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SUmmARY

Experimental results for 36" diameter honeycomb cylinders fabri-
cated with thin (0.010") aluminum faces and cores prove that it is

quite feasible to stabilize thin faces so they can be loaded Beyond
the yield point. The effect of initial imperfections and the various
modes of failure are discussed.

IIT_RODUCTION

A recent series of tests by the Douglas Aircraft Company on 36"

diameter cylinders has established that with proper design and manu-
facturing techniques, it is possible to stabilize very thin (0.010")

metal skins so that the_ will carry compressive loads well into the

inelastic region. After a brief development period Do trouble was

experienced at Joints, and failures occurred in the middle of the cylin-

ders. The failures occurred by wrinkling of the faces ra_her than by

general instability.
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YOtt_'s modulus of elasticity of core
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shear modulus of core in a plane normal to the faces and parallel
to the load

moment of inertia

con,,tant

spring constant

lan@,_h of coXum

axial compressive buckling load (#/in)

mean radius of curv&ture of cylinder

thickness of core

thickness of monocoque cylinder

thickness of one face of sandwich
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pXasticity reduction factor (7 = 1 in elastic resion)

rs_ius of Kyrltion

stress

stress from stress-st:_ln AlaKrsm

face bucklin8 s_ress

predicted fatlinK stress with imperfection

face nonocell buckling stress

face wrinkling stress
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MODES OF FAILURE

Review of Theoretical Ammlyses

_n the literature, several solutions are presented for buckling of
sandwich cylinders under axial compression (Ref. 1). Adequate analyses
exlst for most modes of failure including small and large deflection

theories with, and without initial imperfections.

Solutions to the governing pe_'tlal differential equations are ob-

tained by assuring a partlcu/£r mode of failure a_d then solving for

the critical load corresponding to that particular mode of failure.

For sandwich cylinders, many modes of failure are possible, each cor-

responding to a certain critical load. The designer must proportion

the shell to obtain the minimum weight construction for a given load
by choosing the proper combination of face thickness, core cell size_
depth, and shear rigidity for a given cylinder diameter and axial load.
The role of initial imperfections and their effects on the different
possible modes of failure must be understood. The initial imperfections

which occur during manufacturing, especially near end fittings and

openings, will in most practical applications limit the efficiency
attainable from sandwich constructions.

GERERAL INSTABILITY

General instability corresponds to over-all buckling of the shell.

For sandwich construction the effect of shearing rigidity of the core

._y be extremely important. The small deflection theoretical buckling
load of a cylinder with transverse shear deflections included (Ref. 2)

is compared to predicted loads obtained by neglecting shear effects in

Figure i. The postbuckling load predicted by a large deflection theory
(Ref. 3) is also plotted (Figure 2). For low core shear moduli,

initial buckling oc_s by the faces sliding with respect to each other

(crimping). AS the core modulus is increased, buckling strength in-

creases until the core is sufficiently rigid to prevent the faces from
sliding and then the classic over-all buckling occurs. The core rigid-

Ity required to force buckling in this "rigid core" region is a function

of the Etf/R of the cylinder. M_ny experiments have yielded unsatls-

factory information because the radius (R) and face thickness (if) have

been scaled down causing the cylinder to be in the soft core region

where only a s.lll fraction of the expected strength could be obtained.
Obviously, for maximum strength, the cylinder must be designed _o be in
the rigid core region.
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The classic small deflection critical buckling stress (Ref. 4) is,

Etf
when Gc>-_- ,

wLth

acr = _f =--F 1.05 - 1.8 RGc
(l)

Et Ese c

" E (2)

The plasticit 7 reduction factor _ for cylinders under axial com-
pression is obtained from Gerard (Ref. 5).

When the core shear _ulul Is low s i.e., Gc _ kS/R, failure

occurs by shear Instability and the critical load is

Ncr= T Gc. (3)

ROLE OF IMPERFECTIONS IN _4ALLDEFLECTION THEORY

AssuLtng an imperfection consisting of sine waves around the cir-

cumference of • cylinder a_ considering small deflection theory, the
effectjof imperfections in monocoque cylinders is determined by a fac-
tor of the form

_i R Aoz/ T-

while for ss_wich cylinders the equiwalent expression is

_I R Aoz/

It is sl6_i_lcant that for general instability, the effect of initial

imperfections in sandwich construction is related to the total thickness1
T. Sandwich thicknesses are much greater than monocoque thicknesses ar_



the same _nitude of imperfection is much less serious in sandwich
construction.

LARGE DEFLECTION TwR.ORY

Large deflection theories are more complete and predict not only
the initial buckling load (Figure 2, point A) but also the maximum post-
buckling load a cylinder can sustain (Figure 2, point B). The non-

linear behavior of monocoque cylinders has been extensively studied

(Ref. 6) and it is generally recognized that the minlmlm point B in

Flu,Are 2 ¢orres:'_,:.,_.._ .-.,_i_lAi_piacements of t_,.-cylinder _f _r.0x_-
mately five sheet thicknesses. If inltlal imperfections of this magni-

tude exist, as they often do for loll ge_es_ failure will indeed occur

at these low loads. Donnell and Wan (Ref. 7) have described the failure

mechanism as a function of the magnitude of the assumed initial imper-

fection and as expected higher loa_s are obtained for more nearly

perfect cylinders. Often designers choose the postbuckllr_ stress

(point B) rather than the initial buckling stress (point A). This may

be exceedingly conservative for monocoque cylinders of low R/t and for

sandwich cylinders.

LOCAL BU_G

...... In attempting to stabilize a thin foll gage so that it vtLl accept

loads stressing it up to the yield point, one must consider ways in

which the sheet may fall by local buckling.

MONOCELL BUCKLING

A form of local buckling is aonocell buckling, namely, buckling of

individual cells within the honeycomb core. Norris and Komers (Ref. 8)

give the monocell buckling criterion

tf)31z

In the inelastic range, the plasticity reduction factor for flat

plates (Ref. 9) is used, and is given by
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The designer must choose a core cell size to prevent monoce_ bucklA_.
This can be accomplished vithout difficulty by choosing from the _Ade
variety of comwerc_._ available cores.

With a cell size chosen to prevent monocell buckling, the faces
can be considered to be continuously supported by an elastic medlar
i.e., the core. Local failures of the faces can occur independent of

the dimensions of the cylinder if the core does not have sufficient
ability to stabilize the faces. Since the failures will be highly
localized, cm-rature effects can be neglected and analyses developed

for flat plates can be utilized.

Non-symaetric failure can occur if the core does not have sufficient

shear rigidity to force the _ faces to act as an Intea_al unit. The

analysis presented previously for general Instability included failure

by shear instability (crimping) but neglected the fl_l resistance
of the indivld_l faces abotrt their ovn neutral axes. Hoff and Mautner's

(Ref. 10) analysis for flat plates using energy techniques shows that
thin _ch panels may buckle in the "skew-ripple" uno_lmetrtc mode.
The critical load per inch for _s_lches vith thin cores is

Ncr- 2 t Ocr . 1.18 tf _ + .77M TGc (6)

This should be compared to the expression obtained before for the "soft"
core region bp neglecting the resistance of the faces to flexure,
namely

Nor _ _c " (?)

As the core modulus approaches zero, the only load carrying capability
is obtained from the flexural resistance of the faces.



3_7

For some m_terial properties and dimensions, sy_m_trics,l _in_Ing

may occur at lower loads. Depending on the assumptions made, one can

obtain a variety of expresslons for critical loads. The simplest ap-

proach neglects the shear effects of the core and treats the faces as a

beam on an elastic foundAtlon (Ref. ii). The spring constant is obtained

by considering the mldplane of the core as an axis of sy,_netry and then

....trea_i_-the core material as an elastic spring. Upon substitution into

the expression for buckling of a beam on an elastic foundation,

Nor

one obtains

= 1.73 tf 3/2. (8)

_his indicates that lower loads are obtained for thicker cores. As the

core thickness is increased, other factors must _ considered.

examining Figure 3, one realizes that neighboring core strips

move different distances. Since the strips are l_ically attached,

shear stresses develop and cause the displacements to die off with In-

creasing core depth. Assuming that the displacements die off linearly

with depth, Hoff (Ref. 9) using energy techniques obtained

In terms of Ncr , equation (9) becomes

Ncr = 1.82 tf [ E Ec Gc I 1/3.

_illisms (Ref. 12) assumed an exponential decay of displacements

and in Equation (9) obtained 0.85 instead of 0.91. Hoff's solu_cion

(Ref. i0) by a theory of elasticity approach gave lower values which

were functions of the core depth to face thickness ratio. For thick

cores, the coefficient was (0.873)(O.91) = 0.79A. Many authors have

recc_nended using a coefficient of 0.50 as it gives reasonable agree-

ment with experimental data, but it should be realized that this implies

syszaetrical wrinkling.

_he references mentioned provide criteria for determining whether

a given sandwich is "thick" or "thin," but the criteria have been left

out of this brief sun_axT. To recapitulate, unsynmetrical "skew-ripple"

occurs for cores with low shear moduli, whereas sy_netrical wrinkling

occurs for cores with high shear rigidity and/or thick cores.
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For inelastic wrinkling, a suitable plasticity reduction formula is
applied. Since curvature effects are neglected, it is reasonable to use
the flat plate reduction factor,

Et= _- • (lO)

For large plastic strains, the tangent modulus, Et, changes so rapidly
with increasing load that the same value of critical load is obtained

from Equation (9) independent of the coefficient assumed.

EFFECT OF INITIAL IMPERFECTIONS ON WRINKLING

The equations derived for buckling predict the critical load in

termJ of the e!_stlc cor_tants and provide no information on the strength
properties required. The required core compressive strength and the

adhesive strength depends on the initial imperfections formed during
manufacture or induced in service. Knowing the type and magnitude of
the imperfection, one can determine the required strengths. However,
by assuming various imperfection values, one obtains a good appreciation
for the serious effects produced by small imperfections. One also rea-
lizes the importance of using high s_remgth cores and adhesives to
insure that the failures occur by buckling before the local stresses

exceed the allovable values. Since imperfeetlons are alvaym present,

expeclally around Joints, openings, closing members, etc., it is impera-

tive to understand their significance and to minimize their importance
by using high strength adhesives and cores.

Yuseff's (Ref. Ii) analysis of wrinkling asstmes imperfections

having the same shape and wave length as the wrinkle pattern. The reduction

in strength due to imperfections is easily visualized by comparing the

results to the theoretical wrinkling stress vithout imperfection.
Yuseff's equation 22 may be written

af 1
-- : (ll)

(Ec Go) 2 A0
i+ 1.39

_E Fc tf
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Using the properties of _he test cylinders Figure 4 shows the re-
ductlon in predicted failing stress as a function of the amplitude of

the initial imperfection for an elastic failure (7 = i).

The reduction In wTinkllng strength due to the presence of an

initial imperfection can be minimized by using a sandwich core with

high compressive strength and a high strength adhesive.

COMPARISON BETWEEN TEST AND THEORY

Axial compression tests were run on eight 7075-T6 aluminum sandwich

cylinders with faces 0.010 inches thick (Ref. 13). The outside cylinder

diameters were 36 inches and the length of each was 30 inches. The

cores in each case were alumlnumHexcel A1 3/16-5052 .001 P oriented

with the ribbon direction parallel to the load. The core thicknesses

were 0.125 Inches, 0.188 inches, and 0._00 inches. Table I and Figures

5 and 6 show test results.

The first three cylinders fabricated were unsatisfactory and failed

at low stress levels. This was due to poor detail design of the end

doublers and unhonded regions. The original doubler was not scalloped

and acted as a constraint preventing the cylinder from expanding later-

ally when loaded axially. Thla constraint caused local bending, intro-

ducing an initial imperfection, and caused wrinkling type failure at
low stress levels (_ 30,000 psi). Scalloping the doubler relieved the

problem by preventing highly localized bending. One can easily obtain

an appreciation of the problem by computing the free radial expansion

of the cylinder. The hoop strain is caused by Polsson's ratio

_h " P_L

and the radial displacement 8

8 = R (h = R G(I.. "

At 62,0:X_ psi _e axial strain is 0.0068 in/in, and the radial

expansion is _.0_08 inches. If this expansion is prevented by a rigid

ring, premature failure occurs due to highly localized bending.



In order to prevent localized bending, i 0.010 inch scalloped
doubler was used in subsequent tests.

To visualize the comparison of the test results to the theoretical
buckling s_resses predicted by various formulsJ, one can place the con-

cepts on an elementary level. Consider the buckling of a perfect pin-
ended column. The critical buckling stress is

2 Et

act = L-_ = K Et

0

At a given tamgent modulus (i.e., at a given strain in the column),
the column can support a stress _Athout a stability fa£1tu-e provided that

the stress is less than K Zt. In Figure 7, o - K Et represents resis-

tance to buckllng instability failure. Also plotted in Figure 7 is

vs. E t vhere _ and Et are obtained from a conventional stress-strain

diagram of a uniaxial tension specimen. The curve s* vs. Et represents

the ability to carry load asm.mlng no instability failure. As the

column is loaded, the strain in the unbent column determines the tangent
m_ultw and the stress. As loading increases from zero, the rtrain in-
creeses, the stress increases, and the tangent modulus decreases. Even-

tually the stress reaches a level vhere an instability failure occurs,
namely, the intersection of the t_o curves. Hence, the intersection
represents the predicted buckllmg load.

The principal outlined above for obtaining the critical stress of a
pln-ended column also applies for finding the critical stress of a

sa_vlch cylinder for each of the various assumed :odes of failure. Thus,
one can co_te for each cylAnder (assmalng no imperfections) the pre-

dicted buckling stress according to the various theories. The results

are shown in Figures 8, 9, and i0. The predicted buckling stresses and

the actual failing stresses are given in Table ZZ. The predicted bucklln_

stresses from small deflection theory and from wrinkling theory vere cal-

culated for Gc = 20,000 psi and Gc = 40,000 psi and shoved only a

very slight effect of a variation of core shear modulus in the rigid
core region. A conventional stress-siren curve (Figure 11) _m_ obtained
from coupons cut from the sheets used to fabricate the cylinders.

The predicted buckling loads from the small deflection general in-

stability equation and th_ wrinkling equation (assuming no initial



waviness of the faces ) are in close agreement with each other. One can

not expect exact agreement with test values as some uncertainty is intro-

duced in the inelastic range. Also_ the stress-s_raln curve used is for

tension rather than compression as it was not feasible to conduct com-

presslon tests on the .010" thick coupons cut from the facing sheets.

Note that one of the compression failing stresses (78,800 psi) actually

exceeds the ultimate strength in tension (77,000).

Various wrinkling equations corresponding to symmetrical and un-

s_mnetrlcal failure modes were examined. The equation for s_mnetrlcal

buckling predicted the minimum critical loads and was used for theoretical

predlctlons (Equation 9). The thin specimen actually failed by unsym-

metrical wrinkling, probably due to some slight imperfection.

In summary, the thin O.010" faces were s_abilized veil into the
inelastic region and failures occurred at stresses much higher than

predicted by the large deflection theory.
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Speclmen

Number

2

Core
Thickness

Inches

o.125

O.188

0.188

O.4OO

0.400

TABLE I

Buckling
Load

Pound s

13%6o0

156,0OO

141,400

168,500

178,000

Face

Stress

Psi

61,0OO

69,000

62,500

74, OOO

?8,800

Type of
Failure

Wrinkle About 6"

from End

Wrinkle At Center

of Cylinder

Wrinkle at Center

of Cylinder

Wrinkle at Center

of Cylinder

Wrinkle at Edge

of Doubler

TABLE II

Specimen
Number

1

2

3

5

Predicted Buckling Stresses (pSi)

Wrinkling

74,800

74,800

74,800

7_,800

7_,800

Monocell

70,000

70,0OO

70,OOO

70,000

70, 0OO

General Instability

Small

Deflection

57,000

6_,800

6_,800

69,000

69,000

Large
Deflection

31,000

_5,400

_5,400

64,000

64,000

Actual

Failing

Stress

(Psi)

61,000

69,0o0

62,500

74,000

78,800
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FIGURE I. - EFFECT OF SHEAR RIGIDITY ON CRITICAL BUCKLING OF CYLINDER

END SHORTENING

FIGURE 2, - LOAD CARRYING CAPACITY BY LARGE DEFLECTION THEORY
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Figure 3.- Wrinkling of sandwlch construction.
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Figure 4.- Reduction of buckling strength due to imperfections.
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FIGURE 6. - PRE/_TURE FAILURE AT UNSCALLOPEDDOUBLER

FIGURE 7.-INSTABILITY CRITERION
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