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THE INTRINSIC THEORY OF THIN SHELLS AND PLATES
PART II.—APPLICATION TO THIN PLATES*

BY

WEI-ZANG CHIEN
Department of Applied Mathematics, University of Toronto

7. The general equations for a thin plate. We shall now investigate the equations
of equilibrium and compatibility for a thin plate, not necessarily of constant thick-
ness. First, we shall introduce the condition that the system is a plate, i.e., its middle
surface in the unstrained state is plane. We have therefore

bas =0,  Rasy, = 0. (7.1)

Furthermore, in order to simplify the problem, we assume in the following sections
that the body force forms a parallel vector field, and therefore (3.38), (3.39) are
satisfied; this is true for most practical problems.

Substituting (7.1) and the conditions on body force into (6.34) and {6.35), we have
three equations of equilibrium for a thin plate

- ZA'(’;’)')'q”p,)\h + %Aﬁ(’ly;r)‘(qr)\ha)la‘r + A?g;wmqrquGvahs + PO
a

g
a”gnQ°h = 0, (7.2a)

- 0

1
+ 2Xiyh + @°B)i- + T

ZA‘(,f;)‘(Pr)\h)lp - A?g;m(qruqksha)lp + %ag'Qt7A2’6xs(QX8h3)lﬁ + Pe
a a a

g

+ 2Xph + a**(Q°h) |, + (a®a* + 2a*%a*")Q,q.sh = 0, (7.2b)
a

1—0o¢
where the O-symbols have the following magnitudes,

Ol X°ph,X°Qh, p’qh, Q’gh, Qgph, Pqh* X°h?*, Qb qPh?, gph?, X h?, g . (1.3a)
Of); p*h, Oph, Xph, XQh, Q*h, Pgh?, Qh®, X b%, ph?, g B, (7.3b)
We recall that

1
A?ﬁ'x = 1___“_2 {o.aaﬂar)\ + (1 — a)ad‘l’aﬂ)‘}’ (7.3C)
— g
2(2¢ — 1)
AGT = 3 Ty AT+ gatad (7.3d)

Similarly, substituting (7.1) into (6.43) and (6.44), we have three equations of com-
patibility for a thin plate

20512 (1 + 20} P, + 227D
a
— 2nfigs.(a™ + 20%nia0ss) (Pariy + Priia — Payi) = 0, (7.4a)
a a a

* Received June 12, 1943. Part I of this paper appeared in this Quarterly, 1, 297-327 (1944).
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(2nfSnfiPoy1as + WG Gas) (1 + 2075 PriD <0 + 227D 1s)
a
TN wd rw
+ nfinfy (2nfniiprs + @*) (Proty + Pyrie — Prsie) (Pawis + Ppola — Peslo) = 0. (7.4b)
a a a a a a

The macroscopic tensors in (6.29), (6.30), (6.31) can be written as

g

T = 245" Pk — AG™anah’ + T aQ%h + 0%, (7.5a)

L = inffa., AT ansh® + O, (7.5b)

T = 347 (qnsh?) |- + Q*h + (a™P= + a*"PNgah? + O, (7.5¢)
where : |
0%y = Othy(p*h, Q%h, Qph, ph®, OB, X h¥, g°HY), (7.6a)
0%, = 0fy(aph®, X°h%, QR%, @°H%, Xqh), (7.6b)

05, = 0:5,(Oph, 0h, X h?, Qqh?, Pph?, POh?, qph®, X°h%, Qh% Xqh®, q?h%). (7.6c)

Equations (7.2a, b) and (7.4a, b) are the six differential equations of a thin plate
in the six unknowns p.s and g.s. The next step is to introduce certain systematic
approximations based upon the thinness of the plate, so as to obtain a set of differ-
ential equations in simpler form.

8. Classification of all thin plate problems. We consider a family of «! thin plates
of the same material, having an identical middle surface S¢ in the unstrained state,
but different thicknesses; each is subject to the action of (i) external force systems
applied at the edges, (ii) surface loadings on its two boundary surfaces, and (iii) uni-
form body force throughout the plate. (This includes gravity, but excludes a centrif-
ugal field.) We attach to the middle surface of each plate the same system of
coordinates x¢, so that the fundamental tensor a,s is the same for all plates in this
family. We assign to each plate a value of a parameter ¢, so that the thickness of all
the plates can be represented by

2h = 2eh(x!, x?), 8.1

where 0 <e< ¢ and the function % is the same for all the plates; for thin plates, € is
supposed to be small, but the basic idea of the method is that we seek solutions valid
for all € in the range 0 <e<e.

Equation (8.1) implies that the derivatives of the thickness at any point are of
the same order of magnitude as the thickness itself. We shall call these plates “regular
plates.” On the other hand, if the thickness and its derivatives are of different orders
of magnitude, we have an “irregular plate.” The following theory is limited to regular
plates only.

We may suppose € chosen equal to the ratio of the average thickness to a selected
lateral dimension (usually the smallest lateral dimension) of the plate. For a circular
plate, € is the ratio of the average thickness to the diameter of the plate. For a rec-
tangular plate, it may be chosen equal to the ratio of the average thickness to the
length of the shorter side.

It is important to observe that € is the only parameter involved. Except the funda-
mental tensor a.s and Poisson’s ratio o, all the other quantities occurring are func-
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tions of ¢, and no quantity is “small” unless it tends to zero with e. (Young’s modulus
does not appear, on account of the use of reduced stresses and body forces.) Thus for
any “small quantity” ¥, we must have

lim ¥ = 0. ‘ (8.2)
«—0

In order that a problem may belong to the theory of small strain, e;; must be a small
quantity, and therefore

lim €i; = 0. (83)
«—0

It follows that p.s must also be a “small quantity,” depending on € like ¥ in (8.2).
But this is not necessarily true for gas.

It is understood that all conditions (such as reduced edge forces, reduced surface
loadings, and reduced body forces) depend on € in such a way that (8.3) holds. We
shall assume that Q?, P?, Xf(,] vanish at least as fast as ¢, and are in fact power series
in e. This assumption implies that the derivatives of any of these quantities with
respect to x* are of the same order of magnitude as (or higher order of magnitude
than) the quantity itself. Hence we write

Q" = 2 Qe Q* = 2 Qwe, (8.4a)
l—ko sk

PO = Z P?.)e', Pe = E Plae, (8.4b)
=ng =1

Xl = 2 Xwwe, ~ Xio = 2 Xhwe'. (8.4¢)
&=7g 8=7

where k, ko, 7, 10, j, jo are integers greater than zero, and Py, Qf,), X{,o are functions
of x*, independent of e.

Similarly we assume that the traction, shearing force and bending moment ap-
plied on the edge curve can be represented by

Tt = 3 TFe, (8.5a) L8 =3 LBe, (8.5b) Tao = 3 T, (8.5¢)

==l 8=u 8=l

where ¢, u, | are positive integers, and T, I, T are functions of position on the
edge curve, independent of e.

Now the problem is to find the behaviour of the family of «! thin plates under
the action of a given family of external force systems (8.4), (8.5). Given an external
force system defined by (8.4), (8.5), we seek solutions of the equations of equilibrium
(7.2) and the equations of compatibility (7.4) of the form

Pag = Zp(c)aﬂf'v (8.63.) qag = Z d (s)ap€’, (8~6b)

8=p 8=q

where p and ¢ are zero or positive integers, and p(,es and qes are functions of xe,
independent of e. Only those problems admitting solutions with >0 belong to the
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theory of small strain. On the other hand, ¢ may be zero; then we are dealing with a
finite deflection problem.

The usual discussion of plate theory is based on the deflection, i.e. the normal
displacement of a particle on the middle surface. The present method is intrinsic, and
the general equations contain no explicit reference to the displacement. However,
since gqs corresponds to change of curvature (i.e. curvature of the middle surface
after strain), it is clear that finite values of g correspond to finite deflection and small
values of g.s to small deflection. Similar remarks apply in the case of shells. Hence,
in classification, we may use the familiar word “deflection” when referring to the order
of magnitude of ggg. '

The assumed forms (8.6a, b) imply that the derivatives of p.s, ga.s with respect
to x* are of the same order of magnitude as the quantities themselves, or of higher
order. In fact, p.s and q.p expressed by (8.6a, b) represent the behaviour of the
family of «! thin plates under the action of the given family of Pi, (f, Xlo],
T8, T, T8 defined by the equations (8.4), (8.5). It is understood that if Ps, 0, X[o],
T8, To, 8 are identically equal to zero (i.e., &, ko, %, 1o, 7y Jo, t, u, I= ), then
Pas and gup vanish (i.e., p, g= ) everywhere; this corresponds to the unstrained state
of the plate. This means that self-strained plates are not discussed.

In a thin plate problem, we are to regard the numbers k, ko, %, 1, 7, o, ¢, %, | as
given; the initial step towards solution would appear to be the determination of p
and g, for then we could simplify the equations of equilibrium and compatibility in
the first approximation by picking out the principal terms in e from equations
(7.2a, b), (7.4a, b). But owing to the partial indeterminacy of p and ¢, this method
is not successful.

It is much simpler to solve the problem in the reverse order. First we assign in-
tegral values to p and g. The values of &, ko, %, ng, j, jo are fixed by the conditions that
Xoopr XS Playr Plyr Qfyr Qfy should contribute to the principal parts of
(7.2a, b), without dominating these equations to the exclusion of p.s and g.s. The
equations of equilibrium and compatibility in the first approximation are then ob-
tained by picking out the principal terms in e from equations (7.2a, b), (7.4a, b). Then
the values of ¢, u, I are automatically fixed through the expressions (7.5).

We shall now discuss the classification of thin plate problems based on assigned
values of p and g, so that the principal parts of (7.2a, b), (7.4a, b) in the first approxi-
mation are different for different “Types.” The classification is shown graphically in
Fig. 3, where permissible pairs of (p, ¢)-values are represented by circles. As indicated
in (8.6a, b), we consider only non-negative integral values of p and gq. Since, however,
p =0 corresponds to finite extension of the middle surface, we must omit the (p, q)-
points on the g-axis.

It is found that the points in the (p, g)-plane break up into twelve groups depend-
ing on their positions relative to the division lines AD, AB, OC and the p-axis. For
any point (except ¢=0) on the line AD, it is easily seen from inspection.of (7.2a)
that the first and second terms are of the same order of magnitude and prevail over
all the other terms, with possible exception of those involving Xjy, P%, Q% For any
(p, @)-point (except ¢=0) above AD, the second term in (7.2a) dominates, and for
any (p, q)-point below 4D, the first term dominates. For the point 4, the first three
terms in (7.2a) are of the same order of magnitude and prevail over the right hand
side. For any point on the p-axis above 4, the second and third terms in (7.2a) are
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of the same order of magnitude and prevail over the other terms. Thus the principal
part of (7.2a) takes five different forms depending on the position of the (p, g)-point
relative to the line 4D and the p-axis.

Similarly, the form of the dominant part of (7.2b) depends on the posmon of the
(p, 9)-point relative to the line A B and the p-axis. Finally, the form of the dominant
part of (7.4b) depends on the position of the (p, ¢)-point relative to the line OC and
the p-axis. The equation (7.4a) has no division line, since the term nfjjqas, dominates
for any position of the (p, g)-point. -

p~values
8 o o o o
7 o o o [}
6 o [ (] o
5 [ o o )
P10
4 (] o -] o
3 o ] ) o
2 Yl emOn e D
1 o [} o o
0
V]
0o 1 2 3 4 5 6 7 8
——
gq-values

F16. 3. Classification of thin plate problems.
p=order of extension of middle surface, g=order of change of curvature of middle surface.
(Type P12 is not indicated in the diagram, since for these problems, ¢= «», and consequently the corre-
sponding points lie at infinity to the right hand side.)

It follows that the (p, ¢)-plane is divided into twelve regions, so far as permissible
non-negative integral values of p and g are concerned, and so the complete classifica-
tion of all thin plate problems involves consideration of twelve types (Types P1-P12).
Type P12 is not indicated in the diagram, since for these problems, ¢= », and con-
sequently the corresponding points lie at infinity to the right hand side.

Although the classification gives twelve types, four of these (Types P3, P6, P17,
P8) are less important than the others. They represent overdetermined problems, in
which the number of equations exceed the number of unknowns. Such cases can occur
only when very special relations connect the body forces and surface forces.

These twelve types may be described as follows:

(1) Problems of finite deflection (¢=0), Types P1-P3.




48 WEI-ZANG CHIEN [Vol. 11, No. 1

(2) Problems of small deflection (¢=1, p=1; ¢=1, p=2; g=1, p>2q), Types
P4-Ps3.

(3) Problems of very small deflection (g=2, 2¢=p =2), Types P9-P11.

(4) Problems of zero deflection (g= «), Type P12.

In order to save space, we shall not discuss all the twelve types in detail. The
discussion of Types P1, P2, P3 will serve as an example. The results for all types
are summarized in the tables in the Appendices at the end of this paper. The prin-
cipal parts of the equations of equilibrium and compatibility are shown in Table I,
and the orders of magnitude of the external forces and the principal parts of the
macroscopic tensors in Table II.

It should be noted that the theory of generalized plane stress [1, 2], the Lagrange-
Kirchhoff theory of small deflection [3, 4, 5], and the von Kérméin theory of “large”
deflection [6] can be derived respectively from the Types P12, P11, PS.

We shall devote the next section to discussing the problems of finite deflection
(P1-P3). All results for these types are new, and may prove particularly interesting.

9. Problems of finite deflection (¢=0), types P1— P3.

(a) Type P1: ¢=0, p=1. FINITE DEFLECTION WITH DOMINANT EXTENSION IN
THE MIDDLE SURFACE

General equations. By the condition that, in the first approximation, (7.2a, b) re-
ceive significant contributions from P, P&y, X0uio1» X tyiolr Qey» Qfy» We must have

no=n=2, ’io=j=1, ko=k=1. (91)
Therefore, we obtain from (6.23)
hay = he +0(e?),  hy = he + 0(e?); 9.2)

consequently, the common assumption that the middle surface of the unstrained
plate is deformed into the middle surface of the strained state is justified in the first
approximation.

We now substitute (8.1), (8.4)—(8.6) into (7.2), (7.4). The lowest power of € oc-
curring is €2 in (7.2), and €° in (7.4). The corresponding coefficients give rise to equa-
tions of equilibrium and compatibility in the first approximation as follows:

1—2¢

— 2877 q@pP 0yt + Py + 2XQyak + (%)) i1+ + ]

a™gqoaQhk =0, (9.3a)

-0
2455 (py ) o + Py + 2XTyoh + 1 i . a=*(Q(yh) le
+ (a”a** + 2a®*a*")qynQa)rh = 0!{’9_,3b)
“i'(ﬁQ(O)avalﬂ =0, (9..3c)
g ©mg ey = O. (9.3d)

We may remark that all quantities in the above equations are finite, i.e. independent
of e. The macroscopic tensors in (7.5) can be written as
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[

T = 248 paynk + P a*tQlyh)et + O(e¥), (9.4a)
L8 = $nifla AT qonsh’e + O(e), (9.4b)
T = QG)ke? + O(e®) if Q) # 0,

T = {Qfk + AT (qonsh?) 1:}63 +0(e) if Qf =0. (9.4c)

Equations (9.3a, b, ¢, d) form a set of six equations for the six unknowns q(oes and
DPayas. From (9.3d), we see that the total curvature of the middle surface does not
change for the first approximation. Consequently the strained middle surface in this
type of problem is to be regarded as a developable surface.

Equations (9.3a, b, c, d) can be further simplified. Since for a plate, R,a5,=0, the
order of the operations of covariant differentiation is immaterial; consequently, from
(9.3c), we have

q©af = W(0)|ap- 9.5)

Here w(, is an unknown function of x*, which satisfies, in consequence of (9.3d),

nﬁﬁﬁfﬁw(o)lpsw(o) lay = 0. : (9.6)
a a

The existence of w(g, satisfying (9.5), is easily proved by temporary use of special
coordinates (rectangular Cartesians). The last equation is, in fact, the famous differ-
ential equation [7] of a developable surface in the curvilinear coordinate system, and
w may be called the deflection function. If (9.6) is satisfied, g0 x4 is given by (9.5).
There still remain the three equations (9.3a, b) for the three unknowns pg).,. We
can handle the problem indirectly by means of T¢5. This is the coefficient of the lowest
power, €2, in the series for T*f, and by (9.4a)

g

T&ﬁ = 2437 pynk +

a“Qh. 9.7)

1—0¢

We note that this is a symmetrical tensor, so that it has only three independent com-
ponents. Substituting (9.5), (9.7) into (9.3a, b), we have

— Towoin + Pl + 2Xyak + Q0k) 1 + a™w o) a0k = 0, (9.8a)
Ty + PGy + 2X0ak + (a™a2r + 2a2a™)w o)1 nQ 1)k = 0. (9.8b)
To sum up, for problems of type P1, we have a set of four equations (9.6), (9.8a, b)
in the four unknowns, w, and Tg.

Special case. The following special case is interesting. If

P = XGo =0y =0, 9.9

then by (9.8b) there exists an Airy function x, so that

T = ninx o (9.10)




50 WEI-ZANG CHIEN [Vol. 11, No. 1

This is easily proved by temporary use of special coordinates (rectangular Cartesians
[2]). Consequently, (9.8a) can be reduced to the form

— X @ =W o 1 + Pl + 2X ek + a”w oy 1aQyk = 0. (9.11)
a a a

The problem is now to find x( and w( as functions of x* satisfying the two non-
linear partial differential equations (9.6) and (9.11). In rectangular Cartesian co-
ordinates, the equations (9.6) and (9.11) may be written as

W (0),12W (0),12 — W(0),11W (0),22 = O, (9.12a)
2X(2).12W (0),12 — X2, 11W (0),22 — X225 0).11 + QU kAW 0y + Ploy+2X 1y ok = 0, (9.12b)

where the comma indicates partial differentiation with respect to x%, and A is the two-
dimensional Laplace operator. The macroscopic tensors are given by

T = x(2),20€2 + O(e®), T? = x5),n€e* + O(é), }
(9.13a)
T2 = TH = — x(3),12¢" + O(€%),
LM = — L2 = — D(1 — o)woy, 126 + O(e),
L' = Dwy11 + oW ) 22)€* + O(e), } (9.13b)
L = — D(wy.22 + t‘fW(o),n)éa + O(¢),
T = {(1 — 0)(DW).12).2 + (DW(oy.11 + oDw0y.22) 1} € + 0(6‘),} (9.130)
T = {(1 — o)(Dw@.12).1 + (DW(0).22 + oDW (0),11) .2} & + O(e?). )
Here the symbol D is defined by )
243
- 3_(1. _—.72) . (9.14)

This is a finite quantity; the ordinary flexual rigidity is DeE (where E is Young's
modulus). An example of this type of problem is given below.

Example. A long rectangular plate is subjected to a uniform tension T'5€? on the
two long edges, and a normal load P},e? on one face; this normal load does not vary
along the length of the plate. Find the form of the plate in the strained state.

In this example, we can neglect the edge effect near the end of the plate by con-
sidering the plate infinitely long. We assume that the middle surface in the strained
state is cylindrical, with the generators of the cylinder parallel to the length of the
plate, that is

qou = wo),n = Q(x"), qdm22 = qunz = 0. (9.15)

Here x are rectangular Cartesian coordinates, such that the x2-axis is parallel to the
long edges, and the x'-axis perpendicular to them; Q is an unknown function. Further-
more, in this example, :

Py = Xy = Qu) =0 = (1)[01 = 0. (9.16)

Then from (9.8b) and the condition that T§] are functions of x! only, we have, in
consequence of the boundary conditions on the two long edges,

T(z) = T(z), (9.173) T(z) = (2) = O, (9.17b) T(zzz; = 0. (9.17c)
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Substituting (9.15)-(9.17) into (9.8a), we obtain

Po
o@x) = —2.

(9.18)
@

Therefore the curvature at any point of the cylindrical surface is proportional to the

normal pressure at the point. For uniformly distributed pressure, the strained middle

surface is circular cylindrical. It should be noted that the above conclusion holds in

general for plates of non-uniform thickness, with the limitation that % is independent

of .x%. .

(b) TypE P2: ¢=0, p=2. FINITE DEFLECTION WITH SMALL EXTENSION IN THE
MIDDLE SURFACE
General equations. As in Type P1, we have
no=n =23, jo=7=2, ko=k=2 (9.19)

By substituting the e series from (8.1), (8.4)—(8.6) into (7.2a, b), (7.4a, b), it is found
that the lowest power of € occurring in (7.2a, b) is €, and in (7.4a, b) is €°. The corre-
sponding coefficients give rise to the equations of equilibrium and compatibility in
the first approximation as follows:

— 2477 g Pk + AN G0k 10y + Pl + 2X ook
a

1—-2¢

+ ARMq0)u@oniq 0orh + (Qh) - + a™qoynQdlk = 0, (9.20a)
a

1—0o¢
245N (p 2ok s + AN (q o re@onsh) 1o + 32%7q )« AL (Qonah®) 15 + P
- - [
+ 2XGoh + (am™a*r + 2a*a*)q o) nQa+h + 1 68“’(0?2)’;) 8 =0, (9.20b)
- a
iq@ayie = 0,  (9.20c); g g @ay = 0. (9.204d)
a

The macroscopic tensors in (7.5a, b, c) can be written as

T = {ZA%'XP(”:AIZ + a®Qlh — A‘(g’“”q(o)mmom’;’} e+ 0(e), (9.21a)

1—9¢
L = Inifa, AT g onshe + O(e), (9.21b)
T=0 = {Qfk + 3AT (qunah®) 1=} € + O(e). (9.21¢)

Here A¥™, A% are given as in (6.33a, b). Equations (9.20a, b, c, d) form a set
of six fundamental equations for the six unknowns p2.s and q(oas. We see that from
(9.20d) that the middle surface in the strained state is a developable surface.
As in Type P1, the problem can be further simplified by introducing w e, such
that
q(o).,'p = W(o)‘ha. (9.22)

We have also

'3

TE = 288" poynk — AL Mgy reQonsk® + aQyh. (9.23)

1—0¢
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We note that T is the coefficient of the lowest power of € in T=8. It is a symmetric
tensor, and consequently it has only three independent components. Substituting
(9.22) and (9.23) into (9.20a, b, c, d), we find that (9.20c) is identically satisfied, while
the other three equations become

= IGww Loy + A w0 alwﬁ") lor Py + 2X (o
+ (Q&)E)L: + 8'XW(0)‘|.AQ?2;}; =0, (9.24a)

T + $a=w lwA'("ﬁ“(W<o> Ju’;’) 1o Pl + 2X ok
+ (a™a*r + 28‘“8'7)W(0)L’)‘Q(2)7£ =0, (9.24b)

nGEW ) 166W @ 1y = O. (9.24c)
a a

To sum up, we have for problems of Type P2 a set of four equations (9.24a, b, c),
in the four unknowns, w and T .

The special case of uniform thickness will now be treated. Since % is constant,
(9.24a, b) may be written in the form

— TEW@ipy + DAAW o) + Py + 2X0y0k + Qfyieh + QhAw oy = 0, (9.25a)
{T(ﬁ;; + Da‘"aﬂ'VW(o”,.,AW(o) - %Da"ﬁ(Aw(o))’} 18 + P&) + 2X&,[o]};
+ (a*’Aw (o) + 2a2a"*W (o)1 )Q sk = 0, (9.25b)

and (9.24c) remains unchanged. Here A is the two-dimensional Laplace operator, and
D is the reduced flexual rigidity as in (9.14).
Furthermore, when

P = X0 = Q& = 0, (9.26)
the equation (9.25b) will be satisfied by putting (¢ is an arbitrary function of x?)
T = nomiidm i~ Da=*aPw (o) l"AW(O) + 3Da“(Aw ()2 (9.27)
And consequently, (9.25a) can be reduced to the form
— nfoninde LW @ loy + DAAw (o) + $D(Aw (0))* + Py
+ 2X%k 4+ Qidwey = 0. (9.28)

Therefore for a plate of uniform thickness under the condition (9.26), we have in
this type of problem a set of two equations, (9.24c) and (9.28), with two unknowns
w( and ¢ . In rectangular Cartesians, these two equations may be written as

W (0),12W (0),12 — W (0),11W (0),22 = O, (9.29a)

2w (0),1203).12 — W(0),119(3).22 — W(0),2203).,11 + DAAW () ,
+ 3D(Aw () + Py + 2X o)1k + QleykAw o) = 0. (9.29b)

The macroscopic tensors are given by




1944} INTRINSIC THEORY OF SHELLS AND PLATES 53

™= {¢(3),2z + %D(W(O).n - W(O).u)AW(o)}é3 + 0(6‘),
T2 = T2 = — {¢@.u+ Dwo.:bw & + O(é), | (9.30a)

T2 = {¢@.1 + IDWo.1 — Wo 24w | & + O(),

LU= — L% = — D(1 — o)we 12 + O(&),

L'? = D(w @)1 + oW (0),22)€® + O(¢'), ’ (9.30b)
L = — D(w(q),22 + ow(0),11)e* + O(¢), )

T10 = D(Awe) .16 + O(),  T® = D(Aw) 26 + O(eY). (9.30c)

An interesting example of this type of problem is given below.

Example: A long rectangular plate of uniform thickness is deformed under the
actions of (a) uniform tensions T’ 4€*, T3 p€® and uniform bending moments L 4€?,
L 5€ on the two long edges, (b) a normal load Pf;e® on one face (this load does not
vary along the length of the plate). Assuming that p=2, ¢=0, find the form of the
middle surface in the strained state.

In this example, we can neglect the edge effect at the two ends by considering
the plate infinitely long. Since the given external force system does not vary along
the length of the plate, we shall assume that strain and stress are constant along
this direction. Hence in the first place, the deformed surface is cylindrical, with the
generators of the cylinder parallel to the length of the plate:

gon =wo.u =Qx"), goiz =W, = qu2 = W),z = 0. (9.31)

Here x* are rectangular Cartesians, so that x?-axis is parallel to the long sides and
x!-axis is perpendicular to them. € is a function of x!, to be determined.

In the second place, T*f is a function of x! only. Since the ends of the plate are
free from tractions, it follows that 7% and T2 vanish everywhere to the third order:

T = T = 0. (9.32)
The component T*! can be written as
T = Tet + O(eY), (9.33)

where T is a function of x!, to be determined.
The problem is to determine two unknowns @ and T as functions of x! through
Egs. (9.25a, b) under the conditions

P = Xoyo = X = Q&) = 0% = 0. (9.34)
Substituting (9.31)-(9.34) into (9.25a, b), we have
- QT(g +DQ .+ P?a, =0, (9.35) (Té,l) +3DQ?,,=0. (9.36)

Integration of (9.36) gives
Ty + 3DQ? = C. (9.37)

Here Cis a constant to be determined by the conditions on the long edges. Substitut-
ing w(o),as from (9.31) into (9.30b, c), we get

L= — L2 =0(d), L% =Dae+0(), L»= — DR+ 0(e), (9.38)

T = DQ e 4+ O(e), T% = O(e). (9.39)
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Then (9.37) beéomes

(L§))?

=C -
T 2D

, (9.40)

where, by definition, L= DQ. This equation is satisfied everywhere throughout the
plate. Therefore it is also satisfied at the two long edges, and consequently T4,
T8, L3ya, Lep must satisfy the following relation:

(L»4)? (L)B)?
2D

T + = Tws +
)4 3)B 2D

= C. (9.41)

Therefore we conclude that among T 3y4, T (38, L34, Lays only three quantities are
independent; when any three are given, the fourth can be calculated through (9.41).
Substituting T5) from (9.37) into (9.35), we obtain

lDQS - CQ + DQ JA1 = = P(3). (9.42)

This is a non-linear differential equatnon of the second order and third degree in Q.
When the boundary values of Q are given (or L4, L s are given), the solution is
uniquely determined.

If P§,=0, the problem is identical with the problem of the elastica [8]. For then,
if we introduce the new variable 0, so that

Q =0, C(9.43)
equation (9.42) can be written as
$D(6.1)* — C0,1 + DB,111 = 0. (9.44)
The second integral of this equation is
1D(0.)? — C = F cos 6. (9.45)

Equation (9.45) is in the same form as the well known equation for the elastica. The
constant F can be determined by the boundary conditions on the long edges; 0 is a
physical quantity which denotes the direction of the tangent to the middle surface
in the strained state.

The bending of a rectangular sheet of paper into a cylindrical surface by forces
and couples applied to two opposite edges may be considered as a problem of the
above type. There is, however, an edge effect in the neighborhood of the free edges.

(c) TYpE P3:¢=0, p>2. FINITE DEFLECTION WITH NEGLIGIBLE EXTENSION IN
THE MIDDLE SURFACE

General equations. As in type P1, P2, we have

no=n=3, jo=j=2  ko=k=2 (9.46)

By substituting the e series from (8.1), (8.4)—(8.6) into (7.2a, b), (7.4a, b), we find
that the lowest power in (7.2a, b) is €, and in (7.4a, b) is €°. The corresponding coeffi-
cients give rise to the equations of equilibrium and compatibility in the first approxi-
mation as follows:
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(1) (q<°)ﬂh )lpv + A(s) Q(O)MQ(O)p‘yQ(O)rw};s + P?o)

_ ~ 1 — 20 ~
+ (Qa)h) 1+ + 2X ok + - a?qoynQyk =0,  (9.47a)
! _

— AG MA@ nk®) |, + 3a%7q 0y A (qonnsh®) 1» + P& + 2X G0k
a a

T a”QaP + (@”am + 2a”am)gwaQeyh = 0, (9.47b)
"f(ﬁQ(onyLn =0, (9.47¢) N g ©8q 0yay = 0. (9.47d)
The macroscopic tensors in (7.5a, b, ¢) can be written as
T = {1 i S a*fQiph — A ™™g (o>nQ(o)xsﬁ’} e + 0(¢), (9.48a)
L = Znjfla..Af) g onshite + O(e), (9.48b)
T=0 = {2A7(qonsh?) Ir + Q%h}et + O(e). (9.48¢)

Equations (9.46a, b, c, d) form a set of six equations involving only three unknowns
Q(0)ap, SO the problem is overdetermined. Let us suppose that g(eas can be eliminated
from these six equations; we get a set of three conditions, which may be written in
the form

Yy = Yk Qb Py X)) =0, (5 =1,2,3). (9.49)

Equations (9.49) represent the three necessary conditions on the external force sys-
tem in order that a plate may undergo finite deflection with negligible extension in
the middle surface. A special example will be considered as follows.

Example. Under what circumstances can a portion of a plate of uniform thick-
ness be bent by normal pressure into a cylindrical surface of finite curvature with
negligible extension in the middle surface? The normal pressure is assumed to be con-
stant along the generators of the cylinder.

In this case,

X = Qi = P& = 0. (9.50)

Let us choose the x*-axis in the direction of the generators of the assumed 'cylin,drical
surface, and the x'-axis in the perpendicular direction. Then we have as in the ex-
ample of Types P1, P2

qou =Q(x"), gz = g2 = 0, (9.51)
and the equations (9.47a, b) become

— 20 -
DQ y; + ———Dn + Pl + QQ?nh =0, (9.52a)

2(1 - o)
— DQ?) .1+ ohQlzy 1 = (9.52b)
Integration of (9.52b) gives

oh
Q= > €1+ Q) (9.53)
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where C; is an integration constant. Substituting Q2 from (9.53) into (9.52a), we get

(3 — a)(ah)*?

(ehD)V2{(Cy + Q') . + 5 (Cy + Qa3

(1 — ¢)D/2
L 1—2fo\'"
+ P + (—) h¥?Q @ = 0. (9.54)
1—0¢\D

This is the required condition to be satisfied by Q), Pf.
Let us assume that Q° and P° are of the same order of magnitude; then, since
P(z) =0, we have

Q% = 0. (9.55)
Then the condition (9.54) becomes '

(3 — o) (o)™

Py = —
@ 21 — o)D'?

C3/2 = constant. (9.56)

Furthermore, since the right hand side of (9.53) is constant, the plate is bent into a_
circular cylindrical surface; its curvature is given by

2(1 - U)P(;) 113

When P{;,=0, we get from (9.57) @=0. Therefore we conclude that it is impossidle
to bend any portion of a plate of uniform thickness into a cylindrical surface of finite
curvature with negligible extension in the middle surface, if on that portion of the
plate the surface force is of the fourth order, and the body force of the third order,
with respect to the thickness of the plate.

CONCLUSIONS

A systematic method of approximation based upon the thinness of the plate has
been developed in this paper. It is found that thin plate problems may be classified
into twelve types (P1-P12) according to the relative orders of magnitude of pes,
qas and h. In each case, the problem reduces to the solution of a set of partial differ-
ential equations, different for different types. These differential equations are given
in Table I. Furthermore, the principal parts of the macroscopic tensors and the orders
of magnitude of the external forces for each case are given in Table II. Among these
twelve types, P1-P3 represent the problems of finite deflection, P4-P8 the problems
of small deflection, P9—P11 the problems of very small deflection and P12 the prob-
lems of zero deflection. The problems of finite deflection are discussed in section 9;
these are new problems, and a simple example for each of these types is solved. The
problems of small deflections, very small deflection, and zero deflection are familiar;
the detailed discussion of these types is therefore not necessary. However, we may
note that the theory of generalized plane stress, the Lagrange-Kirchhoff theory of
“small” deflection, the von Kirméin theory of “large” deflection and the membrane
problem can be derived respectively from Types P12, P11, PS5, P4.
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APPENDICES
(i) TaBLE I.—Table of the equations of equilibrium and compatibility of thin plate problems.

(7.2a) (7.2b) (7.4b) (7.4a)
Types q 2

nnn LRl rnrnrr| RJ T
P1 0 1 x X X x X X x x
P2 0 2 X X X X X X X X X b3 X
P3* 0 >2 X X X X X x X x x
P4 =1 1 X X X X X x X
PS5 1 2 X X X X X x X X x
Pé6* =1 2g+1 X X b X X X
P7* =1 2g+2 X X X X X X X X
pg* 21 >2g+2 X X X X X X X
P9 2 >1 X X X X X X x x
P10 =2 2<p<2q X X X X X X
P11 =2 2q b3 x b X X X x
P12 © =1 x X x
In this table, the following notation is used:
The terms occurring in the first equation of equilibrium (7.2a) are

I‘l) = - ZA‘ZKRQMPrkh» Ig = %A‘(rly)ﬂ(qr)\h,)ln» Ig =\A'('g)'°”q"qmq“h'
a

L=P+2Xph+ Q81 =T ang”Ch.
a
The terms occurring in the second and third equations of equilibrium (7.2b) are
It = ZA'(?)')‘(PtXh)Im

I3 = 3a**q. Al (qash?) |, — A% (qreqrsh?)),,
a a

g

I3y = P+ 2Xgh + a**(Q°h),,, I¢ = (a™gna} + 2a°7q.,)Q"A.
a

1—0¢
The terms occurring in the first.equation of compatibility (7.4b) are

Jtl’ = Z“f(‘):i"f&pp‘rlaﬁv Jg = nfgi“f&q"'q“"
a

The term occurring in the second and third equations of compatibility (7.4a) is

Ja1 = 203 qasiy-
a

On account of the conditions which hold in the various types of problem, some of
these terms may be negligible in comparison with others. The table shows by the
symbol ‘x’ those terms which. are to be retained in the first approximation for the
various types. (The overdetermined problems are denoted by ‘*’.) Thus for example,
for problems of Type P1, we having the following equations of equilibrium and com-
patibility in the first approximation:
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R+nR+1=0 IK+I5+I{=0 J;=0 Jau=0.

These equations are written in terms of the small principal parts instead of in terms
of the finite coefficients of the lowest power in € (see (9.3a, b, c, d)).

(ii) TaBLE II.—Table of the external force system and the macroscopic tensors for
various types of thin plate problems.

T L Teo
Types| no ”n Jo j ke k
t [TPTPT » (L] 1 |TPTy
P1 2 2 1 1 1 .1 2 x x 3 x 2 X x
2 2 1 1 1 .2 2 X x 3 x 3 X X
P2 3 3 -2 2 2 2 3 X x X 3 X 3 X X
P3 3 3 2 2 2 2 3 X x 3 x 3 X x
Py q+2 2 q+1 1 1 g+1 2| x x| g+3 | x]g+2 |x
g+2 2 q+1 1 1 q+2 2 x x|g+3 | x|g+3 |x x
Ps 4 3 3 2 2 3 3 x x 4 x 4 X x
P6 |qg+3 |2¢+2| g+2 | 2¢g4+1 | 2¢+1 | g+2 | 2¢+2| x x[g+3 | x|g+3 |x x
P7 | q+3 | 2¢+3 | 29+2 | g+2 | q+2 | 2¢+2 [ 2943 x x x|g+3 | x|g+3 | x x
P8 | q+3 | 2¢+3 (2g+2 | g+2 | g+2 | 2g+2 | 2¢+3 x x|g+3 | x|g+3 | x x
P9 | qg+3 3 q+2 2 2 q+2 3 x x|g+3 | x|g+3 |x x
P10 | g4+3 | - p4+1 | g42 ? P qa+2 | p+1] x x|g+3 | x|g+3 |x x
P11 | g+3 | 2¢+1 | q+2 2q 2q q+2 | 2¢+1! x x|g+3 | x|g+3 | x x
P12 © p+1 o ? P w | p+1 x X | o o

In this table, the following notation is used:

The terms occurring in the expression (7.5a) for the membrane stress tensor T8
are denoted by '

g

T = 240 pah, T3 = — ASMgug.h?, TP = a“Qh.

-0

The term occurring in the expression (7.5b) for the bending moment tensor L=#
is denoted by

Ly = h’(ﬁﬂnA'('x')”q“h'.

The terms occurring in the expression (7.5c) for the shearing stress tensor T°=° are
denoted by

Ty = Q°h, T3 = 345" (qah?)).

Furthermore,
no=order of sum of the normal forces acting on the upper and lower boundary
surfaces, or order of P°,

n =order of sum of the tangential forces acting on the upper and lower boundary
surfaces, or order of P=,

Jo =order of normal component of body force, or order of Xt

i =order of tangential component of body force, or order of Xf,
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ko=order of difference of normal forces acting on the upper and lower surfaces,
or order of Q°,
k =order of difference of tangential components of forces acting on the upper and
lower boundary surfaces, or order of Q=,
t =order of membrane stress tensor 7128,
u =order of bending moment tensor L8,
I =order of shearing stress tensor 77*°.
This table gives (a) the values of ny, n, jo, j, ko, k, ¢, %, I, (b) the principal terms
in the expressions for 728, L*#, T«® (denoted by ‘x’). The terms not marked with ‘x’
are negligible in comparison with those principal terms. It will be noted that there are
two lines in the table for P1 and also for P4. This is because, in each case, k may have
two values.
For example, in the case of Type P1, we have for T*f, L8,

T8 =T 4+ Tg%, L8 =LY,
while for T2,
' Te0 = T§ (if £ = 1),

T =Ty + T3 (if & = 2).

(To be continued)
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