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COLUMN AND PLATE COMPRESSIVE STRENGTHS
OF ATRCRAFT STRUCTUR&L mMATERIALS

2L4S-T ALUMINUNM=ALLOY SHEZT

By Bugene E. Lundquist, Bvan H. Schuette
George J. Heimerl, and J. Albert Roy

STMMARY

Colurm =2nd plste compressive strengths of 2L3-T alu-
minum~alloy sheet were determined both within and beyond
the elastic range from tests of thin-strip columns and
from loczl-instebility tests of formed Z- =nd channel-
section columns. These tests are the first of a series
in an extensive resesrch investigation to provide data
on the structural strength of various sircraft materials.
The results, which are presented in the form of curves
and charts that may be used in the desipgn and analysis
of aircraft structures, supersede preliminary results
published previously.

INTRODUCTION

Column and plate members in an aircraft structure arxe
the besic slements that feil by instsbility. If efficient
structures are to be designed, the strength of these ele-
ments must be known for the vsrious sircraft msterials,

An extensive research program has therefore been under-
taken at the Langley Memorial Aeronautical Laboratory to
establish the cclumn and plate compressive strengths for
a number of the g2lloys avallable for use In alrcraft
structures. Reliable snd rapid procedures for testing
such materisls have already been developed and are
described in referendes 1 and 2.

The first moterisl testsd during the pressnt investi-
gation wss 2L45-T gluminum-slloy sheat, The results for
this materiszl, given herein, supcrssde those contained
in a preliminary revort (reference 2).
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Ocp criticel compressive stress

Smax éverage compressive stress at maximum load
T oy compressive yield stress

METHODS OF TESTING AND AWALYSIS

All tests were made in hydraulic testing machines
accurats toc within three-fourths of 1 percent. The ends
of the stress-stroin svecimens and the columns were ground
flat end squeare.

Stregs-strsain curves.- The compressive stress-strain
deta, which Identify the msterial for correlation with
its column and plste compressive strengths, were obtained
from tests of single-thickness scecimens in 2 compression
fizxture of ths Montgnmery-Teanin tyoe shewm in figure 3%,
This fixture was used only for flof comoression svecimens,
which represented the wmatericl belore forming. Infor-
metion on the technigue used in mﬂvlr tnoqe tests 1s
presented in reference L. For the =nt risl in the
corners oif the formed Z- and channul SGLCLOH-, compression
specinrens were cut from the corner portion and tested in
the special fixture shown in ficure l.

Cclumn strength.- The column strength end the asso-
ciated effective colunn modulus were obtained by testing
thin-strip colurms of the material with the ends clamped
in fixtures of the type shown in figure 5. The use of
end fixtures of this type is discussed in detail in
reference 1. The fixtures used heve been improved, and the
method of snealysis lisg been modified since the publication
of reference 1. Te method now used results in & column
curve representative of nesrly perfect column specimens.
In sddition, the method now talzes into account the fact
that colums of ths dimensions tested are actually plates
with two fres edges.

Plate compressive strensth.- The plate compressive
strength of the msterial was obtained from compression
tests on Z- and chennel-secticon colwms so oropcrtioned

as to develon local instability, that is, instesbility of

’
the rlete elements of which they are comorisud. (Sze
'l 4 3 o ~ 5
fig. 6.) 1Inasmuch as the ilang s and webs of such columns
sre in reglity plates with verious kinds of edge sunnort,
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Compressive Ztress-Strsin Curves

Comnressive stress-strein curves obbained for the
flat sheet mabterisl used in ma olummsg are piven
in figure 9 for both directions . The Z-~, chennel,
or thir-strin columis to which varvticular stress-strsin
curve applies are indicated in teble 1, together with the
value of the compressive yield stress O,y for that strezs-
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and 1,9 ksi in the cross-grain direction. The modulus of
elasticity in comvorecssion wss taken as 10,700 ksi, the
accepted vslue for 23-T aluminum alloy.

When the flat shest msatsrial is bent to an inside
radius r of 3t to form a Z or chsennel, the cold work
done on the materiel evidently reasises the compressive
yield stress for the curved corner portion above that for
the flat web or flenge, about 13 percent for the with-
grain end 10 percent for the cross-grain direction. (See
fig. 10.) Because the curved corner specimens included
along their edges some flat material (shout hO percent
of the total ares) for which the yield stress is lower
than thet for the curved portion, the actual increase in
the compressive yield stress for the corner portion may
be sorewnat greater than tre increase indicated in fig-
ure 10. The importent result te note is thst the com-
praessive propsrties of a formed section may not be wniform
over ths cross section,

Column 3Strensth

The results of the tests of the thin-strip colums
are given by the column curves of figure 11 for the two
directions of grain.

At stresses beyond the elastic range, the experi-
mental valuss of Ocp @are lower than those computed by
the Euler column formula (see elastic-buckling curve,
fig. 11), because of the reduction in the effesctive
modulus of elssticity. The efiective modulus to be
substituted for E, 1in the iulsr column formula to bring

calculatzd snd experimentsl valucs of Oor into agreement

is given as TH,, where T 1is a cosfficient that is equal
to unity in the elestic renge and decreeses with increasing
stress beyvond the elestic renge. In structursl calculzations
in which it is impossible to use directly velues obtained
from the column curve (fig. 11), the velue of T {for a
given stress must be knowni, The variation of 1 with
stress for columns 1c¢ therefore shown in figure 12 for

both directions of grein.
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Plate Zommress

The rvesults of the local-instsbility tests of the
forred Z- end chennel-section cclums, used to determine
the plate comoressive strength, sre siven in tebles 2
and 2., The ifurortamt relestionchips for compressed nla
obtained from thess tests sre shown on the cuvves and
desicn cherts presented in the foliloving varagreshs
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stress is given, together with the variastion of rt1, in
figure 12. The crossing of the T- and m=curves shown
in figure 12 occurs btecsuse the formed columns sapparently
had an sppreciable degree of imperfection, which resulted
in the deviation of the m-curve from unity at s lower
stress than thet at which the T=curve, reoresentative
of nearly perfect columns, deviates from unity.

Relationship of o,, to 0J,./m for plates.- In

problems concerned with the strength of »nlates, 1t is
sometimes desiresble to insert the value of mE, for Eg
in the plate-buckling formula, equation (1), and to write
the equation in the transposed form

0o

D
kwes Lt
Oer e

N 12(1-p2)b°

4=

In this form the velue of 0,,./r, is given by the modulus
of elasticity, Poisson's retic, the secometric dimensions
of the »nlate, and the coefficient k. The valus of o0,

U -

can then be obtained by use of the curve of Ocp. against

ocw/% siven in ifigure lh. This curve may bé obtained by
nlottinz the dats directlv or by nlotting from the faired
curves of figure 13,

As in the case of equation (1), the subscripts W
may be added to k end b of equation (L), and Ocr/n

may be dstermined for a Z- or channel-section by the use
of the formula end curve of figure 2.

Meximum compressive ctrength of plate elements, - In —— =
ths case of a plate leoaded in longitudinal compression,
the supported, or restreained and supported, side edges
remain essentielly straight after buckling and ere capable
of carrying additional lozd, A~ a consequence, there is
a maximum strength for the plate that i1s greater than
the buckling strength.

Theoreticel studies thet 20pear in the literature
concerning the ultimate stren-th of plates and the assc-
ciated effective width of the plates after buckling
indicate thst the aversge stress maximum load 1s
related to the critical stress, It is therefore resgson-
abls to assume thet the aversge stress at maximam losd

ity
ct
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X%Emax for tne combination of rlate eleuments that mske uyp
the Z- or chsannel-section colwrn is also related to the
critical stress for the comobinestion. Accoriingly, the
esnerimentel velues oot “ined are pleotted in figure 15

as  Ogp  against the ratio  TJ,4./0pax, ond from this fig-
ure a definite relationship ic szen to exist between

Ocr and Opax for & given velues of by/t.

In soms cases, values of OT,g, vsther than Ogp
may be ’eoulﬂed in °tr“ngtp celeulations., The values of
Elav are therefore plotted asgeinst O.p/m in figure 16,
The ch51u111Ly of meking such a plot is indicatzd by the
relationship betweon 0., and  Ggp/r shown in figure 1k
and the relationship between Toygy end Ogp shown in
figure 15, Flgure 16 is WQPuJCQlBPlY useflul because the
quentity o, ,,T s Getermined by kmown guentities

ascording to the lormulas snd curvs of figure &.
The reascon for the diffsreéncs in the curves of fige

ures 15 end 16 for diffevent vsluss of Dy /F is not

fvllv wnderstood. The atress-strain CUbeS have indicated,
newever, tnast ths a“dﬂrg of tnu mate“ial in the forming

of the colums raises the coupr ive

materisl in the corners. (S=e fiﬁ. 10.) An examlnatlon

of the data showed thet es bvyt is reduced for 2 given

thickness t eand a given value of Cegn/m, the tobal cross-

sectionel aree is elso reduced; the fixed ares of high-

strength bent weterisl in the coruers therefore bscomes a

higher percentaze of the total szrea. This fact may account

for the hizher valuess of Omax ~obtained at given values

of Ogp/ry for the Z- and channel-section columns with

lower valuss of by /t. (Ses fig, 16.)

Affect of graln dirsction on plste strength.- The
dats on plafté stréngth oHresented in fisures 13 to 16 were
obteined from ccluwms lo=sded in the With—grain Gircction,
In crder to deterwins the effsct of grein direction on the
values of og,p and Ggx, & few columns wers constructed
and tested with the graln of the sheet st right angles
to the axis of the colwman. These columne srs herein:
designated croess-zrein columns,

In figures 17 and 12, the data obtained from the
cross-grzin colwmns ere plotted o8 expurimental points
s » * » % - ) ¢ * -
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for comparison with curves taken from figures 1u end 16

for the with-grain columms. Only at the hisher stresses,
where the stress-strain curve for the cr ss-grain direction
differs noticeably from the stress-strsin curve for the

with-grsin dirsction, are the vsluss of O and O
o cr max

greater for the cross-grein colunns then for the with-grain
columns, The average increass in the high-stress rezion

wss about i percent for Ocr and sbout 2 percent for EW&K;

wherees the cross-grain comoressive yield stress was approx-
imately 11 percent greater than the with-grasin compressive
vield stress.

Chezrts for local instability of Z- and chennel-section
columns. = The slate comproscive strength of tlhe materiszl
was eveluated from tests of Z- and channel-section columns.,
The results of thece tests, which provided this inform:=tion
recarding nletes, may also be applied dirsctly to formed
Z- and chennel-section columns thet fzil by local insta-
bility. These results can be conveniently summerized in
the form of charts thet give dirsctly, in terms of the
dimension retios bp/by and by/t, the criticel stress
and the average strecs at maximum load. Such charts,
besed ori the theoretical curve of figure 2 and the sxperi-
mental data, sre given in figures 1§ to 21.

CONCLUDING RaMARK

y

The important conclusions of this renort are. embodied
in the test dsta of column snd plate compressive strengths,
which ere presented in the form of curves ané charts that
may be used in the design snd snelvsis of aircraft
structures of 2I3-T aluminum-slloy sheet.

7 Memorisl Asronsuticel Liaboratery
Wstionzl Adviszery Comnitt:z: fer 4o conautics
nzley Fisld, Vs,
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TABLE l.- COVFRESSIVE PROPERTIES OF 24,S-T ALUNINUM-ALLOY SHEET

[E, = 10,700 ksi]

Columns to which stress-strain Compressive yield
curves apnly Stress- stress, jcy
. = istrain
Direczion De signation ?;{ves» With Cross
Type o ige grain grain
y loading (See tables 2 and 3) (ksi) (ksi)
{Thin With grain All A Le.9 L7.9
strip and cross
grain
Z #ith grain la to ba, 6c, 7a, 10a, B Lh.0 L6.8
10b, 1la to 19a, 26b,
27a, 27c¢, 28a, 29a,
31b to 32¢
Z Wwith grain| éb, 7b to 9, 10s, 19b c L6.3 51.3
to 26a, 26c, 27, 26t,
28e, 29% to 3la
4 Cross la to lLe D 3. L8.5
grain
Channel| With grain! 1 to éa, 7a, 8a, 9a, E 2. L8.9
10a, 1lla, 12a, 13a, ~
la, 15a, 16a, 17a, |
18a, 19a, 20s, 2la, |
21b, 22a, 2%a, 2ia,
25a, 2T7a to 28a, 29s,
30a to 3%la, 32a, 3%,
34a, 35a, 36a
Channel | With grain | éb, 6éc, 7b, 7¢, 8b, F L. L9.7
8¢, 9b, 9¢c, 10b, 10c,
11b, 1le, 12b, 12¢,
13b, 13ec, lhb: lLLC,
15b, 15e, 1éb, 1lée,
17, 17c¢, 18b, 18ec,
19b, 19¢, 20b, 22b,
2%3b, 3e, th, 2[},0,
25b, 25c, 26a, 26b,
28b, 29b, 29c, 31b,
32b
Channel| With grain | 3le, 32¢, 33b, 3%c, G 43 .9 L7.9
3Lb, 35%, 36b, 3éc
Channel| Cross la to Le D 3.4 L8.5
grain B
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NACA ARR No. L5FO1 Fig.
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NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
Figure |.- Cross sections of Z-and channel-

section columns.
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igure 2.-Values of ky for Z and channel-section
columns of uniform thickness (from reference 3).
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NACA ARR No. L5FO01 Fig. 3a,b

(a) Unassembled.

(b) Assembled with Tuckerman optical strain gage in
place on specimen.

Figure 3.- Fixture for obtaining compressive stress-strain
curves of flat sheet,
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NACA ARR No. L5FO1 Fig. 5

NACA LMAL
40983

Figure 5.- End fixtures and setup for thin-strip column tests.




} NACA ARR No. L5FO] Fig.
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NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 6~ Typical cross -sectional distortion
of columns that develop local instability.



NACA ARR No. L5F61 Fig. 7

NACA
LMAL 37974

Figure 7.- Z-section column under test for study of
instability of plates.




NACA ARR No. L5FO1 v Fig. 8
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Cross - sectional distortion
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Figure 8.- Tllustrative stress - distortion curve for
determination of critical stress for 7Z- or channel -
section columns loaded in compression .
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NACA ARR No. L5FQ1 Fig. 10

60 '
Formed material f‘rom/ ///:
50 |— curved corner , y £
insid dius,k 3t A7
inside radius, 3t % - Y
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40 £ A —
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' material from
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n
[ ]
|
prug
n : . :
20 . With grain | Cross grain
10
NATIONAL ADYISORY
CRMMITTEE FOR ASRONAUTICS
0]
k- .002 - _
Strain

Figure 10.- Effect of forming on compressive
stress - strain curves for 245-T aluminum -
alloy Z-section; t:=0125 inches .
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NACA ARR No. L5FO1 Pig.

.0 . |
N (With grain,
Ocy = 440 ksi)
.8 \ N
T(With grain, \
6 Tey = 42.9 ksi)-\ AN
n | \
or T (Cross grain,
4
2 )
NATIONAL ADVISORY
o OMMITTEE FOR AkRONAUTlCS

o) 10 20 30 40 50 60

Stress , ksi

Figure 1Z. - Variation of T and 7} with stress for
245-T aluminum -alloy sheet. (T obtained from
tests of formed columns)
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| Fig. 14
NACA ARR No. L5FO1 g
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NATIONAL ADVISORY
CUMMITTEE FOR AERONAUTICS

i .— Varigti f o. with g for plates of 245-T
FI%%?nilﬁum— gqigioghgel‘ loaded incgég wi’rh,—Dgroin direction,
obtained from tests of formed columns ; Ocy = 44 ksi .
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NACA ARR No. L5FO0O1 ' Fig.
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Figure I9. - Design chart for 0 for formed 245-T
aluminum -alloy Z- and channel -section columns that
develop local instability loaded in the with -grain
direction ; Ocy =44 ksi.
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Fiqure 20.- Design chart for Gnqx for formed 24S-T
aluminum - alloy Z- section columns that develop local

Fig.

instability loaded in the with-grain direcﬁon;crcy:44ksi.
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Figure 2I. — Design chart for Gox for formed 245-T
aluminum - alloy channel - section columns that develop
locol instability loaded in the with-grain direction
O'Cy=44ksi .
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