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REPORT No. 356

STRENGTH OF RECTANGULARFIAT PLATES UNDER EDGE CCMPRESS1ON

By LouLs S~ ~and GOLD1lZ~ACK z

SUMMARY

Hat rectangular p.la-teeof duralumin, etainlew iron,
Mmel metal,and nickel were teded under lards applied
at two opposite edges and acting in the pikne of the plate.
The edges parallel to the direction of loading were eup-
ported in V grooms. l%e plates were all 2?4inches long
and urn”edin width from 4 to fi4 inches by 8tep8 of 4
inchw, and in thicknessfrom 0.016 to 0.096 inch by etep.s
of approximately 0.016 inch. There were &o a few
1, fi, S, and 6 inch wide specimerie. Th-e loads were
applied in the teeting machine at the center of a bar which
restedalong the top of the plate. Load was applied until
the platefailed to take any more Lxui.

The tests 8how that the loads carried by the plates
generally reached a maxhnumfor the 8 or Ig inch width
and that there wa8 relatively small drop in load for the
greater widths. TMe b explained by thef& that when
the piizte buckles, since the greatest ddectian 0CCUT8at
the center, it8 rerticd chords will 8hor’tenmore there than
at the ends. In cmwequencethere mullbe less load onthe
plate at the center and more toward tha ends where it is
better sup-ported to resiit bending a-no?cma continue to
take load after buckling has occurred. IiL this my, the
load carried by plates of a giremthickm?88would tend to
be conetant for all pikttx wider than that at which the
maximum load ie reached.

Dejlecttin and 8et measurementsperpm.dicuikr to the
phne of the piizte were taken and theform of the buckle
determined. T7tenumber of bwkles w found to corre-
spond in general to that predicted by the theory of buck-
ling of a plate unifiwmly loadedat two opposite edge~and
m“tnplyeupported at the edges.

The tests were made by the BGreuu of Standards in
cooperation with the Bureau of AeTonautice of the Na~
Department, and eutmiitted to the National Adtisory
Lommitteefor Aeronautics for pdlication. The mate-
rials ch.ixenwere those suitablefor aircraft construction.
The data obtained will be of use in tb deeign of $Oats,
pontoons, wings, etc., of aircrajt when the plating i%
subjected to prewure against the edges. It ia desired to
make this as light as po8&t”ble,yet 8trong enough to take
the required loadg m“thoutpermanent deformation.

1JmIor PhysfcistjBmeanofStsndar&.
2Re?mrch&wciat%Bmeanat&an&rds.

I L INTRODUC’ITON

PIates are used in Iarge beams, in calumns, in fuse-
Iages of airoraft, in pontoons and floats of seaphmes,

—-
—

i

I

,

etc. In many of these structures the pIaW carry com-
pressive Ioads appLiedperpendicukly t.atwo opposite
edges Andacting in the pIarteof the pIate. The present
krmstigation was undertaken by the Bureau of Stand-
mde in cooperation with the Bureau of Aeronautics,
~aTYDepmtmertt, for the purpose of dekmining the
stiength of plates loaded in this way. The plates
tested were loaded in the direction of rolling. Under
ideaI conditions W four edges of the pIata would be
supported so that they remain kt the original phme.
The unsupported portion of the pIate may then buckle
under the Ioad.

The test procedure was determined by H. L. Ti%itte-
more and L. Schuman, and the tests were carried out
by L. &human.,

Acknowledgments are due WN@m R. Osgood, of
tha Bureau of Standards, for suggestions in ema@ng
the data, particularly for the explanation of why the
Ioad oould be increased beyond the value at which
buckling began. Aolmowledgmenta me due Messrs.
R. G. Sturm and E. C. Hartmann, of the Aluminum
Co. of ihnerica, for poin~ out that the mhum
Ioad carried by the plate might be affected by the
flexibility of the loading bar whkh was used.

IL ACKNOWLEDGMENTS FOE MATERIAL

The followirg ilrms donated the materials:

The Allegheny Steel Co. (Staid=iron).
The Aluminum Co. of America (durahmin).
The International Nickel Co. (rdokel and Blond metal}.
T& Utiwxwd Steel Co. (stainlem iron).

IIL MATERIALS

L SPE01ElCATIOM3

Four materials suitable for airoraft construction
were used in the tests, viz, durahmin, stainks iron,
Monel metal, aud nickel. Six thicknesses,varyingfrom
0.015 in. h 0.095 in. were used. h the materiaLsare
for use in naval aircraft instruction, Navy specifica-
tions were folIowed wherever po&bIe in obtaining
materials.
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The principal requirements of the Navy specifica-
tions for physical properties of duraIumin and Monel
metal are given in Table L The materials received
conformed in general to these specifications. For the
other materials (stainless iron and nickel), no Navy
~pecitications were available.

TABLE I.-SPECIFICATIONS FOR DURALUMIN AND
LMONEL METALI

.Mater[nt

Dmutnmh...
Monelmetal.

2 DETERMINATIONOFPROPERTIES

(a) 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 11.—RESULTS OF C~MICAL ANALYSES—Con.

NICKEL
-

N[ Fe Cll 61 Mrt Zn
TM&.nss .-

Pff 03nt

om2______ w.I o.S4 0.1$
o.wa____ w.2 .91

i
0:~ -~td:tected..- Not&twed,

.14 . . . . . .. . . . . . . . .

. .
(b) ~EXSmE”TESTS “

.

The tensile properties of the materials, in the direc-
tion of rolling, were determined by tests on two spcci-
meti * (see fig. 1) of each thickness of each of the four
materials. The tests were made in a 20,000-pound ‘
Olsenmachine, the 2,000-pound poise being used for the
t&inner specimens. Templin grips 4 were used for
hokling the specimens during the test, (Fi~, 2.) Def-

1ormations were measured by means of ‘H@genberger

I
[ Zhav!

I i’(
Division of the Bur~au of %mdards—the 1 \ I 1+i 4 IT
notierrous metals by J. P. Hancock, the A %

\ 1
stainless iron by C. P. Larrabee. From the

‘L
W+o.mb 5“ w.g~ [

rwults of the analvses of these samples, rep- @Wl?WMcav&-to)nltti ,~”
resenting the thin”and the thick m&&d,~t

I

I -z I

M“
appeared that the composition did not vary 4

greatiy. It was therefore not considered necessary to
analyze sampka of the other four thicknesses of the
materials. In Table II. are given the results of
the analyses.

TABLE 11.—RESULTS OF CHEMICAL ANALYSES

I Pezcenr

-------- I.wl4.2R71 76 32 0.MI Notdeteehd.-. Not deteeted-. 98.48;~. . . . . . . . 4.2 ,72 .~ .82 .60 _do. _.._. __-do -------- ~ 89

STAINLESSIRON

ThMrm.v (inch) I

Pereerlt
1

0.034.. ........... ————-..—-—..— a16 14.a
0.~6.- . . . ..-. -... -.-..— -— ------- —-..-...----.-.—- .12 M7

MONELMETAL

NI Cu Fe MrI al . Zn

Thicknws(inch)
Peresnt

411111
0.0%3..- ....-–—--- M5 624 0.81 : fll hrot$eeected.
0,079. . . . . . . . . . . . . . . . . . . 67.0 #lo . H .!M

I I I I 1 1

Fmms l.--’l?enellespectmen

tensometem. Two of these instruments were used,
one on each flat side of the specimen, placed on a center
Iine. @ii. 2.) One of the two edges of contact of the
instrument is on the end of a 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 ccrreapond@j deformation is
indicated by a pointer moving o~er a graduated scale
The gage length is 1 inch.

The average deformation corresponding tO a sc~e
division was 0.000315 inch for one of the instruments
and 0.000333 inch for the other. Readings for any
part of the scaIe could be estimated to less than ono-
t~nth of a scale division. Defamations could thus h
estimated to about 0.00003 inch.

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

In a“few cases the results for the tensile tests showed
large. .yariations. For these, check specimens were .-

1SWProe.A.S.T. M.,TentativeStendardstVd.27,Pt. I, 19Z7,P. N@.
~Spe&Jgripsdvdgrmdby .Mr.R. L. TemPIIu. SeaP= A. S. T. M., ~oL27,

Pt. n, 1627,p, 242.
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prepared and tested with Huggenberger tensometas
having scale divisions reading to 0.0001 inch. These
check data, marked (1) in Tables IT, V and TI, me
probably more accurate thm those obtained with the
extensometers reading to 0.0003 inch.

Since the materirdsshowed no deihite yieId po@s,
the stress at vrhich the slope of the stress-strain curve
was one-third that of the modulus Iine was designated
as the yieId point. In addition, the yieId point
defined by the 1929 issue of the &rny-Xa~ Specitl-
cation XX. 9092, issued since these tests were made, is
gi-ren in Table III for the duralumin specimens.

Elongations in a %inch gage length were determined
by means of dividers.

Young’s modulus was obtained directly from the
stress-strain curves.

(c) BBINELL AII ROCKWELL TESTS

Brinell numbers were obtained in a Baby BrineII
machine, with a fi~inch ball and a 6.4-kilogram load
applied for 30 seconds. The Rockwell B-scale num-
bers were determined with a fi~inch balI and a 100-
kilogram load. On the thinner specimens (Mow 0.04
inch) the RockweLI numbers were probably not so
accurate as those for the thioker specimens since the
indentation of the ball made a mark on the reverse
side of the specimen.

(d) EBICHSEN TESTS

In the Erichsen sheet-metaI tester, the diameter of
the opening over which the specimen vms clamped was
27 millimeters end the indenting tool had a radius of
10 millimeters.

Ericheen mdues were obtained for each of the six
thicknesses of durahmin. For the other materiahi
ordy the three thinnest specimens were tested, as it
was found that the force required ta rupture the thicker
specimens could not be apphd by hand.

(e) s UMWBY OF 11EcHA2iiCa PROPERTIES

The preceding mechticaI properties of the materials
are summarized in Tables III, IV, 1’, and YT. The
stress-strain curves me shown in F~es 3, 4, 5, and 6.

Iv. METHOD OF ~ES’llIIfG

1. TEST HXTUEE

The test fixture used (figs. 7 and S) was designed and
buiIt after se~eraI forms of apparatus had been tried.
This ilxture oasisted essentially of a base plate to
which two ohannda were attached by means of angge
irons and bolts. Spreading of the channels at the top
was Iimitedby a horizontal bar hxx.ely bolted to them.
Each chand was provided with two sorews placed on
the ~ertical center line of the web. On the screws,
which were threaded into each channel, was mounted
a stra&ht bar in which a V-groove (45°) had been cut.

PLATES UNDER EDGE COMPRESSION 521 —

The test specimen was set into these groo~es, 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 odd rotat~ about its”

_—

edges and fide vertically in the grooms. The speci-
——

men extended about on~hth of an inch beyond .

FVJVE= Z.-APLVAWLIS f= temfh test, skmiw Temph ErfP9 WI Eusmheii?ET
tmsometem km mee.smring elormthl

each end of the grooms, so that the loads could be
applied without loading the ilxtures. The load was
applied through a bar 1 inch thick by 4 inches wide,
which was free to rotate about an axis perpendicuhu
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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FIGUEE 3.-strass..stmfn em-vesfordmahmin. Thethlchie.ssofthe-en fegfvmronmchmum. TheyIeJdpointwhlebIehere
dednedasthestremforwhhbtheslopsISonethfrdthat of the modnhrafinek Indfcatedbga abortlinemmfngeachcurve

.$
*

$
.

~
~

FIGURE4.-strsss-strp.hI curves for stafnks Iron. Tha thfckmss oftheapmimsnfagivenontechcurve. Theyfeldwlnt whlehIshare
detlnedasthesfmssforwhfcbthedopeIsone-tkdrdthat ofthemrduhraI& h indlcafedbya shortffnecroedngmchcnsve

.g

$
~
Kr

FIGURE&-Etra.wtrshr carves fer Monel r.mtsf. The Urioknm of the qmdmen k gfwn on eaehenrve, Theyfdd pmlnt wb[ehb here
dehed setheetressforwhfchtheslop+fsone-thirdthat ofthemodulushe b fndlcatedbya shortlinea’osslngeachcurve

,-—-—
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might be obtained untd the buckling became appre-
ciable. Holes were drilled and tapped in the base
p~ate to permit wirybg the distance between the

of the pIates, especially the nmrow and thick ones,
the masimum load was indicatd by a distinct drop
of the beam of the testing machine. In the case of

r I b r? m t 14 If 1 u u I u u 1 # If I I I 1

I?lllll lliillfl!?lllll.mw..h/..

ckmneLsso that different widths of plate could be
accommodated.

The deflection of the specimen was determined by
measurementswith a dial micrometer. @ii. 7 and 8.)
The micrometer was attached to a round bar fi-re-
eighths of an inch in diameter, through which, at one
end, 24 holes were drilled 1 inch apart. These holes
fitted over pins extencbg from the flanges of the
channeLs. The pins were spaced 1 inch apart verti-
cally and so arraqysxl at the two flanges Mat 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 in steps of 1 inch, both vertically and hori-
zorhdly. The dial reading was taken with the bar in
contact with the flanges of the channel.

Z SIZEOF SPECIMENS

.W the test specimens were “about 24 inches long,
pmalIel to the direction of rolling. Widths, transverse
to the direction of rolling, of 1,2, 3, 4, 6, 8, 12, 16, 20,
and 24 inches were used, but only a few compression
and no deflection trots were made on the 1, 2, 3, and
6 inch specimens, md, owing to their initial lack of
flatness, no skinkss iron specimens wider thsm 12
inches were tested. six thiclmeeses of each mateti,
m- from 0.015 tiI 0.095 inch, by steps of approxi-
mately 0.015 inch, were used.

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

The edges tO which the loads were applied were

milIed straight and paral.lel.
In addition t.a the 1, .3, 3, and 6 inch speckens, 18

specimem of stainless iron and 36 specimerw of each of

the other materials were testecl.

$. LOADSANDDEFLECTIONS

The tests were made in a 50,000-pound Rieh16
-rertical screw testing machine. @@ 8.) For most

some of the wide plates (over 12 inches) th~,Ioad began
to fall aIowly after considerable buc~:had taken

.-
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FIGOZE7.–Die5am d tmtfng appamtus

place. This was especially notioekble in the wider
Monel metal smoimens.

After ,s dro~ of load the speeimen was found to be
deformed permanently. The load could not then be

.-

-
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inoreased further, but continued to fall as the head of
the machine came down on the specimen, increasing
the permanent deformation.

The masimum loads were estimated from a few
preliminary teds. Loads were then applied in incre-
ments equal to about one-tith of the estimated masi-
mum load, and readi~ of deflection of the specimen

FIGURE8.-Photograph of testingapparatus

were taken for each increment. h initial load (50
pounds for the thinner and 100 pounds for the thicker
specimens) was placed on the specimen before t&ng
the first set of dial readings. The intervals for the
readinga were sc chosen as to give a sufficient munber
of readings from which to draw curves of deflection,
For the 4-inch dates the intervals were 1 inch. both

vertically and horizontfly. For the wider plates tho
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 tlm
intervals could be taken larger without loss of nccucacy.

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 initiai
load.

Y. RESULTS

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

VI. DISCUSSION OF RESULTS

1.CHARACTERISTICSOFTHECURVFSOF MASIMUM LOAD
(FIGURES U-M)

k a short thick ductile compression specimen we
expect the average masimum stress to bc 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
avemge maximum stress rewdts.

Now consider Figure 9. First of all we note thtit
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 tchd load—i. e., pounds. The reason for this
is obvious from an examination of the curves. Lwk-
ing at Figure 9 ‘(b), thickness 0,090 inch, we see that the
load increasw approximately proportionally to the
width up to a 3-igch width and then the curve con-
tinues across approximately horizontally to the ?&inch
width, the maximum width tisted. The maximum
load in this range, 8,000 pounds for t.ho8 and 12 inch

widths, is $~~————= 1.23 times that of the minimum

Ioad (20-inc~ plate). ln addition, the 2+inch plate,
which is 8 times as wide as tho 3-inch plate, carrim

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

width, then, so far as failure to take load is concerned,
is a minor factor in the range considered, since for
ht.rgechanges of width there are c,omparati~-elyvery
smallchanges in the load carried. We see that a
similarsituation 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 (a) are plotted loads against thickness for
the range of widths considered useful, 4 to 24 inches.
In this figure are also shown two dotted lines marked
4 and 24. The represent the buckIing 10MIs (d-
rhred from Bryan’s theoretical formula) for 4 and 24
inch pIates, reapectidy, which are uniformly loaded
at hvo opposite edges. A discussion of this fornda
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
particuhir, for the widest plate, the 24-inch, the
maximum load varies from 6.2 times the Bryan bucli-

could not be expected to apply to the test resuhs
became of the dMerent methods of loadimg.

What has been said of the curves of maximum load
for duralumin (&. 9) is also true quditatimly for the
corresponding curves of the other three materials,
stainlessiron, MoneI metal, and DickeI (figs. 10,11, 12.)
The 310nel metaI, in particular, shows greater mria-
tion of load with width. In the three greatest thick-
nesses there is a more marked dropping off of load,
characteristic of buckling phenomena, when the plate
width is increased from12 to 24 inches. Eowe~er, the
ratio of ~ariation in load for the two extreme widths

w
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(27)
Wdth,k

@
Fnxmz 9.—M@nmm loads for dumkofn IIIates 24 inches hng In dlrectb of WdhS

(a) had pIotted agahst ttdcm various widths. Broken Iines show the Bryan buds for UMwfdths (fink) given on the rums
(b) Load pIotted a@nst wldtJx thicbws?es (lmhes) am gbn on the curYM

I@ load for the 0.089-inch plate to 21.4 for the
0.031-inch pIatS. 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 deoreases, the Bryan load approaches and
may ‘quite appreciably exceed the maximum load.
Note the 4-inch plate in Figges 10, 11, 12. The
character of the results, then, indicate that the maxi-
mum i’oad is not the same as the Bryan load. It wdl
be seen on page 14 (Sec. VI-3), that the Bryan loads

of the practical rmge, 4 and 24 inches, is stiII srmdl
compared to the ratio of variation in width.

To sum up, the (b) curves apparently present two
different ranges of compree.sion 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 tier specimens would be expected to occur
with pIates much narrower than those tested.) Then
there is a rapid curving to the right, representing a
combined buclding and direct compression failure.
If it were purely buckling, then the wider phites would

-.

.—
-.
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fail at a lower load than the narrower plates instead of
failing, as they do, at higher loads for widths up to 8
or 12 inches. On the other hand, it oan not be a pure
compression failure across the entire plate because the
average stressis weIIbelow the yield point. The com-
paratively minor change in load with width for speoi-
mens 4 inohes and wider indicate that in some fashion
the wider plates i%nd to act as though they were
narrower. The explanation is ta be found in the non-

the case of intereet here is that of an ideally flat
rectangular plate, .shnp!y supported at all four edges
and unijormly loaded at two opposite edges, by a
compressive load acting in the plane of the plata and
perpehdicndar @ these edges. h the load is increased
from z&o, a critical load is reached at which the plate
becomes unstable and may buckle.

The critical value of the compressive stress is given
by the equation:

FIorJmr 10.—?daxfmurn lands for stalrdess fron phtes 2+frrohmlong in dirwtfon of Ioad[ng

(a) Lad plottad agelnst tblekneq wx’forrswfdths. Broken Iines show the Brysa loads for the widths (fnohm) gfven on the curvw.
(4) Loed plotted agsdnst wldtly th[~ (lnchas) aro g[ven on the ourves.

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

2 ELASTICSTABILITY

The problem of the elastic stability of a plane reo-
tangtdar plate has been dieouaaed mathematically by
Bryan, 5 Southwell, 0 Timoshe&o, 7 Weatergaard, 8
Love,9N6idai)10and others. Of the cases considered,

I

1BrYen, Ct.H. On the stebfl[ty of a plane PIete under thrust in M own plene.
Prcu LOnd. Math. Sot., vol. ~ MM),pp. 54-87.

*SouthwelI, R. V. On the gensrrd theorg of elastfo tiability. PhfI. T?ens. Royal
600., serie9 (a), vol. 213,191&pp. 187-244.

7TImcshenko, S. Efn!ge StabllN&@robleme der EIMtMt&wheorte. SOIL f.
Math. u. Phye., vrd. 63,191Qpp. 337+ and tiber d[e StebfIitEt Vereteifter PIattnn.
Dw Etmnbarr, vol. la 19X, pp. 147-MS.

* Wast@rgmrd, H. M. BnokIfng of, Elastfa Stmotums. Proo. Mm Soo. Civil
Eng., VOLXLVH, No, 9, IWl, pp. 465-S38.

~Love, A. E. H. Math. Tlmry of EktMty, 4th edition, 1937.
10NW, A. E~~e p~tt~. J~lw s~~, IgM.

—.

——--

—

k which P= btal Ioad, &ormly distribukd,
A= area of section perpendicular to direction

of loading.
- E= Young’s moduha of elasticity.

c= Poisson’s ratio.
t= thickness of p1at6.
b= width of plate, perpendicular to direction

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

loading.

‘=(%+$),wheremisa~*erw~c’
chosen so as to make k a minimum.

Several values of k and m are given in Table VH.11
~1% Tfnvxherrko smd J..4?mk APPI!MI~eetfeity, 102S,p. $92.

.-
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When buckling occurs, the mxtical and the hori-
zontal sections are sine curves. Corresponding to the
minimum buckIing stress there is but one half wave
across the width, b, and the integd number, m, of
half waves of equaI length in the k.ngth, a.

from one to two ImIf waves, from two to three half
waves, etc., are obtained by substituting m= 1, .2, 3,
etc., in the qmession,

;= ~

When ~ is an intsgm, then m, or the number of half

waves, is equaI to this integer; in general this number,
m, is det&mined by the nearest integer abme or below

the ratio ~. The plate, in buckling, t.herefo~etends to

divide into square paneIs.
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FIGUXXIL-Maxbnom lmds for Mod metal pIates 24 luck IOUK.IQd!rection of kmding

(a) M @otted r@lrist tide vsrkms width% Broken - *OW the+Bwrm10* h thddth.s@k) Id- ontiCMWM.
(b) Load pIOtt&i adnst tidtlq thhhE=w (IrIclm9)am KWMIon h curres.

For dues of ~ up to @ ?n=l,

~ between ~~ and fi m=2,

~ between 36 and ~ m=3, etc.

The values of ~ which mark the transition values

It should be observed that the minimum buckling
stress depends only on the ebstic constants (Young% ‘-
modulus and Poisson’s ratio) of the materird end on
the &ensions of the specimen. The eqyations for
the buckling stress apply only so Iong es neither the
proportiomd nor the &stic limit of the material is
exceeded. For a thin plate the buckling strem may
be very smd compared to the proportional limit of the
materiel.
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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 lortd.

In Figures 9, 10, 11, and 12, the Bryan load is &
dicated by dotted lines 12for 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 ordiuata for the 24-inch

&DISTRIBUmONOFLOAD

IdealIy, under the conditions of the test, if the
plate were perfectly flat, the material pmfectly
uniform, and the load uniformly distributed, we
should expect no buckling to appear until the Bryan
load was reached, and then the buckling would
appear alI at once. Immediately there would be a
redistribution of ioadj since the vertical central
portion, after buckling, exerts less force upon the
loading bar. Consequently the load would be thrown
toward the vertical edges of the plate, which are

(

%

—

b

//

4 8 12 A$ 20a
Mb!+!I,h.

(b)
FmwE~lL-Moximum Ioede for ntckel pfntw M inchm Iong fn dlrectfon of loading

(a) Lard plotted egefnst thlekn~ varfoue widths. Broken Ifne.schow the Bryan lode for the wfdtbs (inches) given on the eomm,
(b) Lad pIotted egdnst wfdth; thfdmesses (inohea) ere gfven on the cumes.

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, 1X, 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 j40 of the maximum load and in
mm.ral variee from % to MD of the maximum.

~ For thew curves Pofewn’s mtlo for dnrehxnfn weE taken m 0~ end for the
other matdels an 0.30. The value USJXfor Young% modulus wes 10,4W,fXJ3lb./ln.~
fordumhunfn,27,W0,fC0lb@.1 for atekdem froq 2&603,0Cbllb.pmi for Monel mew
and 27,WOJC0lb./fn.i for nfckef. ‘1’he,wmodull are avemw vfdues obtafned from
Tables III, IV, V end VI. Only the dmt two valnee of Young% modwlns fn each
gmwpof tbfeknaseq were ns8d fn compntlng the avemg~

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

h idea of the nature of the loding maybe obtained
from the foIIowing consideration. I&me 36 shows a
diagram of a square plate with loading in the direc-
tion of the axis of x. Let the equation of the deflected
surface be

‘“A & W%’

where w is the deflection perpendicular
This expression assumes no deflection

to the plata.
at the edges

—
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FIGCBE H.-Photograph of dnral-
umhl plate (OJ?JOX4X24 fnchee)

after test, ehowlnc Wamlike
def-t!on
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FIGnE lL–Photograph of nkkd pIate (0.M3X
0.0X24 fllChW)after kt, ShGwfngw&-a de-
fomlathn
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FIG- 15.—Photogmph of nfckel plate (0.07SX8X24fnches) after

~, showing wemlike def-tkm
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FIOUBE16.-D uralum In,
0.015X4X24InOhs

$j

ROUEE 17.—DuralumInj 0.081X4X24fnohm

i!

~

F1OUEE18.—Durcluml& 0046X4XZ4 fnchc$

Bnckl[rm of UM.CSrmdw the actfon of lcada DCIWIIOIto their Iengtha. Note that the horhontal scale fa ten times the vwthmf smle. TM Ion’w
= ~ow the ahapa of the cenkel loatudfnal awt!on where the deflectfona era uanellg grestmt. The UPN ourves show the ahcpce of
the transvaraa wtiona at which the deflection in the mdfmtad dlraotfou fa a mdnmrn. Dotted b= indf@Je =~Poiat~on

FxctuEE19.—Dm’elumirA0.0WX4X24iuchaa FIGUSE20.-Durelominj 0.076X4X24inchce

r M. A [

0

Fmmt 21.-Duralumln,0.WX4XM
mm

BucklfwofPfateaunder the actton of Ioads parallel ta thdr fengthe. Note tit the horizontal amle b km thn= the vwtlod ecafe. Thelomr
~ showtheshapeofthewntrallongftudirudscctfonwherethe deflectionsoreuwsilygrcefA. Theuppercucvashowtheahepcsof

.—

the tranavwaa awtlons at whtoh the deflwtlon fn the indfcatwI dtrwtlon fea maxhmrm. Dotted Ilnea lndfrate extrepolatton.

_ .—”
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and maximum deflection at the center. Let Av
represent the difference between the lengths of chord
and arc in an element at section AA, distant y from
Ox. Let Crrepresent the direct compressive strain
(assumed uniform) in this element, and let q rep-
resent the same in the elementa y= O and y= h
Then, with the upper and lower edges of the p~ate,
the loading bar, and the base plate paraUeIand true,
the following relation should hold:

A
~’+EyE,=—

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

in the strip under the load, ~r= ~

FIG~E Z2.-DmrJumin, 0.0RDG3XHtucks

deflect under the load and tend to give a more uniform
distribution, and thwefore probably produce faihre
in the plate at a lomr load. This is evidently what
happened in the case of the wider plates, where the
Ioading bar is rdatively very much more flexible
(deflection varies as the cube of the length).

&BUXIIXG
In “most of the plates the buckling was gradual,

increasing in maggtude with the load and showing
no sudden change. In some of the thick and narrow
specimens, howe~er, there was no appreciable buck-
ling until the load approached the mafium. Owing

Fmtmz !23-DnreItun&,0.07SXUXZ4Inches
Bmk@ of platee under the ection o! beds perallel to thefrlmgthe. N-ote thet the horizontal ecele k ten times the YEMd ecde. The Iower mrvas show thn ehspe of

the central Iongitudkud esctfon whe ttw deflections are nsnally greetest. The ~W ~ show the shapes of the hunsrerw eeMons atwhichthe dMectlon in
the lndi@d direction Iss mexhnam. Dotted Iinee indlmte Utm@etfon.

The difference between the lengths of chord and
arc of a sine curre of smalI amplitude may-be expressed
bv.

where & = amphtude =A sin ~b
Substituting for ●r and Ar and aol~~ for pr gives:

4A’.—P’-p’ 4b= E sin’ ~ (see ~. 37) I
where p, equak the value of p, for y= O, (y= b).

If the Io@ng bar is not rigid, however, as was
assumed in the above calculation, then the bar will

41630-sl+5

to lack of ideal conditions, such as initial curvature,
aIl plates buckIed before the Bryan load was reached.
PracticaIIy aII of the measurements of deflection
taken under load showed etidencea of buckhg of
the plate.

The Brym theory predicts the wave deformation of
the plates quite satisfactorily. The numb= of half
waves in the majority of the plat= is given by the
ratio of the length (24 inches) to the width. For
instance, in the 4-inch platea there are six half waves,
or six approximately equaI square panels. In the
8-inch platea there are three panels; in the Winch
plat~, two. In the case of the 16-inch plates some
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specimens give two half waves, others one, The

theory predicts two for this case, since ~2<~<&

.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 crit.icaIload. 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, especitdly in the case of the thinner
specimens. For instance, many of the 4-inch plates

&

,Y

i! aK

4

0

f!’-.

kcu~ Ddhcf ion, in

FIQUKE?4.-DuralmntIL 0.075X16X24fnchea

&CONDITIONSoF SUPPOET

The conditions of ideal support requiro the four
edges of the initial mid-plane of the plate to remain
in the same plane at all times. As actually supported,
the transweme curvtiture assumed under load causes
the vertical edges of the plate to move perpendicularly
to the plate as soon as they leave their initial positions,

I had. lb, 1“

FIGCBE ZS.-Durahrrnln, 0.1775x2uxz4Incbsa

$

FICKEE 2&–DrueJnmfn, 0.0i6)(Z4x2i tnchu

Buekltngof pIates under the action of loads fmrallal to their lengths. Note thatthehorizontal de is ten thn= the wWical eeeie. The Iower eumw show the shape
of the mntral Iongltud!nal .wctlon where the datlections era usually seateet. The umw cumes show the shapes of the *SM mtiom at which theddk~llon
h the indicated directkn is a maximum. Dotted ltnee irsdlcate utra@ation.

buckled into 5 and 7 panels, some of the 12-inch
widths into 3 panels, and some of the 24-inch
widths inti 2, while a few others gave still greater
variation. On account of the comparatively large
deviations from phnertess in the stainkss iron, no
specimens of this material wider than 12 inches
were tested. Inequalit.iea 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 M moves along the V-groo~e to
2?, and the point at M, thus moves to i’?,; the point.
at M. haa mo~ed a distance Pwe perpendicular to
the original position of the plate. ConaequentIy, any
initial curvature of the edges is increased, and this
may be e.spected to cause failure at a lo~werload thm
otherwise.
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FIG~E 2i.-IsoI& 0.015X4X24fnehes FIG= ‘2S-ISOIA0.C@lX4X24hmhee FIG~E !N.-Iron+ 0.0Q5X4XM
Jmhes

BnekIlnz of uIatee under the setion of bade mreI!eI to thdr Iengths. Note that the horfsontel scab fe ten thnee the wrtksl sede.
l%;lo;er mmea show the shape of& eentd Ionghdld eeetfon whese the dMeetfone are US gfentest. The uw
cumes show tlm shapes of the trsnsmrse iwxtfone e.:wldehthedeflectfcmIntha Ideated diredon h a maxfmum. DoCted
hoe Indicate extrspolstfon.

FIGCMi30.-MoneI meteL 0.019X4X24
Inches

FIG- 8L—MoneI metrd,
0.045x4x24 fnchee

FIGCEE32.—Monel metal 0.0WX4X’M
fnches

Bnektfng of Phtes nndar the action of Imds parslkl to thdr lengths. Note thst thehorfsontal ?caIe h ten tfmee the ‘seMfcd
mIe. The Iowes cnmea show the shspe of the eentrel Ion@dineI sdfon where the deflections are nsneIly c?eatest. The
UPF+S~= SIIOWthe shepse of the ~erse =Ione atwhich the dedectlons fn the Indhated dfrection is a medmnm.
Dotted lfnea fndkete estrapolnt!on.
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There is aIso a question of the rigidity of the sup-
porting channels. Some of the plates snapped out of
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 sprea@g occurred, the effect in all cases

FImmE 8S.-Niokeli 0.020x4x24
frlohs9

COMMITTEEFOR AERONAUTICS

6. VARIATION OF MAXIMUM LOAD WITH THE DIMENSIONSOF
THEPLATE

The masimum loads plotted in FQures 9 to 12, in-
clusive, show a continuous increase with the thickness,
which iu each case may be approximated to by a curve,

I shown by the full black line, of the type:

FIGUEE34.-Nickel, 0.041X4X24
Inohee

F1OUEE&5.-Nlckel, 0.084X4X2+
inches

Buokllngofplates under the aotion of beds peralle Ito thefrlengthe. Notu that the horizontal ecde Is ten tImea the vertknl ecele.
The lower ourvca show the shape of the cedrd Iondtudhal section where the deftectione ore usually gmateat. The upper
mum show the shaw of the tronsverae wctlone at wh!ch the detlwlkm in the indicated dlrectfon L+a mdmnm, Dotted
lines fndloate wtrapcdation.

would be shdar to that noted in the preceding
paragraph.

In future testsit might be well ta arrange to equalize
the pressure on the two screws (Fig. 7) holding the
V-grooves against the plate.

FIarnz 3&-Dlegmn oflaadedrdate

Such unsymmetrical curves of deflection as the lower
Curves in Figure 24 may poeaibly be exphiined by one
or more of the conditions of support mentioned in this
section.

P= K+2-KN where P= tottd maximum load,
t= thickness of the plate,

Kl, Ks are constants dependent

on the properties of the material, the conditions of
support, and the original condition of the plato—
initial curvature, etc.

,@ the range of widths from 4 to 24 inches the Monel
metal shows the largast variation of load with yidth. ——

— FImrIU 37.—A]08dh2 curve. ..

(see figs. 9 (h), 10 (b), 11 (b), 12 (b).) The vn~ation -
amounts at most to about +40 per cent, though more
generalIy to not more than +20 per cent from the
average value for a given thickness. The vafiation
for durahunin is usually 1sss than +15 per cent and
that for stairllesairon is in general of the same order.
The variation for nickel is somewhat larger,
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The (b) curves (figg. 9-12) all have the same general ‘
1form-peak load for the plate, 8 or 12 or, sometimes, i

FIGUZE 3S.-Di8gmm slmwfn8 dhpheement of the G@ Of
the midpkme of the pkte when WroXng omue (not to !

,

16 inches wide, dropping off for the Ainch width and ~
more considerably for the 20 and 24 inch width As’

width is so smalI that the effective load*arry@ area
extends across the plate.

7.VAEIATIONWITHTHETENSILEPEOPEB_ OFTEEMATESIAL

The loads carried by 4-inoh plates of various thick-
Reses and materiaLs are shown in I?igge 39. It is
sem that the two tidwl plates of greatest thicknesses,
which haTe low yieId points, falI well out of the group
of iron and hfonel metal. b Figure 12 (a) it is seen
that all the nickel plates 0.08 inch thicJi carry low
maximum loads. Still other cumpariscns may be
drawn from the results to show that for a given ma-
terifd, low tensile properties in gimed accompany low
maximum Ioads.

Obviously a numerkd formndat.ionof the variation
of plate strength with some property of the stress-
strain curves will depend upon-the apeciflc property

FmCEE W.—M9si0ImU Ioads fm PIstGG4 iuchI?9wide and OfvkrioQ9thlCbWSSGGand materieJ9

mentioned previoudy, if a more rigid bar vmre used
we should espect less dropping off of load for the wider
plates.

It appears that after buclding, the wide plate acts
as though it were a narrow plate of a width corr+
spending to that of the side portions which are taking
most of the load. It might evem be that the center
portion is buclded sutliciently to lose contact with the
loading bar. ConaequentIy one would expect two
plates of the same thickness, but of different widths,
to fail at not very gxeatiy diikrent Ioads, unks the
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ohosen. If the curves were afline, any set of homol-
ogous points would be a satisfactory measure of corn- ‘~
parativa strength, but with such variations in the
stress-strain curves as are shown in Figures 3 to 6 one _. ~
wouId not expect that such a bhmdret defhition as
that of the yie~dpoint used in this paper wouId specify

-—

points of the sfune sigr&cance in every case, e~en
though the cases were limited to different thickn=es
of the same material. A more highly specialized

.—

test than that described in this paper would be
necessary to determine the best correlation between .—
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plate strength and the properties of the str~-strain
diagram.

The durahunim 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 a 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 p~ates of various widths and materiaIa are
shown in Figure 40. It will be noticed (figs. 39 tind
40) that, in general, the masimum 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-metaI phites show permanent set at
loads approximately three-fifth of the maximum
loads. The nickel and stainless hon plates show a
slight set at the loads next preceding the masinmm
loads; i. e., at loads equal to about four-fifths of the
maximum loads.

This may perhaps be explained from the stress-
strain diagrams for the diflerent materiaLs. If the
maximum load is that at which the portions of the
plate supporting the greatwt stress are yielding rapidly
as compared with the increase in load (that is, these
portions are undergoing marked permanent deforma-
tion; their stressw are near the yield point), then the
loRd at which a plate will exhibit a permanent set will
be near or far from the masimum 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 (@. 3)
do curve sharply, and permanent 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 masimum.

VII. CONCLUSIONS

1, l?or the plates of this investigation, plates loaded
in the direction of rolhg, buckling occurred at loade
less than the Bryiti load. This was found whenever
observations at such smaller loads were taken.

2. Except for the cases noted below, the plates
carried loads above the Bryan load. The wide and
tkin 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
thicknews equakd or exceeded 0.06 inch.

3. The ma.simum load carried by a plate depended
far more upon the thickness than upon the width of

U’wfh,k

FIGURE 40,-Madmum beds for plates 0,08 Inch thick and of
varfous widths end meterlels

the plate unless the pIate was narrow (in this work, Ims
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 depurt
from their average by more than 15 per cent, whatever
the thickness within the range studied. For hfonel
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, filindicating the maximum
load.

—. —,
P:~wllsyt&mde

Mntel181
tmtwean-

1 —. .—.

Dmnlumln .-..--.---- . . . . ..----...-..-..-.--- . . . . . . . . . . . ..J o.a.vendM.StdnksLmnl. . . ..-- . . . . . . . . . . . . . . . . . . . . . . . . . . . .._... _... I 0,6Afand oa Af.
Mod metal L__.. _ . . ..____ . . .._.. ___________ 0.4 l.f~d 0,s M.
Mckel 1. . . . . . . . . . . . . . . . . . . . . .-- . . . . .. —.— — -_ 0.6 M and 0,8 M,

I Except 4-inch fetes O.01Inch or mom thick, on which parumwnt tfeflectlon
Lg%norellyoccurrad tween 0.8 Mand AL
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TABLE IK—MECHANICAL PROPERTI= OF
DURALUMIN (FIG. 3) I

i

TABLE W.-MECHANICAL PROPERTIES OF
STAINLESS IRON (FIG. 4)
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OTHER I check test (s02. EI-26.).

O=R PROPERTIES
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‘l%e skesr-ekrdn cnrves of etslrdess km, mend metQ snd n!ekd showed a decresw d nmdrdue wfth Inmas(ng strws at very Iow
~. Ths dries rasumtad for Yomrs’s mtiti are wcnnt modrdl cor=wnd~ ~ th ti~ 1- ~ ~i- 4 ~ G ~~W-
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WJOO,@JOta M,MO,OMPnrnde mu sq- ~ and may k e.secafated with the 03arkKUr diflerbw greh etrnetnm d dffferent specimens.
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TABLE V.—MECHANICAL PROPERTIES OF MONEL
METAL (FIG. 5)

TABLE VL-MECHANICti PROPERTIES OF NICKEL ‘-
(FIG. 6)

TENSILE PROPERTIES
TENSILE PROPERTIES

Thkk-
Oem of
tenelle
psclrnen

Tbfok.
nms of
t8@e

men

I
.=

—,

%&%

PwMcmi

O&b
8?
87. b
87. b
as
37
87
az a
87.6
87.b
37.b

.82
S2b
80.b
a~
%6
S&b

Tenstle
StJ’er@u

Inch
a owl
. OM3
.Oaal
i%
.0423
.042a
.m
.0504
Ltwu
L05a!3
. lmo

:%2
.Ow?.b

“-. 1 .:-
-xl).

1meek W (sea, Iu-’zb),

OTHER PROPEItTIES

I I
. . . .

1 1 -f

i

~ig%Jji!j-
belf, 10A.

dIemeter)

mm.
10.m
la 48
la E41

. . . . . . . . . . .
—- —-----

Av, la tll

IL lb
IL B

i

II
Erfrhwn

BrfneU num. Rockwell B. velue (o~n-
rhfcknsss bsr (lHo-fn. mefe (I)fa-in.
IfIneterral befi; 6.4-kg. , baU::$k& %%?

laed) bal::om~

Brfnelf nszm.
Thickn6%s k ofa-fn.
of materisf b~ 6.4-kg.

loed)

I us
124
lla

. . . . . . . . . .

. . . . . . . . . . .

Av. MI

118
118
lm

.— . . . . . . . .
-.--.---—,

Av. 119

114
110
no

. . . . . . . . . . . . .

. . . . . . . . . . . . . .

Av. 111

101
102.b
Iftl 6

—-------
. . . . . . . . . . . .

Inch
0#019

.W

.044

.W4

. ci79

.Oila

Irsth
a om

I

mm.
124 S22
118

9.66
81.9 Q.42

. . . . . . . . . . . . . . 8L 4
—-.. . . . . . . . . S28 . ..-....?.-
—. .. ----- Saa . . . . . . . . . . ..-

Av. S7.i’
-

7L O
7L4
7L6
7a o

.Uai

7
------..-..----.--.—-.--

Av. lL 14

lL 93
Ialo
u 10

. . . . . . . . . . . .

. . . . . . . . . . . .

Av. n 2 I Av. 116 ] Av. 77.5 [ Av. la-ti:

7s. 8
77.8
n. 5
77.8
77.a

Av. 77. # W.............

=/

...........—.-..—......................................-—-------._—----

.m“

Av. 111 Av. 7S.O Av. 12.24

L16 7fi 8 ..--. —..-...
110 7h2 . . . . . . . . . . . . . .
Us .7k9 8. . . . . . . . . . . . . .

------------ 7&.2 L. . . . . . . . . . . . .
---------- 76.8 1- . . . . . . . . . . . .

-
aa.4
8La
a4.a
W.2
&a

L
“ Av. lW

I!2D.b
1!47
m. 6

.. —.--._. .
-—-. —..-..

Av. 129

110
110

Av, S&2 ~ Av. 118 I Av. W.4 I r,------ . . . . . . .r ‘z’.(WI

3
.--._--_--—..-------.--.----—,----.---.-.-.........-............-Av. SE s I Av.76 I Av. b4,6 ~. . . . . . . . . . . .I

SJ.7
S9.8
sm.9
Ea.9
SS.7

... .... ....

....... .....

i==- =

..—--—.._
-. —..-..-Av. S%b t Av. 10Z.b i Av.6M cl

I I I.. ..-, I I.—. ..
The .strewstrrdn curvca of stehdese fron, mend mete~ and nfekel showed a decr4ase of mcdrdus wtth hreaelng etrm at vwy Imv

etms.we. The valnm reported for Yosmg’s modulus em swent morfulf eorrespondhrg to the dsebed Ifr.rm in Fl~ 4 to 6, inclisfvc.
Vehms determfnsd at stmaws hefow 5,WI ~nnde per square fnoh were mnsfderably Mgher. For the stalnhss fron the valuca vsrltd from
~#lO$WI to 8b,W0,0Mpomrds Wr sqnere lnclrj and maybe eseocfated rvfth the markedly dIfferfng grsln stmctum of dffferent spwimens.


