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STRUCTURAL BEHAVIOR AND 

BUCKLING STRENGTH OF HONEYCOMB SANDWICH CYLINDERS 

SUBJECTED TO BENDING 

By James P. Peterson and James Kent Anderson 
Langley Research. Center 

SUMMARY 

Results of buckling tests on three honeycomb sandwich cylinders loaded in 
bending are presented and discussed. In addition, analytical studies are made 
on (l) the influence of the core and bonding material in enhancing the stiffness 
of composite sandwich plates like those of the walls of the test cylinders and 
on (2) plastic buckling of sandwich cylinders in compression. Results of the 
two studies are compared with observed behavior of the test cylinders. The 
bending stiffness of the test cylinders correlated well with predicted behavior. 
Buckling of the test cylinders occurred at lower loads than predicted by theory 
by about the same margin that would be suggested by an extrapolation of the 
results of buckling tests on conventional thin-wall cylinders. 

INTRODUCTION 

Two quite different methods utilizing different theories are currently 
available for the design of sandwich cylinders subjected to axial compression 
or bending loads which may cause buckling. One method (ref. l) uses the minimum 
postbuckling load of the theoretical load-shortening curve of sandwich cylinders 
as the design load of the cylinders; thus, it cannot be expected to predict 
buckling. The other method, which is not as well defined as the first, is a 
semiempirical method that makes use of classical buckling theory; this theory 
is modified, when necessary, to account for the fact that cylinders do not 
always sustain the classical buckling load prior to buckling.  (See ref. 2 for 
an example of this method.) The semiempirical method predicts buckling stresses 
for thick-wall sandwich cylinders with shear-resistant cores that may be as 
much as 2^ times those predicted by the method of reference 1. 

The principal problem encountered in applying the semiempirical method in 
design is the lack of sufficient experimental data to substantiate the method. 
Some of the lacking data are supplied in reference 3 which presents the results 
of several honeycomb sandwich cylinders tested in compression. The purpose of 
the present paper is to supply additional data, data obtained from buckling 
tests on three honeycomb sandwich cylinders tested in bending. 



In order to assess the results obtained in the present investigation prop- 
erly, certain shortcomings in available analyses had to be corrected. These 
corrections are presented in the first part of the paper where a plastic 
buckling equation is derived and where the necessary cylinder wall stiffnesses 
are computed. The subsequent sections of the paper present cylinder test 
results and a discussion of those results. 

SYMBOLS 

The units used for physical quantities defined in this paper are given both 
in the U.S. Customary Units and in the International System.of Units (Si) 
(ref. k).    Factors relating the two systems are given in the appendix. 

d       distance from centroid of extreme compression fiber to element of 
cylinder wall (see fig. l) 

]>l_      bending stiffness of cylinder wall or component of wall in axial 
direction of cylinder (see eq. (l8)) 

DQJJ     shear stiffness of cylinder wall associated with shearing forces in 
x,z plane 

E       Young's modulus 

Esec    secant modulus 

E^a;tl    tangent modulus 

Esec    secant modulus of load-shortening curve of plate susceptible to local 
buckling and plastic deformations 

Ex      extensional stiffness of cylinder wall or component of wall in axial 
direction of cylinder (see eq. (l6)) 

Ey      extensional stiffness of cylinder wall or component of wall in cir- 
cumferential direction of cylinder (see eq. (17)) 

Gc      shear modulus of core material 

Gxz     shear modulus of core of sandwich wall in x,z plane 

h       depth of sandwich wall measured between centroids of two face sheets 
(see fig. 1) 

M      bending moment on cylinder 

N       axial load in cylinder wall, per unit width of cylinder wall, from 
applied bending moment or compression load 



NQ     compressive load per unit width of cylinder wall at buckling of a 
sandwich, cylinder with a shear-resistant core (see eq.. (5)) 

P      axial load on cylinder 

R      radius of cylinder 

s      length of circumferential element of cylinder wall (see eq.. (k)  and 
fig. 1) 

ts     thickness of face sheet of sandwich 

w      lateral deflection of cylinder wall 

x,y,z   coordinates in axial, circumferential, and radial directions, 
respectively, of cylinder wall 

ß      ratio of density of honeycomb core to density of basic core material 

e      strain in axial direction of cylinder 

TJ,      efficiency factor of core of honeycomb sandwich plate associated with 
loss in stiffness of core from local buckling 

9      angle defining location of elements of cylinder wall (see fig. l), 
measured in radians unless otherwise noted 

|ie     Poisson's ratio of face sheets of sandwich cylinder at low values of 
applied strain 

ux     Poisson's ratio of face sheets of sandwich cylinder associated with 
stretching of face sheets in axial direction 

p density; radius of gyration of cylinder wall 

CT normal stress 

Subscripts: 

A adhesive 

C core 

calc calculated 

cr critical 

elas elastic 

G glass 



i integer denoting ith element 

S face sheet 

tan tangent 

test test 

sec secant 

AMLYSIS 

The equations and calculations necessary to assess the structural behavior 
of the test cylinders are collected and discussed in this section of the paper. 
In most cases, the equations are not new but are adaptations of equations nor- 
mally used under somewhat different circumstances. The equations required are 
those associated with determining the buckling load, with determining the 
normal-stress distribution in the cylinder under bending load, and with deter- 
mining the wall stiffnesses required for the application of these equations. 

Buckling 

Stability equations existing in the literature for compressive buckling 
of cylindrical shells are not directly applicable to the test cylinders of this 
investigation. Equations that include the effects of transverse shearing 
deformations of the cylinder wall during buckling do not include the effects 
of inelasticity of the face sheets; those that include inelasticity of the face 
sheets do not include transverse shearing effects. Both effects are important 
in the test results reported herein. Stability equations do exist, however, 
for plastic buckling of flat isotropic sandwich plates in which shearing defor- 
mations are considered (ref. 5). This study and existing studies on cylin- 
drical shells can be used to derive a stability equation for isotropic sandwich 
cylinders.  (The test cylinders are nearly isotropic and little error is 
expected in predicted buckling loads with the use of a theory for cylinders 
that are isotropic prior to the onset of plasticity.) 

A somewhat different approach from that normally used is taken herein in 
the development of a plastic buckling equation. The buckling equation for an 
orthotropic elastic cylinder is developed. The wall stiffnesses consistent 
with plastic deformations of the isotropic sandwich cylinder are then substi- 
tuted into the buckling equation for the orthotropic cylinder in order to 
obtain the equation for plastic buckling of an isotropic sandwich cylinder. 
Use of this approach leads to buckling equations consistent with those of con- 
ventional plastic buckling theories for plate and cylindrical structures. (See 
refs. 5 to 9.) It also leads to a more direct determination of the accuracy 
of buckling equations in predicting test results than is afforded by conven- 
tional plastic buckling equations. 



The work of reference 8 indicates that plastic "buckling of isotropic 
sandwich cylinders with shear-resistant cores occurs in the axisymmetric mode. 
Furthermore, reference 10 shows that the classical buckling load for elastic 
sandwich cylinders in which the transverse shear stiffness of the core differs 
in the longitudinal and circumferential directions can be adequately predicted 
with the use of the axisymmetric-mode assumption unless the shear stiffness in 
the circumferential direction is much less than the stiffness in the longitudi- 
nal direction. Because this condition did not exist in the test cylinders 
reported herein, only the axisymmetric mode is investigated. The equilibrium 
equation for buckling of an orthotropic cylinder in the axisymmetric mode can 
be obtained from the general equilibrium equation of reference 11 by equating 
to zero terms containing derivatives with respect to the circumferential coor- 
dinate. The resulting equation is 

^+fc  ^W+iv = 0 (1) 

where the wall stiffnesses are written with a tilde to indicate that the stiff- 
nesses are associated with changes in loading and the ensuing deformations that 
occur during buckling. 

Solution of equation (l) for moderately long cylinders with walls that ^ 
experience moderate transverse shearing deformations during buckling (Ncr < DQXJ 

leads to the stability equation 

Ncr = N0(l - -S-] (2) 

where 

(3) 

The appropriate wall stiffnesses (T>1}    Ey, and DQXJ for an isotropic sandwich 

cylinder undergoing plastic buckling are presented in the section entitled 
"Wall Stiffnesses." 

Distribution of Normal Stresses 

The normal-stress distribution of cylinders loaded in bending is usually 
computed with the assumption that strains from normal stresses are linear over 
the depth of the cylinders. At high stresses under this assumption, stress 
distribution is not linear but depends upon the amount of plasticity. In addi- 
tion, the load-carrying ability of the core of sandwich cylinders at high 
stresses is reduced by core buckling and plasticityj these conditions con- 
tribute to nonlinearity of normal stresses. 



The equations used in the present study for computing the normal-stress 
distribution in the test cylinders are based on the linear strain distribution 
assumption and, further, on the use of a steplike strain distribution across 
the cylinder depth to approximate the linear distribution. For this purpose, 
the circumference of the cylinder was divided into h-0  equal segments (20 on 
the half circle) with segment number 1 (see fig. l) centered at the top of the 
cylinder, the so-called "extreme compression fiber." The moment the cylinder 
carries for a given strain distribution is given as 

kO 

N. 21 

20 

/ Ni(l - cos 9i) (»0 

where 

= 2jtR _ itR 
1  40 ~ 20 

di = R(l - cos 0i) 

Wi = Exiei 

and where e±    is given in terms of the extreme fiber strains e±    and e2i 
as 

.      \ A - cos BA £i =el+ (e21 " el)\ § 7 (5) 

The strain €^_ is a compressive strain (positive) and epi is a tension 

strain (negative). In the application of equation (k)  to a cylinder in pure 
bending, the axial load in the cylinder must be zero, that is, 

20 

P ^igL +N21 + 2 £ Nij = 0 (6) 

The normal-stress distribution of a sandwich cylinder in bending can be 
obtained from equations (k)  to (6) by a trial-and-error procedure. 

Wall Stiffnesses 

Two types of wall stiffness are required in the present study:  (l) those 
associated with applied load and the strain at that load, normally called 
"secant" stiffnesses, and (2) those associated with incremental changes in 
loading and the corresponding changes in strain associated with the change in 



load. The latter stiffnesses are the so-called "tangent" stiffnesses for the 
special case where loading and the ensuing deformation are uniaxial. For other 
cases the appropriate stiffnesses lie somewhere between the secant stiffness 
and the tangent stiffness in conventional plastic buckling theories (refs. 6 
and 7) and will be referred to herein as incremental stiffnesses. 

The stiffnesses required in the present study are Ex, DQ^, Ey, and D-|_. 

(Symbols without the tilde denote secant stiffnesses, those with the tilde 
denote incremental stiffnesses.) In the calculation of the extensional and 
bending stiffnesses, the sandwich plate is considered to be a laminated plate 
whose stiffness is the sum of the stiffnesses of the individual components. 
The components consist of the face sheets, the adhesive which includes a glass 
fabric as a carrier, and the honeycomb core. The assumption that the stiffness 
of the composite plate is the sum of the stiffnesses of its components is not 
strictly correct; it neglects differences in Poisson contraction of the indi- 
vidual components. However, since the contributed stiffness of the core and 
adhesive are small and may be considered corrections to the face sheet stiff- 
ness, the assumption is considered to be adequate in this case. Calculation 
of the shearing stiffness DQX is made from a consideration of the behavior 

of the composite plate under shearing loads. 

Face sheets.- The face sheets are the principal contributors to the stiff- 
nesses Ex, Ey, and B±.    Their contribution to the stiffness Ex is 

(EX)S - 2tS(
Esec)s (7) 

The contribution of the face sheets to the stiffnesses Ey and D^ can be 

obtained from equations (A7) to (A12) of reference 7 as 

^sW /~ \      S\ tanJS ,o\ [E7)s=- V \ (8) 

and 

_ (Esec)o^h2 Av \   V seciS°S" 
K )s =A7——PV sec/S 

(9) 

where (Esec)s 
an<3- (Etan)s are the secairt an^ tangent moduli of the face 

sheets associated with extension in the axial direction and Mx is Poisson*s 

ratio of the face sheet associated with extension in the axial direction. 
Poisson*s ratio was taken as (eq. (6) of ref. 7) 

(10) 



where |!e is the elastic value of Poisson's ratio and is assumed to be equal 

in the axial and circumferential directions. The value 0.32 was assigned to 

He in the calculations made herein. 

Adhesive.- The contribution of the adhesive to the stiffnesses E 'X> %> 

and Di depends principally upon the amount of adhesive used and upon the 
modulus of elasticity of the adhesive. In this study the amount used was deter- 
mined by weighing several samples of the composite sandwich cut from the cyl- 
inder wall, dissolving the adhesive from the samples with a suitable solvent, 
and then reweighing the parts. Weights of the honeycomb core and the glass 
carrier for the adhesive were obtained from the same measurements. Both the 
adhesive and its glass carrier remain elastic at relatively large strains and 
were considered elastic for all strains of interest in the investigation, that 
is, for strains up to and including the strain at cylinder buckling. 

In determining the contribution of the adhesive, consideration was given 
to the higher modulus and density of the glass carrier and to the fact that 
the carrier had more glass in the circumferential direction than in the axial 
direction.  (See table in section "Test Specimens and Test Procedure.") The 
following properties were used in the determination:  p. = 0.0^2 lb/cu in. 

(l.l6 Mg/m3), EA = 500 ksi (3A5 GN/m
2),  p = 0.092 lb/cu in. (2.55 Ugh?), 

and Eg = 10 000 ksi (69.0 GN/m2). The stiffnesses obtained for the test cyl- 
inders in this investigation (see fig. 2) are given in the following table: 

Cylinder 
(Ex)A &)A &)A 

kips/in. MN/m kips/in. MN/m in.-kips m-N 

1 
2 
3 

18.2 
18.2 
20.7 

3.19 
3.19 
3.62 

23.3 
23-3 
25.9 

1*.08 
ij-.oS 
k.5k 

0.201 
.396 
.768 

22.7 
kk.7 
86.8 

The significance of the tabulated numbers can best be appreciated by comparing 
them with the stiffness contribution of the face sheets of the sandwich cylin- 

ders. The largest contribution of the adhesive ((EyJA ^or cylinder 3) is 

6.3 percent of the elastic contribution of the face sheets; the smallest ((D;JJA 
for cylinder l\ is 3-1 percent. ^ 

Core.- The core is the principal contributor to the stiffness D( Qx> its 

contribution to other stiffnesses is secondary to that of the face sheets and 
is normally neglected in structural applications. However, auxiliary tests 
conducted in the present study indicate that the core is surprisingly effective 
in carrying load prior to the onset of inelasticity and local buckling of the 
core.. The tests consisted of subjecting small rectangular samples cut from the 
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walls of the test cylinders to a eompressive end load and of measuring the 
induced strain in the samples. Because the core appeared to contribute to the 
stiffness of the sandwich samples, an attempt was made to calculate the con- 
tribution of the core; when this was done, good agreement between measured 
strain and calculated strain for these samples was obtained. 

In computing the stiffness of the core, considerable liberty was taken in 
making simplifying assumptions which expedited the computations. Such 
action is considered to be Justifiable because in most cases the contribution 
of the core to plate stiffness, although not necessarily negligible, is small. 
In the computations plasticity and buckling of the core were taken into account 
in an approximate manner. The stress-strain curve of the core material was 
taken as two straight lines, one with a slope EQ of 10 000 ksi (69.0 GN/m2) 
and the other given by the equation a = kO  ksi (276 MN/m2). Buckling of the 
core was computed on the assumption that the flat-plate elements which form 
the walls of the hexagonal cells in the core were simply supported along lines 
formed by the corners of the cells, were clamped to the face sheets of the 
sandwich along lines of contact with the face sheets, and were separated by an 
adhesive thickness of 0.001 inch (25.-k  |im) where the foil elements were bonded 
together. 

The shear stiffness DQ^ was taken as 

DQX 
(11) 

where Gxz is the elastic shear modulus of the core in the axial direction 

and ( sec I  and TU  are factors which account for a reduction in stiffness 
V E /C      *b 

associated with plasticity and with buckling, respectively. A plot of Gxz 
against core solidity ß is given in figure 3; figure 5 was constructed from 
the data for aluminum-alloy cores of reference 12. The factor ry^ is given 

in figure k', it was adapted from figure 2 of reference 13. Reference 1^ indi- 
cates a considerably different behavior for buckled plates than that suggested 
by the curve of figure k. However, use of reference Ik instead of figure k in 
the present investigation would have resulted in only minor changes in pre- 
dicted buckling loads, in slightly lower loads for cylinders 1 and 2, and in a 
slightly higher load for cylinder 3« 

The remaining stiffnesses can be similarly written. The stiffness (EX)Q 

is given by 

Wc - (Mc.elasMfel <-> sec/C 



(Esec\ 
    were taken from reference 15, and, as a result of the 
Esec/C 

idealized stress-strain curve for the core, 

(¥)c ■ i-° 

[Esecl   o.OCA- 

e < O.OCA- 

>  (13) 

E /C 
€ > O.OCA- 

The factor I SJfC)  again gives a correction for plasticity and the factor 

/E  \ 
(secj  corrects for buckling of the core elements. 
\Esec/C 

The stiffnesses    (Ey)c    an<3-    f^ljc    are of ln'teres"t only for strains near 
the buckling strain.    Hence 

• 0 (Ik) 

Jsec 

Equations (lk)  and (15) apply for e > 0.004; the simplicity of the equations 
results from the use of two straight lines to describe the stress-strain curve 
of the core. 

Values for (Ex)c elas 
an<i (^l)c elas were ot,"taine(i witn the use of the 

procedure given in reference 16 for wafflelike plates. When the procedure of 
reference 16 was applied to the honeycomb cores, the "effectiveness" of an ele- 
ment of the core in carrying load perpendicular to the direction of the element 
was taken as zero, and the stiffness was computed as though the core were made 
up of continuous elements (like those of a wafflelike plate) which run parallel 
to and at ±60° to the longitudinal direction. In the calculations, the area 
of the core elements in the theoretical core was adjusted so that the total 
weight of the theoretical core and the actual core were the same, but no fur- 
ther allowances were made for differences in geometry. Values obtained for the 
stiffnesses (Ex)c^elas and (E-JQ elas for the test cylinders are given 

in the following table: 

10 



Cylinder 
(Ex)c,elas (Dl)c,elas 

kips/in. MN/m in.-kips m-N 

1 
2 
3 

28.6 
39-3 
50.6 

5.01 
6.88 
8.86 

0.152 
.3k8 
• 751+ 

39-3 
85.2 

The contribution of the core to wall stiffness is greatest for cylinder 5, 
the cylinder with the thickest wall. The values tabulated for this cylinder 
represent 12.5 and k.l percent, respectively, of the elastic contribution of 
the face sheets to the extensiorial stiffness Ex and to the bending stiffness 

D3.. 

Composite.- The stiffnesses Ex, Ey, and D^ of the composite sandwich 

plate are obtained by addition of the appropriate stiffness for the face sheets, 
the adhesive, and the corej that is, 

(16) 

The stiffness    D, Qx 

Ex -  (Ex)s +  (Ex)A + (Ex)c 

^■WS + WA+WC 

S
I - (si)s + (

S
I)A 

+ (si)c 

is given by equation (ll). 

(17) 

(18) 

Elements of the core experience considerable plastic deformation and local 
buckling when loads on the cylinders are of sufficient magnitude to stress the 
face sheets near or into the inelastic range. The core elements of cylinder 5 
were particularly susceptible to local buckling; cylinder 5 had the thickest 
wall of the three test cylinders and hence had core elements with the largest 
depth-thickness ratio. Plastic deformations and buckling of core elements are 
important factors in determining the contribution of the core to various stiff- 
nesses. For instance, at buckling of cylinder 5, the computed shear stiffness 
DQX was only kO percent of the value that would be computed on the assumption 

of perfect elasticity and no buckling of core elements. Obviously, such large 
effects cannot be neglected in structural calculations. 

CYLINDER TESTS 

Three circular cylinders with walls of honeycomb sandwich plate were 
tested to failure in bending.. The cylinders were approximately 77 inches 
(I.96 m) in diameter and differed only in depth of honeycomb core. The tests 
and some results of the tests are discussed in this section of the paper. 

11 



Test Specimens and Test Procedure 

Construction details of the test cylinders are given in figure 2 and in 
the following table: 

Cylinder 
*S 

h/ts R/h 
Adhesive mass* 

ß 
in. mm psf kg/m2 

1 
2 
3 

0.0210 
.020*1- 
.0195 

0.533 
.518 
.U95 

11.6 
16.1 
21.5 

157 
117 
92 

0.170 
.170 
.200 

O.830 
.830 
.976 

0.025 
.026 
.026 

^Includes mass of E-glass carrier of 0.0108 psf (O.O527 kg/m2) per 
face sheet. Carrier had twice as many fibers in circumferential direc- 
tion of cylinder as in axial direction. 

The cylinders were constructed with 7075-T6 aluminum-alloy face sheets and with 
3003-H19 aluminum alloy, hexagonal cell, bonded, honeycomb cores having l/4-inch 
(6.35 ma)  cells and 0.002-inch (50.8 pjn) cell walls. The cylinders were con- 
structed with six longitudinal splices in each face sheet but without circum- 
ferential splices. The longitudinal splices as well as the bond between the 
face sheets and the core were made with Bloomingdale Rubber Company FM ^7 
Type II adhesive film. The cylinders were assembled on a male-type mandrel and 
cured in one operation at a temperature of 325° F (^36° K) and with a pressure 
of about 60 psi (klk  kW/m2). Cylinder 2 was cured for only 30 minutes, pres- 
sure was removed, and the specimen was then exposed to room temperature. For 
cylinders 1 and 3> the heating elements of the curing oven were turned off after 
30 minutes of curing time and the cylinders were allowed to cool slowly while 
being subjected to a reduced curing pressure of about lit- psi (96.5 kW/m2). For 
cylinders 1 and 3> room temperature was not achieved until 5 or 6 hours after 
shutdown of the oven. The scalloped doublers on the outside of the cylinder 
were bonded in the same operation as the rest of the cylinder for cylinders 1 
and 3j the doublers on the inside were added later with a room-temperature 
adhesive. For cylinder 2, both inside and outside doublers were attached with 
a room-temperature adhesive. 

Tensile stress-strain curves of the face sheets of each test cylinder were 
obtained from coupons cut from the cylinders. The coupons were taken after the 
cylinders had been tested from areas of the cylinder near the neutral axis of 
bending. Several coupons were tested for each test cylinder; typical results 
are given in figure 5. Compressive stress-strain curves were not obtained; in 
calculations where compressive stress-strain properties are required, the 
curves of figure 5 are used. 

The test cylinders were loaded in bending through a loading frame with the 
use of a hydraulic testing machine. The test setup is shown in figure 6. The 
presence of stray loads in the test cylinders was minimized as far as practica- 
ble by employing rollers between moving surfaces and by counterbalancing fix- 
tures near their center of gravity. Rollers were used between the loading 
frame and the floor supports as well as between the loading frame and the 

12 



testing machine. Use of the rollers allows the cylinders to shorten during 
application of load and helps to restrict the loads at the roller locations to 
normal loads. The rollers were case hardened, as were the surfaces against 
which they reacted. 

Resistance-type wire strain gages were mounted in a "back-to-back" posi- 
tion at various locations on the test cylinders prior to testing, and strains 
from the gages were recorded during each test with the use of the Langley 
central digital data recording facility. Data from the gages were used to 
determine the strain distribution in the cylinders under load and to help 
detect buckling of the cylinders. 

Results and Discussion 

The principal results obtained from the tests are the loads at which the 
cylinders buckled. Reference 17 indicates that the calculated buckling load 
per unit of cylinder circumference for sandwich cylinders in bending is little 
different from that of compression cylinders. It is of interest, therefore, 
to compare the compressive load per unit of cylinder circumference at the 
extreme compressive fiber with that predicted by buckling theory for cylinders 
subjected to compression. The load per unit of cylinder circumference is not 
directly obtainable from the cylinder tests; it must be obtained by calcula- 
tion. The necessary calculations and a discussion of the usefulness of buckling 
theory in predicting cylinder buckling is presented in the following sections 
of the paper. 

Load distribution.- A comparison between calculated and measured strain 
distribution in the test cylinders at applied moments corresponding to Mcr and 

l/2Mcr is given in figure 7« The test points represent an average of the 
strain obtained from two back-to-back strain gages, one on the inside and one 
on the outside face sheet of the cylinder at the station corresponding to the 
longitudinal center line of the cylinder. The calculated curves were obtained 
with the use of the equations for strain distribution (eqs. (k)  to (6)) and 
for the stiffness Ex (eq. (l6)) presented earlier. 

Good agreement between calculation and experiment (fig. 7) is obtained 
for each test cylinder at the bending load l/2Mcr. These loads were such that 
core buckling and plasticity have a negligible influence on the calculated load 
distribution. Hence, the good agreement attests to the validity of the equa- 
tions presented earlier for the contribution of the adhesive and core in 
enhancing wall stiffness. A surprising result is that both the adhesive and 
core appear to be very effective in carrying load; both were assumed to be 
fully effective with due regard for the orientation of load-carrying elements 
(glass carrier in the adhesive, cell walls in the core). For instance, cal- 
culations indicate that for small loads on cylinder 3> approximately 85 percent 
of the load is carried by the face sheets, approximately 10.5 percent is carried 
by the core, and approximately k.3  percent is carried by the adhesive. The 
load carried by the adhesive and core is normally neglected in the design of 
sandwich structures, and it is evident from these tests that the structure 
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resulting from such calculations would be considerably stiffer than its design 
counterpart. 

Agreement between calculated strain and measured strain (fig. 7) for the 
bending moment Mcr is not as good as it is for the lower loads, although 
agreement is certainly within the bounds of uncertainty of measured quantities 
needed to make the calculation. In each instance the calculated strain is some- 
what greater than the measured strain; therefore, the cylinders were somewhat 
stiffer than calculated. This small discrepancy would seem to be associated 
with deformations of the core from plasticity and from cell buckling and with 
plasticity of the face sheets not being adequately described by the equations 
used in the calculations; the principal differences between quantities used in 
the calculations for l/2Mcr and Mcr occurred in these items, and the items 

admittedly encompass approximations which may not accurately describe actual 
behavior. In any event, the comparison presented in figure 7 Indicates that 
the load distribution in the test cylinders is known with reasonable accuracy. 

Buckling.- The bending moment at which cylinder buckling occurred is given 
in the following table: 

Cylinder 
Mcr 

in.-kips Mn-N 

1 
2 
3 

11 300 
13 030 
12 56O 

1.26 
1.V7 
1A2 

Buckling occurred suddenly in each instance without prior visible evidence of 
impending buckling. However, strain data from gages mounted on the cylinder 
indicate that buckling was preceded by wall bending. Data from strain gages 
mounted on the inside and outside surface of the cylinders at the extreme com- 
pression fiber are given in figure 8. It will be noted that the strain-gage 
data indicate that buckling of cylinder 2 was preceded by considerable wall 
bending, particularly at station I3.6 which was near the station of failure. 

Buckling of the cylinders was characterized by a wave which traveled around 
the cylinder from the compression side to the tension side and which left a line 
of failure that gave the appearance that the cylinder wall on one side of the 
line had been sheared transversely with respect to the wall on the other side. 
Evidence of this failure is visible in figure 6 for cylinder 1, which failed 
near the loaded end of the cylinder at the termination of the scalloped doublers. 
Cylinder 3 failed at a similar location, but cylinder 2 failed at station 13-4, 
a location 10.k  inches (2.6*4- dm) toward the center of the cylinder from the 
termination of the scalloped doublers. Failure at the top of the cylinders 
(compression side) was always in the form of a sharp inward buckle. A short 
distance around the circumference, failure was in the form of a sharp outward 
buckle. Between these points of failure, the outer face sheet might appear to 
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have buckled one way; the inner face 'sheet, the other way. Still farther away, 
failure took on the appearance of a shear displacement as just discussed. 

The location of failures suggests that the failures may be associated with 
prebuckling deformations and stresses. Prebuckling deformations arise from 
restraint of the ends of the cylinder to "Poisson expansion" from compressive 
inplane loads. Calculations which are not detailed herein tend to substantiate 
this suggestion: they indicate that failures occurred near points of maximum 
prebuckling moments that tend to bend the wall inward. Thus, the prebuckling 
deformations are believed to have been instrumental in lowering the buckling 
load of the test cylinders and in determining the location of failure in tue 

cylinders. 

The deleterious effect of prebuckling deformations may be associated with 
the local reductions in wall stiffness that accompany the deformations and with 
the wall bending moments that the deformations produce. Wall bending stiffness 
is particularly affected. The addition of forces in the face sheets from wall 
bending to those already existing from applied load increases the load in one 
face sheet and lowers the load in the other. This condition pushes one face 
sheet farther into the plastic range and reduces plasticity in the other for 
cylinders like the test cylinders in which the applied load is great enough to 
stress the wall into or near the inelastic range of the face sheet material. 
The resulting wall stiffness is less than the stiffness computed by neglecting 
the presence of the bending moment. The reduced wall stiffness results in even 
larger deformations and hence a further reduction in stiffness. This behavior 
is expected to induce buckling of the wall (since buckling depends upon stiff- 
ness) at a lower load than the load that would be obtained in a similar cylinder 
without the prebuckling deformations and bending stresses. 

A comparison of calculated buckling load with that obtained from tests is 
given in figure 9. The Ordinate of figure 9 is the ratio of test load to cal- 
culated buckling load where the test load Ntest is the maximum compressive 

load per inch of cylinder circumference as determined from the measured strain 
in the cylinder wall at Mcr (fig. 7) and from the calculated stiffness of the 
vail for that strain (eq. (16)). The calculated load Ncalc is a buckling load 

calculated in the usual manner for a cylinder which buckles inelastically so 
that wall stiffnesses are a function of calculated buckling load (eq. [2)).    ine 
abscissa of figure 9 is the ratio of cylinder radius to radius of gyration of 
the cylinder wall: the curve represents the lower bound of NASA test data on 
buckling of conventional thin-wall cylinders in bending and was adapted from 

figure 2 of reference 18. 

The test data of figure 9 fall near the curve for conventional cylinders 
and indicate that the discrepancy between calculation and test for buckling of 
sandwich cylinders is comparable to that for conventional cylinders. A con- 
siderably different result from that shown would have been obtained if the 
"buckling" charts of reference 1 had been used instead of equation (2) to pre- 
dict buckling loads; the charts of reference 1 give predicted buckling loads 
that are only kO percent of those predicted with the use of equation (2) for 
elastic cylinders with shear-resistant cores. The design loads of reference 1 
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correspond to the calculated minimum load in the postbuckling region of the 
load-shortening curve for a sandwich cylinder in compression and may not pre- 
dict buckling. 

Because calculated buckling loads are somewhat greater than test loads 
(see fig. 9), wall stiffnesses are less for inelastic cylinders at the calcu- 
lated buckling load than at the test load. This nonlinear behavior makes the 
comparison between conventional calculation and experiment appear to be some- 
what better than that obtained by other types of calculations. A better com- 
parison for purposes of assessing the adequacy of theory, for instance, can be 
obtained by calculating the buckling load with the use of wall stiffnesses 
associated with the strain in the cylinder at the test load. Such a calcula- 
tion has been made; it has the effect of lowering the symbols denoting test 
cylinders in figure 9. The point corresponding to the most plastic cylinder 
(cylinder 3) was lowered approximately 20 percent, the least plastic cylinder 
(cylinder 1) by approximately 6 percent. Hence, on this basis, the sandwich 
cylinders buckled at lower loads than the corresponding solid-wall cylinders 
from which the empirical curve of figure 9 was derived. 

The early buckling of the sandwich cylinders is believed to be associated 
with prebuckling plastic deformations of the cylinder wall from end restraint 
as discussed earlier, an effect not prevailing in the elastic conventional cyl- 
inder tests. However, this effect evidently has little practical significance 
insofar as predicting cylinder buckling is concerned. That is, for cylinders 
proportioned so that the buckling stress is elastic, the effect is small or 
nonexistent and need not be taken into account and, for cylinders proportioned 
so that the buckling stress is inelastic, normal buckling calculations neg- 
lecting the effect give predicted buckling stresses in line with test values 
because the calculations imply a more plastic cylinder than the actual cylinder. 

CONCLUDING REMARKS 

The results of buckling tests on three sandwich cylinders are presented 
and discussed. The tests and corresponding analysis indicate (l) that the 
adhesive and core in bonded honeycomb sandwich plates contribute substantially 
in carrying load and in enhancing plate stiffnesses, (2) that cylinder buckling 
for cylinders with moderately heavy cores can be predicted by procedures which 
utilize linear, classical buckling theory with reduction factors based on tests 
of conventional thin-wall cylinders, and (3) that considerable core buckling 
normally precedes cylinder buckling; core buckling has considerable influence 
on the contribution of the core to wall stiffnesses and should be taken into 
account in structural calculations. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., May 25, 1965. 
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APPENDIX 

CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS 

The International System of Units (Si) was adopted by the Eleventh General 
Conference on Weights and Measures, Paris, October i960, in Resolution No. 12 
(ref. k).    Conversion factors for the units used in this report are given in 
the following table: 

Physical quantity 
U.S. 

Customary 
Unit 

Conversion 
factor 

(*) 

SI Unit 

Length 
Temperature 
Density 
Mass distribution 
Pressure 
Stress, modulus 
Moment, bending 

stiffness per unit 
length 

Extensional stiffness 
per unit length 

in. 
(°F + 460) 
lb/in.3 
lb/ft2 

lb/in.2 

ksi 
in.-kips 

kips/in. 

0.0254 
5/9 
27.68 X 10° 
4.882 x io5 
6.895 x 105 

6.895 X 106 

113.0 

1.751 x l(P 

meters (m) 
degrees Kelvin (°K) 
grams/meter3 (g/m3) 

grams/meter (g/raß) 
newtons/meter2 (N/m2) 

newtons/meter2 (N/m2) 
meter-newtons (m-N) 

newtons/meter (N/m) 

^Multiply value given in U.S. Customary Units by conversion factor 
to obtain equivalent value in SI Unit. 

Prefixes to indicate multiple of units are as follows: 

Prefix Multiple 

giga (G) 
mega (M) 
kilo (k) 
deci (d) 
centi (c) 
milli (m) 

109 
106 

105 
10-1 

10-2 

10-3 
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(a) Cylinder. 

v^t; 

(b) Element. 

Figure 1.- Schematic representation of sandwich cylinder showing nomenclature used in 
analysis for normal-stress distribution. 
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Figure 2.- Construction details of test cylinders. All dimensions are in inches.  (Paren- 
thetical dimensions are in centimeters.) 
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Figure k.-  Shearing efficiency of flat plates buckled in compression (from ref. 13). 
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(a) Cylinder 1. 
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(b) Cylinder 2. 
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(c) Cylinder 3. 

Figure 7.- Comparison between measured and calculated strain distributions in test 
cylinders. 
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Figure 8.- Strain in test cylinders measured with strain gages mounted on inside and out- 
side face sheets of cylinders at extreme compressive fiber. Station numbers correspond 
to distance in inches from one end of test section. 
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