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Summagz

A previous analysis of the problem of sandwich cylinders subjected to
uniform external lateral loading is extended in order that results may
be applied to sandwich cylinders having relatively thick facings of
unequal thicknegss. In the development of the stability criteria, the
effect of the stiffness of the individual facings on the stability of
the composite cylinder is taken into account. Solutions are obtained
from which the stresses and displacements in a stable sandwich eylinder
may be determined, and an expression for the determination of the load
at which a sandwich cylinder becomes elastically unstable is derived.
The sandwich cylinder is assumed to consist of isotropic shell facings
and an orthotropic core.

Introduction

This report is a supplement to a previous report that contains a
theoretical analysis of sandwich cylinders acted upon by uniform ex-
ternal lateral pressure. Formulas were derived for the stresses in
the cylinder, and an expression was obtained from which critical

lThis report is one of a series prepared by the Forest Products

Laboratory under U..S. Na Bureau of Aeronautics Order No. 01595
and U. S.” Air Force Order No. A.F. 18(600)-102.

~Maintained at Madison, Wis., in cooperation with the University of
Wisconsin,

Report No. 184L-A Agriculture-Madison




pressures may be determined. In that report it was assumed that the
facings of the cylinder were thin enough to render membrane theory
applicable and that the facings were of equal thickness. :

The purpose of this supplementary report is to present solutions for
the stresses and for the critical pressures that apply to sandwich
cylinders having moderately thick facings of unequal thickness. This
requires that the bending moment and the transverse shear in the
individual facings be considered in the development of the stability
criteria. This extension of the previous work is felt to be of import-
ance in view of the fact that an analysis based on membrane facings may
prove inadequate as a design criterion in cases where relatively thick
facings are used. It is assumed throughout that buckling taekes place
at stresses below the elastic limit of the sandwich materials.

The method of analysis used here follows closely the method used in

the original report. The same core assumption, namely, that only
transverse shear stress and normal stress on planes parallel to the
facings are present, is used. It is felt that this assumption applies
very well to all practical sandwich constructions because of the rela-
tively low load-carrying capacity in the tangential direction, of the
core materials as compared to that of the facing materials. The facings
are assumed to be homogeneous and isotropic, and, as indicated pre-
viously, they are analyzed on the basis of shell theory rather than
membrane theory.

Notation
r, 6 polar coordinates
a radius to middle surface of outér facing
b radius to middle surface of inner facing
to thickness of outer facing
ti thickness of inner facing
t thickness of either facing when to = b4
E modulus of elasticity of facings
) Poisson's ratio of facings
Eq modulus of elasticity of core in direction normal to facings :
Gre modulus of rigidity of core in r - @ plane
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intensity of uniform external lateral loading

normal stress in the radial direction acting on the outer
facing, on the inner facing, and in the core, respectively

small normal stress in the radial direction acting on the
outer facing, on the inner facing, and in the core,
respectively

small shear stresses acting on outer and inner facings,
respectively

small transverse shear stress in the core

direct stress resultants in the tangential direction in
the plane of outer and inner facing, respectively

small direct stress resultants in the tangential direction
in the plane of outer and inner facings, respectively

small bending moments per unit length of outer and inner
facing, respectively

small resultant shear forces per unit length of outer and
inner facing, respectively

radial displacements of outer facing, inner facing, and
core respectively

small radial displacements of outer facing, inner facing,
and core, respectively

small tangential displacements of outer facing, inner
facing, and core, respectively

unit tangential strains in outer and inner facing,
respectively

small unit tangential strains in outer facing, inner fac-
ing, and core, respectively

small changes in curvature of outer and inner facing,
respectively

number of waves in circumference of cylinder

one-~half the central angle of curved panel
2
Eca (1 - p<)

Etg
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A, B, A, B, Chy Hy arbitrary constants

Stress Analysis

The sandwich cylinder is assumed to be long enough that the effect of

the constraints at the ends is negligible.

Under a condition of uni-

form external loading, each cross section remains circular.

The dimen-

sions of & cross section of the cylinder and the positive directions of

the polar coordinates, r and 6, are indicated in figure 1.

In order to

avoid any confusion in Tregard to signs, the intensity of the external
load i1s assumed to act in the positive r direction; obviously, a nega-
tive value of g signifies compressive loading. 1In the analysis which
follows, the assumption is made that the core extends to the middle
surfaces of the facings and that the load q is applied to the middle
surface of the outer facing. This assumption amounts to neglecting the
half-thicknesses of the facings as compared to their radii.

Equilibrium of Core

As previously stated, the assumption is made that, in general, the core
transmits only normal stresses in the direction perpendicular to the

facings and transverse shear stresses. In the case of uniform external
loading, it is noted that the transverse shear stress is zero from con-
siderations of symmetry, and the only stress present in the core is the

normal stress in the radial direction, [ Considering the equilibrium

“le
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of the differential element of the core shown in figure 2, the sum-
mation of forces in the radial direction results in the following
equation:

dopg
'°rcrd9+<"rc+TXr+dr>d9=°

The differential element is considered to be of unit length in the
longitudinal direction. The above equilibrium equation reduces to

do a
re + re
dr r

=0 (1)

The solution of equation (1) may be written as

A
Ore = B¢ T (2)
where, for convenience, the constant of integration is represented by

Ec. A. E. represents the modulus of elasticity of the core in the radial

affgctisﬁ, and A is an arbitrary constant. The radial displacement of
the core, u,, 1s related to the radial stress, o,,, by the following

equation:

duc
O'rc = Ec d—r—- (3)
From equation (2) it follows that

duc B A

dr 52

Integration of the above equation yields
u, = A log r/a + B (4)

The use of log r/a instead of log r merely alters the arbitrary con-
stant of integration.

Equilibrium of Facings

With reference to the differential elements of the facings shown in
figure 3, it is seen that, when the cylinder is acted upon by an ex-
ternal loading of uniform intensity, q, the only forces in the facings
are the tensile forces per unit length Ng and N§. o, and oy 1n figure
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5 represent the stresses exerted by the core upon the outer and inner
facings, respectively. An equilibrium equation can be obtained for
each facing by summing forces in the radial direction on each differ-
ential element, considered to be of unit length in the longitudinal
direction. The equilibrium equation which pertains to the outer facing
is

qa d9 - o.a 46 - Ng d@ = 0
This equation reduces to
Ng =2 (q - 0,.)

or, since o, = (0,,)

% < afa- (o) ] (5)

In a similar manner, the equilibrium equation of the inner facing is
found to be

Mg =b (0,,) ) (6)

From the application of Hooke's law along with the assumption that the
tangential stress in the facings is uniformly distributed through their
thicknesses, the following relationships are obtained:

Ng = Ety ¢ (7)
and

Ng

Et; eg (8)
If the right-hand sides of equations (5) and (7) and the right-hand

sides of equations (6) and (8) are equated, the following two equations
result:

o e, )

o =
and
! b
€g = Et) (Urc)
r =
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u u
Since eg = 5 and eé =5 , these two equations become
a2
U= e [q - (orc) ] (9)
o r = a
and
2
1 b
u ==— (0..) (10)
re
Bty r="m

If continuity of displacements at the interfaces is assumed, then

u = (uc)
r=a

and

u = (u
c)r =D

The above relationships in conjunction with equations (2) and (4) enable
equations (9) and (10) to be written as follows:

2
a A
.B—EEE(Q-ECE (ll)
and
Ecb
Alog b/a+ B==—A (12)
Ety

Equations (11) and (12) may be solved for A and B with the following
results:

A=3Ey (13)
EC
and
qag
B=-E1Z(l-k) (14)
where
I,
= 1
k bty Etg (15)
l+;t—£-ﬁf(:—alogb/a
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The substitution of the value of A given by equation (13) into equation
(2) yields the following expression for the radial stress in the core:

Ore = Q % k (16)

When the above value of o,, is substituted into equations (5) and (6),
the following two equations result:

No = qa (1 - k) (17)

and

1]

Ne = qak (18)
The substitution of the values of A and B given by equations (13) and
(14) into equation (4) yields the following expression for the core
displacement:

2
qa : Etq
c = i, [; -k (1 - Fa log r/a)] (19)

o
i

Since u

]
—
[=4
o
~r

1
and u = (u ) s then
Cr

Tr =a =Db

u=%;fc‘j-(1-k) (20)

and
t
u =380y (21)

Equations (16) - (21) completely describe the stresses and displacements
in the sandwich cylinder subjected to uniform external, lateral loading.
In each of these equations the value of k is given by equation (15).

Stability Analysis

In discussing the stability of the sandwich cylinder under uniform

external lateral pressure, the equilibrium of a slightly deformed

element of the cylinder must be considered. It is assumed that the

stress situation that exists in this deformed element differs only

slightly fram the stress situation that existed just before buckling.

The stresses before buckling are given by equations (16), (17), and

(18). Since the cross section of the deformed cylinder is no longer

circular, the small changes in the stresses and the displacements result-

Ing from buckling will be functions of 8 as well as r. Following the 2
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system of notation used in the origlnal report, a bar is placed over the
appropriate symbol to denote the small stresses, strains, and displace-
ments that occur when the cylinder goes from the initial uniformly
stressed circular form to the slightly deformed configuration. Again,
it is assumed that the core extends to the middle surfaces of the fac-
ings and that the load g is applied to the middle surface of the outer
facing. This assumption is now somewhat more restrictive than it was
in the case of axial symmetry, since it now means that the effect of
the interface shear on the bending of the facings and the displacements
due to the bending of the individual facings are neglected. However,
it is felt that, for cylinders with shell-type facings, the results
based on this assumption should be of sufficient accuracy.

Egpilibrium of the Core

Since the cylinder is now considered to be slightly deformed, the core
is also slightly deformed. A differential element of this core is shown
in figure 4. 1In addition to the radial stress, g~%’£, given by equation

(16), a small radisl stress, Efc’ and a small transverse shear stress,
?fec’ due to buckling must be taken into account. The differential

element is considered to be in equilibrium under the action of the stresses
shown. Since the small change in the geometry of the core introduces only
small terms of higher order into the equilibrium equations, the differ-
ential element in figure 4 is shown in its undeformed state. The analysis
of the core is exactly the same as that given in-the original report, ‘
and for this reason only the basic equations will be repeated here.

The equilibrium equations that apply to the core are obtained by summing
forces in the radial and tangential directions in figure 4., Theseequi-
librium equations are:

aa}c Efc 1 a?rec
+ =+ - =0 22
or I3 r o0 (22)
and

ST 2T

réc réc
= 2
5r T Tt Y (23)

The following stress-displacement relations are also applicable:
du
o'rc = Ec yc- (2)4-)
r
and

19u, v, VCJ (25)

Troc = Cro [‘55@**3?‘;‘
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It was shown in the original report that the small radial and tangential
displacements of the core can be completely determined insofar as their
dependence on r is concerned. Then, on the assumption that during buckl-
ing the circumference of the cylinder subdivides into n waves, the dis-
placement functions are written as follows:

u, = [An + B % + C, lOglg].cos nd (26)
and

= 1 a r r

v, = [- n Ay + =8, By = -nCy (1+logy)+Hy E] sin nd  (27)
where

5 - B, n2

0 = - B
2Gr9 2

and

A, B,y C,, and H, are arbitrary constants.

After the substitution of the expressions for E& and ;E given by equations

(26) and (27) into equations (24) and (25), the expressions for the small
core stresses become

5. == B 240 6 (28)
Ore =7 |~ ®n T n| cos n
and
E
- C a
TI‘eC = - ';1- —I‘ Bn ; sin né (29)

It may be easily verified that equations (28) and (29) satisfy the equi-
librium equations, equations (22) and (23).

Equilibrium of Facings

Figure 5 shows the differential elements of the facings of the slightly
deformed cylinder. In addition to the forces that exist just before
buckling (given by equations (16), (17), and (18)), the small forces and
moments that arise during buckling are shown in the figure. In consider-
ing the equilibrium of the facing elements, account is taken of the
rotation and stretching of the facings which occurs during buckling. As
described in the original report, the initial central angle, d9, becomes

— D 1 D1
(14238 12%) amd (1,10 12T
8 0 a d6° bd8 b o
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for the outer and inner facings, respectively, and the, areas of the
differential elements of the outer and inner facings became (1 + ee) a do

and (1 + ee) b d9, respectively. Three equations of equilibrium can be

written for each facing; the differential elements are considered to be
of unit length in the longitudinal direction,

Considering first the differential element of the outer facing, the sum-
mation of forces in the direection normal to the surface ylelds

q (1 + ee) 2 d0 - (qk + E;)(l + Eé),a de

[qa (1 - x) + N, ] (12 oci 823 ae % ae = 0
- lga - + e O =0 + — =
4 ol \" * 23 " 32 >

If the relationship, Eé = = 4 % g%, is used and small quantities of higher

order -- that is, products of barred quantities -- are neglected, the above
equation becomes

2—
Ng - ggg =-a0.+qa(l-k) (i.+ é ég§\> (30)

pic

The summation of forces in the tangential direction yields the following
equation:

BN

_[qa(l-k)""ﬁe]"‘[qa(l-k)+Ne+§-—de]
— 2—
-Trg (L+%€) add+Qy(l+ i gg ) ﬁ %5%'> B =0

If small quantities of higher order are again neglected, the above equa-
tion may be written as

?ITWQ"'%:B';I'Q (51)

The third equilibrium equation of the outer facing is obtained by equating
to zero the summation of moments about point 0, shown in figure 5. Thus

<M9+—-de>+69ade=o
The above equation reduces to

M,
$+3Q9=0 (32)
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Similarly the three equilibrium equations which pertain to the inner
facing are obtained by summing forces in the normal and tangential
directions and by summing moments about the point Q' using the differential
element of the inner facing shown in figure 5. These equilibrium equations
are:

- 5 Co13%

Ne-.a.gﬁ=bo +qa.k<u+ v (33)

SN, :

S-é-—s— + Qe =-Db ?re (3’4‘)
and

M, s

W 4- b Qe = O (55)

If equation (32) is solved for Qé and the resulting value is substituted

into equations (30) and (31), the three equilibrium equations of the outer
facing are reduced to the following two equations:

1 %, _ 3%
Vo + a 592’= P S, (8 S;£> (36)
and
3N 1 M
9 % ar (37)

In like manner, if equation (35) is solved for 6; and this value 1s sub-

stituted into equations (33) and (34), the three equilibrium equations
of the inner facing are reduced to the following two equations:

=1 %W - a %%
Ny + 222 wvo. +q2x il X (38)
7% 2 ™ <u 892>
and
Bﬁ' 15_' 1
aﬁg"ﬁsﬁoML'”re (39)

From the application of Hooke's law, the following twp expressions relating
the small tangential forces per unit length, NG and Ne, to the small tan-

gential strains, ee and ee, are obtained:
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@ 1 - ug

(ko)

(k1)

Also, the followi?g two equations relating the bending moments in the
facings, My and Mg, to the changes in curvature in the facings, Ko and ")’(9',

are applicable:2
Et,”

T
07 T - ) e

and

3
o Bt, -
8" T 1a(1 - 4B e
Since™
— G107
=z*tade
1 -t )
AT 10V
9=t "5 3
%5 = 1 (v _ 52_")
a2 \d8 982
and

'L %
o2 (e o

(42)

(43)

(k)

Q'I'imoshenko, S., and Goodier, J. Theory of Elasticity. New York, 1951.

H‘I'imoshenko, S. Theory of Plates and Shells, First Edition. New York

1940.
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and

The requirement
the interfaces;

u=(u)

and

The use of
written as

e

=

=1

=1

and
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Bty 1 3V
5(3 + - — (45)
1 -p° \b b 90
S
i Etg5 2<6_V ] 8_1)) oG
12 (1 - ) a° \a8 262
—_t 2
D bre e e 1)
12 (1 - ug) b° kae 36°

is now made that there be continuity of displacements at

that is,
., (48)
@ (49)
+,) (50)
r=a
(¥,) (51)
¢ =

equations (48) - (51) enables equations (4k) - (LT) to be
follows:

N - (u + _—> (52)
a (1 - uz) _
Bv
et ( (53)
b (l - ) I’ b
3 =y
} Eto (Vc ) a uc> (5!{.)
1262 (1 - p®) \o0 202/, _ .
Ety) v. d%u
e A <3V° - u°> (55)
12v° (1 - p©) \oe 36°
r=>=>
1844-A 1l




With the aid of equations (48) - (55) and the fact that

o = (Trge) (56)
r=a
?;6 = (Trgc) (57)
r=>=>»
¥, = (B’rc)r . (58)
and
%= Gre) (59)

the equilibrium equations of the facings, equations (36) - (39), may be
expressed entirely in terms of the core displacements and stresses. For
example, if the right hand sides of equations (52), (54), (56), (58), and
(48) are substituted for Ne, M@, Tre, 0., and u, respectively, in equi-

librium equation (36), the result is

Et, avc Ety) (95"7?.‘: ahﬁc
‘llc - -
a(l-p2)< r=a 12 (1-p2) o?'00% 3% /. 4

3™
= - a (E ) + q (l - k) u, + __c> (60)
rel a ¢ 32 /)r=a

In a similar manner, equations (37) - (39) may be transformed, respectively,
to the following three equations:

Ety 7, 935G,

12 (1 - @) ar382 303 /. _ .

a (l - uE) (36 392

a
=8 (Trec) (61)
r =ga
Ety (_ . _aE\) Et;) 37, dtg,
b (1 - p2) %/ _ 12(1-p§)b3(ae5 g™ L
3%%,

+q2x (% “e (62)
=P (Urc) b 1% <c 592>r=b

and
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+ ‘ -
3 o8 12 (1 - u2) b3 \36° 283,

Bty <aﬁb , e Bty %%, 6555)
b {1 - u?) 2 .
=b

) (63)
r=>»

=-b (TrQC

If the expressions given by equations (26) - (29) for the core displace-
ments and stresses are substituted into equations (60) - (63), four equa-
tions containing the parsmeters A,, B, C,, and H, are obtained. These

four equations are!
[(n? - 1) v (1L - k) - (n? - 1)] A+ [(n? - 1) 7 (1 - k) + 5 (1 + n° ¢o)
+(1+n”¢0)-a]Bn+[ﬁ -n2(1+n2¢0)]0n

+ [n (1 + n® ¢,)] Hy =0 (64)

(i -1) A +[ -8 (1L+0)-(1L+n"0) +'E§] B,

0 (65)

+ [n® (1 + 6)1c +[-n (1+¢)]H

t t
2 : ° _ (.2 _ 2 O4p. & 2
[(n° - 1) 7k EI (n 1)] A+ [(n® - 1) = 7k E; tlg(l +n ¢i)

C'-

b o
a

+ 5 (1+n"e,) 32] B+ [(n2 - 1) 7k ‘o ) b/
B +n ¢, + B t,' °n + {{n° =~ 4 EE og b/a - B Ty

- (n2 - 1) log b/a - n® (1 + n ¢,)1Cy+ [n b/a (1 + n® ¢)1 Hy =0
(66)

and

t
(02 - 1) Ag+ [ -8, 2 (1+0) -2 (1+n°e)- 55'531 B,

+ [(n? - 1) logb/a+n? (1+0;)]C+ [-nb/a(l+e)]H =0
(67)

where, in each of the above equations,

y u ga (1 - %)

Ety
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E, o2
LR
¢ to
0 =

lea2
¢ t4°

LT aa2
and
)
6 - Eca (1 - K )
Et,

Each of the terms in equations (64) - (67) contains one of the para-
meters A, By, C,, and H, that appear in the displacement equations of

the cylinder. A buckled form of equilibrium is possible only if equa-
tions (64) - (67) yield solutions for these paremeters which are differ-
ent from zero. This requires that the determinant of the coefficients
of these parameters must be equal to zero. This determinant may be
written as follows:
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The use of equations (16) through (21) is self-explanatory; if the dimen-
sions and material properties of a given sandwich cylinder are known, the
stresses and displacements in terms of the external load, g, may be easily
computed. In the case of sandwich cylinders having facings of equal thick-
ness, equations (16) - (21) reduce to equations (18) - (23) of the original
report. It is of interest to compare equations (16) - (21) with results
obtained by Reissner.2 If Reissner's equations are expressed in the notation
used here, the following equations for the cylinder stresses result:

[' Et 1
1+ Ea (1 - b/a)
Vo = a2 |
o —— -
> +Eca (1 b/a)_
N, = qa E— .
e Et ,
2 ¢ &b -
a3 (l b/a)
L C =
and
(at middl £ i ) ( 2__ "
GI‘C at m e suriace O core =g )
\L+b/al 15 W B () _ y/a)
Eca

Equations (16) - (18), for facings of equal thickness, may be written as
follows:

b Et
s " E.a log b/a
Yo = qa Bt
1+ b/a - Ea log b/a
' 1 ]
Ny = ga
6 "
1 + b/a - Iéi log b/a
c? N
and
s {at middle surface of core) = q_(i +2b/;> lEt
1+ b/a - e log b/a
c

Since the first term in the series expansion of log b/a is - (1 - b/a), it
mey be noted that, for cylinders with b/a ratios close to 1, the equations
of Reissner yield results that are very nearly the same as those given by
equations (16), (17), and (18). Reissner's results are based on the assump-
tion that a - b < < a and hence become increasingly less accurate as the
cylinder thickness is increased.

ZReissner, Eric, Small Bending and Stretching of Sandwich-type Shells.
National Advisory Committee on Aeronauties, Tech. Note 1832, 1949.
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where

2
Bt (1 - 95)
a8

¥ = -
2G o b (1 - u%)

Equation (70), with n = 2, yields values of 7., within 3 percent of the
values obtained from equation (69) for usual sandwich constructions.

For cylinders having very thin facings (membrane facings) of equal thick-
ness, ¢, and ¢i are assumed to be zero, and equation (70) reduces to

. L _1 . .
Tor = ° (n2 - l)( > —( r;)Et 0 - 2) = (71)

1+ = 1+ =
a "’ 2Greb(l-p.)

Equation (71), for n = 2, becomes

5(-2f

oEt (1 - g) i
%)

(72)

Ter

i b
(1+5) |1+
* Greb(l-l.l

The value of Yoy is then determined from the definition previously given,

Et
der = 2) Ter

a (1l -p

Equation (72) may be used as a good approximation to the expression ob-
tained in the original report (equation 64) for the critical load on
cylinders with membrane facings.

It is of interest to examine the results given by equation (68) for certain
limiting cases other than that of membrane facings. Some of these results
are given in table 1. In each of these limiting cases, ¢, and ¢; are

neglected as compared to 1.
Equation (68) may be used for determining the approximate value of the

critical load on long sandwich panels in the form of a portion of a cylinder
hinged along the edges 6 = O and & = 2 as shown in figure (7). If, in
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equation (68), n/a is substituted for n, the smaller absolute value of

obtained from equation (68) represents the critical load on a panel
whose dimensions and properties are known. This solution applies to the
unsymmetrical type of buckling shown in figure (7). If, as in the case
of relatively flat panels, symmetrical buckling with no inflection point
between the supports occurs, equation (68) is not applieable.

Conclusions

The purpose of this report was to extend the previous work done in con-
nection with sandwich cylinders subjected to uniform lateral loading by
taking into account the effect of the stiffnesses of the individual fac-
ings of the cylinder and also by making the results applicable to sand-
wich cylinders having facings of unequal thickness. The results indicate
that for the majority of sandwich cylinders the analysis based on membrane
facings is sufficiently accurate. However, for cylinders having relatively
thick facings, say in the neighborhood of one-fourth of the core thickness,
the facing stiffnesses have an appreciable effect on the critical load on
the composite cylinder. Since the magnitude of the effect of the facing
stiffnesses i1s dependent not only on the dimensions of the cylinder but
also on the mechanical properties of the core and facing materials, equa-
tion (68) of this report should be used for computing the critical load

if indications are that this effect may be important. In all cases of
sandwich cylinders having facings of unequal thickness, the equations of
this report should be used for computing stresses prior to buckling and
for the determination of critical loads.
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Table 1.--Results obtalned with equation 68 for certain

limiting cases
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Flgure l.--Cross saction of sandwich cylinder.
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