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ABSTRACT

Composites have increasing applications in aerospace, civil, automobile and marine

engineering. Structural componentare often subjected to-plane periodicdads which may

lead to parametric instability, due to certain combinations of the appliptame forcing
parameters and natural frequency of transverse vibrafitis phenomenon igalled parametric
instability or parametric resonance and is often studied in the spectrum of natural frequency and
buckling load of structures.

The present study dealsvith free vibration, buckling and parametric instability behawbr
industry driven laminated woven fibeomposite plates under harmoniepiane periodic loasl

In this analysis, the effects of various parameters such as increase in number of layers, aspect
ratios, sideto thickness ratios, plgrientations, and increase in static load factors, lamination

argle and the degree of orthotropie studied.

The study is experimental but also includes numemeellysisusing finite elemenimethod
(FEM). A simple laminated plate model based on first ortieas deformation theory (FSDT) is
developed for the free vibration, buckling and parametric instability effects of composite plates
subjected toin-plane loading. The principal instability regionare obtained using Bolotins
approach employing finite element method (FEM). An eimgide soparametric quadratic
element iemployed in the present analysis withefdegree of freedom per nodensidering the
effects of transverse shear deformaiow rotary inertia. The elasttiffness matrix, geometric
stiffness matrixand mass matrixof the elementare derived using the principle of minimum
potential energy. Theyre evaluated using the Gauss quadrature numerical integration
technique. A computer program based on FEM in MATLAB environment is developed to
perform all necessary computatson

The composite plates of different layers with different dimension are manuéd using woven
glass fiber and epoxy matriceRhe experiments are perfoeah for vibration and buckling (both
static and gnamic approach) on the industry driven wovenifiBéass/Epoxy plateaftertensile
testing usedfor characterizationFree vibration characteriss@re studied using FFT analyzer,

accelerometer using impact hammer excitation.



ABSTRACT

The FRFs are studied to obtain a clear understanding of the vibration characteristics of the
specimens. The buckling loads of specimen are found by both static and dynamic approach.
Finally, parametric instability experiment égenducted andhe effects of increase in static load
factor on excitation frequency astudied. Dynamic istability regions(DIR) are plotted for

differentplate specimes) applying both static and dynanmaading numerically

The numerical and experimentakult showshatthe natural frequency ithe least for cantilever
and highest for fully clamped boundary conditio@mparisons between experimental and
FEM resultsare much better for the frefeee and cantilever boundary conditions than other
boundary conditionsThe different fiber orientatiomangle affectghe buckiing load. When ply
orientation § increased from®Go 45’ fiber orientationangles then the buckling load values are
observed to decrease in both experimental method and FEM. So the compositatiplfik
layup showshighest buckling load and with [485],s layup had lowest buckling load. The
critical/buckling loadsreduce significantly depending upon the sitiethickness ratios and
aspect ratioslt is observed that with the increase of stdbed factor from 0 to 0,8the
excitationfrequencies decread®th numerically and experimentallifhe excitation frequencies
decrease with increase in lamination angle due to reduction of stiffness and strength of laminated
plates. The onset of instaly, the width of instability region and its strengdre highly
dependenbn lamination angle. The greaterettamination angle the smaller the width of

instability region for this geometry and material properties.

From the abovestudies,it can be concluded that the parametric instability behavior of woven
fiber composite platess greatly influenced by different parameters such as number of layers,
aspect ratios, sid® thickness ratios, plyorientationsjncrease in static load factaaad dyramic

load factors. So, designbas to be cautious while dealing with structures subjected to dynamic

loading.This can be used to the advantage of tailoring during design of composite structures.

The thesisis presented in six chapter€hapter 1 deals with the general introduction and
importance of the presestructural stabilitystudies.In chapter 2, a detailed review of the
literature pertinent to the previous works done in this figlisted. A critical discussion of the

earlierstudiess done.The aim and scope of the present study is also outlined in this chapter.



ABSTRACT

In chapter 3, a description of the theory and formulation of the problem and the finite element
procedure used to analyze the vibration, buckling and paramestability characteristics of
laminated composite panels and it is explained in detail. The computer prbgissed on
MATLAB environmentused to implement the formulation is also briefly descrileadhapter

4, all the experimental work related to fabtioa of laminated industry driven woven fiber
composite plates, their material constants determination and free vibration test, buckling test and
parametric instahily test set upand testprocedure are well documentdd. chapter 5, the

results of experimental investigation obtained in the studyresented in detail. The effects of
various parameters like lamination sequence, ply orientation, degree of orthotropy, aspect ratio,
width to thickness ratio and -4plane load parameteron the vibration, buckling and dynamic
instability regions is investigated. The studies have been done sepdratally, in chapter 6,

the conclusions drawn from the above studies are described. There is also a brief note on the
scope for further stydin this field. At the end, some important publications and books referred
during the present investigation have been listdgibtiography section.

The programme features along with flow chart are presented in Appendix.

Keywords Finite Element Method, Woven fiber composite, Vibration, Stability,
Parametric instability, Natural frequency, Critical Buckling load, Excitation Frequency,

Periodic load.
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Chapter-1
INTRODUCTION

1.1 Introduction

Composite materials are ingenious invention that provided immense benefits in the
application of different engineerindesignof structures such as aerospace, civil, marine
automobilespiomedical andspors equipments because of their ability to offer outstanding
strength, high specific stiffness and strength, excellent fatigue resistance, high hygroscopic

sensitivity,high resistance to impact damage and longer durability.
1.2 Importance of the Present Structural Parametric Instability Studies

Plate structures are an important class of structural system, since they are majarrigiag
components.Structural elemestsubjected to ifplane periodic loads may undergo unstable
transverse vibration, leading to parametric instability due to certain combinationplahe

load parameters and natural frequency of transverse vibrations. This type of resonance is
known as dgamic instability or parametric instability or parametric resonafiaaumber of
catastrophic incidents can be traced to parametric reson@aceralmeans of combating
parametric instability such as damping and vibration isolation may be inadequate and

sometimes dangerous with reverse results.

In structural mechanics, dynamic stability has received considerable attention over the years
and encompasses many classes of probl&hes parametric instability may arise not merely

at a single excitation freqoey but even for small excitation amplitudes and combination of
frequenciesThe primary instability regioms the most dangerous and has greatest practical
importance.The distinction between stable and unstable vibration regimes of a structure,
subjectedo in-plane periodic loading can be distinguished through an analysis of dynamic
instability region (DIR) spectra. The calculation of these spectra is often provided in terms of
natural frequencies and the static buckling loads. So, the calculatiorsefghsmeters with

high precision is an integral part of parametric instability analysis of laminated composite
plates. Thus the vibration, buckling and parametric instability characteristics are of great

technical importance for understanding the dynamic syatedar inplaneperiodicloading.



Introduction

A comprehensive analysis of the vibration and buckling effedtsplates is studied
exhaustively.Most of the studies on dynamic stability of composite plates are done either
analytically or by different numerical method&oven fabric composites is a class of textile
composite materials with a fully integrated, cantus spatial fiber network oriented on at

least two axes, in order to provide excellent integrity and conformability for advanced
structural composite applications. For a {dimensional woveiiabric composite, the
reinforcing element is a fabric prefortgpically consisting of two orthogonal families of

fiber bundles. Woven glass fibers is used to achieve higher reinforcement loading and
consequently, higher strength. Woven roving are plainly woven from roving, with higher
dimensional properties and reguMlistribution of glass fiber with excellent bonding strength
among laminates possesses higher fiber content, tensile strength, impact resistance. It is being
used as the new industrial composites in many structural applicadloss.of them focused

on the impact response, damage initiation or failure mode of woven composite plates. So far,
no previousexperimentawork has been reportazh instability of woven composite plates
subjected to itplane harmonic loading. The study of dynamic stability itgeljuires
investigation on vibration and buckling load of structures. A thorough review of earlier works
done in this area becomes essential to arrive at the objective and scope of the present
investigation. The detailed review of literature along withicaitdiscussions is presented in

the next chapter.



Chapter-2
REVIEW OF LITERATURE

2.1 Introduction

As laminated composite materials are increasingly used in structural applications, there arises
a need for more information on the behaviorstticturalcomponents, such as platdhe

vast uses of composite materials in plates are subjected of regmanchny yearsThough

the investigations is mainly focused parametric istability analysis of structures especially
composite plates, some relevant researches on vibration, static stability or buckling of plate
are also studied for the sake of its valece and completeness. Some of the pertinent studies
done recently are reviewed elaborately and critically discussed to identify the lacunae in the
existing literatureThe study oparametric istability itself requires investigation on vibration

and bugkling load of structures.

2.2 Reviews on Laminated composite Plates

The related literature was critically reviewed so as to provide the background information on
the problems to be considered in the research work and to emphasize the relevhaace of t
present studyThe behavior of structures subjected teplane loads is less understood in
comparison with structures under transverse |loBlds.following areas of analysis pertaining

to the plate are covered in the review of literature.
91 Freevibration ofcomposite [ates.
1 Buckling of compositglates.

1 Parametric instabilitpf compositeplates.

2.2.1 Free Vibration Analysis of Plates

With the continually increasing use of composites, especialpemyspace and automobile
sectors the sudy of vibration problems arising in laminated plates has become important.
The prediction of dynamic behavior of laminated composite plates plays a significant role in
the applicationsof structural composites. Plenty of analytical and numerical stumhies

vibration of composite plates are available in literature.



Review of Literature

A considerable amount of analytical models and numerical anak/segorted for the free
vibration analysisand is reviewedextensivelyby Leissa[1987, Kapania[1989], Liew,

Xiang & Kitipornchai[1999 and Bhatet.al[1999 andZhangandYang [2009].

Bert and Mayberry [1969] presented a linear analysis for determining the natural frequency
of vibration of laminated anisotropic plates using an approxirsaiigion obtained by the
Rayleighritz energy method. Numerical results are presented for fully clamped boundary
conditions and compared with experimental resaftsymmetrically and unsymmetrically
laminated plates determined by the peak amplitude respoha small metallifoil strain

gauge at the plate centekshton and Anderson [19%9nvestigatedexperimentally and
theoreticallythe natural frequencies and mode shapes of laminated-bpmty plates with
clamped edges. Wu and Vinson [1969] studied the effect of shear deformations on the
fundamental natural frequency of composite plates with different boundary conditions:
clamped, simply supported, and combined clamped and simply supported edges. This
solution was based on Galerkinds method. Cl
and mode shapes of unidirectional composite material panels. He investigated the change in
frequencies and mode shapes as the angleebrtiihe fibers and boundaries wdsnged.

The maximum response amplitude was used to determine the natural frequ@acieand

Cooper [1973] studied the vibration characteristics of aluminum plates reinfanted
Boronepoxy composites experimentally and compared with analytical results. To overcome
the poor correlation, they indicated towards a sophisticated finite element analysis. Bert and
Chen [1978] presented the effeof shear deformation on vibratismf antisymmetric angle

ply laminated rectangular plates. The displacement formulation of heterogeneous shear
deformation plate theory oriented by Yang, Norris, and Stavsky [1966] wasNus@erical
resultswere presented showing the parametric effe@spfect ratio, lengtto-thickness ratio,
number of layers and lamination angle.

Crawley [1979] experimentally and theoretically investigated the natural frequencies and
mode shapes of composite cantilever plates and shells. He used the 90° phase difference
between the periodic excitation and the response as a criterion to determinatuhal
frequenciesThe natural frequencgnd mode shapes of a number of Graphite/ Epoxy and
Graphite/EpoxyAluminum plates and shells were experimentally determined bye@amb
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Adams [1978]. The samples tested include eight ply graphite/epoxy plates with different fiber
orientations and aspect ratios. The natural frequency and mode shape results obtained from
experiment are compared with finite element mettRiumaraddi and Steans [1984] used

higher order theory for free vibration of orthotropic, homogeneous, and laminated rectangular
plates. The theory accounts forptane inertia, rotary inertia, and shear deformation effects.
The proposed met hod u s eassumdd paraboticovariatons or i n c i
transverse shear strains across the thickness of plate. In recent years, the Higher order Shear
Deformation Theory (HSDT) as well as the Layase Shear Angle Theory (LSATWas
developed by Owen and Li [1987] and Kant akdllikarjuna [1989] to improve the
predictions of laminate static and dynamic behavidhe First order Shear Deformation
Theory [FSDT]wasconsidered more efficient for the prediction of the global responses, i.e.,

the transverse displacements, the fudlgration Frequencies, and the buckling loads as
reported by Reddy [1979Reddy [1990] presented a layer wise theory for the analysis of free
vibration of laminated plates. The elasticity equations were solved by utilizing thezhat
variables and he transfer matrix. Results were also obtained for symmetric and
antisymmetric laminates. Narita and Leissa [1992] presented an analytical approach for the
free vibration of cantilevered, symmetrically laminated rectangular plates. The natural
frequencieswere calculated for a wide range of parameters: e.g., composite material

constants, fiber angles and stacking sequences.

An experimental and numerical investigation into the structural behavior of symmetrically
laminated carbon fibeepoxy composite reahgular plates subjected to vibratawasstudied

by Chaiet al.[1993]. The experimental vibrationaésponse wastudied using TVholography
technigue andcomparison with finiteelement results waseasonably goodChai [1994]
employed RaleigiRitz methal to study the free vibration behavior of laminated plates with
various edge support conditiongn addition experiments were performeding T\*
holography techniquéo verify the predicted results for a rectangulaS-C-S laminated
carbonfibre reinforced plastic plate of symmetric stacking sequentenear vibration
analysis of laminated rectangular plateasreported by Han and Petyt [1996], who describe
the freeand forced vibration analysis of symmetrically laminated rectangular plates with
clamped boundary condition using hierarchical finite element technigustady on the free

vibration analysis of orthogonaloven fabric compositesas analyzed by Chen ai@hou

5
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[1999] analytically.Based upon the orsdimensional (1D) elastdynamic analysis developed

by the authors for such a woven fabric composite, the free vibration prel@sformulated

and solved for four basic boundary conditioS$éanbridge and Ewins [1999] described a
number of vibration modshape measurement techniques, in which the measurement point of a
laserDopplervibrometer (LDV)was continuously scanned over theaface of a sinusoidally

excited structure

An experimental procedure to estimate the dynamic damped behavior of woven fiber
Glass/Epoxy composite cantilever beams in flexural vibratwasgiven by Tita, Carvalho

and Lirani [2001]. Berthelot and Sefra@006] investigatd the damping of unidirectional
glass fiber composites with a single or two interleaved viscoelastic layers experimentally.
Laila [2008] presenteaeroelastic characteristics afcantilevered composite wing, idealized

as a composit#at plate laminate. The composite laminate was made Woren glass fibers

with epoxy matrix. The elastic and dynanpcoperties of the laminate were determined
experimentallyfor aeroelastic calculationd\n experimental amplitud8uctuation electronic
speckle pattern interferometry method for -ofiplane displacement measurememas
employed to investigate the vibration behavior of square and rectangular composite plates
with different stacking sequences Ma and Lin [2001].Both resonant frequencieand
corresponding mode shapes can be obtained experimemtgaillgt al [2010] reportedthe
effects of woven structures on the vibration properties of the compoBitescomposites
plates with adequate thickness were prepared by epoxy resin curintheanfiber volume
fractions were examinedrive typical weaving sets including the ordinary plain weaved and
the warp interlocked were adopted in fabric processing. The result showed that the woven
structure have a strong effect on the fiber volunagtion, resiarich area, and the warp
architectures of the composites, which deterahitiee performances of the composites in
vibration For laminated plates. Natural frequency with different fiber orientat@ssstudied.

Due to the advancement in wéay processes, a woven composite evolved as an attractive
structural material for structural applications and the modeling strategies are reviewed
recently by Mahmooetal. [2011].

To better understand any structural vibration problem, the resonanéfiegs of a structure

need to be identified and quantified. Todaye do the advancement in computer aided data

6
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acquisition systems and instrumentation, experimental modal analysis has become an
extremely importantool in thehands of an experimentaligEwin [1984] has discussed in
details the technology of modal testidgcombined experimental and numerical study of the
free vibration of comosite GFRP platewas carried out by Chakraborgt.al [2000] Modal
testingwas conducted using impact excitation to determine the respective frequency response
functions.FEM results, NISA package resulterecompared with experimental results. Dutt

and Shivanand [2011] studied the free vibration responsele+& and GF-C-F wowen

carbon composite laminates using a FFT analyzer and compared with FEM tool ANSYS.
This work presents an experimental study of modal testing of woven fiber Glass/Epoxy
laminated compositelates using FFT analyseAvila et.al [2005] presentedvibration
analysis of fiber glass/epoxy/nanoclagnocomposites using modal analy8ig.performing

a modal analysist iwas be possible to identify crossing modes or changes in the vibration
frequency sequence of the modes, variations on frequencies and on ropédiigs for each

mode for each set of nanocomposites.

2.2.2 Buckling Analysisof Plates

The static stability or buckling of mechanical, civil engineering structures under
compressive loading has always been an important field of research with the introduction
of steel a century ago. 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. Buckling can cause severe damage in the
structure before the stresses reach the ultimate strengths. This led to a focus on the study
of buckling behavior in composite materials. The use of fieigenents analysis for
investigation of buckling problem of composite panels is becoming popular due to the
improvement in computational hardware and emergence of highly specialized software.
Several workers have attempted to model and analyze the buckling problem. The
relevant theoretical studies have been focused on the formulation of analytical solutions
to predict the buckling load behavior using perturbation techniques such as the
Bernoullii Euler beam theory, the von Karman kinetic approach, elliptic integration,
Rayleigh Ritz method, thin film model, and differential quadrature method.
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Most of these methods contain a collection of-finear equations, or need thepport

of numerical tools. Loading or geometric parameters are not explicitly expressed. In view
of the difficulty of theoretical analysis for composite laminated structure behaviors,
numerical and experimental methods have become important in solvirlgu¢kéng

problem of a laminated composite plate.

The initial theoretical research into elastic flexurdrsional buckling was preceded by
Eulerdos treatise on column fl exur al bucklI ir
predicting the reducestrengths of slendezolumns. An experimentalgly of the uniaxial
compressive stability of rectangular boron/epoxy laminated plates, clamped on the loaded
edges and the unloaded edges simply supported was presented by Ashton and Love [1969].
Leissa [1987 provided a thorough overview of the countless number of papers available
which are relevant to the stability of composite plates and sfAdlesbuckling loads were
determired by means of &ith well plots. Chai anEhong [1993] investigated the laminated
plates under unidirectional loading using LVDT and strain gage to measure ibkepbarne
deflection and irplanestrain respectivelyThe buckling loads from experiment well correlate

with finite element solutiond=leck et al. [1995] studiedthe effect of fiber architecture upon

the compressive failure mechanism for fiber composite made up woven fabric. An
experimental investigation was conducted by Gu and Chattopadyay [1999] to study the
behavior of delamination lokling, post buckling and delamination growth in composites.
The variation in structural configurations, such as ply stacking sequence and the location and
the length of the delamination, were considered. The delamination bucklingwasftmund

to be closly related to the location and the length of the delamination. Excellent agreement
was observed between the experimental values of critical load and those predicted by the
previously developed new higherder theory. Good comparisons are also preseotethé

initial post buckling behavioShrivastava and Singh [1999] studied experimentally the effect

of aspect ratio on buckling of composite plates. Buckling lozaisdetermined for different
aspect ratios. It is observed that the effect of boundarditbmms on the buckling load
increases with increasing aspect rafiattle et al. [1999] determined buckling loads from

plots of applied load vs. owlf-plane displacement. Shadow moiré technique method was
used to monitor the whotield outof-plane ddkctions of the buckled plates. The maximum

out-of-plane displacement was measured by placing a dial indicator on the specimen.
8
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Robertset al [1999]found an experimental, numerical and analytical result for bending and
buckling of rectangular orthotropic plates. There was a reasonably agreement between FEA,
analytical and experimental buckling stresses for unstiffened solid [fHHteklaet al.[2005]
proposed a formulation based on the fosier shear deformation theory and arman

type nonlinearity to estimates the critical/buckling loads of laminated composite rectangular
plates under Hplane uniaxial and biaxial loadings. Pannok and Siragtzattgid [2006]
studied the buckling behavior of rectangular and skew thin composite plates with various
boundary conditions using the Ritz method along with the proposeebf-pilane
displacement functions. The boundary conditions considered in thiswsaidycombinations

of simple support, clamped support and free edge. Thefqalne displacement functions in

form of trigopnometric and hyperbolic functiornsere determined from the Kantorovich
method.An experimental measurements and Numerical solutions on the buckling of single
delaminated @issifiber composite laminates we carried out on rectangular Plates were
presented by Pekbey and Sayman [2088ISYS was used to analyze the critical buckling

load of various laminated platd®aba [2007] studied the influence of boundary conditions on
the buckling load for rectangular plates. Numerical and experimental siwgtiesonducted

to investigate the effect of boundary conditions, length/thickneiss aaid ply orientation on

the buckling behavior of fglass/epoxy composite plates undespiane compression load.

Pein and Zahari [2007ihvestigatedthe structural behaviour of woven fabric composites
subject to compressive load. The ultimate load &edstructural and material behaviour of

the composite laminated plates under compression were studied. Besides analytical study,
there are several experimental studies on buckling of rectangular plates. A procedure for
determining the buckling load of tlduminum rectangular plate wasscussedoy Supasak

and Singhatanadgi®(13. Buckling load of aluminum rectangular plates were determined
using four different techniques, i.e. plot of applied load vsobyiane displacement, plot of
applied load vsend shortening, plot of applied load vs. averagglame strain, and the South

well plot. In this study, the experimental results suggest that a plot of average strain gives the
most reliable buckling load. The plots of aftplane displacement and entostening
produce a good tendency of buckling load from specimen to spechnatysis of critical
buckling load of laminated composites plate with different boundary conditions using FEM

and analtical methods was presented ®gben [2009].In this studyhe critical buckling

9
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load of fiber reinforced composite plate was calculated by analytical and finite element
methods. The critical buckling loads and composite deformations were obtained on the basis
of plate dimensions rati@Lx/Ly). The critical buckling loads were obtained for different
support conditions for the composite plates with symmetric and antisymmetric layup.
However little attention has been given on experimental static stability analysis of woven
fiber laminatedcomposite platesRecently, Zhange and H2000, 2001] have proposed a

new micromechanical model for predicting the buckling of woven fabrics using a
combination of the traditional orthotropic model and their developed micromechanical

model.

2.2.3 Dynamic StabilityAnalysis of Plate

Structural elements subjected teplane load may lead to dynamic instability, due to certain
combinations of the values of load parameters. The instability may occur below the critical
load of the structure under cpnessive loads over a range or ranges of excitation
frequencies. Several means of combating parametric resonance such as damping and
vibration isolation may be inadequate and sometimes dangerous with reverse results [1965].
Dynamic instability was first akerved by Faraday [1831]. He observed that the liquid (wine)

in a cylinder (wineglass) oscillated with half of the frequency of the exciting force movement
of moist fingers around the glass edgkhe first mathematical explanation of the
phenomenoiis given by Rayleigh [1883]The general theory of dynamic stability of elastic
systems of deriving the coupled second order differential equations of the Mathiig¢ype

and the determination of the regions of instability by seeking a periodic solusiog

Fourier series expansion was explained by Bolotin [1964]. Since Bolotin introduced the
subject of dynamic stability under periodic loads, the topic has attracted much inderest.
comprehensive review of early developments in the parametric instabilistructural
elements including plates was presented in the review arbgl&mitseq1987] and Sahu

and Datta [2007].

To bypass difficulties obtained due to analytical results, the finite element is proposed for the
by Hutt and Salam [1971] usingdr noded thin plate finite element models under few

boundary conditions, neglecting shear deformation using a four noded thin plate finite

10
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element method. Srinivasan and Chellapgddi86] analyzed laminated composite plates

under uniaxial loading. The edges were clamped and the finite strip method was used to
discretize the problem. With damping neglected, a set of coupled Mathieu equations was
obtained, and Hi deterihimantswas applidd taobtain imsthility regioms.
Prabhakara and Datta [1993] explained the parametric instability characteristics of
rectangular plates subjected to-plane periodic load using finite element method,
considering shear deformatioDeolasi and Dattf1995] studied the parametric instability
characteristics of rectangular plates subjected to localized tension and compression edge

| oading using Bolotinbds approach. They prese
isotropic pates for classical simply supported boundary conditions having three degrees of

freedom per node.

There is a renewed interest on the subject after Bil@8i7] investigated the effect of shear
deformation on dynamic stability of simply supported antiswtnim angleply rectangular

pl at ebds npmpagd dsplacemerg and rotary inertia. The effect of unsymmetrical
lamination on the distribution of the instability regions was investigated in this study. Chen
and Yang [1990] investigated on the dynarstability of thick antisymmetric anglely
laminated composite plates subjected to uniform compressive stress and/or bending stress
using Galerkin's finite element. The thick plate model included the effects of transverse shear
deformation and rotary inga. The instability of composite laminated plates under uniaxial
in-plane loads was investigated by Moorttyal.[1990] without static load component using
finite element methodThe dynamic instability of antisymmetric angiy and crossply
laminatedplates subjected to periodic-plane loads was investigated using a higher order
shear deformation lamination theory and the method of mubigaée analysis by Cederbaum
[1991]. Kwon [1991] studied the dynamic instability of layered composite plabgscsed to

biaxial loading using a high order bending theory. Chattopadhyay and[®a@Qj used the
higher order shear deformation theory to investigate the dynamic instability of composite
plates by using the finite element approach. The first twobiigyaregions were determined

for various loading conditions using both first and second order approximafaha. and

Datta [2000] studied the parametric instability of laminated composite plates subjected to

nortuniform in-plane periodic loads usingifte element, conseting static component of

11
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load. Extensive resultsvere presented on the effects of different parameters on dynamic
stability of angleply plates.Wang and Dawe [2002] presenteesgline finite strip method

for the dynamic instability analysis of composite laminated rectangular plates and prismatic
plate structures, based on the use of-brster shear deformation plate theoBhakrabarti

and Sheikh [2006 studiedthe dynamic instability of laminated sandwich plates subjected to
inplane partial edge loading by using finite element method. Dey and Singh [2006] examined
the dynamic stability characteristics of simply supported laminated composite skew plates

subjecte to a periodic irplane load by using finite element approach.

Recently arextensive bibliography of earlier works on dynamic stability of plates was given
by SahuandDatta[2006]. A review of composite structures subjected to dynamic loading is
studiedby Hampson and Moatamedi [200Particular attention was given to experimental
apparatus and techniques used for the different impact velocity regimes, and the
implementation of failure criteria in finite element (FE) methods which predaterial
behavior However, most of the investigatiomgerelimited to the theoretical studies for the
determination of parametric resonance zo@éenet al [2009] studied the dynamic stability

of laminated hybrid composite plates subjected to periodic uniarlbending séiss and

the instability regionwaa mar ked by Bol otinds met hod.

Experimental investigations of parametrically excited rectangular plates, however, have not
been too numerous. Apparently, the first experimental studies on plates were cohgucted
Somerset and Evawanowski [1967] and they pertained mainly nonlinear parametric
response of simply supported square pldd@son and Wright [1972] studied experimentally

the parametric instability behavior of plates subjected tplane periodic foces. In this
paper, the theoretical and experimental results of an investigation into the parametric
instabilty of flat rectangular plates we presented and discuss€arison [1974] conducted
experiments on the parametric response characteristics of a tensioned sheet withikecrack
opening. Cutouts, cracks and other kinds of discontinuitegs inevitable in structures due

to practical considerations. NguyerQstigy and Samson [1989)were performed
experimentally to investigate the dynamic stability and responses of four rectangular plates
subjected to periodic iplane loads and under four different sets of boundary conditions.
Special attention is paid to satishe boundary conditions assumed in the analytical models

12
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so as to draw conclusion with sufficient degree of confidence. The results also show that a
parametric combination resonance is not important as compared with a princgakpa
resonance for the problem under investigatibeolasi and Datta [1997] experimentally
investigated on parametric vibration response characteristalsrmofnumplates subjected to
tensile edge loading. Two distinct types of parametric instability behasa@r observed: i.e.
principal resonance and secondary resonance. The principal resaraanfoeind to be more
dominant. The location of loading on the edgeosnd to have a considerable influence on
natural frequencies and parametric instability behavior of pldtesg and Huang2009]
presents a dynamic stability analysis of a simply supported 3D braided composite laminated
plate with surfacdbonded piezoelagc layers, subjected to electrical and periodigliane
mechanical loads. Theoretical formulatiomere based on Reddyods hi ghe

deformation plate theory and include piezoelectric effects.

2.3.  Critical Discussion

On the whole, the focus of the research is changing from vibration to buckling effects and
then to parametric instability. Recently more studvesre conducted onwoven fiber
laminated composites thamnidirectional composite materials. As regards to the
methodology, the focus is shifted frammalytical methods to numerical method using finite

element methods arekperimentaimethod.

The study reveals that investigataggre now concentrating on analysis of complichte
aspects of different parameters and different boundary conditions of plates. From the above
review of literature, the inherent lacunae of earlier investigations which need further attention

of future researchers are summarized below.

However, in mostof the studies mentioned on dynamic instability of unidirectional
composite platesvere reported.The study of the parametric instability of woven fiber
laminated composite plates subjected to harmonmane loading is relatively new subject.

T o a s knovdeddge no experiment has been done on parametric instability of woven fiber
composite plates subjected to harmoniplane loading. The effect of different parameters

on the parametric instability has been studied in details. The laboratory appaledtus
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specimens, boundary conditions of the plate specimen, test procedure and recorded data are
described in some details. Experimental data compared with FEM results in order to form a
gualitative and quantitative verificatior the solutions. It is found that theoretical resalts

generally in good agreement with experimental results.

2.4. Objective and Scope of the Present Investigation

No work is reported in literature on parametric instability of industry driven woven fiber
laminated composite plates subjected to harmoniglane loading. The present study is
mainly aimed at filling some of the lacunae that exist in the proper understanding of the
parametric instability of woven fiber composite plates subjected to in plmadiz loads.

The present research aimed at mostly experimental but also includes numerical study using
finite element method on parametric instability characteristics of industry driven woven fiber
composite panels subjected to in plane harmonic loadiige influence of various
parameters like side to thickness ratios, number of layers, lamination sequence, and ply
orientation, degree of orthotropy, static and dynamic load factors on the vibration and

instability behavior of laminated plates is examined.

Based on the review of literature, the differemodules identified for the present

investigation are presented as follows

Experimental and Numerical Study on Free vibration of woven fiber compaoasies. pl
Experimental and Numerical Study on Blicg of woven fiber composite plates
Experimental and Numerical Study on Parametric instability of woven fiber

composite [ates

Due to its practical importance and uniqueness in the above fields, this influence the various
parameters such as aspect ratio, sidehickness ratio, static and dynamic load factors, ply
orientations, lamination angle, orthotropic on the parametric resonance characteristics of

laminated composite plates are examined in detail.

14



Chapter-3
MATHEMATICAL FORMULATION

3.1 The BasicProblems

This chapter presents the mathematical formulationifation, static and dynamic stability
analysis of the laminated composite plate structures.®oermcal method like finite element
method (FEM) is more preferred than analytical methodsfaving problems involving
composite laminaten this method the structure is divided into a finite number of elements
reducing the structure having infinite degrees of freedom to finite degrees of freedom
each element is normally of simple geometnd therefore easier to analyze than the actual

structure.

The basic configuration of the problem considered here is a composite laminated plate of
sides 6abd6 and 0 b o-plane dugedoading(® as shownhnah€iguoeB.L ¢ i n
The laminatbn sequence anBlanform subjected to hplane loadN(t) is also shown in

Figure 3.2 and Figure 3.

N
=3

N(t)

Figure 3.11Laminated Composite Plate under inplane harmonic Loading
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L1
L

Figure 3.2Lamination sequence Figure3.3 Plan-form subjected to in-planeload N (t)

3.2 ProposedAnalysis

The governing equations for the structural behavior of the laminated plates are derived on the
basis of firsiorder shear deformation theomhe elemenelasticstiffness, geometric stiffness

and massnatrices are derived on the basis of principle of minimum potential energy and
Lagr an g e 0 Fhe gogetniag equations for the dynamic stability of laminated woven
fiber composite plate subjected to-planeloading are developed using first order shear
deformation theory (FSDT)he equation of motion represents a system of second order
differential equation with periodic coefficients of the Mathidill type. The development of

the regions of instability arisesom Floquets theory and the solution is obtaining using
Bolotin's approach using finite element method (FEM). The assumptions made in this

analysis are summarized as follows:
321 Assumptions of the Analysis

1 The material behavior is lineand elastic.

1 The thickness of the laminate is small compared to the other dimensions. The
deflections of the laminated plate are small compared to laminate thickness.

1 The loading considered is axial with simple harmonic fluctuation with respect to time.

1 All damping effects are neglected.
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3.3 Governing Equations

The governing differential equations, the strain energy due to loads, kinetic energy and
formulation of general buckling problems are derived on the basis ofmommipotential

energy and Lagrangeb6s equation.

Figure 3.4[&: Inplane Forces on a Laminate

2 A s

&

A,
a, My
/ i
: i\
=y

Figure 3.4b]: Moments on a Laminate

331 Governing DifferentiaEquation

The equation of motion is obtained by taking a differential element of plate as shown in
figure 3.4a] and 3.4b]. The figure shows an element with internal forcesg, (N, Nyy),
shearing forces (Qand Q) and the moment resultants (MMy and My) on laminateThe
governing differential equations for vibration of general laminated composite plates derived
on the basis of first order shear deformation theory (FSDT) subjecteglaneloading can

be written as
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Where N, NyandN,, are the isplane stress resultants,’ and N° are the external loading in
X and Y directions respectively.
My, My and M,y are moment resultants ang, @,= transverse shear stress resultants.

n  Z

(P.R.P) =4 ir).@&zz*)dz (33.2)

k=1 Z 1

Where n= number of layers of laminated compqgsidées £ mass density

3.4 Dynamic Stability Studies:

The equation of motion for vibration of a laminated composite panel, subjected to generalized

in-plane loadN(t) May be expressed in the matrix form as:

[MKa} K] N®IK ]J}fa} O = (34.1)

Where 6q06 i s t hteedomsuitvow,ay, q) Theliepglraenees loofad O N (
be harmonic and can be expressed in the form:

N() =N; N Cos V¥V (34.2)

WhereNs the static portion of loadll (t), N; the amplitude of the dynamic portion Nf(t)

and Wis the frequency of the excitation. The stress distribution in the panel may be periodic.
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Considering thetatic and dynamic component of load as a function of the critical load,

Ny=aN., = N =b6N; (34.3)

Wher e U a nstaticfand aynamic fohdefaws respectively. Using Eq. (32, the

eqguation of motion for panel in under periodic loededuced to

[MKd} 4IK] & K1, N[ 1Gos ti{aw O (34.4)

The above Eqg. (8.4) represents a system of differential equations with periodic coefficients

of the MathieaH i | | type. The devel opment of regi on:
theory which establishes the existence of periodic solutions of periods T and 2T. The
boundaries of the primary instability regions with period 2T, wherepFay ar e of pr ac

importance and the solution can be achieved in the form of the trigonometric series:

q(t) = a [{a}Sinkwt/2) +{b}Cogk/ 2)] (34.5)

k=1,3,5,..
Putting this Eq. (3L.5) in Eq. (34.4) and if only first term of the series is considered,
equating coef/lf2i ainan tCo so fq t)gelgestpthe Eqgq. (3. 4. 4

<1-aN <] o w k], v o - (346)

Eq. 8.4.9 represents an eigemlue problem for known valuesf | BndNg, wher, e U
andN., are static load factor, dynamic load factor agigrence load respectively, Ky and

M are elastic stiffness, geometric stiffnessd amass matrices respectivelfhe two
conditions under the plus and minus sign correspond to two boundaries (upper and lower) of
the dynamic instability region. The above eigenvadotution givesof Y, which give the
boundary frequencies of the instability regions for the given vatués ard . In this
analysis, the computed static buckling load of the panel is considered as the reference load.
Before solving the above equations, the stiffness mafikk is modified through

incorporation of conditions and imposition of boundary conditionghis analysis, the
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computed static buckling load of the panel is considered as the reference load in line with
many previous investajions (Ganapast al [1999, andMoorthy, Reddy and Plaut990Q).

This equation represents a solution to a number of related problems:

Q)Free vibration: U = 0, b = 0 and ¥ = q/ 2

[[K] - ”IMIKa} ©O=

(34.7)
2Vi bration with static axial Il oad: b = 0 a
[[K]- &N JK] - Mg} 0 = (34.8)
(3) Static stabilityU = 1,, & = @
[[K] - aN JK Ha} C= (34.9)
35 Finite Element Formulation

For problems involving complex geometrical apoundary conditions, analytical methods

are not easily adaptable and numerical methods like finite element methods (FEM) are
preferred. The finite element formulation is developed hereby for the structural analysis of
composite plates based on first ordeear deformation theory.

351 Discretisation of Structure

The process of modeling a structure using suitable number, shape and size of the elements is
called discretization. The modeling should be good enough to get the results as atbsal to

behavior of the structure as possibléhe continuum is divided int@ f i ni t e 6 numbe

elements and connected only at the nodal points

35.2 The Plate Element

An eight nodded isoparametric element is employed in the present analysis aviledrees

of f r e e d o mandid, pervnode.vA, Contposite plate of lengld and width God
consisting ofménumber of thin homogeneous arbitrarily oriented orthotropic layers having a
total thicknesghdis considered as shown in figurés3The xy axes refer to the reference
axes and the principal material axes are indicated by the eXe$he angleédémeasured in

the anticlockwise direction of »axis represents the fiber orientation.
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Fig 3.5 N layeredlaminate configurations

The displacement field assumes that 4plia@he normal remains straight before and after

deformation, but not normal even after deformation so that:

u(x,y,z)= 0 (x,y) +z3, (x,y)

V(X,y,2)= V' (X,y) +zg, (X,Y) > (35.1)

w(x,y,z)= W’ (x,y) J
Where u, v, w are displacements in the x, y, z directions respectively for any faihtwé

are those at t he miydddtherotgtidnsaflthe cwds sectiorenormadl @t e .
the y and x axis respectively. Assuming small deformations, the generalized Iupdanen

strains of the laminate at a distance z from the soidace igiven by:

{ MOyo0t "= & Wog} "+ 2{ kaxkyy kn} ' (35.2)

Wh e rdly, &4 are midplane strains anddkyy, kyy are curvaturesf the laminated plate.
Theelasticstiffness matrix, geometric stiffness matrix due to applieplame loadsaand mass
matricesof the elements are derived using the principle of minimum potential enengy.

shape functios of the elementre derived using the interpolation polynomial given below

based on Pascal 6s triangle for convergence ¢

u(x.h) =a +ax+ah+ax’+ax Fah’+ax’h+ax h (35.3
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The displacements are expressed in terms of tfuelal values by using the element shape

functions and are given by.

8 8 8
u=ga Nu,v=3 Nv,w=3 N.w

1
i=1 i=1 i=1

8 8
g, =aNg;q,=aNag, (35.4)
i=1 i=1

The shape functiomN; are defined as

N, =%(1+x X1+h h)x x+h h-1) Fori=1,2,3&4
N, :%(1- x?\1+h h) Fori=5,7 (3.5.5)
N, =%(1-X)I()(l-/72) Fori =6, 8

x,h = Local natural ceordinates of an element
N, = Shape function at a node

3.5.3 Strain Displacement Relations

GreenfLagr angeds strain displacement relations
analysis. The linear part of the strain is used to derive the elastic stiffness matrix and the non
linear part of the strain is used tertve the geometric stiffness matrix. The total strain is

given by
{g={e}+{e.} (35.6)
The linear generalized shear deformable strain displacement relations are

g, =t K,

x| IJX
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_Hu M
%Wﬁw+§ ZK,, (3.5.7)
Y
gxz = +>g
T
— Hw
Qyzl—w +9

The bending strains kre expressed as,

k :“qx k :qu

X 4 Yy

HX 2%
k —_ HQX _._IJ'qy
xy y
6.4 K (3.5.8)
The linear straif{ €} can be expressed in termsdigplacement as
{e}=[Bfa.} (35.9)
Where {de} :{U1’V11W’qX1’qy1 ........ ,US,VB,WBC/Xg,qyg}T, (3510)
And[ B] = [[B1l], [B2] ééé&alpeéééeéeéeé. [ H3511
&N, 0 0 0 Og
S0 N, 0O 0 o0y
éNi,y Ni,x 0 0 0 l:"
mkggo 0 0 0 N,
'ﬁgo 0 0 N, 0Uu
60 0 0 N, N.g
o o N, 0 NU
60 0 N, N 0§ (3.5.12)

[B] is called the straidisplacement matrix
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3.54 Constitutive Relations

A macromechanical analysis was carried out to establish the relationship betwédercéise
and generalstrains of a laminate. The elastic behavior of each lamina is essentially two

dimensional and orthotropic in nature. So the elastic constants for the composite lamina are
given below.

E11 = Modulus of Elasticity of Lamina alongdirection
E,>= Modulus of Elasticity of Lamina alongdrection
Gi2 = Shear Modulus

3= Major Poissonb6s ratio
3= Minor Poissondés ratio

The stresstrainrelationfor the K" lamina is

,?Sx i tel Q12 0 0 0 gie
lsy 1 tez Q22 0 0 0 Uf
‘:l‘xy I& e o 0 Q66 0 0 l;I !E
~ <@ u+
%[Xz % €0 0 0 Q, O ulg (3.5.13)
ey, )L/ 80 0 0 0 Q H b
Where
E E.n Exnl E
Q - 11 ,Q — 11721 Q = —22712 Q = 22
. (1' n, /31) . Ty 21)'7 “ (1 T12 ﬂ) ” (1 12 ZD
Qss = Gy
Q44 = kGlS
3.5.14
Q55 = szs ( )

24



ATHEMATICAL FORMULATION

The onaxis elastic constant matrix {{Q corresponding to material axes21for K" layer is

given by
é,Qll Q. 0O g
[Qij ]k = ngz Qp, O HFOI‘ i,j =1,2,6
go 0 QgH
Q, Opg .
[Qi-] = é v For i,j =4,5
kT80 Qu

) (3.5.15)

For obtaining the ofBixis elastic constant matrixQ;]x corresponding to any arbitrarily

oriented reference-y axes for the R layer ,appropriate transformation is required. Hence the

off-axis elastic constant matrix is obtained from the on axis elastic constant matrix by the

relation:
- é,all 8_12 gleg 3
[Qij ]k = (;612 Q. Qzegfori J=1,2,6
@16 _Q_26 _Q_66g >
— 1 1 o
[(Qilk= 1= 1 for i,j=4,5

[Q], =&T ég?u gTe

em* n* 2mn g

. _é u

Where [T] = Transformation matrixgn* m? -2mn
e 2_ n2u

&mn mn m?- n’4

The offaxis stiffness values are:
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Q. =Q,m" +2(Q,, + 2Q,,)m’n* +Q,,n*

Qi = (Qu +Qy, - 4Q)M?n* +Q, (M +n*)

?22 = Qun* + 2(Qsz + 2Q)n” + Q' (35.18
Qs = (Qy - Q- 2Q5)M°N+(Qy, - Q,y +2Qg)N°M

626 =(Qu - Q- 2Qg)M m+ (Qu-Q,+ 2Q66)m3n

Qe = (Qu +Qy, - 2Qy, - 2Q)M*n* +Qge(m* +n?)

The stiffness corresponding to transverse deformations are:

A — 2 2
Q44 - GlSm + G23n

645 =(G;3- G,y)mn (3.519)
655 = Glsn2 + G‘zsm2

Where m=cosd and n=sind; and d=angle between
axis in a layer.

The force and moment resultants are obtained by integrating the stresses and their moments

through the laminate thickness as given by

éN, @ S ¢
| | | |
ENy i Sy T (3.5.2)
| | | |
1N S
Mo 1 "2 stz 4
i G A z
My 1T oh2 S0
1 | 1 |
i Vo 7 p% 1
TQ, 1 £y, T
7 7 ) T
1 ¥ e 3
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Temx TU gAll A, A, B,y B, By O 0 S’?ex '|L‘
% y % éAlz Ay Ay By, By By O Ou%ey %
TNXV 1 gAlG A26 A 66 B 16 B 26 B 66 0 0 HTgXY 1
¥Mx L__éBn B, By Dy Dy, Dy O 0 Uj‘kx [
IMy I gBlZ Bzz Bze D12 D 22 D 26 0 0 ﬂky 1 (3 5 Z.)
%Mxy % 2816 By Bg Dy Dy Dy O 0 kay } ..
}Qx } éO 0 0 0 0 0 & S ,L:lgxz }
19 3 g0 0 0O 0 0 0 $ %u}’gﬂ i
This can alsdestated as
éN; U é:"Aij Bij 0 gel !
1 [ o
M &8, D, 0 i
| L € )
Or
F =aD
{F} =eD {& (3.5.23)

WhereA;;, Bj andy; arethe extensional, bendingtretching coupling, bending at@nsverse

shear stiffneses. They may be defind as

D, 13 (5,) (-2, Forij=1206 (3.5.24)
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J = shear correction factor =5/@n-line with previous studieBVhitney and Pagano [1970]
and Reddy [1979]]
Zy, Z1= top and bottom distance of lamina from mpidne.

355 Elastic stiffness matrix

The element matrices in natural coordinate system are derived as

X LI O R

&K g, ,fPe Dg B[Jdxe/ (3.5.3)
Where [B] is called thstraindisplacement matrix

3.56  Geometric stiffness matrik .

The element geometric stiffness matrix is derived using thdinear in-plane strains. The

strain energy due to initial stresses is

&V & s 1{ gldv (3.5.26)
Using nonlinear strains, the strain energy can be written in matrix form as
8U g 3 i1 TSIV 3520

Where

28



MATHEMATICAL FORMULATION

T

o gt M VLV W W g gl W e
X WM XH Yy UX ¥ Xt YU X HY § (3.5.8)
And
& 0 0 0 O
0 s 000
&S gé 0 s 0 O
@ 00 s O (3.529)
€& 0 0 0 s
Where
. es, 21 Ng N
& B¢ Ve e
&y ¥ agh Ng N, (3.5.9)

The inplane stressesultants N Ny, Ny at each gauss point are obtained by applying uniaxial

stress in xdirection and the geometric stiffness matrix is formed for these stress resultants.
(7} =ec ) 35.3)

The strain energy becomes

gU E%vﬁde}T Ge  @f ¢ av ﬂg{ e, g ¢ (3.5.2)

Where element geometric stiffness matrix

&, i B aSecalpkdf 35.3)

where
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N, O 0 0 0
€ |
éNLy 0o 0 0 0,
go N, O 0 O :
¢0 N, 0O 0 0
. g0 0 N, 0 0
€G B0 o N, 0 0 353
e | O,
@0 O 0 N, 0,
go O 0 N, O :
60 0 0 0 N,
go 0 0 0 N, :
3.5.7 Elementmass matrix
¢ 7 e P e
g
£, (3.5.35)

Where the shape function matrix

&N, 0 0 0 Og
e u
.60 N0 0 0y
[N]J=4é0 o N, 0 ou
i=1 € u
F;‘O 0 0 N, Og
g0 0 0 0 N
¢, 0 0 0 Og
é U
S0 R 0 0 Of
[R]=¢é0 0 R o ou
é U
g 0 0 I 0
60 0 0 O I
n ek n ek
Inwhich, P=& fydz And |=3 f§’rdz
k=1 gk-1 K=lek-1

The element load vector due to external transverse stati¢dopdr unit area is given by

P o
- ~+1 -IL~ -
e g n ,NNe &0 gpl o d 7
& | . (3.5.%)
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3.6 Computer Program

A computer program is developed by using MATLAB environment to perform all the
necessary computations. The element stiffness, geometric stiffness andnatasss are
derived using the formulation. Numerical integration technique by Gaussian quadrature is
adopted for the element matrices. Since the stress field {amform, plane stress analysis is
carried out using thénite element techniques to deténe the stresses and these stresses are
used to formulate the geometric stiffness matrix. The overall matrices [|],dKd [M] are
obtained by assembling the corresponding element matrices. The boundary conditions are
imposed restraining thgeneralized displacements in different nodes of the discretized
structure.The program features and flow charts, used in this studypr@sentedn the

Appendix.
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Chapter-4
EXPERIMENTAL PROGRAMME

4.1 Introduction

This chaptepresentshe details ofexperimental works carried out for vibratidmckling or
staticstability andparametrianstability of plate separatelytherefore composite plates with
different geometryare fabricated and their material properties are found out byeteast.
Thefurtherstudies of this section are grouped into three parts as follows:

1 Vibration of woven fiber composite plates
1 Buckling of woven fiber composite plates

1 Dynamic stability of woven fiber composite plates

4.2 Materials

The followingconstituent materials were used for fabricating the plate:

1 Glass woven rovin§jbers as reinforcement.
1 Epoxy as resin
1 Hardener as catalyst(3®of the weight of epoxy)

1 Polyvinyl Alcohol (PVA) as a releasing agent

4.3 Fabrication Procedure

The FRP compsite specimens we casted using hand layup technigire hand layup
method, liquid resin was placed along with reinforcement (woven glass fiber) against finished
surface of an open mould. Chemical reactions in the resin hardened the material to a strong,
light weight product. The percentage of fiber and matrix was taken as 50:50 in weight for
fabrication of the platesA flat plywood rigid platform waselected. A plastic sheet i.e. a
mould releasing sheet was kept on the plywood platform and a thieffiiolyvinyl alcohol
was applied as a releasing agent as showhigare 4.1[a]. Laminating started with the
application of a gel coat (epoxy and hardemeposited on the mould by brush as shown in
Figure4.1[b], whose main purpose was to provide a smooth external surface and to protect
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the fibers from direct exposure to the environm@&iass fiberwas cut from roll of woven
roving. Layers of reinforcement were placed on the mould at top of the gel coat and gel coat
was applied again by brush. Any air which may be entrapped was removed using steel rollers
as shown inFigure 4.1[c]. The process of Ima layup was the continuation of the above
process before the gel coat had fully hardened. After completion laf/alls again a plastic

sheet was covereon the top of last ply by applying polyvinyl alcohol inside the sheet as
releasing agent. Again erflat ply board and a heavy flat metal rigid platform were kept top

of the plate for compressing purpose. The plates were left for a minimum of 48 hours in room
temperature before being transported andto exact shape for testinghe fabricated plate

afterdrying is shownn Figure4.1 [d].

Figure 4.14 Figure 4.1b]

Figure 4.1c] Figure 4.1{]

Figure4.1 [a]: Application of gel coat on mould releasing sheeEigure 4.1b]: Placing of
woven roving glass fiber on gel coati-igure 4.1[c]: Removal of air entrapment using
steel roller, Figure 4.1[d]: Plate after casting.
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4.4 Determination of Material constants

The characteristics of woven fiber Glass/Epoxy composite plate which can be defined
completely by four material constants;, E,, Gi2, andgi2 where the suffixes 1 and2 indicate
principal material directions. For material characterizatidhnumbers of samples of 8 layer
Glass/Epoxy platevastested by INSTRONL195 machine for determining tensile strength
and Y o u n g 0 differemb diredtiansOuti oh whichkd number samples are in- X
direction, 4 number samples indirection and 4 numbers of samples irf dBection. From

the test dataEl, E; and Gywerecalculated for the Glass/Epoxy plate as described in ASTM
standard: D3039/D 3039M2008.The dimensions of the specimen were taken as lsdow
given Table 4.1.

Table 4.1 Dimensions of tensile specimens for tensile test

Angle(degree)| Length(mm) | Width(mm) | Thickness(mm)| Overall Length(mm)
0’ 150 25 3 250
90’ 150 25 3 250
45 150 25 3 250

The specimens were cut from the plates themselves by diamond cutter. At least four replicate
sample specimens were prepared. The tests specimens are skayunad.2[a], Figure
4.2[b] andFigure4.2[c] for specimen in x, y and 4directionsrespectively.

Figure4.24a: Speci mens i n[b]iSpd cd inreencst ii onific] Spedmedsi r ect i ¢

in %468i rection.
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For measur i

ng the

Y 0 u risdoaded imIBISTRONI K195 urtiviersal

testingmachineas shown irFigure 4.3, monotonically to failure with a recommended rate of

extension (rate of loading) of 0.2in/minute. Specimens were fixed in the upper jaw first and

then gripped in the movable jaw \{er jaw).Gripping of the specimewas as much as

possible to prevent the slippage. Here, it was taken as 50mm in each side for gripping.
Initially strain was kept at zero. The load, as well as the extension, was recorded digitally

with the help of a loadeadl and an extensometer respectively. From these data, engineering

stress

ratio

vV S .

of

strain

cur ve was

transverse t o

gauges in longitudinal and transverse direction.

pl otted;

l ongi tudi nal

t he

f«Uhr ai

The shear modulus was determined using the following formula from Jones [1975] as:

Zuy

E,

Table 4.2  Material properties of glass/epoxy lamina
Lay-up | N | Ey(GPa) | ExXGPa) | Ess(GPa) | Gis(GPa)| 312 |} ( K9/
WR 8 | 7.4 7.4 5.81 2.15 0.17 | 1580

Where, WR:- Woven Roving

N: - Number of layers

E; E,. Elastic modulus in longitudinal direction (1) and transverse direction (2) respectively.

Ess - Tensile modulusbtained in 45° tensile test

Gi2 - In-plane shear modulus

32 -Poi ssonBbensityat i o,
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Figure 4.3:Tensile test of woven fiber Glass/Epoxy composite specimen in INSTRON

1195 UTM

Fig 4.4:Failure pattern of woven fiber Glass/Epoxy composite specimen

4.5. Description of Test Specimen

Thewoven roving Glass/Epoxy composite plates were fabricated for the present experimental
work. The geometrical dimeioss (i.e. Length, breadth, and thickness), and ply orientations

of the fabricated plates are shown below in Table 4.3.

For Free vibration and stability (Buckling) study, the plate of dimensiofsr24240mm
was consideredvith different thickness as the no. of layers varies. Only for simply supported

boundary conditions in free vibration test the plate dimensions is takenrmam2337mm
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due to frame conditions. For Experimental Study of paramiestability plate dimension of
600mMmMx350mmx4.7mm and for numerical study of parametric instability again

240mmx240mm which wasame as vibration and buckling considered as plate dimensions.

Table 4.3 Geometrical Dimensions of Composite Plate

All the specimens described in Table 4.3 were tested for free vibration, buckling and dynamic

stability study.

Size of plate No. of layers Thickness Stacking Sequence

Il n 6mmbd I'n 6mmd
240X240 16 5.6 [O]16
240X240 12 4.7 [0]12
240X240 8 3.1 [O]s
240X240 8 3.1 [(30/-30)]s
240X240 8 3.1 [(30/-30)]s
240X240 8 3.1 [(45/-45),]s
240X240 8 3.1 [(45/-45),]s
237X237 8 3.1 [O]s
600x350 12 4.7 [0]16

37



EXPERIMENTAL PROGRAMME

4.6 Vibrations of woven fiber composite plates

In order to achieve theght combination of material properties and service performance, the
dynamic behavior is the main point to be considered. To avoid the typical problems caused

by vibrations, it is important to determine natural frequency of the structure

The fundamentalrequency is a key parameter. The natural frequencies are sensitive to the
orthotropic properties of composite plates and detwdaring tools may help in controlling

this fundamental frequency. Due to the advancement in computer aided data acquisition
systems and instrumentation, experimental modal analysis or free vibration analysis has

become an extremely important tool in the hands of an experimentalist.

46.1 EquipmentRequiredfor Vibration Test
The apparatus which are used in free vibration test are
1 Modal hamme.
1 Accderomete.
1 FFTAndyzer.
1 PULSEsdtware.

461.1 Modal hammer

The modal hammer exitesand measure impact forces on to the specimémseinterchange
tips are provided which determineghe width of the inputpulseand thus theband width of the
hammerstructure is accel eration compensated tavoid glitchesin the gpectrum due to hammer
structure resaance. For present experimemhodal hammer type 2362 was used, which is

shown inFigure4.5.

Figure4.5:Modal Impact Hammer (B&K type 23025)
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46.1.2  Accelerometer:
Miniature DeltaTron Accelerometerss specifically designed to withstand th@bust
environment of the industry. A combination of high sensitivity, low mass and small physical
dimensions makehe accelerometeideal for modal measurements, such as on aircraft,
automotivesand satelliteslt can beeasly fitted to dfferent testobjects using a séection of
mounting dips. For the present experiment accelerometer type wa87sed and which was

fixed on plates by using bee wakhe accelerometer féiree vibration tests shownin Figure

4.6.

8,
oy
1
Y, ak.

Mo

Figure4.6: Accelerometer B&K 4507) used in Free Vibration Test.

46.1.3 Potable FFT Analyzer- type (3560B)

Four channel8ruel &kjaer pulse anayzer systemtye-3560B as shown in fig.4.7, was
used tomeasurdhe frequencyfor any structure. It can be used for both free vibration as
well as forced vibration study. The system has some channels to connect the cables for

analyzing both input and output signals. Br&eKjaer FFT analyzeB560B is shown in

Figure4.7.

Figure4.7: FFT Analyzer (Model B&K3560-B)
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46.1.4 Dsplay unit

Thisis manly in the form of PC(Laptop) as shown irFigure4.8[a] When the specimewas
excited in a selected point by means of Impact hammer (Model-2302he signal of
resulting vibrations of thepecimensverereceived to the FFT Analyzer layn accelerometer
(B&K, Type 4507) mounted on the specimen by means of bees ™M@ output from the
analyzer was displayed on the display unit in the graphical form whadhdes graph of
force amplitude spectrum, respensamplitude spectrum, coheren@nd frequency
response functionas shown irFigure4.8[b].

i

Figure4.8[a]: Display unit Figure4.8[b]: Various Pulse outputwindows

46.2:  Setup and Test Procedure for Free Vibration Test

The vibrationtest setupis shown inFigure 4.9. The test frame which was fabricated for
conducting different boundary conditiofB.C) i.e. freefree, four sides simply supported,
cantilever and fully clamped were showrFigure4.10 [a] toFigure4.10[e]

The test specimens were fitted properly to the iron frame. The connections of FFT analyzer,
laptop, transducers, modal hammand cables to the system were donhbke plate was
excited in a selected point by means of Impact hammer (Model-230he resulting
vibrations of the specimens on the selected point were measured by an accelerometer (B&K,
Type 4507) mounted on the spemen by means of bees wakor FRF, ateach singular
point the modal hammer was struck five times and the average value of the response was

displayed on the screen of the display unit.
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Figure4.9 Vibration Test Set-up

At the time of striking with modal hammer to the points on the specinmacaution were
taken for making the stroke to be perpendicular to the surface of the plates. Then, by moving
the cursor to the peaks of the FRRe frequencies were measurddhe outputfrom the

analyzer was displayed on the analyzer screen by using pulse software

Figure4.10[a
For different B.C one iron frame was used. Some of the test specimens with different
boundary conditions are shownRigure4.10.

CANTILEVER

Figure4.10[b] Figure4.10[c]
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FULLY CLAMPED SIMPLY SUPPORTED

Figure4.10[d] Figure4.10[¢€]
Figure 4.10: [a] Iron Frame for making different B.C. Setup, [b] free-free B.C, []
Cantilever B.C, [d] Clamped B.C, [g] Simply Supported B.C

4.6.3: Setting up the template in Pulse lab shop

In order to setup a template, thare four important windows. These afgened by selecting

'‘Organizer' from the menu and then clicking on eadh@four window titles listed below.
46.3.1: Configuration

This window contains details of the inputs and outputs ofPthee Fronend ando specify
what componentare connectetb this Frontend.

i%¥ Briiel & Kjeer - PULSE LabShop Version 13.1.0 - Projd
File Edit View BeGERESE Task Measurement Configuration A
| O = H| C uration Ckrl+1 2 |
7 7 % 4 Measntlrement Ckrl+-2
Funckion Chrl+3
Display Ckrl+4

Message View Ckrl+5
workBook Cerl+-7
Report Ckrl+8
Component Ckrl+2
Task Ctrl+0

Figure4.11
46.3.2: Measurement

This window is used to setup signal grouping and to spedifgh analyzersare to be used.
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il Briiel & Kjer - PULSE LabShop Version 13.1.0 - Proje

File Edit Wiew RSGEGESS Task Measurement Configuration W

(== | | Configuration CtrH-1 2 ‘ = J

J Measurement Ctrl+2
A s
‘ ¥ 7 Function Chrl+3

Display Chri4+4
Message View Ctrl+5
‘WaorkBook Chrl+7
Report Chrl+8
Component Chri+9

Task Chrl+0

Figure4.12
4.63.3: Function
This window is used to setup the outputs fromahalyzersandhow they are to be used. The
function like FRF, response in time domain, coherence and excitation in time domain are

chosen for the test.

it Function Organiser [;l =13

=1 Function Org.
Function Group

Expand All
Collapse
Edit Label CErl+R

File Open...
Delete
Properties. ..
opYy
Copy Function Group
Play

Save >
Showe as >

Figure4.13

46.3.4: Display

This window shows which measurements are currelisiylayed and allows modifications to
be made to the way thmeasurements are displayéthe four windows mentioned previously
are very important for setting up tfRulseLabshg template. It is important that they are
easily accessible. Thisonfiguration follows the flow that the setup process uses.

Configuration Y Measurement Y Function Y Dis
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4.64: Pulse ReportFrequency Respongenction):

A typical FRF (pulse report) of the measurement from FFT analyzer along with coherence
curve is shown in Figre4.14. and Figuret.15 respectively. As shown in Rige 4.14, the
different peaks of FRF shows the different modes of vibrationstemdolerence value of

nearly 1 in Figuret.15 shows the accuracy of the measurement.

= = @ 2| Frequency Respons... |ZH:,E|

[dE/1.00 [més*)/M] Frequency Aesponse H4[Response Excitation] - Input] [Magnituds) Cursor Yalues T = — 1
\orking - Input - Modsl Test : FFT Analyzer | ¥ Gt ooyl Functon | Hads | vais | Zas |
a0 Cursor | Options1 | Options2 | Color |
®=3400 He
Z =7.000 I ain 340.0 Hz
30
Status
20
A f.[ \A 542042010 10:54.03 529
fuverages: 5
ol Jnl | A Overload: 0,00 %
| il / Vg P
0 ) h Jﬂll ) R | Deka Cursor Centre and Width ~ |
| " [P 7 DAL LW v S ieom
|I |\\J f \ ‘( \ 1 L’l LAY | [ ek A [ Relative Order Cursor |
-0 u UJ T ]'\J Damping Ratio = 2527 Align
l l \ ] ‘\J \ / Residue = 157 [m/s#)M F % pain W Hamanic
-20 (| i U ¥ Beference W Sideband
V ¥ Delta ¥ Z cuisor
=0 Cursor Readings
Nearest Harmonic = |
-0 ] Nearest Sidshand -
o 400 800 1.2k 1.6k 2k 2.4k 2.8k 3.2k Fieal & Imaginary
[Hz] < > Fefersnce -

Figure4.14 Typical FRF of test specimen. In Xaxis: Frequency in Hz In Y-axis:
Acceleration in m/$/Force

[} Coherence(responsa ., Forceael - Input
Wiorking - Inpwit - Inpwit D FEFT Analyzer

1 f ﬁ\'l ‘.I“"J“H— _"'I

(=l ] ] ]l

Sem I|h||

T F

S —

Si0m

SO0

200y

D0 m

o 20 <HINON [=1m ] =00 Ak
TH=1

Figure4.15: Typical coherence of test specimen.
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4.7 Buckling of Woven Fiber Composite Plates

The complex behavior of woven fabric composite laminates under compressive loading
conditions is still not well understood and requires further experimental investigations in
order to better understand their behavior especially buckling load. Studies of buckling
analysis of woven fabric or {girectionalcomposite laminates are limited. Therefore, woven
fabric glass/epoxy compositegere used in this study to demonstrate theatality of the

static stability analysief woven fiber composite panels.

There are several techniques of identifying the buckling load in the experiment used in the
past studies. Four of the methods which are examined in the present study are: Platadf ap
load vs. ouof-plane displacemenpjot of load vs. end shorteningyerage strain method and
Southwell plot. With the availablexperimental datea plot of average strain method is the
most reliable technique, while a plot of eftplane displaement and a plot of end
shortening show a good tendency of deteatiam of bucklingloads.In the present study,
buckling loads of woven fabric composite plates is determined from end shoneeihgd

and compared to the numerisalutions using present FEM based formulation.
4.7.1 Buckling Experiment (Static stability)

In view of difficulty of theoretical and numerical analysis for laminated structure behaviors,
experimental methods have become important in solvinguhbklibg problem of laminated
composite plates. The specinemas clamped at two sides and kept free at other two sides.
The specimens were loaded in axial compression by usin&fRON universal testing
machine (SATEC) of 60BN capacity.

47.1.2 Test Procedure

The specimens were loaded in axial compression using INSTRON universal testing machine
(SATEC) of 600 KN capacitieas shown in Figurd.16 [a]. The specimen was clamped at

two ends and kept free at the other two esmishown irFigure 4.1€b]. All specimens were
loaded slowly until buckling. Clamped boundary conditions were simulated along the top and
bottom edges, restraining 2.5cm length. For axial loading, the test specimens were placed

between the two extremely stiff machineads, of which the lower one was fixed during the
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test, whereas the upper head was moved downwards by servo hydraulic cylinder. All plates
were loaded at constant crdssad speed of 0.5mm/min. The ledidplacement diagrams for

all composite configurations were plotted. The motion of the machine wasestovhen the

load dropped. The data acquisition system which was linked with the INSTRON machine
was used to record all the necessary results and the buckling loads were determined from the
recorded data.The plate before buckling and after buckling own in fig.4.5[c] and

fig.4.16 [d]. The load v/s end shortening curve was plotted. The displacement is plotted on
the x-axis and load was plotted on theaxis. The load, which is the initial part of the curve

deviated linearity, is taken as the catiduckling load.

Figure4.16 [a] Figure4.16 [b]

Plate after

Figure4.16 [c] Figure4.16 [d]

Figure 4.5 [a]: INSTRON universal testing Machine (SATEC) of 600kN capacities,
Figure 4.5 [b]: Buckling set up and test frame, Figure 4.5 [c]: specimen before

buckling, Figure 4.5 [d]: Specimen after buckling
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47.2 Buckling Experiment (By Dynamic Approach)

Buckling Test is alsaonducted by dynamic approadre test facility used to conduct

stability test by dynamic approach is shown inufeg}.17 [a] andFigure4.17 [b].

Figure4.17 [a] Figure4.17 [b]

Figure4.17[a]: Experimental set up Fabricated forconducting Buckling Test by
Dynamic approach Figure 4.17b]: Vibration test set up

4.7.2.2Test Procedure

The specimens were loaded in the set up fabricated for buckling tesE-@-E boundary
conditions. Load cell was put on the top of the femme. In-plane static load ve&agiven
manually with the help of the spring attached to tbt#dm of the specimen in the frame

shown in Figured.17 [a]. The accelerometer was put on the middle of the specimen and the
specimenwas excited with the help of modal hammer connecting to FFT Analyzer. A
personal computer loaded with PULSE Labshopwmse was connected to the FFT analyzer

to pick up the [ate response data as shownHgure 4.17[b]. After applying the desired

static load and excited the plate, the response of the plate was constantly monitored on the

FFT analyzer. All specimens were loaded slowly until buckling.

The load v/s frequency graph was plotted. The load is plotted on-dpésxand frequency
was plotted on the-yaxis. The first frequency in graph shedva tendency to approach to
zero at a static load at critical buckling load, indicating the onset of buckling which is called

critical buckling load.
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48 Parametric Instability of Woven Fiber Composite Plates

Experiments are performed to investigate the paramasiability of rectangular composite

plate are subjected to periodic-ptane loads under-€-C-F boundary conditions. Special
attention is paid to satisfy the boundary conditions considered in experimental models so as
to draw conclusion with sufficient degree of confidenceorder to verify the theoretical
results and to highlight different parameters on the parametric iiitgtalbicomposite plates,
different plates with different dimensions asan in Table 4.3, in chapter 4 is used in this
investigation. In general, the experimental data exhibit good agreement with the theoretical

predictions.
48.1 Parametric Indtdity Test Setup:

An overall view of the test facility used in the experimental study is shown ume=gB [a]-
4.18 [d].The setup has been designed to accommodate square and rectangular composite
plate to study different parameter inRFIC-F boundarycondition.
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