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Abstract

Aircrafts and its airframes are subjected to vaidinds of time dependent
loadings; ranging from flight loads to ground mavering loads. In this thesis, the
dynamic responses such as stress, strain or despé&ad near the crack tips on the all
composite made fuselage structure when landingadiows types of take off and landing
pavement are assessed.

Finite element modeling and analysis for all conmgomade fuselages is done
using the layered shell element 4 node 63. A cddkignificant parameter is generated
on the outer top part of the shell for initiatiohfacture. One leg model of the landing
gear is used to drive the required mathematicah@ittions. The crack tips responses to
random excitation caused by road roughness arendetl. The excitation includes
smooth, pastured and ploughed take off and lanstimgs.

In all curves as the crack length increases thglatiement and stresses response
near the crack tips increases. We can see froniitdrature that the applied stress is
directly proportional to the square root of thefl@bck length. This result was verified
experimentally by Griffith for a wide range of ckatength. This confirms both the
analytical and experimental results obtained byfi@rs and other similar researchers.

From the curves we can observe that the shell nelspeelatively lowest stress
and displacement response to class A than ClagsdGkass H pavement. Class H has
the worst stress and strain response near craglatig much affects and severs the thin
structure. More over, stress and strain responsgr¢omferential crack orientation is
higher than the corresponding longitudinal one sTikiprobably due to the stress waves
are perpendicular to the orientation of a crackl, @hich maximizes the local stress.

Generally, the shell structure has higher stretmthieight ratio and has higher
stress and strain carrying capability, trends shéadk for using shells as their primary
structure. Moreover, in the event of forced an@rgyancy landing, the pilot has
recommended to land as much as possible on Class@&@nent than Class H pavement

so that the applied stress is optimized.

Key words: Composite, Shell fuselage, Crack, Random vibration analysis, Power spectral density,
Ground induced excitations, pavement roughness data.
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Nomenclature

a Half of crack length
a, Vertical component of aircraft acceleoa
[B] Strain displacement matrix
c Depth of crack
c.g Center of Gravity
C. Nose gear viscous damping
C. Main gear viscous damping
Ct Damping of the tire
[C] Structural damping matrix
[D] Constitutive matrix
E. Young’s modulus along the longitadidirection
Ey Young’'s modulus along the normedation
EXy Young’s modulus along the lateriabction
f Frequency
{F} Body force vector
F(t) Load vector or forcing function.
F(a) Fourier transform of responget)
F° Body force vector
F° Surface load vector
f ilj (#) Beta or the geometric factors for mode |
' () Beta or the geometric factors for mode |I
ij
f :]_” (#) Beta or the geometric factors for mode Il
G, Shear modulus along the longitadidirection
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Shear modulus along the normagclion

G
G, Shear modulus along the lateragdiion

h(Xr) Profile of a runway is defined relatito a flat datum
h(Xr) Current location of the aircraft during the tang process
h(t) Runway profile

h(t) Rate of change with time of the profile

h. The profile values at the nose gear position

h,, The profile values at the main gear positions

h’N The amplitude input excitationgheg nose gear

The amplitude input excitations at the main lagdjears

H(a) Transfer function matrix

[H D(a))] The complex conjugate of the transfer function
Ky Nose gear stiffness

K., Main gear stiffness

Kt Stiffness of the tire

K, ® Mode-I Dynamic Stress Intensity Factor

K, ® Mode-1l Dynamic Stress Intensity Factor

K] Structural stiffness matrix

L Lift force

L The Lagrangian’s

Length from main leg to the aircraft c.g position

Length from nose leg to the aircraft c.g position

L, Length of runways/pavements
m Mass of aircraft

Mt Mass of the tire

[M] Structural mass matrix
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M.

[N]
o()

Element mass matrix

Inertial load

Displacement transformation tmia

Contribution of higher order terms on the stréskl and T-stress
Distance from crack tip

Reaction forces at the main landing gears
Power spectral density of the road rouggs based on spatial

frequency

Power spectral density of the roadginess based on temporal

frequency

The Spectral density function matrix of a loacercitation
The Spectral density function matrix of the respsns

Power spectral density (PSD) of the taxicin in terms of circular

frequency
Time

The specific time that aaatiwelation function is dependent
Uniform non-singular stress, normal to ¢heck line

The kinetic energy

Radial component of displacement

Angular component of displacement

Displacement vector for the element

The internal/strain energy

Displacement vectors
Velocity vectors
Acceleration vectors

Vertical component of landing speed

Horizontal component of landing speed
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w Crack width

W Aircraft weight

WE The external energy which is work done by esddoads

X (@) Fourier transform of excitation(t)

X, Distance along the runway meadwith respect to a convenient origin
X, Aircraft position at any instant, being definedh the centre of mass at

distance from the runwaigor

X Nose gear location from the reference origin

Xu Main gear location from the reference origin

X'u Amplitudes of the responses of the un-sprungngpmass
X,s Amplitudes of the responses of the sprung mass

X The power spectral densities, PSD of the un-gpmasses
Xs The power spectral densities PSD of the spruagses
X Power spectral density functionsypf

X0 Power spectral density functions gf

in(Q) The PSD function used as input for the FE analysi

X,,,(Q)  The PSD function response of the structure

y Displacement excitation

y' The amplitude input excitations

Zc Heave relative to any horizontal datum

7 c Amplitudes of the translational response ofaheraft at the

center of gravity

g, Mixed mode distribution of stress near crack tip
. Radial component of stress

g, Angular component of stress

T Transverse shear stress component
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g,
0:

X-Y-Z

X-y-Z

~N

Sr—'ﬁr—“—\l—’ﬁ\'—'\—
8 & & & 8

x

X X X<

Principal stress along x direction
Principal stress along y direction

Polar coordinate angle
Earth fixed coordinate system
Body fixed coordinate system
The period that autocorrelatifumction is dependent
Spatial frequency
Value of the spatial frequency whiEequal td/27 cycles/m
Circular frequency
Dip of depth
Pitch relative to any horizontal datum
Amplitudes of the pitch response of the aircaathe center of gravity

The potential energy
Surface load vector

Nodal displacement vector
Displacement matrix

Stress vector

The Natural frequency

Shear strain along the longitudidaection
Shear strain along the normal diren

Shear strain along the lateraledition

Mass density of the material
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ANSYS

CAD
CFRP
DDAM
DoF
DSIF
FEM
FRF
FT

IRI
ISO
LEFM
M

N
MDoF
MPRS
PSD
SAE
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2D
3D

Analysis software
Computer Aided Design
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Chapter One

1.1 Thesis Background

Our understandings of how materials fail and odulitglto prevent such failures have
increased considerably since World War Il. Much aem to be learned, however, and
existing knowledge of fracture mechanics is notaslsv appropriately applied when
especially for modern technological materials lkenposites. The combination of two or
more materials can lead to a third material witghhy desirable properties known as
composite materials. The constituents of a compaosdterial are usually combined on a
macroscopic scale through physical rather than st@nmeans. Composite materials
usually consist of a matrix and a reinforcing cdaosnt. The matrix is often soft and
ductile compared to the reinforcement. Various $yjpé reinforcement are possible,

including continuous fibers, chopped fibers, whiskélakes, and particulates [12].

In many practical applications, using compositemae efficient. For example,
in highly competitive airline markets, one is comnbusly looking for ways to lower
overall mass of the aircraft without decreasing #tdfness and strength of its
components like thin shells or pressure vessek Bhpossible by replacing conventional
metal alloys with composite materials. Even if t@mposite material costs may be
higher, the reduction in the number of parts inaaeembly and the savings in the fuel
costs make them more profitable [13].

The use of composite materials in all types of eegiing structures has led to an
increased interest in the theory, analysis, desagd manufacturing of structural
components. The last few decades have seen a effgdrto develop composite material
systems and analyze, and design structural comporeade from them.

The dynamic analysis of composite plates/shellgspn increasingly important
role in the design of structures in mechanical,il cend aerospace engineering
applications. A thorough study of the dynamic betyavof these structures is essential in
assessing their full potential. Therefore, it icessary to develop appropriate physical

and mathematical models capable of accurately giieditheir dynamic responses.
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The presence of cracks in structural elements ahar@cal components is, to a
certain point, a common case in industrial instalies. Such cracks are due to excessive
loads and fatigue during service or even manufarguand installation defects, which are
a cause of reduction in structural integrity. Taalexate the effect of the presence of
cracks in structural components, fracture mechathesry is used; its origins can be
referred to Griffith [2]. This is adequate when gisgatic conditions are present and the
material shows linear elastic behavior.

Dynamic fracture mechanics is the subfield of fuaetmechanics concerned with
fracture phenomena in which inertia plays a rolgn@nic processes in a cracked body
fall into two basic categorieglynamic crack propagatigranddynamic loading of bodies
with stationary cracksOften a mixture of these two kinds of processggears, for
example when dynamic loading on a body which costa stationary crack causes
dynamic crack propagation, or when dynamic cradpagation generates waves, which
after reflection at an outer boundary of the badhpgact on the crack.

Because an additional dimension, the time, entérsnwgoing from a static to a
corresponding dynamic case, the mathematical madesthe analysis are, of course,
more difficult and complex. From the experimentalnp of view, the time dependence
requires that many accurate sequential measuremémgantities of interest must be
made in an extremely short time period such thatetlns no interference with the process
being observed.

Elasto-dynamic analysis of crack problems indicatdmt stresses and
displacements caused by dynamic loading can diffeatly from those associated with
the corresponding static loading. At some locationthe structure the dynamic stresses
are higher than the corresponding static one. Tésult may be explained by the
intersection of the elastic waves with the craacefaand other characteristic boundaries
of the structure [2].

Dynamic loads give rise to high stress levels meacks and fracture takes place
so rapidly that there is insufficient time for yeig to develop. Energy is therefore
released within a short time, leading to rapid krg@copagation; this explains the

experimental observation that dynamic loads gelygpabmote brittle fractures [2].
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Dynamic analysis of composite shells has attrantadh attention to the researchers. A
quick and accurate prediction of dynamic behaviosuch composite shells is of very
much interest to designers and experimentalistke.aliThis normally requires a
comprehensive development of a physical and matteshamodel. Due to the
complexity of engineering characteristics of cong@shell type structures, analytical
solutions cannot be obtained in a straight forwa@hner. The differential quadrature
method (DQM) is an efficient numerical techniqueathtransforms governing equations
of dynamic equilibrium to a matrix form by using igleted matrices.

In dynamic analysis problems, the inertial chanastie of the problem is very
important but its analysis is complicated. Onehef first contributions in this area is due
to Yoffe, who considered that cracks grow by pr@teng in a perpendicular direction to
the maximum main stress. Also, when its speed e=a@0% of the transversal wave
speed, cracks change their propagation directi@hifasuch speed increases the cracks
branches out. Broberg studied the case of statfarad running cracks loaded by a stress
wave for the case of transversal wave propagakionrunning cracks, he found that they
grow from an initial length with constant oppositelocities at the two crack tips. His
research has had considerable impact in the fi€éldyoamic fracture mechanics in
stating that the resistance must be proportionadhéocrack length in order to comply
with the motion.

Numerical methods have been developed for theisalalf problems in fracture
dynamics such as those related to the interactfowaves in cracked media. Such
techniques have been efficient in simulating crdat@mponents under various loads and
boundary conditions. Among those numerical methtids Finite Difference Method has
been applied in solving wave propagation problemsracked media. Chen [18] studied
the case of a central cracked plate under an inweulead using the Finite Difference
Method. He found that the stress field in the plated particularly at the crack tip, is
controlled by the interaction of the stress wavesegated by the impulsive load.
Variations of the DSIF versus time were found, d@ndas stated that interaction of
elastic waves participate in this variation.

Alastair F. Johnson [1§jresents materials modeling and numerical simulatio
the impact and crash response of fiber reinforaedposite structures. The work is based

on the application of explicit finite element (FBpalysis codes to composite aircraft
18



structures under both low velocity crash and higloeity impact conditions. He also
presented the crash response of helicopter sub lflox structures using a strain based
damage and failure criterion for fabric reinforcedmposites. He discussed also
improved models for predicting delamination andaeat approach has been presented in
which a composite laminate is modeled numericalyshbacked shell elements with
contact interfaces whose delamination is controbgdracture mechanics criteria. The
result showed that the measured impact resporssgegd with the simulation result.

Elasto-dynamic crack problems, in a linear elastiaterial, can be solved
efficiently with alternative boundary element foriaions. J. C. F Telles and C. A. R
Vera-Tudela[16] introduces an approach that ineltree Numerical Green’s Function
(NGF) and the Operational Quadrature Method (OQMNhe Numerical Green’s
Function, in the Laplace domain, is used as a fonesdial solution in which element
discretization of actual crack surfaces is no longeguired. In the adopted OQM
technique the convolution integral is substitutgdalquadrature formula, whose weights
are computed using the fundamental solution inLgace domain, producing the direct
solution to the problem in the time domain. Theythe result that basic function works
for kinked cracks is also used for branched cracks.

The objective of dynamic fracture mechanics isésatibe the behavior of a body

with crack under dynamic loading. Thereby a cracl partial (microscopic) or complete
macroscopic separation of a body. Pre-existingksraae very common and virtually
impossible to avoid in large structures. An impottguestion is whether a pre-existing
crack will grow for a given loading or not.
Cracks are also frequently formed during manufaguof the material or as the result of
mechanical processes during manufacturing strugbarés and during service. Modeling
of fracture processes in structures and its sinamatare challenging problems in
mechanics as well as in mathematics. Its understgns important for the construction
of thin structures and the development of new nadter

Typically the mathematical model consists of anaided description of the
geometrical configuration of the deformable bodg, empirical relationship between
internal stress and deformation, and a correspgrigttance law of physics dealing with

mechanical quantities.
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1.2 Airplane loads

Aircrafts are subjected to a range of static antadyic loads resulting from flight
maneuvers, ground maneuvers and gust/turbulenceusters. These load case are
responsible for the critical design loads overdheraft structure and hence influence the
structural design. Determination of such loads iwe® consideration of aerodynamic,
elastic and inertia effects and requires the smhutif the dynamic responses.

The structure of an airplane is required to suppeat distinct classes of loads: the first
termed,ground loadsinclude all loads encountered by the airplanerdumovement or
transportation on the ground such as taxiing anditey loads, towing and hoisting loads;
while the secondair loads comprise loads imposed on the structure durirghffliby
maneuvering and gusts. In addition, aircraft desigfior a particular role encounter loads
peculiar to their sphere of operation. Conventicaiatraft usually consists of fuselage,
wing and tail plane. The fuselage designed to kotdv and payload, the wings provide
the lift and the tail plane is the main contributorthe directional control and stability.
Ground loads encountered in landing and taxiingesilthe aircraft to concentrated
shock loads through the undercarriage system. &k functions of airplane structural
parts are to transmit and resist the applied loadprovide an aerodynamic shape and to
protect passengers, payload systems, etc fromn¥ieoamental conditions encountered
in flight. These requirements, in most aircrafisule in thin shell structures where the
outer surface or skin of the shell is usually sutggbby longitudinal stiffening members
and transverse frames to enable it to resist bgndiompressive and torsional loads

without buckling.

Types of fuselage

There are three types of fuselage structure in nmogiecraft construction: these are
0] Longeron or reinforced fuselage
(i) Stringer or semi-monocoque fuselage

(i) Skin or shell ( pure monocoque) fuselage
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The load bearing and constructional features oh eégge fuselage varies depending on
the purpose of airplane. But in this research,|dlgpe fuselage is considered for the
analysis.

When the aircraft touches the ground by the whdetthg landing (Fig 1.2), it

has vertical componepy, in addition to the horizontal component of spged, . Speed

U..q'S gradually decreased at landing run. Vertical ponent Uywould be damped

instantaneously if no shock absorbing devices vpeowided. This would lead to the
considerable loads were applied to the structusahbyers.

Landing Path
-

NOVAN AN RN N ININKINININ WA JONANT YT AMNTSTNH NN A NG ISP 1

Figure 1.1Airplane at touch down speed. [11]

ZRM

Figure 1.2Forcesacting on aircraft at landing [11]
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where N =mg
m = mass of aircraft

a, =vertical acceleration in the center of gravity
Equation of motion along the vertical directionegv
> F=-mi
2R, TL-W=-ma
It may be assumed that at touchdolvaW , then

2R, =-mg,=N.

Thus, the higher is the absolute value of vertmajeleratioray, the higher are

the load{R,, on the landing gear and inertia loads acting ontlel members of the

aircraft structures.

The vertical considerable acceleration may appetr cssing airfield

irregularities with a high speed. The vertical éedion may be decreased by increasing

the time of damping speyiy. This is achieved by the shock absorbing deviceshw

smoothly change their length under the action lofaa thus increasing the track and the
time of lowering of the aircraft c.g. position, areénce, decreasing the absolute value of
the vertical accelerations. Thus, the landing gback absorbing devices are designed to
ease loads propagated to all the moments of tleattirstructure during landing and
during movement along the airfield irregular suefac

The landing gear shock absorbing devices includeselttires and shock
absorbers. Depending on the inflation pressurewtheel tire takes up 15-25% of the
entire energy of the impact but dissipates onlgnalkpart of it. The shock absorber takes

up the major part of the kinetic energy and dideip# in to heat.
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T

Figure1.3Principal loads on aircraft during ground roll [1]

During service, any aircraft is subjected to lotds cause stresses, vibrations and noise
in the different components of its structure. Tiragquires appropriate strength, stiffness
and fatigue properties of the components to be tabigithstand these loads. On top of
that, quality of an airplane, as a system, whiatluithe efficient energy consumption,

safety, and provision of comfort to the passengehayhly desired.

Forces and moments generated by tires at the granensignificant in controlling
motion of the aircraft during movement on the gruhhe responses of the structures to
these loads are dealt with in ground maneuvers.résgonses of a structure are defined
in terms of deflections, stresses and strains, ralatitequencies, random response

functions, fatigue life and so on.

1.3 Cracks [2]

At the crack tip the stress field can be brokennip three components, called Mode |,
Mode Il and Mode lll, as sketched in figure 1.5.
Mode I: The forces are perpendicular to the crack; cauiiegcrack to open
orthogonal to the local fracture surface and resirt tension or compressive
stresses in the x2 direction (see fig 1.4).
Mode II: The forces are parallel to the crack; causingctiaek surfaces to slide

relative to each other in the x1 direction (seelfid).
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Mode III: The forces are perpendicular to the crack ( tlaekcis in front back
direction, the forces are pulling left and righusing the crack surface to slide

relative to each other in the x3 direction (seelfid).

=

% \ Crack front
Crack surfat:e/ ~ I/

-""‘-' ‘I"-\.\, x

\ !

Crack line

Figure 1.4Crack front for an arbitrarily shaped crack surfacein a solid [16]

At any point along the crack line a local coordenaystem may be defined as shown in

the fig 1.4. Think of this as representing the estaf stress for a cube of material

surrounding part of a crack tip. The actual crackynmave a mix of Mode-I, II,

loadings and this mix may vary along the cracktfron

M OmE K11

Figure1.5Three loading modes of fracture. In plane cases. Model, 11,

Out-of- plarese: Mode Il

1.3.1 Debonds

Debonds are types of fracture in composite materndiere the bonding between the

material molecules are vulnerable to breakage. &loesur in weak strength materials

more often. These are due to mould defects duriagufiacturing.

24



1.3.2 Delaminations

One of the most commonly observed failure modescamposite materials is
delamination, a separation of the fiber reinfortagers that are stacked together to form
laminates. The most common sources of delaminaienthe material and structural
discontinuities shown in the figure 1.6. Delamioatbccur at stress free edges due to the
mismatch in properties of the individual layers,p&t drops where thickness must be

reduced, and at regions subjected to out of plaadihg such as bending of curved

beams.
F ¥ H’
Straight free edge External ply drop
=
J
. Ty -

Internal ply drop & Comer
Sohd sandwitch transition Sk stiffner mteraction

Figure 1.6Forms of delaminations [14]

1.4 Linear Elastic Fracture Mechanics

Linear Elastic Fracture Mechanics applies when tioa-linear deformation of the
material is confined to a small region near theckri@. For the analysis it is assumes
that:

a) The material is homogeneous isotropic continutsrhehavior is linear elastic, strains

and displacements are small and crack surtaeesmooth,
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b) The material is free from large scale self-ahtating internal stresses and from body
forces (gravity),

¢) The analyzed domain has a constant thickness,

d) The initial crack is large (i.e. longer thamin),

e) Loads are applied dynamically and randomly; and

f) The growth of a single dominant crack leadsatitufe

_______ —>1
Oy
A

_%.TW

s
r "‘_\_

Figure 1.7A crackof length 2a in an infinite plate subjected
tauniform in-plane shear stressest infinity [2].

The governing equation for the expressions of thgusar polar components of stress

and displacement for static loading may be given by

K, (5 6 1 39)
e [ 0 6 1 ey o | 1.1
I J2m\4 2 4 2
K, (3 l2] 39j
= e o6 [ S o o | 1.2
0-6 1271 4 2
K, (1 8 3@)
= o | e o g e 1.3
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u -& ' [(Zk—l)cos——cos—} .......................................... 1.4
" 4u\N2r

u =& L[(—Zk—l)sing+sin3—6’} ........................................ 15
¢ au\2m 2 2

and for the principal singular stresses

ag,= \/}2<_717 cos§(1+ sm—j ................................................... 1.6
ag,= \/Ij_;r cosg(l—sm—j .................................................... 1.7

1.5 Dynamic fracture mechanics analysis

When cracks propagate in homogenous and brittielssathey can only do so
under locally mode-I conditions and at sub-Raylergve speeds typically below the
crack branching speed. Even if the applied loadsx@asymmetric, the dynamically
growing crack will curve and follow the path thaillwesult in locally opening (mode-I)
conditions. The situation is entirely differentitrack is constrained to propagate along a
weak preferred path in an otherwise homogenoud.dalithis case and depending on the
bond strength, the weak crack path or bond oftgpstthe crack, suppresses any tendency
of branching or kinking out of the weak plane amdnpits very fast crack growth much
beyond the speeds observable in monolithic sollddeed, when mode-lI cracks
propagate in both isotropic and orthotropic sotidataining weak crack paths, they can
reach speeds as high as the Rayleigh wave spetbe sblid. On the other hand, when
mode-Il cracks are made to propagate along suclk watns, they tend to go at even
faster speeds that are clearly within the intersargime of the solid. Although the
extreme mode-I and mode-ll cases have recently lstedied experimentally and
theoretically, very little is known about the dynanmixed-mode crack growth along
weak paths, a situation that has only recently besalyzed by Geubelle and Kubair

about the transition of an incident dynamic modeack into a mixed-mode crack as it
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encounters a weak plane or interface. Recently,eXal. examined the incidence of
dynamically growing cracks at inclined interfaces v@arious strengths. Interesting
phenomena on mixed-mode crack growth along anfagerwere observed. They tested
weakly bonded systems composed of identical caestis so that the resulting material
remains constitutively homogenous. However, thesterce of a weak bond (bond of
lower fracture toughness) made this material inhgeneous regarding its fracture
resistance behavior. Therefore, the complicatiothefstiffness property and wave speed
mismatch across the interface was avoided whilgmety the essential properties of a
weak interface or bond whose strength could be rexpatally varied and analytically
modeled.

In dynamic fracture mechanics problems, the mogiomant parameter is the

DSIF, which represents the stress singularityéf near the crack tip or the crack center

for a central cracks is the normal distance to the crack tip. The DSl ifunction of
time t, and the way to evaluate it is by knowing thsplacements at the crack surfaces in

a local coordinate system for full models.

1.5.1 Stress field around the tip of a dynamically
propagating Mode-I crack

Williams characterized mathematically the distribmtof the stressegy, near the crack

tip in the LEFM domain by means of an expansion series with théracted form in

equation

1 [ N Il + i + +
U”_E[K' F@+K, f @+ K, T, 0)+75,0,+00 . 18

ij
WhereK |, K, ,andK ,, , are the stress intensity factoIK) for Mode | Il and Il

respectively;r is the distance from the crack t'(g;j are the stresses defined near the

crack tip; ¢ is the polar coordinate anglef :J_ (#), f: (#), andf :]_” (¢)are functions
dependent on crack length and geometry, which flarge number of two dimensional
(2D) crack cases are available on form of diagramsesaand interpolation formula.
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These functions are also called the beta or thenge@ factorsO(l) represents the

contribution of higher order terms on the stresddfiandl', called theT-stress, is a
uniform non-singular stress, normal to the cracle land dependent on the type of
loading and specimen geometry [14].

Neglecting the contributions of higher order tertie developed form of equation 1.8,

for a3D cracked body under puMode lloading, can be written as [2]:

0. 0. o. fl f o f.0 rr o T.
K f'

Ox O, 0,7 ) fl0) f )+ 0 0 0| 1.9

yX yy yz
|

m | |
Ox O, O f o) f.l0) f (o) T.0T.
Stress field of a steady mode-I crack is givendfgramic loading by a well-known form

g, :%2 (6.0)+T 3,0, +00)  Gi=L12cciiioiiiiiiiii, 1.10

whereKI(t) is the dynamic stress intensity factor of the mbdeack as a function of

time t; T is a non-singular term, which is called “tAestress; O(1) represents higher

order terms; the functionsz:j (H,U) that represent the angular variation of stress

components for an instantaneous crack tip speed

1.5.2 Stress field around the tip of a dynamically
propagating mixed-mode crack

Similarly, the asymptotic stress field of a steaatyde-1l crack can be expressed by

I _ K” (t) 1l L

i,- _Tnz” (B,0)+O() (i, JF1,2) e, 1.11
where K " (t) is the dynamic stress intensity factor of the mbicerack as a function
of time t. There is nol-stressinvolved in a pure mode-Il crack stress expressidre
functions Zi'j' (H,U) that represent the angular variation of stresspooants for an

instantaneous crack tip speed
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Based on Esq. (1.10) and (1.11), the stress field mixed-mode crack can be

obtained using linear superposition principle:

0,=0,%0; = ()Z( V)+T 9,0, K”()Z( v)40(1) (i, j=1,2)......1.12

1.6 Objectives of the problem

The objective of this thesis is to analyze the ctftd crack length on the stresses, strain
and their distribution near the crack tips in drcamposite made fuselage shell by using
finite element software. This will be done througldeling and simulating the cracked
shell and applying the loads which exist in theefage at landing; such as, ground
induced excitation due to pavement irregularities.

Basically, the problem consists in the evaluatidnstvess and displacement
response and behaviors of an all composite madkelshang a stationarycrack due to
dynamic loading. In this research the dynamic logdiepresents, random vibration
loading induced by the different types of surfagegularities; such as smooth runway
(Class A road type ), pasture (class G runway) ploaved field(class H runway )
propagated in to the shell, particularly to thensiBy “stationary crack” it means that

crack length is constant and crack tips remain paantly fixed in a finite medium.
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1.7 Methodology

To fulfill the objectives of the study the followgrare used.

i. Literature Review: Survey of books, journal articles, proceedingsmtérnational
conferences, aircraft manufacturer catalogues, aihdr relevant literatures are
done.

ii.  Data Collection: data used for this research are collected froermet. The data
include dimensions of the thin structure, matensg¢d to construct the structure,
loads acting on the structure. Pavement roughnatssal the different types of
runways and roads are obtained from books and gsirn

iii.  Modeling and Analysis. The finite element model development as well as the
corresponding dynamic analysis is performed usiNgGXS software.

iv. Conclusions and Recommendations.

1.8 Thesis Layout

This thesis document details the theoretical bamkgi, modeling and analysis of the
shell type thin structures and algorithms requiegerform the analysis on the software
used. It has been divided into five separate clspiehe first chapter discusses thesis
background and previous research works carriedhan fteld of dynamic fracture

mechanics on composite shells. The second chaptds dvith the basic concepts of
physical modeling and mathematical formulation @nhdom vibration loadings,

representing of a typical pavement roughness madeland wheel assembly model, and
using the above physical and mathematical modeigeaat a reasonably mathematical
formulations used as an input for the dynamic trecproblem. Chapter three presents
finite element mathematical modeling and geomelescritaization of the shell structure.
It discusses elasticity of structural matrix detiea, modeling of spring and damper
combination used to represent the shock absorbexhamism for the complete airplane
sketch, crack modeling as a semi elliptical sh&jiepter four covers all the numerical
results and discussion of results obtained in tINSXS. Finally, chapter five gives

principal conclusions and propositions for areafitfre works.
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Chapter Two

Physical modeling and mathematical formulations

2.1 Introduction
This chapter deals with random vibration loadinge do different types pavement

roughness excitations.

2.1.1 Random variable loadings
In determining aircraft responses for gusts andeunaers [1], the aircraft response to a

number of different types of forcing functions need be considered. These tend to
divide into three categories:

1. Harmonic excitations primarily concerned with excitation at a singlequency
(for engine or rotor out-of-balance and as a cbmstt part of continuous
turbulence analysis).

2. Non-harmonic deterministic excitationcludes the ‘1-cosine’ input (for discrete
gusts or runway bumps) and various shaped inpatsfl{§ht maneuvers); such
forcing functions often have clearly defined anahbit forms and tend to be of
short duration, often called transient.

3. Random excitatiomcludes continuous turbulence and runway profiRasndom

excitation can be specified using a time or fregyetomain description [1].

2.1.2 Analytical Fourier Transform

In practice the definition of the FRF may be exehtb cover a more general excitation

by employing the Fourier transform (FT), so thdt [1

~—

)= X1

X
F(a) ................................................................................ 2.1(a)

S—|

Where X (c) is Fourier transform of responsx(t)
F(«) is Fourier transform of excitatiof(t)

H (a)) is the frequency response or transfer function.
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2.1.3 Frequency Domain Response

It may be seen that rearranging Equation (2.1ga&jd to
X(@) = H(W)F () e 2.1 (b)

There are two cases in aircraft loads where regpdéosa random-type excitation is
required: flying through continuous turbulence aadiing on a runway with a non-
smooth profile. For continuous turbulence, it ismal practice to use a spectral approach
based on a linear-zed model (lumped mass, thatsnéaslanding gear and the fuselage
shell are connected by flexible/elastic /force edats) of the aircraft [1]. When the effect
of significant nonlinearity is to be explored, amé domain computation would need to be
used. However, for taxiing [1], the solution woldd carried out in the time domain using
numerical integration of the equations of motios tleey are highly nonlinear due to the
presence of the landing gear.

When a random excitation is considered, then as8tatl approach is normally
employed by defining the so-called power spectaisity (PSD) of the excitation and
response [4].

The PSD of response(t) is defined by [1]:

Sxx(w):;-—nx(w)* x(w)=%|x(w)2| ................................................ 2.2

Thus the PSD is essentially proportional to the nhaglsquared of the Fourier amplitude
at each frequency and it is a measure of how the/ép' in x (t) is distributed over the
frequency range of interest.

Multiplying equation (2.1, b) on both sides byatsmplex conjugate then

X ()X (@) = H (w)F (w)H (w)F () =[H (@) F(@)F U(0) s+ eveveveieeei e 2.3
and if the relevant scalar factors present in Hqoaf2.2) are accounted for, then

equation (2.3) becomes
S, (@) = [H(@)* Sy (@) -vr v 2.4
Thus, knowing the definition of the excitation PSR (), the response PSS _(w)

may be determined given the FRF for the systemaly be seen from Equation (2.4) that
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the spectral shape of the excitation is carriedubh to the response, but is filtered by the
system dynamic characteristics.

The aircraft dynamics responses are sometimesnganli.e. doubling the input does not
double the response, which complicates the solytroness, but in this research only the
linear landing gear case is considered. Using #rqu domain approaches, the
determination of the response near crack tipsndam excitation for continuousinway

profiles will be analyzed. Moreover 2DoF of thetsys is considered.

2.2 Airplane ground maneuver dynamics

Vehicle motion on the take-off and landing stripiethincludes landing, take off,
braking, and turning is response of the systeno&old imposed on the aircraft from the
ground reaction, gravity, and aerodynamic loads.atidition, stresses, deflections,
vibration induced in the components of the airplane also responses of the vehicle.
Ride is associated with dynamic response of thdl steicture and other parts to
excitations produced by different sources. The nsaurces of these excitations include
road roughness, wheel run out, engine and drivelibetions and aerodynamic loads.

Of these, road roughness causes significant anofuhé shell structural vibration [1].

Determination of dynamic responses specially ctgezlstress and strains of the
thin shell necessitates development of models septeng the shell. Appropriate
physical and mathematical models are necessanyite at reasonable results. Equations
of motions, the solution of which gives the resgookthe system, and which govern the
system at hand are formulated based on the matlamaiodel. Closed form solutions
are attainable for models of less complication Wwheappen to approximate the problem
reality to a lesser extent. The better the reatitynodeled the complicated the model
becomes and this calls for advanced solution methbd implementation of which is
possible using highly capable computers and compatiware’s. In this respect, finite

element modeling and software analysis is worthtiaeimg.

Airplane parts such as fuselages, wings and oftiniearae parts are modeled as

thin shells for simulation purpose. In this toptkce definition of some of the physical
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guantities used to define motion and loads, thesighy and mathematical modeling of

the problem are presented.

2.2.1 Coordinate systems

Flight vehicle motion and the response of the Vehtic excitations are described
using quantities which do represent some realith wespect to the motion and response
of the vehicle. To define the different motion gtiées and loads associated with flight
vehicle motion and simulations regarding the maqtidifferent axes systems are in use.
Two coordinate systems are used in flight vehiagteutations. These are the body fixed
coordinate system and the earth fixed coordinastesy (Fig 2.1). The body fixed
coordinate system; x-y-z has its origin at the eenf gravity of the vehicle and travels
with the moving vehicle. The longitudinal(x) axistends from nose to tail of the
fuselage; lateral (y) axis extends from wing tipwing tip. The normal (z) axis drops

perpendicular to the line joining longitudinal athe lateral axis.

Ty

Figure 2. 1Notation for body fixed and earth fixed axes

The Earth fixed coordinate system, X-Y-Z is seldcte coincide with the vehicle

coordinate system at the start of maneuver whwmm fhen on remains fixed on the earth.
The absolute motion quantities are defined witlpeesto this coordinate system and the
components of these quantities are defined aloagxles of the vehicle fixed coordinate

system.
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2.2.2. Motion and forces with reference to aircraft ground

maneuvers

The motion of aerospace vehicle is defined by thraaslational and three rotational
(angular) components. Using the vehicle fixed comi® system introduced in the
previous article the linear velocity and accelemtof the vehicle are decomposed along
the three axes producing the longitudinal, laterad vertical components. Roll, pitch,
and yaw correspond to the rotational motion abbatx-, y- and z- axes of the aircraft
fixed coordinate system. Forces and moments areaihses for state and trajectory that a
vehicle attains during the course of motion. Thedbinclude aerodynamic, gravity and
loads generated at the tire ground contact. Thaagrsi forces with which the motion of
the aerospace vehicle is controlled are developdbeatire ground contact. Figure 1.3
shows the most significant forces on the vehicldhex-z plane.

2.3. Road roughness model

Road roughness, as outlined in the introductionthés major source of excitation. It
stands for the irregularities in the road proff#ne waves, step functions, and triangular
waves can serve as models to represent road rosghNenetheless, random function

modeling more realistically defines road profiles.

Random processes are defined using power speceabityg (PSD) functions.
Mathematically, PSD function of a random variablegess represents the Fourier
transform of the autocorrelation function of thendam process. Autocorrelation or
correlation of a function with itself indicates hdlae value of a random variable a tite
is related to the value at time 7 [4, 15]. The autocorrelation function is dependemt
the periodr and not on the specific time, In addition, other parameters like expected
(mean) value, root mean squared value, variance,standard deviation are used to
describe random variables and processes. Basddspa random function representing a
random variable is said to be stationary, if thpested value of the function at timhés

the same as the expected value at titre A random road profile is stationary as long as
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a contour representing portion of the road repéatdf after time,t. In this study,
stationary conditions are considered. PSD meastimand roughness is one of the
internationally recognized methods to describe madhness. The road elevation profile
is decomposed into series of trigonometric wavesying in their amplitude and
frequency. The plot of density of the mean squataes of amplitudes versus the spatial
frequency gives the PSD function correspondingh® signal. Spatial frequenc®
represents the number of cycles correspondingdoifspamplitude per unit length and it

is the inverse of wave length.

Various road rough nesses ranging from that of $hhanomway to off-road ground could

be modeled as random signals which are defined R&D functions. Accordingly, the

relationship between power spectral dengé/(Q)and the spatial frequen€y can be

approximated by [8]:

In equation 25,5 (Q) is the power spectral density of the road rougbreevation

profile, and Cspand N are constants whose values for the different roadilgs are

given in Table 2.1. The values of the constanteddepending on different conditions.

The area under th§& - Q curve shows the variance of the function. The éighe area

is the higher the level of roughness.
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Figure 2. 2Power spectral densities as function of spatial frequency
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No Description N Ce

1 Smooth runway 3.5 4.3*10™
2 Rough run way 2.1 8.110°
3 Smooth highway 2.1 4.8*10°"
4 Highway with gravel 2.1 4.4%10°
5 Pasture 1.6 3.0+10*
6 Plowed field 16 6.510

Table 2.1Values of Cg, and N for Power Spectral Density Functions
for vario8sirfaces|8].

On the other hand, the International organizaterStandardization (ISO) classifies road
surface roughness into eight classes (classes BakiRd on power spectral density [8].
Accordingly, the relationship between the power cs@é density and the spatial
frequency for different classes of road profile nieyapproximated by two straight lines

with different slopes (Fig 2.4).

The corresponding relationships are [8]:

FoR < Q,
S, (@)= Sg(Qo{yQJm SANG. e 2.6(a)
ForQ>Q),

S, (@)= Sg(Qo{yQJNZ .............................................. 2.6(b)

In the above equationgg (Q) andQ, as discussed earlier, represent the power spectra

density and the spatial frequency. The tef)) corresponds to the value of the spatial

frequency which is equal 16277 cycles/m or wavelength equal ta. Zhe values oN1

andN2, respectively, are 2 and 1.5.
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Table 2.2 gives the range of spectral densi@)ator each class of road roughness.
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Figure 2. 4Classification of Road Surface Roughness by 1 SO [8].

-6

Degree of roughnessSg ((20( *10 m2/ cycled mj
Road class Range Geometric mean
A(VERY GOOD) <8 4
B(GOOD) 832 16
C(AVERAGE) 32-128 64
D(POOR) 128512 256
E(VERY POOR) 512-2048 1024
F 2048-8192 4096
G 8192-32768 4096
H >32768 16384

Table 2.2Classification of Road Roughness by | SO [8]
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The International Roughness Index (IRI) to evaluatsd roughness of roads in service
and under construction. IRI stands for total acdabed vertical movement of a vehicle
divided by the distance traveled by the vehiclerdumotion. It is given in meters per

kilometer. There exists relationship between PSDues or, particularly, the area

underS -Q curve and the IR, i.e. as the roughness incredseh the area and IRI

increase.

In this research, for the purpose of fracture agialpf an all composite made
fuselage, roads of three different roughness ctaase taken into account. In the first
case, the condition in which the airplane lands &maderses over class A (smooth
runway) surface profile type; in the second casdilay on class G (pastured) rough strip
or off-road; and finally, landing on class H (plaivield) are considered. The analysis of

road type G and H are considered for the worst lzakng pavement conditions.

By considering the mean values of road roughnassoilowing PSD vs Spatial

frequency graphs are generated.

1EI'2§ —— ————

Power spectral density[PSD]{mZfcycles/m)

10 107 10° 10°

Spatial frequency(cyclesdim)

Figure 2. 5Power Spectral Density verses Special Frequency for class-A road
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Power spectral density[PS0](mZ/cycles/m)
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Figure 2. 6Power Spectral Density verses Spatial Frequency for pastured

—
=
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Figure 2. 7Power Spectral Density verses Spatial Frequency for plowed field
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For flight vehicle ground induced vibration anakyst is more convenient to express the
power spectral density of surface profiles in teohthe temporal frequency in cycles/sec
rather than in terms of the spatial frequency iglesym, since vehicle vibration is a

function of time.

The transformation of the spatial frequerf2yn cycles/m to the temporal frequenicin

cycles/sec is that of the landing speed of theaaigy)_ . :

f(Hz) = Q(cycled m)* Uiana (MIS) 2.7
For an airplane moving with velociy, . on the ground the power spectral density in
terms of temporal frequency, (number of cycles per seconcs)g(a)) can be determined

as [8]:

Using Flight data’s for B-787 passenger airling23], assuming danding velocity of

150m/sec the corresponding graphs in terms of teshpalues are shown below

Pawer spectral density[PSD](m2/Hz)

1|:|' L [ T T A A | ' P SR TR A R A A | ' PR T T T T A
10° 107 10" 10

Tempaoaral frequency(Hz)

Figure 2. 8Power Spectral Density verses Temporal Frequency for class-A road
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Figure 2. 9Power Spectral Density verses Temporal Frequency for pastured
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Figure 2. 10Power Spectral Density verses Temporal Frequency for plowed field
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2.3.1 Runway Profile

To calculate the aircraft dynamic response duringugd maneuvering, the runway
profile over which the aircraft is operating must §pecified. Every runway in the world

has a different profile. However, it is not possiltb consider them all in the design
process so only representative runways are corsidét. The profile h(Xr) of a runway
is defined relative to a flat datum as shown inurfegg2.11, a) and b) where the distance
along the runwayy, is measured with respect to a convenient origie frofile is taken

as downwards positive, to be consistent with dowdwaositive displacements on the

aircraft. An assumption is taken that there is anation of profile across the runway

X, hix.)
a) b)

Figure 2. 11a), b)Model of a representative runway profile[2]
For a ‘1-cosine’ dip of depthy and total length of runwayp, as shown in figure

2.11 would have a runway profile [1]:

h(xr)=AThr(l—c032ﬂTx’} ...................................................................... 2.9

The aircraft nose and main gears would pass oeeldip’ at different times, so causing
both heave and pitch motions of the aircraft.

When the equations are set up, btth and h(t) i.e. the runway profile and rate

of change with time of the profile, as seen by egeér, are required; thus a temporal

definition must be obtained from the spatial pmfiThe value ofh(t)is equal to the
value of h(Xr) at the current location of the aircraft during thgiing process. The time
rate of change of the profifgt) depends upon the local runway slope and the aircraf
velocity. Noting that the aircraft forward velocitg ¢j_ . at the instant of time

considered.
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Then, using the chain rule, the rate of changedfilp with time is given by [1]

_dh_ dh dX _ dh
dt d dt Uland
X, dx.

where the runway slope may be estimated from toél@rvalues near to the point of

....................................................... 2.10

interest.

2.3.2 Airplane Multi-body Model: Mathematical Formulation

Consider a rigid aircraft supported on linear spidamper gears as shown in figure 2.12.
Multi-body models are used to determine displacenstress responses of airplane. In
such model, stiffness, mass and damping propediethe tire and shock absorbing
device are considered such that the appropriatebication of these gives the
mathematical model based on which equations gawgrhie model are formulated. The
model can vary from the simple and most common degree of freedom model to a
model having higher degree of freedom. But for sh&e of simplicity two degree of
freedom will be considered.

I Zr |—‘—]
. L KME oM

T ]
?77?' . //]/f
) LH LM

Figure 2. 12 Two degree of freedom rigid aircraft in heave/pitch
supported on landing gear[1]

The aircraft response is represented by the ceftmass, subscript C; heaygand

pitch@, relative to any horizontal datum; zero motionresponds to the aircraft at rest in
its static equilibrium position on the datum runwalhus responses are actually

calculatedrelative tothis datum state and so are incremental. The #ifdees massn,

pitch moment of inertia about the centre of n1ayssnose (subscript N) and main

46



(subscript M) gear stiffnedg ,, K,, and viscous dampin@,,C,,; clearly the main

gears on both sides of the aircraft have been amalinto one unit.

i g
T T .. Datum Aircraft
ot
""--—--J____ g | € le
R 5 T y= = o
T ? =
T
X
Kh
AN

Ehans e———— Mirection af Airplane Motion
Figure 2. 13Rigid aircraft with a linear landing gear during landing[1]

Consider the aircraft position at any instant, gettefined with the centre of mass at

distancex from the runway origin, the nose gearyt and the main gear ak , as

shown in the figure 3.13. The profile values atgear positions are then [1]

P = () S0+ ) e, 2.11(a)
Ry =0, )00 =1 ) 2.11(b)

The energy dissipation and work done functions ddp@pon expressions for
compression and the rate of compression of theilgngear springs and dampers, and
these values will depend on the runway profile eatd of change of the profile. Thus, the

compression and rate of compression of the noseagedl]:

A= 20 =27 100 Ny AT Ze I Oy e e 2.12
And the compression and rate of compression ofrthi@ gears are [1]:
AM:ZM_hM:ZC+|M6_hM ’AM:20+|M9_hM .......................... 2.13

The kinetic energy is given by [1]:

l 2 l °2
T=—my. +—
P/ K 214
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The potential or strain energy is V [1]:

1 2, 1 2
_EKNAN-'-EKMAM ........................................... 2.15

And the energy of dissipation is given by [1]:

- _1 .2 1 . 2
:_ECNAN-'-ECMAM ........................................... 216

The effect of the forces is included in Lagrange&quation by considering the
incremental work donedW obtained due to the ground reaction forces trareder
through the supports at the ground to structureéaobrpoints incremental displacements

07, 92, hamely

N =072 Ryt202Z, Ry e 2.17
Then, applying Lagrange’s equations with generelizeordinates ¢ _, 6), it may be

shown that the equations of motion for the airdia@iting on the runway are
L =T =V = o 2.18
Substituting the values of the kinetic energy,eptil energy, and damping energy, the

equation of motion will become [1]:

for j =123,...,N.

dl aT | oT av o= _~ _o(ow
+ _Qj_

dt oq, _aqj+aqj o 0\oq

ForN = 2, the equation of motion becomes;

m 0 Zc + CN+CM _INCN+|MCM Zc

o 1,Jl6) [-lcutluce licotlic, JL6
y lvcutlucy  lueutlucy

Kyt Ku = Kyt KM:HZC}
__INKN+IMKM IZNKN+I;KM g

&G HhH K Ky Hh} .................. 219
__lNCN |MCM hM _INKN IMKM hM
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A right-hand side excitation term is present duthtovariation in the runway profile.

To determine the transfer function matrix, harmanjautsh, , |y,, are assumed for such

mN} {Hﬂe‘“‘ ............................................................... 2.20

where h’N Is the amplitude input excitations at the nose.gea

that:

h'M is the amplitude input excitations at the main lagdjear.

The assumed harmonic output will be of the form

Zc | _ Z’c it
C T —

wherg' - Amplitudes of the translational response of the

aaftrat the center of gravity.
g' - Amplitudes of the pitch response of the aircraft
aetbenter of gravity.

Substituting these equations in the equation ofanot

ol m 0 : CN+CM _INCN+|MCM _—Zlc} ot
—_ + 1\l
[ w{o Ij ( ){—INCMIMCM I2cotlic, Lo )€

+{ KN+KM _lNKN+|MKM {Zc}emx

_lNKN+|MKM |i|KN+Ii/IKM_ g
el S G ] Ko K [[JR] e
= [(Ia))|:_|NCN IMCM} {‘INKN I K ﬂ{h,M}e ....... 2.22

In this research, the dynamic analysis is carriat for two degree of freedom, i.e.,

M
bounce and pitch, cases. The same PSD input isedpal three points (nodes) in the
finite element model which correspond to the nosd main gears. The analysis is

carried out by applying one PSD input for one tydepavement at the three points
(nodes) corresponding to the three legs.
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The PSD input to be applied at the points corregonto the legs are not exactly equal
to the excitation at the tire ground contact po8ihce damping occurs due to tire and
shock absorber, the excitation at the points valdifferent. To determine the excitations

at these points, one gear leg model of the vehilideussed in the next section is used.

2.4. Tire model

Tires are components of an airplane which proventecessary adhesion for the vehicle
to advance over take off and landing strips. Taescharacterized by their stiffness and
damping properties. To model the mechanism of pig®in energy for a turning tire, we
assume there are many small dampers and sprinte itire structure. Pairs of parallel
dampers and springs are installed radially andupistantially [10].Figures 2.14 a) and

b) illustrate the damping and spring structure dfea[10].

Yiand
Ground plane Ground plane
a) Damping structure of a tire. b) Spring struatwof a tire.
mi

¢) Linear model of tire.

Figure 2. 14 Tire structure (Spring-Damper combination) [10]
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In studies regarding dynamic response of tiresheat single degree of freedom model
consisting of a spring and damper element is uBagife 2.14(c))Mt, Kt andCt stand
for mass, stiffness, and damping of the tire.

The stiffness characteristics; tire damping arel $iiffness depend much on the inflation

pressure. Some of the important properties of eireggiven in table 2.3.

Inflation Static Average nonrolling Damping
Tire pressureikPa) | Load(kN) | stiffness(kN/m) | dynamic stiffoess(kN'm) | coefficient{N/m/s)

11-3604 ply) 827 6.67 357.5 3794 24
8 357.5 394 2.6

9.34 423.2 34

110.3 6.67 379.4 394 21

8 386.7 437.8 25

9.34 304 423.2 25
7.5-16i6 ply) 138 3.56 175.1 218.9 (.58
4.45 175.1 233.5 (.66
4.59 182.4 248.1 (.88
193 3.56 218.9 233.5 0.36
4.45 226.2 262.7 (.66
4.59 2554 i3 0.73

Table 2. 3Stiffness and Damping Properties of tires [8]

2.4.1 Wheel and Tire Assembly

A landing gear has two major dynamic elements rresenamely the shock absorber and
the wheel/tire assembly. The dynamic behavior of #ssembly is complex and has an
impact upon ground maneuvering such as taxiinggibga turning, etc. The assembly
also influences the landing in that when tire defations are included, the required
shock absorber stroke reduces somewhat. It is tapoior the accurate estimation of the
landing gear internal loads and the loads at tHfeaaie attachment points such that the

system is modeled adequately.

A very simple representation that includes tirerabteristics is the two DoF model is
shown in Figure 2.16(a), (b), (c) and (d). Where tin-sprung mass consists of the
sliding tube, axle and wheel/tire/brake; a lineam;damped tire model is used for the

simple calculations involving vertical motion. Inagtice, the tire model is nonlinear,
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complex, particularly when representing lateralcés and depends upon material

properties, pressure, temperature, tire wall fligikyb etc.

Velacity of fravelling V. =———

Spriing Mass Ms
Suspension
Spring Ks I Suspension Damper Cs
i
Unsprung Mass Mz
Tire Spring Kt H Tire Damper Ct Raughness Pavemeant

T el Dt It

Figure 2. 150ne gear leg of airplane shock absorbing system
A one third airplane model with two degrees of fl@®m on a rough pavement is shown in

figure 2.15. The model is applicable for both naed main landing gear of the airplane.

Assumptions taken during analysis are:
» Determinate landing gear layout.
» Linear model of the airplane landing gear.

* Rigid airplane landing.

The power spectral densities, PSDygf and x of the un-sprung and sprung masses, in
each case, are determined through the introdudtidhe transfer function matri{ («),

the determination of which is detailed below.
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a) Physical model
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c) Motion d) Free body diagram

Figure 2. 16Landing gear shock absorbing device model[10]
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Applying Newton’s method provides two equationsmaition and assuming that

Xs” Xy =Y
Mo = = K o (Xe = X0 )= CalXo= 3 ) -vvovvoee oo 223
m X = Ks(Xs_XU)+Cs(Xs_XU)_ Ku (XU - Y)_CU (XU - Y) .................... 2.24

We usually rearrange the equations of motion fianesar system in a matrix form

[IMEXF+[CHX+ IKEXF={F} oo, 2.25

Take advantage of matrix calculus, rearrangemeigofations (2.23) and (2.24) results

in the following set of equations:

IS e o

0 m, XU __Cs CstCy XU

+_ KS _Ks Xs _ 0

_—KS KS+KUHXU} {Kuy_i_cuy} ....................... 2.26

The termlK , +C, ¥ refers to the force transmitted to the un-spruragses due to the

displacemeny excitation.

To determine the transfer function matrix, a harinamput is assumed forsuch that:
_ oy iat
y=ye
where y'is the amplitude input excitations.

The assumed harmonic output will be of the form

Xe | o X | 227
L(J {X'Je

wher§(’U , X’Samplitudes of the responses of the un-sprung anuhgp

masses.

Substituting these equations in the equation ofanot

_ 2 0 +(i Cs _Cs + Ks _Ks X's it
{ “’[0 mj (""{—Cs cs+cj LKS KJKJHX'U}e
. 0 0) w
_{KU vl w)CUHy'}e ................................... 2.28
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The transfer function matrix relates the outputhi®input such that:

X! O ] e, 2.29
ey o)
This gives,
el 2% S o
_|mwm+(i@)Co+ K ~(0)C.- K. T .
(0)Cs-Ks — M, HiDCH(0)C, + Kt Ky | 7 -

1 [famHaC G HK K, (@C K,

g(a)) —iwC+Ks _Cl.)zms"'(iw)Cs"'Ks

wheragy )= muled'm, =1 6 (es+ )~ oo (K s+ K.))
+C(([hm, -20C.- W C, +1w2K -+ K,
+ Ks(_azm ol Q CU + Ku)

In multi-degree of freedom system (MDoF), the powpectral density function of the

response is given by [4]

[SZ (a))J=[H (w)] [SF (a))J [H D(a))]T .......................................... 2.31

where [SF (a))J is the Spectral density function matrix of a l@acxcitation,

[SZ (a))J is the Spectral density function matrix of the @sges.

an(ﬁH D(a))] is the complex conjugate of the transfer function.

Denoting the spectral density functionypby Sg (a)) , the spectral density function

matrix of the load for the one aircraft shock absay device model becomes [15]:

(S, (@] 28, (@K 7 v 2.32
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Thus, substituting the variables in to equatior2 2v@ have the following;

[S (a))J= Kf _C(jrm+(i(‘)(Q+QJ)+KS+KJ ('(‘)Cs"'Kc,
2 g(w)g(w) -G+ Ks —IMHidC K,
[sg(w) o} ~omHACAHCG)FK+K,  -(4C+Ks
0 0 (0C.+K. —SMHdC+K,
........................................................................... 2.33
o= Kt2 Xz X
L P Eosita

where X .= S, (@) (-a’m, +i e (o ) Kot Kof
X =S, (@ e’ m +ie (e e )t Kot Ko (Fie)Ce+ K )
X =S,@ (Fi0)C+ K o' m e et et Kot Ko
X2 =5, (Fi0)Cs* K (Fi0)Cs+ K o)
andg”(n )= mylw' m, +1 lea* 6)- W (K KL)
+CJ((HwIm, -2/ C.- J C, -1et2K +Ko))
+Kolam +ie Cy Ky

In the above equations, the diagonals of the spled&nsity functions matrix of the

responses X ,,,andX ,,.represent the power spectral density functiong @ndy
respectively. The PSD functiolX le(Q), is used as input for the FE analysis, while

X ,,,(Q) would be the response of the structure [15].

Similarly, in terms of the spatial frequency te@m the response of the model is

defined by the formula [4]:

1S, (@)= U1 o[S, (@)oo 2.34
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The inputs for the finite element analysis are ma&e combination of data from the above
equations and figures.

The ANSYS program is used to simulate the airpldyramic near crack tip responses.
A representative airplane geometrical data is tdkem Boeing-787 (B-787). Stress and
displacement response when landing on differenésypf pavement roughness with a
landing velocity of 150m/sec is going to be simetht A symmetrical longitudinal

pavement profile will be assumed because the paveroeghness along the longitudinal
direction is the most important concern. This mehas the profiles for the left and right
main landing gears and the nose gear is simpldedne profile, and thus, roll can not

occur in the aircraft motions.
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Chapter Three

Finite Element mathematical formulations

3.1 Introductions

The finite element method (FEM) is a powerful nuicedr solution of a wide
range of engineering problems, such as the defavmaind stress analysis of aircraft,
automotive, buildings, bridges and dam structucesigld analysis of heat flux, fluid

flow, magnetic flux, seepage, and other flow praoide

With the advances in computer technology and CAflesys, complex problems can be
modeled with relative ease, and several alternatordigurations can be tried out on a

computer before the first prototype is built.

In this method of analysis, a complex region define continuum is dissected into
simple geometric shapes calligoite elementsThe material properties and the governing
relationships are considered over these elemerdseapressed in terms of unknown
values at element corners. An assembly procesy, camsidering the loading and

constraints, results in a set of equations. Solutdd these equations gives us the

approximate behavior of the continuum.
3.1.1 Basic concepts of engineering analysis

The analysis of an engineering system requires:
* |dealization of system.
» Formulation of equilibrium equations.
» Solution of equation.

* Interpretation of the result.
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Physical problem

+

Establish finite element
- - model of physical
! problem

1
1

Revise (refine)
the model?

Solve the model

'

— = = == Interpret the results

Figure 3. 1Algorithm for Finite element solution process

3.1.2 Structural analysis

Structural analysis is probably the most commonliegion of the finite element
method. Composite materials are those containinge rtian one bonded material, each
with different structural properties. Compositegdi$or typical engineering applications
are advanced fiber or laminated composites, suchbasgglass, glass epoxy, graphite
epoxy, boron epoxy and so on.

ANSYS allows us to model composite materials sjlecialized elements called
layered elementsOnce we build our model using these elements,cer® do any

structural analysis.
3.1.3 Modal analysis

Modal analysis to determine the vibration charasties (natural frequencies and
mode shapes) of a structure while it is being desdglt also can be a starting point for a

spectrum analysis.
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3.2 Random Vibration analysis

A Random Vibration Analysis is a form of Spectrumalysis. The spectrum is a graph
of spectral value versus frequency that capturesiritensity and frequency content of
time-history loads. Random vibration analysis ishabilistic in nature, because both
input and output quantities represent only the abdlty that they take on certain values.
Random Vibration Analysis uses Power spectral detsiquantify the loading. (PSD) is
a statistical measure defined as the limiting megumare value of a random variable. It is
used in random vibration analyses in which theainistneous magnitudes of the response
can be specified only by probability distributiamttions that show the probability of the
magnitude taking a particular value. In additionsigma displacement and 1 sigma
stresses are used to characterize the responsesnplication of 1 sigma stresses is that,
say, for a component, if the 1 sigma stress isipéco have value K, then during
motion of the vehicle, 68.22%f the time, the stress level is at or below K224 .of the
time between K and 2K, and 4.3% of the time, betw&eand 3k.

3.3 Spectrum analysis

A spectrum analysis is one in which the resulta afiodal analysis are used with
a knownspectrumto calculate displacements and stresses in the Inaodiearound the
crack tip. It is mainly used in place of a timetbry analysis to determine the response of
structures to random or time-dependent loading itiond such as earthquakes, wind
loads (turbulence), ocean wave loads, jet enginesthrocket motor vibrations, and
ground induced excitation.
Three types of spectra are available for a spectmatysis: these are
* Response Spectrum
0 Single-point Response Spectrum (SPRS)
0 Multi-point Response Spectrum (MPRS)
» Dynamic Design Analysis Method (DDAM)
* Power Spectral Density (PSD)
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3.3.1 Response Spectrum

A response spectrum represents the response dé-£d@F systems to a time-history
loading function. It is a graph of response veffseguency, where the response might be
displacement, velocity, acceleration, force. Twpety of response spectrum analysis are

possible: Single-point response spectrum and moltit response spectrum.
3.3.2 Single-Point Response Spectrum (SPRS)

In a single-point response spectrum (SPRS) analysis specify one response spectrum
curve (or a family of curves) at a set of pointghe model, such as at all supports, as
shown in Figure 3.2(a)

3.3.3 Multi-Point Response Spectrum (MPRS)

In a multi-point response spectrum (MPRS) analysis, specify different spectrum

curves at different sets of points, as shown iufe@.2(b)

]
3
3
3

Figure 3. 2Response spectrums

3.3.4 Dynamic Design Analysis Method (DDAM)

The Dynamic Design Analysis Method (DDAM) is a teijue used to evaluate the
shock resistance of equipments. The techniquesenéally a response spectrum analysis

in which the spectrum is obtained from a seriesropirical equations.
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3.4 Power Spectral Density

Power spectral density (PSD) is a statistical meadafined as the limiting mean-square
value of a random variable. It is used in randorbration analyses in which the
instantaneous magnitudes of the response can befispeonly by probability
distribution functions that show the probability tife magnitude taking a particular
value. A PSD is a statistical measure of the respaf a structure to random dynamic
loading conditions. It is a graph of the PSD valeesus frequency, where the PSD may
be a displacement PSD, velocity PSD, accelerat®D,Pr force PSD. Mathematically,
the area under a PSD-versus-frequency curve isl eguthe variance (square of the
standard deviation of the response).

Similar to response spectrum analysis, a randonatidm analysis may be single-point or
multi-point. In a single point random vibration &rsas, we specify one PSD spectrum at
a set of points in the model. In a multi-point rand vibration analysis, we specify
different PSD spectra at different points in thedelo

3.5 Derivation of structural matrix

In the theory of finite element structural analydisgrange’s principle is used in the

dynamic analysis equation formulation for rigidcaaft.

The Lagrange’s principle states

d a—T _oT + on 0 e e 3.1
dt\op) O OJ¢
In this case, the Lagrangianlsjs defined as:

L o T T e 3.2

Wherd; is kinetic energy, and is the potential energy.

The potential energy of a linear elastic body isegiby
T =0 =\ N e 3.3

WherdJ is the internal/strain energy; and

WE is the external energy which is work done by exEloads.
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The internal energy is the strain energy causeditigrmation of the body, and can be

written as

u =% [ITAG LAV 3.4

Where{o} = {O'X’O'y' Txy}T is the stress vector and

{ } {gx gy }T is the strain.

The strain vector is related to the stress vegtdhb equation:
=[DRe} oo, 3.5

where [D] is the constitutive matrix.

Substituting equation (3.5) in to equation (3.8lys

_1 T
U _EHL{g} [DHENAV oo 3.6
The external energy is the work done by the extéoaals, and can be given by

= [ {ut{ flav + [L{u{®ldS oo 3.7

Wheref{u} ={,.u,.u,} is displacement vector for the element
{f}:{f K fy, fz} is body force vector
{o}= {axay} is surface load vector

Substituting equations (3.6) and equations (3.9 iequations (3.3) and discretization of

the domain in to a number of finite element domaiesds:

:—M &' [DYebav - [[[ {u}{ flav - [[{u} {@JdS oo 3.8

The kinetic energy term, T, can be given by

T =2 I A AV 3.9

Displacement vector,u} can be expresses in terms on the nodal displaceraetdr as:
{W=INK@ oo, 3.10
where [N] is the displacement transformation nxatri
{# is the nodal displacement vector
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Substituting the vectornd} in to the kinetic energy equation (3.9):

= L] o ko
T =24 (I[N INJavoieh
T= %{w}T[M 7 E OSSOSO 3.11

M J=]][ #IN]" [N]dv = is element mass matrix.

The strain and displacement vectors are relatatidynatrix, [B] such that

{1 =[BRA oo 3.12

[B] is strain displacement matrix.

Using equations (3.12), equations (3.6), can beriteen as

U =2 [][ {8} (4" [IEKdav
U =2 ([]], {8} [Dleleviidh
U= %{qﬂ}T[Ke]{qo} .................................................. 3.13

where[K | is element stiffness matrix.
Substituting the vectord} in to the external energy

W = [[[INT{g™{ tlav + [[INT{dT{@}IS .o ooooo 3.14
Substituting equations 3.13 and 3.14, in to equ&li8, then the potential energy is
n =%{¢}T[Ke]{¢}- [N { fJav = [[INT BN e 3.15

Substituting equations 3.11 and 3.15, in to equ&lid, the governing equation of motion

for general vibration of composite shell becomes:

0 R (3.0 [ =S = OO 3.16

heve |- " is body force vector

[ °is surface load vector

The equation of motion for free vibration of theeBltbecomes;

MR+ TKEB =0 3.17
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Reducing in to Eigen-value of the problem is:
(K- M@ =0 3.18

The natural frequengyy,, mode shapes and other parameters can be obtaynesing

the equation 3.18.
Equation (3.16) is the governing equation for agnmednt. Substituting the appropriate
displacement transformation matrices, strain dogient matrices, and constitutive

matrices, the stiffness and mass matrices canteendeed.

I) Four node shell element
Four node shell elements (fig 3.3) are used to iheeshell structure of the vehicle. The
element has four nodes with each having six degrefgeedom. For the model 4

node element 63 is used.
z

J

Figure 3. 3Four node shell element

II) Spring-Damper Element
Spring-Damper finite elements are used to modektiock absorber and the tire of the

flying vehicle. Generally, the element is used tdel the shock absorbing mechanism.

i

2 e

Figure 3. 4Spring-Damper Element
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[I1) Crack description

As seen in figure 3.5 a semi-elliptic crack is geted by removing out an elliptical
volume having a crack length 2a=200mm, a depth=2€5mm, and a narrow width of
W=12mm. The surface crack in this case is oriefgaditudinally and circumferentially

on the outer top most surface of the shell as shovigure 3.5.

| 23 e Ly e
= d—

b) Circumferential surface crack orientation L@ngitudinal surface crack orientation

Figure 3. 5Semi-élliptical surface crack model and meshes
IV) Meshing the Model

The model is meshed with automatic mesh generatommand “Auto Mesh
Generation”. As can be seen from figure 3.5, thelehas meshed with more refined
elements in the vicinity of the crack and coarsebshed in areas away from the crack to
economize the computation time.

V) Geometric parameters of the model

The parameters are taken from Boeing 767-serigseddirplane [23].

Outer radius of shell = 2900mm KN = 80 000 N/m
Thickness of the shell = 27.5mm CN=3200 N s/m
Layer thickness = 2.5mm CM =19 200 N s/m
Length of the fuselage shell =18000mm KM = 240 000 N/m
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VI) Material of the laminate:

Carbon Fiber Reinforced Plastic (CFRP)
The material of the laminate is made of linearteasthotropic material that is taken

from reference [11] with the following properties:

E, =181Gpa, G,,=7.0Gpa
E,=10.3Gpa y =0.28

E, =10.3Gpa yy =0.60

G, =7.17Gpa V. =0.27

Gy =3.0Gpa p =Density =1550

VII) Layup sequence: symmetric [45/0/-45/90/0/-45/0/90/-45/0/45] °

1
LAYER STACKING

ELEM 1]
1

= 11

SHOWN
FROM 1L To 11

Material#

Theta

Figure 3. 6Layer stacking sequence of composite shell
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VIII) Loading and Boundary conditions

Boundary conditions: The fuselage shell is constrained in both rotarg hnear
displacement in the x and z directions, and freextote linearly and constrained to rotate
in the y direction as shown in figure 3.8. The moedone with the absence of
longitudinal and transversal stiffening members.

Loading: The applied load, which is the power spectral dgr{§iISD) input at the three
points of the node that the landing gear fuseldtpgclament points in the direction of
excitation(y axis) are applied for the analysis.

Figure 3. 7Aircraft Sketch

a) Boundary conditions b) Loading application

Figure 3. 8Finite Elemenimodel of all composite shell,
loading and boundary conditions
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Chapter Four

4.1 Finite Element software results and discussions

The analysis carried out using the finite elemeotieh consists of modal analysis, and
spectrum analysis. The same finite element modelsed for all the analyses. The
difference among the cases considered lies inyfheedf application of loads, variation of
crack length and crack orientation. The solutioacpdure followed for the analysis is

shown in the figure 4.1 below.

{  Shell Model |
|

[j_-“i.]ﬁte Element Mod eg

1
{ Spectial Analysis + { Modal Analysis }

)
([ Mode Combining ]

1

satisfacto
/\Qhﬁné

Yes

Mo

3
{  Final Solution )

Figure 4. 1Flow diagram of solution procedure

4.2 Modal analysis

Modal analysis provides results which indicate nla¢ural vibration characteristics of a
structure. It involves determination of the natdrabjuencies and modes of vibration. In
addition to studying vibration characteristics, thsults obtained from modal analysis are

used for spectrum analysis.

4.3 Random vibration analysis
Random vibration analysis deals with response sif@cture to random dynamic loads.

The responses are defined using power spectralitgefiumctions. As explained in
chapter four, & displacementes and stresses, displacementes and stress, ard 3

displacementes and stress are used to charadtegzizesponses.
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4.4 Finite element Software results
Here the analysis is done for the initial crackgnof given parameters as explained in

section 3.4.

4.4.1 Class A runways types, longitudinal crack orientation

-044301
o5

Figure 4.2. 2Total displacement response for initial crack length=200mm
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Figure 4.2. 3Nodal shear stressfor initial crack length=200mm

Figure 4.2. 4Element shear stressfor initial crack length=200mm

) . 145E+09
L 121E+09

Figure 4.2. 5Von misses stress for initial crack length=200mm

71



4.4.2 Class A pavement types circumferential crack orientation

SOLUTION

NODAL SOLUTION

-015051 -030101

Figure 4.2. 7Total displacement response for initial crack length=200mm
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Figure 4.2. 8Nodal shear stressfor initial crack length=200mm

Figure 4.2. 9Element shear stressfor initial crack length=200mm

Figure 4.2. 10Von misses stress for initial crack length=200mm
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Table 4. 1Simulation results: Class A runways.

The analysis is done on a 20%, 40%, 60%, 80% @féklincrease of crack length with

the same type of loadings, crack orientation, andeh

Initial crack length =200m

Longitudinal | Circumfere %
SIN | Type of Parameter crack ntial crack | Remark
result Orientation | Orientation
1 Uy=y-Displacement (mn 0.06645; 0.06722
2 Nodal | Usum=Total displacement (m 0.06698. 0.06772
3 solution | Sxz= Shear stresses( M 12.2 11.2
4 SEQV=Equivalent stresses ( M 217 25k
5 Element | Sxz=Shear stresses( M 317 25.7%
solution
20% Increase ofrack length =240m
1 Uy=y-Displacement (mn 0.071804. 0.091767
2 Nodal | Usum=Total displacement (m 0.072373. 0.092449.
3 solution | Sxz= Shear stresses( M 16.1¢ 15.¢
4 SEQV=Equivalent stresses ( M 234.¢ 349.2
5 | Element | Sxz=Sher stresses( Mp 37.1¢ 40.1¢
solution
40% Increase of crack length =280
1 Uy=y-Displacement (mn 0.077156. 0.116309
2 Nodal | Usum=Total displacement (m 0.077765 0.117170
3 solution | Sxz= Shear stresses( M 20.17 20.5
4 SEQV=Equivalent stress« Mpa) 251.¢ 443.¢
5 | Element | Sxz=Shear stresses( M 42.6: 54.6¢
solution
60% Increase of crack length =320
1 Uy=y-Displacement (mn 0.082508 0.140850
2 Nodal | Usum=Total displacement (m 0.083157 0.141892
3 | solution | Sxz=Shear stresseMpa) 24.0¢ 25.1
4 SEQV=Equivalent stresses( M 269.2 537.¢
5 | Element | Sxz=Shear stresses( M 48.0¢ 69.1¢
solution
80% Increase of crack length =360
1 Uy=y-Displacement (mn 0.087860 0.165392.
2 Nodal | Usum=Total displacement (n) 0.088549 0.166613
3 solution | Sxz= Shear stresses( M 28.0¢ 29.7
4 SEQV=Equivalent stresses( M 286.¢ 631.¢
5 | Element | Sxz=Shear stresses( M 53.5¢ 83.6:
solution
100% Increase of crack length =400
1 Uy=y-Displacement (mn 0.09221: 0.18993.
2 Nodal | Usum=Total displacement (m 0.09394. 0.19133!
3 solution | Sxz= Shear stresses( M 32 34.C
4 SEQV=Equivalent stresses( M 304 72€
5 | Element | Sxz=Shear stresses( M 59 98.1
solution
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Figure 4.2. 11Percentage of crack length versus some parameters
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Result and Discussion for Class-A runway excitatios

One sigma and three sigma results:

» One sigma corner stress for the longitudinal cra&ntation is 217 Mpa, and
68.2% of time of vehicle motion the stress levehtior below this value. Three
sigma corner stresses for the longitudinal cracgdntation is 651 Mpa, and 4.3 %
of time of vehicle motion the stress level readh ttalue.

» One sigma corner stress for the circumferentiatlicaientation is 255 Mpa, and
68.2% of time of vehicle motion the stress levehir below this value. Three
sigma corner stresses for the radial crack oriemtas 765 Mpa, and 4.3% of
time of vehicle motion the stress level reachakiatvalue.

Since the stress and strain response both in thgitl@inal and circumferential
orientation of the crack is less than the elastt lof the material, the excitation severs
less to the shell and causes less fatigue.

Figure 4.2.11 a) and figure 4.2.11 b) show theatam of y-displacement and total
displacement responssith percentagancrease of crack lengthespectively, for the
longitudinal and circumferentiatrack orientation, with Class-A input excitations.

And figure 4.2.11 c) and figure 4.2.11 e) show vYaeation of nodakhear stress and
element shear stress respongath percentage increase of crack lengéspectively, for
thelongitudinal and circumferentiabrientation of the crack, with the same Classuin
excitations.

Moreover, figure 4.2.11 d) shows the variation oflal Von Misses stress response with
percentage increase of crack lengtar thelongitudinal and circumferentiabrientation
of the crack, having similar Class-A runways inpxtitations.

From the curves we can also see that the shelgidyhaffected by the circumferential
crack orientation for nodal displacement, totalptiisement, nodal shear stress, Von
misses stresses and element shear stresses. She re@ropagation of transverse stress
wave and crack arrangements are perpendiculardo ether, so that the applied load

causes the stress to maximize and the strainsctteewrore near the crack tips.
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4.4.3 Class G runways types longitudinal crack orientation

NODAL SOLUTION

.zo0749 .581408
L436124

Figure 4.3. 2Total displacement response for initial crack length =200mm
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Figure 4.3. 3Nodal shear stressfor initial crack length=200mm

Figure 4.3. 4Element shear stressfor initial crack length=200mm

Figure 4.3. 5Von misses stress for initial crack length=200mm
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4.4.4 Class G runways types circumferential crack orientation

NODAL SOLUTION

Figure 4.3. 7Total displacement response for initial crack length =200mm
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Figure 4.3. 10Von misses stress for initial crack length=200mm
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Table 4. 2.Simulation results: Class G runways.
The analysis is done on a 20%, 40%, 60%, 80% @féklincrease of crack length with

the same type of loadings crack orientation andehod

Initial crack length =200mm

Longitudinal | Circumferen %
S/N Type of Parameter crack tial crack | Remark
result Orientation Orientation
1 Uy=y-Displacement (mm) 1.298 1.316
2 Nodal Usum=Total displacement (mm) 1.308 1.325
3 solution | Sxz= Shear stresses( Mpa) 239 224
4 SEQV=Equivalent stresses ( Mpa) 4590 5020
5 Element | Sxz=Shear stresses( Mpa) 629 511
solution
20% Increase of crack length =240mm
1 Uy=y-Displacement (mm) 1.3004 1.3208
2 Nodal Usum=Total displacement (mm) 1.3104 1.332
3 solution | Sxz= Shear stresses( Mpa) 279.8 277
4 SEQV=Equivalent stresses ( Mpa) 4692 5036
5 Element | Sxz=Shear stresses( Mpa) 668.2 546.6
solution
40% Increase of crack length =280mm
1 Uy=y-Displacement (mm) 1.3028 1.3256
2 Nodal Usum=Total displacement (mm) 1.3128 1.339
3 solution | Sxz= Shear stresses( Mpa) 320.6 330
4 SEQV=Equivalent stresses( Mpa) 4794 5052
5 Element | Sxz=Shear stresses( Mpa) 707.4 582.2
solution
60% Increase of crack length =320mm
1 Uy=y-Displacement (mm) 1.3052 1.3304
2 Nodal Usum=Total displacement (mm) 1.3152 1.346
3 solution | Sxz=Shear stresses( Mpa) 361.4 370
4 SEQV=Equivalent stresses( Mpa) 4896 5068
5 Element | Sxz=Shear stresses( Mpa) 746.6 617.8
solution
80% Increase of crack length =360mm
1 Uy=y-Displacement (mm) 1.3076 1.3352
2 Nodal Usum=Total displacement (mm) 1.3176 1.353
3 solution | Sxz= Shear stresses( Mpa) 402.2 410
4 SEQV=Equivalent stresses( Mpa) 4998 5084
5 Element | Sxz=Shear stresses( Mpa) 785.8 653.4
solution
100% Increase of crack length =400mm
1 Uy=y-Displacement (mm) 1.31 1.340
2 Nodal Usum=Total displacement (mm) 1.32 1.360
3 solution | Sxz= Shear stresses( Mpa) 443 450.2
4 SEQV=Equivalent stresses( Mpa) 5100 5100
5 Element | Sxz=Shear stresses( Mpa) 825 689
solution
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Result and Discussion for class G runways

One sigma and three sigma results:

* One sigma corner stress for the longitudinal crackntation is 4.59GPa, and
68.2% of time of vehicle motion, the stress leweai or below this value. Three
sigma corner stresses for the longitudinal cracéntation is 13.77GPa, and 4.3
% of time of vehicle motion, the stress level retuk value.

» One sigma corner stress for the circumferentiaticientation is 5.02GPa, and
68.2% of time of vehicle motion, the stress lewehi or below this value. Three
sigma corner stresses for the circumferential c@tdntation is 15.06GPa, and
4.3% of time of vehicle motion, the stress levelafees at this value.

Here the sigma stress response in the longitudinélcircumferential orientation of the
crack are greater than the fatigue strength ohthterial made and the excitation severs
more the aerospace material and causes more fatggaempared to smooth or Class-A

runways.

Both figure 4.3.11 a) and figure 4.3.11 b) showthgation of y-displacemenandtotal
displacementresponse witlpercentage increase of crack lengtbspectively, for the
longitudinal and circumferential arrangement of the crack for pastured pavement
excitations. Figure 4.3.11 c) and figure 4.3.1tespectively show the variation nbdal
shear stressndelement shear stress responsgath percentage increase of crack length
for the longitudinal and circumferentialorientation of the crack with the same pastured
input loadings. Figure 4.3.11 d) shows the varratbnodal Von Misses stress response
with percentage increase of crack lengtar thelongitudinal andcircumferentialcrack

orientation. Here again the excitation is pastutieat is Class-G input.

From the curves we can also see that the shelpidyhaffected by the circumferential
crack orientation for nodal displacement, totalptiisement, nodal shear stress, Von
misses stresses and element shear stresses. $he re@ropagation of transverse stress
wave and crack arrangements are perpendiculardo ether, so that the applied load

causes the stress to maximize and the strainsctteewrore near the crack tips.
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4.4.5 Class H runways types longitudinal crack orientation

NODAL SOLUTION

Figure 4.4. 2Total displacement response for initial crack length =200mm
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Figure 4.4. 3Nodal shear stressfor initial crack length=200mm

Figure 4.4. 4Element shear stressfor initial crack length=200mm

OLUTION

+10
. 440E+10

Figure 4.4. 5Von misses stress for initial crack length=200mm
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4.4.6 Class H pavement, circumferential crack orientation

Figure 4.4. 7Total displacement response for initial crack length =200mm
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Figure 4.4. 8Nodal shear stressfor initial crack length=200mm

Figure 4.4. 9Element shear stressfor initial crack length=200mm

Figure 4.4. 10Von misses stress for initial crack length=200mm
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Table 4. 3Simulation results: Class H pavements.

The analysis is done on a 20%, 40%, 60%, 80% af@&olifcrease of crack length with

the same type of loadings, crack orientation, andeh

Initial crack length =200mm

Longitudinal | Circumferenti %
S/N Type of Parameter crack al crack Remark
result Orientation Orientation
1 Uy=y-Displacement (mm) 2.491 2.527
2 Nodal Usum=Total displacement (mm) 2.51 2.545
3 solution | Sxz= Shear stresses( Mpa) 455 425
4 SEQV=Equivalent stresses ( Mpa) 7910 13500
5 Element | Sxz=Shear stresses( Mpa) 1190 970
solution
20% Increase of crack length =240mm
1 Uy=y-Displacement (mm) 2.4968 2.5476
2 Nodal Usum=Total displacement (mm) 2.534 2.564
3 solution | Sxz= Shear stresses( Mpa) 532.2 431.2
4 SEQV=Equivalent stresses ( Mpa) 7968 13568.4
5 Element | Sxz=Shear stresses( Mpa) 1264 1220
solution
40% Increase of crack length =280mm
1 Uy=y-Displacement (mm) 2.5026 2.5682
2 Nodal Usum=Total displacement (mm) 2.558 2.583
3 solution | Sxz= Shear stresses( Mpa) 609.4 437.4
4 SEQV=Equivalent stresses( Mpa) 8026 13636.8
5 Element | Sxz=Shear stresses( Mpa) 1338 1340.5
solution
60% Increase of crack length =320mm
1 Uy=y-Displacement (mm) 2.5084 2.5888
2 Nodal Usum=Total displacement (mm) 2.582 2.602
3 solution | Sxz=Shear stresses( Mpa) 686.6 443.6
4 SEQV=Equivalent stresses( Mpa) 8084 13705.2
5 Element | Sxz=Shear stresses( Mpa) 1412 1430
solution
80% Increase of crack length =360mm
1 Uy=y-Displacement (mm) 2.5142 2.6094
2 Nodal Usum=Total displacement (mm) 2.606 2.621
3 solution | Sxz= Shear stresses( Mpa) 763.8 449.8
4 SEQV=Equivalent stresses( Mpa) 8142 13773.6
5 Element | Sxz=Shear stresses( Mpa) 1486 1500
solution
100% Increase of crack length =400mm
1 Uy=y-Displacement (mm) 2.52 2.63
2 Nodal Usum=Total displacement (mm) 2.63 2.64
3 solution | Sxz= Shear stresses( Mpa) 841 456
4 SEQV=Equivalent stresses( Mpa) 8200 13842
5 Element | Sxz=Shear stresses( Mpa) 1560 1590
solution
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Results and Discussion for class H runways

One Sigma and Three Sigma stress results:

* One sigma corner stress for the longitudinal crakkntation is 7.91GPa, and
68.2% of time of vehicle motion, the stress lewehi or below this value. Three
sigma corner stresses for the longitudinal cracgntation is 23.73GPa, and 4.3
% of time of vehicle motion, the stress level retth value.

» One sigma corner stress for the circumferentiaticientation is 13.5GPa, and
68.2% of time of vehicle motion, the stress lewehi or below this value. Three
sigma corner stresses for the radial crack oriemas 40.05GPa, and 4.3% of
time of vehicle motion, the stress level reachahiatvalue.

Here again, the sigma stress response both in ahegitiidinal and circumferential
orientation of the crack is very high, which is rhugeyond the endurance limit of the
shell, and the excitation severs the structureiafppmear crack tips and causes more
fatigue as compared to smooth and pastured runway.

The curves on figures 4.4.11 a) and b) respectisiebyw the variation ofy-displacement
and total displacement responsedgth percentagencrease of crack lengthfor the
longitudinal and circumferentialcrack orientation, for Class-H pavement input
excitations. Figure 4.4.11 c) and figure 4.4.11tespectively show the variation nbdal
shear stress and element shear stress respantepercentage increase of crack length
for the longitudinal and circumferentiabrientation of the crack, for the same Class-H
pavement input excitations. And figure 4.4.11 d)wh the variation ofiodal Von Misses
stress responsavith percentage increase of crack lengttor the longitudinal and

circumferential orientation of the cradkr similar type of pavement input excitations.

From the curves we can also see that the shelgidyhdamaged by the circumferential
crack orientation for stresses and displacemeaitiétresponses. The same reason can be
applied for the stress response to maximize andttlains to excite more near the crack

tips.
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Figure 4.5.5 and figure 4.5.6 respectively, represé-displacement response with
percentage increasef crack lengthfor longitudinal and circumferential crack

orientation for Class A, Class G and Class-H pavement inputaians.

Figure 4.5.3 and figure 4.5.4 represdmital displacement response witlercentage
increaseof crack length for longitudinand circumferentialcrack orientation for Class
A, Class G and Class-H pavement profiles.

All the curves are increasing as we go from smootplagued field. This is true that the
smooth pavement is the least surface irregularomspared to pastured and plagued
fields. The pastured excites more the shell eslpeciaar the crack tips due to its more
random input in nature than next to smooth paveraent since, the plagued field is
characterized by its highest nature of surfaceagandhe stress and strain responses near
crack zones are high.
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Figure 4.5.5 and figure 4.5.6 respectively, repnes®dal shear stress response with
percentage increasef crack lengthfor longitudinal and circumferential crack
orientation for Class A, Class G and Class-H pavement inpuitaians. Figure 4.5.7
and figure 4.5.8 respectively, represd&fn misses stress response wircentage
increaseof crack lengthHor longitudinal and circumferentialcrack orientation for Class

A, Class G and Class-H pavement input excitations.

Here again similar justifications discussed earkee applied for nearly the linear
variation of percentage increase of crack lengtth the various pavements, as we go
through smooth then pastured and finally to pladiedds. On the other way we can also
observe from the tables and graphs that the mafminf stress response level is
relatively small for smooth runway and higher fasfured fields and very high for
plagued fields. Moreover, the magnitude of strem#els responded by the above
pavements increase with increase of crack lendtis i§ because of the linear variation

of applied stress with crack length.
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Figure 4.5.9 and figure 4.5.10 respectively, shelement shear stress response with
percentage increasef crack lengthfor longitudinal and circumferential crack
orientation for Class-A, Class-G and Class-H pavement rougherstations.

Here also as discussed earlier the magnitude egsstesponse increases with increase in

crack length; and increase with increase in pavémnoerghness.
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Chapter Five

5.1 Conclusion

In this study, the stress and strain responseshelf type aerospace materials
having a crack with longitudinal and circumfereht@rangement under dynamic
loadings mainly random vibration loadings are dateed, the results of which are
believed to be significant to the aerospace matenigineers. Dynamic analysis is a very
important investigation when it comes to the contposaterials, where these can
exhibit diversity in material properties as well sfsapes. This research addresses the
effects of ground induced excitation on the strasd strain distribution on a surface

cracked shell located on the outer most top patti@thell.

In actual life situations, performing random vilwat is very difficult task and
takes much time to calculate the results, so thatuse of computer software’s make it

easy for printing out the results.

In all curves as the crack length increases th@atiement and stresses response near the
crack tips increases. We can see from the litezathiat the applied stress is directly
proportional to the square root of the half craekgth. This result was verified
experimentally by Griffith for a wide range of ckatength. This confirms both the

analytical and experimental results obtained byfi@rs and other similar researchers.

From the curves we can observe that the shell relspoelatively lowest stress and
displacement response than Class G and Class HnpaveClass H has the worst stress
and strain response near crack tips and much saféext severs the thin structure. So in
the event of forced and emergency landing, the pids recommended to land as much

as possible on Class G pavement than Class H paweme
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5.2 Future works

This work is done for finding the location of fraceé on the all composite fuselage
modeled as a shell with the presence of shock bimgpdevices. Here a crack of having
significant dimension is orientated longitudinaipd circumferentially; and is placed
externally on the outer most top part of the sbhpposite to the direction of excitations.
But fracture of composites basically ranges fronbaheling, delamination, matrix
breakage and plasticity and so on. Modeling andopmaing analysis on such types of
fracture is let for future researches. Moreover Yheous location and orientation of
crack model with respect to the different typepafement roughness inputs and varying
the landing speed of the aircraft can also be megdor future works. Since the fracture
analysis is done by neglecting the effects of dstan the skin, consideration of these
effects can be let for future works. Since the @nésvork of fracture analysis is done for
three point landing gear case, landing on a silegjelanding on two legs with or without
the failure of the shock absorbing device and ctgckesponses for loads due to impact

loading are proposed for future works.
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