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

BY

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

10. Definitions and method of approximation. The method of approximation used
below is essentially the same as in the case of thin plate theory. We define € to be
the average reduced thickness of a shell. (We may recall that the reduced thickness
of a shell is the ratio of its thickness to a selected lateral dimension of its middle sur-
face). Then for a thin shell, € is a small quantity. This definition of a thin shell is in
agreement with that of a thin plate given in Part II.

A thin shell is said to have finite curvature when the smallest radius of curvature
of its middle surface and the selected lateral dimension are of the same order of mag-
nitude. Furthermore, a thin shell is said to have small curvature of order b when the
ratio of the selected lateral dimension to the smallest radius of curvature of its middle
surface is of the same order of magnitude as €, where b= 1. Thus a thin plate may be
regarded as a thin shell of small curvature of order «.

We consider a family of «?! shells of the same material with diminishing reduced
thickness, each in a state of stress under (i) external forces applied at the edge,
(ii) surface forces and (iii) uniform body forces. We assign to each shell a value of a
parameter € (0 <e <€) denoting the average reduced thickness, so that the thickness is

2h = 2¢h(x!, x2). (10.1)

The quantity ¢ 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. In this theory, e is the only small
quantity. All quantities occurring (except Poisson’s ratio o) are functions of e. No
quantity is small unless it tends to zero with e.

For the greatest generality suppose all quantities to be power series in e. Thus,
supposing the middle surface itself to depend on ¢, we have

0 L
aag = Z a(s)ape’, by = Z B () as€®, (10.2a, b)
8=0 8=b
where b is either zero or a positive integer. a s and b, are functions of x=, inde-
pendent of e. For b=0, we are dealing with thin shells of finite curvature, while for
b=1 we are dealing with thin shells of small curvature of order b.
Furthermore, we shall represent Q%, P%, X}, T'=#, T'«°, L8, p.s, gus by power series
as in Part II; '

0 = 204, Q= 2 0%, (10. 3a)

a=kg s=k

* Received June 12, 1943. Parts I and II of this paper appeared in this Quarterly, 1, 297-327 (1944),
and 2, 43-59 (1944).
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PO = ?‘ Ple, Pe = ik P{,)e’,‘ (10.3b)

&=nq 8=k

Xy = i;.X(o.)me'» X = f;X?.>(ole', (10.3c)
=19 =

Tot = 3° Tbe, Lt = ii‘;ﬁ’)e', Tao = f‘, T3¢, (10.4a, b, c)
8=t s=u s=1

Pag = ippmase‘, qag = Z”: g (s)aBE" (10.5a, b)
8= 8=q

Here k, ko, n, 1o, j, jo, t, u, I, p are integers greater than zero, and ¢ is zero or a posi-
tive integer. The case ¢ =0 corresponds to problems of finite deflection. The quantities
Q%) Q% PY, etc. are functions of x°, independent of e.
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Fi1G. 4. Classification of problems of thin shells with finite curvature (b =0).
p=order of extension of middle surface.
g=order of change of curvature of middle surface.
b=order of initial curvature of middle surface.

Then the problems of thin shells can be classified by assigning integral values to
$, g and b. With p, g, b given, the values of ko, k, n,, 1, jo, j in (10.3) are fixed by the
condition that X{yo, Xyop Py Piyr Qs Oy should contribute to the principal
parts of (6.34), (6.35), without dominating these equations to the exclusion of pas
and q.s. The values of ¢, u, I of T8, L8, T=0 are immediately fixed through the ex-
pressions (6.29), (6.30), (6.31). With p, ¢, b, &, ko, j, jo, #, 1o fixed, the equations of




122 WEI-ZANG CHIEN [Vol. 11, No. 2

equilibrium and compatibility in the first approximation are immediately obtained
by substituting (10.1)-(10.5) into (6.34), (6.35), (6.43), (6.44), and picking out the
principal terms in e from the resulting equations. This gives us six differential equa-
tions in six unknowns p(;as and qqes- For the various combinations of values of
2, ¢, b, the forms of these differential equations fall into several types. The classifica-
tion of these types will be given below.

11. Classification of all thin shell problems. The classification of the problems of
thin shells with finite curvature (b =0). The following is a complete classification of the
problems of thin shells with finite curvature (5 =0) based upon assigned values of p, q.
The classification is shown graphically in Fig. 4.

It is found that the (p, g)-points in the diagram (¢=0, p=1) are broken up into
eight groups by the division lines AB, OC and the p-axis. For ¢ =0, the principal part
of (6.34) or (6.35) takes three different forms depending on the position of the point
on the p-axis relative to the point 4, while the principal parts of (6.43) and (6.44)
are the same for all values of p. For g=1, the principal part of (6.34) or (6.35) takes
three different forms depending on the position of the (p, ¢)-point relative to the line
A B, and that of (6.43) or (6.44) takes three different forms depending on the position
of the (p, g)-point relative to the line OC; each of these forms is different from that
for g=0. It follows that the (p, ¢)-points are divided into eight groups and so the
complete classification of all problems of thin shells of finite curvature involves con-
sideration of eight types (Types SF1-SF8). (The letter ‘S’ denotes shell, while ‘F
denotes finste curvature.) »

In order to save space, we shall not discuss these types in detail. The results for
these types are summarized together with those for thin shells with small curvature
in the tables in the Appendices. The principal parts of the equations of equilibrium
and compatibility are shown in Table III, and orders of magnitude of the external
forces and the principal parts of the macroscopic tensors in Table IV.

The classification of the problems of thin shells with small curvature (b=1). The
following is a complete classification of the problems of thin shells with small curva-
ture based upon the assigned values of b, p, g. The classification is shown graphitally
in Fig. 5 (for b=4), Fig. 6 (for b=2), Fig. 7 (for b=1). The case b =4 is typical of the
cases 3Sh< .

We shall now explain Fig. 5. We see that the (p, ¢)-points are broken up into
27 groups by the division lines and the p-axis. Of these division lines, the line B’BB’’
(i.e., g=b=4) is the most important. It divides the (p, ¢)-plane into three main re-
gions. For any point on B’BB’’, the curvature in the unstrained state and the change
of curvature during the strain are of the same order of magnitude (g=56=4). For any
point on the left of B’BB’’, the magnitude of the curvature in the unstrained state
is smaller than the magnitude of the change of curvature (g <b=4), while for any
point on the right of B’B’’, the magnitude of the curvature in the unstrained state
is greater than the magnitude of change of curvature (g>b=4).

For ¢=0 (i.e., on the p-axis) in Fig. 5, the principal parts of (6.34), (6.35) take three
different forms depending on the position of the points on the p-axis relative to the
point A, while the principal parts of (6.44), (6.43) are the same for all points on the
p-axis. For 1<¢<b=4 (i.e., in the region between the p-axis and B’BB’’), the prin-
cipal parts of (6.34) or (6.35) or (6.44) take three different forms depending on the
position of the (p, g)-point relative to the division line AC or 4B or OD respectively,
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while the principal part of (6.43) is the same for all the (p, ¢)-points in this region.
It follows that the (p, g)-points in the region on the left-hand side of B’B’’ are divided
into 11 groups (Types SS1-SS511). (The letters ‘SS’ denote the shell with small curva-
ture.)

p-values Bt B

14 o o ] [} [ o [}
13
12

11

10

Fi16. 5. Classification of problems of thin shells with small curvature (b=4).
p=order of extension of middle surface.
g=order of change of curvature of middle surface.
b=order of initial curvature of middle surface.

For g=b=4 (i.e., on B'B’’), the principal parts of (6.34) or (6.35) or (6.44) take
three different forms depending on the position of the (p, ¢)-point relative to C or
B or D respectively, while the principal part of (6.43) is the same for all points on this
line. Furthermore, for ¢>b=4 (i.e., the region to the right of B’B’’), the principal
parts of (6.34) or (6.35) or (6.43) or (6.44) take three different forms depending on
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the position of the (p, ¢)-point relative to the division ine CG or BE or B'H or DF
respectively. It follows that the (p, ¢)-points on the right-hand side of B’B’’ are di-
vided into 9 groups (Types SS519-5526, SS10). It should be noted that, as far as the
principal parts of (6.34), (6.35), (6.43), (6.44) are concerned, the (p, g)-points lying
between the lines IDF and ICG are regarded as one group (Type 5510). Therefore,

p~values
10

q-values

F16. 6. Classification of problems of thin shells with small curvature (b=2).
p =order of extension of middle surface.
g=order of change of curvature of middle surface.
b=order of initial curvature of middle surface.

together with the groups on the left-hand side of B’B’/, we have in all 25 groups of
(#, @)-points in Fig. 5. And consequently the complete classification of all problems
of thin shells with small curvature of order b=4 involves consideration of 25 types
(Types SS1-SS11, 5513-5526).

The general appearance of the classification diagrams for any b satisfying 3<b < «
is the same as for b=4. An increase of b makes the line B’B’’ shift to the right, while
a decrease of b makes it shift to the left. On examining the various groups of (p, g)-
points in these diagrams (for any integral value of & in the range of 3<b< «), it is
found that the corresponding groups occupying the same relative positions with re-
spect to the division lines possess the same set of equations of equilibrium and com-
patibility in the first approximation, and so belong to the same type of problem.
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Therefore the complete classification of all problems of thin shells with small curva-
ture of order 3 b < « involves consideration of 25 types only.

For b=2 (Fig. 6), the situation is almost the same as in Fig. 5, but with the groups
SS9, SS11 missing. The other groups are the same as those shown in Fig. 5 for b =4,
and so no extra.types arise.

For b=1 (Fig. 7), the situation is only slightly different from those in Figs. 5 and 6.
Instead of the two separate division lines IDF and ICG for Eqs. (6.34) and (6.43) in
Figs. 5 and 6, we have one common division line D’F’ for both equations. Further-
more, the triangle formed by the division lines ID, DC, IC in Figs. 5, 6 collapses into

p~velues B¢ B Fr

o 1 2 3 4 5 6 4 8
—————
q~values

Fi1G. 7. Classification of problems of thin shells with small curvature (b=1).
p=order of extension of middle surface.
g=order of change of curvature of middle surface.
b=order of initial curvature of middle surface.

an isolated point D’ in Fig. 7. Thus instead of 25 groups in Fig. 5, or 23 groups in
Fig. 6, we have only 15 different groups. Among these groups, 13 belong to the types
already mentioned in the case 3<b< » (Types SS1-5S53, SS13, S516-5521, SS524-
S5S526); the other two are Types SS512, S527.

On comparing the classification of (p, ¢)-points on the left-hand side of B’B’’ in
Figs. 5, 6, 7 with that in the corresponding region of Fig. 3, it is found that they
are identical with each other. In fact, for these types, the equations of equilibrium
and compatibility in the first approximation are identical with those stated in Table I
(Part II) for the corresponding types of thin plate problems. Therefore, we have the
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following important conclusion: A problem of a thin shell with small curvature of order b
is effectively equivalent to a problem of a thin plate in the first approximation, if ¢<b,
i.e., if the change of curvature is greater than the curvature of the shell in the un-
strained state.

It should be noted that for b= =, Fig. 5 becomes exactly Fig. 3 for the thin plate
problem.

The results are summed up as follows:

(i) The complete classification of the problems of thin shells with small curvature
of order =1 involves the consideration of 27 types (Types SS1-SS527).

(ii)) Among these 27 types, 11 are equivalent to problems of thin plates; the char-
acteristic of these types is ¢ <b.

(iii)) When b=1, these are two types (Types SS12, SS27) of particular interest.

We shall not discuss all these types in detail. The discussion of Type SS12 will
serve as an example. The results for all types are summarized in tables in the Ap-
pendices. The principal parts of the equations of equilibrium and compatibility are
shown in Table III, and the orders of magnitude of the external forces and the prin-
cipal parts of the macroscopic tensors in Table IV.

Before entering on the detailed discussion of Type SS12, a useful result for small
curvature (b=1) will be mentioned. On substituting a.s, bas from (10.2a, b) inte
(6.39b), it is found that the lowest power of € in the resulting expression is €. The
corresponding coefficient gives rise to the equation

R0ypasy = $(@(0)py.08 + Q(0)aBpr — B0)oB.ay — B(0)ay.80)
+ a’(rg){ [P')’, T]ao[aﬂr 6]00 - [Pﬁ» 7]00 [a‘Y, 5]«10} = 0; (11- l)

where the Christoffel symbols are calculated for a(.s. Eq. (11.1) expresses the fact
that in the case of small curvature, the curvature tensor vanishes in the first approxi-
mation. Hence the order of the operations of covariant differentiation with respect
to a(p)ap is immaterial; this result will be found very useful later.

12, Detailed discussion of type SS12 (b=g=1, p =2) and its applications. General
equations. By the condition that in the first approximation, (6.34), (6.35) receive sig-
nificant contributions from P, P, X{o» X Qkyr Oy, We must have

”0=4, j0=31 k0=2’
n=3  j=2  k=a3.
By substituting the e series into (6.34), (6.35), (6.43), (6.44), it is found that the

lowest powers in € occurring in the resulting equations are respectively €4, €, €!, €.
The corresponding coefficients give rise to the following equations:

2 i 2N i A
— AGH by @ynh — 2AG5 qmpP @y nk + FATS (Qy k) 10y

(12.1)

2(1 — 20)
+ Py + 2XGyok + @k + ﬁ—H nQyh
1— 2 _
+ 1— o quma&SQ?z,h = 0, (12.2a)
g

2850 (P oynh) 1o + P + 2X G0k +
ag

ag(Qh) i, = 0, (12.2b)
a9

1—0
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ﬂf&Q(x)aalv =0, (12.2¢)

a0

208508 D 235108 + WA WA e + (B — dHma)qmas = 0,  (12.2d)
ag

where a, under stroke indicates covariant differentiation with respect to the tensor
a(0ap and x2. The other symbols represent

1
AT = = (cafhaly + (1 — o)agal), (12.3a)
n) = eB(ag)"V%, ao =det. (aoym), €' =€2=0, 2= —¢€l=1 . (12.3b)
b3S = agalbuyn, Hay = tabwyn. (12.3c)

The macroscopic tensors (6.29)-(6.31) can be written as

g
T = {2A?€B)‘P(2)ﬂﬁ + 1— o a?t%Q?z)’;}é’ + O(e%), (12.4a)
Le® = a0 «vAG) ganihlet + O(¢), (12.4b)
T= = {2ATN(qansh?) 1= + Ok} et + O(€). (12.4c)
ag

Equations (12.2a, b, ¢, d) are six equations for the six unknowns p(s and gayn.
Since by (11.1) the order of the operations of covariant differentiation with re-
spect to ag -\ is immaterial, (12.2¢) implies the existence of wg, such that

qap = W()lah - (12.5)
&
“Thus the determination of qas is reduced to the determination of the single func-
tion wg,. Furthermore, instead of using p(s«s as the rest of the unknowns, we may
use T%. By definition, Tge® is the principal part of the macroscopic tensor T,
namely, by (12.4a),

4

TS = 2457 pynk + ai$ob)k. (12.6)

1—o0

This is a symmetrical tensor; so it has only three independent components. Substitut-
ing (12.5), (12.6) into (12.2a, b, d), we have

T x,
— Tawmin — 3bwynTE + AT Way k) 1,y + Pl
ao 0

ag a
+ 2X ok + (Qah) 1+ + 2H0Q%k + wayinagQih = 0, (12.7a)
a9 ap
T+ Pg + ZX&)[OI}; =0, (12.7b)

|
a0
1 ] N N0
w5l { (1 + 0)amea)vs — ca©ra0)xs) {i TG ¢ 1as + 0@{0 Q) 1m
ao ao

+ WEnGW 18w 1y 1ap + (B — 4Hma@)W )18 = 0. (12.7¢)
a

a ay o

Equations (12.7a, b, ¢) form a set of four equations for the four unknowns wy,

and TE.
Special case. The following special case is interesting. If
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P& = X@o = 0, (12.8)
then by (12.7b) there exists a stress function x, such that
T(’:f) = "f&“fc?))((s)m- (12.9)

a9
Here x, is a function of x*, having properties similar to those of the Airy function
in the thin plate theory. Substituting (12.8), (12.9) into (12.7a, c), we have

.X ] A -
— $nonG 2wy e + Bays) X @ e + FARDH W) 1A 1oy
ag ag ag a

+ Py + 2X G0k + 2H00%kE + agway im0k = 0, (12.10a)

1

S\ '] A N0

{cafgal) — (1 + 0)afal)} {T;‘ X<s>|ax} 1xs + 0800 1m
17

a9 ag ap
29 2.8
+ 0w ay 1w 128 + (B — 4Hmal)way s = 0. (12.10b)
ag ag ap

Equations (13.10a, b) are two equations for the two unknowns x@ and wq,. These
equations are valid in general for a shell of non-uniform thickness. For the case of
uniform thickness, (12.10a, b) are immediately simplified to the forms

A & A
— InonG 2wy =8 + Bay=s)X @) e + Daiglamw ayiems
ay ap 2

+ Py + 2X Gk + 2H1) 00k + agyway i nQpk = 0,  (12.11a)
ag

A\ R D Wall i \
agjapx @ 1=ns — cha Qs + AGNEW 1) 1p9W (1) 121
ap ao a0 a

+ E(4Hwaly — bWy = 0, (12.11b)
ay

where D is the reduced flexural rigidity, as given in (9.14). Applications of these two
equations will be discussed below.

A circular cylindrical thin shell with small curvature and uniform thickness under
end thrust and normal pressure. We shall assume that the external forces and the edge
loading are such that the problem is of Type SS12. Furthermore let us assume that

Xyo = Q@ = 0. (12.12)

We have in mind the case where body force is negligible and where the shell is loaded
normally on one side only. A number of terms disappear from the equations of equi-
librium and compatibility (12.11a, b) for Type SS12. Thus if we write these equations
in terms of the small principal parts instead of in terms of the finite coefficients of the
lowest power in €, we have

- %ﬂﬁﬂfg,(zwl,s + b,a)xnp + Da""aMW|,1)‘3 + P9 =0, (12 133.)
a a a
a"’a“x;,.,‘u + hnf{,‘inf&wh.,wl,a + h(4Ha™ — b™)w . = 0. (12.13b)
a a a a

Here a under a stroke indicates covariant differentiation with respect to the tensor a.s
and x<; also

2h3
D=—"—
31 — o)

4H = a.zbh. (12.14)
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Let us choose the set of intrinsic rectangular Cartesian coordinates on the middle
surface so that x =x! is the distance measured along the generators of the cylinder and
y=x?is the distance mcasured perpendicular to the generators. Then we have

an = al! = ap =a% =1, ap = a'? =0,

(12.15)
bu = bll = blz = bn = 0, bzz = b22 = Z/R,

where R is the radius of curvature of the cylindrical middle surface. In these coordi-
nates, Egs. (12.13a, b) become

1
DAAW + (2W, 2y X2y — W.22X.yy — Woyy X, 22) — Ex,,, + P =0, (12.16a)

1
BDX + 2B s Wy = Wy W) + 2R Wze = O, (12.16b)

where subscripts preceded by a comma denote partial differentiation. If we let R
tend to infinity, we get the von Kirméin equations for a flat plate. The equation
(12.16b) was recently obtained by von Kirmén and Tsien [1] in their treatment of
buckling of a thin-walled circular cylindrical shell under compression on the two ends.
If we apply the operators AA to (12.16a) and (1/R)3%/3x? to (12.16b) and add the re-
sulting equations, we obtain -

2 2h
DAAAAW + }'2_ W zzzz + 'E— (W,zzw.yy - W.qu.zy? ZZ

= AA(PO + 2W.zyx.zu — W, zzX, 9y — W.yyx.z:)- (12. 17)

This is the equation of equilibrium used by von Kiarman and Tsien, except that they

omit the term
2h
T (W,2:W .3y — W, W, 2y) 22 (12.18)

This term is important when the deflection is
comparable with thickness. However, it seems
simpler to treat the problem directly by means
of (12.16a, b) instead of using the higher-order
equation (12.17). Equation (12.16a) appears
to be new.

A small segment of a thin spherical shell un-
der external pressure. We shall assume that the
solid angle of the segment is small, so that the
curvature is small; we shall assume it to be of
the same order as the thickness, so that 6=1
(cf. section 10). We shall use spherical polar
coordinates as in Fig. 8, so that on the middle
surface in the unstrained state we have

ds® = R2d6* + R?sin20dp?  (12.19)

Since 0 is small, we write Fic. 8.
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ds? = R%d6? 4+ R?**do?. (12.20)
If we put
x! =0, x? = g, (12.21)

the components of the first and second fundamental tensors are given by
an = R? & = R%? a; =0, a''=1/R? a?=1/R%? a'?=0, (12.22)
byy = 2R, by = 2R6?, b'' = 2/R%, b= 2/R%?, b;,=5b2=0. (12.23)
Futhermore, we have from (12.22), (12.23)

H=1/R, a= R (12.24)

All the Christoffel symbols are equal to zero, except

{212} =-0 {122} = 1/6. (12.25)

We shall assume that the problem is of Type SS12. Substituting (12.21)-(12.25) into
(12.13a, b), we have

~ Rt {(W.oo + R)(x.we + 0x.0) — 2(?'# - %W.v) (Xv" - %X-’)

+ (Wee + RO?+ Ow,.)x,”} + DAAw + P° = 0, (12.26a)

AA 2h { bw . 2
x + T W.oo(W,op + Ow,) — (W.w Y W.v) }
1 1
+ Zh{E’ W+ T (w.or + 0W.0)} =0. (12.26b)

Here A is the Laplace operator

1 2 1 9 1 8 1 & 9 1 92

A=e — b —— —— —= — — .
R? 99 R%? 99> R 30 R% 30 960  R??* 3o

(12.27)

Equations (12.26a, b) are two nonlinear partial differential equations for two un-
knowns x, w.

We suppose that the problem has rotational symmetry. Then w, x are independent
of ¢, and (12.26a, b) reduce to the form

d d1d dw 1 d[fdw d R d d PYR*
( —x—) ( x) =0, (12.28a)

- —f— - — —[— —— —(¢ = >

— 40
d6 do 6 do d6 D do\do db D do do

4,81 dl)dx+hd(dw>2+2hRd(o dw) 0. (12.28b
do do o0 do do do\ do o\ d0/) (12.28b)

The equations can be integrated once giving




1944) INTRINSIC THEORY OF SHELLS AND PLATES 131

dw 1 dw dx R g X dx  P%*R*

6—— —0—— — — — — — + = constant, (12.29a)
de 6 do deé D do de D db 2D
d 1 d dx dw dw
06— — —0—+ )h + 2hR6 — = constant. (12.29b)
de 6 do do do do

Since dw/df vanishes for # =0, the constants are zero. If we introduce the quantities

a=——+8, g=——, (12.30)

0d2a+da a R? 8 + ° 302 0 (12.31a)
6 o o DT b 7 o
d? d
§£+ a8 _ ﬁ + h(a? — 62) = 0. (12.31b)

The quantity « is the slope of the meridian line
in the strained state (Fig. 9). The significance of
the quantity 8 is that 8/6 is the radial membrane
stress (tension). Equations (12.31a, b) are the
fundamental equations for the determination
of the buckling pressure of a small segment of
spherical shell.

If we assume that the first and second terms
in (12.31b) are negligible in comparison with the
other terms, then we can solve (12.31b) immedi-
ately for B. Substituting the resulting expression
for Binto (12.31a), we have )

d?a da «a hR?

— 4 — — — =
d'0’+d 0 D 2D

(12.32)

This is the equation used by von K4rm4n and Tsien [2] in their treatment of buckling
of spherical shells by external pressure. It should be noted that the neglect of the first
two terms in (12.31b) is a rough approximation. Actually the first three terms in
(12.31b) are of the same order of magnitude.

Furthermore, if we introduce
r = R, (12.33)

Eqgs. (12.28a, b) can be written in the form

d d 1 d dw 1 dfdw dx 1 d dx Py
) r— +?=o (12.34a)
g

RDdr

dr dr r dr dr D dr

dr dr

d d 1 d dx+h d (dw )’+ 2h d( dw) 0 (12.34b)
—_— —r— —— — —\(r —)=0. .
df dr r dr dr dr

dr R adr dr
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The quantity 7 is the radial distance measured along the meridian line from the center
of the shell. We see that these two equations are the same as the corresponding von
Kérmén equations for the circular plate under symmetrical loading [3], with the ex-
ception of the terms proportional to 1/R; this is evident if we make R infinite in
(12.34a, b).

A summary of the whole paper was given at the end of the first section (Part I).

APPENDICES
(iii) TaBLE III.—Table of the equations of equilibrium and compatibility of thin shell problems.

(6.34) (6.35) (6.44) (6.43)
Types b q 4
1919 13 19 13 1 1913 191 1 1 ag a5 161 IS I3 IS IS T a2

SS1 21 0 1 x X x x x x x x
SS2 21 0 2 X X X X X X X X X x x
SS53* 21 0 >2 X X X X X x X x x
SS4 22 15¢<d 1 x x X x x x x
SSs =2 1 2 x x x x x x X x x
SS6* 22 1=g¢<b 2q+4+1 x x x x x x
SS7* 22 1=¢<bd 2¢+42 x x X X X X x x
SS8* 22 1=5¢<b >29+2 - x x X X x x x
SS9 23 2=5¢<b 2 X x x x x x x X
510 23 25q<b 2<p<2¢

22 b 24g—-b<g<g+b x x x x x x
SS11 23 2=5g<b 2q x x x x x x x
SS12 1 1 2 X x X X X x| x x X x x| x
SS13 21 b 1 x X x x x| x x x x
SS14°| 22 b 2 x x x x x x| x x x x
SS15 =2 b 2b x x x x X x x| x
SS16* 21 b 2b+1 x x x x x x x
SS17* 21 b 2b42 x x X X X X X X x x x
S5518% 21 b >2b+2 x x X X X X X x x| x
SS19* 21 >b <g-b x x x| x x x x
S520% | 21 >b g-b x x x| x x x x x
SS21* 21 >b g—b+1 x x x| x x x x
5522 =2 >b g—b+2 x x x x| x x x b3
S523 =2 >b a+b x x x x x x| x
SS24* 21 >b g+b+1 x x x x x x
S5525* 21 >b q+b+2 x x x x X x x| x
S5526* 21 >b >q4b+42 x x * x X x x x
85527 1 >b g+1 x x x x| x x x x x
SF1 0 0 1 x X x X x| x X x x x x| x
SF2 0 ] 2 X X X X X X X X X|X X X X X X x x x
SF3* 0 0 >2 X X X X X x X X X X X X x x x
SF4 0 21 q x x x| x x x| x x x| x x
SFS (1] 21 g+1 x x x| x x x x| x
SF6 0 21 a+2 x x x x x| x x x x x| x
SF7* 0 21 >g+2 x x x x x X x x| x
SF8 (1] 22 <g x x x| x x x| x x x

In this table, the following notation is used:
The terms occurring in the first equation of equilibrium (6.34) are

I? = - 2A€17)')‘Qp‘rpt>\h, Ig = %A‘(,;')ﬂ(qr)\ha)lnr Ig = AgfwmquvaqXJh3r
a
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1—2¢

I3 = P'+ 2Xgh + (Qxh)Lm I = — ang™Q%h, I = — AR b,\pnh,
1— 20
I3 = — 3A Vb, brsqeoh?, I3 = A Nq.ubyansh®, 1§ = 1 2HQ'h.
— 0

The terms occurring in the second and third equations of equilibrium (6.35) are

If = 2A‘<"i’>"‘(pwxh)|m IT = %a°7q. A (ansh®) ), — A5 ™M @roganh®) ),
a a

= P>+ 2Xjgh + a""(Q"h)nm I{ = (a”gna] + 2a*7q.,)Qh,

I3 = A%™(brgroh® )Ip 34 a* b, (qrsh? )Ipy I§ = (2Haj + b3)Q7h.
The terms occurring in the ﬁrst equation of compatibility (6.44) are

J= 2ﬂﬁ“ﬁﬁpnvlaﬂx Jp = “fgi“[%‘iq”q"”
a
J3 = 2a*p K, Ji = — (4Ha*® — b¥)qe.

The terms occurring in the second and third equations of compatibility (6.43) are
Ja1 = 2“%q¢ﬂ11v Jaz = 'ﬁbﬁfa’x(pdﬂ‘l + Ple — p"ﬂ)‘)’
a a a a

On account of the conditions which hold in the various types of problems, some of
these terms may be negligible in comparison with others. Table III shows by the
symbol ‘x’ those terms which are to be retained in the first approximation for the
various types. (The over-determined problems are denoted by *.) Thus for example,
for problems of type SS1, we have the following equations of equilibrium and com-
patibility in the first approximation: ‘

I(l’+12+lg=0v If'+I§+I:=0» J:—_-O) Ja1 = 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 e.

(iv) In Table IV, the following notation is used:

The terms occurring in the expresion (6.29) for the membrane stress tensor T*#
are denoted by

TY = ZA?g'xp:xh. T = — A(s) Mg roqrah?,
. )
T = s a®Qh, T = ATV bugeb®

The terms occurring in the expression (6.30) for the bending moment tensor L=#
are denoted by

LY = $nffla., AT quh?,
L¥ = 2nffa., A5 brp, h®

o v o« 40 0 ) .
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TaBLE IV.—Table of the external force system and the macroscopic tensors
for various types of thin shell problems.

126 rf ol
Types ne n jo j ke k
. PRV o L VR T 3 B B B S ol o
2 2 1 1 1 1 2 x x 3 x 2 x
SS1 { 2 2 [ 1] 1 1 2 2 | x x 3 | x 3 | x x
SS2 3 3 2 2 2 2 3 xX x x 3 x 3 x x
SS3 3 3 2 2 2 2 3 x x 3 x 3 x x
ss4 { a+2 2 |g+1] 1 1 a+1 2 x x e+3 | x a+2 | x
a+2 2 a+1 1 1 q+2 2 x x a+3 x a+3 x x
SSSs 4 3 3 2 2 3 3 x x 4 x 4 x x
S5S6 a+3 |2¢42 | ¢+2!2¢g+1 |2¢+1 a+42 |2¢+42 x x a+3 x q+3 x x
S87 g+3 |2¢+3 |[2¢+42| ¢+2 a+2 [2¢42 |[2¢+3 X X x q+3 x q+3 X x
SS8 g+3 | 2943 |[2¢42| ¢+2 g+2 |2¢+2 |2¢43 X x q+3 x qa+3 X x
N q+3 3 a+2 2 2 a+2 3 x x q+3 x a+3 x x
SS10 | ¢+3 | p+1 | ¢42] o ? q+2 | P41 | x x ¢+3 | x ¢+3 | x x
SS11 qg+3 |2¢+1 | g+2 29 2q a+2 |2¢+1 x x a+3 x a+3 x x
SS12 4 3 3 2 2 3 3 x x 4 x 4 x x
ssxs{ b+2 2 b4+1] 1 1 b+1 2 x x b43 | x b+2 | x
b+42 2 b+1 1 1 b+2 2 x x b43 x b43 X x
SS14 b+3 3 b42 2 2 b42 3 x x b+3 x b+3 x x
SS15 b+3 [26+1 | b+42 2b 2b b+2 |2b+41 x x b+3 x - b+3 x x
SS16 b43 |2b+2 | b42[{204+1 |20+1 b4+2 |2b42 x x b+3 x b+43 x x
SS17 b+3 (2043 | b42{2b+2 (2042 b+2 [2b+3 X X X X b+43 x b+3 x x
SS18 b43 |2043 | db42{20+2 |2b+42 b+2 |[26+43 X X X b+43 x b+3 x x
b+p+1| 2+1 | b+p| b4 b+p | 241 | x x b+p+3 x [b+p+1| x
SS19{[d+p+1] p+1 | b+p ? P |b4+r41| 2 H1 x x db+p+3 x [b+p+2| x
b+p+1| p+1 | bp| P » PHr+2) 21 | x x b+p+3 x [b+p+3| x x
bt+p+1| p+1 | b+p| P ? b+p | P41 | x x b+p+3] x x b+p+1) x
55204 |b+p+1| p4+1 | 0+ # ?  b4r+1| 241 | x x b+p+3] x x [b+p+2| x
b+p+1| p+1 [ b+P| P ? [b+p+2| p+1 | x x b+p+3] x x Pb+P43| x x x
Sszn{””’“ p4+1 | b4p| 2 ? b4p | 241 | x x b+p+2| x b+p+1| x
b+p4+11 p+1 | b+p| P P [pav+1] P+ | x x b+p+2| x b+p+2 x x
5522 | g+2 |a—b+3| g+2|a—d+2j¢—d+2 g+2 [g-b+3| x x a+3 | x a+3 X X
5523 | g+3 [g+b+1]| ¢+2] g+b | g+b | ¢+2 |e+d+1] x x ¢+3 | x a+3 | x x
SS24 | g+3 |g+b+2| ga+2{a+b+1jg+b+1| ¢+2 |¢+d+2| x x ¢+3 | x ¢+3 | x x
S525 | ¢+3 |q+b+43| a+2|a+b+2]g+d+2| ¢+2 |a+b+3| x x x| ¢g+3 | x a+3 x x
5526 | ¢+3 [q+b+3| ¢+2|¢+b+2|a+b+2| ¢+2 |g+b+3 x x| g¢g+3 | x ¢+3 | x x
5527 | ¢+3 | a+2 | g+2| ¢+1 | ¢+1 | @42 | ¢+2 | x x ¢+3 | x ¢+3 | x x
2 2 1 1 1 1 2 x x 3 x 2 x
SF1 { 2 2 1 1 1 2 2 x x 3 x 3 x x
SF2 3 3 2 2 2 2 3 X X X X 3 x 3 x x
SF3 3 3 2 2 2 2 3 X x X 3 x 3 x x
¢+1 | ¢+t q [ q ] ¢+t | x x ¢+3 | x x| ¢g+1 | x
SF4 ¢+1 | g+1 [ [§ q g+l | ¢+ | x x a+3 | x x| ¢+2 | x
g+1 | ¢+t q q [ a+2 | ¢+1 | x x ¢+3 | x x| ¢+3 | x x x
SFS g+2 | ¢+2 | g+t g+1 | g+ | ¢+1 | ¢+2 | x x a+3 | x ¢+2 | x
g+2 | ¢+2 | g41| g+1 | g41 | g+2 | ¢+2 | x x ¢+3 | x g+3-| x x
SFo g+3 | g+3 | g+2| g+2 | g+2 | ¢+2 | ¢+3 | x x x| g43 | x ¢+3 | x x
SF17 a+3 | a+3 | g+2| ¢+2 | ¢+2 | ¢+2 | ¢+3 x x| g+3 | x g+3 | x «x
p+1 | p+1 ? ? ? ? p+1 x x P43 x | p+1 x
SF8 P41 | P41 ? ? ? p+1 | P41 | x x P43 x| P42 | x
p+1 | pH1 ? 4 ? P42 | p+1 x x P43 x | p43 x x

The terms occurring in the expression (6.31) for the shearing stress tensor T2° are
denoted by

Iy = Qah: T; = %A{;M(qklhz)ln
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T§ = 24" (baipyrh®) |« + 3(4HP= + BIP7)A? + $HX 5k

a . 20
- ar H 0 4X — ar()0 hs xe
+ 6(1 — d){l:a (1 -0 Y [0]) b Q] }l
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 or P¢,

Jjo =order of normal component of body force, or order of Xy,

j =order of tangential component of body force, or order of X,

ke=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 T*#,

u =order of bending moment tensor L#,

! =order of shearing stress tensor T%°,

This table gives (a) the values of 7, 7, jo, j, ko, &, ¢, u, ], (b) the principal terms in
the expressions for T*#, L, T+® (denoted by ‘x’). The terms not marked with ‘x’ are
negligible in comparison those principal terms. It will be noted that there are two
lines in the table for SS1, SS4, SS13, SS21, SF1, SF5, and three lines for SS19,
5520, SF4, SF8. This is because, in each case, ¥ may have two or three values.

For example, in the case of Type SS1, we have for T*8, L=5,

T# = T¥ + T, L+ =LY,

while for T=°,
T = T (ifk=1),

Te*=Ty 4 T3 (if & = 2).
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