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DESIGN CRITERIA FOL

LONG CURVED PANELS 07 SANDWICE CONSTRUCTION

IN AXTAL COMPRESSION:

By E. W, KUENZI, Engineer

Sumpary

This investigation was conducted at thne Yorest Products Laboratory
to establish design criteria for curved plates of sandwich construction
under axially compressive loads,

The axial buckling strength of a well-made, long, curved plate of
sandwich material may be computed by adding the critical stress of a com-
plete cylinder, of which the plate mav be considered a part, to the
critical stress of a flat plate having the same dimensions as the curved
plate., The stress at which crimping of the entire sandwich will occur is
equal to or greater than the computed critical stress, provided there are
no structural defects., The analysis presented includes methods of calculat-
ing the critical stresses when the facings are stressed beyond the
proportional liait.

Introduction

Attempts have been made to analyze mathematically the behavior of a
curved nlate under axially coumpressive loads. Mo adequate mathematical
analysis nas yvet been developed that enatles the designer to calculate the
critical loads of curved sections, Availsable formulas are based upon the
assunption that the critical stress of the curved plate is determined by
some combination of the complete-cylinder and flat-plate theories,
Lundquist§ stated that the critical stress is equal to either the critical
stress of an unstiffened cylinder of the same radius—~thickness ratio as that

iThis report is one of a series of progress reports prepared by tne Forest
Products Laboratory. Results here roported are preliainary and may be
revised as additional data becoue available,

2
“Lundquist, Eugene X., "Preliminary Data on Buckling Strength of Curved
Sheet Fanels in Compression," NACA, YNovember, 1041.



of the curved plate, or the critical stress for the same plate when flat,
whichever is the larger. Redshaw® arrived at an expression that can be

written
2 1.2 1
= = + =
where,
Pop = critical stress of a curved »late
by = critical stress of a complete cylinder of same radius as
the curved plate
I = critical stress of a flat plate of the same size as the

curved plate

Wenzeké presented the empirical relation that the critical stress of the
curved plate is equal to the sum of the critical stress of a complete
cylinder and that of a flat plate of the same size as the curved plate.

Lundquist, Redshaw, and Wenwek were concerned with plates of soliu,
isotropic materials. The behavior of a plate of sandwich construction
involves the possibilities of crimping (fig. 1) and wrinkling of the facins
in addition to the formation of large buckles, the buckling at facing
stresses above the proportional 1limit, and of the reduction of critical
stresses dve to the low shear modulus of the core,

The object of the work reported herein was to establish design
criteria for curved plates of sandwich construction. Formulas are devcloued
for caleculating the compressive strength when buckling or crimping failures
occur either below or above the proportional limit stress of the facling
material,

Development of Formulas

Available theories assume the critical stress of a curved plate to GTe
some combination of the critical stresses of a complete cylinder anz a ilat
plate, The theory of Lundquist2 gave values that are low cowpared to those
of experimental data in which the computed critical stresses of the
equivalent flat plate and cylinder are nearly equal. Values by Fedshaw's
theory are also too low, coumpared to such data, although they are higher
than those given by Lundquist. The formula that agrees best with the
experimental data of thls report is that presented by Wenzek.

SRedshaw, S, C., "The Tlastic Stability of a Thin Curved Panel Sudjected to
an Axial Thrust, Its Axial and Circumferential Tdges Being Simply
Supported," X, & £, 1565.

éWenzek, W, A,, "Tre Effective Width of Jurved Shuet after Buckling," :14Ca.
Tech, iewmo. Mo, 880, November, 1938,
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Notation

The followlng notation is used:

a = width of plate, measured in the circumferential direction,
b = length of plate, measured in the axial direction.

¢ = core thickness, As a subscript, "c" refers to the core.
E = Young's modulus of elasticity of the facing material.

Et = tangent modulus of elasticity of the facing material.

E_ = apparent couwpressive modulus of elasticity of the sandwich,
measured in the axial direction.

E. = apparent bending modulus of elasticity of the sandwich,
measured in the axial direction.

E_ = apparent bending modulus of elasticity of the sandwich
measured in the circumferential cdirection,

f = facing thickness, As a subscript "f" refers to the facing,
h = total thickness of the sandwich,

P = mean theoretical bduckling stress of a flat plate of width "a"
and length "b",

p, = mean theoretical buckling stress of a thin-walled cyrlinder
of radius of ecurvature “r'%,

mean theoretical buckling stress of a curved plate,

)
n

cr

r = mean radius of curvature,

S = mean coumpressive strength, over thickness "h', at the
compressive strength of the facing material,

Spl = mean compressive stress, over thickness "h", at the
proportional limit stress of the facing material,

- 2 Wl b :

= (1 - ¢°), wnere o is Poisson's ratio.

According to Wenzek the buckling stress of a curved plate is given
by the formula

Pop = P17 + D (1)
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where Py is the critical stress of a complete cylinder of which the curved

plate can be considered a part, and p is that of a flat plate of the sane
dimensions and materials as the curved plate.

Cylinder Theory

The theoretical as well as the experlmental treatment of the buckling
of plywood cylinders under axial compression has been published in Forest
Products Laboratory reports Nos, 1322, 1322~-A, and 1322-B. The resulting
form of the equation glving the critical stress is

_ ..k
p, = KB

If the facings and core of the sandwich are isotropic, the theory
of Report No, 1322-A leads to the formula (see derivation in Appendix)

—

- h
p, = 0.2426 |[E % (2)

If it 1s considered that the core positions the facings but does not
contribute to the stiffness of the sandwich,

=
H

B(1 - -E)

=
¥

cz)
E(l - =
1

hB

The accuracy of these formulas can be illustrated by comparing ths com-
puted values of Ea and El with the values obtained from tests of counons.

As an example the values of Ea and E, will be computed for a sandwich

1
having 0,012 inch aluminum facings on a 1/8-inch core. The total thick-
ness will be about 0.153 inch allowing 0.002 inch for each glue line.

Then 7 0.129y |
B, = 10 [1 - (m) = 1,570,000 pounds
- per square inch,
B =10 |1- (M)z’" = 4,010,000 pounds
17 0,163 | T MR

per square inch.
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The average values obtained from test coupons are

Ea

1

1,490,000 pounds per square inch

E 4,110,000 pounds per square inch

il

1

The theory (Report No, 1322-A) presents the following formula for
E
plywood cylinders, for which the value of the ratio ir—:gir~lies between
1 2

0.% and 0,6 (Tig, 1 of Forest Products Laboratory Report No. 1322,

-L-—-, . . -E = E n Y m -t
for plywood it is known that B + E2 L + ET, where mL and ﬁT

are the elastic moduli of the wood in the longitudinal and tangential
directions, respectively. Since ET is only about 5 percent of EL, the

value of ErF may be neglected and the formula becomes
. k

This equation can be obtained from the theory in Revort No., 1332-A
by rewmlacing EL by (El + Ez) in formulas 48, 49, and 50 of that report,
Formula (3) can be applied to sandwich combinations having facings of

plywood if the values of El and Ez are those of the entire sandwich.
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Flat-plate Theory

The theoretical treatment of the buckling of flat plates has been
published in Porest Products Laboratory Report No. 1525, The theory
includes isotropic and orthotropic materials.

The theoretical critical stress of a flat plate is given by the
equation

_x mEopd
P=3 BB (%)

This equation is obtained from formula 6 of Forest Products Labo-
ratory Report No. 1525 by replacing Dl a.nd'D2 (notation from Report No.
1525) by the equivalent expressions Elh and. E2h , respectively, and

12 A 12 &

dividing the load (psp) per inch of edge by the thickness (h) to obtain p in
mean stress uwnits., The constant k was determined for panels simply sup-
ported on four edges by use of the curves of figure 2 of Report No. 1525,
Tor this purpose values of « were couputed from forimla 8 of Report No., 1525,

(k = Dng from formulas on page 3 of Report Wo. 1525.) Values of D1 and Do

were computed from the average values of Ey and Eg obtained from tests of

coupons of sandwich. Values of X were computed from well-established values
of Ex’*%x’ and ny for the materials in suestion as follows.

Tor birch plywood facings on a quipo core, the value of « was com-
puted to be 0,37 by assuming for the computation of X that

5,02,

1l

Byy = 2,300,000 pounds per square inch, o

A

yxf <

]

g = 0.99, #xyf = 180,000 pounds per square inch

E 40,000 pounds per square inch, o

XC

yxC = 0.20, /‘xC = 0.9°%,

Hxye = 26,000 pounds per square iach.

Tor birch plywood facings on a 1/10— and 2/10—inch pulpboard core,
the values of « were computed to te 0.29 and 0,24 respectively, by assuming
for the computation of K that Eys = 2,300,000 pounds per square inch,

Yyxf < 0.02, Ap = 0,99, Yxyf T 180,000 pounds per square inch, and that

the contribution of the core to X could ve neglected.

For specimens with fiberglas facings the value of « was couputed to
be 0.55 by assuming for the computation of K that Exf = Evf = 2,200,000

pounds per square inch, Oyxf = 0.20, Ap = 0.96, Fxyf = 400,000 pounds jper

square inch, and that the contribution of the core to ¥ could be neglected,
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For sandwich constructions having aluminum facings, the value of «
is 1,00 as a consequence of the assumption that the facings and core are

isotropic,

Curved-plate Theory

The critical stress of a curved plate was calculated as the sum of
the critical stress of a complete cylinder of which the curved plate could
be a part, and the critical stress of a flat plate the same size as the
curved plate; that is,

Pep =P + P (1)
where py and p were obtained as outlined in the preceding paragraphs,

The discussion up to this point has assumed that the stresses in the
facings are below the proportional limit, When the stresses exceed the
proportional limit, it is necessary to replace the moduli of elasticity in
the formulas by reduced moduli, one for the modulus in bending and another
for the modulus in compression, For the bending of sandwich coastruction
having isotropic facings, the modulus applicable when the stresses in the
facings are below the proportional limit, is to be replaced by the reduced

2EE
modulus B, = E—:d%— when these stresses are above the proportional 1limit.
= t
This expression was derived at the Forest Products Laboratory for sandwich
constructions in the same way as was the similar formula given by

Timoshenko for solid plates,? For the behavior under compressive stresses,
E+ E
the modulus E, is to be replaced by the reduced modulus ——E;—E, which is the

average of the moduli in the two faces at the instant buckling begins., On
the concave gide the modulus of the face is Et’ while on the convex side 1

is E.

By. replacing El and Ea in formula 2 and E; in formula 4 by the corre-

sponding reduced moduli, the following formulas were obtained for calculat-
ing the critical stresses when the facings are stressed beyond their
proportional limit, It was assumed that the facings were isotropic, that
the contrivutions of the core to the load-carrying ability of the sandwich
and to its stiffness could be neglected, and that the reduction in shear
modulus corresponds to the reduction in vending modulus.

5
“Timoshenko, S, "Theory of Blastic Stability" p. 156, Art. 29 1936,
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E+ E L 3
" h t c t o] .
1 - 24 [ . p4 - — - == d and
Py = 0.,2426 V[ . (1 - 2) . (1 5) for cylinders ‘n

" BEEt 3 hZ
pt =%« Y (1- L) 8. for flat plates. These expressions were further
AR+ By n® &l '
simplified to
T
- h t
p'l = 0.2426 EaEl }- \/—i—
2 _t
pr =kg pl TE_
A 2 j !
8% 14 7%

or

kol
K

i

3

—t
p! =p_—2=2
By
5

where Dy and p are the stresses computed by formulas 2 and 4, respectiwvely,
and p'y and p' represent the critical stresses of the cylinder and flat
plate above the proportional limit stress of the facing material,

The expression for tne critical stress of a curved panel is again
given by the sum of the two previous equations as indicated by equation (1)

t
2
b, (5)
I,

Since the magnitude of the stress in the facings is the factor under
consideration, however, this expression can be changed to

3 2 2t |
— _h_ n __t.-'_ + _E_ (6)
Per.f Tor|PL | g TP Ty,
1l + =

where Por £ is the stress in the facing at which buckling of the sandwich

will occur,
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There are two unknowns in these equations, the stress that is desired,
and the tangent modulus of the facing material at that stress. Their solu-
tion depends, therefore, upon knowledge of the relation between stress and
the tangent modulus, Curves showing the relation between

E s
i% and the facing stress (p f) for aluminum facing materials are shown in

cr
figure 2. The points plotted in that figure represent values obtained from
the stress-strain data of compression tests. The curves are drawn to

represent the plotted points, Thus 1t is seen that the solution of equation

6 must be such that the relation between p,y, ¢ ani %? given by this equation
is also satisfied by the curve betwgen Por, ¢ and %}. A curve representing
the relation of Pep g b0 values of %? can be determined by means of equation
(6) and plotted in figure 2, The intersection of this curve with the

appropriate curve of figure 2 will give the stress in the facing at which
buckling will occur,

The preceding discussion supposes that a gtress-strain curve of the
facing material is available. If such a curve is not available, an approxi-

7

mate solution can be obtained by assuming the relation of both \ b and

o 2t ¥
———3%— to Per. £ to be represented by a straight line between the propor-
1+ T

tional limit stress and the maximua stress, The accuracy of this assumption
can be seen by referring to figure 3. The curves show that both the

)
Et 2:_.
T and — & _ ratios are fairly well represented by the straight line .
t
1 + =

The straight line MN is defined by the equations

or 2

where szf and Sy are the proportional limit stress and the maximum stress

of the facing material.. Solving these equations for‘fgﬁ and
. ) E
2 =t

= , substituting the expressions obtained in equation 6, and then

1 + —

]

solving for p.. ¢ results in:
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(k1 +®) 3 S
Per. f ™ (> +p) B 1 5 S (7)
P P §E f 7 "pf

Theoretical buckling stresses for panels having aluminum facings were
computed by using each of equations 6 and 7. A comparison of the resvlts ob-
tained by the two equations can be seen by referring to figure 4, which shows
that stresses computed by equation 7, in which Sg = 57,000 pounds per square
inch, and Splf = 27,000 pounds per square inch, do not differ greatly from

the values given by equation 6, The line MN was used for both the 24ST and
the 24SH aluminum alloys., Good agreement could be expected at stresses below
about 50,000 pounds per square inch because the straight line is a good
approximation of the curve in that range,

No attempt was made to develop a means of including the effect on the
critical stresses of shear deformations in the core. Because the plate is
curved, the wave length of the buckle pattern is unknown; and, therefore, an
analysis of the deflections due to shear is exceedingly difficult,

Preparation of Materials

This study was undertaken primarily to investigate the buckling of
curved panels of sandwich construction. Therefore the specimens were designed
so that they would buckle before the compressive strength of the material was
reached, 7For this reason it was necessary to use rather thin cores so that
specimens of small enough size in width and length to fit the testing machine
could be employed. DIven though cores of 1/8 inch thickness were used it was
necessary to make several specimens as large as 6 feet square to determine
buckling characteristics of some of the panels having large radii of curvature.

Facing Materials

The materials that were used for the facings of the sandwich are
listed as follows:

Plywood,--The plywood was made of two plies of yellow birch veneer
1/100 inch thick bonded together with a film glue. The grain of adjacent
plies was placed at right angles,

Aluminum.--Sheets of alclad aluminum alloy 24ST were used in thick-
nesses of 0,012, 0,020, and 0.032 inch, Sheets of alwsinum alloy 2%SH were
used in a thickness of C.005 inch.

. a
Fiberglas.—~The glass cloth used to make the facings was/ continuous

filament cloth 0,003 inch thick and of a plain-type weave with 40 ends to the
inch in the warp and 39 ends to the inch in the fill direction, The cloth
had been treated to remove lubricants, The facings were made of either 3, 6,
10, or 16 layers of cloth impregnated with a contact pressure tyve of resin,
The resin also acted as bonds between the facings and the core. The layers
of cloth were placed so that the warp of one plece was always at right aunzgles
to the warp of the adjacent piece.
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Core Materials

Quipo.--Quipo was used in quarter-sawn sheets 1/10 inch thick., The
density was from 6 to 11 pounds per cubic foot.

Impregnated fiberboard.--The impregnated fiberboard was & special
lightweight insulating type of fiberboard containing 50 to 865 percent
thermosetting, spirit-soluble, phenolic resin, The board was used in thick-
nesses of 1/10 or 2/10 inch, The density was from 10-1/2 to 12-1/2 pounds
per cubic foot.

Balsa.—~-The balsa that was used was fabricated to sheets 1/8, 1/4, or
1/2 inch thick and was placed so that the grain direction was normal to the
surface of the sheet. The sheet was made up of blocks about 2 by 4 inches
in sigze that were edge-glued to each other with a thermosetting synthetic
resin glue, The density of the cores was from 5 to 9 pounds per cubic foot.

Cellular cellulose acetate.--The cellular cellulose acetate was an
extruded and expanded cellular cellulose acetate containing about 3 percent
chopped-glass fibers. The cores were made up of strips 1/8 inch thick and
about 2 inches wide, edge—glued together with a thermosetting synthetic
resin glue, The density of the cores was 6 to 7 pounds per cubic foot.

Hard sponge rubber,--The hard sponge rubbver was an expanded, hard,
synthetic rubber sponge. The cores were made up of strips 1/8 inch thick
and about 2 inches wide, edge-glued together with a thermosetting synthetic
resin glue, The density of the cores was 6.2 to 7.2 pounds per cubic foot,

Manufacture of Specimens

All specimens, and matched coupons, were made by the bag-molding
process, The specimens were bag-molded to the desired curvature on steel
molds, The coupons were bag-molded on a flat steel sheet. A more detailed
description of manufacturing ‘technique and types of bonding wmaterials is
discussed in the Forest Products Laboratory Report, "The Manufacture of
Lightweight Sandwich Test Panels."

Test specimens.—~The sandwich specimens made of combinations of
facings and cores as described previously are listed as follows. The panel
sizes and radii of curvature are shown in tebles 1, 2, and 3,

(1) Plywood facings; quipo core.--The plywood was placed so that the
grain of the face plies was parallel to the axis of the curved plate. The
grain of the core was placed in the axial direction.

(2) Plywood facings; impregnated fiberboard core,--The plywood was
prlaced with the face grain either parallel or perpendicular to the axis of
the curved plate.

(3) Aluminum facings; balsa core,
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(4) Aluminum facings; cellular cellulose acetate core.

(5) sluminwn facings; hard sponge rubber core.

(5) Fiberglas facings; balsa core,

(7) Piverglas facings; cellular cellulose acetate core.

(8) Tiberzlas facings; hard sponge rubber core,

Coupons.——The coupons were made of the same combination of waterials
and by the same manufacturing technique as the svecimens, They were made in

a single sheet and flnally cut to sizes of 1 by 4—1/2 inches for compression
specimens and 1 by 18 inches for bending specimens.

Preparation for Testing

The edges and ends of the specimens with plywood facings were sawed
square and the edges were fitted with maple guides.

The specimens with aluminum facings were each fitted with four strips
of thin aluminum 1 inch wide and 0,02 inch thick, tonded to the facings at
the loaded edges. These strips were then covered with 1/8~ by l-inch steel
bars, which were fastened to the sandwich by weans of 1/4 inch bolts spaced
avout 4 inches on centers. The ends of the specimens were thea machined,
The addition of the strips of alumibum and steel prevented the foramation of
sharp wrinkles or tolding under of the facings at the ends of the specimens.
Maple guides were fitted to the unloaded edges of the specimens.

The specimens having riberglas facings were fitted with strips of
thin plywood 1 inch wide bonded to the facings at the loaded edzes. The
ends of the specimen were then sawed square and true, The plywood strip
was added to prevent the facings from folding under at the ends of the
specimen, Maple guides were fitted to the unloaded edges.of the snecimens,

The edge guides were pieces of maple about 2 by 2 inches in c¢ross
section with a length about 1/4 inch shorter than the length of the test
specimen, The guides were grooved in the lengthwise direction with grooves
1/4 inch deep and wide enough to allow them to be slipped onto the edzes of
the test specimen,

Testing Methods

Specimens that were not wider than 30 inches were placed on 2 heavy
flat plate, which was supported by & soherical bearing placed on the lower
head of a hydraulic testing machine (figs. 5 and 6). The heads of the
testing machine were then brought together until the speciwen just touched
the upper platen with no load indicated. Adjustments were made on the
spherical base until no light could be seen between the ends of the
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specimen and the loading heads. Screw jacks were then placed under the
lower loading plate to prevent tilting of the plate while the load was
being applied to the specimen, The load was then applied slowly until
failure occurred.

Specimens wider than 30 inches were tested between the heads of a
four-screw, mechanically operated, testing machine, No spherical bearing
was used, The specimens were cut as true as possible. If light could be
seen between the ends of the specimen and the heads of the testing machine,
shims of paper or brass were inserted until the gap was closed. The wide
specimens were also very long; therefore, small irregularities at the ends
were taken up as the load was applied without causing large variations from
tniformity in the stresses in the facings.

The coupons were tested in bending and compression to determine the

zmoduli of elasticity. The bending specimens were tested over a long span
so that deflections due to shear were negligible.

Description of Test Failures

A curved panel of sandwich material loaded in axial compression may
fail in one of five different ways: (1) buckling, (2) crimping (fig. 1),
(3) compression “ailure in the facings, (4) wrinkling of the facings, or
(5) by separation of the facing from the major part of the core. The
buckling type of failure is of the general instability type involving the
facings and the core and may be relieved by reducing the applied load. The
crimping failure is more of a localized bend resulting in shear failure of
the core (figs. 1, 5, and 6)., Wrinkling of the facings can occur on
specimens with relatively thick and weak cores. The wrinkle in the facings
moves into or away from the core., Separation of the facings from the core
appears as a buckle of the face and occurs when bonding between the facings
and core is poor, The specific types of failures of the panels are
tabulated in tables 1, 2, and 3.

The panels with plywood facings failed by buckling. The buckles
were small compared to those observed in the specimens with aluininum or
fiberglas facings, The failure was sudcen, and, since the travel of the
movable head of the testing machine could rot be stopped instantaneously,
the bucrles observed were very sharp and crinkles in the »lywood appeared
at the edges of the buckles.

The most typical failures of the specimens with aluminum facings
were buckling or crimping. TFigures 5 and 6 show the crimping type of
failure, which occurred in many panels of sharp curvature or small size.
The size or sharpness of the crimp seemed to depend somewhat on the thick-
ness of the facings of the specimen. This can be seen by comparing the
failure of the panel having facings 0.012 inch thick (fig. 5) with the
panel having facings 0,005 inch thick (fig. 6). Large, slightly curved
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panels failed by buckling, The aspect ratio of the buckles was about 1.0.
Either type of failure caused an immediate drop in the load. Many of the
specimens were so damaged by the failure that the load dropped to zero after
failure,

The panels having fiberglas facings failed by buckling, by crimving,
or by compression failure of the facings, The cowmpression failures some-
times occurred after buckling. Most of the panels having facings of
fibverglas failed by buckling,

The failures just described were for panels that were sound., The
results for all specimens, sound or defective, are presented in the tables;
but the curves of figures 7, 8, 9, and 10 show only the results of the
tests on sound panels, Some of the defective panels were known to contain
unbonded areas before they were tested. Other specimens that exhibited no
defects prior to testing, failed by facing separation or crimping during
test, and their defects were found by examination of the panel after testing.
The only defect responsible for the failures at low stresses was that of
poor bonding of the facings to the core. In some instances where unbonded
areas were known to exist, attempts were made to reglue these areas, but
the attempts were not always successful. The defective specimens were those
that were manufactured early in the investigations of sandwich constructions,
during the period when manufacturing technigues were being develoned., Panels
made at a later date were not defective if the proper materisls were used
and proper manufacturing techniques carefully followed,

Presentation and Discussion of Data

The experimental results and the results of theoretical comiutations
are presented in tables 1, 2, and 3, The formulas and constants used to
obtain the theoretical values in the tables were given in the section on
development of formulas. Table 1 contains the data for sandwiches with
plywood facings; table 2, aluminum facings; and table 3, fiverglas facings,
The resulting theoretical stresses are plotted against the experimental
values in figures 7, 8, 2, and 10.

A preliminary analysis of the data was wmade on the assumption that
the curved plate would behave the sawe as a complete cylinder, The buckling
stresses were computed by the formula

! — BT Jal . o} Et
p' ¢ = 0.2426 V.Ja;.l E

2f E

A comparison between this computed stress and the experimental value may be
seen by referring to figure 7. The scatter of pointe adbove the line
representing (experimental stress) = (theoretical stress) indicates that
the theoretical values are too low,
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The results of the final analysis, wnich assumes that the critical
stress of a curved plate is equal to the critical stress of a complete
cylinder nlus the critical stress of a flat plate (“enzek's theory), are
presented in figures 8, 9, and 10, A comparison of the position of the
points shown on figure 7 with those shown on figure 8 indicates that the
addition method is not too far in error.

The test data exhibit considerable variability. These variations
are usually due to the presence of small irregularities in the surface or
in the cross section of the specimen. A considerable discussion of the
effect of these irregularities upon the critical stresses was given in
Forest Products Laboratory Report No, 1322-a, "Buckling of Long, Thin
Flywood Cylinders in Axial Compression." Graphs of the results of tests on
plywood cylinders and plywood curved plates are reproduced in figures 1l
and 12 herein,

A review of the results of the tests on sandwich materials as
presented on the graphs of figures 8, 9, 10 shows that the magnitude of
the scatter is somewhat different for different sandwich constructions,
For sandwiches of aluminum or fiberglas facings on balsa cores (fig. 8)
the trend of the data may be fairly represented by the theoretical line,
The data representing specimens with the same kinds of facings on cellular
cellulose acetate or hard sponge rubber cores (fig. 9) show experimental
values to be a considerable amount lower than the theoretical ones, The
results of tests of sandwich materials having plywood facings (fig. 10)
show experimental values about equal to theoretical values for low stresses
but much higher than theoretical values for higher stresses.

The data for the specimens having balsa cores agree well with theory
except for one point on the extreme right of figure 8. This point
represents a specimen having a l/Z—inch core. The ratio of the experiuental
critical stress to the theoretical critical stress for this specimen was
less than similar ratios for thinner specimens with the same length, width,
and curvature, Therefore, the correction due to shearing deformations is
likely to be greater for this specimen than that for the specimens having
the thinner cores, No method has yet been devised to correct the
theoretical critical stress of a curved plate for the effect of shear
deformation, This specimen with a 1/2-inch core might need a correction of
about 20 percent.

The specimens having cellular cellulose acetate or hard sponge
rubber cores showed lower critical stresses than the theory predicts (fig.
9). The shear moduli of the cores of these specimens are lower than that
of balsa wood; therefore some correction for shear deformation may be
needed. The modulus of elasticity in the direction normal to the plane of
the sheet of these cores is also lower than that of balsa; therefore,
incipient dents or buckles, which may have caused the early failures, were
probably larger in these specimens than in those with balsa cores,
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The experimental values of the critical loads of the specimens with
rlywood facings were somewhat higher than theoretical values. These _
plywood facings were relatively thicker than the other types of Tacings anu,
therefore, had smaller incipient dents or buckles. A& discussion on page 25
of Forest Products Laboratory Revort No. 1322-A shows that it is possible
for the critical stress of a specimen to exceed the minimum as determined
by formula (3), provided the initial imperfections are very smell, The
theoretical values of the stresses also may be low because the behavior of
the plywood at stresses greater than the proportional limit may not have
been adequately taken into account by the use of equation (7).

The type of failure of the sandwich depends upon the elastic proper-
ties of the facings and core, the relative thickness of the facings and
core, and the magnitude of the smwall irregularities of the facings. The
crimping type of failure, which was observed in many of the sandwicnes with
aluminum facings and in some panels of other constructions, occurred at or
above the critical load of the panel. A crimp can appear if a large luper-
fection develops and causes severe bending stresses in the sandwich and,
therefore, high shear stresses in the core. The crimp may cause a shear )
failure in the core. Host of the sandwich speciuens were well-constructed,
and the initial irregularities were small; therefore the facings did not
crimp until buckling occurred because no appreciable amount of bending was
developed before buckling,

Some of the pauels with cellular cellulose acetate or hard sponge
rubber cores failed by crimping at very low loads, These panels had
blisters in them immediately after manufacture, but after the panels were
cooled the blister contracted and could not be detected. It was not
ascertained whether the blister was located between the facings and cores
or whether the cores failed in tension normal to their plane, These
specimens were manufactured during the early period of the study of
sandwich constructions. The best zluing techniques were not estatlished
at that time,

No theoretical estimate of the loads at which separation of the
facings occurred could be made because of the great number of responsible
causes, such as insufficient strength of the bond between the facings and
the core, weak core, large initial imperfections, and localized weakness in
the facings, I : :

Conclusions

Results obtained in the study, as given in the foregoing discussion,
lead to the following conclusions.

The axial compressive strength of a long curved plate of sandwich
material may be computed by adding the critical stress of a complete
cylinder, of which the panel can be considered a part, to that of a flat
plate identical in size and construction to the curved plate,
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Buckling at stresses greater than the proportional limlt may be
coiputed by either of the two methods presented.

Panels of sandwich material with weak cores may buckle at stresses
lower than stresses computed by these nethods,

Poor bonding of the facings of a sandwich to the core will cause
failure at very low loads,

Crimping types of failure occur at loads equal to or greater than
the computed critical loads, provided the panels have no structural defects.

Apgendix

The derivation of formula 2 from the mathematics of Forest Products
Lavoratory Report No, 1322-A is vresented in the following.

If it is assumed that the facings are isotropic and that the contri-
bution of the core to the stiffness and load-carrying ability of the
sandwich can te neglected, then

£, =0 o, =0 pe =0
By = By = By

—
{
[

oV
I
&5

Hy

~~
=
1
N

and ecuations 2 of Torest Products Laboratory Report No. 1322-A become

B
(X'X)f = ;i (e'yq + op e'yy)

td

(e‘yy + op elyy) (2)

<
S

2}

il

7l
H, |+

"fl — ¢
(A- y)f = L"f elxy,
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and equations 4 become

X'y = X? (e'yx + o e'yy)

Y'y = %% (e'yy + cp e'xx) (4)

— Zo

| I 2 1

Xy-,ufE exy
f

Then solving for e',

el y = Xb -E]:-—-—Y'y:f
a ~a

%1 = Oof

! -7 = _ 3 X ”

e'yy v 5, x 3, (7)
E

e! -7 £ 1

Xy T YR, ug

Prom equations 10 of Torest Froducts Laboratory Report Mo, 1322-A,

o

—}EI = —= , ?:‘[ = =, 3{: (lo)

&y X AX &y

Then by introeducing (10) in (7) and substituting the results in (11) of
Renort Wo. 1322-A, the left-hand member of the equation for the stress
function (equation 12, Report No, 1322-A) 7 is obtained as follows:

4

NN

0

Aty psiio oI,
3% oy éxaéyz
where
A=B =1
Eq
and
E 2o . 3
R S . I
By iy E, B, : 2(1+ cf)

for the sandwich construction,
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The next step is to evaluate the constants in terms of properties of
the sandwich construction so as to determine the values of Kj, Kp, etc., of
equation 39 of Report No, 1322-A, A, B, and C have been found, The con-
stant N is found as follows: For plywood, N = Ey o4 + @A upy from
equation 33 of Report No, 1322-A, Since N is associated with flexural energy

of deformation, it becomes for sandwich construction, if the contribution of
the core is neglected,

3
= C
N = I:Efcrf + zxuf] (1 - .h_z)
(1 - o2) i
But since A = (1 - and - U Y
7t T3+ o)
N =

3
- c - 7. =
Ef(l-gg)-ul_Ez

Since the material is assumed to be isotropic, the aspect ratio (%)
of the buckle is unity, and equations 39 of Report No. 1322-A become

100
K, = =4
1 B,
x. - 200
2 E,

4

Ea
K4 = 8El

c.
If v, (1 =1, 2, 3, 4) is substituted for il-in equation 44 of

Revort No, 1322-A, there results f
N L B4 L : E o £Q)
D fayn (e &) -y (2 fa) 78, YaT] LEm fo (44)
Esh L 2¢ . g & cg
Let 21 = k,
Esh
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and equatibn (44) can be reduced to equation (52) on page 26 of Report Ho.
1322-4A by the methods described therein and is:

1/2

By determining the values of Ci1s Cgs Czy Cy4» and Cg by weans of
equations (41) of Report Ko, 1322-4, and then determining values of 7,
Yg» Yg» and 7y, from the relation Y = ;i and substituting in equation (52),
=f

.5

k = 0,2426

124 |

f

Then since —E& = k,
Esh

o —
pp - 0.2426 |[E B b

If the center material has the same properties as the material in
the facings, the value of Ea = El = %, and the formula reduces to

p = 0.2426E %, which is that derived for isotropic cylinders (page 28 of
Report No, 1322-4),
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Spacimen: Total Theorstical stresses

Adth : Length :Mean radius:Facing stross: Type of fajlure 1 Data from tests of coupons
: : of H at H ¢

muzber :thicknoss:

: h i a f b :c“i'—"““.i fajlure f :: 3, H -} : 8»1 T 8 ; Py P % Doy lpu,
¢ Inchey : Ingbss: Inches : Igchew :lb. per sg.ins _.___n_uhm; @_u@.'_w: xLzL __EL'L_.W.'_“LLE
3 X
H H H H H LR} H t H H H H 3
18-1 t 0.47 3 1.7 1 30.0 1 9.k 1 327,000 iCrimping - many unbonded 1 T2 1 2,109 5 1,830 1 3,880 11 4,746 ¢ 1,24H 1 3,180 1 46,700
H H ! H H : areay present before tsptng: H H H 1 : H i
18-2  : .133 1 161 26.5 : 104 ; ME,N00  :Crimping - mod bond i 52 : 2,030 :2,03% : 4,280 :; 3,833 1 982 1 3,286 -1 43,700
16-3 1 .1 1 161 30.0 1 10.1 ,100 d.n 75 + 1,928 : 2,000 1 4,220 ¢; 3,653 + 970 : 3,222 : 43,
191 s L2860 16,7 300 0 164 1900 Wy 1 1,989 11,850 : 3900 112,626 1 558 4 2,712 ¢ 39,
19-2 + .137 1 16.6 1 0.0 : 15.5 & 47,800 Sepmuon ‘st mmg poor :: 77+ 2,085 : 1,970 : b,160 1; 2,622 1 520 1 2,810 : 38,500
i : : : H 5 H : 1 H H H
19-3 t L1400 3 16.6 1 26.6 16,1 1 126,000 Grmpiu ~ attempt was made :x 7286 1 2,349 ¢ 1,930 ¢ 4,070 2 2,759 1 633 1 2,854 1 40,000
3 H H H : 1 to reglus unbonded areas :! 3 H 1 i : : i
! 1 i { H : before testing B H v t 1 : t :
20-1  : .135 : 19.6: 30.0 3 2.2 : J24,800  :Separation of faocing - o 850 1 1,995 ;2,000 : 4,220 1) 1,512 ;367 : 1,879 : 25,k00
% ' ' H 1 1 attempt was made to reglus i: i H H H H 1 H
: H H H : : unbonded areas befors tsating :) H H H i 1 H H
20-2 1 .138 1 19.6 : 30.0 : 28.5 1+ 34,800 1Buckling end orimping - bond:: g5% 3 2,276 ¢ 1,960 : 4,130 :: 1,638 ;438 : 2,069 : 28,600
t 1 H 1 t : under reglued areas was H t t H i B H 1
T 1 1 H H 1 fair 1 H H H id H i 1
20-3 I .14 ¢ 19.6: 30,0 11 28.5 L1k, 900 :Separation of facing - many ;@ 881 1 2,207 : 1,910 & 4,040 :: 1,678 : M43 : 2,110 1 29,800
3 ' H H H x unbonded areae wers prusnt x 1 H H H H H H
& H H H H : before testing H 1 t B H H :
55-1 i .139 : 19.2; 29.0 @ 632 : 16,50 :Sudden buckling followed by n 728 : 2,214 11,940 1 4,100 :; 677 1 449 11,126 1 15,700
: H H H H : end crimping H H B st : H :
2 1.k 13:0 1 29.0 3 63.1 : 18,300 :Sudden buckling n 681 : 2,040 11,910 1 B,040 ;7 654 1 453 : 1,107 : 15,600
1 rW139 « 6: 28.9 : 59.9 @ 22,000 :Buclidizg followad by i 76% @ 2,18% : 1,940 : 4,100 :: 727 1 71T : 1,M44 ; 20,100
H H : ¥ H ! orloplng 1 i H H H H H H
56-2 1 .M 16 28.9 63.2 : 20,000 :Mon buckling n 717 4 2,058 : 1,910 : 4,040 ;657 : 696 : 1,353 1 19,100
i H H H H H T 1] i H t t
Angs 0.012~inch 2452 .:nm lo;
Co: 1/6-1nch end-grain 21_!5
H 1 H H i 1 it H B ) 1y H H H
261 1 .155 1 xs.g i 29.0 1 15.0 1 37,100 1Crimping at end - good dond :: 1.295 : 4,163 ;4,160 : 8,820 ;1 6,466 : 1,471 1 5,613 1 36,300
26-2 ;158 1 6.6 29.3 1 15.0 1t 128,700 :Crimping &t end - poor bond i1 1,618 4,337 %,100 1 8,660 :3 6,769 : 1,451 : 5,597 1 36,800
63 3 .153 1 6.6 : 28.0 : 1 Z ;425,100 :Crimping — poor bond iro 1,472 3 4,233 4,240 : 8,940 13 G.Egg + 1,33 : 5,600 1 35,700
27-1 1 A5 01 3.2 0.0 1 38. 15,000 ;Buckling and crimping ) 1.3914 t 4,687 ¢ 4,290 1 9,060 1t 2, 1 395 : 2,823 : 17,800
27-2 r 152 31.01 30.0 : 38.2 18,700 : do : 1,655 : 3,920 ;4,260 1 9,000 51 2,459 ¢ 342 & 2,801 1 17,700
27-3 L1548 1 zo‘s : Eo.o H 37.6 20, 1,53 1 b,379 4,210 : 8,880 :1 2,577 t 397 : 2,974 : 19,100
56-1 .1 ¢ 4.2 h1ar o« 1.0 19,700 1,29% ¢ 4,023 : 4,180 : 8,8% it 1,682 : 206 t 1,888 : 12,200
58-2 ' 1% ¢ 4.2 N1,0 .3 17,900 1,35% @ 3,847 1 4,150 ¢ 8,770 ¢1 1,788 t 200 : 1,988 : 12,900
583 L1606 ¢+ U3 M0 51.7 20,300 1,382 ¢ 3,840 4 4,050 : 8,550 11 1,730 : 209 : 1,939 1 12,300
61~1 : J157 t 69.21 70.0 1 92.9 1 7,100 1.231 + B,343 ;4130 1 8,700 ¢: 2,057 1 82 1.129 3 Z&
61-2 [ 9.2 1 23.9 11040 8,300 1,439 W11 1 b.oEg 1 5,528 it 862 1 99 s 961 : b,
61-3 @ 153 9.2 : 9 73.2 8,300 «.do, 1,483 ,004 ¢ b,2ko ; 8,380 ;: 1,236 : 7 : 1,& 1 8,300
72 1 .15 3 1.5 30.2 : 20.6 33,100 Crimping good bond 11,600 1 B,073 ¢ 4,320 & 9,120 :: 4,510 1 2,513 : 5, : 34,300
) ] i H 1 i HH ] H H
m_ Ex o.gu-m% akfg alusioum alloy
Core: 1, inch balea
H H ] H H H it H 1 i i H t 1
n ;o «275 1 1.6 1 2.1 2.4 1 33,100 tBuckling and crimping it 873 1 2,396 12,360 : 4,970 :: 4,123 s 4,957 : 3,753 1 43,000
t H H i H H 11 H : 1 HH H 1 H
ncaf: Diglz-fnuh 2437 alwpinom alloy
Core: 1/2-inch balea
H 1 i : 1 H il H H H il H 1 4
70 L5300 @ 1.5 ; 29.2 20.6 4,200 10rimping 1 453 ¢ 1,298 : 1,220 : 2,580 :: 4,740 110,189 1 2,468 1 54,500
H T B 1 H H it H H 1 it 1 H 1
. 0201 457 alupl
T 8- - dal
t H bi H B H 11 H H 1
28-1 : .12& 16.7 1 29.9 16.0 34,600 cnmpxnc mod bond I 2,396 : 5,053 : 6,550 :13.B10 ;: 8,705 1 1,810 : 8,267 : 34,100
28-2 T . 16.7 + 30.0 15.9 35,600 [ U 1r 2,828 1 5,593 G.an :13,900 1t 9,221 : 1,980 : 8,512 : 34,900
28-3 168 1 16.8 @ 29.9 15.9 @ 30,800 vese@0uirarrenianss 2,3% 1t 5,367 s 6,030 513,570 i1 9,192 1 1,970 & 5,381 1 35,200
29-1 r .66 : 3l.2: 30.0 ¢ 381 14,8200 xcﬂmplns- fair boud 2,376 : 50473 5 6,500 :13,7%0 :p 3,822 1 562 @ k.37h 1 18,200
29-2 1 «165 3.2; 3.0 : 39.6 1 22,200 hokli:gand erimping - 1t 2,37% 1 5,757 : 6,540 :13,810 4; 3,737 1 584 : §.321 : 17,800
3 ' H [ t fair bond 5y H H : ) H H H
3 16T 1 3.7 1 29.8 1 .8 1 23.500 :Crimping - go0d bond i1 2,689 : 6,003 i 6,470 ;13,660 i 4,093 1 605 : 4,698 1 19,600
59-1 ;o L1751 39 : 50.0 5 1 15,100 1Buckling and criwping i+ 1,879 : W,687 ;6,170 :13,0%0 i 1,92 1 l;g 1 2,426 1 10,600
59-2 t «178 & 35.0 : %.o 3 14,700 :Criapd. 1 2,011 : 5,33 : 6,070 112,810 :1 2,184 1 2,740 1 12,200
59-3 .l : 8 1 .9 1 ao.z : 13,900 + 5,493 5 6,430 :13,570 :; 3,040 : 513 : 3,553 & 14,900
1 1 1 ) 3 H H 1] H H H
T H ] H H H : t H 1 H : t
60-1 i .20 1 57.9: 60.1 : 79.2 1 9,100 10rimping at cormer 1 3,247 1 6,810 & 8,640 118,240 ¢ 2,881 1 296 1 3,177 1 9,
60-2 t L2001 i 57.9 :° 59.9 : 7% ‘8,100 1Buckling 1o2,9%9 : 7,167 : 8,600 ;18,150 :: 2,906 : 315 : 3,221 ; 10,100
60-3 1 .207 1 59.7 : 60.0 : 75.%  : 10,500 iCrimping at corner 11 2,896 ¢+ 6,513 1 8,350 :17.620 :: 2,893 286 : 3,179 1 10,300
H H H H H H H 3 H HY H 1 H
H ] H H s 1" L} : HH H B
381 1 .332 : 16,71 29.9 & 15.7 1 28.600 .crmpzu 800d bond 1 770 1 2,131 : 2,050 1 4,320 11 2,613 1 NBT 1 2,8M8 1 37.600
353 ;.33 : 16.8; .0 : 15.0 1 33,900  Zeeeeceevesase [ T 1 2,986 1 2,080 : 4,380 1 ),gzo 1 654 : 3,162 5 N1,100
92 ;138 ;5 19,51 3.0 28.0 : X11,800 xsepn.ruuon of facing - t: 780 + 2,201 : 1,960 : 4,130 1 1,5b7 ¢ 24 : 1,986 1 27,400
H H H t H 1 good bond 1 “ 1 H H [ t H H
1 T 1 i 1 H H H 3 [E] + l H
i H 1 1 1 3 H 1) ) 3 3
s .12 1 16,65 30.0 ¢ 16.0 1 1k, : 2,029 11,900 : 4,010.4: 2,752+ 43 ;2,799 : 39,700
;u-z ;40 ¢ 167 0.0 1 156 22, 1 2,082 11,930 : 4,070 51 2,886 1 537 & 2,857 : k0,000
W3 ¢ LML g 6.7 3061 ¢ 161 1 N7,%00 © 2,05 ;1,920 : 4,040 112,906 1 551 1 2,855 : 40,300
H H H i 1 1 ] H 33 3 H
35-1 ;.12 1 19.6: 30.0 1 28.0 1 23,000 bond L, £ 1,900 : 4,010 11 1,560 1 bOM 1 1,951 : 27,700
I5-2 : .1 : 19.7: 30.0 28.0 1 ,600 -crmpu; at end - good bond n 762 1 2,M 11,870 ¢ gsﬁo 11,580 1 %36 : 2.0032 : 28,900
353 voo.1 1 21965 30.0 27.7 1 a,koo feevreococes RS T veett 733 t 2,078 1,920 : 4,04 ;1,530 : W17 : 1,936 : 27,300
1 y S H | I H i il i i 1 J1 i 1 i
thh Top. ing these 3! ars not shown on figures 8, 9, or 10 b thase were defective.
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Specimen: Total

: Wdsh ¢

: H 1
tMean rediusiFacing strees:

Type of failure

]
11 Data from testa of coupons Theoretical atresase

1
ki
number :thickness: ! 3 of 1 at 1 3! :
H h toa d b ! e\u-v;?.uo t  failure 1 Pl H 31 t 8 st Py i P ! Por V Pepg
H H H ki 13 H H
Inchey ! Inches! luchey ! Inches :Lb.Der 90-10.¢ nm l.L.MJ.L M-fh...v._rtu_ Lb. per:lb. per
' : H ' H um ROr 84, ;n _‘_q in. x!g. in. :”_,_g_xgg. in,
i l H H H
iogh
[ l!.n b
H H : H 3 ) 4 3 5 H H
22-1 : 0,140 : 11.5: 30.0 : 10,0 16,650 A!'M:lng compreasion n 319 862 :1,9% :: 1,781 : 339 : 1,930 1 15,000
22-2 1 .140 11.3 1 30,0 1 10,4 &+ 14,000 do s 819 1 1,9% 12 1,653 ¢ 322 : 1,930 ; 15,000
23-1 1 L1422 : 16.4: 30,0 15.4 9,950 I 8% 11,900 ::2 1,161 ¢ 170 1 1,331 : 10,500
H H B H H H H it t H ]
Fj PoLabh o 1631 29.5 1 15.6 11.233 H 870 i 1,875 111,206 : 184 ; 1,400 : 11,200
-1 ¢ L1388 : 25.2: 29.5 25.9 6, 1 872 11,95 1t 02 : L @ 713 1 5,900
22 .1 1 25.1 3 292 : 28.2 6,450 [l 855 1 1,985 1 Bub ; : 71 5,500
243 .1 1 25.5: 29.6 29.0 5,900 1 908 11,930 :: 661 : ™ : 735 : ?.'700
25-1 142 ¢ 30.7: 29.6 .2 1 gaoo 1 8§90 ¢ 1,900 :1 48O : ao ;5310 : 4,200
252 1 .138 : 30.9: 29.5 1 9.6 1 180 ) 08 :1,955 ;1 U761 7 23 1 4,000
253 141 ¢ 30.8: 29.5 @ 1.0 E.“50 ] ) 3 1,915 =& 1 L6 90 1 a.soo
43-1 40 3.8 : 29.7 37.6 1 900 1 [ 11,930 1 4790 W5y 524 bioo
-2 ¢ .48 1 31.8 ¢ 29.8 33.8 T 4,700 t 877 : 1.825 :2 sk 5 1 534 ¢ 4.boo
47-3 W5 ¢ 3.6 29.8 : 366 4,850 919 11,880 ;1 5261 511 317 1 4,65
Lg-1 1 ) 25.6 1 3.0 : 35.3 ¢ 4,800 : 646 1 1,875 98 : 57 : 525 3.650
Lg-2 A7 0 251 0 .0 37.0 k,750 83 : 1,835 11 8 1 171 2 v bbs0
Le-3 18 25.3: 3.0 9.7 &, 300 : 829 ;1,825 :1  4k6 80 526 : u,300
b9-1 : .14 1 20.4 : 3.0 : g.? : 3.050 : B19 11,850 :: W63 : 121 1 584 : 4,750
U2 ;  .148 1 20.4 : 3.1 0 850 1 794 11,825 ;1 M43 121 ¢ 564 : 4,650
Lg-3 147 20.5: 3.0 6.1 5,400 P 209 11,835 :: k83 120 : 9 : 4,950
50-1 :  .149 : 5.4 N1 39.3 1 5.450 1 763 11,810 5: kOO : 190 : 590 : 4,900
50-2 1 .149 : 15.3 : 3.0 1 3. : 6,450 t 752 11,810 ;1 M4o : 189 29 1 Ezoo
3 L1481 15.1 ¢ 3.0 9.8 1 6,000 7 1,825 31 407 : 191 1 598 1 4,900
5l~1 1 148 xn.a t RO 32.6 5,450 1 763 11,825 ;1 478 W8 : 86 : 7,350
51-2 .1 + 104 1 .0 37N 5,100 1 75¢ 11,800 ;¢ 443 16 1 ggz : 7.150
51-3 1@ .1 r10.2 31.8 ! ag.z 1 5,750 : 75 11,85 ¢ 496 : ko8 ¢ r 1,35
52-1 : L1477 ¢ 5.31: 3D .0 1 10,300 s Bl9 1 1,835 31 M6 : 1,67% : 1,835 : 15,000
g2-2 : .147 : 5.3: 3.0 : kOO ¢ 11,500 ' R: 11,835 :: W40 : 1,622 : 1,835 1 15,000
B3-1 : .42 : 3.0: 3.5 ¢+ 550 1 11,850 1 + 1,900 :: 2 1 3,848 5 1,900 : 15,000
Fl2 : LM @ 2.9 1 N 1 33.0 1 16,000 : 803 1,850 11 11 5,406 ; 1,850 : 15,000
5%3 .1 1 30 : 30.5 : .0 111,100 1 lga 11,800 1 359 : 5,505 : 1,800 : 15,000
51 17 v 2 N 9 4,900 1 Z v 1,835 12 357 1 119 : 476 1 3.900
Bum2  : 49 1 20,31 3.1 ;0 N&T L, 700 1 58 1 1,810 11 309 102 : 407 : 3.350
G-3 ;.14 ; 20.3: N1 u&.a 1 k&, 800 I 701 : 1,800 sz 336 : 108 : b4 : 3,700
57-1 : .14 : 7.5 : 3L.bh 29. 1 Zm : 883 1 1,850 1 637 1 B89 : 1,526 : 12,k00
67-2 1 .16 1 7.5 1 3.4 53.5 H ,500 1 233 1 1,850 1 59 : 889 : 1,448 : 11,750
57-3 1 .146 1 7.3 LA 3.8 1 7,850 r BB3 11,850 i1 fes 859 : 1,37 : m.goo
bul : 136 1 70.8: 70.5 1 8.9 1,900 1 €30 : 1,985 ;1 208 8¢ 216 : 1,65
-2 : .138 : T70.5: T0.5 ™5 1,600 | 8% 11,955 n 232 : 91 24 : 1,850
643 : .137 1 70.5:1 70.5 : 12.3 1,650 1 83% 11,970 11 236 : §: 244 1,850
: H H ) i H i H i H
H H H H i 3 H HH H 3 :
30-1 ¢ 159 : 15.8 : 29.5 : 15.1 13,400 ¢ 1,419 1 3,395 :: 2,353 1 389 : 2,742 : 12,100
H H ; b H H H it H H H
304-1 ¢ .152 1 16.6 : 30.8 : 9 11,2% 1Breaking ;1,33 1 3.555 t1 2,080 1 302 : 2,382 1 10,050
0-2 : 160 : 15.7: 29.5 15.8 49,900 i1Separation of 13 593 1 1,329 & 3,375 :1 2,181 ¢ 367 : 2,548 : 11,300
: H t i i : facing ~ poor bond:! 1 { 1 ¢ ' 1
304-2 +  .152 1 1641 30.8 k.5 ,200 iBreaidng 1 51 : 1,321 : 3,555 :: 2,170 ¢ 301 : 2,W71 1 10,450
0-3 : J159 : 16.1 : 30.0 157 , 500 18eparation of 0 590 ¢+ 1,3W7 1 3,395 :3 2,190 1 356 : 2, t 11,250
H ' : t : { facing - poor bond;; 1 t t: 3 H '
043 ¢ .152 1 16.5 1 30.8 1 1.8 1 11,450 tBreaking 1 585 1 1,495 1 3,565 11 2,330 & 344 ; 2,674 : 11,300
t H 1 1 H H 1 1 H i H H :
Sheet 1 of 2
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Table 3.--Axial-compregsion teets of curved panely of pandwich construction having fiberglas facinge (Continued)

Specimen: Total

Iidth : l.ength Ilean rsd:l\u Fscing atren 'I‘rpa of failure

i3

:: Date from teate of coupons

Theoretical stresses

number thiclmeu 3 of Tt
: h t v curv:t\u-e : faum s £, B ] P P Per Per.f
: Inches : Inchey: Inches : Inches :lb.per sg.im.: ;:1 000 1b. :1,000 1b. I.b ggr;:Lb. ggr;lb. ger;lb. per:Ld, per
H H H H H H i:per_sg.in. :per sq.in.:sq. in.::sg. in.:sg. in.:gg. in.:wq. in.
H H H H $ il : H HH : H H
Yacing: 0.018-inch fibergla
Core: ﬂ&-lné snd—énin balsa
: : H H 3 H
A1 0.153 37.2 : 29.8 .4 5.250 Buckling i 573 1,452 70 908 : E.sso
31-2 .13; 30.8 : 29.6 39. : - T PP d0eseenonnts 588 1,474 102 : 1,004 ¢ K& koo
31-3 .1 3.2 : 29.6 38. : 13,600 Separation of facirg: 598 1,235 82 : 925 : 4,000
: H : - poor bond H H H
3143 147 31.6: 29.8 bo.o : 4,000 iBuckl ing i 513 1,395 80 : B77: 3,600
62-1 .1 1.4 39.8 W0 4,150 fevaesneas [: T VP ts 609 1,601 56 789 : 3,300
62-2 .1 41.4 : Ez.s 5.5 3600 Sesererann - T : 606 1,556 53 819 : 3,3%0
62-3 L149 41.3 : 0 k5.6 650 fersevenen 0o cenan : 611 1,510 52 613 : 3.350
H : Hd H
Facing: 0.033-inch fiberglas
core; lzs-inch end-Erain balss
32-1 182 : 16.6 : 30.0 5.2 : 14,050 :Breaking i &3 1 .62 s 606 1 b,232 : 11,650
32-2 .182 16.6 : 30.0 151 ¢ 13,90 ...l A0uracnnaes : 856 : 1,969 : : Bl ;4,437 : 12,250
32-3 .175 ;1 16, 30.0 15.% ;12,500 ieieenn... A0evvronnnit 896 1,932 : 589 : 4,216 : 11,200
33-1 .181 31. 29.5 37.7 :+ 12,150 Sepu-auan of fachg 3 £05 1,672 : 1kg @ 1,499 ¢ 4,100
H H t = poer bond : H :

331 ;172 31.5: 29.8 : k0.0 4,250  1Buckling 950 1,799 139 : 1,h8h 2850
33-2  ;  .183 .21 29.6 : 384 13,05 sSeparation of!adng.. 857 1,790 159 11,571 350
H : H H : - poor bond x H : H
334-2 :  .173 : 3.8 : 29.9 : o4 4,750 :Buckling 9l 2,211 179 : 1,700 : 4,450
333 .183 1 31.7: 29.6 3.4 ¢ L% separanonof facingx 829 1,803 160 1,611 ; u,450

H H ! H - poor bond H H
334-3 175 @ 31.9 : 29.9 38.4 k4,500 :Buckling and n 857 2,075 166 1,640 : 4,350
H H : breaking H H H
H 1 HH ) H
Facing: 0.048-inch fibergle,
H H : i : H H
63«1 1 .196 60.9 : 60.6 : 62.5 2,900 Buckling 0 1,11;3 2.333 64 ;1,306 1 2,650
632 : .19 .91 60.6 : 62.3 2,650 Teessacves [-1- YR 11 1,1 ;2,387 : 65 11,325 : 2,700
63-3 .1 60.8 : 60.6 60.9 2,850 teeeennnon A0eesans 1,273 : 2,513 : 69 : 1,465 : 3,000
H $ H Hy H H 1 H
0 00%-1inch fiberxla
H H H 1 H ER1 H H H
4o-1 .13 ¢ 16.6 @ 29.8 15.2 18,350 Grimplng poorbon& my 8450 : 1,890 :: 1,236 : 169 : 1,405 : 11,150
ho-2 L9 ¢ 16,0 @ 23.1 15.6 ig,200 :Separation offacing : 322 790 : 1,810 ;: 1,169 ; 201 : 1,370 : 11,350
H H $ - poor bond H H HE] : H H
40-3 .145 16.3 : 29.8 14.9 12,650 :Crimping 331 828 ;1,860 :: 1,23 : 178 : 1,414 : 11,L00
41-1 .1!53 31.3 : 29.8 37.6 Esoo :Buckling 215 7)343 + 1,890 31 ?‘6 : Ez : ko5 : 3,200
k1-2 .1:3 31 29.6 38.8 + 150 [P do...... 218 8 : 1,89 :3 33 ;479 a
-3 .1 3.6 : 28.9 : 38.5 5,200 Becosenses d0ueenes 290 83 :1,815:1 453 : 50 : 509 : k4,050
H : e 1 H i3 H H
Tac : 0.009-inch fiberglas
Core 1/8-inch hard rubber
H : : H 1 H HR H H H
36-1 : .139 : 16.5: 29.6 : 15.6 13,650 :Sepa.ration offacingn 310 1 44 ;1,940 ::1,038 : 146 ; 1,184 : 9,150
H H H H - poor bond H H HH] H : H
36-2 : .13 : 16. 29.5 : 15.7 6,300 :Crimpins 1 276 790 :1,970 :: 988 : 150 : 1,138 : 8,650
363 ¢ .130 : 16, 29.5 : 15.7 13,750 :Sop;r:ﬂgn&f mcing : 302 : 795 : 2,075 sz 984 : 138 : 1,122 : 8,100
H 2 S : =~ falr bo 1 ? HE 3 : H 1
37-1 ‘ L131 : 31.3 : 29.6 37.2 3.650 Buckling 297 ¢ T4k ;2,060 5:  ho2 gg T aaoo
37-2 ;.1 3.6 : 29.6 36.9 100 tieiienens do 3}3 : 885 : 1,985 ;: 485 : s Euzz s k000
37-3 ¢ A3 31.6 : 29.5 35.6 400 tocesnunas do. 1 689 : 2,015 :x n3 ;. 33 : ;3,300
H : H H H HH H : b H H
l!’oint! repusenting these specimens are not shown on figures 8, 9, or 10 becauss these specimens were defective.
Sheet 2 of 2
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70,000

) EGEND: | |
O 0.005-INCH 24SH ALUMINUM FACINGS
® 00/2-INCH 24ST ALUMINUM FACINGS
A 0.020-INCH 24ST ALUMINUM FACINGS
60,000 —m 0.032-INCH 24ST ALUMINUM FACINGS ]
-
3
=
50,000
Wy \
% A“ \
=) ®
g ’ o \u\n
A @
\_
ﬁ 40,000 " o 2~y
Q o O
g ‘ A 7.\'.\
2 7 ) [w]
S 30,000 A "e
< R
A ® A
[ . A
|
o
20,000
10,000
0
0 0.2 0.4 0.6 0.8 1.0 /2
&
E

E .
Figure 2.--Variation of —L with facing stress Ocpr For aluminum
facing materials.
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Perf (POUNDS PER SQUARE INCH)

70,000
; l
60,000——
\
\
50,000
0.005 - INCH
30,000
0.012-,0.020-,0.032-INCEDR
24 ST ALUMINUM N
20,000 |
LEGEND:
- ‘/ E,
10,000— £
___2¢
E
/ ¥+
, +E
0 0.2 0.4 0.6 0.8 1.0 1.2
27
£ or
E oL
E

E

E 25
.—-Variati of \[= oOr — 47 —

Figure 3 ariation = B,
E

for aluminum facing materials.

‘ with facing stress, Ocrf,
1+
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(F, +P) 57 St

Perf = (P + P)

(APPROXIMATE METHOD)

+ S¢ — Splf

.3
ef

60,000
LEGEND: | |
O  00/2-,0020-,0032-INCH 24ST ALUMINUM
ALLOY FACINGS ©
50,000— & 0.005-INCH 24SH ALUMINUM
ALLOY FACINGS
A
40,000 éa A
s
30,000
20,000
10,000
)
20,000 30000 40,000 50,000

o 10,000

Perf © (P/\/——* P

) 3§ (EXAGT METHOD)

Figure 4.--Comparison of the approximate with the exact method
for computing the buckling stress beyond the proportional

limit.
ZM 70848 P
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Figure 5.--Crimping type of failure of a panel having 0.012-
inch aluminum faeings on a 1/8-inch balsa core.
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Figure 6.--Crimping type of failure of a panel having 0.005-

inch aluminum facings on a 1/8-inch balsa core.
Z ¥ 71926 F
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EXPERIMENTAL FAILING STRESS IN THE FACINGS OF THE SANDWICH (POUNDS PER SQUARE INCH )

55000
50000
LEGEND b
o W BUCKLING AT pop < Sp )¢
© B BUCKLING AT p, > Sp
XN CRIMPWNG AT B, < Sp -
X W CRIMPING AT p.. > Sp,
(7
40,000 § g E
D
)¢
o0 gi . x
< X ) {
30,000 A
25,000
‘ .
- -
20,000 o gl >
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e e *
13000 “x
o |® l
° o o
oo | | %
" wg
.P'/
5,000 :.”'.
.I
o
o 5000 no00 BO00 20000 25000 IN000 IMOOO - 4Q000 45000 QOO0 55000

THEORETICAL CRITICAL STRESS W TNE FACINGS OF A COMPLETE
CYLINDER OF SANOWICH MATERIAL 4., (POUNDS PER SQUARE WCH)

Figure 7.--A comparison of experimental failing stress of a curved plate with
the theoretical critical stress of a complete cylinder of sandwich construc-
tion under axial compression loads. The sandwiches were constructed of
aluminum or fiberglas facings on end-grain balsa cores.
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EXPERIMENTAL FAILING STRESS IN THE FACINGS OF THE SANOWICH (POUNDS PER SQUARE INCH)

55000
50,000
LEGEND X
o N BUCKLING AT Pcr < Sn H
45,000 © B BUCKLING AT g, >. L u
W M CRIMPING AT p,. < Sp, X
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40,000 IR
1 :
¥ &
© x
-BM gg (] A
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36000 X
25000
x
LI
20000 - ¥
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e
o,
/™ o
5,000 ":il
[ ]
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0 8000 KOO0  B000 20000 25000 3OO0 35000 4000 45000 5Q000 55000

THEORETICAL CRITICAL STRESS IN THE FACWGS OF A CURVED
PLATE OF SANOWICH MATERIAL p,., (POUNDS PER SQUARE INCH)

Figure 8.--A comparison of experimental with theoretical critical stresses of
curved panels of sandwich construction under axtal-compression loads. The
sandwiches were constructed of aluminum or fiberglas facings on end-grain
balsa cores.
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EXPERIMENTAL FAILING STRESS IN THE FACINGS OF THE SANDWICH (POUNDS PER SQUARE INCH)

40000
LEGEND
B eV A BUCKLING AT p,. < S,
3000 — @ © V A BUCKLING AT By > Sy
WM X K CRIMPING AT p._ < Sp X
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X
20000
15000
X
0000
5,000 L4 a
A
0

0 85000 QOO0  BpoO QOO0 25000 3Q000 35000 4QU00 45000

THEORETICAL CRITICAL STRESS IN THE FACINGS OF A CURVED PLATE
OF SANOWICH MATERIAL p.,.p (POUNOS PER SQUARE INCH)

Figure 9.--A comparison of experimental with theoretical critical stresses of
curved panels of sandwich construction under axial-compression loads. The
sandwiches were constructed of aluminum or fiberglas facings on cellular
cellulose acetate or hard sponge rubber cores.
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MEAN EXPERIMENTAL FAILING STRESS OF THE SANDWICH

2,600 I
| LEGEND
® O M QUIPO CORE - PLYWOOD FACE - GRAIN AXIAL
8400 L — A A g /MPREGNATED FIBER BOARD- PLYWOOD FACE - GRAIN AXIAL
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4600 a
1,400
®
1,200
®
P md
1,000 b _m
A A
A do
800
600
400
200
0
0 200 400 600 800 1000 1,200 1,400 1,600 1,800 2,000

MEAN THEORETICAL FAILING STRESS OF THE SANDWICH

Figure 10.--A comparison of experimental with theoretical critical stresses
of plywood-faced curved sandwich panels under axial-compression loads.
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EXPERIMENTAL BUCKLING STRESS OF CURVED RLATES

(EXPERIMENTAL PROPORTIONAL LIMIT STRESS)

L2

10

08

06

04

0.2

A
A A
Y
£ 9
° 80
Ay
A
&o o 3 0
() q,
(o)
(o] a LEGEND:
o O  FACE GRAIN AX/AL
A FACE GRA/N CIRCUMFERENTIAL
—_— THEQORET/CAL
0.2 o4 0.6 08 1.0 /1.2 /.4 1.6

COMPUTED BUCKLING STRESS OF COMPLETE CYLINDERS
(EXPE/?/MENTAL PROPORTIONAL LIMIT 5TR£55)

Figure 12.--Comparison of test and computed buckling stress of
curved plywood plates in axial compression. All plates were
3-ply with faces of 0.010-inch and cores of 0.025-inch yellow
birch veneers, and were formed to a 5-1/4-inch radius.

(From fig. 9 of Report 1508).
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