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NATIONAL ADVI SORY CO M HTTEE ::TOR AERO"-AUTI CS 

TECHNICAL NOTE NO. 73~ 

EXPER I MENTAL STUDY OF TORSIONAL COLU MN FAILURE 

By Alfred S . Nil es 

SUMMARY 

Thirty-three 24ST aluminum-alloy 2 - by 2- by O.l O- i nch 
channels , with len~ths ran~ i n~ from 10 to 90 incnes were 
tested at Stanford University in compression to obtain an 
experimental verification of the theoretical formulas for 
torsional failure developed by Eu~cne E . Lundquist of the 
N . A . C . A. The observed critical loads and twist-axis loca
tions were sufficiently close to the va lues obtained from 
the formulas to establish the substantial val idity of the 
latter. The differences between observed and computed r e 
sults were small enou~h to be accounted for by small and 
mostly unavoidable differences between a ctual test condi
tions and those assumed in derivin~ the formulas. Some 
da ta were obt a ined from the shorter spe cimens re~ardin~ 
the ~rowth of the buckles that result ed in local bucklin?, 
failure. 

11 TRODUCTI O:~ 

Two desirable features for any structural membe r are 
that it should be eas il y co nne cted to other n embers and 
that all p ortions of its surface should be conveniently ac
cessible for inspection and the application of prote ctive 
coatin~s. Both obje ctives c an be much more easily attained 
by the use of open sections, such as cnannels, an~les, an d 
I-b eam s, than with closed sections, su c h as tubes and 
boxes. Unfortunately for the ensineer who wishes to use 
open sections, many of them when tested in compression, 
have shown a tendency to fail by twisting undor nuch lower 
loads than those indicated by the fo r mulas cove ring t he 
better understood types of column fa ilure. This re sult has 
produced a wel l - ~ roun ded prejudice a~ainst the use of open 
column sections, in ~eneral , since no one can predict rr ith 
confidence how they will act under load. The situation 
calls for an experimentally validated theory of torsional 
failure that would permit th e desi~ner to devise open sec
tions which would be be tter for h is pu r p oses than any 
closed ones, wheneve r that is poss ible . 
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Unt il quite recentl y little p ro ~ re ss had been made in 
deve loping the theory of torsional f a ilure. One of the 
best ea rly a ttempts was that of Leduc reported in refer en c e 
1 . This research was followed by the more important work 
of H . Wagne r and his associates (r efe r ences 2 and 3) who 
have developed methods of co mputing the critical laad wit h 
respect to torsional failure and have done so me exp eri
menta l work to validate their formulas. Th e Wagner fo r mu
la is ba se d on th e assumptio n that, in tor s ional failure, 
the c en t e r of rotation of each cro s s section will be at the 
shear c ente r of the section. Lundquist a nd Fligg (refer
ences 4 an d 5) p oint out that the axis of rotation will 
take such a locatio n as causes the critical load to be a 
minimum and that Wagn~rls equation for th e critical str e ss 
could be used in this more gene r a l case if c e rtain t e rms 
are redefined. Kappus (reference 6) h as a lso tackl e d the 
p roblem of torsional instability an d obtain e d the same r e 
sults as Lundquist and Fligg. Kappus, however, g ives a 
much more extended mathema tic a l treatmen t of the p roble m 
than gi ven in any other p ublic a tion. 

Up to t he p r esen t time, nearly all of the work done 
on the p robl em of torsional failure in th is country has 
bee n of a theoretical cha ract e r . Shortly after the publi 
cation of reference 1 , Mr . Ja mes G. Sutherland and Mr. 
Wa rren G. Clark tested as flat-end columns a few an~le an d 
II hat II sections that they believed would fail torsionally. 
The hat sections tested b y Clark s h owed little if any tend
en cy to fail in that manner. Th e ang l e secti ons t es t e d by 
Sutherland did fail torsionally and he obtaine d s om e in
te resting data showing th e c haracter o f t he deformat ion s 
of t he s pe ci me ns under lo a d. He was , however , unabl e to 
check Leduc ' s formulas or that of Pugsl e y in r eferenc e 7. 
The resul ts of th e wo r k of Sutherl an d an d Clark we r e em
bodied in theses submitted to St anfor d Unive rsity in pa r
t i a l fulfill ment of the require ments for the degree of 
Eng i nee r. Th ey have received no fur th e r publicati o n on 
a ccount of th e i nab ility of the autho rs to check existing 
theory an d defe cts i n their me thod s of test , which i n tro 
du ced some uncertainty re garding the p ro pe r int e r pr e tation 
of th e results. Some exper i mental work on torsio n a l fai l
ure has also been done a t the University of Michi g an by 
A. Zahors k i (refe r e nc e 8 ), wh o t este d semicircul a r columns 
wit h flat ends . 

In the summ er o f 1937, t ~e N.A. C.A. asked the writer 
t o u nde rt ake an expe ri me ntal check of the Wa gner equat ion 
for to rsiona l in s t ability a s generali z ed by Lundquist and 
his ass oci a t e s . The p re se nt re p ort cove rs t h i s . expe ri men 
tal work . 

I ,. 
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The writer wishes to acknowledge assistance which he 
has received from others and which has contributed materi
ally to the successful outcome of the tests . Special men 
tion is due to Mr. E. E. Lundquist for su~gestions regard
ing the design of the end fittings, theoretical data re
garding the action of the specimens, and various sugges
tions pertaining to the best manrier of obtaining the de 
sired results. Thanks are also given to Professor H . A . 
Williams of Stanford University for assistance in devising 
and constructing special test jigs and in preparing the 
report ; to the Larsson Machine Tool Co . of Berkeley, Calif ., 
for suggestions regarding the detailed design of the end 
fittings and the careful and accurate construction of those 
fittings; to Professor M. S. Hugo o~ Stanford University 
for help in the detailed design of the end fittings and 
checking the accuracy of their construction; to Professor 
A. B . Domonoske for he lp in the detailed design or the en d 
fittings; to Dr. L . B. Tucke rman of the National Bureau of 
Standards for advice regarding the design of t he knife 
eQges; to Mr. R. L. Templ in of the Aluminum Com~any or 
Am e rica for suggestions regarding the pre~arati on of the 
test sp e ci mens ; to Mr . O. G. Warm for design and construc
tion of various ~arts of the testing and measuri ng a~pa
r atus ; and to Messrs. R. O. Brittan, J . S. Dunning, M. 
Miner , W. G. Vincenti , and R . J . Wellman for intelligent 
and conscientious labor in helping to car ry out the tests 
and in working up the test data. 

APPARATUS AND TEST PROCEDURE 

Specimens 

Since the major objective of the investigation was 
to check theoretical formulas for critical load and lo
cation of axis o£ twist for centrally loaded columns, the 
primary tests were directed toward the determination of 
those q.uantities . Secondary tests were carried out to 
check the quality of the material and to determine the 
torsion constant of the section used . 

Thirty-three column tests were made on 11 different 
lengths of 24ST aluminum-alloy extruded channels, three 
specimens baing t e sted in each length . Each specimen was 
identified by a number con s isting of its length in inches 
followed by a hyphen and the numeral 1, 2, or 3. All 33 
~pecimens . were cut from six 20-foot channels, their lengths 
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varying from 1 0 to gO inches. Th e n omina l " mid-line" di
mens ions of the cro ss section used were : width of back and 
width of f l a n g e , 2 . 00 inches each; thickne ss of back and 
flanges , 0 . 1 00 ~nch. The check of the cro ss - sectional d i 
men sions descr ib e d i n the annendi x showed that, although 
the section wa~ n ot absolut~iy u n i f or m, the variati~n was 
small and the nominal dimensions f o rm e d the mos t satisfac 
t ory bas is fo r computations of ~eo met rica l section prop
e rti e s . 

The quality o f ma t er ial was determi ned f rom test cou
p ons cut f ro m' a pparently uninjured p or t ions of the c ~lumn 
tes t spec i mens . Thr ee o f these coup ons were obtaine d f rom 
ea ch of the six ori g i na l l eng th s of mater ial fo r use in 
tensi o n tests . An addit io na l coupon was used to dete r mi ne 
the s hea ring modulus by a t orsi o n test . 

Co l umn - Tes t Apparatus 

The column t es ts were carr i ed out in the 200 , 000- p ound 
Riehl e testing machin e at St anf or d Univ e rsity . The gene r
a l a rrangement of the apparatus used is shown in f i ~ure 1, 
wh ich is a p hoto grap h of a gO - inch specimen under load . 
Load was a ppli ed to the specimen A f rom the mo ving head 
of the testing ma chin e through the uppe r end f itting B . 
F rom t he s pe ci men , the load passed t h ro ugh the low e r end 
f itting C t o the 20 , 000- pound capac ity hydraulic capsule 
D , and it s magn i tude was indicat ed by the Bourdon t ube 
gage E . The hydrauli c capsule and the Bourdo n ~age were 
moun t e d on a pair of 8 -i nch stee l channels clampe d to the 
we i ~hing table of the testin g machine. The hydraulic cap
sul e and Bourdon tube ~age a r e sta nda rd articles suppl i e d 
by the A. H . Em e r y Co . They were used in s t ea d of t h e l e v er 
system of the testing machine for measuri ng load because of 
thei r greate r pre cisio n . Rotation and translati onal move 
me nt of se l e ct e d cross se ctions of the spe ci me n we r e d e t e r 
min ed f ro m measu r emen ts of th e dis tan c es from po i nts on 
the an tenna s F a tt a ched t o t he spe ci men, to reference 
po ints o n th e wood scaffoldi ng G,G, clamp ed to the stan d
a rds of the test i ng ma chin e . 

~QQ_fiiii~g~ .- The end f i tt i ngs used to obtain the d e 
s ir e d b ounda r y conditions were s pe cially d es i gned and con
s truc te d for the tests acco r din g to sugge stions of Mr . E . 
E . Lun d quist of t he N . A . C. A . Th e main r equirements we re 
that the resultant load should be appl ied t hr ough the c e n 
t roids of t he en d cross se cti ons , and that t he end cross .. 
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sections should be free to warp, only the midpoints of 
each of the three main elements being constrained to re 
main i n a p l ane . 

5 

Fi~ure 2 shows the two end fitting assemblies, with 
the exception of the bearing blocks that were in direct 
contact with the ends of the s pe cimen. The action of the 
fitting can be visualized best from the left-han d assem
bly from which the locking plates have been removed. The 
three main sUbassemblies are the ~a se A, the gimbal ring 
B , and th e saddle C. The lower base r es ts directly on 
th e top of the capsule nnd is held in position by two small 
bolts . The upper base hangs from the movable head, being 
held in p lace by a 5/ 8 - inch bolt through a hole in its c en 
ter . Fro m the base A , the load i s transferred through 
knife e dges into the gimbal ring B. Entering th e g imbal 
ring at its side·s, it passes out through its en ds a nd 'into 
the saddle C through kn ife edges. The knife edges of 
both the base and the gimbal-ring assemblies are rectangu
lar section bars of Bethlehem t o o l - steel of Rockwell hard
ness C- 61, 0 . 265 inch on a side and 2 inches long. The 
corresponding seats are cylindrical gro oves g round in rec 
tangular plates of the same mate ri a l. The thickness of 
these plates at the base of the grooves i s app roximately 
three - sixteenth inch. The p ositio n s of kn ife edges and 
seats are so located that all knife edges are within 0 . 0 0 05 
inch of the plane of the end of the specimen, and the in
tersection of the knife-edge lines forms a right angle 
with its apex at the centroidal axis of the specimen . 

In orde r to faci litat e han dling the end fittings and 
setting up the s p ecimens for test , two locking plates D , 
are attached to the g i mbal ri ng by s~rews and washers , the 
washers being used to p rovide cl earance betw ee n the plates 
and the upright standards of the base and thus avoid fric 
tion that would p revent unrestrained rotation about the 
knife edges when the lock ing screws had been removed. The 
lockin screws pass through these plates to holes in the 
vertical standards of the base, thus p roviding a p ositive 
meth od of connecting the gimbal ring to the base. Similar 
but smaller plates E are used to co nn ect the saddle to 
the g imbal ring . These p l ates and lock ing screws a re shown 
in p osition on the right - hand fitt ing of figure 2. The 
locking plates and screws did not p revent all p l ay between 
the members but were fully effe ctive in preventing the up 
per fitting from fa lling apart when no specimen was in the 
testing ma chine and grea tly facilitat·ed placing a specimen 
·in the p rop e r p osition . Du ring a test when the locking 



,y 

6 N.A.C.A. Technic a l Note No. 733 

screws we r e removed, the ~a rts could iotatefree ly about 
the kn i fe ed~es . 

It be i ng feared that a specimen might collapse when 
the lo c k ing screws were n ot in place. or through some other 
accident the upper fitt ing might fall apart and be dama~ed . 

screws F and ' G were ins erte d through the large holes in 
the locking plates D an d E of that fitting and into 
threade d holes tapped into the base and t he gimbal ring . 
A clearan c e of about three - sixteenth inch prevented these 
screws f r om carrying any load unless there was failure of 
some pa rt of the f itting . Fortunately, they were ne v er 
called into play i n this manne r . 

F i ~ure 3 sho~s a saddle re moved from the g imbal ring . 
The load passes fr o m the knife - edgo seats at the ends to 
the 1Iinner kn i fe - edge assembly " at the center. This assem
b ly carries t wo kn ife edges . The l onger on e pa~BeB unde r 
tho midp oints of the flanges of the spe ci men and the sho rt 
e r one under the midpo int of the ba c k . The phot ograph a lso 
shows the inner kn ife- e dge assembly f ro m the ot her en d fit
ting by it se l f . The inne r kn i fe edges are s i mi l ar to the 
ones suppo rt e d by tbe base and th e g {mbal ring except that 
they are shorter an d the cro ss section is only 0 .1 77 inch 
instead of 0 . 265 inch on a side . The lengths of these 
knif e edge s were such a s to p rovi de a working length of 
ab out I i n c h for each of the th r ee elements of th e cross 
se c t ion 0 f the s p e c i m e.n . L ike the 0 the r k n i fee dg e s, the i r 
~ orking edges a r e withi~ 0 . 0005 inch of the plane of the 
end of the specimen . The end fIttings were carefully con
st ruct e d so t hat the inne r kn if e edge in the plane of sym
met r y of the spe ci me n was i n lin e with the knife edges 
supp o rt i ng the saddle . The ent i re i nner knife-edge assem
bly , howev'e r, could be moved th r ough a range of about one 
e ighth inch by loo sening one s c~ ew and tightening an ot he r. 
This movement, which was pa ralle l to the plane of symmetry , 
was pr6vided o n account of unce r tainty regardin~ the exa ct 
locat ion of the c ent roid "of t he apecimen and the consequent 
des irability of being able to adjust th~ position of . the 
resultant lo ad with r espe ct to 't he speci,men . 

Fro m the i nner knife edges , the load was transmitted 
t o the s pe ci men through .th r ee of the bearing blocks shown 
in figu r e 4 . The upper g ro up of blo cks in the photograph 
sho w h ow they nes t e d t oge ther when placed on the i nner 
knife edge s. The three other blocks show the shape of 
t h ese units, which we r e interchang eable . Ea ch block has a 
deep g roo ve with sloping sides and flat bottom in the u ppe r 

" 
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po r t io n to recei v e the end of the back or one f l an~e of a 
spec i men . In the lower po rt i o n is a shallower g r oove wi th 
paral l e l sides and rounde d top at ri g ht angles to the first . 
The f l at bottom of the uppe r ~ro o ve is jus t wi de enou~h to 
permit bear i n~ of the end of the specimen . I n fact , it 
was ' necessary to break the edges of the specimen with a 
file to ~e t good bear i ng . The rounded top of the lo~er 
g ro o v e served as a seat fo r one of the i nne r ~nife edges . 
The top of th o lower and the bottom of the upper g roove 
were i n practi cally the same ~lane , thou~h smal l hole~ at 
the i n t ersections i nd i cate sl i ght differences i n t he ir el 
e vat ions . The sides of these blocks were beveled to pe r 
mi t at least ±5° of ro t a t ion about the suppo rt ing kn i fe 
edges wit h out mutual int Arf e r en c e , thus permit ting the de 
s i red free warping of t he end cross sections . The blo c k s 
were made of ~ itral loy G with a scleroscope har dne ss of 92 . 

Q!h£I_~Q1~~~=!~Ei_~Br.~I~!~E ' - The antennas used for 
measur i n~ the rotation of the specimen under load wer& 
constructed from r ound steel rods. Fi~ure 5 shows one an 
tenna assembled o n a ~hort sectio n of channel and another 
d i s assembl e d . I n ord e r to attach an ante n n a , i t wan nec 
essary to drill a 3/16-inch ho le in the c en t e r of t he back 
of the specimen, and th i s hole may have ha d a slight ef 
fe c t o n the test r e sults . The area affect ed is so small 
that any such effec t is believed to be neg li g ible . 

The movements of the antennas were d e te r mined by meas 
u r ing the distances from refer en ce points about on e - ha l f 
i nch f r om the end of each arm to fixed r e ferenc e po i nts on 
the wooden scaffolding . The referen ce po ints on th e an 
tennas were marked by scratches on the rods , those on the 
scaff ol d i ng, by ordinary carpet tacks with shallow drilled 
holes in their heads . Th e distances be tw ee n the t\ 0 were 
measured by ordi nary vernier cali pe rs with special lozenge 
shaped attachments on their j aws . One of these calip e rs 
i s sho wn asse mbled and the other disassembled in figure 6 . 

The ove r-all distance across the free edges of the 
flanges was mea sured by the special calipe r s shown in f ig 
ure 6 , built up around a O. OO I -i nch Ames di a l . Th i s in 
st r ument was called the "M gage" and i n t:'1 is report the 
read i ngs taken with it are termed, for brevity , the "M 
readings . " 

The change i n lengt h of the s p e c imen unde r l oad was 
measu r ed by Ames dia l s at t ached to the end fitt i ngs a n d 
reg i ste ri ng the movemen t of those u arts wi th res p ect to the 

-~----- .. - --
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s caff olding . (These dials are l ater shown in place in fig
u res 1 7 an d 1 8 .) 

Longitudinal strains we re measure d near the center of 
mo st of the spe cimens by Hu~genberger tensiometers. 

Column -Te st Pro cedure 

Aft e r the i naividual spec i mens had been cut f ro m the 
six original channe ls , t he en d s were squared on a mill i ng 
ma c h in e and the edges of th e end cross sections broken with 
a file s o they would fit in the srooves of the bearing 
blo c ks . Equall y space d h ol es for the antennas were then 
d rilled through t he cent er line of the back . For speci 
mens 3 0 inches or more i n l en~ th, five antennas were used ; 
f or lengths from 1 6 to 24 inches, three antennas we re used; 
a nd for t he 1 0-inch specimens, a s ingle antenna was p ro
vided . The redu c t ion i n number of antennas fo r the short
e r lengths was due to the c rowd i ng that would have resulted 
ha d f ive antennas been i nst~lled. 

The remaining step s in the preparation of a sp~cimen 
f or test included marking pos i t io ns for the tensiometers 
and M readings and taking and recording a set of M readings 
unde r zero load . I n ~ene ral, the M readings were taken 
near the cente r s of t he segments delimited by the .<l.ntennas. 
The tensiometers we re located near the mi ddl e atitenna . 

After the spe ci men had b ee n placed in the testing ma
ch i ne and suff ici ent load had been applied to take up all 
p lay, the locking sc r ews we r e remo ved from the end fittings 
a nd th e end fittings were c he cked to make sure that the 
pa rts we re in the ir p ro pe r relative p ositions. Usually some 
adjustment o f the end f it ti ngs was found necessary, but this 
adjustmen t c ould be easi l y made as long as the axial lo ad 
d id n ot exceed 300 or 400 pounds . These adjustments were 
ma de by eye, be c ause it was foun d that, if t he load were 
too we ll centered , th e rotations would be so small that the 
p recision in l ocati ng the cen t e r of rotat ion would be un
de sirably poo r. 

Once the spec i men was p ro pe rly located in the testing 
ma chine, the ante n nas and t he tensiometers were at tached 
and , if necessa r y, p ins we r e insert ed between the Ames dials 
fo r measuri ng change in specimen length and their reference 
po i nts on the scaff olding . The load was then increased , 
usuall y by runn i ng the mo ving head of the test ing mach in e 

, 
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a t th e rate o f 0 . 1 i n ch pe r mi nute , unt il s o mewha t mor e 
than half of th e expe ct ed critical lo ad had been re ache d . 
The ~ i mbal ri ngs and t he saddles o f t he end f it t i ngs were 
t apped sha rply at this po int to help ge t the spe ci me n fu lly 
sea ted i n the e nd fitt i ngs . The loa d was then r e duced to 
a convenient Ifbas ic l oad lf f or s tarting th e tests . At the 
same ti me , the end fittings were r e c he ck e d to make su r e 
t ha t the various pa rts were in th e p ro pe r r e lative pos i
tions . 

With the specimen subj ected t o the ba s ic lo a d , the 
first st ep was to s et t o zero th e d i a ls for measuring c hange 
i n l eng th. The upper of th ese d i a l s was c a ll ed the J an d 
the lo we r, the K d i al ; t heir readings were c a ll e d th e J 
and K r eadi ng s . At the s ame t i me , the t ens i omete rs we r e 
set a t 1 . 50 , the h i ghes t co n v en i ent po int on t he scale . 
The stage was thus set f or tak ing the readings wi th the 
v e rni e r cal ipers . Fou r readings , d i stingui she d by t he l e t
t e r s A, B , C, and D, we r e taken fo r each antenna . Th e p o
s ition o f t he cali pe r fo r each of t hese readings i s shown 
d i ag rammatically i n f i gu r e 7 . 

In taking the v e r n ier readi n~s, the o bser v e r p l a ced 
one end of a lozenge-shaped atta c hment in the h ol e drilled 
i n t h e r eference ta ck and held it there f irmly wh i le set 
ting the movabl e jaw 0: the caliper for the reading . T o 
make this setting , he swung the caliper i n a small a rc 
while moving the j aw wi th the slow motio~ screw unt il the 
p oint of the ot he r lozeng e - shaped atta ch men t barely 
scr a tched against the antenna arm at the p ro pe r reference 
ma r k . Difficulty i n o btai n ing accu r ate reading s by this 
meth od was ant ici pa t e d and a small i ndicator was at t a c hed 
to one cali pe r jaw i n p l ace of the loz enge - shaped attach
men t. This meth od p roved unsat i sfa ctory , however , as the 
sp ri ng of the indicato r, t hou~h appa r ent ly v ery flex ibl e , 
was too sti ff ; and the obs e rv e r would hea r or f ee l th e con
tact of th e calipe r with the antenna several thousandths 
of an i n c h bofo re the indicato r would regist e r cont a ct . 
At f ir st , the observe r s found it dif f icult to check thei r 
v e rni e r measurements and so me ti me was devoted to p r ac tice 
befo r e the r euo r ted tests were co mme nc ed . S i nce the reli
abili ty of th~ vern i e r r eadings continued to incr ease with 
practic e , the qual it y of the da t a obt a in ed i mp r o v e d as the 
test p ro g r am was carried out . Even i n the ea rli es t t est s , 
h o\ e v e r, c he cks were app li ed to the readings as they we re 
bein~ taken and doubtful r ead i ngs were repeated until those 
chec kR were sat isfi e d . 

~-- ---
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The first of the se ch e cks co ns ist ed in taking all 
v e rnie r readings unde r the basi c load tw ice, repea ting 
readings a t any p oi n t whe re the two values d i ffere d by 
mor e than 0 . 002 inch . I n l ate r tests on th e short e r mem
be rs , the basic readin~s were often r epea ted when the first 
two values differed by only O. COI or 0 . 002 inch. This pre 
caut ion was not a v e ry time-consuming p rocess because, in 
the lat er tests, th e two readings at more than half the 
reading stations were i den tic a l . The se cond check, wh~ch 
was applied at loads oth e r than tho basic, was an a pp lica 
tion of the f act that by taking four readings on each an 
tenna , two independent measu r es o f it s rotation were ob
tain e d . I f . whe n the ang l e of r otation. was small, t hese 
d i ffe r e d by more than about 0 . 00 7 radian- ( ab out 2 . 5 / of 
a rc) the rea d i n!;.£ ,ve r e repeated . When the ro tati on was 
large , the pe rmi ss ible error was incr ease d . 

In the f i r st few tests the p ractice was to take a s et 
of rea dings for leve l I (i . e ., th e readings for th e top 
antenna ) , following with those for levels II, III, IV, and 
V in succession , and then t ake t ~e check readings in the 
same orde r . Wh en this ~ r o c edure was followed, the checks 
be t ween the fi rst and the secon d readings were oft e n not 
so g ood a s was d es ir e d, and it was n o ted that usually the 
load indicated by the gag e had changed from 1 0 to 50 
pounds during t he p eriod b etw ee n t he two sets of readings . 
Althoug h part of t he er rors may have been due to the in
exper i en ce of the observers , most of i t was considered to 
be due to an a ctua l change of load and a corr esponding a c
tua l chang e in t~e defor mation of the spec i men . 

Va r i ous phenomena indicated that this c hange in load 
was due to t empe r ature change s and a r e sulting unequal 
the r ma l expansion of the stee l screws of the testing ma 
chine an d t h e aluminum-allay s pe ci men . For example , when 
the temp e r a ture d ro pped , as when the spe ci men had to be 
l ef t i n the t e st i ng machine ove r hi ght, the l oad would 
d rop ; out , in the mornings o r through the lunch pe riod 
whil e the temp e r ature was rising, the loa d wou ld increase . 
The only difficulty with t~is theory is that it woul d in
dica te that the resulting c hanges in load would be as 
g reat for th e short e r as for t he longe r specimens , but 
thi s result was no t the case . This diff iculty may we ll 
h a v e been due to the test ing of th e s h orter specime ns in 
more equable weathe r when there was less c hange in tempe r
ature and to the fa ct that the tests were made i n mu ch 
short e r periods of time because the crew b e came more ex 
pe ri en c e d in the work a nd th~ nu mber of v e rni e r r eadings 
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was decreased with the reduction in the number of antennas 
used . The difficulty was surmounted by taking both the 
origina l and the c he ck readings at level I before taking 
any readings at level II and so on until all the readings 
for the basic load had b ee n taken . This method gave less 
time for temperature effects to develop and consequently 
the number of additional readings required was much re 
d_uced . 

The vernier readi ngs were followed by a group of M 
readings made with the special calipers designed for the 
purpose and check readings of the tensiometers and the J 
and the K dials. 

After the basic readings were completed, the load was 
increased by lowering the moving head of the testing ma
chine at the rate of 0 . 05 inch per minute . At convenient 
intervals, the moving head would be stopped and a set of 
readings taken . At each stop, the normal procedure was to 
t a p the gimbal rings and saddles with a wooden mallet, read 
the J and K dials and tensiometers, take the v e rnier read
ings, take the M readings, and then ch e ck the J and the K 
dials and the tensiometers . At fi rst, this procedure took 
nearly half an hour but, by the time the last specimens 
with five antennas were tested, it took only about 10 or 
12 minutes. 

As the vernier readings at a g iven level were being 
taken , the observer tapped the indicating needle of the 
load gage with the maximum reading needle and read the 
load, which was recorded with the vernier readings . Some 
times there was an appreciable c hange in load while a com
plete set of readings for the five levels was being taken, 
but there would be little change in anyone level . In the 
earlier tests, when the change i n load amounted to more 
than 20 or 30 pounds , it was attempted to restore the orig
inal load by raising or lowering the moving head . On ac 
count of the difficulty of restoring the original load ac 
curately, readings for the different levels were obtained 
for s o mewhat different though not g reatly diverg en t loads 
without changing the position of the movi ng head . 

In the earlier stage s of a tes t, when the rotations 
were not apparent to the eye , the moving head would be 
stopped near predetermined values of load, th e incre ments 
dependi ng on the length of specimen . As the load and the 
rotation increased , t he increment s were determined by hold
ing a foot 1'111e so that it would be touched by the B arm 

<..--~--- --
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of one of the ante nnas after t he rotation had increase d a 
p redet e rmined amoun t . The amount of rotation allowed be 
tween readi ngs varied, bein€ small at fi rst and increasing 
a s the l oad and the rotation increased. Th e object was to 
locate the po ints on t he experimental cu rves so as to se t 
the proper shapes o f t h ose c u rves a s well as p o ss ibl e . 

With the longer spe ci mens , a t i me c ame when a l a r ge 
increase o f rotation would be p roduced, it h v e ry littl e i n 
crease in load and often wit h an accompanying decrease . 
This s ituati on was accepted as r ep resenting fa ilure an d 
the movement of the testing ma chin e would b e reve r se d until 
the column had b ee n relieved of most of its load . At l east 
one se t of readings wo u ld th e n b e taken at a lo ad clo se to 
the bas ic load to det e r min e roug hly t he amount of pe rman en t 
se t . In some tests , two such sets of readings were taken, 
one unde r a load a li tt l e greate r an d the othe r unde r a 
load a li tt le l es s tha n th e bas ic load. Th e load was then 
ent ir e ly r em oved , the spe ci men t aken out of the te s ting 
ma ch ine , and a final set of M re adi ngs 'taken. 

In th e f irst t e st, t he tensiometers were shaken off 
the spe cimen when it fail ed a nd, in the following t ests , 
they we r e re moved bef ore their readings indicated the li ke 
lihood of fa ilu re . Wit h a few of the long e r opecimens, 
the tensi o meters were l e ft on u ntil afte r th e maximum load 
had b een d e t e rmin ed and the f inal readings at a lo ad clo se 
t o th e bas ic load had been taken. 

With the col umns of 24-inch an d short er lengt hs , there 
was r elat ive l y little rotation and t he proc edure was var 
i e d as follows: Eas ic-load readings were taken at abou t 
1 , 000 poun ds . At about 2 , ~00 pounds , the moving hcad was 
st opped and only d i a ls J an d K and the tensiometer~ were 
read . At about 3 , 000 p ounds a c ompl ete set of readings was 
taken. The lo ad was then incr eased to about 8 , 000 or 
10 , 000 pounds , stopp i ng so met i mes to take on ly the J and K 
and tens io me t e r re a dings and so met i mes t~ take a co mp l ete 
se t . In the neighborhood of 8 , 000 or 1 0 , 000 pounds , th e 
tensiomete r s ~ould be r emo v ed , be cause t hey would have 
se rve d thei r pur pose of showing that there was no excess ive 
ec c ent ricity of lo ading and th e r e was dang e r of their being 
injur e d if th e spec i me n buckled . Also, by this time local 
buck l es of the f r ee edge s of th e flanges would begin to be 
vis i ble and it as conside red more i mp ortant to have a more 
complete se t of M readings than to get mo rc data from t~ e 

tensiometers . From this po int o n the buckles vould 00 
closely va tche d as the moving head was lowered, and some -
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times it would be stop~ed to take only the J, K, a n d M read
in~s and sometimes to take the vernier r eadings also. Co m
plete vernier readin~s were o mitt ed under the lower loads 
because the rotations were so small that the r ea dings would 
be of li ttle help in determining the axis of rotation and 
also be of little value for co mnuting the critical load by 
the Lundquist extension of Sout hwell 1s method (reference 9) . 
The complete readings under about 3 , 000 p ounds were to p ro
vide a k i nd of secondary set of basic readings . 

At some l oad, o ne o f the buc k l es in the free edges of 
a flan~e would suddenly increa s e and the specimen ~ould 
start to co llapse . A complete set of readings would be 
taken at this p oint, including an M reading at th e wides t 
part of the buckle taken with an ordinary steel scale . The 
movin~ head would t h en be raised to reduce the load on the 
spec im en . I n some tests, a set of readings was tak en when 
the resistance had b e en r e duced to appro ximate ly the bas ic 
load but , in th e later tests , these were omitted as be i ng 
o f no special value . Th e specime n was th en taken out of 
th e ma chine a n d a final set of M r Ga din ~ s was taken and re
corded. 

The proc e dure just des cri bed was n or mal l y followed i n 
t l'le tests . Va rious deviatio n s fro m this procedure were 
mad e i n specific tests , usually to obtain some special in
formation . Th e se deviations will be descr i bed i n co nne c
tion with th e discu s sions of the s p ecial data obtained 
from such tests . 

The first s p ecinen tested was 22 - 2 , and the data from 
thi s test are the least reliabl e o f all . Th e mo vi ng head 
was then raised and the s~affolding modif i ed to take the 
gO-inch speci mens . After the g O-i nch group , the other 
g ro ups were tested in order of decreasing length unti l the 
t h r ee 1 0 -i nch speci mens had b e en tested . I n oach g roup, 
normal prac tice was to test the three spec i mens in nume ri
cal order . After test 24 -1 wa s completed, the saddles we re 
r emoved from the test i n~ machine to permit an adjustmen t 
to be made i n the pos ition of the inner kn if e edges . I n 
practically all tests ma de up to that time, what bending 
in the p l ane of symmetry had been noted was in nearly ev
ery case away from the axis of twist . The saddles we r e re 
p l aced nfter movin~ the inner knife edges a small amoun t 
in the direction needed to reduce the eccent r icit y of load
ing . The tensiometer and the deflection readings in t he 
following tests indicated that the desired r esul t had been 
accomplished. 
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Torsion Tests 

The method of nak i n~ the tnrsion tests is shown in 
fi~ure 8 . A stee l bar A was screwed to th e outer sur 
face o f the back at each end of the specimen . Near the 
outer end of one of these bars, 1 0 inches fro~ the plane 
of symne try of the c hanne l, a load was transmitted to the 
bar th r ough a kn i fe ' edge fron the hanger B. Vertical re 
a ctions were applied at the lower ends of the screws C , 
which passed th r ough the stee l bars in the p lane of symme 
t r y of the spe ci men . The necessary downwa r d force required 
for equilibri um was suppli ed by a cord f r om th e outer end 
of the othe r ba r A tied to a wei~ht r e stin~ on the floor. 
In order to n i n i mi z e fri cti on the support i ng screws C 
rested on steel blo c ks . The am ount of tw i st was measu red 
over a 1 5 -i nch len~th i n the middle of the spec i men by the 
move men t o f the poin ter D alon~ the scale E . This 
s cale was gradua t ed i n r ad i ans and was p laced so that its 
center would be coll in ea r wit h th e ends of the sup p orting 
s crews C. The small sp irit level F was attached to the 
l oa ding arm so t hat th e arm could be brought to a hor i zon 
tal p osition bef ore taking ea c h reading . 

As the load i ng a r ms A overhung the ends of the spec
imen, it was p o ss i ble to reverse the p ositions of the sup
p orting screws C and make tests with the c en ter of rota 
t io n at the c entro i da l axis of the spe ci~en . 

The tor si o n test of a flat specimen was made with the 
same apparatus, but in that case the load hanger B, was 
mo v ed to a poin t 2 . 00 inches from the c ente r line of the 
spe ci men . 

TEST RESULTS 

The main obj e ctives of the column tests we r e to deter 
mi ne the critical l oads and the posit ions of the axes of 
tw i st . The critica l loads were read direct l y from the dial 
of the hyd r aul ic weighing system . They a r e listed in table 
I and shown g r aphica ll y in f i g ure 9 . The locations of the 
axe s of tw i st we r e deter min ed from the ve r nier readings by 
the metho d outlined l ate r; they are also li ste d in table I 
and are plotted in f i gu r e 10 . 
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Meth od of Dete~mining Loca t ion of Twist Axis 

Differ en ces betwe en succ ess ive v e rni e r reading s wer e 
actually measures of the changes in distance from the ref 
er onc e po ints on the scaf foldi n g to the correspon ding ref
erence po ints on t~ e antennas . T~ey were also assumed to 
be measures of the mo v ements of t he r eference p oints on 
the antennas pe rpendicul ~ r to the p o sitions a ssumed by the 
ante nnas ' arms when the specimen was un der t ~ e basic load . 
As long as the translational movem e nts were small compared 
with the actual ~erni er readings, an d the rotations of the 
antennas were a lso small , th e e rror resulti n g from this 
a ssumption was ne~ligible . Throu~ hout most of the tests, 
both of these conditions exis te d. Th e only times when the 
assumption introdu ced appreciab l e e rror was when, u nd e r 
the cri t ical load, the l ong e r specimens rotated t hr ough 
relative ly large angles with pract ical ly n o change in ax
i ~l load . ~ o corr e ction was ma de in such c ases because 
consi de r a bl e extra computation would have b een necessary, 
and it was sufficient to kn ow that the ro ta tion was l ar~e 
and changing rapi dly with load without .aving p rec i se quan 
titative information on the po int. 

Figure 11 sho\'l s the "trun k" of an antenna in its posi 
tions under tw o s uc c ess ive loads . Th e distances A and 13 
represent the change s in v e r n i er readings which measured 
th e movements of the antenna refe r en ce po i n ts a an d b . 
Point 0 i s a point midway between a and b, and e is 
the p ositio n of the cen t roid of t he c r o s s s e ction of th e 
specimen , 0.76 inch f rom O. For conven i en ce, the distan ces 
A and 13 a re shown great l y e xag gerate d in co mparison with 
the distance between refer en ce poin ts a and b . Also bo th 
A and 13 are shown as p ositive, i .e., implying that Doth 
antenna readi ng s increased, a lthoug h i n the tests whenever 
one of thes e readings increase d the oth e r u sually decreased . 
The angle o f rotation, 8 is evidently equal to 0 . 0 5 (A -B). 
The distanc e y+, t he mov ement of a po int d on th e an 
tenna trunk at a distance T from 0 , i s found by simp le 
g 0 0 met ry to be 

y+ = 0 . 50 ( A + B) + 0 . 05 T (A - B) 

The mov emen t of a p oint d nea r the specimen is neede d to 
locate th e axis of twist conveni en tly . For the ea rli e r 
t os ts, T wa s comput ed so that d was on the th e ore t ical 
axis of twist. It was soon decided i however, that nothin~ 
was to be gained by tuis pro c edure and, for the later tests , 
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the computation was made for the point for which T equaled 
4 . 00 inche s. The movement of this p oint is then g iven by 
the r e la ti on 

y+ = 0 . 50 (A + E) + 0 . 20 (A - E) 

Similarly , the mov ement of e 
cro s s section where T = 0 .76 inch 

at the c ent roid of the 
is g iven by 

Yc = 0 . 50 (A + E) + 0 . 038 (A - E) 

The verni e r r e adings to the C and D ref e r e nce 
p oints on the "cro ss arms" of th e antennas we re used t o 
check th e rotation 8 and to determine the t r anslat iona l 
mov emen t x of th e cros s section uaralle l to the axis of 
symmet r y . Th e C readings were t ~ken from p oints 7 - 3 / 8 
inch e s, and the D readings fro m poin t s 7-1/8 inches from 
the p lan e of symmetry . The ~ esult ing formulas we r o th e re
fore 

8 = (D - C)/14.5 

and 

x = 0 . 50 (C + D) + ( D - C) /116 

For the two measures of rotation to a g r e e it is n e c
e ssary that D - C = 0 . 725 (A - E), and this r e lationsh ip 
was used to c he ck the accuracy of the verni e r readings dur
ing the course of the t e sts . The amount by wh ich this 
check waS not sa tisfied was term ed ~ and WaS a ro ugh 
measure of the reliability of the g roup o f readings f rom 
which it was computed . 

The p ositions of the . t wist axes we re determin e d graph
ically from th e comput ed va lue s of y+ an d Yc' A base 
line was first l a i d off to re p r esent th e distanc e betw e en 
t he p oints for which these ' v a lues we r e de t e r mi ned . Th e 
d i s tances y+ we r e l aid o f f on a perpen dicul a r a t on e end 
of this base line and the d istances Yc we re laid o f f on 
a pe r p e ndicular a t the other end. b oth to a convenien t s c a le 
that exag gerated the rotatio n of the antenna. The l in es 
connecting th e corresp onding plot ted v a l ues of y+ a n d Yc 
constituted a sheaf of vectors r ep re senting the p o s itions 
of th e an tenna trunk under th e va rious loads. For t~e 
longer s'pe ci me ns, mos t of these li nes pas sed throug h or 
ve ry close to a p oint tha t could be a ccepted as r ep res en t
ing t he p osition of th e twist ax i s . A r ep resent a tive ve c-
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tor sheaf is illustrated oy figure 12. For the shorter 
specimens, th e results were not so reliable, owing to the 
small amount of rotation and the resulting ~reater influ
ence of small errors in naking the verni er readings. Con
sequently, it was gene rally more difficult and sometimes 
i mposs ible to select a satisfactory po int as the ob served 
locat ion of the axis of twist. The twist axis locations 
listed in table I a r e th e distances in inches from the 
centroid as determined by applying this me thod to the ~id
dIe antenna v e rnier readings . For each specimen, a column 
indicates qual itatively the precisi on of the tabulated 
val ue . 

The twist-axis l ocations indicated oy the vector 
sheaves for the ot her ante nnas differed little f rom the 
tabulated values. The existing differences tended to show 
that, as th e ends of the specim e n were approached , the dis 
tance to the twist axis was ~ li ght ly reduced . For the most 
p a rt, the di ffe r e nces were lo s s than the probable e rrors ' in 
determining the distance in question , and no quan ti t ative 
conclu s ions can be de v e lo ped from them . 

Action of Spe cimens Under Axial Load 

1X~~B_Qf_f§il~~~ .- Two d istinct type s of failure 17ere 
encountered in the co mpre ssion tests . The longer columns 
fail ed torsionally an d the shorter on es by local buckling 
of one f lange . With the longe r s pe ci mens, under low lo ad s 
the rotatio ns co uld be de tect ed only from the chan~es in 
the vern i e r readings and the shorten i ng of t he specimen 
was almost directly p ro po rtional to th e load applied . As 
the critical load was app ro a ch e d, i t became p o ss ible to 
see the antennas rotate as the mo ving head of the testing 
ma chin o was l o we r ed . At t he same time, the increment o f 
load r e sistance de vel ope d by a ~ iv en incr emen t of shorten 
i ng conti nuou sl y decreased until it was possible to obtain 
a l a r ge incr ea s e i n Doth twist and shortening with no mea s
urable incr ease i n resistance developed . I n so me cas e s 
th e continue d lowerin of t he mo ving hea d r esulted i n a 
small decrease in the resi s tance developed , but this ac 
tion took p lace only when the midsection of the spe ci me n 
had twisted through a fairly l a r g e an g le, in most case s 
10 0 or more . Except that the move me nt of th e cro s s s ection 
was p ri ma rily one of rotation r a the r than of tra nslation, 
the action was v e ry s i milar to that of t he center of a long 
closed- section column a s the Eul e r load is app roached . I n 
f i gure 13 a r e three repres en tative P - 8 cu rves show ing 



18 N.A.C . A . Technical Note No. 733 

~ raphically the relatio~ betwee n the axi a l load P in 
pounds and the rotation of the midsection 8 in de~rees 
and radians. When the rotation of the midsecti on became 
very large, 25° or so, the ends of the channel flanges be 
gan to bear on the sides of the bearing-block grooves . 
The relative motion of the bearing blocks also became so 
large that mutual interference developed. Both of these 
fa ctors caused such changes in the end conditions that no 
attempt was made to continue the ~ests until the spec i mens 
collapsed . 

Th o action of the longer specimens u nder load is illus
trated in figure 1 and in figures 14 to 18. Figure 1 shows 
spe cim en 90-~ under maximum load. The amount of .twist is 
clear ly indicated by t~e ends of the antennas, which were 
on a st rai gh t line when the basic load was applied. Fig
u r e 1 4 was taken at the same time as figure I, but from 
the opposite side of the specimen. Figure 15 shows speci 
men 70-1 subjected to 2,940'n ounds axial load before the 
tens io mete rs were removed . After the tensiometers 'had been 
taken off, the moving head was low e red, causing additional 
twist but no additional resistance; the photographs of 
figur e 16 were then taken . Nea rl y all of the lond was 
then removed an d the specimen reverted to practically its 
original shape, as shown by figure 17 . Figure 18 shows 
photographs of a 50-inch specimen under the maximum load. 
F i gure 18( a) is a front view that shows the amount of 
twist . Figure 18(b ) is a side view showing that the de
f lection in the p lane of symmetrry accompanying this twist 
was nEjlgligible . 

After the specimen had twisted a certain amount, the 
internal fmrces were expected to be so distributed that 
one flange would be subjected to excessi v e compression and 
would collapse by local buckling. No such a ction took 
p lace in any test in which mu ch twisting occurred . . In the 
test of specimen 30-3 , the downward motion of the movin~ 
head was continued. for some time after the maximum load 
had been reached. This motion caused a lar~e amount of 
r otation and wa ves began to f orm in the free edges of the 
flanges . One of thes e wa v es WaS comparable in depth with 
thos e associated with the local buckling failures of the 
shorter specimens . In the test in questi on, however, the 
drop c off in lo a d was negligible even though the moving 
head was lowered until the rotation of the middle cross 
sect ion exceeded 20 0

. Most of the waves in the flan~es 
disappeared as the moving head was raised i~ removing the 
l oad. The largest waye , however, ' remained and can be seen 
in the longest of th e speci~ens shown in figu~e 19. 
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The specimens less than 30 inches in length failed by 
local bucklin~ of on e flange . As the l oad was applied, 
some .rotation ~as indicated by the vern isr r eadings but 
its magnitude was normally le ss tha n tha t shown by th e 
lon ge r spe ci mens below the knee of the P - 8 curve . As 
th o load ap~roached t h e critica l, waves began to develop 
in the f re e edges of the flanges, usually becoming defi 
nitely recognizable to the naked eye more than 1,000 pounds 
before the critical l oad was reached . For l engt hs between 
1 6 and 24 inches, the normal condition was that each flange 
developed at le~st two compl ete wave s. whereas onl y one de
veloped in the l O-inch lengths . In ~ene ral, these waves 
were symmetrical, both flang es buckling in or both flanges 
buckling out at any g iven distance from t he end of the 
specimen . As the load incr eased , the amplitude of these 
waves incr eased at an ac cel erat ing rate until the critical 
load was reached . The approach Df the critica l load was 
a lso foreshadowed by a consider~ble increa s e in the ob
se rved rotations of the an tennas, though they r ema ined 
small in co mpa rison with those exhibite d by the columns 
for which t he failure was pr i marily t ·orsiona l . At the 
critica l lo ad, one flange failed sudden ly as the result of 
a large incr ease in the size of one of the buckles. In 
some tests the failure took place as the result of an in
crea se in the amplitude of th e wave , wh ich appeare d d eep
est just before the critical load was reached . In many of 
the tests, however, the local buckle that p roduced failure 
came at an unexpected location . With several of the spec
imens , the inward buc k les were mu ch mo re pronounced up to 
the po int of failu re than were th e outward buckles but all 
of them failed by buckling outward, as can be s ee n from 
figure 19 . The flange in which failure took p l ace wa s e v 
idently d etermined by the direction of rotation of the 
cross section, s ince the buckle invariably appeared in the 
flange on the side toward wh ich the rotation was directed . 
This result is illustrated by fi g ure 20, which sh ows the 
buckling failure of a 1 0- inch s pe cimen . 

~~1~_£~~Q£~~~.- In addition to the maximum load car
ried and the observed locatio n of the twist axis, in table 
I are listed the following additional data pert inent to 
the axial-lo a d tests of both long and short specimens : maK
imum defl e ction, pa rallel to the p lane of symmetry , of the 
middle cros s sec tion under loads not ex ce eding 90 percent 
of the maximum ; direction of rotation; maxi mum change . in M 
readings under increasin~ load prio r to Duckling; and type 
of fa~lur e . When the near end of an antenna appeared to 
move to the ri s ht of an observe r, the rotation was consid-
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e red p ositive and is represented by a plus s i ~n; rotation 
in the opposite directi on is indicated by the minus sign . 
All ~pe cimens failed e ith e r torsionally or by local buck 
ling, the two types of failure being indicated by t h e let
ters T and E . 

I n table II are listed data that apply only to the 
specimens that failed by local buckling and to s p ecimen 
30- 3 , in wh ich the test load also produced a p ermanent 
buckle in on e flange . I n this table ar e r ecorded the first 
l oad at which definite buckli ng o f the f l anges was noticed 
in the tests, the load carri ed by the spec i men immediate l T 
af t er buckling, M read ings at the widest part of the buckle 
taken unde r that load ' and aft e r r e moving th e specimen from 
the test ing appa r atus , and th e. fl a n ge i n which the buck l e 
appeared. 

Copies of co mplet e log sheets of the tests including 
the individual v ernier, tensi o meter, J and K dial, and M 
gage readings, and the tabul ated computations of 8, y+, 
Yc ' an d 6 are on file at the Gugg enheim Aeronautic Lab
oratory a t Stanford University . 

Supplementary Column Tests 

With on e or two of the longer s p ecimens , aft e r the 
reported t e st was completed, the load was increased and 
the column carried pract icall y as much loa l as in the 
f ir st run. Afte r specimen 70-1 had b e en subjected to the 
regular test, the lock ing pins were inse rt ed in the end 
f ittings an d the column was reloade d. For this sup ple

.mentary test , th e refor e , the ends we re II e nc a stre but free 
to warp .1I In the supplementary test, the c ritica l load 
was 4 , 500 pounds , which exceeded the critical for the 
standard test by 1 , 570 poun d s . The maximum rotation i n this 
test exceeded 4 0 0 • Tne sam e p r o c e dure wa s c a rri e d out with 
specimen 4 0 - 1 and a l o ad of 6 , 7 00 p ou nds was developed in 
the supplementary test , an i ncrease of 9 00 p ounds over that 
developed in the original t est . This time t h e maximum an 
g le of tw ist was n o t measured , but it was quite large . 
Whe n spec imen 4 0 - 2 was treated i n th e same manner , th e max
imum load develo pe d Was onl y 5 ,730 pounds , 7 0 pounds le s s 
than the specimen ha d carried in th e orig inal test and the 
accompany ing rot ati o n of about 1 4 0 indicat e d that the maxi
mum ha d b e en reached . 

Sinc e spec i mens 4 0-1 and 4 0 - 2 fail e d 3t practica lly 

, 
J 

, 
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the same load in the standard test, in the test of specimen 
40- 3 the locking screws wore allowed to remain in the end 
fittings. They were comp letely in place while the l oad was 
being change d but, as each set of readings was taken, they 
were check ed to see if they' e QuId be easily turned by hand . 
Little binding developed on these screws until a load of 
5,810 pounds was reached, indicating that the end cross 
secti o ns had no appreciable tendency to rotate. Up to this 
lo ad of 5,810 pounds, the ve r nier readings showed that t he 
specimen a cted in almost exactly the same manner as speci 
mens 40~1 and 40 - 2. Bey6nd this load, however, the lock
ing screws came into action and helped restrain the member . 
As a result, the load continued to increase to 6 , 700 pounds , 
when the t~st was stopped. The maximum load recorded for 
this test in . table I is 5,800 pounds because it appeared 
r eas onabl e to believe that , if the lock ing pins had been re
moved, that would have b een the maximum load ca rried. 

Tension Tests of Material 

The p ro pertie s of the material as determined from the 
tension test are summa ri 7.ed in the followin g table . The 
res wlts from the individua l test specimens are tabulated 
in the appendix. 

Results of Tensi on Tests of Mate rial 

------- ------------ ------------ ------------- ------------
Young's Yie ld point Ultimate Elongation 

Property modulus stress in 2 i n . 
(lb.!sq.in . ) (lb . /sq . in . ) (lb./sq . in~ ) (percent) 

- ------- ----------- ----------- ----------- -----------
Average 10,200 , 000 48 , 400 62,300 14 . 0 

a ximum 11,120,000 51,1 00 66,700 16.5 
Minimum 9,660,000 46 , 000 58 , 400 11.5 
------ ---------- ------------- ----------- -----------

From this table, it is seen tha t the values of Young ' s 
modulus deviated from 9 . 2 per c ent above to 3 .5 percent be 
low the average. Yield po i n t vari e d fr om 11 . 2 percent ' 
above to 5.0 percent below the average. Ultimate t ens ile 
stress varied from 7.1 pe rc e nt above to 6.3 pe rcent below 
the average. 

Torsi on Tests 

Three torsion tests we r e ma ne on a length of the com
plete channel s ection. I n one o f t hes e tests, the supp orts 
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were on the centroidal axis, in a second they were 2.50 
inches, an~ in ' the third they were 3:60 inches below that 
axis. In all ihree tests, the rota~ion was 0.00010 radian 
per inch of length per inch pound of torque. Defining GJ 
as TL/ 8 \vhere T is the torque in inch pounds, L the 
len~th of the membe r, and 8 the adgle of twist, the tests 
indicated GJ to equal 10 , 000. 

Sinc~ the fillets at the re-entrant angles of the 
channel ~ection are of v e ry small radius, it , was assumed 
t h~ t th.e shearing modulus of e la sticity would be deter-,', 
mined from ~hese tests on the assumption that the torsional 
characte~is~ics of the channel section would be identic~l 
with those Of a flat section 6.00 inches wide and O.lOO·,~ 
inch thick, ' and that Ti~oshenkols formula 64' on page 77 " 
of refeience 10 would be applicable. This indicate d that 
the shearin~ modulus 

3M L G = ------ = 
b c 3 8 

3 X 50 X 15 
----------------- = 
6 X 0 . 001 X 0 ,. 075 

5,000 , 000 Ib./sq. in . 

SUbstituti on in equation 81 on pa~e 90 of the same i~fer
ence reduced the computed value of G to 4,~50,OOO pounds 
per square inch. 

These values ~or G appeared unreasonably l a rge and 
a check test was made on a rectangular specimen averaging 
1 . 765 inch es in width and 0 .1 00 inch in thickness. This 
s pe6imen twisted 0 . 091 radian in a 'length of 15 inches un
der a torque of 1 6 inch-pounds. Substitution in equation 
64,' of reference 10 gave the value of G ~s 4,480,000 
pounds per square inch . Substitution in equati'on 81 gave : 
G = 4,450 , 000 p ounds per square inch. For purposes of in~ 
terpre ting the column test results, the observed value of 
G was therefore assumed to be 4,500,0 00 pounds per square 
inch. 

PRECISIO'N OF RESULTS 

The dial of the B6urd6n ~age used for measu~in~ ' l~~d 
in t 'he column tests is g raduat ed to 50 pounds, but the load 
could be estimated with reasonable accuracy to t he nearest 
10 pounds. In many of the ' earlier tests, it was found that 
owing to temperature chan~e the load would v~ ry whiI ~ a set 
of readinss was being taken although the position of the 
mo~iAg head was not mod i fied . The Bourdon gage was rather 

----------- --- . . -- ... " .. -" . 
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s lu~g i sh in re sponding to this change an d, although the 
load coul d b e read to the neare s t 1 0 p ounds, it i s consid
e r e d t ha t th e readings a r e r el i ab l e o~l Y t o t he nea r est 20 
pounds . 

During the pe riod t ha t e l apsed between runn i ng tests 
16 - 2 and 16-3 , t he h ydraulic we i ghing s ystem was calibrat 
ed by a representati v e of the P e lton Wate r Whee l Co .• who 
used th o 20 . 000 - pound capacit y ~ or ohousG p roving r i ng No . 
9 1 for t he purpose . This c a libra tion showed the indicat e d 
lo ad s to b o correct wit h in on e - half of 1 pe rc ent , the i ndi
c~ted load b e ing a l most invariably l ess than the a ctual 
lo a d . I n the anal ys is of , th e test data n o a dju stments were 
made to r eflect th e r esult s o f thi s cali b ration. The p r e ci
sion of th e recorded fi ~ures for ax i a l l o ad is the r efo re 
wi thin 20 pound s or o ne~half of 1 pe rcent, wh ich eve r v a lue 
i s the ~reater . 

The vernier micrometers vere read to tho nearest 0 . 00 1 
in c h . At first t ~ e obs er v e rs had s o me trouble i n checking 
th eir r eadi ngs because it was difficult for them to t e ll 
exac tly when the v erni e r jaw just touched th e an tenna arm . 
Th e operat ion was practic ed unt il the ob se rve r s could con 
sis t entl y check themselves within 0 . 002 i n ch before the re
~ ort e d t ests were start e d . As the test p ro g r am proceeded, 
th e obs e r ve r s became mo re e xpe rt , and the p recision of the 
v e rnier r eadings increased . By the ti me the tests we r e 
conclude d. mos t of the readings were ac curate to within 
0 . 00 1 inch . Thi s fact is shown by the results of the l as t 
hundred check re ad i ng s taken und e r bas ic lo ads . S i xty-f ive 
o f thes e c heck re ~di ngc ue r e ide nt ic a l u ith the or i g i nal 
ob se rvat io ns , thirty- o ne d i ffered f rom the or i g i nal ob ser- ' 
vat i ons by 0 . 00 1, three by 0 . 00 2 , and one by 0 . 003 inch . 

The ~ r eRt major it y of the vern i e r readings were un
doubtedly corre ct to within 0 . 002 inch . Each rot at ion check 
was based o n t~e a4dit~on or subtrac tion of ei~ht sepa r ate 
v e rnier readin~s . Had a ll of these r eadi ngs been 0 . 002 
i nch i ~ error in t Le unfavorable direct i on , the resulting 
va l ue of 6 would have be e n 1 3 . 8 

If the pre cision of th e v e r n i e r readin~s i s taken as 
± 0 . 002 inch, that of t he translational movements o f the 
cross se c tion , y+ , Yc' and x may b e assumed at the 
same fi 5ure. The r esul ting pe rc en t age e rrors in these 
quan ti t i es , pa rticularly x, - would be very large whe r e 
th e se move men ts a rc smal l , the poss ible error oft e n b e ing 
l a r ge r than th e mo ve men t being mea sur e d . This fac t i s con
sidered not to be se rio u s since the p ri ma ry o bje ctive of 
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the tests was to measu re rotations rather than translations 
an d, wheneve r the transl a tional movements were of appre ci
ciable ma~n i tude , the p ercenta~ e errors in their observed 
values vere re a sonable in size . If the measurement of 
trans lational mov ements had J ee n a ma jor obj e ctive of the 
t ests , oth e r methods would have been employed . 

Owin ~ to the len~th of the antenna trunk between the 
r efe r en ce p oints for the A an d B v e rnier readings, t h e 
pre cision of th e rotation measu~ements was considera bly 
better than tha t of the translat ion mea surements . Even 
when 6 was equa l to 1 0 . 0, which was seldom the c a se e x
cept when th e rot ation was r e l a tive ly lar ~e , the p os s ible 
er r or in the <1n~ le of rotation 8 was only 1 4 . 5 / 20000 = 
0 . 000725 radian or 2 ' 29 " . Even this small amount was of
ten a considera ble p erce n tag e of t he rotation of the longe r 
spe cimens under lo w loa~s or that of the s horter specimens 
under lo a ds con side r ab l y below the c r itica l; but, wheneve r 
the rotation was appreciable , th e percenta~e e rror in it s 
measu r emen t was n e~l i ~ i ble . 

It is pra c tically i mp ossible t o determin e the preci
si on of the ob se rv ed locations of th e twist axis fr o m the 
p r ec i~ion of the v e r n i e r r ead i ngs . The onl y val id in for 
ma tion on this po i n t can be obtai ned f ro m in spe ction of the 
vector sheaves . I n so me o f t hese sheave s, a ll the v e ctors 
ap pa r e n· t 1 y pas s t h r a u~ has i n ' I e po i n t . In m 0 s t cas e s , 
howev e r, there was no single po in t tha t could be taken as 
a com mon int e rsection , but a r eas onabl y g ood es timate of 
the cent e r of rot ation could be made; pa rticul a rl y if· o ne 
or two of t he vectors were disregarde d. For some s pe ci
me ns, an obs e rved twist- a xis location is recorded although 
it s p recision is rather poo r; whereas, for t h ree of the 
spe ci mens, th e vectors showed no s i gns of havin~ a common 
intersection . On the \_ole , the observe d locations t ha t 
fa ll clo s e t o t he p lott e d curve of p redicted values were 
obt a ined from the better intersections an d they are consid
e r e d c o rrect with i n about 0 . 1 0 inch. 

Pra ctica lly a ll nf the obse rved value s of Young 1 s 
modulus , tensile y i e l d po int, a n d ultima te t ens il e s t rength 
a r e within 1 0 pe rc e nt o ~ th e ave r age values . Of these quan 
t iti e s, only YounS ' S modulus af fects the critical load in 
torsional in stabilit y o r th e p osition of t he ax is of . twi s t, 
a nd th e ef_e ct of a 1 0 - pe rc ent err o r in E on the latt e r 
qu ant it y is quit e small . 

, 
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DISCUSSION OF RESULTS 

Th e observe d v a l ues of critica l load an d tw i st - ax i s 
lo cat i on are of l ittle ~ ra ctica l value by themse l v e s be 
cause th ey ap~ly to a s i n g le s i ze of member t e sted with 
very artif i cial en d cond i tions. The i mp o r tance of these 
r esults li es in th e de s r ee to wh i ch they c o nf i rm the val i d 
i ty of th e t he or e tica l formulas for th e s e ct io n and the 
loading conditions emp l oyed . No attempt has b ee n made t o 
co rre l ate th e test results wi th any fo r mulas fo r to r s i onal 
failure e xc ept those of Lundquist g i ven in the follo wing 
sect i on . 

Theoret i ca l Formulas 

For the spe ci al cas e of a channe l subjected to the 
t est con ditio ns th e ax i s of rot a tion should lie in the 
p l ane of symmetry a t th e d istanc e Q fro m th e ce n t r o i d of 
th e cro ss section obtainab le from th e expression 

X2 f-t + 2 • c.. 
LTT 
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8 2 
tb tb 

H 
1 (~) (6 

tb 
+ ~) + 

1 (~) 1 d b 
= + 

th 12 th 6 th 2 h h 

d 1 tb (~)a 
11 = D h th 

M 1 
(6 !.:Q + ~) = 12 th 

b , h. tb. a nd th are cross - sectional dimensions as 
shown in fi~ure 11. 

L . length of specimen. 

Fo r the 2 by 2 by 0 . 1 0 0 chann el section used in the 
tests. equation (1) reduces to 

X 2 _ 2 [ _~ Q: (~)2 ___ ~_ + _~_ l X _ l:'! = 0 ( 1 a ) 
TI E h ~ 200 384 J 36 

The critica l str es s a t which torsional instability 
takes p l ace is g iven by equation ( 2 ) 

fcr ( 2 ) 

whe re 

K = A 
-----~ 

}3 + D X 

111 X8 + F X + H 
.- - ------------!') 

(h/b) ( B + D X'") 

F or the section use d in the tests t ne exp ressions for 
K an d Kb b e co me 

K = 
0 . 03 0 

------~ 

11 + 36Xc.. 

63X8 _ 96 X + 4 3 

= -----------~---
99 + 3 24X'" 

1 

I 



L 

N.A.C . A . Technical. Note No. 733 27 

Comparison of Computed and Observed Results 

The observed and the computed values of critica l load 
and d ist ance ~ are shown i n table III . The value s of 
P cr in column 2 are the ma xi mum lo ads experimentally ob -

tained. The comput e d values desi~nated ~ were obtained 
by subst ituti ng the standard handbook values, E=iO,300,000 
and G = 3,800 ,0 00 p ounds per squ~re inch, in equations (1) 
and (2) . They therefore repr esent the critical loads that 
would be predic t ed from the formulas in the normal process 
of des i <sn . The critical loads Po were obtained in the 
same manner except that they are based on E = 10, 200 , 000 
and G = 4 ,5 00 , 000 pounds per square inch, values that were 
obtained from tests on the material used . In the computa
tion of the critical loads ~, equation (1) was disre -
garded , the observed values of ~ listed in column 7 being 
empl o yed to calculate X for use in equati on (2) . The ob~ 
served values of E and G rather than the standard val
u o s of those quantities were used in the computation of P3 ' 

The values of Q listed in columns 8 and 9 a r e those com
puted in calculatin~ the critical loads P1 and P,8, re 
spectively. 

In figure 9 the observed critical loads are plotted 
,as ordinates with the lengths of the specimens as absc issas. 
Two curves of p redicted load a re also shown in that figure . 
The upper curve, labeled Pe s is the Eule r column curve 
for the section tested and indicates the critical loads 
that would have b een expected had the columns failed due to 
elast ic instability in bending without torsion . The lower 
curve represents the theoretical loads ~ computed as de -
scribed . Had a similar curve b e en drawn to represent the 
theoretical loads P1 based on t he standard material prop
erties, it would have been a little below the curve of Pa • 
In s o me respects the theoretica l loads ~ based on the 
ob served values of Q are t~e most si~nificant for deter
minin~ the validity of the formulas from the 'tes t results . 
I t would be difficult, howevor , to draw a satisfactory 
curve of P3 since each compu t ed value applies to a spe -
ci f ic test and not to all three specimens of a ~roup . Com
par isons of the observed critical loads and P3 must be 
made from the tabulated values rather than from graphic 
charts. 

In fi~uro 9 different symbols are used to distinguish 
the specimens that failed torsional ly from those that failed 
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by local buckl i n~ . It will be noted that all specimens 30 
inches or more i n length fa i led torsionally, while those 
24 inches or less in length failed by local bucklin~ . In 
sp e ction of table II I and figure 9 shows that all of the 
specimens that failed torsi o nally except 90-1 and 9 0 -3 
did so under loads exceeding those predicted on the basis 
of the o bserved prop e rties of the material used . The dis 
crepancy in the case of specimen 90-1 was only 12 pounds, 
or about one-half of 1 percent . The critical load for this 
member was appreciably greater than that predicted on the 
basis of standard material properties . The critical load 
of specimen 9 0 - 3 was ~ reater than the value predicted on 
the basis of standard material properties but was about 
4 . 4 percent below t~at p redicted on the basis of observed 
material properties . The other specimens faile~ at loads 
exc ee ding the values predicted on th e basis of observed 
material pr opert i es by fr o m 1 . 7 to 13.7 percent . The ex
cess wi th res p ect to the loads predicted on the basis of 
standa r d material propert i es was somewhat greate r in ev 
ery case . 

Althoug h the th r ee 24 - inch and two of the 22-inch 
s p ecimens carr i ed more than the predicted loads based on 
observed material propert i es , they exhibited little rota~ 
tion and their failur e s were definitel~ of the local buck
ling type . Two of th e 24 - inch speci mens developed the 
hi ~ hes t rat i os of ob se r ved load to predicted load obtained 
in th e ser i es of tests . I n general, the shorter the spec
i men the higher this ratio was found to be, except for the 
shortest lengths for which the u redicted critical loa~s 
for torsiona l fa i lure were wel l - in excess of the loads 
necessary to produce local buck l ing. 

The specimens of the three short e st groups all failed 
at loads well below the critical lo a ds for twisting failure. 
This result was particular ly true of the 16-inch and the 
1 0- inch s p ecimens fo r which the critical loads in torsion 
were obvious l y in excess of t!18 loads. that muld cause lo 
cal buckling . 

F i gure 10 shows the observ e d values of ~ and a curve 
showing the c o ~puted values of that quantity based on the 
observed properties of the material used . It will be no 
ticed that , except in the cas e of spe ci men 9 0 -1 , th e ob
served values of ~ exce e d t he computed values for all 
s p ecimens that failed torsionally . If 0 . 15 inch were add
ed to each of these computed value s of ~, they would 
check the observed values with remarkable closeness, the 
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a~reement being with i n th e p recis i on of the o bse rv ed val 
ues . Th o normal difference of about 0 . 1 5 i nch between the 
c ompu t ed and the obse r ved va l ues of Q is 7 . 5 pe r cent of 
th e wi dth of s i de or back of th e snec i men . 

I f , instead of the computed values Ql an d Qa , t he 
obse r ved va l ues of Q are used , as was d o ne i n c o mput i ng 
~ , the ng re eme nt be twe en the predicted an d the o bserved 
val u es of cri t ical load is socewhat improved fo r all spec
i mens that failed torsional l y except those of the 90-inch 
s r oup . The inpr o ve ment is , however , smal l because the re 
sul ts of app l y i ng equati o n (2) are l i ttle affected by an 
inc r ease of about 1 0 pe r cent i n the va l ue of Q o r X. 

The discrepan c ies betwe e n t h e obser v ed and the com
putod valu e s of Q for the specimens that fai l ed by l o cal 
buc k li ng are , i n seve r al cas e s , much g r eate r t han th o se 
f o r the specimens that fa i led torsionally . This result i s 
hardl y surprising since twisting was n o t the p r i ma r y form 
of deformation of t hese speci mens and the observed angles 
of tw i st were so small that the twist - axis locat i ons were 
not at all well de f ined . In fact , the surprising fa c t is 
that the obs e rved locations of the tw i st ax es came as c lose 
as they did to the theoretical ones ; ins pe ction of table I 
and f i gure 1 0 shows t hat . t he better t he location of t he 
twist axis was defined , the more closely it a~reed with 
it s theor e tica l pos ition . 

In the f o re go i ng co npa risons of p redicted and obse r ved 
critical loads, the predicted load s ha v e been obta i ned from 
the fo r mulas for torsional - instability failure . It is of 
i nterest to compar e the obs e rved criti cal loads with those 
tha t rrould be predicted by the fnm iliar Euler formula . 
From figure 9 it can be Se en that , for the columns invest i
gated , the Eul e r formula i n dicates critical loads so fa r 
abo v e the lo a ds which caused torsional in s tabi l ity as to 
be enti r ely inapp licab l e . On the other hand , the disc r ep 
anc i es between the observed critical loads and the fo r mulas 
for to r sional instability are of su c h minor magn i tude. that , 
in gener~ l , these fo r mulas are obvio u sly applicable and are 
defin i tely pert i nent to the design of structur al membe r s 
of the t yp e under consideration, at lea s t for i ntermed i ate 
lengths . As the le ngt h of the spe ci me n increases , the r a - . 
ti o of the obse r ved critical load to th e Euler l o ad in
c r eases and, for lengths cons i derably in excess o f 90 i n c hes , 
the fa i lure woul d p ro bably be by bendi ng wi th the critical 
lo ad i nd i cated mor e ac cura t e l y by th e Eul e r t han b y t he t or
s i ona l - i nstabili ty fo r mul a . 
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Factors Affec t ing Validity of Predicted Results 

When the nor mal amount of s c a ttering of the plotted 
p oin ts representing the re sult s of a series of column tests 
is consider e d, the resu lts of th e tests under discussion 
a r e gratifying l y convergent . It is true that the ob se rve~ 
critical lo ads are rath e r co nsistently in excess of those 
p redicted f ro m t he fo r mularr a nd th i s result may be due ei 
the r to so me mi nor er ror s i n the der ivat ion of the formu 
las, the use of i nc o r rect va lue s for th e mat erial prop e r
t i es , minor differences betw e en the boundary conditions 
a ssumed in de rivin~ th e f or mulas and those a ctually p ro
v i ded in ihe test , or a c o mbination of these fa c t or s . The 
d if fe r enc es b e t we e n the o bs e rv e d and the co mputed cri t ical 
loads a re, h owev e r, small en ou~h that the tests may be con
s idered to have p rove d the ~ ene ral val idit y of the formu
las tbey were int ended to ch e ck and to en coura~e desig~ers 
t o us e them , an d the oth e r f or mulas based o n the same gen
e r al the ory, "wi th consid e r ab le co nfidence . 

One pos sible i mp o rtant source of the discrepancies be
tween the obser~ed and the p re d i ct e d critical lo a ds was 
t he use of incorr e ct val ues for the e last ic prope rties of 
t h e mate rial . A1tho u.e;h the llo bserved ll values of E and 
G used in the comput at ion s were obtained f ro m tests of 
coupons cut from the column te s t specimens , s o me question 
exi sts rega rding thei r vali d it y . The value of Young's mo d 
u lus E was obt a in ed from tension tests , whereas it woul d 
hav e b e en be tt e r to h a v e use d compression tests inasmuch 
as a diffe r e nce between the mo dul i for ten s ion and co mpres 
s ion has b ee n found . This d i ff erence, however , is not very 
g reat an d, if ; E we r e as sumed to be 10 , 660, 00 0 in stead of 
10 , 20 0 , 0 0 0 , the increase in uredicted critical loads would 
be not more than " about 3-1/ 2·pe rc ent at most . 

The p o ss ~ble error in the observed value of the " shear
ing modulus G is greater than tha t in Young's modulus E; 
it may be n ot e d tha t the observed value of 4 , 500 , OQO is 
18 . 4 pe rc ent i n excess o f the s t andard value of 3 ,8 00 , 000 . 
Both of these value s , h ow eve r, are open to suspic ion owing 
to th e lack o f d evelopme nt of t h e technique of testing to 
de t e r mi ne the shearing modulu s . I n the uast, the custom
a ry method of dete r mini n s G ha"s "b e e n b~r mea s uring the 
angle of t wi ri t of a r~tind rod Or tube. Lit tl e or "no at
tent ion has b e en paid to the p robl em of obtaining this 
quantity from a rec tan~ula r section. In the present se
ries of te~t~, however , the shearing ~ o dulus had to be ob
tai ne d from f lat sheets be cause it would have b ee n imp r a c-
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ticable to have satisfactorily mach in e d round rods from 
the origina l cha nnels . Al thou~h the tests to determine 
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G were made with care , there is reason to doub t the com
p lete appropriatene s s of the ~ormulas used to obt a i n that 
quant i ty from the test data and the value 4 , 500 , 000 may 
well be too hi ~ h . While the use of a lo we r value of G 
would reduce the computed cri tical loads , co mpar ison of the 
values of PI and PEl in table III will show that the r e 
duct ion in computed critical load would be much less pro
porti onately than the r e .uction in G . 

It would be inte r est i n~ , if p o ss ibl e , to make a mor e 
thor ou~h study cf the elastic properties of the mate ri a l 
actually used in th e tests to determin e more reliable va l
ues of both E and G, particularly for G, but such a 
procedure is h a rdl y necessary to demonstrate the essential 
validit y of th~ f or mulas fo r torsional instability. On 
the whole, the differences b e tween the predicted and ob
se rv ed critica l lo a ds ca n be adequately explained as the 
r esult o~ unavoidable di f fer ences b e tw e e n th e assumed and 
the actual end conditions . 

At least two such d i ffer ences ex i s t e d that would prob
ably act to increase the exp eri mentally determined criti 
cal loads. Most obvious, perhaps, is the existen ce of 
f~iction betw e en the knife edg es and their bearings . This 
friction introduced a certain amount of restraint which 
was n ot allowed for i n computing the critic~l loads but 
wh ic h would tend to increase those loads i n the same man 
ner" that friction in th e end fi t tings tends to increase 
the "critical load of a long slender column that fails by 
ben~ing . A little light is thrown on this phase of the 
problem by the results of the tests i n which a spec i men 
was l oaded while the lock i ng p ins remained in place . In 
most of these tests, the maxi mum load carried was con s id
erably increased; but the presence of the locking pins 
appeared to ma ke litt le if a ny diffe r ence in the load at 
which torsion became easily visible, their influence seem
ing to be mainly e x e rted after the specimen had begun to 
twist considerably . 

Another deviation of the actual from "the assumed 
boundary rionditions is that the e n d fi t tings were designed 
to function in "a theoretically p~rfect manner if the back 
and flan~ es of the s p eci men could be donsidered to have 
neg li ~ ible thickness . Thus , the end cross se ction s were 
f r ee to warp if it could be thou~ht o f as a ge o metr ic line . 
Actuall y it has fin i te thickness , the effect of which i s 
to introduce a slight restraint . 
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Anoth e r deviation of the actual boundary conditions 

f ro m those assumed in the theory, but one more likely to 
cause a de cr ease than an increase in the critical load, 
was that the resultant load was applied at a small dis
tance from the centroidal axis . The presence of such an 
eccentr icity of loading is revealed by the twisting and 
the deflection parall el to the p lane of symmetry that took 
p l nce before the critical load was reached. , Had the de
terminati on of the critical loads been the only major ob
jective of the tests, attempts would have been made to 
eliminate the e cc entri cit y of loading by more careful cen
t e ring of the spec imens in th e test apparatus . In this 
i n v ~ s t L!?; a t ion, howe ve r, i twa s con sid ere d e <l ua 11 y i rrnp 0 r -
tant to determine the location of the center of twist. 
In the test of spec i men 90-2 the centering happened to be 
ne~rly perfect and, as can be seen from figure 13, the ro 
tations and the translational deflections of the antennas 
ware hardly measurable unt il practically the entire crit
ical load had been reached. As a result , the degree of 
precision obtained i n r eading the verniers represented 
relative ly large percentage errors in the computed results 
a nd, alth ough the data from this test show that the rota
tions and deflections were negligible, this test was one 
in whieh the twist axis could not be located. The data 
from tests 90-1 and 90:3 i n wh i ch the centering was not so 
good proved a cc eptable for that purpose. It was therefore 
decided not to attempt to cen te r the specimens with metic
ulous care but to 'be satisf i ed with a centering that would 
result in measurable rotations throughout most of the load
ing ran~e and yet not result in excessive translation. In 
oth e r words , the cent e ring was considered satisfactory if 
the torsional deformations w~re obviously of mwch greater 
imp ort ance than those due to bending. Owing to the care
ful construction of the end fittings, this result was eas
ily obtain ed . The fact that i t was obtained is sh own by 
the relatively small translations paralle l 'to the plane of 
symmetry that are listed i n table I. In this table it will 
be seen that up to 90 percent of the critical lo ad none of 
the specimens that failed torsionally deflected more than 
1/15 00 of its length . 

An interest i ng charact e ristic of the translational 
movements of the an tennas was that they often changed in 
direction when the rotat io ns became large . This result 
was particularly evident when the translational movemen t 
under low loads was away from th e center of twist, as it 
~as with nearly all of ' the longer specimens . The phenome 
non was due to the fact that, as the cross section rotated 
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abou t a po i nt behind the ba ck of the c hannel, the c entroid 
mov ed to the rea r a d i stan c e equal t o tha t between the 
c en troid and the cen t e r of ro tat ion mul t i p li ed by the 
versod sine of the a nglo of rot at ion . When the angle of 
r ot at ion was small, this qu a ntity was less than the trans 
l at ion a l movement due to bending but , ~ i th a l a r ge ang le 
of twist, t~8 effe ct of the t wi st i ng ove r sha dow e d that of 
b e n d. i n~ . 

While the rotations o f the specimens indica t ed the 
p re se nce of smal l eccentricities of lo ad ing, their direc 
tions sho wed that they d i d not r esult from any const a nt 
t ende ncy to pla c e the resultant load on on e s ide o f the 
c entroidal axis . Of t he 33 spe-ci mens tested, 1 5 twisted 
towa rd the ri gh t of an ob se rve r and 1 8 to the left . In 10 
o f the 11 lengt hs tes t ed , 2 of the spec i men s twis ted in 
on e d ir ect ion a nd 1 in the other. Only with the 40- inch 
specimens, was the twist in the same diro ctio n in a ll 
thr ee tests. 

It was re co gnized that the eccentric ity of the lo a d
i ng may have caus ed me a surable differences between the 
max i mu m loads actual ly carried and the loads that would 
have been carried ~ad the centering be on perfect ; a ll the 
tests were therefore ana lyzed by a modification of the pro 
c edure described by Lun d qui st i n reference 9 . This pr oc ed 
ure was de velo ped to determine the criti c a l load of a col 
umn subject to failure by bending f ro m the translat ional 
deflections observed under load . The ch i ef modificati on 
was to use the observed rotations in radians i n p l a c e o f 
ob se rv ed deflect i ons in inches •. A minor mod i f icat i on was 
to p lo t the values of 68 as o r d i nates and those of 68 / 6 P 
~s abscissas so that the slope of the stra i ght line drawn 
thr o ugh the plo tt ed poin ts, instead of the rec i proca l of 
tha t slope , woul d r epresen t the difference be t ween th e 
cri t ic a l lo ad and that at which 68 and 6P were taken 
as zero •. 

The critical loads obtain~d by th is proc e dure a r e 
listed under the heading P s in table III and are found 
to exceed the ob serve d max imum lo ads by f ro m 1 to 6 pe r 
cent for th e speci mens that fa i led torsi onally . The r e 
sults for the specimens that failed by local buckl ing were 
not so consistent . Tho p lott ed po int s diver~e d mo re fr o m 
stra i ght li nes a n d , in one ase , the critical l o a d o b t a in e d 
by this method was nearly 1 0 pe rc en t less t han tha t actu
al l y ca rri ed . There i s really no valid r easo n why the 
pro c edure should indi c ate t he crit i c a l load with id eal c en -
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tering wn en t he fai l ure i s by loca l buck li n~ . The fact 
tha t the l oads obt aine d by it differed from the observed 
ma .x: i ma. by not more than 15 percent in these cases is a 
def ~ct rather than a mer it because it makes it more diffi 
cult to de t e rmin e th e true range of app licability of the 
me thod . 

The three specimens of e ach group being practically 
identica l, in ea ch ~ roup the values of P s are expe ct e d 
to be c lose r t oget her t han th e ob se r ve d va lues of ' P cr 
tha t would b e affe cted by the changes in the eccentricity 
of lo a di ng. Of the six g roup s that failed torsionally, 
three show less spread between the values of P s than be -
t wee n those of Pcr ; wh er eas , for the other three g roups, 
the reve r s e is the case . In the five gr oups t hat failed 
by local buck li ng four showed l ess sp r ea d between the val 
ues of Pcr tha n between those of P s and the difference 
in the oth e r g roup was only that between 1, 550 and 1 , 5 1 0 
pounds . Incidentally th ese were the lar~ es t diffe r e nc es 
found i n the critica l lo ad v a lues for any group of three 
specimens . 

Loca l Buckl i n~ Failure 

With the shorter specimens t hat fa iled by local buck
li ng , the amount of twist was negligible until failure 
took p l ace and t he mos t valuable information to be obtained 
from the te sts i s ' t hat pe rt a i n i ng to the Duckl ing. In the 
first test carr ied out (22 - 2) , the buckl i ng came as a sur
p ri s e, no such action havi ng been noted prior to the fail
u re. This test was followe d by those o f the longer spec
i mens and, when the short e r specimens were again rea c hed , 
the defo~~ations were being more carefully watched and 
the ~ ro w t h of the buckles was n ot ed before failure in ev
e ry c a se. 

In tabl e IV the d i fference between the load at ~hich 
th e buckles were f ir s t definitely noticed and . the criti
cal lo a d' is recorded . The specific values range from 
1, 080 to 8 , 890 p ounds . Alt hough the lower of these values 
appli es t o o n~ of the 30 - inch and the h i ghe r to o ne of the 
l Q-inch spe ci mens , no clearl y defined relation indicat es 
when the p res en ce of buckles is to be expected. This fea
tur e i s not v e ry surpr ising because it is difficult to de
vi se a crit e rion for the b eg i nning . o f the devel o pmen t .of a 
buckle ; the load at which the buckle woul d first become 
vi sible vou ld depend largely . on the . i~pe rfectirins of the 
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specim qn. As is stated in th e append i x , the o ri g i nal 
s p ecimens showed conside r able variations in the d istance 
across the free edges of the flanges and this variation 
would h~ve an important influe nce on th e nature of the 
buckling p henomena . 

One of t h e assumpti ons underlying Lundquist's formulas 
for tor s iona l failur e is tha t the shape of t he cro ss sec 
t ion re mains unchanged . The M readings were taken to de 
t ermine the do~ r ee of validity of this assumption . With 
th e specimens that f ailed torsiona lly, the assumption ap 
peared justified as there was very li tt le change i n the M 
r ead ings , at least until th e tuisting became excess ive . 
Usua lly the M rea din~s under the basic load dif fe r ed by 
a few thousandths of an inch fr o m those taken under zero 
load , but from t he n on the cha nge wa s ·negligible . The in~ 
significance of thes e chanses can be seen from the valu o s 
in table I, in which the maximum ch~nge in the se t of M 
readings t hat showed the s reatest v a ri at ion is recorded ~or 
each test . 

With the short e r spe ci mens, ~owever , the M readings 
taken ne a r the crest or trou?h of on e of the waves of loca l 
buckling exhibited re l at ive l' large chang es and reflected 
the g rowth of the buckles . It would have be e n desirable 
to have taken M r eadi ngs at a ll such po ints, but the pos i
tions of the waves could not b e predicted in ad vance , and 
int erference with t he antennas a nd tensiomet e rs made it im
practicab le to take re a dings at the d e s ir e d po ints af ter 
the waves h ad be~un to de v elop . In a few tests, however, 
not a bly those of t~e 1 0 - inch series , t he M readi~gs hap
pened to be t ak en where they showed the g rowth of the buck
ling wave very well. Th e vari at ion of thes e va lues in 
t es ts 1 ) -1 an d 1 0 - 2 a re shown in figure 2 1 . 

When th e shorter mem bers fa il ed by local buckling, the 
r e sistance to shortening suddenly dropped to about half the 
critical load. This ratio o f l oad developed afte r buck
ling to critica l load varied from 40 percent in test 24 - 2 
to 59 pe rcent in test 20- 2 . 

When the buckling fa ilure too k place, the distance 
across th e f r ee ed~e s of the flan~es a t the deepest part 
of th e buckle was measu r e d and was found to vary from 
2-35/64 to 2-49/64, the values for the indi'vidual t ests 
bein~ listed in t a Qle II . Af t e r t he column had been re
moved f ro m the testing ma chine, this distance was again 
moa sured with the results listed in table II . Th ese show 
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that the depth of th e bulge decreased by from 8/64 to 1 8 /64 
inch but, in most of the tests, the reduction was between 
12/64 and 1 5 /6 4 i nch . 

On e p hase of th e investi ga tio n was a · rough determina
tion of the pe r manent set resulting from the tests. With 
those of the lon~ e r spec i mens tha t failed torsionally and 
were not subjected to l a rge ang l es o f twist, the pe r manent 
s e t was with difficul ty , if at alIt visible to the naked 
e ye . The long e r specimens that were subjected to consid
e r ab l e twist could be s ee n to hav e b ee n permanently de 
f ormed by sighting a long one flan ge afte r the test had 
been complet e d. I n every case, however, the vernier read
ings t ake n a t app roximately the bas ic load after the crit
ical lo ad h a d be en reache d i nd icated that some permanent 
se t had t ake n p l ace . Spe ci men 3 0 - 3 dev e loped a l arge pe r
manent buckle when i t was s u bje ct ed to a l arge amount of 
twist und e r the max i mum lo a d, and all the shorter specimene . 
that fa iled by loca l buckl i ng showed consid e rable permanent 
se t af t e r the load had b een r e moved. Th e amount and char 
act e r of this permanent set i s shown in f i gure 19, which 
is a phot og raph of the sh or ter specim e ns tak en at the con
clusion of the tests . 

CO NCLU S IONS 

1 . Th e tests t e nd t o validat e th e th e oretical fo r mu
las d e v e lo ped by Lundqui st to c ove r torsiona l fa il ure of 
columns . 

2 . Th e disc r epanci es betw ee n the res u lts ob served in 
the tests and those co mpu t ed fro m the f ormulas are not too 
larg e to be a ccoun t e d for by small and mostly unavoidable 
d i ffer e no es betw o en the conditio ns of the tests and those 
assumed in d e velo~ ing the fo r mul as . 

3 . Des i gne rs may use with conf i dence formula s for to r
si onal fa ilure developed by th e p roc edure employed by 
Lundquist provid ed that f ormulas based on suitable boundary 
conditions a r e selected . 

4 . The i mpo rtan c e of torsional fa ilures of open se c
ti on s is shown by the fa ct that the critical loads of the 
specimens that fa il ed torsional l y were far below those in
d icated by the usual column fo rmul as. 

Dan i el Guggenheim Aer onaut ical Laboratory, 
Stanford University, June 19 39. 

• 
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APPEND IX 

PROPERTI ES OF THE SPECIMENS 

Di r:lEl nsions 

The spe ci me ns were cut from six 20 - foot lengths of 
24ST aluminum- alloy extruded channe ls s p eci a lly designed 
for th e tests . T~e nomi nal IIDid.line" d imensions of the 
cro ss se ction were : width of back , 2 . 00 inche s ; width of 
fl a n ge , 2 . 00 in ch e s ; t ~icknG s s of back and flanges, 0 .1 00 
inch. I n orde r to det e rmine th e dev i at ions of th e actual 
spec i mens from no minal dimens i ons, Deasurements with mi 
cro me t e r calipers reading to 0 . 001 inch wo r e made at cro ss 
section s space d a bout 6 inch es apar t , at least thre e sec 
tions beins chec ked on each specimen . The locations o f 
these measu re ments a re shown in fi~ure 22 . All of the 
measurements shown on t~at fi ~u r e except E we re taken a t 
each sect io n. Measure men t E was taken only at the se c
tions near t he ends of the s pe ci men s , a s very little varia
tion was foun d in that quantity . Th e result s of these meas 
urements are shown in t ble V, in uhich a re liste d the nom
i nal, median, mini num , an d max i mum va lues found . 

Fro m tabl e V it will be seen that the thickness of the 
material vari e d from 0 . 09 7 to 0 . 1 05 inch . Mu ch of th is 
variation was due to th e s ize of the hole in the die . The 
thickn ess at anyon e measu ring po int did n ot vary more than 
0 . 004 inch, while th e median va lues varied f rom 0 . 09 8 to 
0 . 10 2 inch . These measuremen ts showed that the flanges 
were thickest nea r the f ree edges . From the edges , the 
thickness decr ease d f or about a third of the distance to 
the ba ck , at wh ich po int it began to increase again. The 
resulti ng shape of t he section of t he f l ange, greatly ex
aggerated, is shown in fi g ur e 23 . 

Th e ove r-all d i mens ions of tho se ctions exhib ited more 
var i at ion than th e thickness of the ma t e ri a l . The ove r - a ll 
widths of flange and back ~ad variations ·of 0 . 0 1 4 inch . 
The l a r ges t va ri ati o n uns in the o v e r - al l width across the 
fr eo edge s o f th e flan~es , ,hi ch amo unted to 0 . 080 inch . 
This v a riation wa not a t a ll r e;ula r and in t he individual 
spe ci mens ran~ed : ro m 0 . 00 7 to 0 . 052 inch . This condition 
indicated a certain amoun t of waviness in th e shape of the 
free e dges of the f l ange s , wh ich introduced a devi~t ion 
from idea l conditions tha t c ould not b e avoided . Ta ble VI 
is a li s t o f the spec i mens showing the max i mum spre a d be -
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tw ee n the F a nd G rendin~s of ea ch. The plus v n lues 
a r e th o se in wh i ch F exce e ds G a nd the minus values 
t hose in wh ic h G ex c e eds F . The letters preceding the 
s pe cimen numb e rs indi c a te th e original cha nnels fro m which 
the indivi dua l specimens were cut. Th e two-digit number 
rep r e s ents the l e ngth of t h e sp eci me n t o th e n earest inch 
and the la s t numb e r, the seri a l numbe r of the s pe ci me n in 
t h e ~ iv e n length . 

Ge ometric P r o p er t i e s 

Since the wavi ne s s of th e fl a nges wo u ld have made any 
attempt to obtain se p a~ate v a lues o f th e gsometric p roper
ti e s of the cross sect ion for each sp eci men of doubtful 
value a nd the median value s of th e various me asure ments 
d i ffe r ed so little f ro m the nom i n a l value s , it was d e cid e d 
t o us e t he g e o me tric p rop e rti e s o f t h e nomin a l cro ss sec
t ion in all co mputat ions. Th e a mount of error that could 
result f rom t h is p r a ctice is indi cat e d by t he values of 
tabl e V, in whic h are li s ted ~ he area, t he mom ents of in
er t i a , th e radii of gyration , and t h e distance from th e 
centro id to the c e nt e r o~ th e bac k for th e no min a l and 
what a re t e r me d the I' Med i a n," "Sma ll,1I and IILarg e ll sections . _ 
I n th e comput a t io n of these qu a n t i t i e s the cross s ect ion 
was a ssum ed to be mad e up of three rect a ngl es , one back 
a nd tw o f l ang es . For a ll four s e ctions the ba ck was as 
s u med to h a v e th e width G an d t h e thickness E, us i n~ 

the no mi n a l , median, mi n i mum , or maxi mum va lue of the quan 
tity d ep ending on th e se ction in qu e s tion . For a ll four 
se ction s th e width of fl a nge wa s t ake n as (H + 1 ) / 2 - E. 
Th e th i ckn e ss o f the f l a n g es was take n a s (A + B + C + D)j4 
f or t he no mi nal a n d me d i an sectio ps , as (B + C) / 2 for 
t h e s mall secti o n , a nd as ( A + D) /2 for the larg e sec 
t ion. The di~tance fro m the axi s of s y mm etry to t he mid
lin e of a fl an~ e wa s t ake n as ( F + G ) / 4 - (A + B + C + D)/8 
fo r t he n o mi n a l an d the me di an s e c ti on s , as (F + G - A -
D) / 4 fo r t he smal l se ction an d as ( F + G - B - C ) / 4 for 
th e l a r g e section . Since "ne ith e r the me dian , th e l a r ge st , 
nor th e s mall e st va lue s of a ll t he v a rio u s me a sur e ments 
we r e e v e r fo u nd a t th e sam e se ction, t he co mput e d values 
d o not r ep r esen t c on di t io n s a t any sp e c ific s ection a nd 
c e r ta inl y d o n ot r e p re . en t ~ v e ra~c co nd ition s f or a ny en 
t ire s p ecimen . Th e me d i a n se ction va lu e s a r e good avera ges 
but act ual l y no bet t e r t ha n th e no mina l on e s . The va lues 
f or t h e sma ll and t h e la rge se ct i ons indica te th e extremes 
of va ri a t i on p o s si b le out t hey d e vi a t e from th e no mina l 
mor e tha n th e a ctua l va lue s a t a n y one section p o ss ibly 
coul d . 
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Quality of Material 

The quality of the material was determined from ten
sion t es t s of cou90ns cut from ap~arent l y uninjured por 
tions of the specinens after the column tests . These tests 
wer e made in accorda nce with A . S.T . M. Specifi catio n E 8 - 36 
except that the elon~~tion in 2 inches inst ead of the elon 
~at ion in 8 inches ~as measure d . Three coupons were ob 
tained from each of the six ori~in~l channe ls . Th e va lue 
of Youn~ l s modulus , tension y ield po int, ultimate tensile 
strength, and pe rc enta~8 8lon~ation in 2 inches a re listed 
i n table VII. In a number of the tests , the last-mention ed 
quantity coul d not be measured as the specimen broke too 
clos e to the en d of the ~ase len~th . 

Sinc e the t ests were made on mate ri a l tha t had already 
been subjected to column tests, it rn i~ht be thought that 
the r esultts we re a ! fected by work ~~rdenin~ . In~smuch as 
the ax i al stresses imposed in the column tests were roughly 
invers ely proportional to the len~ t hs o! the columns , any 
effect of work harden i ng would be exp e cted to be a function 
o f the length of th e s~e ci men from which the tension tes t 
coupon WflS cut . Study of tho results of table III will 
show that no s ystemctic varintion of tbis character is ob
servable . It is therefore believed that the results of 
tho ten s ion tests were unaffected by wo r k hardening . 
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Spec
imen 

_90-1 
90-2 
90- 3 
70-1 
70- 2 
70- 3 
60- 1 
60- 2 
EO- 3 
50- 1 
50- 2 
50- 3 
40-1 
40- 2 
40- 3 
30-1 
30- 2 
30- 3 
24-1 
24-2 
24- 3 
22- 1 
22- 2 
22- 3 
20-1 
20- 2 
20- 3 
1 6-1 
16- 2 
16-3 
10-1 
10- 2 
10- 3 
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Tl BLE I 

Column Test Res u lt s 
------1----------- ----- - D~~~;~~: ~~~~~:~~~- ~~~:: 

MaximumlTwist-axis location of paral le l change 
load Distan1e Precision rotation to plane of in M 

symmetry readings 
(lb . ) (in.) (a) (in . ) (in .) 

-----~ ----- -- --------- ------- --------- ------
2,250 2.30 fair + 0 . 023 0.008 
G, 3 60 worthl ess -. 005 .006 
2,1 60 G.75 very good - . 045 . 01 6 
2 , 930 2.30 good + . 03 6 . 008 
2 , 880 2.35 very good -. 022 . 007 
2 , 9 60 2.30 fai r . 025 . 006 
3,420 2.20 good . 037 . 009 
3,430 2.10 do . + . 023 . 010 
3 ,380 2.15 very ~ood + . 014 . 006 
4 ,240 G.OO excellent - . 003 . 006 
4 ,380 2 .05 very good , 014 . 005 
4 , 300 2 . 00 do . + . 007 . 006 
5 , 790 2.00 do . . 022 . 009 
5 , 800 2.00 good . 02 6 . 005 
5 , 800 2.00 do . .010 . 016 
8 , 550 1 . 90 excel lent + . 016 . 029 
8 , 730 1.90 do . + . 018 . 094 
8 , 350 1.90 very good . 011 . 183 

12 , 480 1.70 fai r + . 012 . 086 
12 , 450 2 . 40 poor -. 010 . 027 
11 , 550 1.90 fair . 004 . 026 
12 , 120 1 . 90 good + . 002 . 0 66 
12,750 2.10 poor . 006 . 095 
12 , 750 1.75 very good + -. 003 . 087 
12 , 850 1.75 do . -. 005 . 063 
13 , 500 1. 65 fai r + . 002 . 039 
13 , 050 1.70 do . + - . 006 . 097 
13 , 900 2. 60 do . - . 003 .085 
12 , 890 worthl ess + - . 007 . 110 
12 ,350 1.50 good + -.017 . 067 
14 , 930 .50 fair -.005 . 125 
15,000 1.25 good -. 004 . 120 
15,130 worth l ess + - . 009 . 109 

'41 

Type of 
fai l ure 

(0) 

T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
T 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 

- ------- ----------------- ----- -----
(a)The + si g n indicate s that the near e nd of the antenna 

appeared to move to the right of an obs e rve r; the 
sign indica tes motion in the oppo s ite direction. 

(b)Torsion, T; buckl ing, B . 

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



Spec
i men 

30- 3 

24 -1 

24 - 2 

24 - 3 

22 - 1 

22 - 2 

22 - 3 

20-1 

20- 2 

20-3 

16 - 1 

16-2 

16-3 

10-1 

1 0- 2 

10 - 3 

7, 4 70 

5, 970 

5 ,730 

5,570 

6 ,1 00 

5 , 51 0 

5 , 670 

5 , 930 

6, 850 

7,1 00 

7,510 
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TABLE II 

Test Res u lts on Short Columns 

2 - 43 /6 4 

2-44/64 

2-4 2/ 64 

2- 44 /64 

2 - 45 /6 4 

2 - 44/64 

2- 49 /6 4 

2 - 47/6 4 

2- 48/64 

2- 37/6 4 

2- 35 / 64 

2 - 44 /6 4 

2- 2 8/6 4 

2- 26 /6 4 

2- 28 / 64 

2- 28/6 4 

2- 29 /64 

2- 30/64 

2 - 31/64 

2- 34/64 

2- 34/6 4 

2- 35 /6 4 

2- 29/64 

2- 23/64 

2- 31/64 

11,420 

7,990 

9 ,7 30 

1 0 ,5 20 

11. 050 

7 , 000 

10,000 

9 . 000 

1 0 ,1 00 

9 , 000 

11,000 

1 0 , 080 

4 2 

Flange 
that 

buck led 

l ef t 

right 

l ef t 

do. 

ri ght 

1 eft 

right 

l eft 

right 

do . 

left 

right 

do. 

left 

7 , 700 l 2- 47/6 4 2- 34/6 4 ~ 6 ,11 0 do . 

7 , 300 2- 46 /6 4 2- 34/6 4 8 , 000 I right ___________ _ ____________ .-1__________ --------J--- ------
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TABLE III 

Critical Loads and Twist-Axis Locati ons - ---------------r----,.------l-------r------- --------------
1 2 3 41 5 6 7 8 9 

Spec- Obser ved --Computed critical loads Observed Computed values 
imen Pcr q,l PI Pa I P3 Ps Q, Q,a 

(lb . ., (lb.) (lb.) (lb.) (lb.) (in. ) (in . ) (in. ) 

90- 1 2 , 250 2,075 2,~oo 2 , 282 2,320 2 . 30 2 . 360 2 . 457 
90- 2 2 , 366 2.420 
90- 3 2 , 160 2,313 2,300 2 . 75 
70-1 2 , 940 2,620 2, 852 2 , 870 3 , 060 2.30 2 . 090 2 . 169 
70- 2 2 , 900 2 , 885 ~,100 2 . 35 
70- 3 2,960 2 , 870 3,045 2 . 30 
60- 1 3 , 420 3,060 3,307 3 , 348 3,540 2 . 20 1. 984 2 . 041 
60- 2 3,430 3 , 313 3,620 2 .10 
60- 3 3 ,380 3,326 3 , 445 2 . 15 
50-1 4 ,240 3,730 3,996 '±,O07 '±,370 2 . 00 1 . 898 1 . 935 
50-2 4,380 4 , 031 4,450 2 . 05 
50-3 4,300 4,007 4,325 2 . 00 
40- 1 5 , 790 4,905 5,190 5 ,293 5,820 2 . 00 1. 828 1 . 851 
40- 2 5 , 800 5 , 293 5,940 2 . 00 
40- 3 5 , 800 5,293 5,860 2 . 00 
30-1 8,550 7,420 7, 682 7,800 9,080 1.90 1.774 1. 787 
30- 2 8 ,730 7 , 800 9 , 020 1.90 
30- 3 8,350 7 , 800 8,890 1.90 
24-1 12 , 480 10, 605 10, 843 1 10,900 13,200 1 . 70 1 . 750 1 . 756 
24-2 12,450 15 , 026 11, 330 2 . 40 
24- 3 11,550 11 , 141 11, 840 1.90 
22- 1 12,120 12,275 12,503 1,::,900 14,190 1.90 1.742 1.749 
22- 2 12,750 14 , 348 13 ,020 2 . 10 
22- 3 12 , 750 12 , 500 13 ,290 1.75 
20- 1 12 , 850 14, 485 14 , 690 14 , 688 14, 000 1 . 75 1 . 736 1.742 
20- 2 13,500 14 , 906 15,240 1.65 
20-3 13 , 050 14 , 735 13 , 7 60 1.70 
16-1 13,900 21,615 21,757 37 , 141 14 ,250 2.60 1 . 726 1.729 
1 f.r-2 12 , 890 12,780 
16- 3 12 , 350 24,125 12 , 740 1. 50 
10- 1 14,930 52,500 52,343 470 , 842 15 ,220 . 50 1.714 1 . 715 

10- 2 15,000 81 , 518 15 , 840 1.25 
10- 3 15,130 15,3 60 
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TABLE IV 

---------T--------~~~~-~~~;------- Bu c k l es not e d 
S ne e i men --=----- -- ---- - - - - - - ----

~ (lb .) (pe rc en t) po und s be lo w 
Pcr 

pe rc e nt 
Per 

24 - 1 6,330 50 . 8 1, 080 91. 3 

24 - 2 4 , 980 40 . 0 4 , 460 6 4 .1 

24 - 3 5 , 580 48 . 3 1, 820 84 . 2 

22 - 1 6,390 52 . 6 1, 600 86. 8 

22 - 2 

22 - 3 7 , 180 56 . 4 1, 700 86 . 8 

20-1 6 , 750 52 . 5 5 9 850 54 . 5 

20- 2 7 , 990 59 . 2 3 , 500 74 .1 

20- 3 7 , 380 56 . 6 4 , 050 69 . 0 

1 6- 1 7 , 970 5'7 . 4 3 , 800 7 2 . 4 

1 6- 2 6,040 47 . 0 3 , 890 6 9 . 9 

1 6 - 3 5 , 250 42 . 5 1, 350 89 . 0 

1 0-1 7 , 420 49 . 7 4 , 850 67 . 5 

1 0 - 2 

1 0 - 3 

7 , 3 00 48 . 7 l 8 , 890 

7,830 L 5 1 . 7 7 , 050 

- ----- - --- ------------ ---------------

40 . 8 

53 . 4 

--- --- --------------
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TABLE V 

Comparative Measured and Calculated Values for 

Nominal, Median, Small, and Large Se c ti o ns 

(See fi~ . 22) 

--T----~------rp~~ce:t~~~I--------~~;c~~~~;e'-------, -p~~ce:tag: 

I t N
o 1 M dO I variation Small variation Large variation 

em omlna Ie lan I 0 from section from sectlon fr om 
nominal nominal nominal 

A' 0 . 1 00 0 .102 2 . 0 0 . 101 1.0 0 . 105 5.0 

B . 100 .099 -1 . 0 . 09 7 -3 . 0 . 101 1 . 0 

C . 100 . 098 - 2 . 0 . 097 -3 . 0 . 098 - 2 . 0 

D .10 0 .101 1!0 . 100 0 . 103 3 . 0 

E . 100 . 101 1.0 . 099 1 . 0 . 103 3 . 0 

F 2 . 100 2 . 110 .48 2 . 06'7 - 1.57 2 . 147 2 . 24 

G 2 . 1 00 2 .1 04 .19 2 . 098 - . 10 2 . 112 .57 

H 2 . 050 2 .049 -.05 2 . 042 -. 39 2 . 054 .20 

I 2 . 050 
1
2

•
048 -.10 2 . 041 - . 44 2 . 055 ,24 

areal • 5845 1 .6 000 I ,6 020 .33 - 2 . 58 . 6234 3.90 

Iyy . 26 72 .2675 I .11 . 2582 -3 . 37 . 2785 4.23 

I xx . 4675 . 4709 .73 . 4465 - 4 . 50 . 4994 6 . 83 

x .666 .663 - .45 . 658 - 1. 20 . 669 !45 

Pyy . 667 .667 0 . 665 - . 30 .668 ,15 

Pxx .8 83 . 879 -.45 . 839 -4 . 99 . 895 1. 36 

Ip . 7347 07384J .50 . 7047 -4.09 . 7779 5 . 88 

------1______ _ ________ ~---------------- ------- ----------
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TA BLE VI 

Varia t ions b e tw ee n Me asurements F and G 

(All quantiti es in thousan dths of a n i nch) 
----------,----- ------

Max - I lin + Spe cimen Max + 

A 20 - 1 11 4 
B 1 6 - 3 44 
D 6 0-1 6 6 
F 1 0 - 2 9 4 6 
E 22 -1 1 13 
C 24 - 2 2 5 1 0 
D 6 0- 2 9 9 
C 60-3 26 7 
E 24 - 1 5 15 
F 20 - 2 9 1 2 
B 70 - 1 1 8 4 
C 24 - 2 ~O 8 
F 22 - 2 4 1 8 
E 50 - 1 4 1 9 
C 40 - 3 24 
F 30 - 2 24 0 
D 16 -1 24 0 
F 3 0 - 1 17 9 
B 7 0 - 3 32 
C 40 - 2 1 3 14 
F 20 - 3 21 6 
E 50 - 2 34 6 
C 40 -1 20 9 
F 30- 3 1 5 1 4 
D 90 -1 3 6 6 
A 22 - 1 7 23 
F 1 0- 1 21 1 0 
F 1 0 - 3 28 5 
B 70 - 2 18 19 
F 16 - 2 32 5 
A 90 -2 7 30 

-~-~~~~--- -----~~----L--~~----l-- ------

Mi n -

33 

1 
o 
o 

5 

46 

Spr ead 

7 
11 
12 
1 3 
1 4 
1 5 
1 8 
1 9 
2 0 
21 
22 
22 
22 
23 
2 3 
24 
24 
26 
27 
27 
27 
28 
29 
29 
30 
3 0 
31 
33 
3 7 
37 
3 7 
38 
52 
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TA BLE VII 

Physical Pro pe rti es of Materi a l 
----------

-----------T-----------
--------- -- - -------------

Young's Tensile Ultimate Elongation 

Specimen modulus yi e ld t ensile in 
point strength 2 inches 

(lb.jsq.in.) I (lb .jsq.i n .) (lb.jsq.in.) (percent) 
- --------- ------------ ------ ------ - - ------------ - ----------

A 90 - 2 10, 3 3 0 , 0 0 0 48 , 0 0 0 66 , 7 00 1 5 . 0 
A 90 - 3 9 , 840 , 000 49 , 000 60,8 00 
A 90 - 3 10,220 , 00 0 51,1 00 62,800 11.5 
A 90 - 3 a l O, 550 , 000 
B 7 0-1 9 , 900 , 000 46 , 000 61,800 1 4 .5 
B 7 0 - 2 10,2 30 , 000 46 , 900 62 , 300 1 3 .5 
B 7 0 - 3 1 0 , 01 0 , 000 48 , 000 6 0 ,7 00 
C 6 0 - 3 11,1 20 , 00 0 48 ,700 63 ,1 00 
C 60 - 3 alO,65 0 , 0 0 0 
C 40 -1 11, 070 , 000 47 , 800 60 , 400 
C 40- 2 1 0,1 00 , 000 48 ,7 00 58 , 400 
D 90 -1 1 0 , 3 :'0 , 00 0 4 9 , 300 62 , 500 
D 60 - 2 1 0 , 0('0,00 0 4 9 ,1 00 60 ,5 00 11 . 5 
D 6 0 - 2a 9 , 8 '1 8 , 000 4 9 , 300 63 , 500 
E 5 0 ~1 1 0 , 000 , 000 47 , 5 0 0 61, 000 1 6 .5 
E 50 - 3 9 , 66 ~l , 1)0 0 4 8 , 8 00 60 , 500 
E 24 -1 1 0 , 22-::

'
, 00 0 47 , 500 60 , 600 1 5 . 5 

F ~ 0-1 1 0 , 5 3 0 ,000 4 8 , 00 0 65 , 600 
F 20 - 2 10, 300 , 000 4 9 , 0 00 66 , 6 00 
F 20 - 3 9 , 84 0 , 000 48 , 4 0 0 64 , 000 
AV8 7.'age 10, 20 0 , 0 00 48 , 400 62 , 300 14 . 0 
Max ;rrUlD 11,1 20 , 000 51,1 00 66 ,700 16 . 5 
M i Il "i Ij1DIi 9 , 660 , 000 46 , 000 58 , 400 11.5 

Deviations 
9 . 2 1 1. . 2 7 .1 1 7 . 8 

p ercent 
of mean - 5 . 3 - 5 . 0 - 6 . 3 -1 7 . 8 

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

aVa1 ues obtained by Nat io nal Bureau of Standards on samples 
suppli ed by the au t ho r after comp letion of present pape r. 
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Figure 1.- General arrangement 
for column teat •• 

Speclmen 90-3 under maxlmum load. 

F~e 2.- End-fitting assemblies. 

Figa.l.2.3.4.5. 6 

figure 3.- S$ddle. 

Figure 4.- Bearing blocks. 

Figure 5.- Antennae. 

Figure 6.- Calipera. 
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Figure 8.- Torsion-test 
equipment. 

Figure l~.- Specimen 90-3 under 
maximum load. 
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(a) Front vicw. (b) Rear view. 

Figure 15.- Specimen 70-1 under 2940-pound load before tensiometera were removed. 
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(a) Front view (b) Rear view 

Figure 16.- Suecimen 70-1 under 2940-pound load after removing tensiometers . 
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(a) Front view (b) Side view 

Figure 18.- The SO-inch specimen under critical load. 

IZ: · =-• n 
• > • 
tI 
o 
g 
t
o 
lit .... 
~ 
~ 
tt 

~ · 
~ 
CH 

"'U .. 
'" • ..... 
CD 



5.A. C.A. Technical Bote No. 733 rlga.19.20 

Figure 19.- Short specimens after teats • 

• 

• 

Figure 20.- Specimen 10-3 at failure. 
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Figure 21.- Varia tion of M r eading with load . Tests 10-1 and 10-2 . 
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Fi~re 22 . - Locations of check measurements 
of cross section . 
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Figure 23 . - Section of flange 
exagger a t ed . 
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