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SUMMARY

In recent years advances in technology have allowed the transition of composite
structures from secondary to primary structural components. Consequently, a lot of
applications demand development of thicker composite structures to sustain heavier
loads. Typical sandwich panels consist of two thin metallic or composite face sheets
separated by a honeycomb or foam core. This configuration gives the sandwich panel
high stiffness and strength and enables excellent energy absorption capabilities with
little resultant weight penalty. This makes sandwich structures a preferred design for a
lot of applications including aerospace, naval, wind turbines and civil industries. Most
aerospace structures can be analyzed using shell and plate models and many such
structures are modeled as composite sandwich plates and shells. Accurate theoretical
formulations that minimize the CPU time without penalties on the quality of the
results are thus of fundamental importance.

The classical plate theory (CPT) and the first order shear deformation theory
(FSDT) are the simplest equivalent single-layer models, and they adequately describe
the kinematic behavior of most laminates where the difference between the stiffnesses
of the respective phases is not huge. However, in the case of sandwich structures
where the core is a much more compliant and softer material as compared to the
face sheets the results from CPT and FSDT becomes highly inaccurate. Higher order
theories in such cases can represent the kinematics better, may not require shear
correction factors, and can yield much more accurate results.

An advanced Extended Higher-order Sandwich Panel Theory (EHSAPT) which is

a two-dimensional extension of the EHSAPT beam model that Phan [2] presented is

Xiv



developed. Phan [2] had extended the HSAPT theory[3] for beams that allows for the
transverse shear distribution in the core to acquire the proper distribution as the core
stiffness increases as a result of non-negligible in-plane stresses. The HSAPT model is
incapable of capturing the in-plane stresses and assumes negligible in-plane rigidity.
The current research extends that concept and applies it to two-dimensional plate
structures with variable aspect ratios. The theory assumes a transverse displacement
in the core that varies as a second order equation in z and the in-plane displacements
that are of third order in z, the transverse coordinate. This approach allows for five
generalized coordinates in the core (the in-plane and transverse displacements and
two rotations about the x and y-axes respectively).

The major assumptions of the theory are as follows:

1. The face sheets satisfy the Euler-Bernoulli assumptions, and their thicknesses
are small compared to the overall thickness of the sandwich section; they un-

dergo small strains with moderate rotations.

2. The core is compressible in the transverse and axial directions; it has in-plane,

transverse and shear rigidities.
3. The bonding between the face sheets and the core is assumed to be perfect.

The kinematic model is developed by assuming a displacement field for the soft
core and then enforcing continuity of the displacement field across the interface be-
tween the core and facesheets. The constitutive relations are then defined, and vari-
ational and energy techniques are employed to develop the governing equations and
associated boundary conditions.

A static loading case for a simply supported sandwich plate is first considered, and
the results are compared to existing solutions from Elasticity theory [4, 5], Classical
Plate Theory (CPT) and First-Order Shear Deformation Plate Theory (FSDT) [6, 7,
8].
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Subsequently, the governing equations for a dynamic analysis are developed for a
laminated sandwich plate. A free vibration problem is analyzed for a simply supported
laminated sandwich plate, and the results for the fundamental natural frequency are
compared to benchmark elasticity solutions provided by Noor [9]. After validation of
the new Extended Higher Order Sandwich Panel Theory (EHSAPT), a parametric
study is carried out to analyze the effect of variation of various geometric and material
properties on the fundamental natural frequency of the structure.

After the necessary verification and validation of the theory by comparing static
and free vibration results to elasticity solutions, a nonlinear static analysis for square
and rectangular plates is carried out under various sets of boundary conditions. The
analysis was carried out using variational techniques, and the Ritz method was used
to find an approximate solution. The kinematics were developed for a sandwich plate
undergoing small strain and moderate rotations and nonlinear strain displacement
relations were evaluated.

Approximate and assumed solutions satisfying the geometric boundary conditions
were developed and substituted in the total potential energy relations. After car-
rying out the spatial integrations, the total potential energy was then minimized
with respect to the unknown coefficients in the assumed solution resulting in nonlin-
ear simultaneous algebraic equations for the unknown coefficients. The simultaneous
nonlinear equations were then solved using the Newton-Raphson method.

A convergence study was carried out to study the effect of varying the number
of terms in the approximate solution on the overall result and rapid convergence was
observed. The rapid convergence can be attributed to the fact that the assumed
approximate solution not only satisfies the geometric boundary conditions of the
problem but also the natural boundary conditions.

During calculations four cases of boundary conditions were considered

1. Simply Supported with moveable edges.

Xvi



2. Simply Supported with fixed edges.
3. Clamped with moveable edges.
4. Clamped with fixed edges.

For movable boundary conditions, in-plane displacements along the normal di-
rection to the supported edges are allowed whereas the out-of-plane displacement is
fixed. For the immovable boundary condition cases, the plate is prevented from both
in-plane and out-of-plane displacements along the edges. For the simply supported
cases rotations about the tangential direction are allowed, and for the clamped cases

no rotations are allowed.

XVvil



Chapter I

LITERATURE REVIEW

The classical plate theory also known as the Kirchhoff plate theory [10] assumes a
non-compressible plate model. It has the advantage of being simple and reliable for
thin plates. However, if there is strong anisotropy of mechanical properties, or if the
composite plate is relatively thick other advanced models such as the first order shear
model is required which assumes a linear distribution of shear effects [11, 6, 7]. Higher-
order Shear Deformation Theories (HSDT) have also been used , giving the possibility
to increase the accuracy of numerical evaluations for moderately thick plates [12, 13,
14]. But even these theories are not sufficient if local effects are important or accuracy
in the calculation of transverse stresses is sought. Therefore, more advanced plate
theories have been developed to include zig-zag effects [15, 16, 17, 18, 19]. In some
challenging cases the previous type of theories are not sufficiently accurate. Therefore,
Layerwise theories have been introduced [20, 21, 22, 23, 24, 25]. In these theories the
quantities are layer-dependent and the number of required degrees of freedom is much
higher than the case of Equivalent Single Layer Models.

The assumptions on these theories are restrictive and only adequate if the core is
made of a high-strength and stiff material, but in many cases when the core is more
compliant and is made of a softer material, the evaluations from these theories become

more and more inaccurate especially under quasi-static loading [2]. Experimental



results have also shown that the core can undergo significant transverse deformation
under a sudden impulsive load and the core plays an important role in the absorption
of the impact energy [26, 27, 28, 29, 30]. This implies that in order to get accurate
results, the transverse deformation and shear stresses in the core must be taken into
consideration. Therefore, a more accurate sandwich panel model should account for
the transverse compressibility of the core, and consideration of the core compressibility
also implies that the displacements of the upper and lower face sheets may not be

identical.

1.1 Static Model

Many refined theories have been proposed in which various assumptions are made
in order to better model the behavior of composite sandwich structure. Equivalent
single layer, layer-wise, zig-zag, and mixed layer theories have been proposed for
the analysis of sandwich beams and plates [31] These theories typically make the
same assumption in each layer regarding the distribution of displacements and/or
stresses through the thickness coordinate z, and enforce compatibility and/or trac-
tion reciprocity at the interfaces. Layer-wise theories with displacement and stress
assumptions of O(2%) to O(z*) presented in [31] give accurate displacements, stresses
(longitudinal and shear), and natural frequencies compared to elastostatic and elas-
todynamic benchmarks; however, transverse normal stress/strain results were not
shown. Furthermore, these theories are often presented in an integral sense because

they rely on symbolic mathematical software to evaluate a particular application [32].



Berdichevsky [33, 34] offers an approximate universal asymptotic theory for lin-
ear and nonlinear sandwich beams and plates with geometric and material symmetry
about the mid-plane of the structure subject to static loads. This theory can give accu-
rate results for the structural response to a static loading or even to a dynamic loading
of long-duration, but is not suitable for highly transient loading problems. Hodges
also presented an application of the Variational-Asymptotical Method to Laminated
Composite Plates [1, 35, 36, 37, 38, 39].

Many different higher order shear deformation theories have been proposed that
use higher order terms in the Taylor’s series expansion of the displacements in the
transverse coordinate [40, 41]. Frostig et al [3] proposed a theory for sandwich panels
in which the resulting shear strain in the core is constant and the resulting transverse
normal strain in the core is linear in z. However, this model was only formulated for
a one-dimensional beam (HSAPT). Hohe et al. [42] developed a model for sandwich
plates in which the transverse normal strain is constant along the transverse coordi-
nate z, and the shearing strains are first order in z. Also Li and Kardomateas [43]
explored a higher order theory for plates in which the transverse normal strain in the
core is cubic in z, and the shear strains in the core are quartic in z.

The accuracy of these models can be assessed because an elasticity solution for the
static case already exists. Pagano [4] presented a three-dimensional elasticity solution

for laminated rectangular plates for the cases of:

1. Orthotropic Material: The cubic characteristic equation has a negative discrim-

inant and results in real and unequal roots



2. Isotropic Material: The cubic characteristic equation has a zero discriminant

and results in real and equal roots

Kardomateas [5] then presented a closed-form solution for the case of positive
discriminant in which case two of the roots are complex conjugates. This is actually a
case frequently encountered in sandwich construction in which the core is orthotropic
and stiffer in the transverse direction than in the in-plane directions. This elasticity
solution is extremely useful in the current context as it allows one to make direct
comparison to EHSAPT for various different configurations and validate the theory.
While making the analysis, the Classical Plate Theory (CPT) and the First Order
Shear Deformation Theory (FSDT) Models are also compared to quantitatively assess

the shortcomings of these theories in case of sandwich structures.

1.1.1 Wrinkling of Sandwich Plates

Sandwich plates experience some failure modes not occurring in metallic sheets or
laminated plates. Face wrinkling is one of the important behaviors of these plates
subjected to in-plane compressive loads. In this phenomenon, the faces buckle in
shorter wavelength than those associated with overall buckling of the plate [44].

The first studies on wrinkling analysis of soft-core sandwich panels began in 1930s
decade Gough et al. [45] used the Winkler elastic foundation model to study sandwich
panels with a compliant core material. They neglected the compressive stresses of
the core in the direction of the applied load. The symmetric and anti- symmetric
wrinkling for sandwich struts with isotropic facings and solid cores were investigated

by Hoff and Mautner [46] using a new model. In this model, the through thickness



deformation decays linearly from the face sheet into the core. Plantema [6] proposed
an exponential decay for the through thickness deformation in his book. Allen [7]
studied the 2D wrinkling problem of sandwich beams or plates in cylindrical bending.
He solved the governing differential equation and assumed that the core stress field
has to satisfy the Airy’s stress function under 2D conditions. Also, Zenkert [47] and
Vinson [48] summarized sandwich wrinkling statements in their textbooks.

Frostig [49] developed a theory using the classical laminated plate theory (CLPT)
for the face sheets and postulated a stress distribution in the core for overall and local
buckling analysis of soft core sandwich plates. Analytical solutions were presented
for simply supported soft-core sandwich plates, but the transverse stress continu-
ity conditions were neglected. In two papers, Dawe and Yuan [50, 51] provided a
model which uses a quadratic and linear expansion of the in-plane and transverse
displacements of the core and represented the face sheets as either FSDT or CLPT.
Vonach and Rammer- storfer [52] studied the problem of the wrinkling of orthotropic
sandwich panels under general loading. They assumed infinite thickness for the core
and a sinusoidal wrinkling wave at the interface of the face sheet and the core. A
high-order layer-wise model was proposed by Dafedar et al. [53] for buckling analysis
of multi-core sandwich plates. They assumed cubic polynomial functions for all dis-
placement components in any layer. As a large number of unknowns were involved,
they proposed a simplified model and calculated critical loads based on the geometric
stiffness matrix concept.

Kardomateas [54] presented a 2D elasticity solution for the wrinkling analysis of

sandwich beams or wide sandwich panels subjected to axially compressive loading.



The sandwich section was assumed symmetric and the facings and the core were
considered to be orthotropic. Aiello and Ombres [55] presented an analytical approach
for evaluating the buckling load of sandwich panels made of hybrid laminated faces
and a transversely flexible core. A priori assumption of the displacement field through
the thickness was applied which was a superposition of symmetric and anti-symmetric
components besides a pure compressive mode.

Noor et al. [56] presented three-dimensional elasticity solutions for global buckling
of simply supported sandwich panels with composite face sheets. But, they did not
present a wrinkling analysis of the sandwich plates.

Based on the above discussions, it can be concluded that initial works on wrinkling
of sandwich plates modeled the supporting action of the core by a simple Winkler
elastic foundation. In these models, the effect of the other face sheet is neglected and
face sheets are assumed isotropic. Also, in this approach, the sandwich plate wrinkles
in a 2D manner such as a sandwich beam or a sandwich plate in cylindrical bending.
Some investigators assumed the layered sandwich plates consisting of two laminated
composite face sheets and a soft flexible core and postulated polynomial functions for
in-plane and transverse displacements of each layer.

Wrinkling has not been studied in the present research work and is proposed as a

future work in Section 4.2.

1.2 Dynamic Model

The Classical Laminate Plate Theory (CLPT) which is an extension of the Classical

Plate theory neglects the effects of out of plane strains because of the restrictive



a priori assumptions on thhe displacement field. The greater differences in elastic
properties between the fiber filaments and the matrix materials lead to a significant
difference between the in plane stiffness and the transverse shear modulus which
causes the transverse shear deformations to be much more pronounced for laminated
and soft core sandwich plates. In general CLPT often under predicts deflections
and over predicts natural frequencies. The First Order Shear Deformation Theories
(FSDT) assumes linear in-plane stresses and displacements through the laminate
thickness. Since the FSDT accounts for layer wise constant states of transverse shear
stress, shear correction factors are needed to rectify the unrealistic variation of the
shear stress/strain through the thickness.

In order to overcome the limitations of FSDT, higher-order theories that involve
higher-order terms in the Taylor’s series expansions of the displacements in the thick-
ness coordinate were developed. In these higher-order theories with each additional
power of the thickness coordinate an additional dependent unknown is introduced
into the theory. Hildebrand et al.[57] were the first to introduce this approach to
derive improved theories of plates and shells. Nelson and Lorch [58] and Librescu [59]
presented higher-order displacement based shear deformation theories for the analy-
sis of laminated plates. Lo et al.[60, 61] also presented a closed-form solution for a
laminated plate with higher-order displacement model which also considers the effect
of transverse normal deformation.

Reddy [62] presented a simple higher order theory for laminated composite plates

using the kinematic model originally proposed by Levinson and Murthy [63, 64].



Using the theory of Reddy, Senthilnathan et al. [65] presented a simplified higher-
order theory by introducing a further reduction of the functional degrees of freedom by
splitting up the transverse displacement into bending and shear contributions. Reddy
and Phan [66] then used the theory of Reddy [62] to present the free vibration analysis
of isotropic, orthotropic and laminated plates. Lee and Hodges then presented the
asymptotic method for the analysis of composite shells undergoing high-frequency
vibrations using the asymptotic method [67] but no numerical results were presented.

Noor [9] presented exact three dimensional elasticity solutions for the free vibration
analysis of isotropic, orthotropic and anisotropic composite laminated plates which

serve as a benchmark solutions for comparison and validation of new theories.

1.3 Nonlinear Static Analysis

Nonlinear problems are of interest to the scientific and engineering communities be-
cause most physical systems are inherently nonlinear in nature. The sources of nonlin-
ear behavior can be classified into three main categories i.e., geometrical nonlinearity,
material nonlinearity and boundary condition nonlinearity. The geometrical non-
linearity category is important to systems with large deflections. When plates are
deflected beyond a certain magnitude linear theory loses its validity and produces
incorrect results.

In plates geometrical nonlinearity may arise because of the nonlinear strain-
displacement relationship, and the nonlinearity in the governing differential equations
due to the coupling of in-plane and transverse displacement fields. As a result, mid-

plane stretching of the plate may occur. When the deflection of the plate increases,



the stretching effects becomes more pronounced than the bending effect particularly
when the edges of the plate are restricted.

Another important category of nonlinearity relates to material properties. Such
nonlinearity would render the stress strain relationship of the material of the structure
nonlinear. In the case of nonlinear material behavior, linearity occurs up to the yield
point and beyond that point the response becomes nonlinear.

Nonlinear systems are also caused by nonlinear boundary conditions. Examples
of such phenomena include the use of a nonlinear spring or damper on the edge of a
plate. Besides these categories, inertia, impacts, backlash, fluid effects and damping
are also capable of categorizing other types of nonlinearities which exist in structures
[68].

Plate structures undergoing deformation can be classified into three main regimes
that describe the nature of their behavior and thus the characteristics of the mathe-

matical problem, namely [69]:

1. Small deflection theory (linear).

2. Moderately large deflection theory (nonlinear-stretching nonlinearities domi-

nates).

3. Very large deflection theory (highly nonlinear-curvature nonlinearities become

important).

This behavior can generally be classified by observation of the amount of deflection

in comparison to the plate dimensions. Small deflection theory can typically be used



for deflections less than twenty percent of the plate thickness. Moderately large
deflection theory is applied when the deflection is a multiple of the plate thickness but
much less than the plate side length, whereas very large deflection theory is applied
when the deflection of the plate is similar in order to the magnitude of the plate
side length. Depending on the plate classification the solution to these problems
can be relatively simple or highly complex, and typically impossible without the

implementation of approximating techniques.

1.3.1 Nonlinear Theory of Plates

G. Kirchhoff (1824-1887) discovered the theory of plates that accounts for both bend-
ing and stretching of plate structures. After Kirchhoff established the classical linear
plate theory, Von Karman|[70] developed a nonlinear plate theory. In his study the
final form of the nonlinear differential equations governing the moderately large de-
flection behavior of a statically deflected plate was developed. Solutions for these sets
of nonlinear equations have been examined extensively in the literature. Following an
approximation by Berger [71], the coupled von Karmén equations were replaced by
a simplified set of equations describing the large deflection of plates. Berger solved
several problems in the static deflection of plates and concluded that his simpli-
fied theory gave results in substantial agreement with more elaborate methods. The
Berger formulation can be used to investigate nonlinear vibrations when the strain
energy due to the second strain invariant in the middle surface can justifiably by

ignored. This then results in decoupling and linearization of the governing equations.
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Wah [72] used the simplified Berger equation by imposing the condition that the in-
plane displacements © and v can be assumed to disappear at the external boundaries,
and therefore applied this assumption for the vibration analysis of rectangular plates
with large amplitudes, and with various boundary conditions. In Leissa’s monograph
[73] other techniques are illustrated which extend the Berger technique to include
the vibrational behavior of these nonlinear plates. Hodges et al.[74] also presented a
geometrically nonlinear theory for elastic plates.

For nonlinear analysis of plates, Chia [75] has carried out a great deal of work [75].
He made a systematical effort into the large deflection and postbuckling behavior as
well as the nonlinear flexural vibration of the isotropic, anisotropic and laminated
plates for various boundary conditions. His work not only helped to solve a lot of
problems in engineering practice but also established a base for nonlinear numerical
method of plates. A bibliography on the geometric nonlinear analysis of plates can
be found in the literature [75]. Nayfeh and Mook [76] and Sathyamoorthy [77] have

also presented various cases of nonlinear analysis of plates.

1.3.2 Solution Techniques

The solution of a set of nonlinear simultaneous equations is often the final step in
the solution of engineering problems. These equations can be expressed as the simul-
taneous zeroing of a set of functions, where the number of functions to be zeroed is
equal to the number of independent variables. The solution techniques for nonlinear
equations have interested many researchers for a very long time. A variety of solu-

tion techniques can be found in the literature such as the incremental method, the

11



Newton-Raphson iteration method, the direct minimization of potential energy and
incremental iteration technique. Reviews and different classifications of the methods
of solving nonlinear structural systems may be found in articles by Riks [78] and
Gadala [79]. A great deal of effort has since been made in improving the efficiency
of these methods [80, 81, 82, 83] and mathematical software use these techniques for

finding the roots of nonlinear equations [84].
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Chapter 11

THEORY

A sandwich plate with two face sheets of thickness f* and f! and a core of thickness 2¢
respectively is considered. The Cartesian coordinate system is placed at the middle

plane of the sandwich plate as shown in Figure 1.

TOP FACE SHEET

CORE

Figure 1: Geometric configuration of the plate

The corresponding displacements are denoted (u, v, w). The superscripts ¢, b and
c refer to the top face sheet, bottom face sheet and the core, respectively. Similarly,

the subscript 0 refers to the middle surface of the respective phase.

2.1 D:isplacements and Strains

The following functions depend on x, y, z and t and this functional dependence will not
be explicitly documented in the equations that follow in favor of conserving writing

space.

ut7b7c = utyb’c(‘%.? y7 Z? t)? u8b7c = ug’b’c(x7 y? t)? wg = wg(‘%.? y? t)’ u; = ug("’U? y? t)?
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Uz = ug(xa Y, t)
t,b,c tbe _  tbec c _ e c__ ¢
v =v (x,y,z,t), UO _UO ('T7y7t)a ¢O_¢O(xayat)a UQ _UQ(xayvt)a
U = Ug(xv Y, t)
wh = wh(z,y, 2, 1), wS =wi(x,y,t), ws=wi(x,y,t)
2.1.1 Displacements of the Face Sheets
The face sheets are assumed to satisfy the Kirchhoff-Love assumptions and their

thickness is assumed to be small as compared to the overall thickness of the plate.

The displacements are represented as follows for the top facesheet:

ut = Ug - thj&x (13)
v' =g — (', (1b)
w' = w' (1c)

W= - S, (22)
v’ =vf = u’, (2b)
wb = w® (2¢)

where (" =z F (¢ + %b)

The strain-displacement relations are as follows:

( ) ( )
€rr €0z + Cﬁx
{6} =€y (= {60} +¢ {/@} =\ coy +Chy (3a)
Yy Yozy + Cﬁmy
\ / \ /
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€0z uO,z

{60} = €oy = 9 Vo,y (Bb)

’VOxy UO,y
\ Vs

moreover, {x} is the curvature matrix

( 3 ( 3
Ry w,xm
{r} =< Ky (= Wy (3¢)
Kay —2Wyy
\ / \ 7

2.1.2 Displacements for the Higher-Order Core

As a first order approximation the classical sandwich panel theory neglects the trans-
verse deformation of the core and thus leads to erroneous results in many practical
cases. In order to capture the core compressibility effects a higher-order definition
of the in-plane and transverse deformation of the core in terms of the transverse

coordinate is used.

u® = u + Y5z + usz? + usz? (4a)
V¢ = v — @5z + vz + v52d (4b)
we = w§ + wiz + wsz? (4c)

In these equations uf, v§ and w§ are the in-plane and transverse displacements and
@i and 9§ are the rotations about the z-axis and y-axis at the centroid of the core
respectively. Also, u§, u§, v§, v w§ and w§ are the in-plane and transverse unknown
functions to be determined by enforcing displacement compatibility conditions at the

core/facesheets interface z = +c. After some algebraic manipulation, the following

15



core displacement field is obtained.

3
u® =ug + 295 — %[QUS — 2uf) + dep§ — fbwf’x — ftwfx]
2
— @[—2% — 2uf + duf + fbwf’x — flu',] (5a)
c c c Z3 b t c b, b t .t
v =y — 2 — @[27}0 = 20y — deg — frwy, — frwy)
2
Z C
= 1l 200 = 20+ 4o+ S, — ] (5b)
c c 22 b t c z b t
w :wo—@[—w —w +2w0]—2—c[ —w'] (5¢)

This leads to the following strain-displacement relations. It is highlighted that Phan
2] and Li [85] in developing their higher order theories assumed that the core is
undergoing moderate rotation with a small displacement and therefore neglected the
in-plane strains. The current theory does not make any such assumptions and we
consider all six strains in the core. This leads to the following six strain-displacement

relations for the core.

3
e =, + 205, — 51206, — 2, + AU, — 0 e — [0 ]
2
- @[_QUSJ + 4“8,3: - 2u6,x + fbwb,xw - ftwt,mv]z/jg,x (6&)
2 b ¢ b b t
€y =U0.y — 200, — 4—03[21)% — 20, —4egp, — [Twyy — flw vyl
2
? b c b, b
- 4—02[—2v07y +4dvg = 205, + fouw’yy — fluty,] (6b)
c Z c b 1 b
€ = — g[zwo —w = wt] - 2_0[ - wt] (GC)

3
< b ¢ b, b ¢t
’ygy :ug,y + ng,y + US,Q: - Z¢8,m - 4¢3 [2u0,y - 2U“O,y + 401/}6,;/ - f W wy — f w 7179]
Y o t b, b ¢t 2’
21}0,1 - 2U0,x - 4C¢(C),m - f W ey — f w ,zy] -

z
el

b c
— E[ —2U0’y +4U0’y

2

z
_2[_2U8,x + 4?}8730 - 2U6,m + fbwbvmy - ftwt,xy]

- QUB,y + fbwb,zy — fw' gy — ic

(6d)
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2 2
z b 2y 3z

c __.JcC c c t t b t
Voo =5 + Wo , — 2_(:2[2%@ —wy—w ] — Q_C[w oW ] — 4—63[2% — 2uy
z
+ 4yl — fbwb,,; — ffw',] - 2—62[—2u8 + duf — 2uf + fbwb,x — ffw' ]
2 2
c c c < c b z b 3z b
Yy = — $o +wg, — 2—62[210073, —w’y —w',] - 2_c[w y—w'y] = 4—63[21’0 — 215
z
— 4egy — fbwb,y - ftwta/] - @[_27}8 + dvg — 2U(t) + fbwby - ftwt,y}

2.2 Static Model
2.2.1 Constitutive Relations

(6f)

The face sheets are composite laminates, and the core is fully orthotropic. The stress-

strain relations for the top and bottom sheets read as follows:

( ) B T ( )
t,b t,b t,b t,b t,b
Oz Chy C O €z
thb S = t,b t,b t,b t,b
Oyy Cly Oy Oy €yy
t,b t,b t,b t,b t,b

\ Try ) Cis Oy Ces \”ny )

where Cj; (i,j = 1,2,6) are the plane stress reduced stiffness coefficients. The core

is considered to be fully orthotropic, so that

( ) r 7 ( 3\
open n O Cis 0 0 0 €ra
Ty Cyy, Cs, C4 0 0 0 €y
oz i3 C3 C53 0 0 0 €.
T, 0 0 0 Cy 0 0|
T;U:z 0 0 0 0 gi’) 0 ,yacsz

¢ 0 0 0 0 0 : ¢

L Ta:y ) L 66_ L ’yxy )

The stress and moment resultants are defined in Appendix A.
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2.2.2 Governing Differential Equations

The governing differential equations can be derived using the principle of minimum
total potential energy. The sandwich panel is assumed to be transversely loaded on
the top and bottom face sheets respectively. Let the strain energy be denoted by U
and the external work by W, then the principle of minimum total potential energy
states the following

S(U—=W)=0 (8)

in which the first variation of the energy functionals can be written as follows

b a —cC ¢
= [ [ s oty vty v [ onise o,
0 Jo —c—f

—C

c+f
+00.0€, + To, 05y + To0Vs, + 7,.07,.) dz + / (agxéeix + (sz(SEZy

+70,07%,) dz} dxdy (9)
and

b a
oW = / / (¢ (2, y)ow" + ¢’ (2, y)0w’” dady + / by (du” + 0u’ + ou')
0 Jo \%

+ by (60" + 6v° + 6v') + b, (dw’ 4 duw’ + dw') | dv (10)

where ¢® and ¢* are the distributed loads on the top and bottom face sheets respec-
tively and b,, b, and b, are the body forces in the x, y and z directions respectively.

The governing equations and associated boundary conditions can be obtained by
substituting the stress-strain relations (7) into equation (9). The stress and moment
resultants defined by equations (77) and (78) are then substituted into the resulting

equations followed by substitution of equations (3) and (6). Integration by parts in
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2D is then carried out which results in eleven governing equations and the associated
boundary conditions: three for each face sheet and five for the core as shown in

Appendix B.

2.3 Dynamic Model
2.3.1 Constitutive Relations

We assume that the face sheets are laminated plates with several orthotropic layers.
The material axes of the individual laminae are oriented arbitrarily with respect to the
laminate coordinates. The constitutive relations for the kth lamina in the principal

material coordinates of a lamina are

( \ r 7/ )\
Ozx Cii Ci2 O €xa
Oyy = 012 CQQ 0 3 Eyy (11&)
Ty 0 0 066 Vxy

\ Y, L 4 \ J

where Cj; (i,j = 1,2,6) are the plane stress reduced stiffness coefficients. Since the
laminate is made of several orthotropic layers, with their material axes oriented arbi-
trarily with respect to the laminate coordinates, the constitutive equations for each
layer must be transformed to the laminate coordinate system. The stress-strain rela-
tions when transformed to the laminate coordinates relate the stresses (0.4, 0yy, Ouy)

to the strains (€;y, €y, V2y) as follows:

Ozx Qll QIQ QIG €xx
Oy | = |Q12 Q22 Q| |y (11b)

Tay Qs Q2 Qso Vay

Where

Q11 =Cq1sin* 0 + 2(Cyy + 2C¢6) sin? § cos? § 4 Coy sin* 6 (11c)
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Q12 =(C11 + Coy — 4C¢6) sin? 0 cos? 6 + Cha(sin O + cos* 0) (11d)
Qa2 =C1y sin* 0 4 2(Chy + 2C¢6) sin? 0 cos® 6 + Coy cos™ 0 (11e)
Q16 =(C11 — Cra — 2C5) sin 6 cos® § 4 (Cra — Coy + 2C46) sin® @ cos 0 (11f)
Qa6 =(C11 — Cra — 2C5) sin® @ cos § 4 (Cra — Coy + 2C46) sin 6 cos® 0 (11g)

Qs =(C11 + Coy — 2C15 — 2C46) sin? @ cos? O + Cgg(sin O + cos® §) (11h)

The core is considered to be fully orthotropic

( 3 r 7 ( 3\
g Ch Ci, ¢z 0 0 0 €ou
Tyy Cyy, Cs, O 0 0 0 €y
0%, Ci3 C33 Ci3 0 0 0 €2 )
= (11i)
Ty 0 0 0 ¢4 O 0 Vyz
TS, 0 0 0 0 C& O Ve,
\ Tay ) I 0 0 0 0 0 C§6_ \%ﬁy )

Next the stress and moment resultants for the laminated facesheets are evaluated and

are defined in Appendix C.

2.3.2 Governing Differential Equations

The governing differential equations and associated boundary conditions can be de-
rived using Hamilton’s principle. The sandwich panel is subjected to a transverse
load ¢q(x,y,t) on the top face sheet. Let the strain energy be denoted by U, the
kinetic energy by K and the external work by W, then Hamilton’s principle states
the following:

ST — (U — W) =0 (12)
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in which the first variations of the energy functionals can be written as follows

ctft c
U = / / / {/ (0ra0€sy + 0y, 06, + 70, 07s,) dz + /_c(afwée + oy, 0€;,

—C

+000€, + To 05y + Toa0Vs, + 7,.07,.) dz + / (o 6€b + azydezy

—e—fb
b b
+ Toy0Vay) dz} dxdy (13)
ct+ft c
0T = / / / [/ (u'ou + v'60" + ' o’ )dz+/ pf(uedu’ 4+ v°60° + wdw)dz
—l—/ PP (aPou’ + P60 + i*5ui)dz (14)
—c fb

and the work done by the external forces is:

W = / / (z,y,t)0w" + ¢°(x,y, t)ow’ dxdy (15)

where p is the mass density. The superscript ¢ in the above equations denotes the
corresponding values for the top face sheet whereas t appearing in the variable list of
the functions refers to time.

The governing equations and associated boundary conditions can be obtained by
using a similar approach as used for the static case which results in eleven governing

equations: three for each face sheet and five for the core as shown in Appendix D.

2.4 Nonlinear Static Analysis

2.4.1 Variational Techniques

Variational Methods are not only used to obtain the governing differential equations
and the associated boundary conditions of the problem but they can also be used
to obtain approximate solutions to the governing equations and associated boundary

conditions of a problem. These methods are also referred to as classical variational
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methods. In these one seeks an approximate solution to the problem in terms of
adjustable parameters that are determined by substituting an assumed solution into
a variational statement equivalent to the governing equations of the problem. Such
solution methods are called direct methods because the approximate solutions are
obtained directly by applying the same variational principle that is used to derive the
governing equations.

The assumed solutions in the variational methods are in the form of a linear com-
bination of undetermined parameters with adjustable functions. This amounts to
representing a continuous function by a finite set of functions. Since the solution of
a continuum problem in general cannot be represented by a finite set of functions,
error is introduced into the solution. Therefore, the solution obtained is an approx-
imation to the true solution of the equations describing a physical problem. As the
number of linearly independent terms in the assumed solution is increased, the error
in the approximation will be reduced and the assumed solution converges to the exact

solution.

2.4.1.1 Ritz Method

The Ritz method is a procedure for applying the principle of minimum total potential
energy to obtain approximate solutions of elastic problems. In the Ritz method the
dependent unknown of the problem (e.g., the displacement) u of a given problem is

given by a finite linear combination of the form:

u’ = Z Z AU (T, Y) (16)

m=1n=1
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In the above expression A,,, are the unknown parameters and u,,, are known func-
tions, each of which may be expressed as F,(z)G,(y). The total potential energy of

the elastic system, denoted by II, is

N=U+V (17)

in which U is the strain energy and V = —W is the potential of the externally
applied loads, both being functions of the displacement components. Substituting
equation (16) into equation (17), the total potential energy II becomes a function
of the unknown parameters A,,,. These parameters are then determined from the
condition that the total potential energy of the system is a minimum with respect to
them.

These conditions state that the incremental energy due to a variation in any of these
parameters be zero. Equation (18) gives the same number of equations for A,,, as
the number of parameters taken in the assumed solution. Evidently the accuracy of
the of the method depends upon the choice of the number of parameters and the

approximating shape functions ,,,.

2.4.1.2  Properties of the Approximation Functions

In order to ensure that the algebraic equations resulting from the Rayleigh-Ritz ap-
proximation have a solution, and the approximate solution converges to the true
solution of the problem as the number of parameters m and n are increased, we must

choose the shape functions so that they meet the following requirements.
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1. The shape functions should satisfy the geometric boundary conditions of the

problem.

2. The shape functions should be continuous functions as required by the varia-
tional statement (i.e., u,, should be such that it has a nonzero contribution to

the virtual work statement.

3. The shape functions should be linearly independent and form a complete set

The completeness property is mathematically defined as follow: Given a function u

and a real number € > 0, the sequence u,,, is said to be complete if there exists an

integer N and scalar ¢y, co, ..., cy such that
N
= cjttmnl| < € (19)
j=1

The set u; is called the spanning set. A sequence of algebraic polynomials is called
complete if it contains terms of all degrees up to the highest degree V.
Linear independence of a set of functions refers to the property that there exists

no nontrivial relation among them i.e.,

Uy + g + - -+ ayuy =0

holds for only all a;; = 0.

For polynomial approximation functions, the linear independence and complete-
ness properties require u; to be increasingly higher order polynomials. For example
if u; is a linear polynomial then wus should be a quadratic polynomial and so on (but

each u; may not be complete by itself).
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The completeness property is essential for the convergence of the Ritz approxi-

mation. Since the natural boundary conditions of the problem are included in the

variational statement, we require the Rayleigh Ritz approximation to satisfy the es-

sential boundary conditions of the problem only. These requirements are generally

referred to as admissible.

2.4.2 System of Algebraic Equations

Once the approximation shape functions have been selected, the parameters c; are

determined by requiring Uy to minimize the total potential energy functional II of

the problem 6I1(Uy) = 0. Hence minimization of the functional II1(Uy) is reduced to

the minimization of a function of several variables.

N

OSI(Uy) = 6T0(c;) = > g—faci =0
i=1 Ot
or
oIl
3ci =0

This gives N algebraic equations in the N coefficients (cy, cg, - -

0 C;

ol &
:ZRijCj_EZO
7=1
or

[Rl{c} = {F}

(20b)

, Cn)

(21a)

(21b)

where R;; and F; are known coefficients that depend on the problem parameters and

the approximation functions.

Some general features of the Ritz method are as follows:
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. If the coordinate functions wu; are selected such that they are complete and
linearly independent, the assumed approximation for the displacements con-
verge to the true solution with an increase in the number of parameters (i.e., as

N — 00).

. For increasing values of N (N — o0), the previously calculated coefficients
of the algebraic equations remain unchanged, provided the previously selected

coordinate functions are not changed.

. If the variational statement is nonlinear in u, then the resulting algebraic equa-
tions will also be nonlinear in the parameters ¢;. In order to solve these nonlinear

equations a variety of numerical techniques may be employed.

. Since the strains are computed from an approximate displacement field, the

strains and stresses are generally less accurate than the displacement.

. The equilibrium equations of the problem are satisfied only in the energy sense,
not in the differential equation sense. Therefore, the displacements obtained
in general do not satisfy the equations of equilibrium point wise, unless the

solution converged to the exact solution.

. Since a continuous system is approximated by a finite number of coordinates
(or DOFs), the approximate system is less flexible than the actual system.
Consequently, the displacements obtained from the total potential energy by

the Ritz method converge to exact displacement from below:

Uy <Uy<---<Uy<Uy<--<u(exact), for N>M (22)
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where Uy denotes the N-parameter Ritz approximation of u obtained using
the principle minimum total potential energy. It should be noted that the
displacements obtained from the Ritz method based on the total complimentary

energy principle are the upper bounds.

2.4.3 Nonlinear Strains

A deformable body under the action of external forces develops internal forces and un-
dergoes deformation. In discussing internal forces, the state of stress at a point within
the body is specified by nine components of stress. The deformation is characterized
by extension of line elements and distortion of angles between line elements.

For finite deformations both stress and strain can be described by two different
reference systems namely the eulerian coordinate system and the lagrangian coordi-
nate system. The eulerian system employs the deformed configuration to describe
the coordinate system whereas the lagrangian system utilizes the undeformed config-
uration to describe the coordinate system. Hence the initially straight material lines
are deformed into curves and curved surfaces in the lagrangian coordinate system.
The strain tensor in the lagrangian coordinate system is also referred to as the Green
strain tensor and the corresponding stress tensor is also called as the Kirchhoff stress
tensor.

In the lagrangian description, for finite deformations of an elastic body, the strain

displacement relations can be written as follows;
L0 L0y (ov)?ouN?
T ox o 2 |\ 0z Ox ox
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Cov 1[(ouNt, a0\ (0w’
6yy_(?y 2 |\ Oy oy dy

_ow 1f(on\? (on)' (owy?
622_82 2 0z 0z 0z

1 /0u Ov Oudu Ovdv Owow
Ezy:§(a—y+@+a—xa—y+a—xa—y+axay>

1 /0u Ow Oudu Ovdv OJwow
ff2—5<&+£+%$+%&+3x32)
€ :1(@+8_w+a_u@+@@+0_wa_w> (23)
¥ ¥ 2\0z Ou Oydz Oydz Oy 0z

where ¢;; are the tensorial strains.

If the components of the displacement gradients are of the order ¢, i.e.,

Oou Ou Ov Ou Ow

92 Dy’ or’ By 02 = O(e) (24)

then the small strain assumption implies that terms of the order € are negligible.

Terms of order €2 are
Ou\' (Ou\' (Ou) (0w (Du\ (0 o
or) *\oy) *\9z/) >\ oz Ox 0z
@2@2@2@@@1@@@
or) "\oy) " \0z) *\ox/) \dy Ox ) \ 0z oy) \0z) "’
ow\ (dw\ (dw) (ow) (ow)’
Ox 0z ) "\ Oy 0z ) "\ 0z
If the rotations g—’;’ and %—Z are moderate then the following terms are small but not

negligible compared to €

ow 2’ ow\?*  owow (26)
ox dy " Ox 8y
and they should be included in the strain-displacement relations. Thus for small

strains and moderate rotations case the strain-displacement relations (23) take the
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form;

Cou (ow\' 1 (ou ov owow
o 2\ 0z ) T 2\ 9y 0x Oz Oy

1 /0u Ow ov 1 [0w\?

%z:§(a+%>’%:a—y+§(a—y)
1 /0v oOw ow
Eyzzﬁ((‘?z—i—&y)’ezz:az

2.4.4 Kinematics

(27)

The displacement field for the facesheets is defined by equations (1) and the dis-

placement field for the higher order core is defined by equations (4a). The non-linear

strains for the facesheets are computed using relations (2.4.3).

t
t _t —i—l t2 _f__ t
€xz = uO,x w T z C|W 2z

2 2
t
et :Ut —|—1wt2— Z—f——C wt
vy Oy * 97w 9 Yy
ft
t _ .t t t t t
’ny_u07y+vo,m+wvxwvy_2 Z_E_C Wy

similarly for the bottom facesheet

1 b
efm = ug,x + iwb?x — <z + f? + c) wb,m

1 42 &
b b b b
eyy:vo’y—l—iw v (z+ 5 —l—c)w,yy

t
%ﬁy = ugyy + vf)w + wb,wwb,y -2 (2 + f; + c> wb,xy

The nonlinear strain displacement relations for the core are as follows:

3
< b b, b
Eaccx :ug,x + ng,x B 4_63[2u0,x - 2u67x + 4Cw8793 - f W px — ftwt,xa:]
2

z
- 4_62[_2ug,a} + 4“’8,w - QUB,Q: + fbwb@x - ftwtvxx]
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1 < b t b t

c c 2
+5lwh, = 5z Quh, —we —wia) = o (W —w'y)] (30a)
2 t b, b tt
€y =U0.y — 200, — 4—03[21)0@ — 20y, —4egp, — Wy — flw )
2 b t b, b tt
_ 4_02[_2U0’y +dvg = 2vg, + fru’ yy — frw )
I 22 z
+ §[wo,y - @(2“’0,3, —w'y —w'y,) - Q—C(wby —w' ) (30Db)
R I (300
€. == Fwg—w —w Sl —w c

3
< b t b, b ¢t
fygy :u(c),y + ng,y + US,I - Z(bg,m o [2u0,y - 2“’0,y + 4Cw87y - f w Y f w @y]

4¢3
2oy ¢ b, b - 22 b
¢ C
_ 4_63[2/00756 - QUO,x - 4C¢O7x - f w XY f w 7xy] - 4_02[_2’“07?1 + 4u0’y
2
b, b 4 b b b
_ QUB,y + frw’ 4y — ftwt,xy] - 4—02[—21)0@ + 4“8,:(; — 21}6@ + foub,, — ftwtxy]

+ 12— s, + (= by + e+ ')

4c?
[2(c* — 22)w8’z +2{(z — )’ , + (z + )w' . }] (30d)
. . . 22 . z 322
Voo =%0 + Wo o — @[21”0#: - wb,x - wt,z] - %[wb,x - wt,z] - E[QUS - 2“6
+deyps — foul, — flut L] — %[—QUS +dul — 2uh + fout, — flwt,]  (30e)
. . . 22 . z 322
Vyo = — 95+ Wp, — @[2%,@, —w’y, —w',] - Q—C[wb,y —w'y] - 4—03[208 — 2ug

z

50 [—2@8 + dv§ — 205 + fbwb,y — ffwt] (30f)

- 4C¢8 - fbwb,y - ftwt,y] -
2.4.5 Constitutive Relations

The face sheets are composite laminates and the core is fully orthotropic.The stress-

strain relations for the top and bottom sheets read as follows:

t,b t,b t,b t,b t,b
o Cip Cn Ol €ra
tb| = t,b t,b t,b t,b 31a
abb Cly Cy O3l | e (31a)
t7b tvb tab tvb t,b
Try Cis Oy Ces Yy
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where Cy; (i,j = 1,2,6) are the plane stress reduced stiffness coefficients. The core

is considered to be fully orthotropic

O-g:c C(lcl 162 f3 0 0 0 egz
Ty Chy Cp C33 0 0 0| |e,
0% Ciy Cg3 Cg 0 0 0 |,
= (31b)
Ty 0 0 0 C5 O 0 Vyz
Tzcz 0 0 0 0 505 0 ’yaczz
_r;;y_ I 0 0 0 0 0 56_ _’ygy_
2.4.6 Principle of Minimum Total Potential Energy
The strain energy for the plate is given by the following relation;
1 b a —c c
t t t t t .t c _c c ¢
U= 5/0 /0 [/_ _f(amem + 0y €y + TuyVay) A2 —1—/_ (05u€on + Tpy€oy
c+f
oL Ty T T T 2 / A
+ T:i’yyzy) dz} dxdy (32)

The potential of the externally applied load ¢o on the top facesheet is given by is
given by

b pa
W = / / q(z,y)sin T2 gin Yoyt dxdy (33)
o Jo a b

The total potential energy is described by:
I=U-w (34)

The total potential energy is integrated with respect to the thickness coordinate z

to obtain a relationship which is only a function of the inplane coordinates x and y.
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Substituting the assumed solution into II = II(z, y), the total potential energy Il now
becomes a function of the unknown parameters A,,, in the assumed solution. These
parameters are then determined by the condition that the total potential energy of
the system is a minimum with respect to them. After the differentiations are carried
out we are left with M x N simultaneous nonlinear algebraic equations which are

then solved using the Newton-Raphson method.

2.4.7 Newton-Raphson Method for Nonlinear System of Equations

The Newton-Raphson method gives a very efficient means of converging to a root if
a sufficiently good initial guess is available.
A typical problem gives N functional relations to be zeroed, involving variables

2 i=1,2--- N.
E(l’l,xQ,“',I'N):O 2.:1a27"'aN (35)

If x denotes the entire vector of values z; and F denotes the entire vector of functions
F;. In the neighborhood of x, each of the functions F; can be expanded in a Taylor’s

series exapnsion.

Fi(x + éx) = +Zax dx; + O(0z?) (36)
j

The matrix of partial derivatives appearing in equation (36) is the Jacobian matrix

J:
OF;
Jij = oz, (37)
In matrix notation equation (37) is;
F(z + 0z) = F(z) + J.02 + O(62%) (38)
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By neglecting terms of order dz% and higher and by setting F(x + dz) = 0, we obtain
a set of linear equations for the corrections dx that move each function closer to zero

simultaneously, namely;

J.oz=—F (39)

Matrix equation (39) can be solved by LU decomposition and the corrections are

then added to the solution vector;

Tpew = Told + oz (40)

and the process is iterated to convergence.
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Chapter III

RESULTS

3.1 Static Model

The numerical results for several typical sandwich configurations are evaluated and

compared to established elasticity solutions, the existing classical model and the first

order shear model. The case of a simply supported plate which is subjected to sinu-

soidal transverse loading on the top face sheet will be studied.

mr T
q(fc,y)qusin—sin—by, 0<z<aq, 0<y<b
a

The following boundary conditions are applied: For x =0, a

b__ ¢ .t .
vg=v; =1v; =0
w’=w; =w' =0
b _ ¢ ot
wy=¢; =wy=0

Ny, = Ni, = N;,=0

M, = M, = M;,= 0

(41)

(42a)
(42D)
(42¢)
(42d)

(42e)

similar boundary conditions can be written for the other two edges of the plate at

=0 and b.

According to the Navier’s solution technique the following displacement functions

are assumed that satisfy the boundary conditions of the problem.

T | Y T | Y ™ . 7Y
uf]:UTcos—sm—, ugzUccos—sm—, ugzUBcos—sm—
a b a b a b
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t T o L Yy c C i T Y b B . TT Y
vy = V7' sin — cos — vy = V" sin — cos — vg = V7 sin— cos —— (43b
0 a b’ 0 a b’ 0 a b ( )
x x x
wt:WTsinW—sinW—y, wgzwcsinﬂ—sinw—y, w® = WP sin 7% sin -4 (43c)
a b a b a b
. TT Y T | Y
o = ® sin — cos —=, o=V cos — sin —— 43d
% LeosTLu  sin (134)

where UT, UC, UB, VT, VO, VB WT WY W25, & and ¥ are constants to be de-
termined. Substituting equations Eqn.(43) into Eqn.(79) results in a system of eleven
equations for the eleven unknown constants U, UY, UB, VT, V¢ VB WT W< W5,

® and W.

3.1.1 Numerical Results

We first consider a sandwich configuration consisting of unidirectional graphite/epoxy
faces with moduli (in GPa) of B/ = 181.0, EJ = B =10.3, G{, = GJ, = 7.17, and
G§3 = 5.96 and Poisson’s ratio of V{; = 0.277, 1/:{1 = 0.016 and 1/5{2 = 0.4. The
core is made up of hexagonal glass/phenolic honeycomb with moduli (in GPa) of
Ef = ES = 0.032, E5 = 0.300, G$3 = G, = 0.048 and G, = 0.013 and Poisson’s
ratio of v{, = 1§, = v5, = 0.250.

The two face sheets are identical with a thickness of f = 2 mm. The core thickness
is 2¢c = 16 mm. The total thickness of the plate is defined to be hy; = 2f + 2c.
In the following results, the displacements are normalized with 100ht0t;—? and the
stresses with qo%t. Two plate configurations are considered with a = b = bhy,; and
a = b = 20h,, respectively.

Plotted in Figure 2 is the normalized displacement at the top face sheet as a

function of z at y = b/2. In this figure we also show the predictions of the CPT as

well as FSDT; for the latter, there are two versions: one that is based only on the
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core shear stiffness and one that includes the face sheet stiffnesses. From Figure 2,
one can see that both CPT and FSDT seem to be inadequate. The classical theory
is too non-conservative and the first order shear with faces added can hardly make a
difference. On the other hand the first order shear theory where shear is assumed to be
carried exclusively by the core is too conservative; this clearly demonstrates the need
for higher order theories in dealing with sandwich plate structures. In this regard the
EHSAPT theory gives a profile which is essentially identical to the elasticity solution.
In Figure 2 we can also see the effect of transverse shear, which is an important

feature of sandwich structures.

—<— EHSAPT
-5— Elasticity
—— CPT
% --<--FSDT
BV t- - FSDT with Faces
X >
70 57 -
X / \><
60 o
. 50 + /Y./ \\\/{ N
é ’/ c@'l:i ﬁ:—\\ \\
3 ' p-g \
3 40 % -4 g X
g
30 o <
/’ @/ \E\ v \
20 a —
v \ R
10 _ r/ SR
2 i
44t + -+ 4 +oo N @\\
0 //4 & N Lo — 0 & o O OO T4 h
0 02 04 06 0.8 1
x/a
Figure 2: Transverse displacement w', at the top face z = ¢+ ff at y = 2 for
g p , P Y :
a = b= >5hi
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The distribution of the axial stresses 0,, and o, in the core as a function of z at
the midspan location, z = § and y = g (where the bending moment is maximum) is
plotted in Figures 3 and 4. Note that for both elasticity and EHSAPT, there is no

symmetry with regard to the mid-plane (z = 0).

0.0008
\ & EHSAPT
m\ -5— Elasticity
0.00075
LA
0.0007 - 2 _
£ LN
i w
= 0.00065 N 7
(& N /
o . o
0.0006 S &
- =g
B D=
0.00055 -
0.0005
1 05 0 05 1
zlc

Figure 3: Through-thickness distribution in the core of the axial stress, o€, at © = a/2
and y = b/2; case of a = b = bhyy
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Figure 4: Through-thickness distribution in the core of the axial stress, o

and y = b/2; case of a = b = Shyy

C

oy at T =a/2

The through-thickness distribution of the transverse normal stress in the core, o,

at the midspan location, x = a/2 and y = b/2, is shown in Figure 5. It can be seen

that the elasticity curve is in perfect agreement with the EHSAPT curve and both

are nearly linear.
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Figure 5: Through-thickness distribution in the core of the transverse normal stress,
of,,at x =a/2 and y = b/2; case of a = b = bhyy

zz)

Plotted in Figs. 6, 7, 8 and 9 are the normalized displacement, axial stresses and

the transverse normal stress respectively for the case of a = b = 20h;4;.
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Figure 6: Transverse displacement w!, at the top face z = ¢+ ft at y = % for
a=b= QOhtOt
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Figure 7: Through-thickness distribution in the core of the axial stress, o¢,, at © = a/2
and y = b/2; case of a = b = 20h;y
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Figure 8: Through-thickness distribution in the core of the axial stress, oy , at v = a/2
and y = b/2; case of a = b = 20hy
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Figure 9: Through-thickness distribution in the core of the transverse normal stress,
0., at x = a/2 and y = b/2; case of a = b = 20h;y
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3.1.1.1  Comparison with CLPT and FSDT theories

In the classical sandwich model, the core is assumed to be incompressible in the
transverse direction, and the transverse displacements of the face sheets and the core
are considered to be the same. As such, the governing equation for a plate subject to

transverse loading ¢'(x,y) of the top face sheet reads as:

&'w(z,y) 0*w(z,y) 0'w(z, y)
D11—8x4 + 2(D1o + 2D66)82x—82y + D22a—y4 = q(z,y) (44)
where the stifflness matrix is defined as
2 2 2 3

and

q'(z,y) = qosin mre sin n_7bry (46)
a

For a simply supported rectangular plate, the transverse displacements can be ex-

pressed as

w(x,y) = Z Wi sin m;r:v sin ? (47)

m,n

Which leads to

W= [ (%) 2020 (25) () 40 ()] 09

If we let &, be the shear deformation in the x direction and &, be the shear deforma-
tion in the y direction, then the governing equations with shear effects can be written

as:

o, o’a, 0%a 0
D11 @ + D66—a + (D12 + D66) %y — I€D55 Qg + —w =0 (49&)
Y Oxdy Ox
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0%a, 9% 0% )
(D12 + Dyg) o + Dgg ol + DQQ% — kDuy (ay + —w) =0 (49b)

0xdy 0x? 0x? dy
da, 0w oa,  O*w ; B
K Dss ( o7 + W) + KDy (G_y + a—yQ) +q'(z,y) = (49¢)

where k = 7%/12 or k = 5/6 is the transverse shear correction factor, the bending

stiffness matrix is defined in Equation (45). and as follows:
D44 = 2G;ZC, D55 = QG;ZC (50)

For a simply supported rectangular plate, the solution to Equations (49) can be set

in the following form:

Mmmx nmy

w(z,y) = ; W sin " sin 5 (51a)
a(x,y) = ; A COS m;rx sin n%bry (51b)
ay(z,y) = ; By, sin m;rx cos % (51c)

Let us assume a loading of the form
q(az,y):qosin%sin%, 0<zx<a, 0<y<b (52)

if

A = % An = % (53a)
Ly = D11>\72n + DGG)\i + kD55, L1z = (D12 + Degg) AmAn (53b)
Loy = Dgg)2, + Do)\ + kDyy, L1z = kDss\p, (53c)
Las = kDss A2 4+ 6Dy )2, Loz = Dy, (53d)
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then substituting Equations (51) in Equations (49) leads to

B T ( ) ()
Lll L12 L13 Amn 0
Lz Loy Lo By ( =30 (54)
Ly Loz Las Winn do
L 4 \ / \ J
which yields the solution
do
Apn = (L12La3 — Ly Ly3) A (55a)
Bun = (L1a Loz — L1y La3) % (55b)
2\ 90
Winn = (L Lo — LYy) = (55¢)

A
where A is the determinant of matrix [L]. Notice that it has been assumed that the

shear is carried exclusively by the core. If the shear of the facesheets is included then:

Dy = 2GS c+ G f' + Gisz (56a)

D55 = 2G5 .c+ G f' + Gof° (56b)

Using the material and geometric properties from Section 3.1.1 a comparative
analysis of the elasticity and EHSAPT results against CLPT and FSDT theories has
been presented in Figures 6, 2. It can be seen that the predictions of CLPT are
too non-conservative and the FSDT results are highly conservative. The effect of
inclusion of the shear stiffness of the faces is also very negligible.

An effective shear modulus for the sandwich section, G, which includes the con-
tribution of the face sheets, is derived based on the compliances of the constituent
phases [86]. The expression for G is given by:

fiefrr2e  ff 0 fP 2

=0+ -0+

(57a)
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frafrtr2e ff 2

G.. oL or Tan (57b)
t b 2 t b 2
frfree J o 1 % (57¢)
Gy. Gl.  Gl. Gs.

The results from FSDT are again computed using the updated shear stiffnesses and

are presented in Figure 10 below:

2000
>— w_EHSAPT
-5— w_ELAST
L — — w_CPL
X7 -~ W_FOS
1500 : e -~ w_FOSF
X X
X B B &:1\ x\\
-, X j’f?%? \@\;\ X
2 1000 L B
, y/ L N
%,/E"’ A\ x
500 /ﬁ/ \S\ \
¥/ o ™
P e s e Sy 5,
m/ s T \
0 Vo= 7 \ N
0 0.2 0.4 0.6 0.8 1
x/a

Figure 10: Transverse displacement w’, at the top face z = ¢+ f' at y = £ for
a = b= 20h;y

It can be seen in Figure 10 that the results from FSDT using effective shear are
much more accurate as compared to the other cases considered.

If a thicker plate is now considered with a/hy, = 5, the results from FSDT with
effective shear are not as accurate as the case for a thinner plate with a/hy,; = 20
as shown in Figure 11. However, FSDT with the use of effective shear stiffnesses
still results in a more accurate result as compared to the other two cases of FSDT

considered.
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Figure 11: Transverse displacement w!, at the top face z = ¢ + f! at y = g for
a=b= 5ht0t

It can be seen in Table 1 that as the thickness of the plate decreases and the a/hyy

ratio increases the results from FSDT with effective shear become more accurate.

Table 1: Transverse displacement w' at z =c+ f*, x =a/2, y =10b/2

a/h FSDT (Effective Shear) EHSAPT Err.%

) 60.18 44.70 34.60
6 88.31 68.29 29.31
7 122.77 97.76 25.29
8 164.07 133.65 22.76
10 269.36 227.06 18.63
12 408.61 353.40 15.62
15 690.72 615.73 12.18
20 1391.13 1293.74 7.53

46



3.1.2 Comparison of EHSPAT Results Against Other Theories [1]

Range of applicability of EHSAPT can be assessed by comparing EHSAPT results
against several other higher order, zig- zag, layerwise theories and VAM (Variational
Asymptotic Method) [87]. Results from the following theories are compared against

EHSAPT:

e Advanced Higher-order Shear Deformation Theories (AHSDT). These are equiv-

alent single layer models.

e Advanced Higher-order Shear Deformation Theories with Zig-Zag effects in-
cluded (AHSDTZ). These are equivalent single layer models and the so called

Zig-Zag form of the displacement is taken into account.

e Advanced Layerwise Theories (ALWT). The displacements have a layerwise

description.

e VAPAS (Variational Asymptotic Plate and Shell Analysis) is a computer pro-

gram based on the variational asymptotic method [88].

The order of expansion of the displacements u,, u, and u. along the thickness

coordinate defines the class of theories.

3.1.2.1 Acronyms Used to Identify a Generic Theory

A AHSDT with orders of expansion N,,, N,, and N, for the displacements u,, u,
and u, respectively is denoted as EDy, Nuy N - “E” stands for “Equivalent Single

Layer” and “D” stands for “Displacement-based” theory.
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With a similar logic, it is possible to define acronyms for the second type (Ad-
vanced Higher-order Shear Deformation Theories with zig-zag effects included (AHS-
DTZ)) and the third type of theories (Advanced LayerWise theories (ALWT)). The
acronyms are £EDZy, n, n, and LDy, n, n, - For example, a AHSDTZ theory
with cubic orders for all displacements is indicated as E D Z333 whereas a ALW'T
theory with parabolic orders for all displacements is indicated as LDggs.

The relative error Err% used in the tables is defined as follows:

Result current theory — Result elasticity solution

Err% = 100 - (58)

Result elasticity solution

3.1.2.2 Results

Two test cases are analyzed. Test case 1 is a sandwich plate Figure 12 made of two

skins and a core [howerskin = 7/10; hupperskin = 2h/10; heore = (7/10)A]. It is also

?)L’”Sl’z?" = 5/4. The plate is simply supported and the load is sinusoidal pressure
upperskin

applied at the top surface of the plate (m = n = 1). Different Face-to-Core Stiffness

Ratio (FCSR) are considered:

e Face-to-Core Stiffness Ratio = FCSR = El‘g“;:r’“" =10'; a/h =4, 10, 100

e Face-to-Core Stiffness Ratio = FCSR = Elewerskin — 105, ¢ /h = 4, 100

ECO'I‘e
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b =3a

Riower skin = 10 a
2h
Pilx,y) = P'sin 2=
hupper skin
heore | I

-hlawer skin

Figure 12: Case 1: Geometric configuration of the plate

As far as Poisson’s ratio is concerned, the following values are used: Vigwerskin =
Vupperskin = Veore = 0.34. The middle plane of the plate is a rectangle with b = 3a. In
this test case there is no symmetry with respect to the plane z = 0.

Test case 2 is represented by a symmetric sandwich structure and the details can

be obtained from Figure 13.

Eviadn = Ezzadn

= Essakin = Esin

Grzskin =

Ti2ekin = W3skin = Vighin = Uskin
Isotropic Material

Lavers 1 and3

Craswn = Gaigin = Gakin =

Ein
2{1+viakie )

= 34/100

Simply Supported
Boundary conditions

on all edges
Eicore E 13cora '
Jo 75w o — 7585
Grzeore = Gracare = Gazcare = 2250 « E)jcare
Vi2eore = Uiicore = U23core = Ueore = 1/100
a=nh Orthotropic Material
m=n=1 alh = 2,4,10,100 Laver 2

Figure 13: Case 2: Geometric configuration of the plate
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3.1.2.3 Test Case 1: Numerical Results

Table 2 indicates that when the FCSR is small i.e. when the difference between the
stiffness of the core and the facesheets is small indicating a stiff core the results from
EHSAPT are not very accurate. However, when FCSR is larger i.e. when the stiffness
of the core is much smaller than the stiffness of the face sheets which is mostly the

case for sandwich structures, the results from EHSAPT are very accurate as indicated

by Table 3.

Table 2: Transverse displacement w! = w?

100Ecore

h _a
qohtot | 3, -

z=c¢, r=a/2, y=>b/2, %EFCSR:ml

a/h 4 100
FElasticity  3.01123  Err.% 151021 Err.%
LDy 298058 (-1.02) 147242 (-2.50)
LDy 3.00982 (-0.05) 1.51021  (0.00)
LDsss 301123 (0.00) 1.51021  (0.00)
EDy, 158218 (-47.5) 1.10845  (-26.6)
EDss 279960 (-7.03) 150989  (-0.02)
EDsss  2.84978  (-5.36) 150996  (-0.02)
ED-n 286875  (-4.73) 150999  (-0.01)
EDZy;y 234412 (-22.2)  1.15866  (-23.3)
EDZus 297886 (-1.07) 151017  (0.00)
EDZs5 298737  (-0.79) 1.51018  (0.00)
EDZmy 299670 (-0.48) 1.51019  (-0.00)
VAPAS, 15136 (-49.7) 1.50788 (-0.15)
VAPAS 30198 (0.28) 15102  (0.00)
EHSAPT 262602 (-12.80) 1.13191 (-25.05)
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___upper skin
Z = Zpottom

Table 3: Transverse displacement at

= &h, ©=a/2, y=1b/2, Begedn = POSR = 10°

a/h 4 100
FElasticity  1.31593 x 1072 Err.% 2.08948 x 1072  Err.%
LDui  9.79008 x 10 (—25.6) 1.96509 x 10* (—5.95)
LDy 131471 x 1072 (—0.09) 2.08948 x 103  (0.00)
LDss; 131593 x 1072 (0.00)  2.08949 x 103 (0.00)
EDi 1.79831 x 1074 (—98.6) 1.19941 x 10~4 (—94.3)
EDys 116851 x 107 (=91.1) 1.64835 x 10~ (—92.1)
EDsss 420224 x 1073 (—67.4) 1.73120 x 10~* (—91.7)
E D7y 1.08119 x 1072 (—=17.8) 2.96304 x 1074 (—85.8)
EDZui 836735 x 1074 (—93.6) 1.63329 x 10 (—92.2)
EDZuy 126288 x 102 (—4.03) 1.16305 x 103 (—44.3)
EDZsss  1.30400 x 102 (—0.90) 1.78411 x 10% (—14.6)
EDZp 131363 x 102 (—0.17) 2.02060 x 10 (—3.30)
VAPAS, 1.6421 x107% (—98.7) 1.6314x 107 (—92.2)
VAPAS 1.49076 (>100)  2.4667 x 107 (-18.0)
EHSAPT 129687 x 1072 (-1.45) 1.93850 x 1073 (-7.22)

3.1.2.4 Test Case 2

When results from test case 2 are compared with EHSAPT results again the pattern
observed above is seen in Tables 4, 5. As the face to core ratio (FCSR) is increased
thereby making the core more compliant and less stiff in comparison to the facesheets
the results become more accurate.

Also, EHSAPT results are more accurate for a thicker plate where the a/hyy ratio

is small as seen in Tables 2, 3, 4 and 5.
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Table 4: Transverse displacement at
=0, r=a/2, y=0b/2, Byesin = FOSR = 7.3 x 10!

a/h 2 4 10 100
Elasticity  0.22733  Err%  0.198251 Err% 0.190084 Err% 0.188542 Err%
EDZss5  0.246804 857  0.201527 1.65 0.188663 —0.75 0.186228 —1.23
LDy 0.219334 —3.52 0.195992 —1.14 0.18971 —0.20 0.188538 —0.00
LDss55 0.227331 0 0.198251 0 0.190084 0 0.188542 0
VAPAS 0.191717 —15.67 0.192759 —2.77 0.189362 —0.38 0.188535 —0.00
EHSAPT 0.229035  0.75 0.20063  1.20  0.19292  1.49 0.203701 8.04
Table 5: Transverse displacement at
=0, r=a/2, y=0b/2, Byt = FOSR = 7.3 x 10°
a/h 2 4 10 100
Elasticity 1469.5  Err% 1370.58 Err% 1260.31 Err%  149.506 Err%
EDZs55  1283.34  -12.67 1323.09 -3.47 1251.11 -0.73  149.464 -0.03
LDy 1468.29  -0.08 1370.09 -0.04 1260.23 -0.01  149.507 0.00
LDss55 1469.5 0.00 1370.58  0.00 1260.31  0.00  149.507 0.00
VAPAS 412009 >100% 101187 >100% 16120.2 >100% 166.591 11.43
EHSAPT 1466.82 -0.18 1362.65 -0.58 1248.98 -0.90 142.709 -4.55
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3.1.3 Comparison with FEM (ANSYS) for Unsymmetric Geometry and
Loading

The case of a simply supported sandwich plate subjected to unsymmetric sinusoidal

transverse loading on the top and bottom faces sheets respectively will be studied.

X Y

¢ (z,y) :qésin—sin7, 0<z<a, 0<y<b (59a)
a

¢"(z,y) :qgsinﬁsin%y, 0<z<a, 0<y<b (59b)
a

t
where ¢f = %

A sandwich configuration consisting of unidirectional graphite/epoxy faces with
moduli (in gigapascals) of B = 181.0, Ef = E] = 10.3, GI, = G}, = 7.17, and
G§3 = 5.96 and Poisson’s ratio of 1/{2 = 0.277, V:{l = 0.016 and 1/3{2 = 0.4. The core
is made up of hexagonal glass/phenolic honeycomb with moduli (in gigapascals) of
B = ES = 0.032, £5 = 0.300, G55 = G§; = 0.048, and G, = 0.013 and Poisson’s
ratio of v{, = 1§, = 15, = 0.250.

The following unsymmetric geometric configuration is defined:

e f1=2mm.

o f*=1mm.

e The core thickness is 2c = 16 mm.

e The total thickness of the plate is defined to be hyy = ft + f7 + 2c.

In the following results, the displacements are normalized with:

a
].OOhtot E_{
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and the stresses with:

2
; a

QOhT

tot

The transverse displacement profile from ANSYS is shown in Figure 3.1.3. It can

be seen that the maximum displacement is obtained at the top face sheet at x = a/2,

y=">0/2 and z = c+ f".

ANSYS
NCDAL SOLUTTICN R15.0
STEEP=1 Academic
S0B =1
TIME=1 PLOT NO. 1
Uz (BVG)
RSY3=0

DMK =.264E-07
SME =.2064E-07

i EEE— I
0 .586E-08 A17E-07 L1TBE-07 L23BE-07
.293E-08 .B80E-08 147F-07 L205E-07 L 264F-07

Figure 14: Ansys plot-Transverse displacement w!, at the top face z = ¢ + f*
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Figure 16: Comparison with ANSYS: Transverse normal stress 0%, at v = %, y = 2
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Figure 17: Comparison with ANSYS: Transverse normal stress oy, at T = 5, Y= g
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Figure 18: Comparison with ANSYS: Transverse normal stress o5, at x = 3, y = g
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3.2 Dynamic Model
3.2.1 Application of EHSAPT to a Simply Supported Sandwich Plate

We now consider the case of a simply supported rectangular plate. The following

boundary conditions are applied: For z =0, a

vo=v =uvh =0 (60a)
w=wj =w =0 (60D)
=¢5 = wt’y =0 (60c)

Ny, = Ng, =N, =0 (60d)
My, = Mg, = M;,= 0 (60e)

similar boundary conditions can be written for the other two boundaries of the plate
at y =0 and b

The displacements can be written in the following form;

mnrx . nwy mmrx . nwy mmrx . nmy
ul = U" cos sin —= 2 et ub=U “ cos sin —= 2 et ub = UP cos sin —= 2 et
a a a
(61a)

. mTzT nmy . mrzT nmy . mnx nmy .
vy = VT sin cos Te’“t, vs = VYsin cos Te“"t, vh = VP sin cos Tewt
a a a

(61b)
. mmTr . Ny . mnTr . nmy . mwrr . Ny
w' = W7 sin sin —=e™ wi = W sin sin —~ et w® = WPsin sin —=Ze™*
a b a b a b
(61c)
. mTzT nmy mmxr . nwy
o5 = D sin cos —= et 5=V cos sin —= — et (61d)
a

where UT, U®, UB, VT, V¢ VB WT, W¢ W?5, & and ¥ are constants. Sub-

stituting equations Eqn. (61) into Eqn. (90) results in a system of eleven equations
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which are arranged in matrix form to obtain the following:

( )

([K] = AIM]) q ot ¢ =0, where A = w? (62)

\ /

where [K|and [M] are the stiffness and mass matrices, respectively.

3.2.1.1 Comparison with Elasticity Solution

In this section the numerical results for several different geometric configurations are
presented and a parametric study to analyze the free response of laminated composite
plates is carried out. The results are compared to the elasticity solution provided by
Noor [9]. In order to make the comparison a simply supported square laminated
plate with the face sheets and core constructed from the same material is considered.
Two different symmetric layouts with respect to the middle plane such that the fiber
orientations of the laminas alternate between 0° and 90° with respect to the x-axis

are considered and the results are compared with the elasticity solution for the given
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configurations. The following material properties are used:
El/Eg = 3, EQ = Eg, G12 = Glg = O.GEQ, G23 = 0.5E2, V19 = V13 = V23 = 0.25

The assumed displacement functions (61) are substituted into the governing differen-
tial equations (90) and the resulting eigen system is solved. The fundamental natural

frequencies w are then evaluated such that

A= (wb?/h)\/ p/ By

where w is the circular frequency

Table 6: Non-dimensionalized fundamental frequencies A = (wb®/h)+\/p/E, for a
simply supported square plate with a/h =5

Lamination & No of Layers Elasticity EHSAPT

0/90/0 6.6185  6.56874
0/90/0/90/0 6.6468  6.6521

Table 6 shows that the results from EHSAPT closely match the elasticity solutions
and provide the necessary basis to verify and validate our results. After this neces-
sary validation we carry out a parametric study and analyze the effect of variation
of geometric and material parameters on the fundamental natural frequency of the

structure.

3.2.2 Parametric Study

The variation of the fundamental natural frequency with respect to the following

geometric and material parameters is studied.

1. a/h: side-to-thickness ratio
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2. t./ts: thickness of the core to thickness of the face sheets ratio
3. a/b: aspect ratio
4. ES/FES: degree of orthotropy of the core

5. B JE]: degree of orthotropy of the face sheets

3.2.2.1 5-Ply Symmetric Laminate with typical material properties

The material properties of individual layers in the face sheets and the core are con-

sidered to be typical of high fibrous composites.
El*/E}° = open, E}* = EI° Gl = GIf = 0.6E)°, G = 0.5E)°, vy = vlf = vl =0.25

The face sheets are considered to be laminated plates and three different symmetric

layouts of the composite sandwich laminate are considered.
e 0/90/core/90/0
e 0/60/core/60/0
e 0/45/core/45/0

Initially the variation of the normalized fundamental natural frequency with the side
to thickness ratio for a simply supported square plate with ¢./t; = 10, E{ / Eg =3
and ES/ES = 10 is considered in Figure 19. It can be seen that as the side to
thickness ratio increases the natural frequency also starts to increase for all three
laminates considered. It can be seen that the highest fundamental natural frequency
is achieved in the case of the 0/45/core/45/0 symmetric layout for any given a/h

ratio.
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Figure 19: Normalized Fundamental Natural Frequency versus a/h ratio

Next the variation of the normalized fundamental natural frequency with the
thickness of the core to thickness of the flange ratio for a simply supported square
plate with a/h = 10, E/ /E] = 3 and ES/E5 = 10 is analyzed as seen in Figure 20.
It can be seen that as the core thickness increases in relation to the thickness of
the flange the fundamental natural frequency starts to decrease. Again it can be

seen that the highest fundamental natural frequency is achieved in the case of the

0/45/core/45/0 symmetric layout for any given t./t; ratio.
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Normalized Natural Frequency

Figure 20: Normalized fundamental natural frequency versus ¢./t; ratio

In the next case the variation of the fundamental natural frequency with the
aspect ratio of the simply supported plate with ¢./t; = 10, a/h = 10, E{/Ef =3
and E{/ES = 10 is considered in Figure 21. It can be seen that as the aspect ratio
increases and the plate becomes narrower, its fundamental natural frequency starts

to decrease. In this case the layout of the laminate does not seem to have a significant

7.5

6.5

55

—<— 0/90/core/90/0
-E— 0/60/core/60/0
—< — 0/45/core/45/0

20

effect on the natural frequency of the laminate composite plate.
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Figure 21: Normalized fundamental natural frequency versus aspect ratio a/b

The effect of variation of the degree of orthotropy of the core is now considered for a
simply supported square laminated plate with ¢./t; = 10, a/h = 10 and E{ / Eg =3as
seen in Figure 22. It can be seen that as the degree of orthotropy of the core increases
the fundamental natural frequency of the plate starts to decrease and the isotropic
core provides the highest natural frequency for any laminated layout. Again the
0/45/core/45/0 layout seems to provide the highest fundamental natural frequency

for any given EY{/ES ratio.
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Figure 22: Normalized fundamental natural frequency versus variation in the Ef/E$
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Finally the effect of variation of degree of orthotropy of the face sheets for a simply
supported square plate with an isotropic core and t./t; = 10 and a/h = 10 is con-
sidered Figure 23. It can be seen that as the ratio E{ / Eg increases the fundamental
natural frequency of the plate also increases and hence it can be concluded that a
combination of an isotropic core and highly orthotropic flanges provides the highest

fundamental natural frequency.
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3.2.2.2  3-Ply Symmetric Graphite-Epoxy T300/93/ Laminate

After having carried out a parametric study on a generic sandwich construction, we
now consider an actual plate configuration and analyze the effect of variation of the
parameters defined above on this configuration. A 3-Ply Laminated Graphite-Epoxy
T300/934 with the following material properties is now analyzed.

Face Sheets

E; =131 GPa

E2 =10.34 GP&, E2 = E3
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G2 = 6.895 GPa,
G153 = 6.205 GPa,
Gas = 6.895 GPa,
vig = 0.25, 113 =0.22, vy3 = 0.49

p = 1627 kg/m®

Core Properties (Isotropic)

E1 = EQ = E3 =2G =6.89 x 1073 GPa
G12 = G13 = G23 =3.45 x 1073 GPa
Vig =113 =3 =0

p =97 kg/m?

Normalized Natural Frequency
[

a/h

Figure 24: Normalized fundamental natural frequency versus side-to-thickness ratio
(a/h) of a simply supported 3-ply square plate
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The variation of the normalized fundamental natural frequency with the side to
thickness ratio (a/h) for a simply supported square plate with t./t; = 10 is considered
as seen in Figure 24. It can be seen that similar behavior as observed in the case of
the generic material properties above is seen here and the natural frequency increases
as a/hyy ratio increases.

Next the variation of the normalized fundamental natural frequency with the
thickness of the core to thickness of the flange ratio for a simply supported square
plate with a/h;,; = 10 is considered as shown in Figure 25. It can again be seen that as
the core thickness increases in relation to the thickness of the flange the fundamental

natural frequency starts to decrease.
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Figure 25: Normalized fundamental natural frequency versus thickness of core to
. tC .
thickness of face sheet i for a simply supported 3-ply square plate

Finally the variation of the fundamental natural frequency with the aspect ratio
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of the simply supported plate with ¢./t; = 10 and a/h = 10 is considered as shown in
Figure 26. It can be seen that as the aspect ratio increases the fundamental natural
frequency starts to decrease. This result again matches the behavior as predicted by

the study with generic material properties above.
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Figure 26: Normalized fundamental natural frequency versus aspect ratio (a/b) of a
simply supported 3-ply plate

3.3 Nonlinear Static Analysis

We consider a sandwich configuration consisting of unidirectional graphite/epoxy
faces with moduli (in GPa) of B/ = 181.0, E = Ef =103, G, = Gf, = 7.17,

and G, = 5.96 and Poisson’s ratio of v, = 0.277, vJ, = 0.016 and v}, = 0.4. The
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core is made up of hexagonal glass/phenolic honeycomb with moduli (in GPa) of
Ef = ES = 0.032, ES = 0.300, G$3 = G§; = 0.048, and G, = 0.013 and Poisson’s
ratio of v{, = v§; = 1§, = 0.250. The two face sheets are identical with a thickness
of f = 2 mm. The core thickness is 2c = 16 mm. The total thickness of the plate
is defined to be h;,; = 2f + 2¢ and we consider a square plate with a = b = 20hy,

respectively.

t 1,4
Elhtot
a

In the following results, the applied load has been normalized with ——ft, the
stresses have been normalized with %ﬁ"t and the displacements have been normalized

with hse. We consider four sets of boundary conditions
1. Simply Supported with moveable edges.
2. Simply Supported with fixed edges.
3. Clamped with moveable edges.
4. Clamped with fixed edges.

For movable (stress-free) boundary conditions the supported edges are free to move
along the normal direction to the boundary whereas the out-of-plane displacement is
fixed. However, for immovable boundary condition, the plate is prevented from any
in-plane displacement along the normal and tangential directions to the edges and
also any out-of-plane displacement is prevented.

In all cases considered the results are computed for two different sets of scenarios.
First the total strain energy is computed with the strain-displacement relations for

the core to be nonlinear and then in the second case the strain-displacement relations
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are considered to be linear and a comparison is made between the two sets of results

to appreciate the difference in computed values versus the computational effort.

3.3.1 Simply Supported Case with Moveable Edges

We first consider the case of a simply supported plate with moveable edges, the edges
are free to move along the normal direction to the boundary but the out of plane
displacement is fixed. The geometric boundary conditions for the edges x = 0, a are

as follows;

w’ =wi=w"=0 (63)

These boundary conditions can be satisfied by selecting the following assumed shape
functions. It should be noted that the shape functions selected here also satisfy the
natural boundary conditions of the problem. While this is not a requirement for
the solution process, it generally results in a more accurate and rapidly converging

solution.

a a
m=1 n=1 m=1 n=1
M X mmx nmy MY mmx nmy
ub = UB cos sin —= vl = VT sin cos —=
0 mn ) 0 mn 9
a b a b
m=1 n=1 m=1 n=1
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a b o a b
m=1 n=1 m=1n=1
M X mmnx nmy MoN mmnx nmy
b B c
w —5 E W= sin sin —— [0) —E 5 D,,, sin cos ——
mn ) 0 mn )
a b a b
m=1 n=1 m=1n=1
M N
c mmx nmy
05 =D D Wynn cos — —sin == (65)
m=1 n=1

The nonlinear strain displacement relations (30) and the stress strain relations (31)
are substituted into the total potential energy Equation (34), and integration is
carried out with respect to z, the thickness coordinate. The assumed shape func-
tions equations (65) are then substituted into the resulting equation and integrations
with respect to the inplane coordinates x and y are carried out. This results in an
equation in terms of the unknown coefficients UL =~ U¢ ~UB ~vI v yI T
we W25 &, ¥, The resulting equation is then differentiated with respect to
the unknown coefficients equation (20b) to minimize the energy functional II(Uj;).
This results in M x N nonlinear equations for the M x N unknown coefficients. The
resulting simultaneous nonlinear equations are then solved using the Newton-Raphson
method where the initial guess is taken to be the result from the linear solution for
the simply supported case with moveable edges.

We first consider the case where both the facesheets and the core are considered
to be nonlinear. It can be seen that as the applied load ¢y increases, the maximum
deflection w! at the center point on the surface of the top facesheet of the plate is

no more linear Figure 27. It can be seen that the linear theory results in predicting

much higher displacements.
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Figure 27: w! for a simply supported square plate with moveable edges : linear vs
nonlinear

Next we consider the case where the strain-displacement relations for the core
are linear and the non-linear terms in the strain-displacement relations were dropped
while computing the total potential energy in the Ritz Method. Figure 28 shows that
the response is virtually identical and the effect of including the nonlinear terms in

the strain-displacement terms in the core is not significant.
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Figure 28: w' for a simply supported plate with moveable edges: linear vs all nonlinear
vs only faces nonlinear
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The same results are presented in tabular form below in Table 7 to help appreciate

the effect of inclusion of the nonlinear terms in the core.

Table 7: w' at = § and y = g for a simply supported square plate with moveable

edges-all nonlinear vs only facesheets nonlinear

Qo All Nonlinear ~ Only Facesheets Nonlinear
8.83978 x 1077 7.14773 x 1077 7.14773 x 1077
0.00883978 0.00714622 0.00714624
0.0883978 0.070117 0.0701207
0.530387 0.310883 0.310995
0.707182 0.371155 0.371309
0.883978 0.421338 0.42153
1.14917 0.484177 0.484417
1.32597 0.520252 0.520521
1.54696 0.560601 0.560902
1.76796 0.596855 0.597186
2.20994 0.660301 0.660685
2.65193 0.71498 0.71541

It can be seen that with the inclusion of nonlinear effects in the core the overall

displacement is lower than the displacement if the nonlinear effects are not included.

3.3.1.1 Convergence Study

As with any approximate method the number of terms included in the approximate
solution is expected to have a significant effect on the accuracy of the result. A
convergence study is therefore carried out to study the effect of increasing the number
of unknown coefficients in the assumed solution for the Ritz method. As the number
of terms is increased rapid convergence is observed as shown in Figure 29 and 30.

The results are also presented in tabular form below in Table 8.
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Figure 29: Convergence study for Ritz Method simply supported square plate with

moveable edges
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Table 8: Convergence study for Ritz Method for a simply supported square plate
with moveable edges

Qo MxN=1x1 MxN=2x2 MxN=3x3
8.83978 x 107" 6.88796 x 10~7  7.14768 x 10~"  7.14773 x 10~ "
0.00883978 0.006987 0.007138 0.00714622

0.0883978 0.069967 0.070098 0.070117
0.530387 0.309798 0.310859 0.310883
0.707182 0.368979 0.371148 0.371155
0.883978 0.419376 0.421335 0.421338
1.14917 0.477987 0.484169 0.484177
1.32597 0.512965 0.520251 0.520252
1.54696 0.557632 0.560587 0.560601
1.76796 0.588754 0.596645 0.596855
2.20994 0.65081 0.659871 0.660301
2.65193 0.71167 0.71488 0.71498

The rapid convergence can be attributed to the fact that the assumed approximate
solution equations (65) not only satisfy the geometric boundary conditions of the

problem, but also the natural boundary conditions.

3.8.1.2  Stress Analysis (Simply Supported with Moveable Edges)

The distribution of the axial stresses o,, and oy, in the core as a function of z at

a

2 and y = 2 (where the bending moment is maximum) is

the midspan location, x =
plotted in Figures 32 and 44 and Figures 34 and 46. Note that for both the linear

solution and the nonlinear solution, there is no symmetry with regard to the mid-plane
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Figure 31: Through-thickness distribution in the core of the in-plane stress, o,,, at
x =a/2 and y = b/2-linear vs nonlinear, g, = 0.707

—@— Linear q =2.652 P
~m Nonlinear q =2.652 '
2 S
1
> )
° . B
- -
0 e E
o I
om
A e
-1 -0.5 0 0.5 1
zlc

Figure 32: Through-thickness distribution in the core of the in-plane stress, o,,, at
x = a/2 and y = b/2-linear vs nonlinear, ¢y = 2.652
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Figure 33: Through-thickness distribution in the core of the in-plane stress, o,,, at
x = a/2 and y = b/2-linear vs nonlinear, g, = 0.707
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Figure 34: Through-thickness distribution in the core of the in-plane stress, o, at
x =a/2 and y = b/2-linear vs nonlinear, ¢y = 2.652
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The through-thickness distribution of the transverse normal stress in the core, ..,

at the midspan location, x = a/2 and y = b/2, is shown in Figure 35.
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Figure 35: Through-thickness distribution in the core of the transverse normal stress,
0., at © = a/2 and y = b/2-linear vs nonlinear

It should be noted that as expected the stress predicted by the nonlinear theory
is lesser in magnitude as compared to the predictions of the linear theory as the

displacement predicted by the nonlinear theory was also smaller in magnitude.

3.3.2 Simply Supported Plate with Fixed Edges

We now consider the case of a simply supported plate with fixed edges, the in-plane
displacement along the edges is restricted from movement along both the tangential

and normal directions to the edge and also the out of plane displacement is fixed.
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The geometric boundary conditions for the boundaries x = 0, a are as follows:

b _ ¢
Ug = Ug
b__ ¢
Yo = Vg
wb:wg
b _
Wy =¢

0:

(66)

t
w' =0

similarly, for y = 0, b the geometric boundary conditions are as follows:

ug =
v = VS
w’ = w;
wb,z =9

(67)

These boundary conditions can be satisfied by selecting the following assumed shape

functions

. mmwT . nmwy
UL sin sin —,
a b
. mmwr . nmwy
UEB sin sin —,
a b
. mmwT . nmy
V¢ sin sin —,
a b
. mmwr . nmwy
W sin sin ——
a b
. mmwr . nmwy
W2 sin sin —=
a b
mnrr . Ny
V. . COos sin —=
a b

Mo mmx nmy
c __ C . .
Uy = E 5 U, sin bl
m=1 n=1
M N Mmmx nmy
t T . .
Uy = g E V., sin " sin 5
m=1 n=1
M N MTL nmy
vg = E E an sin sin —=
a b
m=1 n=1
Mo mmx nmy
wh = E g W< sin sin ——,
a b
m=1 n=1
Mo T nmy
b = E g D, sin cos ——,
a b
m=1 n=1
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The nonlinear strain displacement relations (30) and the stress strain relations (31)
are substituted in the total potential energy equation (34) and integration is car-
ried out with respect to z, the thickness coordinate. The assumed shape func-
tions equations (68) are then substituted into the resulting equation and integrations
with respect to the inplane coordinates z and y are carried out. This results in an
equation in terms of the unknown coefficients UZ =~ UC¢ ~UB ~vI “yvC yT T
we W2B &, U, The resulting equation is then differentiated with respect to
the unknown coefficients, equation (20b), to minimize the energy functional II(U;;).
This results in M x N nonlinear equations for the M x N unknown coefficients. The
resulting simultaneous nonlinear equations are then solved using the Newton-Raphson
method where the solutions from the nonlinear simply supported with free edges case
serves as the initial guess in the Newton-Raphson method.

First consider the case where both the facesheets and the core are assumed to
be nonlinear. It can be seen in Figure 36 that as the applied load ¢y increases the
maximum deflection w? at the center point on the surface of the top facesheet of

the plate is no more linear and the linear theory results in predicting much higher

displacements.
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Figure 36: w' for a simply supported square plate with fixed edges-simply supported
linear vs simply supported with moveable edges vs simply supported with fixed edges

It can be seen in Figure 36 that the maximum deflection at z = § and y = %
decreases as the simply supported edges are prevented from moving in the normal

direction to the edge.

Consider again the case where only the facesheets are assumed to be nonlinear

and the core is linear. The results are virtually identical as shown in Figure 37 and

Table 9.
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w' at x=a/2, y=b/2
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g : ®m  ss fixed only faces nonlinear

0.1

q

0

Figure 37: w' for a simply supported square plate with fixed edges-full nonlinear vs
only faces nonlinear
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Table 9: w! at x =

a
2

Qo All Nonlinear ~ Only Facesheets Nonlinear
8.84 x 1077 4.14 x 1077 4.14 x 1077
8.83978 x 1073  4.13667 x 1073 4.13668 x 1073
0.0883978 0.041171 0.041172
0.530387 0.218676 0.218723
0.707182 0.273309 0.273386
0.883978 0.320647 0.320753
1.14917 0.381358 0.381506
1.32597 0.416629 0.416803
1.54696 0.456266 0.456469
1.76796 0.491963 0.492194
2.20994 0.55446 0.554741
2.65193 0.608238 0.608563

and y = % for a simply supported square plate with fixed
edges-all nonlinear vs only facesheets nonlinear

It can be seen that with the inclusion of nonlinear effects in the core the overall

displacement is lower than the displacement if the nonlinear effects are not included.

3.3.3 Clamped with Moveable Edges

We now consider the case of a clamped plate with moveable edges, the edges are free

to move along the normal direction to the boundary but the out of plane displacement

and rotation of the edge is fixed. The geometric boundary conditions for the edges

x =0, a are as follows:
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similarly, for y = 0, b the geometric boundary conditions are as follows;

(70)

These boundary conditions can be satisfied by selecting the following assumed shape

functions

m=1 n=1 a m=1 n—1 a

M I [ 17 27y \ |

w' = Z Z W |1 — cos (%) 1 —cos (Ty)
o - o

wy = Z Z W< |1 —cos (%x) 1 — cos (%y)
m=1n=1 : Il |

wb—iiWB _1—COS (Lx)— _1—cos (27r_y)
b | “a /1L b /]
M N o

o5 = Z Z D, [1 — COS (%)} sin (Ty)

=33 0 {1 ~cos (%Ty)} o <2w_x>

(71)

The nonlinear strain relations (30) and the stress strain relations (31) are substi-

tuted into the equations for the total potential energy equation (34) and integration

is carried out with respect to z, the thickness coordinate. The assumed shape func-

tions equations (71) are then substituted into the resulting equation and integrations
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with respect to the inplane coordinates x and y is carried out. This results in an
equation in terms of the unknown coefficients UZ =~ UC¢ ~UB ~vI “yvC yI T
wWe W2E &, ¥, The resulting equation is then differentiated with respect to
the unknown coefficients, equation (20b), to minimize the functional II(U;;). This
results in M x N nonlinear equations for the M x N unknown coefficients. The re-
sulting simultaneous nonlinear equations are then solved using the Newton-Raphson
method where the initial guess is taken to be the results from the simply supported
with fixed edges case. First consider the case where both the facesheets and the core

are assumed to be nonlinear.
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Figure 38: Nonlinear transverse displacement w' for a clamped square plate with
moveable edges

The result from the clamped moveable edges case is compared to the simply
supported with moveable edges case and the simply supported with fixed edges case

in Figure 39. It can be seen that the clamped with moveable edges case results in the
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least displacement as compared to the other two cases considered.
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Figure 39: Nonlinear transverse displacement w!-simply supported with moveable
edges vs simply supported with fixed edges vs clamped with moveable edges

Consider again the case where only the facesheets are assumed to be nonlinear and

the core is considered to be linear the results are again virtually identical as shown

in Figure 40 and Table 9.

m -
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.
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Figure 40: w' for a clamped plate with moveable edges-full nonlinear vs only
facesheets nonlinear
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The same result is presented in tabular form in Table 10.

Table 10: w' at x = 5 and y = g for a clamped square plate with moveable edges-all

nonlinear vs only facesheets nonlinear

Qo All Nonlinear Only Facesheets Nonlinear
8.84 x 1077 1.29 x 1077 1.29 x 1077
0.00884 0.001292 0.001292
0.088398 0.012848 0.012849
0.530387 0.067577 0.067596
0.707182 0.084173 0.084203
0.883978 0.098491 0.098531
1.14917 0.116797 0.116852
1.32597 0.127413 0.127477
1.54696 0.139333 0.139407
1.76796 0.150061 0.150145
2.20994 0.168835 0.168937
2.65193 0.184986 0.185103

It can again be seen that the inclusion of the nonlinear strains in the core causes
the overall displacement to be lower than the displacement if the nonlinear effects are

not included.

3.3.4 Fully Clamped with Fixed Edges

Consider now the case of a fully clamped plate with immoveable and fixed edges in
which the in-plane displacement along the edges is restricted from movement both
tangential and normal to the edge, and also with out of plane displacement fixed and

with no rotation on the edges allowed. The geometric boundary conditions for the
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boundaries z = 0, a are as follows:

w’ =wi=w"=0 (72)
b _ e _ t

w’ y=¢y=w, =0
b _ e _ t

w,=9Y;=w =0

Similarly, for y = 0, b the geometric boundary conditions are as follows:

ul = u§ = uf = 0

vh =5 = vy =0

w’ =wi=w"=0 (73)

wb7y =¢5=w', =0
These boundary conditions can be satisfied by selecting the following assumed

shape functions

al mnx . nmwy al mnx . nmwy
t T . . c __ c . .
Uy = E E U, sin sin —, Uy = E E U, sin sin —=

m=1n=1 @ b m=1 n=1 a
Mo mnx nmy Mo mmnx nmy
Uy = UB gin sin —= vt = VT ¢in sin —=
0 mn ) 0 mn
a b a b
m=1 n=1 m=1n=1
MoN T nmwy Mo mmnx nmwy
c __ C b _ B
Vg = E g Vi SID sin ——, Vg = E g Vi SID sin ——
a b a b
m=1 n=1 m=1 n=1
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. & W _1 e . 21y
w = Z Z mn — COS T — COS T
m=1n=1 - 4 L J
B MY we _1 7T | _1 27y |
wo = Z Z mn — COS T — COS T

)] [

C )] [1=es(

wb = i f: wB :1 — cos (%x) 1 cos (%Ty) (74)
) (5)

(
c e 2my . (27

vy = Z Z W..n |1 —cos (7)1 sin <T>

The nonlinear strain relations (30) and the stress strain relations (31) are sub-
stituted into the total potential energy equation (34), and integration is carried out
with respect to z, the thickness coordinate. The assumed shape functions equa-
tions (?7) are then substituted into the resulting equation and integrations with
respect to the inplane coordinates x and y are carried out. This results in an
equation in terms of the unknown coefficients UL =~ UC¢ ~UB ~vI v yI Wt
we W25 &, U, The resulting equation is then differentiated with respect to
the unknown coefficients, equation (20b), to minimize the functional II(U;;). This
results in M x N nonlinear equations for the M x N unknown coefficients. The re-
sulting simultaneous nonlinear equations are then solved using the Newton-Raphson
method where the initial guess is taken to be the result from the clamped with move-

able edges case. We first consider the case where both the facesheets and the core are

considered to be nonlinear as shown in Figure 41.
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Figure 41: Nonlinear transverse displacement w' for a fully clamped square plate with
fixed edges

The result for the clamped with fixed edges case is now compared with the simply

supported with moveable edges, simply supported with fixed edges and the clamped

with moveable edges cases, as shown in Figure 42.
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Figure 42: Nonlinear transverse displacement w! for a square plate: fully clamped

with fixed edges vs simply supported with moveable edges vs simply supported with
fixed edges vs clamped with moveable edges
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It can be seen in Figure 42 that the maximum deflection at z = § and y = g
decreases as the boundary conditions for the plate are changed from simply supported
with moveable edges to the simply supported with fixed edges and then from clamped
with moveable edges to clamped with fixed edges cases.

Consider again the case where only the facesheets are assumed to be nonlinear
and the core is considered to be linear. The results are virtually identical as shown

in Figure 43 and Table 11.
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Figure 43: w! for a fully clamped square plate with fixed edges-fully nonlinear vs only
faces nonlinear

The same result is presented in tabular form below in Table 11:
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. __a _ b :
Table 11: w' at z = 5 and y = 3 for a clamped square plate with fixed edges-all

nonlinear vs only facesheets nonlinear

Qo All Nonlinear Only Facesheets Nonlinear
8.84 x 1077 9.70 x 107® 9.70 x 107%
0.00884 0.000969759 0.000969761
0.088398 0.0096583 0.00965858
0.530387 0.0520164 0.0520295
0.707182 0.065352 0.0653733
0.883978 0.0769907 0.0770203
1.14917 0.0919965 0.0920381
1.32597 0.100742 0.100791
1.54696 0.110587 0.110645
1.76796 0.119463 0.119529
2.20994 0.135017 0.135098
2.65193 0.148409 0.148504

3.3.5 Stress Analysis Results (All Boundary Conditions Comparison)

The distribution of the normal stresses through the thickness of the core for all four

load cases considered are presented below:
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Figure 44: Through the thickness distribution of 65, for gy = 0.707
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Figure 45: Through the thickness distribution of 65, for ¢y = 2.562
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Figure 46: Through the thickness distribution of 47, for go = 0.707
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Figure 47: Through the thickness distribution of oy, for gy = 2.562

It can be seen in Figures 44,45,46 and 47 that the fixed edges cases produce a

different profile as compared to the moveable edges case.
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Figure 48: Through the thickness distribution of 6¢, for gy = 0.707
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Figure 49: Through the thickness distribution of 6¢, for gy = 2.562

It can be seen in Figures 48 and 49 that the clamped with fixed edges case results

in the highest stress for the same load level for all four boundary condition cases.
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Chapter IV

CONCLUSIONS AND FUTURE WORK

4.1 Conclusions

The Extended High-Order Sandwich Panel Theory (EHSAPT) was presented for lam-
inated sandwich plates that allows for the transverse shear distribution in the core
to acquire the proper distribution as the core stiffness increases as a result of non-
negligible axial stresses in the core. Thus, this theory is valid for both soft and stiff
cores with thin facesheets. The theory assumes a transverse displacement in the core
that varies as a second-order equation in the transverse coordinate z, and an axial
displacement field that is third order in z. The novelty of EHSAPT is that it allows
for five generalized displacement variables in the core (the transverse and the two
axial displacements at the centroid of the core and two rotations at the mid-plane of
the core) and that it has been formulated for a sandwich panel with a general layout
and no restrictions are imposed on the geometric configuration of the plate. Results
were presented for a wide variety of configurations in terms of aspect ratios, etc. The

major assumptions of the theory are as follows:

1. The face sheets satisfy the FEuler-Bernoulli assumptions and their thicknesses
are small compared to the overall thickness of the sandwich plate. The two
facesheets (i.e., the top and bottom facesheets) can be constructed from different

materials and can have different thicknesses. In addition, the free vibration
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model was developed to allow for the facesheets to be laminated plates with
different layups for the top and bottom facesheets. Additionally, the top and
bottom facesheets can have different number of laminas with varying angles and

the thicknesses of the individual laminas can also be varied.

2. The core is compressible in the transverse and axial directions(transverse dis-

placement is 2nd order in z and in plane displacement is 3rd order in z).

3. The facesheets and core are considered to be perfectly bonded at their interfaces.

4. The facesheets and core material do not exhibit bending-twist coupling.

Validation of the present theory was performed using both static loading and a
free vibration analysis and in both cases the results were then compared to existing
elasticity solutions. In the study of a static half-sine load applied to the top face
sheet of a simply supported sandwich plate, EHSAPT was found to be very close to
the elasticity solution both in terms of displacements, stresses and strains.

The free vibration analysis of a simply supported sandwich plate was then car-
ried out. The existing elasticity solution by Noor [9] provides a benchmark against
which the theory is compared. After establishing the validity of EHSAPT for dy-
namic analysis, a parametric study is carried out to analyze the effect of variation of
several material and geometric parameters on the fundamental natural frequency of
a laminated sandwich plate.

A nonlinear static analysis of the sandwich plate was then carried out using varia-

tional techniques and the Ritz method. The kinematics were developed for a sandwich
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plate undergoing small strains and moderate rotations. Employing the Ritz method,
the total potential energy of the system was developed. Four different cases and
combinations of boundary conditions were studied and approximate and assumed
solutions satisfying the geometric boundary conditions were developed. The total
potential energy was then evaluated and employing the Principle of Minimum Total
Potential Energy, minimized with respect to the unknown coefficients in the assumed
solution. This resulted in nonlinear simultaneous algebraic equations for the unknown
coefficients in the approximate solution. The simultaneous nonlinear equations were
then solved using the Newton-Raphson method. The initial guess for the approximate
solution were chosen to be the analytical result from the linear solution.

A convergence study was then carried out to study the effect of variation of the
number of terms in the assumed solution. The convergence study indicated that
M x N = 3 x 3 produced a sufficiently converged result and further increase in the
number of terms did not have a significant effect on the result. Rapid convergence
was observed and attributed to the fact that the assumed solution not only satisfies
the basic requirement of the Ritz method where it satisfies the geometric bound-
ary conditions of the problem but in addition it also satisfies the natural boundary
conditions of the problem.

A study was then carried out to analyze the effect of inclusion of nonlinear effects
in the core where the results were computed considering only the facesheets with
nonlinear strains and the core was considered to remain in the linear range. The
results were then compared to the already calculated all nonlinear analysis. It was

found out that the additional computational effort did not have a significant effect on
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the overall results. It was however found out that including the nonlinear terms in
the kinematics of the core caused the overall deformation of the plate to be slightly
lower than the linear core.

A stress analysis was also carried out where the stresses predicted by the linear
theory are compared against the nonlinear results and it is found that the magnitude
of stresses is much lower when the nonlinear effects are taken into consideration.

After calculating and comparing the results for the simply supported case, three
more cases for different sets of boundary conditions were considered. In all cases the
results were also computed for the nonlinear faces and linear core combination and
the overall effect was found to be not too significant. However, as highlighted above
it is pertinent to mention that inclusion of the nonlinear effects in the core in all cases
resulted in lowering the overall displacement.

During all calculations the following four sets of boundary conditions were con-

sidered

1. Simply Supported with moveable edges (Stress Free).

2. Simply Supported with fixed edges.

3. Clamped with moveable edges.

4. Clamped with fixed edges (Stress Free).

After calculation of the results from the simply supported with moveable edges
case, the solution for each previous case served as an initial starting guess for the

next case considered in the Newton-Raphson method for the solution of simultaneous
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nonlinear equations. Since EHSAPT allows for analysis of plates with variable aspect
ratios a further case where it was assumed that the depth of the plate was half the
width was also considered in Appendix E. The results were again presented for various

geometric configurations and were compared to the square plate.

4.2 Future Work

In most approximate solution procedures, infinite degree of freedom problems are
reduced to finite degree of freedom problems. Three main approaches are used to
achieve this type of dimensional reduction. In the first approach, the solution is sought
at a finite number of discrete points of the structure; this approach is essentially a
discretization procedure, because it transforms the original problem, expressed in
terms of continuous, infinite degree of freedom functions, into a discrete problem
involving the values of these functions at a finite number of points. The derivatives
appearing in the governing equations are then approximated using finite difference
techniques. The original equations are transformed into a set of algebraic equations
that is easily solved.

In the second approach, the solution of the problem is approximated by a finite
sum of continuous functions, each weighted by an unknown coefficient. The solution
of the problem then reduces to the determination of the unknown coefficients.

Finally, the last approach, called the finite element method, combines aspects of
the previous two. In this widely used approach, the solution domain is first divided
into a finite number of sub-domains called finite elements. Within each element, the

solution is then approximated by a finite number of continuous functions, based on
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the value of these functions at discrete points, often called nodes, associated with the
element. The main advantage of this two-step approximation process is that many
aspects of the solution procedure can be carried out at the element level, i.e., by
considering one single element at a time, independently of all others. The continuity of
the solution across elements can be guaranteed by the fact that neighboring elements
share common nodes. Here again, energy based methods and techniques provide a
systematic way of obtaining algebraic equations for the unknown values of the solution
at the nodes.

It is proposed that EHSAPT for plates be extended to the Finite Element Method
(FEM). In addition, EHSAPT can also be further extended to solve a number of
other structural analysis problems such as: thermal loading, effect of delamination,
wrinkling, study of inter-laminar stresses in case of free edge problems and dynamic

stability.
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Appendix A

STATIC MODEL - STRESS RESULTANTS

( \
Nt
c+f
{Nt} =yN, 0= / {Jt} dz, for the top face sheet (75a)
\N;y
Nb
{Nb} = qu()y = / {ab} dz, for the bottom face sheet (75Db)
Nb
\ :Ey)
Similarly
4 )
Mt
c+f ft
{Mt} = M, ¢ = / {at} (z—c— 5) dz, for the top face sheet (75c¢)
M, )
( \
Mb
—c fb
{Mb} = Mgl;y = / {ob} (z+c+ ?) dz, for the bottom face sheet
Mb
L")

(75d)

For the core the following resultants are defined
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( )

Nio

Nyy
NZ. ¢

{Nc} = 3 :/ {Jc} dz, for the core (76a)
N¢, -

C
NCEZ

c
Ny, )

Similarly, the following resultants are also defined for the core

(76b)
After evaluation, the following values are obtained where only the linear terms

have been retained

Nzo =f'Clgug,, + f'Clavy, + f'Cliug, + f'Clevp, (77a)
NL, =f'Chouby  + ['Ch04  + ['Clyub , + f'Ch00 (77b)
N, =f'Claul  + [1Clevl  + [1Cloub, + fiClgth (77¢)
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C C
M$CL’1 O’CL’CE ( ( )
C C
M:m:g Oss
M¢ o€ r 3\ ” \
YY1 vy
C C C [
C Myy2 Uyy an:g Uxx
Me o ¢ ¢
221 2z 9
= 2 dz c = c 2% dz, < c = c
’ M Tys Oy M, yy3 Tyy
M —c | 0§ —C -
zy1 xy
C C C C
M o 0y ]\4%3 Ty
e o° \ ), \ J
yz1 Yz
C C
M.Z‘ZQ ) \ O_$Z )
Me ot
Tz Tz
\ y, \ y,

23dz



Ny, =f*Clu y T FPCyu0 y 1 fPChug 2t fPClsvg p

b gbob b bbb bbb bbb
Ny, =1"Cagug, + ['Coug, + ['Coug , + [ Co ,

b _ gbob b bbb bbb bbb
Ny =["Cesug, + [ Co6v0,, + | Clgug , + ' Coglo

3 1 .5 1 .3
M;x = - _ft C’wi Yy 6]mt Cfﬁwt,zy - Eft Cﬁwt,m

t t3 it t3 ~t ot 1 t3 ot ot

3 1 3 1 s
M;y - Eft Cg(ﬂwt,yy - gft Céﬁwt,wy - Eft CfGU)t,m

1 . 1 .. 1

M»’lﬁ)w - _fbgofzwb,yy - gfbdcfewb,zy - Efbgcflwb,m
1 1

Mé’y - _beCbQW Yy 6fb3056wb,xy - Efb30f2wb,m
1 1

1 .3 3
M;)y == Efb Cgﬁwb,yy - gfb Cgﬁwbwy BED)

Similarly, for the core;

1 4 1
NS =— C’f3wb + Ciw' + gcC’fQUl(iy + gCCfQUS’y + gcC'fzvay —

1, . 1 4
+ ngt012wt7yy + gccllug,l' + §

(& Cc
CC11UO71. +

3

1
+ écftC’flth

1 4 1
Ny, =— Cuw’ + CSw' + 500520& + —cC’gzvay + —CCQCQ’U&y —

1 1
+ acft0262wt7yy + 50012% T CClQU(C) 2t 0012% z

1
+ —cftC’fQMtvm

6

1 4 1
Nt = — C’§3wb + C5w' + 500531)84/ + 500531}8@ + —00531)8721 —

"%

1
+ écfthgth
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c .t
0011“0,3: -

1 4
t e t c b c . .c
—cf Cyw’ yy + gcclsuo,m + §CC13“0 T 0013“0 x

b3 b b
f C(1610 ,TX

1
gcfbctﬁwb,yy

1

b b
écf CTiw’ 4a

1 C
écfbcmwb,yy

1
gcbe’wibm

1
b e b
—Cf Cozw” 4y

cbe'13w T

(78a)

(78b)

(78¢)



c
Ny,

c
Ny,

(&
N:BZ

MC

X1

MC

X2

MC

X3

MC

Yy1

MC

Yy2

1 C 4 (& C 1 C 1 C 4 C (& 1 C
1 1
Lef ity el Gt (754)

C (4 4 (4 C 1 (& 1 C 1 C
= — Ciyup + Chyvp + 50044“’0,3, + 50044wb,y + 5fb044wb7y + 30044@”754/
1
+ 5/ Cint,, (78e)
c b c ,t 4 c ,,C 1 c b 1 boye b 1 c ,t
1
+ Eftcgf,wt,x (78f)
1
:%0{200103( — 2w + w® + wt> + C[C&( — 6uvf , + 60, — 8cdf, + 3f°
(W’ yy + 3 ftwt,yy)> + Cfl( — 6uf , + 6uf , + 8cif , + 3 (W’ 4r + 3 ftwt,m)ﬂ]
(78g)
1 C C (&
:%02 { — 1005, (wb — wt) +c [Clg (61}8& + 8§, + 6vp,, — 3f w’
+ 3f ' 4+ C¢ (6ul  +8ul  +6ul 4+ 3w’ + 3ffw! (78h)
vy 11 OUg 0,z 0,z ax o
1 C C C C
:7—003 [28013(—211)0 +w’ 4+ w') + C[Cl2< — 100, + 100, — 8cdf, + 5(f*w’
N ftwtﬂy)) n Cfl( — 10, + 10ufy , + 8cy§, + 5(fPul ur + ftwt’;m)>]]
(78i)
. 1 QOCC 2 c b t CC 6 b 6 t 8 c 3 b b
=3¢ 23(— wh + w’ +w ) —l—c[ 22(— Vg, 605, — 8cdf, + 3(f w4y
- ftwt,yy)> + C’fQ( — 6u87z + 6u8@ + 8cip , + 3( bwb .+ ftwtm)ﬂ]
(78))

1
:%3 { —10C%, (wb - wt> +c [052 (6U87y + 8u, + 60, — 3/ w’ yy + 3ftwt,yy)

+CS, (6u87m +8u, + 6ul), — 3f0ub ., + 3 ftwt,mm (78k)
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C 1 C C C C
My, :7—003 {28023< — 2w+ w’ + wt) + c[CQQ( — 1005, + 100}, — 8o,

5 0y + [ )) + Cla = 100, +10ud, + 8evs, + 5(f "0y + ftwt,m)>H
(781)

1
M, =3¢ [200§3< — 2w + w® + wt> + C[C§3< — 6uvf , + 6vf , — 8o,

3(f"0 yy + Fu ) + Ol — B, + G, + 8ef, +3(fu” e + ftwt,m))H

(78m)
(&3 1 (& 1 C 4 C C 1 (& 1 C
4 3¢ i 1 2 rboye b 1 2 ptoye ot
156 Cé690.» T ¢ [ Ceew” 2y + ¢ T O’ 2y (78n)
C 1 C 4 C C 1 C 1 C 4 C (&
My, :503066u8,y T ECSC%UO,y + 503066U6,y + 5030667’8,1; + 1_503066U0,x
1 1 1
+ 503C§6Ué,x - gcgfbcgb‘wb,my + 503ft0606wt,xy (780)
(& 1 C 1 C 4 C C 1 C 1 (&
4 1 1
- _C5C§6¢S,x + o PO ay + ot O ay (78p)
35 7 7
ME€ _1 e 12 b 406 + 2t — by,,,b ty,, b 78
y21—3c 1 | 200 — dvg + 20y — (c+ fPw, + (c+ fHw'y (78q)
C ]' C C (&
M¢, :%CQCM { — 180 + 18 + 16¢§ + 8cwg, + 3(2¢ + 3/ )w’, + 3(2¢ + 3 ft)wt,yl
(78r)
M zlcCC 2ub — duf + 2ul — (c+ fO)u’ o+ (e + fHu' (78s)
T2z1 3 55 0 0 0 »L T

T22

1
M¢ :%0205?5 [ — 18uf + 18uf, — 16¢1)5 + ewy , + 3(2¢ + 3w, + 3(2c + 3ft)wt7x}

(78t)
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Appendix B

STATIC MODEL - GOVERNING EQUATIONS AND

BOUNDARY CONDITIONS

b 1 c c c c 3 nTb c c
oug : 5—[2eMy, +3M,,, —cMg,, — Mg, ——2c¢"Ny, —cMy,, ——M

203 Tz T2 Y2 4 Y3,y TT2 4 TT3 ,
—2¢°Np, ] —b, =0 (79a)

1
oug : —[=2Mg, + Mg, —cNg, Mg, —cNp, =0, =0 (79D)

&

1
Sup : —=[2eMS, —3MS, —ceMS, + ME —203N£y’y—cMc + M;

263 Tz1 T22 TY2 Y3 4 TT2 4 TT3 4

—2¢°N, ] —b, =0 (79¢)

b 1 c c c c 3 ATh c c
0vg : 5 [2eMy, +3M,,, — My, — My, ~—2cNy, —cMg, ——M

2¢3 yz1 yz2 YY2 VY3, TY2 TY3 4

—2¢*N? ] —b, =0 (79d)

TY,x

c 1 c c 2 pn7C c
dvg 6—2[—2]\42’,21 + Myy% — Ny, +M

TY2 o

— Ny, 1 —b, =0 (79e)

t . c c c c 3 art c c
0vp : @[QCM?M —3My., — CMyyz,y + Myys,y —2C° Ny, — CMxyz,z T Mrfcys,z
—2¢°Ny, | —b, =0 (79f)

1 (& Cc c C C
sw’ @[Zlc]\/lzz1 + 2¢2N¢, — (2¢(c + HMy.,  +(2c+3f)My,, )+cfM,

+ fMycy&yy — 403Mé’y’yy (2¢(c + f)M;Zl’x + (2¢+3 f)M;%) + 2¢ fM;ym
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c 3 b 3 b c c
+ 2foy3’xy —8c"My, —4cM,  + f(chmw + BMMSW)]
= ¢"(x,y) +b. (79g)
(& 1 C C (& C C
Sw§ : 6—2[—2Mm + My, —Ng Mg, — NG J=0.=0 (79h)

1 C (& C (&)
ow' 15 2c¢(2M7, — cNz,) — (—2c(c+ f)MyZLy + (2¢ + 3f)My22,y)

— (ef M

YY2 yy

_ fngg,yy + 463M§y,yy) — (—2c(c+ f)M;le + (2c¢+ 3f)M£Z21)

—2(cf M, — M

Y3,y

+ 48 M;y’w) — (4c M;m,m +c fM;m’m — fngs,m)

=q'(z,y) +b- (791)

The associated boundary conditions at x = 0, a read as follows

o M, M
Ug = U or Tz _% + Nxz’ (803)
- M¢
ug=u° or NS =NS — Cg;m (500)
- cMe, — MS
up=i' or Nl = g N (80¢)
o <b _CMiy + ng b
Yo =0 0T ANy = 2203 "t Ny (80d)
. M¢
=0 or Ny =Ny, - —3" (80e)
_ cM¢, — M¢
=0 or Ny =——f "+ N, (80f)
~ 1
PP =13 403M£I + 4c3M£y .t 403N£wa,z + 4C3N£ywb,y
c ’ ’
b_ b c c . X
w’ =’ or — Cme”?,x —chm)y +2c(c+ f)Mg, + (2¢+3f)M,.,
_fociL‘g,gc o fM£y3,y
(80g)
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-, fleMg,, + ME, ) — AP M?,

ozt or =L M o
c _ 3¢ ]50 —N¢ — MI'CZQ S0
tomwoen e T (80)
e rc c M:zf:c )
o=ve or MT=M, -5 (80j)
~ 1
t— 30t 3t 3art ot 37t ot
P =1 4" My, +4c" My, + 4Ny w' o + 4Ny w'
w'=a@"  or +ef Mg, Hef Mg, —2c(c+ f)Mg,, + (2c+3f)M;,,
_foCx:’),x o fMngg,y
(80k)
- 43 Mt + Me¢ — fMcE
wt7x — w,ta: or M= _ C zx Cf463xa:2 f T3 (801)
(80m)

where the tilde accent denotes the known external boundary values. Similar equations

can be written for y =0, b
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Appendix C

DYNAMIC MODEL-STRESS RESULTANTS

where
N® Zk+1
179 17 1) i S
k=1" "%k
and
fb,t
(=" =24 (c+5)
2
Also
( 3\ ( A
0 Odug
€ ox
0 = 0 = 3’00
{6 } Eyy oy
0 duo 4 dvg
[ Vay [ oy + B
and
r \ r \
1 92w
Cax T 022
1 = 1 = _82’11)
{6 } €yy Oy?
1 _ d%w
\’me) L Ozdy

For the core the following resultants are defined
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4 A 3\
Ngy open
N¢ c | o€
{Nc} = WL / WA s (86)
N, I
NC C
\ e Vs \ O-xy J
A
(@ ¢ |og,
= / dz (87)
Qy N K

( 3\ )
C C
M:m: lope ( \ ( \
C C
RCECE O-Il'
C C / \
Myy Ty ) (
C C C C
. c . c c
M o
- - zdz, Re = ¢ szz, pc p = ¢ 23dz
u Ty xy vy vy
c —c | g¢ —c —c
Ty zy
C C C C
Ra:z Oz Pmy Ozy
Me o° \ J \ Y
xrz rz
C Cc
\ Ryz Vs \ Uyz /
M¢e o€
yz yz
\ \ V,
(88)
h
2 .
8 :/hp(z)ldz (i=0.1,2.3..6) (89)
-3

where h represents the thickness of the bottom facesheet f°, core 2c and the top

facesheet f! respectively.
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Appendix D

DYNAMIC MODEL-GOVERNING DIFFERENTIAL

EQUATIONS AND BOUNDARY CONDITIONS

ub i AasME, — 6asRS, — Nb, +205P%, — 200K, — Nb, 4+ 205P%,

— 205 RS, |+ Buiif) — 2Byiif + 4Bsiif + 2651 — Baii?, + 2f' Bz, =0 (90a)

Svp: AapMS, —6asR;. — N} +203P;, —2a0RS, — N+ 203P%,
— 20aRS,, |+ Bih + 28905 + ABsih — 2850 — Bati, + 2! By, = 0

ow’: dapMg, — anNE, + (aq + 2 an) (ME, + Mg, ) —2M?,  —M?,
+ flay(Py,,, + Py, +2P;, ) = flaa(RE, |+ Ry, 2R,
— R, (202 + 3fas) + B’ — Brivg — Bt + Balii, + 5,

+ fPBaiiG, +6,) + 2" Bs(ih, + U5 ) + fb55(12;8,,c - ¢8y)

+ fbftﬁ?)(w,txm + wfyy) - BQ(w,bxw + 7“.ijyy) = qb[x7 Y, t]

Sup : dagMS, + 6as RS, — Niy’y —2a3P;, —2mR;, — N‘,qu’z —2a3P;, |
— 20 RS, |+ APBsiif) + 25 + &yiif + 26505 — 2f° Bsi?, + Eqb’, = 0

ovg: AapMy, +6azR;, — N,, —2a3Py —205R;, — N, ——2a3P;,
— 200 RS, + AB31) + 26556 + &1 — 28565 — 2" Ba?, + &y, = 0

dw': dasMS, + a; NS, — (oz1+2ft042)(MyCZy — Mg, )—2M,, ~— M

TY,xy TX xx

+ fta?’(Pij,yy + Pfcﬂ?m + 2P£y,xy) + ftaQ(R?jy,yy + 2R;yymy + Rgz,m)
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— RS, (200 + Bag f') — By’ + & + &' + f°f B (i, + iy,

— 2f"Bsiig, + ) — f&aliis, +55,) — &liig, + )

= [1&5 (65, + 5 ,) — oy, + i) = d'lz.y. 1] (90f)

uf : 8anMg, + Ny, —40sR;, + Ny, —4dasRS,  — 20siig — Ayiig — 231

= Dy + BofVit, — Baftisl, = 0 (90g)

0§ 8042M;Z + N‘,jy’y - 4oz2R§y’y

+ N;c:y,z - 4OK2R;y7I - 2621)8 - Alv(c) - 262’06

+ A2¢8 + B?)fbw,by - B?)ftwfy = 0 (90}1)

owg . BaMZ, + Q) —4mRy,

+ Q5 — 4R, + B’ — Ay — &' = 0

(90i)
605 —Qp+12R;, — Mg, + My, —4ayPy, —dayPy,  — 203500 — Al
+ 2650 + Aug + f0B50h, + &, =0 (90j)
o5 Q5 —12R;, — My, — Mg, +4ayP5,  +4ayPyg, + 205ii + Agii
+ 2851 + Ag§ — fOBsu, + flésu’, = 0 (90k)
Where
B ! 1
ar = 2¢ a2 = 42 as = 4¢3
8, — 48 I8 + A2I§ — 2clE + I§ By — AIS — AIS — IS + clt
! 4¢8 2 4c8
B, — 02_72 — I 8, = 807]8 + 406fb_78 + 806_7{’ + cszli — 20be5C + fblg
° 165 : 8¢b
By = C3I§—02Lf—c]§—|—[§ By = 46418—1—02[5—20[3?—1-[2
> 4¢5 6 4ch
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AI¢ — IS — eI + IS IS — I§
pr = o Bs=—ra—
2 2. 2. 2 .
8, — 16¢® 18 + 167 fOIS + A4S fo7 I8 + 32¢710 + 16¢° f 1P + 16515 + ¢ fo7I5 — 2 fO° I + o7 I
16¢¢
A, — AIS — 2215 + I
A
A, CH=2C I I
A
AT — 26T + I¢
Ay = =
¢ AL = AIE 4 2eIE 4 I
b 48
¢ A5+ IS — AIE — el
2T 4cb
¢ 8T 4+ A UL — 8T + A fUI§ + 2 f1 I + fUU§
T 8¢
¢ A5+ IS — AIE — el
° 4cb
¢ AT+ AIS 4 2¢I§ + I
o~ 4cb
. I+ cly—cl§— If
2¢t
: 163 IL + 16¢7 f1TE 4 4cS f2 I8 — 32¢TTE — 16¢5TE + 16¢5T8 + A1 IS + 2ef12IE + f12I¢
9 pum
16¢5

The associated boundary conditions at x = a read as follows

cMS.  + M¢

b _ ~t b TT2 TT3 b
Uy = U or N, = 503 + N,
C
ub = it or N =Nb —203P° + 20, R°
0 — Tz ~ Txx 3Lz 24y
c __ ~c \7C  __ATC c
Uy = U or N;, =N_, — 4R,

it or N =N +2a3P°, +2a5RE,

S

o+
Il
S
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or

or

or

or

or

or

or

or

or

or

or

or

7O __arb c c
N =N?, —204P%, + 2a5RC,
NE, =N¢, — das RS,

7t ATt c c
Nyy —ny + 20(3sz + 20./2ny

Qn = — a1 MS, — 205" M, + 205 RS, + 3as f*RS, — Byl

— [P Batif — 285 f¥iily — Bsib§ + MP, — flasPy,

+aof°RS, 4+ M), —oasf'Pr, +aaf’RS,

Y,y T o
+ Boti®, + f°f* Baiit,

M, =— M, +asf'P, — asf°RE,

~ b

M,, =-— ng + g be;y — be;y

Q. =Q° — 4ayRS,
M,,” =M¢, — Aoy PC,

M,, = — M¢, +4ay PE,

O, =y ME, + 200 f'ME. + 205 RE. + 303 f R, + 2 Bsiil

+ fleiil + Eqiil + €S + M

TY,y

— ftong;y’y

- ft&QR;y,y + Miia?,z - ftOé3P$Cx,z - fta2R;x:I
— [P f! Bst®, + Eoiit,
Moo == M., + asf'PS, + cof 'R,
~ t C C
M, == M, +asf P, + asf'RE,
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where the tilde accent denotes the known external boundary values. Similar equations

can be written for y = 0,b
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Appendix E

NONLINEAR STATIC ANALYSIS RECTANGULAR

PLATE

a

A nonlinear static analysis of a rectangular plate with x = a and y = 5 is presented

for the following set of boundary conditions.

1. Simply Supported with moveable edges (Stress Free).

2. Simply Supported with fixed edges.

3. Clamped with moveable edges (stress free).

4. clamped with fixed edges.

For movable (stress-free) boundary condition in-plane displacements along the nor-
mal direction to the boundary are allowed whereas the out-of-plane displacement is
restricted. Similarly, for immovable boundary conditions, the plate is prevented from
both in-plane and out-of-plane displacements along the edges.

The analysis technique employed is the same as explained above in Section 3.3 for

a square plate. Following geometric properties were used.

e The top facesheet has a thickness of f! = 2mm.

e The bottom facesheet has a thickness of f* = 2mm.
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The core thickness is 2¢ = 16 mm.

The total thickness of the plate is defined to be hyy = 2f + 2¢.

The width of the plate is a = 20h;.

The depth of the plate is b = §.

The material properties are the same as highlighted in Section 3.3.

E.1 Simply Supported with Moveable Edges

0.8 @

07 —®— linear -
-m— nonlinear /f

0.6

| pd
0.5 —

04

0.3
0.2 e

w' at x=a/2, y=b/2
N
\

9

Figure 50: w' for simply supported rectangular plate with moveable edges-linear vs
nonlinear Solution
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07 p =
y L]
0.6 -l
. . %
/ L 4
N 0.5 pog p
> 0.4 - . @
N . Vi u i

a9 * g b
ff / o 4
x 03 * ” 4
® ’ e
2 a4

0.2 / 4 .

s ®— linear ss square plate
/) 2 -®— linear ss rectangular plate
0.1 7 Z. + — nonlinear ss square plate
® -4— nonlinear ss rectangular plate
/ua” ‘ ‘
0 | i
0 0.5 1 1.5 2 25
q

Figure 51: w' for simply supported rectangular plate with moveable edges-linear

square plate vs linear rectangular plate vs nonlinear square plate vs nonlinear rect-
angular Plate

E.2 Simply Supported with Fixed Edges

0.48 T T T e
e ss with moveable edges e
04 | -®— ss with immoveable edges
PY n
~ ICe ' T
3 o0a2 o et
I -
> * -
a4 0.24 i -
) L /.
© / o
3 0.16 o =
/ '/.
. -
0.08 <
0
0 0.5 1 1.5 2 25
q

Figure 52: w' for simply supported rectangular plate with fixed edges-simply sup-
ported with free edges vs simply supported with fixed edges
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06
e ss fixed square plate o
05 ®— ss fixed rectangular plate 1
- e
o
s 0.4 <
0 - ]
Q“ ® _n -
ﬂ’ 0.3 -
i ° -
Té o N o
"3 0.2 oA
/ /.’,,
0.1 P
[
om" |
0 0.5 1 1.5 2 2.5
%

Figure 53: w' for simply supported rectangular plate with fixed edges-square plate vs
rectangular Plate

E.3 Clamped with Moveable Edges

= |
—=e— clamped moveable edges =
rectangular plate "
0.16 -B— clamped moveable edges -
square plate — "

] -

o) p

1] 0.12 w

> [ - Q
o " S

ﬂ’ )

p] 8

:: 0.08 ) e
Ny I .

; /,/ ’ P 4

0.04 va e
.
0 .,. |
0 0.5 1 1.5 2 25
qo

Figure 54: w' for a clamped rectangular plate with moveable edges-square vs rectan-
gular Plate
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0.48 I

e
—e— ss moveable edges
-B— ss immoveable edges e
04 + — clamped moveable edges
@ - ]
o e 7
- 0.32 o .-
1] p -
> - y
S om L
-.>.<- o M
©
"3 0.16 ~ om
/'/ /.
/ < <
/,/ /yl . - -
0.08 4 . e
/ s
‘,}/ o *
ome \
0 0.5 1 1.5 2 25
q

0
Figure 55: w' for a clamped rectangular plate with moveable edges-simply supported

with moveable edges vs simply supported with fixed Edges vs clamped with moveable
edges

E.}, Clamped with Fixed Edges

] [
0.1 ®  clamped with moveable edges o
B clamped with immoveable edges
) P
0.08 -~ -
L . o
o 0.06 . o
© .
Il .
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Figure 56: w! for a clamped rectangular plate with fixed edges-clamped with moveable
edges vs clamped with fixed edges
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Figure 57: w' for a clamped rectangular plate with fixed edges-square vs rectangular

plate
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Figure 58: w' for a clamped rectangular plate with fixed edges-linear simply supported
with moveable edges vs nonlinear simply supported with moveable edges vs simply
supported with fixed edges vs clamped with moveable Edges vs clamped with fixed

edges
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