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Introduction

Porest Products Laboratory Report No. 1316-H, issued in February 1945,
presented preliminary results of an experimental study of a mathematical
analysis for the buckling of flat plywood plates subjected to shear. The
formula that had been previously developed in Forest Products Laboratory
Report No. 1316 was found satisfactory for the plates tested. Curves were
drawn to show the correlation between the tests and computations made with
constants for both clamped and simply supported edges. From the limited
number of tests reported, an effective ultimate-stress curve was obtained
for design purposes.

The Army-Navy-Civil Subcommittee, after reviewing Report No. 1316-H,
requested that results of additional tests, including square plates with
face grain at angles of +45° and -U45°, together with whatever check tests
night be required to examine the effect of the stiffness of the loading
frames on observed stresses, be inciuded in this revised report.

Summar

This report supersedes Report No. 1316-H and presents a more extensive
experimental study of the mathematical analysis presented in Forest Products
Laboratory Report No. 1316 for the buckling of flat plywood plates under
shear load. Included in it are results of tests made on plywood plates of
several proportions and with their face grain at various angles, as follows:

lFormerly an engineer at the Forest Products Laboratory. The other authors
assume responsibility for the present revision.

gMaintained at Madison, Wis., in cooperation with the University of Wisconsin.
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With the face grain at 0° (parallel to short dimensions)

Plates 10 by 20 inches
Plates 10 by 30 inches

With the face grain at 90° (perpendicular to short dimensions)

Plates 10 by 20 inches
Plates 10 by 30 inches

With the face grain at +45° (parallel to tension diagonal)

Plates square.(size varied)
Plates 10 by 20 inches
Plates 10 by 30 inches

With the face grain et -45° (perpendicular to temsion diagonal)

Plates square (size varied)
Plates 10 by 20 inches
Plates 10 by 30 inches

In each of these conditions the thickness of the plate and the stiff-
ness of the loading frame were varied.

The formula developed in Report No. 1316 was found satisfactory. A

group of curves for applying the buckling coefficient, k., for infinitely

long plates to finite plates is presented. Curves showing the relationship
between observed stresses and computed stresses with edges of the plates
simply supported and with edges clamped are included. Adjustment factors

required to bring theoretical and observed stresses into agreement are
presented. ‘

Analysis of the data on frame stiffness showed no consistent effect
of this stiffness on buckling stresses.

The effective ultimate-shear stresses were obtained and plotted
against a nondimensional parameter of panel width to establish a curve for
the design of plates subjected to shear.

Purpose

Because of the pressing need for design criteria necessary to the
building of wood aircraft during the war, formulas and constants wore
developed by mathematical analyses. One such analysis was presented in
Forest Products Laboratory Report No. 1316 on the buckling of flat plywood
plates in compression, shear, or combined compression and shear. The formula
for compression was subsequently substantiated experimentally, and the results
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were published in Forest Products Laboratory Report No. 1316-D. The work
presented herein was an experimental investigation of formula 21,

Clrago ksELhz/a2 (energy method), of Forest Products Laboratory Report No. 1316

for the critical buckling stress of plywood plates under uniform shear, to-
gether with an empirical study of the maximum shear stress that plywood panels
will sustain after buckling.

Description of Material

The plywood for this series of tests was made from Sitka spruce logs
obtained as part of a shipment from the state of Washington3 and from yellow-
poplar logs obtained from Tennessee. The Sitka spruce was cut into flitches
and shipped to a plywood manufacturer to be guarter-sliced to the specified
thicknesses. The sliced venser was returned to the Forest Products Laboratory
to be dried, edge-glued, and pressed into 2- by 6~foot plywood panecls. The
yellow-poplar was rotary cut, dried, and pressed into panels at the Laboratory.
The face grain of the finished plywood was at angles of 0°, 90°, and 45° with
refercnce to the short side of the panels.

Marking and Matching

Panels were numbered according to construction and specics, as shown
in table 16.= Constructions & to 21, inclusive, were of the usual plywood
construction; that is, tho grain direction of each ply was perpendicular to
the grain direction of the adjacent plies. Constructions 40 to 45, inclusive,
were different only in that the grain direction of the center two plies was
parallel. In addition to the construction number, small letters (a, b, c,
etc.) were used to distinguish panels of like species and comstruction from
one another,

A typical layocut of specimens is shown in figure 108.j The 45° material
was used both in negative and positive shear, so that the face grain was
parallel and perpendicular, respectively, to the compression diagonal. The
designations for individual specimens suffixed to the panel designations and
the tests thereby indicated were as follows: .

3shipment 1580.

EThe tables and figures in this supplement are numbered consecutively with
those of Report No. 1316 and its supplements B, C, D, E, F, and G. Figures
134 through 138 have been deleted, however, in the revision of Report
No. 1316-H.

2Bocause the plywood pancls were manufactured to meet specification AN-NN-P-
511la and were thought equal to commercial aircraft grade, no attempt wes
made to avoid minor defects in the face plies, since there was probably as
much variation in the inner plies as in the face plies.

Rept. No. 1316-H, Revised -3~




Desiggation Test

1, 2, stc. Plate buckling
sl, 82, ete. Shear strength (panel) .
c Plate shear test for modulgs

of rigidity in shear

Dand B Static bending with the face
grain parallel to span

F and G Static bending with the face
grain perpendicular to span

Bach frame member was assigned the same ildentification as the plate
from which it was cut, after the buckling test was completed, plus an addi-
tional number to identify each member of the frams.

A1l specimens and coupons were conditioned to produce a moisture con-

tent between 3-1/2 and 5-1/2 percent at time of test so as to avoid results
that would require correction for moisture content.

Method of Test

Preparation of Specimens

All test specimens were cut on fine-cutting, sharp, circular saws
after the panels marked as indicated in figure 108 had been cut on a band saw
into sections.

_ Buckling test specimens were prepared as shown in figure 109. First
the corners were cut by drilling l-inch-diameter holes centered 1/2 inch from
the corner of the test area and 1/2 inch away from the corner on a line at
45° to the edges. The plate was then cut to size on a circular saw. The
gpecimen was then glued into a frame of white pine, hard maple, or yellow
birche Vhite pine frames woere used on a few of the very thin spocimens (three
1/&8-inch plies), since the hecavy hardwood frames caused some breakage at the
corners of the fragile plates during handling before test. On thesc thin
plates frames were made of 3/4- by 2-inch membors glued to each side of the
plywood, while on the thickest plates the frame members were 1-3/8 by 2-3/4
inches. For the bulk of the specimens between these two extremes, the frame
members were 3/4 by 2-3/4 inches. A gap of approximately 1/16 inch was mein-
tained at the corners between the ends of the frame members to prevent their
bearing on one another. Holes to receive the loading pins were located
according to the table of dimensions given on figure 109 and were drilled
sufficiently large to provide the necessary bearing area on the frame.
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Frame members were prepared for static bending tests after the plate
buckling test was completed. ZEach member, made up of two blocks with the
plywood glued between them, was removed from the test plate by means of a
band~saw cut along the edge of the area tested for shear buckling. This
sawed surface of the frame members was then joinered to a flat, smooth sur-
face for about 2 inches from each end to bear on the supports during the
static bending test. c g

Test Procedures

The procedures for the static bending test of frame members and for
the shear strength test of plywood (coupons sl and s2)are given in the appen-
dix. Static bending tests made on coupons D, E, F, and G are described in
the appendix to Forest Products Laboratory Report No. 1316-D. The plate
shear test on coupon C is discussed and described in Forest Products Labora-
tory Report No. 1301, "Method of Measuring the Shearing Moduli of :Wood."

The procedure for the buckling test of plywood plates in shear was
established only after much time and effort had been devoted to experimen~
tation with methods of supporting and loading plates and with methods of
observing the critical buckling load.

The method of obtaining the critical buckling stress of plywood
plates in shear is illustrated in figure 110, which shows a gpecimen under
load. ILoad was applied to the frame of the specimen through wood loading
blocks fitted with l-inch-square steel bars. Hardened-steel rollers and
loading pins transmitted the load to the frame, and the frame transmitted
the load to the plywood panel by glue shear.

The test procedure was as follows: The loading pins and rollers were
assembled into the drilled holes. When necessary, the holes were reamed
with a hand reamer to provide a snug fit for the pins. A dial gage graduated
to 0.0001 inch was then adjusted to one member of the frame of the specimen
to measure the flexure of thé member in the plane of the plywood. This frame
gage was adjusted so that its spindle contacted the edge of the plywood at
the center of the frame member.

Diagonal deformation (when recorded) was measured on the compression
diagonal across the center of the panel. To obtain this measurement two
dial geges (not shown in fig. 110) graduated to 0.0001 inch were mounted
opposite one another on opposite sides of one of the longer frame members.
The spindles of the dials were connected to the opposite frame member by
fine wires that passed over the center of the panel, one on each side, and
made angles of 45° with the edges of the panel., The readings of the two
dials were averaged to minimize the effects of any slight twisting of the
framo caused by warping and of any slight eccentric drilling of the holes
for the loading pins.

The specimen was then placed in the testing machine. To prevent the
panel from twisting and to keep the frame properly alined, guide rails were
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clamped to the frame at the two corners not loaded. These rails were

clamped tightly to one frame member, but were shimmed to allow approximately
0.002-inch clearance for the adjacent frame member. A small load was then

applied to hold the specimen between the heads of the machine while plumbing

and centering the set-up on the loading blocks. Dial gages were then brought

into position to measure lateral deflection (buckling) at the center and ‘
approximately at the quarter points of the longitudinal center line of the
gspecimen. The points of contact between the spindles of the gages and the

panel were marked with a pencil, thumb tacks to which silver contact points s
had been .soldered were forced into the plywood, and the necessary electrical
connections were made to a couple of dry-cell batteries and a buzzer.

Since the exact positions of the crests of the buckles were unprodict-
able, especially in very thin plywood, & small prebuckling load was applied,
and the contacts were spotted on the panel at the points of maximum lateral
movement as shown by a straightedge. This procedure usually resulted in a
good set of curves from which the buckling load was easily read.

The question as to whether this procedure weekened the panel and
caused it to sustain less load before buckling was ansvered by making several
test runs, consecutively, on each of several panels. No weakening was evi-
dent, and buckling took place at about the same load on all runs. This
repeated loading procedure applied to only a few of the thin specimens that
had a low ratio of buckling stress to estimated proportional-limit stress.

Although on some of the thick panels the electrical contact was elimin-
ated for the gages measuring lateral deflection, it was felt that the pressure
of the dial spindles on thin specimens would influence the buckling. The
system of electrical contact was therefore used. During test the spindles
were kept free of the specimens except at time of reading, when contact was
made with only enough pressure to complete the circuit and to encrgize the
buzzer. To take the readings of the frame and diagonal gages was no problem,
but the lateral-deflection gages had to be read one at a time and with con-
~giderablo care to prevent lateral pressure on the penel by the gpindle.

While the readings were being taken, the load on the specimen was held
constant. Under this arrangement some scatter of points could always be :
expected, partly because of the difficulty of holding an even load (especially
at the higher loads) and partly because of the factor of human error-in the
technique of measuring the lateral deflections.

The load was applied in increments so estimated as to give at least
10 readings before buckling occurred. The speed of the head of the testing
machine during the application of load was approximately 0.018 inch per
minute. Readings were taken as rapidly as possible in order to prevent
unnecessary creep of the specimen and were continued past buckling. The
gages for measuring lateral deflection were then removed, and the buckles -
were marked on the specimen as it was being loaded to failure. TFailure
usually occurred in onc of two ways -- by compression and bending at one of
the corners not loaded, or by shear along the framé} Failure by shear along
the frame was typical for the 0° and 90° face-grain pancls.
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Method of Choosing the Observed Buckling Load

To determine the critical buckling load, the following measurements
were taken at each increment of load and were plotted against the load,

1. Lateral deflections of the plywood plate.
2. Diagonal compression across the plate at 45° to the edges.
3. Deflection of the frames in the plane of the plate.

Of these measurements the lateral deflections were the most consistent and
were therefore considered the best indicators of buckling. Of secondary
importance were the readings of the diagonal compression. The chief diffi-
culty in using these diagonal measurements to determine the critical load
was that usually several changes of slope of the plotted curve were obtained
before buckling, as evidenced by lateral deflections, occurred. However, the
determination of the critical load by use of these diagonal measurements
appeared feirly reliable for the thicker panels. The frame deflections were
too inconsistent to be used as indicators of buckling. While the curves
plotted from these measurements generally followed & given pattern for panels
having a certain face-grain direction, the changes in slope of the curve were
too irregular to be of value. Whenever the lateral deflections gave a sharp
definition of a critical buckling load, the plots of the other measurements

- indicated the same critical load.

The load, lateral-deflection curve seldom changed direction with a
sharp and precise break at the critical buckling load (Forest Products
Laboratory Report No. 1316-D), probably on account of an initial curvature
in the plate. The curve usually assumed a new slope in a gradual maaner.
The buckling load was chosen just above the knee of the curve. Figure 76
of Forest Products Laboratory Report No. 1316-D illustrates the manner of
selecting the load, as follows: By extrapolating the curve of run No. 4,
the buckling load chosen on run No. § would have been read at a point where
the curve begins to level off. A similar situation is shown again in
figure 92 of Forest Products Laboratory Report No. 1316-G, in which the
buckling deflection curve is compared to strains measured with metalectric
gages set at the center and edges of the panel. These examples are taken from
the buckling of plywood plates under compression.

The following examples show that this same method is applicable to
plates under uniform shear. Specimens 6xc-1 and 6xc-2 were cut from the
same 2- by 6-foot plywood panel. It so happened that specimen 6xc-1 (fig.11l)
behaved under test in an ideal manner; the lateral movement was slight until
the buckling load was reached, and then rapid movement was recorded. There
is no question but that the critical buckling load on this specimen was
2,450 pounds. Specimen 6xc-2 (fig. 112) behaved in a contrary fashion. If
the method of choosing buckling loads were applied, 2,100 pounds would be
chosen because at this load two of the curves become straight lines. No
buckling load was chosen for this specimen because of its noncritical be-
havior, but it is desired to point out that, even in such an extreme case,
the critical buckling load can be approximated.
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Specimen Wmxn-2 (fig. 113) further shows this method of choosing the
buckling load to be correct. Strain gages of the electric-resistance type
were glued to both faces of the plate opposite each other, and strains were
recorded in addition to measurements of lateral deflection and of frame
deflections. The buckling load chosen from the strains recorded by the
metalectric gages was approximately 3,200 pounds. This load was also indi-
cated by all dial gages. Metalectric gages numbered 3 and 8 increased in
strain under compression until buckling was reached, when compressive strain
was relieved, and a slight increase in tension was noted with gages numbered
1 and 6. Gages number 2 and 7 should theoretically have remained at zero
strain while tension and compression equalized each other, but at buckling,
a new relationship developeds The buckling load picked from the lateral=-
deflection curves agreed with that indicated by the electric-resistance
strain gages, Matched to this specimen was specimen llxn-l, curves for
which are shown in figure 11l, This is a typical set of curves that again
indicates the correctness of the method of choosing buckling load.

A different type of behavior is shown in the curves of figure 115,
These curves are representative of specimens that begin to bow in one direc-
tion on the application of load and that at buckling change into a wave
pattern of a quite different form. The buckling load is then relatively
simple to read from the curves and is usually at a point where one of the
lateral gages reverses. The curves for specimen 17xh-1 (fig. 115) illustrate
this, The curves for the matched specimen 17xh-2 (fig. 116) are also shown
in order to compare the methods of reading buckling loads.,

The selection of a critical buckling load frequently required personal
judgment in the interpretation of the load-deformation curves. To eliminate
any possibility of the results being influenced by this judgment, all of the
observed critical loads were established, and the observed critical stress
was determined, before the critical stresses were computed by use of the
theory.

Presentation of Data and Computations

The data obtained from the plywood tests and the results of computa-
tions are presented in tables 17 to 26 and in figures 117 through 126, 117
(with figure 127, 128, and 129 being used in computations) and 130 through
133.

In tables 17 through 26, column 1 gives the panel designation, and
column 2 identifies the buckling test plates. Data pertaining to the buckling '
test are given in columns 3 through 7 and include width (a), length (b), and
thickness (h) dimensions in columns 3, L, and 5. The observed critical bucke
ling stress given in column 6 and the effective ultimate stress tabulated in =
column 7 were computed from loads observed in test by the formula:

P
q= = (1)
h Va2 + b2
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When P is the critical buckling load, q is the critical buckling stress; and
when P is the maximum load, g is the effective ultimate stress, labeled Fy
in this report.

Data from the shear strength test specimens (sl and s2) matched with
the buckling test plate are given in colummns 8, 9, and 10. The thickness (t)
is given in column 8, and the length of the sides (w) of the square test area
is given in column 9. The meximum load (Wﬁlt) attained durlng the. test was

used to compute the ultimate stress (Fse) by the following formula:

oo = 12 V2

This ultimate stress 1s given in columm 10.

The moduli'of elasticity E) and E; were computed from bending tests
of specimens D, E, ¥, and G by the formula:

El or Ez:%%ﬁ (3)

where P

load upon the centrally loaded coupon in pounds

length of span over which the coupon was tested in inches
deflection of the coupon at load P in inches

moment of inertia of the cross section of the coupon in irches.

g
1]

fi

The modulus Ej results when the face grain of the coupon is parallel t6 the
span, and the modulus E, when the face grain is perpendicular to the span.

The load was kept sufficiently low so that the proportional limit would not
be exceeded. The values obtained are tabulated in columns 11 and 12 of the
tables. The retio Eq (Bj + Bo) is given in column 13 of the tables.

The modulus of elasticity Ey in the direction of the grain of the wood
used in making the plywood was computed from the formula:

By = 22 (E) + Bp) (%)

which results from the formula:
B, + Bp = B + E, (5)

if it Pe assumed that Ep = %6 P, and where Ep = modulus of elasticity of

wood in the tangential direction. (See Forest Products Laboratory Report
No. 1316-B, page 3.) This assumption is not greatly in error for this use.
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The critical buckling stresses given in column 14 for simply supported
edges and in colum. 15 for clamped edges were. computed by formula (27) of
Forest Products Laboratory Report- No._13L6 which is.

LR
= h
= kg EL 2
a
where Ei = the modulus of elasticity of the wood
h = the thickness of the plywood plate (col. 5)
a = the width of the plywood plate (col. 3)
kg = a coefficient that depends on the plate and that was
determined as follows:
B
From the data on static bending tests the ratio g i 7> which is
1 2

given in column 13, was obtained, This ratio was used to enter the curves in
figure 127 for clamped edges and in figure 129 for simply supported edges and
to obtain the proper wvalues of koo~ the coefficient for infinitely long

piates subjected to shear. These coefficients then were corrected for the
finite plate, as follows:

El + Ez \
figure 128 for clamped edges and in figure 130 for simply supported edges and

Again the ratio was used —- this time to enter the curves in

to obtain the corresponding value of EL, j,e., the ratio of the theorotical"

buckle length in an infinitely long platoe to the width of the plate.

The length-width ratio E for each pléte tested was then divided by the

two values of E— to obtain the ratio of E' for each edge condition, These

Koo
ratios of %7 were then used to obtain the ratio of E——for each edge condition

s :

by application of the proper curve from figure 131 when the face grain was at
0° or 90°, or from figure 132 when the face grain was at +45°. By taking the
reciprocals and multiplying by the kg, for each edge condition a value of kg
for simply supported edges and a value of kg for clamped edges were determined.

The two values of Ay ORE for simply supported edges and one for clamped
edges, were then easily computed by the formula.

Ratios of the critical buckling stresses to the shear strength (c01.10)
were computed by using the observed stress (col. 6), the stress for simply

supported edges (col. 14), and the stress for clamped edges (col. 15), and
were tabulated in columns 16, 17, and 18, respectively.

Rept. No. 1316-H, Reviaed -10-




The ratio 2— given in column 19 is a nondimensional parameter of
0
panel width obtained by the formmla:

T
a_ _ s (Bg. (3) of Forest Products
8o Ydcr obs  Laboratory Report No. 1316-I.)

The values tabulated in column 19 were obtaeinsd by taking the square root of

q
the reciprocal of the values of —cx_obs given in column 16.
86

The ratio of the effective ultimate stress of the plates tested for
buckling to the ultimate stress of the matched coupons tested in shear is
given in column 20.

For comparison of the stresses computed for simply supported edges
and the observed stresses figures 117 through 126 were prepared, with the

q
values of EQI (simply supported) from column 17 of the tables plotted as
s@
q
abscissas and the values of —S% (ogserved) from column 16 as ordinates.
sf

For comparison of the stresses computed for fixed edges and the ob-
served stresses figures 117B through 126B were prepared in e similar manner.

An empirical curve obtained from a composite plotting of all tests

7 .
with ?h.from column 19 for the abscissas and —=— from column 20 for the
0 - : s@
ordinates is given in figure 133. From this curve the effective ultimate
shearing stress of flat plywood plates can be estimated for design purposes.

The data obtained from tests of frame members are presented in
tables 17a through 26a.

The plate specimen from which the frame members were cut is identi-
fied in column 1 of these tables, and the number of the frame members tested
for each plate is shown in column 2. Columns 3, 4, and 5 show, respectively,
the span, width, and depth of the member at test. Width includes the thieck-
ness of the plywood and two thicknesses of the material forming the frame.
The value of EI computed for each member is given in column 6, and the
“average value of EI for the two long sides of the frame, or all sides tested
in the case of square plates, is given in column 7. In column 8 is the
ratio of the critical stress observed during the test of the plate to the
critical stress computed for simply supported edges obtained from tables 17
through 26 by dividing column 6 by column 14,
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Discussion of Results

-

Critical Buckling Stresseg .
oo
The critical buckling stresses obtained by test are compared with
those computed by means of the theory presented in Forest Products Laboratory
Reports Nos. 1316 and 1316-B and with additional theoretical results. The
following equation, number (21) of report 1316, was used:

in vwhich By = modulus of elasticity in the direction of the grain of the
wood of which the plywood is made

thickness of the plywood

smaller dimension of the plywood plate

larger dimension of the plywood plate

a coefficient, the value of which depends upon the con-

struction of the plywood and the ratio 2
e

&i‘c'ﬂ"b‘
mauu

The procedure was to find that value of LS that is ksm' that applies

to infinitely long panels and then to adjust this value to apply to panels
of finite length by means of curves obtained from various mathematical analyses.
The values of ksoo were obtained from the curves plotted in figures 127 to 129,

inclusive, as previously described. These figures were plotted from the
original mathematical data obtained in connection with Report No. 1316-B. The
ad justment of kSco to ks was made by means of the curves of figures 131 and 132,

which were obtained from various mathematical investigations. For plywood
having its face grain parallel to one of the edges and the edges simply sup-
ported, the work of E.Seydel wes used, from which the curve of figure 12 of
Report No. 1316 was obtained and replotted in figure 132 of the present, report.
When the odges of these panels were clamped, the work of R. C. T. Smithé was
used. A curve obtained from Smith's report was also plotted in figure 132.
The cusp in the curve was usoed in the computations in the present report,
although the smooth dashed curve, which is only slightly in orror, could
have becn used. For pancls having their face grain directions at 45° to
their odgos, formulas derived by Green and HearmonL were used. The deter-
minants in these formulas were expanded .and solved to obtain the group of
curves drawn in figure 131. The use of these curves has been previously
described. ‘ '

éR. Co Te Smith. "Buckling of Plywood Plates in Shear." Australian Council
for Scientific and Industrial Research - Division of Aeronautics. Report
SM51.

Zp. E. Green and R. F. S. Hearmon. "The Buckling of Flat Rectangular Plywood
Plates." Philosophical Magazine. 1945 Ser. 7, vol. xxxvi, pp. 659-688.
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In figures 117Ato 126Aand 117 n to 1268, inclusive, values of the
ohserved critical stresses are plotted sgainst’ computed values, with both
values divided by the eppropriate strength of the plywood. In gensral, the
observed values of critical stress are greater than the computed values for
plates with simply supported edges, and are less than those computed for
plates with clamped edges when the computed stresses are less than the
proportional-limit stress. The straight line shown in each figure is extended
from O over the range in which the computed critical buckling stress is less
than the approximate proportional-limit stress in shear. If the computed
critical buckling stresses are corrected by factors equal to the slopes of
these lines, the observed stresses are approximately obtained. For each
grain direction two such factors were obtained; one to apply to computed
stresses when assuming edges are simply. supported, and the other to computed
stresses when assuming the edges are clamped. An average factor was obtained
for each grain direction and for each of the two methods of computation.
These factors are as follows:

é Simply supported edges Clamped edges

0° 1.06 0.64
90° 1.14 .74
~Lgo 1.00 66
+l50 1.30 .84

The factors applying to computations based on simply supported edges
are substantially unity, with the exception of the one applying to a face-
grain direction of +45°, It is indicated, therefore, that the plates tested
were more nearly simply supported than clamped.

The data showing the effect of the supporting frames on the critical
buckling stresses are presented 'in tables 17a through 26a. Analysis of
theée_déta indicated that the stiffness of the frames, over the limited range
studied, had no consistent effect on the observed critical buckling stresses.

Effoctive Ultimate Stresses

The effective ultimate stress of plywood plates and the shear strength
of the plywood were both obtained in this study. When buckling occurs in a
plate subjected to shear before it fails,; the average or effective ultimate
stress (F ) is lower than the ultimate stress (Fse) attained when the plate

falls without buckling.

From the formula for the critical buckling'stress it is obvious that
from a given material a plate can be made sufficiently narrow to buckle at the
same stress at which failure occurs. This particular width, labeled a,, is
obtained by using the strength for the critical stress and solving for ag.
Thus:
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2
2___ksELh

a
0
FBG

Similarly, the width of a particular plate may be expressed in terms of the
observed critical load. Thus:

2
2 K E :
%r obs

The ratio of the width of a finite plate of a given material to the width
that will cause buckling to occur at failure is:

& yhich, from the above equations, equals ——Eﬁﬁ——
25 %¢r obs

The ratlo i& obtained by taking the above square root of observed stresses

(]
is therefore & nondimensional parameter of panel width that does not depend
on the edge or end conditions of the plate except as they enter the shear-test
data.

The general curve in figure 133 with 2_ for abscissas and Eﬁ— for
8, s
ordinates fitted separate plots of the data for each panel size and grain
direction. The lightweight lines indicate the area in which the plots of
individual tests were scattered. Of course, most of the plots were bunched
along the curve. The broken line shows, for comparison, the curve resulting
when the abscissas are the reciprocals of the ordinates. )

The general curve shown in figure 133 may be used as follows to obtain
.the effective ultimate stress that a plate will carry if the strength and
elastic properties of the material in the plate are known. First solve for
(ay) in the formula for the critical buckling stress by using the shear

strength as the critical buckling stress. Then with the dimension (a) of the
_plate, obtain the ratio (2-). BEnter the curve at this valus of (if) and read

ap °
the corresponding value of f—i' Multiply this ratio by the shear strength
86 ,
of the material (Fse)' and the result will be the effective ultimate stress
for the plate. .

If (ao) is computed by assuming simply supported edges, the value will

be smaller than for any other edge condition because the ratio i— is larger
F_ 0.

than for any other edge condition and the reading of i?— from the curve is a

minimim for the plate. ‘ sé
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Conclusions

The mathematical analysis given in Forest Products Laboratory Report
No. 1316 gives buckling stresses due to shear thatare in reasonable agreement
with experimental results”if the edge fixities of the plates are taken into
account. The use of computations based on plates with simply supported edges
leads to slightly conservative results.

The ultimate effective stress can be obtained from figure 133 with
sufficient accuracy for design purposes if the edge fixity of the plate is
estimated. This curve will give conservative values if the edges of the
plates are assumed to be simply supported.

Appendix

Method of Test for Ultimate Shear
Stress of Plywood Plates

A standard test for determining the ultimate shear stress of plywood
had not been established when this series of tests was performed. A tenta-
tive method that had given consistent results at the Forest Products
Laboratory was followed.

The coupon for test was shaped as shown in figure 108, coupons S1 and
52. The detail at the corner of the coupon was the same as that shown for
the buckling test specimen in flgure 109, The diameter of the pin was 1/4
inch, “A" was 1/U4 inch, "B" was 5/16 inch, and the diameter of the roller
was 3/4 inch for all the coupons.

Dimensions of the coupons were such that the square area would not
buckle before failure occurred and that the area glued to the blocks would
be sufficient to transmit the forces between the blocks and the plywood
without failure. Thickness of the plywood ranged from about 1/16 inch to
1/4 inch, and the side of the square ranged from 1-1/4 inches to 4-1/2 inches,
depending on the direction of stress and the thiclmess of the plywood. :

Hardwood blocks 1/16 inch shorter than the sides of the square were
located on the plywood coupons by the use of a jig and were glued to the
plywood with a\coldesetting urea-resin glue. Pressure was applied tq the
glued parts by wood clamps for at least 15 hours. After the glue was set,
the coupon was completed for test by drilling 1/4-inch-diameter holes with
the specimen held .in a Jig. :

In setting up the apparatus for test, 1/W-inch-diameter pins and 3/4-.
inch-diameter rollers were assembled on the coupon, and two steel wedge-
shaped hoads with surfaces at 45° tothe vertical were ceantered in a hydraulic
testing machine. The specimen was then placed between the heads as shown in
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figure 139. A load of 10 pounds was maintained on the specimen while the
alinement and bearing betwsen the parts in the set-up were checked.

The load was then increased until the specimen failed, and a maximum
load was obtained. TFailures occurred either in shear parallel to the sides
of the square or in compression or tension along the diagonals of the square,
depending upon the construction of the plywood and the relative strengths
in shear, compression, and tension.

The ultimate shear stress was computed from the maximum loed by formula
(2) as follows:

where F sf = ultimate shear stress
i u1t= ultimate load, regardless of type of failure

t = thickness of plywood
= length of one gide of square.

This method assumes that the effect of the loading pins located 1/U4 inch
outslide the edge of the square is the same as if the pins were centered at
the edge of the square.

Two coupons were tested for each 2- by 6-foot panel, and the average
ultimate stress was used for the computation of the effecctive widths of
buckled plates. The data on these tests of coupons are given in tables 17
through 26 in columns 8, 9, and 10.

Tegt of Frame Members

Frame members were tested in static bending, as illustrated in
figure 140, to determine the stiffness of the frames in the plane of the
plywood. Ends were supported on l-inch roller plates centered 1 inch from
each end on tne smoothed surfaces. The distance beiween the laterally ad-
Justable knife-edge supportis was recorded as the span. ILoad was applied
at the center through a curved wooden loading block. Deformatlon in inches
was obtained from a dial reading to 0.001 inch that was mounted on the sup-
porting base and bore on the plywood between the solid-wood components of
the frame. Load-deflection curves were plotted. and the slope was used to
compute the value of EI by the formula: '

1 P13
El = — =
48 D
where P = load in pounds
L = span in inches
D = defiection in inches
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Teble 16.--Plywood constructions end speciles

Construction A Ply : Specles
T ¢ thickness

me *s ss ee
sw s% ss == ee es

Y s | 1/48 Yellow-poplar
5 R Eh I F :  1/20 Do.

6 : 1/16 ; Do

T : : 1/48 : Sitke spruce
8 : 1l:11:1 : 1/20 : Do.

9 : : 1/16 : Do.

16 : : 1/48 : Yellow-poplar
17 : 1:1:1:1:1:  1/20 : Do.

18 : 1 1/16 g Do.

19 : : 1/48 : Sitka spruce
20 & 1:1:1:1:1:  1/20 : Do.
21 : :  1/16 $ Do.
ko : : 1/48 : Yellow-poplar
b1 : 1:2:1 : 1/20 : Do.
b2 3 : 1/16 : Do.
43 3 : 1/48 : Sitka spruce
Ly : 1:2:1 : 1/20 : Do.
45 :

i 1/16 : Do.
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Table 20.--Test data and c ted values for shear buckling test specimens and c . Test cimens 10 0 inches with face grain at 90° to of >3

H i H t
F:n-:l H Buckling test specimens i Ehear coupons : Bending coupons : Pactors and results of computations
L]
:Bpaci-: Width ; Length : Thick- : Buckling :Ultimmte: Thick-: Length :Ultimate: Modulus of t Ratio 1 Rige oonditions sParumeter :Effeotive
i men t : mems : strees : miream : nesb : of : stress :  elasticity i of i atrese
: Mo, 3 H 3 : observed 3 ! oafde femesnsnmmmam———— r X : Bimply : Clamped 1 As t Bimply :Clesped 1 width @
b H | s H [ 2 H 1 t 1 t E, + X, : supported: ! tested : sup- 1 % t
: 2 ) E ; H t 1 t t ll : : a 1 ported 1 t
H ' H H H t t t H % H H 1

+ dor oba. ] dor e "o—r el
+ Top H 'IB 1 ad i

(9) + (1) : (1) « {1 : (13 : (W) = (330 =« (18) ¢« (a7) + (28) « (%) = (en)

In. In. ¢ Im, In, & Lb. per: 1,000 1b.: 1,000 : b, per :1b i ]
1 3 i 8q. in. = T E,: :1b. par: 5. in aq. in. 1
3 : : _rl-n :0q. in.:
bxa 1 :20.02 :30.01 & 0.060 479 :0.126 : 2,98 :1,880 : 1,631k : 113.1 : 0.9352 38.8 71.2 : 0.0979 : 0.0206 : 0.0379 : 3.198 : 0.2548
2 : 9.99:30.00 : 061 37 ¢ .127 : 2,98 31,880 : 1,63L.4 : 113.1 : .9352 Lok 7.1 : 1270 : L0213 : 039k : 2.808 : .232h4
bze 1 :10.00 : 30.00 063 o2 127 2,98 : 1,902 : 1,60k.3 : 115.3 : .9329 43.0 9.3 L0396 : .0226 : .OWIT : %.025 .211h
2 :10.00 : 30.00 290 124 : 2.99 : 1,52 : 1,604.3 : 115.3 : .9329 1.6 : T76.8 L0335 3 .0219 : OOk ; 5.450 1525
Sxb 2 :10.01 : 30.00 : 133 836 : .135: 2.98 : 1,515 : 1,737.2 : 08,3 : .93 193.3 ¢ 350.0 2802 : 1276 : .2310 : 1.883 ": .5518
6xe 2 9.99 : 30.01 : .1T1 973 : .178 : 2.98 1,308 : 1,643.9 : 117.6 9352 323.9 59%.5 4955 ¢ L2476 ¢ LBSMS  1.he2 JTh39
2 9.96 : 30.01 : 177 gk2 : .17h : 2.98 : 1,308 : 1,643.9 : 117.6 .9332 349.1 640.4 L9211 ¢ L2669 ;1 4896 : 1.385 7202
Tza 1 :10.01:29.99 : .09 365 : .09k : 2.99 : 2,198 : 2,141,k : 156.0: .9321 : 35.0 6.5 L0470 @ L0159 ¢ .0293 : h.601 A7he
2 1 10.00 : 29.99 .050 376 : .098 : 2.98 : 2,198 : 2,141.h 1 156.0 : .9321 : 36.5 67.1 (0691 : .0166 : .0305 : 3.802 A
Txc 1 :10.00 : 30.00 .050 9.1 K2 : .101 : 2.97 1,974 : 1,754.6 : 167.0 : .9131 : 3.4 65.0 : .0bOL ; .OLTH : .0329 : L.997 +2087
2 :10.00 : 30.00 051 95.0 372 : .10l : 2.97 : 1,97k : 1,7%4.6 : 167.0 : .9131 : 35.7 67.6 : .OWTL : .0161 : .03k2 : 4.615 +1884
8xe 1 i 9.99 : 30.00 135 @ 515.8 : 1,077 : .135 : 2.98 :1,582 : 1,58.3 : 168.8 : ,9003 = 5 k513 3260 @ 1508 @ .2853 : 1.732 6808
2  :10.00 : 30.00 LA57T : 507.8 : 956 : .135 : 2.98 :1,582 : 1,528.3 : 168.8 : .9005 : 2h5.h : 463.8 3210 & L1551 @ .2932 : 1.T65 6043
Sxa 1 :10.01 : 30.00 : .175 : 5TI.T 930 AT : 2,98 : 1,059 ¢ 1,203.9 : 135.6 @ .9003 ¢ 320.2 607.5 SET6 s L3085 ¢ .5799 3 1.351 .8813
2 :10.00 ¢ 30.01 : .76 : 575.0 k8 A7k ¢ 2,97 : 1,055 : 1,223.9 : 135.6 : .9003 :  3e4.1 615.7 k5D @ L3072 ¢ L5836 ¢ 135 8986
16z 1 : 9.98 : 30.01 L100 ¢ 538.7 :1,209 : .205 : k.30 : 2,212 : 1,5%0,0 : 500.2 : .T5B : 258.9 :  4B0.5 2h35 : L1170 ;2272 : 2.026 5k66
2 : 9.98 : 30,01 02 : 6213 :LATL : 103 : 2.9 : 2,212 : 1,540.0 : 500.2 : .T5WB :  269.3 : 3500.0 : .2809 : .1217 : .2260 : 1.886 5294
19xa 1 : 9.99 : 30.00 : 083 hoo.k 99h : .15L : AL oz 2,484 : 1,837.8 : 530.6 1 .TT60 : 197.0 :  365.1 612 ¢ L0795 @ L1WT0 : 2.492 4002
2 : 9.99 : 30.01 19,5 92T : .18 : b.b8 :2,M8% : 1,837.8 : 530.6 : .TIE0 197.0 ¢ 365.1 L1689 : L0793 : WO : 2.h32 3732
40xa 1 :10.00 : 30.00 .080 336.0 763 : 162 : h.k8 12,202 : 1,531.0 : 333.2 : .7998 = 120.2 :  225.0 L1526 .0%H6 @ .1022 : 2.360 3465
2 :10.01 : 30.01 .082 366.0 813 : .155: %.A8 :2,202 : 1,331.0 : 333.2 : .T998 126.0 : 236.0 L1662 ¢ L0572 @ L1072 : 2.452 3692
koxe 1 :10.00 : 30.00 .0B6 195.0 590 : L1T2: 2.98 : 2,008 : 1,325.8 : 228.0 : .8533 109.1 :  205.8 L0961 : .05h3 ¢ .102% 3 3.229 d
2 :10.00 : 30.00 .087 218.1 676 : 1Tk : .48 : 2,008 : 1,325.8 ; 28.0 : .8533 m.7 : 210.5 .1086 : .0%56 : .1048 : 3.035 3367
43xza 1 :10.01 : 30,01 068 37L.7 790 : .129 : 2.99 : 2,30k 2,039.8 : 307.2 3 .8691 96.7 : 182.2 L1613 @ .0M20 ¢ L0791 : 2,490 3429
2 :10.00 : 30.00 067 283.2 TH3 ¢ 129 : 2.98 2:50k 21059.8 3 %07.2 : L8681 ¢ 93.9: 1773 @ .1229 : .0h08 : .0769 : 2.8%2 3225
43xe 1 :10.00 : 30.00 .72 109.8 559 : .1k5 : 2.98 : 1,976 1,756.8 : 263.0 : .8698 : 93.3 : 175.6 : .05% : .0MT2 : 0889 : k.20 2718
2 :10.00 : 30.00 .070 135.5 548 : .139 : 2,98 : 1,976 : 1,736.8 1 263.0 : .8698 : 88.2 : 166.0 : .0686 : .o4u6 : .0B%0 : 3.815 2773
Lhxa 1 :10.00 : 30.01 185 :1,108.2 : 1,451 : (161 : LB : 1,668 1,276 : 339.1: 7901 :  6h1.9 :1,196.5 : .6764 : 3818 : .TAT3 : 1.2)3 8699
2 :10.02 : 30.01 285 :1,160.0 : 1460 : .180 : b.48 : 1, ¢ 1,276k : 339.1 ¢ L7901 639.3 : 1,101.7 : .695h : .3853 : .7ah : 1.198 8753
Sxa 2 :10.01 :30.01 : .133 261.3 898 137 : 2.99 1 1,572 1,603.8 : 137.6 9210 210.5 393.6 : .1662 : .1339 : .250k : 2.453 5712
17xc 2 10.00 : 30.02 22k : 1,270.6 : 1,299 : .223 : k.49 : 1,637 1,59%.0 & 450.1 .TT98 1,222.0 : 2,272.0 & .T762 : .Th65 : 1.3879 :
20xc 1 :10.01:30.01 : .228 :1,086.3 1,171 : .231 : k.51 : 1,626 : 1,M7.3 : SWh.2 @ L7267 1,388.h : 2,571.2 : .6689 : 8549 : 1.5832 :
2 :10.00 : 30,02 : .231 : 1:0'00.10 : 112100 : .228: Lk.50 1:62b 1 1:“0’( 3 7267 1:&21 1 2i6luk.5 T .6h06 3 .B788 : 1.628h :
h2xc 1 : 9.99:30.00 : .22 : 857.1 :1,150 : .245 : 4.50 11,308 : 1,7T34.2 : 290.7 856k ¢ 1,114.7 : 2,097.5 : .6400 : .8522 : 1.6036 :
2 :10.01 :30.01 : .22 : 887.7 :1,110 : .24k : L.50 1,308 1 1,73k.2 : 290.7 856k : 1,111k :2,090.1 :. 6787 : .BW9T 1.5980 :
5x8 1 :10,01 :30.02 : .139 : 215.9 : 697 : .137 : k.53 1,366 : 1,249k : 113.0 : L9171 184.1 ¢ 3456 : L1581 : .1348 : .2930 : 2,515 5102
2 :10.0k :30.06 : .138 : 296.7 : 813 : .139 : L4.53 : 1:566 : 1:2h9.h : 113.0 9171 2 180 : 339.6 : .2172 : 1321 : 286 : 2,147 : .5952
5xt 1 : 9.97:30001 : 140 : 249.2 : 720 : .135 : k.53 1,492 : 1,195.5 : 1lk.4 9127 185.2 :  350.0 : .2670 : .12b1: .2346 : 247 : LBe6
2 110,00 :30.00 : .138 : 309.h : TT9 : .13 : 482 : L492 : 1,195.5 ¢ L.k : 9127 :  179.1: 338.1 : .207h : .1200 : 2266 : 2,196 : .5221
6ea 1 9.98 :29.98 : ,191 : 530.9 : 969 : .1T9 : b9 2,507 : 2,035.3 : 139.8 : .935T7 1 490.9 :  897.3 2301 : .2128 : .3889 : 2,085 : .h200
Txv 1 9.98 : 29.98 .05% :  Bo.h 364 .02 ¢ 2.98 : 2,008 : 2,207.8 : 202.9 : .9158 : W7 93k L0383 : .0237 : .ObWS 15,120 : .1IT35
Ban 1 9.95 ¢ 30.00 .135 282,5 .36 : 3.01 : 1,575 : 1,880.8 : 190.7 : .9085 : 281.6 : 531.9 : .A79% : .1788 : .3377 : 2.360 : .IThO
2 10.01 : 30.0% 135 514.8 : 1,041 235 : 302 ;1575 ¢ 1,889.8 :190.7 : .9083 : 278.2: 5255 : 5269 : L1766 ¢ .3337 : L.TM9 : 6610
&xb 1 : 9.98 : 30,00 138 ¢ 3hhk 886 L2 s 3,01 : 1,k76 1,706.2 : 167.h 9107 : 2603 : hgo.h : .2333 : 1764 : .3322 : 2,071 : .6003
: 2 :10.05 : 30.02 .138 @ k56,0 99% ¢ .1k0 : 3.02 1:lo16 B 11106.2 167.h 9107 : 257k : 839 : .3089 : .178k : .3278 : 1.800 : 6728
gxe : 1 9.97 & 30.00 18 : 369.2 : 668 : .172 : 2.98 :1,25% 1,h0%.6 : 111.0 : .9509 369.3 : 679.2 : .20kk : 2943 : 91T : 1.BM3 @ 5327
16xc 1 9.98 : 29.97 .105 362.1 ;1,022 04 2.98 12,17 1,550.7 : 557.6 ¢ .T355 : 308.1: 569.6 : .1666 : .1M17 : .2620 : 2.452 @ .ATOL
19xc 1 9.96 : 30.02 .08k 226.8 852 1681 BA8 2,316 : 1,797 : 517.6 : .TT60 t 197.5 : 3667 : .0979 @ .0853 s .1983 :3.198 : .36T9
43bb 1 @ 9.96 : 30.01 .069 92.0 T91 : LIM3 : 3.03 : 2,176 1,869.8 : hol.1 83y ¢ 1h.7 : 2149 : .0k23 : .0927 : .0988 : 4.863 3635
2 : 9.98 :30.05 .065 292.5 692 : .135: 3.03 2:176 3 11869.8 %01.1: .8e3k : 1oLk : 190.0 : .13Ak : 83“ 1 0BT 2 2.728 6o
v 1 : 9.97 : 30.01 081 215k : 940 : .16 : 3.05 :2,560 : 1,8ih.b :A820: 7932 : 176.6 : 329.2 : .08kl : .06%0 : .1206 : 302 L3672
2 :10.03 : 30.02 .081 1006 ¢ 930 : .159 ¢ 3.05 : 2,960 okhk : AB1.0: 7932 f  17h.6: 325.6 : L0760 : .06B2 : .1272 : 3.628 : 3633
Lhas : 1 : 9.98 : 30.02 .178 818.9 :1,353 : .176 : 493 3 1,698 1,631.2 + 367.0 : 8163 :  6BM.1 :1,278.3 : .AB23 : .h029 : .T528 : 1.bko .T968
2 :10.03 : 30.02 276 ;1,068 : 1k0B : 77 : .33 1,638 16312 : 367.0 ¢ 8163 : 6627 : 102573 : 6330 : 3903 : .T58 : 1.25T .deg2
ihxb 1 : 9.99 : 30.00 .161 b or1,32h 1 .85 : b3 : 1,673 : 1,555.8 :385.5 3 8oLk @ TI5.6 : 1,337.2 : .5k36 : .A@T7 L7993 : 1.3%8 7914
2 :10.02 : 30.03 80 :1,057.2 : k90 : 185 : k.2 : 160 1,5%5.8 : 385.5 1 .Both : 7okl : 1315.6 : 6917 : k209 1 .786h 1 1.203 8906
bsxb 1 : 9.9h5:30.005 s .2kl : B9T.2 : 1,069 : .227 : .51 ¢ 1,301 : 1,362.7 : £73.5 : 838 :  980.1 : 1,834.9 : .6896 ¢ .7933 1 1.M10k : 1 20 et
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Table 22.--Tost dats and computed valuse for ehear buckling test specimens and coupans. Test specimens 10 by 30 inches with face grain at 43° (parallel to compression disgenal)

H 1 1 H
» Panel : Buckling test specimens H Shear coupons t Bending coupons @ Fuctors and resulis of camputations
Ho.
:Bpeoi-: Width ! Length : Thick- : Buckling tUltimate: Thick-t Length :Ultimate: Modulus of  : Batlo 3 Edge conditions Pannt-r Effective
tmen ! ness :t wtress : stress : ness : of : stress : elasticity b : strese
:t No. : : H : observed 3 8 : slde @ R et 11 : Simply : Clamped : A-‘ : Simply :Clnpad i vuf.h H
: : r : 3 ' : H ‘ ' i e s lnypurted.f H H 1 3
t 3 3 [ z 3 3 (i § 2 3 H H
i 1 I H H H I b H H H
R R Y b S d T Bl OB LR Prae P %rer i o
H I i H L 1 H H i i 1
(3 + 8 = (5) « (6) = (T () : (@) :+ () = (123 : (3) o+ () o (13) ¢ (26) () : (18) (1) 1 (20)
: Im. ¢ Ims 8 Ims :Lb r ilb, per i x In. ] E;lnonn.:.oou ;.T.h : Ib 3 3
"I :H.E :.E.: t T 1 3gy im, 8g. :1b. per: ‘E.E.:ng in. : :
B B : e : : .: _f_.n 59 5 1 3 H ' '
hx) 1 :10.00 : 30.00 : 0.063 376.5 0.12h : 1.99 :3,73% : 1,703.1 : 127.6 : 0.9303 272.2 ¢+ 432.1 : 0.1008 : 0.0720 : 0.1157 : 3.150 0.1931
2 :10.00 : 30.00 .061 k1.7 1,00% 120 ¢ 1,99 :3,73h : 1,703.1 :127.6 : .9303 : 255.2 : 405.1 : 1111 : 0687 : .1085 : 3.000 : .2689
bk 1 :10.00 : 30.00 W06k 3211 : 972 128 3 2.00 :3,k96 : 1,716.2 : 122,k : .933h 283.0 : Lu9.8 0918 : .0809 : .1267 : 3.500 : .2780
2 :10.00 : 30.00 06kt 3335 0 956 27 1 2.00 : 3,696 ¢ 1,716.2 : 122,k : .933h 285.0 : L49.B .0954 : .0809 : .1287 : 3.238 : .273%
7=y 1 :10.00 :3%0.00 ¢ .09 : 2581 : 797 L0953 ¢ 1.99 : 3,91k : 2,0698 :186.9 : 9172 1  200.5 318.7 L0659 : .0512 : .08k : 3.895 : .20%6
2 :10.00 : 30.00 051 248.0 785 098 + 1.98 : 3,93k : 2,0698 : 186.9 : .91T2 : ~217.2 35,2 063k @ ,0555 + .0882 : 3.972 :
Txk 1 :10.00 : 30.00 049 364.6 : .096: 1.99 :3,9Th 1,618.8 : 167.h : 91957 : 176.k : 280.0 0917 : L0444 : L0705 : 3.301 @ .1998
2 :10.00 : 30,00 0k9 354.9 703 L0951 1.99 : 3,97Th 1,818.8 : 167.4 : .9157 : 176.h : 280.0 L0895 : .oM4h : .0705 : 3.346 : .1769
20xy 1 211 : 2,50 : 2,968 1,h9h.0 : 475.3 ¢ .TS86 ¢
2 .11 ¢ 249 : 2,968 1,494.0 1 475.3 ¢ .T566 3 1.095
hoxy 1 083 W66 2,50 : 5,490 1,337.h ¢ 272.8 : .8306 : :  60L.7 : s 2.470 .2968
hoxk 1 d 08k 3 W68 : 2.53 :2,580 @ 1,37h.8 : 314.h : 8139 ¢ s 636.% T 2,296 @ Jhoh
2 10.00 : 30.00 L0BF ¢+ 527.0 : 1,062 ¢ .167: 2.52 :2,580 1 1,37h.B 1 3lk.k : 8139 : T 636.4 : 2.212 ¢ M6
1xy 1 10.03 : 30.07 18125 : 2,17h.3 : 2,505 .81 ¢ 2.48 ;3,489 1,697.b : 298.8 : .8503 : 35,6044 d 1.267 : .7180
2 10.03 : 30.05 182 © 5 1,900.2 : 2,k25 L8l : 248 ;3,489 ¢ 1,697.% : 298.8 : .8503 : 3,634.3 d 1,381 :
¥3x) : 1 :10.00:30.00 : .066 : h31.2 : 882 : .13k : 2.50 :2,868 : 1,702.h : 36k.b : BE3T s 4855 a : 2579 : 3075
2 :10.00 :30.00 : .066 : W32 : 671 : .133: 252 :2,868 : 1,702.k : 36h.h ¢ 8237 3 3033 : WSS <1503 L1058 ¢ 1693 @ 2.579 : 3037
43xk 1 :10.00 : 30.00 .06k : 370.6 : 875 : .138: 2,51 : 2,93 : 1,7h7.h :387.8: 818k : 292.9 : 468.9 L1263 : 0998 : .1508 : 2.8k : 2982
2 :10.00 : 30.00 08k : 395.3 i 850 2127 1 2.52 & 2:95'0 t L,747.% 1 387.8 ¢ .B18M : 292.9 : 46B.9 A7 ¢ .0998 ¢ L1598 @ 2.72F ¢ .2897
Bk ¢ 1 210,03 :30.05 : 1799 : 1,844.3 1 2,09% 178 : 2,48 : 3,106 : 1,623.3 : 365.0 : 8164 : 2,127.5 13,505.h : 5942 : 685k : 10971 : 1.297 : .67hE
2 10005 :30.06 : 1780 1 1.859.8 12,216 : 175 : 9.49 : 3,10k : 1.623.3 : 365.0 : .6164 :2,092.1 :3,388.7 : .5092 1 .67h0 : 1.0788 : 1.292 : .T39
bsxk : 1 : 10.05 : 30.08 : 226 :2,232.1 :2,k36 : .22k : 2,48 : 2,82k 1,397.9 1 302.6 : .8221 :2,902.5 : &,644.8 : 790k : 1.0278 : L.6448 : 1.12% i  .B626
6xl : 1 ¢ 10.00 : 30.04 180 178 ¢ 2.50 : 2,954 1,714.8 : 136.0 : .9265 :2,238.8 :3,556.3 : 5828 : .T97T9 : L.2039 : 1.311 : .TI36
2 :10.06 : 30.00 180 ¢ W78 ¢ 2,50 : 2,99 1,714.8 3 136.0 : .9265 & 2,21k.k : 5;51.&.1 s o9k @ .7h96 : 1.1896 : 1.187 : .T329
9z 1 :10.0L : 30.01 168 3 J66 @ 249 & 3,172 1,706.% : 139.6 : .92hk :1,938.3 :3,078.3 : .5hSh : 6111 : . : 1356 3 L6545
2 :10.05 : 30.00 o : 767 : 252 13072 : L7064 : 139.6 : .92M : 1,076.8 ¢ 3,139k : .3Bh7 : .6232 : 33?, : 1307 @ 6526
6xh ;1 :10.00 :30.00 : .106 1061 1.98 :3,697 : 1,650.6 1 593.3 : 7699 : 766.0 11,229.9 : .28%9 : .207T2.: 3327 : 2.103 : .b%9
) 2 :10.01:30.00 : .108 G0k 1098 130697 1 1,650.6 1 3.3 ¢ L7699 : T95.6 t LeTh3 : .Eavh t .elbT': L3hk7 : 2.0% 533
41am 1 :10.04 :30.06 : ,i81 AT7 1 2.50 : 3,55 : 1,706.0 : 299.9 : 8503 : 2,259.b 3 3,613.5 : .683% : .6338 1 1.0136 : 1.210 : .7663
2 :10.02:30.08 : .165 178 1 2.89 13,565 : L.706.0 : 299.9 : 650 :2,318.8 13,702.2 : .6966 1 .6504 : 1.0385 : 1.198 : .73
khxl 1 10,01 ¢ 30,05 : .180 : 1,965.7 : 2,847 : .178 : 2.47 : 2,792 : 1,676.9 1 380.% : .8151 : 2,219.5 13,554.8 : .70h0 : .T9M9 : Ll.2732 : 1.192 876,
haa 1 9.98 : 30.01 062 : 20k.k : 680 A31: 1.98 :2,600 : 1,191.8 :123.8 : .9059 : 185.9 1 2953 : .0786 : 075t 1136 : 3.567 @ 2615
Stm 1 9.96 : 30.00 : .137 :1,h36.9 11,789 : .36 : 1.97 : 3,692 ¢ 2,056.% : 0.8 1 9359 1 1,56k.7 :2,484.0 : 3935 : .keB3 3 6802 : 1.59% 1 4899
6as : 1 10.00 : 30.03 : .183 1 2,211.9 12,367 : .182 : 2.51 : 2,60 : 1,945.0 : 145.3 : .9305 : 2,623.5 : b,163.5 : .Bugh : 1.0075 : 1.85909 : 1.088. ¢ .909%
8xh 1 0: 9.98:30.00 : .139 1,002 :21,59 : .13k 3 1.98 : 3,491 : 1,971.0 : 172.h : .9200 & 1,542.1 :2,Mh8.1 : 313k Ah17T 1 7013 ¢ 1.TB6 ¢ 4325
9xk 1 9.9% : 30.00 A78 5 1,397.7 2 1,365 1 2.7 :2,248 : 1,488 : 132.8 1 .9281 :1,924.6 :3,057.h 1 .6080 : .B961 : 1.3601 : 1.286 1 .6962
16da 1 10.01 ¢ 30.02 Q06 3 B55.7 31,143 @ 109 3 1.97 : 2,24 : 1,032.0 : 376.8 : .T313 ¢ 180.8 : T2 2982 ¢ L2143 ¢ (36 : 1.890 3 .509%
20xk 1 9.9 £ 30.02 : .230 : 2,214.2 32,517 : .2251 2.h9 : 2,808 : 1,827.8 1 MA3.h : (T630 3 3,153.3 15,0686 & 9210 :1.3118 1 2.1067 : 1.0k : .9638
kodn 1 :10.00:30.00 : .085 : 372.0 : 830 : ,169: 2.51 : 2,005 : 1,121.7 3 240.0 : .8e37 ¢ 3315 ¢ 530.0 L1886 ¢ L16h9 3 L2630 : 2,327 ¢ 4119
hlek 1 10.00 : 30.00 : .180 1 1,669.0 : 2,020 : .179 t 2.51 : 2,l8 1 1,548.1 1 863.6 : A2 1 2,065.0 13,267.3 1 6902 : .BWST ¢ 1.3313 : 1.20% : .63k
- 2 100213000 i .78 12,067 12,08k : .71 2.52 i2A8 ¢ 1,58.1 1 285.61 .8 1 1,918 1 5:15; i 0906 1 L8237 : 1.3185 : s L9032
b1zl 1 9.98 : 29.99 A79 11,699k 11,619 : 1823 2.52 : 2,708 ¢ 1,560.0 1 271.5 : . 1 9,003.7 3 35,860.2 : .6275 t .TOAT : 1.2039 : 1.261 : .7086
2 110000 £ 30, : L1909 12.332.0 12436 1 180+ 2.55 :2.708 1 1,560.0 1 ETL.S ¢ BB 12,035.5 :35,252.7 : 8612 1 .7317 1 1.201L : 1.077 : .9003
dhxy 1 9.96 1 30.02 : B2t 1,675:6 : 1,855 3 .IT7 : 2.47 12,402 : 1,766.0 3 377.6 : L8257 1 2,h07.5 :3,852.0 : .6976 1 1.0023 1 L.6037 : 1197 : 7631
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Table 20a.--Results of tests for stiffness of frame weabers matching buckling pesels, 10 by 30 inches, face grain at 90°

1 1 ¥
Frame test data 1 Batio of Buyckling: FPrame tost data t Ratio of
1 ‘tuckling tost : buckling
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Table 22a.--Results bf tests for

stiffnegs of frame members matching buckling panels, 10 by 30 inches, face grain at -45°

Buckling:
test
Bpscimen:
Ho. 1
ittt
(1)

H
kxj-1 :
$
hxy-2 2
Lxk-1
]
bxk-2
Tx3-1 ¢
Txj-2 :
Txk-1
Txk-2 3
20xj)-2 3
L4oxy-1 :
4oxk-1
LOxk-2
blxy-1 :
4ixj-2
4323-1 ¢
43x3-2
43xk-1
43zk-2
4hxk-1 :
kixk-2 =
k5xk-1
6x1-1 :

Frame test dats : Ratio of
--------- sessssssscmsccmescsmsmssssssnnsseensse=] buckling
Frame:Bpan; Width : Depth : El : Average : stresese
Wo. 1@ H 2 : s K ¢ _Obasrved
1 H t 1 : Computed ss
(2) «(3): () : (3) ¢+ (6) &+ (1) (8)
----- lmseelmmeseen e (e n s (e menanas [ ae e —————
$In, : In. : Im. :1,000 1b. 91,000 1b. 1
H : H H El’ Eg. i Er ﬂ!. i
1 ] 1 1 in. 1 in. i
1 :28 5 1.775 ¢ 2.008 : 1,772.6 : 1,T30.1 : 1.38
2 :28:1.768 : 2.00k : 1,687.6 :...... 0op08a000005000000
1 :28 :1.77% : 1.991 ¢ 1,695.8 : 1,687.6 : 1.62
2 128 12,778 £ 1.988 1t 1,681k f..iiieiinstiirsineans wee
1 ;28 :1.780 :+ 1.977 : 1,829.3 : 1,725.5 : 1.13%
2 ;28 :1.79% & 1.977 + 1,621.7 5...... deeelereiosevensns
1 :28 11,84 11.986 : 21,836.7 : 1,925.7 : 1.18
2 128 1 1.782 : 1.986 1 2,014.7 f.euiuisiedoneniaansnses
1 :28:1.772 : 1.99% s 1,633.3 1 1,706.4 : 1.29
2 ;28 3 1769 : 1.989 1 1,779.5 feenvern.s 50000000DA0
1 328 :1.778 :2.011 : 1,577.0 : 1,623.0 : 1.1%
2 : 28 1.775 : 2.00k : 1,669.1 :..... [
1 :28:1.785 :1.95 : 1,719.3 : 1,709.7 : 2.07
2 ;28 :1.782 :1.978: 1,700.1 :..... P
1 :28:1.78%5 : 1.981 : 1,56.2 : 1,781.6 2.01
2 328 ; 1.770 1 1.989 1 1,997.1 fivvrnnrnralonsnaoscansen
1 128 :2.95 : 2.7h0 ; 9,0Th.1 : 8,657.2 .88
2 :28:2.941 : 2.734 : 8,240.2 :...... veerieeans 50006000
1 :28:1.810 ; 2.7 ¢+ 4,763.9 : %,515.0 : 1.52
2 :28:1.808 : 2.770 ; 4,266.2 :..... ererelenioaneonanns
1 :28:1.817 : 2.734 ; 4,h61.8 : L4,461.8 1.23
2 :28:1.813 :2.730 : L4,461.8 :..... 00000800060 00000000
1 ;28 :1.813 : 2.739 ¢ 4,39T.4 1 4,605.7 1.33
2 128 :1.811 : 2.729 1 4,BLE.0 tiiiiiiiinatiiiinennanins
2 :28:1.912 : 2.73% : 5,468.1 : 5,468.1 .96
1 :28:2.900 : 2.733 : 8,240.2 : 8,151.8 : .85
2 128 :2.902 1 2.727 5 8,023.h t.iiiiiieniternineenaonas
1 :28 1 1.798 : 2.779 ¢ 4,564.2
2 :28:1.786 : 2.771 : 4,917.6 :
1 28 : 1.785 : 2.768 : 5,825.9 : 5,439.6 : 1.h42
2 :28:1.780 : 2.771 ¢ 5,053.% :..0uuhes O P vees
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2 128 12.793 s 2.727 ¢ BMAO.L tiieiiiiiiitiieiiiaiennes
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2 :28:1.923 12.736 1 S,hbhh ot iiiiiiieiaiennn
2 :28 :1.91% : 2.734 : 5,b44 L ; 5 4L .89
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2 :28;2.902 :2.705 :
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1 B
: Freme test data ¢ Ratio of
¢ buckling
:Frame:Span: Width : Depth : EX i Average : etreeses
: Ro. 3 : : H 1 RI : _Observed
R s A B H : Computed se
----- Yoemet B g : t
(2) :(3) = () = (5) = (6) :+ (T = (8)
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: t 3 i per ag: :per sq.
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: 2 :27 :2.958 : 1.131 681.2 tireineniratarertannsinns
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Table 23a.--Results of tests for stiffness of frame msmbers match:
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Table 25a.--Results of tests for stiffness of frame members matchi
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Figure 110.--Method used for making shear buckling test,

showing lateral and frame geges in place. Diagonal gages
not shown.
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- for the computed stresses together with date plotted for the comparison of ob-
served stresses with stresses computed by assuming simply supported edges. B,
the same except that clamped edges were assumed instead of simply supported
edges. Test specimens were 10 x 20 inches. Face grain was 0°, ZMB5068F
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Figure 118,--A, the curve with a slope that is recommended as en adjustment factor
for the computed stresses together with data plotted for the comparison of ob-
served stresses with stresses computed by eassuming simply supported edges. B,
the same except that clamped edges were assumed instead of simply supported

edges. ! Test specimens were 10 x 30 inches. Face grain was 0°.. =  zmu8s6r
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factor for the computed stresses together with date plotted for the compari-
son of observed stresses with stresses computed by assuming simply supported
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supported edges. Test specimens were 10 x 20 inches, Face grain was 90°.
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Figure 120.--A, the curve with a slope that is recommended es an adjustment fac-
tor for the computed stresses together with data plotted for the comparison of
observed stresses with stresses computed by assuming simply supported edges.
B, the same except that clamped edges were assumed instead of simply supported
edges.

Test specimens were 10 x 30 inches. Face grain was 90°. ' S L
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Figure 122,--A, the curve with e #lope that is recommended as an adjustment factor
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gure 123,--A, the curve with a slope that is recommended as &n ad justment
factor for the computed stresses together with data plotted for the com-
parison of observed stresses with stresses computed by assuming simply

supported edges. B, the same except that clamped edges were assumed in-

stead of simply supported edges. Test specimens were square. Face
grain was -45°, ZM850THF
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Figure 12k «~=A, the curve with a slope that is recommended as an eadjustment
factor for the computed stresses together with data plotted for the come-
parison of observed stresses with stresses computed by assuming simply
supported edges. B, the same except that clamped edges were assumed in-
stead of simply supported edges. Test specimens were 10 x 20 inches.
Face grain was +45°. ‘ ZM850T5F
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Figure 125.--A, the curve with a slope that is recommended as an adjustment
factor for the computed stresses together with data plotted for the com-
parison of observed stresses with stresses computed by assuming simply! -
supported edges. B, the same except that clamped edges were assumed in-
gtead of simply supported edges. Test specimens were 10 x 30 inches.
Face grain was +45°, ZMB50T6F
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Figure 126, --A, the curve with a slope thet is recormended as an adjustment
factor for the computed stresses together with data plotted for the com-
parison of observed stresses with stresses computed by assuming simply
supported edges. B, the same except that clamped edges were assumed in-
stead of simply supported edges. Test specimens were square. Face grain
was +45°, - ZMBS0TTF
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Figure 139.--Method of making panel shear test.
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Figure 140.=-Static bending test for stiffness of frame member.,



