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1
BUCKLING LOADS OF FLAT SANDWICH PANELS IN COMPRESSION—

Buckling of Flat Sandwich Panels with Loaded Edges 

Simply Supported and the Remaining Edges Clamped 

(Cores of End-grain Balsa or Cellular Cellulose Acetate and
Facings of Aluminum or Glass Cloth Laminate)

By

K. H. BOLLER, Engineer

Forest Products Laboratory, 3— Forest Service
U. S. Department of Agriculture

Summary and Conclusions

This report presents the results of edgewise compression tests to determine
the critical buckling loads of flat sandwich panels having the loaded edges
simply supported and the remaining edges clamped. The tests were conducted
to confirm the theoretical analysis presented in Forest Products Laboratory
Report No. 1525,1 and modifications introduced to take into account the effect
of transverse shear and of stresses greater than the proportional limit.

Tests were made on sandwich constructions that consisted of cores of either
end-grain balsa or cellular cellulose acetate and facings of either aluminum
or glass cloth laminate. Panels were tested in various sizes to provide as
wide a range in stresses as possible.

-This report is one of a series of progress reports prepared by the Forest
Products Laboratory relating to aircraft. Results here reported are pre-
liminary and may be revised as additional data become available. Original
report dated September 1947.

-This report is the third of a series of reports dealing with the buckling of
flat sandwich panels in compression, tested with various types of edge
conditions.

3
Maintained at Madison, Wis. , in cooperation with the University of Wisconsin.
4
—March, H. W., and Smith, C. B. Buckling Loads of Flat Sandwich Panels

in Compression--Various Types of Edge Conditions. Forest Products
Laboratory Report No. 1525. March 1945. Information reviewed and
reaffirmed 1962.
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The following formula, No. 11 of Report 1525, 4— was used in the theoretical
analysis:
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where:

The symbols are defined in the appendix under "Notation."

This formula was modified to make it applicable to panels with stresses above
the proportional limit and to take into account the effect of shear strains in
the core. The values of critical buckling loads obtained by experiment averaged
about 92 percent of the values obtained by substituting the mechanical proper-
ties of the materials in this formula and its modifications. It is believed that
the experimental values were lower than the computed values because (1) the
clamped edges of the test panels were not secured so firmly by the testing
apparatus as had been assumed in the derivation of the formula and (2) the
formulas were derived by the energy method which may sometimes lead to
computed buckling loads that are as much as 8 percent too great.

Introduction

As part of an investigation to confirm the mathematical analysis, with modifi-
cations introduced to take into account the effect of transverse shear and of
stresses greater than the proportional limit, which was previously developed
at the Laboratory for determining the critical buckling loads of flat sandwich
panels supported by various types of edge conditions, this report presents the
experimental data of edgewise compression tests on flat sandwich panels simply
supported at the loaded edges and clamped at the remaining edges. Information
relative to materials, testing procedures, and results is arranged according
to the outline used to present similar information in report 1525-A.5- Dupli-
cation of descriptions was avoided by omitting them and referring to the
previous report. Where variations from the previous report were necessary,
they are noted and fully described.

-Boller, K. H. Buckling Loads of Flat Sandwich Panels in Compression--
the Buckling of Flat Sandwich Panels with Edges Simply Supported. Forest
Products Laboratory Report No. 1525-A. February 1947. Information
reviewed and reaffirmed 1960.
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Scope 

Experiments in this study were designed to furnish the critical buckling loads
of flat sandwich panels subjected to edgewise compression when the loaded
edges are simply supported and the remaining edges are clamped. Panels of
various sizes were tested to provide a wide range of stresses in the facings.
Four combinations of materials were employed to provide data on the effect
of transverse shearing deformation in the core. The tests were made upon
panels approximately 1/4 inch in thickness. Two core materials and two
facing materials were employed.

Preparation of Specimens 

Materials 

The materials used in this study consisted of two facing materials, 0.012-inch
24ST alclad aluminum sheet and six-ply cross-laminated glass cloth, and two
core materials, 114-inch balsa (end grain) and 1/4-inch cellular cellulose
acetate. The aluminum-sheet, glass-cloth laminate, and end-grain balsa were
described in report 1525-A. The cellular cellulose acetate is described by
the manufacturer as Han unoriented, multicellular form of cellulose acetate
containing a small portion of a strength-imparting filler material. The
material that was used in conducing these tests weighed from 6 to 7 pounds per
cubic foot. It had been manufactured in strips approximately 5/8 inch thick,
2-5/8 inches wide, and 10 feet long. These strips were machined at the
Laboratory to 1/4 inch thick and about 2-1/4 inches wide. The finished strips
were glued edge to edge prior to assembly in the sandwich plate.

Flat sandwich plates were made of these four materials in the following com-
binations.

Facing Material	 Core Material

0.012-inch aluminum sheet 	 1/4-inch balsa
(24ST alclad)

0.012-inch aluminum sheet 	 1/4-inch cellular cellulose
(24ST alclad)	 acetate

Six-ply cross-laminated	 1/4-inch balsa
glass cloth

Six-ply cross-laminated	 1/4-inch cellular cellulose
glass cloth	 acetate

Report No. 1525-B	 -3-



Manufacture of Sandwich Plates

The method of fabrication of the sandwich plates having glass cloth facings was
the same as that previously reported in Report No. 1525-A, but those having
aluminum facings were made by two different processes, neither one of which
was described in that report. (1) The aluminum sheets, which were to be used
on balsa cores, were cleaned; then a bonding agent, composed of a phenol
liquid and a vinyl powder, was applied to the inner surface of the facing. These
facings were pressed to the balsa cores at 100 pounds per square inch and
275° F. (2) The aluminum sheets, which were to be used on cellular cellulose
acetate cores, were cleaned; then a high-temperature-setting modified thermo-
plastic resin was applied to the inner surface of the facing. These facings
were pressed to the cores at 40 pounds per square inch and 225° F.

Twenty-eight flat sandwich plates were made of each of the listed combinations
of materials, except the glass cloth-cellular cellulose acetate combination, of
which 16 plates were made. All of the plates made of a given combination
were subdivided into groups containing four plates each, identical in size and
thickness. The sizes of the plates varied from 16 by 30 inches to 40 by 48
inches. For each of the rectangular plates having glass cloth facings, an
additional plate, called a companion plate, was manufactured. It was square,
about half the size of the rectangular plate, and made of the same materials
and by the same method.

Test Panels and Coupons

Test panels and their representative coupons were obtained from the flat
rectangular plates in the same manner as that described in Report No. 1525-A
and shown in figure 6 of that report, with two exceptions as follows: (1) the
square companion plates previously mentioned were trimmed to provide plate
shear coupons in place of using the central portion of the rectangular plates
for plate shear coupons; and (2) plate shear coupons for the groups of plates
having aluminum facings were not provided. The ratio of the length to the
width of each plate was chosen, using preliminary estimates of the mechanical
properties, so that the first cusp from the left of the appropriate curve of
report 1525 applied. Six flexural coupons and three compression coupons
were cut from the plates as shown in figure 6 of Report No. 1525-A. The
lengthwise direction of these compression coupons was parallel to the
direction of applied stress in the test of that plate.

Report No. 1525-B	 -4-



Methods of Test

Determination of  Observed Critical
Buckling Loads 

The two methods, reversal of strain and point of inflection, as discussed in
Report No. 1525-A, were used to determine the observed critical buckling
loads of the test panels. However, the apparatus that supported these panels
was altered to meet, as nearly as possible, the requirements of the new edge
conditions.

Apparatus.  --The apparatus used in previous tests in this series was revised
to support the new panels so as to simply support the loaded edges and clamp
the remaining edges of the panels. The revised apparatus consisted of the
same grooved end rods, which rotated on a nest of rollers, that are shown
in figure 12 of 1525-A. However, a new upper loading beam was designed
and made to support the upper roller assembly. Figure 246 shows a cross
section of the roller support and the revised loading beam. This loading
beam consisted of channel irons which were deeper, longer, and fastened
more rigidly than those used in previous tests. The inner surfaces of the
present pair were finished and spaced 7.000 inches ±0. 001 inch apart. The
channel irons also provided a support for the top supporting plates and the
wooden alinement blocks, which were used to aline the roller supports.

A complete new arrangement was made to provide a clamped edge condition
on the edges that were not loaded. These edges were clamped with as much
fixity as was possible without impairing the compressive movement of the
panel. Figure 25 shows a cross-sectional sketch of a test panel, guide plates,
and the vertical guide plates, and the vertical guide posts that provided this
clamped condition. All of the panels were held along each unloaded edge by
two guide plates, one fixed and the other adjustable. The latter was adjusted
to provide about 0.002-inch clearance between the guide plates and the panel.
The guide plates were finished and grooved, as shown, to allow space for
metalectric strain gages and their wires. Both the fixed guide plates and the
holder for the adjustable guide plates were bolted to the vertical guide post
and they were alined by means of keys and keyways. Both types of guide
plates were made in various short lengths so that a series of them would
provide support for various heights of panels. The vertical guide post was a
7-inch channel iron finished to 6. 995 inches ±0.001 inch.

-The figures and tables in this report are numbered consecutively with those
of report 1525 and its supplement 1525-A.
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Figures 26 and 27 show a test panel supported in the revised apparatus. Ample
space at the corners of the panel where the two types of support are adjacent
was provided to allow for compressive shortening of the panel. This space
was always less than four times the thickness of the sandwich. Each vertical
guide post rests on four springs (not visible in the figures) which are located
between the base plate and the double I-beams. The vertical guide posts fit
between the channel irons with 0.005-inch clearance, and the 12-inch apron
on the base plate of the guide posts straddles the lower double I-beams with
0. 005-inch clearance. This design allows freedom of movement in the vertical
direction but allows a minimum of torsional movement about a vertical axis.

Load-deformation and load-deflection data were obtained by means of resistance
wire strain gages and dials on each panel. Figure 28 shows the equipment
that was used. The deformation data were obtained from four strain gages,
which were mounted inside the clamps, and two strain gages, which were
mounted on opposite sides of the panel at its center. The loads were applied
continuously to failure, and the strains and the lateral deflections were recorded
at regular intervals.

Determination of Elastic Properties 
for Use in Formulas

Shear.  --The modulus of rigidity, (p. 1,2 ), associated with shearing strains
due to flexure and corresponding to the axes x and y (fig. 1 of Report No.
1525) in the plane of the flat panel, was determined for the flat panels faced
with glass cloth by the plate-shear method, as developed by the Forest
Products Laboratory.? Square companion plates were tested as coupons by
this method. The length of each side of these square coupons was equal to
the length of the simply supported edges of the test panel.

It is realized that the values obtained by this method may be slightly in error
due to transverse shear in the cores of these specimens. Only the last term
in the parenthesis of equation (3), however, is affected, and the resulting
errors in the computed critical loads are therefore negligible.

For the flat panels having aluminum facings, the modulus of rigidity was not
determined from tests of plate-shear coupons, because these panels were,
for practical purposes, isotropic (stiffness factors D 1

, D
2

, and K were equal).

Therefore plate-shear tests were eliminated and average values of flexural
stiffnesses used (see formula 4).

?American Society for Testing and Materials. Report of Committee D-7 on Wood
ASTM Tentative Standard D805-44T. Proposed Methods of Testing Veneer,
Plywood, Wood, and Woodbase Laminated Materials. 1944.
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Flexure. --The effective flexural stiffness values (D I
1
 or D' 

2
) were determined

in the manner described in Report No. 1525-A. The span lengths of the coupons
that were oriented in a direction perpendicular to the clamped edges of the
panel were arbitrarily chosen equal to one-half of the free distance between
those clamps. The measured stiffness values were corrected in accordance
with the method previously described± to obtain the true values.

Compression of coupons cut from sandwich plates. --Coupons obtained from the
sandwich plates were tested in compression according to previously established
methods. 8

Compression of coupons cut from facings.  --No additional tests were made to
determine stress-strain curves of the facing materials. Values that were
obtained from tests and shown in figure 21 and table 9 of 1525-A were used
in this report.

Presentation of Data

The experimental data and the results of computations are presented in tables
10 through 13 and on figures 29 through 32. These tables and figures present
the data obtained from sandwich panels tested with loaded edges simply
supported and the other edges clamped. The tables are identical in form and
have the same column headings as tables 1 through 8 of Report No. 1525-A.
Therefore, the descriptions given in Report No. 1525-A apply here with the
following exceptions:

Column 10. --Values of P
r obs were obtained by dividing the total observedc 

critical load by the total panel width, a l . Observations of strains measured
at three positions along the width of the panel including gages under the clamps,
showed that the load was applied uniformly across the width of the panel until
critical buckling occurred.

Column 11. --The observed maximum load, P , in pounds per inch of free

loaded width, was obtained by the following relationship:

P - P

m	
a cs	 (2)

where:

P = total observed maximum load on the test panel, in pounds.
8
–American Society for Testing and Materials. ASTM Standard C364-61. Method

of Test for Edgewise Compression Strength of Flat Sandwich Constructions.
Report No. 1525-B	 -7-



P = load, in pounds, sustained by the material within the clamped support.
cs

This load was computed from the strains measured on the material within
the clamps.
a = free width of panel.

Columns 14 and 15. --The flexural stiffness factors, D and D 1 , were average2

values computed from data obtained from the flexural coupons according to the
elementary beam theory but corrected for deflections due to shear strains in.
the core. The approximate formulas for these computations are the same as
those given in Report No. 1525-A, and the values of (Ex

)
f
, (E

y
)
f
, (p.

xz
)
c
, and

(p. ) , for aluminum, glass cloth, and balsa, which were substituted in these
yz c

formulas, are the same as those previously used, but an additional value of
3,500 pounds per square inch for (p. ) and (p. ) was used to compute

xz c	 yz c
corrections on panels made of cellular cellulose acetate. This value was
obtained by plate-shear tests of cellular cellulose acetate.

Columns 16 and 17. --These two columns contain computed stiffness factors,

(
E cr
—) I and experimental stiffness factors p.

1 2
1, respectively. The methods

X 1 2
of obtaining them, described in Report No. 1525-A, were used in this investi-
gation to determine these values for panels having glass cloth facings. Values
of these factors are used to compute K. Since the panels made of aluminum

facings can be considered to be isotropic, values of K = D - D
1 + D2  .

2

Column 19. --This column presents the computed buckling loads, P cr comp'
obtained from formulas in Report No. 1525. Even though the same symbol,
P

r comp 
was used throughout the reports, the critical load was computed

c 
differently depending on the manner in which the panel was supported. In this
report, the values in column 19 were computed according to the following
equations:

(1) For panels faced with glass-cloth laminate

16 Tr
2

P cr comp	 3a2
[D

b
2

3	 n
2 a2 1 E cr

+ 	 D2	 + -7 (	 )	 (3)
X -1,21+1/ 1,2 I1 

n
2

a	 b
2	 16	 2	 2

(2) For panels faced with aluminum

2 ( D i + D2)	 b2
16 IT	 j_ 3	 n

2
a

2
1

3 acr comp

	

	 22 n2 a2	
1 6 

b
2	

+ (4)
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cr comp 
M -

2f Ef

Column 20. --This column presents the values of the shear reduction factor,
1 

+ 12
, provided the facing stresses are within the elastic range.
1 

18 fc P

For panels

whose loaded edges are simply supported, and the other edges clamped,9—

712 
cr comp

(5)
(h3 - c

b
2

[ 3 (11)	 4 (112m)c n2ayz c

The values of P	 were computed as shown by equations (3) and (4). The
cr comp

values of the shear moduli of the two core materials were 19,000 pounds per
square inch for balsa and 3,500 pounds per square inch for cellular cellulose
acetate.

Columns 21 and 22. --The values of M or N in these columns were obtained
according to the definitions established in Report No. 1525-A. These values
were computed by the same equations as those shown in Report No. 1525-A,
except that the proper values of P	 and 1

2
, depending on the manner in

C comp
which the panel was supported, were used. That is:

P

Column 23. --This column presents the values for the computed critical load,
that were (1) adjusted by means of the shear reduction ratio when panels had
stresses within the elastic range or (2) adjusted by means of the modification
for both shear reduction and stresses above the proportional limit. The
values were computed in the same manner as shown in Report No. 1525-A,
except that the proper formulas applicable to the particular edge conditions
were used.

Figures 29 through 32. --These figures present a graphical comparison of
the ratios, shown in columns 24 through 26 of the tables, of observed and
computed critical values to the edgewise compressive strength of the sandwich

-This approximate formula was developed by H. W. March former Forest
Products Laboratory mathematician.
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(1)
Yr

constructions. Figures 29 and 30 present the data for panels having aluminum
facings, and figures 31 and 32 present the data for panels having glass-cloth
facings. Figures 29 and 31 show the relationship of the critical buckling load

	

as computed by formula (1) (P 	 ) to the observed critical load. Figures
cr comp

30 and 32 show this relationship when the proper modifications of that formula
are employed. The ordinates and the abscissas are the same as those used
in Report No. 1525-A.

Analysis of Results

The formula for the critical load of flat sandwich panels having loaded edges
simply supported and other edges clamped was given in a previous repord
under the assumption that the stresses in the facings are less than the propor-
tional limit and that the effect of transverse shear can be neglected. In the
present report this formula is modified to apply when these assumptions are
not warranted. These modifications were developed in the same manner as
those presented in Report 1525-A. Application of the proper formulas for
these modifications produced theoretical values that are about 8 percent
greater than the observed values.

The following expression was previously derived.±

-
C	

16 w 
2

[	 b
2

D 	 D 
n

2 
a

2
P

	

3a2
	 1 

n2 
a216	 2 b 2	

z

This formula is applicable to panels which are simply supported at the loaded
edges and are clamped at the other edges. Without modifications it is
applicable only to panels which are stressed within the elastic range and in
which the effect of shear strains in the core is negligible. The values,
obtained by substituting in this formula the test data from coupons of each
plate, are presented in columns 19 of the tables. The relationship of these
values to the observed values are shown in figures 29 and 31. An inspection
of the values in these figures show that the average of the observed values
below the proportional limit stress is as low as 69 percent of the computed
values and that the average of the observed values above the proportional limit
stress is as low as 50 percent of the computed values. This, however, is to
be expected and the following modifications of formula (1) were used, as they
were in Report No. 1525-A.

Modification for shear.  --The following modification of the formula allows for
the effect of transverse shearing deformations:

Report No. 1525-B	 -10-



P
P-,  c r comp

crs	 1 + ri
2

Or

cr comp
pers	 1 +11 z

where

l8fc P

112 =
(h

3
 - c

3
)	 3(p. ) + 4( 1.1.3cz ) c 	b2

yz c 22
n a

Values of the shear reduction ratio, 1 	 , which shows the magnitude of
1 + ri2

this modification if applied to panels with buckling stresses below the propor-
tional limit, is presented in column 20. The value of this ratio ranges
between 2 and 29 percent for the panels tested. The affect of the application
of this modification on P	 is shown on figures 30 and 32, more especially

cr comp
figure 32, because all of the values plotted are below the proportional limit
stress. Comparison with figures 29 and 30 indicates that the modification has
shifted the plotted points toward the 45° line.

Modification for shear and for stresses  above the proportional limit.  --The
use of a reduced modulus of elasticity in place of Young' s modulus was
described in Report No. 1525-A, and it was shown that the critical buckling
stress in the facings of a sanwich panel is

P =ME  rcr r

where

c r c amp
P

M -
2i E

This relationship applies to panels in this study because the value of M is
equal to the critical buckling stress in the facings divided by the modulus of
elasticity of the facings.

cr comp

(8)

(9)

(10)
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cr comp
N- (13)2

n2a2
E

f
 (h3 - c 3

) 3(1.1. z
y ) c + 4(11 xz )c

Like r
i1 

in the previous report, 5 r
i2 

in this study is directly proportional to

the reduced modulus, E
r
, as follows:

= NE
r
	 (1 2)

where
18 fc P

The combination of the modification for shear and the modification for stresses
above the proportional limit is obtained by substituting in equation (8) the
expressions for 

pr
	 r

i2
, the right-hand members of equations (10)cr comp

and (12), respectively. The resulting expression for the critical buckling
stress in the facing material is

M E
r

Pcr rs 1 + NE
r

This formula was solved graphically, in the manner described in Report No.
1525-A. The effect of applying this modification can be determined by
comparing the computed values, without modifications, to the computed values,
with modifications, tabulated in columns 19 and 23, respectively, of tables
10 and 11. This effect can also be determined by a comparison of figures
29 and 30 for those points whose ordinates are greater than 0.5. It may be
seen that the plotted points are shifted closer to the 45° line. The observed
values are on the average about 92 percent of the computed values. It is
believed that the experimental values are too low (1) because the test panels
were not rigidly clamped by the apparatus and (2) because the formulas were
derived by the energy method and may lead to results that are too great.

(14)
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APPENDIX

Notation

The symbols that were used in the two previous reports in this series, 1525
and 1525-A, were also used throughout this report, and only the additions and
exceptions are listed here.

K = D 1 = D
2
 = D	 (for isotropic facings, that is, aluminum)

= (1/2) (D
1
 + D

2
) (experimental)

lvi 
=

P
 c r comp

2f E
f

T12N = E
f

18 fc P
cr comp

[
b

2

(h 3	c3 )	 3(p. ) + 4(vxz )c 2 2yz C n a

P	 = Critical buckling load as computed by the formula of
cr comp Report 1525 applying to a panel with loaded edges

simply supported and remaining edges clamped (pounds
per inch of width).

P = Total observed maximum load in pounds on the test panel.

P = Load, in pounds, sustained by the material within the clamped
cs

=

supports,
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