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Abstract:

This research deals with two aspects, In the first a general numerical technique based on
finite elements and calculus of variation was suggested to investigate the optimum design

of multi-layered fiber-reinforced composite stiffened shell under certain design load.

The technique consists of two parts: in the first, the optimum orientation angles are
estimated according to that values corresponding to the maximum lamina natural
frequencies. In the second part, optimum layer thickness, their arrangement through shell
section, and optimum stacking sequence were recognized according to their static
behavior under applied loads. The suggested technique was executed to a case study
which included wing structure of remotely guided aircraft to obtain the optimum design to
be analyzed dynamically under certain impulsive load conditions. The technique assumed
both of the aerodynamic shape and the design load (maximum load condition) as real
constants, while lamina types, arrangement, layer sequence, layer thickness, and
orientation angles were considered as variables to obtain their optimum configurations. In
order to verify the obtained optimum configuration of design variables, seven models of
composite wing structure were created when the fiber orientations are optimum in the first
four models and arbitrary in the last three. The comparison between them showed the
reliability of the technique and priority of the optimized design.

The second aspect was concerned with the dynamic analysis for some of wing
structures that were created previously in order to study their dynamic responses.
Newmark integration method was used to solve the dynamic equilibrium equation.
Damping property was considered using Rayleigh type which is linearly related to the
mass and stiffness matrices. Systems natural frequencies were obtained by solving the
eigenvalue problem by inverse iteration method. The Numerical program which includes all
the above features and written in APDL (Ansys Parametric Design Language) which was
achieved and added to the ANSYS milieu as a new feature to obtain the optimum design
of composite materials in addition to their dynamic analysis.

From the results obtained, it is found that the maximum failure index occurs at a
distance from +-\+7 from the wing root and decreases in the direction of the free end. DLF
(Dynamic Load Factor) for the composite materials is arranged between Y.¢¢ and .Ve in
the safe case. Damping properties largely depend on the fiber orientation and reduces the
time required to reach to the steady state response. Natural frequency of composite
material varies with the variation of fiber orientation which depends itself on the structural

configuration and boundary conditions.
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APPENDIX-A

A. ! Stress- Strain Matrix
The transformation matrix [T,,] for rotation by angle @ of plane coordinate is
denoted by:

c? s2 0 sC 0 O
s? ¢ 0 —sC 0O O
0 0 1 0 0 O
Tol= e (AL
[m] —2s¢c 2s¢ 0 ¢?2-s2 0 O ( )
0 0O O 0 cC -5
0 0 0 0 s C |

Where, c=cos@ and s=sin@.

The elements of [Q;;] matrix are defined as:

Qvj= - (B) (B)* Frj + (C) (B)* Fyj-sc/ (D)* Fj (=79
Qvj = - (E) (B)* Fyj+ (C) (B)* Fyj + s/ (D)* F (=279
Qrr = Fyr

Q:j = Y*sc/ (D)* Fyj - Y*sc/ (D)*Fyj -(s"Y-c"Y)/(D)* F; (=), %9
Qoj = C/(SMY+CAY)* Foj + S/(SAY+CAY)* (i=°%)
Qnj = - S/(SMY+CAY)* Foj + CI(SMY+CY)* (j=v, ")
Where,

Fiwv=Cy, cAY+ Cyy MY Fiv=Cyy $2Y +Cyy CNY

Fi¢ =sc (Cyy - Cy) Fyvy = Cyy CAY+ Cyy SN

Fry = Cyy SAY +Cyy CM Y Fy: =sC (Cyy — Cvy)

Fer = Cre Fey =-Ysc Cs:

F:o=Ysc C:: Fee = Cee (CNY —SMY)

Fso = cf Cos Fou = -sf Cos

F+o = sf Cxs Fi = cf Cxx

B=CNAN-gAY* QA+ E *CAY *GOAY LAY *GAE 4N T+ § *goNY *gAY
C=5"§-CAY*GAY Y *gcAY

D=sMN¢-Y*CAY*SAY +oN E4-E*g0NY

E=cAY*gAY_cAE-Y*goNY
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A. r Shear Correction Factor
In Timshenko's deep beam theory, the transverse shearing stress is assumed

constant. Actually, the transverse shear stress is zero at the top and bottom sides of
the section and maximum at the neutral axis (usually parabola for rectangular

sections).

To attain the parabolic shear stress distribution, the equality concept of the
strain energy in both constant and parabolic distributions is used. The shearing
strain energy for an element (dx dy dz ), shown in Figure (A.Y), under shearing
stress is:
Q= jl 7 ydvol)= [ id(VoI) 7

2G

Vol 2 Vol

d
T A ! Z, .
21 I AE: ol z\/

P A

dx

Figure (A.Y): Beam element undergoing shear deformation.

For a constant shearing stress distribution, the strain energy is equal to:
2

Q, =le 21I-<G d(vol) (A1)

where K is the shear correction factor.

Now by assuming a piece of beam of unit length with rectangular cross section,
equation (A.Y) will reduce to:

Q? Q°
Q = A\ = cee Af
17 okGA2 (A-) 2KGbh (A-%)

For the parabolic shearing stress, the following relations are used:
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QA'Z'
= .. (A.°
m (A.°)
h
A=b(—=—12 A1
(2 ) (A.7)
1 h
:_( +7) .. (A"
Substituting Equations (A.7) and (A.Y) in Equation (A.°) to find that,
h?
6Q(Z—Z ) (A
T_T ) .
then
Q,= | 7 govoly =897 (—— 2)(Lb.dz)
vor 2G 2Gb2h?
" 2
18Q (e j(“ ~22) dz}
== (= . (A9
SQmG) (A.9)
Put Q, =Q,
§( Q* )= Q* —> k=2=/f(Nawras, "+ -9 ",
5 'bhG” 2KGbh 6

A. ¥ Shape Functions

For quadrilateral Serendipity element, the shape functions are (Bathe, 1997 "
N, (s,t):—%(1—5)(1—t)(1+s+t) N; (s,t):—%(u S)L-t)(L—s+1)
NK(s,t):—%(lJr HL+A-s-1) N (5t)= —%(l—s)(1+t)(1+s—t)

N,, (s,t)=%(1—32)(1—t) Ny, (s,t):%(1+ $)(1-12)

No(s,t):%(l—sz)(lﬂ) Np(s,t):%(l—s)(l—tz)

AY
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For triangular elements, (Bathe, 194 7) %:

N, (s,t)=s(2s-2) N, (s,t)=t(2t-1)

Ny (s,t)=(L—s—t)L+2s - 2t) N (s,t) = 4st
Ny (s,t)=4t(l—s—t) Ny (s,t)=4sl-s-1)

A. ¢ Applied Load
Load will be applied on nodes (as nodal forces) on the lower surface of the wing

structure. Nodal force that corresponds to each node is illustrated in Table (A.)).

Table (A.Y): Nodal forces and corresponding nodes numbers.

Node Force Node Force Node Force Node Force

number (N) number (N) number (N) number (N)
Y YVo 1y YA IRE vY £08 A ¥4 Yov v
YR ov. ¢ FYY ERE FYA £9V oY Yy YAY QY
YoA o.Y Yo Yot oAq ot Yeo. EA YO g YYE VY
YA £EA €9 ¥V oy Y YVY EYA YA A YEY A
£y £.Y 90 ¥aA EVY AA ¥a¢ FATYY ¥a. YA to
£Y¢ YVE v £Y. VY £Y1 Yooty £VY RERE!
£41 YYE £ £¢Y YAy Yy £VA Yyey £V YY) 0%
£TA Y11y Y YY¥ oY £ Y13 Y £01 TV
£9A Y Vo §AT ¥ EAY Yoag £YA Y.A4
oYY IXNT oA Yoo YT ot Ao 14 o §A£0
0q YOV Yy 1y VYT AY 1y AL v oA Y
Y1 oYq Yo Y. oVo WY v YAT VY Y ATV
Yy OVA 0 ¥Y. oY Yo ¥y EYY.AY Yva Yo Y
you ooA Y Yov ofE AV YA £0A £ YA VY ot
YA £9A 0Y YV §A0 Y ¥V, ¥ig vo YAY e Ve
£ £¢4 19 ¥a. £YV Y vay FYANY YAo oA YT
£YY ¥4 vo £YA FYV.aa £)¢ Yoo \ YV YAV £0 4A
£6¢ Y49 ¥V £5. YeY QY £V YAY ¥4 YAQ FYoY
£ 1Y4 9A £y RREY £OA ¢ A ¥4 YA
£AA ¥ Y Y.va EA Y.YY Yay BEE
o). 44 Ao 0. 41.9v oY VY. A4 Ydo Y'Y .44
0 Y14 1y 1o Y119 14 AV €Y VY Yo vy

A.t
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The derivation of strain-displacement and mass matrices is illustrated.

B. ! Strain-Displacement Matrix
V. for [B.],

By i 1 a
- u
B C
BZ i alv
_1-1 %
By =350 NN
B, « Ci
Bs,i . a"
9= w
Bs Ci

I3‘4,| a'IV aIu

, 13 A 23 A ]

By k C Ci
\' w

Bs i a a
11 v -1 w

Bs « Ci Ci

’ -1
Bg jr=J., , tUNjby"

-1 u
23.A +J tN, + bI

13,A

V9]
(o)
2
=
—_ —
o
[

...(B.")

...(B."

..(B.N

...(B. 9

...(B.®)

...(B.")

Y. For the strain-displacement matrix, [B /], the elements can be defined as:

Bm, n=Rm,ntFm, n (m='to T,andn="to {Astep /)

where,

(B.")
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Ra o B[ N B
Ry j :J1—21A t|a—sl( bt +1b) )+32_;At| atl( b| +1b' 1)
R , Cu CV CU CV
4.k | | | |
...(B.A
R, oN a oN 3’
-1 I -1 |
Rs,i (=951 A tlg bl:,/vv +‘]22AtIE b|\‘:vv ..(B.9)
R6. oN a oN a’
. = _l _I W _1 _I w "
Re Ci C
Fl,i a|u
1
Fjp=Jy N b,:
I:1,k C
(B.1)
Foi a
-1
P t=Jpmy Ny b,‘\: ..(B.1)
I:2,k C
Fsi a"
1
Faj =5y N bl::vv ..(B.'1)
I::%,k C
Fyi a a’
1
Fax ¢/ c/
Fs| a a
-1 w
(B 14) 1 F | ‘]33v Ny by gy UNI b
I:5,I< C| C|W
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Fe,i a" ay
-1 -1
Fe k ¢ o
«.(B.17)
Y. For strain displacement matrix,[B«],
B-Y
By,i N TRE . oN 1E
_1-1 N u v - “N u v
B, j _le,v t, P ( bIu + b|v )+J22,V t, o ( bIu + b|v )
By Ci Ci Ci C
«.(B. 1Y)
%, oN a oN a
Loglo W 1ot —Llpw A
Bs Ci Ci
%6, oN a oN W
L_g o T W 1o o pW 19
Bg, | J11,v t, P by +J12’V t, p by «..(B.19)
Bg o o'
in which,
-1 -1 -1
[ gpy 105 Popll—r0 ~HopTr-10) (B T+)
[‘];A 1=05 ([‘]0_;]|r=1.o +[Jf;s]|r:—l.0)
«.(B.7)
For all illustrated equations, the values of i, |, k, and | are given by:
i=roj=rik=rvandl= "), (i=rAj=rik=r. andl=".
(i=r),j=rrk=rrandl="n, (i=rsj=rok=r1andl= 9.
(i=rv,j=r4k="r9andl=9), (i=¢,j=¢) k=¢Yandl= 7).
(i:ff:j:ff,k:fo,andlz V)’ (i:f'?,j:f\/,k:f/\,andl:/‘)_

All the other values are equal to zero.

B. 'Mass Matrix.
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Elements of mass matrix are derived below so that;

mass matrix equation is,
[M;]=diag|[My] [Mo] [Mg] [0]

...(B."")
where,
11 )
[MO]:paj [A5 M, p] ds dt (BTN
-1-1
in which,

[M ]_ Ngi Ngp Ngzg Ngg Ngs Ngg Nyzo Nyg
abl™

«..(B. 1%
N,,»=Ny N, fory,h="to 4step . As example, N,+=N, N, and so on.

Finally, elements of [M ] are:

11

Mm,n:paj IA% [M,p] ds dt (mandn=)to A, step ")
- (aand b =" to A step V)

Mop= 94 } } Aza [M, ] ds dt (oandp=%to Vistep))
- (aand b =) to A step V)

Mq,r:pa} JllAZa [M,p] ds dt (qandr=)VYto Y step ))
-1-1

(@aand b =" to Astep V)

and the rest value equal to zero.

Fi(N)
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Fig.(B.'): Dynamic characteristics of the terminated dynamic impulsive
excitation.
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C. ! Tsai-Wu Theory
Tsai and Wu postulated that a failure surface in stress space exists in the form,

(Abdul-Raheem, *+«)(":

Fi oy +Fj oo 21 =157 ... (C.")

where,

1 1 1
1= I:11:
X1 X¢ X1 Xe

11 1
R A
T C T'C

0.5

1] 1
M = X vy
IR AYoR e

0.5

1] 1
M= X XL 7. 7
AT Rcbrbe
0.5

1 1
Yoz 20
T-1C4T4C

The coefficients F,, Fy, and Fr correspond to the linear stress terms and F.,,
Fyv, Frr, Fet, Foo, and F++ correspond to the quadratic stress terms. Fy, Fiy,
and F.y are the coefficients, which take into account the interaction effect of
various normal stress components. This criterion is the most general
polynomial failure criterion for composite materials. It doesn’t say any thing
about the mode of failure (fiber breakage, matrix cracking, delaminating, etc.)

In this work, first play prediction based on Tsai-Wu failure criteria is
presented tacking into account the same shear strengths in all direction (i.e.
T=S=R) because there is no available experimental data about inter-laminar

shear strengths of unidirectional composite lamina.

C.)
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C. r Calculus of Variations

The calculus of variations is mainly concerned with the stationary or extreme
values of certain definite integrals called functionals. These integrals involve
functions, which are unknown at the beginning of the analysis and the
purpose of the calculus of variations is to determine what conditions are
imposed on them. In this work, for each natural frequency that corresponds to
the m™ normal mode of the modal analysis, it is required to estimate the
magnitude of the lamina orientation angle that raises the natural frequency to
its maximum possible value, RAYLEIGH-RITZ method can be applied herein to
perform that object. RAYLEIGH-RITZ method has included three steps, which

are.

- Deriving mathematical relationships, called the objective functions, relating the
functionals (natural frequencies) with the dependent variables (orientation

angles of lamina).

- Specifying the domain interval of the dependent variables, to define the so-

called constraint equations.

- First and second order derivative functions are derived from the objective
functions. The first order derivative function is solved to estimate their roots,
to be substituted in the second order derivative function to recognize the value
of this function at each substituted root if it is less or greater than zero. The
roots that make the second derivative function to be less than zero are
examined in the objective function to specify that which maximize the
objective function. The first step can be applied to predict the objective
equations that relate each of the m™ natural frequency with the orientation
angles for unidirectional fibers laminas, using numerical regression ( Hate,

re o) as follows:
f (0)=Ng(0)-f.(0)+N, () f (10)+.. ..+ Nyy(6)- . (90) ... (C.n
where m is any integer, representing the m" normal mode of the structural

analysis

C.Y
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The shape functions {N,(9), N,(8),...N_(8)} can be derived according to the

Lagrange numerical regression as following:

_(0-10)(0-20)(0 ~30)(¢ - 40)(¢ ~50)(¢ ~ 60)(0 - 70)(¢ ~80)(0 - 90) .
1~ (0-10)(0-20)(0—30)(0—40)(0-50)(0-60)(0—70)(0—80)(0—-290) (&7
(6-10)(0—20)(6-30)(6 —40)(6 —-50)(6 - 60

N - 0—-60)(6—70)(6-80)(6-90)
. —3.6288 *10%

Noting that, N;(0) =1, but N, (10) = N;(20) =0. . .N,(90) =0.

then using the same procedure, all other functions can be derived as:

(6)(6 -20)(6—30)(6 —40)(0—50)(6 —60)(6 —70)(6—80)(6 —90)
4,032 *10*?

N2:

(6 —10)(6)(6 —30)(6 —40)(6 —50)(6 — 60 )(6 — 70)(0 —80)(6 —90)

N =
3 ~1.008 %1012

(6-10)(0—-20)(6)(6 —40)(0—50)(6 —60)(6 —70)(€ —80)(€ —90)
4.32*10%?

N4:

(6 —10)(6 —20)(0 —30)(6)(6 —50)(6 —60)(6 —70)(6 —80)(6 —90)
—2.88*10'2

N5:

(6-10)(0—20)(6 —30)(0—40)(6)(0 —60).(6 —70)(6 —80)(€ —90)

N, —
6 2.88*10%2

(6-10)(0—20)(6 —30)(0—40)(6 —50)(0)(0—70)(6 —80)(6 —90)
—4.32*101?

N7:

(6 —10)(6 —20)(60 —30)(6 —40)(6 —50)(6 - 60)(6)(6 —80)(6 —90)
1.008 *10%3

N8:

(6-10)(0—20)(6-30)(6 —40)(0—50)(6 -60)(6 —70)(0)(6 —90)
—4.032 *10"
(6 -10)(0—20)(0 —30)(0 —40)(0 —50).(60 —60)(6)(60 —80)(6)
3.6288 *10

N9:

N10 =

This step would be executed using the results of the modal analysis of the

wing finite element models.

C.y
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Chapter One Introduction

CHAPTER ONE

INTRODUCTION

General Comments

The engineering of modern composite materials has a significant impact on the

technology of structural design and construction. The high-quality composite
materials are being lighter, stiffer and stronger than most other structural
material used in construction. Composite materials are ideal for structural
applications where high stiffness per unit weight and potentially low unit cost
are required. Aircrafts, spacecrafts, and vehicles are typical weight-sensitive

structures in which composite materials are cost—effective.

A composite material can be defined as a material that is composed of two
or more distinct phases, usually a reinforcing material (filament) supported in
compatible matrix, assembled in prescribed amounts to achieve specific physical

and chemical properties ( Stegmann and Lund, ¥+« 1) (",

Composite materials have many characteristics that are different from
many conventional engineering materials. Most common engineering materials
are homogeneous and isotropic while the composite materials are often
heterogeneous and anisotropic. Such materials have physical properties varying

with respect to the position and orientation (Lekhnitskii, 194 1) "),

A basic ply or lamina of a fiber-reinforced composite material can be
considered from macro-mechanical point of view as an orthotropic material with
two principal material directions or natural axes parallel and perpendicular to the

direction of the filaments. By bonding these laminas together, a multi-laminas

\
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composite called laminate is formed. The stiffness and strength properties of
laminate are depending upon several parameters such as: fiber orientation in
each lamina, properties and volume fractions of constituent materials, and the
number of bonded laminas, thus the properties of such materials is directional.
In the design of structures that are fabricated from such materials, the changing
in the directional properties due to the changing in orientations of the various
laminas and the number of laminas must be taken into consideration. Thus, the
design may be optimized with the optimum properties of the material that nearly
matches the directional loading requirements at the considered point of the
structure. Unlike bulk metals which must be sized by the design maximum load
and its direction (and hence are over designed when considering the smaller
loads in other directions), composite materials can be made to fit the
requirements. The result gives more efficient utilization and also reduces weight
if the strength-to-weight ratio of the composite material is comparable with that
of the metal. Since the strength-to-weight ratios of composites are actually
greater than those of the commonly used structural metals, the effect of
designing with composites are cascading.
Composite polymeric materials are commonly classified into the following:
A. Fibrous composite materials that consist of fibers in a matrix, e.g.
e Orthotropic aligned reinforced materials: stiffeners, wires, and fibers in matrix.
B. Laminated composite materials that consist of layers of various materials, e.g.
e Laminated glass, plywood and clad metals.
C. Particulate composite materials that consist of particles in a matrix, e.g.
e Quasi-isotropic random reinforced materials: Powder or particles in a matrix like
ceramics.
D. Combination of some or all of the above three types, e.g.
e Laminated fiber-reinforced materials: Orthotropic lamina bonded together to
form an anisotropic material.

e Sandwich constructions: face sheets bonded to a light weight core.
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Fiber—reinforced laminates have increasingly found applications in many
engineering structures because of their anisotropic material properties that can
be tailored through variation of the fiber orientation and stacking sequence of

lamina which gives the designer an added degree of flexibility.

Laminated composites can Dbe pro-classified according to the
configuration of fibers in laminate into the following types:

* Symmetric lamination

This type of lamination is symmetric in both geometry and material properties
about the middle surface of laminated composite. The symmetric lamination

includes two configurations as follows:

\-Cross-ply lamination

(+°/3+°/+°) cross ply lamination is an example for this type. Symmetric cross-

ply lamination consists of an odd or even number of orthotropic layers that have

principal material directions aligned with the axes of lamina and laminated

symmetrically about the middle surface, (Jones, ! 4v2) (.

Y. Angle-ply lamination

Symmetric angle-ply laminas include an odd or even number of orthotropic

layers that are symmetrically disposed about the middle surface of the laminated
composite. For example (¥ +°/Y2°/Y+°), the principal material directions are not
aligned with the lamina axes, (Jones, ! 9v2) ().

** Antisymmetric lamination

This type of lamination is very effectively used in practical applications of
laminated plates and shells. Material properties of the individual layers are not
symmetric about its middle surface. The antisymmetric lamination has bending-

extension coupling and bend-twist coupling.

The bending-extension coupling effects are illustrated as an example by

antisymmetric laminated plates after curing. The laminate is flat before curing
r



Chapter One Introduction

but thermally induced residual stresses cause the laminate to become highly

curved, as shown in Figure (1.)), (Stegmann and Lund, ¥+« 1) (",

Figure (1.Y): An antisymmetric laminate after curing .

The effect of bend-twist coupling on plate bending can be shown in
Figure ().Y). Utilization from this coupling in advanced design can be illustrated
in the design of forward-swept wings subjected to aerodynamic loads which
tend to twist the wing about an axis that is along the wing and off perpendicular
to the fuselage. The wings are designed using composite laminates at various
angles to the wing axis which result in bend-twist coupling that cause the wing
to twist in the opposite sense of the aerodynamic wing-twisting effect, as shown

in Figure (1.Y), (Stegmann and Lund, -+ 1) (.

Figure (1.Y): Effect of bending-twist coupling on plate .
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COMPOSITE WING BENDS, BUT DOES NOT TWIST

Figure (1.¥): Aerodynamic response of metal and composite wings (.

Similarly to symmetric lamination, antisymmetric lamination includes

two configurations as follows:

V. Cross-ply lamination

Antisymmetric cross-ply laminate consists of an even number of orthotropic
layers laid on each other with principal material directions alternating at +° and

1.° to lamina axes. (+°/4+%+°/4+°) is an example, (Jones, !9 ),

Y. Angle-ply lamination

This is the most general configuration type of laminate. It contains even number
of orthotropic layers laid on each other with principal material directions not

aligned with lamina axes. (% +°/Y+°/1+%¥+°) is an example, (Jones, !9Y¥#¢) ).

Applications of Composite Materials

In this section, generally the properties of composite materials are considered
and their application is based on the answers of the following questions:

I- What are the properties of the composite materials?

II- According to these properties, what are the suitable applications?
Composite materials which have uniquely properties make them applicable and
more effective in comparison with the other materials. Some of these properties

are:-
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V-Directional materials properties; fiber reinforcement properties dominate the
mechanical behavior of the composite in the direction of reinforcement.

¥- High strength and stiffness to weight ratios.

- Static mechanical properties of fiber-reinforce composite are affected by the
hardener system and the curing conditions (Raj, etal. 194 1) ©),

¢- Economic considerations of low unit and maintenance costs.

Composite materials have a long history of usage. Their beginnings are
unknown, but all recorded history contains reference to some forms of
composite materials. For example, plywood was used by the ancient Egyptians
when they realized that wood could be rearranged to achieve superior strength
and resistance to thermal expansion as well as to swelling in the presence of
moisture, medieval swords and armor were constructed with layers of different
materials (Jones, 19v¢) (),

The procession road in ancient Babylon, one of the most wonders of the
ancient world, was made of bitumen reinforced with straw. Straw and horsehair
have been used to reinforce mud bricks for at least ¢+« years, (Ashby and

Jones, 1 944) ).

Preliminary feasibility investigations have revealed that incorporation of
high strength, high modulus, and low-density glass or boron filaments in a low
strength and low modulus epoxy matrix material can result in a composite
material that offers the potential of a major breakthrough in air and space
vehicle design. Weight saving over conventional metallic structures of as much
as (¢+ to ©+%) has been predicted for some structural components and these
studies have been indicated that the total structural weight of a typical aircraft
could be reduced by more than (Y°7). For re-entry vehicles, the substitution of
an integrated thermal shield and substructure of advanced composite materials
for the conventional shield and structure will result in a predicted weight saving
of (Yo to Yo %), depending upon the vehicle type, size and the mission

environment. The usage of advanced composite materials has also affected
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propulsion systems. A weight reduction of as much as (¥V %) is considered
possible in air-breathing engines. In addition, composites including both fiber-
reinforced and dispersion-strengthened materials could make possible an
increase in turbine inlet temperatures of several hundred degrees centigrade, also
the application of these materials combinations may eventually double the
attainable thrust-weight ratios in turbo fan engines.

The composite materials industry however is new. It has grown rapidly in
the past fifty years with development of fibrous composites; to begin with glass
fiber-reinforced polymers and more recently carbon fiber-reinforced polymers.
Fiber reinforced polymer composite with high strength to weight and high
stiffness to weight ratios have become more important in light weight
applications such as aircraft, acrospace, sports and boats application....etc. Their
use in such systems is a revolution in materials usage, which is still accelerating.

Some of composite materials applications today are listed in Table (7).

Table (1.Y): Applications of Composite Materials in Some Industries ".

Application Parts

Boats, fairings, deck houses, tanks, deep

Marine ) .
submergence objects, vehicles, etc.
Aircraft Rudder, fuselage, landing — gear, fairings.
Automobile Tires, drive shaft, window glass.

Chemical Industries Pipes, pressure vessels, and tanks.

Sport Tennis rackets and sports equipments.

Dental materials, joints in human bodies, and denture
Medical
bases.

Effective Passive Control ) ) .
Slider crank mechanism, and peaucellier .
System
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Analysis Development of Composite Laminas

A laminate composite is a series of laminate bonded together to act as an
integral structural element. Thus, a laminate is a structural element with

essential features of both material properties and geometry.

Figure (1.¢) shows the individual layers with arbitrary orientations

RESPONSE?

LAMINAE

Figure (Y.t): Laminated composite with several lamina orientations .

In the analysis of laminated plates and shells, there are two categories of
theories, equivalent single layer and three-dimensional elasticity theories. In the
first category, the material properties of the constituent layers are smeared to
form a hypothetical single layer whose properties are equivalent through
thickness integrated sum of its constituents, and this category contains classical
lamination theory, first order theory and higher order theory as subclasses. In the
classical laminated theory [also called ‘‘classical lamination theory (CLT) *’],

which is based on Kirchhoff-Love hypothesis for plates and shells as shown in
Figure (1.2). One of its assumptions is that the normal to the midsurface before

deformation remains straight and normal to the midsurface after deformation;

through-thickness shear deformation effects are negligible.

OW./OX

OW./OX

Fig.().®): Classical Lamination Theory in After Deformation.
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However, due to the low transverse shear modulus relative to the inplane
Young’s modulus of each lamina, the transverse shear deformation effects are
more pronounced in composite than in isotropic laminate. Hence, several types
of shear deformation theories have been introduced. Timoshenko beam theory,
which includes transverse shear deformation and rotary inertia effects, has been
extended to isotropic plates by Reissner and Mindlin, and to laminate
anisotropic by Yang, Norris and Stavsky. The theory also called “First order
shear deformation theory (FSDT)” takes into account the effect of transverse
shear deformation and assumes it constant through the laminate thickness. Thus

a shear correction factor is used.

The assumptions of a higher order lamination theory can also be used

within equivalent single layer formulation (Stegmann and Lund, ¥+ + ) O

. The lamina may be moderately thick.

. The in plane displacement u (X, y, z, t) and v (X, v, z, t) are cubic functions of z.
. The transverse shear stresses t,,, 1y, are parabolic in z.

. The in plane stresses oy, oy and 1, are cubic functions of z.

. The normals to the mid-surface before deformation are straight, but not

necessarily remaining normal to the mid-surface after deformation.

. The transverse normal strain ¢, is negligible.

Objective and Scope

In this thesis the focus will be on hybrid class, namely laminated fiber-

reinforced composite materials and sandwich construction as they are the basic

building element for composite shell structures. The mechanical properties and
the response due to the environment loads of such materials are dependent upon:
the fiber orientation, the number of layers, stacking sequence, and fiber
orientation angle, in addition to the thickness of each lamina. Thus, the objective

of the present work will be distributed in the following steps:
q
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1-Suggest a general numerical technique based on the finite element method and
calculus of variation to use the fiber-reinforced composite materials in the
construction of complex structure. The technique takes into consideration the
investigation of the optimum design such as optimum fiber orientation, optimum
stacking sequence, optimum layer thickness, and optimum thickness distribution
across the global structure.

v-Apply the suggested technique on a case study of a remotely guided aircraft wing
structure to obtain its optimum design, in addition to create an optimized and
arbitrary wing models to present the validity of the technique.

r-Analyzing the created models dynamically under the action of specific
environment load to study their dynamic behavior and effect of some parameters
such as fiber orientation, dynamic load factor (DLF), and damping properties on

the dynamic response.

Thesis Layout

This thesis is organized in five chapters:

Chapter One: presents some of the basic definitions concerned with the fiber-

reinforced composite materials, their importance, and usage of them. The
objectives and the aim of the current work are also presented.

Chapter Two: contains a brief review of previous studies on the subject under

consideration.

Chapter_Three: presents the details of the theoretical consideration of the

suggested technique and how to be executed to obtain the optimum design, in
addition to structural consideration concerned with the static, free vibration, and
dynamic analyses.

Chapter Four: presents the results of the suggested technique to study the effect

of the optimum orientation, layer thickness, and thickness. Failure indices and
the dynamic responses for each configuration are also presented.

Chapter Five: gives a summary of the conclusions which can be drawn from

this study and the suggestions for future related works.

)



Chapter Two Review of Literature

CHAPTER TWO

REVIEW OF LITERATURE

Introduction

Laminated fiber-reinforced composite shells have continuous increasing usage

in primary and secondary aerospace and aircraft structures owing to their
superior mechanical properties as mentioned previously. One form of these
materials, being used in current design studies, is the unidirectional fiber-
reinforced lamina. In addition, anisotropy, non-homogeneity and larger ratio of
longitudinal to transverse modulus of these materials supply an improvement in
the existing analytical tools. As a result, the analysis of laminated composite
shells has attracted many research workers and has been considerably improved

to achieve realistic results.

The present review covers two aspects: The first includes the static
analysis of laminated fiber-reinforced composite shell structures and the second
aspect is concerned with the developments in the dynamic analysis of such

shells under the action of dynamic loads.

Static Analysis

Paul ® (Y41¥) developed the linear bending theory of laminated elastic
cylindrical shells under axisymmetric loading from first principles. It was shown
that a spontaneous “beam column” type of deformation may be developed even
in the absence of end loads. Generally, however, this effect was shown to be
small for metallic cylinders, in which case, the laminated shell deforms in the
same manner as a homogeneous shell, where the effective flexural rigidity and
effective extensional rigidity were both shown to have a simple dependence

upon the elasticity distribution pressurized throughout the wall thickness. The
)Y
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influence of edge loads on a semi-infinite shell are determined and applied to the

stresses in a titanium shell with a steel-reinforcing band.

Hsu ™ (Y4v+) developed a general linear theory and the derivations of
equations of motion for the analysis of laminated cylindrical shells consisting of
layers of orthotropic lamina. The classical Kirshoff hypothesis of non-
deformable normal commonly used for isotropic shells was banded so that
compatible shear stresses and deformation between layers can be maintained.
The transverse coordinate Z, when compared to the radius of midsurface of each
layered cylinder, was generally small, however; was not neglected in the general
derivation. The general procedure in the derivation was similar to that presented
by Amburtsumian for orthotropic plates. However, the resulting governing
differential equations were substantially more complicated than those for
orthotropic plate.

Ahmed and Zienkiewiez ' (Y4V1) presented a general formulation for
curved arbitrary shape of thick and thin shell finite elements with a simplified
form of axisymmetric situation. Several examples were illustrated ranging from
thin to thick shell applications were given to demonstrate the formulation
validity and the accuracy of the solution. At last, from the comparison, the
accuracy of the formulation was in an excellent form.

Govil, et al ' (Y4v4) applied an iterative method for optimal design of
large scale wing-type structure that incorporates the concept of substructuring to
demonstrate its generality, effectiveness and efficiency. Optimum design for
several wing-type structures were obtained and compared with available results.
It was shown that considerable efficiencies have been achieved by integration of

the substructuring concept into a structural optimization algorithm.

Venkatesh and Rao (" (Y4 A +) developed the stiffness matrix for a doubly
curved quadrilateral element suited for static and dynamic analysis of laminated

anisotropic thin shells of revolution. By expressing an assumed displacement
'Y
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state over the middle surface of the shell as products of one-dimensional first
order Hermite polynomials, it is possible to ensure that the displacement state
for the assembled set of such element is geometrically admissible. Systematic
evaluation of performance of the element is conducted, and considering various
examples for which analytical or other solutions are available.

Panda and Nataragan (" (Y4AY) described a doubly curved super
parametric quadrilateral shell element as a model for the static analysis of
practical, non-classical structural configuration constructed of fiber-reinforced
laminated composite. The coupling phenomenon between flexural bending
deflection and in plane stretching and the effect of shear deformation were
accounted in the formulation. Some examples were examined and compared
with other available examples. The comparison resulted in good agreement.

Reddy (¥ (Y4A¢) presented an extension of the Sander’s shell theory for
doubly curved shell to a shell deformation theory of laminated shells. The theory
accounts for transverse shear strain and rotation about the normal of the shell
mid surface. Exact solution of the equations were presented for simply
supported, doubly curved, cross ply laminated shells, under sinusoidal,
uniformly distributed, and concentrated point load at the center. Fundamental

frequencies of cross ply laminated shells were also presented.

Ramana (% (Y4Ae) presented the static small deflection analysis of
composite shells by forty-eight degrees of freedom doubly curved quadrilateral
shell finite element. All three displacements of shell element reference surface
were expressed as a product of one-dimensional first order Hermite interpolation
polynomials. The constitutive relationship for bi-modulus composite was
assumed to be depending on the fiber direction strain experienced by each
orthotropic layer. Consequently the state of stress /strain is obtained by
specifying a maximum error in the locations.

Seide and Chaudhuri ¢ (Y4A%) presented a development of a general

curved triangular element based on an assumed displacement potential energy

'Y



Chapter Two Review of Literature

approach for static and dynamic analysis of arbitrarily laminated thick shells.
The associated laminated shell theory assumes transverse inextensibility and
layerwise constant shear angle. To demonstrate the accuracy and efficiency of
the presented element, examples of two laminated shell problem were examined.

Reddy and Pandy " (Y4AY) developed a finite element computational
procedure for the first ply failure analysis of laminated composite. The
procedure was based on shear deformation theory and tensor failure criteria that
contain the maximum stress, maximum strain, Tsi-Wu and Hoffman failure as
special cases. A number of problems were presented to evaluate those failure
criteria when applied to laminates subjected to in plane and/or bending load.

Yeom and Lee ') (Y 4A4) developed a nine node finite element model for
the analysis of geometrically non-linear laminated composite shells. The
formulation was based on the degenerated solid shell concept and utilizing a set
of assumed strain fields as well as assumed displacement. The formulation
assumes strain and the determinant of the Jacobian matrix to be linear in the
thickness direction. This allows analytical integration in the thickness direction
regardless of ply layups. The results of numerical tests demonstrated the validity
and the effectiveness of the present approach.

Kant and Menon ' (Y4A4) presented a higher order displacement model
for behavior of symmetrical and unsymmetrical laminated composites and
sandwich cylindrical shells based on C° finite element discretization. Two
theories, namely (1) geometrically thin shell theory based on assumption that the
ratio of the shell thickness to radius (h/R) being less than unity and (Y)
geometrically thick shell theory, in which (h/R) 2 << were developed. These
theories incorporate more realistic non-linear variation of longitudinal
displacement-through the shell thickness and thus eliminate the use of
correction coefficients. The influence of (h/R) for a thick shell was studied and
the results were compared with those of geometrically thin shells and other

available results.

V¢
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Yunus and Khonke 7 (Y4A4) presented an efficient numerical
integration scheme for evaluating the matrices (stiffness, mass, stress stiffness,
and thermal load) for doubly curved, multilayered composite, quadrilateral
shells. Finite element formulation was based on three dimensional continuum
mechanics theory and used to analyze a thin and moderately thick composite
shell. Numerical data were presented to demonstrate that the presented
formulation is an order of magnitude economical compared to a conventional
scheme.

Liao and Reddy " (Y44+) formulated the fundamental equations of
motions based on the principle of virtual displacements of continuous medium
using the total Lagrangian description. A degenerated shell element with the
general shell element as a stiffness was developed for geometric nonlinear
analysis of laminated, anisotropic, stiffened shells. An iteration solution
procedure of Newton-Raphson method was employed to trace the nonlinear
equilibrium path. Variety of numerical examples was presented to demonstrate

the validity and efficiency of the stiffened shell element.

Surana and Sorem " (Y44 +) presented a new curved shell finite element
formulation for linear static analysis of laminated composite plates and shells.
An additional nodal variable in the element displacement approximation
corresponding to the Lagrange interpolation polynomials in the element
thickness direction was added. The element formulation was providing C°
continuity or smoothness of displacement across the element boundary. The
element properties (stiffness matrix and equivalent load vector ) were derived by
principle of virtual work and the hierarchical approximation element extended
for generally orthotropic behavior where the material directions are not
necessarily parallel to the global axes. Several examples were examined and the

accuracy was in good agreement.

\o
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Mallikarjuna and Kant "™ (Y44 ¥) developed a refined shell theory for the
analysis of isotropic, orthotropic, and anisotropic fiber-reinforced laminated
composite and sandwich shells. This theory was based on a higher-order
displacement model and the three-dimensional Hooke’s law for shell material,
giving rise to a more realistic representation of the cross-sectional deformation.
In addition, a higher-order shear deformation shell theory and a first-order shear
deformation shell theory, following Reissner-Mindlin plate formulation was
developed and the results were compared with the closed-form solution. The
parametric effects of the finite element mesh, radius-to-arc length ratio, and
length-to-thickness ratio, lamination scheme, Gaussian integration rule and
material anisotropy on the response of the laminated composite shells were
investigated. The results obtained were tabulated to provide an easy means for

future comparisons by other investigators.

Lee and Liu (9(Y44Y) presented a layer reduction technique for
composite laminated analysis to decrease the number of degrees of freedom by
combining a multi layer approach with a single layer approach. They concluded
that the layer reduction technique increases computational efficiency in
composite materials by reducing (n-layer) laminate to a four layer laminate, but
retaining the easiness and accuracy in calculating the transverse stresses from
constitutive equations directly. The feasibility of this technique was
demonstrated by numerical examples of composite laminates under both
directional bending and cylindrical bending.

Kalamkarov and Kolpakov %) (Y44%) obtained closed-form solutions
based on general homogenization shell model for the effective stiffness module
of the high-stiffness fiber-reinforced angle-ply composite shell. The design
problem for the fiber-reinforced shell having the required set of effective
stiffness was formulated and solved. The set of prescribed stiffness for which
the problem is solvable was described, and the effective method of the design

parameter calculation based on convex analysis was developed. The minimum

11
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number of reinforcing layers required for the design of the fiber-reinforced
angle-ply shell with the prescribed stiffness was determined. The solution of
design problem was a generalized account of minimization of the fiber volume
content.

Mohan ™ (Y44V) presented a finite element analysis of thin laminated
shells using a three-noded flat triangular shell element. The first shell element
was obtained by combining the Discrete Kirchhoff (DkT) plate bending element
and a membrane element similar to the Allman element, but derived from the
Linear Strain Triangular (LST) element. The element is first thoroughly tested
for the linear static analysis of laminated plate and shells and was extended for
free vibration, thermal, and geometrically nonlinear analysis. Several numerical
examples were solved to demonstrate the accuracy of the formulation. The
results were compared with those obtained using the commercial finite element
package ABAQUS and were found to be in good agreement. The researcher
concluded that the element can be used to obtain the static and nonlinear
responses of the complex structure under wind and snow loads.

Masud and Panahadeh (™ (Y444) presented multilayered/multidirector
and shear deformable finite element formulation of shells for the analysis of
composite laminates. The displacement field was assumed continuous across the
finite element layers through the composite thickness. The rotation field,
however, layerwise continuous were assumed discontinuous across these layers.
This kinematics hypothesis results were resulted in independent shear
deformation of the director associated with each individual layer and thus
allowed the warping of the composite cross section. The resultant through-
thickness strain field was therefore discontinuous across the element material
sets. Numerical results were presented to show the performance of the method.

Davila, et al " (Y444) developed a progressive failure analysis method
based on shell element for computation of damage initiation and growth in

stiffened thick-skin stitched graphite-epoxy panels loaded in axial compression.
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The analysis involved a step-by-step simulation of material degradation based
on ply-level failure mechanics. High computational efficiency was derived from
the use of superposed layers of shell elements to model each ply orientation in
the laminate. The analysis results were compared with experimental results and
the comparison was in good agreement with the experimental values.

Wu and Lo "™ (¥+++) presented an asymptotic theory for the analysis of
laminated annular spherical shells by the perturbation method. A set of
governing equations for the bending analysis through the thickness direction of
an annular spherical shell were obtained. The method of differential quadrature
was adopted for solving the problems of various orders. Illustrative examples
were given to demonstrate the performance of the presented asymptotic theory.

Kessler and Spearing " (¥« + ¥) focused on the design and analysis of a
high-g composite fuselage structure. The aft section was not only subjected to
high impulsive inertial load, but its weight had a substantial effect on the
controllability of the structure; therefore, it was manufactured by advance
composite materials to save the weight without incurring a strength penalty.
Lay-up test specimens were produced to optimize the design. These specimens
were tested statically as well as in a dynamic environment. The researches
discovered that composite materials were better to manufacture light space
vehicle.

Langley ™ (Y++Y) presented a method for creating a finite element
model of tow-placed variable stiffness fiber-reinforced composite. The method
provided a representation of the overlap regions and an accurate model of fiber
orientation angle change through the laminate. The GENSIS finite element
analysis and design package was used to solve for the static response of the
modeled created. The results of the analysis compared favorably with the results
from another search and showed some insight into the tow interaction of the

thickness and fiber-orientation.
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Yu and Hodges " (Y++¢) developed a geometrically nonlinear shear
deformation theory for elastic shells to accommodate a constitutive model
suitable for composite shells when modeled as a two-dimensional continuum. A
complete set of kinematical and intrinsic equilibrium equations were derived for
shells undergoing large displacements and rotations but with small, two
dimensional, generalized strains. The large rotations were represented by the
general finite rotation of a frame that emended in the unrdeformed
configuration, of which one axis was along the normal line. The unit vector
along the normal line of the undeformed reference surface was not in general

normal to the deformed reference surface because of the transverse shear.

Dynamic Analysis
Stavsky and Loewy (™ (Y4V¢) established a refined Love-type theory of motion
for orthotropic composite cylindrical shells. An extended version of the theory
was formulated to account for dynamic stability problems involving time-
dependent and non-conservative forces. The frequency spectra of free natural
vibrations were investigated for numerous layered shells, using Love-and
Donnell type theories. Heterogeneity was found to considerably affect the
results for the natural frequencies; for certain shells produced of a fixed amount
of materials, differing only in their arrangement, a suitable composition raises
the lowest frequency by a factor of ().2+). For length-to-radius ratios of about
(®) the resulting first lowest frequency may be higher by a factor of (1.} +) than
the one given by the present Love-type theory. It was noted that higher errors,
strongly depending on shell heterogeneity, were noted as the length-to-radius
ratios increase beyond (°).

Patnaik and Sankaran ) (Y4V1) presented the optimum design of
stiffened cylindrical panels with weight as the objective function and constraints
on the frequencies in the presence of initial stresses, using unconstrained

minimization techniques of non-linear mathematical programming problem. The
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interaction between the buckling constraints and the frequency constraints in the
presence of initial stresses were included in the formulation. Loss of load
carrying capacity due to imperfection and due to suddenly applied loads was
included in the analyses. Results for cylindrical shell were obtained by setting
the panel angle to (¥1+) degrees. The relationship between the weight of the
cylinder and the panel (a segment of the cylinder) was also examined.

Rao and Raju " (Y4VV) considered the vibration of a laminated cross-
ply circular cylindrical shell. It was shown that, the anti-symmetric lamination
about the shell middle surface cause coupling between bending and extension of
the laminate and that this coupling effect dies out rapidly as the number of layers
increases.

Reddy ™ (Y4AY) presented a finite-element analysis of the transient
behavior of fiber-reinforced, single-layer and two-layer cross-ply rectangular
plates and shells of bimodular materials. To validate the finite element results, a
closed-form solution was also presented for a rectangular plate with all edges
simply supported without in-plane restraints (along the edge) and tangential
rotation and subjected to a suddenly applied sinusoidal distributed normal
pressure. The time behavior of the transverse loading is arbitrary (e.g., steps
loading, impulse loading, etc.). Numerical results for transverse deflection as
functions of time were presented for two bimodular materials. The finite element
solutions agree very closely with the closed-form solutions.

Greenberg and Stavsky (™ (Y4AY) presented the equations of motion
derived from a Love-type theory for laminated filament-wound cylindrical shells
in which each layer was permitted an arbitrary fixed fiber orientation. A general
method of solution was established, based upon the use of a complex finite
Fourier transform. The frequency spectra of free natural vibrations were
investigated for numerous single, big and tri-layered clamped or simply
supported generally orthotropic shells. The effect of fiber orientation on the

frequency response was found to be quite considerable in certain composite
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shells, for some shells the frequency was increased by a fraction of (¥:)) by
simply choosing an optimal combination of fiber winding angles. Similar
important effects were noted due to the combined action of shell heterogeneity
and fiber winding angle.

Raj, et al. ) (Y4AY) presented the impact properties of the various glass
fiber-reinforced composites and their fracture mode under dynamic load. The
results of dynamic loads were compared with those corresponding to static state.
They concluded that the impact strength of the most of composite material (as
glass fiber reinforced composite) depends on its ability to absorb the energy,
resist the dynamic load, hardened system, and curing conditions (such as the
time); impact strength goes to the maximum value at a certain curing time and
decreases after and before this time. In the other hand, they concluded that the
composite materials sustain higher impact loads and show excellent impact

strength.
Rao (" (Y4AY) explained the effects of transverse shear and rotatory

inertia in the case of an anti-symmetrically laminated cross-ply circular
cylindrical shell. Representative results were given for the case of
graphite/epoxy shells of varying length-to-radius and radius-to thickness ratios.
It was shown that the effects under consideration have predominant influence on
the frequencies even at higher radius-to-thickness ratios.

Shapana ™ (Y3A%) presented a finite element scheme for studying the
effect of using composite on the dynamic response of multi body systems. The
formulation was exemplified by using fiber-reinforced composite laminates.
Two numerical examples of a slider crank mechanism and a peaucellier
mechanism were presented in order to demonstrate the effect of use of
composite material in the dynamic response of multi body system. Numerical
results showed that the use of composite materials represents an effective

passive control strategy.
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Mustafa and Ali ¢ (Y4AY) described the structural symmetry techniques

to the free vibration analysis of cylindrical and conical shells for the prediction
of natural frequencies and mode shapes. Appropriate boundary conditions have
been developed for the analysis of only a part of the shell and have been shown
to yield results comparable to the full shell analysis. Half and quarter models of
the shell have been developed and analyzed using semi-loof and facet shell finite
elements. Unstiffened and stiffened circular cylindrical shells and stiffened
conical shells have been considered. It was concluded that the maximum
magnitudes of the natural frequencies are corresponding to the maximum

structural stiffness.
Kumar and Rao " (Y 4AA) presented free vibration characteristics of a

multi layered graphite epoxy circular cylindrical shell using an eight-node
isoparametric quadrilateral shell element. The effects of rotary inertia were
considered in the formulation of the mass matrix. Variations of length to radius
and radius to thickness ratios of the shell, and different fiber orientations such as
(+°18+°), (+°f3+°[+°[8+°), (+°/3+°), and (+°/4+°[+°[4+°), with respect to the
frequency parameter were studied. Comparison of numerical results with other
literature showed good agreement.

Malhotra “” (Y4 AA) studied the effect of fiber orientation on the natural
frequency of the orthotropic shells having variable thickness. The effect of fiber
orientation and boundary conditions on natural frequency was studied for a
linear variation in thickness along the x-direction and the y- direction. The same
study was conducted to determine the vibration behavior of such shell mode of
graphite epoxy used for some aerospace structural components

Attaf and Hollaway " (Y44+) presented and studied the dynamic
response of stiffened and unstiffened composite structures subjected to static in-
plane loads. A finite element package was also used to predict the dynamic
behavior. The critical load values of the complete structures have been estimated

from the stability and vibrational analysis. The aims of the studies were to
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investigate the resonant frequency characteristics for stiffened and unstiffened

composite structures.

Suzuki, et al. “?) (Y44 ¢) presented an exact solution procedure for solving
free vibration problems for laminated composite noncircular shells. Based on the
classical lamination theory, strain energy and kinetic energy functions were first
derived for shells having arbitrary layer stacking sequences. These functions
were useful for a general analysis based upon energy principles. Frequencies
were presented for a set of elliptical cylindrical shells, and the effects of various

parameters upon them were also discussed.

Dipankark, et al. “? (Y444A) applied the finite element method to solve
free and forced vibration problems of isotropic and laminated composite shells
with and without cutouts employing eight-node isoparametric finite element
formulation. Specific numerical problems of earlier investigators were solved to
compare their results. Moreover, free vibration problems of cylindrical,
spherical, saddle (hyperbolic paraboloid bounded by parabolas), hypar
(hyperbolic paraboloid bounded by straight lines), and conical shells with
cutouts and forced vibration of composite hypar and conical shells without
cutouts were examined to arrive at some conclusions useful to the designers.

Yen and Cassin “ (Y444) developed a composite failure criterion for
dynamic analysis of composite structures. The proposed progressive failure
criterion has been integrated into an explicit dynamic analysis code for failure
prediction of thin composite tubes subjected to drop weight impact tests. The
results provided good correlation with experimental data for impact force
histories and some critical damage modes.

Nayfeh and Rivieccio “" (Y+++) presented the analysis of vibration of
shallow, simply supported, non symmetric unbalanced composite shell. The
discretized Lagrangian method of multiple scales solution technique was
applied. The system of Lagrangian was developed and integrated over the spatial

domain and substituted into Lagrange’s equation. The resulted equation of
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motion was a second frequency temporally nonlinear ordinary differential
equation in the form of Doffing oscillator.

Liew, et al. Y (Y++Y) presented the free vibration analysis of axially
loaded cross-ply laminated cylindrical shells with the consideration of center-
fugal force as the initial hoop tension due to rotation. The frequency
characteristic analysis for shell of simply supported boundary conditions was
examined and the frequency characteristics of various laminated schemes were
also investigated.

The results from the analysis were compared with the available solutions

to validate its accuracy.

Closing Remarks

Many remarks are extracted from reviewing the literature that is concerned with
the principles of the current work, these are:

- Stavsky and Loewy (™ (Y4V$) concluded that the heterogeneity through the
thickness was found to considerably affect the results for the natural frequencies
so that, for certain shells produced of a fixed amount of materials, differing only
in their arrangement, a suitable composition raises the lowest frequency by a
factor of ().e+). Therefore, the stacking sequence must be considered in

studying of the composite materials especially in the design processes.

- Govil, et al " (Y4v4) applied an iterative method for optimal design of large
scale wing-type structure that incorporates the concept of substructuring analysis
to demonstrate its generality, effectiveness and efficiency. Therefore, this

concept will be adopted in present work.

- It is concluded from the study of Greenberg and Stavsky (" (Y 3AY) that the fiber
orientation was found to be quite considerable on the response of laminated

composite shells. Therefore, the effect of fiber orientation will be studied deeply.

Y¢



Chapter Two Review of Literature

Raj, et al. @ (Y4AY) presented the impact properties of the various glass fiber
reinforced composites. They concluded that the composite materials sustain
higher impact loads and excellent impact strength and smaller time response and

presents higher stiffness and more stability.

Shapana "™ (Y4A%) concluded from his study that using of composite materials
represents an effective passive control strategy due to the superiorities of
stiffness to weight for these materials, thus it can be possible to investigate an

optimized ratio of stiffness\weight according to this result.

It is concluded from the study of Mustafa and Ali ¢ (Y 3AY) that the maximum
natural frequency of any mode is corresponding to the maximum structural
stiffness. Then a further conclusion is extracted, saying that the optimum
configurations of the laminated fiber-reinforced composite shell structure can be
predicted if the maximum natural frequencies are derived as a function of those
configurations. Therefore; an optimization technique will be suggested in the

present work based upon these conclusions.

Yunus and Khonke ) (Y4A4) presented an efficient numerical integration
scheme for evaluating the matrices for doubly curved, multilayered composite,
quadrilateral shell. Finite element formulation was based on three dimensional
continuum mechanics theory and used to analyze a thin and moderately thick
composite shell. They concluded that the formatted element can be applied for
analysis of thin and moderately thick composite shells. Therefore, this element

and its formulation will be adopted in present work.

As shown from the study of Lee and Liu ' (Y44Y) | the layer reduction
technique increases the computational efficiency in composite material by
reducing (n-layer) laminate to a four-layer laminate, but retaining the easiness
and accuracy in calculating the transverse stresses from constitutive equations

directly.
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Langley " (Y- + ¥) developed a tow-placed device to economically manufacture
composite structures, which have spatially varying fiber orientation and tapered
layer thickness. The layer thickness that was obtained is .+ «©¢ inch. Therefore,
a tapered thickness distribution with a smaller thickness can be achieved and
accomplished in this work depending on the mentioned tow-placed device

ability.
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Fig.(*.): The aerodynamic shape of wing of remotely guided aircraft

Note : all above dimensions are in mm
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Fig.(¥-Y): Wing finite elements model
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Fig.(¥.¢.): Presenting spars and ribs indices
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Fig.(*.1): Systems of Coordinates. (s,t,r) ,(x,y,2) , and (x,y,z) present
Element, Nodal, and Global coordinates systems respectively.
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Fig.(™.V): Positive rotation of principal material axes \-Y from x-y axes .
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CHAPTER THREE

THEORITICAL CONSIDERATION OF The SUGGESTED TECHNIQUE BY FEM

Introduction

includes the concerned theoretical concepts and application will be presented.

The suggested technique is based upon the finite element method and iteration in
order to predict the optimum design of laminated composite shells that used in
the construction of aircraft structure subjected to certain load environments. The
optimum design would basically includes:!" the estimation of the optimum
orientation angles of laminas,'” optimum thickness of composite laminas, in
addition to the optimum stacking sequence of laminas through the shell
thickness. All the above design parameters are estimated such that the induced
stresses and strains maintained within the allowable values (safety factor) and
the weight to be minimum. The suggested technique is examined to obtain the
optimum design of a wing of a remotely guided aircraft structure shown in
Figure (v.)). The wing is constructed and fabricated by using laminated E-
glass/epoxy composite laminas under the action of maximum aerodynamic loads

that the wing may be subjected during flight duration.
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The developments of suitable methods, more accurately, for analyzing
various engineering structures are needed in order to investigate their behavior
under different loading conditions. At present, the finite element method is the
most powerful numerical technique, which offers approximate solution to
realistic types of structures such as plates and shells. However, the term “finite
elements” was first used by Clough in 4%+ (mentioned by Reddy, ! 94 £) (9.
In this method of analysis, a complex region defining a continuum is discretized
into simple geometric shapes called “finite elements”. The finite element
analysis will be used in this work to obtain the displacements, stresses, natural
frequencies, and the dynamic response as they are considered the main design

criteria parameters.

In the present study, the A—noded isoparametric quadrilateral and *-noded
triangular elements are used for discretization of layered shells. The derivations
of the strain—displacement matrix [B], the elasticity matrix [E] and, as a result,
the stiffness matrix of layered shells are presented. Also, the formulation of
element mass matrix [M] and damping matrix [C] of layered shells are
introduced. Finally, the numerical solutions are also presented in order to solve

the basic structural modal, static, and the dynamic equilibrium equations.

Finite Element Modeling

A mesh is generated from the nodes of a “grid”. The term grid is used in this

work to define the set of node points, which put up the respective mesh.

Figure (¥.Y) shows the proposed finite element mesh model (wing), using
isoparametric shell elements of triangular and quadrilateral shapes. ANSYS finite
element program is used as a mathematical tool in the analysis of this model,

according to the following steps:

I. The geometric domain of the wing aerodynamic shape can be considered as skin

surface joining the root and tip airfoils, in addition to interior surfaces
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representing the geometric domain of spars and ribs stiffeners. The boundary
curves of each of root and tip airfoil, spar, and rib surfaces are defined through
eight located points. The skin surface is created as a ruled surface between the
root and tip airfoil curves, while any of the spars and ribs surfaces are created as
edge surfaces within the boundaries of their corresponding curves.

I1. The skin surface is discretized into eighty shell elements of quadrilateral shape,
such that the mesh density is discretized into ten segments along airfoil sections
and into eight segments along span direction as shown in Figure (¥.Y). Each of
the spars surfaces are dicretized into eight shell elements of quadrilateral shape,
while each of the rib surfaces is discretized into eight shell elements of
quadrilateral shape and another two shell elements of triangular shape. Figure
(¥.Y) shows the locations and numbers of the generated nodes while Figure (Y.¢)
shows the locations and numbers of the generated elements.

At last, the three main parts of the wing model, skins, spars, and ribs are
named under different indices for reorganization purposes. The longitudinal
stiffeners (spars) are defined in different indices, they are: spar), sparY, sparY
sparé¢, spare, spar?, sparV, sparA, and spard. The ribs are also named under rib),
ribY, ribY, rib¢, ribe, rib1, ribV, and ribA as shown in Figure (¥.°). Us and Ls are

the indices of the upper and lower skins, respectively as shown in Figure (¥.Y).

Coordinates Systems

In general, there are three types of coordinates systems used to define any
geometry such as the above wing model, these are: ()) Global coordinates
system (Y) Nodal coordinates system and () Element coordinates system.

The global coordinates system that is used in the above model is fixed
Cartesian coordinates system as shown in Figure (¥.7) and used in the wing
model. All surfaces, nodes, and the elements of the model are drawn with

respect to the global coordinates system. In addition, the directions of the
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applied loads and the constraint degrees of freedom (boundary conditions) are
defined along this coordinate system.

To describe the direction of the element degrees of freedom, a nodal
coordinates system on each node must be used. The nodal coordinates system is
located at each node as shown in Figure (¥.1) such that the origin is located at
the corresponding node position. Nodal x-axis is tangent to the curve joining
this node and the subsequent nodes. Nodal y-axis is tangent to the element
surface, its direction is perpendicular to that of nodal x-axis. The nodal z-axis is
perpendicular to the x—y plane, its direction is specified according to the

orthogonal right-hand rule.

The element (local) coordinates system is located at each element as
shown in Figure (¥.1). This coordinates system is created on each element such
that its origin is located at the element area center. The element s-axis is tangent
to the element surface at coordinate’s origin along the direction of the curve
joining first, fifth and second nodes for the quadrilateral element. The element t-
axis is tangent to the element surface at coordinate’s origin; its direction is
perpendicular to that of element s-axis. The element r-axis is perpendicular to
the s-t plane; its direction is specified according to the orthogonal right-hand
rule. Element coordinate system is used to describe the direction of the applied

loads and directions of the stresses and strains that are induced in the elements.

Stress-Strain Relationship
The orthotropic stiffness properties are required to define the strain-stress

relationship. The basic assumption of the composite material that can be treated
in this work are, (Calcote, 19 79) ©9:
V. The lamina is assumed to be:
- Macroscopically homogeneous.
- Linearly elastic.

- Macroscopically orthotropic.
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- Initially stress-free.
Y. The fibers are assumed to be:
- Homogeneous.
- Linearly elastic.
- Isotropic.
- Regularly spaced
- Perfectly aligned
¥. The matrix material is assumed to be:
- Homogeneous.
- Linearly elastic.
- Isotropic.
Because of the linearly elastic behavior (assumption), the generalized
Hooke’s law is used for relating the stresses to strains. A material coordinate
system is x-y-z, as shown in Figure (¥.V) which introduced for the unidirectional

reinforced lamina.

Hook’s law gives the general anisotropic constitutive relation with respect to

a material coordinate system Y—Y—Y as follows (Jones, !4v®) (:

oy C11 C1p C13C14 C15Ci6 | &1
0, €21C22C23Cp4Co5Cop | | €2
O3 C31C32C33C34C35C36 | | €3

773 C41€42C43Cs4Cu5Cu6 | |723

713 C51C52 C53C54 C55 C56 | (713

T12) | C61C62 Ce3Ce4 Co5Cop | 712

("

I.e., twenty-one independent material constants are used to describe the stress-
strain relationship. For the composite lamina illustrated in Figure (Y.V), there are
two orthogonal planes of material property symmetry and the material is termed

orthotropic.
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The stress—strain relations in coordinates aligned with principal material

directions are given by, (Yunus and Khonke, 194 9)("):

oy _011 ¢, 00 00 ] &

o, Cry C»p 00 00 ||g

(o 0 0 ¢330 00 ||&g

To3] [0 0 0 ¢y 00 |]7y,

T3 0 0 0 0 cg50 ||rq3

7p) |0 0 0 0 0cg] (712

(".Nor

{o}=[ENe} e (121
where

ch=AE,; Cry =Er;B

Cyvy=Av By Ci=Gy; (19
va:AE\',j Cs¢ =f Gyy Coo=f

Gr
A=E:;/ (Exj-visjEyj),B=)"
'/ £ =1.x, a derivation of the factor f is illustrated in Appendix-A
To obtain the stress—strain relations for the lamina of arbitrary orientation,

the transformation equations are used for expressing stresses in x-y-z coordinate

system in terms of stresses in !- - *coordinate system (Calcote, ' 979) 9.

Ox | _ 1 . _%x
Oy &y
O &
g - T, E T, :
Tyz 7y
z-XZ 7/XZ
Ty ) ) Ty
(*.°)
where
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(7. 7 in which, c = Cos @, s = Sin @, and @ is the fiber orientation angle in

degrees.

Using the above transformations, the stress—strain relations for arbitrary

lamina orientation can be written as:

Ox | [Qu1Qp 0 Qu0 0 [l&
Oy Qp1Q2 0 Qp 0 0 &y
o, |0 0 Qs 0 0 0 ||e
Tys 0 0 0 0 Qg50Qs Yyz
Txz 0 0 0 0 Qg Qge||7x:
Ty [ Qa1Qa20 Quu 0 0 [y

(="

A generally orthotropic composite lamina is an orthotropic lamina in which
the principal material axes are not aligned with the structural axes and the
constitutive matrix (Q) is as defined above in Equation (¥.V). All coefficients of

the constitutive matrix are derived and listed in Appendix-A.

Finally, Poisson’s ratio for orthotropic material is generally defined as
(Calcote, 1979) C9:

vy ==~ en (TA)

where ¢; is the strain produced by o; and ¢ is the corresponding lateral strain.

There are three reciprocal relations that must be satisfied for the

general orthotropic material, these are (Calcote, !9 74) %
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/R i,j=,v e (19

Then:

V12 _ V21
S

(m1)

V13 _ Y31
E, E,

(r.1

V23 _ V32
E, B

(r.1n

Then only nine independent elastic properties are needed for a full definition of
the stress-strain relationship of the general orthotropic material. These nine
independent stiffness properties are: vy, Vyr, Vv, Ey, Ev, Ey, Gyy, Gy, and Gr,
then the material which requires this number of stiffness properties for full
definition of stress-strain relationship is called three-dimensional orthotropic

material.

Element Parameters

A quadratic element of quadrilateral shape which consists of eight nodes, all of
which are located on the element boundary, have been used to define the wing
finite element model, while that of triangular shape consists of six nodes, all of
which are located at the ends of the transverse stringers (ribs). These types of
elements are used for plates and shells applications and for membrane and
flexural load conditions (Yunus and Khonke, 1949) (). In this section, the
parameters that are concerned with the selected elements are discussed. These
parameters basically include the element properties and the element degrees of
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freedom. The element properties have included the material properties of the
composite in addition to the thickness of each element. The fiber orientation is
defined uniformly through the element real constants. The shell is composed of
N layers in its thickness direction (r). The formulation of such shell is based on
three-dimensional elasticity theory. It is assumed that the normal to the middle-
plane remain straight after deformation, but not necessarily normal to the

middle-plane.

The displacement at any point within the element is written in terms of

nodal translations and rotations (degenerated element) as:

u u; a' b | [0y
n N I’tl v v Vi
i1 i1 wow
w U a b ¢ 0,i
(r.1n

Where, n is the number of element nodes
N;= shape functions. They are illustrated in Appendix-A.

u;,V,,w; =global nodal displacements.

0.0

X

yi» 0 =global nodal rotations.

t; = nodal thickness.

r = natural coordinate along thickness direction but normal to the shell surface.
a;", a;’, &" = direction cosines of u, v, and w with respect to the nodal coordinate
system at node i.

The first row of transformation matrix represents the direction cosines of each of
nodal coordinate axis with respect to the global x-axis. The second row of
transformation matrix represents the direction cosines of each of nodal
coordinate axis with respect to the global y-axis. The third row of transformation
matrix represents the direction cosines of each of nodal coordinate axis with

respect to the global z-axis.
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It is obvious that, each node has six degrees of freedom, then the second
order shell element is of (¢A) degrees of freedom, while the second order
triangular element is of (Y1) degrees of freedom.

_

In this section, the strain-displacement relations are developed to explicitly
express their dependence on the through-thickness coordinate. The integration
through thickness can then carried out separately. Thus, a separate numerical
integration rule can be used for each layer through the thickness of the element.

The strains are first written in terms of the global derivatives of

displacements as:

te}=[H]E)

(7.1 £) where,

{5}_\_‘9x &y &7 &y &y 5szT
1 0 00 0 0 0 O O]
0O 0O0OO0O1O0O0O0TO
0O 00O OOTO0OTU OI1
(r"’a)[H]:o 10100000
0O 0O0OO0OO0O1O0T10O0
001000100
=L ee] [e] [e"] ]
ey
vl |ov av av
(X1 \_E J{&@ EJ
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o2 & 2

(P19

The global Cartesian derivatives are related to the local coordinate as:
{E}=[r]ie}
(F.7+) where,
[r]=diag| [o]* [T [T
(e b=l L] o] lev) ]

(r.rn

u ou ou o
Pz ey
(r.rn

and |_er and |_eWJ are defined similarly to\_e“J.
[3] is the Jacobian matrix

r, s, and t are the local coordinates system.

The local coordinate displacement derivatives are expressed in terms of the

nodal displacements as:

{e}=[’7t] {Ut}+[’79] [Te] {“.9}

(r.74)
where

I |=diag| ] m] |ml |

(.79

7o |=diag| [7,] [7,] [7.] |
(r.ry
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Ny N, N
0s 0s 0s
]| M AN oNg
i 0 0 0 ]
("™
oN oN ONg |
0s 0s 0s
1| oN,  oN, oNg
=2t —% rt,—2 e rtg—2
| thl t2N2 e t8N8 |
(F. 74

\.“tu J= |_U1 iz “8J
(r.r) \_uH and \_ut"vj are defined similarly,

{u9}=|_‘9x1 O O - Oyg Oyg 928J

(r.r)

7]
np]=| [=,]
]

[TW

(mrn
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af blu Clu O 0 O 0O 0 O

0O 0 O a‘2’ bg Cl2J -« 0 0 O
[Tu]:

O 0 O O o0 o ag bg Cg_
(r.rn

[z,]and [z,,] are defined similarly to[z, |. The matrix equation (¥.Y£) is now

partitioned and the top partition of {e“} can be written as:

{e}[’h {“t}ﬂz][ }

(179

The terms in matrix[nz]contain the variable r. Equation (Y.Y ¢) is expressed and

written to explicitly express its dependency on r as, (Yunus and Khonke,
19490,

{e } ] {“t} oy Flroa] ) [ ] g} e (1LF9)

where,
oN, ) oN, . 6N8_
L os 2 5s 8 os
1|, oNg oN, ONg
= — t R —— t —_— cee t -
[’721] 5| 15t 275 8 ot
0 0 0 |
("9
0 0 0
1
[7722] E 0 0 0
HN; Ny - tgNg
(r.rY)
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Equation (¥.Y°) can be rearranged as:

{eu }: a {“tu }+(r[7731H’752J) g

(F.rA)
where,
l”glJ:[Wl] [Tu]
(r.r9)
and,
lﬂngZ[ﬂzz] [Tu]-
(r.é)

The strain-displacement relationship can now be written with its

dependence explicitly expressed as:
{e }:[B]{ui} (e

where,

8 1=[Bo)+r [B ]+ r?[B,]

(r.en
_{bg]_
[8o] = [H] [b(ﬂ
18]

(r.e9
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(o] = W] o]

(r.£%)
1]
(8] - [H] o} (P £
1]
1Bl [l 01 1 [5,]
(r.£9
[blu ] b | [’71] [0] [0] [ﬂzzﬂ +[2, ]_1[ ] [o] [’&ﬂ
(r.ev)
and,
by |-, 1 101 101 [0] [ ]]
(24

All elements of the strain—displacement matrix, [B], are derived in terms

of the shape function derivatives and the Jacobian matrix in Appendix-B.

_

In general, the basic concept of the finite elements method is to discretize the

continuum into a definite numbers of small elements connected together at their
common nodes. The strain-displacement matrix,[B], as shown previously is

given by:

{e }=[B]{Ui}
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The total solution domain is discretized into a number of elements (NE)

[sub—domain] such that:

NE
zu) =Y 7°(u)
e=1

(r.£9)
where, © and «° are the potential energies of the total solution domain and the
sub—domain, respectively. The potential energy for an element, e, can be
expressed in terms of the internal strain energy, SE, and external work done,

WEF, generally, such that:

n° (u) = SE - WF
(F.e)
in which (u) is the vector of nodal degrees of freedom of an element.
The internal strain energy of a linearly elastic body is given by:
SE = l JeTO' dv
2v
(r.e")

where the integration is over the volume of the element.

By substitution of Equations (¥.Y) and (Y. ¢)) into Equation (£.2)), then:
st = {ulT ([e] [E][8] ov fu}
Vv

(r.e"
The external work done by uniformly distributed load is given by:

W = [{u}[P|dv (If p per unit volume is body force).
Vv
(7. ¢ But, the displacement vector {u} can also be defined as:

¢y



Chapter Three Theoretical Consideration of The Suggested Technique

{u}=[NKu;¥°
(.29

Also, by substitution of Equation (£.° ¢) in Equation (£.°Y) then:

=

C= e TIN]' [P Jav

(729 2 ()= o™ J[eT [E]B] av {u)” - pfu}*TINTT [P ) av

. (reT)
To obtain the Equilibrium State of the element, the potential energy must

be minimized with respect to the nodal displacements as follows:

{87;}={0} with respect to one element.
ou

(e
By substitution of Equation (Y.21) in Equation (¥.°V) and carrying out

the partial differentiation, then:

53 [l EllB] av )’ - IN]T [P av = (o (P oh)
or

[K1*{u}® -[F1° ={0}
(.29

where,

1 11
[k1® = [[BI' [E1[B]dV = [ [[[B]'[E][B]det [J] dr ds dt
\Y -1 11

(5.7

in which,
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[K]®: is the element stiffness matrix,
[F]°: is the element external applied force vector,
|J|: is the determinant of the Jacobian matrix.
For layered element, equation (Y. +) can be written as:

t
11N

[KIF=] [> [I[BI'[E];[B] drdet [J] ds dt e (1T
-1 1j=1 rjbt

where,

Ny= number of layers.

r;® and rjbt =coordinates of the top and bottom of the layer j, respectively.

The determinant of Jacobian matrix depends on the thickness variable, r, for

curved shell. This dependence can be explicitly written in the form:

A:Aa(urﬁJ (TN
Aa
where,
A? =det[J]
(r.7n
1
Aa—2<At+Ab)
(r.79)
1
AV - Z(At_Ab)
(r.79)
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At :A‘rzl.o
(r.77) Ap :A‘r:—lo
(£
Combining the definition of [B] and det [J] given in Equations (¥.¢))

and (Y.1Y), respectively, into Equation (¥.71)) leads to the element stiffness

matrix as:

[Kl]zﬁlﬁl ( [BO]T[EO] [Bo]+[BoF[E1] [B1]+[81]T[E1] [Bo]+

[BO]T[EZ] [Bz]+[Bz]T[E2] [Bo]+[Bzr[E3] [81]4'[81][['53] [Bz]+
[B,]' [E,] [B,] )ds dt : (1)
where,
:_Nzljjf [1+ r—j [, T[EL [T, |.ar
(r.79)
e IS N ()
- B 2 )
(V)
[ES]:%j:jéer [1+ ri—VJ [TmE[E]j[Tm]jdr AL
[E4] %,[Jbt {1+ri_vJ [Tm]-JI'-[E]j[Tm]jdr (f',Vf‘)
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It is noted that the present formulation requires an additional set of

integrations for the material effect through thickness to obtain the matrices|[E, ],
[E.], [E,] [E.], and [E,], respectively. These integrations, however, are

relatively simple as they do not involve the shape functions. In addition, the
present formulation allows the direct input of matrices that reflect the integrated
effects of the material properties through the thickness (Yunus and Khonke,
1949,

Derivation of Element Mass- Matrix

When the shape functions used for the derivation of the mass matrix are
identical to those used in formulating the element stiffness matrix; matrix [M] is
called the consistent mass matrix. This matrix was first derived by Archer in
YAty (Hyder, ¥« )09,

To derive the consistent mass matrix, one can consider the kinetic energy

of the total solution domain discretized into number of elements (NE) such that:
. NE e,
TH(u)= =TI~ ()
e=1

(r.v#)
where T1 and TI° are the kinetic energies of the total solution domain and the
sub—domain respectively. The kinetic energy of the element can be expressed as:

Tie =L T mpay v
2v

("Y9)

The velocity vector within an element is related such that:

{U}= 3 N;{u;}, n (number of nodes) e (V)
i=1

¢
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By substituting Equation (¥.Y1) into Equation (¥.V®), then:

T =2} 0y NN aV ) {u}
2i=1 \Y;

(7. VYY) or in a matrix form:

e - %{u}T JINT mIINJavG) = %{u}T (M0} e (FVA)

Thus, the mass matrix of the presented curved shell element is written as:
(Yunus and Khonke, 1949) ()
lM1J=diag |.|.M0J |.M0J |.M0J [O]J

where

Mol= |, zp (N} av

(".v9)
where, p; is density of layer j. {N}is a vector of the shape functions for
inplane motions involving only the nodal translations which are functions of s
and t only. [0] is a null matrix of size Y¢*Y¢. Equation (*.Y4) can be written
in

an expanded form as:
14N riP T
Mo]=[[[>p jr_g,tdet[J]dr IN} {N}T ds dt
=

(7. A+) Using equation (¥.1Y) in equation (¥.A+) above, then

2
[MO]:ElﬁlAzagl:pj .[:tjwf(1+ri_vj det[J]dr {N} {N}"ds dt e (1A)
i

a

Defining a weighted average density, p, , as:

1N A
Pa 21221.[ rjl:J)th[l"'rAa] dr . (7AD
then
Mo]=p, [ [, 22{N} {N} ds dt e (FAR)
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Only a Y*Y spatial Gauss integration scheme is required. All values of the

mass matrix are derived in Appendix-B.

Free Vibration Analysis

The free vibration analysis is the first step in the dynamic analysis, the natural
frequency, w, of the structure is important to give an idea about the oscillation of
the system with time, stiffness to weight ratios for different modes of
oscillations, and to determine the natural period (T) of vibration which
represents the time for which the vibration repeats itself, as:
T=Ynlw
(rA%)
Therefore; the free vibration (modal analysis) is used to determine the
basic vaibrational characteristic of structures, which are the natural frequencies
and mode shapes (normal modes). Natural frequencies and mode shapes are
important parameters in the design of a structure under dynamic loading
conditions. They are also needed if it is required doing dynamic analysis such as
frequency, transient and spectrum analysis. To determine the natural frequencies
of a structure, the governing differential equation of motion for the free
vibration problem (no external applied loads) and undamped case is assumed in

general, (Weaver and Johnston, ! 94¥) €%

[M KX} + K, {X}= 0} e (1A9)
Assuming harmonic motion that is:
{X:}={sYsinwt ; i=12..k

(7. A7) where:

k : the number of D.O.F. of the system

{$i} : the mode shape vector for the i mode of vibration, and
w; : the angular frequency of mode i.

Differentiating Equation (Y.A%) twice with respect to time yields:

¢A
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{X}= -0 {4 }sin ot

(*.AY) Then, substituting Equations (¥.A1) and (Y.AY) into Equation (Y.A®)
yields, after canceling the term (sin wjt ):

([K,1- o7 MoD){8,3= {0} e (FAN)
Equation (¥.AA) has the form of the algebraic eigenvalue problem (Ké=AM¢o).

From the theory of homogeneous equations, nontrivial solutions exist only if the
determinant of the coefficient matrix is equal to zero. Thus:

|[K,]-o![M,]|= {0}

(.49 Expansion of the determinant yields a polynomial of order NR called
characteristic equation. The NR roots of this polynomial (w;) are the
characteristic values or the eigenvalues. The cyclic natural frequency (f;) is then
obtained from:

fi=wi/ n e(190)
Substitution of these roots (one at each time) into the homogeneous equation,
(Y.A%), produces the characteristic vectors or the eigenvectors {¢;} within
arbitrary constants. A number of solution algorithms have been developed for
the solution of the eigenvalue problem. However, the inverse iteration method

will be presented and used in this work.

¥.4.) Inverse Iteration Method
This technique is very effective in calculating the smallest eigenvalue and the

corresponding eigenvector, which are the most important eigenpair in structural
dynamics.
The basic steps for solving the eigenvalue problem of the form (D ¢=A 1¢)

using the inverse iteration method are (Hussain etal., 7+ ¢+ 1) ).

. Computing the dynamic matrix [D] as follows :

[D]= [M.]"[K 1 (1)

1)
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Y. Assuming initial trial vector {¢+} almost with all terms equal V..

Y. Substituting the vector, {¢:}, in the following equation:

([D1- (A [ X "= -
AL

¢. Approximate value of (Y/A) is obtained by dividing the first element of the
column matrix [D] {6} by ¢.¢), that is:

: { (1)}
(firstrow of D)x<¢?

5 (1)l

A=

(r.4n
where ¢, is the first element of the matrix {¢}.

. The second approximate value of the characteristic vector {¢(Y)} Is obtained by:

{¢appr.}= [D(]ﬂ{i(;} e (199

These steps can be continued until the errors become sufficiently small where

the used error criterion is the absolute difference, such that:

& = ZM _¢i—1‘

(7. 9) For the composite wing structure, modal analysis is done to predict the
relationships between the natural frequencies and corresponding mode shapes
with the orientation angles of composite laminas. For this purpose, the element
properties are created such that the orientation angles of a single unidirectional

fibers lamina are assigned to ten iterated angles (+, Y+, Y«... 4+).

¥.4.Y Optimum Orientation Angle
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The superiority of any structure mainly depends on the strength and properties
of the materials that are used in the structure. It is well known that as each
composite is a blend of materials with unique direction-dependent materials
properties, the strength of composite lamina basically depends on the orientation
of the fiber-reinforcement in each layer and the lay-up sequence of a laminate
which play an essential role in obtaining its most attractive features of high
stiffness/ strength-to-weight ratio. Therefore, in this section, the aim is to find
the orientation angles which correspond to the stacking maximum (m™) natural
frequency. Because of the testing of modal analysis at different value of
orientation (*, Y+, Y+ ...9+), the calculus of variation principles can be possible
to apply to find the corresponding frequency at a certain orientation.
RAYLEIGH-RITZ method can be applied herein to estimate the optimum

orientation as shown in Appendix-C.

Static Analysis

A static analysis calculates the effects of steady loading conditions on a
structure, while ignoring inertia and damping effects, such as those caused by
time-varying loads. The static analysis is governed by the following equilibrium

equation:

[K]-{u}={F}
(r47
where, [K] : the assembled stiffness matrix.

The above equilibrium equation is solved by Newton-Raphson method
to obtain the unknowns {u} vector. The results of the static analysis would be
including the following items:

V. The element stresses along element coordinates axis.

o)
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. The linear and angular displacements of the nodes (u,v,w,6,;,0,:,6,;) along

yi’
global coordinate axis.

. The element criteria stress index &, according to Tsi-Wu (quadratic) yield
criteria (Abdul-Raheem, r+ )™ which is used for orthotropic materials and

cited in Appendix-C.

The wing structure is subjected to static nodal forces that are shown in
Appendix-A. Preliminary design of this structure against those loads is
assumed, in which a three of the E-glass/epoxy laminas is of same assumed
thickness of (Y mm), and oriented by the optimum angles that correspond to the
first five mode shapes for each of spars, ribs, and skins. Composite and stiffener
laminas are arranged through the thickness in a scheme such that, honeycomb

stiffener lamina is surrounded from each side with three of composite laminas.

¥.\+.Y Optimum Layer Thickness and Its Arrangements
Since the use of composite materials became widespread in aerospace, defense
and automotive applications three or four decades ago, laminated structural
elements (such as plates and shells) made of layers of fiber-reinforced composite
materials (high stiffness and strength-to-weight ratios) have been most often
adopted in these applications. Thicknesses of the layers of a laminate are

available as structural variables in the case of fiber composite structures.

Therefore, an important issue is that, how a laminated composite
structural element can be designed by choosing the best layers thicknesses, so
that the most efficient performance can be achieved together with the fulfiliment

of the required design specification. A great deal of this section is to obtain the

oy
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optimum thickness and arrangement for each layer of composites. The allowable
limit of criteria stress index depends upon the required safety factor, which is
further depending upon the function of the structure. The safety factor is defined
as (Abdul-Raheem, ¥« )

SF=V/y
(7 9Y) where, S.F is the safety factor and ¥ is the failure index.

Due to the applied load on the structure, it is subjected to general stress
state in which the shell elements be under both membrane and flexure stress
condition. Membrane stresses are uniformly distributed through shell thickness,
while flexure stresses are distributed through shell section in a manner such that,
they are maximum at the outer or inner surfaces of the shell elements (Hate,
r.. " Then it is preferable to arrange the laminas through shell section
according to the behavior of the structure if constructed of a single unit of them
(each considered separately) under the action of applied load such that the
laminas of lower induced stresses are located near outer or inner surfaces of
shell section, then a priority in the thickness fraction (with respect to composite
total thickness) is given to that laminas. Total thickness of composite is the
summation of that of laminas, and then optimum value of each one of them is

specified according to the following steps:

I- In order to recognize the behaviors of the structure if constructed from only a
single of the three laminas, static analysis is performed to the structure (for each
lamina) under the action of the applied load.

I1- From results of static analysis, Tsi-Wu failure criteria indices are extracted for
each lamina, then laminas are arranged through shell section such that the
laminas of minimum indices are located near outer or inner shell surface, and
that of maximum indices are located near honeycomb stiffeners (spars and ribs)

lamina which is placed at intermediate plane of the shell so that the optimized

oy
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fraction of a layer thickness is obtained from the division of its failure index to

the summation of layers failure indices as follows:

B=0¥Y) T (MWW Py (194
Then the optimum layer thickness would be estimated as a fraction of the

total composite thickness as:
Ti=T*Bi
(F 99

where T, is the total composite thickness.

Y.\ .Y Tapered Distribution in Global Thickness of the Structure

In the previous section, the optimum thickness arrangement across the layers of
composite lamina (the optimum arrangement of the layers thicknesses along the
total thickness of composite lamina) is obtained. In addition, the total thickness
(Ty) for each one of the layered elements (regions) along the span and chord
have the same opimized value. With the manufacturing process, it is possible to
produce variable thicknesses for layered elements by a regional application. In
order to fully utilize these manufacturing possibilities in the design model and to
guarantee maximum flexibility, the general design model must also allow
regionally variable layer thicknesses.

In the finite element method, the FE-mesh already divides the structure
into substructures in the form of finite elements. Within each composite finite
element the fiber orientations and thicknesses are defined independently. Thus,
the finite element properties (thicknesses and fiber orientations) can be used for
the design model formulation as principal independent structural variables.

In this section, the total thickness for each element along the wing struture
from the root to the tip will make a different value depending upon the Tsi-Wu
failure indices of these elements. That it is, the element of large value of failure

index will take large thickness and the element of minimum failure index will
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take the minimum thickness but does not exced the allowable value of

+.)Yemm for each layer (Liu and Haftka, r+« )"

In general, if the maximum obtained failure index is denoted by(¥....),

then for each element of a failure index of (¥,) would have a thickness of :
Tti= (L'Uei / LIJmax)*-rt (f‘, pe ')

where Ty represents the total thickness of element number i. Based on this
criterion, a tapered thickness distribution along the wing domain is obtained.
This distribution gives a superiority in weight reduction; thus increasing in the
stiffness matrix by decreasing in the values of mass matrix. It is importanat to be
noted that the present step is the final step of the suggested technique that was
mentioned previously. A flow-chart presenting the sequence of optimization

procedure of all the above steps is sited in Appendix-C.

v.\\ _

Majority of today’s structures are subjected to the load which varies with time.
In fact, with possible exception of dead load, imposed loads cannot really be
considered as static. However, in many cases the variation of the force is slow,
which allows the structures to be treated as static. For aerospace and aeroplane
flying through storm as an example, the dynamic effect associated with the load
must be accurate for the proper evaluation of safety, performance, and reliability

of these systems (Warburton, 19v7) ¢,

The dynamic equation for a system can be formulated by directly expressing the
equilibrium of all forces acting on the mass. In general, four types of forces will
be involved; the externally applied load and three forces namely, inertia,

o0



Chapter Three Theoretical Consideration of The Suggested Technique

damping, and the elastic forces. Thus, the dynamic equation may be expressed

in a matrix form as follows (ANSYSR, 19 44) €.

[M [y +[C Kuj+[K fu} = {F )}

AR

where :

[M [: structural mass matrix.
[C]: structural damping matrix.
[K]: structural stiffness matrix.
l}: nodal acceleration vector.
U}: nodal velocity vector.

u}= nodal displacement vector.

{
{
{
{F(t)}=applied load factor as a function of time.

The above equilibrium equation is solved by Newmark Family method to
obtain the unknowns {u,. } vector. The results of the dynamic analysis include
the following items:

. The linear and angular displacements of the nodes ( u,v,w, QX,Hy,é?Z) along

global coordinate axis as a function of time.

. The element stresses along element coordinates axis as a function of time.

. Dynamic load factor (Magnification Factor) for all nodes presented in the
structure.

The Dynamic Load factor (DLF) is defined as the ratio of dynamic
displacement at any instant of time to the static displacement. It is non-
dimensional and independent on the magnitude of the load. The maximum
dynamic load factor is known as the Magnification Factor. In many structural
problems, the magnification factor is of importance (Warburton, 149v7) ",
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r.av.y Formulation of Damping Properties
In the analysis of dynamic problems, it is assumed that the amplitude of free
vibration remains constant with time, but experience shows that the amplitude

diminishes with time and that the vibrations are gradually damped out.

To bring the vibration analysis into better agreement with reality, the
equation of motion for a discretized body or structure, often, must include a term
to account for energy dissipation, i.e. damping forces. These forces may arise
from several causes, such as friction, air or fluid resistance, internal friction due
to imperfect elasticity of materials, and so on. Among all of these sources of
energy dissipation, the case where the damping force is proportional to velocity
is called viscous damping, and this is the simplest to deal with mathematically.

For this reason, resisting forces of a complicated nature are replaced for purpose

of analysis by equivalent viscous damping (Timoshenko et al., 1 9V £ €.

r.v.r Effect of Damping
In most cases the effect of damping on the response of a vibratory system is
minor and thus, it can be ignored. However, for vibratory system with a periodic
excitation and a frequency at or near the natural frequency, i.e. the resonance
phenomenon, damping will be of primary importance and must be taken into

account (Timoshenko et al., 19v#) €Y,

Figure (¥.A) shows the relationship between the magnification factor (B)
which represents the ratio of dynamic response to static response (function of
dynamic response of the system), and the ratio (Q/w) which represents the ratio
of the angular frequency (Q) of a simple harmonic force function (PsinQt or
PcosQt) to the natural frequency of the system, o, plotted for various levels of
damping ratios (y). As for undamped case, the value of (B) is approximately

unity for small values of (Q/®), and approaches zero for large values of (Q/w).

oV
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However, as the value of Q approaches o (i.e. (QQ/®) approaches unity), the

magnification factor grows rapidly.

Furthermore, the value of B at or near resonance is very sensitive to the
amount of damping. Thus, while the damping has only a minor effect when the
system is remote from resonance, it has a dramatic effect at or near resonance. In
structural dynamics the influence of damping is critical for this case and

represents its most important application (Weaver and Johnston, ! 94 ¥) ¢,

2% = xw® sin Ot

X+ 2y X+ @

o
o
©
o
—
o
—
o

2.0 2.5 3.0

go ¢

Figure (*.A): Effect of damping on the magnification factor ©.

r.v.¢« Damping Matrix
With the present understanding of damping in structures, it is not possible to
formulate an explicit damping matrix for distributed damping throughout a
structure, in a manner similar to that followed for the stiffness [K] and mass [M]
matrices (Pytet, 1 99+) ). In practice, damping is usually expressed in terms of
damping ratios for each of the natural frequency modes. These ratios are

established from experiments on similar structures.
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The most common form of representation of the damping matrix [C] is the
so-called Rayleigh-type damping (Timoshenko et al., !9v#) C" as a linear

combination of mass and stiffness matrices which is given as:

[C]=a [M] +a [K]
(.1

in which (a,) and (a.) are arbitrary proportionality factors which make the
damping matrix satisfy the orthogonality condition with respect to the modal
matrix [¢] in the same way of the orthogonality conditions for the mass and

stiffness matrices that is (Bathe, ! 99 7) C%:

[6] T [M] [0] = [I]

(71 1) [0]" [KT [¢] = [4]

(F 1T ICIgl=Y A"

(7.1 -9 where:

[6] = Modal matrix whose columns represent the natural modal shapes and the
superscript (T) denotes transpose,

[1] = ldentity matrix.

[A] = Spectral matrix, which is diagonal with elements representing the squares
of the natural frequencies (w;" and

[y] = Modal damping matrix which is also diagonal with elements representing

the damping ratios for the system modes (y; ).

Premultiplying Equation (Y. * ¥) by [¢] " and post-multiplying it by [¢] yields:

[61" [C][4] = a0 [0]" [M1[¢] +a, [¢]" [K] [4]
AR

Substituting Equations (¥.) +¥) to (¥.) + ©) into Equation (¥.) + 1) gives:

Y[ATAT" =a. [I] +a [A]
... 1 +Y) The two factors, a, and a,, can be determined by specifying damping
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ratios for two modes, for example Y and Y, and substituting into Equation
(*.V+Y) as (Pytet, 199+)C;
Yy, Zat o' a,
("1 Ny yo=a,+o' a
(r.1+9) where o, and v are the natural frequencies for modes ‘' and Y
respectively.

Solving the above two Equations, then

_ 20,00 (0271 —177)
(07 — 1)

0

(F114) a = (w277 — 1)
(@3 —or)

... (7.1 11) Then, the values of a, and a, are substituted into Equation (¥.)+Y) to
get the required damping matrix. The natural frequencies (w;) which are used in
the above equations can be obtained from the solution of the eigenvalue problem
for the undamped case (Timoshenko et al, ! 9¥#) ") As will be shown later,
the corresponding damping ratios (y;) can be obtained by finding the damping
ratio y, , related to the first mode of vibration, using field testing of a structure or
from previous experience or even by assuming it within an acceptable range
according to the type of the structure. With the value y, on hand, other values of

i can be extrapolated using the approximate formula (Weaver and Johnston,
19AY) G

o, el
Vi ® 7/{—} y(he<el<hy)

w,
(7. 117 Rewriting Equation (¥.) + V) for an arbitrary mode (i) gives:
Yyimi:ao+a,(o,‘

(7. 117 from which the damping ratio (y; ) can be defined as:
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2
a0+ ;
yi:—al

2w,

(7.1 1) The relationship of Equation (¥.)) ¢) between the natural frequency (o)

and the damping ratio (y;) is illustrated in Figure (¥.4) (Pytet, 199+) "),

Combined Damping

AP

********* Stiffness Propotional
(Relative) Damping
aO:O, 7:<a1/2>w

5
T
N

|
|

(Absolute) Damping
ar =0, V=(a, /2 w)

\
|
| } Mass Propotional
\
|
|

Wm Wn OQ

Figure (¥.4): Relationship between damping ratio and frequency for Rayleigh

damping

Numerical Method for the Dynamic Analysis

The dynamic equilibrium equation, equation (Y.)+)), represents a system of
linear differential equations of second order and, in principle; the solution of the
equations can be obtained by standard procedures for the solution of differential
equations with constant coefficients. However, the procedures proposed for the
solution of general system of differential equations become very expensive if the

order of the matrices is large. In practical finite element analysis, there are few
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effective methods. These are mainly, direct time—integration and mode

superposition. In the present work, the direct integration method is used.

In direct integration method, the dynamic equilibrium equations are
integrated using a numerical step—by—step procedure. The term “direct” meaning
that prior to the numerical integration and no transformation of the equation into

different form is carried out.

In essence, direct numerical integration is based on two ideas. First,
equation (¥.)+)) is satisfied at discrete time intervals (At) apart. The second idea
is that a variation of displacements, velocities, and accelerations within each
time interval (At) is assumed. The available direct procedures can be further

sub— divided into implicit and explicit methods.

The implicit algorithms are more effective for structural dynamic problems,
in which the response is controlled by a relatively small number of low
frequency modes, while explicit algorithms are very efficient for wave
propagation problems, in which the contribution of intermediate and high
frequency structural modes to the response is important (Subbaraj and
Dokainish, 1949) ),

In the present study, only implicit methods will be considered because of

their properties discussed above.

Y.V Y.) The Newmark Familv of Methods
Newmark method is based on using the equilibrium conditions given by

equation (¥.)+)) at time t+At in order to calculate the displacements at this time.

This method is based on the following assumptions:
Xppat = X +AMA-) X, + 7K, o] ... (P 1129)

and,
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. 1 . .
Xesar = X + A + (A’ = HX + Fy o] e (7112D)

where the parameters B and a determine the stability and accuracy of the
algorithm. Assuming different values for a and p, give different formulas
within the Newmark family of methods. This method is unconditionally stable if
a >1/2 and B > (2y+1)*/16.

Unless a taken to be +.¢, the method introduces artificial damping which
can be negative when y< . (Pytet, 199) O Therefore, as remarked by
Newmark, all schemes for which o >1/2and g >1/4 are unconditionally

stable and indeed show no artificial damping, (Zienkiewicz, 1 9v¥) 7.

In the present study, values of aand Bare «.® and -.Y®, respectively.
Newmark method with these values of a and B is called constant —average-
acceleration method. This method is generally used in structural dynamics
because it has been shown to have high degree of numerical stability, ( Al-
Sarraf etal., *++%) (. The complete algorithm of the present method is given

in (Subbaraj and Dokainish, 1 949) "),
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Fig.(¢.%): The third mode shape of the Spar‘f in
term of deformed and undeformed shapes.

Fig.(¢.) *): The fourth mode shape of the Spar‘f in
term of deformed and undeformed shapes.
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Fig.(¢.YY): The fifth mode shape of the Sparf in
term of deformed and undeformed shapes.
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Fig.(¢.Y®): The fifth mode shape of the Rib\f in
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Fig.(£.e%):Global tapered thickness distribution
at the lower surface of Rst) YOOtap.
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Fig.(£.% +):Global tapered thickness distribution
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at the upper surface of RstYYOOtap.

Fig.(¢.7Y ):Global tapered thickness distribution
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Fig.(¢.% ¢): Tapered thickness distribution of spars element of
Rst)YOOtap.
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Fig.(¢.%%): Tapered thickness distribution of spars element of
RstYYOOtap.

ARR
Fig.(¢.1V): Tapered thickness distribution of spars element of
Rst¢<¢OO0tap.
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CHAPTER FOUR

RESULTS AND DISCUSSION

Introduction

The static and dynamic behavior of composite material is very affected by the

stiffness properties. Since the stiffness properties of composite materials depend
on the fiber orientation, lamina stacking sequence, lamina thickness, and
allocations, thus studying of these variables is of significant importance. Based
on this idea, a procedure to find the optimum design ( fiber orientation, layers
thicknesses, and thickness distribution and allocation) became excessively
necessary to be presented. Therefore, the results of this chapter are circulated in
three parts: (V) Free vibration analysis (Y) Static analysis and (¥) Dynamic
analysis.

Optimum orientations are obtained from the first part of the suggested
technique, in addition seven models are constructed, each different to other in its
orientation angle only. To verify the results of free vibration (authenticity of the
suggested technique), the previously created models are analyzed statically and
a comparison is made between their failure indices. In addition, optimum layer

thickness and tapered thickness distribution are also performed. At last, the

v
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dynamic analysis is done on the above models to study their dynamic effects and

responses.

Bl stucwral Analysis
Structural analysis includes the free vibration analysis, static analysis, and
dynamic analysis. In free vibration analysis, frequencies of five modes are

obtained. Failure indices of the models are obtained by static analysis. Finally,

time responses of displacements and stresses are executed by dynamic analysis.

Free vibration analysis is the first step in the suggested technique. At first, the
wing model is divided into three parts: spars (longitudinal stiffeners), ribs
(transverse stiffeners) and the skins (upper and lower surfaces). These parts are
defined previously in section (¥.Y).

Here, the effect of these parts will be studied separately on the structure
by obtaining the relationship between the fiber orientations and frequencies that
correspond to five mode shapes only. This accomplished by creating a
substructural models named under different indices. As an example, if the
substructural model has a name of Sparf, then this model consists of the skins
and the spar) only, and other spars and ribs are neglected. Rib\f refers to a
substructural model consisting of skins and RibY only; the other spars and ribs
are neglected. The index of the substructural skins model is Skinsf. The last
letter f in the indices of the substructural models refers to the free vibration
analysis. Therefore, nine substructural models for the spars, seven for the ribs,
and one for the skins are created, they are: (Spar)f, Sapr¥f, Sparvf, Spar:f,
Sparef, Sparif, SparVf, SparAMf, and Sparif) and (Rib)f, RibYf, RibYf, Ribf,
Ribef, Ribf, RibYf, and RibAf) and (Skinsf), respectively.
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The free vibration analysis is done on the substructural skins model to define the
values of maximum natural frequency of each one of its five modes. Figures
from (£.)) to (£.°) present the first, second, third, fourth, and the fifth mode
shapes while Figure (£.7) presents the variation of natural frequency values with
the orientation angles of Skinsf. The increments in the natural frequency with
the number of mode mean that there is an increase in the stiffness of the
corresponding modes itself. In other words, the minimum natural frequency
corresponds the minimum stiffness and the maximum natural frequency
corresponds the maximum stiffness. Dependency of natural frequency values on
the stiffness and mass matrix for the same mass of the skins in each mode
represents the main reason in the previous increment. The maximum natural
frequency in the first mode occurs at +°. For the other mode shapes, the
maximum natural frequency occurs at £°°.

At last, the first mode shape of the minimum natural frequency value is

more dangerous than the other modes because of its minimum stiffness.

¢.v.1.y The Substructural Spars Models
The free vibration analysis is done on the substructural spars model to define the

values of maximum natural frequency of each one of its five modes. Figures
from (£.V) to (£.))) present the first, second, third, fourth, and the fifth mode
shapes. Figures from (£¢.)Y) to (£.Y+) present the variation of natural frequency
values with orientation angles of Spar\f, Spar¥f, ..., and Spar4f, respectively. It
can be seen that for most substructural spars models, the locations of the spars
have an apparent effect on the natural frequency values; thereby on the stiffness,
so that the last is decreasing with the increase of the substructural spar index. It
IS noted that the minimum natural frequency that corresponds to the five modes
is occurring at the substructural spars of indices of SparA and Spar? which may

lead to conclude that these substructural models have the smallest stiffness and
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may not affect on the whole wing geometry. In other hand, the difference
between the natural frequency values for each one of their modes are less than
that corresponding of the substructural spars models. This mean that because of
the little stiffness, the change in the fiber orientation gives less effect on the
natural frequency as compared to the other substructural spars models.

For the first mode, the maximum natural frequency occurs at *° in which
the fiber direction is in the direction of the wing span itself. The second mode of
substructural spars models is a special case of bending which have a behavior
similar to the first mode, -° is the angle of maximum natural frequency. Plane
horizontal motion is presented in the third mode shapes. Torsion is the address
of the fourth mode. It can be seen that the maximum natural frequency occurs
between ¢+° and ©+° (£2.Y), hence, maximum stiffness to resist the torsion.
There are a slight difference in the natural frequency values according to the
location of the spars ( substructural spars models).

At last, the fifth mode is the wave case which presents a complex
bending. From the Figures, it can be seen that the maximum natural frequency

occurs at +°.

¢«.v.v.vr The Substructural Ribs Models

The free vibration analysis is done on the substructural ribs model to define the
values of maximum natural frequency of each one of its five modes. Figures
from (£.Y)) to (£.Y°) present the first, second, third, fourth, and the fifth mode
shapes. Figures from (£.Y1) to (£.YY) present the variation of natural frequency
values with the orientation angles of Ribf, RibYf, ..., and RibAf respectively.
The same, it can be seen that the first mode, bending; represents the mode of the
lowest value of frequency. The locations of the ribs have a slight difference on
the natural frequency value because the main benefit of the ribs is the torsion
resistance which represents the second mode. Therefore, there is no large

difference in the frequency values that is corresponding of the first mode shapes
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of the substructural ribs models. It is noted that all the substructural ribs have a
maximum frequency value at a value closing to ¢2° and decreases at +°and 2 +°,
respectively.

The locations of the ribs have an apparent effect on the frequency values
which increase gradually when the substructural ribs index increases also. In
general, the more main reason that causes this effect is the mass of the selective
ribs that decreasing due to the decreases in its volume; thereby an increase in the
frequency values occurs. The third mode is the common mode between the first
and the second. From the above figures, it is clear that the maximum frequency
occurs at £°° and decreases at *+° and 4+°, respectively. However, the behavior
is also common between the first and the second modes. The locations of the
ribs (substructural ribs models) have an affect similar to that corresponding of
the first and the second modes. Motion in the (x-z) plane of the model occurs in
the fourth mode. The maximum frequency occurs between Y +° and Y +°. For the
fifth mode in which the substructural ribs models move in a wave form in the y-
direction, it is noted that the maximum frequency occurs at +°. As mentioned
previously, there are slight differences of the natural frequency values according
to the ribs locations.

From the above figures, there are three values of the orientations in which
the natural frequency is maximum for each one of the five modes which are
+©,4+°¢0° and between Y:° and Y-° , and 3+° for the first , second, third,
fourth, and fifth modes, respectively.

It is important to refer that the natural frequency of the torsional mode in
substructural spars model is greater than that corresponding in the substructural
ribs models. Therefore, it can be concluded that the spars play an important role
in increasing the torsion resistance in addition to increasing the bending one.

At last, as a general view for all figures above of the substructural models
it is noted that firstly, the natural frequency is largely depends on the fiber

orientation. Secondly, the natural frequency values of the substructural spars
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models have a frequency approximately equal to that corresponding of the
substructural ribs models. In other words, mass of the skins in the above models
Is the same for substructural spars and ribs models, mass of the spars is greater

than of the ribs then the stiffness of the spars is greater than of ribs.

¢.v.y Static Analysis
The main goal of the static analysis is to obtain the failure indices of each
available tested models to define and decide the optimum one (optimum
orientations and optimum thicknesses for a minimum failure index).

Depending on the results (optimum orientations of the substructural
analysis) that are obtained from free vibration analysis, new four models
consisting of all spars and ribs in addition to the skins (whole models) of indices
named as RstYOO, RstYOO, RstYOO, and Rst¢OO are created. The last two
letters (OO) represent the first letters of “Optimum QOrientation” term. Each one
of its elements consists of three layers. At first, each layer has the same
thickness and orientations extracted from the free vibration outcomes (suggested
technique). In addition to other three models of arbitrary orientations (their
orientations are self-governing; independent on the free vibration optimization)
of indices of RstYAO, RstYAO, and RstYAQ for comparison purposes with those
models based on the free vibration suggested technique and for studying the
effect of fiber orientation on structure response in the same time. The last two
letters (AO) represent the first letters of “Arbitrary Orientation”. Table (£.))
presents these models, their indices, and orientations. Static analysis is done on
the above models, shown in Table (£.V), in primary total thickness of Ymm until

the desired failure index (+.7A) occurs. Table (£.)) presents failure indices for
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different thicknesses (V,A, and Ymm) for all models. From the previous Table, it

Model  Parts Orien- Failure indices of layers for different thicknesses
Index tation

Thickness=Ymm Thickness=Amm Thickness=9mm
(Deg.)

Layer [Layer Layer Layer Layer Layer Layer Layer Layer
)

\ Y ¥ Y Y \ Y Y
Rst'O | Spar | «/€o/+ [V [+ AY [wove [Lay [y [o33 [.et [23g [ 04

) RibD | 3+/89/3 | + A | +N& | +¥0 | .09 | .06 | +AY | +0f | .oV |.oA

SKins | f/fo/v [NV [ AY [vAd [ e vy eyt [y [ e [ A

RStYO | Spar | fo/+/£ [+ N8 [«NY [WVA [+38 [LAY |33 [Lay [Lev [

) RiD | 3/89/3« | +AY | +N¥ | +N6 | «0A |+ | +nf |0t | .oV | .04

SKins | /f0/v [ AY [ AN [ Ao [ oY [evy [ oAy ey [ | eve

Rst\‘o Spar ~/5°/~ ~./\T' gﬂY .‘/\q ~.VY‘ n/\\ ~‘VV ~_‘° ~'V" ."l‘(

O R'b ¢o/q4./¢0 A%  AY +va Y VY A S Y Y

SKins | €o/+/-¢0 | v a0 [ va% [ V.oV [V AY [ vAe [ At | vE [ ¥Y [ CAY

Rst:O Spar | /e [ Ve [ LAY [y LAY [LAY (LAY LA [vn LAY

O Rib | t9VA/€0 | v Q¢ | +AY [ V.Y |+ AY [« Ae [+ A% [ +ve | vt | .var

Sk'ns t¢o/vf-t0 ~.Q~l Yoo \‘Y\ \/\i .‘/\‘\ AR ~_\/T ~'Vq ~'/\V

RStYAO | Spar | T+/€e/F« [Yxy [Y¥aA [vyv [hae [vaa [hae [V vy [V vA [y ve

Rib | Y/eo/rs [y ye [ YAy [Yvy [y Ay [vAas [yay [vvy [va [y

SKins | Y/€e/F« [YYY [ YXo [YYt [ V40 | VA% | Y..Y |[V¥E [YVe [VAY

RstYAO Spar to/ye/to | Y Y¢ Yoy | Y.¥YA | YAy YA Y.Aayv A ASA YAy

Rib | fo/ve/to [ YAY [Yed | ¥OY [Y¥e [YYR [YVo [Yi e | Y.y |Y.&v

SKins | £9/Ve/ie | Y.€Y | YooY | Yo) [YAY |[Y..q | Y1 |Yie |YNY |Y.Ao

RSt"AO | Spar | 3+/€0/3+ [€V+ [T¥& [£¥) [YoA [T¥e [Yva [¥)) [Yag [7¥y

Rib | 3+/¢9/8« | ¥y [Y VY | YAY [¥XY [ ¥Ya [¥¥Y [YAe [YA ¥

Skins | 3+/¢e/4+ | £ Y¢ £y ¢ ¢o Y.V Y.oY Y.ay Y.¥) AR Y.EA

can be seen that failure indices of each layer are inversely proportional with the
total thickness of each composite lamina, i.e., failure indices are decreasing with
increasing the total thickness. The model reached firstly to the required failure
index at Ymm is Rst)OO. In addition, to verify a reality of the present suggested
technique, it can be seen that the maximum failure indices occur at the arbitrary
models (RstYAO, RstYAO,and RstYAO) due to the arbitrary orientations, so that
the required stiffness is not directed in the direction of load confrontation.

Table (£.Y): Failure indices for models under different thicknesses.

vy



Chapter Four Results and Discussions

It can be seen that for most models, the fiber orientation has a great effect on the
values of failure indices for each layer and model, so that for most results
shown in the above Table, the failure index for the layer of optimum orientation
is smaller than that corresponding of layers of arbitrary orientation. In addition,
the difference between the failure indices of the first four models is smaller than
that corresponding in the last three of arbitrary orientations. From the other
hand, there are differences in failure index values for spars, ribs, and skins in the
same model because of the stress state in them so that the maximum value
occurs at the skins and minimum at ribs.

It is important to remember that the three layers of the above seven
models have the same thickness, i.e., layer thickness is equal to the total

composite thickness divided by Y.

¢.v.v.y Effect of Fiber Orientation on the Static Deflection

In this section, effect of fiber orientation on the static response is discussed in
details. Figures from (£.v¢) to (¢.¢+) present the normal deflection (uy) of
RstYOO, RstYOO,... ,and RstYAQO, respectively. it can be seen that the deflection
values are different from model to other depending on the difference of their
properties such as fiber orientation. From the above figures, it is clear that the
deflection response (behavior) of the above models can be described as a
combination response between the first and the second modes that resulted from
free vibration view for most substructural models. Therefore the concentration
of the discussion will be enlarged in the direction of the effect of fiber
orientation on the static deflection response for these modes.

Firstly, a minimum deflection occurs at the first model and increases with
increasing of the model index. However, it is reaching to the maximum value for
the last three arbitrary orientations. Because of the differences in the deflection
values for the same conditions of the applied static load firstly, and the inverse
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proportionalities of the deflection with the stiffness values secondly, then these
values are increasing with the decreasing of the stiffness properties. In other
words, the model of the minimum deflection is of maximum stiffness.

In other hand, it is noted that the static responses are changed in clear
form of the last three models, there are negative values of the vertical
displacement that mean a material is displaced in opposite direction of Y-axis.
These are clear signs on the inheritance of failure as buckling which represents a
more dangerous case. To explain the above lines, each one of the models will be
discussed alone as follows:

For the first model (RstYOO) of a minimum deflection (maximum
stiffness), each one of its orientations corresponds to the maximum natural
frequency value (free vibration that means maximum frequency as verified
previously) for each spars, ribs, and skins.

Skins and ribs of the second model (RstYOQ) is the same for the first
model. For the spars, two of the three layer orientations (£2°,£2°) increasing the
stiffness of the fourth mode and the other one increase the first modes (bending).
Therefore, the deflection is larger than that corresponding of the first model.

For the third model (RstYOO) spars orientations offer the same effect of
the first model. Orientations of the ribs increase the stiffness of this model more
than its increment in the first one. Skins orientations increase the stiffness of
last four modes than the first mode. Therefore, the deflection value is larger than
the first model.

For the fourth model (Rst¢OO) , effect of the spars orientations is the
same as in third model. Ribs orientations increase the stiffness of the second,
third, and the fourth modes. Skins orientations increase the stiffness of the last
four modes larger than that of the first one.

For the last three models, it is noted that the deflection values are greater
than the above four models. It is important to refer that the differences in the

deflection values are greater than that corresponding of the previous four
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models. The main reasons of these differences are the arbitrary orientations
firstly, and the vanishing effect in building of the stiffness that required to resist
the applied loads secondly, in other words, when a specific orientation increases
the stiffness of the spars in a specific modes, it may vanished this stiffness in the
skins or ribs; because of the difference in its optimum orientations. The main
solution for the presented problem (interacted effect of enforcing and decaying
the stiffness of the substructural models) is using of the substructural analysis
to give each one of this substructural models its responsibilities to build a whole
stiff structure.

Again, for the first arbitrary model (RsYAO), fiber orientation of (¥+°)
gives good but not optimized stiffness for the spars, ribs, and the skins in
different ratios. €°° reduces the spars stiffness and increases the ribs stiffness in
the second and third modes.

The second arbitrary model (RstYAQ) has an orientations of (¢°°,ve°,
£2°), The first and third orientations give a good stiffness for the last modes of
the skins and less for the first mode. In addition it reduces the stiffness of the
spars for all modes except the first one, at last increases the stiffness of the
second and third modes of the skins only. The second orientation ( Ve°)
decreases the stiffness of spars and skins for all modes, gives good efficiency for
the ribs for all modes except the fourth one. For these reasons, the deflection of
this model is greater than the above models.

At last, ( 9:°,¢2°4+°) are the orientations of the third arbitrary model
(Rst¥AOQ). The first and third orientations (2 + °) offer good stiffness for the ribs
in first and fifth modes and less in the second, third, fourth, respectively. In
addition, it gives a minimum stiffness for the spars of all modes because
minimum frequency occurs at this angles. Effect of ¢°° is mentioned previously.

As a final point, depending on the different orientations of the above
models in increasing or decreasing the stiffness of the first and the second

modes, the deflections are also different.
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¢.v.v.y Optimum Layer Thickness and Its Arrangement
Up to now, optimum orientations and failure indices for each layer are obtained.
The main scope of this topic is to obtain the optimum layer thickness and its
distribution across the composite lamina depending on the procedure mentioned
in sec( Y.)+.)). Figures from (£.€Y) to (£.£V) show optimum layers thicknesses
and its arrangement for skins, spars, and ribs of the first, second, and third layers
at total layers thickness equal to mm , respectively.

From the above figures, it is noted that the fiber orientation plays an
essential role in limiting the layer thickness, so that the layer of optimum
orientation has a small thickness as compared with those of not optimized (or in
an arbitrary degree) in its orientations in which the thickness is of large value.
These are logical results assure that when the fiber in a specific layer is oriented
in the direction (or closed to the direction) of load resistance, the dependency on
thickness of this layer is smaller than that corresponding to which the fiber not
oriented in the direction (far from direction) of load resistance.

As an example, let me explain two cases of spars only, they are similar in
all boundary and loading conditions (load in direction of longitudinal spar axis)
except in orientations. The fiber orientation of the spars is +° in the firstand 2 +°
in the second. The fiber in the first case will resist a greater value of the applied
load than the matrix in the first case but in the second spar, the fiber will resist a
very small value of the applied load and the other will be distributed in the
matrix material. Because of the little strength of matrix material as compared
with fiber material, the matrix will fall short under the applied load. Then, a
need to increase the value of thickness is necessary to resist the applied load.

Up to now, the researcher agrees with Eschenauer " who said that “It

become possible to achieve a lower structural weight in the optimal design by

doing a simultaneous optimization of thickness and fiber orientations compared

to pure thickness optimization. In terms of physics the fibers are oriented in such
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a direction, that the stiffness or strength requirements can be fulfilled by smaller

layer thicknesses” so that there is an accordance between the results and what he

said.
It is important to refer that for all models above; the thicknesses in the
upper skin layers are smaller than that in the lower skin layers, i.e., the total

thickness in the upper skin is smaller than the lower skin. Here, the researcher

doesn’t agree with Boyang Liu ©” who said that “The upper skin panels are

thicker than the lower skin panels™. In fact, this sentence is not absolutely true,

because the strengths for most composite materials in tension are different than
that corresponding in compression. Glass, boron, and graphite have strength in
tension smaller than in compression. Due to the applied load, the upper skin will
be in compression and the lower one will be in tension. Because the failure
index is a function of strength for both tension and compression, failure index is
smaller in compression than tension; thereby the thickness in the upper skin
(compression) is smaller than the lower one (tension).

At last, due to non-equality in thickness values of the upper and lower
skins as mentioned instantaneously; there is difference between them (equal to
lower thickness - the upper thickness). The difference value is varying from
model to another depending on the fiber orientations (stiffness). it can be seen
that the maximum difference occurs at the first model and decreases with
increasing the model index. Again, to verify the practicality of this distribution,
a static analysis is done for the resulted models of optimized layers thicknesses.
Indices of these models after the solution became Rst))YOO, RstYYOO,
RstY¥OO, Rst¢¢00, RstYYAO, RstYYAO, and RstYYAO corresponding to
RstYOO, RstYOO, Rst¥OO, RstéO0, Rst'AO, RstYAO, and RstYAO,
respectively for purposes of reformation only. Table (£.Y) shows failure indices
of the reformatted models at mm only.

From this Table, it can be seen that still Rst)YOO is more successful

whenever presents a minimum failure index ( higher safety factor), maximum
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failure indices of the models after optimum thickness distribution is smaller than
that corresponding in case of constant layer thickness mentioned in Table (£.))
previously . The main reason is that each one of layers has taken the required
thickness to resist the supplied load. This is a strong guide on the veracity and
the preeminence in the presented procedure. In general, it is noted that the

decreasing and increasing in failure index values that resulted from the optimum

Rst\YOO | Spar /E0/s <.OA <0 1
Rib | ¥+/¢0/%: . 00 .00 «.oA
Skins | +/¢¢/- Y Y . o1
RstYYOO | Spar | f°o/+/te .oV .09 Y
Rib | /€08 Y . o1 Y
Skins | ‘/£o/ R + 4 . 1o
Rst*YOO | Spar J80/ «IA R NEVY
Rib | £°/8+/%° EY W T oA
Skins | f°o/+/-te VY < YA “ V)
Rst¢¢OO | Spar | f°o/+/t° « A < YA A
Rib £0/VA/¢0 ey Y « VY
Skins | fo/+/-° v VA Y
RstYYAO Spar | Y/te/v y.va ) o Y AS
Rib ARVALIAR ARA AIA ) Y
Skins | Y/¢e/ve Y.ve Y.YA Y IA
RstYYAO Spar | £o/ve/te Yy Y oo Y 7o
Rib fo/ye/io YyYy Y. YYY
Skins | e/ve/te YA AR Y. VY
Rst¥YAO | Spar | %:/te/4: YA AR Y
Rib Aa/80/40 y.a¢ Y 40 Y AY
Skins | 1+/¢0/4: ARG YoYY Y.

thickness for each layer are depending on the differences between old layer

thickness (Ymm) and new optimized one.

Table (£.Y): Maximum failure indices for models after optimum
thickness distribution

Orien- Failure indices of layers for different
tation thicknesses
(Deg) Thickness=4mm |

Layer ) Layer Y Layer ¥
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At last, in the same Table, it can be concluded that the optimized layer
thickness technique has an excellent efficiency for models of optimum fiber
orientation and less for those of arbitrary orientation. This is another guide
adding to the previous models on the dependency of composite materials on the

reinforced elements (fibers) and its orientations.

Failure indices distribution for upper and lower skins for the models is
illustrated in Figures from(£.£A) to (£.2°). It is noted that all illustrated models
have the same behavior in general but different in values and locations of
maximum failure indices. In addition, these values in the upper skin are smaller
than corresponding in the lower skin as mentioned previously. The maximum
failure indices occur at a distance between +-) +7 from the wing root because of

maximum bending moment.
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The locations of maximum failure index for the above models are
distributed between the first and second spar. Spar Y is the location of maximum
failure for the first, third, and fourth model and spar ) for the second model.
These differences depended itself on the structural parameters such as stiffness
that building from oriented fiber in such direction.

The main benefit from this distribution (failure index) not only to give an
idea about the static response but to give another one about the values of tapered
thickness distribution in a global structure as explained in the next section ,so
the location of maximum failure index will be of maximum thickness values and
the same for minimum failure index that occurs at the tip and attains a minimum

thickness value.

¢.x.v.r Tapered Distribution in Global Thickness of The Structure
The final step in the suggested technique is the address of this section to obtain

a “Tapered distribution in global thickness of the structure”. The procedure of
this distribution is mentioned previously in Sec (¥.)+.Y). At first, the procedure
is applied on RstY YOO, RstYYOO, RstYYOO, and Rst¢ OO0 only in which the
total thickness for each one of its elements is constant (Ymm), in other words if
the element of number Y has a total thickness of Ymm then total thicknesses of
the other elements are Amm also. For the other three models, there is no benefit
of displaying the tapered distribution because it has originally failed. New
models of indices named as: Rst))OOtap, RstYYOOtap, Rst¥¥OOtap, and
Rst¢ £¢OO0tap corresponding to RstY YOO, RstYYOO, Rst¥¥OO, and Rstf£00,
respectively, are developed as a result of the procedure application. The last
section of the developed indices refers to “Tapered”. Figures from (£.27) to
(£.1Y) present the tapered distribution of total thickness for all developed
models in the upper and the lower skins in addition to the spars elements.

From the above figures, it is noted that maximum thickness occurs at the

element closed to the wing root due to the maximum failure index (maximum
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stress intensity), and decreases along the wing span in the direction of the tip in

which a minimum thickness is attained.

Bl oynamic Analysis
To investigate the dynamic characteristics of all models, a dynamic analysis is
applied. To achieve this, the time histories of responses are recorded after the
models being perturbed from the steady state by different load sets. In the wing
models, localized pattern of fluctuation are represented in term of impulsive
input. The dynamic characteristics of the impulsive excitation is presented in
Appendix-B. The total effective time represents the summation of all times
steps size (.+Y sec), (Ansys?, 1994) CY The dynamic response will be
represented in two types: (1) displacements response and (Y) stresses response.

Dynamic analysis is done on the models to study their dynamic effects.

Figures from (£.1A) to (£.V¢) present the more important, vertical displacement
dynamic response (Uy) for the models under study. It can be seen that the model
of optimum layer thickness gives a smaller dynamic displacement than the
tapered and constant layer thickness for the same model, respectively. The main
reason is the stiffness as shown previously.

Finally, from the previous figures, it is noted that the models of optimum
layer thickness gives good results if they are compared with the constant and
tapered layer thickness. While, the tapered thickness has an efficient
performance in dynamic behavior less than that corresponding in static case.
Depending on the displacements values, there is an important relationship

between the dynamic displacement and the dynamic load factor.

Dynamic load factor represents the maximum ratio of dynamic to static

displacement for the structure. It is very important factor in the dynamic analysis
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and gives a complete information about the structure stiffness and its natural
frequency. Models of smaller dynamic load factor is more stiff than that of
higher dynamic load factor. Figure (£.Ye) shows the dynamic load factor
relationship with models mentioned previously. It is noted that this factor is
different with both of models and type of layer thickness, and it is of minimum
value for optimum layer thickness and greater value for constant and tapered
layer thickness.

It can be seen that DLF largely depends on the applied load frequency and the
structural parameters (natural frequency and damping ratio). It is noted that DLF
IS increasing gradually with increasing of model index, the main reason is its
dependency on the natural frequency of these structures under the same
conditions of applied load.

As mentioned previously, the first model has a maximum frequency,
hence maximum stiffness. The stiffness of first model is greater than the second
and the second is greater than the third, etc.. Therefore, natural frequency of the
first is greater than the second and the second is greater than the third, etc.,
reaching to the last model of minimum natural frequency. In other words, the
frequency ratio of the first model is smaller than the second and the second is
smaller than the third reaching to the last model of maximum one. From the
figures above, it can be concluded that DLF gives an idea about the required
time for structure to reach to the steady state response case, so that the structure
of minimum DLF need to a time smaller than corresponding of larger DLF.

Finally, it is important to refer that there is a reliance relationship between
the deflection and DLF values, so that increasing in the dynamic deflection
values leads to increasing in the corresponding DLF because of their

connections with so called “stiffness” term.

¢.r.r Stresses Response
The main goal from the previous study is to obtain the optimum design for fiber-
reinforced composite wing structure depending on changing of specific
AY
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parameters such as: fiber orientation, layer thickness, and stacking sequence. As
mentioned previously, is to study the dynamical effect and the behavior of
composite structure, it is preferred to have superior properties in order to be
more effective. Because of the large number of the models under study, the
researcher will concentrate on the first model (best optimized one, higher safety
factor) and the seventh model ( worst model, smaller safety factor). A
comparison can be made between the results to understand the effect of fiber
orientation on the dynamical behavior firstly and dynamical behavior itself
secondly.

Figs.(€.Y1), (£.VVY), and (£.YA) present the dynamic response of maximum
normal , shear, and principal stresses for the first model, respectively. It can be
seen that the values of response for the optimum model are smaller than that the
constant and tapered models, respectively due to the changing in the layer
thicknesses and the stiffness.

For the seventh model, Figs.(¢.Y9), (¢.A+), and (£.AY) show the dynamic
response of maximum normal, shear, and principal stresses. Also, it can be noted
that differences exists in corresponding values of normal and shear stresses for
the first and the seventh models, so there are large differences between them.

The main reason is fiber orientations; thereby the stiffness.

- Verification and Application

A several examples are studied and compared with the available research results
for verification purpose. Three examples of static, free, and dynamic analysis,
respectively, are presented. Another example is presented to verify the
applicability of the optimization procedure (such as fiber-reinforced plate
structure)

Example No. !: (Static Analysis)

A +°/4+° cross ply laminated simply supported spherical square patch under

uniform pressure load is analyzed. Because of the symmetry of the geometry

A¢
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and loading, only one quadrant of the shell is modeled using ¢*¢ mesh. All
above properties of the sphere geometry are listed in Figure (£.AY). The problem
had been solved by (Yunus and Khonke, !949)"") using a finite element
method. The formulation of element was based on three-dimensional
continuums mechanic theory. Table (£.Y) shows the non-dimensional central
deflection (w") of the structure under verification. It can be seen that there is an
excellent agreement with solution of (Yunus and Khonke, 1444, The non-
dimensional central deflection is calculated as : (W) =(wt Es/pa‘)*)+", where

w is central deflection of A

Table (£.¥): Comparison of results with theoretical study (Ex.)

case R/a alt Yunus, et al | Present work
) v Yoo VUEYVESY | L YAqE.Y

Example No. T: (Free Vibration Analysis)

A full circular cylindrical shell is modeled with eight element along its
circumstance and four element along its length of -°/2+° laminate. All the

details of the geometry are given in Figure (£.AY). The problem had been solved

by Kumar and Rao () using the finite element method of a curved shell element

of five degrees of freedom. Table (£.¢) presents the non-dimensional frequency

. NO
Geometrical parameters

e
1 ID=Y \J/
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parameter K,, which is defined as: (KW)* =

4
1170

po’Ll*

_(1+F)

, Dyyv= *Q11t2/12 ,

F =E+/E \. There are good agreement with the results shown in Table (£.¢).

Table (£.£): Comparison of results with theoretical study (Ex.Y)

Rit

LR

Kumar, et al

Present work

o

Y

YTy

\.YY

Example No. r (Dynamic Analysis)

Two layers of £¢°°/-¢2° ply-laminated simply supported spherical shell under

uniformly distributed load is analyzed. A distributed step pressure is applied to

the outer surface. It has intensity P=Y+ + *N/m" with time step size of +.+Ys. The

details and specifications of the geometry are given in Fig.(¢.A¢). The total

thickness of the laminated composite shell is +.+Ym. (To and Wang) "V in Y444

solved this example using the finite element method by employing the eight

node hybrid strain based shell element with six degrees of freedom at each node.

Sphere geometry
R=Y'm

b=+.444m

Material properties

E,=Y.cE+)) N/m’
Ex=).:E+)+ N/m’

Gy=+.YE+)+ N/m’
V= ._\‘D

G y=Gy=+.°E+)+ N/m’
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Fig.(¢.A°) shows Apex transient response (point A). It can be seen that
there is good accordance between To and Wang " solution and present work,

so that the same behavior for the two responses was achieved.

Example No. ¢ (Verification of the Suggested Technigue)
Two layers, simple supported, square and angle ply laminate plate is analyzed.

The plate side length is +.Yem and thickness of +.+em. The problem was solved
by (Nabeel, ¥+ £ for several times of different orientation angles. From his
study, he concluded that the best angle to minimum deflection, minimum
summation of normal stress and minimum shear stress in plate is ¢2°. From the
application of the optimum orientations procedure on the same problem, the
results are extracted for free vibration analysis and the orientation angle that
corresponds to the maximum natural frequency was £¢.YY°, This mean that
there is good agreement between the results firstly, and the previously presented

procedure can be executed on the composite plate structure secondly.
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions
shell structures. During execution of the suggested technique, and from obtained

the results obtained from the static and dynamic analyses and their discussion in

chapter four, the following conclusions can be drawn:

- From free vibration analysis, the fiber orientations of laminas have a
considerable effect on the natural frequencies of the structure in each one of

their modes.

v- The natural frequency of the structure in each mode depends on the stiffness of
the mode itself. So, the maximum stiffness in the structure is corresponding to
the maximum natural frequency. Therefore, the study must be focused on the
first two or three modes of minimum natural frequencies because of their

minimum stiffness.

- The substructural analysis represents an excellent tool in the study of the more
complex structures such as wings. Therefore, the complex structure is divided
into substructural models and studied it alone (separately). The substructural
method must be used in complex fiber-reinforced composite structures to avoid
the vanishing and the building interaction between their effects as mentioned

previously, and in a less importance for complex isotropic materials.

¢- At studying of the substructural spars, ribs, and skins models, it is found that
each one of these substructural models has different natural frequencies. These
differences represent the main reason in using the substructural analysis. In other
words, the optimum fiber orientation is a function to the structural configuration

and boundary condition of constraint. Since, it was noted that optimum
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orientation angles take different styles in each one of substructural models, then
there is agreement in this conclusion with Shapana ™ who concluded that the
behaviors of composite structures are largely depending on the boundary

conditions.

- The optimum arrangement of lamina through shell thickness is a function to the
structural shape and applied load, so that the skins laminas are arranged
symmetrically in its orientations about the stiffeners (spars and ribs). The skins
laminas are arranged along skins thicknesses such that, a lamina of maximum
stiffness against applied load is located on exterior surface (where the flexural
deflections are maximum), and a lamina of minimum stiffness are located near

the stiffeners (where the flexural deflections are minimum).
1- The technique is suitable for both composite shells and plates structures.

v- Maximum failure index occurs at a distance from --1.z of wing span measured

from the root and decreases in the direction of the free end.

A- From the dynamic analysis, it is noted that the model that give a good behavior

in the static response gives a good behavior in dynamic also.

+- The dynamic load factor represents an excellent factor from which one can more
understand the dynamical behavior of structure. It is found that DLF for the

composite materials is arranged between y.tc and ».»e in the safe case.

\RA!
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Recommendations and Suggestions

Many aspects may be concerned with the objectives of the current work, in
addition to other which features are not considered in the current work. Thus it
possible to suggest the following items as further objectives in future

Y- The constituent materials of composite are assumed to behave as isotropic
manner. Then it is required to study a material of other behavior such as hyper
elastic and visco-elastic in matrix.

Y- Although unidirectional configuration is the most types of lamina that are used
in the fabrication of composite structures, but other types such as multiple
orientations fiber, woven fiber configurations and rounded fiber configurations
are also present in the industry. Thus it is suggested to extend and use the
suggested technique to cover these laminas types.

Y- For reality, the subject requires to be supplemented by experimental results to be
obtained from high performance laboratory tests under static and dynamic loads.

¢- In the prediction of elastic failure of laminated composite materials, Tsai-Wu
failure criteria theory is used, which doesn’t consider delamination failure. Thus
there is need for to studying the effect of delaminating on the dynamic behavior
of laminated composite shell.

©- Macro and micromechanics could be integrated and adopted to enable the
designers to instantly study the sensitivity of micromechanics variables on the

final design.
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