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NATTIONAL ADVISORY COMMITT

ADVANCE

COLUMN AND PLATE COMPRESSIVE STRENGTHS
OF AIRCRAFT STRUCTURAL MATERIALS

2lis-T ALUMINUM=-ALLOY SHER

By Eugene E. Lundquist, Evan H., Schuette
George J. Heimerl, and J., Albert Roy

SUMMARY

Column and plate compressive strengths of 2LS-T alu-
minum-alloy sheet were determined both within and beyond
the elastic range from tests of thin-strip columns and
from local-instability tests of formed Z- and channel-

% section columms. These tests are the first of a series
in an extensive resesrch investigation to provide data

on the structural strength of various sircraft meterials,
The results, which are presented in the form of curves
and charts that may be used in the design and analysis

of aircraft structures, supersede preliminary results
published previously.

INTRODUCTION

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

An extensive research program has therefore been under-
taken at the Langley Memorial Aeronautical Laboratory to
-£stablish the column and plate compressive strengths for
a number of the a2lloys available for use in aircraft
structures. Reliable and rapid procedures for testing
such materisls have already been developed and are

s

4 described in referendes 1 and 2.

The first meterial tested during the present investi-
gation was 2iS-T aluminum-alloy sheat, The results for
this materisl, given herein, supersede those contained
in a preliminary report (reference 2).
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Oaop criticel compressive stress

O average compressive stress at maximum loed

a compressive yield stress
METHODS OF TESTING AND ANALYSIS

All tests were made in hydraulic testing machines
accurate to within three-fourths of 1 percent. The ends
of the stress-strain specimens and the columns were ground
flat end square.

Stress-strain curves.- The compressive stress-strain
data, which identify the msasterial for correlation with
its column and plete compressive strengths, were obtained
from tests of single-thickness specimens in a compression
fixture of the Montgomery-Templin type shown in figure 3.
This fixture was used only for flet compression specimens,
which represented the materisl before forming. Infor-
metion on the technique used in making these tests 1s
presented in reference L. For the bent material in the
corners of the formed Z- and channel sections, compression
specimens were cut from the corner portion and tested in
the special fixture shown in figure L.

Column strength.- The column strength snd the asso-
cilated effective column modulus were obtained by testing
thin-strip columns of the material with the ends clamped
in fixtures of the type shown in flgure 5. The upe of
end fixtures of this type 1s discussed in detail in
reference l. The fixtures used have been improved, and the
method of analysis has been modified since the publication
of reference 1. The method now used results in a column
curve representative of nearly perfect column specimens.
In addition, the method now takes into account the fact
that columns of the dimensions tested are actually plates
with two frec edges.

Plate compressive strength.- The plate compressive
strength of the materisl was obtained from compression
tests on Z- end channel-section columns so proportioned
as to develop local instabllity, that is, instability of
the plate elements of which they are comprised. (See
fig. 6.) TInasmuch as the flanges and webs of such columns
are in reglity plates with various kinds of edge support,
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the problem of local instability of these colummns is a

J

plate buc“11n\ problemn, and the plate compressive strength
of the moterial wes evaluated from these tests. The
lengths of the columms were so chosen as to avoid column
feilure and still provide satisfactory local-instsbility
dates. These consideretions ere discussed in rsference 5.

The Z- and channel-gsection cclumns were tested with
the ends bearing directly agsinst the \t*n“—M"Chlum

heads, which were carefully alined bto insure uniform

bearing on the column ends. A Z-section column under

test is shewn in figure 7. The relative displacements of
pointers, which were supported by sxtension arms attached

to the flenges of the specimens, were measured by the
opticel micrometers that can boc sesn in figure 7. The
displacement was taken as a measure of the cross-sectional
distortion, and the criticel compressive stress wss obtained
from stregs-distortion curves of the type illustratsd in
figure 3. The criticsl stress was deotermined as the
ss a2t thes point nsar the top of the knee of the s
ortion curvs at which s marked increase in distor
st occurred with small increase in stress. (See f

Becaunse the comprsssive propasrties of sluminum-alloy
sheet may very apprecciaebly, the data snd cherts of the
present report s:oalu not be applied to thm de s igne of
structurss of 2liS-T aluminum-alloy shoet having compressive

Propertiss appreciably different from those reported
1 erein unless a suitable method 1s devised for adjusting
test results to esccount for varistions in material

propertics.

Compressive Jtress-Strein Curves

Compressive stress-strein curves obtained for the
flat sheet materiagl used in making the columms are given
in figure 9 for both directions of P“‘lﬂ. The Z~, chennel,
or tulﬁ—etPLL colums to which a pasrticular stress-strain
curve applies are indicated in b$, 1 together with the
value of the compressive yield utre Ocy for that stress-

strain curve. These vslues average ?rL oximﬂtaLy uﬂ ksi
for the flat sheet material in the with-grain dlrﬂntlon
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end 49 ksi in the cross-grain direction. The modulus of
elasticity in compression was taken as 10,700 ksi, the
accepted value for 24S-T aluminum alloy.

When the flat sheet material is bent to an inside
radius r of 32t to form a Z or channel, the cold work
done on the materizl evidently raises the compressive
yield stress for the curved corner portion above that for
the flat web or flange, about 13 percent for the with-
grain and 10 percent for the cross=-grain direction. (See
fig. 10.) Because the curved corner specimens included
along their edges some flat material (sbout L0 percent
of the total area) 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 somewhat greater than the increase indicated in fig-
ure 10. The important result to note is that the com-
pressive properties of a formed section may not be uniform
over the cross section.

Column Strength

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

At stresses beyond the elastic range, the experi-
mental values of Ocp are lower than those computed by
the Euler column formula (see elastic-buckling curve,
fig. 11), because of the reduction in the effective
modulus of elasticity. The effective modulus to be
substituted for Ec in the Zuler column formula to bring
calculated and experimentsl values of O,p 1into agreement
is given as TE,, where T is a coefficient that is equal
to unity in the elastic renge and decreases with increasing
stress beyond the elastic range. In structurszsl calculations
in which it is impossible to use directly values obtained
from the column curve (fig. 11), the value of T for a
given stress must be known. The variation of T with
stress for columns is therefore shown in figure 12 for
both directions of grain.
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Plate Compressive Strength

s of the local-instability tests of the
hennel-section co lumns, used to determine
oressive strength, are given in tables 2
E The important relationchips for compressed plates
obteined from these tests are shown on the curves and
design charts presented in the following paragraphs.

Plate-buckling curve. - The plate-buckling curve,
which 1s enslogous tc the cc"mn,zl ve, is shown in fig-

ure 1% for olctc ’ood d in the with-graln direction.

>/ >
The abscisse 1s suggested by transposing the
plate-bucklin

K1 t“
s --._-_:._..».-.. l
12(1-;(4)?3?— o

O =

to the form

2
(p
C
O . & o= . - ( 5 )
(ehie s' j— : B3 >

| j)y;lr ‘blf_)( L=l ) f

] __‘- e o

; t \\/ Ly 1l ;
l‘_ -

whare the subscript W 1s added to make th
and k of the equatio 8
tables 2 and 3, The sim bty between ths )
equation (2) and the following form of the Euler c
formuls is to be noted:

At stresses beyond the elastic rasnge, as in the case
of columns, the experimentel values of 0., for plates
sre lower than those given by eguation (2) for elastic
buckling (see elestic-bucikling curve, fig. 13), because
of the reduction in the effective modulus of elssticity.

esonding to TH for

etV
The effective plate modulus corre
h

e
columns is given as mE,, end the varietion of 71 with
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stress is given, together with the variation of 1, in
figure 12, The crossing of the T= and n=curves shown
in figure 12 occurs because the formed columns apparently
had an appreciable degree of imperfection, which resulted
in the deviation of the mn-curve from unity at a lower
stress than that at which the T=curve, representative
of nearly perfect columns, deviates from unity.

Relationship of o0,, to Ogp/n for plates.- In

problems concerned with The sfrength of plates, it is
sometimes desirasble to insert the value of mnE, for Eg
in the plate-buckling formula, equation (1), and to write
the equation in the transposed form

29]

5
knw<g L
o’Cl" v

n lZ(l-p‘?—)b2

=

In this form the vzlue of obr/n is given by the modulus
of elasticity, Poisson's retio, the geometric dimensions
of the plate, and the coefficient k. The value of O,

cann then be obtained by use of the curve of 0, against
ggr/ﬂ qiypnfin,figureulu{_ This curve may be obtained by
plotting the dats directly or by plotting from the faired
curves of filgure 13,

As in the case of equation (1), the subscripts W
may be added to k &and b of equation (h), and Obr/h

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

Maximum compressive strength of plate elements.- In —%-
the case of a plate loaded in longitudinal compression,
the supported, or restrained and supported, side edges
remain essentially straight after buckling and sre capable
of carrying additional load. As a consequence, there 1s
a maximum strength for the plate that is greater than
the buckling strength.

Theoreticel studies that appear in the literature
concerning the ultimate strength of plates and the asso-
ciated effective width of the plates after buckling
indicate that the aversasge stress at maximum load is
related to the critical stress, It is therefore reason-
able to assume thet the average stress at maximum load
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BF for the combination of plste elements that mseke up

o

channel-section column is also related to the
stress for the combinetion. Accordingly, the
: o 1tel velues obtained srs pletted in figure 15
a8 Oyp against the ratio 9.n/0pax, end from this fig-
ure a dbl nite relationship i¢ scen to exist between
Ocp and Oygx for e given value of by/t.

,\
U)

rather than Ogp

uletions. .The values i

Oop/n 1In Iigure 16,
is indicated by the

. shown in figure 1l

end Ogy shown 1n

1 gure lo is ““PJJCll rly usef'ul because the
A s determined by known quantities

}—-‘O

)

he formula and curve of figuve 2.

The reason . for bhe
ures 15 end 16 for diff:
fully awnderstood. Ths
however, tnat the bendi
of the c11u;1' raises: €
materizal in the corners
of the desta showed thet e d
thickness t and a givan t tol
sectional ares is olso reduced; the flxed eareg of high-
strength bent materisl in the corners therefore bscomes a
LLgP r percentage of the total srea. This fact may asccount
for the hizher values of TOygyx *obtained at given values

of Oop/m for the Z- and channel-section columns wi
lower values of bw/t. (Ses fig. 16,)

l ) @] ¢
in directione.
rectio 7

ght anNLu

In figures 17 end 13, the da

ta obts inud from the
CPoss~gr:1n column 3 )

perimentel points

! J —
s ers plotted as ex
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for comparison with curves taken from figures 1& end 16

for the with-grasin columns. Only at the higher stresses,
where the stress-strain curve for the cross-grain direction
differs noticeably from the stress-strain curve for tine

with-grain direction, are the values of ocr and O, ..

greater for the cross-grain columns then for the with-grain
columns. The average increase in the high-stress region

was about l percent for L and about 2 percent for o

whereas the cross-grain compressive yield stress was approx=-
imately 11 percent greater than the with-grain compressive
yield stress.

| Charts for local instability of Z- and chennel-section
| columns.- The plate compressive strength of the material
was eveluated from tests of Z- and channel-section columns.
The results of these tests, which provided this information
regarding plates, may also be applied directly to formed

Z= and chennel-section columns thet feil by local insta-
bility. These results can be conveniently summsrized in
the form of charts thet give directly, in terms of the
dimension ratios bp/by end lby/t, the criticeal stress

and the average stress at maximum load. Such charts,

based on the theoretical curve of figure 2 and the experi-
mental data, sre given in figures 19 to 21.

CONCLUDING REMARK

The important conclusions of this report are.embodied
in the test deta of column and plate compressive strengths,
which sre presented in the form of curves and charts that
may be used in the design snd enalysis of aircraft
structures of 2);S-T aluminum~-2lloy sheet.

Lenglsy Nemorial Asronnuticel Laboratery
Nrstional Advisery Committse for Acronautics
Lengley Field, Va,
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TABLE l.- COMPRESSIVE PROPERTIES OF 24S-T ALUMINUM=-ALLOY SHEET

[e.

10,700 ksi]

Columns to which stress-strain Compressive yield
curves apply Stress- stress, 3cy
r 1strain
Direozion Designation E;rve{» With Cross
Type 0 5 ige grain grain
¥ s (See tables 2 and 3) (ksi) (ksi)
Thin With grain All A L2.9 L7.9
strip and cross
grain
2 With grain| la to ba, 6¢, 7a, 10a, B Ll.0 L6.8
10b, 1la to 19a, 26b,
2Te, 27c, 28ea, 29s,
Z1b to 32¢
- With grain| 6b, 7b to 9, 10¢, 19b! ¢ L6.3 51.3
to 26a, 26c¢c, 27b, 28t,
28c, 29b to 31la
s Cross la to Le D Lzl L8.5
grain
Cheannel | With grain|{ 1 to éa, 7a, 8a, 9a, E Lz .4 48.9
10a, 1la, 12a, 13a,
lha, 15a, 16a, 1l7a, !
18a, 19a, 20a, 2la, |
2lb, 22a, 23%a, 2ha,
25a, 27e to 28a, 29a,
30a to 3la, 32a, 33a,
3La, 35a, 36a
Channel | With grain | 6b, 6éc, 7b, Tc, 8b, F L).3 Lo
8e, 9b, 9o, J¥Ob, I0c,
b, 1le, 3265 12,
13b, 13c¢, 14b, e,
15b, 158, l16b, 16p,
17b, 176, 18b,; l8oy
19b, 19¢, 20b, 22b, !
23b, e, 2ub, 2le, '
25b, 25¢, 26a, 26b,
. 28b, 29b, 29¢, 31b,
| 32b
3 Channel | With grain | 3le, %32¢, 33b, 33c, G L2.9 o
3Lb, 35b, 36b, 3be
|
Channel | Cross la to lLec D L3.4 L8.5
grain
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TABLE 2.- DIMENSIONS AND TEST RESULTS FOR FORMED Z~SECTION %
COLUMNS THAT DEVELOP LOCAL INSTABILITY
Ccr %
Column - b bp L L/b b/t | b,/b k 15(1-u)e| = Gl Cuew | O
(n.) | (48.) | (1m2) | (1m) | e (w) yﬂk—w&" (ea)| (mat)| (kst) '6:,:;; £
a (b) .
With grein '{;
eS|
ls 0.126 1,82 1.21 9.75 E.l 15.22 0.578 | 2.3 32,0 97.1 | s2:4 5%.3 0.965 =
1b 123 1 1488 |-1.11 v .3 iﬂ‘z .592 | 2. 23 .7 9%.1 | 53,7 | 56. .951
28 126881020 9.72 5e2 87 03 | 1.6 27.9 ;5.5 Bo.s 52. .96l
2b 1260l |- L 88 9.7 5.2 | 14.85 03 | 1.68 7.9 i 9.9 | 51. 963
2¢c «126: 1387 | 1.30 9.22 5.2 | lf.9b} 696 11.71 37.7 4.3 L49.5 Zz.u 945
2 . 1:22 1.85 1.49 9.60 | 5.1 | 15.2 .800 1.38 5.2 sg. L3.1 6.4 .929
b <124 t'1:8 1.49 9.Zo 5.2 | 15. <793 | 1.3 L2. E oo uz.g us.g <930
8 .125 {1.88 | 1.69 9.65 | §.2 %3.01 .900 | 1.09 47.5 6.2 Lo. L. .976 -
Lb <1280 287 - | 1,69 g 70 "5 .87 .904 | 1.0 Py 1 L7. 38.8 L1.9 .926
Le .126 1.82 1.70 9.7% 1 5:2 | Wi87.1 .909 13:0 h7.ﬁ hg.a 160 Ik .ggl
5a 1261 1.8 1.89 9.71 | 5.2 1h.g7 1.015 | .8 52, 28.6 3%.9 69.5 .883
5b L2601 A8 ith 1 00 9.60 | 5.1 | 1Lk.BT |1.027 | .8 53.0 5&.7 26.2 Aol .303
S5c <226 1 1.87 | 1.90 9.80 | -5.2 | 14.87 | 1.023 87 52.7 38.1 | 35.3 | 29.4 .896
ba. Jd2ke 12,81 | 1411 1-10.0 L.2 | 19. .587 | 2. 28 2.l 8.7 | LL.6 | 46.9 .951
6b <125 12:38 | 141 .1 100 .2 19. ; . 9& 2.2 L3.2 36.2 hﬁ.? h7.i .926
bc 126 1 286 { 145 | 10,021 Le3 | T .gﬁ .613 | 2.12 hz.g 58.5 6 | UT. .ghl
Ta .126 2.35 1.3 [ 12.3% ) 5.1} 186 .805 |1.34 53, 36.2 32,2 3&.9 .850
Tb .126 | 2.3 1.9 |'12.22 | 5.1 | .18.92 .789 11.%5 53,9 26, 33,7 | 28.7 871
gc .125 12,358 11,60 112201 5.1 1 19001 .T99 {).3 o1 26.1 | 32.9 | 38.4 .857
a JA27 2.3 | 2.1 | 12.2 5.2 | 18.87 | .9 1.0 59.1 20. 30.3% 5z.o .819
8b <127 2.35 a:3h 1129 5.1 | 18.62| .902 |1.0 29.0 50.5 23.1 %26.8 .731
8c .125 [ 2.3 2515 1P 11798550 Ig.gz 904 1.0 0.6 28. 28.3 | 36.1 784
9 S1200 2T 2230 i1 2,20 1" 56 ) M ‘18 1.0095 | .88 66.3 2.0 | 25.5 | 25.0 729
8por values of ky, see figure 2.
b w2p_ 42 NATIONAL ADVISORY
Ocr _ _Ky" Ect" | ghere E, = 10,700 ksi and u = 0.3. COMMITTEE FOR AERONAUTICS
n

12(1-p2)by?
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TABLE 2.- DIMENSIONS AND TEST RESULTS FOR FORMED Z-SECTION
COLUMNS THAT DEVELOP LOCAL INSTABILITY - Continued

=
=
(@)
>
>
Column | t by bp L | L/oy | b/t | bp/by | ky by [12(1-4)2| Yer = =
(1n.)| (4n.)| (4n.)| (in.) ?V 7= ,1 9ep | Owex | Fon ¥
(ksi)| (ksi)| (ksi)| F__
(a) (b) max =
With grain 1
|
10a 0.123 | 2.88 11, 1h.70 |' 5.1 | 23431 0.606:) 2.1 52.8 2.9 (Ann ) 3.0 | 0592 o
10b .12% 2.85 1.33 1&.%6 5.0 | 23.35 | .606 2.12 52.3 53.3 3&.2 3Z.8 .938 T
10¢ .123 1 2.8 375 | s % Badel S% g .606 | 2.15 22. 37.9 | 34. 5.7 .912
1lla 128 12386 1 2,06 | Vg 5.1 | 224 .8011}1.35 ok 2.9 | 25.0 | 33.2 <753
11b - 2.8g 2.30 |1.68| 5.1 | 22.81}-.801{1.35 6L.9 25.1 | 26.3 | 33.1 795
llc .12%{ 2.8 2.31 | .ho | 5.0 | 23.39 | .802 | 1.35 6 .g 23.8 | 25.9 | 32.5 <797
12a «126:1.2.87 |2.58 |'1h.70 | §:1 22.30 .896 | 1.10 12 20.2 15.7 31.5 021
12b .126 2.8& 2.56 | M. 78: | 5.1 | 22.85.| 8By fa.1a 739 20. b=l U L 5 .66l
12¢ .126 | 2.8 2.37 h.70 | 5.1 | 22,79 | 892/ F1.32 51.2 20.9 | 22.3 | 32.0 697
12a .125 12,88 |2.89 | 14.72 | 5.1 | 23.37 | 1.003 | .88 2.4 15:5, | .71 29.3 502 +
13b .127 1 2.87 (2.88 | 14.65] 5.1 | 22.71|1.003 | .88 80.0 16.5 | 15.3 | 30.3 .505
Uya .125 | 3,38 1.20 17:39 § 9.1 | 269k .Eo 2.88 52.5 38.14 32.2 32.1 .9L6
b -127 1 3.39 |1.69 |17.15 | 5.1 | 26.72 | .L9 z.go 51.9 39.3 | 33, 3 .2 .923
e il 330 | 1.69. | 171 5ol 22.10 50k |2, 22. 37.3 | 35.8 | 27. .952
15a »126 | 3.38 | 2.39 | 17.1 5.1 . F 26811 705 11.6 8. 22.5 | 21.7 | 30.8 .705
15b 126 1'3. %27 12,35 1Z.1h 5.1 26.7& .699 | 1.70 67. 23.0 |-23.7 | 31.8 <745
15¢ .127 | 3.35 2.26 16.87 | 5.0 | 26.4 .70% 1.68 6z.2 28°2 23.2 20.9 <757
LY .125 3.3g 2.09 ~|'11-15 | 5.1 | 26:92- . 7198 1.35 76. 18.0 15. 29.2 .603
16b SL27 [E3e3 2.70  {17.20 | 5.1 | 26.72 | .799 | 1.35 gﬁ.o 183 | 18:0 | z0.1 .598
17a 2126 | 337 13,03 | 17.20 | 5.1 | 26 .899 | 1.10 .0 b9 1 15.2. |02 .Z .5?2
17b .123 5.37 3 8& 17.09 | 5.1 26.%7 .899 | 1.10 83.lL 1551 i 16h2 IR 2 o5
17¢c 128 13,40 |3 17.2% | 5+1 | 26.64 { 883 1.12 83.2 15:2 | 15.4 |.28V5 .540 -% A
®For values of ky, see figure 2.
D 2 NATIONAL ADVISORY
—%5 = _JEMEEE&E___, where E. = 10,700 ksi and p = 0.3. COMMITTEE FOR AERONAUTICS

12(1-p2) by
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TABLE 2.~ DIMENSIONS AND TEST RESULTS FOR FORMED Z=-SECTION =
COLUMNS THAT DEVELOP LOCAL INSTABILITY - Continued >
=
. Ocp - =
| Column t by bp L | /oy | by/t |[bp/oy | ky [byl15(2-p)2| = | %cr | Omax | Ocr =
(Ans)) R )| (Ine)ils  (1ne) t kw (ks1) | (ksi)| (ksi) g-—' =
(e) (b) max °
With grain S
18a Q227 Blia [Fse 39 T 1 11N 550 26.35 0.991 | 0.91 95.2 12.4 “| 10.8:.1-26.9 |'0.L01 ¥ S
18b <12 5.35 3, % 1700 . 5.1 1.36. .999 | .90 93. 12.07 |1 12,6 |- 275 193 b
18¢c .125 3.5 3,3 e LONIFS5) BIS265 AR5 00NN 80 9.3 11.9 [w1258 | 26.9 L76
19a .125 .og 1.58 | 20.22 g.o 32,18 | .391 | 3.81 54.5 gz.s 32.1 | 33.5 .958
19b 21257 | 110 1.62 | 15.80 .1 | 32.54 | .396 | 3.78 55.3 o5 Sl so = st <971
19¢ JA251L.05 |1.59 | 20.204. 5.0 | %2, .692 2,80 55.0 2,.9 | 32.0 | 3L.5 .928
20a 126 - k.02 | 1.89 19.88 R.o 31, 49k | 2.95 61.2 2852 .27.8. | 31.0 .897
20b .122 | 4L.03 | 2,00 | 19.88 .9 32.Bt 497 | 2.93 63. 26.1 |26.1 | 30.8 847
21a .12l | 4.03 2.&9 20.08 | 5.0 | 22. .59 | 2.2 Zl.s 2067 | 20.6 " |[F29.8 .691
21b 2201, 01 V2.4 | 19,981 . B.0: | 3H Al L 601 b2 9.7 217 | 20,2 | 30.0 673
2lc J274 beD2 | 2.42 |-26%83} 5.0 31,73 | <601 12.18 710 80.9' [ 21.T |-<29:7 . 731
223 S22l 2.79 | 19.94 | L.8 | 22.8 .676 | 1.80 80. Wl asat L 2 .615
22b .128 u.oﬁ 2.59 20.07 | l? | 31.5 6908115 gs.g 17 LSRS0S o E] .6&3 =
22¢ 12k ) b, 05 12.80 | 19.99 | 4,9 | 32,76 | .691°)1.73 2.3 15.5 | 15.9 | 27.5 .578
23%a 125 1 le02 | 3,38 |d9.62'F lr.9 | 3218 797 12.38 90.5 2.9 (F1259° |26 s 490
23b 229 1 hoQlp -1 5,20 129,98 | h.9 | 31.38 .1 .7292°11.328 88.2 1206 M S s S ONIND6E6 189
gﬁc vietul les02 13,20 | 19.9 Z.o ZAL5BRINESTOlLEIN], 27 89.1 12,3 2,5V 18262 L75
8 1231 1,05 | 3.61 | 20.0 S| 2R EER SRS HaD IR 2 102.6 10.0 9.7 .F 2.8 .2%93
2o .129 | 4.00 ﬁ.ss 19.95 Z.o 50.32 saglinsa 2 96.5 11.3 10.5 25.6 110
25a «12b | .02 <01 | 19082 <9 31.‘2 .997 | .90 110.9 8.6 e 2L.0 . 365 +
25b «326 | .02 -|-L4L,00 { 20.02 E.o 22,0 .99L | .90 111.5 8.5 8.9 {«25.7 .2
25¢ 1291 heo2 .00 | 29.85 +9 | 31.19:] .°.996 | .90 108.7 9.0 | 10.0 | 23.9 .£17
8For values of ky, see figure 2.
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TABLE 2.~ DIMENSIONS AND TEST RESULTS FOR FORMED Z-SECTION
COLUMNS THAT DEVELOP LOCAL INSTABILITY - Continued

ON HdV VOVN

Column | t by bp L | T/fbg | byt | bo/bg| k ow [1201-)° sl S o
(tn.) | (48.)] (1a.) ] (1n.) . S ey n ‘ max | =X .
(ks1) | (ks1)| (ksi) o, -
(a) (b) i
(@]
With grain =
26a 0.22 | 4.88 | 1.95 | 24.60| 5.1 39.29 | 0.400 | 3.74 67+1 280 | 22 21 28.2 1| oasl
26b .128 u.Bg 1,99 | 2lp.62 E.l 38.18 | .L09 5.65 65.8 2l.5 |L23.9 | 280 .85L
26¢ - S 1.22 20.30 | L.2 29.47 | .393 3.2 67.1 25.3 23,9 | 28.9 .827
27a 127|487 | 2.h5 | 2L.08] L.9 38,52 | .502 | 2.88 75-1 18. 18.1 | 26.5 .683
27b .126 | .92 2.&3 24.50| 5.0 58.12 97 82,92 7?.7 1igs 5 SIE R Ra w6 .656
27¢c <129 | ko2 | 2.1 2h.51 E.o 38.2 JNoTE(R2092 g4.o LGNz IOR s EOBING .726
28a o 12 h.gl 2.99 {31,109 .9 53.5& .609 | 2.1 2.2 %ﬁ.z 12.0 2&.3 483 A
28b AR BT 4 2.97 1 2h.621'5.1 38.25 | .609 | 2.1 86. <1 h 15,875 28 .ng |
28c 1254 .9 | 2.93 | 24.50] 5.0 39.49 | .595 | 2.23 87.4 15.8 | 12, 25.5 L86 |
29a <227 | ko091 | 3.41. | 2ish7 | 5.0 28.62 | .695 |1.72 97. 1.1 | 10.1 5 25.5 1430
29b .126 | 490 | 3.39 | 2.0} 5.0 38.9 SR LY s Gl 110 | 265 2&.2 L3+
%0a o 12 u.gz 3,90 | 24.75| 5.0 28. .g9h 1.37 10&.& g.l 8.9 | 22,7 .393
30b <2281 B8 | 3091 | 2h.T31 5 33,22 | .B02 | 1.35 108. <9 8.91| 23.0 .385
30¢ .125 | 4.89 ﬁ'ﬁo 78] 5.2 32.08 799 | 1.36 110 8.6 8.01| 23.0 .3l
Zla .126 | 4.87 %) U0 - o RO 28.62 | .90L | 1.08 122, 7.0 g.l 21.9 .32l |
21b <3281 087 | ekl | 2ho701 5.3 38.15 | .905 [ 1.08 121.3 7.2 L i En e .333
2lc o130 lre 92 u.%o 24.6%21 5.0 27.40 | .B9L | 1.12 116.8 Z.B 8.7 - "2E7 211
22a «129 | k.92 | 4.88 | 24.61 | 5.0 38,06 | .991| .91 131.8 el 6.4 |-29.9 220
%2b . «125( L4.90 | L4L.89 | 24.54 | 5.0 39,10 | .998 | .89 137.0 5.7 6.0 | 19.9 2014 ‘
32¢ A2 1901 190 | 2L k5 |60 29.4% | 1.000 | .89 138.2 5.6 6.1 | 20.3 202
®For values of ky, see figure 2. ‘
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TABLE 2.- DIMENSIONS AND TEST RESULTS FOR FORMED Z-SECTION
COLUMNS THAT DEVELOP LOCAL INSTABILITY - Concluded

*ON ddV VOVN

T8
Column| t by L | L/by | bg/t | bp/by | ky i 12(k o RO B BT B
(in.)| (4n.)| (18.)| (1n.) t W n e
(ksi) | (ksi) (ksl) B =
(a) (b) i
(@]
Cross grain =
la 0.105| 3.28 | 1.99 { 16.51| 5.0L4 | 31.16| 0.607 | 2.17 69.9 21:6 | 23.2 | 29.2 | 0:726
1b .105] 3.28 | 1.98 | 16.50} 5.0 | 31.22| .605 |2.18 69.9 21.6 | 21.4 | 20.0 <715
2a .105 [ 2.46 | 1.48 |12.31]|5.00 | 23.45| .600 |2.20 52.3 28.7 | 36.8 | 38.6 .953
2b <105 [ 2.47 | 1.47 | 12.31| L.99 | 23.48 | .596 |2.23 52.0 39.1 | 35.8 | 28.5 .930
2c .105 | 2.46 | 1.47 | 12.21|5.00 | 23.48 | .597 |2.22 52.1 39.0 | 37.L | 38.5 .971
Zg -105% 2.0 | 1.2) | 1o.s2 }5.32 | 19,431 .592 12.25 L42.8 57.6 | L45.7 | L47.6 .960
2b .105 [ 2.05 | 1.21 |10.42|5.09 | 19.54 | .589 |2.27 2.9 875 [ 46.7 'li7.6 .981 +
zc .105 | 2.04 | 1.21 |10.42 5.1} | 19.47| .591 |2.27 L2.7 57.9 |L6.L | L47.5 977
La ~10GH T 11,05 8.00 | 4.53 | 16.81| .596 |2.23 27.2 76.3 |53%.1 | 54.2 .980
Lb S105 8RN |05 7.96 | L.51 | 16.81 | .596 |2.23 37.2 76.3 |50.8 |sh.1 <939
e <105 | Xu77 ' 11.05 8.00 | 4.53 | 16.78 | .596 |2.2% 37.1 76.6 |53.1 | 54.5 974
8For values of ky, see figure 2.
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L AR e i , where E, = 10,700 ksi and u = 0.3. COMMITTEE FOR AERONAUTICS
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TABLE 3.- DIMENSIONS AND TEST RESULTS FOR CHANNEL=-SECTION
COLUMNS THAT DEVELOP LOCAL INSTABILITY

P
b R 2
Column ( t ) (bw ) (b e L | L/og | by/t | bp/oy| ky tw lﬁi%iﬁl_ —%5 0 4O har fa ‘
in. in. in. in. ks i : —
o (“3))) (ksi)] (ksi) Tak ]
With grain
1 0.104 | 1.4k | 0.86 6.021 L.2] 13.83 10,601 | 2.18 30.9 130200 517 |H56% 0.915
2a 1051 ThT |.2:00 6.0 1 k.11 13,91 | .68 | 1.76 2L.6 §7.7 51.0 55.& .920
2b SR RS (el 6.001 h.2 (el e LA 35.2 85.3 152,13 5.9 SGETET
2c .103 | 1.L46 .99 6402 | Lol {:2430) 685107 25,0 86.1 aa.o 55.1 943
Za <ol A6 1415 7455 § 52 1 1590 | 7891 1.3 29.2 68.6 | 5.7 | 50.3 .909
b Sl 1.21 LSl TGS S YR .guo 1.54 Eﬁ.l 72.9 | 4L9.32 Zz.g .940
a B /6] 0 17 B B 51 <5952 SN 20o6 I BRSSO 8RR .0 5L.5 | 43.7 6.6 .939
Lib Q01 L hT | 1.30 7.63 52e o) i el L3.8 55.0 | 2.4 | L45.8 .926
Lic 10k | .48 | 1.30 755 5.2 } ' 13.91 1 .895 | 1.11 L3.6 35.5 Li.3 | L43.8 .45
5a 2102 | 1.46 | 1.3 759 | .52 50 Gt e .92 u9.g 2.3 35.0 L0.6 .913%
5b B o) 108 M W S B 7:59 1 5.1 | U251 .959 1 97 ug. L6.2 |32 .% hl.ﬁ .939
Sc L1044 | 1.46 | 1.43 761} 5.2 1 00 P 988 91 43.5 .3 25, 39,0 .903 +
6ba 210L| 2458 | 1,03 | 15271 5.1 | 280 297 | 571 2.2 59.4 el b <953
6b <105 L 2,57 | T.02- | 13.20| 5.2 | 2hhiS | «397 1 376 L1.7 60.9 | 46.5 ug.B .923
be JIUE 2.8 1,02 | 1322152 | ali.H0 | o SEeR 2 76 L41.6 61.1 | 46.5 [ LB.3 .963 +
Ta SLEJIE DL 50 Sop s 2R gEl So S ol B OB g oREa g8 L7.5 L6.9 55.5 1.3 .909
7o 305 1 2.89 1-1.27 | 13.151~5.1 | 2470} .LOO'| 2.98 hz.5 .2 | 58.% |~ hao .506
gc L3651 2,87 o 1527 | 12422 6.1 | kil .ug3 2.96 L6.9 I3 38.2 la.7 .918
a A0l 2589 | 1058 | 13017 § 5.1 1 24801 ~589 | 2.26 54.5 25.0 | 31. 35.2 .893
8b 2205 | 2,85 171,52 115,12 | 5.2 | 2ieed | 598]-2.20 53.9 26.2 | 31.0 | 36.0 .861
8c .106 | 2.55 | 1.53 { 13,14 | 5.2 | 24.15 | .598 | 2.20 53.8 26.5 | 31.3 | 36.2 .86l
9a 10t} 259 | 1.78 | 13.09| 5.1 | 2h.80° | 688 1-1.74 62.2 2g.ﬁ 26,7 2%.3 '806
9b Sakes b2 G Sl St U RSB ey RSl ol e 60.3 e eili26nh il g T
9¢ «205 | 268 4 176" | 12,18 |- 5.1 | 2i.50] .681| 1.76 61.0 28.7 [:26.l | 33.8 Aqdeht
8For values of ky, see figure 2.
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TABLE 3.- DIMENSIONS AND TEST RESULTS FOR CHANNEL=-SECTION o
COLUMNS THAT DEVELOP LOCAL INSTABILITY - Continued o
b 2
W[12(1-4)°% | o 5 >
Column 5 by 5 L/b Ko/t | Ba/b —r o g o o
TR I+ 1 900 TR e B A Lo | B 2 (icgt] | Ceasy| tusty] = -
(8) (b) i 2
With grain 5:
10a a0kl 259 - 2000 F 15,184 5.0 g8l e 757 B {3 55 ég.a 22,1 |'22.6: 1 /'31:li | 0.720 =
10b JAelet 2.67 12,61 | 13.2 | 5.1 | 214,60 Z81 | Tl 6 .E 22.5 1 227+ | 319 Sl =
10c <05} 28T | 2.02 | 13.1 5.1 | 2448 .585 1.40 68. 2261 2sa [ g .657
lla A0l 280 | 2.28 113, 5.0 33.03 8751 1.15 72.2 17.8 15.8 20, .520
11b <205 1:2,58 | 2,28 | 13.1 i L4311 .8851] 1.13 76.0 18.3 |1 .Z 20. 611
llc .105 | 2.66 | 2.30 | 13.14 | 5.1. | 24.33 | .901 ] 1.09 gz.o 17.8'1 36, 20.2 .548
12a L0 12,61 1 2.56 4 15.18:|-550 32.11 980} .93 51 4.2 iﬁ.a 28.8 .530
12b .105 | 2.58 2.52 13:19 | 5.1 .62 | .988| .915 85.0 1.6 B A8 W TR 087
12¢ <105 | 2.56 | 2.5 17.20'1 5.2 |«2l<29 ' 1:001 | “+90 8L.6 1.7 18.0 29.2 A5+
13a .10 5.0; 93 1.15.61.] 5.2 | 89,32 | .308 u.ﬁé Le.L4 h%.l 28.32 I .933%
13b .10L | 3.0 92 15366 )" 5.1 29.53 298| 4.4l L46.5 L .g 38.7 2.2 SA7
1%¢ .105 | 3.07 9% .1 15,674 57 Fa9:) 203 { L.38 6.1 L9. 1.2 1 BT .95 +
s .10k 3.og 1.2% | -15:66 | 5.1 | 29:48 Loo | 3.74 50.4 G B T .952
b .105 | 3.0 1.22 | 15.68 | 5.1 | 29¢2 298 | 3.75 50.0 h2s3 £ 3755 | 39,1 .958 +
!
llic 3ol 2009 [ 1.2z | 1806k 17 '5:0 '} 2956 29), 3.&9 so.ﬁ haseSiize S H I <937
15a <10l " 3:06, | 1.5h | 15.69 | 5.1 | 29:k 02| 2.88 52. 22,1 { 31,1 | %326 .332
15b +305.1'%,09 | 1.5 ) 15,68 1 5,1 29.328 99 | 2.91 5 .Z 32,6 {29.L | 23.1 .886
15¢ .106 | 3.06 | 1.5% 5467 | 5«1 | 29:04 500 | 2.90 26. 23.2 29.1 | 33.9 .856
16a ~A0b-1 2,07 | 1.B5 | .i5:66 | 5.3 29'h8 .60l | 2.17 6.1 2| 2501 . f20.5 762
16b .106 | 3,11 | 1.83 | 15.65{ 5.0 . 29. 588 1 2,27 éu.% ga.h 22. 7 #.B .7L5
l6c .105 | 3,10 | 1.86 | 15.66 | 5.1 | 29.48 600 | 2.20 63. b | 22T BT .7L9
172 .105 | 3,08 | 2.15 | 15.67 | 5.1 | 29.48 .628 7l 4.5 19.0 13.0 29.3 .6L8
17b <108 Biamvh 3 g o 1556 540 | 29.H6.1 <68l 1577 73.2 19.7°1 18,31 29,8 .61%
17c J06:1 309 | 2.1 | 15:6 5.1 | 29.33 | .692 | 1.73 73.7 19.5 | 17.5 | 30.8 .570 +
8For velues of ky, see figure 2.
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TABLE %.- DIMENSIONS AND TEST RESULTS FOR CHANNEL-SECTION
COLUMNS THAT DEVELOP LOCAL INSTABILITY - Continued

By lizti-)=

cr

(ksi)

(b)

max
(ksi)

With grain

0.104

<10
210
.105
.105
.1oﬁ
- 10
.10l
.103
Sl
10
.105

L)
.10
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.105
.106
.105
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.10
o)
.105
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e o
. o

L
.
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8For values of ky, see figure 2.

Oor _ _ kym2Bct?
12(1-p2) by?

E, = 10,700 kst end p = 0.3.
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TABLE 3.- DIMENSIONS AND TEST RESULTS FOR CHANNEL-SECTION

s
COLUMNS THAT DEVELOP LOCAL INSTABILITY - Continued z
>
Colum | ¢ by o LB L | U/, | b/t [bp/by | Xy b 22(1-4)2 | Oer o 5, 8, =
(tn.) | (48.) | (48.)] (1n.) L t | & SO e o
w (ksi) 8 s1) Omax i
(a) (b) o)
With grain =
(@]
27a 0.104 | 3.60 | 3.22 | 18.10| 5.0 L6 | 0.8 At 108.1 a1 <o ZTIOINORT =
27b SO eI Gl EB U UG ERE Gl %“.%s £ g 1.09 106.6 8.5 3.7 22.0 .3%% &
27¢ .105 | 3,62 | 3.22 18.13 5.0 | 3 .gz .888 | 1.13 107.4 9.2 8.9 | 23.3 .381
28a .105 | 2,56 | 3.58 | 18. 5.1 | 33, 1,067 1 BT 119.9 7.% Bl 15215 .266 1
28b .106 5'63 2,57 F 18.15 | 5,0 a 371 984 | .93 117.3 1 7.9 | 22.3 .357
29a .103 .Eo 1,25 1 22:6% (- 5.0 . .299 | L.41 69. 2252 |'2l.2 lF26.0 .819
29b .106 | L.47 | 1.36 | 22.6 5.1 h2.21| .303|L.38 66.7 23.7 | 23.7 | 27.2 Sielial
29¢ .104 | 4.53 1.38 22.6 5.0 | L2348 | .3206|L.37 68.5 22:2 |BR.0 } 273 .842
30a .103 | 4,52 | 1.31 | 22.53| 5.0 | L3.78| .Loo | 3.74 T« 18.9 b 17.9 | 25.2 +710
30b »105.1 Lo 50. 'k 1.81 |.22:85 ¢ 5.0 | Lagl |l 403 3.7l 73.g 19,7 1 192 25.3 bl
30¢ «106-| 1,50 | 1.8) | 22.66 5.0 | KRl | L0} 5.&3 gﬁ. 2000 | 2020 | 27 .730
21a <104 t.sﬁ 2.27 2248 | 5.0 h?. 2 B 02 2.87 : .g .6 | 13.6 2&.& .257
31b .105 | 4.5 2.25 | 22.65| 5.0 2.1 096 | 2.93 ¥ 152 k153 ) &g 613
3lc .105 | .50 | 2.27 | 22.63| 5.0 | L42.95| .505] 2.85 83.0 12.9 13.6 25.1 .582
22a 10 | h.S52 ] 2,70 | 22.60] 5.0 | L43.22] .598 2.21 96.1 1kl | 10.5 | 22,0 57
32b .105 | 4.53 | 2.68 | 22.72| 5.0 | L3.14| .591] 2.25 92.1 .7 110,09 257 422
32¢c «1051 h.52 1 2.70 1 22.601 5.0 | L3.21}| .598 | 2.20 96.2 11.% 10.8 | 23.32 L6l +
339 <104 | 4.55 3.12 22.51] 5.0 | L43.71| .698 | 1.70 110.8 8. T8 12050 <373
33y <1051 he52 1-%.% 22.73| 5.0 L3.05| .699 | 1.70 109.1 8.9 T2 | 22.2 .326
33c 2105 | L.5h | 3.16 22.25 5201 e3.20 |- 696 1 1.71 109.1 8.9 79N 22lo .35
3a <104 | 4.55 | 3.59 | 22.63| 5.0 u3.zs o7 g 1.38 12%,1 7.0 Z.l 20.0 . 355
2Lb .104 | 4.56 3.59 22.63| 5.0 | L3.61 .58 1.28 122.7 7:0 91 20,8 .33
25a <104 | L.56 «08 | 22,61 | 5.0 k%721 » 8% .1 152.3 5.8 L.9 | 19.0 .25
35 «306 | heSl | k22 | 22.70] 5.0) L2.90| .908 | 1.0 136. B.Z E.o 19.6 .255
36a <104 | L.54 | L.48 22.62 5.0 1" %66 F 987 .91 151.3 . 1 [ 5k8e0 .263
36b <105 | 4.5 | .58 22.6 5.0 | L43.05| 1.006| .88 151.6 k.5 L.2 | 185 226 T
36c .106 | 4.51 | 4.52 | 22.60| 5.0 | L2.62|1.002| .89 9.4 BT .5 119,31 .236

8For values of ky, see figure 2.
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TABLE 3.- DIMENSIONS AND TEST RESULTS FOR CHANNEL=-SECTION
COLUMNS THAT DEVELOP LOCAL INSTABILITY - Concluded

Colum | ¢ by | bp L | L/oy, | b/t | bp/by| ky wj1201-p)2 9 Hvos | Baue biote
o N itAn s )yl CEne )il (A nir) :_\ kw (kgi) (ks1)]| (Ks1) g;;x
(a) (b)
Cross grain
la 0.105 | 3.30 | 1.98 | 16.50 | 5.0 31.35 | 0.602 | 2.19 70.0 21,5 | 21.8 |. 30.2 1.0:72%
1b <105 |- 3.321 -| 1.98 | 16.50 | 5.0 31.6%3 | .599 | 2.20 70.5 2153 || 21 5200 .T1€
le .106 | 3.20 | 1.98 | 16.48 | 5.0 21,28 | .600 | 2.20 69.7 21:7 22.5' 30,2 .T39
2a .105 | 2.49 | 1.47 | 12.31 | 4.9 23.76 | .590 | 2.28 52.0 39.1 | 36.3 | 28.6 <951
2b .105 | 2.48 | 1.48 | 12.31| 5.0 23.67 | .597 | 2.22 52.5 38.3 | 36.2 | 38.5 .91
2c «105 | 247 | 1.48 [-12.32 | 5.0 23,55 | .598 | 2.22 52.2 28.7 | 37.4 | 39.1 <957
30 .105:1:2,00: § 23522 | 10,79 | 5.2 19.04 | .605 |2.18 y2.6 58.2 | LL4.9 | 47.1 <954
zh .105 | 2.00 | 1.20 | 10.40|5.2 19.14 | .601 | 2.20 2.7 58.0 | L4L4.6 | L7.4 941
3¢ A0l 12,00 | .21 | 10.41] 5.2 19.12 | .604 | 2.18 L42.8 57.7 | LL.6 | L46.5 .959
La .106 | 1.76 | 1.05 7.97 | 4.5 16.71 | .592 [2.25 36.8 77.9 |51.4 | 53.2 .966
Lv .106 | 1.76 | 1.06 8.00 | 4.5 16.69 1 .598 | 2.22 37.0 77.0 | s1.4 | 53.0 <970 1
he +106 1 2.97 | 1.04 8.00 | 4.5 26,75 1. .59 | 227 36.7 78.5 | 50.7 | 53.4 .9L9

8For values of ky, see figure 2.
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NACA ARR No. L5FO1 Fig.
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Figure |. - Cross sections of Z-and channel-

section columns.




NACA ARR No. L5FO1 Fig. 2
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4 b /bw.ﬁ

igure 2.-Values of ky for Z and channel-section
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(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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’ Figure 5.- End fixtures and setup for thin-strip column tests.
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Figure 6 Typical cross -sectional distortion
of columns that develop local instability.
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Figure 7.- Z-section column under test for study of
instability of plates.




NACA ARR No. L5FO1 Fig.

T AN
Critical i—:ﬁ
—r— -r 5 g

/ ‘

stress

Average

NATIDNAL ADVISORY
COMMITTEE FOR AERONAUTICS

Cross - sectional distortion
(Pointer displacement)
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section columns loaded in compression .




60
5 AT | !
i 0 PR e B A A k)
tes A0 4 S L T /z/ e
x A A Ay i
‘u;’; 30 /KWith 8 / ,/ y /V //
0 /| grain/ ¥ . 7 y
Cﬁ 20 7/ // // // / / /
VA E T VS IR T E T G
5
0
k0024

ST rain NATIONAL ADVISORY
CUMMITTEE FOR AERONAUTICS

Figure 9. — Compressive stress-strain curves for 245-T aluminum-alloy flat sheet.
(Curves A, B, C, etc. are identified in table 1.)
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Figure 10.- Effect of forming on compressive
stress - strain curves for 24S-T aluminum -

alloy Z -section;

t =0I125 inches .
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Figure 1Z2. - Variation of T and M

with stress for

245-T aluminum -alloy sheet. (1 obtained from

tests of formed columns.)
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Figure 13.-Plate -buckling curve for 245-T aluminum-alloy sheet loaded in

the with-grain direction , obtained from tests of formed columns. Ocy-44

ksi .
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Figure 14. — Variation of o with g, m for plates of 24S-T
aluminum - alloy sheet loaded in fhe with-grain direction
obfained from tests of formed columns ; Ocy = 44 ksi .
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Figure I13.- Variation of o with ocr/cLImox for formed 24 S-T aluminum-alloy columns

loaded in the with-grain direction; Ocy-44k
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Figure 18.- Comparison of compressive strength of formed channel-section columns loaded in the
with-grain and cross-grain directions. With -grain curves are taken from figures 14 and 16,
and test points are for the cross-grain diréction .
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Figure 19. - Desigh chart for o¢r for formed 24S-T
aluminum -alloy Z- and channel-section columns that
develop local instability loaded in the with -grain

direction ; Tey = 44 ksi.
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Figure 20.- Design chart for G, ox for formed 24S-T
aluminum - alloy Z- section columns that develop local
instability loaded in the with-grain direcfion;d‘cy=44ksi.
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Figure 2. — Design chart for &mqx for formed 24S-T
aluminum - alloy channel - section columns that develop
local instability loaded in the with-grain direction ;
O’Cy=44 ksi .




