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Effect of composite type and its configuration on buckling strength
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Abstract

For civil engineering applications, a plate which is strong enough against buckling is al-
ways desirable. In the market there are number of composites available which differ from each
other in various aspects of engineering properties. In the present study, an effort has been
made to identify better configuration of given composite to achieve higher buckling strength
for laminated anti-symmetric cross and angle-ply simply supported rectangular orthotropic
plates subjected to uniaxial compressive loads. The study has further been extended with
number of available composites to find the more effective type of composite against buckling
for given configuration of laminated plates. For this purpose, a brief formulation, available in
the literature, for the estimation of buckling load for orthotropic laminated composite plates
has been presented. Based on this formulation a computer program is developed and using
this program various parametric studies are conducted to achieve the above objectives.

1 Introduction

Laminated composite plates have been widely used in engineering applications due to their
excellent high strength-to-weight ratio, modulus-to-weight ratio, and the controllability of the
structural properties with the variation of fiber orientation and the lamina number. However,
in such applications, buckling phenomenon was often observed due to the small thickness of
composite laminates. Buckling phenomenon is critically dangerous to structural components
because the buckling of composite plates usually occurs at a lower applied stress and generates
large deformation.

In the recent past, some good works appeared in various journals and conferences proceeding
on buckling analysis of composite plates. Chattopadhyay and Gu [1] presented an exact elastic-
ity solution for the buckling of a simply supported orthotropic plate whose behavior was referred
to as cylindrical bending. Gu and Chattopadhyay [2] presented three-dimensional elasticity so-
lutions for the buckling of simply supported orthotropic and laminated composite plates. Shukla
and Nath [7] analyzed the buckling and post-buckling behavior of the moderately thick angle-ply
laminated composite rectangular plates. Khdeir [6] investigated the stability of antisymmetric
angle-ply laminated plates. Veres and Kollar [8] presented closed form approximate formulas for
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Nomenclature

a,b,t Plate dimensions

m,n Number of half sine waves in X- and Y-directions respectively
N, Applied in plane uni-axial load

N, Critical buckling load

K Non-dimensional buckling load

U, v, W Displacements of the plate along X-, Y-, Z—directions

oul, 0, dw Variations in deformation

S1, S3 Simply supported edge in the direction of loading

S2, S4 Simply supported edge in the transverse direction of loading
OMy, OM, Variation in moments

ONg, 0Ny, 0N, Variation in forces

the calculation of rectangular orthotropic plates with clamped and/or simply supported edges.
Kamruzzaman et al. [5] studied the buckling behavior of rectangular anti-symmetric laminated
composite plates subjected to uniaxial compressive loads.

A detailed review of literature shows that although considerable research work has been done
on mechanics of buckling problem in composite plates, a detailed parametric study to identify
better configuration and type of composite for civil engineering applications is missing. Keeping
this point in view, in the present study, an effort has been made to identify better configuration
of given composite to achieve higher buckling strength for laminated anti-symmetric cross and
angle-ply simply supported rectangular orthotropic plates subjected to uni-axial compressive
loads. The study has further been extended with number of available composites to find the
more effective type of composite against buckling for given configuration of laminated plates.
For this purpose, a brief formulation, available in the literature, for the estimation of buckling
load for orthotropic laminated composite plates has been presented. Based on this formulation a
computer program is developed and using this program various parametric studies are conducted
to achieve the above objectives.

2 Mathematical formulation

The formulation presented in this section, with some little modification, is based on Classical
Lamination Theory, CLT [4]. To use this theory and derive expressions of buckling load for thin
orthotropic antisymmetric cross-ply and angle-ply laminated plates, following assumptions have
been made:

e The plate thickness is very small compared to its length (a) and width (b) (Fig. 1).

e The plate is made up of perfectly bonded laminae.
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e The bonds are infinitesimally thin and no lamina can slip relative to the other. This
implies that the displacements are continuous across the lamina boundaries. As a result,
the laminate behaves like a lamina with special properties.

e No body force exists.

e Stresses acting in the xy plane (the plane of the plate) dominate the plate behavior. The
stresses o, 7. and 7,, are assumed to be zero such that an approximate state of plane
stress is said to exist (wherein only o, 0y, and 7,, are considered).

e Displacements u, v, and w in X, Y, and Z —directions are small compared to the plate
thickness.

e Strains e,,&y,and 7,yare small compared to unity.

e Rotary inertia terms are negligible.

BN

a

Figure 1: A simply supported laminated rectangular plate under in-plane uniaxial compression

2.1 Governing equations for buckling load

Classical Laminate Theory, CLT [4] has been used to derive the governing buckling equations
for a plate subjected to inplane load. To derive the governing equations we have considered first
the equilibrium of force and then the equilibrium of moment in a way as discussed below:

The equilibrium equations in terms of the forces (Fig. 2) are

ON,  ON,,
= 1

ON,, ON,
=W . 2
ox dy 0 2)
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where N;, Ny, and N, are the internal forces in normal and tangential direction.
Again, the equilibrium equation in terms of the moments (Fig. 3) is

9% M, 9% M, 9% M, dw O%*w d*w
2 4 Y4 N, N, INgy ——— =0 3
0x2 + Oxdy + oy? + T Ox? + Y oy? + Y oxoy ’ 3)
where, N, Ny, N, are the forces applied at the edges.
Ny oo % X

/ - . p

T N,

Figure 2: Inplane forces on a laminate

p
i

Figure 3: Moments on a laminate

The resultant forces N, N, and N., and moments M,, M, and M,, acting on a laminate
are obtained by integration of the stress in each layer or lamina through the laminate thick-
ness. Knowing the stress in terms of the displacement, we can obtain the stress resultants
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Nz, Ny, Nyy, M, My, and M,,. The stress resultants are defined as

t
2
N, = /awdz, Ny: /O’de, Na:y: /Twydzv

M
M

SIS
N+

IS
o+
~—~~
=~
S~—

3 3
M, = /szdz, M, = /UyZdZ, My, = /Tmyzdz.
t
-3

N+
(SIS

where 0,0, and 7., are normal and shear stress.

Actually, N, N, and N, are the force per unit length of the cross section of the laminate
as shown in Fig. 1. Similarly, M, M,, and M, are the moment per unit length as shown in
Fig. 3. Thus, the forces and moments for an N-layer laminate can be defined as

h
N, 2 Oz

N Zr Oz
Ny, ¢ = / oy dz = Z / oy dz, (5)
Ny b N Tay )y = U Ty ),
h
M, 2 Oy N Z Oy
M, = / oy zdz = Z / oy zdz, (6)
Mz, b\ Tay ), =l U Tay )
where, z, and z,_; are as defined in Fig. 4. Note thatzg = —t/2. Substituting for o, oy and 74,

in equations (5) and (6) and integrating over the thickness of each layer and adding the results
so obtained for N layers, we can write the stress resultants as

Ny Ajp A Agg | 9 Bi1 Bi2 Big ky
Ny, p=| Aia Ay A ey ¢+ | Biz By B ky ¢, (7)
Ny L At Az Ass | | 7Y, | Bie B2s Bes Ky
M, [ Bi1 B2 Big | 9 [ D11 D12 Dig ky
M, ;= | Bi2 B DB ey o4 | Dz D Do ky ¢, (8)
M, | Bi¢ B2 DBes 723, | Dig D26 Des kyy

where

N —
Ay => (Qy), (zr — z0-1),

=1

<

N
Bi; = lz (Qij), (22_221) . 9)
2 r=1 '
1L
Dij =33 (Qy), (= #1).

1
I
—
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Figure 4: Geometry of an N-layered laminate

Here, A;; are the extensional stiffness, B;; the coupling stiffness, and D;; the flexural stiffness.
For antisymmetric angle-ply and cross-ply laminates stress resultants are simplified in the

following sections:

2.1.1 Angle-ply laminates

In the case of angle-ply laminates where the fibre orientation 6 alternates from lamina to lamina
as+6/ — 0/ + 6/ — 0, the force and moment resultants are

N, [ An
Ny =1 A2
Nay 0
M, [ B
M, = | B2
Macy L Bl6

Ao
Az

0 ] o
0
0 8(1)/
AGG i /yzy
Bl6 T 62
326 52
0
366 i ’ny

+

+

(10)

k, v. (11)
Ky

Such a laminate is called an antisymmetric angle-ply laminate. In this type of laminate, if
each lamina has the same thickness, it is then called a regular antisymmetric angle-ply laminate.

For such a laminate, equations (8) and (9) reduce to

N, Aqy
Ny = Ao
Nyy | O
M, 0
M, = 0
Ma:y L Bl6

2.1.2  Cross-ply Laminates

A1z
Az
0

0
0
Bag

0 ] o
0 52

A 0
66 ’me

7 0

Bl6 €r
0

B26 6(?{
0 1 U 7y

+

0 Bis

0 By
Bog 0
Dy 0
Dy 0

0 Degg

There is yet another class of laminates. Here the laminae are oriented alternatively at 0° and
90°. A laminate of this type is termed as a cross-ply laminate. Such a laminate can, again, be
either symmetric cross-ply or antisymmetric cross-ply.
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Substituting for N, Ny, Nyy, My, My, My, from equations (10) and (11), after substituting
for %, 58, %(c)y, ky, ky, kzy [4], in equations (1), (2), and (3), we get the governing equations as

9%u0 9?0 9?0 9?0 920 9%u0
A ——= A A Apgl—s +2——— A A
11 (%g + (A2 + ;6)83:81/ + Aqg( 92 -l; 8w8y) +3 25,2 + Ags 92
o°w 0w o°w o°w 14
—Bn@ - 3Bl6m — (Bi2 + 2BG6)W - 32687y3 =0, (14)
9?u0 920 9?u0 9200 9?00 520
Ate 502 T (A12 + Age) 92y + Ags oy + A66W + 2 A2 920y + Ago a7
Pw Ow Pw PPw (14b)
316781_3 — (B2 + 2Bgs) o220y 3Bas Gr0yE By i 0,
*w *w *w *w *w
D 4Dg——5— 2D 4D¢6) —=———= +4Dog———= + Dog——
11 8:6‘; Jor 16 8x32y0+( 12 + 4Des) 8x§8g2 + 2636:%83/3 + §2 08y4
0°u 0°u 0°u 0°u 0°v
“BnZY 3B (B, +2B - B _ Bl Y 14
1.5 3By o5 (B12 + 2Bgs) aro P, 165,73 (14c)
(Bus + 2Beg) 930 930 N 9w N 0w 0w
— (B2 66 = —Ny— —

_B - 7Y _9n,, LY
Oxdy? 22 y3 Ox? Y oy Y0xoy

For a general laminate, all the above three equations, i.e., equations (14), have to be solved
simultaneously as they are coupled. In the present study, we shall consider only simply supported
antisymmetric laminated plates. For such simply supported composite plates, these equations
are simplified and their closed-form solutions are obtained, as discussed in the following section.

2.2 Buckling load for simply supported laminated plates

Consider the general class of laminated rectangular plates that are simply supported along edges
x=0,x=a,y =0, and y = b and subjected to uniform in-plane force in the x-direction as shown
in Fig. 1. With this boundary condition, the buckling load has been determined separately for
antisymmetric cross-ply and antisymmetric angle-ply laminates and presented below:

2.2.1 Antisymmetric cross-ply laminates

Antisymmetric cross-ply laminates have extensional stiffnesses Aq11, A1, A2o = Aq1 and Agg,
coupling stiffnesses Bijand Bes = —Bi1, and flexural stiffnesses D11, D12, Dos = D11 and Dgg.
Because of this bending-extension coupling, the N, Ny, Ny, M, Myand M,, reduce to the
following coupled buckling differential equations:

%0 9% 0?0 Pw
AllW + (A12 + AGG) m + AGGTyz - Bll% = 07 (15)
9?0 9% 9% Pw
(A12 + AGG) D20y + Agg 3y2 + Allaiyz + Bllaiy?’ =0, (16)
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ow  'w O'w Pud 93 O*w
D1y (8954 + 8y4> +2 (D12 + 2Dss) 020y Bu (8m3 - W’) tNegy =0 (17)

To solve the problem for simply supported edge boundary condition S2 [3]:

ouP 0%w 0%w
te=0,a: ow=0, OM,=By1— —Dy1—= — Dis—5 =0, 18
atr =0,a w =0, 15 1153 12,2 (18)
oud o0 0w
o’ =0, ON,=A;1— + Ajp— — Bj1——= = 0. 19
v ) g + A2 oy 1152 (19)
oY 0%w 0w
ty=20,b: ow=0, OM,=-Bj1— —Digs—5 —Di1—= =0 20
aty s w 5 y 11 ay 12 01‘2 11 ayz ) ( )
ou’ o0 0w
o’ =0, ON,=A— + Aj1— + Bi1—= =0. 21
U ) Yy 1275 + An oy + b1 0y° (21)
A solution of the type
Al = @ cos L sin w,
a b
90 = Tsin T cos w, (22)
a b
Ow = 1w sin cos Y.
a b

satisfy the above boundary conditions and the governing differential equations exactly if (Jones

[4]):

= a \2 2T19To3Ti3 — TooTh — T11 Ty
N, = (-2 (1 : 23
(m7‘[‘) < 33 + T11T22 - T122 ( )
where,
mi 2 nm\ 2
T =An (7) + Agg (7) ;
a b
mT nm
Tig = (A12 + Asp) (7) (7) ,
a b
mm 3
T3 = —B11 (7) ;
a
nm\ 2 M\ 2
Too = At (T) + Ags <7) ;
a
nm\ 3
To3 = B11 (T) ;
mm\ 4 nm\4 mm\2 /nm\2
Ts = Du {(M +(5) ] +2(Diz+200) (77 ) () (24)
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The lowest buckling load has been found by a searching procedure involving integer values of
m and n. To implement this procedure first for a given value of n (e.g. 1), m was incremented
from 1 to 10 (maximum possible value of m) and at every value of m the N,, given by Eqn.
23, was computed. Thereafter, n was incremented to next higher integer value (e.g. 2) and
again for this value of n, m was incremented from 1 to 10 and at every value of n and m N,
was computed. This process was repeated until for all possible combinations of m and n the
N, is known. Having known the all N, values, the minimum N, is sorted. This minimum N,
represents the buckling load for a simply supported antisymmetric cross-ply laminate subjected
to inplane loading.

2.2.2  Antisymmetric angle-ply laminates

Antisymmetric angle-ply laminates have extensional stiffnesses A11, A12, Ags and Agg, coupling
stiffnesses Big and Bsg, and flexural stiffnesses D11, D12, Do, and Dgg. This type of laminate
exhibits a different kind of bending-extension coupling than does the antisymmetric cross-ply
laminate. The coupled buckling differential equations are

9?uP 0%V 9?u” FBw OPw
Aj——= A A A —3Bi1g—— — Byg—— = 2
1752 + (A12 + Ass) 92y + Ass e 3 165220y ~ D%, 0, (25)
9%uP 9?00 9200 DBw PBw
A Agg) —— + A A — Big——= — 3Byg——— = 2
(A12 + Age) 920y +Ags 5 + Ax 52 1653 — 3 2 5y 0, (26)
*w *w *w
Dii— +2(D12+2D66) =575 + Do
Ox? 0x20y> oy*
a (s PO . 90 (s 90 . PR iy Puw . (27)
6\ 9200y " 93 6\ 7920y " 9y3 Tox2

To solve the problem for simply supported edge boundary condition S3 (this boundary
condition differs significantly from the S2 condition used for antisymmetric cross-ply laminates)
9,10]:

ol oud 9w 0w
atz =0,a ow =0, OM, 16 ( o T 3y ) e 1275, 0, (28)
o oud &%w 9w
0 __ _ _
ou” =0, 8N33y = Agg (6$ + 78@/ > - 141676:1:2 — 32676y2 =0. (29)
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o’ o 0w 0w
ty=20,b: ow =0 OM, =By | ——+—)—D -D =0 30
aty =0, w =0, y 26(893 + 6y> 12755 2gy =0 (30)
o’ oud 0%w 0*w
o’ =0 ONgy = A¢s | =— +—=— ) — B B 0. 31
v ) y 66<ax + P ) 16752 26ay2 (31)
A solution of the type
_ . mmx nmy
Ou’ = usin €08 —=,
ov° = T cos Z sin ﬂ,
a b
Ow = wsin m;r:c cos nf:ry (32)

satisfies the above boundary conditions and the governing differential equations exactly if (Jones

[4]):

N, = (L)2 <T33 n 2T12T231;1"i;2§2ij;%§2_ T11T223> ’ (33)
where s 2 s 2
Ty = A (7) + Age (T) :
T2 = (A12 + Age) (%) (%) ;
e oo (72 (Y] ().
Toy = Aap (%)2 + Age <%)2 ;
T )
T33 = D11 <%)4 + 2 (D12 + 2Dsg) (?)2 (%)2 + Do (%)4 : (34)

Equation (29) represents the buckling load for a simply supported antisymmetric angle-ply
laminate subjected to in-plane loading.
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3 Results and discussion

To carry out various numerical studies, we have considered a simply supported composite plate
which is subjected to inplane uniaxial load N, on the side ‘b’ (Fig. 1). To study the effect of
various geometric and material parameters on buckling load a single composite, graphite/epoxy
(Table 1) has been considered. However, to study the effect of type of composite on buckling
load six most common composite laminates have been considered (Table 2).

Using material properties shown in Table 1, buckling load for cross-ply and angle-ply lam-
inates (for § = 0°,15%,30°,459&60°) have been obtained and shown in Table 3. The analysis
has been carried out for a laminated plate having aspect ratio 1, number of layers 4, thickness
5.0 mm, and width as 500 mm. The results presented in the table shows that the magnitude
of buckling load is higher for angle-ply composite plate than corresponding cross-ply composite
plate. This is due to the fact that in cross-ply laminated plate every alternate fiber is oriented
perpendicular to the direction of the applied load and fibers have very small strength in trans-
verse direction. Further, at an angle of 45" the buckling load is maximum for the angle-ply
laminated plate. This is so because at an angle of 45° the stiffness is maximum which gives a
higher buckling load. Thus, if cost and other design parameters favour to have higher buckling
strength, it is better to have an angle-ply laminated plate with lamination angle of 45°.

Table 1: Engineering properties of graphite/epoxy

Type of fiber ET (kN/me) EL/ET GL/GT VLT vrr
Graphite/epoxy 11.0 40.0 0.5 0.25 | 0.25

Table 2: Engineering properties of different composites

Type of fiber Designated (kNI?anmz) (kN:?IjljlmQ) (kNijI?HF) vt | vrr
Random short fiber C1 10.89 7.58 2.48 0.22 | 0.22
Graphite/epoxy (Typel) C2 172.36 6.89 3.45 0.25 | 0.25
Boron/epoxy C3 206.84 18.61 6.89 0.21 | 0.21
Graphite/epoxy (Type2) C4 137.89 14.48 5.86 0.21 | 0.21
S-glass/epoxy Ch 51.71 11.72 5.52 0.25 | 0.57
Carbon/epoxy C6 206.84 5.17 2.59 0.25 | 0.006

Latin American Journal of Solids and Structures 3 (2006)



290 M. Kamruzzaman, A. Umar, S. Q. A. Naqvi and N. A. Siddiqui

Table 3: Results of the analysis

Buckling load (kN/m)

Angle-ply (0)
Cross-ply 60 150 300 450 600
165.16 197.07 | 210.039 | 274.03 | 308.48 | 249.89

3.1 Parametric study under single composite

Figures 5 and 6 show the variation of nondimensional buckling load with aspect ratio (p) for
graphite/epoxy cross-ply and angle-ply laminated plates. The results are plotted in nondi-
mensional form. For antisymmetric cross-ply laminates nondimensional buckling load has been
defined by

_ N,b?
© 72Dy

where N, is critical buckling load; b is width of plate; Das is transverse flexural stiffness. For,
antisymmetric angle-ply laminates, however, nondimensional buckling load has been defined by

(35)

N2
 Ept3

where Ep is transverse elastic modulus; and t is the thickness of laminate.

(36)

5.0

4.0 4

z

2 00 o ~N
o

3.01

|
‘i
z Zz
I

2.0

Non-dimensional
Buckling load

1.0 A AN

0.0

0.0 05 10 15 2.0 25 3.0
Aspect ratio

Figure 5: Effect of aspect ratio on buckling load for antisymmetric cross-ply laminates

Graphs show with change in aspect ratio, there is change in buckling load. This is due to
the fact that the value of m changes with aspect ratio p (= a/b). The effect of aspect ratio is
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100.0

75.0 q
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Non-dimensional
Buckling load

25.0 S~
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0.0 0.5 1.0 15 20 25 3.0
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Figure 6: Effect of aspect ratio on buckling load for antisymmetric angle-ply laminates

more pronounced if p is less than 1.5. However, its effect diminishes beyond 3.0. For 1.5 < p <
3.0 the effect is moderate.

Figure 7 shows the variation of nondimensional buckling load as a function of lamination
angle for an antisymmetric angle-ply square laminate. Figure shows that the buckling load
reaches to its maximum value at § = 45° due to higher stiffness at this angle. It is an established
fact that higher stiffness increases the buckling load. The graph also shows that there is a
remarkable difference in buckling load between two layered and many layered laminates for all
values of 6. This is due to the influence of bending-extension coupling. For two layered plates
effect of coupling is considerably high, however, for multilayered plates this effect is insignificant.
Further, it is to be noted that the buckling mode along the X-direction has two half sine waves
beyond 6 > 60°.

Non-dimensiona
Buckling load

0.0

0 15 30 45 60 75 90
Lamination ange (degrees)

Figure 7: Effect of lamination angle on buckling load for antisymmetric angle-ply laminates
Ny
Ne,
of modulus ratio for an antisymmetric cross-ply and angle-ply square laminate made up of

Figures 8 and 9 show the variation of relative uniaxial buckling load ( ) as a function
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Figure 8: Effect of modulus ratio on buckling load for antisymmetric cross-ply laminates
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Figure 9: Effect of modulus ratio on buckling load for antisymmetric angle-ply laminates

graphite/epoxy. Here, N, is the buckling load of an orthotropic plate (B1; = 0). Figures show
that for lesser number of layers (e.g. number of layers = 2, 4), the relative uniaxial buckling
load initially decreases sharply with an increase of modulus ratio from 1.25 to 10 and becomes
almost constant for significantly high values of modulus ratio (e.g. Er/Epr > 10).

3.2 Parametric Study under Different Composites

Figures 10 and 11 show the variation of buckling load as a function of aspect ratio for an
antisymmetric cross-ply and angle-ply laminated plates made up by different composites. It is
to be noted that mode number m and n vary with aspect ratio. For the present range of aspect
ratio the value of m varies from 1 to 4 but n remains same as 1. From these figures, it is evident
that the buckling load for boron/epoxy is maximum and minimum for random short fiber. This
is be due to highest longitudinal elastic modulus for boron/epoxy and lowest for random short
fiber.
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Figure 10: Effect of aspect ratio on buckling load for antisymmetric cross-ply laminated plates
C1-Random short fiber; C2- Graphite/epoxy (Type 1); C3 - Boron/epoxy
C4 - Graphite/epoxy (Type 2); C5 - S-Glass/epoxy; C6 - Carbon/epoxy

200.0

150.0 -

100.0 -
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Buckling load

50.0 1 N = L

0.0

Figure 11: Effect of aspect ratio on buckling load for antisymmetric angle-ply laminated plates
C1-Random short fiber; C2- Graphite/epoxy (Type 1); C3 - Boron/epoxy
C4 - Graphite/epoxy (Type 2); C5 - S-Glass/epoxy; C6 - Carbon/epoxy

Figure 12 shows the effect of lamination angle on buckling load for antisymmetric angle-ply
laminated square plate made up of different composites. It is clear from this figure that the
variation of buckling load is considerably high for C2; C3, C4 and C6 composites whereas the
variation is insignificant for C1 & C5. This is so because for C1 & C5 elastic modulus ratio
(EL/ET) is close to 1 and for other composites this ratio is quite higher than 1.

Figures 13 and 14 show the variation of buckling load as a function of number of layers for an
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Figure 12: Effect of lamination angle on buckling load for antisymmetric angle-ply laminated
plates

Cl1-Random short fiber; C2- Graphite/epoxy (Type 1); C3 - Boron/epoxy
C4 - Graphite/epoxy (Type 2); C5 - S-Glass/epoxy; C6 - Carbon/epoxy
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Figure 13: Effect of number of layers on buckling load for antisymmetric cross-ply laminated

plates

Cl1-Random short fiber; C2- Graphite/epoxy (Type 1); C3 - Boron/epoxy
C4 - Graphite/epoxy (Type 2); C5 - S-Glass/epoxy; C6 - Carbon/epoxy
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antisymmetric cross-ply and angle-ply laminated square plates made up by different composites.
These figure show that the buckling load on a plate of random short fiber do not vary with the
variation of number of layers. This is be due to the fact that for random short fiber E /Epr =
1 or in other words plate behave more or less like an isotropic plate. For other composites the
buckling load increases as the number of layers increases from 2 to 6. After that the buckling
load becomes almost constant. This is due to the fact that the effect of coupling becomes
almost negligible for plates having more than 6-layers. It is to noted from these figures that
the buckling load is higher in case of angle-ply (# = 45°) laminated plate than corresponding
cross-ply laminated plate.

150.0 e

Buckling load
(KN/m)

0.0 T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20
Number of layers

Figure 14: Effect of number of layers on buckling load for antisymmetric angle-ply laminated
plates

C1-Random short fiber; C2- Graphite/epoxy (Type 1); C3 - Boron/epoxy
C4 - Graphite/epoxy (Type 2); C5 - S-Glass/epoxy; C6 - Carbon/epoxy

Figures 15 and 16 show the variation of buckling load as a function of thickness for antisym-
metric cross-ply and angle-ply laminated square plates made up of different composites. It is
clear from the figure that there is dramatic increase in buckling load with increase in laminate
thickness. The variation is approximately cubic in nature. This is because buckling load is a
function of cube of laminate thickness. Further the buckling load for boron/epoxy is maximum
whereas the buckling load for random short fiber is minimum among the six composites con-
sidered here for both cross-ply and angle-ply laminated plates. This is due to the fact that the
buckling load is more for a composite having more longitudinal elastic modulus.

Figures 17 and 18 show a quantitative comparision of buckling load for various types of
composites. Figures show that the highest buckling load is for C3 (boron/epoxy) whereas the
lowest buckling load is for C1 (random short fiber). This indicates that if cost is not the main
issue it is always better to use boron/epoxy to form a laminated composite plate to resist uniaxial
inplane compressive load.
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Figure 15: Effect of thickness on buckling load for antisymmetric cross-ply laminated plates
C1-Random short fiber; C2- Graphite/epoxy (Type 1); C3 - Boron/epoxy
C4 - Graphite/epoxy (Type 2); C5 - S-Glass/epoxy; C6 - Carbon/epoxy
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Figure 16: Effect of thickness on buckling load for antisymmetric angle-ply laminated plates
Cl1-Random short fiber; C2- Graphite/epoxy (Type 1); C3 - Boron/epoxy
C4 - Graphite/epoxy (Type 2); C5 - S-Glass/epoxy; C6 - Carbon/epoxy
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Figure 17: Effect of type of composites on buckling load for antisymmetric cross-ply laminated
plates

C1-Random short fiber; C2- Graphite/epoxy (Type 1); C3 - Boron/epoxy

C4 - Graphite/epoxy (Type 2); C5 - S-Glass/epoxy; C6 - Carbon/epoxy
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Figure 18: Effect of composites on buckling load for antisymmetric angle-ply laminated plates
C1-Random short fiber; C2- Graphite/epoxy (Type 1); C3 - Boron/epoxy
C4 - Graphite/epoxy (Type 2); C5 - S-Glass/epoxy; C6 - Carbon/epoxy

Latin American Journal of Solids and Structures 3 (2006)



298

M. Kamruzzaman, A. Umar, S. Q. A. Naqvi and N. A. Siddiqui

4 Conclusions

Following conclusions have been drawn from the present parametric study:

1. In general the buckling load for an antisymmetric angle-ply laminated plate is higher than
antisymmetric cross-ply laminated plate.

2. Out of the six composites, considered in the present study, the boron/epoxy has the highest
and the random short fiber has the lowest magnitudes of buckling load.

3. The coupling effect decreases the magnitude of buckling load. This effect is more dominant
for lesser number of layers.

4. There is dramatic increase in buckling load with increase in laminate thickness. The
variation is approximately cubic in nature.

5. The buckling load decreases with an increase of aspect ratio (a/b) upto one for both cross-
ply and angle-ply laminated plates. However, for aspect ratio greater than one, variation
in the buckling load is insignificant.

6. Effect of numbers of layers on buckling load diminishes as the number of layers become
more than eight.

7. The variation of buckling load becomes almost constant for higher values of elastic modulus
ratio.

8. Composites having higher longitudinal elastic moduli have higher buckling load.

9. For antisymmetric angle-ply laminated plates, the buckling load is maximum at an angle
of 45Y.

10. The effect of different parameters (e.g. number of layers, aspect ratio, lamination angle
etc.) for random short fiber is almost negligible.
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