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Abstract

Composite materials are combinations of two or more materials giving a third material
with highly desirable properties. A composite material cylindrical shell is one of the
components used in weight sensitive areas as composite materials are nowadays
commonly used in the aviation industry and marine applications. In many practical
applications, using composites is more efficient. For example, in highly competitive airline
markets, one is continuously looking for ways to lower overall mass of the aircraft without
decreasing the stiffness and strength of its components like cylindrical shells or pressure
vessels. This is possible by replacing conventional metal alloys with composite materials.
However, surface irregularities and micro cracks can be imparted to such materials for
various reasons and it is very important to analyze these materials carefully to hinder the
damage that could result as a result of failure

In thiswork the stress and strain distributions around the surface cracked cylindrical shell
structure have been presented by studying the properties of composites, anisotropic
eladticity relations, stress intensity factors, fracture toughness and stress field equations of
surface crack problems in composite material, and finally finite element method
simulation is applied to investigate the stress and strain distribution around the surface

crack in a composite material cylindrical shell structure.

Mathematical modeling and finite element simulation of the surface cracked cylindrical
shell was performed and the problem was finally solved using ANSYS finite element
method package. In the mean time, results were obtained in the post processing stage of
ANSYS. The main results obtained were the variation of the critical stress and strain
distributions around the surface crack which could be cold shielded damaged zone that
makes composite materials having unpredicted damage zone sizes. Finally, the critical
stress and strain distribution patterns, the crack propagation schemes or styles were
compared with literatures from composite material shell structures and conventional
isotopic materials to draw conclusions regarding the advantages of composites compared

to conventional material in crack advancement

Key words: Composite materials, anisotropic stress-strain relationship, laminate,

surface crack, shielding effect, crack simulation, classical shell theory.

Vi



CHAPTER ONE
THE PROBLEM STATEMENT

1.1Introduction and Background of the problem
Fracture is a problem that society has faced foloag as there have been man-made
structures. The problem may actually be worse tottey in the previous centuries,

because more can go wrong in our complex techrnmabgociety [1]

Fortunately, advances in the field of fracture naasts have helped to offset some of the
potential dangers posed by increasing technologioabplexity. Our understanding of
how materials fail and our ability to prevent sudalures has increased considerably since
World War Il. Much remains to be learned, howeward existing knowledge of fracture
mechanics is not always applied when appropriagziajy for modern technological

materials like composites.

The combination of two or more materials can leadatthird material with highly
desirable properties known as composite materibe constituents of a composite
material are usually combined on a macroscopicestiatough physical rather than
chemical means. Composite materials usually cordisa matrix and a reinforcing
constituent. The matrix is often soft and ductitenpared to the reinforcement. Various
types of reinforcement are possible, including twrdus fibers, chopped fibers, whiskers,

flakes, and particulates [2].

In many practical applications, using composites@e efficient. For example, in highly

competitive airline markets, one is continuouslgiimg for ways to lower overall mass of

the aircraft without decreasing the stiffness amength of its components like cylindrical

shells or pressure vessel. This is possible byacapy conventional metal alloys with

composite materials. Even if the composite mateasts may be higher, the reduction in
the number of parts in an assembly and the savmgke fuel costs make them more
profitable [3].

A shell is an initially curved plate defined by adeile surface, about which a constant or
variable thickness is symmetrically situated. Aiegp ratio of a shell thickness to its
radius is of the order 1:20 [4]. Shells are gemgralbjected to in-plane loading and to the
forces and couples normal to the surfaces, whiehcalied here lateral loading [4]. This

nature of loading implies that the common modeadiife of shell structures is either in

1



buckling or fracture (burst) of its walls. Howevesyrface irregularities and micro cracks
can be imparted to materials for various reasomss €ould be while a joint is made,

during manufacturing, assembly, etc. Hence, iteig/vmportant to analyze how the stress
varies in the vicinity of crack in composite stures.

A shell is, in essence, a structure that can beetbfrom a plate by initially forming the
middle surface as a singly (or doubly) curved stefd he way in which the shell supports
external loads is quite different from that of at fblate. The stress resultants acting on the
middle surface of the shell have both tangentia aarmal components, which carry a
major part of the load, a fact that explains thenemy of shells as load-carrying
structures and their well-deserved popularity [bhe derivation of detailed governing
equations for a curved shell problem presents naigffigulties and, in fact, leads to many
alternative formulations, each depending on the@pmations introduced.

In the finite element treatment of shell problend#ficulties referred to above are
eliminated, at the expense of introducing a furidugproximation. This approximation is
of a physical, rather than mathematical naturehils it is assumed that the behavior of a
continuously curved surface can be adequately septed by the behavior of a surface
built up of small flat elements. Intuitively, astBize of the subdivision decreases it would

seem that convergence must occur and indeed emperiadicates such a convergence

[5].

Moreover, the nonlinearity imparted by material ggdies and geometric variations are
also the contributing factors to the structurallgsia of composite shells. The limitation in
the analytical relation development for compositatenials in general is also another
important factor that compels us to use the fialEment method of stress analysis in the
vicinity of a cracked composite structure.

Due to their high strength-to-weight and high sgfs-to-weight ratios, fiber-reinforced
composite laminated shell structures have beenlyideed in the aerospace, marine,
automobile and other engineering industries. Thuss very important to study the

behavior of composite material cylindrical shelusture for the distribution of stresses

and strains with an introduction of a surface crack



1.2 Objectives of the problem

The objective of this thesis is to analyze the affef crack on the stresses and their
distribution around the crack in a composite matecylindrical shell by using finite
element method (FEM). This will be done throughdelong and simulating the cracked
composite material cylindrical shell and applyihg foads which actually exist in shells,
like tangential and axial loads, with the followingpnditions to have a justified

conclusion.

= A pre-defined dimension of the shell with tangensiarface crack oriented on the
interior and exterior surfaces of the cylindrichéB structure will be taken and the
stress and strain distributions around the surfaeek will be analyzed and
discussed for Mode | loading condition subjectethtdield axial stress.

= A pre-defined dimension of the shell with axial fage crack oriented on the
interior and exterior surfaces of the cylindrichéB structure will be taken and the
stress and strain distributions around the surfaeek will be analyzed and

discussed for Mode | loading condition subjectethtdield tangential stress.

1.3 Scope and limitation

The aim of this thesis is to analyze surface crdat@mposite material cylindrical shell
structure for the stress and strain distributionsuad the crack using finite element
method package ANSYS software due its availabilitigis will be done for the above
specific objectives. The relevant equations goveyrthe state of stress in a shell material
will be derived using mechanics of materials anthteel with theoretical fracture
mechanics for the analysis to be done showing #motopic material property on the

software.

The scope of this thesis is limited to studying feperties of composites, anisotropic
elasticity relations, fracture mechanics approa¢besomposites, mathematical modeling
of the surface cracked composite material cyliradrshell structure under in-plane loading
for stress intensity and fracture toughness, amalfi applying finite element method to

investigate the stress and strain distributionsuradothe surface crack oriented on the

composite material cylindrical shell structure.



CHAPTER TWO
LITERATURE SURVEY

2.1 Literature Review

As composite materials were introduced into theldydhe initial impetus for using them
was their high strength-to-weight and stiffnessvigight ratios, along with very
significant improvement in fatigue life and damagkerance compared to most metallic
materials. Furthermore, when composite materia¢s uemed to tailor a structure, they
provide excellent opportunities for design flexilyiland potential optimization of design
criteria by controlling their directional natures achieve certain performance goals or
eliminate undesirable instabilities. Composite ksbilictures are one of those structures,
finding applications in a variety of systems; irdilug aircraft and submarine structures,
space structures, automobiles, sport equipmentjcadegorosthetic devices and electronic

circuit boards.

Exceptionally high stiffness and strength to weigttios are the driving forces behind the
success story of fibre reinforced composite stmestuin advanced lightweight
constructions. For aerospace applications the phant progress is evident, culminating
in the late announcement of a “First Compositeriatl [15]. But also high-speed ships,
terrestrial vehicles and machines where high velami acceleration is requested utilize
the advantage of this material more and more ofienset-up from layers with
unidirectional reinforcement oriented in differedirections, termed ‘multidirectional
laminate’, has developed as a standard design. gemation of fiber and matrix
behavior results in effective layer propertiestia assessment a homogeneous orthotropic

layer is assumed as the smallest entity of thetsire.

The structure with the cutouts of various shapexlmpted by the structural requirements
or geometrical condition. Stress concentration glindrical shell with a cutout is
important in many industrial structures such asrafts, vessels, submarines, nuclear
reactors, etc. [7]. According to Lekal.[7], the strain distribution around the un-stiféeh
and stiffened circular cutout of the isotropic stass steel (ANSI type 304) and the GFRP
laminated composite cylindrical shells subjectedx@l compression have been studied
and the obtained experimental results have beerpaad with numerical analysis. In
their experiment, the strain was measured arouaditicular cutout by strain measuring

system under the axial uniform compression loadiige numerical analysis was



performed by the commercial finite element code AlSSand the strain concentration
factor (SCF) was defined to investigate the stcaincentration around the circular cutout.
The SCF of the stainless steel cylindrical shethva stiffened cutout was decreased 39%
in experiment and 50% in numerical analysis. ThéS€ GFRP laminated composite

cylindrical shell was decreased 22% in experimedt2l% in numerical analysis

Many composite components in aerospace structueesnade of flat or curved panels
with co-cured or adhesively bonded frames and estdfs. Over the last decade a
consistent stepwise approach has been developezh wkes experiments to detect the
failure mechanism, computational stress analysietermine the location of first matrix
cracking and computational fracture mechanics teestigate the potential for
delamination growth [13]. According to Ronald Kreed13] description, testing of thin
skin stiffened panels designed for aircraft fuselagpplications has shown that bond
failure at the tip of the frame flange is an impott and very likely failure mode.
Debonding also occurs when a thin-gage composseldge panel is allowed to buckle in
service. A methodology based on fracture mechdrassproven useful for characterizing
the onset and growth of delamination in compos#dad has been used with limited
success to investigate delamination onset and diggin simple laboratory coupon type
specimens. Future acceptance of a fracture mechanathodology by industry and
certification authorities however, requires the cassful demonstration of the

methodology on structural level.

A computer method to model crack growth in commositaterial shell finite elements
undergoing large displacements and damage has dmetoped by Charoenphan al.
[19]. In the paper, they implemented a domain irgegnergy method for modeling crack
growth in composite material shell structures udimg finite element method. Volume
integral expressions to evaluate the dynamic enezfpase rate in a through-thickness
three-dimensional crack were derived. Using the alanmtegral, the energy release rate
computation was implemented in the DYNA3D explimain-linear dynamic finite element
analysis program wherein crack propagation was teddBy releasing the constraints
between initially constrained node pairs. The impmatation enabled the program to
either determine the energy resistance responsbdanaterial or predict the rate of crack
propagation in shell structures. The numerical anmg@ntation was verified by simulating
Mode | and Mode IlI slow crack growth problems ems-infinite transversely isotropic



media, for which analytic solutions were availabbscillations of energy following the
release of nodal constraints as the crack propsgatiscrete increments were suppressed

using light mass proportional damping and a moawneraging scheme.

The behavior of an axis-symmetrical circumferent@bck occurring in dissimilar
materials represents such a non planar problemhaadbeen investigated by Le al.
[21]. In their study an axis-symmetrical fiber-maatrcylindrical model with a
circumferential crack in the matrix of finite diatee was formulated within elastostatic
scope. The problem was considered by means of raltégansforms and a singular
integral equation with a dominant generalized Cguarnel was obtained. Following the
numerical solution technique developed by Erdo@amta and Cook, the singular integral
equation was reduced to a system of linear equatiBg solving the linear equations,
stress intensity factors associated with the ctangth and the material properties were
calculated and discussed. The solutions presentdteir study were found to be general,
including the solutions as special cases of theimbilation for a homogeneous solid

cylindrical bar and a thick-walled shell with antewcircumferential crack.

Jan Stegmann [23] has developed finite element doag#imization techniques for
laminated composite shell structures. The platf@mimplementation was the finite
element based analysis and design tool MUST (Mldttiglinary Synthesis Tool) and a
number of features have been added and updateds Wuludes an updated
implementation of finite elements for shell anatysools for investigation of nonlinear
effects in multilayered topology optimization andnavel framework called discrete

material optimization (DMO) for solving the matériayout and orientation problem.

A necessary tool for optimization was robust firelements and consequently, the finite
element library in MUST was extended with a newe#hnode element and an updated
four-node element. These were designated MITC3MHAWC4, respectively, since they
used mixed interpolation of tensorial componentstoid problems with shear locking.
The SHELLn family of standard isoparametric shelité elements in MUST has also
been updated for improved performance. All elemérige laminate and geometrically
nonlinear capabilities and tests showed that tinfoeance and computational efficiency

were very good.



In his work [23], geometrically nonlinear effectem@ investigated to determine if these
should be taken into account when designing for imasn stiffness of laminated
composite structures using structural optimizatié@cilities for nonlinear topology
optimization of multilayered shell structures wasplemented using a Newton-Raphson
scheme for the analysis, the adjoint variable nekfioo sensitivity analysis and the MMA
optimizer for solving the optimization problem. TB8MP method was used for layer-wise

stiffness scaling to allow material to be addedeonoved in specific layers.

Existing methods for solving for optimal materialiemtation and maximum stiffness
inherently suffer from problems with local optimahich inspired the development of
discrete material optimization (DMO), which was avel approach for simultaneous
solution for material distribution and orientatiofhe DMO method uses an element level
parameterization in a weighted sum formulation thlédwed the optimizer to choose a
single material from a set of pre-defined materdglpushing the weights to 0 and 1. As in
his work [23], the success of the method was tbeeefiependent on the optimizer’s
ability to push the weights to 0 and 1 and severighting schemes were implemented.
Numerical examples of his work indicated that thethnod was indeed able to solve the
combined material distribution and orientation peof. Furthermore, an industry related
design problem of a wind turbine blade main spas walved and the obtained results
were very encouraging. The DMO method thus showeomising potential for
application to problems of industrial relevance awdproblems with local optima could

be identified in the tested examples.

Anisotropy is an important characteristic of comosnaterials that must be taken into
account both in elastic and inelastic analysisjusiog damage. Continuum damage
mechanics (CDM) had important developments sineeirtitial works of Kachanov and
Rabotnov, and constitutes now a practical tool ¢cooant for macrocospic damage in
materials and structures [15]. Roberto and Guilteftb], has presented an application of
the anisotropic damage theory based in Murakamkwior his formulation, the fourth
order damage tensor (that related Cauchy and eiestress tensors) was determined on
the basis of the tensor (three-dimensional areaityeaf damage) that, in turn, can be
determined through experimental data. The analytioamulation has been set in
incremental form and implemented into a finite ed@mnprogram (for plates and shells
structure in composite material) taken in to actamirgeometrically non-linear effects. In



order to verify and validate the numerical modedmparisons with analytical and

experimental results for simple situations has @esented.

Composite laminates are now widely used in bothl @md military aircraft structures

leading to weight saving. However, study of thedyetr of such materials has shown that
they are more damage-sensitive than metallic nedgeispecially to delaminations due to
edge effects or low velocity impacts [17]. In hiaper, Yves Ousset [17], described a
numerical method to simulate delamination growtlhayered composite plates within the
framework of fracture mechanics. It was based enstéarch for the stationary points of
the total energy of the plate (the sum of the meeidah energy and the fracture energy
associated with the delamination growth). The tesgihon-linear problem was solved by
Newton’s method. The expressions for the first ardond derivatives of energy with

respect to a crack front displacement were deraealytically and numerical examples

were presented for DCB (double cantilever beamgispens loaded in Mode I.

The characteristic properties of shell element withilar shapes are used to generate a so-
called super element for the analysis of the cpaoklems for cylindrical pressure vessels.
The formulation is processed by matrix condensatihout the involvement of special
treatment. This method can deal with various siagiyl problems and it also presents
excellent results to crack problems for cylindrishkll. Specially, the knowledge of the
kind of singular order is not necessary in supement generation; it is very economical
in terms of computer memory and programming. Thegthod also exhibits versatility to

solve the problem of kinked crack at cylindricaéki18].

Storakerset al. [25] have carried out a theoretical study for poessive loading of a thin
circular embedded delamination located bellow andyical surface. The delaminated
member is subjected to nominally uniaxial and bedanbi axial loading with the main
objective to analyze its influence on surface ctumaspecially as regards imminent crack
growth. A finite element program earlier developed delaminated plates has been
generalized to apply also for shells and used terdene energy release rates and mode
intensities along the delaminated front. A paramstedy was made of the influence of
curvature of the delaminated shell in particulareggards initiation and stability of crack

growth.



Zheng-Ming Huang [26] in his paper focused on thémate flexural strength of a
polymer based composite cylinder subjected to endiccording to the paper the out
most filament of the cylinder subjected to the maxin bending stress failed the first. The
complexity, however, lied in the fact that the diad of this outmost filament generally did
not correspond to the ultimate failure. Additiof@dds can still be applied to the cylinder
and a progressive failure process will result. €aldvith such a problem in his paper, the
cylinder has been discretized into a number of harayers with different widths. The
bridging micromechanics model [Huang, Z. M., comgsspart A, 2001] combined with
the classical lamination theory has been appliedirtderstand the progressive failure
process generated in the cylinder. Only its comesiit fibore and matrix properties under
bending are necessary for this understanding aasomably good accuracy has been
achieved. However, the ultimate failure of the gl8r cannot be figured out only based
on a stress failure criterion, as one cannot kngwiai which ply failure corresponds to
the ultimate failure. An additional critical deftean (curvature) condition must be
employed also. By using both the stress and théed&n conditions, the estimated

ultimate strength of the cylinder agreed well vathexperimental measurement

Dynamic analysis of composite cylindrical shellss hattracted much attention of
researchers. A quick and accurate prediction ofadyo behavior of such cylindrical
shells is of very much interest to designers anpesmentalists alike. This normally
requires a comprehensive development of a matheahatiodel. Due to the complexity of
engineering characteristics of composite shell tsfpectures, analytical solutions cannot
be obtained in a straight forward manner. The dbfiéal quadrature method (DQM) is an
efficient numerical technique which transforms goweg equations of dynamic
equilibrium to a matrix form by using weighted mets. The DQM requires a small
amount of computer capacity and provides accuregalts. The DQM was successfully
employed in various structural problems [14]. Haéicari et al. [14] has presented a
solution to the free vibration problem of laminatiatous composite cylindrical shells.
The governing equations of dynamic equilibrium wdegived based on first order shear
deformation theory. These were then solved by usiegdifferential quadrature method
by taking two types of boundary conditions (simplypported and clamped free ends) for
a cylindrical shell. The results from the DQM sadatwere compared with some available
theoretical as well as experimental results. It whserved that there was a very good



agreement between the results from this methodtadorresponding ones found before

by various researchers.

Khdier [16] has developed analytical solutions I lynamic response of the classical,
first-order and third-order theories of cross-pgminated shallow shells for various
boundary conditions. The solutions of his work apelicable to laminated shells with two
opposite edges simply supported and the remainieg can have arbitrary combinations
of free, clamped and simply supported boundary tomd. A Levy type method in
conjunction with generalized modal approach, weseduto obtain these solutions. For
thick shells, the classical shell theory prediceflettions and stresses significantly
different from those of the third-order theory. Tiiérd-order theory and the first-order
theory results were very close to each other fepoase and normal stress. However, the
third-order theory did not require the use of slemarection factors as he concluded.

Hui-Shen Sheret al. [20] have presented post buckling analysis for aamsotropic
laminated cylindrical shell of finite length subjed to combined loading of axial
compression and torsion. The governing equatioe$ased on classical shell theory with
von Karman-Donnell-type of kinematics nonlinearggd including the extension-twist,
extension-flexural and flexural-twist couplings.€erhonlinear pre-buckling deformations
and initial geometric imperfections of the shellravdoth taken into account. A singular
perturbation technique was employed to determineractive buckling loads and post
buckling equilibrium paths. The numerical illustosis concern the post buckling response
of perfect and imperfect, anisotropic laminatedndfical shells for different values of
load-proportional parameters. The results showed tte post buckling characteristics
depend significantly upon the load-proportionalgmaeter. The results revealed that in
combined loading cases the post buckling equilibripath was unstable and the shell

structure was imperfection-sensitive.

Before 1992, substantial efforts have been devimel®veloping techniques and standards
for measuring fracture toughness and subcriticalclcrgrowth. These methods use
specimens containing two-dimensional (2-D), throtigh thickness flaws because of the
relative ease of fabrication and the availability awcepted analytical and numerical
solutions. However, many defects observed in practind often responsible for failures
or questions regarding structural integrity, amed¢hdimensional (3-D) surface flaws. The
efficiency of data generated from standard specsheemtaining 2-D defects in predicting
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crack growth behavior of 3-D flaws, including craicktiation, subcritical crack growth,

and unstable fracture, is a major concern [30].

Raju and Newman [8], in their paper presented strdgsnsity factor influence coefficients
for a wide range of semi-elliptical surface cracksthe inside or outside of an isotropic
cylinder. The crack surfaces were subjected to &itess distributions: uniform, linear,
guadratic, and cubic. These four solutions canupersmposed to obtain stress intensity
factor solutions for other stress distributions;tsas those caused by internal pressure and
by thermal shock. The results for internal pressueee given for the ratio of crack depth
to crack length ranged from 0.2 to 1; the ratiemaick depth to wall thickness ranged from
0.2 to 0.8; and the ratio of wall thickness to etsadius was 0.1 or 0.25. The stress
intensity factors were calculated by a three dinarad finite element method. The finite
element models employ singularity elements along ¢hack front and linear strain
element somewhere. The stress intensity factorse vesaluated from a nodal-force
method. The presented results were also comparethés analyses of surface cracks in
cylinders. Similarly Nishioka and Atluri [9], Ezzaind erdogan [10], and Newman and
Raju [11] had focused on the stress intensity fastdutions for internal and external

surface crack problems.

More recently Jiregna Hirko [6] in his work hasgetred at the carrying out of the stress
variation analysis of composite material cylindrishell. The analysis was performed by
studying the properties of composites, their arelaapplication, anisotropic elasticity
relations, fracture mechanics approach for comess#nd finally finite element method
application has been applied to investigate thesstdistribution at the crack tip in the
composite material shell. Moreover, mathematicatletiog and finite element simulation
of the cracked shell was performed and the problem at the end solved using ANSYS
finite element analysis package. Consequently, lieswere obtained in the post
processing stage of ANSYS. The main results obdiaimere the mode of stress and strain
variation, the profile of the cracked surface, dhd localized critical stress and strain
regions at the crack front which could be cold kled damaged zone. Ultimately, the
stress and strain variation, the crack propagasicieemes were compared to isotropic
material shell and he has drawn conclusion on tivarstages of composites compared to

conventional materials with regard to crack advamad.
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2.2 Motivation

The survey of literature highlighted that most loé tanalytical solutions are for infinite
length plate and for shells of uniform cutoutscalar or elliptical) and for each shape of
hole a new solution has to be derived all togetheis very difficult to find analytical
solutions for complicated shapes like surface @ackh composite material shell
structures. So the only alternative in such caseasia concluded from the review is finite
element method which can give good results forraéetyaof cracks, holes and ranges of
loadings. Even the application of the concept dcture mechanics approach to
anisotropic material structures is very limitedziaw of the complexity of the deformation

process.

Many of the works done by the various researchethe past to recent reveals that there
are some finite element and few analytical soltianailable for shells with holes and
rarely available for surface cracks on compositéens shells. Most of these solutions
deals with regular shapes of holes, for exampleular, elliptical, triangular etc. As the
strength of composite material is influenced byuanher of factors, these includes the
anisotropic and non-homogeneous nature of the raltethe mechanical incompatibility
of the constituent phases, the effect of interfdotading, the elastic and plastic behavior
of the matrices and the reinforcing materials, ttodume fraction of the component
materials, the direction of the applied loads,tswili be expected to have cracks in or on
the surface of these structures. Also the manufiactyprocesses or assembly can further
induce flaws or cracks in these structures. Hetiee researcher is motivated to analyze
the effect of surface crack (oriented both on maéand external of the shell surface) on
the stresses and strains distribution around tlaekcinduced in such material shell
structure by considering modern design conceptidraanechanics.
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CHAPTER THREE
BACKGROUND OF THE STUDY

3.1 COMPOSITE MATERIALS

3.1.1 Introduction to Composite Materials

The history of the development of modern compasitgerials can be dated back to the
early 1940s. It was in 1940 when fibreglass wast #Bmployed to reinforce plastics. The
first successful application was found in its us@ase radar domes, known as radomes, to
protect aircraft antennas. Glass-polyester radones used to replace the plywood and
canvas-urea domes. This type of fibrous compostaanhstrated excellent load-bearing
capacity, thermostability, and resistance to wedatge But, above all, it is their
‘transparency’ to electromagnetic waves that mdteEmt most desirable for housing
electronic equipment. Radomes made from fibreglesderced plastics have since been
widely deployed on ships and ground installati@ssyell as aircraft. The first fibreglass
boat was moulded in 1942. In the same year, lamsnat fibreglass with polyester resin
were produced. Then, in 1946, the United Statese@onent patented the first filament-
winding process [27].

Composite materials are those formed by combinmwg br more materials on a
macroscopic scale such that they have better emgmeproperties than the conventional
materials, for example, metals. Some of the praggethat can be improved by forming a
composite material are stiffness, strength, werghtction, corrosion resistance, thermal
properties, fatigue life, and wear resistance. Nhagh-made composite materials are made
from two materials: a reinforcement material calldsre and a base material, called
matrix material [24]. The function of the matrixtws support and protect the fibres and to
provide a means of distributing load among andstratting load between the fibres

3.1.2 Classification of composites
Composites are classified by the geometry of thefaeement; particulate, flake and

fibres, or by the type of matrix; polymer, metadramics and carbon.

Particulate composites consist of particles imneerse materials such as alloys and
ceramics. They are usually isotopic since the glagiare added randomly. Particulate
composites have the advantages such as improveshg8ir increased operating

temperature and oxidation resistance etc. Typicalmples include use of aluminum
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particles in rubber, silicon carbide particles lanainum, and gravel, sand and cement to

make concrete.

Flake composites consist of flat reinforcementsnatterials. Typical flake materials are
glass, mica, aluminum and silver. Flake compogit¥ide advantages such as high out-of
plane flexural modulus, higher strength, and lowtcblowever, flakes can not be oriented

easily and only a limited number of materials arailable for use.

Fibre composite consist of materials reinforced dlyort (discontinuous) or long
(continuous) fibre. Fibres are generally anisottopnd examples include carbon and
aramids. The fundamental units of continuous filnrix composite are unidirectional or

woven fibre laminas.

Polymer matrix composites

The most common advanced composites are polymeaixntaimposites (PMC). These
polymers consist of a polymer (example epoxy, psilge urethane) reinforced by thin
diameter fibres (graphite, aramids, boron, carbdRdr example, graphite epoxy
composites are approximately five times strongantsteel on a weight-for-weight basis.
The reasons why they are the most common composithsde their low cost, high

strength, and simple manufacturing principles. fiteen drawbacks of PMCs include low
operating temperatures, high coefficient of therraal moisture expansion, and low

elastic properties in certain directions

Metal matrix composites

Metal matrix composites (MMCs) as the name impliesje a metal matrix. Examples of
matrices in such composites include aluminum, msigne and titanium. Typical fibres

include carbon and silicon carbide. Metals are Igaieinforced to increase or decrease
their properties to suit the needs of the desigm. éxample, the elastic stiffness and
strength of metals can be increased while largdficmamts of thermal expansion and
thermal and electrical conductivities of metals cenreduced by the addition of fibres

such as silicon carbide

Ceramic Matrix Composites (CMC)
Ceramic Matrix Composites have a ceramic matribhsag alumina, calcium, aluminum
silicate reinforced by fibres such as carbon aridosi carbide. Advantages of CMCs

include high strength, hardness, high service teatpes, chemical inertness, and low
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density. However, ceramics by themselves have taetidre toughness. Under tensile or
impact loading, they fail catastrophically. Reirded ceramics with fibres, such as silicon
carbide or carbon, increases their fracture toughecause it causes gradual failure of
the composite. This combination of a fibre ceramatrix composite make more attractive
for application where both high mechanical progsrand extreme service temperatures

are desired.

Carbon-Carbon composites

Carbon-carbon composites use carbon fibers in dooarmatrix. Carbon-carbon
composites are used in very high temperature emviemts of up ta®000°F (3315%),
and are 20 times stronger and 30% lighter thanhggeafibers. Carbon by itself is brittle
and flaw sensitive like ceramics. Reinforcemenaafarbon matrix allows the composite
to fail gradually and also gives advantages suchbégy to withstand high temperatures,
low creep at high temperatures, low density, gaatsite and comprehensive strengths,
high fatigue resistance, high thermal conductiviasnd high coefficient of friction.
Drawbacks include high cost, low sheer strengtl, susceptibility to oxidations at high

temperatures.

3 ZZTEETEETS.

(a) Unidirectional

(¢) Discontinuous fiber

(d) Woven
Figure 3.1 Various types of fibre-reinforced conipokamina [24].

A lamina or ply is a typical sheet of composite enal. It represents a fundamental
building block. A fibre-reinforced lamina consisié many fibres embedded in a matrix
material, which can be a metal like aluminum, om@metal like a thermoset or
thermoplastic polymer. Often, coupling (chemicagats and fillers are added to improve

the bonding between fibres and matrix material iaccease toughness. The fibres can be
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continuous or discontinuous, woven, unidirectiobajrectional, or randomly distributed
(figure 3.1).

Figure 3.2 A laminate made up of lamina with diietr fibre orientation [24].

A laminate is a collection of lamina stacked to aehithe desired stiffness and thickness.
For example, unidirectional fibre-reinforced lamioan be stacked so that the fibres in
each lamina are oriented in the same or differeetction (figure 3.2). The sequence of
various orientations of a fibre-reinforced comped#yer in a laminate is termed the
lamination scheme or stacking sequence. The larersisually bonded together with the
same matrix material as that in a lamina. A unaiomal lamina (i.e., all lamina have the

same fibre orientation) will be very strong a loting fibre direction and weak in the

transverse direction.

3.1.3. Mechanical Behavior of Composite Materials

Today, composite materials are coming into pronueenFibre-reinforced composite

materials are uniquely useful because they carohstiicted in such a manner that they
have higher strength-to-density ratios or stiffasdensity ratios of any materials at
moderate temperatures and the fibres can be adigtegprovide minimum structural

weight for a given structural geometry and givestas of loads.

Composite materials have many characteristics #nat different from conventional
engineering materials. Some characteristics areelgnanodifications of conventional
behavior; others are totally new and require nealydical and experimental procedures.

Most common engineering materials are homogeneudissatropic.
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A homogeneous body has, uniform properties throughice., the properties are not a
function of position in the body. An isotropic botigs material properties that are the
same in every direction at a point in the body, itkke properties are not a function of
orientation at a point in the body. In contrastmposite materials are often both
inhomogeneous and non isotropic (orthotropic or,rangenerally, anisotropic). An

inhomogeneous body has non-uniform properties theibody, i.e., the properties are a

function of position in the body [3].

An orthotropic body has material, properties tha¢ alifferent in three mutually
perpendicular directions at a point in the body ,ahdther, have three mutually
perpendicular planes of material symmetry. Thug groperties are a function of
orientation at a point in the body. An anisotropmdy has material properties that are
different in all directions at a point in the bodyhere are no planes of material property

symmetry. Again, the properties are a functionrerdation at a point in the body.

Because of the inherent heterogeneous nature ofpasite materials, they are
conveniently studied from two points of view: miorechanics and macro mechanics.
Micromechanics - is the study of composite matdsehavior wherein the interaction of
the constituent materials is examined on a micnaiscacale. This is particularly
concerned with the composition of the compositebéir early fabrication process. Macro
mechanics - is the study of composite material biehavherein the material is presumed
homogeneous and the effects of the constituentrralstere detected, only as averaged

apparent properties of the composite.

Basic Assumptions
The basic assumptions made in material scienceoapprmodel of fibre reinforced
composites are [3]:
= The bond between fibres and matrix is perfect
= The fibres are continuous and parallally alignedeiach. They are packed
regularly; i.e. the space between fibres is uniform
= Fibre and matrix materials are linear elastic, th@iow approximately Hooke’s
law and each elastic model is constant.

= The composite is free of voids.
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How is a composite structure analyzed mechanically?

L1}

Fiber

Matrix

Micromechanics of
a lamina

l Macromechanics of a lamina

Homogeneous orthotropic
layer

l Macromechanics of a laminate

Analysis and design of laminated
structures

j,.r-_::.-ff_‘:,-" ..--""'

Structural element

Laminate

Figure 3.3 Schematic analysis of laminated comps$8g]

A composite material consists of two or more matsror constituents and hence the
analysis and design of such materials are diffefrem the conventional materials such as
steel. The approach followed to analyze the mechhbiehavior of a composite structure

is as given in figure 3.3.

First, find the average properties of a composyefom the individual properties of the
constituents’ properties including stiffness, styttrn and thermal and moisture expansion
coefficients. Note that the average properties daved by considering the ply to be
homogeneous. At this level, one can optimize fer shffness and strength requirements
of a lamina. This is called micromechanics of aitem
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Second, develop the stress-strain relationshi@fonidirectional or bidirectional lamina.
Loads may be applied along the principal directiohshe symmetry of a lamina or off-
axis. Also one can develop relationships for séiffs, thermal and moisture expansion
coefficients and strengths of angle plies. Failtiveories of a lamina are based on the
stress in the lamina and strength properties afrana. This is called Macro mechanics of

a lamina [3].

A structure made of composite materials is geneealaminate structure made of various
laminas stacked on top of each other. Knowing tlaerm mechanics of a lamina, it is
possible to develop the mechanics of a laminaté#fn&s, strength and thermal and
moisture expansion coefficients can be found ferwlnole laminate. Laminate failure is
based on stresses and application of failure tbeoiw each ply. This knowledge of
analysis of composites can then eventually formlthgis for the mechanical design of

structures made of composites.
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Figure 3.4 Load transfer and stress distributioa gingle fibre embedded in a matrix

material and subjected to an axial load [24].

The basic mechanism of load transfer between thexyand a fibre can be explained by
considering a bar of single fibre in a matrix mitefigure 3.4). The load transfer
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between the matrix material and fibre takes placeugh shear stress. When the applied
load is tensile, shear stresslevelops on the outer surface of the fibre, amaniagnitude
decreases from a high value at the end of the fibzero at a distance from the end. The
tensile stress in the fibre cross-section has the opposite tretadting from zero value at
the end of the fibre to the maximum at a distamoefthe end. The two stresses together
balance the applied load, P. The distance fromfride end to the point at which the
normal stress attains its maximum and shear stoesemes zero is known as the

characteristics distance. The pure tensile statgrages along the rest of the fibre.

When a compressive load is applied, the stressgeinegion of characteristic length are
reversed in sign; in the compressive region, iest of the fibre length, the fibre tends to
buckle, much like a wire subjected to compressbaall At this stage, the matrix provides
a lateral support to reduce the tendency of thre fib buckle (figure 3.4b). When a fibre is
broken, the load carried by the fibre is transi@tterough shear stress to the neighboring

two fibres (figure 3.4c), elevating the fibre axsaless level to a value of &5

Definition of stress

Stress is the intensity of force per unit areaufg3.5). It is given by

li P
aA=0 dA

(a)

o =

Where, P = P.i + P)j + Pk in its rectangular components

Definition of strain
Letu = u(x,y,z) is the displacement along the x-axis at a pGiny, z)
v = v(x,y,z) is the displacement along the y-axis at a poiny, z)

w = w(x,y,z)Iis the displacement along the z-axis at a poing, z)

And the corresponding strain components of the abaentioned displacements are
respectivelye,, €, and €,. Then we have the following relationship betweba strain

components and the corresponding displacements:

du v ow

€y = a,Ey: @,andexz E (b)
du Jv dw Jdu dw 0dv

A R P R T T A VA P ©
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Cross-gection

Figure 3.5 Forces on an infinitesimal area on tzepjane [3]

3.2 ANISOTROPIC ELASTICITY
3.2.1 Derivation of the Orthotropic Elasticity Tensor
The general elasticity equation can be written as

0ij = Cijki€r Lkl =xy,2) (3.1)
whereg;; is the second-order stress tensgy,is the second-order strain tens@fy, is the
fourth order elasticity tensor, angly, andz directions form a right-handed orthogonal co-

ordinate system. The stress and strain tensomsagtesymmetric, i.ex; = g;;, and

€xl — €k

The general equation (3.1) may be written as

Oxx C11 Ciz Ciz Gy (G5 Cyg] (exx\
Oyy Co1 Gz Gz Coy Cos G| | Eyy |
Ozz (31 C32 (33 (34 (35 C36 { €2z }
Txy Cai Caz Cuz Cuy Cus Cugl ) Vry
IkaZJ Cs1 Csy Cs3 Csy Css Cse kysz
Tyz Cs1 Coz Co3 Coa Cos Cogd \Vvz

(3.2)

It is seen that the symmetry of the stress andnstensor reduces the number of
components of the elasticity tensor in three-dirnera space from 81 to 36 components.

If the strain energy density functio,, exists, where
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1
W = Eo—l'jei]'

Such that

ow

3¢, = Cijki€r1 = 0j (3.3)

Then the independent components of elasticity teas® reduced to 21, since eqn. (3.3)

requires thatC;;,, = Cyy;;, or in the short hand notatiof;; = C;;. Eqn. (3.3) can be

written as:

Oxx €11 Ciz Ciz Gy Cis Cig (€

Oyy Caz Caz3 Gy (s (o6 | €Evy |

oz | C3z3 (34 (35 C36 { €22 }

|Txy | B Can Cas Cye ley | (3:4)
kaz 0 C55 CS6 kaZJ

Tyz C66 yyz

For materials having one plane of symmetry (momic)ithe elasticity tensor has the
following array, which involves 13 independent caments.
C11 Ciz Gz 0 O Ci6]

Oxx ( Exx \

O'yy sz C23 0 0 C26 | Eyy |

Ozz \ _ C;3 0 0 C36 €2z }
| Txy | B Ciy Cis O | Vxy | (3.5)
kaz ) 0 C55 0 ksz J

Tyz i C66- Vyz

Materials which have three mutually orthogonal pRiof elasticity symmetry are called
orthotropic (a short term for orthogonally anis@ia). For these orthotropic materials the
elasticity tensor is written as follows where it 3een that for an orthotropic, three
dimensional elastic body there are nine independamiponents. Hence nine independent

elastic properties must be determined.

(axx \ Ci1 G2 Gz 0 0 07 /€xx
| Oy | C, Cz3 0 0 0 ||€&yy
Ozz | _ C33 O 0 0 €27
Txy - C44_ O 0 YXy (36)
Txz 0 C55 0 Vxz
Tyz 666— Vyz
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Figure 3.6 A unidirectional lamina with the masi{local) coordinate system (1, 2, 3)

Unidirectional fibore composites can be regardedriisotropic materials which possess
three mutually orthogonal planes of symmetry. Theeations perpendicular to these
planes are called the material principal directions

In general, we can summarize the number of indegr@nelastic constants for various
types of materials

* Anisotropic: 21

* Monoclinic: 13

* Orthotropic: 9

» Transversely isotropic: 5

» Isotropic: 2

3.2.2 Reduction of the Constitutive Equation

For a three-dimensional body eqgn. (3.2) can betewitin compliance form and

equivocally expressed in 1-2-3 orthogonal Cartes@rdinate system as
(61 \ S11 S12 S1z S1a Sis S16] f0u

| €2 | S21 S22 S23 Saa S5 S| | 02
€3 #: S31 S32 S33 S3a Szs S36|) 03
Va3 Sa1 Saz Saz Ssa Sas Sse| | T23

ly31J Ss1 Ssz Ss3 Ssa Sss Sse |T31J
Y12 Se1 Se2 Se3 Sea Ses  Seed ‘P12

(3.7)

A unidirectional lamina falls under the orthotropnaterial category. If the lamina is thin
and does not carry any out-of-plane loads, oneasaame plane stress conditions for the
lamina. Therefore, taking eqn. (3.7) and inverseat. (3.6) and assumings, 7,3, and

T31 = O, then

€3 = S1301 + 52302,V23 = V31 =0
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The normal strail; is not an independent strain because it is a iumdf the other two
normal straing, and €,. Therefore, the normal straia; can be omitted from the stress-
strain relationship eqn. (3.7) or its inverse. Al shearing straing,; and y3,, can be
omitted because they are zero. Inverting Equat®6) (for an orthotropic plane stress
problem, it can then be written as

€1 S11 S12 O 01
{62 }: S21 S22 O {02} (3.8)
Y12 0 0 Sgel \l12

where S;; are the elements of the compliance matrix. Note four independent

compliance elements in the matrix.

Inverting eqn. (3.8) gives

01 Q1 Q12 O €1
{02 }: [Q21 Q2 O ] { €2 } (3.9
T12 0 0  Qgel V12

Where, Q;; are the reduced stiffness coefficients which aleted to the compliance
coefficients as

S11 Eyy
Qi1 = = (3.10)
1 511522 - 5-122 1 - V12V21
S12 Va1E1 Vi2E2;
Q, =0, = = — = (3.11)
12 21 S$11S522 — 5122 1—viavyr 1 —vyvy
S22 E3,
Qyy = — (3.12)
22 511522 - 5122 1 - V12V21
1
Qe6 = S_ = G2 (3.13)
66
where,

E;; = longitudinal young’s modulus (in direction 1)

E,, = transverse young’s modulus (in direction 2)

v, = Major poison’s ratio, where the general poisoaiso; v;; is defined as the ratio of
the negative of the normal strain in directignto the normal strain in directidii, when
the only normal load is applied in directigh

G, = in-plane shear modulus (in plane 1-2)

3.2.3 Hook’s Law for a Two-Dimensional Angle Lamina
Generally, a laminate does not consist only of weational lamina because of their low
stiffness and strength properties in the transvensetion. Therefore, in most laminates,
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some lamina is placed at an angle. It is thus macgsto develop the stress-strain

relationship for an angle lamina.

The coordinate system used for showing an anglenkams as given in figure 3.7. The
axes in the 1-2 coordinate systems are called dbal laxes or the material axes. The
direction 1 is parallel to the fibers and the di@t 2 is perpendicular to the fibers. The

axes in the x-y coordinate system are called tbbajlaxes or the off-axes.

The angle between the two axes is denoted by de @&nghe global and local stresses in

an angle lamina are related to each other througlamgle of the lamind.

01 O—x
{02 }:[T] { Ty } (3.14)
T12 Txy

where[T]is called the transformation matrix and is defiasd

m?  n? 2mn
[T] = ’ n?> m? —2mn (3.15)
—mn mn (m?—n?

m=cosO,n = sinf

Figure 3.7 Local and global axes of an angle larfzd&

Multiplying both sides of eqn. (3.14) §¥]71, and remembering th&f][T]~1 =[], then

Oy oy
gy }: [T]—l{az} (3.16)

T12

Txy

Substituting egn. (3.9) into eqn. (3.16) results in

Oy €1
{oy }: [T]~1[Q] { € } (3.17)

Txy Y12
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The global and local strains are also related tjindte transformation matrix

€1 €y
{62 } m{ey} @19
V12 )/xy

Finally substituting egn. (3.18) into (3.17) resulh the constitutive equations for a
generally orthotropic lamina, that is to say a lsancomposed of an orthotropic material in

which the geometric and material axes are not etigh + 0,90°,180°,270°)

Oy €y €y

{“y} = [T]1*[Q]IT] { €y }= [0] { fy} (3.19)

Txy yxy ny

where [Q]is the generally orthotropic lamina stiffness mativhose components are

given by

_ q11 QIZ g16

[Q] = 912 gzz 926 (3.20)
Ql6 QZ6 Q66

3.2.4 Stress-Strain Relationship in a Laminate
A lamina (also called a ply or layer) is a sindgk fayer of unidirectional fibers or woven
fibers arranged in a matrix. It is the building ¢koof a laminate. A laminate is a stack of
plies of composites. Each layer can be laid atovariorientations and can be made up of
different material systems. The stiffness, stremgiind hygrothermal properties of a
laminate will depend on:

» Elastic moduli

» The staking position

* Thickness

* Angle of orientation

» Coefficients of thermal expansion

» Coefficients of moisture expansion of each indiadamina

3.2.4.1 Laminate Code

Each layer in a laminate is identified by:
* lIts location in a laminate
* Its material

» Its angle of orientation with respect to refereages
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Each lamina is represented by the angle of ply seghrated from other plies by slash

sign. The first ply is the bottom of the laminate.

- l zii
| / : '} N = i ———————, YT
(o) ] a0 |
“—_7_‘{ ] | b == ]
, D / | h o b
[ —F~ 2 / = — 2
\ -y I-,_ Lo [
Y e ' — I\
I Cam N
T J | / e = T
= — o i
| Y ) } I\' I':[_'I') |. Il
\ 9 Can N )
B> - oo
| © ( ” 50 (
s 4 A
(@) (b)

Figure 3.8 Laminate Stacking Sequence, (a) a laminwdh general stacking sequence,

(b) a cross ply laminate withGand90° layers [24]

The lamination scheme of a laminate will be dendigda/g/y/ 8/¢/...], wherea the
orientation of the first plyf is the orientation of the second ply, and so gu(é 3.8(a)).
The plies are counted in the positive z direct{@0/0/90/0/90/90. ]. denotes the code for
the above (figure 3.8(b)) laminate. It consistsnofe plies, each of which has different
angle to the reference x-axis. A slash separatgs leanina. The above code also implies
that each ply is made of the same material anfitteecsame thickness.

3.2.4.2 Strain-Displacement Relationship
The following assumptions are made in the clasdmalination theory to develop the
relationships:

» Each lamina is orthotropic.

» Each lamina is homogeneous.

» Aline straight and perpendicular to the middlefate remains straight and

perpendicular to the middle surface during deforomgt,., = y,, = 0).

« The laminate is thin and is loaded only in its p@g = 7, = 7,, = 0).

» Displacements are continuous and small throughmukatminate

» Each lamina is elastic.

* No slip occurs between the lamina interfaces.
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At any point other than the mid-plane, the two @ispments in the x-y plane will depend
on the axial location of the point and the slop¢heflaminate mid-plane with the x and y-

directions. For example, as shown in figure 3.9

Mid-plane

R
z | % W
h/2 A L
x

)

L
20
f—
Cross-section Cross-section
before loading after loading

Figure 3.9 Relationship between mid-plane displa@mand curvatures [3]

u = u, — za, where, z-is the location from the mid-plane

_dw,
*= 0x
ou du, 0%w,
ax  ox  ox
ou du, 0%*w,
= =TI (3.21)
v _dy, 9*w, (322)
Y7oy "oy Ty '
ou dv Ju, OJv, 02w,
Yy = @‘I—a = 3y + o 2z dxdy (3.23)

From (3.21), (3.22) and (3.23) the strain displagenequation in matrix form becomes:

( 0u, [ 0%w, )
0x dx?

gx av, 92w,
yy =1 3y (T2 "5 | (3.24)
xy

6u+6v 3w,

\dy  0xJ \ " 0xdy )
mid-plane strain mid-plane curvature
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Laminate strain can be written as:

Ex Eg KX
{ey}= € +Z{Ky} (3.25)

Vxy ng Kxy

Equation (3.25) shows linear relation between s$ram the laminate to the curvatures of
the laminate. Where, z= the distance from the nfadigp of the point in the laminate
(figure 3.9).

3.2.4.3 Laminates of Composite Materials

Having formulated the constitutive relations forlamina composed of a generally
orthotropic material, egns. (3.19), and (3.20), tlest step is to derive the constitutive
relations accruing from bonding several laminasetogr, each with any general
orientation of material axes and composed of angnah system.

Substituting egn. (3.25) in to (3.19) we obtain

Oy t=1Q12 Q22 Que e?, +2(Qy, gzz 926 Ky (3.26)

{Ux} Q1 Q2 Q] (& Qi1 Qa2 §16 [Kx}
Q16 Q26 Qoo ng Q16 Q26 Qe

Tyy Ky

Where form = cos 8, n = sin8

Q:1=Q;m* + 2(Qq; + 2Qg)m?n? + Q,,n*

Q22= Qun* + 2(Q1z + 2Qge)m?n® + Qz,m*

Q12= (Qu1 + Q22 — 2Q12 — 2Qe6) M?n* + Qg (m* + n*)
Q16= (Q11 — Q12 — 2Qe) NM® + (Q1z — Q22 + 2Qg6) n°m
Q26= (Qu1 — Q12 — 2Qe) 0°m + (Q12 — Q22 + 2Qeg) N
A A

(a) (b)
Figure 3.10 Variation of strains and stresses tjindte layer and laminate thickness.

(a) Variation of a typical in plane strain. (b)éion of corresponding stress [24]
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Thus, if the middle surfaces displacements andatesal displacement are obtained, eqgn.
(3.26) is used to compute the stresses at anyidocat any of the lamina. The stresses

variation of eqn. (3.26) is shown in figure 3.10.

3.2.4.4 Loads related to mid plane strain and curvares

The mid-plane strains and shell curvatures in €825) are the unknowns for finding the
lamina strains and stresses. However, eqn. (31263 ¢he stresses in each lamina in terms
of these unknowns. The stresses in each laminabeantegrated through the laminate
thickness to give resultant forces and momentsyplied forces and moments) as shown
in figure 3.11. The forces and moments applied langinate will be known, so the mid-
plane strains and shell curvatures can then bedfolims relationship between the applied

loads and the mid-plane strains and curvaturesvsldped in this section.

Figure 3.11 Resultant forces and moments on a Eeii24]

Consider a laminate made of ‘n’ plies shown in f@B.12, each ply has a thicknesg,of

then the total thickness of the lamindteis:

n
h= Z t (3.27)
k=1
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Then, the location of the mid-plane hAg2 from the top or the bottom surface of the
laminate. The z-axis is taken positive upward fthemid-plane. Th&®" layer is located
between the pointg = z, andz = z,,; in the thickness direction. The top surface and

bottom surfaces are represented each Byh/2 and—h/2 respectively.

Figure 3.12 Coordinate system and layer numbersegl dior a typical laminate plate [24]

Integrating the global stresses in each lamina tjieeresultant forces per unit length in x-
y plane through the laminate thickness.

N, = fhaxdz (3.28)
2
h

N, = fhaydz (3.29)
2
h
2

Ny, = fhrxydz (3.30)

where,N,, N,, - normal forces per unit length.
N,, - shear force per unit length

h/2 - half thickness of the laminate

Similarly, the resultant moment will be (x-y plane)
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2
M, = fhaxzd (3.31)

h
2

M, = jhayzdz (3.32)
h
2

M,, = thxyZdZ (3.33)

where M,, M,, - bending moments per unit length.

M

xy» - twisting moment per unit length

From eqgns. (3.28) through (3.33) for a laminate lmamvritten in a matrix form

f [ ] dz (3.34)

= ih [0; ] zdz (3.35)

N
| Nxy
[ M,
M,
| My

However, for a laminated plate the stresses tleatrdegrated across the thickness of the
plate or shell are the sum of the stresses acrasls kEamina, or, the in-plane stress
resultants can be written as using eqn. (3.26). [24]

Ny

Ny [ ]dz

ny k Thy_,

Q11 Qi Qi (& ] n MIMQy; Qi Que {Kx

zn: j[Qu Q22 Qus Eg sz+z j 912 922 §26 Ky} zdz (3.36)

k=1n,_,|1Q16 Q26 Qes Yxy k=1ne_; [LQ16 Q26 Qse

Similarly

M, M Oy n Q g
My | = Z [ay ] zdz = z f Q12 Q2 Qg e?, zdz +
k=1hj_,

Qs Qz6 Qoel \vzy

S ——

n_ M §11 §12 616 X
Z f (_212 Q22 Qze{ }szz (3.37)
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However, since mid-plane straja®] and mid-plane curvaturg] are not functions of

and within each laminfQ], is not a function of, egns. (3.36), and (3.37) can be written
as

N, n
N, Z[ j dz (€] + 1 Qe j dz L[] (3.38)
-ny hi—1 k=1 hg—1
[ M, n n
M,, ZQ]k jzdz [e°] + ZQ]R j z%dz } [] (3.39)
_Mxy k=1 hyg—1 k=1 hyg—1
Or finally
[ Ny A1 Az Age] & Bi1 Bz Bie] (%
Ny | =142 Az Ap|{ €y ¢ +|Biz Baz Bas {Ky} (3.40)
N. Ag Aze Agel Yy |Bis Bas Beel \Kxy
[ My Bi1 Biz  Big] & D11 D1z Dig](¥x
My | =|Bi; By B G?f +|D12 D2z Dye {KY} (3.41)
M Bis By Beel Yy 1Dig Dye Degl Kxy
Where
n
[(Qu)] (hie = hi—1) i,j =126 (3.42)
k=
1 n
By =5 ) [(@y)], (0% — 3 ij =126 (3.43)
k=1
1 n
Dij 52[(‘211)] (hic = hie—1) i,j=126 (3.44)
k=1

The [A], [B], and [D] matrices are called the exdegmal, coupling, and bending stiffness

matrices, respectively. Combining eqgns. (3.40) dB8d41) gives six simultaneous
eguations and six unknowns.

[ Nx ] [A11 A1z Ae Bir Biz Bie] /eg\
NJ’ A, Ayy Aze Biz By By
N, |
M, Bi1 Biz2 Big D11 Diz Dig Ky |
M, Biz By Bys D1z Dyy Dyg Ky/
| My | [Big Bz Bes Dig Dzs  Deg

<
e
jury
o))
o
[\*]
o)}
o
[«
o)}
o]
iy
o))
)
N
o))
o
[«
o)}
-<
X O
<

(3.45)
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The extensional stiffness matrix [A] relates theufeant in-plane forces to the in-plane
strains, and the bending stiffness matrix [D] metathe resultant bending moments to the
plate curvatures. The coupling stiffness matrix ¢Bliples the force and moment terms to
the mid-plane strains and mid-plane curvatures. E345) will be used later in the

modeling of the shell structure.

3.2.4.5 Special types laminates
There are variety types of special laminates liwammetric laminates, cross-ply laminates,
angle-ply laminates, anti-symmetric laminates, &adbnced laminates. From now on

wards cross-ply laminates will be used.

Cross-Ply Laminates

A laminate is called a cross-ply laminate (alsdechlaminates with specially orthotropic
layers) if only 0 and 90° plies were used to makanainate. An example of a cross-ply
laminate is a [0/90/0/90/@@minate:

For cross-ply laminates, 14 0, A= 0, Big= 0, B;g= 0, Dig = 0, and D = 0. Thus, eqn.
(3.45) can be written as

A1y A1z 0 Byy Bz 07 {62\‘

=
ke

A22 0 BlZ BZZ 0

ny — 0 0 A66 0 O BG6 ygy (3 46)
Mx Bll BlZ 0 D11 D12 0 Kx .
My BlZ BZZ 0 D12 D22 0 K

=
<
o

ny

In these cases, decoupling occurs between the hardashear forces, as well as between
the bending and twisting moments. If a cross-piyitate is also symmetric, then in
addition to the preceding uncoupling, the couphmatrix [B;;] = 0 and no coupling takes

place between the force and moment terms.

3.2.4.6 Failure Condition of Laminates

Like any isotropic materials there are differentui@ conditions for laminates. Some of
these are maximum normal stress theory of failuoe, misses theory of failure, normal
strain theory of failure and others. These failuomditions are customized to predict

failures of composite structures.
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The Tsai-Hill failure theory is derived from the rvdVisses distortional energy yield
criterion for isotropic materials but is appliedanisotropic materials with the appropriate
modifications. In this theory, failure is assumedotcur whenever the distortional yield
energy equals or exceeds a certain value relatatietstrength of the lamina. In this

theory, there is no distinction between the tereilé compressive strengths [22].

The Tsai-Hill failure theory is written mathematiggor the lamina as follows:

2 2 2
01 0103 03 T12
— + <1 (3.47)
(6)? (6f)?  (65)?  (1,)?
where,

04, 0, -Isthe applied stress in the principal directioand 2 respectively
of, o5 - is the ultimate tensile strength in the Printitieection 1 and 2 respectively
T12 - IS the applied shear stress in plane 1-2

1, - is the ultimate shear strength in plane 1-2

3.3 SURFACE CRACKS

3.3.1 Introduction to Surface Crack

In recent years the increasing use of compositeplia many engineering structures and
specially in the aero-space industry has broughth@oneed for more intensive stress
analysis of anisotropic materials. Up to 1986 nopletely analytical solution of the
related failure problems has been available duthe@oinherent difficulties involving the
stress analysis and material characterization.dnynrtases the failure is attributed to the
growth of cracks or crack-like flaws which existtime structure. During the 1970’s and
1980’s many investigators have studied the strieds & the immediate neighborhood of
the crack tip since the local fracture of a struetappears to be governed mainly by this
stress field. The singular behavior of the stréagesear the crack-tip as characterized by
the stress intensity factor depends on the magmitofl the external loads, the
configuration of the body including the crack sa®l shape, and the material properties.
Problems of a surface crack in a structural compbndich may locally be represented
by "plate" or "shell' have long attracted the atiam of investigators who have been
interested in fracture mechanics. In the mentiothechdes there has been some renewed
interest in the line-spring model, (which was arally developed by Rice) for solving

surface crack problems in plates and shells [28].
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3.3.2 A Surface Crack Review: Elastic and Elastic{Bstic Behavior

The scope of mechanics and material behavior phenomrelevant to a discussion of
fracture in general, or surface cracks in particuka too broad to review in this thesis,
however, it is possible to survey major developmeint both the analysis and the

experimental characterization of surface flaws.

In discussing analytical aspects of the surfacekgnae are immediately struck by the fact
that the geometrical complexity of three dimensials but precludes closed-form
continuum analysis, so that computational or aredyttools become the means for
constructing solutions. The array of such toolswadl as their adaptability, power, and

precision, has vastly expanded in the 1990’s [30].

The major use to which these tools have been pilteigjuantification of asymptotically
dominant crack-front stress and deformation fieldshe context of the surface crack, this
includes, for example, the variation of crack fretress intensity factors; (s), K;;(s), and
K;;;(s) of linear-elastic fracture mechanics (LEFM), ahd f integral variationJ(s), in
nonlinear elastic fracture mechanics (NLEFM) fomsjustationary crack fronts. If such
single parameter asymptotic characterizations Hgtdaminate the complete near crack
front fields (including the zone of operative mitewture processes) in a surface cracked
geometry, then crack growth exhibited in the swefa@ack may be expected to be similar
to that obtained in, for example, a through cracked dimensional (2-D) laboratory
specimens of the same material loaded to the sammenent asymptotic field strength.
Indeed, such correlations form the practical basfisnearly all fracture mechanics

approaches.

At least three important caveats regarding thefjcgtion of dominant singularity based
cracking correlations between through crack andasarcrack configurations should be
noted. First, the notion of maintaining single paeder dominance of the crack tip fields
driving microstructural fracture processes suclv@ad growth and cleavage is somewhat
fuzzily defined. For example, it is difficult to swer precisely the question, when is the
plastic zone too large to use LEFM? Careful intetqtion of information generated by
experimental and analytical studies of the surfaeek can, however, provide guidance as
to inherent parametric limits of applicability obmhinant singularity approaches. Second,
the gradients in deformation intensity along thdase crack fronts are often substantially

greater than in nominally 2-D through crack geomstrThis feature can stabilize the
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process of cracking. Finally, it is implicitly aseed in fracture mechanics based
correlation of cracking that there are similar iositions of operable fracture process sites

along respective crack fronts.

Analytical/Computational tools

Three classes of analytical/computational tools sen as having major or potentially
major impact on the understanding of the mechaoicsurface cracks. These are
identified as dealing with linear elasticity, witlirtual crack extension formulations for
J evaluation, and with the development of simplifietbdels. Each class of tool is

reviewed.

Linear Elastic Fracture Mechanics

Many conceptual aspects of fracture mechanics @marmon to linear elastic, as well as
nonlinear material behavior, so analytical procedubased on them are likewise
independent of material behavior. On the other hapécial properties of solutions in
linear elasticity, such as superposition, can b@agbed effectively by specially tailored
tools. In view of the overwhelming preponderance ealative importance of linear elastic
behavior in engineering aspects of surface cras&geral specialized approaches have
been developed.

The task of engineering stress analysis in LEFNbigvaluate numericallk;(s) [and

K, (s), K;;;(s) if present] for a given body containing crack(§aagiven shape and size,
subject to various loadings. There are many metHodbtaining such calibrations.

While exact elasticity solutions have been obtaifed many configurations, the

complexity of 3-D surface crack geometries has ireguthe use of numerical methods
such as singular integral equations, boundary rateguations, finite differences and the
finite element method.

Singular Integral Formulations- A powerful tool 4D elastic crack analysis is based on
the representation of a crack by a continuousiligion of dislocations. The technique
can be notionally appreciated by considering thenopg profile of a crack along the axis
as approximated by a finite element number of ape@nd closing) steps. An important
limitation of such techniques, however, has beemn diificulty associated with finite

boundaries (other than the cracks themselves).
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Virtual crack extension and domain integrals

One of the most broadly applicable and widely usechputational tools in fracture
mechanics analysis is based on virtual perturbstairthe crack front. This approach has
permitted very accurate evaluations/@f) to be obtained in 3-D configurations such as

surface cracks while using relatively coarse diszagons.

Simplified Models

The geometric and parametric complexities of sarfarack problems remain as
formidable obstacles for exact continuum soluti@wen if they are obtained with the aid
of powerful computers executing sophisticated ca@mpanal algorithms. In engineering
practice, there is great need for simplified meateamodels of surface crack behavior
which approximately account for major observed Ues#. However, the scope and
guantitative effects of the assumptions made irsitanting a simplified model may be
difficult to determine a priori. There is also deraent of style to modeling: one person’s

model may be another’s empirical correlation.

If we bear these points in mind, attention is laditto two classes of simplified models
which have had great impact on the understandingudiace crack behavior: the line
spring and the plastic hinge idealizations of plarbugh circumferentially cracked pipes

in bending.

Line-spring analysis of surface cracked shells

Part-through cracks in plates and shells are anontapt class of surface crack
configurations encountered in engineering practihough detailed 3-D analysis of
these problems (using, for example, the VCE metiwog@pssible, such detailed modeling
generally requires extensive computational time @ugially important) large amounts of
data preparation in the form of mesh generationiapdt deck creation. Some time ago,
Rice and Levy [31] introduced a simplified line-sr model for approximate analysis of
such problems, which Parks and coworkers and otters recently applied and extended.
In generalK and] results from the solutions compare favorably (s@thin ~10% or so)
with results of detailed continuum solutions, bytitally involve one to two orders of

magnitude less computer and data preparation time.

Consider the surface cracked plate of thickrtesisown schematically in figure 3.13. The

presence of the surface crack introduces an additmompliance into the structure which
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is accounted for in the model by introducing a ristted foundation along the cut of
length equal to the surface projecti@a, of the surface crack. In symmetric structures, th
generalized shell resultants which the foundatiandmits are a momen and a
membrane forcéV per unit length. Work-conjugate variables aretretaseparationg,
and relative rotationd, of the two sides of the model through-crack. Thenpliance of
the distributed foundation at any positisralong the cut depends on local crack depth,
a(s), at that point. More precisely, the foundation pliance ats is equated to the

cracked compliance of a single-edge notched (SBBgisien of the same material having

thickness and crack depth equal toa(s), and subject to combined tension and bending.

/Ié
%

Figure 3.13 Schematic cross section of a surfamekarith varying depth aoi(x) and

projected lengtl2c in a shell of thickness[30]

Let the force variables(N,M) be denoted byQ,,a =12 and work-conjugate
displacement (§,0) = q,. Total and incremental displacements are additivel

decomposed into elastic and plastic parts

do = q5 + 95 (3.48)
and
dq, = dqé + dqb (3.49)

The assumed stress intensity factor calibratiothef SEN specimen under tension and

bending is

N 6M
m=7mxhﬂ@m+?ﬂﬂ%ﬂ (3.50)
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Approximate formulae for the functidfy, can be obtained, for example from Tatial.
[32]. For elastic response, the line-spring hasnbgeneralized to include mixed mode
loading on a surface crack [32]. Within the contekithe line-springK;; loading of a
surface cracked shell is due to the transverser $beze IV, which is generally relatively
small compared to typical membrane forces. MEggloading of the line-spring is caused

by both the membrane shear foz@and the twisting moment,, in the shell.

3.3.3 The Surface Crack Problem in an Orthotropic Rate under Bending and

Tension

In their study [28] the elasticity problem for axfinite orthotropic flat plate containing a

series of through and part-through cracks and stdgjeto bending and tension loads has
been considered. The problem was formulated byguRigissner’s plate bending theory
and considering three dimensional material orthptra he line-spring model developed

by Rice and Levy [31] has been used to formulagestirface crack problem in which a

total of nine material constants have been usede Heas presented their formulation to

determine the stress intensity factor for surfacaclc problems in plates and shells

subjected to bending and tension.

3.3.3.1 The Governing Equations for an OrthotropidPlate under Bending and

Tension

In this section a brief derivation of the fundanargéquations for an orthotropic plate
under bending and in-plane stretching is given. piteblem of bending and the problem
of in-plane loading are uncoupled. The materialhef plate is assumed to be orthotropic
with principal axes or orthotropy parallel to theocdinate axes. Thus the strain-stress

relations may be expressed as

€Exx S11 S12 Si3 0 0 0 7 (O_xx\
€yy S21 S22 Sa3 0 0 0 | Oy |
GZZ _ 531 532 533 0 0 O O-ZZ
€Exz 0O 0 O 0 555 0 Oxz
Exy L 0 0 0 0 0 Sgel \Oxy

where the quantitie$;; characterize elastic properties of the plate radter

The plate under bending
The bending problem is based on the Reissner’'s phatory [34]. Consider a thin elastic

plate bounded by the planes= + h/2. The resultant forces are shown in figure 3.14,
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where M;;, and V;; (i,j = x,y) are respectively the moment and transverse shear

resultants.

4

W

MW
X

Figure 3.14 Notation for moment and transverserstesaltants

The equilibrium equations may be expressed as
oM, N M,

% ay V. =0 (3.52)
oM, OM,,
W-I- ) —Vy—O (3.53)
v, M,
— — = . 4
I + 3y +q (3.54)
and, in terms of the moment and shear resultdrgssttess components are given by

_ M,z _ M,z _ My z
T =120 T he 12 % T he 12

3V, 472 3V, 472

“xz=ﬁl‘ﬁl'“yz=ﬁ[1‘?' (3.55)

Ozz = 7 |57~ 53375

_3q[2z 8z° 2
4 |h 3h3 3

The displacement fields assumed are [29]:

u(x,y,z) = u(x,y) + 29 (x,y)

v(x,y,2) =v°(x,y) + z9,(x,y) (3.56)
w=w’(x,y)

where u,v, and w are the displacement components in ther and z directions

respectivelyu®, v° are the displacement componentsximnd y directions of reference
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plane £ = 0) andg, and¢g, are the rotations of the sectionsxof constant ang/ =

constant.

Also, the following relations between some averagdues w, @, and ¢, and the
displacements?, v° andw? are introduced in accordance with the balancéefwork

done by the resultant forces on the average vale@sy the corresponding stresses on the
actual displacements

vz

o[1 -]

_6 f I p (3.57)
Px =13 _zuh/ZZ .
h
6 ("2 z 4
(py = ﬁ_f_% V m Z
From egn. (3.51) and the strain-displacement aeiatit follows that:
(- 0u, )
0x
av,
(Exx ) oy [S11 S12 S13 0 0 0 7 (Oxx
| €vy | 0w, S21 S22 S23 0 0 O Oyy
Ezz}_ 0z _ 1831 S32 S33 0 0 0 Ozz
4 €yz [ \ dw, dv, (= 0 0 0 Sy O 0 Oyz (3.58)
{%J gy | oz 000 O Si O {ze)'
€xy ou, 0dw, 0 0 0 0 0 Seel \Oxy
0z d0x
du, 0dv,
\dy  0x )

If we now solve eqn. (3.58) far;; (i,j =

X,V,z), substitute into egn. (3.55), integratezin

and use eqn. (3.57) we obtain:

h3 d, 6q
M, = 12 [522511 512512 [(522 ox —S12—5 dy + (512523 — 522513)§]’
h3 ~ dp, 0,
My [522511 512512] [(511 dy —Son—5 ox + (812813 — 523511) ] (3.59)
6(p 8<p ow 6V, ow 6V,
1 d -
( 66) ( ax '(px a +555 Sh '(py ay 544 Sh
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Technically egns. (3.52-3.54) and (3.59) would gitie complete formulation of the
problem, the eight equations accounting for théhteigariables,M,, M,, M,,, V;, 1,
¢x, @y andw. Eliminating first, ¢, and ¢, then M,, M,,, and M,,,, and assuming = 0,
we obtain the system of equations governing thellstedlection of elastic orthotropic
plates as follows:

Vex +Vyy =0,

Vi + A1Veux + A2Viyy — AsWixx — AgWyyx = 0, (3.60)

Vy + AsVyxx + A6V yy = A7Waxy — AgWyyy =0,

where thed; are constants defined in the appendix of [28]. fidmaining unknowns can

be obtained from

6555 6544
Ox=Wat gl 0y =Wyt gl (3.61)
h3 hZ
M, = 12 (SZZWxx SlZWyy) + (522555 5125‘44)]&“
h hZ
My =——— ——(S11Wyy — S12Wrx) + 7o (11844 = S12S55)Vy (3.62)
h3 h2
May = = Tos War + o, (Sssly = Sualya)

Whel’eK = 511522 - 512512

Note that since the basic system of eqn. (3.6@)jxth order, three conditions must be

prescribed on the boundary of the plate.

Following [35], to simplify this bending problems&ress functior¥ (x, y) is introduced as

follows:
w =y + A Fxxy + AzFyyy
Vi = AsExxxy + A4Exyyy (3.63)

VS/ = _A3Exxxx - A4Exxyy

Then eqgn. (3.60) are identically satisfied providlee stress functiof (x, y) satisfies the
following equation:

0*F 0*F 0*F 0°F 0°F d°F 0°F

Bi=—F+B,=—=—+B3;=—+B,=—F+Bs——+8B B =0
16x4+ 26x26y2+ 36y4+ 4axf’-l_ 56x46y2+ 66x26y4+ 7 9y®

(3.64)

where theB; are known constants defined in the appendix of [28
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Eqgn. (3.64) is called the fundamental equatiois &ssentially a special case of that given
in [35]

In-plane stretching problem
Beginning with the usual plane stress assumption

Ozz = Ozx = Ozy = 0

We define the Airy stress functieh(x, y) as follows:

02d 02D 0%2d
Txx = dy? 1Oyy T gy Oy T 0xdy

Along with the stress-strain relation eqn. (3.5tt)¢ compatibility condition for an
orthotropic plate may be expressed as:
0*d 0*d 0*d

pp 261a P 2+sz 3y (3.65)
where,
o = See S o Suy

The fourth order differential egn. (3.65) is subjectwo conditions on the plate boundary.

As we know, the solutions satisfying eqn. (3.65¢ldithe following characteristic

equation

m*+2Cm?+C: =0 (3.65a)
The roots of egn. (3.65) are

my =q, +iq;

my = qs +iq, (3.65b)
mg = —my, My = —M,

wherem; andm, are both real or complex conjugates. The matesialeifined as type 1

when both roots are real and as type 2 when theeganplex conjugates.

Egns. (3.64) and (3.65) give the governing equation an orthotropic plate subjected to

bending and in-plane stretching.

3.3.3.2 The line-spring model for surface crack
The most general description of the line-spring eta@dgtroduced in [31] has been given in
[36]. In a plate containing a part-through crackl aubjected to membrane and bending
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loads, the net ligament (the uncracked portionumdothe crack would generally have a
constraining effect on the crack surface displaggni®y approximately representing the
net-ligament stress as a membrane IBaahd a bending momeit and the crack surface
displacement due t& andM as an opening and a rotatiorf, the three-dimensional
crack problem could be reduced to a two-dimensiaoalpled bending-membrane plate
problem. Furthermore, assuming that the relatigndletween(N, M) and (6 ,6)may be
found through the plane strain results obtainethftbe solution of an edge-notched strip,
the pair of functions(§,0) and (N, M), then, are determined from the corresponding
mixed boundary value problem for a plate havingraugh crack in whictv andM are

treated as unknown crack surface loads.

N
v M
=

fh
|
I .
.Mm/“-.\ é I,: /F_\'Mm
- | h/‘-n | o — > - 4—
I| - - £ |""'_
I F
i
|| e
JJ P A \]L/M
: L / N

(a) (&)
Figure 3.15 Notation for the part-through surfaack [28]
Let the stress intensity factor for the plane stgaibblem in figure 3.15 be given as
K(8) = Vh[0:9:(8) + 0,9 (5)] (3.66)
§) =L)/h (3.67)
where functiong, (§) and g,(6) are called the shape functions for tension andlibgn

respectively and given as:

n n
g.(8) = V7o Z AT, 526D g, (§) = V78 z AB, 52D (3.68)
i=1 i=1

The coefficientsAT; and AB; can be found by applying a suitable curve fitthogthe
results obtained from [37] which are valid for< L,/h < 0.8.
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The strain energy release r&tein an orthotropic medium may be obtained as:

G, = K2 ( = K21/, (3.69)

1 1 1,
b11b22> 2 <@) 2 + 2by, + beg

where

K; is the stress intensity factor and the elastictantsh;; are given by (see eqn. (3.51))

b11 — S33522 - SZ3 ;bzz — 511522 - 512512 ;blz — 855; b11 — 513522 - 512523
522 522 522
-1
-1 1 /2

Uy = <b11b22) /2 (b£> /2 + 2b1; + bee (3.70)

3 2 b1 2by4 '
Also, the energy available for fracture can be egped as:
G—a(U V)—l(N86+M60) 3.71

7oL 2\ 4L L (3.71)
Combining now eqgn. (3.69) and (3.71) and usinggBvée obtain:

1 1 d d (h?0
. (0?2 g¢ + 20.0p808 + 05 95) = > [Uta(fus) + 0y E(T)l (3.72)
From eqn. (3.72) it can be shown that
h 1 1
—0 = 2h— (app0p + ap0;), 6 = 2h— (ap0p + A 0;) (3.73)
6 U3 U3
whereq;; are the compliance coefficients and are given by

1 L
0
Defining new unknown functiong, and G, [28] as
0

G1(y) = @fpx(O, y) — 00 <y < 400 (3.75a)
G()—a 0%, y) 3.75b

2y) =5 ul0%y (3.75b)
From egn. (3.75a) and (3.75b) it may be seen that

y y

0 =2¢,(0,y) = zf G, ()dt, &§=2u(0,y) = zf G,(t) dt (3.76)

ai ai

wherea; (i = 1, ...,n) defines the crack alongaxis for collinear cracks
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Solving eqn. (3.73) fo#, ando;, and substituting from (3.76), we obtain

h? h? y h y
My, =—op = li3 _Vbbf G, () dt + —thf G,(t) dt (3.77a)
6 367, 6" ),
h y y
Ny = hop = i3 [g)/tbf G, () dt + )/ttj G2(6) dtl (3.77b)
a; a;
_ dbp _ e __ _du
A= ap, e — ap,” (3.78)

As seen from eqn. (3.77) in the surface crack grmbihe integral equation for bending
and tension are coupled. One should keep in miatkth, consequently;;, are functions

of L(y)/y and that.(y) describes the surface crack profile

As an example let us now consider a plate contgimnisingle surface crack, as shown in
figure 3.15. By using this model, the crack mayassumed to be a through crack of
length 2a and the constraint caused by the nehkga may be accounted for by applying
the membrane and bending resultavfy) andM (y) on the crack surfaces. One may note
that these net ligament stresses tend to preventritk face from opening and rotating.
The mixed boundary condition and the integral equatgiven in [28] may be expressed

as:

My (0,y) =G () +M(y), —-a<y<a (3.79a)

@x(0,y) =0 lyl > a (3.79b)

and

Nex(0,y) = G,(y) + N(y), —a<y<a (3.80a)

u(0,y) =0 lyl > a (3.80Db)
ar q

m| = roo]a@d=po +Mo), > a (381)
ar q

i (Sleod=rno+no  pi<a (382)

wherey,, y, are material constantg, (y), p,(y) andk(y,t) are defined in [28]
M(y),N(y) are defined in eqn. (3.77)

Single Surface Cracks
Referring to figure 3.15, assuming the plate subpdo the uniform bending/ and

tensionN ® and introducing the following change in variables
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T—é —a<(ty)<a
5=§ 1< (@8 <1 (3.83)
Gi(t) = gi(v) (i=12)

k(y,t) = k1(8,7)

From eqgn. (3.81-3.82) and using (3.77), we obtain:

h? 1) 1 1 i 5
U3 %Vbbaf g1(mdt — iy f [m + ak, (6, T)] g1(D)dt + 3 g]’btaf g2(r) dr
-1 -1 -1
=M® (3.84a)
h 1) 1 1 )
U3 g]’tba f_191(7) dt — u, f_lm‘%(ﬂ dt + uzysa f_lgz(f) dt =N° (3.84b)

Egn. (3.84) may be solved numerically. The two mosinmonly known numerical
methods for solving such singular integral equaticsre quadrature method and
collocation method [29]

After solving eqn. (3.84) fog, andg, the stress and moment resultaMt§y), N(y) may
be obtained from eqn. (3.77), and the stress intefector K (y) along the crack front is
then determined from eqgn. (3.66).
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CHAPTER FOUR
MODELING OF THE CYLINDERICAL SHELL STRUCTURE
4.1 Mathematical Modeling
Mathematical modeling is the activity devoted te #tudy of the simulation of physical
phenomena by computational processes. The godieofmathematical simulation is to
predict the behavior of some product within its iemvment. Mathematical modeling

subsumes a number of activities, as illustratetiguye 4.1.

Quantitative Quantitative
Numeric Modsi —
Solution Results
Numerlc Numerie
Modeling interpretation
mbolic Modet R anse
Analytic Model d T .
Solution
Physical
Fhysical Int i
Maodeling S

Physical
Response

Physical
Structure

Figure 4.1 Mathematical Modeling Processes [38]

The mathematical modeling activities presenteduithelmodel generation, interpretation
of numerical results, and development and contr@lumerical algorithms as a series of
interrelated activities.

All mechanical models are characterized mathemibtitey very complex expressions,
many of which, until the advent of electronic corgtion, stood outside the reach of the
scientific and engineering communities. Recentiyg tomputer has made it possible to
solve many problems of mechanics, dramatically espay the capabilities for
mathematical modeling [33].
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We will first consider here a first order shearatefation theory applicable to laminated
cylindrical shells of shallow curvature, shown igufre 4.2. The thickness and in-plane
dimensions of the shell are denotediyyw, andb respectively. The displacements in the
x,0, andz are denoted by, v, andw respectively. The radiu®, is assumed to be much

larger than the thickness, In addition, transverse shear stramsandy,, are no longer

negligible, although the thickness strainis neglected.

\

Figure 4.2 Nomenclature for cylindrical shell [33]

The classical theory of elasticity gives the follogy strain-displacement relations
applicable to the geometry shown in figure 4.2 [33]

ou 1 v w ow
£x=a,£9 =m%+ﬁ,ez=a=0
1 dw dv v
T Ar/Rox 0z AFIR @D
Ju oJow dv 1 ou

Vo =g, o e = o T d ¥ 2/ 90

The first order theory assumes the following disphaents
u=u(x0)+zp,(x,0)
v=v%x,0)+ zpe(x,0) (4.2)

w=wx,0)
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whereu®, v°,w? are the axial, tangential, and transverse dispiaoés of the mid-surface
respectively, and, and¢g are the rotations of the cross-sections originfdtyned tox
and 6 axes [33]. Since we assume that the shell is alalt/R is small compared to

unity. Egns. (4.1) and (4.2) yield in matrix form:
0

€y €x Ky
{69}= €9 +Z{Ke} (4.3)
Yxo )/)(C)G Kxo
Where[e)] and[x;] are the mid-surface strains and curvatures, réisp8g given by [33]
O_au" 0_8v0+w o _ 8u0+6v0
T ox 9T 90 TR T 50 T ox

0Py g 0py 0y
2 =17 =247 4.4
e = G5 110 = g 10 = 59 Ty (44)
In addition, the interlaminar shear strains are
ow ow v

Yoz =Pxt o Yer = Qo+t oo~ 5 (4.5)

It is noted that these results are of exactly #mmesform as for flat, laminated plates of
rectangular cross-section with the exception oftii& term appearing in the mid-surface
tangential straing) and—v/R term appearing in the interlaminar shear straiss Since
the analysis assumes that displacements andw are small compared to the plate
thicknessh and the radius of the plaieis much larger thah, the additional terma/ /R
and—v/R in egns. (4.1) and (4.5) drop out.

According to classical theory of shells, the membratress resultandg,, Ny, N, and the

stress couplel,,, My, M, for the shell are [33]

h/2
k k k
(N, Ng, Nyg) = f (a,ﬁ ) a} ),Tie))dz (4.62)
~h/2
h/2
k k k
(M, Mg, M) = j (U,E ), aé )'T;(ce))ZdZ (4.6b)
~h/2

where a,gk),aék), and rg;) are the in-plane stresses in @@ layer. Integration of the

stresses yields the constitutive equations forrsite and bending of cylindrical shell
[33]

il =[5 o) (.7)
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where [A], [B], and [D] are the extensional, coupling and bending stinestrices,
respectively, defined in reference [33].

[€°] = [€2, €, v2e |, and[k] = [k, kg, Kxg ] are as defined in eqn. (4.4)

4.2 Anisotropic Stress Functions
The Airy stress function is limited to isotropicoptems. For an extension to more
complex problems, including anisotropic problents stress functiorb(x,y) can be
written as
P (x,y) = 2Re[P1(z1) + P(2;) (4.8)
where ®,(z;) and ®,(z,) are arbitrary functions of; = x + s;y and z, = x + s,y,
respectively which are similar to eqn.(3.65). Camng the definition of stress
components from the Airy stress function and sgtigf the compatibility equation, the
following relation is obtained for anisotropic stsiin the absence of body forces:
62284_(1) - 2C2664—CD +(2C2 + Cee)all—q) - C1664_CD + 2284_(1)
dx* dx3dy 0x?0x? dxdy3 dy*
which reduces to the following simplified equatifmn isotropic problems,
0*d 0*d 0*d

— — U2(V2h) —
2 575 3y V2(V2d) = 0 (4.10)

=0 (4.9)

The characteristic equation of the homogenousgalifferential eqn. (4.9) is
61154 - 261683 + (2612 + C66)SZ - 2C26S + sz = 0 (411)

For an orthotropic material with axes of orthotragy2) coinciding with Cartesiaqx, y)

axes,C;4 = Cy6 = 0, the characteristic eqn. (4.11) is reduced to [39]:

s+ (% - 2v1> $2 4 b% =0 (4.12)
Finally, the stress components are defined fromsieond derivatives of the complex
stress functiomd;’

Oxx = 2Re[s{®] (z) + s3P5 (z,)]

Oyy = 2Re[D] (z1) + D5 (2,)] (4.13)
Oxy = 2Re[s, P71 (z1) + 5P (z,)]

and the displacements are obtained from the figsivdtives of the complex stress
function, ®;:

u, = 2Re[p;P1(z1) + p,P3(2,)] (4.142)
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u, = 2Re[q;P1(z,) + ¢ P3(2,)] (4.14b)
where

2 ClZ
pi = C118] + C12 — G651, qi = Ci285; + '

i

- C261 1= 1, 2 (4‘15)

4.3 Analytical Solutions for Near Crack Tip

Several analytical solutions for near crack tiddgein orthotropic materials have been
proposed. Some of them can only be applied to Bpepplications, while others can be
applied to general orthotropic media [39]. The {speing model discussed in section
3.3.3.2 is applicable to determine the stress sitgfactors for surface crack problems in

an orthotropic medium for both material types 1 aridgn. (3.65)).

4.3.1 Unified Near Crack Tip Stress and Displacemetrrield (Both Types)

This formulation is based on the work by $ital. [40] who used the stress function egn.
(4.8) for an infinite anisotropic plate with a ceattcrack and solved the final displacement
fields.

axes of orthotropy

crack tip | /

Figure 4.3 Local coordinates at both crack tipg [39

Assume an anisotropic body containing a crack isjestied to arbitrary forces with
general displacement and traction boundary comditiGlobal Cartesian coordinates are
(X1, X,) and local Cartesian coordingte; = x, y; = y) and local polar coordinate, 6)
are defined on the crack tip as illustrated in fggd.3. Recalling the characteristic eqn.

(4.11) of the governing fourth-order partial dietial equation are always complex or
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purely imaginary §x = sgx + isgy, k= 1, 2) and occur in conjugate pairs &ss; and

S2,55.

Sih et al. derived the two-dimensional displacement andsstfields in the vicinity of the

crack tip by means of analytical functions and ctaxariables §x = sk, + isk,y,, k=1,

2). The stress components for pure Mode | are défas,

RPN N S S
Y V2 [S1 =52 \(cos8 + szsiné?)l/z (cosO + Slsin9)1/2 ]
K [ 1 S s ]
I I 1 2
ol = Re _ (4.16)
22 2nr  |S1—S2 ((cos@ + szsinH)l/Z (cos8 + slsin9)1/2>_
K [ 515, 1 1 ]
012 = Re 1.~ 1
2nr - [S1 = 52 \(cosO + s;sinh) /2 (cosB + S,5inf) /2]

and the displacements are

I 2r 1 . 1/ . 1/
u; = K; [—Re [slp2 (cosO + s,sinf) /2 — s,p(cosO + s;sinb) 2]
/[ S1— Sy

2r 1
ul = K, /? Re{ S [slqz(cosé? + szsiné?)l/z — 5,q,(cosO + slsiné?)l/z]} (4.17)

S1— 852
ul =0
4.4 Finite Element Modeling
The finite element method (FEM) has undoubtedlyobse the most popular and powerful
analytical tool for studying the behavior of a widenge of engineering and physical
problems. Several general purpose finite elemeftivace have been developed, verified
and calibrated over the years and are now availeblaimost anyone. One of the

important applications of FEM is the analysis aak propagation problems [39].

The ANSYS software is one of the finite element o€t packages available to analyze
crack problems which have different layered elemdnt discretization and modeling
composite materials. Among them SOLID46 (3-D lagestructural solid shell, figure 4.4)
is used for simulating shell structures. The elenp@ssesses the continuum solid element
topology and features eight-node connectivity wiitee degrees of freedom at each node:
translations in the nodal, y, and z directions. The element allows to model up to 250
different material layers. Accuracy in modeling qmsite shells is governed by the first

order shear deformation theory.
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Figure 4.4 SOLID46 Geometry [ANSYS library]

4.5 Surface Cracked Composite Shell Modeling in ANSS

The composite shell is modeled using ANSYS, whghsed for pre and post-processing
of the model with FEA as the solver. The modelrsated in the preprocessing stage of
the model generation and the results are viewedhé post-processing stage. The
composite shell is created using SOLID46 (3-D lagestructural solid shell) element. The
properties of the lamina are given as inputs UBNSYS material library and the real

constant command is used for defining layers ottiraposite material shell structure.

The surface cracks in a shell are generated bynguttiut an elliptical or circular
cylindrical volume with negligible width on the @utor inner surfaces of the shell
structure having circular or elliptical cross sewstiand oriented in any direction on the
surface of the cylinder which may be tangentialially or at an angle with respect to the
cylinder axis as cracks in mechanical structurevarg random in orientation and shape. It
IS in most cases propagating from one surfaceds ® the other. However, in order to
simplify the analysis to the scope the FEA packageh simple cracks are created to have

circumferential or axial orientation.

The crack is described schematically as seen undig.5., which is modeled by removing
semi-elliptic volume or semi-circular cylindricabme from the cylindrical shell at the
mid-section. All the crack parameters are describdbe figure.
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Figure 4.5 Surface crack parameters on a cylindsioall

\
<

The surface crack parameters to be considerectimtdeling are:
ca/t = 0.43 Cﬁ/t == 3,
wherea is the crack length, andis the crack depth.

1
LAYER STACEING
ELEM
SECT
L -

FRON

Materialf

Figure 4.6 The staking sequence of the layers witine laminated shell structure

As a practical matter, we consider the materialcHless AS4/3501-6. This material is

made of thin carbon fibres (approximatelyu® or 0.001 cm in diameter) which are
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placed in an epoxy prepreg and pressed into treetshwith all the fibers running in one
direction. The sheets are then stacked so thatdh kyer the fibres run perpendicularly to
the fibres of the previous layer. The sheets aa tteated and pressed together, so that the
epoxy forms a continuous matrix that holds therBldegether. The resulting laminate is of
the form ... 0°/90°/0°/90° ... (figure 4.6).

Moreover, each layer is quite thin (approximatef0m), and a shell of this material,

which has 2.5mm thickness contains 5 layers.

Let us consider, therefore, modeling of such a amsite shell that is made of alternating
layers, with layer 1 having fibres which run alotihg axial-direction, and with layer 2

having fibres which run along the tangential-dil@etstacked along the z axis.

4.5.1 Description of the Parameters of the Model

Crack description:

As seen in figure 4.5 a semi-elliptic crack is gated by removing out an elliptical
volume having a crack lengtihn= 7.5 x 1073m, a depth ofc = 1.0 x 1073m, and a
narrow width of0.2 x 1073m. The surface crack in this case is oriented taig/gnand

axially on the outer and inner surface of the séielicture as shown in figure 4.7.

: !
VOLUMES

TYPE NUH

CYLINDRICALL SHELL MODEL

Figure 4.7 Model of composite shell having tangdrlliptic surface crack.
Meshing the Model
The model is meshed with automatic mesh generabamrmand “Auto Mesh Generation”.

As can be seen from figure 4.8, the model is mestidd more refined elements in the
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vicinity of the crack and coarsely meshed in amaay from the crack to economize the

computation time.

1
ELEMENTS

CYLINDRICAL SHELL MODEL

Figure 4.8 Model of meshed composite shell havawggéntial elliptic surface crack for

analysis

Geometric parameters of the model
Outer diameter = 80mm

Layer thickness = 0.5mm

Inner diameter = 75mm

Length of the cylinder =150mm
Total thickness = 2.5mm

Material of the laminate
The material of the laminate is made of linear tedasrthotropic material with the

following properties:

Material= Carbon/Epoxy with:

of =2000Mpa, o5 =52Mpa, and t;, = 70Mpa
Density= 1550 kg /m3

E, = 161GPa, E;, = 9GPa ,E, = 9GPa

PRy, = 0.26 , PRy, = 0.01 , PR, = 0.26

Gyy = 6.1GPa ,Gy, = 1GPa , Gy, = 6.1GPa

Staking sequence [90/0/90/0/90]°
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4.5.2 Loading and Boundary conditions

The cylindrical shell is constrained as shown gufes 4.9 and 4.10 in two cases as the
analysis is going to be done for Mode | loadingditan in which the surface cracks are
oriented externally and internally on the cylindtishell. For cracks, which are oriented
tangentially both external and internal (figure)4t8e shell is constrained symmetrically at
Y =0 andZ = 0 plane, and the pressure load of 100Mpa is apjpli¢de axial direction
for simulating purpose. Also for cracks, which ameented axially both external and
internal (figure 4.10) the shell is constrained syatrically att = 0 andZ = 0 plane, and
the pressure load of 200Mpa is applied in the tatigledirection for simulating purpose.
These two pressure loads are based on the thindeylipressure formulas that are

subjected to defined internal pressure.

1
ELEMENTS

i

QUARTER SYMETRIC C

ELEMENTS
u

QUARTER S¥YMETRIC

Figure 4.10 Quarter symmetric model with boundagdition and load for axial surface

crack
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CHAPTER FIVE
RESULTS AND DISCUSSIONS

5.1 Introduction

Many have attempted to apply fracture mechanic§ibi@-reinforced composites, and
have met with mixed success. Conventional fractneghanics methodology assumes a
single dominant crack that grows in a self-simileshion, i.e., the crack increases in size
(either through stable or unstable growth), buskiape and orientation remain the same.
Fracture of a fibre-reinforced composite, howevier,often controlled by numerous
microcracks distributed throughout the materialhea than a single macroscopic crack.
There are situations where fracture mechanics Eoppate for composite, but it is
important to recognize the limitations of theoribsit were intended for homogeneous

materials.

(a) Fibre rupture (b) Matrix transverse crack

Fibre pull-out
Fibre bridging
Fibre-matrix
debonding
Fibre failure
Matrix cracking

(c) Delamination (d) In plane damage
Figure 5.1 Fracture mechanisms of composite mégteria
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Unlike isotropic materials, one advantage of contposaterials is that fracture seldom
occurs catastrophically without warning, but teridsbe progressive with subcritical
damage widely dispersed through the material asisho (figure 5.1). Tensile loading
can produce matrix cracking, fibre bridging, fibtgture, fibre pullout, and fibre matrix
debonding. Ultimate tensile failure of a fibre-feirced composite often involves several
of these mechanisms. Out-of-plane stress can teaelamination because the fibres do

not contribute significantly to the strength instldirection

The finite element analysis done in ANSYS by sirtintathe composite cylindrical shell
structure having surface crack is to determinesthess and strain distributions around the
crack tip. The loading conditions applied are al the Mode | loading (opening mode)
for which the cracks are oriented tangentially amndally on both surfaces of the

cylindrical shell i.e., external and internal.

Theoretically, the numerical computation of theessr intensity factors, or of the energy
release rate, can be performed using differentnigales as it was highlighted in chapter
three like J-integral, the virtual crack closurehieique (VCCT), and the line-spring
model. Stability of crack growth can be easily assd by computing the values of the

energy release ratg) at different crack length@) and calculating the derivative of the
energy release rate with respect to the crackhemnegt if G / 9a <0, there is stable crack

growth.

5.2 Model with Tangential Crack
The tangential surface crack is oriented in to tpasitions on the cylindrical shell

structure, externally and internally

5.2.1 Model with External Tangential Crack

The main motive in this work is to investigate thistribution of stresses or strains around
the surface crack in a fibre-reinforced compoditelisstructure. For the external tangential
surface crack induced in to the shell structuredmoving out an elliptical volume having

a depth of 1mm contains both layers of the lamimate 0 and 90 degrees of orientation
with respect to the X-axis. On the outer layer,d@@ree ply, the crack will cut the fibres

perpendicularly and on the next lower layer, O deguly, the crack will not cut the fibre

rather passes parallel to it. In this case, theotely applied stress induces the stress
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distribution around the crack tip which opens thack in Mode | loading condition that

the stress distribution provides an indicationcawhere the fracture could initiate.

At the maximum penetration point of the crack tige opening action (Mode | crack) of
the far field applied stress faces resistance ftloenfibre. If the stresses induced in the
vicinity of the crack are larger than the fibreimiate longitudinal strength, the fibres will
break and the crack will propagate. If it is nat ttase, the maximum stress induced in the
vicinity of the crack tip will find a way to be detted towards the lower strength matrix
material of the structure. This deflection of theximum induced stress in the vicinity of
the crack tip to a lower strength matrix materiall wroduce a shielding effect of the
stresses in the structure. This shielding effetadsses in the fibre-reinforced composite
material produces a scattered distribution of sgesn the farthest portion of the structure
away from the crack tip. The shielding effect isibie in all the stress plots as shown in
the following figures (5.2-5.10). The induced s$es in the vicinity of the crack will
produce failures in the shell structure, i.e.,dibreaking and matrix material cracking.

EE
ELEMENT SOLUTICN
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Figure 5.2(a) Distribution of X-component stresstibr external tangential crack
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Figure 5.3 Magnified Y-component stress plotdaternal tangential crack
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Figure 5.4 Magnified Z-component stress plotdrternal tangential crack

As seen clearly in the figures (5.2-5.4), the weiclional stresses in the X, Y, and Z
directions, the maximum stresses shown are disétbin the vicinity of the crack tip but
are not uniform around the crack front rather lzeal somewhere near the crack face. But
the shear stress distribution (figures 5.5-5.79wsBomewhat different orientation a slight
farthest away the crack faces. Due to the reinfosse by the fibres in the matrix and
differences in the orientations of the layers i ttaminate of the fibre-reinforced
composites, different locations in the shell stmoethave got different stress and strain
intensity levels that show spots of different sdresstributions throughout the structure.
This condition is clearly seen in figures 5.6 and &s the shear stress is maximum away
from the crack tip somewhere in the shell structiiris difficult to predict the positions as
to where the maximum crack tip stresses will lighe laminated shell structure in the
absence of any experimental data on fibre fractoitation and propagation during
loading. Fibre failure is assumed to occur duehorhaximum principal stress exceeding
the ultimate tensile strength of the fibre in edamina, but crack propagation is a
cumulative effect of all the laminate in the stwret that makes the prediction of

maximum stress position more difficult.
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Figure 5.5(b) Magnified XY-shear stress plot éotternal tangential crack

The stress coupling effect in composite materialghe inter laminar adhesion transfers
the load applied in the axial direction to the whbbdy of the shell in radial directions as

seen in the shear stress plots. In addition tharséteess induced within the shell is also
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showing some form of scattering and localized past¢hat will have its own contribution

for the advance of crack. Naturally, fracture of theakest or damaged fiber should not
result in material failure. Instead, the matrix sldoevenly redistribute the load from the
broken fiber to the adjacent ones and then loadbtbken fiber at a distance from the

cross-section at which it failed.
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Figure 5.6(b) Magnified XZ-shear stress plotéaternal tangential crack
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Figure 5.7(b) Magnified YZ-shear stress plotéaternal tangential crack
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The localized stress intensity, von Misses strags the von Misses total strain plots
(figures 5.8-5.10) reveal that their maximum valaes shielded in front of the maximum
penetration point of the crack. This is happened thu the greater resistance of the
propagation of the localized stress in the strgciarfaced at the narrowest part of the
elliptic surface crack in the composite materialbsbtructure. At this position the fibres in
front of the crack advance are not directly cuthiy crack creation phase and so that the
fibres and matrix interaction hinders the crackpagation that comes from the opening
mode by the far field stress. That is to say, tieee90 degree ply for which the fibres are

oriented perpendicular to the crack advance thiiaat to hinder the crack propagation.

Near the outer surface of the shell, the last lam$noriented parallel to the axis of the
shell so that the local stress propagation is pelpealar to the fibres which makes the
fibores to bend in front of the local stress. Thending action of the fibres will be

supported by the compression of the matrix matémighe laminate that makes the local
stresses to be hindered and accumulated at thaidacmaking local maximum stress. If
the local stress tries to advance to the lower giathe lamina, it will also face the other
90 degree lamina which also hiders it so that il ¥ accumulated at this location

creating local maxima.
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Figure 5.8(a) Distribution of stress intensity ot external tangential crack
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Figure 5.9(a) Distribution of von Misses stresg jpbo external tangential crack
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Figure 5.10(a) Distribution of von Misses totakstrplot forexternal tangential crack
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Figure 5.10(b) Magnified von Misses total straintgbr external tangential crack

5.2.2 Model with Internal Tangential Crack

The distribution of stresses and strains aroundcthek for the tangential surface crack
oriented in the interior of the shell (figures 58.13) reveals that their maximum value
for the stress is observed at the maximum penetrgoint of the crack and for the strain
it is observed some how far away the maximum patietr point of the crack but it is on
the elliptic contour.
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Figure 5.11(a) Distribution of stress intensitytgdiar internal tangential crack
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Figure 5.12 Magnified von Misses stress plotifdernal tangential crack
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Figure 5.13 Magnified von Misses total strain gtotinternal tangential crack

5.3 Model with Axial Crack

Considering again a model with an axial crack, maidéae same material as the previous
one and with same geometrical parameter but oemdifft boundary condition loaded
tangentially figure 4.10. It will let us deduce baw stress propagates in the body of the
shell structure subjected to remote loading for Mule | loading condition in a similar
manner to that of the axial loading. In order tokendahe analysis so reasonable, the
meshed shell model presented is generated by th&YANautomatic mesh generation

command with very fine elements near the surfaaekccontour.

The axial surface crack is also oriented in to tpasitions on the cylindrical shell

structure, externally and internally

5.3.1 Model with External Axial Crack

With similar arguments discussed in the previousiguas it is also observed that the crack
front stresses are shielded away. The stress ityearsd von Misses stress distribution
depicted in figures 5.14 -5.15 show that their maxn values are observed on the inside
parts of the shell structure for the surface ctackted at the outer surface.
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Figure 5.14(b) Magnified stress intensity plot ésternal axiatrack
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Figure 5.16 Magnified von Misses total strain gtotexternal axiatrack
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5.3.2 Model with internal Axial Crack

According to figures 5.17-5.19, the stress andrsttstribution also highlights the case of
somehow shielding of critically damaged zone thalyrbe on the plane of the surface
crack advancement away from the maximum penetraioant.
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Figure 5.17(b) Magnified stress intensity plot ifaiernal axialcrack
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Figure 5.19 Magnified von Misses total strain gtatinternal axialcrack
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To utilize high strength and stiffness of fibers ancomposite material suitable for
engineering applications, fibers are bound with atrim material whose strength and
stiffness are, naturally, much lower than thosdilmérs (otherwise, no fibers would be
necessary). Matrix materials provide the final €hapthe composite structure and govern
the parameters of the manufacturing process. Optiorabination of fiber and matrix
properties should satisfy a set of operational amahufacturing requirements. The
stiffness of the matrix should correspond to thinsiss of the fibers and be sufficient to
provide uniform loading of fibers.

In order to conclude the numerical simulation offate crack problems, the presented
localized and shielded stress and strain distobuteveals how stress and strain varies in
the composite cylindrical shell. Similar to thatfa in[6], the stress analysis around the
crack tip in a surface cracked composite cylindrgfeell structure reveals the mode of
variation that is caused by the combined effectBbafr-matrix debonding, fiber rupture,
matrix cracking and delamination between the adjateyers are in a good agreement.
Even though the mechanical characterization takitggaccount these different modes of
failure is complex, the finite element analysisfpaned has given an insight of variation
of stress and resistance to crack propagation wiposite materials. Though, it doesn’t
mean that the elliptical surface crack introduaedhie tangential direction both external
and internal is the actual shape as it is difficaltmodel exact elliptical shape on the
circular curvature of the cylindrical shell; rathieris an approximation of an elliptical

crack for the tangential orientation.

78



CHAPTER SIX
CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

Methods and corresponding computer simulation fababilistically assessing fracture
behavior of surface cracked composite shell stredtave been discussed. The fracture in
composite structures was simulated via a finitenelat package (ANSYS), independent of
stress intensity factors and fracture toughnesanpaters. The approach described herein
is inclusive in that it integrates composite mecetsuffor composite behavior) with finite
element analysis (for global structural responsel) iacorporates the assessment of stress
analysis around the crack tip during compositecstinal fracture. Compared to Isotropic
materials, (traditional materials like aluminum f@hich composites are substitutive in the
air craft industry for being light in weight), comgites have higher resistance to fracture
and have unpredicted stress distribution patterrshesvn somewhere in the previous
sections. As compared to the plots of stress amathddistribution around the surface crack
in isotropic material (figures 6.1-6.8) to thatafmposite materials, the stress and strain
distribution of isotropic material shows a unifodistribution which can be predicted to
be at the maximum penetration points of the surfaaek. The difference in the stress
distribution contour in the two mentioned mateshbws that the composite materials are
capable of transferring the critical stresses @malrs from the critical damage zones to
the undamaged zones that is why composite matesti@& stress and strain shielding of
critically damage zones and this also show that thad carrying capacity than isotropic

materials.

Furthermore, the crack tip contouring mode diffieecomes for both materials due to the
difference in microstructural composition and thHearp corners in isotropic material
becomes the critical area for stress initiation prapagation , that is to say, there is no
shielding effect in case of isotropic materials.sh®sses and strains at around the crack in
isotropic materials are maximum and critically dizited at the critical portions of the
surface crack i.e., maximum penetration point ef $irface crack, the material exposure
to these critical stresses and strains at thigitotdecomes higher. The higher exposure
of the critical damaged portions will not have eglouesistance and the material will fail
easily in a different manner to that of compositatenals since they have a shielding

capacity of critically damage zones.
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6.1.1 Isotropic Material Model with Surface Crack
a) External tangential surface crack in isotropic mateshell

L470E+09
Q4E+09 . S45E+09

Figure 6.1(a) Distribution of von Misses stresstplor external tangentiatrack in
isotropic shell

-545E+08 G

Figure 6.1(b) Magnified von Misses stress plot éaternal tangentiatrack in isotropic
shell
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Figure 6.2 Magnified von Misses total strain plot éxternal tangentiatrack in isotropic

shell

b) Internal tangential surface crack in isotropic mateshell
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Figure 6.3(a) Distribution of von Misses stresstplor internal tangentialcrack in

isotropic shell
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Figure 6.3(b) Magnified von Misses stress plot ifdernal tangentiatrack in isotropic
shell
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Figure 6.4 Magnified von Misses total strain plot ihternal tangentiatrack in isotropic
shell
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c) External axial surface crack in isotropic matesiagl|
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Figure 6.5(a) Distribution of von Misses stresst o external axial crack in isotropic

shell

Figure 6.5(b) Magnified von Misses stress plotdrternal axial crack in isotropic shell

83



Figure 6.6 Magnified von Misses total strain platéxternal axial crack in isotropic shell

d) Internal axial surface crack in isotropic matesiaéll
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Figure 6.7(a) Distribution of von Misses stresst gt internal axial crack in isotropic

shell
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Figure 6.8 Magnified von Misses total strain platihternal axial crack in isotropic shell
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As described in the discussion of this paper elseghthe composite shell structure

revealed the advantage of higher specific streagth specific stiffness as compared to

conventional materials as presented before.

From the results obtained, the following conclusiamy be drawn:

1.

The composite shell structure has shown strongtessie to crack propagation due
to matrix compression and fibre bending in the Mbftacture mechanism.

The maximum shielding effect of the damaged zonehserved for the axial
surface crack oriented on the external surfacehefdylindrical shell structure
while the maximum critical stress is for the in@raxial crack. This is due to the
maximum critical stress at the crack surface ipagating freely into the next un
cracked ligament without any fibre bridging throutite matrix material as the
fibre in the next lamina is oriented axially. ThHeess propagation continues until it
gets resistance from the fibres bending and mawixpression and produces a
failure mechanism of fibre-matrix debonding and nmwatracking at the crack
advancement.

The internal axial crack orientation has shown reeximum critical von Misses
stress distribution around the surface crack becafsthe nature of curved
geometry of the shell structure and the far figldgentially applied stress tries to
open the surface crack.

For the axial pressure in Mode | loading conditiba crack oriented internally in
the tangential position of the cylindrical shelrusture have also shown a
maximum critical von Misses stress distribution e@smpared to the outer
tangential surface crack orientation.

The von Misses stress and strain distribution seoked at the crack tip with some
shielding effect at the surface crack front

The cumulative distribution for strains and stressemost sensitive to the crack
region and still composites show much more restgtao crack than isotropic
materials due to the fibre blocking of the crackatte.

Composite materials have shown complex and unpgeztliracture behaviour
characterization as seen clearly from the stredssarain distributions as compared
to conventional isotropic materials which usualhpws specific crack tip plastic

Zones.
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In general, this study has showed the stress aaid slistributions in a composite material
shell structure subjected to surface cracks in Molbading condition and the possible
location of failure in the fibres, damage initiati@and evolution in matrix materials,
interfacial debonding between the fibre and materd fibre bridging. The internal
surface crack orientation in the composite mateamlwell as conventional isotropic
materials shell structures, which is usually thebpem in pressure vessel application due
to eroding and fatigue, has shown the maximumcatittrack opening stress distribution
around the surface crack that makes cylindricall Steicture fail the first subjected to
these cracks. Moreover, in comparison to the coiweal isotropic materials, a composite
material shell structure has shown very strongstasce to crack initiation and
propagation. Hence, they are very suitable andmeoended for structures that need very
high curiosity of catastrophic failure.

6.2 Recommendation and Future Works

The use of composites, advanced composites, in madructural building is becoming

predominantly important to assure the reliabilifysoch structures which involve high risk
and cost of fabrication. In this paper the strasdysis of composite shell structures with
surface crack is presented by considering a cytabrshell structure. However, in

addition to material non linearity, there could dmometrical nonlinearity, which makes
the analysis more difficult. Thus, one of the feataontinuations of this work could be
extending it to geometrically non linear shell stures.

In the current paper the stress analysis is cumigdusing the finite element method
package ANSYS due its availability, but it lacksoe of solid elements which can be
used for discretizing into finite elements of thentsolid shell structure. In this case one of
the future directions is to develop the solid modet its finite element discretization
(meshing) in a more versatile software packagengathese solid elements to have very

good results.

In the present work, the numerical simulation offste crack problems in a composite
material cylindrical shell structure is presentedthe finite element method package
ANSYS. In order to compare the numerical resultsioled with that of the experimental
outcomes, one of the future continuations of thiskacould be conducting an experiment
for the same structure, surface crack geometry, laading conditions under a well

established laboratory

87



REFERENCES

1.

Anderson, T.L,Fracture Mechanics Fundamentals and Application, CRC Press,
2005

Engineering Materials Hand book, volume 1: Composites. ASM International,
Metals Park, OH, 1987

Kaw, A.,Mechanics of Composite Materials, CRC Press, 1997.

4. Marcel DekkerPractical Fracture Mechanicsin Design, A series of textbooks and

Reference books in the Ohio state university of Mheical Engineering,
Columbus, Ohio, 2005.

Sohn, S.W., Kwon, D.A., Hong, S.H., “A Study on MotInter laminar Fracture
Toughness of Foam Core Sandwich Structurésternational Journal of the
Korean Society of Precision Engineering, pp. 2:47-53, 201.

Jiregna Hirko, “Stress Analysis of a Composite MateShell Having a Crack”,
M.SThesis, Addis Ababa University, Addis Ababa, Ethiopia, 2008

Young-Shin Lee, Je-Jun Lee, Youn-Ki Kang, and Soong Song, “A Study on
the Structural Stress Analysis of the Steel andGR&®P Laminated Composite
Cylindrical Shell with a Stiffened Circular Cutoutkey Engineering Material,
Vol. 326-328, 2006, pp.1837-1840

Raju, I.S., Newman, J.C., “Stress Intensity factordnternal and External Surface
Cracks in Cylindrical VesselsTrans. of the ASME., J. of Pressure Vessel
Technology, Vol. 104, 1982, pp. 293-298.

Nishoka T., Atluri, S.N., “Analysis of Surface Flaw Pressure vessels by a New
3-Dimensional Alternating MethodTrans. of the ASME., J. of Pressure Vessel
Technology, Vol. 104, 1982, pp. 299-306.

10. Ezzat, H., Erdogan, F., “Elastic-Plastic fractafeCylindrical Shells Containing a

Part-Through Circumferential CracKTrans. of the ASME., J. of Pressure Vessel
Technology, Vol. 104, 1982, pp. 324-330

11.Newman, J.C., Raju, I.S., “Stress Intensity factorsinternal Surface Cracks in

Cylindrical Vessels” Trans. of the ASMIE., J. of Pressure Vessal Technology, Vol.
102, 1980, pp. 342-346.

12. Lee, Y. S, Ryu, C. H., Choi, M. H. and Kim, Y. WA Study on Stress Analysis

of Orthotropic Composite Cylindrical Shells with Gircular or an Elliptical
Cutout”, KSME International Journal, Vol. 18, 2004, No. 5, pp. 808-813

88



13.Ronald KruegerComputational Fracture Mechanics for Composites Sate of the
Art and Challenges, National Institute of Aerospace, Hampton, Virginii5A

14.Haftchenari, H., Darvizeh, M., Darvizeh, A., AnsdR., Sharma, C.B., “Dynamic
Analysis of Composite Cylindrical Shells Using @iféntial Quadrature Method
(DQM)”, Science Direct, Composite Structures Vol. 78, 2007 pp. 292-298

15.Roberto C. Pavan, Guillermo J. Cret&nisotropic Damage in Composite Shell
Structures; Av. Osvaldo Aranha, 99, 90035-190, Porto Alegre-RS-Brasil

16.Khdier, A. A., “Analysis of the Dynamic Response Gfoss-Ply Laminated
Shallow Shells with Various Boundary Conditiong”,King Saud univ., Vol. 12,
Eng.Sci. (1), pp. 85-116 (A.H. 1420/200)

17.Yves Ousset, “Numerical Simulation of Delaminatigdrowth in Layered
Composite PlatesEur. J. Me &. A/Solids, Vol. 18, 1999, pp. 291-312

18.Sung, W., Go, C., Shih, M., “Finite Element Modelifor Analysis of Cracked
Cylindrical Pipes”Journal of Zhehiang University of Science A, Vol. 8, 2007 pp.
1373-1379.

19. Charoenphan, S., Plesha, M. E., Bank, L. C., “$8atman of Crack Growth in
Composite Material Shell Structuredht. J. Numer. Meth. & Engng, Vol. 60,
2004, pp. 2399-2417

20.Hui-Shen Shen, Xiang,Y., “Buckling and PostbucklimfgAnisotropic Laminated
Cylindrical Shells under Combined Axial Compressiand Torsion”, Science
Direct, Composite Sructures, Vol. 84, 2008, pp. 375-386

21.Yu-Fu Liu, Yoshihisa Tanaka, Chitoshi Masuda, “Arséé of the Fibre-Matrix
Cylindrical Model with a Circumferential Crack’International Journal of
Fracture, Vol. 88, 1997, pp. 87-105,

22.George, Z. Voyiadjis and Peter |. Kattdviechanics of Composite Materials with
MATLAB, Springer-Verlag Berlin Heidelberg, 2005

23.Stegmann, J., “Analysis and Optimization of LamashtComposite Shell
Structures”Ph.D. Thesis, Institute of Mechanical Engineering Aalborg University,
Denmark, May 2005.

24.Reddy, J.N.,Mechanics of Laminated Composite Plates, Theory and Analysis,
CRC Press, 1997

25. Storakers, B., Larson, P. L., Rohart, C., “On Defation Growth in Shallow
Shells”,Journal of Applied Mechanics, Vol. 71, pp. 247-254.

89



26.Zheng-Ming Huang, “Ultimate Response of Compositdinder Under Flexural
Load”, Journal of Applied Mechanics, Vol. 72, pp. 313-321.

27.Jack R. Vinson, Tsu-Wei ChoGomposite Materials and Their use in Structures,
Applied Science Publishers, London, 1975

28.Bing-Hua Wu and Erdogan, F., “The Surface Crackbim in An Orthotropic
Plate Under Bending and TensionThe National Aeronautics and Space
Administration Grant No. NGR-39-007-011, 1986

29.Erdogan, F. and Binghua Wu, “The Surface and ThmoGgack Problem in
Layered Orthotropic PlatesFinal Technical Report National Aeronautics and
Space Administration Grant No. NAG-1-713, 1991

30.Reuter, Walter G., Underwood, John H., Newman J.S@face-Crack Growth:
Models, Experiments, and Structures, ASTM, STP 1060

31.Rice, J.R. and Levy, N., “The Part-Through Surf&@rack in an Elastic Plate”,
ASME Journal of Applied Mechanics, Vol. 39, 1972, pp.185-194.

32.Tada, H., Paris, P.C., and Irwin, G.Rhe Sress Analysis of Cracks Handbook,
Fracture Proof Design, Saint Luis, MO, 1985.

33.0zdil, F., Carlsson, L. A., Liv, X., “Characterizat of Mode Il Delamination
Growth in Glass/Epoxy Composite Cylinderggurnal of Composite Materials,
Vol.34, pp. 274-298, 2000.

34.Reissner, E., “The effect of Transverse Shear Dadition on the Bending of
Elastic Plate”Trans. ASVIE J. Appl. Mech, Vol. 12, 1945, pp. A69-A77.

35.Medwadowski, S. J., “A Refined Theory of Elasticititropic Plate”, Trans.
ASME J. Appl. Mech, Vol. 80, 1958, pp. 437-443.

36.Erdogan, F., “The Line-Spring Modelhterim Report, Lehigh University.

37.Kaya, A. C. and Erdogan, F., “Stress Intensity &@cand COD in an Orthotropic
Strip”, Int. J. of Fracture, Vol. 16, 1980, p. 171.

38.Sadd H. M.,Elasticity: Theory, applications, and Numerics, USA, Elsvier Inc.,
2005.

39.Mohammadi S.,Extended Finite Element Method for Fracture Analysis of
Structures, Blackwell, UK, 2008.

40.Sih, G.C., Paris, P. and Irwin, G., “On Cracks imecHinearly Anisotropic
Bodies”, International Journal of Fracture Mechanics, Vol. 1, 1965, pp. 189-203.

90



