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ABSTRACT

The problem considered is one of survey and correlation of
existing design information on sandwich construction. The subject
nmatter deals with the types of sandwiches, advantages, buckling eand
stress analysis, p;blished test datae, design methods, core materials,
weight compariscns, current applications end the menufacture, repeir
and inspection of sandwich construction.

Suggestions for extensions needed are given and where obvious
improvements in analysis could be seen, these modified methods were
suggested.

Suggested further work - Every phase of sandwich construction
considered in the present thesis shows need for further development.
Particularly useful fields for fufther work are the development of
more adequate stress analysis methods for the core, more general
correlation of existing formulés and the development of bestter means

of attachment, inspection and repair,
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DEFINITION OF SYMBOLS

Basic symbols

A Area of the cross section

A Cross-sectional area of the core

a Beam spen (In the application suggested a = L)

B Flexural stiffness of the column per unit width

b Width of the column or beam

c Core thickness

(Ey)c Young's modulus of the core parallel to the loading

(Ey)f Young's modulus of the face parallel to the loading

By Tangent modulus of the face material

Ez Young's modulus of the core in the transverse direction

ey Strain in the skin corresponding to the compressive yield
stress

<} Shear factor defined by equetion 54, page 11 of reference 7

eq Critical strain at wrinkling in the symmetrical mode

Eq Longitudinal Young's modulus of the core |

es Critical strein et wrinkling in the asymmetrical mode

EII Flexural stiffness defined by equation 392, page 9 of

reference 7
(Ell)efP Effective flexurel stiffness of a beam including the effects
of shear deformation in the cors., Defined in reference 7

by equation 56 on page 12,

Fon Critical wrinkling stress of the skins
Fv - Compressive yield stress of the face material
£ Thickness of one face

' Critical buckling stress in the skins



)
| add
bl

Shear modulus of the core in the longitudinal and transverse
dirsctions

Total sandwich thickness -

Length of column

/s

Total load at failure

Total load at which buckling of the column taokes piace

Buler critical buckling load (Equivalent to equation 4-4)

Euler critical buckling load defined on page 10 of
reference 55

Load per unit width at failure

Allowable compressive stress of the face materisl

Core compression stress

‘Shear deformstion correction factor defined on page 10 of

reference 55
Sandwich thickness between the face centerlines
T fhale wave 1sngth of wrinkle

Poisson's ratioc of the core

Equivalent Symbols (The original report notations were retained)

d

c
(Ey)f below the elastic limit
(5o
(Ey)f
(Ey)e

(5,)s
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I, INTRODUCTION TO SANDWICH CONSTRUCTION

1.1 Description

Sandwich construction as applied to aircraft is a type of con-
struction consisting of two strong, stiff sheets of material bonded to
a light weight core material. The definiticn given, however, will be
further restricted for purposes of this thesis. Ths type of sandwich
construction considered here is restricted to sandwiches in which
either continuous or nearly continuous support is given to the face
materials by the coree. Specifically this means that sandwiches having
belsa, celiular cellulose acetate and other continuous meterials will
be considered. In addition, core materials consisting of a honeycomb
type of construction in which the cells of the honeycomb are small will
be considered since nearly continuous stabilization of the faces is
given by this type of core. MNMaterisls consisting of some type of
stringer arrengement with two faces will not be considered since this
cen be termed semi-conventional or semi-sandwich construetion. Some
reference will be made to where information can be found on semi=
conventionai matorials.

The reason for the distinction between semi-conventional and sand~
wich consbtruction becomes apparent when an atbempt is made to analyse
them. The types of failure and therefore, the methods of analysis
differ between these materials. It appears from a limited amount of
research én the semi-conventional construction that the methods of
aﬁalysié are not as adequately developed as they are for sandwich
construction although it may be an improvement over conveﬁtional

construection., Even from theory, however, the semi-conventional



construction may prove adventagecus for heavier loaded parts requiring
thick skins where local panel buckling is not a problem. For usse on
ordinary sizes of aircraft the sandwich type of construction should

prove superior to both conventional and semi-conventional construction.

1.2 Develogment

The disadvenbages end inefficlencies of conventional sheet stringer
construction are well known. The elastic instability, large deflections
and general lack of stiffness of this type of constructicn is not a
desirable feature for aircraft structures. The skin material due to
its low rigidity buckles at a small fraction of its ultinmate strength.
The buckling of the skin under low load not only indicates inefficient
use of material but alsc leads to aerodynamic inefficiencies. The choice
of materiels for sheet-gtringer construction is extremely limited. Where
loads do not reguire the uss of meterials available for sheet stringer
construction, a weight penalty must be accepted since gages cannot be
reduced below thicknesses which can be riveted satisfactorily. &
structure made up of conventional construction requires thousands of
parts including rivets end small fittings. This, of course, increases
engineering, menufacturing, tooling, assembly and repeir costs. The
method of design and analysis of conventional sheet-stringer construction
is as o general rule a trial and error procedure, The large structural
deflections often lead to unpredictable secondary effects and increased
vibration and flutter problems. Examination of the loads causing easily
manufactﬁred stringers to fail indicates that even tﬁe stringers them-

selves do not develop the available strength of the materials used.



There are meny more disadvantages but these are sufficient to Justify =
search for a more efficient type of construction. The saving in weight
and convenience of sheetwstriﬁger construction have so far led to its
genoral use.

A more effective type of construction is under development and may
iead to substential improvement in sircraft structures. This reasonably

new maberial is called sandwich construction,

1.3 Current Applications

Sendwich constructiom is in current use in applications varying from
minor experimental panel installations to most of the primary and
secondary structure of en entire airplane. The most extensive current
use of this material is on the Chence Vought F5U and F8U experimental
Nevy fighters. About 95% of the structure of the F6U is "letalite"
which i1s an aluminum face; balse core sandwiche Further mention will be
meds of the applications of sandwich construction but nsedless to say,
it is desirable that the application of sandwich construction be made as
efficiently as possible.

Examinstion of current results oblsined indicates that this meterial
is still in the development stage with far greater potentialities then
have been adventageously utilized. However, even in its present stage
of development this type of construction has proven competitive with
the best sheet stringer construction aveilable. & brief examination of
the individual applications is sufficient to show several ihteresting
facts, The first thing that is observed is that the weight figures from
present use indicate a variation of from 40% weight saved to a weight

penalty of 10% without any obvious differences in the applications.
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Turther it igs found that extensive tests have been made where th

@

material has been used efficiently and testa rather than theoretical
analyses have been the basis for the sandwich core and face dimsnsions.
Extensive tests are costly and highly undesireble if theoretical analy=
ses supplemented by = limited number of btests can provide an opbtimum
design, PFurther, it has been noted that in meny applications the
sandwich construebion resulted in approximately the same weight but was

overstrsngtbh from 40 to 80 per cent. In these cases a properiy designed

sandwich would have resulted in considerable weight saving.

1.4 Analysis

It is apperent thet an examination into the analysis of sandwich
consbruction is in order, It was at first thought that ordinary
strength of meterials methods would give reasonable results for this
type of construction, bubt test resulbts proved that this is not the case,
Seversl unexpected types of failure werse soon discoversd and no readily
available methods were found which would predict these failing loads.

Tt wes also discovered that shear deformations which were considersd
negligible in the original analyses are not negligible,

The core materials available for use in sendwich construction have
different densities and properties varying with the density. Tﬁis, of!
course, makes it desirable to have theory available for determining
what core maberial and properties will produce the most efficient
sandwich,

A large amount of research has been done on the problem of analysis,
but thers does not appear o be any comprehensive correlation of the work,

As a result, the methods used in analysing the material are inferior to



the methods developed in research papers, but not used because of the
difficulty in locating them and putting them into a useable form. It is
in the interests of developing adequate methods of analysis and design

that have been checked by test data that this thesis is written.

1.5 Continued Development

Before considering the theoretical work done on sandwich construc=
tion it would be well to consider the reason for the continuing
development of sandwich construction. With increasing speeds of air-
craft, the maintenance of aerodynamic shapes become more cirtical. In
order to accomplish this with conventional construction, severe weight
penalties mist be taken, However, with sandwich construction buckling
does nobt ocour until failure so the asrodynamic shape and smoothness is
meintained at all loads up to failures This advantage cen be obtained
with a decrease in weight of the structure due to the more efficient
use of th; skin material. Sandwich construction is particularly
efficient where high torsion and bending loeds are encountered such as
are often experienced with aerodynemic surfaces. MAn additionel saving
in weight is found from the rigidity of the sandwich which allows in-
creased rib and frame spacings and complete elimination of stringers.
There is a considersble reduction in the number of parts used in
structures of sandwich construction which leads to simplified désign,
fabrication, assembly and repair problems.

Recent trends have been toward the development of sbtructures with
high rigidity due to aero=-elastic problems in high performence aircraft.
Sandwich construction offers a possible solution to this problem,

Problems of control reversal, high speed flutter and dynamic loads



induced by gusts end landing impact may be reduced through the use of
sandwich construction. Improved thermal and sound insulation properties
as well as appearance are possible additional advantages.

From the above considerations sandwich material would appear to be
jdeal for aircraft uses but these advantages are not obbained without
new problems. After considerable research on the subject these problens
do not appear to be basic limitations on this itype of structure but
rether, development problems which can be solved through experience and
research. Only @ few of the potentialities of this type of construction
have been noted, but even these will dictate the continued development

and inereased use of sandwich construction.

1.6 Scope of the Thesis

This thesis is written as a basis for further correlation work on
the gubjegt. Due to the almos% inexhaustable amount of informetion
available only & start on this work could be accomplished. It was first
planned that this thesis would consist of checking the methods of
analysis and design equations with the available data. In addition it
was desired to set up design charts and establish the limits of accuracy
expected in the anslysis of sandwich construction. Another objective
was to establish the best methods of analysing each particular type of
sandwich. It was soon discovered that all of this is not possible at
the present time for the following reasons. No coordinated work oa
this subject could be found. The references located wers usually
technical reports dealing with one type of fallure or one particular
phase of the work and the full significance of the work done in the

reports could only be obtained through considerabls study. As 2



further complication, the equations obtained by reasonably exact methods
are often quite formidable due to the effects of shear deformation in
the core in addition to the necessity of finding two minumum values of
buckling load. A further difficulty was encountered when it was dis-
coversd that the skin material is often stressed above the elastic limit
requiring the use of a reduced modulus. This requires a trial and erra
procedure which is quite time consuming unless design charts are pre-
parad. Further compliéation‘was introduced when it was found that some
of the expressions mmst be minimized but this had not been done in the
original reports. For these reasons a slightly different objective was
adopted. If the data correlation were undertaken, this thesis would
simply becoms another detailed report so that there still ﬁould be no
correlated worke. The objective adopted is then one of gathering as much
information as possible on all phases of sandwich construction and
establishing this information as the basis for further correlation. Ths
information gathered end presented is primarily with reference to analy-
sis of this type of construction since this phase of the work appears

to be needed most for more efficient application of the material,
However, some information is given on all the different aspects that
could be considered in the available time‘and reference given to where
further work can be found on the subjects considered. An extensive
reference list is presented at the end of thé thesis which can form &
basis for further correlation. All of the material could not be
iﬁvestiéated; but the availability of ean adequate reference list is
‘considered to be of value for future work.

In the thesis itself thers has been no attempt to reproduce the



curves in the various reports but they will be referred to specifically.
Since it will serve primarily as a reference for data and design method
correlation, the notation»of the original sources was left unchanged.
Although this leads to the necessity of studying the notation given for
each equation, it will at the same time allow easier reference to the
source materiale A fair amount of daba has been published on the test
results from numerous types of sandwiches. Reference is given to these
data which can be used to check the equations presented as well as to
give an idea from theoretical work whether or not the test specimens.
represent the optimum sandwich or relatively inefficient specimens, It
is believed that through this cross check of experiment and theory the
methods of designing sandwiches can be considerably improved.

Mention should be made of a new book called Engineering Laminates

which is refersnce 117. This book was published near the conclusion of
this thesis work. Some of the infprmation contained in that book is
presented here but the book also contains several lengthy reference
lists on sandwich construction. The material presented there does not
duplicate‘the work of +this thesis but will be found to supplement it.
#here certain information is presented thers in very good form, it did
‘not seen desirable to repeat it in the thesis. Refersnce is made to

this material at several points in the thesis.

1.7 Thesis Plan

The plan followed in the thesis is to present first a discussion
of various types of sandwich construction and the adventages of sand-
wich construction. This is followed by an enalysis section and then a

design section discussing the maeterial available on the different



subjects. The general applicability of the material is then considered
in the design section which includes information on construction, repair,
fatigue and weathering of this type of construction. Some mention is
also made of service tests on current applications and tentative con-
clusions are drewn. A reference list is presented.

There is also much additional information in restricted and
confidential reprots both British and American which is not considered.
It is felt that the test of the formulae developed is the agreemsnt with
the available test data. Since much test data and probably adequate
formilae have been developed in many cases, the problem resolves itself
into data correlation rather than additional methods of snalysis.

During the correlation the need for further development of theory has

become apparent but duplication of effort should be avoided.



10

II. TYPES OF SANDWICH CONSTRUCTION

2.1 Continuous Core

There are three types of construction that have been given the name
of sandwich construction. The first type of sandwich is one consisting
of two faces of strong, stiff material bonded to a light weight but
continuous core to form a laminated material having three layers. A&n
example of this type of construction is a material formed by gluing two
sheet aluminum faces to a balsa wood cors. A sandwich of this type is

shown in figure l.

2.2 Honeycomb Core

The second type of sandwich consists of two faces of strong, stiff
material bonded to a light wpight core which is not conbtinuous but for
all practical purposes may be considered to be continuous. An example
of this type of construction is a material formed by bonding two sheet
aluminum faces to a honeycomb core made up of impregnated paper having

the axis of the cells perpendicular to the faces. See fipgure 2.

2.3 g@rid Cére

The third type of sandwich construction consists of two strong face
materials bonded to a discontinuous core. The core usually consists of
a crossed framework of stringers made from strong, dense materials such
as hard woods. An example of this type of construction is shown in
figure 3.> This type of sandwich is sometimes referred to as a grid
type of sandwich construction although for purposes of this thesis it
is preferable to term it semi-conventional rather than saﬁdwich

construction,
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The basic differences in these types of sandwiches are considered
later in the snalysis and design discussion of sandwiches. The availa-

ble core and face materials are discussed in the design sectione.

ITI. THEORETICAL ADVANTAGES OF SANDWICH CONSTRUCTION

3.1 Theory

The current applications of sandwich construction have been made
in an effort to teke advantage of the desirable propertiss of this
material. Theory indicates that the supsrior propertiss of sandwich
construction come from a more efficient distribution of the material in
the sandwich as comparsd to the material used in sheet stringer con=~
struction. In sheet stringer construction the face material buckles at
low load dﬁa to its low flexural rigidity. BEven the siringers suffer
from buckling so that the entire sheet stringer panel must work at
stresses considerably below the compressive strength of the material
used. By placing the face meterial far from the neutral axis, the
flexural rigidity of the panel as a whole is increased so that buckling
will not teke place unti]l the alloweble compressive strength of the
face material is reached. However, buckling of the faces individually
would occur unless this is prevented. The core meterisl serves the
double purpose of spacing the faces far from the neutral axis and, at
the same time, prevents buckling of the faces individually. Since in
most cases the core material is not useful for load cerrying its
presence must be justified by the higher stresses at which the face
meterials sre allowed to work. Since the face maberial of sheet

stringer construction buckles at a negligibly low load and the stringers
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buckle in meny cases well below the compressive strength of the material,
it is not difficult to justify the presence of the core material in
sandwich construction. The face materials of an efficiently designed
sandwich will work close to the compressive strenghth of the material.

It has often been found thet the sendwich peanel in shear will
allow face stresses in the panel to exceed the normelly allowed shear
sbress of the face materisl, Since core nmaterials are usuelly of very

Y

low density some loss of efficiency is experienced from shear defor-

3
mations in the core which in most cases are not neglipible. In spite
of this feature the use of sandwich construction can result in
considerable weight saving even in its present stage of development.
Theoretical considerations then would indicsate two important
sdventages from sandwich construction. The first is weight saving and

the second is incressed flexural and torsional rigidity with resultent

decresses in deflections.

3¢2 Application

Berodynamic surfaces sppear to be an ideal epplication for this
materisl. In addition to & seving in weight, the aerodynamic surface
shapes can be maintained without distortion throughout the load range
since sandwich construction will not buckle until the feliling loed is
actusally reached. Increased performence of aircraft requires this
characteristic which can only be obtained with use of sheet stringer
construction by taking prohibitive weight penalties.

As is oftben the case where more efficient types of construction
are found, there are additional advantages not rslated to the theo-

retical adventages. This is certainly the case with sendwich
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construction. As a result of the increased flexural rigidity of the
sbructure, it is found that ribs and frames may be spaced at much

larger interveals resulting in substentisl weight saving from these
items. In addition, the number of parts used in construction is greatly
reduced which should result in reduced engineering, construction
assembly and repairs costs.

Aeroslestic problems are very critical in high performance
eircraft and have led to development of structures with higher rigidity.
Sendwich construchbion shows considerable promise in this field since
rigidity is a characteristic feeture. It may serve to reduce the
dangers of control reversal, high speed flutter and dynamic loads
induced by gusts and landing impact.

The thermal and sound insulation properties of sandwich construc-
tion should not be overlecked.

An additional cheracteristic feature of sandwich construction is
its edaptebility to construction from different materials. Sheet
stringer construction is practically limited to the aluminum alloys and
further restricted to such gages as can be readily riveteds On light
planes this means weight penalties due to minimum gages. On heavier
aircraft, lightly loaded fuselage sbruchbure mey be the cause of weight
penalties from use of minumum gages., VWith sandwich construction it is
possible to go to materisls such eas impregneted fiberglas faces with
wrapped cellular cellulose acetate core. There sppears to be no reason
for taking weight penalties due to light loads since sandwich materisls
can be chosen which will operate efficiently in any load range.

" There ig the possibility with sandwich construction of eradusll
P g 5
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reducing the strength from the wing root to tip as the loads decrsase Dby
reducing the core thickness. This varistion in load with span presents
sn imporbant structural problem with sheet stringer consbruction while
1% should not csuse any particular difficulty with saendwich congtructione

The problem of forming ordinary wing btips or even metal sandwich
wing tips end parts with considerable double curvabure is a difficuld
one. However a plastic sandwich that cen be molded presents & possible
solution to this problems Radome epplications are of this type eand
sendwich construction has found effective use particularly due to its
electrical properties as well as structural. It may be possible to
house radio sntenna in plestic sandwich vertical fins which would allow
a reduction in drage

Space is often =t o premium in sircreft. With the reduction of
internal structure and eliminstion of stringers by use of sandwich
construction more space should become aveilable. All the invernal
volume out to the immer sendwich face should be available for fuel
storage and other purposese

On the whole, it appears that the design of eireraft should be
considerably simplified by use of sandwich construction. MNany of the
sdventages noted have not been obteined due to the fact that this type
of éonstruc’ion is in an early development stage. With further develop-
and experience, all of the advantages nobed should be obtained. This
material definitely eppears to be ideal for aircraft application.
There are still meny development problems, however, that must be in-

Jo

vostigated before ils general use.

For further information see references 53, 61, 92 and 167. Most

of the sbove information was obbteined from these sources.
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Iv. THE ANALYSIS OF SANDWICH CONSTRUCTION

4,1 Intreduction

Considerable research has been dene intc the enalysis of sandwich
type construetion. However, much of the work done has been duplication
while at the seame time the acocurscy of the results has not been
established.

Simple analyses negledting shear deformabtion of the sandwich core
have proven inadequate in the intermediate oolumn range where much
sireraft work is done. In addition to the fact that shear deformations
mugt be taken into‘account, seversl unexpected types of failure have
occurred requiring more extensive ansalysis than was originally thought
necessarys. Since the stresses in the skins are often above the elastbic
limit of the materisl this factor must be taken into account.

The enslysis of sendwich type construction must be underteken with
the viewpoint that the enalysis involved is that of sbtructure, not a

neterial.

sendwich column. However, for these types of fallure bo occcur, there
muist be no premature shear, tension, or compression failure in the core
or failure of the bonding material between the faces and the core.
Furthermere, most of the aveilable methods of analysis assume geometrie-
cally perfect component parts. HAny stresses due to manufacture,
assembly and initial waviness have been neglected. These can cause
early-w%inkling feilure. If the theoretical work is done correctly,
the test points should in general lie below the theoretical curves.

(See reference 51). These formlae are unconservative which must be
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taken into account in the analysis.

It ig at this point that the reason for the distinction between =
continuous core, nearlj continuous core and a grid type construction
becomes apparent, With the continuous core sandwich type compression
columns there are three types of failure which can be called crushing
of the skin or core, modified Euler buckling and wrinkling failure.

For the honeycomb core sandwich there are the three types of failure
mentioned plus an additional one which could be called local honeycomb
buckling. It should be noted that in both the continuous core and
nearly continuous core construction complete failure ccours at buckling.

An snalysis of the characteristics of the grid 4ype construction
shows a radical difference between the continuous core and grid
constructions. With the grid core, wrinkling end generally crushing of
the fsce material cannot occur. In addition, buckling of the individual
face panels can occur at low loads while complete failure does not occur
until the compressive strength of the longitudinal grid members is
reached unless Buler buckling of the panel as & whole takes place. These
actually are the characteristics of sheet stringer construction rather
than sendwich construction so it would seem reasonable te term it semi-
conventional rather thean sandwich construction. The analysis methods
to be applied in this case seem to be the metheds developed for sheet
stringer construction rather than sandwich construstion. For that reason
the methods presented in this thesis will be for continuous or rearly
continuous core sendwiches rather than the grid type of comstruction.

This subject is divided into two parts. The first part considers
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 the primary methods of failure for the continuous and nearly continuous
core sandwiches. The second part gives methods for stress analysing
sandwich construction to determine whether the component part strengths
are adequate ﬁo permit the primary types of failure to ccoure.

As stated in reference 53, only shear and compression forces ere
lisble to cause instability. Since much of the structure of aircraft
acts under a compression load at various times, the analysis of sand-
wich columns loaded in axisl compression forms a basis for further
analysis and evaluation of sendwich construction., Other applications
and loading conditions are alsc considered in this section,

The problem of tension presents no difficulty since in any case
the ultimate tensile strength of the faces is available to resist these
loads,

The principal application of sandwich construction is in replacing
structure which is subject to elastic instability in compression and

shear as nobed in reference B3.

4,2 Crushing of Sandwich Columng

The crushing of a sandwich column will cause failure if the other
two types of failure do not occur before the critical crushing load of
the sendwich is reached.

The general method of determining the critical load on a sandwich
column due to compression failure of the skin is given in reference 37
as

()¢

P, = pp (2f +———c)b | (4=1)
R O
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This equation applies only where the allowable compressive stress of
the face material is below or equal to the elastic limit and where the
core does nob fail before the faces.

A similer equabion for this case is given in reference 167 as

P, = w(zwy + TEqe (4=2)

y Y)
The two expressions are identical, but the second one brings oubt the
fact that for adequate use of the skin material the acbual strain of
the core at the crushing strength of the core materisl should be equal
to or grester then the strain of the face mabterial at failure. This
eliminates crushing of the core parallelbt@ the loading as & possible
mode of feilure. That is usually the case with most core materials
since they have relatively high streins at failure. However, this
point must be checked for any set of face and core maberisls under
considerstion.

A possible simplification can be noted from expression (4-1)
since (Ey)c/ZEy)f is usually an extremely smell number. This second

term can be neglected in most cases sc the load at feilure due to

compression becomes the expression given in reference 51 as

-2 8 4-3
P = 2f8 (4-3)

This simplified equetion can be applied to honeycomb sandwiches
and metal-balsa sandwiches having the grain of the balsa perpendicular
to the gaces, but cannot be applied where the balsa is arrsnged
parallel to the load or if wood faces are used,

It should be noted that the allowable compressive stress of the

faces from test have consistently proved to be above the yield stress



of the face meterial as was noted in reference 92, In that case the
formula given is conservative if the yleld stress of the face material
is used and should be modified for the higher allowsble compressive
face stresses as well as stressing the material above the yield point

of the material.

4,3 MNodified Fuler Buckling of Sandwich Columns

There are & number of methods of caleulating the critical load in
modified Euler buckling of sandwich columns. The term modified Fuler
buckling is sppropriate since shear deformations in the core are
importent in sendwich construction. See figure 4.

The Buler equetion was first applied to the problem of buckling
of sandwich construction. This equation neglects shear deformation of
the core, but was found edequate in the long column rangs. In the
renges in which it is applicable, there is no reason for going to more
complicated solution. The limits of accuracy and range in which the
Euler formle applies have not been established.

The Euler critical load is given for pin ended columns in

reference 167 as

2
T'B -
Pop = —eire (4-4)

L
An approximste formuls for the flexursl stiffness is given in the

same reference 8%

2

B = oBEETY 4 J0833ELT (4-5)

based on an equivalent cross section of the beam teking into account
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the elastic properties of the core and faces. This neglects the effect
of shear deformation in the core.

Equations {4=4) and (4-5) were applied to several long sandwich
columns and the results are given in reference 167. They are
definitely inadequate for the intermediate column rangee.

Although the equation (4-4) is given for pin ended columns, it is
applicable to ones with other end conditions provided the proper length
Pactor is usede If the critical load gives face stresses above the
olestic limit of the material, a reduced modulus of elasticity must be
used. The Engesser-von Karmen or the tangent modulus theory can be usede

In refersnce 7 the effective sbiffness of a simply supported send-
wich beam including the effects of shear deformetion in the cors has
been developed from en elasticiby solution of the problem. The results
should be direectly epplicable to the Buler equetion so that modified for

shear, the equation would become for a pin ended column

2
Pop = 2L_wig%zleff (4-8)

L
A test progrsm was cerried out and reported in reference 8 to

determine the adequacy of the shear deformation correction factor
o2
{% + () éJ (4-7)
in the effective stiffness equation for bending

‘ Ell
(Ell>eff T N
Ll + {gﬁ 1

4

(4-8)

given as equation 56, page 12 of reference 7+ The experimental work



indiocated reasonable agreement between btest results and the theo-
retical equation., The results of one group of tests showed sn average
of 95% for the ratio of computed to observed effective modulus of
elasticity in bending for a renge of shear corrschion factor from 1.00
to 1032, In these tests the properties of the meterials used were
carefully metched to the specimen tested. Difficulty was sncountered
where values were assumed for maberial of the density used. With this
careful matching of properties the ratio of computed %o observed was
about 92% for shear correction factors from 1.4 to 3.8

This indicates the reguirement with sandwich construction that
the material properties must be matched to the test specimens if
reagonable accuracy is desired. The assumption of average values for
materisl having the same averege density in the case of balsa cors is
not satisfactory.

Equation (4=7) could be used to obtain approximste limits for the
renge in which shear deformetion is importent, The core material was
not assumed isotropic so the expressions given in reference 7 have
general validity.

There have been a number of sclutions desaling directly with the
problem of buckling of sandwich columns in which shear deformations
have been taken into account and the core was not assumed isctropice

The Engesser formmulae is valid for columns weak in shear because
of their méteriai or the shape of their cross-sections. It is only
apprmxiﬁately'correct for sendwich construction in which the faces are
‘strong, but the core is week in shear as stated in reference 88. The

difference between the Engesser formila and more accurate expressions
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3is believed to be smell in cases where the face thickness is small
compared to the core thicknesse. It should be setisfactory for ordinary
sandwich construchtion as noted in reference 88, From refersnce 114 the
Engesser equabtion is

P
P = e (4-9)

Ag

More sccurate equations for the critical buckling leads of sand-
wich columns have been developed in references 69, 84, and 76. As
steted in reference 117, these results are all equivalent and differ
little from the Engesser equation (4~9) when the ratio of face to
core thickness is small.

The expression developed in reference 69 is given by reference 117

&8

, 2
G,ow(Py + Po + P.) + Ppl4P, + (e/c + %) El]

P..= . (4=10)
or P, + {c/c + t)£P1 + Ggow

o 1:2(9 * ©)PwE, (en)

. (2)12

2.3
Py = (4-12)
i 2C5W E,

Pe = 4-13
c 1212 ( )

The significance of the Py, Py, and P, can be given as follows. Py
is the critical load for the columm if it had perfect shear rigidity

3 3 a - n s s
and t° wers neglected. Py is the buckling load of the faces acting
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independently. P, is the buckling load of a column of the core only.
Eguation (4~10) is equivalent to the equabion given in reference
84 which is expressed in refesrsnce 117 as
PqPy =+ GoowPy + GoowPs

Pep = : ] (4-14)
Pl % GG OV

if P, can be assumed to be negligible. For balsa with the grain
perpendicular to the faces this is justified, but with grain parallel
~to the load Py is not negligible. Equations 4-10 and 4-14 hold over
a wider range of core to skin thiclmesses than the Engesser formila.
I P, is assumed negligible and the buckling load of the faces acting
independently can be neglected so that Po = 0 both equations 4-10 and
4-14 reduce Lo equabion 4-9,

Reasonable agreementrwas found experimentally as stabed in
reforsence 117 for equation 4-14 although there was considerabls scatter,
The average experimental values were aboub 80% of those predicted by
theory and the maximum values by experiment were generally guite cliose
to the theorsetical walues, The experimental results are expscied o
fall below the theorstical values.

As is pointed out in referesnce 93, when the buckling stress obtalned
by these formulas exceeds the proportional limit of the face material,
the value of the Young's modulus in the equations for P and Pp mist be
replaced by the tangent modulus value corrssponding to the buckling
strens obtained from the formala for the critical loads A trial and
error process is necessary to find the appropriate value of the Young's

modulus of the faces beyond the elastic limit.
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B limited number of tesbs to corrslate equabion 4-)4 with experimsnt
are reported in reference 93, It is well to point out certain con-
slusions dreawm from the test results. The agreement between theory and
experimont was good for balsa coro specimens, Howsver, when the core
was cellular celluloss acebate the scatter of the experimental points
was considerable, From bending tests, the value of & used in vhe
theoretical formala was 5000 psi. A second theoretical curvs in which
G was assumed 2500 psi helped to explain the scabisr.

Expended core materials are never completely uniform. When the
shear modulus is determined from beam tests every cross section is of
squal importance and the modulus obltained is the arithmetic mean valus,
In columm tests regions of large shearing deformation cen shift o
regions of smell shearing rigidity so the apparont shearing rigidity of
the cors in = column test is smaller than in a beam test, the difference
depending on the rendom variations of the rigidity from cne cross
section to the other. From this consideration and the test results,
the shearing rigidity of expanded cores should be estimated conserva=-
tively.

There are two British methods in which the core was assumed
seolobropic which should be noted. The sxact equivalence of the two

vegults was not established since several simplifying assumpitions wers
made in one solubion which wers not made in the other. Thesse are both
elasticity solutions of the problem,

The first of the elasticity solutions is a by-product of the

analysis of enother problem., This solubion is given in reference 55 as
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1/Ph = 1/88 + ¢ (4-15)

which can Be pub inbto the form
da

L3
# P,
Pé S (4-16)

1+ rP
which is the same form as the Engesser expression 4-9, This equation
is limited to &/% greater than 40. An examination of squation 4-9

will show that

n 1
o+ (4-17)

2
d
Aoty

which indiéates that the only differsnce bebween equation 4-16 and
equation 4=9 is in the ta?m,GEldz/%Esso

A more exect bubt exiremely lengthy elasticity solution to the
problem of modifisd Euler buckling of sendwich columns with aeclotropic
corss is given in Appendix B, page 16 of reference 50. Dus to its
lengbh end complexity, it will not be reproduced here. Bpplication of
the resulting expression would be very difficult,

Comparison of the above two methods with experiment could not be
located. Another solubion to the problem is given in reference 76 butb
will not be given here since it is equivalent to equation 4-14 except
for a factor c/%+t which is almost 1 for most sandwich consiruction.

There is 2 large amount of daia published on column tests that
have been made so that the adequacy of thess equations can be defermined
by actual check with experimental resulls. Time limitetions prevented

this from being done but refersnce is made later in the thesis to

where some of the reported test data is available.



The exact elasticity solution appears to be too cumbersome to be
valusble for practical applications. The practical medifications
necessary to make these solubions apply accurabtely can only be determined
sfter data correlation.

Yhare face stresses above the elasbic limit ars found, & reduced
modulus of ths form

2 E Et

B, = e 4-18
r E = Et ( )

can be used as stated in reference 93. Values of E. ars given in
reference 175, It should be noted that the direct application of
Ey instead of By gives better agreement with test in meny casess

Isotropy was nob assumed in the above equations but they ars, of
course, all applicable to sandwiches with isobtropic cores, A number
of special solubions have besn worked out for isotropic core materials
or special cores. A limited number of these solutions will be referred
t0,

The first two isobropic core sclutions to be mentioned are given
in refersnce 50, Appendix A and C. Appendix A gives an exact elas-
ticity solution to the problem while Appendix C gives an approximate
solubion. Both solutions result in extremely cumbersome sexpressions.
However, bthere is a further simplificabtion made to these expressions
and the rqsulting formiia is used in reference 52 as the basis of a
design method to be considered laters The resulting expression ussd

iz for L/E greater than 10. The equation given in reference 352 is

1 .2 L& L Ly
P, = W& B (d) (s»’ ¥ ) (4=19)

E
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The core mebtorial used was caleium alginate for the design method
mentioned.
A second design method reported in reference Bl for isobropic

core uses bthe modifisd Buler failure eguation

g n’q

Lo 1

= (4a20}
E 41 4 2 pA
i iy =

8 3( %) 1 T 'w(__s.l %(%\
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The last special solution is a form of the Engesser expression
modified for application to honevcomb core sandwichss. This solubion

5 given in reference 88 and comnsists of & long and a short colum

fede

curve. The eguabtion for the long column curve is a modifisd form of
the Engesser equation. However, in order to aveid the use of the
tangent modulus for stresses sbove the proporbtional limit a straight
line short column curve is consitructed. The egquabion for the short
column curve is included in that refersnce and both columm curves
showme. This method of solution has been checked experimentally and
gives reasonably good agresment. The results are shown in refersnce 88,
The subject of sandwich columms under axial load appears tc have
been adequately inveshigeted theoretically. In some cases empirical
modifications may be required to obbtain sdequate agreemsnt between
theory and tests. The validity of all the formulas given here can be

established only through extensive correlation with test data,.

404 Trinkling of Sandwich Colums and Panels

The methods of caloulating wrinkling of the faces in sandwich

columns were developed after this type of failure was discovered durin
g



tests. Wrinkling failure is shown in figure 5., The original solutions
given in reference 94 were based on isotropic cors maberials, but
several solubions have been worked out for asolotroplc core materialse
The extent to which isotropic formulee can be applied to agolotropic
core sandwiches both for Fuler buckling and wrinkling has not been
adequately checked experimentally. In meny cases such applications are
velicved suitabls for engineering caloulations.

The general elasticity solution for the buckling of sandwich
columns presented in reference 5O gives tﬁo minimim points. ©One of
these corresponds to modified Buler buckling while the cther gives
the wrinkling mode of failurs. Since the expressions are very lengthy
and cumbersome to use, they will not be presenbed here. Howsver, they
can be found in reference 50, Appendices A, B, and Co The minimam
points have not been worked out generally foxr these solutions so that
is necessary in order to determine the minimum wrinkling load,

As & by-product of an analysis of another problem, the wrinkling
load is given in reference 55 for asolotropic core meberialse The
results given are entirely equivalent to the ones obbained in refsrence
50, Hers again, the minimum values of the expression have not been
determined generally. The expressions given are also very cumbersome.
Bquation 1 in reference 56 is a summary of the resulting expression where

from refersnce 55 the critical load Pz is given as
Pj = (2BEgs + Eqd)es (4-21)

where ey is given by equabion 1 in reference 56. The expressions given

in references 55 and 56 are in terms of the criticai strain ep which
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is given for antisymmetrical wrinkling.

several simplified expressions havs been obbained from the solution
which are of intersst, There are two modes of buckling essentiallye.
These are the symmeirical and the asymmetrical modes. For the wrinkling
form of buckling the two modes of wrinkle occur at approximzbely the
same load. The first simplified expression is a sufficiently accurate
spproximation of the exact solution if the ratio of the core to skin

thickness is greater than 50, In this case from reference S5

1 1 2
o = (+6)(81)6(E,)7/(B,)° (4-22)

w

and
L

3, 4,12
«5 = 1o48(E1E,/B,) (4-23)

The wrinkling eritical load is obbained by substituting the value for
oy from equation 4-22 into equation 4~21 for es. For lower values of
d/% the exact expressions must be used. However, even in these cases
the form of equation 4-22 is still valid if e and ey are substitubed
for e, and kq and kp substituted for the value o6 respectively., In
this case ki and ko are functions principally of the ratio of s/a and
depend only to & small extent on the values of the elastic constants.
In most normal sendwiches e, is less than ey so the wrinkling should
ocour in the asymmetrical mods.

An experimental invesbtigation of wrinkling of sandwiches using
sheel skins and expanded formvar core material was carried out and

reported in reference 56 for a limited number of tests. The shear



modulus was debermined by bending test of a sampls sandwich. The
experimental results were compared with the exact expression given in
veference 55 and the stress at wrinkling from tests wers between 9 and
30% higher than the theoretical values. The average error was 16%. To
account for this, it was noted that the core materisl was not uniform
across the cross sechbion. As 2 result of having softer core material
nesr the center with the stiff material available to locally support
the faces the actual wrinkling stress is increased above the theorstical
value. An unususlly low value of transverse modulus of elastlcity for
the core was found experimentally so the proper value mey not have been
obtained when considering veriation of the material across the cross
section.

T+t should be nobed that the experimental vslues should have fallen
below the theoretical ones in all cases dus to the assumption of
geometric perfection of parts,

The approximate expression 4-22 gave almost identical results to
the exact expressions in the range considered.

Reference 90 contains a discussion of the elasticity solution of
the problem of buckling of sandwich columns. #As is pointed out, the
elasticity solution for wrinkling stress assumes that every component
of the sandwich is homogeneous and geometricelly perfect and that the
core mabterial possesses a finite stiffness, but infinite strength.

The wrinkling stress developed by this solution is the upper limit,

A.éonsiderable amount of information on wrinkling is given by Hoff
in reference 117. He reviews the earlier work done on wrinkling and

points out that the work in refsrence 94 made an erroneous assumption
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which was later corrected in reference 50 and in refersnce 76. However,
the correchions are not significant for sandwich beams, colums and
panels of eonventional desipgn feiling by wrinkling. Hoff poinbs out
thet all the theoretical work predicts asymmetrical buckling but
sxperiments carried out by Hoff and Mautner gave wrinkled shapes
differing from the theoretical form. Papreg face sendwiches with
cellular cellulose acetate cores gave buckling which could be classified
as symmetric when the ratio of core to face thickness was greater than
20 and skew for the ratio smaller than 20,

Hoff and Mautner developed & simple approximate formula for
eritical wrinkling from strain energy considerations in reference 87.

From reference 117 the expression is

3 e

1 /% -
For =3\ /BeBele (4-24)
\

It was assumed thet the entire compressive load is carried by the lacese.
The equation is valid for symmeitric and skew wrinkles as well as
anisotropic cores. It is almost identical to the results obtalned in
reference 94 for a face stabilized by an isotropic, semi-infinite cors.
From this expression wrinkling is predicted solely from the mechanical
properties of the face end core materials. This equation was checked
by experiment as noted in reference 87 but proof of the formula is nob
complete since there was considerable scatter in all the tesits. The
expression does give a conservative approximation to the correct value
which is accurabte enough for selecting the core material to use with &
given face material.

Several important problems have not been solved regarding the
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wrinkling type of failure. No rigorous theory has yet been devised
for the skew wrinkle and no thecrebical explanabion is available to
show why test panels buckle according to the symmetric and skew rather
then the entisymmetric wrinkle pottern according to Hoff in reference
117,

It was concluded in reference 117 that (a) the agreement between
the wrinkling stresses according to the rigorous end approximate
solutions of the symmebric case is satisfactory, (b) the symmetric
wrinkle corresponds to the smaller wrinkling stress when the core to
Poce thickness rabic is large. (¢) the skew wrinkle oorresponds to the
smaller wrinkling stress when the core to thickness ratio is small and
(3) the minimum wrinkling stress is sufficiently constant over the
entivre practical range of core to face thickness ratios to warrant the
use of equetion 4=24, It is valid for orthotropic core end feces since
in the strain energy theory isobropy was not assumed.

There are several solubions o wrinkling stress in columns which
have been derived on the sssumphion that the core is isobropic. The
pioneer work in reference 94 was done under this assumphion.

The results of references 50 and 94 as used in reference 52 can

be given as

1
3’

L /"‘"

P = (28) | SF ES/(1 +) “(s w)

- (4~25)

gince the core is assumed iscbropic the expressicn can alsc be writben
in teryms of the shear modulus of the coree. This expression has been
modified for stresses above the proportional limit of the maberial

snd the vesult presented in reference 88e



Another formule for calculating the wrinkling stress with an
isotropic core is given by equation 3, page 2 of reference 51, It is
used in that reference as the basis for a design msthod for sandwich
columns,

The wavelength of wrinkle for an isotropic core sandwich is given
in reference 117 by equaticn 1=87 on page 70,

Faquation 4-25 has been checked by experiment as reported in
reference 117 and reasocnable agreement founde. This has slso been done
for the wavelength equation noted.

An entirely different viewpoint of wrinkling then all of the
previous methods was adopted by Wan as reported . in reference 90.
Becording to Hoff in reference 92, Wan indicaltes that the critical
stress in ripple type buckling depends not only on the Young's modulus
of the material but alsc on the strength of the cores It is known thai
structures do not fail because of instebility, but because of excessive
stresses that may be induced by instabilityo Han's work is en atfempt
to stress analyse the core in order to find the loads under which the
stress in some portion of the column reaches the yield point. In Hoff's
opinion Wen's own experimental results disprove his theory at least for
aluminum alloy cross grained balsa specimens tested. According to
Hoff, Wan's reasoning is correct so the discrepancy may be due to the
particular lew assumed to govern the initial deflections. A summary of
the work déne by Wan on wrinkling of sandwich columms is presented in
refarenée 90 It is contended there that the actual wrinkling stress in
sendwiches is closely related to the initial waviness present in the

facings. Ilost facings are made from commercial sheet stock which in
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general is not truly flat. The core maberial is not perfectly uniform
in thickness nor is the bonding maberisl. These initisl irregularities
may be partly corrected for in the febrication process, but any initial
stress set up in the bonding meterials has the same effect as initial
waviness. Due to these considerations the theoretical wrinkling stress
may or mey not be achieved.

In reference 90 a reasonable form for the initial waviness in a
sandwich column is assumed. For balsa only, sn approximate sclution is
carried out for the sandwich wrinkling in the symmetrical form with a
tension failure in the core. This essumpbion is based on numercus tests
on sandwiches with aluminum alloy faces and end-grained balsa. It has
been confirmed by comparison with the rigerous solution that for balsa
core tension failure cccurs at almost the seme facing stress for both
symmetrical and anbisymmebrical abtitude while shear fallure in the
core corresponds to a much higher facing stresse.

The enalysis is carried oubt in reference 90 and the results
presented theres Charts of the solution are alsc presented. It should
be noted that tension or compression failure in the core or bond wes
asgumeds However, shear failure in the core is not probable if the
ultimete shear strength of the core is greater than 12% of its ultimate
tension or compression strengths. In order to apply the results obtained
gstetistical surveys of parbicular test specimens are required to
determine an average value of initial waviness.

Using the results of reference 90 it is possible to estimate the
value of the ultimebte tensile strength of the core bond combination

required for a given stress in the facings to prevent core failure due
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to initiel waviness in the facingse A rigorous solution to the problem
of relating the core falling stress to the critical wrinkling stress of

the faces including the effects of initial surface waviness is possible.
The work presented in reference 50 has been extended to this problenm
and the solution presented in reference 90, Due to the length and
complexity of the results they are not presented here.

In addition, in the same reference the problem of wrinkling under
biexial stresses including the effects of initisl surface waviness is
gonsidered and an approximate solubtion presented. The results have
not been checked by experiment.

The adequacy of all of the work presented on wrinkling can only he
determined through extensive correlstion with available best data, As
an indication of the need for this correlation a check was made of
equations 4-22 end 4-25 with the results of reference 56. In that
report the adequacy of the expression 4-22 was tested and found to give
results 9 to 30% too low. By comparing the theoretical values from
equation 4-25 with the results of tests presenbed in reference 56 it

was found to give ultra-conservative walues for the tests nmads.

4,5 Local Honeycomb Buckling

Tith a honeycomb core material there is one additional type of
failure which does not exdist with continuous core materials. This
failure consists of local buckling of the faces into the cells of the

honeycomb.

f

Congideration of this type of failure is given in reference 863, 88,

and 117, In reference 63 it was noked that with thin faces local
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buckling into the cells of the honeycomb was possibles The limiting
compregsive strength due to this type of failure is a function of the
face thickness for a given cell size. This local buckling can be
estimated using the assumption that the surface sheets are simply
supported by & series of longitudinal walls such thet the distance
between supports is equal to the cell height. This method of calcu=
tion was checked and reported in reference 63. The test points are
fairly well scattered probably because of variations in the geometry

of the honeycomb as prepsared in the leboratorys

4,6 Buckling of Sandwich Beams

The problem of buckling of sandwich type beams has been considered
in two reports. The most readily used form of the results is given in
reference 117 reporting the work of Ven der Heut in Holland. 4&n
approximete expression is given in reférence 117, page 78 and equation
im93 for solution of this problem. The expression given holds provided
that (7 c/b)? is considerably less than unity which should be the case
with normal sandwich panelse

The more general problem of combined bending and compression
buckling of a beam or column is treated in reference 55. The analysis
was carried out in terms of strains by an elasticity solution which
resulted in very complex expressions. The conclusions and summary of
the work give an indication to the more useful parts of the snalysis.
They present exact solutions to the problem which are so complex that
every atbtempt is made to obtain simplified expressions. However, where
the essumptions made in the simplifications made are not justified the

exact expressions must be used. A practical conclusion was reached
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that when the strain under combined bending and compression reached the

value for wrinkling under direct compression, wrinkling would ocour.

407 Buckling Load of Flet Sandwich Panels in Single Axial Compression

The buckling of panels in ailrcraft comstruction is a subject of
considerable importance. It is therefore desirable to have theoretical
methods for determining the buckling loads for sandwich panels since
the analysis differs considerably from other types of construction.
Thig subject appears to have been considered adequately by the Forest
Products Laborabtorys

hn energy method was applied tc this problem for sandwich construc=
tion in order to obtain the approximate formilas presented in references
11-18. The method applied usually results in buckling loads that are
too high by 8% or less. Three simplifying assumpbtions were made in the
solution to the problem. It was assumed in reference 11 that thse
materials of the faces and core are stressed below the proporticonal
limit and that the effect of shear deformation in the core may be
neglected. These two assumpbions were both corrected for in reports
12=15 since they were found to be inadequate. The third assumption is
that the faces of the panels do not wrinkle bsfore buckling. Since
methods for determining the wrinkling of sendwich construction have
been established it is possible to meke a separate analysis to
determine whether or not this assumpbion is justified.

The formula developed in reference 11 is given as equation 1 of
reference 12, A test program was set up to test the validity of this
formula but it was found that in each case the formula had to be

modified to include shear effects and the effect of stresses above the



proportional limit of the face materials, This correction work wasg
carried out in references 12 to 16.

A theoretical and experimental investigation of the buckling load
of sandwich penels simply supported on all edges and loaded in com=
pression on two of them is reported in reference 12, This work was
done to test the validity of the equation obtained in reference 1l as
well as to provide the necessary modifications for applications
involving the simply supported edge conditions. As has been noted,
wrinkling was assumed not to occur before buckling of the panels, The
modificabions required for shear effects and stresses above the pro-
portional limit of the face materials are given in reference 12, Then
the shear corrections were applied to the theoretical work and compsred
to the experimental values the agreement between theory and test was
~ improved O to 12%.

The actual shear correction factor used in references 11 to 16
was developed in reference 44 and checked experimentally in reference
45 The method of varification was to calculate the deflection of a
simply supported panel due to a uniform bransverse load neglecting
shear and then apply the sheer correction factor for comparison with
the experimental values. The general expression for the shear correction
factor is given in reference 44 on page 19, equation 90 which was
modified tp equation 144, page 8 of reference 45 for comparison with
experiment. The experimental values checked the calculated values
within normal experimental error and scatter. Further justification
for the use of the shear correction factor developed is established in

references 12 to 16.



In order to modify the buckling load for stresses above ths
proportional limit of the face material, a reduced modulus was used
which was found satisfactory when expressed in the form for three layer
sandwich congtruction as equation 4-18. The buckling stress correctsd
only for stresses above the proportional limit of the material is given
by equaticn 21, page 18 of reference 1lZ. Since the reduced critical
buckling stress and the reduced modulus are both unknown a trial and
error procedure is required. However, by use of the stress strein
curve of the face maberial and a simplified method given in reference
12 the solubion can bhe accomplished conveniently graphicallys. TWhere
the stress strain curve of the face material is not avellable an
approximete solution is possible by using eguabtion 23 of reference 1z,

It is usually desired £6 correct for both shear deformation and
stresses sbove the proportional limit in the faces., This cen be
accomplished by use of equation 26 of the nobed reference. A simplified

graphical procedure for the trial and error solution is given there.
If the stress strain curve of the face meterial is nobt known or the
increased sccuracy is not desired another approximate method of
gorrection is given.

The methods given in reference 12 have been experimentally tested
and proved satisfactory within the range of the testss

A sclution to the buckling load on flat sandwich panels in

compression with the loaded edpges simply supported and remaining edges

D

clemped is given in reference 13. The sxpressions developed ars

[t

similar to the ones obitained in the previous report and the methods of

application are the same. Shear deformations and stresses above the
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proporbional 1limit had to be corrected for., The experimental results
svoraged sboubt 92% of the values obbtained by the corrected formula,
These values wsre believed‘to be lower than the caleulabed values be=-
sause the edges were not sscurved as firmly as assumed in the formmlas
The formula was derived by energy methods and can lead to values as
much as 8% too groat,

The buckling loads on flat sandwich panels in compression with the
loaded edges clamped and reweining edges simply supporited ars given in
refersnce 14 by similar methods. The same corrections as belfore were
found necessary and the results agreed approximabtely with the computed
Talueg,

The solution is given in reference 15 for the buckling loads on
flat sandwich panels in compression with all edges clampade The same
methods as nobed were used and the ssame corrections were found necessary.
The experimental wvalues were aboubt 82% of the computed values., These
values were believed to bs lower bescause the testing apparabus at the
unloaded edges did not provide the theorebically assumed clamping and
the method used ofhen gives values as much as 8% too highs

Further varification work was carried oub experimentally and re=-
ported in refersnce 16. It should be noted that with glass cloth
laminate face maberial there is no proporbional limit which eliminates
one of the corrections. Previous werification before reference 186 was
for conbinuous core materials whereas the tests reported in this case
wore made using honeycomb corss. The method was concluded to be
probably suitable for this btype of panel,

In all cases wrinkline was assumsd not o occur and in the csse of
g

honeycomb core buckling into the honeycomb cells was assumed not to
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OCCuUrs

Bdditional work on buckling of flat sandwich panels was done by
Leggett and Hopkins and reporbed in reference 117, The buckling stress
of rectangnlar sandwich panels in edgewise compression is given bthere
by equation (1-92) on page T7. Dabe to check this equation are
available in references 12 to 18,

Due to the stiffness properties of honeycomb core meterials an
exacht elastbicity solution for the buckling of that type of panel under
compressive end load can be developed as was done in refersnce 107,

The buckling formula developed is for a plate of infinite length simply
supported at two of the edges. The exsact expressions developed are
somewhat lengthy, but under certain simplifying assumptions the critical
buckling load is reduced to equation 19 on page 5 of that refersnce,
This is for the wrinkle type buckling while the overall buckling ex-
pression obtained is given by equatlon 24 of that repori,

It is discovered in the paper that local wrinkling is governed in
this case by symmetrical buckling while the modified Euler buckling is
anti-symnetrical. These expressions apparently have not been checksd
experimentally and the original paper should be checlked also for ths
simplifying assumptions. The exact expressions are also contained in
referencs 107, It should be noted that flexural failure of relatively
long honeycoumb sandwich panels generally results from buclkling of the
face on the compression side of the spscimen while very short specimens

produce shear fallurs which is not predicted by thess squations.

4,8 Buckling of Flat Sandwich Panels in Shear
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The subject of buckling of flat sandwich penels in shear is
treated in references 36, 61, and 83, The most adequate treatment of
this problem has probably been given in reference 36. Howevsr, none
of these sources take into account the shear deformabions in the core,
The theoretical analysis used was developed for plywood.in reference 3
and experimsntally checked and reported in a supplementary report'of
that series.

The formula developed by the Forest Products Laboratory is given
by equation 20 of reference 3 for plates with all edges simply supe
ported., For sandwich construction having isotropic faces and all
edges simply supported this equation reduces to an expression given
in reference 36 bubt reference 3 muét be used in the evaluation of
coefficients in the equation. A‘tsst program cartried out to determine
the adequacy of these equations is reported in regerence 364 Test
results closest to the theoretical valuss were obbtained when ths
specimens buckled at low sfresses. When ‘the facing thiclness was
‘increased, the deviation from the theoretical values was incrsased,
By reinforcing the loading frames the buckling stress was increased to
15% above the theoretical value for 020 inch aluminum alloy faced
specimens. Heavier loading frames increased the buckling stresses of
0032 inch facings from 55% to 80 or 90% of the computed values. The
light fra@es used in some of the tests apparently did not provide
simply supported edge conditions.

~Panels in the tests Whi;h failed by a method of buckling called
erimping, failed at about 40% lower than the computed values. Larger

- specimens of the same type of construction failed by buckling nearer
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to the theoretical wvalues. Crimping occurs at the buckling stress,

Tests cearried out on a sandwich panel acting as the shear web
of a plate girder gave an experimental buckling stress about 20% lower
than the compubted value indicating that the heavy flanges did nob
provide‘simply supported edge conditions.

To summarize the experimental results, the panelé tested in frames
having adequate stiffness to provide simply supported edges agreed well
with theoretically predicted values. The actual test value of the
buckling stress is dependent upon the relative stiffness of the loading
frame., A panel that buckles at a streés beiow the computed value will
buckle at a higher stress if the loading frame is reinforced. Because
of this, sccording to reference 36 it is questionable if the designer
can predict the edge conditions sufficiently accurately for adequate
use of the theoretical work,

The eanalysis of metalite panels in shear by Chance Voughi is
discussed in reference 61.” Their analysis is based on the standard
formila for the stability of plates and shells in which the values used
are equivalent thicknesses and equivalent moduli of elasticity. The
equations for the equivalence are given in that reference, By sub=-
stitution of the equivalent expressions given into standard formulas
the expressions used by Vought are obtained.

It is pointed out in refereonce 61 that much of the theory of plabes
and shells has been found inadequate and in need of extension. The
effects of large deflections normal to the plate, of combined loadings
and of concentratsd loads cannot be predicted accurabtely with present

theory. The accurate prediction of the transverse shesr stress distri-
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bution in a panel cannot be made under all conditions, yet this stress
is critical for many panels.

Reference 63 cbnsiders the problem of buckling of a sandwich webd
in shear. They use equation 216 on page 361 of reference 114 for
determining the criticel shear flow causing buckling. Expressions are
given in reference 63 for adaptation of that formula to sandwich
consbruction, If the material is stressed above the proportional limit
of the face material a reduced modulus is used. Tests to varify this
equation gave values below the theoretical curve. In all cases this

. appeared due to the fact that failure took place above the elastic
limit of the material. Another factor not accounted for was the low

core rigidity allowing shear deformations that are not negligible,

4,9 Flat Sandwich Panels Under Combined Loading

The analysis of flat sandwieh’panels under combined loading is an

important problem in aireraft strucbures. The most extensive work on

- this subject located during this research was done in Holland. The
results would be extremely difficult to summarize in this thesis, but a
brief review of the contents of two reports, references 73 and 81, is
in order, The fifst of these references conteins expressions for anti-
symnetric buckling of a simply supported panel compressed in two
perpendicular directions. It gives the complete expressions as well as
approximate ones for the buckling stress. The antisymmetric buckling
of a simply supported, infinitely long panel compressed in two perpen=
dicular directions and loaded by shearing forces is also considered.

Curves of the results are presented in the report. In reference 81
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~the: problem of the buckling of sandwich plates due to compression along
two edges combined with shear is considered. Also previous theorstical
work on sandwich panel analysis is reviewed there. Curves of the
results are presented in the report. The adegquacy is the results is
discussed there. This is the only theoretical work of this type

located during the research and should provide a basis for further work
on the more complicated loading conditions. A number of other important
Dutch reports on the subject of sandwich construction are listed in the
references to this thesis.

An epproximate solution to the préblem of wrinkling under biaxial
stresses is given in reference 90. The analysis resulted in a trial
and error procedure for solution which was not considered justified due
to the approximate neture of the solution. As a result, a highly
simplified method is given for obtaining a conservative estimate of the

wrinkling of sandwich panels subjected to biaxial stresses.

4,10 Curved Sendwich Penels and Cylinders Under Shear and Compressive

The problem of compression buckling of curved sandwich panels has
not been solved rigorously. There are, however, several approximate
solutions available,

The most extensive work on this subject located in the research
was reported in referance 29. A rather complete discussion of the
problem is given there,

An approximate expression for the critical buckling stress of a
"long curved sandwich plate loaded in axial compression if the stresses

are below the proportional limit is given in reference 29 by equation 1
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on page 7 of that report. The curves of reference 11 are required for
solution of the problem., For stresses above the proportional limit,
the critical stress must be obtained by use of a reduced moduli. Using
equations 6 and 7 of reference 29 and £he procedure oubtlined on pages 7
and 10 of that report, the critical buckling stress above the propor=-
tional limit mey be obtained.

It should be pointed out that this is only one type of failure for
curved sandwich panels, There is also the possibility of wrinkling of
the faces as well as compression failure of the core and faces or
shear failure in the core alone. In addition, the method has been
restricted to long panels since shear deformation is unimportant in
these. The method given does not take into account shear deformation
in the core.

Of both theorstical and practical inbterest, the Forest Products
Laboratory discovered that the axial buckling strength of a well made
long, curved plate of san&wich meterial may be compured by adding the
critical stress of a complete cylinder of which the plate may be
considered a part to the critical stress of a £lat plate having the
same dimensions as the curved plate.

A test program was carried out and reported in reference 29 for
‘the buckling of curved sandwich panels. The panels tested were
constructed so that wrinkling of the faces as well as crushing could
not occur. By the method given in that reference and under these
restrictions, the theoretical and experimental values agreed satis-
factorily., The test data showed considerable scatter usually dus to

 small surface irregularities. The scatter was different for different
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types of sandwiches. It was found that for cores 1/% inch thick or
more, the shear deformation correction amounts to over 20%. Incipient
dents or buckles have a considerabie effect on failure loads.

A formla for calculating the buckling load of slightly curved
sandwich panels is given in reference 117 by equation 1-~94 on page 79.
The critical buckling stress of a complete sandwich cylinder is also
given in that reference by equation 1-95 on page 79 by a rather lengthy
expression.

The problem of wrinkling of curved sandwich cylinders has been
considersd in reference 52 by equation 4 on page 7 of that report. It
was derived for an isobropic core material,

The crushing type of failure can be predicted from equations 4-1
to 4-3 of this thesis depending on the type of core material used. If
the load taken by the core can be considered negligible equation 4-3
should be used.

One special solution has been carried out in reference 107 for
the buckling of circular cylinders having a honeycomb core maberial,
The solution is appropriate as long as the waveléngth of buckling is
long enough to justify the use of bending theory. The limitations are

"stated in a useful form in that report. There apparently has been no
experimental check of the results obtained in this analysis,.

 The problem of curved sandwich panels in shéar has been considered
in reference 4l. It was found that the buckling stress of a curved
‘plate in shear is approximately equal to the sum of the buckling stress
of a complete cylinder subjected to torsion and the buckling stress of

& flat plate with the same dimensions as the curved plate subjected to
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shear. Equation 2 of that reference gives the critical buckling stress
for a sandwich cylinder in torsion. An equation for shear buckling of
flat plates in shear is given by equation 3 which is’modified to give
the shear buckling of a flat sandwich with isotropic core. The
buckling stress of the curved sandwich plate in shear is obtained as
described by the sum of these. The method of application of these
equations is described in reference 41 with charts given for the
appropriate coefficients. The experimental work was done primarily on
plywood plates but one large sandwich panel was tested as a preliminary
check on the extension tp sandwich construction. Reasonsable agreement
was found, but the experimental values for specimens that were complete
cylinders were lower than the cbmputed values. The differsnce probably
arises from the plates not being subjected to pure shear experimentally.
The test value of the buckling stress for the one sandwich panel agreed
well with the theoretical value. The specimen was large and the
effects of shear deformation in the core was smell., However, for
smaller plates, the effects of shear defofmation may become important
and have not been accounted for in this snalysis. In panels stressed
sbove the proportional limit of the skin material an additional

corraction is necessary.
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V SANDWICH CONSTRUCTION STRESS ANALYSIS METHODS

5.1 Introduction

The methods of stress analysis of sandwich construction are only
approximate as & general rule, In’many cases not even an approximate
method is available for debtermining the core stresses. Usually the

application of strength of materials methods is non-conservative due

to the effects of shear deformation in the core.

5.2 Face Compression Stresses

Equation 4-1 can be used to determine the stress in the face

material under direct cdmpression by solving for pe.

5.3 Core Compression Stresses

The stress in the core material under direct compression cen be

obtained from the following formula
pé = Pf(Ey)c/(Ey)f ' (5"1)
where pp is obtained from equation 4-l.

5.4 Face Compression Stresses If the Core Strength Is Negligible

If the load carried by the core is negligible the face stresses
can be caleulated from equation 4-3. This assumption is justified in
most practical cases except for balsa core meterial with the grain
parallel to the load. This assumption also allows easy calculation of

the face stresses under bending loads.

5.5 Normal Stresses Under Bending

‘The normal stress in a sandwich beam can be calculated by normal
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strength of materials methods as described in reference 167 based on an
equivalent cross section of the beam. Also equation 1-37 of reference
117 gives the same expression expressed a little differently. However,
these methods will be found to give non~conservative resultss A
slightly better method would appear to be to use equation 1-57‘of
reference 117 in thch the value of EI is replaced by (B;I)gpp from
equation 4-8 of this thesis. The resulting expression would teke into
account shear deformetions in the core. Where shear deformation are

not important, the strength of materials methods would appear to apply.

506 Beam Shear Stresses

Under beam shear loads reference 167 gives the standard strenght of
materials expression for calculation of shear stresses. Bquabtion 1-38
in reference 117 gives the same equation expressed a little differently.
However, as is pointed out in reference 167 this equation will give
values that are too low as noted in tests reporited there,

K slightly better method would appear to be to use equation 1-38
in which the value of EI is replaced by (E;I) ,p from equation 4-8 of
this thesis., The resulting expression would take into account shear
deformations in the cors. Where shear deformations are not important,
the strength of materials methods give éatisfactory results as noted

in tests reported in reference 167,

5.7  Stress Analysis of Plates and Shells

In reference 61 thé. enalysis of metalite by Chance Vought is
described. Use is made of an equivalent plate and the theory of plates

‘end shells to meke the stress analysis. However, in calculation of the
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stresses it is necessary to apply the factors given in that reference.
As mentioned in reference 92 this method is generally satisfactory for
calculating face stresses when the deflections are low. However, they
aro inadeguate when deflections are large. These theories do not take
inko sccount the shear deformetions in the core. The distribution of
stresses in both the face and core in regions of high concentrated loads
as well as the maximum core shear and tension stresses in various types
of bonded joints have not been adequately determined by enalysis
according to refersnce 92,

A complicated expression for the shear stress in the core of a
cantilever sendwich plate is given in reference 92 in terms of the
average shear stress. The solutions for various types of loads are
being derived by the Fore#t Products Leboratory but as yet have not
been published.

A solution of the small deflection theory of Relssner is given on
page 66 of reference 117 wﬁich also analyses for the shear stress in
the core. This solution is for a cantilever plate with a special end
load distribution which for most practical panels is & uniformly dis-
tributed load. The solution includes the effects of shear deformation.

The only investigation of the transverse core compressive strength
requirement of sandwich construction is given in references 61 and 90.
The méthod given in reference 90 can be used for sitress enalysis
purposes although the adequacy of the results has not been established.

It‘should be pointed out that initial imperfections end waviness
heve a considerable effect on the failing load in the cors so these

' loads cousing core failure cannot be adequately predicted unless
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something is knowg regarding the flatness and eccentricities of sand-
wich plates. The Forest Products Leboratory is obtaining this infor-
mation as is stated in refersnce 92,

A suggested design procedure in reference 92 gives & graphical
method which involves the stPess analysis of sandwich panels. In this
method the shear stress in the core which can limit the design load is
determined using the load deflection curve of the sandwich panel, This
load deflection curve cen in some cases be debermined theoretically.
Use can possibly be made of the work done in reference 45 for this
purpose. The effects of shear deformation can be taken into account by
this method.

Purther work is necessary in the field of sandwich construction
stress analysis before the required core strengths can be determined

for any given design.
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VI DEFLECTIONS OF SANDWICH CONSTRUCTION STRUCTURES

6.1 Introduction

The snalysis of the deflections of sendwich construction is in
genereal the étudy of the effects of shear deformetion. Where shear
deformations are not important the standard methods can be applied to
sandwich constructions

The specific work done on deflecticns of sandwich construction

will be indicated for reference purposess

8.2 Deflection of a Simply Supvorted Beam Under Concentrated Load

Probebly the most useful deflection formmla developed is the
deflection at midspen of a sandwich beam with a concentrated load at
the center. The expression is given in reference 88 including the
effects of shear deformetion. It was derived by considering the total
deflection as the sum of = Bending and a shearing deflection. As has
been noted im reference 63 this eduation is usually used for deter-

mining the shear modulus of the core of sandwich materisal by teste.

63 Special Deflection Equations

A summary is given in reference 93 of the deflection equations for
a cantilever beam of sendwich material under concentrated loed. The
resulting expressions heve been checked by experiment and found to give
adequabe rosulitse

In references 7 and 8 an equivalent flexural rigidity of sandwich
beems is worked out and tested by deflection tests. The method gives

very good results for deflections of simply supported beams.
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Be4 Deflections of Sandwich Panels

There is considerable need for panel deflections in aircraft and
a method of approach used in reference 45 to check the shear correction
factor developed in reference 44 may be useful. In this report the
center deflection of a sandwich panel was celculated neglecting shear
deformations and then the shear correction factor developed in reference
44 was applied to obtein the total deflections including shear effectse
This may prove to be the most useful method to apply to penel deflections.
In reference 117 the deflection expression for a cantilever sandwich
penel under a special load condition at the end is given on page €6
By use of Ste Veneant's principle the results may be applied to other

similar types of load conditions.

G6e5 Doflections of Circular Sendwich Cylinder

Reference 117 treests the problem of the relationship between the
maximum deflection and the normal stress in a circular cylinder on page
68. An expression for this relationship is presented there including

several simplified forms,.

B¢6 Gengral Deflection Theory of Sandwich Construction

The more general problem of sandwich construction deflections has
been treated in several places. Eric Reissner in references 92 amd 102
gives a small deflection theory for sandwich plates end shells.,
Integration of the differential equations has proved difficult and the
only readily availeble useful solution is noted above under 6e.4. More
solutions of these equations, however, may prove useful. Shear

" deformations are considered which leads to the difficulties in solubion,
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Another small deflection theory is given in reference 98 in which
the solutions are based on & knowledge of various stiffnesses of the
plates in various directions. It is possible as noted in reference 92
to evaluaste these from the properties and dimensions of the sendwich
plates, Lockheed Aircraft Corporation has done some work along this
1ine.§

There is need for a large deflection theory of sandwich

construction as stated in reference 92, but at present this has not

‘been developed.
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VII GRID TYPE SANDWICH CONSTRUCTION

As stated in reference 53, & system with a latbice work of
stringers and cross~-pieces of high density material for a core and two
strong, stiff faces is intermediate between the conventional construc-
tion and sandwich construction. This type of construction is not
analysed by the methods considered in the present thesis, but soms
reference will be made to where material is given on this subject.

A general description of grid type sandwich construction is given
in reference 53. A design methods, test dabta and an attempt to
analyse this type of construction is given in reference 58. The
analysis method used does not appear adequate, but the design method
' gave reasonably efficient panels.

Test data on compression and shear of this type of panel is given
in reference 48, but no attempt is made to analyse the panels tested.
K brief summary of the work done on this subject is given in

reference 117,

Work is being done on a construction of the semi-conventional

type at the California Institute of Technology but is not covered in

this thesise
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VIII PUBLISHED TEST DATA FROM SANDWICH CONSTRUCTION TESTS

The formulas given in this thesis and referred to require exten-
sive correlation with test data before the general accuracy can be
established. In some cases the equations have not been checked with
any date while in others a limited correlation was carried out.

The work of gathering information for this thesis has prevented
the data correlation. However, it is snticipeated that the work
started here will be continued in the future.

L large amount of test data is available and was located in the
current research in published form. A limited amount of date is
presented in the following references which may be of use in the

correlation work,

The references are as follows:

(i) Of the Forest Products Leboratory reports, references

8, 9, 11-16’ 19, 20, 22"'26’ 17, 18, 29’ 31"35, 36, 57, 38, 40, 41’ 42,

46, 47,
| (ii) R end M reports, references: 48, 5l, 52, 53, 54, 56,
57, 188,
(i3ii) Ausbralian Council for Aercnautics reports, references
58, and 59.

(iv) Additional references 63, 87, 88, 90, 92, 93, 95, 96,
97, 99. All of the company reports listed end the most of the magazine
references contain data of useful nature., In addition, the Army and
Navy reports are useful for this sort of data.

A further list of references to test data is given on page 683 of
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reference 117 in addition to the actual data in Chapter 20 and pages
690 to TOle
Not all of the references at the end of this thesis could be

explored but it is expected that more data is available in them.
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IX INTRODUCTION TO THE PROBLEM OF DESIGN WITH SANDWICH CONSTRUCTION

The problem of design with sandwich construction is considered in
this section, The methods of snalysis have been indicated in the
previous part of the thesis while in the present section they will be
used to help design installations where sandwich construction is found
advantageous for aircraft. The problem of design is too complex 1o
give in detail here but the methods that have been located can be
indicated by general description and referred to for more detailed
studye

The design of sandwich construction requires & knowledge of the
properties snd characteristics of the materials aveilable for use in
sandwich construction. Much mﬁterial on this phase of the design has
been located and will be indicated.

Of additional interest is weight comparison between this type of
construction end other types and the particular a?plibations sandwich
construction is suiteble for. An additional factor to consider in
design of structures is the menufacture end repair of structures which
are to use this type of construction. A survey of the material covered
in the research is given as well as reference to additional material

on these subjectse
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X SANDWICH CONSTRUCTION DESIGN

10,1 Design lMethods

The design of sandwich construction for minimum weight is complex,
but subject to solutions in closed forme The important variables in
the problem for a given face and core material are the load, length,
face and core thicknesses, transverse modulus of elasticity of the core,
trangverse and longitudinal shear modulus of the core snd the allowable
strength of the core materiale This applies to a continuous core
ﬁaterial whereas there are several additional variables with honeycomb
core sandwiches., The density of the core is a variable in the problem
since the elastic moduli are functions of the core densitye

There are two importent design methods devised by the British
which would appear to give more efficient columns than the methods
generally used in this country for design purposes. These methods’ ere
develcped in references 51 and 52 for Steel face materizl end Calcium
‘Alginste core., However, these methods could be applied to any face
material and eny isobropic core. The only differences between the two
methods are the expressions used for the different types of failure.

It hes been substantieted in these reports thet the most efficient
column or structure will be one in which all the modes of failure
possible occur simmlteneously at the given design load and lengthe

There are three types of failure to consider for sandwich columns.
These failures are crushing of the faces, wrinkling failure and
modifieé Fuler buckling of the panél as noted in reference 53. The

different varisbles in the problem are determined so that these three
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types of failure occur simulteneously to give the minimum total colum
woighte This procedure is carried out in references 51 end 52. The
results are presented in the form of graphs giving Ey, a/L, s/d, end
the efficiency as functions of P/L where P is the load to be carried.
The conditions usually imposed on a designer are the load P and length
L over which it must be carried. From the design conditions the value
of P/L can be determined. This value is then used on the charts to
obtain the values of the transverse Young's modulus of the core Eg,
the core thickness d, the skin thickness s and the weight from a plot of
the efficiency. From & chart for the core material, the density re-
quired to give the required Ey cen be read. This procedure is possible
because most core materials used in sandwiches have a wide range of
density and the material properties vary with density. The core
materisl properties should be such that they allow simmltaneous failure
in the three modes for the face melerial chosene

There the mechanical properties of the core do not permit
simulteneous failure in all three modes the procedurs calied for in
reference 52 is to meke wrinkling snd modified Euler failure coincide
and then differentiate with respect to the efficiency to obtain the
opbinnime

Reference 52 cleerly shows the fact that a given core and face
meterial has a certain range in which its efficiency is best and that
type of sandwich is most applicable in that range.

Mbgt of the work done by the British is based on a number called
the structural loading coefficients A derivetion of the étructural

loading coefficient for a column is given in reference 53. This
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coefficient is independent of the scale of the structure. Similer
coefficients can be derived for other types of structure from the
principle of geowetric similarity.

A design method similar to the one presented for struts is also
presented in reference 52 for sendwich cylinders. This design is based
on the fact stated in the report that only wrinkling and compression
failure ococur in sandwich cylinders. However, this is not true for
curved sandwich panels as has been shown in reference 29,

L discussion of the general characteristics and conflicting design
conditions for sandwich columns is given in reference 50, This and
reference 94 are two of the most basic papers on the subject of the
analysis of sandwich construction. Reference 50 gives a discussion of
the method of investigeting the probable behavior of a particular
column once it is designed. For theoretical comparison purposes, the
behavior of steel faced sandwiches with onazote, balsa and plywood
cores is given over a wide range of structural loadings coefficients.
The curves and discussion show effectively the basis for the design
method given in references 51 and 52, The effects of choosing too
weak and too strong a core are clearly shown and discussed.

Quentitatively the design methods given in references 51 and 52
do not agree due to the fact that different formulas have been used
for prediqting the failing loads. A&s stated in the reports, a test
program is being carried out to determine which method gives the best
rosults.

Several comments regarding this work should be made. The method
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given appears to be the best theoretical work on the subject of
determining the optimum design of sandwich columns. Once the load to
be designed for and the length over which it must be carried are
determined, the optimum design column can'be read directly from the
charts. The shesr deformations in the core have been taken into
account and the yield stress was chosen as the crushing strength of the
material so stresses sbove the proportional limit need not be considered.
Bcbually as stated in reference 92 this is a desireble choice of the
crushing strength. Further, this method and the equations used can be
applied to other isotropic sets of face and core materials. The
substitution of aluminum for steel would increase the overall efficien-
cies obtained. There are a number of isotropic core materials that can
be used es well as other face materials. Although more complex, this
method can be extended to aeolotropic cores snd faces with the desirable
feeture that the most efficient design for a sandwich strut with the
given materials has been obtained under all conditions of load and
lengthe Only a limited experimental investigation of the type suggested
in reference 53 would be necessary to check the validity of the design
CUIVOSe

From a research into the optimum design methods suggested by
pepers written in this country the design variable most consistently
neglected has been the core density. Most of the core materials used
for sendwich construction can be obtained with a number of different
densities and properties that very with densitye. The British theoretical
work has taken this factor into account to meke as many types of failure

occur simultaneously as possible with a given core material, Although
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it is impractical to obbtain cors materisls in all possible densities,
it is practical to stock the core materials with several different
densities if an adequate saving in weight is possible by doing soes To
some extent this has been done.

Several limitations of the method noted should alsc be stated.
The method is based on geometrically perfect component parts. The
effect of initial stresses and variation in properties will cause the
actual colum to fail below the theoretical value., As noted previously,
data on this factor are being obtained at the Forest Products Labora-
tory end this effect can be taken into account when sufficient data
become available, In addition, the sbtrength of the core is assumed %o
be sufficient to allow these types of failure to occur. Thus, & stress
analysis of the core is necessary to see that shear, tension or
compression failure in the core do not occur first. The load carried
by the core has been neglected which is satisfactory for most core
meterial, However, this is not satisfactory for balsa wood core with
grain parallel to the load.

With the honeycomb type of core material, an additional type of
failure occurs. Thét is, buckling of the faces into the cells of the
honeycomb. However, there is an additional design varisble, the cell
size, Since the wall thickness of the honeycomb can be wvaried, the
same elastic modulus can be obtained for a wide range of cell sizes.
The criterion for optimum design in this case is that all four methods
of failﬁre occur simultaneously. The additional design variables are
available to make this possible. The distinct advantage of honeycomb

cores is the wide range of densities and properties that can be
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obtained. If this factor is neglected, the optimum design is not
obtainable. Though from practical considerations, it may not be
possible to obtain the opbimum design.

Efficient, light core sandwiches are in some cases very thicke
Usually due to the elimination of stringers and increased rib and
frame spacing, the thickness is not objectionable. The actual
limitetions depend on the particular aspplication.

The esnalysis of panels under various load conditions is difficult.
However, the general principle of obtaining as many types of failure
as possible simultaneously with efficient core and face materials is
applicable in any case. & trial and error procedure of guessing at
the core and face dimensions and then modifying them until reascnable
agreement for the féiling loads is bbbained will be useful in many cases
as suggested in reference 117,

A design procedure is suggested in reference 92 for sandwich
panels which may prove of value. The methods developed by the Forest
Products Leboratory will eventually be published as ANC-23.

There are several additional design methods available for deter-
mining the dimensions of efficient panelse. This problem is considered
from the flexural stiffness standpoint neglecting shear deformation in
the core in reference 167. It is pointed out there that the methods
used indicate that meaximum flexural stiffness and strength cemnot be
obtained simultaneously. This method, of course, can only obtain
approxiﬁate results, but it would be of interest to compare these
results with the more exact solutions to see if the more eiact solutions

of the problem give appreciably different results. Actual test results
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on various core materials using aluminum faces are presented in
reference 167,

Other approaches to the problem are presented in references 88,

63 and 117, However, in some of these cases although shear deformation
is considered, the simultaneous failure principle of obtaining the
moximum efficiency is not considered. In the case of reference 88,
wrinkling is said to occur only with impractical slenderness ratios
and‘face thicknesses are teken above a minimum value at which the face
will buckle into the honeycomb cells. However, these statements are
true only if the variable properties of the core and cell sizes are
neglected. If these variables are introduced it is quite probable that
more efficient colums could be obtained than indicated by the method
given in reference 88,

From the standpoint of design it must be possible {to determine the
required characberistics of the core material so that failures will not
occur in the core, The minimum shear modulus required for a panel to
support a given load can be debermined approximately by the method
proposed in reference 92, A method is also suggested there and a
discussion given on how to obtain the core thickness for the lightest
sandwich panel, It is suggested that the face dimensions be determined
from the normal stresses, Wrinkling failure and shear failure in the
core may limit the design, but these have not been considered in this
design methods, It is stated in reference 92 that shear stresses in
the coré way limit the design load as well as inibial eccenbricities.

The face to core bond must have adequate strength in ény design so

this is a factor which must be checked by stress analysise
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Referemce 117 presents a method of‘obtaining the minimum required
core modulus of elasticity for a given face material based on an

approximate expression for the wrinkle type failure,

10,2 Detail Design

The detail design of aircraft incorporating sandwich cénstruction
presents problems peculiar to this type of construction, There are no
basic difficulties, but experience and development is required to solve
meny of the problems. The references that discuss this phase of design

work are references 60, 61, 62, 63 and 92.

10.3 Allowable Stresses

Information on the allowable stresses for sandwich construction
is available in references 61, 63, 92 and 37. The allowable strengths
have, as a general rule, been determined by test. Ixceedingly high
values have been obtained. Additional information in connection with
allowable stresses obtained from actuel menufactured structures is
given in references 123, 124 and 156.

A limited amount of information is available on the ecreep
behavior of sandwich construction in reference 63. This may prove to

be a limiting desipgn condition at high temperatures.

10,4 Fatipgue Strength

Information of fatigue of sandwich consbtruction can be found in
references 30 to 35, 62 and 63, The fabtigue properties of sandwich

construction appear to be more than adequate.



73

10,5 Additional Factual Design Information

Further discussions regarding the suitability of sandwich
construction including the general durability of cores and sendwich
panels, fatigue properties, crushing and swrface damage, accelerated
weathering and water immersion tests, serviﬁe experience, gunfire
tosts, vibrabion, deterioration and erosion properties are given in
reforences 60 Lo 63, 20, 38, 40 and 42,

Additional informetion on an extensive investigation of sandwich
construction being carried on by the Army Adr Forces is published in
reports from Wright Fields The Navy has also done a considerable

amount of work with sandwich constructiones
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XI FACE, CORE AND BONDING MATERIALS USED IN SANDWICH CONSTRUCTION

11,1 PFacs Materials

There is & vast amount of data available on the properties of
various materials used for sandwich faces, The material selection
should depend on the particular application,

Aluminum élloy has proved to be the most efficient face material
in the majority of applications as is stated in reference 61 while
glass cloth laminate is a promising face material and suitable for
molding where aluminum alioy cannot be used.

Refersences 5l and 53 which are British reports give the properties
of some materials and consider the problem of selection of face
maberiall from the séandpoint of coefficients of merit for the materials
depending on the type of failure. From These reports, the desirable
qualities of face materials are high allowable stress to weight ratio
for crushing, high ratio of Young's modulus to the cube of the density
for wrinkling, and & high Young's modulus to density ratio for
modified Buler type failure.

For further information of face mabterials references 51, 53 and 61
should be consulted., The properties of suitable face materials are

given by many of the refersnces at the end of this thesis,

11,2 Core Materials

Similar to face maberials, there is also a wvast amount of infor-
mation on core mabterials.
'~ The generally desired range of properties of core materials and

general specifications are given by the Air Materiel Command in
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refersnce 120,

The best general discussion of core materials is given in
reference 53 where it is pointed out that for efficient wse of sandwich
construction, the total weight of the composite structure must be a
minimume. Only when simulbaneous failure in the three modes is ap-
proached is there complete evidence that the mabterials have been used
to the best advantage. This requires that the core material be availe-
ble over a wide range of densitiss, Vhen the core material is available
only in one form so that no saving will result from reducing core
-stiffness to the minimum necessary, the criterion of efficiency is that
the two types of failure that cen be adjusted by chenging other
variables occur simultaneouslye.

Actually the various cores strengths required for specific uses in
sandwich construction have never been established, The reason for this
is the fact that no really accurate method of completely stress
analysing sandwich construction is available.

Providing the strength requirements are satisfied, the most
important deciding factors are the shear modulus, the Young's modulus
and the density. For a given densibty a high shear modulus is desired
to limit shear deformations in the sandwich in the modified Euler type
of bucklings A high Young's modulus is desired to prevent local
wrinkling., The lowest density consistent with the required properties
is desired to reduce the total weight of the sandwich.

Geﬁeral discussion of the factors affecting the core selection are
given in references 9, 17, 18, 19, 60 to 63, 88, 50, 53, 54, 51, 92,

96, 99, 117 and 129,
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K few of the most generally used or suitable core materials are
palsa wood, paper and glass cloth honeycombs, cellular cellulose
acetate, aluminum foil honeycomb, and strips of cellular cellulose
acetabe wrapped in glass cloth laminate face maberial,.

An example of what is desired in synthetic core materials is
calciunm alginate, Its mechanical properties for sandwich congtruchtion
purposes are the best so far obtained and it is available over a wide
density range. The reasons for its lack of general use are the facts
that it is cdstly, subject to degradation if subjected to moderate
temperatures in the presence of moisture snd difficult to menufachures

Thers ere & number of obther core materials available and for
cortain applications may be superior to the others mentioneds

Balss and peper honeycomb core matefials are the only ones theat
have found widespread general use, British practice is to place the
balsa with the grain parallel to the load in order to take adventage of
its load cerrying ability in that direction while Americen practice is
to place the grain perpendicular to the faces in order to prevent local
instability of the face material and take advantage of a number of
practical features to be gained by that arrangement as discussed in
reference 6l. The paper honeycomb has the advantage of variable |
density over an unlimited range and is more uniform than balsa although
the gluing area available is considerably less than with balsa.

A«relétively complete picture of the aspects of using balsa for a
core ma%erial can be obtained from references 81, 63, 53, 92 and 1867.
The actual properties of the maberial are given rather com?letely in

reference 10 as well as several other Forest Products Laboratory reports.
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The various aspects of using honeycomb core material can be
obtained from references 53, 63, 97, 99 and 167,

Cellular cellulose acebtate is considered in references 53, 93 and
several magazine references.

Calcium alginate is described and the properties given in

references 53, 54, 51 end 52.

Information and results obbtained from various kinds of woods are
given in reference 167 while various other types of core materials are

considered in references 53, 54 and 47.

11,3 Bonding Materials

The subject of bonding maberials and adhesives is considered in
references 61 and 63, Additional information is available in
references 20, 38, 39, 40, 95 and 117,

Of particular interest to the fubture of sendwich construction is
the investigation made in reference 20 of the tensile strength at
elevated temperatures of glued joints between aluminum and end grain
balsa. The tests were carried out up to 190°F and it was found thet
the glue end process had a material effect on the strength of the
bond at elevated temperatures., Several processes were found which

gave bonds that showed little or no chenge in strength up bo 190°F,
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XII WEIGHT COMPARISON BETWEEN SANDWICH AND CONVENTIONAL SHEET

STRINGER CONSTRUCTICOW

The conclusion of Chance Vought as given in reference 61 is that
their particular balsa aluminum sendwich construction is competitive in
weight for nearly all aircraft structural applications and more
economical in weight for most of them as compared to conventional sheet
stringer construction.

Tt was noted from tests reported in reference 57 that within the
ranges considered in the report, the sandwich construction was 20 to 7
30% more efficient than the corresponding sheet stringer constructione
CGurved sandwich panels are considered to have a much greater weight
advantage over conventional construction than flat panels.

In reference 88 a weight comparison was mede between the sheet
stringer construction and 24ST Honeycoumb struts and it was noted that
the results slightly favored the sheet stringer construction. However,
as stated, the compafison neglects weight of transverse supporting
members, connections and other details. Weight saving due to
elimination of supporting ribs or transverse formers is a large factor
for sandwich construction, It should probably be noted that the design
method used in this case was probably based on modified Euler failure
rather than the optimum design method of simultaneous failure in the
four possible modes for honeycomb sandwiches.

Tests showm in reference 52 indicate that balsa aluminum sandwicheé
are mor; sfficient as compression columns than the conventional
construction.

Refersnce 61 states that fair weight comparisons cen be made only
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on actual parts designed and fabricated with the two different types

of construction and service tested under comparable consitions. A
metalite stabilizer on the Chance Vought F4U replaced the corresponding
sheet stringer construction with a saving of 5§ to 10% in weight even
though the sandwich stabilizer was overstrength 65%. If the sandwich
stabilizer had been redesigned for just adequate strength, a considefu
ably greater saving in weight would have been realized. This undoubt-
edly was not done due to lack of experience with sandwich construction.

‘A fuselage section and a wing panel to replace the conventional
constructions were produced by the Army Air Forces and complete reports
given in references 123 and 124. In reference 156 a swmary of the
fuselage design is given. Two sandwich construction fuselages had
total weights of 75 and 78 as compared to 70 pounds for the conventional
one but the sendwich sections were both 75% stronger than the conven-
tmmlwmwwﬁm.Bym%ﬂ@aswmmﬁﬂwﬁ@twﬁ%cwae
obtained.

A model size wing section was manufactured from sandwich
construction as noted in reference 62 with the result that the sandwich
wing was 40% lighter then the conventional construction., This part had
severe second degree curvature and relatively small thickness ratio
which were largely responsible for the superiority of the sandwich
construction. The construction was made with glass fabric skins and
cellular cellulose acebate cores

Any comparison on the basis of weight neglects the added aero=

dynanic efficiency and other adventages of sandwlch construction
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previously notede In the outer wing panel designed by the Army Air
Forces very little metal of any kind was incorporated, yet the wing tip
deflection was reduced as compared to the conventional outer wing
installatione

The above comparisons indicate that even in its present crude
stage of development sandwich construction is an effective type of

construction for aircralt.
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XIII .CURRENT APPLICATIONS OF SANDWICH CONSTRUCTION

The most important current applications of sandwich construction
located in this research have been on the Chance Vought F4U, F5U, F6U
and F7U airplanes., These applications with the exception of the FT7U
are discussed in reference 6l, About 75% of the merodynamic surfaces
of the F5U and about 95% of the structure of the F6U are of sandwich
construction.

Boeing aircraft has made major applications of sandwich construc-
tion on their model M=337. Martin has made similar applications to a
twin engine treansport plane.

The general application of sandwich construction to radomes has
proved advantageouse

If further detalils a?e desired on the applications of sandwich
vcénstruction references 61, 62, 63, 123, 124, 60 and 92 should be
consulted,

An extensive investigation of cargo flooring has been made and
reported in references 21 to 26, Sandwich construction has proved
vory effective in this application.

Three difficulties with applying sandwich construction have been
noted. Two major problems encountersd by Boeing in using sandwich
construction have been the lack of efficient means of making attachments
and the inability to inspect the material other than by destructive
tests of samples which makes extremely close qualibty control necessary.
This difficulty has also been noted in reference 6l. The problem of

field repair has largely precluded the use of sandwich construction at
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the Douglas Aircraft Company, Ince. El Segundo plant since primerily
militery aircraft are constructed at that plant, However, work has
been done on this problem both by the army and by Chence Vought since
Chence Vought is using this type of construction on military ships.

It is interesting to note that the Douglas Alrcraft Company, Ince
has found good use for sandwich comstruction in the construction of

Arctic huts which must be transported by aire
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XIV MANUFACTURE, REPAIR AND INSPECTION OF SANDWICE CONSTRUCTION

& brief discussion of the methods of manufacture of sandwich
construction is given in reference 53, However, more extensive and
useful information is avialable in references 43, 60, 61 and 1l1l7.
References 123 and 124 give additional information of the subjecte

The problem of inspection of sandwich consbruction is investigated
and the results reported in reference 39, A further discussion is also
given in reference 61 on this problems

The problem of repair of sandwich construction is considered in
references 46, 61 and 92, According to these sources of information
adequote methods of repair have been developed for this type of
construction which would permit more extended use of this type of

¢onstruction in military aircrafte.
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XV CONCLUSIONS

The generael purpose of this thesis has been to provide a survey
and preliminary correlation of the existing design information of
sandwich construction. It was also intended that it should provide a
basis for further correlation work on this subject.

It is felt that this general purpose has been accomplished and
proper reference made for guidance to further research work to be done
on the subject under consideration,

Although no final conelusions can be drawn from this thesis work,
several preliminary conclusions are in ovder. The first conclusion to be
drawn is that to the extent of the research done, no basic limitations
" to the application of seandwich construction could be found in any phase
of the worke The second is that considerable weight saving and other‘

' adventages will become possible with the further development of this
type of construction. It is assumed however that considerable
development work will be required by new users of this type of

construction before the full benefits can be obtained.
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