Classical Plate Model

Wenbin Yu*
Utah State Unwversity, Logan, Utah 84322-4130

April 12, 2012

1 Introduction

If a structure has one of its dimensions much smaller than the other two, such as a flat or
curved panel, we can simplify the analysis of such a structure using plate or shell models.
In this chapter, we focus on flat panels which can be modeled using plate models for
simplicity. Mathematically speaking, a plate can be considered as a degenerated shell.
Figure 1 provides a simple sketches of a rectangular plate with constant thickness. In
general it is not necessary for the plate to be rectangular nor the thickness must be
constant. The only requirement is that the thickness must be small in comparison to
the in-plane dimensions. For the rectangular plate in Figure 1, we require h/a < 1 and
h/b < 1. Usually, we also have a & b. If it is a circular plate with radius r, we then require
h/r < 1. The small aspect ratio is not a defined value but a qualitative assessment and
an engineering judgement of the analyst. For us to develop the plate theory, we need
to introduce two terminologies: reference surface and transverse normal. The reference
surface of the plate is defined along the two larger dimensions, denoted using xi, x5 in
Figure 1. There are infinite many choices of reference surface although the mid-plane
is usually chosen as the reference surface. Note in the undeformed state, the reference
surface of a plate structure is actually a plane. The transverse normal is formed by the
material points along the thickness direction, denoted using x3 in Figure 1. Without loss of
generality, we locate the origin of x3 on the reference surface in this note. In other words,
x3 = 0 denotes the reference surface. For every point in the reference surface denoted
by (x1,z3), there erects a transverse normal. If the mid-plane is chosen as the reference
surface, then z3 ranges from —h/2 to h/2. If the thickness is not constant, we could have
the thickness as a function of x1, 9. For the structure to be reasonable modeled as a plate,
we also require that the thickness varies smoothly along the reference surface of the plate.

Although we could use the finite element method to routinely analyze complex struc-
tures, simple plate models are often used in the preliminary design stage because they can
provide valuable insight into the behavior of the structures with much less effort. There
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Figure 1: Sketch of a plate.

are different plate models with different accuracy. The simplest one is the so-called classi-
cal plate model, also called Kirchhoff plate theory, which usually can provide a reasonable
prediction for thin plates. There are at least three ways to derive this plate model: New-
tonian method based on free body diagrams, variational method as an application of the
Kantorovich method, and variational asymptotic method. Both the Newtonian method
and the variational method are based on various ad hoc assumptions including Kirchhoff
kinematic assumptions and kinetic assumptions for the 3D stress field within the structure.
For this reason, we also term both the Newtonian method and the variational method as
ad hoc approaches. Most textbooks only present the Newtonian method as it is intuitive
for understanding. However, it is tedious and error-prone for development of new models
and analysis of real structures. On the contrary, the variational method is systematic and
easy to handle real structures. Mainly for this reason, the variational method is commonly
employed in the literature to derive new plate models. The variational asymptotic method
is a recent addition to the plate literature and it has the merits of the variational method
without using ad hoc assumptions. We will present the details of these three methods for
constructing the classical plate model for isotropic, homogeneous plate (plate-like struc-
ture made of a single isotropic material) to appreciate the advantages and disadvantages
of different methods.

Fundamentally speaking, a plate model, no matter how rudimentary or how sophisti-
cated it is, is a two-dimensional (2D) model. It seeks to replace the governing equations
of the original three-dimensional (3D) structure with a set of equations in terms of two
fundamental variables, the two coordinates describing the plate reference surface. In other
words, we need to replace the original 3D kinematics, kinetics, and energetics in terms of
their 2D counterparts.

As plate models can be considered as an approximation to the 3D elasticity theory, it is
appropriate for us to review the basics of the 3D elasticity theory. For simplicity, we restrict
ourselves to material and geometric linear problems only. The theory of linear elasticity
contains three parts including kinematics, kinetics and energetics. The kinematics deal
with a continuous displacement field (u;) (Here and throughout this chapter, Greek indices
assume values 1 and 2 while Latin indices assume 1, 2, and 3. Repeated indices are



summed over their range except where explicitly indicated) and a continuous strain field
(i) satisfying the following strain-displacement relations at any material point in the

body:
1
€ij = §(Uzg + ;) (1)

The kinetics deals with a continuous stress field (o;;) satistying the following equilibrium
equations at any material point in the body:

ojij+ fi=0 (2)

The energetics deals with the constitutive behavior of the material. For an isotropic elastic
material, it deals with the following constitutive relations satisfied at any material point
in the body:

( €11 ) [ 1 -V -V 0 0 0 i 0'11\
€929 -V 1 -V 0 0 0 099
e33 | i v —v 1 0 0 0 033 (3)
2%n( E|O0 0 0 20+v) 0 0 23
e+ 0 0 0 0 20+v) 0 o1
| 2612 ) 0 0 0 0 0 2(1+v] (ow)

It is commonly called the generalized Hooke’s law for isotropic elastic materials. The 6 x 6
matrix is the compliance matrix with £ as the Young’s modulus and v as the Possion’s
ratio. The constitutive relations in Eq. (3) can be simply inverted to obtain a 6 x 6 stiffness
matrix.

The 15 equations in Egs. (1), (2), (3) form the complete system to solve the 15 un-
knowns (u;, €5, 04, note the symmetry of €;; and o;;). Clearly boundary is also part of the
body, which implies that the above equations should also hold for points on the boundary.
However, along the boundaries, we also know some information which can be considered
as given to the plate structure in question. For example some boundary points are fixed.
Hence along the boundary, we have some additional equations to satisfy. If the displace-
ment of some boundary surfaces is prescribed to be u, then we require the displacement
field to satisfy

u; = u; (4)

on such boundary surfaces. If the traction of some boundary surfaces is prescribed to be
t;, then we require the stress field to satisfy

Tini = (5)

2 Ad Hoc Approaches

In view of what we have learned about beams, plates can be understood analogously. Like
a beam has the cross-section much smaller than the reference axis, a plate has the length
of the transverse normal much smaller than the reference surface dimensions. Like beams
are modeled using 1D models posted over the beam reference axis, plates are modeled
using 2D models posted over the plate reference surface.
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Using ad hoc approaches to develop beam models, we introduced some kinematic
assumptions regarding the deformation of the cross-section. Likewise, to use ad hoc ap-
proaches to develop plate models, we will introduce some kinematic assumptions regarding
the deformation of the transverse normal. Specifically, in deriving the classical plate model,
we need to first introduce the so-called Kirchhoff assumptions which enables us to express
the 3D displacements in terms of the 2D plate displacements, and the 3D strain field in
terms of 2D plate strains. Then assumptions of the stress field are also used to relate the
3D stress field with the 3D strain field as what we did similarly in deriving the classical
beam model. Although these assumptions are commonly used in our textbooks, they are
not emphatically pointed as one set of many possible assumptions. Students might mis-
takenly think these are the assumptions must be made for plate theory or, even worse,
they might think that these assumptions represent a universal truth for plate-like struc-
tures. The reality is that these assumptions are usually reasonably justified for isotropic
homogeneous plates and become questionable for plate made of general anisotropic, het-
erogeneous materials such as composite laminates or sandwich panels. These assumptions
are not absolutely needed if one uses the variational asymptotic method to construct the
plate model, as we will show later.

2.1 Kinematics

As we have pointed out that the derivation of the classical plate model using the Newtonian
method and the variational method starts from some kinematic assumptions which were
originally made by Kirchhoff. We will first discuss his assumptions and their implications
for kinematics.

2.1.1 The displacement field based on Kirchhoff assumptions

The Kirchhoff assumptions are
1. The transverse normal is infinitely rigid along its own direction.
2. The transverse normal of the plate remains straight during deformation.

3. The transverse normal remains normal to the reference surface of the plate during
deformation.

Clearly these assumptions are completely analogous to the Euler-Bernoulli assumptions
we used in deriving the classical beam model if we replace transverse normal with cross-
section and plate reference surface with beam reference axis. Experimental observations
show that these assumptions are reasonable for thin panels made of isotropic homogenous
materials. When these conditions are not met, the classical plate model derived based on
these assumptions may be inaccurate. Now, let us discuss the mathematical implication
of the Kirchhoff assumptions.

As shown in Figure 1, we introduce a set of unit vectors é; with coordinates z; to
facilitate the derivation of our plate model. This set of axes is attached at a point of
the plate structure, es is along the transverse normal, and e; and e, define the plate
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Figure 2: Decomposition of the in-plane displacement field.

reference surface. Let uy(xy, 29, x3), us(x1, 9, x3), and ug(z1, r9, x3) be the displacement
of an arbitrary material point of the plate in the &, €5, and e3 directions, respectively.

The first Kirchhoff assumption states that the normal material line is infinitely rigid
in its own direction, which implies every material point of the transverse normal moves
rigidly along the transverse direction, which also implies that the transverse displacement
of every material point in the plate with the same in-plane location (x, z3) remains the
same. In other words, the transverse displacement field of the plate structure can be
described as a function of x1, x5 such that

ug(z1, T2, 3) = Us(xq, T2) (6)

The second Kirchhoff assumption states that the transverse normal remains straight
during deformation. This implies the in-plane displacement field of the plate is at most
linear of coordinate x3, which is

(21, T2, x3) = Uy (21, T2) + x3Po (21, 22)

U (21, T2, x3) = Us(x1, T2) — x3P1 (21, 72)

(7)

Here u,, can be considered as the in-plane displacements of material points on the reference
surface (x3 = 0). Although the center of rotation is not necessarily at the origin of
xg, rotation around any other point can still be expressed using Eq. (7) as any in-plane
displacements introduced by the shifting of the rotation center can be incorporated into
the unknown functions u,(z1,z). The physical meaning of the in-plane displacement
expressions in Egs. (7) is explained by the sketch in Figure 2. Note the sign convention:



the rigid body translations of the transverse normal @;(x1, x2) are positive in the direction
of the axes &;; the rigid body rotations of the transverse normal ®,(z1,x2) are positive if
they rotate about the axes e, respectively. Figure 3 depicts these various sign conventions.
The reason there is a negative sign in the last term of Eq. (7) is because a positive ®; will
create a negative in-plane displacement along z, direction for a positive z3 (see Figure 2).

X5,€4

Figure 3: Sign convention for the displacements and rotations of a plate.

The third Kirchhoff assumption states that the transverse normal remains normal to
the reference surface during deformation. This implies the equality of the slope of the
reference surface and of the rotation of the transverse normal, as depicted in Figure 4

Q) =1uzp; Py = —uz; (8)

where comma denotes partial derivative with respect to in-plane coordinates, i.e., () o =

%. The minus sign in the second equation is a consequence of the sign convention on
the displacements and rotations. Substituting Eqgs. (8) into Eq. (7), we can eliminate the
rotations of the transverse normal from the in-plane displacement field. The complete 3D

displacement field for a plate-like structure implied by the Kirchhoff assumptions writes

us(x1, Ta, x3) = Us(T1, T2) — T3Us 9)

Here, we have to emphasize that the fact that in reality that the 3D displacements
w;(x1, 9, x3) are generally 3D unknown functions of xq,xs, 23 as determined by physics.
We have assumed a specific functional form for them in virtue of Kirchhoff assumptions so
that u, must be a linear combination of x3 and some unknown 2D functions u; and their
derivatives which are functions of z1, x5 only. The Kirchhoff assumptions can be equiva-
lently considered as constraining the structure in such a way that it must behave according
to these assumptions, although we might not be able to apply such constraints physically.
Because of these constraints, the overall system is stiffer than the original structure. In
other words, for a structure under the same load, displacements u; obtained using the clas-
sical plate model based on the Kirchhoff assumptions will be generally smaller than those
obtained using a theory (for example 3D elasticity) without such assumptions. One or all
of the three Kirchhoff assumptions can be removed or replaced by other assumptions. For
example, one can remove the third Kirchhoff assumptions, which implies the transverse
normal remains straight during deformation but it not necessarily remains as normal to
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Figure 4: Plate reference surface slope and transverse normal rotation.

the reference surface. This is actually the starting point of the derivation of the Reissner-
Mindlin plate model. As the Reissner-Mindlin plate model has one less assumption, it is
expected that the displacements obtained by this model will be larger than those obtained
using the classical plate model based on the Kirchhoff assumptions.

Clearly, the complete 3D displacement field of the plate can be expressed in terms of
three two-dimensional displacements w;(z1,x2). This important simplification resulting
from the Kirchhoff assumptions allows the development of the classical plate model in
terms of @; which are unknowns functions of the in-plane coordinates x; and x5 only, a
2D formulation. In other words, by using the Kirchhoff assumptions, we relate the 3D
displacements, w;(z1, 2, x3), in terms of 2D plate displacements, @;(z1, x2).

2.1.2 The strain field

To deal with geometrical linear problem, we use the infinitesimal strain field defined in 3D
linear elasticity as

1
ey = 5 (uig + uy;) (10)

Substituting the displacement field in Egs. (9), we obtain the following 3D strain field as

e11(w1, 09, 23) = U1,1 — T3Us 11

€22(T1, 9, T3) = Upp — T3z 22 (11)
2e19(21, T, T3) = U1 + U1 — 27303 12

€13(1, T2, 13) = €03(71, T2, ¥3) = £33(1, T2, w3) = 0

The vanishing of transverse normal strain £33 is a direct consequence of the first Kirchhoff
assumption as we assumed that the transverse normal is infinitely rigid which implies no
strain exist in the transverse direction. The fact the in-plane strains €,4 are linear functions
of x3 is a direct consequence of the second Kirchhoff assumption as we assumed that the
transverse normal remains straight during deformation. The vanishing of transverse shear
strains €,3 is a direct consequence of the third Kirchhoff assumption as we assumed that



the transverse normal remains normal during deformation. That is, the 90 degree angle
between transverse normal line and the reference surface remains as 90 degree, implying
that the corresponding shear strain components are zero.

At this point it is convenient to introduce the following notation for the 2D plate

strains ]
Eaﬂ<x17:p2) - §<ﬂa,6 + aﬁ,a); Ha,@(xlaxQ) - _ﬂ3,o¢6 (12)

where €, are the in-plane plate strains, ko3 the curvature of deformed reference surfaces.

These strain measures €,3, kqp are usually collectively terms as the classical plate strain

measures. Eq. (12) can be considered as the 2D plate strain-displacement relations.
Using the definition in Eqs. (12), we can express the 3D strain field in Eq. (11) as

€ap(T1, T2, T3) = €ap + T3Kap

13
813($171727953) = 823(%,5527963) = 533($17$2,SE3) =0 ( )

The original 3D strain field is expressed in terms of the classical plate strain measures,
which are 2D functions of x1, x5 and we have now completed the expressions for 3D kine-
matics including the displacement field u;(z1, z2, z3) and the strain field €;;(z1, 22, x3) in
terms of 2D kinematics including plate displacement variables @;(z1, z2) and the classical
plate strain measures €,s5(z1, 22) and Kq5(z1, 22).

2.2 Kinetics

Having known the strain field, we can obtain the stress field in the plate structure using the
generalized 3D Hooke’s law if the material is linear elastic. For example, for an isotropic
material, we have

011 = (A + 2G)e1; + Aeay

099 = (/\ + 2G)822 + )\811

012 = 2G€12 (14)

033 = A(€11 + €22)

013 =093 =0
where A = WP{*M and G = ﬁ is the shear modulus. Although this stress field
naturally flow from the generalized Hooke’s law using the strain field in Eq. (13), it does
not agree with the experimental measurements very well. We have to introduce additional
assumptions regarding the stress field to provide more accurate approximation of the
reality. Because the thickness of the plate is much smaller comparing to the in-plane
dimension of the plate, we can assume that transverse stresses o;3 &~ 0 in comparison to
04p. This assumption, particularly o33 ~ 0, clearly conflicts with the stress field in Eq. (14)
resulted from the strain field which is obtained from the displacement field based on the
Kirchhoff assumptions. The reason is that the first assumption of Kirchhoff, transverse
normal remains rigid in its own direction, clearly violates the reality. We all know that
when the plate is deformed, the plate will deform in its thickness direction due to Poisson’s



effect. For this very reason, we overrule the previous assumptions for obtaining kinematics
and introduce the following assumptions for the stress field:

;3 = 0 (15)

Note 0,3 already vanishes in Eq. (14) due to the third Kirchhoff assumption and isotropy
of the material. If the material is general anisotropic, o,3 in Eq. (14) will not vanish
although we still have the transverse shear strain €,3 = 0 due to the third Kirchhoff
assumption. The stress assumption in Eq. (15) is usually called plane stress assumption.
Here, to comply with this assumption for isotropic material, we have to also implicitly
assume the transverse normal strain £33 is not zero. According to the generalized Hooke’s
law, we know

033 = ()\ + 20)833 + )\(811 + 622) (16)

In view of the assumption in Eq. (15), we have

v
(€11 +€22) = - (€11 +€22) (17)

BT T TG 1

This implication directly contradicts with the strain field in Eq. (13) obtained using the
Kirchhoff assumptions except when v = 0 which in general is not true.

Substituting the transverse normal strain in Eq. (17) along with those additional strain
measures in Eq. (13) into the generalized Hooke’s law, we end up with the following stress

field:

=T (€11 + veg)
092 = —<522 + 1/811)
1— 12 (18)
012 = 2Ge1y
033 — 0

013 =093 =0

Clearly the above stress field is not the same as those in Eq. (14), which implies that
the stress field in Eq. (18) conflicts with our starting Kirchhoff assumptions. This kind
of contradictions is common in structural models derived based on ad hoc assumptions.
Nevertheless, such inconsistencies are used in the derivation of the classical plate model
and commonly taught in textbooks. These contractions can be partially justified by the
fact that we need to rely on the Kirchhoff assumptions to obtain a simple expression of the
3D kinematics in terms of 2D kinematics and we also use the stress assumptions in Eq. (15)
so that the results can better agree with reality. A sad fact is that such inconsistencies
are seldom clearly pointed out and criticized. As a summary, to derive the classical plate
model based on ad hoc assumptions, we have to first use the Kirchhoff assumptions to
related 3D kinematics with 2D kinematics, and then use the stress assumption in Eq. (15)
to obtain the 3D stress field. In other words, in our further derivations, we use the 3D
strains as expressed in Egs. (13) and the 3D stresses as expressed in Eq. (18), despite of
the fact that they are obtained by using two sets of conflicting assumptions.
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Figure 5: Sign convention for plate stress resultants

We also need to note that the transverse shear stresses in Eq. (18) vanish because the
transverse shear strains vanish based on the Kirchhoff assumptions. When we assume
the transverse normal remains normal to the reference surface during deformation, we
effectively assume that the plate is infinitely rigid in transverse shear. Hence, the trans-
verse shear stresses, although exist in general, cannot be obtained based on constitutive
relations but must be determined from equilibrium considerations as will be shown later.

To complete the 2D plate model, we also need to introduce a set of 2D kinetic variables
called plate stress resultants to relate with it 3D counterparts, the 3D stress field. The
plate stress resultants are defined as follows:

(0ap) = Nap

(T3008) = Mag (19)

where the angle brackets denote integration over the thickness. Because o195 = 091, we
have Nis = No; and M5 = Ms;. The sign convention is determined by the definition as
depicted in Figure 5 for a differential plate segment. The transverse shear stress resultants
Ny are defined similarly as the first equation in Eq. (19) such as

<Ula> = Na3 (20)

although as we have pointed out that oy, in Eq. (18) vanish due to the third Kirchhoff
assumption and the Hooke’s law. However, such stress values are not zero as they are
needed to balance the vertical load on the plate, which is the primary loading mechanism.
For this we have to admit the fact that we cannot obtain the transverse shear stresses
directly from the constitutive considerations. Nevertheless, we can obtain N,3 from equi-
librium considerations. From N,3, we can approximately estimate o1,. For example, we
can assume the transverse shear stress is approximately uniform through the thickness,
then we have o1, ~ N,3/h. Another way to estimate the transverse shear stresses are
through the 3D equilibrium equations with the knowledge of in-plane stresses o,5. As will
be shown later, N,3 are not kinetic variables in the 2D classical plate model and are only
used for deriving the equilibrium equations using the Newtonian approach.
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It is timely noted that to complete the kinetics part, we need to establish governing
equations among the 2D plate kinetic variables N,g, M, which will be furnished by either
Newtonian method or the variational method later.

2.3 Energetics

Substituting the 3D strain field in Eqgs. (13) into the 3D stresses in Eq. (18), then into
Eq. (19), we have

E Ev r3F r3FBv
N = 1-.2 €11 + 1= .2 €22 + 12 K11+ 12 )
Ev E 3By T3l
[_ 2/ + 1_,2/) + 1— .2 K11 + 1— .2 K22
IgE
Ny = <—> 2€12 + <—> 2K12
2(1 2(1

> 2By ; .
— v
sbv n r3lB n 2BV n r3E
1_ .2 €11 1_ .2 €22 11— .2 R11 1_ .2 R22
$3E ZL’%E
Mio=( —""—-)2 — )2
12 <2(1—|—1/)> 612+<2(1+1/) K12

The constitutive relations in Eqgs. (21) can be rewritten in the following matrix form as

(N]_]_ ) ( 61]_ )

N1z 2619

Noo . A B €22

My N {B D R11 (22)
My, 2K12

\M22, L F22 )

where A is the extension stiffness, B is the extension-bending coupling stiffness, and D is
the bending stiffness. For a plate made of a single homogenous isotropic plate, we have

1 0 v
Eh E E (22
A= A B=EWIN p B A g A= (o 2 g (23)
1— 2 1— 2 1 — 2 ,o0 1

If the origin of x5 is located at the mid-plane, i.e., —}—2‘ < a3 < %, we have (z3) = 0 and
(x3) = g Clearly the extension-bending coupling stiffness matrix B vanishes under this
choice of 3.

Eq. (22) can be considered as the constitutive relations for the classical plate model,
the 2D counterpart of the 3D generalized Hooke’s law. The 6 x 6 symmetric matrix is
commonly called classical plate stiffness matrix. Because of the assumptions we have

used, the restriction that the plate is made of a single isotropic material, and the choice
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of mid-plane as the reference surface, the bending behavior is automatically decoupled
from extension, implied by the fact that the extension-bending coupling stiffness matrix
B vanishes. That is also the reason that why in traditional textbooks on the theory of
plates, only the bending behavior is primarily taught. Many situations may result in
nonzero B matrix. Then the extension and bending behavior should be studied together.
For a composite plate structure, the stiffness matrix could be fully populated such that
A, B, and D are fully populated 3 x 3 symmetric matrix, and the extension and bending
behavior are fully coupled for general cases.

2.4 Equilibrium equations

In our classical plate problem, we are solving for the unknown plate displacements (1),
plate strains (€., kap), and stress resultants (Nag, M,s), a total of 15 unknowns, noting
€192 = €921, K12 = Kaoi, N12 = Ngl, and M12 = Mgl. Thus far, we have obtained six
equations for the 2D strain-displacement relations in Eq. (12), and six equations for the
2D constitutive relations in Eq. (22), a total of 12 equations. We are lacking of three
equations to form a complete system. These three equations can be derived using either
Newtonian method or variational method.

2.4.1 Newtonian method

To use Newtonian method to derive the equilibrium equations of the classical plate model,
we need to consider the equilibrium of a differential plate element using some free body
diagrams, which is the focus of this section.

Consider a plate structure subjected to a general loading consists of distributed forces
p; and moments ¢, in the reference surface and distributed forces P; and moments @),
along the boundary of the reference surface. The distributed surface forces pi(x1,z2),
pa(x1,2), and pz(x1,2) act in the direction é;, éy, and es, respectively. The same
convention is used for the distributed boundary loads P;, P, and P;. The distributed
surface moments ¢, (x, z2) and go(21, x2) act about the axes €; and ey, respectively. The
distributed moments along the boundary ) and ()5 act about the same axes. One or more
sets of concentrated forces and moments could be applied at any in-plane locations. Note
here, we consider the distributed loads in terms of distributed forces p; and distributed
moments ¢, acting at the origin of x3 and they are functions of x; and x5 only. In other
words the distribution is only along the reference surface axis and not distributed along the
thickness. In reality, in the original 3D structure, within the framework of 3D elasticity,
there are distributed body forces as functions of z; and distributed surfaces tractions along
the boundary surfaces. The 2D loads should relate with the 3D loads in such a way that
they are statically equivalent: summation of forces and summation of moments in three
directions of the 3D loads should be equal to those of the 2D loads. How to achieve it
systematically will be given in the next section when we derive the classical plate model
using the variational method. One may wonder why there is no moments (g3 or Q3) about
é3. The reason is that the classical plate model cannot sustain such loads which will
become clear when we derive the loads using the variational method. The distributed
forces have unit as force per unit area, N/m? or Pascals in the SI system. The distributed
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Figure 6: Free body diagram for in-plane forces.
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Figure 7: Free body diagram for the transverse shear forces.

moments have unit as moment per unit area, N - m/m? in the SI system.

The equilibrium equations can be derived considering free body diagrams of a differ-
ential plate element. Let us focus on the force equilibrium along the in-plane directions of
the plate first. Consider the differential plate element as depicted in Figure 6. Summing
all the forces in the e; direction yields the following equation

ONyp  ONp

— 24
e + s +p1 =0 (24)

Summing all the forces in the e, direction yields the following equation

ON. ON.
21 Ol

= 2
B, D2y +p2=0 (25)
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Figure 8: Free body diagram for moments and transverse shear forces.

Next, let us consider the force equilibrium along é3 direction for a differential plate
element. which is depicted in Figure 7. A summation of the forces along es gives the
transverse force equilibrium equation in this direction

ONi3 n ONog3
8561 8$2

Equilibrium also implies the summation of moments along all the directions should

vanish. As sketched in Figure 8, summing the moments about an axis parallel to é; yields

B OMyy  OMsy

+p3 = 0 (26)

— N3 =0 27
9z, Dy + q1 + Nog (27)
Summing the moments about an axis parallel to e, yields
OMyy | OMyy
— Ni3=0 28
0x; + 0xs T s (28)

The moment equilibrium about the é3 direction can be obtained from a free body
diagram similar to Figure 7, we will obtain the identity that N5 = Ny, but this equation
bring no new information about equilibrium as this identity is already satisfied by the
equality of in-plane shear stresses o5 = 091.

The transverse shear stress resultants N,3 can be eliminated from the equilibrium
equations by taking a derivative of Eq. (27) with respect to o and taking a derivative of
Eq. (28) with respect to z1, then using Eq. (26), to yield the bending moment equilibrium
equations

(My1g+ Moo+ q2) 1+ (Migg + Moo —qi) 2+ p3 =0 (29)
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The three equations in Egs. (24), (25), and (29) are the last three equations we need
to complete the classical plate theory.
In summary, the classical plate theory is characterized by the following sets of equations

e Kinematics in terms of six strain-displacement equations in Eq. (12).
e Kinetics in terms of three equilibrium equations in Eqgs. (24), (25), and (29).
e Energetics in terms of six constitutive equations in Eq. (21).

These equations plus some appropriate boundary conditions can be used to solve for the
plate displacements #;, plate strains €,3 and k.3, plate stress resultants N,5 and M,g3, a
total of 15 unknown 2D functions of the in-plane coordinates x; and x,. After solved for
these fields, we can recover the 3D displacement field using Eq. (9), the 3D strain field
using Eq. (13), and the 3D stress field using Eq. (18).

If the extension-bending coupling stiffness matrix B vanishes, the Kirchhoff plate prob-
lem is decoupled into the following two simpler problems.

e The wn-plane problem: this problem involves eight unknowns including ., €us
and N,s. The corresponding eight governing equations are the first three strain-
displacement equations in Eq. (12), the first three constitutive equations in Eq. (21),
and the two equilibrium equations in Egs. (24) and (25).

o The bending problem: this problem involves seven unknowns including s, Kep
and M,g. The corresponding seven governing equations are the last three strain-
displacement equations in Eq. (12), the last three constitutive equations in Eq. (21),
and the equilibrium equation in Eq. (29).

Next, let us show how we can eliminate the plate strains and stress resultants to
develop a displacement formulation for the bending problem. Substituting the 2D strain-
displacement relations in Eq. (12) into the 2D constitutive relations in Eq. (21), then
into the moment equilibrium equation in Eq. (29), we obtain the following displacement
formulation of the classical plate theory for the bending problem:

G210 — Q12+ D3
D

Us 1111 + 2Ug 1122 + Uz 2200 = (30)
with D = %, denoting the plate bending stiffness. The basic equation of Kirchhoff

plate bending theory in Eq. (30) is a biharmonic partial differential equation for the
transverse displacement, which can be written in a more compact manner as

Vi, = q2,1 — %2 + D3 (31)

What is lacking is a discussion of boundary conditions, which will be supplied later.
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2.5 Variational method

The equilibrium equations of the classical plate model can be derived in a more systematic
fashion using the variational method based on the Kantorovich method. From the view
point of the Kantorovich method, our objective is to reduce the original 3D problem to a 2D
problem so we need to approximate the original 3D fields in terms of 2D unknown functions
of the in-plane coordinates x, and some known functions of the transverse coordinates
x3. To this end, we consider the displacement field based on the Kirchhoff assumptions,
Eq. (9), as approximate trial functions for the 3D displacement field, and the stress field
in Eq. (18) as approximate trial functions for the 3D stress field. For the original 3D
structure, the load can be applied either as distributed body force f;, surface tractions 7;
on the top surface, §; on the bottom surface, and ¢; on the lateral surface. The principle
of virtual work of the plate structure can be stated as

1

—/5U2Dd5 =o0W (32)

2 Js
with Usp understood as the 2D strain energy density defined over the reference surface
plane denoted using S. Clearly the 2D strain energy density is the integration of the 3D
strain energy density over the thickness such that

1
Usp = 5 ( ijgij> (33)

where the angle bracket denotes the integration over the thickness. The virtual work 6W
due to applied loads can be expressed as

oW = /S ((fz'(sw) + Bidui(w1, o, —g) + Ti0u; (21, T2, g)) ds + /Q (tidu;)dQ2  (34)

Here Q denotes the boundary curve of the plate reference surface (that is, the intersection
of the boundary lateral surfaces of the plate with the plate reference surface), and the
last two terms within the first integrand denote the virtual work evaluated at the bottom
surface (z3 = —2) and the top surface (z3 = %), respectively. Substituting the 3D
displacement field expressed in Eq. (9) into Eq. (34), we have

oW = / (Pi0U;i + a0 ®Pa) dS + / (Pi0t; + Qad®y) dQ2 (35)
S Q

with
pi(xy,xe) = (fi) + Bi + 7
q1(z1,2) = 2(52 — 72) — (x3fa)

Ga(1,T9) = g(ﬁ — B) + (w3 f1) (36)
P, = (t;)
Q1 = — (z3t2)
Q2 = (w3t1)
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Note ®; = 32 and ®y = —uUsz; due to the third Kirchhoff assumption. Here we actu-
ally provided a systematic way to obtain the distributed forces p;(z1,x2) and moments
da(71, x3) along the reference surface, and the distributed forces P; and moments @), along
the boundary curve we used in the Newtonian method based on the body forces and surface
tractions applied on the original 3D structure.

Substituting the 3D stress field expressed in Eq. (18) into Eq. (33), we have

1 1

Usp = =

E
5 (Tasgas) = 5 <m(631 +2veniEn + ) + G(2512)2> (37)

Substituting the 3D strain field expressed in Eqgs. (13) into the above equation, we have

B E vE 3 z3vE\ 7
. . <l—u2> 0 1—1/2> 1—1/2> 0 <l 1/2> . \
€ E 3K €
2611 0 <2(1+u)> 0 0 2(13+1/) 0 9 H
12 vE > 0 E > <x3uE> 0 <m5E> €12
2U 622 1—1/2 1—1/2 1—22'2 ].2—112 622
= z3E z3vE T3 T3V
2D K11 1—v? > 0 < 1—v2 > < 1—v2 > 0 < 1—v2 > K11
2K x3E a3 E 2K
/{2122 0 < 2(13+”) > 0 0 < 2(13+”) > v K2122
\ T3V T x2v 22 )
Tl 0 (2B () o (5]
( €11 ) ( €11 )
2€19 2€19
. €929 A B €29
o K11 B D K11
2K12 2K12
\ 22 ) L 22 ( )
38

where A, B, D are the same as those given in Eq. (23).
Carrying out the partial derivatives of Usp in Eq. (38) and in view of Eq. (21), we

obtain
ouU. Eh
a:D =1,z (€11 + vexn) = Niy
11 -
oUsp Eh
D2cs 21 +p) T2
ouU. Eh
862D =12 (ven + €22) = Nop
22 -
oy BB (39)
oUsp EhR?
02k, 24(1+p) 2T 2
OUsp EhR?

= == M
Ormy  12(1 — 17) (VK11 + Ka2) 22

Here, we restrict to the case that the plate is isotropic and homogeneous and the mid-
plane is the reference plane. This gives another way to define the plate stress resultants
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as conjugates to the 2D plate strains in terms of the 2D strain energy density, i.e., the
stress resultants can be defined as the partial derivative of the 2D strain energy density
with respect to the corresponding 2D plate strain measures and these equations can also
be written in the same matrix form as Eq. (22). In other words the variational method
provides another way to derive the same energetics as we have presented previously in
Section 2.3.

Substituting Eqgs. (35), into Eq. (32), we can rewrite the principal of virtual work
energy in a 2D form as

/5U2DdS = / (pidt; + q10U3 2 — 20tz 1) dS + / (Pidu; + Q10u32 — Q2013 1) dQ (40)
S S Q

which implies the following
0= / (0Usp — pidt; — q10Us 2 + q20ts 1) dS — / (Pou; + Q10ug o — Q20us 1) d2  (41)
s 0

The variation of 2D strain energy density Usp can be evaluated based on Eq. (39) as

0Usp = Ni1derr + N120(2€12) + Nogdeas + My1dk11 + Mi26(2kK12) + Magdkan
= N110U1,1 + N126(tU12 + U21) + Nogdtio g — My16Us 11 — 2M201Us312 — Ma20Us 22
(42)

Carrying out integration by parts for the integral term in Eq. (41), we can obtain the cor-
responding equilibrium equations governing the plate. For the simplicity of presentation,
we first collect the terms related with @, in Eq. (41) as

0 Z/ [—(N111 + Nigo + p1)oty — (N121 + Nago + p2)dus| dS

s (43)

+/ [(n1N11 + naNig — P1)dty + (nqNig + naNog — Po)0ts] dQ2
Q

where n; and ns denote the components of the outward normal n of the boundary curve
(see Figure 9). It is more natural to express the boundary conditions using the normal and
tangent coordinates of the boundary curve. Denoting the displacement components along
the boundary curve as u,, along the normal direction and %4 along the tangent direction,
we have

Uy = Ny, — Noll Uy = Nolly, + N1 Us (44)

The boundary terms in Eq. (43) now become
/ [(n1N11 + naNig — Pp)(n10t, — nodiis) + (nyNis 4+ noNog — Py)(ngdi, + nidig)] dS2
Q

= / (N — P8y + (N — P,)511,d6)
Q
(45)
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Xy, €1, A&

Figure 9: The local coordinate system along the boundary curve.

with

Ny = n%NH + n%NQQ 4+ 2n1no N

Nps = ning(Nog — Nip) + (nf - ng)Nm
Pn = Pml + P2n2
P, =—Piny+ Pony

(46)

As u; and duy can vary independently, the corresponding Euler-Lagrange equations are
Niii+ Niga+p1 =0 Nig1+ Nago+py =0 (47)

which are the same as the equilibrium equations we obtained in Eqgs. (24) and (25) using
the Newtonian method. The boundary conditions can be deduced from the last line
of Eq. (45). Following calculus of variations, if a displacement variable ( @, or ) is
prescribed, then it variation must be zero and the boundary term related with the variation
of this displacement variable (du, or dus) will vanish. If a displacement variable is free to
vary, then to vanish the corresponding boundary term related with this displacement, the
coefficients in front of the variation of that variable must be zero, that is we have

Next, let us collect the terms related with dug in Eq. (41). We have
0=- /s (M1 + Moo+ q2) 1 + (Mg + Mago — qu) 2 + ps] dusdS
— /Q [(n1My1 + noMis — Q2)0tUs 1 + (ng Mz + naMas + Q)03 ] dS2 (49)
+ /Q [n1(Mi11 + Moo + q2) + no(Migg + Moo — q1) — Ps] dusdR
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The boundary terms in the second line of Eq. (49) can be expressed using the derivatives
of u3 along with normal direction and tangent direction as

/ [(n1My1 + naMis — Q2)(n10Us 5, — n20Us 5 ) (N1 Mia + noMas + Q1) (nediis , + ny1dis )| A2
Q

N /Q(Mnn - Qn)éa&n + (Mns B Qs)éﬂg,s

(50)
with
Mnn = nan + ngMQQ + 2n1n2M12
M, = nyng(Mag — Miq) + (n% — n%)Mm (51)
Qn = Qani — Qino
Qs = —Qang — Q1
If we also introduce the following notation
Vs =mny(My1q + Moo + q2) + ne(Migg + Moo — q1) (52)
Then Eq. (49) can be simplified as
0=-— / [(Mi11 + Migo + g2) 1 + (Mg + Mag o — qv) 2 + ps] duzdS
p (53)

+ /(‘/3 - P3)5a3 - (Mnn - Qn)(;a&n - (Mns - Qs)éﬂ&sdg
Q

We also need to realized that dus and dus, are not independent quantities along the
boundary curve 2. One more integration by parts is needed, so that we have

0=-— / [(Mi11 + Mg — q1)a + (Mizg + Mag o — qa) 2 + p3] duzdS

p (54)

+ /[V}) - P3 + (Mns - Qs)7s]5ﬂ3 - (Mnn - Qn)éai’),ndg - [(Mns - Qs)5ﬁ3]9
0

where the notation [-]q indicates the end points of the boundary curve. If it is a rectangular
plate, the end points of the boundary curve will be defined by its four corners. If it is a
circular plate, the boundary curve has not end points and the last term in Eq. (54) vanish.

Although both the Newtonian method and the variational method based on the same
set of ad hoc assumptions necessary to obtain the displacement field in Eq. (9), the strain
field in Egs. (13), and the stress field in Eq. (18), there are some difference between these
two methods.

e We does not have to introduce the transverse shear stress resultants for the derivation
using the variational approach.

e The variational method can establish a rational connection between the applied loads
in the original 3D structure and the final 2D plate model.
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e Although lack of being intuitive, the variational approach is more systematic. As
far as one is careful about the derivation, it is not easy to make a sign error like
commonly happen in Newtonian approach particularly for deriving the boundary
conditions.

e As the variational approach is based on the Kantrovich method, it is easy to extend
this derivation for higher-order models by using a different set of assumptions for
the 3D displacement field in terms of 2D unknown functions, while such extensions
using the Newtonian approach are much more difficult.

e The concept of total vertical force and corner forces are a natural byproduct of the
variational approach, while we have to introduce these two concepts in an ad hoc
manner to overcome the problems associated with the boundary conditions to be
applied along the free edge of a plate.

However, because both methods are based on a host of ad hoc assumptions, they
feature the same set of contradictions as we discussed carefully in previous sections. In
the next section, we will use the variational asymptotic method to construct the classical
plate model without invoking any ad hoc assumptions thus avoiding the awkward self-
contractions.

3 Variational Asymptotic Method

The whole purpose of the plate model is to approximate the original 3D model with a 2D
model formulated in terms of unknown functions of the two in-plane coordinates describing
the reference surface of the plate. Our motivation comes from the fact that the thickness
is much smaller than the in-plane dimensions of the plate structure. This fact of smallness
of the thickness compared to the plate in-plane dimensions can be exploited using the
variational asymptotic method to derive the classical plate model. Let us denote h as the
thickness of the plate and L as the characteristic dimension of the plate reference surface.
Then we know that 6 = h/L as a small parameter. Suppose the 3D displacements are
w;(z1, g, x3), then the 3D strains as defined in linear elasticity are

1
€4 = 5(%3‘ + uj;) (55)

To proceed using the variational asymptotic method, we need to have some very basic
knowledge of order analysis. For a continuous differentiable function, f(x) for x € [a,b].
If we denote the order of f(z) as f, then % is of the order of ﬁ, denoting as % ~ ﬁ.

Then it is obvious that w; o ~ u;/L and ;3 ~ @;/h, and u; o, < u;3 because § = h/L < 1.
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The 3D strain field can be written explicitly as

€11 = U1,1
2619 = U2 + Uz
2613 = U1 3 + Uz

€22 = U292 (56)
2e93 = Up 3 + U32

€33 = U33
The total potential energy of the original 3D structure is given as follows

1
m— - / UspdS — W (57)
2 /s

with twice of the 2D strain energy density expressed in the following form as

E(1—-v)
(1+v)(1-2v)

2Usp = <2G (pafm + €a5€a5) 4+ 4Gep3Ea3 + (€33 + paaa)2>
with p = v/(1 — v). Note although this form is different from that in Eq. (33), they are
identical to each other after some algebraic manipulations.

In view of Eq. (34), the work done by applied loads in the original 3D structure can
be obtained as

h h
W = / (<f1u1> + ﬂiui(xl,xg, —5) + Tiui(l’l, 9, §)> dS +/ (tzuz> dQ) (58)
S Q
We have assumed that the 3D strain field is small as we are working within the frame-
work of linearity elasticity, i.e., € = O(e;;) < 1 with € denoting the characteristic magni-
tude of the 3D strain field. From Egs. (56), we can conclude that

u; = O(LE) (59)

The 2D strain energy density will be of the order of jihé? with ji denoting the order of
the elastic constants. The condition of the boundedness of deformations for A/L — 0 puts
some constraints on the order of the external forces. It is clear that the work done must
be of the same order as the strain energy, i.e., fiu;h ~ t;u; ~ hé?. In view of Eq. (59),
we have y

Substituting the strain field in Eq. (56) into the total potential energy of the original
structure in Eq. (57) and dropping smaller terms, we obtain:

E(l-v)
— 2 2 2
21 = <Gu1’3 + Gug 5 + T 2y)u3’3> (61)

Note these kept terms, in the order of jiL?¢?, are much larger than those neglected in the
strain energy and in the work done. The behavior of the structure is governed by the
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principle of minimum total potential energy. The quadratic form in Eq. (61) will reach its
absolute minimum zero if the following conditions can be satisfied:

U3 = U23 = U3 3 = 0 (62)
which has the following solution
uy (21, T2, x3) = Uy (21, T2) (63)
U (21, Ta, T3) = Ua(x1, T2) (64)
U3((L’1,$2,[E3) = ’L_Lg(flfl,.IQ) (65)

where u; are arbitrary unknown 2D functions of in-plane coordinates x1, 5. Although we
have found expressions for the 3D displacement field in terms of 2D functions of x1, x5, we
are not sure whether we have included all the terms corresponding to the classical plate
model yet. We need to continue our variational asymptotic procedure by perturbing the
displacement field such that

uy (21, T2, x3) = Uy (21, T2) + v1(21, T2, T3)
Uz (1, T2, T3) = Us(w1, T2) + V2 (1, T2, T3) (66)

us(x1, T2, x3) = Us(xy, x2) + v3(21, T2, T3)

with v; asymptotically smaller than u;. Because @; are three arbitrary functions, for
definiteness of the expression in Eq. (66), we need to introduce three constraints for newly
introduced 3D functions v;. The choice of three constraints is directly related with how we
define the three 2D functions @;(z1, x2) in terms of the 3D displacement field u;(xq, z2, 23).
If we choose the constraints as

(vi) =0 (67)

It implies the following definitions of @;(xy, z5) in terms of 3D displacements as
h; (1, 22) = (ui(w1, 22, 23)) (68)

That is, we define the 2D plate displacements u; as the average of the corresponding 3D
displacements w; through the thickness. Substituting this displacement field in Eq. (66)
into Eq. (56), we can obtain the following 3D strain field as

€11 = €11 + V11
2619 = 2€19 + V12 + V21
2613 = Uz, + V13 + U3

€92 = €22 + V22 (69)
2e93 = Uz + V23 + V32

€33 = V33

Here we let €qp = 5 (a3 + Upq) as we introduced previously for the definition of in-plane
plate strains.
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Substituting the displacement field in Eqs. (66) and the 3D strain field in Egs. (69) into
the total potential energy of the original 3D structures in Eq. (57) and dropping smaller
terms, we have

E(1l—-v)
(1+v)(1—20)

211 = <G(u3,1 + 111,3)2 + G(usz + 712,3)2 +

S Q

The load related terms p; and P; are defined the same as Eq. (36). The v; related terms
in Eq. (70) will reach the absolute minimum value zero if the following conditions are
satisfied:

(vs3 + p€aa)2> )

?_L3,1 + V1,3 = 0 (71)
Uzo + V23 =0 (72)
V3.3 + P€aq =0 (73)
which has the following solution
Vg = —T3U3.4 V3 = —ToPon (74)

with the unknown functions of x; and x5 can be absorbed into u;(x1, x2). If we choose the
origin of z3 located at the mid-plane, the constraints in Eq. (67) are also satisfied. Oth-
erwise, some functions of x1, z5 (constants as far as x3 is concerned) should be introduced
to satisfy the constraints in Eq. (67).

Substituting the solutions for v; in Eqs. (74) into Eq. (66), we can express the 3D
displacement field as

e

1 = Ui (21, 22) — 2331
o(21, ) — w3tz 0 (75)

us(z1, T2) — T3P€0a

e
Il
|

2

<

3

Now, we know that the asymptotical expansion of the 3D displacement field will be
spanned by u; as no new degrees of freedom will appear according to the variational
asymptotic method. However, we are still not sure whether we have included all the or-
ders needed for the classical plate model. For this purpose, we perturb the displacement
field one more time such that

Uy = U1 (1, T2) — 23Uz + wy (@1, T2, T3)
U = 'L_LQ(JH, -T2) - 1‘3?]3’2 + w?(xh T2, .1'3) (76)

ug = Us(T1, T2) — T3P€an + wi(x1, T2, T3)

with the constraints on v; passed onto w; following the same reasoning we have used for
obtaining Eq. (67). That is we have

(wi) =0 (77)
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The 3D strain field corresponding to the displacement field in Eq. (76) is

€11 = €11 + T3Kk11 + W11

2e12 = 2€19 + 2x3K12 + W12 + Wa

2813 = —X3P€aa,1 + W13 + W3
€92 = €2 + T3Kaa + Wa2 (78)
2893 = —X3P€aa2 + Wa3 + W32
€33 = —P€aa T W33
Here we let ko3 = —13,45 as we defined previously. Clearly from these equations, we can

estimate that e,p ~ hkapg ~ €.

Substituting the displacement field in Egs. (76) and the 3D strain field in Eqgs. (78) into
the total potential energy of the original 3D structures in Eq. (57) and dropping smaller
terms, we have

E(l—-v)
1+ v)(1—2v

211 = <Gwi3 + Gw;3 + ) (w33 + I3P/€aa)2>
(79)

— /pll_bz + qlﬂ&z — QQI_L3’1 dS + / .Pﬂ_l/l + Ql?jg’g — QQ@ngQ
S Q

with ¢,, Q. defined the same as those in Egs. (36). The minimization of this functional
in Eq. (79) will be reached by the following conditions:

w; =wy =0

w33 + I3PRaa = 0
which can be solved along with the constraints in Eq. (77), yielding

W1 = Wy = 0
e @2 h2) (80)
8= TpPlealts T )
Now we have obtained for all the contributions to the classical plate model and it can be
easily verified that any further perturbation will not add any major terms to this plate
model as far as the total potential energy of the structure is concerned.
Substituting Eq. (80) into Eq. (76), we obtain the complete 3D displacement field of

the classical plate model according to the variational asymptotic method as

Uy = Uy (@1, T2) — T3lUs

Uy = Ug(T1, T2) — T3lUs (81)

s ) 1(2 h2)
Uz = Uz(T1,T2) — p | T3€aa + = (3 — —)Kaa
5 ST s 2V 12

Comparing to the displacement field based on the Kirchhoff assumptions in Eqs. (9),
the variational asymptotic method obtained additional terms which are underlined in
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Eq. (81). In other words, for plates made of a single isotropic material, the first Kirchhoff
assumption is not valid, i.e., the transverse normal can deform in its own direction. As
far as the classical plate model for an isotropic homogeneous plate is concerned, the other
two Kirchhoff assumptions are still valid.

Substituting the solutions for w; in Egs. (80) into Egs. (78) and dropping the terms
smaller than the order of €, the complete 3D strain field of the classical plate model
according to the variational asymptotic method is

Eap = €up + T3Kap
2813 = 2623 =0 (82)
€33 = _p(eaa + $3/€aa)
Comparing to the strain field obtained based on the Kirchhoff assumptions in Eq. (13),

£33 is different.
The complete stress field using the Hooke’s law will be

o= T8 (€11 + veg)
E
022 = 5 (€22 + ven)
1—-v (83)
o12 = 2Gerp
033 = 0

o013 =023 =10

which is the same as those we assumed previously in Eq. (18) in the ad hoc approaches,
although none of the assumptions has been used in obtaining this.

Substituting the solutions for w; into Eq. (79), we will obtain the potential energy of
the classical plate model and carry out the variation will result in the same variational
statement as that in Eq. (40), which implies we will have the same 2D constitutive relations
as those in Eq. (22), the same 2D governing different equations as those in Eqgs. (24),
(25), and (29), and the same boundary conditions as those derived using the variational
methods. In other words, the plate behavior for an isotropic homogeneous elastic plate
using the classical plate model will be the same no matter whether the equations are
derived using the ad hoc approaches, the Newtonian method or the variational method, or
the variational asymptotic method. The differences of the variational asymptotic method
is that the 3D displacement field and 3D strain field will be different and also the theory
derived using the variational asymptotic method is self consistent.

3.1 A shortcut for the variational asymptotic derivation

We have used three perturbations to derive the classical plate model. A shortcut is possible
for us to derive the same model using one perturbation, which is what we adopted in the
formulation of VAPAS, a general-purpose code for modeling composite plates.

To construct 2D classical plate model, the 3D displacement field must be expressed in
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terms of the three function u;(x1,xs). Let us introduce the following change of variables

uy = Uy (21, T2) — w3ts1 + W (21, T2, T3)

Uy = Uz (21, T2) — X339 + Wa(x1, To, T3) (84)

ug = Ug(x1, 2) + ws(x1, T2, T3)

The underline terms can be understood as the displacements introduced by the deforma-
tion of the plate reference surface in terms of @;(x1, z2) if one assumes that the transverse
normal is not deformable. The reality that the transverse normal is deformable will be
captured by w; which are called generalized warping functions as the transverse normal
can deform both in-plane and out-of-plane which are asymptotically smaller than those
underlined terms. Although w; are not the same as those used in Egs. (76), the constraints
in Eq. (77) can be used if we define u; according to the following definitions:

hus(xy, z2) = (ug)
hiia (21, %) = (U (21, T2, 3)) + (v3) Usa (85)
The 3D strain field corresponding to the displacement field in Eq. (84) is
€11 = €11 + T3K11 + W11
2e19 = 2€12 + 2w3K12 + W12 + wo
2613 = Wi 3 + W3
€99 = €99 + T3koa + Wao (86)
2e93 = Wa 3 + W32
€33 = W33
Substituting the displacement field in Eqs. (84) and the 3D strain field in Eqgs. (86) into

the total potential of the original 3D structures in Eq. (57) and dropping smaller terms,
we have

A= <Gwi3 tOust g f S(I i)2u) (s + pleaa + $3K““>2>> (87)
- /szﬂi + quus 2 — otz dS + /Qpiﬂi + Qs — Qou3dQ
The warping functions that minimize the above energy functional are given by
w; =wy =0 w3 = —p (xgem + %(m% — iL—;)HQQ> (88)

Substituting the solutions for w; into Eq. (84), we obtain the same displacement as
Eq. (81). Substituting the solutions for w; into Eq. (86), we obtain the same strain field
as Eq. (82). Using the 3D Hooke’s law, we will obtain the same stress field as in Eq. (83).
In other words, we obtained the same solution for relating the original 3D elasticity to the
classical plate model as we derived previously using three perturbations in the previous
section in a much quicker way.

4 Problems
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