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W. J. KOMMERS, Engineer

and
P. F. McKINNON, Engineer

Summary and Conclusions

The equations previously derived for the critical stresses in flat plywood
plates subjected to edgewise compression or shear were applied to plywood
stiffened with a multiplicity of parallelly placed stiffeners. It was found
that these equations apply with reasonable accuracy if the over-all elastic
properties of the stiffened plates are substituted in them. In the verifi-
cation of the equations, the elastic properties used were determined for the
plates tested by auxiliary tests.

Methods were derived for the computation of the over-all elastic properties
of multiply stiffened plywood plates from the elastic properties of the ply-
wood and the stiffeners and the dimensions and spacing of the stiffeners.
These methods were verified by test and found to yield good approximations
of the over-all properties.

Introduction

In the construction of wood aircraft structures plywood is sometimes stiffened
with a multiplicity of stiffeners. Identical stiffeners are arranged parallel
to each other, uniformly spaced, and are cemented to the inner face of the
plywood. The critical loads of such plates subjected to edgewise compression
or shear are required for purposes of design.

If the spacings between the stiffeners are sufficiently small, the plate, as
a whole, may be considered as a unit and the critical loads determined by
means of the formulas developed for unstiffened plywood, A provided the

-This-This progress report is one of a series prepared and distributed by the
Forest Products Laboratory under U. S. Navy, Bureau of Aeronautics No. NBA-
PO-NAer 00565 and U. S. Air Force No. AAF-P0-(33-038)46-1189. Results here
reported are preliminary and may be revised as additional data become
available.

.Forest Products Laboratory Report No. 1316, "Buckling of Flat Plywood Plates
in Compression, Shear, or Combined Compression and Shear,"
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properties, such as stiffness In directions parallel and perpendicular to
the direction of the stiffeners and flexural rigidity, are known * These
properties can be determined by tests of the stiffened plates or computed
by the methods described in this report.

The report is, therefore, divided into two major sections. The first is
an experimental verification of the use of the formulas developed for ply-
wood, for the determination of the critical loads of plywood stiffened with
a multiplicity of stiffeners. For use in this section the properties of
the stiffened plates were determined by test. The second section contains
the derivations of the formulas required for computing the properties of
multiply stiffened plates and the results of their experimental verifications.

Each of these sections is divided into parts. The first is divided into
two parts, one Aealing with edgewise compression and the other dealing with
edgewise shear. The second is divided into four parts: (1) flexural stiff-
ness in the direction of the stiffeners; (2) flexural stiffness perpendicu-
lar to the direction of the stiffeners; (3) shear stiffness; and (4) flexural
Poisson's ratio effect.

Section I. Verification of Formulas for Critical Loads

Part 1. Edgewise Compression

Formula to be Verified

As shown in Forest Products Laboratory Report No. 1316,
2
- the following

equation is that for the critical stress of a plywood plate simply supported
at its edges and subjected to a uniformly distributed compressive stress
over two opposite edges. It is:-3

•In dealing with two dimensional problems concerning an orthotropic material
such as wood, the (x) and (y) axes are chosen in the directions of the
natural axes of the material. Some of the elastic properties are associ-
ated with one or the other of these axes; others are associated with both.
The subscripts used denote this association.

In dealing with plywood, ever-all elastic properties are employed. These
properties are divided into two groups; those associated with direct stress
and those associated with flexure. For those associated with direct stress
the subscripts (a) and (b) are employed in place of (x) and (y), and for
those associated with flexure, the subscripts (1) and (2) are employed.
For example, let any elastic property that applies to wood be denoted by
(H). It may have the subscripts (x), (y), or (xy), depending upon its
direction and the particular elastic property it represents. It also may
have different values in the different plies of the plywood. The direc-
tions (x) and (y) are the same for all plies, thus (x) may be with the
grain in one ply and across it in another, The over-all elastic properties
of the plywood can be computed by the following formulas:

(Continued on p.3)
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+ 2A. 4. 
E2
	 21 1127,2	 b2"

Pcr -	 [E12x 1 n2a	 2 b 2 a2

in which:

b = length of plate in the direction stress, in inches.
a = width of plate in the direction perpendicular to the direction

of stress, in inches,
h = thickness of plate, in inches.
n = number of half waves into which the plate buckles. The integer

is chosen that results in the least value of the critical stress.

Ha = tlilxi hxi

and similarly for Hb , Hab , and Hba

h 3
12 2 ]H1 + h y H

1 - 3L 12	 i i	 xi
where	 •

= the elastic property for the i th ply of the plywood in the
(x) direction.

h = thickness of the plywood.
hi = thickness of the i th ply of the plywood.
yi = distance of the center of the i th ply from the neutral axis

of the plywood

and similarly for H2 , H12 , and H21 . The position of the neutral axis of the
plywood can ,be obtained by the following formula:

c
Ehi Hi Ci

Ehi Hi

where:

c = the distance of the neutral axis from one face of the plywood.
c i = the distance of the center of the i th ply to the same face of the

plywood.

The summations are taken over all of the plies of the plywood. If the ply-
wood is symmetrically constructed abautits central plane both as to ply
thickness and species, the neutral plane will be identical with its central
plane. If the plywood is not so constructed, the neutral plane will not be
identical with the central plane and may be located differently for differ-
ent over-all elastic properties.

This matter is discussed more fully in Forest Products Laboratory Report
No. 1312, the No. 1316 series, and others.

(1)
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El the flexural modulus of elasticity of the plywood in the direc-
tion perpendicular to that of the stress.

E2 the flexural modulus of elasticity of the plywood in the direc-
tion of the stress.

A ' (DQ) 12 Y12

X ' 1 - 712 721' appro±imately 0.99 for wood and plywood.

11 12. the flexural modulus of rigidity of the plywood.

(B7) 12 = the flexural modulus, including the Poisson t s ratio effect.

0- 12= Poisson's ratio, in flexure of the plywood, of the strain in the
direction (1) of (b) to the strain in the direction (2) of (a)
due to a stress in the direction (1).

721' is similarly defined.

In the application of equation (1) to stiffened plates, it is not clear what
value to use for the over-all thickness of the combination. The same dif-
ficulty is encountered in the computation of the over-all elastic properties.

This difficulty can be avoided by setting up equation (1) in terms of the
critical load per inch of width rather than in terms of stress. Thus the
equation becomes:

772 Eh3b2 + h3+	
b3 n2a2

( 2)Per cm
1 12 n2a2 12	 B2 12	 b2

E1h3
Let D 1	 121

E2113D 2 = 12X

D12 12X

2 2
Then P = .7.- [Di	+ 012 + D2 n2a21

(3)
cr a2	n2a2	 b2

in which the elastic properties of the stiffened plate are contained in the
values of D1 , D12 , and D2 that are to be determined by auxiliary tests and

n = 1 for a plate that breaks into a single buckle.

The values of Di and D2 can be determined by bending tests of the plate in

which two edges are supported and the lead applied along a central line
parallel to the supported edges. The usual formula for a centrally loaded
wide beam yields

L a3- 
d 48k

D = L b3
2 d 48X

Ah3

(4)

(5)
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in which L and d are the loads applied and the deflections measured
respectively, and A, because wood is the material dealt with, can be con-
sidered to be unity.

The value of D12 is divided into two parts:

h, (D742 9 h3 ' 412 m + 2BD12 -	 12X	 "1- - 12

The first part will be represented by F and the second by 2B. Values of
B can be experimentally obtained by supporting the plate at two diagonally
opposite corners, loading it on the other two corners, and measuring the
amount of twist obtained by the method described in a previous report,1'
thus:

B = ?
W 8

in which P and W are the lad applied and the deflection measured by the
method described in report No. 1301, and u is the diagonal distance from
the center of the plate to the position at which W is measured.

A method of test is not available for the determination of F. The following
approximate expression for its value, however, is derived in Section II,
part

F = \°T1]	 pl D2(8)

Description of Specimens 

Five plates, approximately 24 inches square, were fabricated for the com-
pression buckling tests. Three of these were made of five plies of 1/48-
inch yellow-pcplar veneer, with grain directions of adjacent plies perpen-
dicular to each other, and two of four plies of 1/20-inch veneer, with
grain directions of the two central plies parallel to each other and per-
pendicular to the remaining plies. One plate in each group had the length
of the stiffeners oriented perpendicular to the grain of the outside plies
of the plywood, while the others had the length of the stiffeners parallel
to the face grain of the plywood. In all cases the plates were tested with
the grain direction of outside plies of the plywood parallel to the direc-
tion of the load.

Each plate had 13 stiffeners of quarter-sawn Sitka spruce, 3/4 of an inch
in width, and either 1/3 or 1/4 of an inch in thickness. The length of
the stiffeners was equal to the length of the plywood plates, and the
stiffeners were spaced 2 inches, center to center, and were glued to the
plates with a resorcinol-resin adhesive.

4
-Method for Measuring the Shearing Moduli of Wood. Forest Products LabOra-

tory Report No. 1301. The nomenclature used here is that of report No.1301.

(6)

(7)
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After each plate was tested it was cut to a smaller size and retested.
This procedure was repeated several times in some cases. Also, some of
the tests were repeated. A total of 21 tests were made.

Methods of Test

The apparatus used in making the buckling tests is shown in figure 1. The
tests were carried out in accordance with the method for unstiffened flat
plywood panels described in Forest Products Laboratory Report No. 1554,
"Methods of Conducting Buckling Tests of Plywood Panels in Compression."
The panels were placed in the apparatus so that the neutral plane, computed
by the usual method and assuming bending in the direction of the stiffeners,
contained the axes of the cylindrical segments, described in report No.1554,
through which the load was applied to the panel.

Figure 2 shows the test employed to determine values of D 1 and D2 . The

span of the beam is not quite the full length of the plate and the values
of a and b used in formulas (4) and (5) were reduced accordingly.

Figure 3 shows the test employed in the determination of the second part
of D12 . It is : described in report No. 1301.

Results of Tests

The results of the tests are given in table 1. The values of D1 , D2, and

B were obtained from tests according to formulas (4) to (7), inclusive.
The computed critical loads were then obtained by use of formula (3). The
observed critical load was obtained by means of the test previously described
and illustrated in figure 1.

The computed critical loads can be conveniently compared with the observed
critical loads by plotting one against the other. Figure 4 is such a4lot,
in which both the computed and obSerVed,loads have been divided by the
estimated ultimate load in compression. This estimate was made by adding
the compressive strength of the stiffeners to that of the plywood, with
the compressive strengths being computed from the results of compression
tests on specimens cut from the plates. In figure 4, then, the points
representing the various specimens are arranged in order according to the
value of the stress associated with the critical load. It may be:noted
that the highest direct stress encountered was about 45 percent of the
ultimate compressive stress and that the proportional limit of the material
was not exceeded.

The straight line in figure 4 passes through points indicating absolute
agreement between the computed and observed critical loads. It-iSevident
from the grouping of the plotted points around this line that the formula
yields a reasonable estimate of the critical leads obtained by test.

Rept. No. 1800	 —6—



Part 2. Edgewise Shear

Formula to be Verified

Equation (20) in report No. 13161 is the formla used for determining the
critical buckling stress in shear for a flat plywood plate. It is

2	
3 ,1/4

qcr = 
eah 

2 (El E2)3Xa

With a knowledge of the elastic properties of the plywood, it is a simple
matter to compute the critical buckling stress in shear. For a plate
stiffened with closely spaced stiffeners, however, the question arises as
to what value to use for the over-all thickness of the combination; also,
what method to use to compute the over-all elastic properties. As in the
preceding discussion of compression buckling, this difficulty can be avoided
by setting up equation (9) in terms of the shearing load per inch of width
and using the stiffness factors obtained from static tests.

In terms of shearing load per inch of width, equation (9) is:

= 4 ea [(E1h3) (E20).]1/4

	

r	 a2	 12X	 12?,.

and making the substitutions indicated in Part 1:

	

clor	 14,	 0313 352)
a	

1/4
2

in which the value of ca is determined from figure 8 of report No. 1316 by
use of the parameters a and pa. It is evident from report No. 1316 that

the values of these parameters are given by:

D12a -
(D1 D2)V2

= (

D 1/4
)

The values of D1 , D2, and D12 contain the elastic properties and can be ob-

tained by tests of the plate as described in part 1 of this section.

(9)

(10)

(12)

(13)
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Description of Specimens 

Six stiffened plywood plates, similar to those described in part 1 of this
section, approximately 18 inches square, were fabricated for the buckling
tests in shear. Three plates were made of three-ply and three plates of
five.-ply 1/48-inch yellow.-poplar veneers. Each plate was provided with nine
Sitka spruce stiffeners, 1/2 by 3/4 inch in cross section, running parallel
to the grain of the face plies of the plywood and spaced 2 inches center to
center.

Method of Test

The apparatus employed is shown in figure 5. It consists of eight steel
channels, 3 inches deep and 18 inches in length; four sets of steel rollers
and pins, and V-shaped, hardened-steel loading blocks. Each channel has a
strip of fine sandpaper glued to its face to reduce the slippage between the
plate and the channels when load is applied.

In preparation for test, the channels are grouped into four pairs. Each
pair is fastened along one edge of the plate with the flat sides of the
channel in contact with the faces of the plate. Gripping of the plate
between each set of channels is secured by bolts inserted through holes in
the channels and the plate.

Load is transmitted from the testing machine to the test plate through the
V--shaped blocks to rollers attached to a steel plate welded to one end of
each channel. When the apparatus is properly assembled, the rollers are.
located near the ends of one diagonal of the rectangle formed by the steel
frame, and the ends of the other diagonal are restrained from moving under
load except in the direction of the plane of the" late.

In preparation for test the channels were attached to the plate and the
rollers placed in the proper location. Because of the weight of the appar-
atus, the plate had a'tehdency to bend along its horiiOntal diagonal when'
in an upright position and before it was subjected to the im posed loads.
Consequently, it was necessary to attach metal straps in a vertical position
across the ends of the channels on both sides of the frame as shown in
figure 5. The plate was then placed in the testing machine and alined so
that the plane of the plate was parallel to the applied load and a uniform
bearing was obtained between the two "v" blocks and the four rollers.

A lateral deflection gage was positioned at the center of the plate, and
load-lateral deflection readings were recorded at uniform increments of
load. Load-deflection curves were plotted and the critical load estimated
by the position of the "knee" of the curve.

Values of Dl , D2 , and D12 were determined by the methods described in part 1

of this section.
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in which D1 =the effective stiffness of the stiffened plate per unit width
D
p= the stiffness of the plywood alone, in the direction of the

stiffeners = 	 hp3
12

Results of Tests 

The results of the tests.are given in tole 2. The values of D1, D2, and B

were obtained from tests according to formulas (4) to (7), inclusive. The
computed critical loads were then obtained by use of formula (11) with
figure 8 of report No. 1316, with the values of the parameters being obtained
from formulas (12) and (13). The observed critical loads were obtained by
the method described above and illustrated in figure 5.

The computed critical loads are plotted aginst the observed critical loads
in figure 6. The straight line in this figure passes through points indi-
cating absolute agreement between the two. It is evident from the positions
of the plotted points that formula (11) yields values that are reasonable
estimates of the observed values.

Section II. Methods of Computing Elastic Properties of
Multiply Stiffened Plywood Plates 

Part 1. Flexural Stiffness in the Direction of the Stiffeners

Derivation of Formula

It is assumed that the stiffeners are closely spaced and that, therefore,
the usual elementary method can be employed to determine the position of the
neutral axis and-then the stiffness. The formula obtained is:

E hD
1 - p	 12W

3hc2
hs 2 

4. (14)
s Es h

E1) a

Ea = the direct-stress modulus of elasticity of the plywood:alone,
in the direction of the stiffeners

Es = the modulus of elasticity of the stiffeners in their longi-
tudinal direction.

The remaining symbols have to do with the dimensions of the stiffened plate
and are defined by figure 7.

Rept. No. 1800



Description of Specimens 

Twelve specimens were fabricated. Plywood made of nine plies of 1/16—inch,
yellow—poplar veneers was used in five of these specimens, and four plies of
1/16—inch yellow—poplar in the remaining seven. The grain directions of the
two central plies of the four—ply plywood were parallel to each other, so
that the construction was substantially three ply of 1:2:1 type. The material
used for stiffeners was quarter sawn Sitka spruce in thicknesses of 1/8, 1/4,
1/2, 3/4, and 1 inch. This material was edge—glued into slabs equal in size
to the plywood plates, and one such slab was glued to one face of each
wood plate.

The specimens were then tested for stiffness in the manner illustrated in
figure 2, with the grain of the spruce stiffeners running from support to
support, and the values of loads limited so that the proportional—limit stress
of the material was not exceeded. A series of grooves were then cut, by
means of a rotary saw 1/4—inch thick, in the spruce slabs down to the face
of the plywood. These grooves were spaced 2 inches on center. This resulted
in plywood panels stiffened with stiffeners 1-3/4 inches wide spaced on 2—inch
centers. The specimens were then tested for stiffness again. The width of
the stiffeners was reduced to about 1-1/2 inches by means of the saw, and
the specimens were retested. This process was repeated until the stiffener
material was completely removed from the plates and the plates, alone, tested
for stiffness.

Results of Tests 

The results of the tests are tabulated in columns Wand 11 of table 3. :The
values in column 10 were obtained from the tests by means of formula (4).
Those in column 11 were computed by use of formula (14). The value of Ea

substituted in this equation for each plate was chosen to be consistent with
the flexural moduli of elasticity E l and Ea obtained by the bending tests

after the stiffeners were completely removed, and to be consistent with the
constructions of the various plates. The value of E s was then computed by

means of the results of the first tests, in which the stiffeners completely
covered the plates, by use of equation (14).by substituting the values of D1

obtained from these tests, equating Ws to WID , and solving for values of Es.

These values of Ea and Es were then substituted in equation (14) and the

values of D1 obtained, which are tabulated in column 11 of table 3.

In figure 8 the computed values of D 1 are plotted against the values obtained

from test. The straight line in the figure passes through points indicating
absolute agreement between the computed and observed values. The grouping
of the plotted points around this line indicates that formula (14) yields
values of D1 that are good estimates of the values obtained from tests.

Rept. No. 1800	 —10—



Part 2. Fleraral Stiffness Perpendicular to the 
Direction of the Stiffeners

Derivation of Formula

A stiffened plywood plate sUbjected to a static bending test simply supported
at the ends, loaded at the center of the span, and oriented- such that the
stiffeners are perpendicular to the s pan, does not have a uniform elastic
curve across the length of the specimen when under load. The curvature for
the nonstiffened portion of the plate is greater than for the stiffened
portion.

Also, stress concentrations occur at the edges of the stiffeners that cause
sharp kinks in the elastic curve at these locations !. Figure 9 is a sketch
of a portion of the elastic curve that is indicated by line EBCDF. The.arc
CDF of radius Rsp represents the elastic curve at one of the stiffeners.
The arc BBC of radius Rp represents the elastic curve of the plate alone

between the stiffeners. The dotted arc BB I CDI F of radius Re, represents the
average elastic curve. The kink caused by stress concentrations is repre-
sented by the angled). Thus the two arcs BBC and CDF are not quite tangent
at point C. The width of the stiffener is represented by W, and the spacing
Of the stiffeners center to center by S.

From the geometry of the figure

Angle MCE =

Angle CM = W
255

Considering triangle CME

Angle PEA = angle MCE + angle OME =0 +
2R sp

Further, angle EPA =

and considering triangle EPA

Angle BAD = angle PEA + angle EPA = + W + S..4
2.Rsp 2Rp

Now angle BAD is approximately equal to-2— therefore:
2Rat

	

= 4. W S.W	 (approx)
2Ra	 2Rsp 2Rp

or	 20= S – W	 S–W	 (approx)
Re. Rsp Rp
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(16)

( 17 )

Using the general equation

1=M
R D

in which R = radius of curvature
M = bending moment
D = stiffness of the section considered

[

20 = M S - W ..:. S-W	 (approx)	 (15)
D2 Dsp Dp

It is now proposed to build up arbitrarily another expression for 24) con-
sistent with the assumption that this angle is due to stress concentrations.
It is evident that 4 must be small if Asp and Dp are very large; also, that

it must be finite if Dsp is very large and rip is finite. These requirements

are met if 95 is proportional to	 +	 It is evident also that ck must
DsP DP

be zero when Dsp = Dp , and finite when Dsp is very large. These requirements

are met if is proportional to (1 -	 Further0 must be some function,
Dsp

z, of the stiffener width, W, and proportional to the bending moment M. The
following expression satisfies all these conditions:

. D20= m ( 1 4.	 (1	 z
Dsp Dp	 Dsp

Eliminating 20from equations (15) and (16)

3-3R = 1 1	 (..-)2 - 11- 1- .--- 
+i

D [S 	 SD.,1,-	 Asp

The relation between -z- and X will be determined experimentally, and
S	 S

equation (17) be verified by test.

Method of Test

The method of test used is illustrated by figure 2, except that the stif-
feners were placed parallel to' the supports. The specimens described in
part 1 of this section were used. Each specimen was tested in this way
immediately after the corresponding test described in part 1 was performed.
The values of Da were obtained by use of formula (5) and are tabulated in

colmin 12 of table 3.

kept. No. 1800	 -12-



Determination of the Relation Between 1 and. 11-
S

Equation (17) was used in this determination. For each plate a value of Dsp

was obtained from the first test, and a value of Dp from the last test, by

use of equation (5). Various values of,Da were determined from the inter-

mediate tests. These values were substituted in equation (17), and associated

values of 3i and. a were-obtained. These values are tabulated in columns 20

	

S	 S
and 21 of table 3. Values for the first five plates of the table were not
determined. These plates had a tencency to warp as the size of the stiffeners
was reduced. The warpage of the plates was sufficient to mask the effect of
the decrease in the size of the stiffeners.

Values of A are plotted against .11 in figure 10. The plotted points scatter
considerably due to the fact that it is necessary to take differences of
numbers of the same order of magnitude in solving equation (.17) fort.

It is evident, however, that the curve is roughly parabolic. The equation

= 0.312	 – (1 W)2]	 (18)

fits the data reasonably well. The proportionality factor 0.312 was obtained
by the method of least squares.

Substituting the value of A given by equation (18) in equation (17), the

complete formula becomes:

= 0.312 El –
	D2	

(3. -	 (n-) ..I
S	 D	 S 

[ –sp	 sp	
1	 (19)

n	 2-

This formula was verified by test.

Verification of Formula

Values of D and D obtained by means of formula (5), from the first andsp
last test of each plate, were substituted in formula (19) with the appropriate

valuesofl,and values of D2 were obtained. These values are tabulated in

column 13 of table 3. They are plotted against the values obtained by test
in figure 11. The straight line in this figure passes through points indi-
cating absolute agreement between computed and observed values. The grouping
of the plotted points around this line indicates that the formula gives
reasonable approximations of the observed values.
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(20)

(21)

Part 3. Shear Stiffness 

Derivation of Formula

Consider a rectangular prism twisted by two couples at its ends. The value
of the applied torque is:5

T = (16 -X1) wh3 mr9

	

3	 w 16

in which:

T = applied torque
h = thickness of prism
w = width of prism'
0 = angle of twist'per unit length of prism

= modulus of rigidity of the material

	

X is a function of 
h	

Itand is, 3.36133 for greater than 4
h 

Equation (20) may be written:
IY

—i.t.
16 

Xh4

The term 1-2 is proportional to the torsional stiffness of the prism.
0

Equation (21) shows that the stiffness of a wide prism (w greater than 4h)
is a linear function of its width.

It is convenient to think of torsion in terms of the soap-film method.
6
 If

a soap film is stretched across an opening equal in size and shape to that
of the cross section of the prism and a slight difference in air pressure is
maintained across the film, it will assume a shape such that the slope of
the film at any point in the cross section will be proportional to the shear
stress at the corresponding point in the prism. Also, the volume enclosed
by the film and the plane of the opening will be proportional to the torsional
stiffness of the prism.

Such a film stretched across a narrow rectangular opening will assume the
shape of a parabolic cylinder except at the ends of the opening. Here.the
film will be pulled down to meet the ends ofthe opening. Equation (21)
shows that the cross-sectional area of the parabolic cylinder formed by the

film is /112, and that-
16 
40u is the amount of volume lost from the para-

bolic cylinder due to the pulling down of the film at the ends of the

1"The Torsion of Members Having Sections Common in Aircraft Construction" by
G. W. Trayer and H. W. March. National Advisory Comm5Fttee for Aeronautics
Report No. 334.

6
Ibid. Other references given there.
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rectangular opening. If the rectangular prism is so wide that this loss
of volume can be neglected, the second term in the right-hand member of
equation (21) can be omitted. The equation then becomes identical to that
derived for a flat plate supported at two diagonal corners and loaded at
the other two corners.2

The torsional stiffness of a stiffened plywood plate may be analyzed in a
similar manner. Figure 7 shows the cross section of such a plate and the
nomenclature used. The stiffeners are all of equal widths and thicknesses.

h3It is first necessary to determine them.-- values for the plywood plate
12

alone and for the combinatien of the plate and the stiffener material. This
value for the plate alone is determined in the usual way (see footnote 3).
The value for the combination is obtained in the same manner except that the
stiffener is assumed to be part of the plywood, i.e., an extra ply, or a
stiffener having a width equal to the width of the plate. The value for the
plywood alone is represented by Bp and the value for the combination of ply-

wood and stiffener material by Be.

Consider a soap film stretched over an opening the shape of the cross section
shown in figure 7. The value of Bp will be proportional to the cross-
sectional area of the parabolic cylinder formed by the film at section A-A
if the stiffeners do not come too close to this section. The value Be will
be proportional to the similar area at section B-B provided that the stiffener
is sufficiently wide. The film forms a continuous surface between the two
sections. Figure 12 shows an estimate of the contours of such a surface and
the cross-sectional areas involved.

Following equation (21), the over-all value of B of the stiffened plate is
given by the formula:

B =[(w	 w ) B + (ws nehc)
wPsP

in which e is a correction factor due to the "pulling down" of the soap film
at the edges of the stiffeners. From equation (22),this correction factor
is found to be:

e = --1-- [(wp - ws ) Bp + wsBc wp B]	 (23)
ncflB c

It should be noted that the correction factor (equation 23) does not reduce
to zero when the plate is completely covered by stiffeners. The reason for
this is illustratediby figure 13, which is an estimate of the contours of
the soap film surface at the juncture of two stiffeners placed side by side.

The error E affects only one term of the four of equation (22) and, there-
fore, if a reasonable approximation can be found for this error, accurate
values of B can be obtained by use of this equation.

(22)
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Method of Test

The method of'test used is illustrated in figure 3 and described in report
No. 1301. The specimens described in part 1 of this section were used.
Each specimen was tested in this way immediately after the corresponding
test described in part 2 was performed. Values of B were obtained_by use
of formula (7) and are tabulated in column 8 of table 3..

Evaluation of the Error e

Values of Bc and B- were determined from:the first And last tests of each

plate and values of T. from the intermediate tests. Values of e_ were then
'Obtained by useOf'equation (23) and"are tabulated in column 14 of table ,3.

These values are plotted against values of -a- in figure 14. It will be
nhs

noted that the curves obtained seem to approach horizontal asymptotes at
various values of E. The positions of these asymptotes were estimated by
averaging the values of c associated with a number of points at the right
end of each curve and are tabulated in column 16 of table 3. Ihe asymptotic
values of E are designated -by Ema± and are plotted against the parameter '

B h 1/4
C C	 in figure 15. The form of this parameter was suggested by the

B h
P P

second term of the right-hand member of equation (21). It will be noted
thatreasonably smooth curve can be drawn through-the pointa.

The values of E for each specimen were divided by the appropriate value of
e max and are tabulated in column 18 of table 3. These values are plotted

B ]1/4
against the parameter -9—	 in figure 16. It will be noted that

nhs Bphp

they fall, roughly, on the curve drawn in this figure.

A reasonable estimate of the errore cat be obtained for any particular
stiffened plate'by the use of the curves drawn in figures 15 and 16.

Verification of Formula (22) 

Values of Bc and B were obtained by means of formula (7) applied to the

results of the first and last tests 'of each plate. Values of --g.-- were
Emax

obtained from the curve of figure 11 and multiplied by values of emax-obr.

tained from the curve of figure 16 to determine estimates of values off.
These values were substituted in equation (22) and estimates of B obtained.
These estimates are-tabulated in column 9 of table 3 and plotted against
the corresponding observed values in figure 17. The straight line in this
figure passes through points representing absolute agreement between com-
puted and observed values. The grouping of the plotted points around this

Rept. No, 1800	 -16-



line indicates that formula (22) yields reasonable estimates of the values
obtained by test.

Part 4. Flexural Poisson's Ratio Effect

Values of the Poisson's ratio effect for plywood are given by the first
term of the right-hand member of equation (6).

h3 Ea) 12 = F L.=

12 X
3ihi

12	 I.

1,14, Exi XYxi (24)

in which hi = thickness of an individual ply

yi = distance from the neutral axis of the plywood to the
center of the individual ply

Nxi = the modulus of elasticity of the individual ply in the x
direction (either parallel or perpendicular to the grain)

ay-xi = Poisson's ratio of the individual ply (the ratio of the
strain in the x direction to the strain in the y direction
due to a stress in the y direction)

= 1 -cryxi axyi (taken as unity for wood),

with the summation being taken over all the plies of the plywood.

Making use of Maxwell's relation

X • = Exi °yxi	 y xyi

equation (24) becomes

Lhi3 2 \iExi cr yxi Bkri crxyi+
12

making use of the fact that

cryx °xy cria aTL

in which L and T refer to the longitudinal and tangential directions in
each ply, and that this product has about the same value for various species
of wood; also remembering that:

hi3
D1 7 p-	 Exi/	  12	 X

D =)
12 

+ hiyi-]
hi3	 9 Ey'

F = (25)

Rept. No. 1800	 -17-



equation (25) hemlines

= V°. °-TL D1 D2
	 (26)

It is assumed that this expression can be used approximately in connection
with multiply stiffened plywood as well as for plywood alone.-

Rept. No. 1800	 -18-



WW2X1222.7jr,ViZtE

n

*4

0

2

'.47"S42

;
: 	 RRRRRE

:131

1
121
1

O
qaov

I

1F.71
411Ea

Ii

14:MI24,-12VA
"!`":	 .-1-1-4.0.=^.1

gt&
OaO c10.0.11

••

olo

IM ] A FiniEWatfin......n
,  	 _	 	

aLt	
I	 I P. 

th 1 31.41 q1PARM 8 UH1

▪ 14 

E.421W,

'	 '4"
91	 t I

1T7 .41 MEM
tt
11	 1 0 M.Sa?

tl

o

A

-1 m 2	 -	 s9,9-.--:-.,.....A.....:-.,..
rA"	 i	 '''''''Ig44:4=:a 11 .:	 0,..;	 n..:

LI

AANA.0.0w44,,,	 4,101-44,ww4
7,	 .1 liVg***2",P;;;!Iff...4.$744,112"; 171	 §§E§ved....q

I

2	 54§§FEWMEF: l	 §§§1§.§
 0

tomgg,oco
1=-4'

	 	 • •	 	
i-91L7: WIStW. 0

:1Z	 7i	 RI	 :=St:+874882ACT8.

IcA
1

A	 	 0:1c:cicig

g11 M...WWWw.wmaspinin

ro3LA

Mi

a

A i

A

p	 pp,-itspos..4c4p-.4,A4

2 ttg-2A2VZs:iiii

I
 V.9'Ves'fV•i

!-7.1 ZIA O1

8g8RIP I2 V.71 8 8 e 5'8.

§ §§§M§§E§§ii"

pW0421,4,4,1;744WP-r...44,14

• .0% irt: r

•



13.76
11.81
9.92
7.80
5.83
4.09
1.97
1.02

13.57
11.55
9.77

1..C;
.93

0.129
.129
.129
.129
.129
.129
.129
.129

.120

.120

.120

.120

.120

.120

.120

.120

1.197
1.197
1.197
1.197
1.197
1.197
1.197
1.197

1.212
1.212
1.212
1.212
1.212
1.212
1.212
1.212

1.117
all
.956

1.367
•0
.379Z7+

.89

.954
1.087
1.063
1.111
1.412
1.072

.438

16.45
14.14
11.88
9.33
6.97
4.90
2.36
1.22

16.45
/4.00
/1.64
9.40
6.95
4.19
2.75
1.13

1.031
	- 425	 .63.

	.1125 	 1.090747
1	 .566

:35

10.02
8.59
7421
5.72
4.16
2.02
1.45

.69

-........ -------
(16)-- (19)	 (20)(17) e	 (18)(15)

.05

.02

.336
0-36
-336
.356
-356

5.10
4.02
2.93
2.05
1.00

.360

1.910	 .941

1.439
1.439
1.439
1.439
1.439
1.439
1.439
1.439

/0.36

7.52

.38
3.08
1.54

.71

7.20
6.17
5.23
4.16

3v:Z
1.07

.49

1.103

1.086
.215
.753
.531
.153

.360

.36o

.360

.360

.360

.360

.360

.59

.504

.204

.504

.504

.504

.504

.504

3.49
3.01

1.49
1.05

6.68

5 .75
.90

2.86
2.01

.96

.46

1.020
1.079

.961

.829

.687

.362

.169

.91
1.910
1.910
1.910
1.910
1.910
1.910

3.176
1 d 1.949

1.543
1,235

873
595
366
196
168
143

1,981
1,726
1,384

992
662

273
212

46.759 1
42,950 e
39.570 .
39,060.
31,620.
28,870
22,930 .
15.2501
13.570.
2,301

43,000
40.980

29,140
23,900
16,

7,281
800
620
550

42o
400
370
372

Table 3.--19.ulte of tests in bending sad shear of stiffened nlysead plates end the compatatione related to ter

Pest
No.	 	

Width

Plate dimenvicne

Length Thiamin

Stiffener

Vidt1

dimensions

Thicknes

.

1191nori

.
o

i

/Wear stiffness i	 Pending etiffneos	 .
(11). 	 --	 I

(11g. 17)	 .	 Parallel to	 I	 Perpendicular
t	 	  (01)	 ttoetiffeners (02) a

Test	 i0onsnted1	 (PIS. 6)
s----- ------- -----e--- ----- ----------1(2is. 14)

n 	 I	 Toot	 tOespatted :	 Rest	 o Clespnted t

W.
a".7

-..------

(Pie. 14) 15)

(9)21 8	 71-

T6Ti

(gig. 15)5 Mc. 16

d: Ma;

(118. 16)

v
t	 3

1(71g. 10)

(1) t	 (2)
	

(3)
	

(4)
	

(5) 	 (6)	 (7) .	 (1)	 1	 (9) 1	 (10)	 t	 (11) t	 (12) 1	 (13)	 .	 (14)
	 m- 	

	

10.	 In.	 In.	 an.	 In.	 2 12..-1/.. In.-11.t In.-10 . x.k2/2„. In-lb t In.-7.12. I

9109111 616 (216E 1/16-11011 Pills)

28,160
26,650
25,470
23.770
22,010
20,300
'7.970
16,820

1 1 18.01 t 18.00
2 a 17.766 18.00
3	 17.50 . 18.00
4	 17.26	 18.00
5	 16.99	 18.00
6	 16.9. 15.00
7 a 16.52 • 18.00
8 a 16.23 t 18.00
9	 16.13 t 15.00

10 a 16.0o , 16.00

18.02 a 18.00	 .525
17.73 t 18.00	 .525
17.52 t 18.00 1	 .525
17.25 t 18.00 :	 .525
16.99	 18.°°62516.76. 18.00	 .525
16.52 o 18.00	 .525
16.24 1 16.00	 .525
16.13 1 18.00	 .525
16.00 e 16.01	 .525

16.01 , 0.127
1.75 1	 .127
1.50	 .127
1.26 ;	 .127
.99	 .127
.74	 .127
.52 1	 .127
.25 •	 .127
.13 •	 .127

	

18.02	 .129

	

1.75 e	 .129

	

1.49 t	 .129

	

1.261	 .129

	

1.004	 .129

	

.74 a	 .129

	

.52	 .129

	

.25 	 .129

	

.17 2	 .129

29,3652,030 : 
1,832 t 28,470

1,776 t 1,738 a 26,60
1,670 s 1.2	 s
1,562 e 1,537 a 22

21
7,M

1,423 1 1,434 1 ,560
1,383 s 1,350 • 19:50
1,280 . 1,274 ,	 6
1,254 a 1,251 m 15,510
1,229: 	 e 15,510

8,2051 	 . 	
16,010 o 	 . 0.144
7,380 i 	 e	 .105
7,540 . 	 ..123
6,760 ... 	 .	 .19
8,000 . 	 .	 .176
8,270. 	 1	 .102
8,220! 	 	 .082
9,220 , 	 :	 .044
5,304 . 	 • 	

0.523
.523
.523
.523
.523
.523
.523
.523
.523
.523

0201181. 69.. (519 1/16-1501 21.185)

2,075 . 	 	 30,609 a 	 1 7,366 • 	
1,905. 1114 7. : 29,530. 29,320. 7,720. 	
1,789 1	 28.3901 27.792 6,760 1 	 :	 ..11
1.601 s 1,651 . 26,260 , 26,330 t 7,030 . 	 a	 .131
1,570 a 1,537 • 25,6280 . 24.470 . 6,370 I 	 i 	 .127
1,448. 1,419 . 22,840 2 22.350 	 7,290 . 	 .	 .134
1,320 . 1,326 o 19,850 . 20,3W : 7,620 t 	

:.1;;
1,221 : 1,244 . 16,930 . 17.5I0 . 7,220 • 	
1,215 I 1,218 e 16.120 I 15,970 , 6,470 • 	
1,197 : 	 	 14,480 • 	 	

I	 .053
I	 5,124 I 	 I 	

0210/1111 636 (111111 1/16-1808 m111)

..'X : 2.715. 39,163 
	

67,120 1 44,500
2,473 1 2.471 . 46,620 . 64.150
2,1)3 1 2.223 a 43.210 1	 1.370

1.1.7
: 1,979 1 69.570 . 37.560

1,612 1 54 .210 i )3,010
1,660 . 1, 510 n 29,510 . 81,610
1, ,, f33 2. 1,345 . 23.670. PP, 6.50

42	 1.279 s 20,110 I 21.4.0
1,215 1 	 .1	 14,568 . 	

8218169 109

3.377 • 	 2 42,506 . 	
2,592 • 2,679	 46,940 • 46,180
2,419	 2,412 • 42,910	 43,560
2,170	 2,162	 40,620 1 40,830
1,781 a 1,874	 37.320 • 37.230
1,613 a 1,619 a 32,580 a 32,760
1,385 a 1,442	 26,350 • 28,460
1,105 2 1,275	 21,750	 22,223
1,1902 1,2031 10,7201 18.200
1,143 	 	 14,308 	

10,99 ar --

	

1,390	 ------	 .366
.321

	

7,610 t 	 t	 .3116

	7,060 	

	

7.110 I 	
.2)7

	7,3* 	

	

7./60 	 	 :71

	

5, 423 r 	

(Ills 1/16-198 rags)

	

10 .79 , 	
	8,240 . 	 	 .397

	

7.270 • 	 	 .326

	

7,310 : 	 	 .326

	

6,650. 	 	 .391

	

7,65
7.750. 	 	 .293

	

0 , 	 	 .271

	

7,620 . 	 	 .191

	

7,450 . 	 a	 .070

	

5.593, 	 • 	

20.05. 20.03 t	 .539	 20.05	 .249
19.77 . 20.03	 .539
	

1.75	 .249
19.51 t 20.03 1	 .539
	

1.50	 .249
19.27
	

20 . 03 .	 .539
	

1.272	 .249
19.00a 9.03	 .539
	

1.00	 .249
12.74 . 20.03	 .539	 .73	 .249
12.48
	

20.03	 .539	 .51 •	 .249
18.23 : 20.03 •	 .539	 .25 1	 .249
18.13 e 20.03 a	 .539	 .12 t	 .249
16.00: 16.00	 .539

20.04	 20.03 e	 .537	 20.04	 .243
19.77 2 20.03 1	 .537	 1.75 •	 .243
19.53	 20.03 •	 .537 • 1.50 •	 .243
19.27. 20.03.	 .537 : 1.27:	 .243
19.010 20.031	 .537	 1.01,	 .243
18.73 a 20.03 •	 .537 •	 .74 •	 .243
116.49s 20.031 	 .537 •	 .52.	 .243
18.24. 20.03o	 .537	 .26e	 .243
18.14: 20.13a	 .537 •	 .12 a	 .243
16.001 16.00.	 .537

SPIOION +3 6 (119 1/16-192 puss)

08,620
63,220
77.560
49,700
59,720
49.700
33,870
24,260

	

24.03 • 24.03	 .536 : 24.03	 .495

	

23.79	 24.03	 .536	 1.73	 .495

	

23.51	 24.03 t 	 .536	 1.49	 .495

	

21.27 o 24.03 a 	 .536	 1.27 t	 .495

	

23.00	 24.03	 .536	 1.01 a	 .495

	

22.74	 24.03	 .536	 .74	 .495

	

22.52 2 24.03 1 	 .536	 .52	 .495

	

22.7624.03 1 	 .536	 .25 .	 .495

	

22.12 : 24.03 e 	 .536	 .12	 .495

	

16.00	 16.00	 .536 	

7.550 	 	 94,10o
4,865	 4,626	 104,970
3,962 2 3,909 a 100,920
3.133 o 3.334 96,290
2,526 t 2,719 • 83,660
1,898 . 2,163. 78,100
1 . 444 • 1.777	 60,930
1,195	 1,428	 40,67o
1,152 . 1,258 t 26,720
1,090. 	 . 13.733

16,993 . 	

e:Zo' !	 	
.474
.514

7.920 I 	

U:0' : 	
 :e:

.418
7,070 . 	 	 .346
6,550 • 	 	 .162
6.09 . 	 	 .025
5,267 1 	

9
9
9
9
5

5
9
a

10
10
10
10
10
10
10
100

10
10
10
10
10
10
10
10
0

12
12
12
12
12
12
12
12
0

	

20.02 m 20.02 I 	 .247
	19.78
	

20.02 o	 .247

	

19.52 t 20.02 a	 .247

	

19.27.1 20.02 e	 .241
	18.99
	

20.02 I 	 .247

	

18.73 • 20.02 e	 .247

	

18.48
	

20.02	 .Zh7

	

14.22: 20.02 t 	 .247

	

14.12
	

20.02 t 	 .247

	

8.00
	

8.00	 .247

	

20.02 a	 .492

	

1.68	 .492

	

1.50 1	 .492

	

1.27 2	 .492

	

1.01 a	 .492

	

.74	 .492

	

.51	 .492

	

.26 1	 .492

	

.13	 .492

3.41	 .721
3.05	 .721
2.58	 .721
2.05	 .721
1.50	 .721
1.0. 1	 .721

.721

2.654 t	 .900
2.054	 1.074
2.89	 1.034
2.854 t	 .992
2.89 :	 .827
2.854	 .672
2.854 t	 .4/1
2.1654 o

3.74	 1 0.340	 0.261091
040	 .750	 .317160
7.37	 .635 1 .949
z.26

• 29	
.505	 .225590

	

.370	 .179702
2.96	 .255	 .122460
1.51	 .130 1 .049232
.75	 .065 1 .063420

02101191 609 (10011 1/ 6-1000 21,158)

.649

	

2	 .774

	

555	 .745
.715

415'

	

391
	 .296

	381 	 .150

2

9
10

7

7

9
10

7

10

2

10

721,13.)

Z 14 77403 1r



Table 3.--8esel. of tet t• in bendinn and Cheer of stiffened plywood plates end the computation. related to the. (coot.)

Plste do-.erosions	 801 ft... ttneeetoss Sheaf stiffs*. 1	 Pm:din, •111freann---------------- --- ........ - ---  
11888 Immgth Tnickomwa Width thlowon55 Toelleorl	 (Pits) 17)	 1	 Porellel in	 I	 Psrpandlerolar

---x emit.... 01) Its 4111 "...,. (02)Ttit	 05212.154i	 (218, a)	 I	 SFig. .11

 Swot I Computod
i
. Tnn1 1 7.254.0

'4 .-..	 l'	 I 	  li n
{21	 (39 26 (4 1	 (5)	 661	 (I)	 (81	 (91 .	 (la) 1	 .111 I .121 1	 1131

	

,	 .---,----,
la-1.	 ha	 I.E., 	 1j ILL,	 o.11,. .ko -11.._e.o in.-11. I 111: 4 ie.-16.o lo.-11.

W.

tits. 1454.1. 14. 145

4145	 4155

0
I

(Ile. 10)(.118. 15514818. 16)(,11. 15)

(16) 471	 I	 S169 49)	 [201(1)

SPZOIKIIN 43• (roue 1/ 6-12e8 ems)

	

24.03 1 24.02 1 0.245 	 24.03 I 0.749
	23.76 1 24.02 1	 .245	 1.74	 .749
	23.50 I 24.02 I 	.245	 1.50 e	 .749

	

23.27. 24.02 1	 .245	 1.27 I	 .749

	

22.97 I 24.02 I	 .245	 1.00 I	 .749

	

22.75 1 24.02 I	 .245	 .74 I	 .749

	

22.47	 24.02 1	 .245	 .51 I	 .745

	

18.24 I 24.02 1.245	 .26	 .749

	

14.12	 24.02	 .245	 .12 1	 .749

	

0.00 I	 8.00	 .245

1 I 6,610 16,522
830
620
540

	

98,705 e 	
3,760 96,870 I 91,540
3.006 I 90,920 I 84.620
2,266 I 85.140 I 77,490
1,506

5
 I 73.360 . 68

58,
5

.34°3 64650 120
556 1 49,

,
280 I 47,320

	

302 , 33,670	 31,710
211 1 21,320 I 18,970

	

1,970 	

0.64.457
les
• 556

0.638
.616
.636
.65s
.638
.638
.638
.638

12 I3.769
12 1 2,871
12	 2,119
IP	 1,445

12	
859le

10	 250
8	 186
0	 128

0.756
.616

2

6200.
.662
.665

. 603.619

.413

3,808

3.
404
004

1.90d

3.809
1.604
3.808

0.972 0.870
.750
.635
.500

2 2.32
2.00
1.70
1.34 .112091

.125891

.114681

.07525:

.o939z0

.546
.E0.4
,64e

34.s
.161

.416

.386

.362

.351

2 ,59400
360

.255

.O3g
7

9
10

- .222
.103

N.°4
•

920011131 .2. (Coos 1/ 6-100e PL119)

.244

.244

.244
n .244

.244

.24s

.21,4

.244

	

24.00 I	 .997

	

1.72 1	 .997

	

1.491	 .997

24.20.
23.75 1
23.53 .
23.293
22.990
22.73 .
22.48
18.23 1
14.12 :
8.00.

24.00
24.00
24.00
24.00
24.00
24.00
24.00
24.00
24.00
8.00

	

12,692 I 	  184,612 	

	

6.185	 6,097	 161,690 1169.020

	

4,529 I 4,679	 165,520 I 155,660
3,127 I 3,206142 .180 140,920

	

1,935	 2,026 174,6}0 124,510
1,115 I 1,105 1109.710 1105.170

	

533 .	 515 I 86,760 I 84,040

	

252	 255 e 57,010 I 55,240

	

199 1	 208	 35,310	 33.610

	

131 I 	 I	 2,030 	

30,523
850
620
550

.860

.745

Z
	91 	 1

33	

.625

.500

	

3.50	 .370

	

2.36	 .250

	

1.18	 .125

	

.57	 .060

.6033

.27246886

.224450

:14;1,2

.994
1.043
1.022

614
614
614
14

614
614
614
614

4.712
4.712
4.712
4.712
4.712
4.712
4.712
4.712

.56
.7.604

.611

.641

.628

.57s

.472

.351

.185

.088

1.73
1.49
1.25
1.00

12
12
12
12
12
12
10

	

1.25 I	 .997

	

1.00 I	 .997
.515

.407

.377

.353

.343

.941

.768

.571

.302

.143

.74	 .997

.50	 .997

122
	 .997

.997

.74

.50

.25

40
420
360
330
335

.057260

.0640769
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Figure 5.--Plywood panel stiffened with closely spaced stif-
feners and supported in the shear-buckling apparatus in
preparation for test.
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