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Bummary and Conclusions

A mathematical analysis of the critical stress of a plywood plate in edge
compression stiffened by means of a stiffener glued to the plate is pre-
sented in this report. The analysis ylelds an approximate formula for
the minimum stiffness of the stiffener requlred to cause the plate to
buckle into 2 half-waves rather than into 1., The data from 371 tests of
60 plates suggest a modification of the formula by an empirical factor,
probably made necessary by the original lack of flatness of the plates.

Introduction

The critical buckling stress of a flat plywood plate with simply sup-
ported edges in edgewise compression can be increased appreciably by the
addition of & small stiffener at the center of the plate and parallel to
its loaded edge. A sufficlently large stiffener will restraln the plate
so that it will buckle in two half-waves with a node at the stiffener.

If the depth of the stliffener is slightly reduced and the plate again
loaded, the node between the 2 half-waves will move awsy from the stif-
fener, and the buckle pattern will show 2 unequal half-waves. Such buckle
patterns are consistent with the mathematical analysls given hereln.
Further reduction of the depth of the stiffener will allow the plate to
buckle in a single half-wave somevwhat flattened in the vilieinity of the
stiffener. This flat spot will decrease in length as the depth of the
stlffener 1is decreased until, when the stiffener 1s entirely removed, the
buckle trace will be nearly a perfect sine curve. This evolution of the
buckle pattern as viewed along the center line perpendicular to the
stiffener 1s shown by traces of the various patterns in figure 1.

}This 1s one of a series of progress reports prepared by the Forest
Products Laboratory relating to the use of wood in aircraft, lssued
in cooperation with the Army-Navy-Civil Committee on Alrcraft Design

Criteria, Original report published in 1946,
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If the stiffener 1s sufficiently stiff, the plate may be considered as two
plates each having a length-to-width ratio of half that of the entire
plate, The critical stress 1s therefore greater than that of the unstif-
fened plate. As the stiffener is reduced in depth, the critical stress
remains constant at this higher value until the plate buckles into a
single half-wave. From this point the critical stress steadily decreases
wlth the reductlon of the stiffener down to the crltieal stress of the
unstiffened plate. Many of the plates having stiffeners of nearly the
critical slze act peculiarly in theilr buckling behavior. There is a ten-
dency for the critical stress to increase slightly as the decreasing
stiffener size passes the critical polnt.

This report presents a mathematical analysis of the critical stress of
such plates in which an approximate formula is derived for the minimum
stlffness of the stiffener necessary to cause the plate to act as two
plates. The data from 371 tests of 60 plates suggest an empirical modifi-
catlon of the formula for use 1n deslgn.

Mathematical Analysis

Consider a plywood panel (fig. 2) with a central horizontal stiffener, and
let the dimensions of the panel be such that without the stiffener it
would buckle into a single half~wave when subjected to a sufficiently
large compressive load. All edges are assumed to be simply supported. It
is also assumed that the torsional rigidity of the stiffener can be
neglected and that the effect of the stiffener 1s concentrated along the
center line of the panel. An approximate method will he developed to
determine the least stiffness of the stiffener that will cause the panel
to buckle into 2 half-waves instead of 1 when sufficient compressive load
1s applied. A method of derlvetion will be adopted that will furnish a
means of interpreting the buckling patterns that are experimentally
observed., It will be assumed that the panel 1s initlally not perfectly
flat. The initial small departure from perfect flatness can be repre-
sented by the following double Fourier'!s series:

wc,.=ZZa,iJ sin 1 ax sin j By (1)

where a = g, B = g, and 1 and J are integers that may take values from

1 to w. Later it will be assumed for purposes of approximation that only
2 of the coefficients ajy j are different from O. The early stages of the

calculations will be carried out for the general form.

Since the panel is not initially perfectly flat, 1t will deflect laterally
under the action of even a small compressive load P per inch of edge.

The deflected surface at any load will be represented in the following form:
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=ZZbiJ sin 1 ax sin J By (2)

In accordance with (l), since the stiffener i1s attached to the panel the
initial departure of the stiffener from perfect straightness is given by

Vog = L L 8y4 sin 1 ax sin Jg = Zhi sin 1 ax (3)

W
here y-1

A =X B e, (1)

4 odd

In accordance with (2), the deflection of the stiffener under compressive
load, as measured from & straight line, is given by

Wy = ZlBi sin 1 ox (5)
J -1
By = X-1) 2 by, (6)
J odd

The energy method will be used to determine the values of the coefficients
bij in terms of the coefficlents aij for a given value P of the load per

inch of loaded edge. These coefficients determine the shape of the

panel in equilibrium under a glven load. For this purpose 1t is necessary
to calculate the flexural energies of the plate and stiffener and the

loss 1n potential energy of the load due to the vertical shortening of
the distance between the loaded edges assoclated with the bending of the
plate.

The flexural energy of the plate 1s given by the expression

S

2 2 2
5(w - wo} 8 (w - Wo) (w = Vb)
2B + dx
LOTL ~ o2 o072 uT T oxoy l fd’

2
+ EQ[B (v - wb) +

&y~

where coefficients have the meanings given them in Forest Products
Laboratory Reports Nos. 1312 and 1316 and in the table of notation.

After substituting (1) and (2) in (7) and performing the integrations,
it is found that
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W o= %SB?H) E{ oL T 1“(b13 - agg)? + EgBUL L g¥(byy - 814)2

(8)
QAQ‘?BQZ Y. izja(bij - 849 )2}
where
A = Epopr, + 2\ (9)

The flexural energy of the stiffener is given by the expression

Wy (Eé)sflzaz(wz)g- Wos):lad_x (10)

o]

where (BI). denotes the stiffness of the stiffener as calculated by the
method described in Forest Products Laboratory Report No. 1557.

After using equations (3) and (5) and performing the integrations, it
1s found that
(EIL) o

=—j— 3 1*(p; - ay)2 (11)

The loss 1n potential energy of the load is equsl to the work done by
the load during the shortening of the panel due to bending. Hence,

oot @k o

where P is the applled load per inch of edge of the panel,

After using equations (1) and (2) and performing the integrations, 1t is
found that

2

For equllibrium the expression

W=W +W - W (14)
is & minimum.
In accordence with (8), (11), and (13),
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W=Dy %E{ZZMJ(MJ - a44)? +"2$cz4214(13i - A2 15)

2
Pp 2 2 2

where
My = ot 4 splst 4 2e0Pp21242 (16)
Do
5 =5 (17a)
K
€=py (170)
ET
y - e (17¢)
Ejn3
Dy = THr~ (18.)
Eph3
D2 = 757 (18b)
Ah3
K = 15% (18¢c)

The conditions for equilibrium are then

oW

e = ()
Sbij 4

’ S: 3ye0ee (19)

It 1s possible to complete the analysis based on this infinite system of
equations., Approximate results, however, can be obtained by supposing
that all coefficients biy and 84y are O with the exception of bjj, byp,

811, and 812. This means that only 2 "modes" of deflection are considered,

the mode (1,1) in which the deflection 1s proportional to sin ox sin By
and the mode (1,2) in which the deflection is proportiomal to sin ox sin
2By. The mode {1,1) has no nodes except at the edges of the panel, while
the mode (1,2) has a node at the stiffener also. The consideration of
these two modes is sufficient to provide an explanation of the observed
buckling patterns. Further, the consideration of 2 modes only leads in
a simple way to an approximate expression for the stiffness of the stif-
fener necessary to meke the plate buckle into 2 half-waves.

Equation (19), after omitting all coefficients except those mentioned
previously, ylelds two equations, which are:
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2
sW_ _ Diab lyolta PB=2b;
by " Pq1(byy - en) + TH=(byy - agy) - - } =

W _ Diab ] 5
oo - —r{ehe(bm - 810) - 5— Bb1p

From these equations the following values for bjj and byp are readily
found:

(20)

al]
b, =T F (21)
l - —
P11
a12
b1 = M (22)
P1o
)‘1 27&! 1+
l b
Dy A
M2
12 %2
After introducing the expressions for M1y end xle and making the substi-
tutions indicated by equations (17) and (18), The following values are
obtained for Pll and P12
@ b2
Py = E[El - 2A + Ep 2}_ + 2R (EI) (25)
_2 o B2 4a?th3

It may be seen from equations (21) and (22) that Py7 is the critical

load at which the stiffened panel buckles in a single half-wave and that
P1p 15 the critical load at which the stiffened panel will buckle in two
haIf-waves. If the panel buckled in two waves, there would be a node at
the stiffener of an initially flat panel. If, however, the panel is not
perfectly flat initially, the mode (1,1) may be expected to be present
in the Fourler representation of its surface. The amplitude of this
mode will be increased to a greater or lesser extent, depending upon the
stiffness of the stiffener, as the load approaches the critical load Py,.

The resulting combination of the modes (1,1) and (1,2) will lead to a
buckling pattern consisting of two unequal half-waves, and the stiffener
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will be bent. If the stiffener 1s very stiff, the development of mode
(1,1) to any great extent is prevented, and the panel buckles into two
nearly equal half-waves. An illustration will be given later of the
relative amplification of the two modes for different stiffnesses of
stiffener. Equation (26) agrees with equation (1) of Forest Products
Laboratory Report No, 1316 for the case of a buckle form of two half-
waves, and equation (25) agrees with the same equation for the case of
a buckle form of a single half-wave, except for the added term due to
the presence of the stiffener, It should be noted that equations (25)
and (26) are written for critical load per inch of edge, while equation
(1) of Report No. 1316 1s written for critical stress.

Let (EI)g be increased through a series of values. A study of equations

(25) and (26) together with (21) and (22) shows that the panel will
buckle in mode (1,1) with some amplification of the mode (1,2) until
(EI)s is so large that

P17 = P2

that 18, until
,@[ w2 2 423
5% B 2 + 2A + Eg;g}%g + 27 u(EI) = _é_[El Z;g + 2A + Bn bg )

From thlis equation it follows that the critical value of (EI)s at which
the plate will buckle into two half-waves with a node at the stiffener

is
h3v by
(EI)BCI‘ = E)\.—[Ee %E - E El:' (27)

A square panel of isotropic material with a central horizontal stlffener
will be eonsidered for the purpose of illustrating the relative rates of
increase of the amplitudes by and byp of the modes (l,l) and (1,2) from

thelr initial values aj; and a1p for different stiffnesses of the stif-

fener as the load approaches a critical value. Since the panel 1s
1sotropic

By using these relations and the fact that the panel is square, equa-
tions (25) and (26) are reduced to the forms

P11 = %- -"‘; [u +2 %%(Ex)s} = Do2(h + 2y) (28)
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_25En3 2 _ 25

It will be convenient to write equations (21) and (22) in the forms

b1y 1
a1 P (30)
11 1 = -

Py

b2 1 1
P P = T (31)
12 1 - 5— 1 - o B R
P Piz P11

For glven wvalues of y 1t 1s then possible to calculate Ell and Blg for

- 811 812
various values of P. For example, if y = 0.5, Pyy = 5Do~ and Pip =
6.25D0f, The following results are then readily obtained:

1f P = 0'5Pll bu = E&ll b12 = 1.678,12
P =0.TP b1y = hapy bip = 2.581p
P=0.53P byy = 10813 bj2 = 3.5Ta12

These results and those for other values of y are plotted in figure 3.
The least value of y for which the panel will buckle into 2 half-waves
is found to be 1.125 by equating Py; and Pyo as given by equations (28)

and (29). The curves show that for values of y in the neighborhood of
this criticel value there is nearly equel amplification of the ampli-
tudes of the modes (1,1) and (1,2). The vertical asymptotes at the
right in figure 3 correspond to the critical load Pjj when y < 1.125
and to Pjp when y > 1,125, T

From this example it is clear that the initlal lack of flatness of the
panel will complicate the observed form of the deflected surface of the
panel as the load 1s graduaslly lncreased to the buckling load. The
initial departure from perfect flatness must be small 1f the preceding
discussion is to apply. If 1t is not, membrane stress will be developed,
and the situation will be more complicated. This may account for some
of the scatter of the experimental points.

For the purpose of obtaining approximate results in relatively simple
form, only two modes (l,l) and (1,2) of the deflection pattern were
consldered. More exact results can be obtained by carrying the analysis
through for the general form of equation (15). A general anaslysis has
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been carried out by Lundquistg from a somewhat different standpoint

for the case of several horizontal stiffeners. Timoshenko3 has treated
the case of an isotropic panel with horizontal stiffeners, Values of
y for isotropic plates, obtained by substituting in equation (17c¢) the
values of (EI)g given by equation (27) based on only the 2 modes con-

slidered, are found to average about 6 percent less than those given by
Timoshenko,

Description of Stiffened Plates

The plates were cut from yellow birch plywood of alrcraft grade. Three
different thicknesses and constructions of plywood were selected:

(1) 3 plies of 1/16-inch veneer, the direction of the grain of the
core perpendicular to that of the faces; (2) U4 plies of 1/20-inch
veneer, the direction of the grain of the 2 inner plies parallel to
each other and perpendicular to that of the outer plies; and (3) 5
plies of l/20-inch veneer, the direction of the grain of each ply
perpendicular to that of adjacent plies., The plates varied in width
from 8 to 12 inches and in length from 6 to 20 inches. In the tests
the load was applied to edges of the plates having the 8- to 12-inch
dimensions., The direction of the grain of the face plies of each plate
was parallel or perpendicular to the direction of the load.

The stiffeners were made of sitka spruce and varied in width from
1/8 to 3/8 inch and in depth from O to 1 inch. Each stiffener was
cut l-l/ inches shorter than the width of the plate to which 1t was
glued, as shown in figure 2.

Before assembling, both the plates and the stiffeners were condltioned
in an atmosphere of 65 percent relative humldity and a temperature of
70° F. After assembly, they were stored under the same conditions
until the time of test.

Method of Test

The following conditions are assumed in the theory and were approxi-
mated in the tests: The plywood is initially nearly flat; all four
edges of the panel remain in a plane and are simply supported; and the
loaded edges are displaced with respect to each other uniformly across
the width of the specimen.

2Lundquist, E., Journal of Aeronautical Sclences 6: 269, 1939,

3Timoshenko, S., Theory of Elastic Stability, p. 378 and table 41, p.
379, New York, 1936.
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The restraining frame used (fig. 4) is described in Forest Products
Laboratory Reports Nos, 1316-D, E, and G except that the conditions at
the loaded edges of the test specimen were slightly modified. The
loaded edges of the specimen were fitted into segmented cylindrical
steel rods instead of the continuous rods previously used, which were
in turn held in position by the loading head shown in figure 5. The
top and bottom loads were applied to the heads through two sets of
knife edges, each set free to rotate about a single axls perpendicular
to the plane of the specimen. The unloaded edges of the test specimen
were positioned as shown in figure 6.

The segmented rod was used to increase accuracy in the determination
of critical loads of low values. In the present investigation it
was necessary to choose the dimensions of the plates such that the
critical loads obtained with a heavy stiffener were well below the
proportional 1limit of the material and also to determlne the critical
loads after the stiffeners were removed., The critical loads when the
sltffeners were removed were so low that they were unduly influenced
by the restraint imposed by the solid rod previously used.

The testing procedure was as follows:

The dilmensions of the specimen were measured, the thickness to 0.001
inch and the length and width to 0.0l inch. The width and depth of
the stiffener were measured to 0.00L inch.

The edges of the specimen to be tested were snugly fitted into rec-
tangular slots in the segmented cylindrical steel loading rods. The
segments were spaced upon the specimen so as to allow approximstely
l/l6 inch between them. Tension springs whose free length was
approximately 9/10 of the length of the unloaded edge of the specimen
were attached to screws fastened to the loading rods 3/16 inch from
the unloaded edges of the specimen. Clamps were applled to the
stiffener near its ends to prevent its separation from the plywood
plate. A specimen prepared for test is shown 1n figure 7.

The restralning frame was placed on the bed of the testing machine
and centered beneath the upper set of knife edges. The 2 guide rails
for 1 face of the specimen were adJjusted by means of the adjusting
screws to be vertlcal and in a plane. The lower loading head was
placed on the lower set of knife edges and centered in the restraining
frame. The speclmen was set in the frame; the upper loading head was
placed on the specimen and the movable posts of the restraining frame
adjusted to be vertical and just to clear the unloaded edges of the
specimen. Then the adjustable ralls were moved toward the specimen
until & 0.002-inch clearance was obtained between the tension springs
and rails. The edge conditions at time of test are shown in figures
5 and 6, A stiffened plate ready for test is shown in figure 8.
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Data for load-strain curves were observed, and the load increments were
80 chosen as to define clearly the slope of the curve. The strain was
measured by means of metalectric strain gages mounted on each face of the
specimen at the center of the width and Jjust below the stiffener. The
straln was read to the nearest 0.00001L inch. These gages were mounted
directly opposite each other and were connected in series so that they
recorded the average compressive strailn. Loading of the specimen was
continued until the strain began to decresse.

Each plate was tested first with a stiffener of l-inch depth (perpendicular
to plate). Then the depth was reduced and the specimen tested again.

This was continued until the stiffener wes reduced to nothing and the

Plate alone had been tested.

Coupons were cut from the specimen after test, from which the elastic
properties were obtained. They include 1 for a static bending test, the
face graln parallel to the span; 1 for a static bending test, the face
grain perpendicular to the span; 2 for compression tests, the face grain
parallel to the direction of applied stress; 2 for compression tests,
the face grain perpendicular to the direction of applied stress; and 1
for a plate shear test.

The static bending tests were made to determine the effective modulus of
elasticity in bending parallel and perpendicular to the face grain. The
specimens were tested as simply supported beams centrally loaded. The
coupons were 2 inches wide, and the spans used were 48 or 2L times the
thickness of the coupon when the face grain was parallel or perpendicular
to the span, respectively.

The coupons that were tested in compression were 4 inches long by 1

inch wide by the thickness of the plywood and were tested in & device that
provided laterasl support to keep the specimen in the plane of the. load.
The effective moduli of elasticity in compression were thus obtained in
the two different grain directions.

Plate shear tests were made to determine the shear modulus of the plywood.
The coupons were cut into squares in which the dimensions of the sides
were 30 to 4O times the thickness. The test is described in Forest
Products Laboratory Report No. 130L.

The stiffeners, prior to attachment to the plywood, were tested as

gimply supported beams centrally loaded on a span of 1k inches to deter-
mine the modulus of elasticity.
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Determination of the Critical Load

The critical stress of flat rectangular plywood plates subJected to a
unlformly distributed compressive stress applied either parallel or
perpendicular to the directlon of the face grain of the plywood and
buckling in (n) half-waves has been defined by formule (1) in Forest
Products Laboratory Report No. 1316 as follows:

Por = o) BL v 3 t B2 T3 [ (32)

This formulae was substantiated experimentally in Forest Products Laboratory
Report No. 1316-D. In this substantiation the original lack of flatness

of the panel was campensated for by slightly bending the edges of the
plate. It was then possible to determine accurately the critlical load

from the load deflection curve cbtained in the test. In the present
investigation it was not practical to use this method because of the
presence of the stiffener, and a different method was adopted and checked
agalnst equation (32),

The critical stress can be defilned as the stress at which the compressive
strain in the center of the plate is relieved. The relieving action,
however, does not take place instantly due to lack of origlnal perfect
flatness of the plate and variations in its elastic properties. The
stress at which the average compressive straln at the center of the plate
stops increasing and starts decreasing with an increasing load 1s taken
as the critical stress (fig. 9). In other words, the critical stress is
the stress at which the slope of the load-strain curve becomes parallel
to the load axis.

Computed critical stresses for each plate without a stiffener (n = 1)
and for each plate having a stiffener of sufficient stiffness to hold

the buckle in two half-waves (n = 2) sre compared with observed values
in figure 10. The computed and cbserved values of stress are each
divided by the proportional limlt stress of the material and are plotted
as abscissas and ordinates respectively, The inclined straight line in
the figure passes through points that indicate perfect agreement between
the theory and test results. Although the individual points scatter
consliderably, the average of the experimental critical stresses was
within 2 percent of the average of the computed critical stresses. The
method used in the present investigation for the determination of the
critical stress 1s therefore, on the average, an adequate one, but the
observed critical stress of an 1ndividual panel may be 1n error.
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Explanation of Tables

The pertinent data obtained from the tests are presented in tables 1 and 2, The
first seven columns in table 1 contain a description and dimensions of the stif-
fened plates. In column 8 are listed the critical stresses of the plates with
the stiffeners removed as obtained from equation (32) with n = 1. Column 9 con-
tains the critical stresses obtained when the stiffener 1s very stiff, which
were computed by use of the same formula with n =2, Columns 10 and 11 conteiln
the corresponding values obtained from test. These values were obtained by
dividing the observed critical loads by the area of the cross section of the
plate, Ratios of critlical stresses to the proportional limit stress of the ply-
wood are presented in the next four columns., The values in columns 12, 13, 1k,
and 15 are those in columns 8, 9, 10, and 11, respectively, each divided by the
values in column 22, The next seven columns contain data from minor tests of
the plywood and the stiffeners. The effective modull of elasticity of the ply-
wood in bending measured parallel and perpendicular to the side of length a are
presented in columns 16 and 17. These values were obtained from the static
bending tests using the formula 3

1

El or E2 = ib;‘:%y

where P' is load in pounds, L is span in inches, b is breadth in inches, 4 1is
depth (thickness of plywood) in inches, and y is deflection at center of span
in inches.

The effective modull of elastlicity of the plywood in compression measured paral-
lel and perpendicular to the side of length a are presented in columns 18 and
19 and were obtained from the laterally supported column compression tests by
the formuls PIL

Ey or Eb = K§—
where P' 1s load in pounds, L is gage length in inches (2 inches), A 1s cross

sectional area in square 1nches, and y 1s deformation in gage 1engtﬁ in inches.

Column 20 contains the moduli of elasticity of the sitka spruce stiffeners as
determined from the static bending test usi%g the formula
P'L
B, =
5 7 lpady
where P' 1s load in pounds, L is span in inches, b is breadth in inches, d is
depth in inches, and y is deflection at center of span in inches.

Column 21 contains the shear moduli in the LT plane obtained by using the data
from the plate shear test and the formula
3 Pu?
Hor = 2 h3w
where P is load in pounds, u is gage length in inches, h 1s thickness in inches,
and w 1s deflection in inches.

The proportional 1limlt stress of the plywood material was observed during the
laterally supported column compression tests and computed by the formuls
Pl
Ppr = K
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where P' is load at proportional limit in pounds and A 1is cross sectional
area in square inches.

Column 23 contains some pertinent remarks concerning the behavior of the
stiffened plate during test.

Table 2 contains the observed critical stress and the two ratios plotted
in flgure 11 for each depth of stiffener. The observed critical stress
was obtalned by dividing the observed critical load by the cross sectional
area of the stiffened plate. The ratlos presented are 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. The denominator
in each case is obtained by subtracting the observed critical stress of
the plate without a stiffener from that of the plate with a very heavy
stiffener. The numerator of the observed ratio is obtained by subtracting
the observed critical stress of the plate without a stiffener from that
of the plate with a stiffener of that particular depth. The numerator

of the computed ratio is obtained by using equation (34).

Analysis of Experimental Results

The methematical anslysis suggests that the ratio obtalned from experi-
ment of the increase in the critical stress due to a stiffener of less

than the c¢ritical stiffness to the increase due to a heavy stiffener

be plotted against the similar ratio obtained by theory. The critical

load per 1nch of width of a plate with a stiffener of less than the critical
stiffness is given by equation (25), and the critical stress is

Perp gi[zl g + 2A + aEE + 2@ EE’E(EI)S (33)

A comparison of this equation with equation (32) when n = 1 shows that
the first part of the right hand member is equal to the critical stress
Pcrp of the plate with the stiffener removed, provided the plate has

such dimensions that it will buckle into a single half-wave. Edquation
(33) can therefore be written

b
Pey = Perp < 2“2 E;E(EI)S (34)

The right hand member 1s the lncrease in the critical stress due to the
presence of the stiffener.

The maximum critical stress that the stiffened plate can attain is
obtained when the plate buckles into two half-waves. The critical load
per inch of width of the plate is given by equation (26), and the
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critical stress p,,., is given by equation (32) when n =2, Using
equation (32), wign n = 2 and when n = 1 the followlng equation can be
obtalned:

2n2p2 . a1
pcrm - Pcr'p = TA;})F[EQ ;;)I - K El:l (35)

This equation can be combined with (34) and (27) with the following
result;

Pcr = Perp (EI)g (36)
Perm - Perp (ET)ger 3

If values of the left hand member of this equation are plotted as ordi-
nates and values of the right hand member as abscissas, a straight line
connecting the origin with the point 1,1 is obtained. At this point

Per © Perm

and, therefore, greater values of the ordinate cannot be obtained. The
stiffness of the stiffener, however, i1s not limlted, and therefore the

values of the absclssa are not limited., This fact is represented by a

line starting at the point 1,1 and drawn parallel to the X-axis. These
two lines are drawn in figure 11.

The experimental data are also plotted in flgure 11 as points. The
ordinates of these points were determined by substituting experimental
values in the left hand member of equation (36). The critical stress

of each panel wilth the heaviest stiffener with which 1t was tested was
substituted for po,p. These values were taken from column 11 of table 1,

The values for p rp are those obtained from tests of plates from which
the stiffeners Were removed and were taken from column 10 of the same
table. The experimental values of Ppr Were taken from table 2.

The abscissas of the experimental points were calculated by use of the
expression

2,2 —h—:‘t(EI)S .
Perm - pCrp ( )

which is mathematically equivalent to the right hand member of equation
(36). 1In this expression, experimental values were substituted in the
denominator and theoretical values in the numerator. The stiffness of
the stiffener (BI)g is computed about a neutral axis, the position of
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which is found by the followlng formula obtalned from Forest Products
Laboratory Report No. 1557, equation (68):

g = k d +h )
no2 2ahBa Egh
E, 1 +1l+g5a
(=% tdE,
By
where a =~k + 52 -

k =VEaBp _ oTIEL
2uT JEaEb

The plotted points in figure 11 scatter considerably but nevertheless
groyp themselves around the two straight lines OAC. They more approxi-
mately follow the curved broken line from O to B and then along BC.

The scabtter can be attributed to several causes: There are small errors
due to the approximate method used in the theory; there are also some
approximations made in the derivation of the formula for (EIL)g; and,
probably most important, the plates tested were not perfeTtly flat. As
1is pointed out in the mathematical analysis, even a very small departure
from perfect flatness complicates the situation considerably. Also,
this irregularity affects the accuracy of the observations of the critical
loead, as 1s illustrated by the scatter of the points in figure 10.
Although the plywood was carefully selected for initial flatness, the
cutting of the specimen and the gluing of the stiffeners tend to warp
the plate.

A1l the plates reach unit ordinate between abscissas of 0.7 and 1.7.
Therefore, for design purposes, stiffeners having a computed ratio of

(EI)g
[ - (abscissa of fig. 11) of 1.8 or more are sufficiently stiff to

produce the maximum critical load of the plate. If the computed ratio is
equated to 1.8 and the equation solved for (EI)g, a formula for the
critical size stiffener is obtained, thus:

60 a0 = 5[ m 27 - F 21 (37)

The critical stresses of plates for which values of the ratio (EI)S
:EIJSCT

lay between the limits of 1.2 to 1.7 were sometimes higher than that

indicated by the theory; that is, higher than peyp. Also, in this range

the stiffeners seemed likely to fail in bending whnen the plate buckled. It

1s suggested that this range be avoided in the design of stiffened plates,
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Notation

The following symbols are the major ones used in this report, All quantities
are in inch and pound units.

the length of the loaded sides of a plywood plate for compressive loads.

a

b the length of the unloaded sldes of a plywood plate for compressive loads,

By = effective modulus of elasticity of plywood in compression measured
parallel to the side of length a of plywood plates.

Ey = effective modulus of elasticlty of plywood in compression measured
perpendicular to the side of length a of plywood plates.

Ei = effective modulus of elasticlty of plywood in bending measured parallel
to the slde of length a of plywood plates.

Ep = effective modulus of elasticity of plywood in bending measured perpen-
dicular to the side of length a of plywood plates.

E1, = modulus of elasticity of wood in the direction parallel to the graln
(assumed to be %Q(El + E2)).
1

Eg = modulus of elasticity of sitka spruce stiffener in the direction
parallel to the grain, as determined from a static bending test.

d = depth of stiffener (perpendicular to the plane of the plywood plate).

t

]

width of stiffener (parallel to the plane of the plywood plate).

Per = critical compressive stress for the buckling of a stiffened plywood
plate., Computed values are obtained by use of equatlon (25).

Perp = critlical compressive streegs for the buckling of a plywood plate
having no stiffener.

Perm = critical compressive stress for the buckling of a stiffened plate
having a stiffener large enough to cause a two half-wave buckle.

pp1, = proportional limit stress of the plywood material as obtained by
compression minor tests.

(EI)s = a measure of the stiffness of the stiffener. Product of modulus
of elasticity and moment of inertia.

(EI)BCr = the minimum stiffness of the stliffener required to cause a
plywood plate to buckle into two half-waves.
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opy, = Polsson's ratio of extension in the longitudinal direction to
compression in the tangential direction due to a compressive stress in
the tangential direction (assumed to be 0.02 for yellow birch).

upr = shear modulus in the LT plane as determined by the plate shear test.

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

Report No. 1553 -18- .3-35
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P= LOAD PER INCH OF EDGE
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Figure 2.« siiffened plate, swewing dioensions, posltten of stiffener,

and direction of stress.
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Figure 4.--Side view of panel buckling apparatus showing
movable post in place.
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Figure 6.--Detail of edge support for panel
bucikling test of stiffened flat plywood

zZ NEMYY Y plates.



Figure 7.-~Stiffened flat plywood plate mounted in seg-
mented cylindrical steel loading rods prior to test.
The method of restraining the ends of the stiffener
to prevent separation at the ends, the metalectric
strain gage for measuring deformations, and the attach-
ment of coil springs at the edges to reduce frictional
restraint during test are shown.
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Figure 8.--Stiffened flat plywood plate ready for test.
Metalectric strain gage mounted below horizontal

stiffener 1s used in measuring deformations in the
specimen.
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Figure 9.--Typical locad-strain curve, plotted to determine criticai load
ol & stiffened plywood plate-in compression.

Z e gy K



rucrssesdoot

d BLdtd 5§ T
Jo uorl9airp o} JEaTnoafpuadaad a0 yerrered urrad sowy Fo uoFg0aITq
*proY 1TWlT TeuciilIodousd paqnduoud o3 sofypad se possezdxs yjo0qQ -- PROT
TROTYTI0 paindwco YITA PEOT TEOTITIO pPRAISSge Jo wostiedmog--rg7 aanStyg
SSIHLE LWIT TYNOLIZOSON - 5ETHIE IVDILISD OXIGAWOI
& e L0 Eal sd (47 v a0 ...__I
= _ T
_
|
[
. [ . ro
i N EININ o 5] -4 W _ |
PR AF EP N | _
TV S v v
ug__.-iu.\ = ) A
A 1TrNY Iﬂ e | e _
7T
s a 5
Hidor o
TEAT TV L] ) W
Favm Farn o
LTEE aiim dvu | marssuises =
L _. R T el o
== N ©3
g
=
u
b 2
S 1 w
]
g
g
ad b4
— o
3
3
- g
3
2
L
/ 0
P
gl
.7
— — i
il ——yn




*3EAJYE [VOT TID NT #SEaloul TINWNTXEL PIAJSSQO 03
$0I19L ¥ passaidys Y)0q -- S§¥213S TEIT)TLD UY 3SPRIOUT TRITISI08YY
YITA 80415 T90T3T4D U AafBILOGY PIAIISAO S0 UOSTLEAMO)~~ T 3InBTQ

SEJNLT PHIILD N STPTUHONT WIRIIUN FAALIEEG — SSTNIN IWaLiks W OISFISIN S3idahid
=14 e a0 25 Pz &8 I ! a0 *D

D oAG D M2

BRI P - o - 3
- — —  eniae 8
LR v v w_
TN A -] A =z
A B g x
T Thewe o o 2
| ——— | — — b ™
wanaand o= [ B
; == = rew =
T ® o =
L 2
avw v “ 3
N g o Toike. ATPW e A 5 W 2]
Niruw JIanes JISWNT ~k -
el N »
J ~ oA FT 2
o
‘ | :
d .
v :
L
_ | g T\ ol
i . | j = o 4 a i M
» _ ¥ \ 2
\\.\. £
" - ¥ ol A e B /M v ]
B L = : %, o7 -~ / =
© [ TR o/ 5
¢ = o« g = 4  © <
’ - - Fr 3 o v - 1 / [
w v *tla ST, e ; — =
! v o L) = % v, moeg 4 v L]
v I aU _ o = o & 2
= ¢ 4 _ " ¥ [ . =
L] | 1
‘ * b ~
| v o | i W %
_ e _ g
— I|T]I. — L — It e =
! _ | 2
v ! ! ~
S | | 4
| 3
om
W
1 w
e _ A #
_ _
b 4
R I — .

1



SUBJECT LISTS OF PUBLICATIONS ISSUED BY THE

FOREST PRODUCTS LABORATORY

The following are obtainable free on request from the Director, Forest
Products Laboratory, Madison 5, Wisconsin:

Note:

List of publications on
Box and Crate Construction
and Packaging Data

List of publications on
Chemistry of Wood and
Derived Products

List of publications on
Fungus Defects in Forest
Products and Decay in Trees

List of publications on
Glue, Glued Products,
and Veneer

List of publications on
Growth, Structure, and
Identification of Wood

List of publications on
Mechanical Properties and
Structural Uses of Wood
and Wood Products

Partiel 1list of publications for Partial list of publications for

Architects, Builders,
Engineers, and Retail
Lumbermen

List of publications on
Fire Protection

List of publications on
Logging, Milling, and
Utilization of Timber
Products

List of publications on
Pulp and Paper

List of publications on
Seasoning of Wood

List of publications on
Structural Sandwich, Plastic
Laminates, and Wood-Base
Aircraft Components

List of publications on
Wood Finishing

List of publications on
Wood Preservation

Furniture Manufacturers,
Woodworkers and Teachers of
Woodshop Practice

Since Forest Products Laboratory publications are so varied in
subJject no single list is issued. Instead a list is made up
for each Laboratory division. Twice a year, December 31 and
June 30, a list is made up showing new reports for the previous
six months. This is the only item sent regularly to the Labora-
tory's mailing list. Anyone who has asked for and received the
proper subject lists and who has had his name placed on the
mailing list can keep up to date on Forest Products Laboratory
publications. Each subject list carries descriptions of all
other subject lists.
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