55

ON BENDING OF ELASTIC PLATES*

BY

ERIC REISSNER
Massachusetts Institute of Technology

1. Introduction. In two earlier publications!:? the author has considered the theory
of bending of thin elastic plates with reference to the question of the boundary con-
ditions which may be prescribed along the edges of a plate. The principal result of
this work was a new system of differential equations for the deformations and stresses
in thin plates. With this system of equations it is possible and necessary to satisfy
three boundary conditions along the edges of a plate instead of the two conditions
which Kirchhoff has first established for the classical theory.

The physical basis of these results was recognition of the fact that omission of
the strain energy of the transverse shears is responsible for the contraction of the
three physical boundary conditions into two conditions,** and that the problem can
be treated without this omission.

While the subject is of interest from the point of view of the general theory of
elasticity,?* it is also of some practical importance, in particular with regard to the
problem of stress concentration at the edge of holes in transversely bent plates. For
such problems the classical theory leads to results which are not in accordance with
experiment as soon as the diameter of the hole becomes so small as to be of the order
of magnitude of the plate thickness,’:¢ while the new equations which take transverse
shear deformation into account lead to results which are substantially in agreement
with experiment.”

The main purpose of the present paper is to give an account of the author’s earlier
derivations? in simpler and more general form. While previously an isotropic homo-
geneous material was assumed, plates of homogeneous or non-homogeneous construc-
tion are now considered, with elastic properties which in the direction perpendicu-
lar to the plane of the plate are different from the elastic properties in directions
parallel to the plane of the plate.

As a further example of application of the present system of equations, we treat
the bending of a cantilever plate due to a terminal transverse load. For the homo-
geneous plate our result represents a minimum energy approximation to St. Venant’s
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solution, while for the non-homogeneous (sandwich) plate the problem appears not
to have been discussed previously.

As before, the results are obtained by an application of the basic minimum prin-
ciple for the stresses and the Lagrangian multiplier method is used to obtain approxi-
mate stress strain relations. The discussion of the significance of the Lagrange multi-
pliers is made more precise compared with that given in the earlier work, in accord-
ance with comments which have been made.?

2. Statics and strain energy of plates. Let M, and M, be the bending couples
H the twisting couple and V, and V, the transverse shear-stress resultants. Let p
be the surface load per unit of area (Fig. 1). The equilibrium conditions for an elerent
dxdy of the plate are then

v, av, oM, oH OH oM,

+ + = 0, +— - Vx = 0' -
ox ay ? dox ay dx ay

—V,=0. (1)

Equations (1) hold regardless of the way in which the stresses are distributed over
the thickness of the plate. In terms of the stresses,

hi2 hi2 hi2
M, = 20 .4z, M, = 20 4,d2, H = 27 543,

—h/2 —h/2 —h/2

hi2 hi2
V.= f Tz, V= f Tyl
—h/2 —hk/2

Equations (1) are three equations for five unknowns. To obtain further equa-
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Fi1G. 1. Infinitesimal elements of a plate in interior and at boundary, showing
orientation of stress resultants and couples.

tions, use has to be made of the stress strain relations. This is done here through the
means of the basic minimum principle for the stresses (Castigliano’s theorem of least
work) according to which the true state of stress is distinguished from all statically
correct states of stress by the condition that the complementary energy be a minimum.®

8 J. N. Goodier, J. Appl. Mech. 13, A251-A252 (1946).

9 E. Trefitz in Handbuch der Physik, J. Springer, Berlin, 1927, vol. 6, p. 73 and Z. angew. Math.
Mech. 15, 101-108 (1935); 1. S. Sokolnikoff and R. D. Specht, Mathematical theory of elasticity, McGraw-
Hill Book Co., Inc., New York, 1946, pp. 284-287.
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For a material obeying Hooke's law, and for given surface stresses or displacements,
the complementary energy is the difference of the strain energy I, and of the work IT;,
which the surface stresses do over that portion of the surface where the displacements
are prescribed.

Appropriate expressions for II, and II, are

n—lff{ ! M+ M — M .M, + 2(1 + »H]|
T (1—wp T T T ’

2 1
M M)+~ VZ)}dxdy, @)
C, C,
Hb =f (MnEn + Hlﬁ-l + Vnw)ds- (4)

The values of the constants D, C, and C, depend on the properties of the material
and on the nature of the stress distribution across the thickness of the plate. Ex-
amples of their calculation for homogeneous and non-homogeneous plates will be
given later on.

The functions 8., B, and @ are the generalized boundary displacements of the
problem. As II, measures the work of the boundary stresses it follows that 8, must be
considered as the angle through which the moment M, turns. A corresponding defini-
tion holds for f,. For the same reason the quantity @ is to be considered as the
appropriate measure of the transverse deflection of the plate. The precise meaning
of B., Bs and @, in terms of weighted averages of the three components of boundary
displacement U.,, U, and W, will be obtained in the following by equating the work of
the boundary stresses as given by Eq. (4) to the work of the boundary stresses ac-
cording to the three-dimensional theory and by reducing the expression of the three-
dimensional theory to Eq. (4) by introducing the assumed variation of the stresses
over the thickness of the plate.

3. Variational derivation of the stress strain relations. To make the complemen-
tary energy II,—II; a minimum subject to the equations of equilibrium (1), these
equations are multiplied by Lagrangian multipliers A,, N\s and A, respectively, and
integrated over the plate area. The result is added to II, —II; and the variation of the
resulting expression is made to vanish:

ff{ Vot —VM,BM'I+ 2+ 08
1 - 1 - VZ)D 1-9D
- —(ﬁMz +oM,) +— (Vz‘SV:: + ViV, + MS((WI Vs + p)
Ca C, dx dy
+ b (aM’ o ) + A (fafl_ oMy ,,)} dxdy’
dx dy dx dy
+ f {BudM, + BSOH, + wsV, }ds = 0. (5)

Applying Eq. (5) to a rectangular plate and eliminating variations of derivatives by
integration by parts, we find that the boundary values of the Lagrangian multipliers
must be
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Aa = W, Xb = B_zy xc = B_II-

As Eq. (5) also holds for any part of the plate if the boundary displacements referring
to this part are identified with the displacements occurring in the actual solution of
the problem, it follows that the Lagrangian multipliers throughout the plate are re-
lated to the generalized displacements in the interior of the plate through the equa-
tions

Ao = w, A = ﬂzy Ao = Bu- (6)

Introducing Eqgs. (6) into (5) and integrating by parts, we obtain the variational
equation

M,— M, a8 v — z v
N
(1 —v)D C, 9% 1—-»w¥D C, dy

2(1 H a8, By Vs 9
SR P O )

(1—»)D dy ax C, dx
V, ow

+ [ - — B,,] 6V,} dxdy = 0. N
C. dy _

From (7) follow the generalized stress strain relations of the problem:

Mx=D(ZB;+V—a—B—"+1;VP>, M,,—D(a?—}-viﬁxx—{—l;;yp),
1—»_/38. 9B, dw V., dw V, ®
H= 5 D(éy'*‘”g;) ﬁz=—;x~ c.’ I3u=—3;+cs
The conditions along a boundary f(x, ¥) =0 are )
Bo=for My=M,, Bs=PB,or Hy=H,, w=wor V,= V.. (9

Equations (9) are the three boundary conditions appropriate to the present theory
when displacements or stresses are prescribed. They include the case of a free edge
(M,.=H,=7V,.=0) and the case of a built-in edge (8,=8,=w=0). Appropriate con-
ditions for more general edge conditions (such as elastic support) may be derived in
a similar way.

The five Eqs. (8) together with the three Eqgs. (1) represent a complete system of
equations for the eight functions V,, V,, M,, My, H, ., By, w. When (,=C,==
they reduce to the customary equations of plate theory. To obtain the appropriate
(Kirchhoff) form of the boundary conditions in this limiting case one must, however,
go back to Eq. (3) and therein make C, = « before carrying out the remaining analy-
sis. :
4. Integration of the system of plate equations It is possible to transform the sys-
tem of Egs. (1) and (8) such that integration in terms of harmonic and “wave” func-
tions is possible.

The first of the equations in final form is
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v, av,
+

= — p. 10
o T oy ? (10a)

Two further equations for V,, V, and w are obtained by introducing the first
three Eqs. (8) into the last two Egs. (1) and by observing the remaining Eqgs. (8)
and (1). The result is

(1-vD IViw 1 1\ dp
Voy———V¥V,=—-D — {1 +»D — (10Db)
2C, dx 2C, C./dx
(1 —»D V2w 1\ dp
V,—— 2wy, = —D — (1 +wD i (10¢)
2C, dy 2C. C./ oy

where V2=92/0x2+02/9y2.

Once Eqgs. (10a) to (10c) are solved, the remaining five quantities M,, M,, H,
B2, By are found from Egs. (8) by differentiations only. The first three Egs. (8) may
be written in the alternate form

R 2w D av, 14 v )
M:=—-D< +v———>+(—v)— +D< —E>p, (10d)

C: dx C
- ?w LR D av, 14+ v
M,,=—D( +V——)+(1—v)— -I-D( ——>p, (10e)
: ay Cn C,

H=—(1-w»D

w 1—»D (aVz 6V,,> (100

ax6y+ 2 E ox

where 8, and 8, have been taken from the last two Egs. (8) and use has been made
of (10a).

The system (10a) to (10f) is completed by the last two Egs. (8).

The solution of equations (10a) to (10c) requires finding a particular integral for
the load function ¢ and finding sufficiently general solutions of the homogeneous equa-
tions. The latter is accomplished, as in the paper quoted in Footnote 2, by satisfying
the homogeneous equation (10a) by means of a stress function x in terms of which

Vx=z—;(: V,,=—-z—);- (11)
With
LD (12)
2 G,

the homogeneous equations (10b) and (10c) become
i) 0 i) d
— (x — k) = — — (DV*w), —(x — k*Vi) = — (DViw). (13)
ax dx ay

Since Egs. (13) are Cauchy-Riemann equations, we have

DViw — i(x — k'V’x) = ¢ + W = f(x + iy). (14)
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From x —k2V2x = —y follows
X=v¥1—y (15)

where ¥, is the general solution of the “wave” equation (with imaginary velocity of
propagation) :

Y1 — BV, = 0. " (16)

Thus, the stress function x is a combination of a harmonic function ¢ and a wave -
function ¥,. And if the harmonic contribution to x is taken as the imaginary part of
a complex function f(x+4y) then DV?w is the corresponding real part. From

DViw = ¢ (17)

it follows that, when p=0, w itself is a biharmonic function, just as in the theory
without transverse shear deformation.

Some applications of these results to the solution of specific problems for isotropic
homogeneous plates are to be found in an earlier paper.?

5. Homogeneous plates. The values of the constants D, C, and C, in the strain
energy expression depend on the nature of the plate material. Their determination
will now be carried out under the assumption that the material of the plate is subject
to the following system of stress strain relations

aU 1 v,
== (02 — voy) — Evz (18a)
av 1 Vs
€ = -a—y— = Z (0y — vas) — Ea,, (18b)
Yoy = '(;_[;; ZZ E(l—g_‘L) T zys (18¢)
ow 1
€ = e = . [0, = veloz + 04)], (18d)
aw U 1
7zz=;x_+?z—=‘c';7'uv (18e)
aw oV . 1
= S o, (180

Equations (18) stipulate that the plate isisotropic with respect to directions paral-
lel to the plane of the plate but has elastic properties in the direction normal to the
plane of the plate which are different.

The strain energy for a plate of thickness & with the stress strain relations (18)

is given by
hr2
= —fff {— [0', + a,, — vo,0,+ 2(1 + v)'r,,,]
—h/2

+ E [a, 2.0.(c. + oy)] + [7',, + T,,z]} dzdxdy. (19)
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Equation (19) is reduced to (3) by appropriate assumptions regarding the variation
of the stresses across the thickness of the plate. It is rational to assume that the bend-
ing stresses vary linearly over the thickness of the plate, while the transverse shear
stresses vary parabolically:

M, 2 M, =z H =z
. — oy = — Toy = —
h?/6 h/2 ht/6 h/2 h?/6 h/2

Tar 21}:/,3[1 - (7;5)2] e 211:/”3[1 - (55)] @V

Equations (20) and (21) satisfy two of the three three-dimensional differential equa-
tions of equilibrium provided the stress couples and stress resultants satisfy (1). From
the third of the three-dimensional equilibrium equations, and from the condition that
the load p is acting on the face 2= +#k/2, the transverse normal stress ¢, is obtained :

7= :%p[% + ﬁ - i(hjz)a] 22

Substitutiﬂg Egs. (20) to (22) into Eq. (19) for II,, we find that the integration with
respect to 2 may be-carried out and that (19) reduces to (3).* The values of the con-
stants D, C, and C, are found to be

En? 5 E.k 5

=, =2 ¢ =26 23
120 — »?) 6 ». 6 (23)

Tz =

(20)

Equations (23) are introduced into Egs. (10). There occurs in particular
1—v D 1 Eh?
2 G, 10 214G,

D(l-l—v v) 1 Eh? (v,(l-i—v) v)

C. CJ 10 1-»2\ E, G.)’

For an isotropic material (E,=E, v,=», G,=E/2(1+»)) the terms in (24) reduce to
the values for these quantities which were first obtained in an earlier paper of the
author? and Egs. (10a) to (10f) reduce to Egs. (I) to (VI) of the earlier paper.

In order to determine the significance of the generalized displacements 8., 8, and
w, we write the work of the surface stresses in the form

hl2 )
Ity ff [anﬁ,. + U, + T,.,W]dzds, (25)

—h/2

(24)

where U,, U, and W are the actual displacement components of a point of the bound-
ary. Substituting (20) and (21) into (25), we have

T j{ f_::{hz/a w2t hf/‘6 7[;3 2h/3[ (h—jE)z]W} duds. - (20)

Comparison of Egs. (26) and (4) gives

* With the exception of a term containing p3 which disappears when the variation is carried out and
which is therefore not evaluated explicitly.
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= 6 rME_ 3 _ 6 "’Zl_] b4
ﬁn=_f Un_—dzv ﬁa=_ .—d,
h2 —h/2 h/2 h2 —h/2 h/2 ¢

3 h/2__ P 2
o= W[l—(—)]dz.
20 e /2 :

As Egs. (26) and (4) hold for any portion of the plate it follows from Eqs. (27) that
throughout the interior of the plate.

8 6 2 U 3 > 6 rrr g
e =— ——ds, ,s=—f V —— ds,
wJ 4 k/2 U owrd e b2

3 3 \?
w th_mWI:l '<h/2) :Idz.

From Egs. (28) it is concluded that §. and 8, represent quantities which are equiva-
lent to but not identical with components of change
of slope of the normal to the undeformed middle
surface, while w is a weighted average, taken over
the thickness, of the transverse displacements of
the points of the plate. Thus, according to the third
Eq. (28), the present theory leads to approximate val-
ues not for the deflection of the middle surface of the /
plate but for a weighted average across the thickness
of the deflections of all points of the plate which lie on
a normal to the middle surface.

6. Sandwich plates. We consider a composite LT’IT -
plate consisting of a core layer of thickness # and _j y
of two face layers of thickness . It is assumed that f—f—
¢ is small compared with % and that the core ma- L.
terial is much more flexible than the face material. Fic. 2. Infinitesimal element of

N sandwich plate, showing dimensions
Under these assumptions the transverse shears are ,pd relevant components of stress.
predominantly taken by the core plate while the
bending stresses are primarily taken by the face plates (Fig. 2).
We take for the strain energy of the composite plate the following expression*

(27)

(28)

4
R D S e o3
f

Lppee
+ —fff [T:u.c + Tvz.c]dz‘lxdy: (29)
ZGc —h/2

where the subscript f refers to the face layers. The stresses in the face plates are taken
to be uniform across the thickness and the relations between stresses and couples are
then, ,

* While the assumptions made in what follows should give an accurate picture (within the linear the-
ory of bending) for combinations such as a foamy core substance and aluminum face plates they will not
be sufficiently accurate for plates composed for instance of two different kinds of wood.
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M. LM
ity T Ty

(30)

Oz f = + Tzys = *

(hti)

As no stresses ¢, 0y, T,y are assumed to be acting through the core material, it
follows from the differential equations of equilibrium that the transverse shear stresses
do not vary across the thickness of the core,

V. Vy
h

h 2 Tyz,e =

(31)

Tzz,e =

Substituting Egs. (30) and (31) into (29), we obtain

1 2 2 1 2 2
I, = —— M4+ M,—2oM . M,+ 2(1+v)H? V.+V,|rdxdy. (32
.fj{xh+oug[ + M= MMyt 21 ]+bah[ + "& =y (32)

Comparison of equation (32) with equation (4) shows that for the sandwich plate
the constants occurring in the system of differential equations (10) are given in terms
of the dimensions and elastic properties of the plate as follows

1 (h4+D2E : .
p= LWE =G (33)
2 =
potZvD_ HRHOE (_"_ _iF ") _ DRy
2 C, 41(1 + »)G, Cs C, 2k(1 — »)(1 4+ »)G.

The magnitude of the effect of transverse shear deformation is primarily deter-
mined by the magnitude of the quantity k. Comparing the first Eq. (24) for the iso-
tropic homogeneous plate with the first Eq. (34) for the sandwich plate it is seen that
the effect is of greater importance for the sandwich plate than for the isotropic plate
whenever ' :

B2
2 G, 5

or whenever the ratio E;/G, is greater than the ratio &/

The significance of the Lagrangian multipliers 8., 8, and w in the present case is
determined in the same manner as for the homogeneous plate. One finds here, in-
stead of Eqgs. (28), that in terms of the components of displacement U, V, W,

o)D) wedE)-r(-2)

7. Plate equations in polar coordinates. For the applications to stress concentra-
tion problems it is convenient to have Eqs. (10) in terms of plane polar coordinates
r, 0. Appropriate transformation leads to
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31‘V,- 3V9 . (36)
= —7 ’ a
or ae 4 )
2 AV, 1 V2w 1 1\8p
Vv, _k2[V2V _____.._._.Vr]= —D———(l—{—v)D(—————)—x (36b)
r? 90 r? or 2C, - C./ or
2 aV, 1
Vo — k2[ V,]
r? 96 r?
Dl V23w 1+ )D(l 1)1 ap (360
= ;o0 PP\ac, ") w ©
Iy Dl:87w+ v 6w+ v 9w ]+2 26V, 14 V) (36d)
" or? r Or 2 90° ar C. C, P
1 dw 1 % 82w
My = — D[ — 4+ — + v :|
r Or 2 992 ar?
+ 2k2|:— ey ] D( V)p, (36¢)
r Cu _
u 9 \D d (1 6w o [1 av, +y 3 (V)] (36)
"= V7 \r o0 r 00 ar
dw + V. (362) 8 1 dw " Ve (36h)
b = ar ' C, s " r 9 G

Equations (36d) to (36f) have been given in the paper quc‘)ted in Footnote 2 for
the case of the isotropic homogeneous plate. Equations (36b) and (36c) have not pre-
viously been given. They are included in order to facilitate the obtaining of particular
integrals of the system of equations for load functions of the form p=cos nff(r).

Equations (11) which define the stress function x for the solution of the homo-
geneous equations take on the form

1 9x ax

v, =— X Vo= — = 37
r 30 ’ ar (37)

Equations (15) and (16) remain unchanged:

X=v¥1—¥ (15)
where Y(r, 0) is a harmonic function and ¥, now satisfies the equation
¢—k2["’2+if—+if—]¢l= . (16)
ar? r dr 2 96°

Also, as before
DV3w = ¢, (17
where now

o(r, 0) + W(r, 0) = f(re¥). - (14)
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Suitable expressions for ¢, ¥ and ¥, are given in Eqgs. (42) to (46) of the paper
quoted in Footnote 2. In the present formulation which includes nonisotropic, non-
homogeneous plates the quantity #/4/10 in these equations is replaced by the quan-
tity k defined in Eq. (12) above.

8. Bending of cantilever plate by terminal transverse load. As an example of the
application of the formulas of this paper we may treat Saint Venant’s problem of
flexure of a beam with rectangular cross section.!®1:12 Taking a plate of width 2a
and length /, held at x =0, acted upon by a force P at x =1 and free of stress along the
edges y= +a, Saint Venant’s semi-inverse procedure amounts to setting

M,=V,=p=0. (38)
From (10a),
V.
=0, V.=V, (39)
ax
and from (10c),
dDV3w
S =0 DVw= [ (40)
y

Introducing (39) and (40) into (10b), we obtain

v, af
V.— k? = - = (€3]
dy? ax
From Eq. (41) it follows, in view of (39) and (40), that
V.=C+ 4 cosh %, 42) DV'w= —Czx+ B.  (43)
From (43) follows
x8 x?
Dw = —C-6~+B7+d>(x, ), (44)

where ¢(x, ¥) is a harmonic function which, according to (38) and (10e), is determined
from the relation

3% 9%
M,,=—|:a—y;+v(ﬁ—Cx+B)]= . (45)
Evaluation of Eq. (45) leads to the relation
-1 %8 22 v 92
Dy = (C——B—)+ —(Cx — B) + Fx+ 1. (46)
- 6 2 1—» 2

10 S, Timoshenko, Proc. London Math. Soc. (2) 20, 398407 (1922).
1 S, Timoshenko. Theory of elasticity, McGraw-Hill Book Co., Inc., New York, 1934, pp. 292-298.
12 A, E. H. Love, loc. cit., pp. 327-346.
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From Egs. (42) and (46) follows for the relevant stress couples as defined by equa-
tions (10e) and (10f),

M.=(1+4+v(Cx—B), (47 H = — »Cy + Ak sinh (y/E). (48)

The five constants of integration 4, B, C, F, I are determined by the following five
conditions '

w=p,=0for x=0, y=0 (49)
M,.=0, f Vidy=P for x=1, (50)
H=0 for y= +a. (51)

It is apparent that as in Saint Venant's theory it is not possible to satisfy the condi-
tion of complete restraint at the fixed end and also the actual distribution of the termi-
nal load cannot be prescribed but only its resultant. As a consequence of this the
solution has general validity only at distances from the ends x =0 and x =I which are
at least of the order of magnitude of the width 2a of the plate.

With 8, from the fourth Eq. (8), Eqs. (49) become

I =0, %=CZA- (52)
Equations (50) become, with (47) and (42),
Cl—B=0, 24C 4+ 2kA sinh (a/k) = P. - (53)
Equation (51) becomes, with (48),
— vaC + Ak sinh (¢/k) = 0. (54)

Solving Eqgs. (52) to (54) and substituting into Eqgs. (42), (46), (47) and (48), we ob-
tain the following relations for the stresses and deflections

om e o (e |

e -2 (-
+2 g(l ty sinZ/(z/k)) %} , (56)

Py _£ — _y—_sinh(y/k)
M’—Z(T— 1)’ (57) =7 1+v[a sinh (a/k)]' (58)

Of particular interest is the distribution of shear stress as given by equations (55)
and (58). For an isotropic plate the results are similar to a known approximate solu-
tion1%1! for the beam with rectangular cross section. They reduce in fact to this known
solution for large values of a/h.

The maximum transverse shear occurs at the ends y= ta of the plate,
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v ‘—P[1+ > ( a/k 1)] (59)
T 2 1+ »\ tanh o/k ’

The factor in brackets is the correction to the result of elementary beam theory.
The following table gives numerical values of this factor for the isotropic plate, the
orthotropic plate and the sandwich plate, in comparison with the exact values for
the isotropic plate and the known approximate values for the isotropic plate.19.1

TABLE 1. Values of Stress Concentration Factor for Transverse Shear in Cantilever Plate.

ok .790 1.581 3.162 6.324 9.486 | 12.648
(a/h) isotropic
(@/HVG/G 1 3 1 2 3 4
(a/h) 4/ 2
5tG,

“Eq. (59), 5=} 1.050 1.180 1.545 2.331 3.121 3.91
Eq. (39), 5=1 1.040 1.142 1.436 2.065 2.682 3.33
Appr., 11 y=1 1.040 1.143 1.426 1.934
Exact, v=1 1.033 1.126 | 1.39 1.088 2.582 3.176

The magnitude of the shear 7., parallel to the faces of the plate follows from equa-
tion (58). 7., is greatest at the points (+%/2, + %) with 7 determined from

inh k
cosho™- = Sinb (/) (60a)
k a/k
For sufficiently large values of a/k (practically when a/k>3) Eq. (60a) becomes
1 k '
2 _,_Im/E (60b)
a ‘ a/k

and the corresponding value of Hyex is

»y P [1 _In (a./k) + 1}

Hupex = — - (613)
14 2 a/k
For homogeneous plates Eq. (61a) gives for the shear stress 7.y max = 6Hmax/h?,
24 4 G v a a
— Taymax = A/ — I:—— —ln— — 1]. (61b)
3P VIV 6o 1+l k k

The following table contains some values of 7 and of the factor in brackets in the
expression for H.

TasLE I1. Location and Magnitude of Maximum Shear Stress Couple and
Face-Parallel Shear Stress (»=.25).

o/k .790 1.581 3.162 6.324 12.65 ©
n/a ' .578 .594 .634 .7 .80 1
o _sinh (o/k) .038 1129 .32 45 72 1
¢ sin (a/k)

24 /G, .

3—};4/ E Toyomax .008 .0.2 .256 .72 2.30 ®

exact’3 G,=G .968 2.452 0
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By means of (59) and (58) we may calculate the ratio of maximum shear parallel
to the plane of the plate and maximum transverse shear. For a homogeneous plate
we have, in view of (20) and (21),

To(n, B/2) 4y« [l _ sinhn/k:“:l + v ( a/k _ 1)]—1 (628)
T2:(a, 0) T 14k sinh a/k 1 4+ v\tanh a/%
and with k/a from equation (24a)
Ta(m #/2)
72:{(a, 0)

__11_,‘/5 v a,[n sinhn/k][1+ v ( a/k 1]—1 (62b)
“vioVe 1+, sinhe/k L 1+ »\tanh a/k )

From equation (62b) follows in particular the limit relation

. sz("l, h/2)
Jim a0 \/101/ —=1. 2661/ — - (62c)

which is independent of Poisson’s ratio. Equation (62c) shows the interesting fact
that, for very thin plates, the horizontal shear may be larger than the transverse shear
even for isotropic plates. We have confirmed this result for an isotropic plate by an
exact calculation!® in which the factor 1.266 is replaced by a factor 1.342.

The analogue of Eq. (62a) for sandwich plates is obtained, by means of (30), (31)
and the first Eq. (34). One finds

v, WG, o sinh n/k / afk —1
Tas(n) v /‘/ f_[l_ - n/ ][1+ v ( / _1)] . (63)
ree{@) 14w 224G, kL a sinha/k 1+ »\tanh a/k

Table III contains values of the stress ratio as given by equations (62a) and (63)

for a range of values of a/k and when v =1.

TasLE I1I. Values of Ratio of Maximum Horizontal Shear Stress to Maximum Transverse
Shear Stress for Homogeneous Plates (»=1/4) and for Sandwich Plates.

a/k 1.581 | 3.162 | 6.324 | 12.65 30 100 o

6th G
160G, maxry _ /Cx max ey 046 | 179 | 470 | .695 950 | 1.15 | 1.266
Sth max 7, G maxt.,

Finally, it may be indicated which form the solution assumes in plate theory
without the transverse shear terms. Equations (55) and (58) become

P 1 Py v
z = — - ’ H=—— — (64a,b)

20 1 4+v» 2 al+vy
Eq. (57) remains unchanged and Eq. (56) for the deflection loses the terms involv-

ing k.

The load P is thus carried in part by transverse shears distributed uniformly across
the width of the plate and in part by means of concentrated forces at the edges y= +a
of the plate. As one would expect, no estimate is possible within the frame of the sim-
pler theory without the transverse shear terms of the actual magnitude of the shear
stresses which balance the applied load.

18 E, Reissner and G. B. Thomas, J. Math. Phys, 25, 241-243 (1946).



