrix) [1][2], which could
improve the strength and the failure behaviour of the
materials. By definition, failure occurs in a material
when the applied load reached its threshold [3][4][5].
In analysing failure, the Maximum Stress Theory is one
of the common failure criteria used in predicting
composite laminate failure  [6][7]. This criterion
considers that the composite material fails when the

2.0 METHODOLOGY

stress in the principal material axes (o1, o2 and Ti2)
exceeds the corresponding strength (X, Y and §) in that
direction (o1 > X, o2 > Y and 112 > §). Tsai-Wu failure
criterion involves polynomial equations in predicting
composite failure [8][7].

Previous study focused on predicting the first ply
failure and last ply failure of composite laminates
[TOI[11][12][13]. Nevertheless, the composite laminate
displacements before the occurance of failure have
not been analysed thoroughly. For example, it could

Figure 1 shows the overall workflow of the current
study. The failure analyses are performed for different
lamination schemes (symmetric, anti-symmetric and
angle-ply) and various angle of fiber orientations (0,
100, 200, 309, 4090, 459, 50°, 60°, 70°, 80°, 90°), using two
failure criteria (Moximum Stress Theory and Tsai-Wu
failure criterion). There are two phases involved in
order to achieve the main objectives of this study:

e Phase 1: Finite element modelling
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e Phase 2: Failure analysis
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Figure 1 The overall workflow.
2.1 Convergence Analysis

Accurate meshing and mesh size are always important
in finite element analyses. Using smaller mesh size
could increase the accuracy of the simulated results,
nevertheless it will increase the computing time and
cost [3]. Convergence analysis is important and thus,
this study starts with performing convergence analysis.
These analyses are carried out under constant uniaxial
tension (7010.5 N), using quadrilaterals element and
various mapped meshing (2x2, 4x4, 8x8. 16x16, 32x32,
64x64, 128x128 and 256x256). Mesh size of 1x1 (or any
odd mesh size) is not possible as the boundary
condition is fully fixed at the centre of the plate.

Figure 2 shows that constant stresses generated for
both symmetric laminate and anti-symmetric laminate.
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Figure 2 Computed stress (symmetric and anti-symmetric) at
various fiber orientation.

Figure 3 and Figure 4 can clearly be observed that
the results converge with a minimum mesh size of 2x2.
Upon confident with the simulation results (based on
numerical validation and convergence analysis),
further analyses are carried out (failure analysis, and
deformation analysis)

Disp. (mm)
0.1
0.09
0.08
00 g g---@---B---B---B---8---4
0.06
0.05 —+—x-disp. (0-degree)
0.04
0.03 - x-disp. (45-degree)
0.02 x-disp. (90-degree)
001 A A ” . A » ”
0
0 B @ © o % o
S R GO L.
N » o B &
~ ¥
Mesh Size

Figure 3 Displacement in x-rection for symmefric [6/6]
laminafte.
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Figure 4 Displacement in x-direction for anti-symmetric [6/-0]+
laminate.
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2.2 Numerical Validation

The current finite-element results (ANSYS) have been
validated compared to the exact solution. The plate
geometry is shown in Figure 5 and the material
properties are tabulated in Table 1. The results are
acceptable since the error is found less than 2% (as
shown in Table 2).

127mm

z g
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7

Figure 5 Geomeftry and computational domain for composite
laminate under fransverse load.

Table 1 Material properties of T300/5208 graphite/epoxy.

Properties Values
Ei 138 GPa
E2 10.6 GPa
G2 6.46 GPa
vi2 0.3
Xr 1035 MPa
Xc 1035 MPa
Yr 27.6 MPa
Yc 138 MPa
S 41.4 MPa

Table 2 Comparison of exact and finite-element solution, z-
displacement (mm) for laminated composite plate (229mm
by 127mm).

Lamination ubL Exact — \nsys  ETOr
Solution (%)
scheme (Pa) (mm)
(mm)

[0/ 90/ 0/ 901+ 689.5 0.00340 0.00338 0.59
[0/ 90/ 90/ O]+ 689.5 0.00582 0.00579 0.52
[45/-45/45/-45]+ 689.5 0.00276 0.00274 0.72
[15/-15/15/-15]1 689.5 0.00639 0.00636 0.43
[45/-45]1 689.5 0.04066 0.04029 0.91
[15/-15]7 689.5 0.06610 0.06576 1.42

2.3 Failure and Deformation Analysis of Composite
Laminate.

Symmetric, anti-symmetric and angle-ply composite
laminate are modelled (Figure 6) under uniaxial
tension consists of two layers, where the layup are
symmetric (0/0)r, anti-symmetric (6/-0)r and angle-ply
(0/06)1. The plate is rectangle with thickness 1.27x10-
“m/ply, made of graphite-epoxy and the material and
strength properties are shown in Table 3.

A finite element failure analysis procedure is carried
out using commercial sofftware (ANSYS v15.0, 2013 SAS
IP, Inc.). The predictions of failure are based on
available built in failure theory and failure criteria
functions which are Maximum Stress Theory as shown in
Ean. (1) and Tsai-Wu as shown in Egn. (2). The
deformation behaviour is also recorded during the
failure.

€
€
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Figure 6 Uniaxial fension model.
Table 3 Material properties for T300/5208 [5].
Properties Values
E 132.4 GPa
Eo=Es 10.76 GPa
Gi2=GCas 5.65 GPa
Gas 3.38 GPa
V12 = V13 0.24
V23 0.49
Ply thickness, hi 0.127mm/ply
o1 =XtorXe, 02=YtorYe, Ti2=3 (Ea. 1)
Fio1 + Foo2 + Fe Ti2+ F11012
+ F20022 + 2F120102 + FesT2122 1 (Ea. 2)
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3.0 RESULTS AND DISCUSSION

Results in Figure 7 and Figure 8 show the laminate
strength decreases when the fibers are orientated
from 0° to 90 o. Figure 7 shows the failure curves for
various lamination scheme (angle-ply, symmetric and
anti-symmetric) of Maximum Stress Theory. Each
lamination scheme displays different shape of failure
curves but still decrease in laminate strength with the
increase of the angle variations. For the angle-ply, the
stress (MPa) between the first ply failure (FPF) curve
and lost ply failure (LPF) curve are different in value
compared fo the symmetric and anti-symmetric
laminate scheme where the first ply failure and last ply
failure curves of this two lamination schemes lies on the
same value of stress (MPa). The highest failure curves
which contribute the highest applied stress before the
composite laminate failed lies on angle-ply LPF curve
and the graph is non-linear. The second highest failure
curve also lies on angle-ply lamination scheme but for
first ply failure curve and similarly the graph is non-
linear. While the lowest stress (MPa) value lies on
symmetric  laminafion  scheme.  Anfi-symmetric
lamination scheme lies between angle-ply(FPF) and
symmetric (FPF & LPF).
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Figure 7 Failure curves for various lamination scheme
(Maximum Stress Theory)

Figure 8 shows the failure curves for various
lamination scheme (angle-ply, symmetric and anti-
symmetric) based on Tsai-Wu criterion. Tsai-Wu criterion
demonstrates different shape of failure curves but still
decrease in laminate strength with the increase of the
angle variations. Tsai-Wu criterion also show different
stress (MPa) for first ply failure curve and last ply failure
curve of angle-ply lamination scheme while the other
two lamination scheme (symmetric and anti-
symmetric), the first and last ply failure curves lies on
the same value of stress (MPa). Compared to
Maximum Stress Theory, Tsai-Wu criterion also predict
that the highest failure curve lies on angle-ply LPF
curve while the lowest stress (MPa) value before the
lamination fail lies on symmetric lamination scheme.

1200
1000 %
\I a
!
_800
E L S
S |
> 600 ——Angle-ply FPF -
g
i

~#- Angle-ply LPF
Symmetric (FPF & LPF)
-« -Anti-symmetric (FPF & LPF)

0 10 20 30 40 45 50 60 70 80 90
Angle (0)

Figure 8 Failure curves for various lamination scheme (Tsai-Wu
criterion)

Figure 9 shows the displacement curves in x-
direction during failure as predicted by Maximum
Stress Theory. It could be observed that the maximum
displacement in x-direction occurs at the angle,
© = 0° at the failure load. This is due that the fibre
direction parallels to the direction of the load applied.
While the least displaced plate occur at angle 90 °
since the fibre direction perpendicular fo the x-axis
(global axis) which also perpendicular to the load
applied. This makes the plate easier to break. This
sifuation only occur to the symmetric, antfi-symmetric
and angle-ply FPF. While angle-ply LPF have the
increasing displacement in x-direction with the
increasing value of angle variations (0° to 90 ©).
Therefore, the highest displacement predicted by
Maximum Stress Theory occurs at angle-ply LPF at
angle 90 °. While the lowest predicted displacement
occurs on angle-ply FPF at angle 90 .
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E & - Angle-ply LPF
E04 e Symmetric (FPF & LPF)
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E '

Angle (0)

Figure 9 Displacement curves at FPF and LPF loads in the
x-direction (Maximum Stress Theory)

It goes the same for Tsai-Wu criterion as shown in
Figure 10, the displacement curves predicted by this
criterion shows the same trend compared to Maximum
Stress Theory (Figure 9) where the angle-ply LPF have
the increasing displacement in x-direction with the
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increase value of angle variations (0° to 90°). There
was a sharp increcse in displacement (x-direction)
from angle 0°to 60° for angle-ply LPF where it reached
its peak at angle é0°. Tsai-Wu criterion similarly predicts
that angle-ply FPF deformed the least at x-direction
where bottomed out at angle 90°. From the
observation in Figure 9 and Figure 10, it can be
concluded that Tsai-Wu criterion predicts a smoother
curve than Maximum Stress Theory for deformation in
x-direction, thus proving that the inferaction terms
between the stresses (ox and oy) in Tsai-Wu criterion
are significant.
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Figure 10 Displacement curves at FPF and LPF loads in the
x-direction (Tsai-Wu criterion).

For displacement in y-direction (Figure 11) show that
Maximum  Stress Theory predicts the highest
displacement curves occur at angle-ply LPF at angle
30°. While the lowest diplaced curves befall in y-
direction occur at the same angle which is 90 © at
three different lamination scheme; symmetric, anti-
symmetric and angle-ply FPF.
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Figure 11 Displacement curves at FPF and LPF loads in the
y-direction (Maximum Stress Theory).

Tsai-Wu criterion as shown in Figure 12 predicts the
displacement curves for y-direction. Compared with

Maximum Stress Theory (Figure 11), the trend of the
displacement curves is similar with Tsai-Wu criterion
where it reached its peak at angle 30° angle-ply LPF
lamination scheme. Then displacement plummeted,
dropping dramatically between angle 30° and 0e°.
While the lowest displacement curves predicted by
Tsai-Wu criterion occur at angle 90° where it
bofttomed out at three different lamination scheme;
symmetric, anfi-symmetric and angle-ply FPF. By
comparing between Maximum Stress Theory (Figure
11) and Tsai-Wu criterion (Figure 12), it could be
observed that Maximum Stress Theory predicts the
highest displacement curves occur at angle 30°
angle-ply LPF lamination scheme.
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Figure 12 Displacement curves at FPF and LPF loads in the
y-direction (Tsai-Wu criterion).

Displacement curves in z-direction as shown in
Figure 13 predicted by the Maximum Stress Theory.
Angle-ply LPF, angle-ply FPF and anfi-symmetric
displacement curves increased sharply between
angle 0° and 10° and then plummeted, dropping
dramatically between angle 10° and 90°. At angle 909,
Maximum Stress Theroy predicts that displacement
curves in z-direction reached its lowest deformation.
While displacement curves reached its peak at angle
10° antfi-symmetric lamination scheme. While the
second highest displacement occur at angle 100
angle-ply LPF follows with angle-ply FPF Iamination
scheme. For symmetric lamination scheme, the
displacement in z-direction is too small and it seems to
remain constant as shown in the Figure 13.
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Figure 13 Displacement curves at FPF and LPF loads in the
z-direction (Maximum Stress Theory).

The trend of the displacement curves of Tsai-Wu
criterion (Figure 14) and Maximum Stress Theory (Figure
13) were the identical. It goes the same with Tsai-Wu
criterion (Figure 14) where angle-ply LPF, angle-ply FPF
and anti-symmetric displacement curves increased
sharply between angle 0° and 10° and then plunged,
dropping dramatically between angle 10° and 90°. At
angle 900, Tsai-Wu criterion similarly predicts that
displacement curves in z-direction reached its lowest
deformation. Displacement curves reached a peak at
angle 100 anti-symmetric lamination scheme. Whereas
the second highest displacement curves occur at
angle 10° angle-ply LPF follows with angle-ply FPF
lamination scheme. For symmetric lamination scheme,
likewise Tsai-Wu criterion predict that the displacement
curves in z-direction is foo small and it seems fo remain
constant as displayed in the Figure 14.
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Figure 14 Displacement curves at FPF and LPF loads in the
z-direction (Tsai-Wu criterion).

Results in Figure 15 demonstrate the displacement
curves at FPF for angle-ply laminate in the x-, y- and z-
directions. It shows that displacement in z-direction
increases significantly from 0° to 10° and then
plummets, drops and hits the bottom at angle ?0°. The

other two directions (x and y) show only small
displacements compared to the z-direction. It can be
concluded that for angle-ply FPF, Maximum Stress
Theory predicts higher displacements in the z-direction
compared to x- and y-directions.
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Figure 15 Displacement curves at FPF load for angle-ply
laminate (Maximum Stress Theory).

As shown in Figure 16, it shows the displacement
curves at LPF for angle-ply lamination scheme at x-, y-
and z-directions. Similar with the prediction earlier by
the FPF angle-ply lamination scheme (Figure 15),
displacement curves in z-direction increased sharply
from angle 0° fo 10° and then plummeted, dropping
and hit a boftom at angle 90°. Besides that, the other
two directions (x- and y-directions) indicaftes small
changes in displacements behaviour compared to z-
direction. Comparing between this two failure
crieterion (Maximum Stress Theory and Tsai-Wu), it
shows that Maximum Stress Theory predicts the highest
displaced curve at z-direction.
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g ~+-x-direction
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by z-direction
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0 i 3N : Y WP f,; ..... A
0 10 20 30 40 45 ?0 60 70 80 90
Angle (6

Figure 16 Displacemet curves at FPF load for angle-ply
laminate (Tsai-Wu criterion).

The trend of the displacement curves between FPF
and LPF are unchanged. The different between FPF
and LPF is the value of stress (MPa) that failed the
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composite plate. Figure 17 illustrates the displacement
curves at LPF for angle-ply lamination scheme in x-, y-
and z-directions (Maximum Stress Theory). Still, the
displacement curves in z-direction rocketed and
reached at peak angle 90° and plunged, descend
from angle 10° to 90°. However, the displaced curves
a bit different from Maximum Stress Theory since Tsai-
Wu criterion predicts steady increase in displaced
curves at x-direction. Whereas displacement curves in
y-direction shows small change from angle 0°to 90°.
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Figure 17 Displacement curves at LPF load for angle-ply
laminate (Maximum Siress Theory).

Figure 18 displays the displacement curves at LPF for
angle-ply lamination scheme (Tsai-Wu criterion) af
x-, y- and z-directions. Similar with the prediction
earlier by the Maximum Stress Theory (Figure 17),
displacement curves in z-direction increased sharply
from angle 0° to 10° and then plummeted, dropping
and hit a bottom at angle 90°. Besides that, at x-
direction, the displacement curves increase gradually
from angle 0° to 90°. Unlke in y-direction, the
displacement curves show small change in
displacement. Comparing this two failure criteria
(Maximum Stress Theory and Tsai-Wu criterion), it shows
that Maximum Stress Theory predict the highest
deformation at z-direction. This can be concluded
that for angle-ply laminafion scheme, the
displacement behaviour that effect in composite
laminate with angle variations predicted by Maximum
Stress Theory and Tsai-Wu criterion only effected more
to the displacement curves at z-direction rather than
x- and y-directions.
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Figure 18 Displacement curves at LPF load for angle-ply
laminate (Tsai-Wu criterion).

Result in Figure 19 shows the displacement curves
for symmetric lamination scheme (Maximum Stress
Theory) in x-, y- and z-directions. It shows that
displacement curves at y-direction rose steadily from
0° to 10° and then fell gradually, dropping and hit a
bottom at angle 90°. Different in displacement curves
at z-direction, it can be concluded that there is no
change in displacement curves at z-direction since
only small change predicted by Maoaximum Stress
Theory. However, in x-direction, the displacement
reached its peak af angle 0° and then gradually
descend towards angle 10°. Maximum Stress Theory
indicates inconsistent displacement curves since the
displacement curves increase gradually from angle
100 to 30° and then fall steadily from angle 30 to 90°.
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Figure 19 Displacement curves for symmetric laminate
(Maximum Stress Theory).

While Figure 20 shows the displacement curves
predicted by Tsai-Wu criterion for symmetric laminate
in the x-, y- and z-directions. Similar fo the earlier
prediction using the Maximum Stress Theory (Figure
19), displacement curves in the y-direction increases
steadily from angle 0° to 10° and then declines
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gradudlly, drops and hits the bottom at angle 90°.
Likewise, as predicted by Maximum Stress Theory
(Figure 19), it can be concluded that there is no
significant change in displacement curves at z-
direction since Tsai-Wu criterion predicts very minor
change. For the x-direction, the displacement curves
reaches its peak at angle 0° and then gradually
decreases af angle 10°. The displacement curves are
inconsistent since the displacement fell gradually from
angle 100 to 209, but increase steadily from angle 20°
to 500 before it gradually drop from angle 500 to 90° .
Comparing these two failure criteria (Maximum Stress
Theory and Tsai-Wu failure criterion), it shows that both
Maximum Stress Theory and Tsai-Wu criterion predicts
the same highest displacement at angle 0° in x-
direction. This can be concluded that for angle-ply
lominate, the displacement behaviour that affects
with respect to angle variations only affects the
displacement curves in x- and y-directions rather than
z-direction (as predicted by both Maximum Stress
Theory and Tsai-Wu criterion).
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Figure 20 Displacement curves for symmetric laminate (Tsai-
Wu criterion).

Figure 21 shows the displacement curves for anti-
symmetric laminate (Maximum Stress Theory) in the x-,
y- and z-directions. It shows that there is no change in
displacement in the x and y-directions, while
displacement curves at z-direction increases
significantly from 0° and reaches the peak at angle
10°2. However, the displacement curves then
plummets, drops and hits the boftom at angle 90e.
From the observation, Maximum Stress Theory predicts
more deformation at z-direction than x- and y-
directions for the anti-symmetric laminate.
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Figure 21 Displacement curves for anti-symmetric laminate
(Maximum Stress Theory).

Figure 22 shows the displacement curves for anti-
symmetric laminate based on Tsai-Wu criterion in the
x-, y- and z-directions. Similar to the prediction based
on Maximum Stress Theory (Figure 21), displacement
curves at z-direction increases sharply from angle 0°to
10° and then plunges, drops and hits the bottom at
angle 90e. It also shows that the other two directions (x
and y) predict only small change in displacements
compared to the z-direction. Comparing these two
failure crieteria (Maximum Stress Theory and Tsai-Wu
failure criterion), it indicates that Maximum Stress
Theory predict the higher deformation at z-direction.
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Figure 22 Displacement curves for anfi-symmetric laminate
(Tsai-Wu criterion).
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4.0 CONCLUSION

This paper presents the application of numerical
analysis using commercial software (ANSYS) to predict
the failure of composite laminates under uniaxial
tension and to predict the displacement behaviour of
the composite laminate before failure. The results of
the study prove that the main objective of the
research has been achieved successfully. The findings
show that both symmetric and antfi-symmetric
laminates fail at the same failure load and thus both
FPF and LFP curves coincide repectively. In generdal, it
can be concluded that the current study is useful and
has contributed significant knowledge to better
understand the displacements and failure behaviour
of composite plate.
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