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1 Introduction

The composite materials are composed of matrix and reinforcement, and when combined gives properties
better than individual components. The reinforcement is often supplied in the form of fibres and the matrix
materials are often made of metals, ceramics, or polymers. The fibres are impregnated with a matrix material
which transfer loads to the fibers, provide toughness, protect the fibres from adverse environmental attack,
abrasion and keeps the fibre in the desired orientation. Fibres give strength and stiffness and carry the
applied structural load. Composite laminates are formed with the aid of stacking layers of various composite
substances and/or fiber otientation. Developments in the field of composite materials have resulted in a

significant reduction in structural design weight. Composite materials have been used extensively in various
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fields of engineering in particular such as wing structures and fuselage panels of aircraft, commercial
aitliners or fighter jets, automotive body parts, launch vehicle upper stage cryogenic hydrogen fuel tanks,
spacecraft, marine, sports, biomedical, heavy machinery, agricultural equipment and health devices,
industrial machinery, carbon nanotube etc[1-0].

As compared to metallic alloys, composite materials offer many advantages, particularly when it comes to
high strength and stiffness to weight ratios, much higher resistance-to-weight ratio than metal [1].
Composites offer a number of features such as lightweight due to high specific strength and stiffness,
fatigue resistance and corrosion resistance[4]|, high modulus, low specific density, long fatigue life,
resistance to electrochemical corrosion, good electrical and thermal conductivity, high optimization
capability, alignment of directional strength and stiffness, good for thin-walled or generously curved
construction, ability to preserve dimensional and orientation stability in the space environment, ability to
achieve low cross-section. By construction requirements, composite laminates have their planar dimension
one to two orders of magnitude larger than their thickness. Hence, the composite laminates are treated as
plate components. The CFRP (carbon fibre reinforced plastic), GFRP (glass fibre reinforced plastic)
composite type is used by a wide variety of industries [1-3].

In this paper the literature review is focused on the scope of static, bucking & free vibration analysis of
composite flat panels, curved panels and shells. Further design guidelines and testing procedure for
mechanical properties evaluation of composite laminate are summarized. The conclusions are made based
on the above study, will be useful for designer, researcher in design of laminated composite structure.

2 Laminated Composites

Laminar composites are found in as many combinations as the number of materials. They may be defined
as materials comprising layers of materials bonded together. These may consist of multiple layers of two or
more metal materials that appear alternately or more than once in a specified order, and in as many numbers
as is necessary for a particular reason. The matrix is to assist and protect the fibres and to distribute load
amongst and transmitting load between, the fibres. The latter function is especially critical if fibre breaks

[1].

FILL DIRECTION
DIRECTION

LAMINA WITH LAMINA WITH
UNIDIRECTIONAL FIBERS WOVEN FIBERS

Figure 1: Two principal types of laminae [1]

A laminate is a bonded stack of laminae with the various orientation of principal material in the laminae
shown in Fig 1. A laminate is created by combining multiple layers of various materials or by adding
different layers of reinforcement in a matrix.

The definition on the laminate provides the following details: (i) Orientation of each lamina with respect to
the x-axis(il) The number of laminates for different orientation (iii) Exact geometrical form on laminate.
In the counter-clockwise direction, the orientation angle 6 is positive. The number of layers in the ply group
is specified in a numeric subscription. For example, the laminate designated as [90°,45%, 0]s. This laminate
contains totally 10 layers, one 90° layer on the top and bottom, three 45 layers next to 90° layer on both
sides and two 0° layers in the middle. The subscript 's' denotes that the laminate is symmetric [1,2].
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Figure 2: Orientation of [ 90°/ 45 % /0°] s laminate [1]

Symmetric laminate: In a symmetrical laminate, the ply direction around the midplane of the laminate is
symmetrical; that is, with each ply above the midplane, there is a similar ply at an equal distance below the
midplane. Thus, for a symmetric laminate, 0(z) = 0(-z) where z is the distance from the mid-plane of the
laminate.

Anti-symmetric laminate: For every ply above the midplane with orientation angle ‘©’, there’s every other
ply under the midplane with orientation angle “-0”. Both plies will possess the same mechanical and physical
properties. Thus, for an anti-symmetric laminate, 0(z) = - 0(-z). For example, [0/-0/0/-0] is an ant-
symmetric laminate. In the anti-symmetric laminate, there is always an even number of layers.
Un-symmetric laminate: A laminate is considered un-symmetric, when it is neither symmetric nor anti-
symmetric. For example, [0° /450 /900 ], [0° /0° /00 /90° ], [+6/-0/-0], [-0/+0/+0] etc are un-symmetric
laminates.

Quasi-isotropic laminate: These laminates are composed of three or more identical thickness and material
laminates with the same angle between each adjacent laminate. Thus, if the total number of laminae is N,
the orientation angles of the laminate are at an increment of n/N. The laminate properties are isotropic in
the 1-2 (x-y) plane. For example, [0/+60], [0/£45/90]s, and [0/36/72/-36/-72] etc:- ate quasi-isotropic
laminate.

Unidirectional laminate: FEach laminate has the same angle of fibre orientation. For example, in
unidirectional O¢ laminates, 6 = 0° in all laminate.

Angle-ply laminate: A laminate is referred to angle-ply laminate if it has piles of same thickness and
material and is oriented towards at +0 and -0. [45,-45, 30, -30] is an example for angle ply laminate.
Cross-ply laminate: In cross-ply laminate, only 0° and 90° are used in all plies to produce the laminate. [0°
/900 /0° /90°] is an example for cross-ply laminate. In a cross-ply laminate there could be no extension
shear coupling.

Balanced laminate: For every lamina, with orientation angle ‘0, there exists another lamina with
orientation ‘- 0” anywhere in the thickness direction. In a balanced laminate, there would be no extension-
shear coupling. [30° /-30° /60° /-60° ] is an example for balanced laminate.

Antisymmetric cross-ply laminate: Anti-symmetric laminate consists of plies orientated to 0° and 90°
orientated plies so that there is another 90° ply at the same distance from the middle plane for each O° ply.
Such laminates should have extensions/bends of coupling. [0 /900 /0° /90°] is an example for anti-
symmetric cross-ply laminate.

2.1 Classical laminate theory (CLT)

CLT describes the relationship between the loadings (in-plane forces, out-of-plane bending moments and,
extension, temperature, moisture) and the deformations (in-plane strain and out-of-plane curvatures) of the
laminate. The strains and curvatures of the midplane induced into the laminate. The matrix showing
deflections of the laminate is shown below
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Usually, the relation is called the ABD matrix, in which a desctibes the laminate 's membrane stiffness, b
the coupling stiffness, and d the bending stiffness.
0
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The ABD matrix in brackets is the laminate compliance matrix, and its inverse will be the laminate stiffness
matrix. Cross-sectional forces and moments can be recognized by means of summing the combined stress

components on each ply. Several types of mechanical coupling in a general laminate are shown in eq. 1.

These are grouped together as follows:

Extension-Shear: 216,226 Extension-Bending : bi1,bi2,b22
Extension-Twisting: big,bas Shear-Bending: bie,b2s
Shear-Twisting: beg Bending-Twisting: die,d2s
Biaxial-Extension: a2 Biaxial-Bending: di2

The stress on each ply can be calculated in global co-ordinate as follows

Oxx Q_ll Q_12 Q_16 Exx—AT Q=AM By,

UJ/J/] = [Q—lz Q22 Qz6|-q Eyy-ATayy—AMBy, 3
Txy 016 026 Ous Exy—AT dtxyy—AM By

Where the mechanical strain in the x-y coordinate system for ply strains as follows

Exx Exx Koex
{gyy} ={epy v +2{Kyy (4)
Vxy y)?y Kyy
In  equation (3), Qj are  corresponds  to  reduced  stiffness  matrix  terms,

(ATO(XX, AToyy, ATO(Xy) , (AMByy, AMByy, AMByy)  are strains due to temperature and moisture
respectively. In equation (4), €2y, €3y and ygy are mid plane mechanical strains and Ky, Kyy, Kyy are

curvatures terms.

3 Study of test methods

The details of the materials and its fundamental constituents, the fabrication of composite laminate, and

the test methods according to standards are described.

3.1 Fabrication method

Here only hand layup technique is described. Specimens were cast using hand layup technique, the
percentage of fibre and matrix was taken as 60:40 by weight for the fabrication of the laminate. In the
lamination process initially, gel coat (epoxy and hardener) applied on the mould by brush. Reinforcement
layers were placed on the mould at top of the gel coat and again repeat the procedure with gel coat
application with the brush. Steel rollers are used to remove any air which may be entrapped. At the end of
completion layup of all layers, a plastic sheet is covered at the top of the last ply with applying polyvinyl
alcohol at the bottom of the sheet as releasing agent. Subsequently, one flat plyboard and a heavy flat metal
rigid platform are kept over the top of the plate as a deadweight for compression. The plates were left for
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a minimum of 48 hours in room temperature before further processing i.e. coupon making (cutting to
required shape for testing).

The physical properties of manufactured composite plates including density and thickness, were measured
up to the required degree of accuracy. The thickness was measured using a 0.1 mm vernier caliper. The
weight of the specimen was measured using digital weighing balance with an accuracy of 0.1 grams.

3.2 Tensile strength

The Young’s modulus was obtained experimentally by performing unidirectional tensile tests on specimens
cut in longitudinal and transverse directions as described in ASTM Standard [3] for the FRP plates
fabricated earlier. Strips of specimens having a constant rectangular cross-section, say 250 mm long X
25mm width are prepared from the plates. Three or more CFRP sample specimens are prepared for the
experiment. The specimen is gradually loaded up to failure, which is happened abrupt and sudden as the
FRP material was brittle in nature. The INSTRON 1195 machine is used to find the Young’s Modulus,
ultimate strength. The load was displayed in kN units, divided into the original cross-sectional area at the
moment of rupture and the strength of the tensile was measured. The tensile modulus is measured using a

set of extensometers.

3.3 Compressive strength

The test method is used for compression of laminates which contain fibers in multiple fiber directions,
especially axial (0 9) fibers and off-axis (£ 0 9) fibers combined. SACMA SRM-1 (also known as D695
modified), D3410 / D3410 M, D5467 / D5467 M, D6641 / D6641 M and D7249 / D7249 M are also
used in other compression strength test methods. SRM-1 research utilizes 12.6-mm wide specimens, which
are only appropriate for the single-way film, cross-ply [0/90] ns or 3K-70-P thin single-cell fabrics, plain-
woven dry graphite. Larger cell fabrics will be checked with 12 K spread-tow fabrics, a synthetic fiber cloth
with broader specimens. Standard D3410 / D3410 M and D6641 / D6641 M test fittings allow for the use
of larger specimens, for example, 25.4 mm wide. Thus, laminates which contain axial and off-axial fibre
may be tested. The D5467 / D5467 M test method is intended as a unidirectional laminate for compressive
strength, but due to the configuration of the sandwich beam, is expensive. The D7249 / D7249 M Test
method is designed to achieve the sandwich facial sheet strength. The test will give un-notched compressive
strength, ultimate compressive strain, compressive modulus of elasticity and Poisson's ratio in compression.
Compression strengths include the following factors: materials, materials manufacturing methods, layout
accuracy, laminate stacking sequence and general thickness, specimen preparation, sample conditioning,
testing environment, alignment and gripping of specimens, testing speed, temperature time and void and
volume reinforcement percentage [7].

3.4 Shear strength

A tension test on [+/-45] s laminate is popularly used test for the measurement of in-plane shear Modulus
G12.The more details of this test are available in ATSM standard D3518/D3518 /M91. According to ASTM
standard the method uses a 250 mm long rectangular specimen with width 25 mm and thickness 2 mm.
Further, it is recommended that for materials having thickness more than 0.125mm, the laminate should
have 16 layers, that is, [+/-45]4s.

3.5 Inter laminar shear strength (ILSS)

The ILSS is the ability to resist delamination damage of parallel fibre composites. The short beam shear
(SBS) test (three point-bending) subjects a bending beam, the beam being very short relative to its thickness.
ASTM D 2344 defines the support span to the specimen thickness ratio of 6:1 only. The objective is to
minimize the flexural (tensile and compressive) stresses and to maximize the induced shear stress. The load
increases with deformation in proportion to SBS bending until a peak load is reached. If the load decreases
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by 30% or more immediately after the maximum load is reached, the specimen is expected to fail in lamina

shear and to assess the apparent ILSS by using peak load.

In accordance with the following reference, the ILSS values were determined by a short beam shear test:
ILSS = 0.75 Pb/bd

Where Pb = breaking load, b = width and d = specimen thickness.

The ILSS value in glass fibre composite is almost the same value as that of carbon fibre reinforced epoxy

matrix composite. This result indicates that the ILSS value predominantly depends on the matrix material

and minimal contribution of fibres in the two-phase composite materials. However, for the Hybrid material

(three-phase), the ILSS value is significantly improved by 35%, this is due to the contribution of carbon

and glass fibres along with matrix material [8]. A minimum of five specimens is required in each sample, as

per ASTM D2344.

Aslan and Alnak [9] carried out ILSS test and results obtained from four-point bend shear tests were

compared with that obtained from ASTM test standards D2344 (SBS). The research findings show that the

effects of the four-point bend interlaminar shear test at a span-to-thickness ratio of 8 are better than the

results of the short beam shear test.

4 Equation of motion for Static, buckling and Free vibration

The equation of motion for static, buckling and free vibration of a laminated composite panel, may be

expressed in the matrix form as:

4.1 Static

[K]{dj=1{F} (14)
Where, [K]= Stiffness matrix; {d}= displacement vector; {F}= Force vector

4.2 Buckling

(K] + 2 [S]) {d} = {0} (15)

Where [K] = stiffness matrix [S] = stress stiffness matrix A = Buckling factor

4.3  Free Vibration
(K- 2 [M]) {¥} =0 (16)

Whete [K] = stiffness matrix [M] = mass matrix Q = Eigen values ¥ =Eigen vector
5 Laminate Design Guidelines

Haftka R.T et al.[10] to find the efficient composite structural design which fulfills the requirements
of a particular application, the selective use of the orientation, number and stacking sequence of laminae
that make up the composite laminate can be achieved not only by the division of cross areas and member
thicknesses but also by the global or local tailoring of the material proprieties.

F.-X. Irisarria et al. [11] implement the concept of the stacking sequence table (SST) to ensure the
optimal design of laminated composite structures with ply drops. The SST describes the ply drop sequence
which ensures that a thicker and thinner laminated guidance is transited. An SST is a blended design,
combined with a spread of spacing across structural areas. A SST in combination with a thickness
distribution across structural regions is a blended design.

The laminate design guidelines are considered as a basis for the design of the stacking sequences
of most composite structures in the aerospace industry. A more detailed discussion about design guidelines
and their justifications is provided in [11-15]. Based on a particular application, the laminate design is carried
out by selecting the set of ply angles. Due to manufacturing constraints, the allowed ply orientations are
reduced to a discrete set of angles such as {0°, £15°, £30°, £45°, +60°, £75° 90°}. Once the angles are
selected, the total number of plies and the proportion of each orientation in the laminate is set and a stacking

sequence is chosen. Further, during designing structures that consists of several zones of variable
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thicknesses, thickness variations are assigned by dropping off plies at specific locations. Many guidelines
are applied in both laminate sequence design and ply-drop-off design, which are based on industry
experience in testing and analysis.

1. Stacking sequences whenever possible should be symmetrical about the mid-plane. To avoid warping
from the coupling between in-plane strains and out-of-plane rotations (curvature & twists), unless
warping is desired. [B]=0 for symmetric laminates.

2. Stacking sequences should be balanced, with the same number of +6° and —0° plies (670 and 6790).
Which reduces in-plane coupling of normal strains and in-plane shear strains (Ais = Az=0 for
balanced laminates) and to minimize the coupling of curvatures and torsions (Dis = D26=0 for
symmetric and balanced laminates). The guidelines on symmetry and balance aim at avoiding
coupling of the shear extension and membrane bending respectively.

3. Not more than 4 piles should be stacks in any one direction together to ensure that the similarly
oriented ply stack is not contiguous with the adjacent flies.

4. The difference between the orientations of two consecutive plies should not exceed 45° for
disorientation.

5. A minimum of 10% of plies in each of the 0°, £45° and 90° directions are required. This rule is
transposed in all directions in order to accommodate the other ply orientations in terms of
minimum stiffness requirements [16]. 10 per cent rule is advantageous to prevent matrix regulated
behaviours and modes of failure such as free-random delamination (disorientation) or spread of
cross matrix cracking (contiguity).

6.: The lower and upper sutfaces of the laminate should not be put 0° ply to avoid damage tolerance.

7. The 0° plies otientation to take axial loads, 45° to catry Shear loads and transverse loads with 90°
plies. So, the panel would be stable relative to any stress if we build it using a 60°/300/100
configuration.

8. Laminates carrying predominantly shear loads but some normal loads (stringer stiffened skin panels)
should be a ply combination of 10% 0°, 80% 45°, 10% 90°.

9. Laminates carrying axial loads (certain stiffeners, beam chords etc) should be combination of 60%
0°, 30% 45°,10% 90°’ or even a higher petcentage of 0°.

10. Laminates should have a minimum of 8% fibres in each major direction (0°,45°,90°) to account for
unexpected loads.

11. The 0° & 90° plies should be separated by + or -45 © ply, or preferably by +45 © and -45 ° ply, to
avoid delamination between the 0 ° ply and that 90 ° ply due to Poisson's misalignment.

12. Avoid placing a stack of similarly oriented plates on the laminate's outer surface because they are
more prone to damage for example, 0%, 90° (or fabric) is more damage tolerant than (°.

13. 459, 900,-45Y sequences are often used at outer surfaces since these sequences are more damage
resistant and more damage tolerant than stacks of similarly oriented plies. This also contains the
load-carrying similarly oriented stacks within the laminate and helps prevent delamination under
load.

14. Use fabric in outer ply in place of tape to give abrasion resistance. The fabric also reduces fibre
breakdown when hole boilers are drilled.

15. The load-carrying plies should be placed for safety against the centre. For example, the 0 © plies
should not place on the outside of the beam to minimize damage.

16. To prevent delamination, avoid free edges. Repeated loading causes delamination at ends with the
maximum interlaminar (out-of-plane) stress at the open edges.

If we follow above rules, the strength of the structure will improve. The ply-drop design guidelines aim
first at avoiding delamination at a ply-drop location and, secondly, at obtaining ply layouts that can
be manufactured with current techniques as follows.

17. The covering plies on the lower and upper surfaces of the laminate should not be dropped off.
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18.: Te maximum taper slope should not exceed a maximum inclination. Here, the maximum inclination
should be minimal stagger distance (the length of the increment of thickness) is about eight times
the thickness of the dropped plies.

19. The maximum number of plies may be stopped at the same increment of thickness. .

20. Continuous binding between consecutive ply drops should be maintained (internal continuity).
Three dropped plies for a continual ply are permitted.

21. Alternatively ply-drops can be located near to and far from the middle portion of the laminate.

22. All laminates in the taper section should respect the laminate design guidelines to the maximum
possible extend.

23. However, the global requirements must also be met when designing a variable-thickness composite
structure. (a) Continuity: the requirement aims at ensuring structural integrity and manufacturability
of the structure. The thinner-panel plies shall cover the entire structute. Ply orientation mismatches
between adjacent panels are not allowed. (b) Constraining the thickness variation between adjacent
zones may contribute to smoothing the load distribution over the structure (i.e. avoid high-stress

concentrations especially interlaminar stresses) at dropped plies.
6  Cost comparison and mechanical properties

Performance Composites Inc. [17] has shown a comparison of costs and mechanical properties of graphite
composite, fiber glass composite, aluminum, and steel has been presented in Table-1. Because of the wide
variety of available graphite fibers and resins and the many material combinations, the properties are

tabulated in form of ranges.

Table 1: Costs and mechanical properties of graphite composite, fiberglass composite, aluminum and steel

Graphite C?):pglstiie Aluminium
Composite P . Fibreglass Composite Mild Steel
(aerospace grade) (commercial 6061 T-6
paceg grade)
CostinT/Kg | 3316-241447 | 2829 33316 3048.7 -3497.4 2498 250
Strength 620.52 x10° - 344.73x10%- 137.89x10%- 3 3
(kpa) 1378.95 x10° 620,52 x10° 241.31x10° 24131107 | 413.68x10
68.94%10°- 55..15%10°- - . - -
E(kpa) 73108 1o | 6:89X10°—1034x10° | 68.04x10° | 206.84x10
Density 1384 1384 1522 2768 7800
(kg/m®)
Specifi
pecttic 18x106-4x10° | 1x106-1.8x10° 363,640-636,360 350,000 | 200,000
Strength
Specific 200%10°- 5 6 6 6 6 6
o 1 000x10° 160%106-200x10 18x106-27x10 100x10 100%10
CTE (infin-F) | -1x10%-1x10° | 1x10%- 2x10% 6x10%- 8x10° 13x10° 7x10%

The graphite fibers are made of an organic polymer such as Polyacrylonitrile (sometimes called carbon
fibres). The material is drawn into fibers and held under tension as it is heated at a high temperature
(>1000°C). The two-dimensional carbon-carbon (graphite) crystals are formed when hydrogen is extracted.
Table-1 shows the carbon-carbon chain (3-D carbon crystal) has exceptionally high characteristics and
excellent mechanical properties than those of aluminium and steel traditional materials.

The literature review is focused on the different types of analysis such as static, bucking & free vibration
analysis of composite plates and shells. Flat-panel, curved panel and cylindrical shells are taken for the study.
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7  Static analysis

Parametric studies on laminated plates to measure the maximum deflection are included in the static
analysis. Parametric analysis described variance in aspect ratio, layer orientation, layer number, plate size
and mesh size. Orthotropic materials in the area of modern industrial technology are of significant
importance and concern. These materials may be exposed to cracks or ruptures during their service period
and under the impact of external effort, which can cause a disaster in their construction. To avoid these
types of problems, the analysis of these materials is necessary.

7.1  Static analysis of flat panel

Rakesh et al. [18] presents a stress analysis using ANSYS for composite laminated graphite/epoxy plates.
A study carried on square plates starting with 2 to 10 layer 45° symmetric angle ply & clamped boundary
condition. Conclusions drawn from the study are: first principle stress in the anti-symmetric angle ply,
however, the failure at the support is responsible as the number of layers increases. The second and third
theory strains in the anti-symmetric angle ply for a given failure load are responsible for a failure in the
center with a high-stress level but as the amount of layer increases its impact decreases. The stress
component of shear stress antisymmetric ply failure load is responsible for the de-lamination of the middle
layer; it does not cause the top or bottom failure. The increase of the layers also did not impact it. The axial
and radial component stress is responsible for side failure in axial and radial directions for a given failure
load in the anti-symmetric angle ply. The stress on the component lateral direction is responsible for an
anti-symmetrical angle ply failure with a well-defined stress contour for the lateral failure in the direction.
Yenda Kesava Rao et al. [19] presents a graphite/epoxy composite plate stress analysis with ANSYS on
different ply locations (0°, 300,-45%). The impact of stress on laminated, composite plates with tension was
observed. Results showed that if ply location is at the bottom, the stress in the radial direction and shear
stresses are minimal. The gptimum orientation of the composite lamina is 30° for load application in the axial
direction. The radial stress is minimum at 450 and for the shear stress minimum at 159. This indicates the load carrying
properties change with the ply orientation of the composite for the same loading conditions. N. Moubayed et al. [20] presents
a simplified model of an orthotropic plate that is subjected to load distributed evenly. This model is based
on the theory of laminates, which neglects the effects of thickness shear. It is used for calculating the
displacements and their distribution at the plate center. The analysis reveals that material parameters
control the static behavior. Niral R.Patel et al.[21] analyzed the static analysis of composite laminated plates
with different boundary conditions and for various loads. Stress results obtained from MATLAB numerical
analysis of FEA compared with ANSYS and found close agreement. Junaid Kameran Ahmed et.al [22]
carried out the static and dynamic analysis of graphite/epoxy composite plates using ANSYS, and the results
were compared with the developed code of the FEM. The results obtained from the ANSYS program and
developed FE code show a good agreement with experiments. The minimum deflection was found for the
clamped plate with a ply orientation angle of 159 and the minimum deflection was found for angle 459 when the plate
was simply supported. In the isotropic plate, the deflection in the clamped plate is about 50 %o simply supported and for
the orthotropic plate, the deflection for the clamped plate is about 25 to 30 percent simply supported. ]. S. Kalyana Rama
et al. [23] described the minimum length required for the modeling, with a uniform 3D finite element
analysis, of the infinitely long FRP plate laminated under cylindrical curvature, with two different end
conditions. It is concluded that a length of 250 mm is enough for the analysis of a laminated graphite-epoxy
plate of four layers of symmetric and anti-symmetric fibres. The deflections will increase with the increase
in thickness ratio as the thinner plates produce large deflections. R. R. Singh et al. [24] analyzed stiffened
isotropic and composite plates using finite element technique. Concluding remarks are made as the Jeight of
the stiffener should not be increased beyond six times the thickness to reduce the deformation. Stiffener having a lower
thickness gives almost equal deformation to that of a higher thickness stiffener having a more or less equal
volume of material. The maximum composite plate deformation is approximately 1.5 to 2.5 times that of
the isotropic plate. On the lower side, the maximum stress in the composite plate is that of the isotropic
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plate. Rahul Patwa et al. [25] done mathematical modeling of a four-layered cross-ply composite with six
layers. The interesting fact is that with an increase in the number of laminas the stress and deflection bearing
capacity increases. Also, #he failure load is being increased by abont 40 %o on adding two laminas in the four-layered cross-
Py laminate. 1t 1s also seen that on variation in stacking pattern the stress and deflection patterns are varied despite the
same number of laminas. Hence the stacking pattern is an important characteristic while designing the composite plate.
Woraphon Niamnin et al. [26] carried out a numerical investigation on symmetrical bending of uniformly
strip loaded square plates with different boundary support conditions using ANSYS. From the obtained
results, it is cleatly seen that there are zero deflections along the plate edges supported by simple and
clamped supports. In the case of the plates having clamped edges, there are also no rotations of the plane
normal to those edges. G.C.Mekalke et al. [27] studied the stress and displacement of the rectangular plate
circular hole subject to uniform stress that is the impact of an initial stretching plate using the finite element
method. The plate with a circular hole was analyzed under uniform stress and the results obtained through
different meshes. It is observed that there is a variation in results through different meshes. The
symmetrically balanced mesh gives a symmetrical response on the plots, but the other mesh does not
provide the desired symmetry of the solution. Thus, a mesh convergence test should be performed to achieve accurate
results. Riyah N.K et al. [28] presents an experimental and theoretical study of the impact of cutouts on the
stress and strain of dynamically mounted composite laminate sheets. A numerical study was carried out by
the ANSYS with static analysis methods of symmetrical square plates with various cutout types. Compared
to numerical results, the experimental results show good agreement. Increasing numbers of layers reduce
the value of normal strain at both the circular and the square holes in a symmetric plate, the lamination
(309 is the maximum stress value, with the maximum strain value (500), subject to a single axially applied
load. 17 is also reported that the hole dimensions to a width of plates ratio have an effect on one maximum value of stress and
strain on the edge of the bole. The value of maximum stress & strain increases with the order of type of circular, square,
triangnlar, and hexagonal cutount. Victor Debnath et al. [29] studied the maximum deflection and von-misses
stress analysis of the beam and cantilever beam simply supported in two different load types. The theoretical
equations are based on the general beam equation of Euler-Bernoulli. ANSYS is used for computational
analysis. Concluding remarks are element 189, which is the best element to perform a beam analysis rather than a 188
element and other solid elements 285. Vanam B. C. L et al. [30] analyze a static analysis of a rectangular isotropic
plate under different boundary conditions and load applications by finite element analysis. The results of
the FEA and ANSYS (Kirchhoff plate theory) have been compared to exact solutions and showed that
closed matching. M.L.. Pavan Kishore et al. [31] study of stress analysis of isotropic rectangular and square
plates with a variety of centered cutouts by ANSYS software. Numerical studies have been conducted to
investigate the effects of variation on the shape of the cutout, the location geometry, and the value of the
maximum stress in the plate under uniformly distributed pressure with simply supported and clamped free
boundary conditions. The adapted numerical scheme can be used to evaluate the concentration of stress
and to determine the distribution of stress in isotropic and laminated plates. Sridhara Raju et al. [32]
generated a 3D finite element model using ANSYS with a boundary condition for the evaluation of
deflection, normal, and shear stress. A four-layer symmetric skew of bi-directional FRP laminate with a
circular cut at the geometric center with clamped edges and uniform pressure added to the top surface for
seven different thickness ratios (the ratio of the airfoil's maximum thickness to the station's chord) is studied
for this reason. The magnitude of normal stress, shear stress, and deflection increase with an increase in the
thickness ratio due to a decrease in the stiffness of the plate. The magnitude of both normal and shear stress is
observed to be higher for linear analysis compared to nonlinear analysis, so for an optimum design of the nonlinear
analysis structure is essential. Abdul Siddique shaik1 et al. [33] have done stress analysis around the circular
hole, made up of different materials using ANSYS software. The rectangular plate with a central hole is
analyzed using carbon epoxy with different fiber angles such as 00, 309, 450, 609, 90° and the better fiber
angle was found to determine the stress concentration. Results show that the maximum stress concentration
always occurs at the boundary of the hole in a finite width plate with a central hole under static loading in
the plane. 17 is found that 300 fiber is the optinum fiber where the stress concentration factor is lower than the other fiber
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angles. Where 0° holds good in stress and 90 in deflection when it comes to other angles. Nitin Kumar Jain
[34] analyzed the impact by D/A (where D is hole diameter and A is flat width) of the stress concentrations
factor (SCF) and deflection at transverse static loading on isotropic and orthotropic plates. The analysis is
made of two different orthotropic materials and isotropic plates. The results are obtained using ANSYS for
three different boundary conditions. In an orthotropic plate, the SCF for all stresses with respect to D/A
ratio is achieved more compared to the isotropic plate for the respective boundary conditions. It is also
obsetved that vatiation of SCF for all stresses with D/A ratio highly depends on elastic constants and
differs from material to material. K. Kalita et al. [35] studied variation in deflection and stresses with a
change in d/W (diameter of circular cut out / width of the rectangular plate) and b/W (side length of squate
cut out/width of the square plate) ratio for steel (isotropic material) as compared to e-glass/epoxy
(orthotropic material) using ANSYS software for four different boundary condition. It is also investigated
the effect of orienting the square cut out with a positive X-baseline. It is concluded that maximum shear
stress occurs at the cut-out petiphery in all boundary conditions and that maximum deflection is seen near
the cut-out and reduces to the constraints. For all plates, the variation of stress concentration factor (SCF)
is more in the orthotropic plate compared to an isotropic plate. Overall, with an increase in the inclination
of the square cutout from the X-base line, oy, and oy increase and is maximum at 45°, but with an increasing
inclination for isotropic plates, oy decreases. Gururaj.M.Kumbar et al.[36] analyzed the fuselage panel to
carry out static analysis due to the varying loads. It can be concluded that the displacement occurring in the
fuselage panel is minimal for all loading conditions and has no significant effect on the integrity of the
panel. The linear static analysis of the panel shows the panel crosses the yield strength of the considered
material for specified loads and with modification to the panel reduces the stress which is within material
yvield strength. Ramindla Praveen et al. [37] examined the structural effectiveness of the designed wing made
of various material (Al-Zn-Mg alloy 7178, aluminum-lithium AIL8090 and alpha-beta combination
(titanium) alloy) through 3-D finite element analysis using ANSYS to compute the critical stresses,
displacements, strains and compare against Von- Misses failure criterion. V. J. K. Silpa et al. [38] studied
the structural response of a thin plate with a circular hole to different boundary conditions. The effect of
parameters like d / w ( hole diameter to plate width), hole location and conditions of support is presented
for isotropic and orthotropic material on stress factor concentration. The study concludes that an increase in
the d/ w ratio leads to an increase in the deflection ratio due to a decrease in the material's stiffness. Furthermore, it was
obsetrved that the stress concentration factor decreased with the increase of the d/ w ratio. Trung Thanh Tran et al. [39]
present numerical results of static analyses of the functionally graded porous (FGP) variable-thickness
plates by using mixed interpolating of tensorial component technique for a three-node, triangular element
(MITC3), called ES-MITCS3, is associated by the use of an edge-based smooth finite element method (ES-
FEM). It is inferred from the study that the maximum deflection is near the thinner thickness, and far from
the thicker thickness. This shows that varying plate thickness has major effects on the FGP plate's static

bending response.
7.2 Static analysis of curved panel

Minh Tu Tran et al. [40] carried out an analytical solution for static analysis of stiffened cross-ply laminated
composite doubly curved shallow shell panels resting on the elastic foundation with the simply supported
boundary condition by using first-order shear deformation theory. It investigates the impact of the number
of stiffeners, the height-to-width ratio of stiffeners, and the number of layers of laminated composite shells
on stiffened shell deflections with and without elastic foundation. The findings of this analysis show that
the deflection of shell panel with orthogonal stiffeners (both cylindrical shell panel and spherical shell panel)
is the smallest (stiffest) if the height-to-width ratio of the stiffener decreases. The elastic foundations
increase the deflections of the stiffened, doubly curved shallow, cross-laminated composite shell. Anusha
Gampala et al. [41] to find the maximum stress during fatigue load testing of aircraft by using finite element
analysis (FEA). A beacon light hole on a plane's fuselage is used in this work. From the analysis, it is
concluded that linear static analysis of a curved shell without hole for axial tension loading case along with
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pressure and found that the stress within the allowable limit. Linear static analysis of curved shell with hole
is carried out for the tension load case together with the pressure and the stress within the permissible limit
was found. Linear static analysis of curved shell with a hole and doubler, and found stress to be within the
permissible limit. Analysis of doubler is done and the stresses induced in the doubler are found to be within
the allowable limit. Analysis of fastener is done and is found that it is within the limit. M. Cinefra et al. [42]
carried out the linear static study of composite shell structures of double-curvature geometry utilizing a
shell finite element of variable kinematic through-thickness. Cross-layered spherical shells are simply
analyzed with supporting edges and under bi-sinusoidal pressure. It considers different laminations,
thickness ratios and curvature ratios. From the study, it can be inferred that the CUF-based shell dimension
is very effective and mandatory in the study with respect to the classical models of composite structures. In
order to provide FEM benchmark solutions, shells with different lamination, boundary conditions and
loads are also analyzed with theories of high-order layers.

7.3  Static analysis of cylindrical shell

P.Dongare et al. [43] analyzed a composite drive shaft for power transmission applications. Static analysis
is done using FEM to construct a regression equation. Conclusions made are shear stress in the layer
increases up to 45 orientation, then decreases till 90° and then again starts increasing; it shows sine nature
of the graph. Thus shear stress decreases in other layers until 459, then increases until 90° and then starts to
decrease again; it reveals the cosine structure of the graph. Deflection in each layer remains the same for
any angle of orientation; it decreases till 450 then increases for 90° and 0°. By doing regression analysis they
have obtained relations between stress and fibre angle orientation and deflection. K. Chandrashekhara et
al. [44] found an exact solution for a thick, transversely isotropic, simply supported, circular cylindrical shell
undergoing axisymmetric loading by means of a displacement functional approach. The numerical results
have been obtained for single- and three-layered shells to show that the approximate solution is valid for
mean-radius to thickness ratios greater than 5 and that the displacements and stresses in each layer of the
shell are influenced by elastic constants of the material and the thickness of the shell. S. Mahmoud Mousavi
et al. [45] deals with the bending analysis by Differential Cubature method (DCM) of laminated cylindrical
panels. The proposed formulation allows for the treatment of any kind of lamination, whether symmetrical
or unsymmetrical and any combination of clamped, simply supported and free boundary conditions on the
edges. The results show that DCM can provide reasonably reliable predictions with relatively few grid
points, which can, therefore, require less computational time to a precise level than other numerical
techniques. For all stress and displacement variables in the solution domain, the same order of precision is
given. In comparing the calculated stress results with the displacement components, the results obtained
using other analytical and numerical techniques show good consistency.

8  Buckling Analysis

The static stability or buckling of mechanical, civil engineering structures under compressive loading has
always been an important field of research. Buckling is a highly severe phenomenon for structural
components because buckling of composite plates typically occurs at lower applied stress (less than ultimate
strength) and induces significant deformation in turn cause severe damage in the structure. This led to

literature study in past work to know composite buckling behaviour, which are summarised below.
8.1  Buckling analysis of flat panel

Leissa [46] provided a thorough overview of the large number of papers available that are relevant to the
stability of composite plates and shells. P. R. Reddy et al. [47] determined the impact on buckling actions
of square and rectangular of a 4-ply orthotropic carbon/epoxy symmetrically laminated rectangular
composite plate using ANSYS for [0°/45°/45°/0°] orthotropic laminate configuration. Results showed
that the magnitudes of buckling loads decrease with increasing positioned angle of a cutout, as well as ¢/b
(length of rectangular cutout/breadth of the rectangular plate) and d/b (breadth of rectangular
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cutout/breadth of the rectangular plate) ratios for rectangular cutout plates. The size of the buckling loads
of a rectangular composite plate decreases with an increase in the plate aspect ratio (a/b) A.George et al.
[48] compated the critical buckling load of the laminated composite plate by changing the cutout shapes of
the laminate's optimized fiber orientation by numerical means. Composite laminated plate with rectangular
and square cutout shows a decrease in buckling load carrying capacity compared to circular cutout plates.
The maximum buckling load combination was obtained with fibre otientation 00/90°/150/-150/150/-
159/00/900 with circular cutout. With an increase in fibre angle in the inner layers, the buckling load increases.
K.M.Reddy et al. [49] done a buckling analysis of laminated composite plates under uniaxial and biaxial
compression load using ANSYS. Parametric studies carried out through FEA in order to understand the
effect of side-to-thickness ratios, aspect ratios, modulus ratios, ply orientation, and boundary conditions on
non-dimensionalized critical buckling load for three different materials. The numerical results showed that
shear deformation has the effect of decreasing the non-dimensionalized critical buckling load with decreasing side-to-thickness
ratio and modulus ratio under uniaxial compression. As the aspect ratio increases, the effect of uniaxial compression of the
bending-extensional twisting stiffness is to reduce the critical buckling load. Prabhakaran.V et al. [50] carried out
numerical and theoretical analyses on the buckling and tensile/compressive load behaviour of thin CFRP
rectangular plate without hole using ANSYS. Three different types of composite structures: a rectangular
plate without a hole, a rectangular plate with a hole, and the thin cylinder were analyzed were carried out to
model the size of structures. I# was noted that the buckling load/ unit length decreases with increases of length to thickness
ratio of plate and cylinder. Further, noted that the buckling load/ unit length gradually decreases with increases of diameter to
width ratio of the plate with a hole. The results from this study indicate that numerical modeling can be used to
evaluate the buckling strength accurately, provided the material properties, and geometrical details propetly
modeled. Nagendra Singh Gaira et al. [51] carried out the buckling analysis of laminated rectangular plates
with clamped-free boundary conditions for different aspect ratio, d/b (diameter of cutout/width) ratio &
d/D (diameter of small multiple cutouts/diameter of central cutout) ratios. The results are the reduction of
the buckling load factor, with an increasing aspect ratio, an increase in the buckling load factor, an increase
of the d / b ratio, and an increase in the d / D buckling load factor. It is noted that the presence of cutout
lowers the buckling load. A. Joshi Gowri Sankar et al. [52] carried out buckling analysis of laminated
carbon/epoxy with clamped-free boundary conditions considering various parameters such as varying
aspect ratio, varying thickness to breadth t/b ratio, cut out the shape and multiple holes and effect of stress
concentration. It has been reported that the buckling factor was noted to decrease with increases in aspect
ratio. The presence of the center hole causes the factor of buckling decrease and the concentration of stress
zones increase. The incorporation of multiple holes causes buckling factor to decrease and stress
concentration zones to decrease. Ahmed Hassan et al. [53] have done a buckling analysis of both isotropic
and functionally graded rectangular plates with various boundary conditions and meshing of plate structure
using ANSYS. The results obtained from ANSYS are compared to analytical solutions based on different
plate theories and the theory of 3D elasticity. Shell281 element models are less sensitive to mesh density
and are more accurate compared to the shell181 element model. Solid model of solid shell elements has
precise solutions close to shell models for thin plates, but its solutions are higher for thick plates than other
solid models while being significantly lower than shell models and closer to solutions based on 3D elasticity
theory. R J Fernandes et al.[54] have done buckling analysis of laminated composite plate using ANSYS
and the results compared with published literature. The critical buckling load obtained for cross-ply
laminated composite plate subjected to uniaxial and biaxial compressive loading, varying aspect ratio (a/b=
0.5 to 1.5), length to thickness ratio (a/h= 10 and 100), and orthotropic ratio (Er/Er = 10 to 40). The critical
buckling loads keeps on increasing as the orthotropic ratio increased for all combinations of boundary conditions and varying
aspect ratio. It is also observed that the critical buckling load of the CCCC boundary condition is higher than
the other and the critical buckling load with SSSS boundary condition is least. S. Prashanth et al. [55] studied
the behaviour of composite twisted plates. Studies on #wisted plates show that the buckling load increases as the
aspect ratio increases for simply supported plates and decreases for cantilever plates but the nonlinear buckling load is less than
the linear buckling load. 1t is also observed that the buckling load increases in the same aspect ratio for a
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laminated twisted composite plate with a decrease inside to thickness ratio. Further, buckling load decreases as
the angle of twist and aspect ratio increases. With number of layers, for the same angle of twist buckling load
increases, and for symmetric ply layup. Dilu Riswana C et al. [56] studied buckling response of laminated
composite plates with different boundary conditions, aspect ratio, varying width to thickness b/t ratio, cut
shape, and changing hole locations are considered. It concluded that buckling load increases as 1./t
(length/thickness) ratio decreases and the presence of cut-out lowers the buckling load. The buckling load decreases as
the number of layers decreases. Similar conclusion of [51] pointed out i.e. the buckling load also increases
as the Er / Er ratio increases. Changes in buckling load are seen with modification of cut-out shapes. The
buckling load comes out to be the maximum for circular cutouts. Pavol Lengvarsky et al. [57] studied the buckling
behaviour of the rectangular composite plates with four different layer orientations and three, six, and
twelve layers using the finite element method. The computed critical buckling loads for all configurations
showed that eritical buckling load increases with increasing numbers of layers as well as composite plate thickness. All layer
otientations and the number of layers slightly affect the value of critical buckling load & buckling. Madhu
Kumar M et al. [58] proposed buckling study of the S-glass/epoxy laminated composite plate with cettain
assorted cutouts such as square, circular and rectangular with various parameters using experimental and
finite element study. As seen from the above results the buckling characteristics of S-glass epoxy laminated
composite are affected by the cut-out dimensions as then of the loading conditions and values. It is cleatly
observed that the composite reinforced by S-glass fiber acts as a brittle material, and when subjected to
uniaxial compression loads it does not go further in elongation. Lakshmi Narayana et al. [59] examined the
influence on the bending action of a 16 ply symmetrically laminated composite rectangular symmetric
graphite/epoxy rectangular composite plate [0°/+45°/-45°/90°]2s with a square/rectangular cutout on
boundary conditions and on various linear in-plan compressive loading conditions. The following
conclusions are drawn: The magnitudes of buckling loads are decreased for a rectangular composite plate
with rectangular cutout by increasing the cutout orientation angle § from 00 to 90%. The magnitudes of
buckling loads are reduced for a rectangular composite plate with a square cut out by increasing the cutout
orientation angle 8 from 0 to 45 and by increasing the cutout orientation angle § from 459 to 90°. The effect
of cutout orientation 3 on buckling of the rectangular composite plate increases with increasing cutout size.
Torabizadeh [60] presented a mechanical loading solution for generally laminated plates based on different
plate theories of laminate. A finite element code was also developed as a verification method with ANSYS.
Finally, it was found that in all cases, finite element outputs were in good agreement with theoretical analysis
results. The non-dimensionalized buckling load increases for symmetric laminates, while it decreases under
uniaxial and biaxial compressive loads for antisymmetric laminates as the modulus ratio increases. In the
case of antisymmetric angle-ply square laminates under uniaxial compression and biaxial compression, the
bending-stretching coupling severely reduces the buckling load for the two-layer plate. M. Aydin Komura
et al. [61] studied circular/elliptical opening of woven-glass-polyester board composite laminate. In the
analysis, a parametric study was performed using the finite element method (FEM) based on the shape and
position of the elliptical hole on the various plate. Results show that buckling loads are reduced by increasing
both ¢/a (Minor axis of ellipse /height) and b/a (Major axis of ellipse /height) ratio and increasing the
positioned angle of the hole causes buckling loads to dectrease. The cross-ply composite plate is also
stronger than any other angle-ply laminated plate analyzed. Ravi Kumar Pa et al. [62] conducted a thorough
analysis of stiffened and unstiffened plates with three various types of composite materials to determine
the buckling load by the ANSYS software. It is concluded from the result that [0°/900/450/-450] fibre
configuration yields the highest load, as the length to thickness ratio increases the load decreases, as the
aspect ratio increases the critical load increases and critical load decreases in presence of cut-outs. 17 was also
observed that by increasing the number of stiffeners on the stiffened plate, buckling load continnes to increase, T-shaped
stiffened plate maintains maximum buckling load, and with a single stiffener in the center of the plate gives
constant buckling load to all material. Z. Y. Han et al. [63] conducted a buckling analysis to investigate the
composites with holes and geometric imperfections subject to compression loading in response to variable-
angle laminated plates. ABAQUS is used to create models for laminates of variable orientation with and
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without central holes. Results show that the maximum in-plane stress of variable-angle laminates is
significantly reduced, and the buckling load is significantly increased. The central holes have an influence
on stress concentration and buckling behaviour. Buket okutan baba [64] examined the effect of bending
stress on the different cut-off shapes, the length/density ratio, and the rectangular plate orientation.
Numerical and experimental studies performed with ANSYS under the in-plane load of compression. It is
noted that the cut-out presence reduces the buckling load. The buckling load decreases as the L. / t ratio
increases. The buckling load reduces as the angle of the fibre increases. The clamped boundary conditions
exhibit the highest buckling load in the context of considered edge conditions. A comparison of finite
element results with test results indicates that the maximum difference between the predicted buckling load
and the measured buckling load is within 39 %. Murat yazici [65] calculated buckling loads with or without
square perforation by experimental, calculation and theory approach clearly under simply supported
boundary conditions. The influence of the hole angle, the filet hole corner radius, and the hole height, as
well as the angle of fibre orientation, was also investigated using FEM. Results can be summarized as for
the 0° reinforced composite plates, only a few differences were obtained between FEA, experimental, and
analytical results. Buckling loads by variation of the hole angle fillet radius do not show a crucial difference.
The direction angle of the hole does not affect the buckling loads. By increasing the fibre orientation angle,
the buckling loads of plates are reduced. Fiber-reinforced 0° reinforced composite plates are more sensitive
to hole size and angle orientation parameters than the others. By increasing the size of the cut-out, loads of
buckling obviously reduce. Gururaj. M. Kumbar et al. [36] modeled, discretized, and analyzed fuselage panel
to determine its buckling strength due to the varying loads. Dhiraj Patil et al. [66] presented an experimental
study based on buckling behaviour of industry-driven woven fibre composite panels for different layer
thicknesses. I bas been observed that buckling loads increased with an increase in the number of layers of carbon fibre in
CERP plates. Plies possessing a higher modulus of elasticity when present on the outermost layer, gives
maximum buckling load. V. J. K. Silpa et al. [38] examined the structural response of a thin plate with a
circular hole to specific boundary conditions. The response of the plate is studied by performing the
buckling analysis. For isotropic and orthotropic materials, hole location & boundary conditions, the impact
of parameters such as d / w (hole diameter to plate width) on buckling load is indicated. It was observed
that the factor of buckling load decreased with the increase of the d / w ratio. J. N. Reddy et al. [67]
developed analytical and finite-element solutions of the classical, first-order, and third-order laminate
theories to study buckling behaviour in different boundary conditions of cross-plying rectangular laminates.
The impacts of side-to-thickness, aspect, and lamination ratios on critical buckling loads are being studied.
The study concludes that shear deformation laminate theories predict composite laminates behaviour
accurately, while classical laminate theory overpredicts buckling loads. Anish et al. [68] carried out a study
with the use of improved shear deformation (ISDT) and Cy finite element formulations on a uni-axial and
bi-axial buckling of the laminated composite plate with mass changes through cutout and an additional
mass. The novel results are achieved by varying geometry, loading, boundary conditions and ply orientation.
It can be inferred from the analysis that the CCCC (all sides clamped plate) boundary condition had the
maximum non-dimensional buckling load values while CCFF had the lowest for laminated composite plates
with additional mass at the central node. It was also found that the benefit for buckling loads was higher
for higher lamination plies, independent of any boundary and loading conditions. The mode shapes for bi-
axial loading were often distinct from the uni-axial buckling while the mode form remained the same given

the various observed values for specific values of bi-axial loading.
8.2  Buckling analysis of curved panel

Mark W. Hilburgeret al. [69] studied on non-linear and buckling response properties of the curved panels
under combined load. The findings suggest that the non-linear and bending behaviour of the combined
load panels can be influenced by the panel curvature. Results have shown that for some combined loads
the geometrically perfect panels do not show bifurcations. Laminate orthotropy and anisotropy also
influence the interaction of the combined loads. D. K. Biswal et al. [70] carried out static stability analyses
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of higher-order shear deformable doubly curved laminated shell panels and a general formulation is
presented developed in the MATLAB. The proposed theory about shear deformation ensures that
transverse shear strains are changed parabolically through the thickness of the shell and that body
movement is rigid. The effects on the natural frequencies of shell panels of different parameters like the
thickness ratio, curvature, orthotropic ratio, lamination scheme, number of flaps, boundary conditions and
shell geometries are examined. The critical buckling loads are found to increase with an increase in thickness
ratio, ratio of principal radii of curvatures, and orthotropic ratio, but exhibit a decreasing trend with an
increase in aspect ratio and radii of curvatures. S. Pradyumna | et al. [71] performed buckling analysis for
cylindrical (CYL), spherical (SPH), hyperbolic paraboloid (HPR), hypar (HYP), and conoid (CON) shell
panels made of FGMs. In the case of a buckling analysis, the shell panels are under a uniaxial compressive
load and are also subject to a temperature field. The characteristics of FGM are regarded as temperature-
dependent and are graded to a thickness level by the simple distribution of power-law components in terms
of volume fractions. The effects on the free vibration of geometric characteristics, material composition,
and boundary conditions are investigated. The results show that with an increase in the volume fraction
index, buckling load decreases for most shell panels and boundary condition. The CL boundary condition
shell panels provide the highest buckling load values, followed by SS and CS boundary conditions of shell
panels in all five shell panels.

8.3  Buckling analysis of Cylindrical shell

T Subramani et al. [72] carried out finite element analysis to find buckling strength of cylindrical and
elliptical structures using ANSYS for fixed-free boundary conditions. The results show the closeness of linear and
nonlinear buckling loads at the lesser thickness and large difference for bigher thickness members. Prabhakaran et al. [50]
carried out numerical and theoretical analyses on the buckling and tensile/compressive load behaviour of
thin CFRP rectangular plate without hole using ANSYS. I was noted that the buckling load/ nnit length decreases
with increases of length to thickness ratio of the ¢ylinder. 1t was seen that although the tensile stress increases with
increases of length to thickness ratio of the cylinder. The results from this study indicate that numerical
modelling can be used to evaluate the buckling strength accurately, provided the material properties and
geometrical details properly modeled. Dongare et al. [43] analyze a composite pulley shaft for applications
of power transmission. The buckling analysis is conducted using FEM. A composite drive shaft analysis is
performed to understand the fibre orientation and effect of the drive shaft's load carry capacity. They bave
established relationships between stress and the fibre angle orientation and deflection by means of regression analysis. The fibre
otientation angle has a torque effect which can be concluded from the buckling analyzes. Hamidreza et al.
[73] carried out buckling analysis to investigate the response of laminated composite cylindrical panel with
an elliptical cutout subject to axial loading using the Abaqus finite-element software. The influence on the
buckling load of the composite cylindrical composite plate, the location and size of the cutout and even the
composite ply angle is examined. Finally, the least squate regression approach was used to present simple
equations, in the form of a buckle load reduction factor. The results provide valuable information on the

design of a laminated cylindrical composite panel, which can increase cylindrical panels' load efficiency.
9  Free Vibration Analysis

In the aerospace and automobile sectors, the study of vibration in laminated plates plays a significant role
in the applications of structural composites. A large number of analytical and numerical studies on the
vibration of composite flat, curved plates, and cylindrical shells are available in the literature. Some of the
literatures are briefly summarized as follows:

9.1 Free Vibration Analysis of flat panel

A considerable amount of analytical models and numerical analyses are reported and reviewed extensively
by Leissa |74], Kapania [75], Liew, Xiang & Kitipornchai [76] and Zhang and Yang [77]. Ajay Landge et al.
[78] have done vibration analysis of a laminate structure with different material configuration using ANSYS
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software. At the otientation 00/459/450/00, for simply supported condition natural frequency was shown
higher. For 6 fracture modes, the natural frequencies of free and forced vibration are taken for different
composite materials such as glass fibre, honeycomb, and carbon-ud (carbon unidirectional). When
comparing these three materials, carbon (UD) shows maximum natural frequency values for all 6 modes.
The natural frequency of a laminated composite plate is minimum in the centre of the plate in a simply supported condition.
The maximum shear stress for forced vibration of glass fibre, honeycomb & carbon-ud is achieved at 3000
Hz,5000 Hz and 1000 Hz. Hence carbon- ud have the lowest natural frequency with respect to maximum
shear stress. Devidas R. Patil et al. [79] have done vibration analysis of a composite plate at different
boundary condition using ANSYS. Three-ply laminates have been considered and results are compared
with the isotropic plate. On the basis of present study conclusions drawn are for isotropic plate and three-
ply laminates natural frequency increases with an increase in mode number and constraints. Of all the tested
boundary conditions natural frequency is lowest for a cantilever plate (CFFF) and highest at all sides
clamped plate (CCCC). The natural frequency increases with a decrease in B/ A (length/ breadth) ratio and increases with
increase in h] A (thickness [ breadth) ratio. Thicker the plate more the natural frequency. C Naveen Raj et al. [80]
studied the dynamic response of composite plate with different stacking sequences and different boundary
conditions with single delamination using ANSYS. The results presented compare well with those present
in the literature, numerical results show how the increase in the number and sizes of delaminations and
other parameters affects the first natural frequency and dynamic response of delaminated composite plates.
Results show that an increase in the number and sizes of delaminations generally has a deteriorating effect
on the dynamic stiffnesses of the plate. The (0°/90°) laminates are weaker compared to angle-ply laminates of (30°/ -
300), (45°/-459). Pushpendra and k. Kushwaha et al. [81] calculated numerical results on the effect of the
number of layers, plate thickness ratio, various boundary conditions, different aspect ratios and different
fibre angles on a laminated composite plate. The non-dimensional fundamental vibration frequency is observed fo,
increase with an increase in fibre orientation angle and number of layers, but decrease with an increase in aspect ratio and
thickness to width ratio. The non-dimensional fundamental vibration frequency of the clamped plate is higher
than that of the plate simply supported plate. Rajawata et al. [82] used the finite element approach to show
the free vibration study of the laminated plate. As eccentricity increases, the natural frequency of the rigid
laminated plate also increases significantly in each mode. The natural frequencies for the cross-ply
eccentrically stiffened laminated plates is higher than the angle ply eccentrically stiffened laminated plates.
Similatly, #he natural frequencies for the symmetric ply eccentrically stiffened laminated plates is higher than the anti-symmetric
eccentrically stiffened laminated plates. Ahmadian et al. [83] analysed forced vibration of a laminated composite
rectangular plate with orthotropic & symmetric, cross-ply using super element (less run time than
conventional FE method). The maximum amplitude response of plates with the same load amplitude under
static and dynamic load may change drastically depending on the non-dimensional frequency. Satyendra
Singh etal. [84] presented the vibration analysis of orthotropic laminated composite plate using ANSYS
finite element software. The free vibration of a laminated composite plate analyzed with different layers for
different boundary conditions. It is observed that free vibration increases irrespective of the boundary
condition applied. Pushparaj et al. [85] determined the natural frequencies and mode of a number of GFRP
and CEFRP using ANSYS. Iz is found that the natural frequencies for CFRP composite plates higher than for GFRP
composites. As the fibre volume fraction increases, the natural frequencies which correspond to a given mode
also increase. In the case of GFRP composite plates, the natural frequencies of laminates with epoxy or
vinyl ester as the matrix material are almost the same. Hybrid E-glass T300 carbon/ epoxy plates have a higher
natural frequency than the E-glass | epoxy plates, but lower than that of T300 carbon/ epoxy plates. Ibtehal et al. [86]
used ANSYS to do nonlinear free vibration study of carbon laminated composite thin plate. The results of
nonlinear analysis for natural frequency ate close to those of linear. The increasing number of plies causing
the basic natural frequency of unsymmetric cross-ply laminate to rise. The results show a good agreement
between nonlinear analysis and experimental work, showing maximum discrepancy for symmetry and
unsymmetry. Mohammed Salih et al. [87] studied free vibration response of composite perforated plates
with a symmetric angle ply using ANSYS. Conclusions drawn are that the plate with one hole has higher frequencies
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than a perforated plate and the frequency decrease with a higher hole. All edges clamped (CCCC) boundary condition
yielded more frequency magnitudes than all edges simply supported (SSSS) and SCSC (two opposite edges
simply supported & clamped) boundary condition for all range of lamination angles and area holes. The
frequencies of perforated plates are reduced by increasing the area ratio of the holes. N Mishra et al. [8§]
studied free vibration characteristics of a sandwich plate in presence of cutout using the ANSYS. For the
evaluation of numerical results, sandwich plates with symmetric cross-ply and anti-symmetric angle-ply
composite facings separated by HEREX core (cross-linked PVC products) are considered. The results show
that the basic sandwich plate frequency decreases with small to medium size cutout. The fundamental
frequencies for a sandwich plate with cutout increase as the degree of constraint increases and are found to
be higher for clamped edges compared to a plate with simply supported edges. Pandit et al. [89] developed
nine-noded isoparametric plate bending components made of isotropic and fibre-reinforced composite
plates. The numerical examples presented here include problems with cutouts from rectangular plates,
distributed mass across its entire surface. It is stated that distributable mass plates, the frequencies of a plate
as a structural element can be changed by locating the attached mass in such a way that the frequency of
the excitation of the machine is far away from those of the plate. Manoj et al. [90] presented vibration and
harmonic analysis of composite laminated orthotropic plates. Convergence study carried out and found a
optimum mesh size. The non-dimensional fundamental frequency is observed to increase as the number
of layers increases but the variation is negligible beyond five layers. It is observed that the resonance
condition for CFFF (clamped one edge & other edges free) is significantly variable compared to the other
boundary conditions. As the thickness ratio increases the fundamental frequency increases, however the
resonance amplitude value decreases for all boundary conditions. Prachi si et al. [91] carried out parametric
study pertaining to the free vibration analysis of the laminated composite beam. The natural frequency
comparison of laminated composite beams based on different boundary conditions and different laminated
lay-up sequences with variation in the L/ h (length/height) ratio, L/b (length/breadth) ratio and Er/Er
ratio was performed in the ANSYS. Sumit Khare et al. [92] have done 3D FEA for free vibration of thick
laminated composite circular plates with clamped, simply supported and free boundary condition for
different fiber orientation. Ganapathi et al. [93] investigated the anisotropic composite laminates for the
free vibration features simply supported by an analytical approach. It can be concluded that the results
calculated introducing the standard constant shear correction are found to be faitly in good agreement. I#
can also be noted that the bending-extensional conpling in the unsymmetrical laminates reduces the natural frequencies and the
curvature effect increases the frequency values. The influence shear correction factor is more for thick laminates
compared with thin case. Arafa [94] investigated the impact on free vibration response of stiffened
composting laminates using ANSYS was investigated by stiffener design, number of layers and boundary
conditions. They found, arrangement and confignration of stiffeners have significant effects on the free vibration response of
stiffened composite laminated plates. As the number of stiffeners increase the natural frequency increase with the
increase of the number of modes for all number of layers. The natural frequency for clamped supported
are higher than that for the simply supported. Sharayu et al. [95] have done experimental works to
investigate the free vibration of woven fiber glass/epoxy composite plates in free-free boundary conditions
and validated the results with Ansys. The results of various parameters like the aspect ratio and fibre
orientation of woven composite fibre plates are studied in free boundary conditions. The percentage of
error between the experimental value and the ANSYS package is within 15 percent. 17 is found that the natural
plate frequency increases with the increasing aspect ratio for free boundary condition. Natural frequency decreases as the
otientation of the ply increases to [45°/-45% and increases again to [30°/-60°]. Ramindla Praveen et al. [37]
done 3D finite element analysis with ANSYS has been performed for the designed wings. The aircraft wing
made of alpha-beta titanium alloy is chosen and the modal analysis is done and the mode shapes is observed
at various frequencies. Based on the results of the finite elements, the designed wing was found to be a safe
alloy material for the airplane at titanium combination to perform its mission and meet all design
requirements. Dhiraj et al. [66] presented a experimental study based on vibration measurement and of
industry driven woven fiber composite panels for different layer thickness. From the experiments it was
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observed that the vibration frequency was found to be the highest for the fully clamped condition and the
lowest for the cantilever boundary condition, which can be attributed to the increased stiffness of the
supports. V.L.K. Silpa et al. [38] investigated structural response of a thin plate with circular hole with
different boundary conditions. The response of the plate is studied by performing modal analysis. The
effects of d / w parameters (hole diameter to plate width), position and supporting conditions on the natural
frequency will be seen for isotropic and orthotropic materials. The study concludes that an increase in the
d/w ratio leads to an increase in the frequency ratio. Itishree Mishra [96] studied free vibration, buckling
and parametric instability behavior of industry driven laminated woven fiber composite plates under
harmonic in-plane periodic loads. Chai et al. [97] used TV holography technique to obtain the vibrational
response of the unidirectional laminated carbon fibre-epoxy plates and catried out finite element studies
simultaneously. Chakraborty et al. [98] determined the frequency response of GFRP plates experimentally
and validated the results using commercial finite element package (NISA). The analytical values were
compared with the experimental values obtained with fully clamped boundary condition. Holographic
technique was used to study the modes and deflection. Hwang and Chang [99] used impulse technique for
vibration testing of composite plates for determination elastic constants of materials and modelled
undamped free vibration using ANSYS. Lei et al. [100] studied the effect of different woven structures of
the glass fibre on the dynamic properties of composite laminates. J. N. Reddy et al. [67] developed analytical
and finite-element solutions of the classical, first-order, and third-order laminate theories to study free
vibration behaviour in different boundary conditions of cross-plying rectangular laminates. The results on
the fundamental frequencies of the side to thickness ratio, aspect ratio, and lamination schemes are studied.
The study concludes that shear deformation laminate theories predict the behaviour of composite laminates
correctly, while the classical theory of laminate overpredicts natural frequencies. Trung Thanh Tran et al.
[39] present numerical results of free vibration analyses of the functionally graded porous (FGP) variable-
thickness plates using mixed interpolating of tensorial component technique for a three-node, triangular
element (MITC3), called ES-MITC3, is associated by the use of an Edge-based Smooth finite element
method (ES-FEM). The influences on the natural frequency of the FGP variable-thickness plate of certain
geometric parameters and material properties are examined. It has been concluded from the analysis that
the mode form for the FGP vibration plate's thickness of variable is not symmetrical because the thickness
is different at each position. The mode shape's maximum values are moved to a smaller thickness. M.
Nasihatgozar et al. [101] presents a free vibration study of the orthotropic laminated composite plate using
the theory of higher-order shear deformation and the concept of Hamilton with the appropriate kinematic
relationships of small deformations. The structural frequency and mode shapes are achieved with the
differential quadrature (DQM) process. Numerical results showed that the size of the structure is increased
by increasing the centre to face sheet thickness ratio. In addition, higher and lower frequencies were
predicted for both the CCCC and CFFF sandwich plates.

9.2 Free Vibration Analysis of curved panel

C.K. Hirwani et al. [102] studied nonlinear frequency response of the cutved carbon/epoxy composite shell
panels in the MATLAB and by modelling in ANSYS. Numerical examples for various geometrical
configurations are solved and detailed effects on fundamental linear and nonlinear frequency responses of
other design parameters (thickness, curvature ratio & constraint condition) are discussed. Sarmila Sahoo
[103] analyzed free vibration behaviour of laminated composite stiffened elliptic parabolic shell panels with
a developed code. Cross and angle ply shells with different boundary conditions were investigated in
different dimensions. Results obtained from code is in close agreement with benchmark problems.
Eccentricity towards the simply supported edge is preferable for cross-ply shells, which is opposite to a
clamped edge. For angle ply shells eccentricity towards the simply supported edge is preferable. Charu
Lakshmi et al. [104] investigated free vibration behaviour of laminated composite cylindrical panels using
ANSYS. The effects of different vibration response parameters, such as radius/side ratio, side by side
thickness ratio and various laminates, are studied. It is found that the experimental values of the first three
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natural frequencies agree well with the finite element solution. The first non-dimensional frequency
coefficient (Kj) increases as the aspect ratio (a/b) and side-to-thickness ratio (a/t) increases. Similatly, the
K value decreases as the radius to side ratio (R/a) increases. Karthik et al. [105] presented free vibration of
curved panels using ANSYS with eight-noded isoparametric layered shell elements. A comparison was
made between curved isotropic and orthotropic panels with a view to reducing the weight of curved
isotropic panels. The modal characteristics of curved panels with cantilever boundary condition are
isotropic (aluminium) and orthotropic (carbon-epoxy composite). The fibre angle changes and stacking
sequences result in various dynamic components behaviour, i.e. various natural frequencies for the same
geometry, mass and boundary conditions. They highlighted the selection of the angle of fibre orientation can change the
natural frequencies to control the level of vibration. Mitao Ohga et al. [106] used the transfer matrix approach to
obtain natural frequencies and vibration mode modes of curved panels with variable thicknesses. The
transfer matrix is derived by using Fourier-series expansions in the longitudinal direction and then a
numerical integration in the circumferences of the curved panels. The effects of the thickness ratio of the
cross section on the natural frequencies and mode shapes were examined. Minh Tu Tran et al. [40] carried
out an analytical solution for vibration analysis of stiffened cross-ply laminated composite doubly curved
shallow shell panels resting on the elastic foundation with the simply supported boundary condition by
using first-order shear deformation theory. It investigates the impact of the number of stiffeners, the height-
to-width ratio of stiffeners, and the number of layers of laminated composite shells on stiffened shell
deflections with and without elastic foundation. The findings of this analysis show that the fundamental
frequency of shell panel with orthogonal stiffeners (both cylindrical shell panel and spherical shell panel) is
the smallest (stiffest) if the height-to-width ratio of the stiffener decreases. The elastic foundations increase
the fundamental natural frequency of the stiffened, doubly curved shallow, cross-laminated composite shell.
Biswal et al. [70] carried out free vibration analyses of higher-order shear deformable doubly curved
laminated shell panels and a general formulation is presented developed in the MATLAB. The proposed
theory about shear deformation ensures that transverse shear strains are changed parabolically through the
thickness of the shell and that body movement is rigid. The effects on the natural frequencies of shell panels
of different parameters like the thickness ratio, curvature, orthotropic ratio, lamination scheme, number of
piles, boundary conditions and shell geometries are examined. The fundamental frequencies are found to
increase with an increase in thickness ratio, ratio of principal radii of curvatures, and orthotropic ratio, but
exhibit a decreasing trend with an increase in aspect ratio and radii of curvatures. Pradyumna et al. [71]
performed free vibration analyses for cylindrical (CYL), spherical (SPH), hyperbolic paraboloid (HPR),
hypar (HYP), and conoid (CON) shell panels made of FGMs. The characteristics of FGM are regarded as
temperature-dependent and are graded to a thickness level by simple distribution of power-law components
in terms of volume fractions. The effects on the free vibration of geometric characteristics, material
composition, and boundary conditions are investigated. Results show that natural frequencies increase as
the curvature parameter is increased. The CL boundary condition shell panels provide the highest natural
frequency values, followed by SS and CS boundary conditions of shell panels in all five shell panels.
Achchhe Lal et al. [107] presents free vibration response from the geometrically conical piezo laminated
shell panel subjected to nonlinear finite-element thermo-electric charge. Parameter studies investigate the
effect of amplitude ratios, stacking sequences, cone angles, piezoelectric layers, applied voltages,
circumference length to thickness, temperature variations and boundary support conditions. From the
analysis it can be concluded that the nonlinear natural frequency of conical shell panel increases with
increase in length to curvature ratios, increase the amplitude ratio and frequency mode, increases with
piezoelectric layers. All edges clamped supported conical shell panel shows higher nonlinear natural
frequency as compared to simply supported and clamped and simply supported. Kar et al. [108] investigated
the free vibration responses of simply-supported FG flat/curved shell panels are examined under elevated
thermal environments. The responses are numerically calculated using a generalized mathematical model
developed in conjunction with the finite element method under three different temperature loading
conditions (uniform, linear and nonlinear) within the framework of HSDT mid-plane kinematics. The
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effects of different geometric and material parametres are discussed on the frequency response of
single/doubly cutved and flat panels. The following conclusions are based on the present parametric
analysis of the FG flat/curved shell panels: It is observed that the frequency response increases as the
thickness ratio increases and the aspect ratio increases irrespective of the geometries of the FG shell panel.
When the power-law indices and the curvature ratios increase, the frequency responses decrease. The
frequency parameter for each shell geometry is decreasing with the increase of temperature load. Vu Van
Tham et al. [109] carried out free vibration analysis based on the new four variable theory of the refined
shell for functionally graded carbon nanotube enhanced composite (FG-CNTRC) panels. Studied different
parameters such as the FG-CNTRC, curvature, thickness ratio, aspect ratio and the number of layers on
free vibration reaction of panels. The numerical results showed the accuracy and performance of the
constructed model in the comparison with literature examples. The findings showed that the shell panels

get stiffer with increasing curvature, while the panel rigidity decreases with increasing aspect ratio.
9.3 Free Vibration Analysis of cylindrical shell

Singh et al. [110] carried out free vibration analysis of laminated composite cylindrical panels on a
rectangular base using an 8-noded isoparametric element of ANSYS. For various boundary conditions, the
effects of several parameters such as radius-to-side ratios, side to thickness ratio and various laminations
are discussed. With the inctrease in the curvature ratio (R/a) and thickness ratio (a/h) the non-dimensional
basic natural frequency of the simply supported cross-ply cylindrical shells decreases. Chougale et al. [111]
have done experimental and numerical analysis using the finite element method for understanding the
mechanical behaviour of the cantilever rod made of carbon fibre composite material. Natural frequencies
of both steel and composite material are calculated using FFT analysis and results are validated by modal
analysis in ANSYS. It is observed that natural frequencies are much higher for laminated carbon composite
than steel. It is suggested that the use of laminated carbon composite is useful instead of steel in various
applications to maintain high frequencies. P. Dongare et al. [43] analyzed modal analysis of a composite
drive shaft for power transmission applications using FEM. Composite shaft analysis is conducted to find
the effect on the carriage capacity of the drive shaft of the fibre orientation. It is shown that 2nd, 3rd, 4th
and 5th natural frequencies increase with angle of orientation and then remains constant.

10 Conclusions

Based on the above study of laminated composite flat panel, curved panel and cylindrical shells conclusions
are summerrized. Composite materials are becoming increasingly important in the development of
acrospace structures and have attractive aspects, such as relatively high compressive strength, good
adaptability in the manufacture of thick composite shells, low weight, low density and resistance to
corrosion. Stacking pattern is an important characteristic of the composite plate design. The guidelines for
symmetry and balance aim to avoid coupled behaviors of shear-extension and membrane-bending,
respectively. The value of maximum stress & strain increases with the type of circular, square, triangular
and hexagonal cutout. For all plates the variation of stress concentration factor (SCF) is more in orthotropic
plate compared to isotropic plate. The deflections of the shell panels with orthogonal stiffeners (both the
cylindrical shell panel and the spherical shell panel) are the smallest for static analyses when the ratio of
height to width increases. The stability resistance of plate increases with increase of number of layers due to
effect of bending-stretching coupling. The buckling loads reduce significantly depending upon the side-to-
thickness ratios and aspect ratios. Composite laminated plate with rectangular and square cutout shows a
decrease in buckling load carrying capacity compared to circular cutout plates. It is observed that the critical
buckling load of CCCC boundary condition is higher than the other and is less for SSSS boundary condition.
The non-dimensionalized buckling load increases for symmetric laminates, while it decreases under uniaxial
and biaxial compressive loads for antisymmetric laminates as the modulus ratio increases. The different
fiber orientation angle affects the critical buckling load. It is noted that cutout presence reduces the buckling
load. It has been observed that buckling loads increased with an increase in the number of layers of carbon
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fibre in CFRP plates. The non-dimensional fundamental vibration frequency is observed to, increase with
an increase in fibre orientation angle and number of layers for all the support conditions due to bending
stretching coupling, but decrease with an increase in aspect ratio and thickness to width ratio. The frequency
of vibration was noted to be highest for fully clamped condition due to the increased stiffness. Natural
frequencies for the cross-ply is higher than the angle ply, symmetric ply is higher than the antisymmetric
ply and CFRP composite plates higher than for GFRP composites. Increasing number of plies causing the
basic natural frequency of unsymmetric cross-ply laminate to rise.
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