
NATIONAL ADVISORY COMMITTEE 

FOR AERONAUTICS 

REPORT No. 656 

THE COLUMN STRENGTH OF TWO EXTRUDED 

ALUMINUM-ALLOY H-SECTIONS 

By WILLIAM R. OSGOOD and MARSHALL HOLT 

1939 

For sale bT tbe Superintendent of Documents, Washington, D. C. - - - - - - - - - - - - Price 10 cent. 
Subscription price, $3 per Tear 



w, 
g, 

m, 

I, 

8, 
8"" a, 
b, 
c, 
b2 

S' 
V, 

q, 

L, 

fl, 

0, 

AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Metric English 

Symbol 

Unit Abbrevia- Unit Abbrevia-
tion tion 

Length ______ l meter ___________ _______ m foot (or rnile) ___ __ ____ ft. (or mi.) Time __ ___ ___ t second ___ ______ ________ 
B second (or hour) _______ sec. (or hr.) 

Force ________ F weight of 1 kilogram ____ _ kg weight of 1 pound _____ lb. 

PoweL ______ P horsepower (metric) _____ ------- --- horsepower ___ ________ hp. 
Speed _____ __ V {kilometers per hour __ ___ _ k.p.h. miles per hOuL _______ m.p.h. 

meters per second ______ _ m .p.s. feet per second ___ __ ___ f.p.s. 

2. GENERAL SYMBOLS 

Weight=mg 
Standard acceleration of gravity=9.80665 

m/s2 or 32.1740 ft./sec. 2 

Mass=W 
g 

Moment of inertia=mP. (Indicate axis of 
radius of gyration k by proper subscript.) 

Coefficient of viscosity 

v, Kinematic viscosity 
p, Density (mass per unit volume) 
Standard density of dry air, 0.12497 kg-m-{-s2 at 

15° C. and 760 mm; or 0.002378 Ib.-ft.-4 sec.2 

Specific weight of "standard" air, 1.2255 kg/ms or 
0.07651 Ib. /cu. ft. 

3. AERODYNAMIC SYMBOLS 

Area 
Area of wing 
Gap 
Span 
Chord 

Aspect ratio 

True air speed 

Dynamic pressure=~p VZ 

Lift, absolute coefficient OL=:S 

Drag, absolute coefficient OD= ~ 

Profile drag, absolute coefficient ODO= ~S 

Induced drag, absolute coefficient OD(=~S 

Parasite drag, absolute coefficient ODP=~S 

Cross-wind force, absolute coefficient Oc= q~ 

Q, 
n, 

Vl 
p-, 

J.l 

ex, 
~, 

Angle of setting of wings (relative to thrust 
line) 

Angle of stabilizer setting (relative to thrust 
line) 

Resultant moment 
Resultant angular velocity 

Reynolds Number, where l is a linear dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° C., the cor
responding number is 234,000; or for a model 
of 10 cm chord, 40 m.p.s., the corresponding 
number is 274,000) 

Center-of-pressure coefficient (ratio of distance 
of c.p. from leading edge to chord length) 

Angle of attack 
Angle of downwash 
Angle of attack, infinite aspect ratio 
Angle of attack, induced 
Angle of attack, absolute ~measured from zero· 

lift position) 
Flight-path angle 

R. Resultant force 
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THE COLUMN STRENGTH OF TWO EXTRUDED 
ALUMINUM-ALLOY H-SECTIONS 
By WILLIAM R. OSGOOD and M ARSHALL HOLT 

SUMMARY 

ErtTuded aluminum-alloy membeTs oj vaTious CTOS 
section aTe used in ai rcrajt CLS compTession members 
either singly or a tij/enel' jar aluminum-alloy sheet. 
I n oTdeT to de ign such membeTs, i t is necessary to lcnow 
their column stTength 01', in the case oj stiffeneT , the value 
oj the double modulus, which i best obtained jar practical 
1 urpo es j rom column te t . 

Oolumn tests made on two e.ctruded H -sections are 
desc1'1·bed, and column jormulas and jormula jor the 
TCltio of the double modulus to Young's modulus, based on 
the teo t. , m·e g1·1·en . 

INTRODUCTIO 

Extruded alum inum-alloy member of variou croE'S 
section are u ed in aircraft as compression members 
either singly or a tiITener for alumimun -alloy sheet. 
In order to design such member , it i nece ary to know 
their column trength, or in the ca e of stiffeners, th e 
value of the double modulu (references 1 and 2), which 
is best obtained [Of practical purpo es from column tests. 

The interest of the National Advisory Commi ttee for 
Aeronautic in stiITened- lwet construction a applied 
to monocoque design led to the allotment of funds to 
the National Bureau of Standard for research in this 
field, and a part of these funds wa used to investigate 
the collunn s trength of an extrude 1 aluminum-alloy 
shape comparable with tho e u ed in stiffened- heet 
construction. The data obtained in the tests made at 
the National Bureau of Standards are presented and 
disCll ed in part I of this report. The material for 
thi investigation was supplied by the Aluminum 
Company of Amorica. 

Column tes t were conducted at the Aluminum 
R esearch L aboratories on pieces of xtruded aluminum 
alloy taken from the ame lot o[ material up plied to 
the National Bureau of Standards. olumn te t were 
also mad e at the Aluminum Re ea rch Laboratories on 
another extruded aluminum-alloy lutpe, the data on 
which h ad been req lIested by the National Advi ory 
Committee [or Aeronautic. The results of th se tests 
are pre ented and discus ed in part II o[ this report . 

A correlation of the test data from the ational 
Bureau of tandards and tho 0 from the Aluminum 

Laboratories is made in part III of this 
report. 

MATERIAL 

The material u ed in these investigations of column 
trength i designa ted Alcoa 24S- T by the Aluminum 

Company of America and ompties with Navy D epart
ment Specifications 46A9a, Jun o 1, 193 : Ahm1inum
alloy (aluminum-copper-magne ium (1.5 perceut)-man
ganese) : Bars, Rods, Shapes, and ' Vire. The material 
was furni shed in the form of extruded H-·boam. The 
nom inal dimen sion o/" the cross sect ion are shown in 
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Cross Section A Cross Secti on B 
F IGURE I.- DilnensioDs of extruded 24 - T H·seclions. 

figure 1. The National Bureau of Standards tests were 
made only on cross section A and the Aluminum 
Company tests included both cross sections. 

The mechanical tests to determine properties and the 
re ults of these te ts are discll sed in the following three 
parts of this report. 

I. TESTS MADE AT THE NATIONAL BUREAU OF 
STANDARDS 

PREPARATIO OF S PECIMENS 

The tensile specimens were three standard type-5 
ten sile-test specimen, as defined in J avy D epartmen t 
General Specifications for In pection of M aterial, Ap
pendL" II (Metals) . They were cut hom the same 
length of extruded hape, one pecimen [rom the middle 
of the web and the other two from diagonally oppo ite 
po i tion in the two flanges. The eros -sectional areas 
of the reduced portions of the e speCimens were 
determined by calipering them. 

1 
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The lengths of all the compres ive and the column 
pecimen were measured . In order to determine the 

required cros - ectional properties of the compressive 
and the column specimens, more than half of them were 
weighed and, for each of the e pecimens, mea UTe
ment were made of the thi ckness and the width 01 each 
Range and the depth of the ection at the middle and 
of th e thicknes of the web at each end. The density of 
a ample of the material wa determined by the Division 
of Weights and M ea ures of the National Bureau of 
Standards. The eros -sectional area were computed 
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The most suitable machine available for making the 
compre ive tests was considered to be a fluid-support, 
Bourdon-tube, hydraulic machine. Auxiliary nuts on 
the screws of thi machine were tightened against the 
lower urface of the adj ustable head to bring it into 
contact with the lower ul'face of the threa Is on the 
crew, so that rotation of the head relative to the 

platen of the machine due to clearance between the nuts 
of the head and th e crews was obviated. The un ym
metrical po ition of the motor, the han dwheel, and the 
other mechani m for raising and lowering the ad justable 
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FI GURE 2.- Typieal tensile stress·strain diagrams for 24S-T of eros' section A . Strains measured on 2-inch gage length with Ewing extensometer. National Bureau 
of tandards. 

from the weights, the lengths, and the densities; and the 
least radii of o-yration were computed from the meas
ured cross-sectional dimension and the nominal radii of 
the rounding and fillets. 

TE SH.E AND COM PRESSIVE TESTS 

T ensile tests were made in screw-driven, beam-and
poi e testing machine. The specimens were held in 
T emplin grip supported by spherical bearings. Strains 
were measured in 2-inch gage lengths by mean of Ewing 
extensometers. Three typical ten ile tress-strain di a
grams are hown in figure 2. pecimens 5CT C and 
5CTA were taken from the flanges and pecimen 5CTE 
from the web . The ten ile yield strength 'was obtained 
from the tres -strain diagram as the tress at a strain 
0.002 in exce of th e ela tic strain corresponding to this 
tress. 

head causes it to exert on the portion of the two screws 
below it a constant moment of roughly 1,000 pound
inche in a pla.ne normal to that of the screws. Con-
equ ently the screws are slightly bent ela tically and, 

as they tend to straighten under load, produce rotation 
of the head. This condi tion cau e a slight eccentricity 
of loading, 'which is especially undesirable in compres
sion testing ; but, with the short specimens and compar
atively low loads (maxinlUm, one-third the capacity of 
the machine) of the pre ent inve t lgation, the effect 
was not considered serious. Another po sible source 
of error in making com pres ive tests in this type of 
machine ari es from the possibility of rotation of the 
platen about a horizontal axjs. The platen is rigidly 
connected to the piston of the hydraulic jack, which is 
packed, and the clearance between the cylinder and the 
piston permits retation of the platr.n under eccentric 

~--- -_ . --- ------ --
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load . Thi effect can be minimized by keeping as 
much of the pi ton in the cylinder a pos ible. 

The com pre sive pecimen were -inch length of the 
extruded shape, with end machin ed plane and normal 
to the axi . A pecimen to be te ted wa placed 
cen trally on a O'l'ound hardened- ted bearing block 
located cen trally in the te ting machine, and a imilar, 
smaller block wa placed cen trally on the upper end of 
the specimon. In order to secure a nearly uniform 
bearin O' as po sible, tho upper bearing block was capped 
with plas ter of pari. The capping wa done by plac
ing a st ifl' m L"\,: of pIa. tel' botween two heets of rela tively 
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COLUMN TESTS 

Fifteen column pecimens were tested witb freely 
supported end and , upon recommendation of the 
Committee on Aircraft trll ctures of the National 
Advisory Committee for Aeronautics, SL,{ specimens 
were te ted with elastically restrained ends. The 
apparatu and the procedure used for making th e 
te t were iden tical with tho e de cribed in refer ence 3, 
rt will be llfficien t to explain here that the specimens 
were supported on knife-edge carriers and centered 
Ulld er load. That i , a load wa applied which would 
not produce anywhere in tl- e pecimen stre e O'reater 
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FIGURE 3.-Compressive s l res~-strain diagrams for 24S-T of cro ection A . t rains measured witb T uckerman optical strain gages (up to 0.002) Bnd with nuggen-
berger strain gages 0 11 2-inch gage length. Lengtb of specimen, inches. 'ational Bureau of Standards. 

nonabsorbent oiled tI'acin O' paper and transferring it 
to the bear ing block. A load of 1,000 pounds was then 
applied immediately and held for about 15 minute to 
allow the pIa. tel' to sc t . 

train wore mca urcd on 2-inch gage length along 
the middlc of each flange. Tuckerman op tical strain 
gage wcrc u ed to meaSllre trains up to about 0.002 
to determin e the modulu of elas ticity, and Huggen
berger T en ometers were L1 ed to mea ure the larger 
strain. Compre ive tre -strain diagram were ob
t ained for two specimen and are shown in fi~L1re 3. 
The compre lve pecimen ultimately failed by local 
buckling, a hown by IB- l in figure 4. The compres-
ive yield trength was obtained as the tre corre

sponding to the in ter cction wi th the tre s- t rain curve 
of a line drawn throuO'h the origin wi th a lope 2/3 E, 
where E i the modulu of elasticity (reference 3). 

--- ---~--. 

than the expected maximum average column stres , 
the deflection of the middle of the pecimen and the 
1'0 t B tions of th e nd were noted, the load was reduced 
to a low value (150 pounds), one or both ends of the 
specimen were hifted on the carriers to reduce the 
deflection under load and equalize the rota tions, and 
the proce was repeated with increasing load until at 
90 percen t or more of the expected maximum column 
load the deflection wa only a few ten-thou andth of 
an inch (not over 0.0005 inch ).1 'When thi condition 
was reached, the load was reduced to 150 pound and 
then gradually increased to the maximum value that 
could be upported by the pecimen. Readings of 
deflection were taken while applying the load. 

Curve of load divided by maximum load plotted 
again t deBection within the free length divided by th e 

I JJest anyone be alarmed by such high centering loads, let him read the appendix . 

__ J 
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free length CITe as a check on the c ntering operation. 
Figure 5 how typical curves of this kind. If the knee 
of any such curvo i blun t relative to the lmeos of th e 
curve for the othel" pecimens, as occa ion ally h appens, 
it indicates that th o pecimon ropro ented by that curve 
wa~ not so well centered a the others. In the pre ent 
inve tigation all specimens te ted with freely uppor cd 
end appeared to be well centered . 

RES LTS 

The re ul ts of the column tests are o-iven in ta ble I 
and in figure 6 and 7. The free length lo, of the te t 
colunms were determined from the equation (reference 3) 

rp 
cot 2+ vrp =O (1) 

where 
m s 

v= pz-l (2) 

FIGl'H£ 4.-Some column specimens and one comprc~ h'c specimen (In-J) of cross section A arlf'r test. 
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l is th · length of the te t specimen, s is the length of the 
caniel' (di tance from a upporting knife edge to the 
adjacen.t end of the pecimen ), m is t llC elastic l'estraint 
at each end of the colunm (m = O for freely upported 
ends), and P is the maximum load cal'l'ied by the col
Ulilll. The lea t radius of inertia, or rl1diu of O"yration, 
of the cro ection ha been denoted by i, the cro s-
ectional area by A, and the compressive yield strength 

by . The ignificance of plotting 

1. llo / 8 
cr= A - agamst 1.0= ; -;;-y E (3) 

ha been discussed in refel'cnce 3. The use of the e )1on
dimen ional variable make it po ibJe to reduce in a 
rational way data repre enting column tests ma,de with 
material exceeding specifLcd valu es in yield strength to 
a repre entation that WOlllcl be expected from material 
just complying with the pecifi ed values. 

In .no-ure 6 valucs of cr havc bcen plotted ngainst 1.0, 
The three pecimen h nving the lowcst valuc of 1.0 
howed evid ence of local bu kling due to bending before 

their maximum load were reached, 0 that the COlTe
ponding value of cr may be slightly low (on the afe 
ide). It i mu h more difficult to centcr a short speci

men und er loael t han a long one, becau e the deflection 
at the middle becomcs 0 mall for a short pecimen. Tile 
I'e ult obtained from the te t with ela tically re
strain ed end agre with those obtained from the other 
te t a well a could be expected. 

If the load-de:ilcction CUl've (fig . 5) for any specimen 
ha a blun t knee relativc to the knee of the other 
CUl've , and if al 0 the value of cr for th i pecimen in the 
cr, Ao-plot i low, justification exists for throwinO" it out. 

ouch ca es aro e in thi inve tigation, however, and 
low point in figlll'e 6 are to be explained largely by 
unavoidable variations in the material. 

Figure 6 how the redu ced Eu ler curve and a straight 
line fi tted to the ob erved cr, Ao-valu c for the condi tion 
of freely llpported end. The traigh t line ha been 
cut ofr at the top a t the <lvel'fto'e vll1ue of' cr found foJ' the 
two compressive pecimcn , which fail cd by ]ocn1 buck
ling ( pecinlen 1B- 1 in fjO". 4) . Th e column strength of 
the alumioum-alloy shape te ted can be given in non
dimen ioml form by 

cr ma:r;= 1.153 (4) 

0' = 0.55+ 0.5 -0.5 1.0) 
-V0.55 1.153 > cr> 0.55 

cr= 1.224 - 0.5 1.0 

(5) 

1 
cr = A02' cr< 0.55 (6) 

It i to be expected that equations (5) and (6) would 
hold closely foJ' any heat-trcatcd bar, rod, or shape com
plying with avy D epartment peciAcation 46A9a so 
long as failure occurred by primary buckling. Eq ua-

! tion (4) expre ses the condition of failure by local 
bucklinO", or wl'inlding, 01' crinkling, and this equation 
would have to be modified depending on the hape of 
cro ection. 

In fio'ure 7 the ob erved values of the maximum aver
age tress, PIA, have been plotted aO"ain t the ratio of 
lend erne s, lo/i. By introducing in equation (4), (5), 

and (6) the value of 1.0 and cr from equations (3), r ela
tion ca n be obtained between PIA andlo/i in term of 

and E. For use in design, the e relations houll 
contain numerical value of 8 and E related a far a 
possible to pecified mi.nin1um propertie of tll ma
terial. The pecified property mo t 10 ely r elat d to 
tb e compres ive yield strength i the ten ile yield 
trength . The averag ratio of the com pre sive yield 

strength to the ten ile yield trellO"th2 of the material 
of till inve tigation wa O. 5. Navy D epar tmen t 
Specification 46A9a for aluminum-alloy shape uch a 
those tested r equire a minim um t n ile yield strength of 
42,000 pound per quare in ch . Material just complying 
with thi specifi cation may therefore be expected to have 
a compl'e ive yield trength 8=0. 5X 42,000 = 35,700 
pound per square inch. If then , thi value i taken 
for and for E the average valu e found, 10,660,000 
pound per quare inch, there is obtained for design, 
P iA in pound per quare inch. 

(P) = 41,200 (7) 
A max 

~=43,700 (1 -0.00752~} 41,200>~> 1 9600 () 

f 105200000 f < 19600 (9) 
A Goy A ' 

The curves repr ented by these equation are hown in 
figure 7. 

In analyzing stiffened-sheet con tmction it may be 
. E 

neces al'y to know the quantIty r = E a a fun ction of 

tb e average tro s PIA in the tif1'ener (1' [erence 1), 

wh ere E is the double moclulu (reference 2). The 
desired relation between r and PIA may be ob tain cd by 
eliminating 1.0 botween the "univer al" column JOJ'JTIlila 
(reference 3) 

(10) 

and each of equations (4), (5), and (6), and then ub ti
tuting cr from equation (3). Elimination of 1.0 between 
quation (10) and eq uation (4), (5) , and (6) give for r 

in terms 0 f cr 
r"t;n= 0.0231 (11) 

( 05 )2) r = 4O' 0.55 + ~-cr 
0.55 21. 153 > cr> 0.55 

r = 4cr (1. 224 - cr) 

(12) 

r = l cr< 0.55 (13) 

2 rl'hc \'a lucs of Lt· nsill' y ield strength were weiJ!htcd averag-cs (rom tests of two 
specimens of flange material and one specimen of web material. 
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Figure show the CUITes repre ented by these eqlHl
tion. Substitution of ()" from equation (3) , with 
taken as 35,700 pounds per quare inch give, PIA in 
pound per quare inch, 

7"'i,,= 0.0231 (14) 

P( P)2 P 
7 = 925A 1.224 - 35700A ' 41 200 > ]1> 19600 (15) 

P 
7= 1, --<19600 A ' (16) 

Figure 9 sho\\- the CUlTes represented by thrse eq na
tions. 

,- -,--- ,-
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'" 
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\ f--
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r- - - - I- ~ -

~ tre s-strain relations wore leterminecl with the 11 e of 
Huggenberger tensometer U ing a gage length of 0.5 
inch. pecimen were taken from both the flange and 
the web. 

The com pres ive proper tie of tbe material were 
obtained on short lengths of the full cro ection 
(lli= 10). The average values of the compre lve 
yield trength of the everal piece of material are 
given in table II a : 

Lb. per sq. i1l. 

Cross section A ________________________ 44, 700 
Cross section B ___ ____ _________________ 40, 000 
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FIGURE B.-The T J q-curvc for 2 1S-T of cross section A. 

II. TE TS MADE AT THE AL MI M RESEAR CH 
LABORATORIES 

MECHANICAL PROPERTI ES TESTS 

The test specimen for the mechanical propertie 
te t were identified by the a mc n umbers a sign cd the 
extruled pieces : 1 to 4, in clusive, for cro section A 
and 5 to ,inclusive, for cro section B. In the a e 
of cros ection A, piece 1 and 2 were from ono 46-
foot extrud ed picce, like\ Lse pieces 3 and 4. 

The ten ile properties of the material were obtain l 
on tanclarcl ~~-inch wiel e Oat ten sile specimens and the 
results of the tests am summarized in table lI. The 
average tensile properties n.re as follows: 

Cross section A Cross section B 
Tcns ilc ·trcngth _______ lb. pcr sq. in __ 63,440 62,200 
Yield str ngth ,3 _______ ___ lb. p r sq. in __ 4 , 200 49,900 
Elongation in 2 incl c ________ pcrc nt __ 1 .4 19.2 

The e tensile properties compare favorably with 
typical valLles for 24 - T extruded hape. Figure 10 
and 11 ho\ typical ten ile tre - train curves. The 

S Yield strength is the stress that produces a permanent set of 0.2 percent of the 
initial gago length (Navy Department Speci fi cation 46A9a, also American Soci ty 
for T esting l\Iaterials tandard Definitions of terms Relating to Methods of 1'est
ing, E6-36). 

130624--09-2 

'-
o 10,000 20.000 30,000 40,000 

PIA, Ib.f sq.in. 

FIGU RE 9.-Tbe T, PIA-curve [or 24S-T of cross section A. 

The tress-strain relation shown in figure 12 and 13 
were obtained by u e of Huggenberger ten ometer 
u ina a gage length of 1 in h. 

Additional compl'es ive tests were made on speci
mens con i tina of a pack of thrcc or five piece, each 
fLve-eighth inch wide, Llt from ither the web or the 
flange of the ection. pecimen were taken both 
I no-itudinally and tran vcrs ely from both th fl ange 
and the web. The jia for holding the pack sp cimen 
luring testing is shown in figure 14. Typical stre s

strain curves d termined with the pack specimen arc 
shown ill figlu·es 15 an d 16 . The values of yield 
trength are ummarized in. table II. 

All these values of mechanical proper tie indicate 
that each lot of extrud ed material was uniform_ 

COLUM SPEC/ ME SAD METHOD OF TE T 

The specinlens u ed in the colunID te t are de cribed 
in table III. The specimen number, which i a com
bination of two numbers, de ignate the piece of mate
rial from which the sp cimen wa cut and the approxi
mate leno-th in inches. The actual average area of 
each specimen wa compute 1 from the length an 1 the 

~-- --- -- ~- -----.-~----- - - - - -- - -- - --
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FIGUIlE 10.- Tensile stress-strain diagrams for 24S-T of cross section A. Strains measured on 0.5-inch gage length with IIuggenberger 'r ensomoters. 
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FIGU HE l3.- Compressive stress-stra in diagrams for 24S- '1' of cross section B . Stra ins measured wi th two Huggenherger Tensometers mounted at the middle 01 

the flanges on I-inch gage lcngth. Slenderness ratio of specimen, 10; length of specimen, 4.6 inches; ultimate strengtb, about 50,000 pounds per square inch. 

weight of the specimen and the nominal density of the 
material (0 .100 lb . per cu. in. ). The crookeclne s was 
measured by placing thickness gages between the speci
men and a pla.ne sm-face on which it rested. The maxi
mum crookedne s of 1 part in 1,500 wa found in speci
men 4- 19 with a length of 19.44 inches and a measm-ed 
crookeclne s of 0.01 3 inch. Th e ends of the pecimens 
were carefully finished flat, mutually parallel, and per
pendicular to the axis. 

Column tests were made using the condi tions of flat 
end and roun 1 end . 

The condition of flat ends was obtained by centering 
the specimen on the fixed heads of the testing machine 
as shown in figUTe 17 . The end of the pecimens were 
restrained to the extent that the bearings did not tip. 
Under a large sidewise deflection, usually greater than 
that corresponding to the maximum colunm load, the 
end of tbe specimen could lift free of tb e bearing plate 
on one side. 

The condition of round ends wa produced by two 
methods. In the tests of cross section A the bearing 
pla,te permitted the specimen to deflect in any direc
tion and twist with practically no re traint. The 
bearing plat e were provided with a spheri al seat rest
ing in a nest of 25 hardened-steel ball . The center of 
rotation of the plates coincided with the ends of the 
specimen. A specimen was centered on the plates by 
shifting it on the bearing ul'faces until comparable 
dial reading, representing shortening of the pecimen , 
were obtained at the four corners of the bearing plates 
for several increment of load. The test set-up is 
sho WIl in fig ure 1 . 

In the tests of cross section B the condition of round 
end was obtained by centering the specimens on bear
ing plates equipped with roller-bearing upports that 
allow free tipping about only one a):i s. The 'pecimens 
were pla,ced on the bearing plates with the axis of least 
stiffnes parallel to the axis of tipping of the plates . 
The center of rotation of the plates coincided with the 
end of the pecimen. Figure 19 shows a specimen in 

the testing machine. Because of the relatively low ca
p acityof these bearings (10,000 pounds) only relatively 
long specimens (l/i > 90) could be te ted. In each te t 
the specimen was placed as nearly centrally on the 
heads as po sible an d loaded until a maximum load was 
reached, after whi.ch the loading was quickly stopped 
to prevent permanent et. The specimen was then 
moved on the bearing plates a very small distance in 
the direction opposite to tbat in whieh the specimen 
bent in the fir t loading. The loading was then 
repeated_ This procedure was continued until failure 
occurred by bending in the direction oppo ite to the 
first failure. From the several loads thus obtained 
the greate t was taken as the column trength of the 
specimen. It should be recognized that this method 
of centering could be used only in case where the 
failure was en tirely elastic, as in these tests. 

Both sets of the column test of cro section A and 
the flat-end te t of cro s section B were made in an 
Amsler hydraulic testing machine having a maximum 
capacity of 300,000 pounds. The round-end tests of 
cro s section B were made in a imilar machine with a 
maximum capacity of 40,000 pounds. In all cases, an 
intermediate load range was used. 

U ESU LTS AND D IS CUSSION 

The results of the column tests are given in table III 
and are hown with colunm-strength curves in figures 
20 and 21. The re ult from cross sections A and Bare 
shown in different figures, not because the column 
action of the two ections is different but becau e of the 
difference in the values of compressive yield strength , 
44,700 pounds per square inch and 40,000 pounds per 
quare incb. It will be noted that the results from the 

round-end test and fl at-eud tests are both plotted in 
the same figure, u ing values of effective sleJ)dern ess 
ratio , lo/i, for the absci sas in which lo/l= 1.0 for the 
round-end tests and 0.5 for the flat-end te ts. 

This method of plotting is used because it yields lI. 

more direct comparison of the two types of test tha.n 

- - ----- --- - _. _ ------- - _.- - - -
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FIGURE 14.-Test of thin sheet-melal specimen in compression. 
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would be possibl e if the da ta were plotted eparately . 
The value of 0.5 for loll in the flat-end te, ts ha been 
found to be ju tified by the res ul t of pl'eviou investi
gation , and the good aO'l'eement between the e resul t 
from the two methods of te t give additional evidence 
that thi value of loll is satisfactory . 

In addition to the t est re ults, fi O' ure 20 and 21 how 
four curve of column trength. One of these is the 
ordinary E uler column curve. The equations of two 
of the other curves are of the same form as the Euler 
curve. These two equations take into account the 
inela tic behavior of the material at stresses greater 
than the proportional limit by u ing reduced values of 
the modulus instead of the initial modulus in the range 
of pIa t ic action. In one, the initial modulus has been 

J 30624- 39-3 

replaced by the tangent modulu and in the other by 
the effective modulus based on the double-modulus 
theory. ( ee reference 2. ) These cur ve and the 
Euler curve are exactly the same, of course, for stresses 
below the proportional limit. In these curve the 
values of tangen t modulus and t be values of effective 
modulus ba cd on the double-modulus theory were 
ob tained from the compre ive stress-strain dat a 
plotted in figures 12 and 13. The stress-modulu!! 
relations are shown in figures 22 and 23. 

The fourth curve in figures 20 and 21 i imply a 
s traigh t line drawn tangent to the Euler curve. The 
equation of these lines are the ones that would be 
predicted for this material on a basi of previou investi
gation of the column strength of various aluminum 
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(a) at·up for tcst. 

FIGl!IlE 17a.- 'J'csl of a colu mn with nat ends. 
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(b) ~pec i l11en after fa ilure. 

FIGUIlE 17b.-T est of column with fiat ends. 

-------
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(a) Sel-up COl" lesl. 

FIGURE 1 a.-'fcst oC a colu mn with round ends. Cross section A. 
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(b) pecimen after failure. 

FIG URE 1 b.-Test of a column wiLh round end. Cross section A. 
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(8) Set-up for test. (b) Specimen after failure. 

FIGURE 19.-Test of a column with round ends. Cross section B. 

--~----------- --- --- ----- --- ._-- ----------
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berger ' I'ensometers mounted at the middle of the flanges. Slenderness ratio of specimen, 10 

alloys (reference 4). The equation of the traight lines 
i of the form 

in which 
P is the ultimate column load, pound. 

A, cross-sectional area of member, square inch. 

b, efrective slenderness ratio. 
1, 

B, con tant depending on the compre sive yield 
strength of the ma terial. 

D, constant depending on the compres ive yield 
streno-th and on the modulus of elastici ty 
of the material. 

The intercept on the axi of zero slenderness, B, is 
arrived a by the following imple calculation involving 
the compressive yield strength of the material: 

. . ( virl l strength) Intercep f; B = YlCld strength 1 +. 200,000 ' . 

Tone of the eUl'ves ~h o\Vn agree wi th the data exactly 
but both the traigh t line and the curve based on the 
tangent modulus of cla tici ty show goo 1 agreem ent 
wi th the data. Th e curve ba ed on the double-modulus 
theory lie somewhat above the test results in the 
reO'ion of plastic action of the material. 

Th e specim ens after failure are hown in figures 24 
and 25. Although the hor ter specimens show con
siderable local distortion, it hould be pointed out tha t 
this action wa not apparent un til the average stre s 

exceeded the yield trength or until the maximum 
column trength had been attained. 

III. CORRELATION OF TEST RESULTS 

Th e average mechanical properties of the material of 
cross ection A may be summarized as follows: 

Tensile yield strength (off et= 0.2 percent) : Lb8. per 8q. in. 
National Bureau of, tandards ___________________ 49,800 
Aluminum Research Laboratories ________________ 4 , 200 

Compressive yield str ngth: 
ational Bur au of tandards (2/3 E method) _ _ _ _ 42, 050 
ational Bureau of tandal'ds (offset= 0.2 percent) _ 42, 200 

Aluminum Research Laboratorie (off. et= 0.2 per-
cent) ___________________ ____________________ 44, 700 

The difl'erencein thevalu es of the tensile yield trength 
i 1,600 pound per square inch or about 3 percent, and 
the difference in the value of the compressive yield 
strength is 2,500 pounds per quare inch or about 6 
percent. The National Bureau of tandards test 
indicate the high r ten ile yield trength and the lower 
c mpre ive yield trength . The ratio of the average 
compressive yield trength to the average tensile yield 
strength are: 

National Bureau of tandards, 

compressive yield strength 
tensile yif'lcl trength 

Aluminum R esearch Laboratories, 

compressive yield trength 
tensile yield strength 

0.85 

0.93 

---- --- --- --- ----- ---- ---------- ----
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COL lVlK THEKGTH OF TWO EXTHUDED AL lVlI KU lVl-ALLOY H-SECTlONS 

Table for (a) 

lo/i= 200 150 125 100 60 40 20 10 
-------1------------------------

L' IL.,lb.= 1,00 3,050 5,200 6,50 11 ,600 17,330 ______ ._ - ___ -- - ---
-------1--------- ------------------

PIA, Ih. /SQ. il1.= 2,730 4,540 7,840 10.420 17,550 26,300 _______________ --------

Table for (b) 

loi= 125 100 o 60 40 20 10 10 ______ __ 

-------1----------------- --
l · Il.,lb.= 1.),950 19. 600 22. 030 25, 6()(1 29. 300 33, I 0 32, 200 3 I, 440 ______ _ 

1'/. 1, Ib. f<l. in. = 24.200 29.790 33. 480 38,440 43.990 50,425 49, ,;0 4.700 

-------~---~--~--~-~--~--------~---

lo/i~ 
200 15011251100 I 80 I 60 40 20 10 

(al 

(a) Tested with round ends. (b) Tesled witll nat ends. 

FlGUHE 24.-Specimens of 24s-'r or cross section A after testing. 

19 l 
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loli -
200 

T able for (a) 

lo/i~ 200 150 125 100 __ ________ , ____ , ______ ,_ , ______________ _ 

-----------------------
___ I_i._, l_b_' = __ I_ I,_99_5 _3,_5 1~ _ 5, _00_0 _ 8, _00_0 _'_"_.,_' _" _"_"_" _" _"_"_" _"_"_"_'- _--_--_--_--

P /A , lb ,fsq . in .= 2,550 4, 480 6,390 10, 190 _____________________ , ________________ __ 

Table for (b) 

lo/i= 150 ]25 100 o 60 40 20 10 10 
-------------------------------

It., lb.= 13,375 17,600 22, 260 24,500 28, 930 33, 70U 39,900 39, ]00 

P /A, lb ,fsq. ill .= 17, 038 22,47 28,357 31,370 36,995 42,875 50,763 49, 10 

150 125 
(a) 

100 
lo/i -
150 125 100 80 60 

(b) 
40 

(a) T ested with round ends. (b) Tested with nat ends. 

FIGURE 25.- pecimens of 24S-T of cross section B after testing . 
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\ o IBu)ea) of ISfo~da;dS Ites/~ 
\ • Aluminum Company tests 

r----2'~ \ 
~ \ 1/8'1-, 

\ 
3/32-, I/B'--. 2" 

0 I 
I/B"/ 1 0 P TT 2E 

which E = 10, 660, 000 Ib';per sq. in. \--A • (loli/ ,in 
o 0 

0 '1/8" 
0 \ Cross section A 0 

v 

c ~ 
. \ 

~ 

'" "" r--~ -
20 40 60 BO 100 120 /40 160 IBO 200 220 240 260 

Effective slenderness ratio, lo/i 

FIGURE 26.-Comparison of results from National Bureau of Standards and Aluminum Company tests for 24S-T of cross section A. l.,ll=0.5 , asslIlIled for Oat ends. 

f.2 

\ I I I I I I 
\ o Bureau OT Standards tes t s 

0 • A luminum Company tests 

1.0 l.,.. / l = 0.5, assumed for Tlat ends 

0 \ 
o E = 10,660,000 Ib./sq. in. assumed 

0 \ . 
. \ _ - 0' 0 f:z f-2'~~ _ 0 r-0 . 

o~ I/B" -

.. \ 3/32~ //8'--,,) 2"-r-
" 

f/B .... J ~ 
I--

-
. ~ '1/8" 

Cross section A - ,.--
~ 

. B 

.6 

.4 

~ 

---r----: r--r---
.2 

o .4 .B 1.2 1.6 2.0 2.4 2.8 32 36 4.0 44 
Ao 

FIGUnE 27.- omparison of resul ts from Nationa l B ureau of Standard and Aluminum ompany tests for 24S-T of cross section A. The nondimen 'ional 
method 01 part I in which u is ploited against AD. 
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Figure 26 how the column te t re ult of cross 
ection A and the Euler column curve, plott d a PIA 

aO"ain t lo/i (l0/l= 0.5, a umed for flat-end p ecin1 en , 
and E = 10,660,000 pounds p r C)uare inch a umed for 
Euler curve). 

Figure 27 how the column test result of 1'0 ec-
tion A and the nondimcn ional Euler column curve, 

pI tted as u= P /(AS) against AO=~~~; (the free length 

of the Aluminum ompany's nat-end pecimen ha 
been a sumcd one-half of the length of the specimen, 

• 

and the modulu of elasticity for their pecimens ha 
been as umed a 10,660,000 pounds per square inch ). 

NA'rIONAL B UREAU OF STA DARD , 

W ashington, D.O., 
and 
ALUMI M R E EARCH LABORATORIE , 

AJ~UMII UM COMPA Y OF AMERICA, 

N ew K en ington, Pa., 
S eptember 30, 1938. 
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APPENDIX 

CENTERING LOADS 

\iV-hen centering i done under load in the pIa tic 
n:mge, it i necessary to limit the maximum deflections 
to values which insure that the maximum stre at no 
point of the middle cro ection exceed the expected 
maximum average column stre . An e timate of the 
maximum allowable deflection may be obtained by con
sidering that the center line of the pecimen goe into a 
sine curve. Then for the middle cro ection 

where ~ is the bendlllO' strain at the extrem e fiber dis
tance c, p i the radius of curvature, 00 i th maximum 
deflection, and lo i the free length of the specimen. 
Solved for ~,thi equation give 

In the pre ent investigation, corre ponding to a maxi
mum value of 00= 0.0005 inch, 

0.005 
~ =----z;r-

when lo is m easured in inches. If lo= 10 inche , a low 
value, ~= O.00005; and if lo= 25 inches, a medium value, 
~= O.000008 . 

Th e column stres ('s corresponding to these vn,]ues of 

lo (~=21 and 52, respectiVely) may be obtained 

rOLwhly from fi gure 7 a 42,000 and 30,000 pounds per 
square inch. The tre -s train diagrams (fig. 3) how 
that at a stre s of 42,000 pound per square inch an in
crease of strain of 0.00005 r ult in an increase of 
tre s of only abo ut 100 pounds per quare inch, or 

0.24 percent; and at 30,000 pound per square inch an 
increa e of train of 0.00000 result in an increa e of 
tre s of about 0 pounds per quare inch, or 0.27 per

cent. These small increases of stre due to a deflec
tion of 0.0005 inch at the maximum column load indi
cate that the fmal centering load may be close to the 
column load without danger of overstres ing any part of 
the cross section. 
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TABLE J.- RE' LT OF OL MN TESTS AND COMPRES 'IVE TE T MADE AT TI-TE NATIONAL BREAU OF 
STAl DARDS ON 24 - T EXTR DED H-BEAM SPECIMENS OF CRO 'S ECTIO A 

I I 

lenderness I st~~r%~ I Xo= .!.~.J=I p 

II I 

lenderness I A "crage 
I xo= ~~.J~1 p 

SpPcimen u -
A S 

p cimen raLio lo/i sLress P/, I u=S T 
rat IO lo/r (Ib ./sq . in.) .. i 1': (Ib ./sq . io.) 11' I l!. 

-
Freely supported ends, ",=0 

5C- 5 .......... 18. 82 44, 20 0.37 1.041 .5('- 3 ......... 53. 01 29.400 I. 064 0.687 
113- 5c ......... 23. 24 41 , 140 . 464 . 99 1 5 0 - I. . as 62 20. 520 I. 177 . 620 
5C 27.62 39, 990 .554 . 0:!4 " C- 7 . ....... 61. 40 2G, 140 I. 233 . 611 
113- 5b ........ 31. 92 37.1 30 . fi37 . 895 tU- 4 . -_.- -- 09. 81 21. 750 I. 392 . 524 
5C- 6 .......... 3(j. 12 37, 160 . 725 . 8f;!; 5C- 2 • -.- ._-- 78. OS 17, ·110 1. 567 . 407 
1B- 5fl ........ 40. 42 33,650 .806 . 8 11 5('-' . ------- O. '14 1·1, 170 I. /3.> .33 1 
tB-L ....... 44. 60 33, I 0 90 . 800 IB-5 . --- -- 94. 79 II , . 0 I. 89 1 .28 1 
5 11- 2 ......... 50. 17 29, 720 I: 007 .694 

El astica ll y restrained ends, m = 192,000 lb .-in . per radiAn 

5C- 9.. .. ...... / 17. 79 

/ 

46, 110 

I 
0. 357 

I 
I. Oi7 I/ IA- L .... _ .• , 48. 87 , 3 1, 460 

/ 

0. 975 

/ 

O. i" 
lA-4 .......... 33. 22 35, 310 .663 .85 1 

Elas ticall y restrained ends, ",=385,000 Ib.· in . per rad ian 

5C- I. ........ / 19. 32 

/ 

44, 180 

/ 

0.3 

/ 

1.032 /I lA - I ......... / 50.34 

/ 

20, 610 

/ 

I. 004 

/ 

0. 713 
1.>\-L ........ 35.28 35. 670 . 704 .860 

Flat ends (compressive specimens) 

lB- L.. · ·· .... I_· .......... ·1 4 390 1 ............ ·1 I. 166 1/ 5c-c ........ ·I .. ............ ·1 48, 850 1 ............ ·1 1. 111 

23 
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TABLE 11.- UMMARY OF MECHA I CAL PROPERTIES OF MATERIAL 
[24S-T Extruded H·Deam) 

Cross section A Cross section B 

SpeCimen 
MiDi
mum 

faxi
mum A verage Mini

mum 
M ax i
mum A verage 

1------------·1---------·1------------ ------

Tensile s trengtb ____ __________ lb. per sq. in __ { \~eb-- --------------------------Flange ________________________ _ 
Tensile yield strength (o fTset=0.2 percent) {Web ___ ___ ____________________ _ 

lb. per sq. In Flange ________________________ _ 

Elongation in 2 iL _______________ percenL {~:~ge:::::::::::::::::::::::::: 

{ 

&' ul l section ________ ____________ _ 
Compressive yield strength (o ffset=0.2 Longitudinal pack, web ______ __ _ 

. Longltudmal pack, flange _____ __ percent) ____________________ lb . per sq. In __ ' I' rans,' erse pack, web __________ _ 
rrraosverse pack, flange. ____ ___ _ 

62,770 
62,930 
41,700 
48,100 

16.5 
17. 0 

43,400 
42,600 
42,600 
52, 200 
51,800 

62,960 
64,980 
49,100 
49, 000 

18. 5 
21. 5 

46,700 
43,800 
43,800 
52,600 
53, 400 

62, 890 
63,990 
48, 470 
47, 940 

17. 3 
19. 5 

44,700 
43, 100 
43, 000 
52, 400 
52, 00 

60,450 
60,560 
48, 100 
49, 000 

16.5 
15. 0 

39,700 
39,600 
38, 400 
47,600 
48, 000 

63,670 
64 ISO 
51: 900 
51,300 

22.5 
22. 0 

40,300 
43, 000 
40, 000 
54,700 
51,200 

62, 070 
62, 370 
50, 075 
49, 7SO 

18.8 
19.6 

40.000 
41, 925 
39, 150 
51,725 
49,975 

TABLE IlL- DESCRIPTIO OF SPECIMENS AND RE
SULT OF COL MN TESTS f ADE AT ALU MIN M 
RESEARCH LABORATORIES 

TABLE IlL- DESCRIPTION OF SPECIMENS AND RE
SULTS OF COL MN TE T MADE AT ALUM IN M 
RESEARCH LABORATORIES- Contin ued 

24S-T Extruded H-Deam 

Slen- NIea-ured Actual Maxi- Column 
SpeCimen Lengtb Weight der- crooked- averaf!e IDWll strength (in .) (lb.) ness ness 1 area 2 column (lb./sq. in .) ratio (in.) (sq. in .) load (lb.) 

Cross section A, specimens tested as columns with Oat ends 

1-96 __ _____ 96. 46 6.357 200 0.025 0.659 6,530 9,910 1- i2 _____ __ 72.42 4.765 150 .013 . 658 11 , 150 16,950 
3-60a ___ ___ 60.34 3.976 125 .030 .659 1.5,950 24,200 
3-48 _______ 48.27 3. 176 100 .006 .6 19,600 29,790 
1-39 _______ 38.96 2.564 0 ---- - ----- .658 22,030 33,480 
4- 29a ______ 28.96 I. 929 60 . 011 .666 25,600 3,440 2-19 _______ 18.04 1. 201 37 ----.----. .666 29,300 43,990 4- 10 _______ 9.73 .640 20 ------ -- -- .658 33, 180 50,430 
1-5 __ ______ 4.94 .319 10 ---- ------ .646 32. 330J 50,050 

Cross section A, specimens tested as columns with round ends.' 

2-96 _______ 96.4 6. 3 200 O. O~O O. 59 I,SOO 2,730 2-72 _______ 72.44 4.770 ISO .0 14 .658 3,050 4,640 
3-60b ______ 60.35 4,000 125 .024 .663 5,200 7,840 4-48 __ ____ _ 48. ~O 3.1i3 100 . 021 .657 6, 50 10, 420 
3-39 _______ 2 .6 2.557 80 .014 . 661 11,600 17. 550 
4-29b ______ 29.01 1. 909 60 .01.5 . 6' 17,330 26,300 4- 19 _______ 1 .44 1. 276 40 .013 .65n (.) (' ) 

I Crookedness measured by placing thickness gages between the specimen and a 
plane surface on which it rested. 

24S-'1' Extruded H-Beam 

Slen- Measu red Actua l 1ax i- Column 
Specimen Length Weight der- crooked- average mum strength (in.) (lb.) n el'S ness area column 

ratio (in.) (~q . in.) load (lb .) (1b./sq . in.) 

Cross section B, specimens tested as columns with Oat ends 

5-90a ___ ___ 90.28 7.096 200 0.00 0.7 6 , 000 10, 180 6-68a ______ ij7.80 5.320 ISO .011 . 7 5 13, ~75 17,040 
7-56a ______ 56.60 4. 430 125 .008 .7 3 17,600 22,4 0 
8 !la ____ __ 45.25 3.550 100 . 006 . 785 22, 200 28,360 7-36 ____ ___ 36. 10 2. 20 0 .005 .7 1 24,500 31,370 7- 27. ______ 27.15 2.122 60 -._----- .782 2 ,930 37,000 

- I 1,.10 1. 422 40 -----.---- .78R ~3, 700 4') 0 
5-9_: :::::: ", 

8.97 .705 20 ---------- . 786 39,900 50,760 

Cross section B, specimens tested as colWllns with rou nd ends ' 

5-90b ______ 90. J5 7.053 200 0. 014 0.7 2 J,995 2, 550 6-GRb ______ 67. 1 5.310 150 .010 .783 5,3 10 4,480 7-56b ______ 56.60 4.429 125 . Oll .783 5,000 0,390 4-45b ______ 45.25 3.551 100 . 007 .7 5 8,000 10,190 

, Area computed from the weight 3nd length of the specimen and the nominal 
specific gravity of the m aterial. 

, Ball-bearing spherical beads used, specimen free to deflect in any direction and 
tw ist. 

, Strength greater than tbe capacity of the ball-bear ing spherical seats. 
o R oller-bearing heads used , specimen free to defl ect in only one direction. 
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z 
Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis Moment about axis Angle Velocities 

Force 
(parallel 

Designation Sym- to axis) Designation bol symbol 

LongitudinaL __ __ X X RoUing __ ___ 
LateraL ___ ______ Y Y Pitching ____ 
NormaL _________ Z Z yawing ___ _ 

Absolute coefficients of moment 
L M 

0 1= qbS Om=~cS 
(rolling) (pitching) 

Linear 
Sym- Positive Designa- Sym- (compo- Angular 

bol 

L 
M 
N 

direction tion bol nent along 
axis) 

Y----+Z Roll ___ __ 

'" 
u p 

Z----+X Pitch ___ _ 6 v q 
X----+Y yaw ____ _ if; w T 

Angle of set of control surface (relative to neutral 
position), 8. (Indicate surface by proper subscript.) 

4. PROPELLER SYMBOLS 

D, 
p, 
p/D, 
V', 
V., 

T, 

Q, 

Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 

Thrust, absolute coefficient OT= ~ n4 
pn 1F 

Torque, absolute coefficient CQ= ~ 70S 
pn 1F 

P, 

0., 

7], 

'Il, 

Power, absolute coefficient CP = ~Tl1i 
pn IF 

Speed-power coefficient = .v ~~: 
Efficiency 
Revolutions per second, r.p.s. 

Effective helix angle=tan-{2:n) 

5. NUMERICAL RELATIONS 

1 hp.=76.04 kg-m/s=550 ft-lb./sec. 
1 metric horsepower=1.0132 hp. 
1 m.p.h.=0.4470 m.p.s. 
1 m.p.s.=2.2369 m.p.h. 

1 lb. =0.4536 kg. 
1 kg=2.2046 lb. 
1 mi.=1,609.35 m=5,2S0 ft. 
1 m=3.2S0S ft. 




