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Plate Bending Analysis by using a Modified Plate Theory

Y. Suetake !

Abstract: Since Reissner and Mindlin proposed their
classical thick plate theories, many authors have pre-
sented refined theories including transverse shear defor-
mation. Most of those plate theories have tended to use
higher order power series for displacements and stresses
along the thickness in order to achieve the higher accu-
racy. However, they have not carefully noticed lateral
load effect. In this paper, we pay attention to constitution
of the lateral loads: a body force and upper and lower sur-
face tractions. Especially we formulate a modified theory
for plate bending, in which the effect of a body force is
distinguished from that of surface tractions. The present
plate theory includes not only transverse shear deforma-
tion but also transverse normal stress effect. In this paper,
our attention is focused on bending moment behavior of
plates.

keyword: Thick plate theory, Transverse shear defor-
mation, Load effect, Transverse normal stress, Body
force.

1 Introduction

Since Reissner (1945) and Mindlin (1951) proposed their
classical thick plate theories, many authors have pre-
sented refined theories including transverse shear defor-
mation. As well-known the Reissner’s theory (1945) is
an assumed-stress theory and the Mindlin’s theory (1951)
an assumed-displacement one.

In the Reissner’s theory, a parabolic distribution of trans-
verse shear stresses is assumed and we can satisfy the
shear-free condition on the upper and lower surfaces of
plates. In addition a transverse normal stress is also in-
corporated in the theory. A cubic distribution of the trans-
verse normal stress is assumed, in which only an upper
surface traction is considered. Discussion of strains of
plates is supplemented in Reissner (1947).

In the Mindlin’s theory, linear distributions of in-plane
displacements and a constant deflection are assumed and,
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therefore, the transverse shear stresses distribute con-
stantly along the thickness of plates. This apparently
contradicts the shear-free condition on the plate surfaces.
In order to compensate the contradiction, Mindlin in-
troduced a correction parameter for the transverse shear
stresses. In this theory, the transverse normal stress is ne-
glected and difference between the upper and lower sur-
face tractions is adopted as a lateral load.

It is well-known that the above classical theories coincide
when the transverse normal stress is neglected and the
shear correction parameter is 5/6. Rational determination
of the correction parameter, however, is not presented.
In some cases we cannot obtain accurate solutions when
the parameter is 5/6. The solutions depend on not only
the shear correction parameter but also constitution of the
lateral loads.

Many high order theories have been presented in order
to obtain more accurate solutions of the plate bending.
Levinson (1980) and Reddy (1984) assume a cubic distri-
bution of in-plane displacements for thick plates. Reiss-
ner (1975) and Rehfield (1982 and 1984) consider de-
flection change along the thickness of plates. Lo, Chris-
tensen, and Wu (1977a, 1977b, and 1978) formulate a
high-order theory of plates which includes both in-plane
and out-of-plane modes of deformation introducing 11
unknown parameters.

The above plate theories are assumed-displacement ones.
Alternative theories, which are assumed-stress theories,
are also important. Ambartsumyan (1975) presents an
assumed-stress high-order plate theory, in which both the
transverse shear stresses and the transverse normal stress
is incorporated. Voyiadjis and Baluch (1981) consider
the transverse normal strain in addition to the transverse
stresses. Reissner (1983) also formulate an assumed-
stress high-order plate theory.

Hirashima and Muramatsu (1980), and Hirashima and
Negishi (1983 1% and 2"9) establish a generalized high-
order plate theory that includes the above theories as par-
ticular ones. Hirashima and Negishi (1983 1*) also dis-
cuss the accuracy of the plate theories in detail. Krenk
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(1981) employs Legendre polynomials for representing
the distribution of displacements and stresses along the
thickness. Green and Naghdi (1972) also present a multi-
director approach for plates and shells, which surpasses
the classical theories. Recently, many sophisticated nu-
merical approaches are applied to the analysis of the plate
bending, for example, Long and Atluri (2002), and Qian,
Batra, and Chen (2003).

In general, the higher the order of the theories is, the
higher the accuracy of those is. However, the concise-
ness of the theories has been lost. On the other hand,
the importance of the lateral load effect is not noticed in
the above high-order plate theories. The lateral load of
plates consists of the upper and lower surface tractions
and the body force. In the above theories the body force
is not considered and its effect on plate bending is not
separated from that of the surface tractions.

In this paper, we pay attention to the constitution of the
lateral loads as Suetake and Tomoda (2004) and Sue-
take (2005), in which a modified bending theory of thick
plates is formulated. In the modified theory employed
here, the body force is separated from the surface trac-
tions. The present plate theory includes not only trans-
verse shear deformation but also transverse normal stress
effect. The present modified theory can be a simple
means of comparison for numerical analyses. In this pa-
per, our attention is focused on bending moment behavior
of plates and we make sure that the present modified the-
ory gives us excellent results, even though it is as simple
as the classical theory.

2 Modified Theory

In this paper a modified bending theory of plates is pre-
sented by using the Levinson-Reddy type displacement
field [Levinson (1980) and Reddy (1984)]. We pay atten-
tion to the constitution of the lateral loads through con-
sideration of the transverse normal stress. Consequently
we can treat with the surface tractions and the body force
separately.

2.1 Displacement-strain relation

Levinson (1980) and Reddy (1984) assume the 3" order
displacement field in order to represent distortion of a
normal to the mid-surface. The displacement field as-
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sumed here is given by
U=-Yz— 02 s e =~y

V = —\|IyZ— %@3723 > (p)’ = aa_‘;/ _W)’ ’ (1)

W=w

where x and y are in-plane coordinates, z is a coordinate
normal to the mid-surface of plates, ¢ is a thickness of
plates, y, and W, are deflection angles, and w is a de-
flection of plates. In Eq. (1), if we neglect the 37“-
order terms, we have the Mindlin type displacement field
[Mindlin (1951)]. From the displacement field (1), we
obtain the following strain distribution:

1) in-plane strains

gy = -z 4P , 2)
Yoy = _(aa“)lx + aa%) - %(83%4‘ aa%) 3

11) transverse shear strains

Yxz = (px(l - %Zz) v Wz = (py(l - ;1222)' 3)

Note that Eq.(3) satisfies the shear-free condition on the
upper and lower surfaces of plates.

2.2 Constitutive equation

Since we treat with isotropic elastic plates here, we em-
ploy the Hooke’s law as a constitutive equation. Elim-
inating the transverse normal strain €, from the 3-D
Hooke’s law, we obtain the following relation:

E
Or = 1o (& +vegy) + 150;

oy = 2z (ver+8)) + 150: 5, 4)
Ty =GYyy; G= ﬁ

and

T =GV 5 Tyz = GV, (&)

where E is Young’s modulus and v is Poisson’s ratio.
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Substitution of Egs. (2) and (3) into Egs. (4) and (5)
gives us
oy, ayy )
Ox = 1 Vz{( - ;_V a\‘)[ )
3 (V)T + 0
Iy
= — L {(vEE+ 52z NG

BX ax
+312( (p‘i'a(z)?,}‘i'

oy, Iy, el J0y
Ty = —G{(F+ T+ 32 (T +32)7)

and

4 4
e = Goe(1— t—zzz) , Ty = Goy(1— t—zzz). @)
Equation (7) is the same as the shear distribution in the
Reissner’s theory [Reissner (1945)]. In the Mindlin’s the-
ory [Mindlin (1951)], the 2"?- and 3"“-order terms are
neglected and the effect of the transverse normal stress is

not incorporated.

2.3 Equilibrium condition

Linear equilibrium conditions for 3-D bodies are given
by

BGX 0y | M | v )

+ dy + 0z +X=0
To @4 B Y =0 o, (8)
o O Z=0

+ Rt

where X, Y, and Z are body forces and, in this paper, we
consider only Z, that is, we set X =Y = 0.

By using the 3’? equilibrium condition in Egs. (8), we
can determine the distribution of 6,. Before doing that,
we should pay attention to the constitution of the lateral
loads. The lateral load of a plate consists of the body
force Z = Py (x,y) /t and the upper and lower surface trac-
tions, p; (x,y) and p,(x,y), as shown in Fig.1. Therefore
we have the following traction boundary conditions:

t _
__) =D

t _
Gz(xvya > Gz(xayvi) =D )

Substituting Eq. (7) into the 3rd of Eq. (8) and integrat-
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Figure 1 : Lateral Load Constitution of Plate

ing it with respect to z, in view of Eq. (10), we have

%(Vzw —

AL

oYy 3 .45
Ox —)(1 -

—z—l—t3z)

O, =
¢ dy t

5 2
+%(1—?z)+ﬁ2. (10)

When we apply the traction boundary condition (9) to
Eq.(10), we obtain

3 .
26l

awx+a&

2
P

P=Do+pP1+p; (11)
Consequently we obtain the distribution of G, as

Do
2 (12)

P 3 4, 2 _
o, =—=(l—-z+ = 1—- .
=024 5+ (1= 20+,
Integrating the 1" and 2"¢ of Eq. (8) with respect to z,
we obtain the ordinary moment equilibrium equations.

2.4 Governing equation

Integration of Eqs.(6) and (7) with respect to z, in view of
Eq. (12), gives us the following moment and shear force
expressions:

1,%w  w

4 9y, vy,

Me=-D{5(Gr v+ 557 +v5s))
Y 65 +7a) (13)
60(1—\/) pO pl p2 )
M= Dt M) 1D Oy
N ox  dy ox2  dy?
2
+- (14)

m{ﬁo+6(ﬁ1 +72)}
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D 4 dy, dy,, 203w
My = =5 (1=v){5( 3 5 g@}v (15)
and
ow ow
O« :ng(a — V), Oy *ng(a — ), (16)
where D is the bending rigidity of plates: D =

Er3/12(1—v?). Substituting Eqs. (13) to (16) into the
ordinary moment equilibrium equations, we have
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10
Da [Po+DP1+P>
2

60(1 —v)

Viy, =

VZ{(3+V)Po+3(1+2v) (P, +P2)} | -
(22)

_|_

3 Fourier Analysis

For numerical calculations we employ here the Fourier
series analysis. In this section we explain the Fourier
analyses of plates and 3-D bodies. Two plate analyses
are presented here; one is based on the present theory

4 0* 1-va? 1+v 0 19
D { —( \ng + \ng TV oYy )+ == (Vw )} and the other on the classical one. We can also employ
5% ox 2 dy 2 oxdy’ 50x .
alternative approaches for the analyses.
_|_2G,(a ) — vi? %4_6(8& @)}
37N W 60(1—v) | ox ox  0x '] 3.1 Plateanalysis based on the present theory
=0, n Elastic plates adopted here as numerical examples are
simply supported rectangular plates subjected to lateral
and loads. The coordinates of the plate model is shown in
4%y, 1-vdy, 1+voy, 10 _, Fig.2.
D g( 9y2 + 2 o2 2 Jxdy )+ 3 @ (Vow) The deflection and the deflection angles are expressed by
> ow vi2 9P, P, 9p, the following trigonometric double series here:
300G Y ma v T T
o 1s) w =3 ¥ Wiy, sin 2 sin 5%

Equations (11), (17), and (18) are the present governing
equations for the plate bending. We can rewrite Eqs. (17)
and (18), in view of Eq.(11), as

10,0y, dv,
(V- (G =5 =0 (19)
1
Viw = 5[170‘1‘171 +D>
1? 12—v 3 L
_6(1—V)V2{ 0 170"’5(2—\/)(191‘1'192)}](20)

If we assume that oy, /dy = 9, /ox, Eq. (19) can be sat-
isfied a priori. In that case, we can derive the governing
equations for y, and y, from Eqgs. (11) and (17) to (19):

1o _ _  _
V4\Ifx:5§[Po+P1+P2
1 ) _ -
+mv {3+V)Po+3(1+2v)(p1 +P2)}

2D

=>>®d,,cos —Sln% (23)

v, = %%‘Pmn sin % cos

Note that Egs. (23) satisfy the boundary condition of
simply supported plates. In addition, we expand the load
functions into the following Fourier double series:

722Pmn

P — ~ /O /O Bi(x,y) sianMSm n—Zydxdy. (24)

mnx . nmy.
sin ——sin 7

Figure 2 : Rectangular Plate and Coordinates
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Substituting Eqs. (23) into Eqgs. (20) to (22), we can
easily determine the coefficients W,,,,, ®,,,,, and ¥, as

M, 52

krznntz 12—v_— 3
+6U—40{ P+ (2 \0<&3+Pkb}y
(25)
A2 12 —(0 —
—m{@ +V)Ph +3(1 +2v)(P§n,3+P§n,3)}] ,
(26)
1L am 50 50, 52
\Pmn:M D b |: mn+Pmn+Pmn
Al 50 5, 5
_M{(?)—i_v) mn+3(1+zv)( mn+Pmn)} 5
(27)

where A2, = (mmn/a)? + (nm/b)?

3.2 Plate analysis based on the classical theory

At this stage it is significant to review the classical plate
theories. The governing equations of the static Mindlin’s
theory [Mindlin (1951)] are as follows:

2

:-—{ -——z————;—Vz}p, (28)
4y, _ 1P 4y, 1P
VWX_Dax ’ V%_Day’ (29)

where X is the shear correction parameter. In Eq. (28), if
we

set K =5/3(2 — V), the static Mindlin’s theory coincides
with the Reissner’s one.
If we use the trigonometric series (23) again in the classi-

cal bending analysis of plates, the coefficients W,,,,, ®,,,
and ¥,,,, can be determined as

PO B 52 2 2
+P %—1’ Aot
— mn mn mn (1 'mn
L mr 50) 50), 502
= — P 1
(Dmn xfnnD a (Pmn+Pmn+ mn)? (3 )
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As well-known, we can calculate the bending and twist-
ing moments of plates by using the following expressions
instead of Egs. (13) to (15):

Vi %)

(32)

mn

M, = —D(g +v % (33)
_ py ¥, W

M, = —D(v i % ) (34)
D oy,  dyy

3.3 3-D analysis

In order to evaluate the accuracy of the present plate the-
ory, we perform a 3-D elastic analysis of the plate model.
We employ the Fourier series again for the 3-D analysis.
We explain the approach briefly in this subsection. Geo-
metrical boundary conditions of the model as a 3-D body
is given by

V(O,y,z) = V(a,y,z) = W(anvz) = W(a,y,z) =0

U(x,0,z) =U(x,b,z) = W(x,0,z) = W(x,b,2) =0

(36)

which corresponds to the conditions for simply supported
plates. To satisfy these conditions, we employ the follow-
ing trigonometric series

U = ¥ ¥ ttyn(z) cos 22 sin 2 )
nm

nmy
Cos b

V =33 Vun(z)sin = (37)

W =3 ¥ Wy (2) sin 2% sin 2
n m

Traction boundary conditions employed here are

t

D)= -Pix)

D) =Falwy)

t
sz(xvyvj:i

Gz(xvya -
Gz(x,y,

a—

> (38)

) = Tyz(xv)’a:l:

In addition, the body forces of the model are represented
by

— — 1
X=Y=0 , Z=_pylx.y). (39)



108 Copyright (©) 2006 Tech Science Press

Substitution of Eq. (37) into the Navier’s equation, which
is a governing equation for 3-D elastic problems, yields
an ordinary differential equation system with respect to
the unknown functions u,,(z), Viun (2), and wy,, (z). When
we solve the differential equation system under Eqs. (38)
and (39), we can determine those three unknown func-
tions.

4 Numerical Models

As numerical examples we adopt simple plate bending
problems of a square plate. The plate model is simply
supported along the all edges. The width-thickness ratio
u = t/a is changed within the range of 0.001 < u < 0.5.
Poisson’sratio is v = 0.3. In the Fourier analysis, we take
200 x 200 = 40000 terms in the double series.

A constitution of lateral loads adopted here is shown in
Fig.3. The plate model is subjected to a constant body
force and a partially distributed constant load on the up-
per surface.

The Fourier coefficients of the load functions are given
by

___16py )
—0) 221 (2k—1) (m and n: odd)

mn Y

0 (m or n: even)

_ 45
P(lrz _ 4p {cos myy mm(xo + ax) }
a a

x{cos%—cosm;_b*)}. 41)
: as b7,
X0 Yo =
e B DR NE
e
@) e >
a b |
E !

Figure 3 : Figure 3: Lateral Load Constitution

Two different constitutions of lateral loads are adopted
in the present numerical calculations. One is a sym-
metric distribution on the upper surface; the other a
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non-symmetric distribution. Numerical properties of the
loads are as follows:

i) symmetric distribution

R0=08, 31 =125, xo/a= yo/b=0.3,

axla =bx /b = 0.4, (42)
ii) non-symmetric distribution

)’\(0:0.6 N )A(] =40 N X()/a: yo/b:().z N

axla =bx/b=0.1, 43)

where the non-dimensional load parameter ¥; is defined
by

A3 2
. pia 12(1 —v?)

R — . = —. 44
X uD Ei4 Pty 4

5 Numerical Results

In this paper, our attention is focused on bending moment
behavior of plates. In the numerical calculation, we esti-
mate the error of the present plate analysis. Results of the
3-D elastic analysis are employed as the standard values.
Classical analysis based on the Mindlin’s theory is also
performed in order to confirm the accuracy of the present
analysis.

Since we adopt the Levinson-Reddy type displacement
field, Eq.(1), it is not so easy to predict local behaviors
for the large thickness of plates. This is a further issue to
be improved.

5.1 Symmetric surface traction

In this subsection, we discuss the case of the symmetric
surface traction. As mentioned before, the plate model
is subjected to not only a constant body force but also a
partially distributed constant load on the upper surface.
In this case, the surface traction is symmetric.

Numerical results are shown in Fig.4, in which the er-
rors of the present and the classical plate analyses, €, are
plotted against the width-thickness ratio of the model, u.
In Fig.4, closed circles indicate the results of the present
analysis and closed triangles that of the classical analysis,
respectively.

It follows from Fig.4 that the present modified plate the-
ory approximates the 3-D analysis with high accuracy.
Especially, we should note that the error of the present
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Figure 4 : Error of Moment at Center Point (Symmetric
Model)

analysis remains quite small even in the thick plate re-
gion near 4 = 0.5. On the other hand, the error of the
classical analysis increases rapidly with the increase of
the width-thickness ratio.

The excellent approximation of the deflection behavior
has already been confirmed [Suetake 2005]. The present
investigation shows the efficiency of the modified plate
theory also in the moment analysis.

5.2 Non-symmetric surface traction

The results of the non-symmetric surface traction model
are presented in this subsection. The load adopted
here consists of a constant body force and a non-
symmetrically distributed constant load on the upper sur-
face.

Numerical results of the moment error at the center point
of the model are shown in Fig.5, which is depicted in the
same manner as Fig.4. It can be seen also from Fig.5
that the present modified plate theory gives us excellent
results. In this case, however, the classical theory also
maintains practically sufficient accuracy.

6 Concluding Remarks

The following conclusions may be drawn from the
present investigation:

1) A modified plate bending theory is proposed, in which
the effect of lateral loads is carefully considered.

2) The new theory gives us excellent approximations for
moments even in thick plate region, while the classi-
cal one maintains practically sufficient accuracy within
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Figure 5 : Error of Moment at Center Point (Non-
symmetric Model)

a moderately thick plate region.

3) The constitution of the lateral loads plays a key role in
the plate bending analyses of thick plates. In particular,
when the constitution of loads is not simple, we should
use the modified theory instead of the classical one.
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