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REPORT No. 356

STRENGTH OF RECTANGULAR FLAT PLATES UNDER EDGE COMPRESSION

By Louis SceuMan ! and Gorpix Bacx 2

SUMMARY

Flat rectangular plates of duralumin, stainless iron,
Monel metal, and nickel were tested under loads applied
at two opposite edges and acting in the plane of the plate.
The edges parallel to the direction of loading were sup-
ported in V grooves. The plates were all 24 inches long
and varied in width from 4 to 84 inches by steps of 4
inches, and in thickness from 0.015 to 0.095 inch by steps
of approximately 0.015 inch. There were also a few
1, 2, 8, and 6 inch wide specimens. The loads were |
applied in the testing machine ai the center of a bar which
rested along the top of the plate. Load was applied until
the plate failed to take any more load.

The tests show that the loads carried by the plates
generally reached a mazimum for the 8 or 12 inch width
and that there was relatively small drop in load for the |
greater widths. This is explained by the fact that when
the plate buckles, since the greatest deflection occurs al
the center, its vertical chords will shorten more there than
at the ends. Im consequence there will be less load on the
plate at the center and more toward the ends where it is ;
better supported to resist bending and can confinue to !
take load after buckling has occurred. In this way, the |
load carried by plates of a given thickness would tend to |
be constant for all plates wider than that at which the
mazimum load 1s reached.

Deflection. and set measurements perpendicular to the l
plane of the plate were taken and the form of the buckle
determined. The number of buckles was found to corre- [
spond in general io that predicted by the theory of buck- |
ling of a plate uniformly loaded at two opposite edges and |
simply supported at the edges.

The tests were made by the Bureau of Standards in
cooperation with the Bureau of Aeronautics of the Navy
Department, and submitted to the National Advisory
Commitiee for Aeronautics for publication. The mate-
rials chosen were those suitable for aircraft construction. |
Tre data obtained will be of use in the design of floals, ;
pontoons, wings, etc., of aircraft when the plating is
subjected fo pressure against the edges. It i desired to
make this as light as possible, yet strong enough to take
the required loads without permanent deformation.

1 Junlor physicist, Burean of Standards.
? Regearch Assoclate, Burean of Standards.

L INTRODUCTION

Plates are used in large beams, in columns, in fuse-
lages of aircraft, in pontoons and floats of seaplanes,
etc. In many of these structures the plates carry com-
pressive loads applied perpendicularly to two opposite
edges and acting in the plane of the plate. The present
investigation was undertaken by the Bureau of Stand-
ards in cooperation with the Bureau of Aeronautics,
Navy Department, for the purpose of determining the
strength of plates loaded in this way. The plates
tested were loaded in the direction of rolling. Under
idesl conditions sll four edges of the plate would be
supported so. that they remsin in the original plane.
The unsupported portion of the plate may then buckle
under the load.

The test procedure was determined by H. L. Whitte-
more and L. Schuman, and the tests were carried out
by L. Schuman..

Acknowledgments are due William R. Osgood, of
the Bureau of Standards, for suggestions in analyzing

i the data, particularly for the explanation of why the

load could be increased beyond the value at which
buckling began. Acknowledgments are due Messrs.
R. G. Sturm and E. C. Hartmann, of the Aluminum
Co. of America, for pointing out that the maximum
load carried by the plate might be affected by the
flexibility of the loading bar which was used.

II. ACKNOWLEDGMENTS FOR MATERIAL

The following firms donated the materials:

The Allegheny Steel Co. (stainless iron).

The Aluminum Co. of America (duralumin).

The International Nickel Co. (nickel and Monel metal}.
The Universal Steel Co. (stainless iron}.

. MATERIALS
L SPECIFICATIONS

Four ma.tena.ls suitable for aireraft construction
were used in the tests, viz, duralumin, stainless iron,
Monel metal, and nickel. Six thicknesses, varyingfrom
0.015 in. to 0.095 in. were used. As the materials are
for use in naval aireraft construction, Navy specifica-
tions were followed wherever possible in obtaining
materials.
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520 REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS :

The principal requirements of the Navy specifica-
tions for physical properties of duralumin and Monel
metal are given in Table I. The materials received
conformed in general to these specifications. For the
other materials (stainless iron and nickel), no Navy
specifications were available.

TABLE I.—SPECIFICATIONS FOR DURALUMIN AND
MONEL METAL

Elon-
. Tensile gatIon
pecifi- - 'ens
Material ca lon no. Condltlonl Thickness strength Yield lnches
(mini-
mumy}
Per
Inch Lbfind | Lbfind] cent
Duralumin...| 47-A-3 SSept. Sheet, heat [0.013-0.020 | 55,000 | 30,000 -18
. treated. .020- .138 | 83,000 | 30,000 18
Monel metal. | 46-M-70 (Yan, { Bheots and d5.000°| 80, 000 16
8, 1622), plates.

2, DETERMINATION OF PROPERTIES

() CHEMICAL ANALYSES

Two broken tensile specimens, one about 0.03 inch
and the other about 0.08 inch thick, of each of the four
materials were analyzed by the Chemical

TABLE II.—RESULTS OF CHEMICAL ANALYSES—Con.

NICKEL
Nt Te Cu B Mn Zn
Thickness - -
(tmoh} Per cont
0032 o] 901 0.54 0.12 0.08 | Not detected_...| Not Jetected,
0.080. < oo 99.2 .50 14 PLY | R ., S De.

(b) Texsme TEsTS

The tensile properties of the materials, in the diree-
tion of rolling, were determined by tests on two speci-
mens ¥ (see fig. 1) of each thickness of each of the four
materials. The tests were made in a 20,000-pound
Olsen machine, the 2,000-pound poise being used for the
thinner specimens. Templin grips* were used for
holding the specimens during the test. (Fig.2.) Def-
ormations were measured by means of Huggenberger

2 e

Division of the Bureau of Standards—the
nonferrous metals by J. P. Hancock, the

g™

stainless iron by C. P. Larrabee. From the
results of the analyses of these samples, rep-
resenting the thin and the thick material, it

/!/ﬂ .47/|
Raper from center 1o fillets

Wigoos7o

appeared that the composition did not vary
greatly. It was therefore not considered necessary to
analyze samples of the other four thicknesses of the
meterials. In Table II are given the results of
the analyses,

TABLE I1.—RESULTS OF CHEMICAL ANALYSES

DURALUMIN
. . Ay
Cu|Mn|Fe| Bl |[Mg| . Zn sn méh
Thickness . - ")
(inch)
Per cent
0.030 caenna- 4,2 (0,71 0.75 [0.32 [0.59 | Not detected...| Not detected_..| 93.43
0.075. - - e n- 4£2|.72|.77).82).60 __ do. do 98.80
BTAINLESE IRON
(o] Cr
Thickness (inch)
Per cent
[1K) < P —— 0.18 14.3
0.076. - ’ .12 14.7
MONEL METAL
Ni Cu Tea Mn 8l |. Zn

Thickness {inch)

©"
FiGUrE 1.~Tonsile specimen

tensometers. Two of these instruments were used,
one on each flat side of the specimen, placed on & center
line. (Fig.2.) One of the two edges of contact of the
instrument is on the end of & lever arm which is
pivoted at a short distance from the specimen. The
motion of this lever is magnified by a mechanical
lever system and the corresponding deformation is
indicated by a pointer moving over g graduated scale
The gage length is 1 inch.

The average deformation corresponding to a scale

division was 0.000315 inch for one of the instruments
and 0.000333 inch for the other. Readings for any

part of the scale could be estimated to less than one-

tenth of a scale division. Deformations could thus be
estimated to about 0.00003 inch.

From the data thus obtained, stress-strain curves
were drawn for each thickness of each of the four
materials. (Tables III, IV, V, VI; figs. 3, 4, 5, 6.)
These curves showed that while the duralumin was
fairly uniform for different thicknesses, the tensile
properties of the other materials varied considerably
with the thickness.

In a few cases the results for the tensile tests showed

Per cent large variations. For these, check specimens were
. 1 Bea Proc. A, S. T. M., Tentative Standards, vol. 27, Pt. I, 1937, p. 1000,
048 o] GB5| 8241 L8] 0.3} 001 Notdetected. [ o) pring desigued by Mr. R. L. Templin, See Proc. A. 8. T. M., vol. %,

Pt. LI, 1627, D. 242.
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prepared and tested with Huggenberger tensometers
having scale divisions reading to 0.0001 inch. These
check data, marked (1) in Tables IV, V and VI, are
probably more accurate than those obtained with the
extensometers reading to 0.0003 inck.

Since the materials showed no definite yield points,
the stress at which the slope of the stress-strain curve
was one-third that of the modulus line was designated
as the yield point. In addition, the yield point

defined by the 1929 issue of the Army-Navy Specifi- |

cation AN. 9092, issued since these tests were made, is
given in Table I1I for the duralumin specimens.
Elongations in a 2-inch gage length were determined
by means of dividers.
Young’s modulus was obtained directly from the
stress-strain curves.

(¢} BrineLr AND RockwELL TESTS

Brinell numbers were obtained in a Baby Brinell
machine, with & ¥¢-inch ball and a 6.4-kilogram load
applied for 30 seconds. The Rockwell B-scale num-
bers were determined with a Y¢inch ball and a 100-
kilogram load. On the thinner specimens (below 0.04
inch) the Rockwell numbers were probably noi so
accurate as those for the thicker specimens since the
indentation of the ball made a mark on the reverse
side of the specimen.

(@) EricasEN TESTS

In the Erichsen sheef-metal tester, the diameter of
the opening over which the specimen was clamped was
27 millimeters and the indenting tool had a radius of
10 millimeters.

Erichsen values were obtained for each of the six
thicknesses of duralumin. For the other materials
only the three thinnest specimens were tested, as it
was found that the foree required to rupture the thicker
specimens could not be applied by hand.

{(¢) Sumuary oF MECEANICAL PROPERTIES

The preceding mechanical properties of the materials
are summarized in Tables IIT, IV, V, and VI. The
stress-strain curves are shown in Figures 3, 4, 5, and 6.

I¥. METHOD OF TESTING
1. TEST FIXTURE

The test fixture used (figs. 7 and 8) was designed and
built after several forms of apparatus had been tried.
This fixture consisted essentially of a base plate to
which two channels were attached by means of angle
irons and bolts. Spreading of the channels at the top
was limited by a horizontal bar loosaly bolted to them.
Each channel was provided with two screws placed on
the vertical center line of the web. On the screws,
which were threaded info each channel, was mounted
o straight bar in which & V-groove (45°) had been cut.

The test specimen was set into these grooves, and
rested on the base plate. By means of the screws the
grooved bars were adjusted against the vertical edges
of the specimen. The specimen could rotate about its
edges and slide vertically in the grooves. The speci-
men extended about one-eighth of an inch beyond

S
-

i

FIGURE 2.—Apparatus for tensfle test, ahawius Templin grips aad Huggenberger
tensometers for measuring elongation

each end of the grooves, so that the loads could be
applied without loading the fixtures. The load was
applied through a bar 1 inch thiek by 4 inches wide,
which was free to rotate sbout an axis perpendicular
to the plane of the plate at the middle of the upper
edge, so that a fairly uniform distribution of load
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might be obtained until the buckling became appre-

of the plates, especially the narrow and thick ones,

In the case of

ciable. Holes were drilled and tapped in the base | the maximum load was indicated by & distinct drop
plate to permit verying the distance between the | of the beam of the testing machine.
. LA
Hrrre e
QEEEREERTEALE
3 o
RYIF R R ANy
COH T L e
AN AT A, f1f ]
ARNENE f
| ] i i i

FIGTRE 6.—Stress-strain curves for nickel. The thickness of the specimen is glven on each curve. The yleld point which Is here
defined as tha stress for which the slope Is one-third that of the modnlus Iine Is Indiested by a short Hne crossing each curve

channels so that different widths of plate could be
accommodated.

The deflection of the specimen was determined by
measurements with a dial micrometer. (Figs.7 and 8.)
The micrometer was attached to a round bar five-
eighths of an inch in diameter, through which, at one
end, 24 holes were drilled 1 inch apart. These holes
fitted over pins extending from the flanges of the
channels. The pins were spaced 1 inch apart verti-
cally and so arranged at the two flanges that the bar,
when supported horizontally, would rest on a pin of
one flange and fit over a pin of the other flange. By
means of this apparatus the micrometer could be
moved iIn steps of 1 inech, both vertically and hori-
zontally. The dial reading was teken with the barin
contact with the flanges of the channel.

2 SIZE OF SPECIMENS

All the test specimens were ‘gsbout 24 inches long,
parallel to the direction of rolling. Vidths, transverse
to the direction of rolling, of 1, 2, 3, 4, 6, 8, 12, 16, 20,
and 24 inches were used, but only & few compression
and no deflection tests were made on the 1, 2, 3, and
6 inch specimens, and, owing to their initial lack of
flatness, no stainless iron specimens wider than 12
inches were fested. Six thicknesses of each material,
varying from 0.015 to 0.095 inch, by steps of approxi-
metely 0.015 inch, were used.

The thinner specimens were sheared to the desired
width; the thicker ones were sawed.

The edges to which the logds were applied were
milled straight and parallel. .

In addition to the 1, 2, 3, and 6 inch specimens, 18
specimens of stainless iron and 36 specimens of each of
the other materials were tested.

3. LOADS AND DEFLECTIONS

The tests were made in a 50,000-pound Riehlé

vertical screw testing machine. (Fig. 8.) For most

some of the wide plates (over 12 inches) the load began
to fall slowly after considersble buckling had taken

1
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FrGUuRE 7.—Disgram of tesiing apparatus
place. This was especially noticesble in the wider
Monel metal specimens.
After a drop of load the specimen was found to be

deformed permanently. The load could not then be
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increased further, but continued to fall as the head of
the machine came down on the specimen, increasing
the permanent deformation. .

The maximum loads were estimated from a few
preliminary tests. Loads were then applied in incre-
ments equal to about one-fifth of the estimated maxi-
mum load, and readings of deflection of the specimen

- R

L P ) -.-".'__._ _ ! N .

FiGURE 8.—Photograph of testing apparatus

were taken for each increment. An initial load (50
pounds for the thinner and 100 pounds for the thicker
specimens) was placed on the specimen before taking
the first set of dial readings. The intervals for the
readings were s0 chosen as to give a sufficient number
of readings from which to draw curves of deflection,
For the 4-inch plates the intervals were 1 inch, both

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONATUTICS

vertically and horizontally. For the wider plates the
horizontal intervals were about one-fifth of the width.
The vertical intervals were 2 inches in most cases.
For the specimens which buckled in long waves the
intervals could be teken larger without loss of accuracy.

In order to determine the amount of permanent
deformation after definite loads had been placed on
the specimen, the load was released and additional
readings of deflection were taken under the initial

load. .
Y. RESULTS

The results are shown in Figures 9 to 35, inclusive.
Those for duralumin are in Figures 9 and 16 to 26; for
stainless iron, in Figures 10, 27, 28, and 29; for Monel
metal, in Figures 11, 30, 31, and 32; and for nickel, in
Figures 12, 33, 34, and 35. The continuous portion of
each curve of deflection has been drawn through the
points representing the observed values; the broken
portions are extrapolations over regions in which no
measurements could be taken on account of proximity
to an edge of the specimen.

YI. DISCUSSION OF RESULTS

1. CHARACTERISTICS OF THE CURVES OF MAXIMUM LOAD
(FIGURES $-12)

In a short thick ductile compression specimen we
expect the average maximum stress to bhe at least
equal to the yield point of the material. On the
other hand, as soon as the dimensions of the specimen
become such as to permit buckling, then a lower
average maximum stress results.

Now consider Figure 9. First of all we note that
the point of failure instead of being given in terms
of stress—i. e., pounds per square inch, as is usual
for tensile strength, yield point, etc.—is here given in
terms of total load—i. e., pounds. The reason for thia
is obvious from an examination of the curves. Look-
ing at Figure 9 (b), thickness 0.090 inch, we sce that the
load increases approximately proportionally to the
width up to a 8-inch width and then the curve con-
tinues across approximately horizontally to the 24-inch
width, the maximum width tested. The maximum
load in this range, 8,000 pounds for the 8 and 12 inch

. . 8,000
mdths, 18 6;'5'—0'6
load (20-inch plate). In addition, the 24-inch plate,
which is 8 times as wide as the 3-inch plate, carries

=1.23 times that of the minimum

a load %g=1.015 as great as the 3-inch plate. The

width, then, so far as failure to take load is concerned,
is & minor factor in the range considered, since for
iarge changes of width there are comparatively very
small changes in the load carried. We sce that a
similar situation holds for all the other thicknesses. A
compressive strength, then, in terms of average stress
instead of total load would not show clearly the
behavior of the plates.
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In Figure 9 (e) are plotted loads against thickness for
the range of widths considered useful, 4 to 24 inches.
In this figure are slso shown two dotted lines marked
4 and 24. These represent the buckling loads (de-
rived from Bryan’s theoretical formula) for 4 and 24
inch plates, respectively, which are uniformly loaded
at two opposite edges. A discussion of this formula
is given in the next section, where, also, these loads
are designated as Bryan loads. It is seen that these
do not give any measure of the maximum load. In
particular, for the widest plate, the 24-inch, the
maximum load varies from 6.2 times the Bryan buck-

could not be expected to apply to the test results
becatse of the different methods of loading.

What has been said of the curves of maximum load
for duralumin (fig. 9) is also true qualitatively for the
corresponding curves of the other three materials,
stainless iron, Monel metal, and nickel (figs. 10, 11, 12.)
The Monel metal, in particular, shows greater varia-
tion of load with width. In the three greatest thick-
nesses there is & more marked dropping off of load,
characteristic of buckling phenomena, when the plate
width is increased from12 to 24 inches. However, the
ratio of variation in load for the two extreme widths
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F1aurE 9.—Maximnom loads for duralnmin plates 2£ Inches long in direction of boading

(s) Load plotted against thickmess; various widths. Broken Iines show the Bryan loads for the widths (inches) given on the curves
(b} Load plotted against widih; thicknesses (inches) are given on the curves

ling load for the 0.089-inch plate to 21.4 for the
0.031-inch plate. Even for the 4-inch plate the
variation of this load ratio for the thickest to the
thinnest plate is 1.05 to 7.7. For the wide thin plates,
then, the Bryan load is very much lower than the
maximum load. As the ratio of width over thickness
of the plate decreases, the Bryan load approaches and
may quite appreciably exceed the maximum load.
Note the 4-inch plate in Figures 10, 11, 12, The
character of the results, then, indicate that the maxi-
mum [oad is not the same as the Bryan load. It will
be seen on page 14 (Sec. VI-3), that the Bryan loads

of the practical range, 4 and 24 inches, is still small
compsared to the ratio of variation in width.

To sum up, the (§) curves apparently present two
different ranges of compression failure. In the
thicker specimens we see that at first the loads increase

- approximately with the width, indicating a failure up

toward the yield point of the material. (This region
for the thinner specimens would be expected to occur
with plates much narrower than those tested.) Then
there is a rapid curving to the right, representing a
combined buckling and direet compression failure.
If it were purely buckling, then the wider plates would
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fail at a lower load than the narrower plates instead of | the case of interest here is that of an ideally flat
failing, as they do, at higher loads for widths up to 8 | rectangular plate, simply supported at all four edges
or 12 inches. On the other hand, it can not be a pure | and uniformly loaded at two opposite edges, by a
compression failure across the entire plate because the | compressive load acting in the plane of the plate and
average stress is well below the yield point. The com- | perpendicular to these edges. As the load is increased
paratively minor change in load with width for speci- | from zero, a critical load is reached at which the plate
mens 4 inches and wider indicate that in some fashion | becomes unstable and may buclkle.
the wider plates tend to act as though they were The critical value of the compressive stress is given
narrower. The explanation is to be found in the non- | by the equation:
N | : e
13000 ¢
;
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12000 } -
I
,f //o / -
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Froure 10.—Maximam leads for stalnless iron plates 24 Inches long in directlon of loading

(a) Load plotted agalnst thickness; varions widths. Broken lines show the Bryan loads for the widths {inched) given on the curves.
{5 Load plotted against width; thicknesses (inches) are given on the curves.

uniform distribution of the load after buckling begins.
(See p.14, Sec. VI-3.)

2. ELASTIC STABILITY

The problem of the elastic stability of a plane rec-
tangular plate has been discussed mathematically by
Bryan, ¢ Southwell, ®* Timoshenko,” Westergaard,
Love,  Nadai,'* and others. Of the cases considered,

1 Bryan, G. H. On the stabllity of a plane plate under thrust in its own plane.
Proe. Lond. Math. Soc., vol. 22, 1890, pp. §4-67.

§ Southwell, R. V. On the general theory of elastic stability. Phil. Trans. Royal
Soc., series (a), vol. 213, 1013, pp. 187-244,

T Timoshenko, 8. ZEinige Stabllititsprobleme der Elastlsit#stheorle. Zeit, f.
Math, u. Phys., vol. 58, 1610, pp. 837-385; and Uber dle Stabilitat Versteifter Platten.
Der Efsenbau, vol. 12, 1021, pp. 147-163.

8 Westergaard, H. M. Buckling of: Elastic Structures. Proc. Am. Sae. Civil
Eng., vol. XLVII, No. 9, 1921, pp. 456-533.

¥ Love, A. E. H. Math. Tkeory of Elasticity, 4th edition, 1027,

10 NAadal, A. Elastische Platten. Jullus Springer, 1025,

P_ A _wE B
, A "2 (=5 5
in which P =total load, uniformly distributed.

A =area of section perpendicular to direction

of loading.
E=Young’s modulus of elasticity.

o="Poisson’s ratio.

¢t =thickness of plate.

b=width of plate, perpendicular to direction
of loading. ' '

a=length of plate, parallel to direction of
loading.

k= (ﬂ—‘:’z+ ﬂ;—b)z, wherem isan integer whichis
chosen so as to make £ & minimtum.

Several values of k and m are given in Table VIL.2
it Bee Ttmoshenko and Lessels: Applied Elasticity, 1025, p. 202.




STRENGTH OF RECTANGULAR FLAT PLATES UNDER EDPGE COMPRESSION 527

Tasie VII from one to two kalf waves, from two to three half
N ﬁ| J ] T J | waves, etc., are obtained by substituting m=1, 2, 3,
s 0.+ 0 I8 L | l.?.l L&t L& L8 2 | 22 24 27 3 etC., in the expmsion,
a
me 4 1 i 1: j1I z sl 2 % 3 3 3=-\!m(m+1).
k-f a4 814 42 4-°U|r¢13: 4-4‘: L) 404 UNT: 4=0‘~li 413404 400 Whenbgis an integer, then m, or the number of half
TWhen buckling occurs, the vertical and the hori- waves, is_eqx_lal to this integer; in general this number,
zontal secHons are sine cé.rves Carresponding to the m, is determined by the nearest integer above or below
minimum buckling stress there is but one half wave | iy ratio ¢ e plate, in buckling, therefore tends to
across the width, b, and the integral number, m, of b
- helf waves of equal length in the length, a. divide into square panels.
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FiuRx 11.—Maximum loads for Monel metal piates 24 inches long In direction of loading

() Load plotted agalnst thickness; various widths, Broken Iines show the Bryan loads for the widihs (Inches) given on the curves,
(¥) Load plotted against width; thickmessas (Inches) are given on the curves.

For values of% up to /2, m=1,

% between 2 and 6, m=2,

L=

2 between /6 and /12, m=3, ete.

[~y

The values of % which mark the transition values

It should be observed that the minimum buckling
stress depends only on the elastic constants (Young’'s
modulus and Poisson’s ratio} of the material and on
the dimensions of the specimen. The equations for
the buckling stress apply only so long as neither the
proportional nor the elastic limit of the materisl is
exceeded. For a thin plate the buckling stress msy
be very small compared to the proportional limit of the
material.
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G. H. Bryan was the first to give the above solution
for the critical load, P, and in the discussion follow-
ing, the load determined in this way will be called the
Bryan losad. )

In Figures 9, 10, 11, and 12, the Bryan load is in-
dicated by dotted lines ¥ for 4 and 24-inch widths,
except in the case of stainless iron, for which the
greatest width tested was 12 inches, and the Bryan
loads for this width are given instead of for 24 inches.
The ordinate, or Bryan load, for the 4-inch plate is
six times the corresponding ordinate for the 24-inch

REPORT NATIONAL ADVISORY COMMI’.t‘TEE FOR AERONATUTICS

3. DISTRIBUTION OF LOAD

Ideally, under the conditions of the test, if the
plate were perfectly flat, the materiel perfectly
uniform, and the load uniformly distributed, we
should expect no buckling to appear uniil the Bryan
load wsas reached, and then the buckling would
appear all at once. Immediately there would be a
redistribution of load, since the wvertical central
portion, after buckling, exerts less force upon the
loading bar. Consequently the load would be thrown
toward the wvertical edges of the plate, which are
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F16URE 12.—Maximum loads for nickel plates 24 inches long In direction of loading

(a) Load plotted against thickness; various widths. Broken lines show the Bryan loads for the widths (Inches) given on the curves,
(b) Load plotted against width; thicknesses (Inches) are glven on the curves.

plate. If the ordinate for the 24-inch plate be taken
as unity, the ordinates for 20, 16, 12, and 8 inch
plates will be, respectively, 1¥, 1%, 2, and 3. It is
seen that for only the very narrow and thick plates do
the Bryan loads approach or exceed the maximum loads
found in the tests. For the wide, thin plates, the
Bryan load is as low as ¥, of the maximum load and in
general varies from ¥, to ¥, of the maximum.

1 For these curves Pofsson’s ratlo for duralumin waa taken aa (.32 and for the
other materials a5 0.30. The value used for Young’s modulus was 10,400,000 1b./In.2
for duralumin, 27,300,000 1b./in.! for stainless fron, 28,600,000 Ib./in.! for Monel metal,
and 27,500,000 1b./In.! for nickel. ‘These modull are average values obtained from

Tables III, IV, V an@ VI. Only the first two valaes of Young’s modu]us in each
group of thieknesses were used In computing the average.

better supported to resist bending, and the side por-
tions would continue to support an increase of load
until, possibly, they failed in direct compression.

An ides of the nature of the loading may be obtained
from the following consideration. Figure 36 shows a
diagram of a square plate with loading in the direc-
tion of the axis of z. Let the equation of the deflected
surface be

w=A4 sin ’-’bﬂ sin 1'03,

where w is the deflection perpendicular to the plate.
This expression assumes no deflection at the edges
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Fisvex 13,—Photograph of doral-
umin plate (0.0904X2¢ inches)
after test, showing warvellke
deformatlon

FIGTRE 14.—Photograph of nickef plate (0.060%
0.63¢24 Inches) after test, showing wavelike de-
formation

FiGrex 15.—Photograph of nickel plate (0.078X8X24 inches) alter
test, showing wavelike deformation
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BTRENGTH OF RECTANGULAR FLAT PLATES UNDER EDGE COMPRESSION 531

and meximum deflection at the center. Let A,
represent the difference between the lengths of chord
and arc in an element &t section A4, distant ¥ from
Oz. Let ¢, represent the direct compressive strain
(assumed uniform) in this element, and let ¢, rep-
resent the same in the elements y=0 and y=b.
Then, with the upper and lower edges of the plate,
the loading bar, and the base plate parallel and true,
the following relation should hold:

e.=%’+e,

Under the assumption that p,, the load per unit of
area, at any point is proportional to the compression

in the strip under the load, = %‘.’

deflect under the load and tend to give a more uniform
distribution, and therefore probably produce failure
in the plate at a lower load. This is evidently what
happened in the case of the wider plates, where the
loading bar is relatively very much more flexible
(deflection varies as the cube of the length).
4 BUCKLING

In most of the plates the buckling was gradual,
increasing in magnitude with the load and showing
no sudden change. In some of the thick and narrow
specimens, however, there was no appreciable buck-
ling until the Ioad approached the maximum. Owing
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FIGTRE 22.—Duralurmin, 0.075X8X 24 inches
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Fioure 23.—Duralumin, 0.075X12X24 Inches

Buckling of plates under ths action of loads parallel to their lengths, Note that the horizontal scale is ten times the vertical scale. The lower curves show the shape of
the central longitudinal sectfon where the deflectfons are ususlly greatest. The upper enrves show the shapes of the transverse sections at which the deflection in

the indicated direction Is s maximum. Dotfed Iines Indicats extrapolation.

The difference between the lengths of chord and
are of a sine curve of small amplitude may be expresed
by
= A%,

4b

where A,=amplitude=A4 sin %y

A=

Substituting for ¢, and A, and solving for p, gives:

=42
Py=Pe— 462 ES]II. Ty(seeﬁg 3-’)

where p, equals the value of p, for y=0, (y="0).

If the Ioadmg bar is not rigid, however, as was
sssumed in the above calculation, then the bar will

41630—81——35 .

to lack of idesal conditions, such as initiel curvature,
all plates buckled before the Bryan load was reached.
Practically all of the measurements of deflection
taken under load showed evidences of buckling of
the plate.

The Bryan theory predicts the wave deformation of
the plates quite satisfactorily. The number of half
waves in the majority of the plates is given by the
ratio of the length (24 inches) to the width. For
instance, in the 4-inch plates there are six half waves,
or six approximately equal square panels. In the
8-inch plates there are three panels; in the 12-inch
plates, two. In the case of the 16-inch plates some
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The
theory predicts two for this case, since 1/Ea<rf—‘é<1/€

specimens give two half waves, others one.

Most of the 20 and 24 inch specimens give but one
half wave. It should be observed that theoretically
the plate may buckle into any whole number of half
waves, and that the length-width ratio gives the
number of half waves corresponding to a minimum
value of the critical load. No other value is probable,
however. It is believed that for some of the speci-
mens the initial deviations from true planeness may
have been large enough to contribute to the form of
the buckling, especially in the case of the thinner
gpecimens. For instance, many of the 4-inch plates

Load, /i
2000 3000 %00

_R\ \ \ A1\

N \_'

¢ \ 5 T~ ~

! \ \

frches
R
——)
™

/
4 i
\

\ \

\ 1. )
N
Deflection, in,
F1GURE 24 —Duralumin, 0.075:¢16¢24 inches
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5. CONDITIONS OF SUPPORT

The conditions of ideal support require the four
edges of the initial mid-plane of the plate to remain
in the same plane at all times. As actually supported,
the transverse curvature assumed under load causes
the vertical edges of the plate to move perpendicularly
to the plate as soon as they leave their initial positions.
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Buckling of plates under the action of loads parallel to their lengths. Nota that the horlzontal scale s ten thmes the vertical scale. The lower curves show the shape
of the central longitudinal section where the deflactions are usually greatest. The upper curves show the shapes of the trangverss sections at which the deflection

In the Indieated direction is a maximum. Dotted lines Indicate extrapolation.

buckled into 5 and 7 panels, some of the 12-inch
widths into 3 panels, and some of the 24-inch
widths into 2, while a few others gave still greater
variation. On account of the comparatively large
deviations from planeness in the stainless iron, no
specimens of this material wider than 12 inches
were tested. Inequalities in the set-up would also
contribute to producing panels of unequal length
and deflection.

Figure 38, representing a horizontal cross section under
load, illustrates the motion referred to. The point of
the edge initially at Af moves along the V-groove to
N, and the point at Af, thus moves to ¥,; the point
at M, has moved a distance P,N, perpendicular to
the original position of the plate. Consequently, any
initial curvature of the edges is increased, and this
may be expected to cause failure at a lower load than
otherwise.
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There is also a question of the rigidity of the sup-
porting channels. Some of the plates snapped out of |

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

the grooves near the top, and it is probable that this
action was due to a spreading of the channels near the

top. If any spreading occurred, the effect in all cases

6 VARIATION OF MAXIMUM LOAD WITH THE DIMENSIONS OF

THE PLATE
The maximum loads plotted in Figures 9 to 12, in-

clusive, show a continuous increese with the thickness,
which in each case may be approximated to by a curve,
| shown by the full black line, of the type:
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F1GURE 33.—Nickel, 0.0504X24
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FIGURE 34.—Nlckel, 0.0414X24
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FiGURE 35.—Nlickel, 0.004X424
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Buckling of plates under the action of loads paralle Ito their lengths. Nots that the horizonta] scale is ten times the vertleal scale.
The lower curves show the shape of the central longitudinal section where the deflections are usunily greatest. The upper
ourves show the shapes of the transverse sectlons at which the deflection in the Indicated dirsction i3 &4 maximam, Dotted

lines indlcate extrapolation.

would be similar to that noted in the preceding
paragraph.

In future tests it might be well to arrange to equalize
the pressure on the two screws (Fig. 7) holding the
V-grooves against the plate.
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F1GURE 38.—Dlagram of loaded plate

Such unsymmetrical curves of deflection as the lower
curves in Figure 24 may possibly be explained by one
or more of the conditions of support mentioned in this

section.

P=K*— K, where P=total maximum load,
t=thickness of the plate,

K,, K, are constants dependent
on the properties of the material, the conditions of
support, and the original condition of the plate—
initial curvature, etc.

In the range of widths from 4 to 24 inches the Monel

| metal shows the largest variation of load with width.
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Fioure 37.—A loading curve

—¥

(See figs. 9 (8), 10 (3), 11 (b), 12 (b).) The variation
amounts at most to about +40 per cent, though more
generally to not more than £20 per cent from the
average value for a given thickness. The variation
for duralumin is usually less than 15 per cent and
that for stainless iron is in general of the same order,
The variation for nickel is somewhat larger.
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The (b) curves (figs. 9-12) all have the same general
form—peak load for the plate, 8 or 12 or, sometimes,
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FI16URE 38.—Diagram showing displacement of the edge of

the midplane of the plate when bending oecurs (not to

V' Bar

width is so small that the effective load-carrying area
extends across the plate.

7. YARIATION WITH THE TENSILE PROPERTIES OF THE MATERIAL

The loads carried by 4-inch plates of various thick-
nesses and materials are shown in Figure 39. If is
seen that the two nickel plates of greatest thicknesses,
which have low yield points, fall well out of the group
of iron and Monel metal. In Figure 12 (a) it is seen
that all the nickel plates 0.08 inch thick carry low
maximum loads. Still other comparisons may be
drawn from the results to show that for a given ma-

* terial, Jow tensile properties in géneral accompany low

! maximum loads.

Obviously & numerical formulation of the variation

16 inches wide, dropping off for the 4-inch width and : of plate strength with some property of the stress-

more considerably for the 20 and 24 inch widths. As I

strain curves will depend upon_the specific property
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FiatrE 39.—Maximum loads for plates 4 Inches wide and of various thicknesses and materialy

mentioned previously, if a more rigid bar were used
we should expect less dropping off of load for the wider
plates.

It appears that after buckling, the wide plate acts
as though it were a narrow plate of a width corre-
sponding to that of the side portions which are taking
most of the load. It might even be that the center
portion is buckled sufficiently to lose contact with the
loading bar. Consequently one would expect two
plates of the same thickness, but of different widths,
to feil at not very greatly different loads, unless the

chosen. If the curves were affine, any set of homol-
ogous points would be a satisfactory measure of com-
parative strength, but with such variations in the
stress-strain curves as are shown in Figures 3 {o 6 one
would not expect that such a blanket definition as
that of the yield point used in this paper would specify
points of the same significance in every case, even
though the cases were limited to different thicknesses
of the same material. A more highly specialized
test then that deseribed in this paper would be
necessary to determine the best correlation between
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plate strength and the properties of the stress-strain
diagram.

The duralumin plates generally showed larger
deflections for a given load than those of the same
dimensions of the other materials. This was to be
expected, because this material has & lower modulus of
elasticity than iron, monel metal, or nickel. Since a
larger deflection with the same load produces larger
bending stress, failure would be produced at a lower
load, other things being equal, in the case where the
deflection is larger. The maximum loads carried by
0.06-inch plates of various widths and materials are
shown in Figure 40. It will be noticed (figs. 39 and
40) that, in general, the maximum load for duralumin is
less than that for other materials, the dimensions of
the plates being the same.

8. PERMANENT SET

In the case of the duralumin, no permanent deflection
was measurable at the observed load next preceding
the maximum. For the other materials this is not the
case. 'The Monel-metal plates show permanent set at
loads approximately three-fifths of the maximum
loads. The nickel and stainless iron plates show 2
slight set at the loads next preceding the maximum
loads; i. e., at loads equal to about four-fifths of the
maximum loads. - .

This may perhaps be explained from the stress-
strain disgrams for the different materials. If the
maximum Jload is that at which the portions of the
plate supporting the greatest stress are yielding rapidly
as compared with the increase in load (that is, these
portions are undergoing marked permanent deforma-
tion; their stresses are near the yield point), then the
load at which a plate will exhibit a permanent set will
be near or far from the maximum according as the
tensile stress-strain graph does or does not curve
sharply as the limit of proportionality between stress
and strain is passed. The duralumin graphs (fig. 3)
do curve sharply, and permsnent set occurs near the
maximum load. Those for the other materials (figs.
4, 5, 6) curve less sharply, and permanent set occurs
farther from the maximum.

VII. CONCLUSIONS

1. For the plates of this investigation, plates loaded
in the direction of rolling, buckling occurred at loads
less than the Bryan load. This was found whenever
observations at such smeller loads were taken.
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2. Except for the cases noted below, the plates
carried loads above the Bryan load. The wide and
thin specimens in particular carried much greater loads.
The stainless iron, Monel metal, and nickel plates 4
inches wide carried less than the Bryan load when their
thicknesses equaled or exceeded 0.06 inch.

3. The maximum load carried by a plate depended
far more upon the thickness than upon the width of
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FIGURE 40,—Maximum loads for plates 0.06 inch thick and of
varlous widths and materials )

the plate unless the plate was narrow (in this work, less

than 4 inches).

In general, the several maximum loads carried by
duralumin plates of a given thickness and ranging in
width from 4 to 24 inches did not individually depart
from their average by more than 15 per cent, whatever
the thickness within the range studied. For Monel
metal the corresponding departures from the average
are in general not more than 20 per cent.

4. Permanent deflections generally occurred between
the loads mentioned below, Af indicating the maximum
load.

Permanent defloction
Materlsl generally occwred
between—
D emin 0.8 .
Stainless {ron !, 0.6 M and 0.8 AL
Monel metal ! 0.4 M and 0,
Nickel ! 0.6 3L and 0.3 M,

1 Except 4-inch gl:tes 0.08 Inch or more thick, on which permanent deflection
generally occurred between 0.8 A and M.



TABLE III.—MECHANICAL PROPERTIES OF

STRENGTH -OF RECTANGULAR FLAT PLATES UNDER EDGE COMPRESSION

DURALUMIN (FIG. 3)
TENSILE PROPERTIES

Ylald Gtress by
Thickness, , PomE #ln;;- Elonga
of tensils (stress 88| o Tensile Young's | iion in 2
| slope ﬁz strength | modulus E | “pans,
wEB |
Inch Zba.fint 3 & Int Lhy.lint Per cen
0. 0143 39, 000 % % 10, 500, 000 85
.0148 39, 000 41, 100 60, 700 10, 400, 600 18.6
. 40, 000 42,000 a3, 650 10, 200, 000 8.5
.0310 42,000 43,000 64, 300 10, 300, 000 18
L0434 40, 000 432,000 &1, 700 10, 400, 000 10.5
.0432 41, 000 £2 300 61, 300 10, 400, 000 19.5
. 0605 44, 00¢ 41, 500 6L, 750 10, 400, 000 2
. 0807 38, 500 41, 100 &1, 700 10, 400, 000 2
.0732 45, 000 45, 500 84, 000 1 10, 500, 000 19
L0732 44,000 45, 500 64, 000 i 10, 400, 000 A
.0892 42,000 42, 600 62,300 ; 10,400,000 20
. 0833 41, 000 42, 800 62, 000 | 10, 600, 000 2

OTHER PROFERTIES

TABLE IV.—MECHANICAL PROPERTIES OF

STAINLESS IRON (FIG. 4
TENSILE PROPERTIES

Yiald
Thick- 1
ness of | (s at| Tendle Yaung’s tion In
tensile ﬂuoa?etu strength | modulus E 2 Inches
" Ry
Inck | Lhefint| Lbafin2| Liafin? | Per cent
00120 | 50,000 | 87,600 [ 26,000,000 7
.0187 &5, 000 91, 600 28, 300, 000 9LE
O34T 51,000 86, 600 27, 00C, 000 1L S
0340 52,000 85, 200 27, 700, 000 12
< (H%6 41, 000 66, 400 24, 300, 000 19
.0500 | 43,000 | 67,900 ] 24,000,000 20
1.0300 44, 000 73,800 25, 000, 000 18
0607 | 48000 | 83,000 | 32,500,000 18.5
. 0603 42, 000 82,300 34, 000, 000 19
10607 | £5000 | 8L700 | 31,800,000 0
10810 000 81, 100 32, 800, 000 20
0755 000 | 68,000 | 26,000,000 255
L0755 26, 000 67, 500 25, 700, 000 5.6
0945 34,000 72, 000 28, 800, 000 288
.0852 36, 00C 72, 800 27, $00, 000 75

I Check test (Sec. I-25.).

OTHER PROPERTIES

Erichsen
‘Brinell num- | Rockwell B- | valus (open-
Thickness | ber (4e-in. |scale (Me-In- . 27 mm.
of materisl ball[. 6.4-kK. s 100-kg. ter;
oad) ball, 10 mm.
diameter)
Irck mm.
0.015 103 67.4 7.32
103 68.3 8.74
103 61.7 697
68.3
7.7
.
Av. 103 Av. 87.9 Av.7.01
031 114 7L2 6.98
114 7L 6.02
106 70.8 7.08
0.7
70.8
Av, 111 Av.7L.0 Av.6.99
043 110 7585 7.3 -
uz 75.8 7.25
118 78.7 7.4
75.3
5.0
Av. 118 Av. 76.3 Av. 7.4
L0861 | 117 77.8 873
| - 114 77.8 6.63
froemmemaem e} T4 6.82
| F—— 34
i - 8 - T R —
OARLS | AVTLG | Av.6T8
.073 - 100 7.3 5.51
112 7.3 560
1i0 7.4
78.0
1.0
Av. 111 Av.TI.4 Av. 555
.089 112 781 5.80
100 7.8 5.53
108 . 5.4¢
78.4
78.3
Av. 110 Av. 781 Av, 561

The stress-strain carves of stainless iron, mone! metal, and nickel showed a decrease of modulus with fncreasing siress at very low
stresses. ‘Tha valoes reparted for Young's modulus are secant moadall corresponding to the dashed lines in Figures 4 to 6, inclasive.
Values determined at stresses helow 5,000 poands per square inch wece considerably higher. For the statnless iron thess values varfed from

. Erichsen
Brinell num- | Rockwe: B-| value (open-
Thickness | ber (4 seale (Me-in. . &7 L
of material | ball; 6.4-kg. | ball; 100-kg. ter;
Toad) foady | ball, 10 mm,
diameter
Inck mm :
0014 203 643
194 6.5
Av. 188 Av. 64T
034 185 95.3 5.57
208 903.2 5. 40
191 95.2
03
3.2
. Av,. 183 Av. 940 Av. 5.48
050 I3 0.3
185 90.3 0.38
185 8.8 .22
90.8
R N -]
_ Av. 181 Av.90.1 Av.0.31
060 185 20.0
185 80.3
89.5
90.8
91.2
Av, 185 Av.90.1
078 134 80.3
134 8.3
130 89.2
8.2
8.7
Av, 138 Av . 80.2
085 150 8.3
139 0.0
8.7
-]
90.0
. Av.144 | Av.sel [,

28,000,000 to 35,000,000 pounds per square inck, and may be assocfated with the markedly differing grain structure of different specimens.
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TABLE V.—MECHANICAL PROPERTIES OF MONEL | TABLE VI—MECHANICAL PROPERTIES OF NICKEL
METAL (FIG. &) (FIG. 6)
TENSILE PROPERTIES  TENSILE PROPERTIES
Thick | moins ' : '
tenslm ‘ljt (sgeas at Tuimngthﬂe Youulns's(tEp)od- t]‘l!“lgng% . . Eehsiaclgi gg& Elonga
e 0] 8 \us -
; inches . .. stress at | Tensile Young's
apecimen et;tim?eto tansn_e ¢ slope | strength | modulus (E) tion in 2
E) spec: u£ to inches
s | men | %R .
o2 B | pme o, duchy | et | aingne | s | £
0328 | 85000 | 76,100 | 22 400,000 37 0189 | 40000 | 74300 | 25,000 n
.0326 | 34,000 | 75,700 | 22600000 | 375 ‘0 | srow | M0 oon | @
L0828 ) 33,000 ¢ 75 24,200,000 | 37.5 (080 | 880 | 7ra0 | anow | 368
1,0331 33, 000 75, 150 24, 200, 000 a8 . 1. 0319 34:m 400 28, 000, 000 36
L0438 | 27,000 | 75800 | 24,000,000 4 o oa2s | 30000 | 76600 | 28 5000000 s
(040 | 27,000 | 74,800 | 24,000,000 a a- "042 | 30000 | 76700 | 38 100000 b
-0080 | Z,000 | 7,700 | 34,600,000 | 7.8 3= | ‘oem0 000 | 67,100 | 47,500,000 | 355
-0038 ¢ 27,000 | 80,260 | 24,400,000 4.5 33|08 | 000 | 6ra0 | 3 e0g 00 3.5
1, 0638 2,000 | 79,000 | 2,800,000 37.5 . | ioss | 3ceo0 | 62000 | 7800000 %
1, 0637 , 000 79, 100 23, 800, 000 37.5 i 1:0589 80, 000 62, 550 ﬂ'mom a8
<0768 | 46,000 | 70,260 | 24,000,000 | 32 = | 0810 | 10,000 | 74,200 | 27,000,000 | 42
<0788 | 46,000 | 79,300 | 23,000,000 32.5 £ | 0820 | 15000 | 74,400 | 325100,000 Q
'oszam gg:% 71:% ﬁ%% gg“‘ . L0025 't 21,000 | 65800 [ 26 700,000 44
L0628 | 85000 | 71000 | 23500000 | 86.5 0825 |2, 66,800 ; 26,000,000 | 4%8
L0030 | 83,000 | 71,150 | 23)800,000 38.5 - _ -
A7 1 Check test (See. IFI-2b).
1 Check test (Sec. III-25).
OTHER PROPERTIES . OTHER PROPERTIES
S Erlchsen S i Erichsen
Brinell nnm- lgsgfkwell B- | valus (open- Brinell num- Rockwell B- | value (open-
Thickness | ber (Mes-in. e (Mo-In, I&m mm, —_ | Thickness | ber (1 Ms-in. seale (IAe-in. , 27 mm,
of material | ball; 6.4-kg. | ball; 100-kg. ofer; of materfal | ball; 6.4-kg. : ball; 100-kg. mater;
Toad) Toad) ball, 10 mm. t Joad) Toad) bail, 10 mm,
diameter) - diameter)
Inch mm. ‘- Inck mm.
0.018 18 0.7 10.80 : o019 124 82,2 9.50
124 87.3 10.49 118 819 9.42
18 87.8 10.50 . 81,4 9.20
8.7 te £2.3
7.9 . 282
Av.120 Av.81.7 | Av.10.60 s - Av.12 | Av.82.3 Av.0.43
. 033 118 Y 1115 ) ,032 17 7.9 10.80
118 710 FEpE] i 114 7.6 10.55
120 L4 ) : 118 T 10.28
L6 < 7.8 10,80
70,9 .8
Av. 110 Av.7L3 | AvV.1LI4 Av. 116
044 14 76.8 1.6 042 ug i
110 7.8 12.10 10 !
7.5 1210 110
7.3
.
Av. 111 CAV.TLE | Av. 1204 2 . Av. 111
. 064 101 [Ty A T L0680 116
102.5 SL8 : 110
1l 84.8 . 112
84,2 .
828 ;
" Av. 102 Av, 83.2 E Av. 113
079 120.5 8.7 _ ‘o . 080 .5
i 8.8 _ : 685
1205 ST.5 I3 L0
$7.7
8.7 )
Av.129 | Av.883 . Av.70
.03 110 89.7 R .03 102.5
8 & it
8.9 ==
N, 8.7 e
Av. 110 Av.80.5 - Av.102.5 Av. 6.1 |
S

The stress-straln curves of stainless iron, monel metal, and nickel showed & decréase of modnlus with Increasing stress at very low
stresses. The values reported for Young’s modulus are secant modull corresponding to the dashed lines in Flgures 4 to 8, inclusive.
Values determived at stresses below 5,000 pounds per square inch were considerably higher. For the stainless Iron these values varied from
28,000,000 to 85,000,000 pounds per squere inch, and may be associated with the markedly differing grain structure of difersnt specimens.



