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Summary

This report presents the results of tests performed at the Forest Products
Laboratory on curved plywood panels stiffened with a single circumferential
stiffener and loaded in axial compression. A relationship between panel
stiffness and the effectiveness of the stiffeners makes it possible to select
stiffeners of minimum size and maximum effectiveness. This relation was
obtained by an empirical analysis of data from tests of 105 stiffened panels.

Introduction

The critical buckling stress of a curved plywood panel subjected to axial
compression can be increased by gluing a single circumferential stiffener to
the center of the panel. If the stiffener is sufficiently stiff, the panel
may be considered as two panels, each having a length-to-width ratio half

iThe research here reported was begun during World War II in cooperation
with the Army-Navy-Civil Committee on Aircraft Design Criteria and was
completed by the Forest Products Laboratory because of its general
significance to plywood design theory and practice. This report was
originally issued in February 1950.

2Maintained at Madison, Wis. , in cooperation with the University of Wisconsin.
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that of the entire panel. The critical stress of the stiffened panel is, there-
fore, equal to the larger critical stress of the half-panel.

It has been showd-dthat the critical stress of a curved plywood panel sub-
jected to axial compression is approximately equal to the critical stress of
a plywood cylinder of the same construction, axial dimension, and radius,
unless the ratio of panel thickness to radius of curvature is very small. The
critical stress of such a cylinder, and, therefore, that of a curved panel.,
can be computed by methods previously described.i,.§.. The purpose of studies
described in this report was to determine the minimum stiffness of a stiffener
that will cause the curved panel to be broken up into two curved panels.

Thirteen groups of seven to nine similarly curved plywood panels, with
stiffeners of various sizes attached, were tested in axial compression.
Stiffeners were chosen so as to cover the range from no stiffness at all to
stiffnesses much greater than that required to divide the panel into two panels.
A study of the observed critical stresses and the size and type of buckle that
occurred led to a criterion for the critical stiffness of stiffener.

Because previous work indicated that inconsistent results were obtained when
critical stresses were greater than or near the proportional limit stress,
panels in this study were so designed that all the critical stresses were much
less than the proportional limit stresses. Consequently, the increases in
critical stresses due to stiffening were rather small (less than 65 percent).
For this reason, and because buckling was sometimes progressive making it
difficult to determine the critical stresses accurately, the results are erratic.
An analysis by statistical methods, however, yields a solution that is both
clear-cut and conclusive.

(uenzi, E. W. Buckling of Thin, Curved, Plywood Plates in Axial Com-
pression. Forest Products Laboratory Report No. 1508, Reviewed and
reaffirmed 1960.

±Werren, F., and Norris, C. B.. Effect of Axial Stiffeners on the Buckling
Properties of Thin, Curved Plywood Plates in Axial Compression. Forest
Products Laboratory Report No. 1567. Reviewed and reaffirmed 1961.

bvIarch, H. W., Norris, C. B., and Kuenzi, E. W. Buckling of Long, Thin,
Plywood Cylinders in Axial Compression. Forest Products Laboratory
Report No. 1322, with Supplements 1322-A and 1322-B. Reviewed and
reaffirmed 1956.

Kuenzi, E. W. Effect of Length on the Buckling Stresses of Thin-walled,
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Report No. 1514. Reviewed and reaffirmed 1959.
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Preparation of Test Panels

Yellow birch veneer of aircraft grade was bag-molded into seven-, five-, or
four-ply plywood of single curvature. The direction of the grain of each ply
was perpendicular to that of adjacent plies except in the four-ply construction,
in which the grain directions of the two inner plies were parallel to each other.
The radii of curvature were 24 and 30 inches. The axial length varied from
9-3/4 to 21-3/8 inches, the width from 23 to 29 inches, and the thickness from
0.059 to 0.152 inch.. The grain direction of the face plies of each plate was
either axial or circumferential. Test specimens used to determine the
elastic properties of the panels were cut from the four edges of each panel.

The stiffeners were constructed from 4-inch wide strips of 1/28-inch, quarter-
sliced Sitka spruce veneer. The number of plies was varied so as to produce
plywood thicknesses of 0.077 to 0.520 inch. The laminated strip was
assembled in a special jig which molded it to the desired curvature. The
4-inch, uncurved section at each end was removed and cut up into test
specimens for the determination of the modulus of elasticity. The curved
section was then cut into stiffeners of desired width.

The curved plywood panels were trimmed to size and then nail-strip glued to
end-support blocks (fig. 1). Then the stiffener was glued to the panel. The
nailing strips were left on the panel during test. Just before testing the panel,
each curved edge was run over a jointer to insure an even bearing in the
testing machine. Side support rails having slots 1/4 inch deep and just wide
enough to receive the thickness of plywood were slipped on the panel and held
in place by the friction fit. These rails were approximately 1/4 inch shorter
than the panel at both ends so that they did not bear against either loading head
of the testing machine.

Method of Test

The panels were tested in axial compression in the 25,000-pound mechanical
testing machine shown in figure 2. The specimen was placed on the center
of a 1-inch thick, machined steel plate. The plate rested on a slab whose
spherical base was supported by a seat on the lower head of the testing machine.
The upper head was lowered slowly, and the spherical base was adjusted to
obtain an even bearing on both loaded edges of the specimen. A small initial
load was applied, and the plate was locked in position by means of a machine
screw located at each corner (fig. 2).

Report No. 1812	 -3-



The panel curvature along the stiffener was traced on a sheet of paper, and
then the load was applied at a slow rate of speed until the panel buckled. If
buckling was rapid, the movement of the testing machine head was stopped,
and a second trace was made along the stiffener in its buckled condition. If
buckling was slow or progressive, it was difficult to detect the buckling load
exactly, and in these cases the load at the first noticeable indentation was
recorded as the critical load. A typical set of traces is shown in figure 3.
The curve D-1A was obtained from a buckled panel having no stiffener. The
next trace, D-2B, was obtained from a panel having a light stiffener. The
remaining curves show the buckling patterns of panels having progressively
heavier stiffeners.

Explanation of Table 1

All pertinent data obtained from tests are presented in table 1. The first nine
columns describe the stiffened plates. Column 10 lists the observed critical
buckling stresses, (per ). These are the critical loads divided by the cross-
sectional areas of the plates. The values in column 11 (p erp) are the
theoretical critical stresses for the plates, computed, as though no stiffeners
were attached, by the formulatt

perp = kE h
	

(1)

The coefficient k was obtained by the use of figures 4 and 5.

The ratios in column 12 are parameters involving the stiffness of the stiffener
(EI) s as computed by methods in Forest Products Laboratory Report No. 1557,1
the theoretical critical stress (per p), the radius of curvature (r), and the thick-
ness (h) of the curved plywood plates. These ratios are the abscissas in
figures 6 and 7. The ratios of the increase in critical stress due to a stiffener
of less than the critical stiffness to the increase due to a very heavy stiffener
are presented in column 13. The numerator is obtained by subtracting the
observed critical stress of the plate without a stiffener ( 	 from that of the•PcrO)
plate with a stiffener of a particular depth (pct.). The denominator is obtained
by subtracting the observed critical stress of the plate without a stiffener
(PcrO) from that of the plate with a very heavy stiffener (perm)• These ratios
are plotted as ordinates in figure 6.

smith, 'C. B., Heebink, T. B., and Norris, C. B. The Effective Stiffness of
a Stiffener Attached to a Flat Plywood Plate. Forest Products Laboratory
Report No. 1557. Reviewed and reaffirmed 1956.
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The values for the effective modulus of elasticity of the plywood in bending
measured (1) parallel and (2) perpendicular to the unloaded edges of the plates
(axial direction) are presented in columns 14 and 15, respectively. The bend-
ing specimens were cut from the edges of the panel before testing in axial
compression. These specimens were 1 inch wide and were tested on a span
length 48 or more times the thickness of the specimen when the face grain
direction was parallel to the span, and 24 or more times the thickness when
the face grain direction was perpendicular to the span. Thus, it was not
necessary to correct for shear deformation. The specimens rested on end
supports rounded to a radius of approximately 1/16 inch. The load was
applied at the center with a bar approximately 1/8 inch in radius.

The values for the effective modulus of elasticity of the plywood in compression
measured (1) parallel and (2) perpendicular to the loaded edges of the plate are
listed in columns 16 and 17, respectively. The compression specimens were
1 inch wide and 4 inches long, with the face grain directions parallel and per-
pendicular to the direction of the load. Because the specimen was relatively
thin, an apparatus consisting of thin spring fingers was used to give lateral
support. The strain was measured over a 2-inch gage length with a Marten' s
mirror apparatus. Load-deformation curves were plotted as each test was
run.

Column 18 contains values of E L which can be computed from the relations

E 1 + E2 = E a + Eb = EL + ET = EL (1 + C)

E l + E 2 + Ea + Eb
EL was assumed to be 	 for yellow birch.

2.10

The values for the modulus of elasticity of the stiffeners in compression are
shown in column 19. These were obtained from tests of 1- by 4-inch specimens
cut from the uncurved ends of the stiffeners.

Analysis of Experimental Results 

In a study of stiffened, flat plywood plateslt a successful analysis of the
experimental results was accomplished by evaluating the ratio of the observed

–H8 eebink, T. B., March, H. W., and Norris, C. B. Buckling of Stiffened,
Flat, Plywood Plates in Compression--A Single Stiffener Perpendicular
to Stress. Forest Products Laboratory Report No. 1553. Reviewed and
reaffirmed 1956.
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(2)

(3)

increase in the critical stress due to a stiffener of less than the critical stiff-
ness to the observed increase due to a heavy stiffener, and then plotting this
ratio against the similar ratio derived from theory. In the case of flat plates,
this method resulted in a plot from which it was possible to derive an
equation for the critical size stiffener. However, there is no theory
available for computing the critical stress of a stiffened, curved plywood
plate or the stiffness of a curved stiffener. As an approach to the problem,
the ratios of the observed increase in the critical stress due to a stiffener to
the observed increase due to a heavy stiffener were plotted as ordinates
against an empirical, nondimensional parameter (fig. 6). The parameter
chosen was:

(EI) s

Pc rp r2 h2

which can also be written:

(EI) s 

kEL rh3

Three requirements were considered in making the choice: (1) the parameter
must be nondimensional, (2) the parameter must, essentially, be the ratio of
the stiffness of the stiffener to that of the curved plywood, (3) the radius of
curvature must enter the parameter in such a way that, when the data are
plotted, the points will not separate into two groups, one group representing
panels of one radius of curvature and the other group, panels of the other
radius. It is evident that the first two requirements are satisfied by the form
of the parameter chosen. That the third requirement is satisfied can be seen
in figure 6, in which experimentally determined values are plotted against this
parameter. The data for both radii of curvature intermingle in the plot.

It was expected that in figure 6 the points would group themselves about a line
from the origin to some point on a horizontal straight line through the
ordinate 1.0 and thence along that horizontal	 An examination of
figure 6 shows that, for values of abscissas up to about 0.5, the points are so
widely scattered that it is impossible to represent them with reasonable
accuracy by a single curve. The principal reason for this scatter is that the
behavior of a plywood cylinder (and, therefore, a curved plate) buckling under
axial compression is analagous to that of a column with a nonlinear elastic
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support. The buckling load of such a column is greatly affected by
irregularities in shape or in material. This sensitivity is greater for a
cylinder or curved plate than for a flat plate because there is an additional
dimension in which these irregularities can manifest their effects.

In order to reduce the data statistically and use it to arrive at the critical
size stiffener, figure 7 was prepared. The ordinates are the root mean
squares of the deviations from unity, of the ratios of the observed per to the
maximum observed perm for all points having values of abscissas equal to or
greater than the abscissa represented.

If the stiffener has a stiffness greater than the critical value, it will not

buckle when the panel buckles. Thus the root mean square of 
P

...._9..L 1(
Pcrm

should be independent of the stiffness of the stiffener. However, if this stiff-
ness is less than the critical value, the critical value of the stress becomes
less than that for a panel adequately stiffened because the stiffener buckles

p cr 
with the panel. Thus the root mean square o 	  1 increases as the

Pcrm )
stiffness of the stiffener is reduced, and the value at which this increase
begins is the critical stiffness of the stiffener. Figure 7 shows that this
increase occurs at a value of the abscissa of approximately 0.4.

The critical stiffness of a circumferential stiffener, then, is given by

(EP scr = 0.4 Pcrp r 2 h
	

(4)

However, this equation is empirical and should not be used for ratios of ply-
wood thickness to radius much outside the range of this ratio for the panels
tested; that is, outside the range from 0.0019 to 0.005'.

Conclusions

The critical stress of a curved plywood plate in axial compression can be
increased appreciably by attaching a small, circumferential stiffener at the
center of the plate. The critical size of such a stiffener can be computed
from the relationship

Report No. 1812	 -7-



- 0.4

P rp r2 
h2

c 

This relationship was developed empirically after making several assumptions
and approximations. However, the study was based on data from tests of 105
stiffened plates, so the relationship appears to be a safe criterion for design
purposes if the range of the test data is not greatly exceeded.

The critical stress of a circumferentially stiffened, curved plywood panel
is that of half the unstiffened panel if the stiffener attached has a stiffness at
least that of the critical value given above.

Notation

The following symbols are used in this report. All quantities are in inch and
pound units.

h = thickness of plywood.
k = coefficient in equation (1) determined from Forest Products Laboratoiy

Report No. 1322 and No. 1514.
L = the length of an unloaded edge of the curved plywood plate, measured in

the axial direction.
a = the length of a loaded edge of the curved plywood plate, measured along

the circumference of the curve.
r = mean radius of curvature.
Ea = effective modulus of elasticity of plywood in compression measured in

the circuriiferential direction of a curved plate.
Eb = effective modulus of elasticity of plywood in compression measured in

the axial direction of a curved plate.
E1 = effective modulus of elasticity of plywood in bending measured in the

axial direction of a curved plate.
E2 = effective modulus of elasticity of plywood in bending measured in the

circumferential direction of a curved plate.
EL = modulus of elasticity of wood in the direction parallel to the grain.

E l 1- E2 4- Ea Eb	
(Assumed to be	 for yellow birch.)

2.10	 .
Es = modulus of elasticity of a Sitka spruce stiffener in the direction parallel

to the grain, as determined from a compression test.
d = depth of stiffener (perpendicular to the plane of the plywood plate).

(EI)

Report No. 1812
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t = width of stiffener (parallel to the plane of the plywood plate).
= observed critical compressive stress for the buckling of a stiffened,per curved plywood plate.

PcrO = observed critical compressive stress for the buckling of an unstiffened,
curved plywood plate.

Pcrm = observed critical compressive stress for the buckling of a stiffened,
curved plywood plate having a stiffener large enough to cause the
plate to buckle as two independent plates.

= theoretical critical compressive stress for the buckling of an unstiffened,Pcrp
curved, plywood plate.

(Ei) s = a measure of the stiffness of the stiffener, computed about a neutral
axis, whose position is found by the following formula (Forest
Products Laboratory Report No. 1557, equation 68).

d + h
E

b
h

1/4
1T ce

(EEa

where

cr = Jk+ Vk2-1

and

k -11 EaEb

21-1•LT

cr	 EL L

Eb

(EI) = the minimum stiffness of a stiffener that will cause a plywood platescr
to buckle as two independent plates.

zn = distance from the center of the plywood to the neutral axis which has
been shifted by attaching a stiffener to the plywood.

P.LT = shear modulus in the LT plane as determined by the plate shear test.
crTL = Poisson' s ratio of extension in the longitudinal direction to compres-

sion in the tangential direction due to a compressive stress in the
tangential direction. (Assumed to be 0.02 for yellow birch.)

Z - 1n 2	 ZahE a
+ 1+

Es d

tdEs
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Figure 2. --Illustration of the method of test used on both
stiffened and un.stiffened panels.
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