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NATIONAL ADVISORY COMMITTEE FOR AERONAUT I CS 

TECHNICAL NOTE NO. 924 

ELASTIC' PROPERTIES OF:CHANNELS WITH , 

UNFLAN(}~D LIGHTENING R'bLES' 

SUMMARY' 
" . 

Fifty- ~ i ght li~hteried ~n~ fi~e unlighterted alciminum
alloy channels were tested as s i mply supported b~ams in 

, pure and/or simpl~ bending produced by loads parallel to 
the plane of symmetry , arid f i fty - three ' light~ried and four 
unli gh tened alu~inum- al l oy chann~Ys w~r~ iimilirly ' tested 
under loads parallel to the back , in orde~ to devBlop 
empirical for~ulas for the effect of unflanged lightening 
holes in the b~ck ori the pos i tiort 'of the 'effective cen
troid and on the magnit~de of the ' eff~ctive moment of 
inertia of the section. Forty l i ghtened and four unlight
ened aluminu m-alloy channe l s were tested as pin - ended 
columns to deter m in~ th~ effect of unflanged lightening 
401es in the bac k on the posit i on of the effe c tive centroid 
an~ the colum~ st{ffn~s~ . ' Reasonable ' empirical formulas 

' for t h ese eff e cts ' were developed ,from ' the test data. An 
e mpiric a l formula was also developed for estimating the 
~ffect of unflang ed li g htenin g hole§ on the deflecti o n of 
a c h annel du e to shear deformat i on. 

Fifty- six li ghtened and se~en unl i ghtened ' aluminum
alloy chann e ls were " te~ted as cantilever beams ' to dBter
~ine t he e tf e ct of urifl a n g ed li ghtening holes ih the back 
on th e locat ion of th e she a r center , and a reasonable 
e mpirical r u le to allo w for this effect was dev e loped . 
Ad~iti o nal data fro~ thes~ tests were studied " in an un 
successful atte mpt to de velop a reason~ble formula for 
t~ e, effect of unflang ~ d lightening holss on the torsional 
stif'tn e ss of a channeJ. '. 

, . 
INTRODUCT I ON' 

,In 1934-35 ait , initial study of ;the effect of light
'e n i n g hoI e son ' the ,e:1 a s tic pro per tie s , of ' c han n e 1 s, was 
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made by Mr. C. Glas g ow, who tested 20 aluminum-alloy 
specimens in compression and in bending due to loads in 
the plane of symmetry. The c4ief result of his work was 
to indicate that, until the effects ' of unflanged holes 
had been more definitely determined, further study should 
be restricted to channels ' with holes of that type. 

Studies of the effect of unflanged or "plain" holes 
were carried out by Messrs. F. C. Allen and J. C. Silliman 
in 1936-37, Messrs. A. J. Carah and J. W. Park in 1937-3 8 , 
Mr. J, W. Scarbrough, Jr . , in 1939-40, and by Mr. R. J. 
Wellman in 1940-41. The pres-ent report covers the work 
of these later investigators, as combi~ed and analyzed by 
the writer. 

~he o~jectives of the t~sts under con~ideration were 
to determine the influence of plain round holes in the 
web, of a chan.nel on: 

1. St i ffn.ess against bending produced by forces 
parallel to the principal axes of the cross 
sections 

2. Stiffness against torsional deformation 

3. The location of the resultant axial compression 
compatible with zero transverse deflection 

4. The position of the shear center of the cross 
section 

These influences were not determined for all the 
specimens tested, but each was determined from enou gh 
specimens to permit the development of some empirical 
design rules. 

Prosecution of the project covered by this report . 
was made possible by the gift of test specimens from the 

, :Boeing Ai~plane Co. ' and the former Northrop , Aircraft, Inc. , 
now the El Segundo Division of the Dougla s Aircraft Co. , 
Inc. , and financial su-pport from the National Advisory 
Committee for Aeronautic s . The writer of the present re
port wishes to acknowledge also his debt to the students 
who car r i e d ou t the t est s rep 0 r ted up 0 n : Me s s r s. F. C. 
Allen; A. J. Carah; C. Glasgow ; J. W. Park; J. W. 
S'carbrough, Jr .; J. C. Silliman , Jr .;: and R. J, Wellman. 
Thanks are als o due to Messrs . R . Jackson for assisting 
in the tests ; H. Ponsford and A. E. Anderson for preparing 
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diag rams and similar work; F. D. Banham, W. H. Cadwell, 
and ,T. J. Palmateer for constructing test equipment; and 
Professors M. S. Hugo, C. Moser, and S. Timoshenko for 
helpf~l advice to both the writer and the atud~nts who 
did the actual testing. 

TE ST ?JATERI:AL 

T~e test ,s co~ered in ' thi~ report were made on a 
group of 17S-T aluminum-alloy channBls donate~ to Allen 
and Silliman by the Boeini Aircraft Co. and ' a group of 
24S-T aluminum-alloy chann els donate'd to Allen and 
Silliman by the former Northrop Aircraft, Inc., nQw the El 
Segund o Division of the Douglas Aircraft Co. , Inc. 

The major dimensions of the specimens shown in fig
ure 1 are listed in table 1. In this table and in the 
remainder of the report specimens furnished by Boeing are 
indicated by a plus sign and those furnished by Northrop, 
by a minus sign preceding the specimen number. In table 
1 the over-all width of back B, the over-all width of 
side S, the li ghten in g-hole diame~er D', and the 
lightening-hole pitch P are nominal di men sio n s. The 
thicknesses t were obtained by geighing ' the specimens 
and comput ing the thickness from the we ight and the de
veloped area was obtained by assuming a density of O. l~ll 
pound per cubic inch. Numerous check measurement s of the 
thickness were made with micromete~ calip e rs; but, as 
there rras considerable variation in the observed thick
nesses of individual specimens, the 'values computed from 
the we i ght s are considered more reliable. Although these 
thicknesses are reco~~~d ,to three significant figures, 
the third fi~ure is no~ reliable. ' ' 

2 
In the IIli ghte ning parameter ll D IFb, b is the 

distance B-t .' between the midlines o'f the channel le g s. 
This paramete'r 'multiplied by 25 TT is the percentage of 
the area of the back occupied by 'the holes. ' 

Since the investigation wa~ limited to the influence 
of holes on the ~l~~iiQ properties of the specimens, the 
only material ~roperties of ini~rest were Young's modulus 
E and the, s~_earing modulus G. Te st s l7e,re made to check 
the Youngl"s' m'odulus of a few of the spec,i mens and the re
sults varied little from the standard valtleS used in the 
analysis of test results. More such tests might have 



) , 

4 NACA T ec hni c a l Not e No . 924 

been made, had it been . considered that the results wo u ld 
have justified the trouble. The el a stic pro~erties, 
however, are not subject to . such wide variations a s p rop
erties like the yield and ~ltimate stresses and t h e 
objective of the study was t o obtain . empirical formu l a s 
that could b e applied to "run of the mill" material r a t he r 
than to validate a refined t heoretic a l ana l y sis . Furthe r
more, in a consultation with eng ineers of the Natio na l 
Bu reau of Standards no p racticable method of check i ng th e 
shearing modulus of the thin flat she e ts used in the 
specimens was sug g ested. It was th e re f or e decid ed to make 
all computations on the basis of the standard values 
E = 10,300 , 000 pounds per square inch a nd G = 3, 85 0, 00 0 
p ou nds per squa re ' inch. 

APPARATUS AND TEST PROCEDURE 

. Types of T e st 

The tests were of four types : 

1. Tests with the channel simply supported near ea ch 
e nd and subject e d to tr a nsverse lo a ds acting 
in the ~lane of symm ~try of th e sp ecimen 

2 . Tests with the c hanhel simply supported near each 
end and subjected to transverse loads actinG 
in a p lane , parallel to the web , which passed 
thr ough the experimentally determined s he~ r 
c enters of the sp e c i me n c ross sections 

3 . Tests with the ch~nnel supp orted as a .c a ntilev er 
and subjected to a concentra ted loa d, ~t the , 
free end, acting parallel to the web 

4. Tests with the channel supp orted betw~en knif e 
edges, or their equivalent, par a llel to t he 
web , and loaded as a pj,n-ended co.l u mn 

Th e first two types of test were used to determi n e 
the ap~ arent stiffness EI in bendi ng . Most of t h ese 
tests were ma de with t '.7 0 concentrat e d. lo a ds so pro~or':" \ -; .. 
tioned that the portion of the span bet ween '~hose loads 
would be subjected to "pur'e" bending . The remainder were 
made with a single concentrated load at midspan . In t h is 
rep ort th~ resulting combination of she~r a nd bending i s 
termed "simple bending." 

or 

• 
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The third type of test was made to det'ermine expe,r
imentally the location of the shear center,to determine 
the torsional st"iffness 'of the member GJ, and to ob
tain an additional value of the apparent stiffrtess EI 
in bending. The combirtati~n of transvetse shear and 
bending used in this type of test might also be cailed 
si mple bending, but is terme'd ' in this teport I"cantilever 
bending" to distinguish it from the c~ndition8 existing 
in the first two types of iest. 

The fourth typ e of test was made to determine : (1 ) 
the anparent stiffness EI from the action of the speci
men a~ - a long pin-ended column, and (2) the position 
necessary for 'the resultant axial load if no lateral 
bendin g were to result from its , application. For conven
ience this position is termed the Iteffective centroid" of 
t h e section, and the line parallel to the web of the 
specimen which passes through the effective centroid is 
c al l ed the "effective neutral axis" of the specimen. 

Tests of S'imply Supported Specimens 

1Qg~_i~_Qlg~~_~f_~~~~~l~~~- A general view of the 
apparatus constructed and used by Allen and 'Silliman for 
their tests of the first type is given in figure 2. The 
method of applying the load is shown diagrammatically in 
fi gure 3. The weight of the shot bags placed on the lo a d 
pan - W was transmitted by wire s, the ho rizontal loading 
bar H, and the cross arms C to the loading rods A, 
which rested directly on the specimen. The , suecimen was, 
in turn , supported through the reaction roll ers E, wh ich 
rested in V-shape grooves in the cast-iron blocks indi
cated at 1<:, in figure 4. Near one end the specimen 
rested directly on the reaction roller, as shown in fig
ure 5. Near the other end it was separated from the 
reaction roller by the roller pad (R in ' fig. 4) shown 
in figure 6, which allowe~ , that end of the specimen to 
move horizontal l y without restTai nt . The loading rods 
and reaction rollers were hel d in the desired locations 
by the loading temp let T. This is composed of two 
parallel steel plates, slotted to receive the rods and 
rollers, reinforced longitudinally by angle irons, and 
held apart by four steel spacing plate s. All the tests 
of Allen and Silliman were ma de ith the central po~tion 
of the specimen subjected to pure bendi'ng; so the loading 
rods were placed in the two slots l 'ocated 4 inches from 
those for the reaction rollers, as shown in figures 2 
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and 4 . The distanc~ between the slots fQr the reaction 
rollers 1V'as 32 , inches. Deflections of the specimen at 
or near th~ 'supports; loading points, and midspan were 
made by means of Ames dial gages supporte d from a wood 
plank ; which was supported in turn f rom the main I-beam. 

The testing procedure was simple . . The specimen was 
usually so located tha t the lightening hoLes were sym
metrica l about midspan, the loading rods and reactio n 
rollers locat e d by means of the templet assembly, and the 
dial gages put in position to measure the vertical move
ments of the . four rods and the web of the specimen at 
midspan. After a tare load ·of 5 or 10 pounds had been 
placed in the load pan to take up any uslack,~ each dial 
gag e was set tor e adz e r 0 • Loa d s w ere add e din 5 -, J. 0""7 , 
or 25~pound increments, according to the size of the 
specimen, until it was estimated that a maximum stress 
about equal to one-half the yield point of the material 
had been re ach·ed. Si nce the re seemed to be a sli gh t 
amount of friction between the loading rods and the ed g es 
of the templet slots , those rods were lightly tapped 
after each load increment before the dial-gage reading s 
were recorded. It was found that this tapping made it 
possible to obtain much. strai ghter load-deflection 
diagrams from the recorded data. After the maximum de
sired load had been reached, the specimen was unloaded 
in equal steps and the dial-gag e readings were recorded . 
In this manner the deflection readings for each load 
we r e checked. A simple ~ata sheet is shown in table AI. 

In order to compute. the stiffness RI f rom the 
observed defleqtions, the readings of dials 2 and 4 at 
the loading po ints were subtracted from those of dial 3 
at midspan. The average of these differences was then 
taken as the deflection of the point at midsp an from a 
straight line joining the . p oints of load application . 
These deflections were next plotted against the loads 
producing ' them, and the slope of the straight line de
termined b;y them was computed . . The value of o/W thus 
obtained was then inserted in the ap p ropriate beam deflec
tion formula, which then was solved for El. The result
ing values of E1xx a!e recorde~ in tables 2 and 3. 

Essentially the same testing apparatus and procedur e 
were employed by Wellman in tests with the plane of load
ing normal to the back of the channel. .A somei7hat differ
ent procedure, however, was used for computing the 
1I 0 bserved Ell! from the observed def1ections. Instead 
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of plott in g the differences between the midpoint deflec
tion and the ave ra g e of the load-point deflec ti ons, a 
separate curve wa s p lo tte d f or ~he deflecti6ns of each of 
those p oints an d al so .those of the re act i on po ints tinder 
dials I and 5 . The v a lue of ' o/ W i n serted in ·the· b eam 
deflection formula was then the difference bet ween the 
slope of the line p lotted fro m the deflections at dial 3 
and the av erag e of the o/W values obt a in e d fr om the 
lines representing the deflections at di als 2 and 4 . The 
stiffnesses EI obtained in this manne r are termed "pure 
bending stiffnesses. 1I In addition, the v a l ue of 8/W 
for the midspa n was subt racted from the average bf the 
o/W values for the supp~rt points and the result i nse r ted 
in the app rop riate beam deflection formul a , which wa s 
solved to obtain the ,va lue of EI termed the II two-load 
bend i ng stiffness. II Both these values a re listed in . 
tables 2 an d 4 . 

. ~Q~~_Q~£~11~1_iQ_~~E~- For the tests on s imp ly 
supported beams with the p l a n e of loading pa rallel to 
the web , it was necessary to make some minor ch ange s in 
the test appa r 'atus and pr oc e dure . Had the loading rods 
and reaction rollers r e s te d directly a ga i n st the specimen, 
the plane of ' loading wou ld not have pa ss e d th rou gh the 
shear cente rs of the cross sactions arid the spe ci men 
would have 'Qeen subje cted 'to torsion as well as bending . 
This wa s circumvented by th e use of the lo ading ' frames 
shown in figure 7. The se frames were mad e of square
section steel bars he ld t og et her with machine screws. 
Hardened knife ed g es were inset in the upper and lower 
members in such pos itio n tha t the specimen c ould be 
located 'with its she ar center on th e li n~ joining the 
knife edges . The spec i men wa s he ld in the desired p osi
tion with reference to the frame by machi n e screws and 
blocks of s yntheti c resi n , as shown in fi gure 7. In the 
tests the l oading rods rested on the upper knife edges 
of the frames at the lo a di ng p oi n ts. At the r eact io ns 
the lower knife edge of o ne f rame rested on the reaction 
ro ller~ while that at the othe r end r e st e d on the top of 
the roller pa d. When · the specimen wa s loaded a nd sup
ported in this manne r, it wa s unst~~le with respect to 
rotation about a longitudinal ax is! To p rev ent it from 
rolling over, the vertical gu ides shown in figure 8 were 
clamped to th e I - b eam near each end of the specimen. 

Except for the u se of the loading f rames a n d end 
guides, the apparatus and p rocedure of Ca rah an d Park 
for tests in pure bending wit h the plan e of loading 
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parallel to .. .- the web 'IV'ere ·esse.-n,ttally t ·h,e _same as tl~ose of 
Alle~ and Silliman' . f ·o.r t 'ests ,with the loads normal, to the 
web. One minor chang e also wa.S mad.e 9Y Carah .and Park .in 
the determination of the effective EI from the te~t data. 
Allen and Silliman maaaured the . deflec~io~ of tbe points 
of loa d a p p 1 i cat ion by ' d i a.l ga g e s mea s u. r i- n g the v e r tic a I 
movements 'of the loading rods. Carah an d Park attached 
small synthetic-resin blocks to the channel web with the ir 
upper surfa-ces at midheight of "t h e ' s-pecimen . . Since the 
loa di n g f ram e s ma d e it · imp 0 s sib 1 e .- top I ace th e s e 9 1 0 c k s 
exactly at .the loading ' points , they we re placed a little 
closer to the midspan, so that the dial-ga ge spindles 
would clear the loading frames. The formula for comp uting 
EI from the deflect'ions was suitably modified to allow 
for the actual distance ' bet~een the poi~ts at whi ch the 
deflections were measured. Scarbrough and Well man made 
their tests in pu re bending with the loads parallel to 
the web in essentiall y the 'same manner as Carah and Park . 
Their chief modification was to omit the u se of blocks 
attached to the web for meas~ring deflections and . to ·mea s
ure the deflection of points on the uppe r flange as close 
as possible to the web . 

In addition. to the tests in pure bending , Carah and 
Park , Scarbrough, an~ Wellman made tests in· simple bending 

,\lith the loads ·parallel to the web. In these tests th~ 
horizontal loading bar was ~ispensed \lith and ' the load pan 
hung from a single loadin g rod placed in the slots at the 
center of the templet. In these tests it was necessary to 
measure the deflections at but three p oin t s, at each reac
tion, and near the loading po int at mid span~ The method 
of determining apparent EI from the test data was essen
tially the same a s in the pure bending tests; the pertinent 
dimensions . and the observed values of 5 /W were inserted 
in the appropriate beam deflection f ormula , wh ic h was 
solved for E1. 

The values of ' apparent EI obtained in both pure 
and simp le bending tests are recorded in table 5 . . Well~an 

also used data from his tests, made primarily t o obtain 
th e stiffness in . pu re bending, to .obtain stiffnesses in 
tt"two-lbad bending" similar to those h e obtaiped fro.m the 
tests with the loads normal to the back of .the specimen . 
These results al~o are recorded in table 5 . 

.. 
" 
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', ', C,ant-ilevSr~Bea.m Tests' 

I~ the third type ot ~~~t one end of the specimen 
was ~~amped to a beavy verti~~l st~el ' co1umg in such a 
manner as· to minimize possible' rotation at that end. At 
t h e ,free end a T-'shape ,fitting 'had itsllverticalll member 
bolted to the w e~ , at midhei ght, the croSs bar forming a 
horizontal platform on which the load could b~ applied 
at varying distances 'from ,the " web of the specimen. The 
load pan was 'suspended froTil' a steel loadin g bar which 
rested on the cross bar of the T-sh~pe ' fitting. In order 
to have single-point contact ,between these two members a 
small hole was drilled in the loading bar' , into which a 
bearing ball was forced. The ~osition of the bearing 
ball with respect to the web of the specimen was measured 
by a micrometer screw attached to the loading bar. In 
the first group of , these tests, those made by Carah and 
Park , the deflection of the ' free end of the specimen was 
measu red by an Ames ,dial gage supported frorp ' a platform 
resti ng on the floor of the laboratery. In ' the same 
tests the rotation , of the ' specimen was determined from 
the vertical movement of the ends of a steel rod passing 
through , and normal to, the web a short distance from the 
free end. These deflect~ons wer e me~sured by dial gages 
supported from ,the same pl~tfarm as the ga~~ measuring 
the deflection of the end of the specimen. The arrang e
ment of these gages and other a 'pparatus at the ' free end 
of the specimen is shown in figur e g. 

The specimen was first clamped to th~ vertical sup
port with its web in a vertical plane and its longitudinal 
axis horizont?l. The dial gages- were th~n set to zero and 
load a p plied in small increme n ts. After each increment of 
load the channel was tapped lightly to eliminate friction 
effects, and the load bar was shifted in position by the 
m~crom eter ,screw untiL the def1ect'ions of the ends of the 
transvers,e rod were equal. Whe'n t h e twist of the speci
men h ad been thus eliminated~ ' it ' was considered'that the 
point of l ,oad application was: coincident with ' the shear 
ce n ter of the cross section. The position of t h e point 
of load application and ths dial-gage readings were then 
l'ecqrded, as shov;rl'l. in table A2 . A load-deflection cu~ve 
was 9lotted as , the test , proceeded and tire wa& taken to 
keep the i mposed load below ' the magnitudes that ~i ght 

cause y ielding of the material or buckling of the member. 
In these tests it was noticed that the position ' 6f the 
s~earcenter seemed to cha nge slightly under low loads but 
e~entually reached a stable position, as shown b y the 
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curve of figure AI . The shear-ce~ter'distances recorded 
in table 5 are based upon the locations at which the 
larger lOads p r oduced torsionless b~nding. _ T~e ap p arent 
EI in cantilever b endin g wa s obtained by ' inserting the 
slope of the ' load-deflectton ,curve in the appropriate , 
beam-deflection - formu~a. The results of thes e comp uta
tions a re also included in table 5 . 

, , 

A few teats we re made by Carah and ,Park to determine 
the critical load under cantilever loading. , With the 
ch~nnel firmly clamped in place as a cantil ever beam, the 
loading device was , fixed in posit ion . As in the she a r
center tests the web was a djusted to a vertical position 
and the channel leveled~ The two side gages were then 
place d under the cross bar and s~t at zero with the free 
end of the specimen under no load. Sinc~ the shear center 
tended to shift slightly ~nder low loads, increment~ of 
weight were added and the load position adjusted each time 

,until no further -shift was ' necessary, as determined by 
equal deflections of the two side ga'ges . These gag es were 
then remov~d and the load increased until the channel 
buckled . Deflections were not mea s u red in these t ests . 

In order ~hat the specimens used in th~~e test s would 
not be, permanently dam aged, a platform of shot bags was 
built up ,to about , one-half inch of the lower surface of 
the specimen. This caught the ' member after buc};:,ling took 
place and prevented permanent deformation of the aluminum
alloy specimens. This precaution appeared to be eff e ctive 
since the membe rs were not damaged by the buck~ing, but , 
upon r eleas ing the load and applying ,it a second time, t~e 

critical load was found to be practically unchanged. 

In parallel tests to determine the oritical load, the 
weight was app lied at the c entroi d of the section a~ deter
mined by computation. Otherwise th e tests were carried 
out in the same manner as those with ,the load applied at 
the shear center. The critical loads fqund in these tw~ 
groups of te sts were observed 'and are li~~ed in table 6, 

, Scarbrough an d Wellman's cantil~~€r-beam tests wer e 
made with the same ' apparatus" ex.cept , for the deflection 
and rotation 'mea s u ring s ystQm s, as those of Carah, and P~rk. 
The angle of torsi6nal rot at ion was measu r ed by the use , of 
a t~lescope and vertical mete r stick attached, to a steel 
tripod located several feet from the l oaded end .of t~e 
specimen and a mirror g lued to the . loaded ~~d of the spec
imen opposi t e , the" sca],e. The sCc;l 'e l;",eading was reflect ed 

• 
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fro m the mirror to the telesco~ e as . . shown in figures 10 
and 11. 

lri order to p r~clude errors due to ro tation of the 
s pe cimen at the s~pp orted end, the deflections of the 
free end were measured from a refer ence b a r attached to 
the web of the' 'spe cimen a s mall di 'stance f rom the sup 
ported end, as shown in fi ,gure 12. When the member 
deflected under load, the reference bar remained parallel 
to the line tan~e nt to' the elastic curve at the connection 
~oint. To obt.ain suffic ient rigidity the reference bar 
and the vertical mem ber connecting it to the web of the 
specimen were braced b y a di ag onal membe r, a s c a n be seen 
from f i gu re 10. In order to measure the deflections of 
the free en d of the s p eci men with respe ct to the r efe r 
ence bar, a standard micrometer sc r ew was set vertically 
in a steel block bolted to the end of that bar. Cont act 
be twee n the screw and the specimen wa s indic ate d by the 
closing of a Ii-volt elect rical circuit, a s shown in f i g
u re 13. .A pointed cau mounted on the end of the microm
eter screw contacted mercury in a small basin attached 
to the top flan ge of the t e st specim e n s oas to comu lete 
the circuit an d li ght a flashlight ~ulb. 

In start in g a test t he point of application of the 
load uas set near the expe ct ed locat i on of the shear 
c enter , and the distance from the back of the c hannel 
was measured with tho mi cr omete r screw and r ecorded . 
Load increments of from 2 to 5 pounds were ~pp lied , r ead~ 
·in g s on the scale 'we t ~ ~~de thr6ugh the ~~ies 'cope and 
r ,ecorded , and . a " loa d·-r otat i on " (ac·tuallya load against 
s.calo readi ng) diagra m was plottBd as the test proceeded. 
The load ua's car ri ed on l y ... to values which would ca use 
no buckling of tbe flan ge s . The test wa's then r e p eated 
with the load appli cati on p o i nt r eset , pr e f e r ably on 
the opp 'osite side of the shear c enter (so as to cause 
r otation in the oEPosite direction) . Typi~al load~rotation 
diagrams are shown in fi gure A2 . In order to fi nd the 
po sition of the shear cent e r , the. slopes dJt/d1tl of the 
line~ plo tted fr om these tests were pl otted against the 
d i stance from th e back of the c hannel to the point of load 
application . Since the tors i ona l rigidity of each partic
ular c hanne l is ~ c onsta n t , a strai gh t line drawn b etwee n 
the tuo points s hould i nterse ct the axis ( zero slope) at 
tho shea r-c ente r distance, 'as s hown in figure A3 . The 
poi nt of l oad ,application was therefore s et at the loca
tion determined in this mann€ r and the test r e peated. If 
any rotation occurred, and it u sua lly di d , the poin t of 

.,... 
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lo a d application WqS ngain moved sli ghtly Rnd tho test 
repeqted until Rny r otat i on indicated by the scqle r e~d

ings WA S negligible . This system o f measuring r otAti o n s 
not only was more se n sitive than th~t o f C~rah ~nd p q rk 
but qlso lent its e lf t o a determin ,~t i on of the· ~ppq r ent 

torsional stiffness of the chRn nel . 

The o b s~rved t o rsi onal stiffness of tha suecimens 
is rep orted in table 5 in the f o rm of values of Mt / 8 I 

in which 8 is the r o tati o n in r a di qn s o f the mirr o r 
near the free end o f the specimen produced by q c on s tRnt 
torsional ·moment Mt . In computing these f .igures Mt · 

wa s taken as the pr o duct o f a c onvenient l OR d i n creme nt 
6W and the distance d' f r om the experimentally loc ated 
shear center to the actual point of load ap~lication . 

As can be seen from fi gu re 11, for the small rotations 
encounteTed, O. I radian or less , 8 could be obtained 
from the relation - B = 6R/2Lr where ~R is the chan g e 

in meter-stick readings p roduced by the i mpo sit·ion of 6T1f , 
and Lr ~ is the distance from the meter stick to the mir
ror attached to the s p ecimen. Use of these exp ressio n s 
uroduces the relation 

Mt = 
8 

2 L d' tlJi 
r 

6R 
( 1 ) 

in which Lr must be measured in the same units a s 6 R . 

Since the sepa r ate tests on a sing le specimen did not 
al~ays g ive the same va lue for d'6W/ 6 R , this quantit y 
was computed for each position of the load and the qver
age used in the exp ression for Mt /8 to get the value 

given in table 5 . Where there - was considerable spread 
in the magnitudes of d ' 6~/AR, those deviating exces
sively from the mean we r e neglected in comput ing that 
val u e . U sua 11 y t his mea n t n e g_l e c tin g val u e sob t a i ne d 
from tests in rrhich · d' wa s relatively lar ge . 

Co l umn T est s 

The c olumn tests of Allen and Silliman we r e ma d e 
in a hand-operated 20 , OOO- pound-c apa cit y Olsen 
testing mach i ne , if i th the specimen located between 
knife edges parallel to the p l ane of it s web . In 
orde r to pe rmit cont r olled changes in the distance 
between the plane o f the kn ife edges and the plane of 
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the channel ~,~, the end f~~tipg§ shorrn in figure 14 
were used. In this fitting the lower plate r ests'directly 
on the knife edge. The upper p late slides on the lower; 
its movement normal to the knife edge is ' effected by the 
screw, the head , of wh ich appears irt ' the figure at the 
right-hand side ' of the fitting. The horizontal distance 
from the back ' 6f the channel to the plane of the knife 
edges ' i 's 'measu r ed by the microm~te~ sup~art&d ~rom 'th~ 
lowe,r. ''Plate. , The- deflection of the 'specimen '1.t mi dsp ~n 
~a~ mea sU~ed ' by , the dial-gage arrangemerit "sh dwn in fig
ure 1:5 . - The gage,s, were mounted on ,the oper at ing screws· 
of the testing ' ma~hine in such a mBnner thRt the tips of 
t ,he , spind,lE?s'o"[}:PQsed e-'3.ch other ... T,his, prA.ctically elim
inated ~ ths " un~esi~able unbalanced 'side lo~d whieh the 
spri ng ' in ' a 'si ,ngle dial gage would 'h:;ive pr'oduced. When 
the ef:(ective neutral axis had been 'approximately loc 'cited, 
however, these ~ages rrere removed so the ultimate 16~d " 
would be u.naff'ected by ,'uncertain midspan conditions. ' The 
ends of the ,specimens were embedded in type-metal pads to 
~revent locaL failu~e of the thin sections being tested. 
It was found lat~r that such pads , were unnecessary 'and : 
they, were omittad in Wellman l ~ tests. , 

, In testing, the specimen was ~a~efully,located in 
a 'ver.tic.al p 'osition -,7i th its web parallel to"theknife 
'edges and subjected to a tare load of about '70 pounds. 
The channel was then moved by ,manipulation of the ~nd 
fittings until ~heknife edges 7ere in line with the es
timat 'ed po~ition of the ' effective neu~ral axis. Addi~ 

ti'o 'n,a'l l~a'd ,was t ,hen imposed anu. ,the amount 'and th'e 
direct~on , of ~he mi dspan deflection were n6ted . The ' 16ad 
was then reduced to the tare value and the position of 
the specimen with respect to the knife edges c hang ed so 
as to reduce' the, eccentricity loading . This p rOcedure 
was repeated with the specimen subjected to larger and , 
larger l~ a ds , as the eccentricity was redu~ed until ,the 
poei t i on at ,whi ch t here ';'lou ld be no t ransve,rse deflect ion 
prior to ,buckling had been bracketed within a range of 
0.010 inch OT less. At this, stage the midspan dia'lswere 
remo~ed and, tha specimen tested ,td buckling failure. 

Wellman, in his column tests, used different apparatus 
from that employed by Allen and Silliman . His specimens 
were strained by the 200,OOO'-']Jouria. Riehle testing machine 
and the axial loads were measured b y the combi na tion of 
the 20,000-pound-capacity Emery hydraulic capsule and 
Bourdon tube gag e em~loyed in the tests repo rted in refer
ence 1. A g eneral v'i.ew of thi s arrang'ement is shown in 
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fi gu re 16. He also constructed a new pair of e n d fit 
tings. 

In the Al l en and Silliman tests the "pin - ended length " 
of the spe cimen, · measu red between the kn if e edges, exceede d 
the actual length of the specimen by about Ii i nches . ~ n 
order to sl iminate the uncertain effect o f the stif fness 
of- ·tne~ ena n.ttlirng s on t .he '~hiler load of th e sp ecimen, · 
Wellman used the fittings, similar to those described by 
H. Barlow in reference 2, which are shown in figute 17· . . 
Each · fitting consisted of a round steel loading bar 
mounted between two ball-bearing rings, which in turn were 
held by a steel .U-frame. The loading bar was notched to 
a depth 3/ 16 inch greater than one-half the diameter of 
the loading bar. This allowed the top · surface of a mov able 
platform made of hardened steel, 3/16 inch thick~ to rest 
at a depth of exactly one-half the diameter ' of the loading 
bar, SO as to permit the loc~tion of th e neutral ~xis of 
the specimen on the center l ·ine of rot at ion. The· actual 
movement of the platform was effected by m~a ns of the a d
justing screw ~h~w n just below the micrometer i ·n fi gu re 17. 
On one side of this mov able platform ias ~ raised eag e 1 /8 
inch high, against which the bac k of the specimen rested. 
The· p 0 sit ion 0 f the c h a n.n e 1 wit h r e sl? e c t tot h e c e n t e r 0 f 
rotation of the cylinder was measured by means of a microm
eter shown in figure 17, jus·t above the platform adjusting 
screw . ..Arms to carry a weight to counterbalance any ini
tial moment set up by the micrometers ~ere attached to the 
ends of the movable c y linders. In using this fittin g , the 
effective pin-ended lengt~ of the column was the ·distance 
between loading platforms and therefore just equal to the 
length of the speci men. 

Aside from the use of the new end fittin gs and the 
omission of the type-metal pads · on the ends of the speci
mens, ~ellman's procedure ~as the same . as that of Allen 
and Silliman. In both sets of column te!3ts, the major 
recorded quantities w·ere, the critic a l load in pounds an d 
the distances from the reference point to the bac k 'surface 
of th.e specimen near its ends. The f~rmer was ins e rted in 
the Euler formula for pin-ended columns 

· 2 2 
EIe = P ' L /TT (2 ) 

t.o determine the "c olumn stiffness." Fr ·om t he latter 
the distanc e fr om thi surfac e of the bac k of the specimen 
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to t~e effective neutral ax is Yo 

Th e obse rved values of EIe and 
ta ble 2 . 

was r ead il y obtained . 

Yo are l i sted in 

TE ST RE SULT S 

Properties in Bending about X-X Axis 

Values of EIxx obtai ne d from tests in bendi ng with 
the plane of loadi ng perpendicular to the back of the 
specimen are listed in ta b les 2, 3, and 4. Most of these 
tests were ma de with the do wnward loads a pp lied at the 
free edg es of the flan g es and the po int midwa y betwe e n 
those loads also midway between the centers of adjacent 
holes. The results of the tests with the sp·eci men in 
this "back down pitch centered" position a re listed in 
table 2. In this table the values obtai n ed by Allen and 
Sillima n for EI fro m their tests in pu re bending are 
shown i n column 2. Columns 3 and 4 g ive the values of 
EI obtaine d from Wellman's tests. Those in column 3 are 
h is two-load bending, ~hi le t ho se in column 4 a re his 
pure-bending values . 

In addition to the tests with the specimen in the 
back -down pit ch-cent e red position, Wellman tested five 
specimens in three ot he r positions: (1) back down, holes 
centered - - that is, with the midpoint betwee n the down 
loads opposite the center of a li gh tening hole; (2) 
flange s do wn , pitch centered; and (3) flanges down, holes 
centered. The values of EI obt a ined from all four 
tests of each of these specimens are shown in table 4 . 
Allen and Silliman ran a fe w tests wit h the spec ime ns in 
the back-down hole-centered position. They did not re
p ort the numec±cal results, but stated that t h e stiffness 
in the h ole-ce nt ered p osition was less than the stiffness 
in the pitch-centered position and that the difference 
was of the order of 3 percent. 

In order to investi g ate the possibility that appre
ciable e rror in t he observed values of EI might resu lt 
from local deformat ion of the channel flanges un der the 
load rollers, Allen and Silliman made several te sts in 
which the deflections we re measured at midspan and at 
points 2 inches i nb oard from the load rollers. The val
ues of EI obtained from these tests and the correspond
ing tests by their standard method a re listed in table 3. 
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The values of stiffness EIe and distance fro m the 

surface of the back to the effe c tive neut r al axi~ Yo as 
obtained fr om the c olumn te s ts are also shown in table 2 . 
The results of A llen and Silliman 1s tests are listed in 
c olumn s 5 and 7 and t ho se of We~~ man, in colum_s 6 and 8 . 

P roperties Dete r mine d from Loads Parallel to Web 

The major r esults of the tests with t he loads actin g 
parall el to the ipe c imen . web s are list e d in table 5 . In 
this table ' the results obtained b y . th~ different experi
ment~rs are pla c ed on separate li ne s instead of in . s e pa
rate columns . The sour c e ~f .the data is given in c olumn 1 
and the footnotes to the table . Th e observed value s of 
EIyy listed in c olumns 2, 3 , 4 , and 5 are those o~tained 

from tests in pure bending , simp le bending , two-load 
bend i~g , and cantilever be n di ng , resp b ctively , b y the 
methods des cribed in the section on ~e s t Appa rat u s and Pr o
c edure . Sin c e no allowan c e was made for defle c tion due to 
shear deformation in co mputi ns these Cll1antities ' , only t hos e 
obtained from the tests in p~~e bending sho u ld b e taken t o 
represent the tr ue stiffnes sHs E I Qf the c han ne ls . The 
remainder are " a p:parent " va:~j. e s , whic h a r e use f ul as I11eas
ures of t ll~ variat ion of de fle c ti on with l Oa d f or the 
specifi c loading pa tt er ns e mp lpyed . Oo lumns 6 a~d 7 show 
the observed and compu·ted. (listances f rom t he mic.. l:;' ne of 
the back t6 the shear ce nt e r and colum~ 8 the d irfe r o~ces 

betwoen t ho se di stance& . The c omputed shear - c en~er dis 
t ances of c o lumn 7 we re obtained fro m eCl uat~on 6: 17 ( on 
p . 162 of . refe r ence 3) , the existenc e of t he light ening 
holes bein g neglected . I n cQlumn 9 a r e the torsional 
stiff nes ses Mt / 9 obtained by t he metho ds pr ~ vi ously 
des cr i bed'. 

I n table 6 are listed the critical loads ob ta i ne d by 
Carah and Park i n their cantilevGr te st s a nd SO De si ~ 91e 
r ati os of these criti cal loads wh ic h i~ dic~te t he ef /c ct 
on the str eng th of the sp e ci nen of c hang i ng t h e position 
of load applioation . 

PRE CI SI ON 

Each experimenter analy z ed his test procc4ur e s , 
estimating the ~egr ee of pre c ision of and the p~obable 
er r or in each of the readings taken , and deter mining 

... 
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from those data th~ probable pie~ision of th~ erid 'products , 
apparent v.alues of · .EI, shear-cen-ter' dist 'ances, arid so 
forth. All : the.se studies indi ·c8.t e d· ·that the va l ues of 
apparent stiffness ' obtained fro~ .the tests would be co rr ec t 
to within 5 perc~nt or less and th~ distahces ~orrect to 
with in 0.01 .. i ·nch o·r less . . Comp ar'i 'son of the r e sulrs ob
tainedby ~ifferent observers' or in diff~ient tests of the 
same specimen and:.' the studies ma de .:to·· dev·el'op emp iric a l 
formulas for the p roperties und~r ' co~sid~ta tion ~ h owever , 
show th~t the precision o£ the · e~p~~iment al w6rk ~as ne t 
uni .for ml y tl:J. a t good .. , ' 

since theana~ypes of probable ' precision fir st men
tioned proved to·:be over-optimistic; ' they a r e "not . i riclu ded 
in this report. The · following discussioh {s,therefqre de
voted primarily to a study of the diver g ences fo~ rtd betwe en 
the work of the different exp erimenters. :B,'rom .t hi s discu s
sion it wi ll appe,ar :that, 'while enough \7ork of' s at isfactory 
precision was 'done to .permit the f 'ormulation of 'b et'ter 
rules for practic;al de·-s.ign than now~ exist,. the bas'is of 
these rules is not · so soun'd as would be desj:r~a·ble . . The 
lack of precision of many of ·t .he tests 'also made it i mp rac
ticable to obtain· reliabl'e 'informatio:n on ' the effects of 
some of the variables that it would be ~esirable to study 
in more deta·il. 

Beriding Tests - Load Normal to Plane of Ch annel Web 

Comparisons of bending tests made of the same spe ci
men .by Allen and Silliman and by Wellman show considerable 
differences in appa rent EI . Such cbmparis6n w~s p6ssible 

. on 15 specimens and the valu es of EI obtained . from the 
Wellman tests .. rang ed from 2, 5 percent below to 8 .2 ~ercent 
above All~~ and Si~liman's fi gur~s.· The " ~rithmetic ' mean 
differen~e was ·3 . 48 ·pertent · ~nd . the al ~ eb~ a{c m ~an differ
ence 3.15 percent . . (In th·is · rep ort · the adJe.ctive" "arith
met.ic" is app lieq. ,to mean and median val'U es ~o rl·!pu.te··d f rom 

' the absolute magnitudes of a ' g r0up ' of quanti~i~s . .. Use of 
the term "algebraic ll indicate"sthat the' si g ns' of the indi
vidual . ~uantitjes were c~~sidered in ' the ' computation ' of a 
me.an 'or median. )" . Both arithmetic ' and algeb·r l3.ic me dian 
differen~ 'es we.r .e 3 .. 2 percent. ·It ··should be. 'r-r o.t ed~ th8t for 
.onry one · .s.pec:,imen (:"-'19).: vias the st'iffnes:'s , obta·i nea. fi-.om 
Wellma'n·' .s test . ~es: s ' t ·han ·t .hat repbj'-te-if by Allen' 'a'nel " 
Sil.liman·. . . " . ~ .. ':' .,: ... ... 

. . ,' 
. All~nand . Sil~i~an : reported · that th~y ma~e" a number 
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of check runs of individual specimens and fou nd t ha t the 
results did not deviate from a mean by more than 1.7 5 p er
cent. Wellman did not report the resu lts ' of check r u ns 
under the same conditions but he did rep ort the r e su lts 
shown in table 4 of tests with t h e specimens i n fo u r d i f 
ferent positions in the jig. These showed variatio n s of 
EI as large as 14 percent withou t any discernible r e l a 
tion between chang e in apparent EI and specimen p osi 
tion; · Allen and Silliman, on the other hand, rep orted 
that, when the specimen was tested with a .hole at midsp an, 
the ap p arent EI was about 3 percent less than w4en the 
midspan point was midway between the centers of adja cen t 
holes. These fa'cts make it appear that the Wellman re
sults were not as precise as 'those of Allen and Silliman, 
and they are not given as much weight in the follo~ing 
discussion. 

In his first comuutations of EI from the test lo g s 
Wellman used the same method of ' compu ting W/& as had 
been employed by Allen and Silliman; the deflection of the 
point at midspan was subtracted from the averag e of the 
de f 1 e c t ion s ··a t the loa ding poi n t s. As t his did n o t g i v e 
satisfactory results,he modified his p rocedu re by findi ng 
t h e slope of the load-deflection curve for each point a t 
which deflections pere measured and combi n i n g t hose slopes 
to g et the value of W/ o to insert in the beam deflection 
formula. It was hoped th a t ir. this way the effects of 
individual poor readings would be minimized. 

Another attempt to meet the situation pas the compu
tation of the two-load bending stiffnesses from the slopes 
of the load-deflection curves of "midspan and the reaction 
points. In this manner the differences used were approx
imatel y doubled and the results made mOre consiste n t and 
probably more reliable. Comparison of the pure bending 
and two-load bending values of EI obtained from t h e 
Wellman tests is of interest. In 48 tests the two-load 
bending EI ranged from 0.920 to 1.082 times the pure
bending value, the average ratio being 0.9928, with al
most equal division between values above . and below 1.00. 
Sin~e there would be shear deformation of the channel 
legs in the end se€ment~, the observed tpo-load bending 
NI should be less than that for " pure bendin'g; but, since 
the ratio of span to depth of section was large, the dif
ference should be small. Insofar as the average ratio is ' 
concerned, the difference of less than 1 percent is very 
reasonable;but the larger differences for the individual 
specimens, particularly those in which the two-load ·-bending 

... 
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figure was the larger , can be best explained as due to a 
lack in precision of technique . It was therefore con
cluded that for these test s the effect of shear deforma
tion should be neglected and the observed values of two
load bending stiffness use d in the more detailed analysis 
of the data rather than the pu r e- bending figures . It was 
these two-load bending stiffne ss es that were c ompared 
with the Allen and Si l liman r e s u l ts in the preceding dis
cussion. Had the pure- bending figures been used, the 
differences would have rang ed f r om -4.1 to 9 . 1 percent 
a~d the mean figures would have i ncrea s ed from 3 . 48 to 
4 .57 percent and fr om 3.15 to 3 . 91 percent and the median 
from 3.2 to 4.1 percent or 3 . 7 percent , according to 
whether arithmetic or algebraic averages are obtained . 

The tests made by Allen and Silliman to determine 
the p ossible effect of loca l deformation of the specimen 
under the loading rods resulted in the observed EI 
values of table 3 . Since the differences between com
parable pai~s of these values were all less than 2 per
cent and were not consistently in the same direction, it 
is reasonable to assume that the effect of such local 
deformation was negli g ible . 

Column Tests 

Seven of the channels tested by Allen and Silliman 
were retested by Wellman,and the indicated values of EI 
in the retests rang ed from 2 . 6 to 22 . 5 perc e nt in excess 
of those in the first tests , the average increase being 
10.81 percent and the median , 7 . 6 percent . 

On e p ossible cause of the differe n ces between the 
results fro m tests of the same specimen is a difference 
in the method of determining the critical load . In some 
of Allen and Sillima n 's tests, it was noticed that after 
the peak load was reached the channel bowed suddenly, 
with a resultant decrease in the equilibrium load of the 
specimen. Fi gure 18 illustrates diag rammatically the 
implied load-deflection relationship . The conclusion 
was reached that the load re g istered before the sudden 
deflection was somewhat higher than the actual Euler 
load. The existence of this peak load was attributed to 
two factors: (1) While the knife edges were assumed to 
be t h e oretica l ly p erfect; they offered a small restrain
ing mOIDon t on t he ends of the speci men and thus made the 
res t r a i nt coefficient somewhat g reater than unity . As 
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the channel deflected , however , this restrai n t was elio
inated and a decrease in the load requ ir e d t o hold the 
sp e cimen in equilibrium in its bent configuration resu lted . 
(2) Before failure the major axis of the channe l may hav e 
bee n m i sal in e d with r e s p e c t tot h e k n i fee d g e s . Ben din g 
would then occu r aroun d an obliqu e axis about wh ich ' he 
moment of i n ertia would be rel at ively large. In the pro
cess of deflecting , the channel would rotate sl ight l y wi th 
the result that the bending would fina lly be about the 
major axis 'and the load requi~ed for equ ilibrium in the 
bent configuration would be c o rre spondingly reduced. In 
Allen and Silliman ' s tests, the ultimate lo ad r e cord e d , 
therefore , was that maintained by the spe c i men after it 
had begun to exhibit defi n i te l a t e ral deflec t i on . Wellman , 
li~d G not , fol l o~ this p ractic e but co n sidered the o aximum 
lo a d carried p r io r to buckling as th e Euler load for eac h 
sp e cimen. This may well accou nt, at least in part, fo r 
his obtaining higher values of critical load than Allen 
and Sillima n . 

While this difference in the determinat io n of the 
critical load might accourit for the smaller discrepancies 
between Wellman's and Allen and Silliman 's figures , ' i t 
appears unlikel y that it is suf ficie nt t o eA~lain com
pl e t ely the larger discrepa ncies . If, h owev er , in some 
of Wellman ' s tests there was seriou s lack of p a r all e lism 
between the axes of rotation of the end fitti n g s, that 
migh t account for his high values of critical 10 d . That 
it wa s p rob a bly Wellman ' s rather than All en and Si ll iman 's 
te st reiults tha t were most in error is indic ated by t h e 
fact that the results of Allen and Silliman are easier to 
correlate with th e or y . I n the de ve lbpm ent of r u les for 
pre dicti ng EI, Allen and Si ll i man ' s dat a are th ere fore 
given more wei ght than those of Wellman. 

Al l en and Sillima n noted that the mag ni tud e of the 
appa re n t critical load for a g ive n channel ?as dependent 
on whet her the direction of buckling caused an incr ea se 
or a decrea~e in the c omp r e ssi ve stresses at the free 
edges of t he section. In g en er al , the c ritic a l loa d , a s 
l a r g er if the buckling caused ~ r e duc tion in the comp res
sive stresses at the free ed g es , there being but a sing le 
exception to this rule . The average diff e rence wa s a b ou t 
3 percent and t 'he maximum diff e r ence , 7 percent . In de
termining the value of EI f r om Al l en ana Silliman's 
column tests , the critical l oads used we re tho se o b taj n e d 
from the tests in which the buckling c au s e d a decrease in 
the compressive st r esses in the free-edge fibers. Wellman 
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made no comp ar ab l e s tudy of the var i at i on of critic a l 
load ~i th di r ect i on of buckling,but , hi ~ re co rds s how 
tr)'at , in tests of 2 6 specimens, in 20 cas es bu c k ling 
unde r maxi mum lo a d reduced th~ comp res s i v e streBs at the 
free edges, in five it increased t hat stress, a nd i n one 
column failure under t h e maximum loa d caused an increase 
in one test and a decre a se of comp res s ive stress at th e 
edg~ f ibers in t he ot he r. 

Di screp ancies al~o exist ' between t he obs er ved dis- , 
tanc es fro m the bac k of the spe cimen to the ef.fectiv e 
neutral axis. ' In both series of tests th e dista nceg f rom 
th e fix ed r e ference lines to the s p eci men were b r acikete d 
to w ith~~ O. 003 or 0.004 'i n ch. Therefore, in spi te of 
~ ossibie errors in o b taining the true po si tions of the 
reference li ne s to the resu ltant loads, the effecti v e 
neutral axis p osi tio ns were believed to be correct to 
less than O. 010 inc h . Compari so n of Allen an d Sil lima n's 
with ' Wel l man's resu lts, h o~ e ve r, showe d Wellman's to ,be 
co n sistently , in e xce ss of Alle n and Silliman ' s. Accord
ing to Wellman, the d istance Yo was fr om O. 005 t o O. 025 
i nch in exc'e ss of the distances determined by Allen and 
Sillima n, th e av e ra g e excess being 0.016 7 i nch and the 
median , O. 01 6 inc h . Wh en all 'the circumstances a re taken 
into con sideratio n , it is believe d t ha t the Allen and 
Sill iman resu lts are the more reli ab l e . 

Simply Supp orted Beam Te sts - Loads Parallel t o Web 

In the tests of the c hann els as simpl y supp orted 
beams wit h the loads parallel to the plane of the web, 
the same sources of error existed as in the pure-b e nding 
tests with the loads in the p lane of s ymmetry. Mo st of 
these sources mi ght be expected to p rodu ce a pp roxi mat el y 
the same p ercenta g e errors in t h e obser ved 'va l u es of EI. 
Owing to the fact ' that the d e flections measu red in th e 
tests wi th the loads parallel to the u eb wer e s ma ller 
than tho se obtained with t h e loads in the pl ane of sym~. 
metry , the p roba b le error due to lack of p recisi o n in 
de termining W/o wa s g reater with the loads pa r a llel to 
the web than with the loads in the p lane of s ymmetry . 
This is particul a rl y irue with respect to the pure-bend i ng 
tests. In the simp l~ and tw o-lo a d bending te s t s the ob
served deflection differences were large r than in pure 
bending,and the resul ting EI valu es were corre~~ o~d ing l y 
more pr~cise. 
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Here again a better idea of the actual r eliabi l it y 
of ,the observe d EI ~alu~ s c an be ob tain ed fro m a co m
parison of the results of different expe ri menters t han 
fro m' a theoreti cal a naly-si 's ' of the possible causes of 
error . For th~ four s~eti~e~s t~~ted in pure bendi ng 
bot h '0 y S dl.'r '0 r 0 ugh and b'y C' a r a h ?- n d Par k , t 'h e , s t iff -
nesses E I obtained ' by Sca rbr ough ' ,.;e re, 6 '.94, 0 . 94, 0 . 99, 
and 1 . 03 ti mes those r eport e d by ' Garah a nd Pa r k . , Th is 
c an b e c onsidered very good . . fhen We'll man retested t h r ee 
of Oarah and Park's spe~imens, howeve r, he got val u es of 
EI 0 . 97 , 1.18 , and 1 . 28 times the values fro m t h e first 
t e sts . His deviations ' from S c a rbrough ' s fig~r es wer e 
even g rea t e r, the r at i os bo ing 1.24, 1 . ?6, ~nd 2 . 25 . As 
will be s h own in the " s ecti,on 'On Discussion of Test Resul t s, 
Scarbroug h ' s,values ' of EI q, r e ' t h os~ ', mo i t ' nearly in accord 
with the com~~t~d ' t heo~eti cal values; ,and Garah and P ark ' s 
values are nearly ' as good . F or man y of his speci mens , 
however , lVel l ma n obtained values ' of . EI in pu:r:- e b e nding 
that ~~e t oo far " f~o m ariy r easonable 'th e or itical fi gur e s 
to be ~eli~ve ci . ' For so~e r ea$on ' he app ea rs to have b ee n 
unable t ,o ' obtai'n reliabJ,.e figures f or W/6 at , the loadin g 
poin ts , but it 'ha s no t been' p ossib l e, tq ' cleter mine the e x
ac t s ource 'of h is ' aifficulty . 

For ~~st of the ' Oarah an~ Pa~k and , Sc arbrou g h tes t s 
in pure , bending it would ~ppea~ that the results are ' cor
rect to within 5,percent . They rep orten, howeve r, that 
specimens -0, -17, and +12 were initially badly twisted 
and specimen -29 ',vas ' damage d in an early test . . The r e
su lts ' for those ',members a re therefore u nr~li~b le. They 

, " 
also re~orted that some of the other channe ls for wh ic h 
the observ~d values differed co ns ider a b+ y from what was 
expecte~ were probably ecceni r i6ally ~oad~d btit ~ave ri Q 
supp orting evidence. 

The value-s' of apparent ' ,EI ' obtain e d from the simp l e
bendin g tests sho,u ,ld be somewhat mo re precise' t h an those 
f~om the pure-bending teits on account - of' the g r eate r 
d{fferences between the values of ', W/6 ,fr~m wh ich tb~y 
we r e c 0 mp ute d . T 11 i s j u d gm e n tap pea r s r ea s on a b 1 e i n , ,t h e 
li ght of ~hefew tests made on ' th~ ' 'same specimen b y more 
than one inv esti gato r . ' 1htis fdi ' tw~ sp ecime ns Scarbr 6ugh 
obtained values :of 1. 04 and 1. 10 times- th"ose of Ga r a h and 
Par k. Wel l man , however ,' obt ~ i ne d : value,g i . 13, D. 88 , and 
0.86 times , those ' re sulting from Carah ann Par~ ls tests of 
tha same specimen and 1 . 59 , O~ 85 , ani 0.8~ ~ im es the cor
responding, fi gures of SC'arbrbugh: Alt 'h ougb the maximu'm 
d ev i a tion of Scarbrough 's from Oarah and Par~ ' s 'fi gures 
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rises to 10 percent, that was found in but one test. 
Wellman1s figures for simple bending , however, a re much 
more nearly in agreement with those of the other ex~eri
menters than, his pure-bending figures. It is there f ore 
believed reasonable to assume that most of Ga rah a n d 
Park's and 'Scarbrough's figures for simple bendin · R~ e 
correct to within 5 percent and the remainder to wit hi n 
10 percent but that, while Wellman's figures for simul e 
a nd two-load bending are better than those for pur e 
bending, many of them include ~Dpreciable errors and r en
not be depended upon when they indicate conclusions ~t 
variance with those deduced from the other tests. 

'Vhen the simple-bending tests were m'ade with t h e 
load parallel to the plane of the web, it was su gg es t ed 
that error might result from slipping of the specimen in 
the loading clamps or from lateral bowing, Slipping of 
the specimen in the clamps was unlikely since it wa s very 
rigidly blocked in and the blocks were fixed in place by 
tightening a series of screws. Sufficient bearing area 
was allowed that the blocks of plastic resin did n ot 
crush, a resin with a bearing strength of 23,000 pounds 
per square inch being used . One channel wa s bowed lat
erally by pushing at ' its midpoint in order to determine 
qualitatively the effect of curvature. It was p u shed 
sideways 'several times as far as any bowin~ noted in the 
tests, and the error in deflection amounted to on ly 0.0002 
or 0.0003 inch. It was therefore conside red tha t t h e 
very small lateral deflections noticed in the actual tests 
had a negligibie effect on the precision of the test 
re su 1 t s. 

Cantilever-Beam Tests 

The precision of the results of the cantileve r-beam 
tests is difficult to estimate. All the experi menters 
found that a chang e of but a few thousandths of an inch 
in the position of the load from that a~sociated with 
torsionless bending would produce ap p reciable t wist. In 
only one case, ho~ever, did two experimenters fi n d the 
same shear-center uosition for a given specimen. With 
'6n e specimen the differenc e in observed shear-center 
positions was nearly 1/8 inch . These differenc e s mak e 
it imp ossible to use the test data of this report ,to d e
velop a reliable quantitative expression for the effect 
of holes on the she a r-center position, thou gh the differ
ences do not prevent the obtaining of valuable qualitative 
information on that point. 
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Th e va l ues of apparent EI ' obtained ' by Carah arid 
Paik from their cantilevar-beam te~ts w~re so mu ch 
th~n the results of their pur~~ 'and simple-bending 
that they concluded that a , lar g~ part of the total 
flection of a li gh tened channel was due to sh e a r. 

~ower 

tests 
de 
It 

was suspected, however, that part of the differ erce ma y 
have been the result of rotatio n of t he spe cimen at t h e 
point of supp or t . Scarbroug h and Wellman therefore D6a s
ured their deflec t ions from an arm supported by the suac
i me n in such a mann er that t he results would not b e 
aff~cted by rotatitin ' of the sp e cimen as a whole . Their 
results show pretty plainly that Carah and Park ' s lo~ 
values of apparent EI were du e primarily to suc h rota
tion and are ' not to be relied upon . Study of their fig
ures , h owever , indic ate s that Scarbrough and Wellman 's 
cantilever- bending fi g ures a re for the most part probably 
correct to withiti ±IO percent or better. 

Garah and Park did n ot attem~t to fi n d Mt/ B , ' t h e 
torsional stiffness, ' ~ri their tests . Scarbroug h ma de 
tests fo r this quantity and h is results apnear to be 
reasonably consiste n t . ~ellman ' s ' fi gures a g ree fairly 
well with Scarbrough '~ but their co n sist en c y is not as 
g ood. Both men used avera~ e values of rotatio n per unit 
torsional moment obt a i ne d fro m t e sts with diff e r ent 
paints of load ~pp licRtion. Since there was less sor6ad 
between the fi gur es ave ra g e d b y Scarbrough than bet wee n 
those averag ed by Wellman, it is , not surprising t hq t 
Scarbrough's r e sults a re m~re consistent . Nevertheless, 
it has bee n found , i mpo ssible to reconcil e Sc a rbrough 's 
figu~ e s with theory or to obtain a reaso nab l e estima te 
df their precisio n . This p roble m is g o ne i n to in mor e 
detail in the sectio n on Discussion of Results. 

DISCUSSION 

Properties about Centroidal :Axis Para l lel to Ba6k 

The column tests an d the 'bending tests with t he 
lo a ds rior mal to the back ~f th~ sp ecimen we re ma de pri
marily to develop a method 'of Rredicting the stiff ness 
E1xx against be n din g about the' centroidal ax is parallel 

to the back of the specimen, and the distance Yo of 

that axis from the outside surface of the bac k . The more 
impo rtant test data and compute d quantities us e d for that 
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purp ose· in this study ar e given in tables 7 and 8 . Table 
7 co nta ins the values of I/t and Yo obtained fro m t he 
iThdividua l tests and the c orresponding values co mp u t e d o n 
the basis of . three alternative assumptions regardin g t he 
eff e c t of the lightening holes . In t h is tabl e th e r e 
sul t s of tests by Allen and Silliman and of tes t s b y 
We llman are shown on separate lines . The value s of ob 
s e r ved I/t shown were obtained by dividing the EI 
val ues of t a ble 2 by 10,300 times the thickness e s t 
r e c o'r de d i n table 1. This was done because it was f oun d 
mor e c onvenient to compare values of lit than va lues of 
EI. The values of Yo in table 7 are taken dir e ct ly 
from t a b l e 2 . In ta b le 8 are s h own maximum, mini mu m , 

. mea n , an d me dian percenta ~e differ e nce between vari ou s 
co mpa r ~b le observed and co mputed values of I/t and Yo . 

The metho ds by which these values were obtained and what 
app ea rs t o be th e ir si g nificance are disc u ss e d b e low . 

-'I' h e val u e s . 0 f I Ito b t a i ned i nth e two t y Des - "0'1 -.
test. bending and ax i al compression , are directly comp ar
able and, unless the character of the effect of the 
lightening holes should be a function of the t y pe of test, 
should be the same for any specific specimen. From 
table 8 it can be se~n that fo r the specime ns tested b oth 
ways by Allen and Silliman the agreement of l i t valu es 
is Quite good. It is really better than is suggested by 
the extreme pe rcenta g e difference of -11.6 percent since, 
if the values for channels -22 and -2 6 are neglected, the 
spread for the remaining 23 specimens of this group is 
only from -3.8 to 5 .3 pe rcent. 

Wdllman obtained EI from both column and beam 
tests of 14 specimens, only two of which were tested both 
ways by Allen and Silliman. For those two specimens (-7 
and -15) the column stiffnesses deviated from the beam 
stiffnesses by only -0. 6 and 1.2 percent ; whereas the de
viations of the Allen an d Silliman values were -1.2 and 
3.4 percl:lnt, respectively. Although Wellman obtained 
better agreement between the two EI values for these 
specimens than did All en and Silliman, he did not g et 
such good agreement for the others, as can be seen from 
the second line of table 8 . In this group of tests only 
four of the specimens showed differences above 10 percent, 
but for each of these four the difference exceeded 2 5 
percent. 
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The thind line of table 8 summarizes the resu lts of 
comparing the results of column tests by Wellman with 
beam tests by Allen and Silliman. Since the Wellman va l
ues of lit in bending are consistently higher than 
those of Allen and Silliman, the percentage deviations of 
the column-test lit values from the bending-test value s 
are higher for this basis of computation than when the . 
Wellman bending values are used. This condition is inten
sified by the inclusion of four specimens for which n o 
bending tests were mad8 by Wellman, and the deviatio ns of 
the Wellman column-test results from the beam-test results 
of Allen and Silliman range fro m 4 to 21 percent. 

The relatively close agreement bet~een the Allen an d 
Silliman values of lit obtained from the two types of 
test indicates that the influence of the lightening ho les 
on the stiffness in bending is the same as on the sti ff 
ness in column action. It is the opinion of the wri te r 
that the greater spread of the Wellman r e sults indic ates 
primarily that in the Wellman column tests there was unde-
sired end restraint whi ch caused the obser ved values of 
lit to be fictitiously high and that the results of these 
tests , should not be taken to invalidate the afore-mentioned 
conclusion. 

The most important informati on sought from the column 
tests and the tests in bending with the load norma l to the 
channel back was a method for estimating the loc ation of 
the effective neutral ~xis and the ef fec tive moment of in
ertia about that axis. The obvious method of allowing for 
the effect of the lighten ing holes on these quantities is 
to compu te them for a chann e l with the same values of 
width of side S and thickne ss t as the actual mem ber 
but to reduce tne width of back B by an amount uhich 
would depend on the diameter of the lightening ho les and 
possibly their pitch and other dimensions of the s~ecimen. 
Thus the problem reduces to that of develo p ing a metho d 
for computing what may be termed the effective diameter 
of the lightening holes De' 

The simplest assumption is that De. the effective 

diameter, and D, the act ua l hole diameter, are ide ntica l. 
This implies that the entire strip of material bet~een the 
lightening holes contribute s nothing to the stiffness of 
the member and seems to be the mo st conserva t iv e assumption 
that would be r ea sonable. Values of l it and Yo based 
on this assumption are listed in column s 4 and 8 of t ab le 7. 

,.. 

• 
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In computing these figures and all other values of I /t 
and Yo, the sectirinal area was assumed concentrated 
along the section midline. Ths values of Yo and the 

radius of gyration ~~re first compute d, neglecting 
any effect of the fillets. Th e values of I / t were 
then computed as the ~ ~oduct of ·the radius of gyration 
squar ed and the leng th of the midline, the effect of the 
fillet being ta~en into account in comp uting the length 
of the mi dline. 

The results of comparing the observed values of I / t 
~ ith those computed on the assumption that De = Dare 

summarize.d in table 8 . . I~ every case the value of I /t 
obtained from a bending test is in excess of that found 
by computation, the average difference being nearly 15 
pe rce nt ; and there is considerable scatter in the ratios 
of the t~o values. All but three of the column tests 
gave higher indicated than computed values of I/t . For 
one of these tests the difference was only -1. 0 percent, 
~hi le for the other two it wa~ -11.0 and -14.8 percent. 
Unfortunately, neither of ' the two latter member~ (+34 
and +39 ) was test .e d in 'bending , so it is not possible . to 
determine .wh ether their obse~ved l i t values were as 
excessive as most of thos~ found b y Wellman. The res u lts 
of t h .e other test s, hO\7ev'er, suggest that wi th these two 
members it may have happened that, instead of being sub
j e c t t 0 un e xp e c ted res t r a: i n tat the e Xl d sin the col um n 
tests, they were subjected to eccentric loading . 

Study of the individual ~ifferences between the ob
s e rved and computed values of I / t showed that they 
tended to increase with i nc~.ase in the pitch of the 
lightening holes. This appeared reasonable since it does 
not see~ pos sible that the ma terial betwe e n holes makes 
no contribution to the stiffness of the specimen, and the 
further the distance between holes the gre~ter should be 
the effect of this material . Several methods of making a 
more refined allowance for the effect of the holes than 
assuming De = D were tried . The most satisfactory 

proved to be the assumption that De = Dl ~here 

D' = (0 .. 2 + 1 . 5D2/Pb)D 

Computations of I / t and Yo on the basis of this 

assumption led to results that are given in tables 7 and 
8. The agreement between Allen and Silliman's observ ed 
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lit and these computed values is . quite good for both the 
column and · the beam tests. It is r eally better than is 
indicated in table 8 since for only one specimen (-23 ) is 
the divergence of the beam test fro m the computed value 
mo r e than 10 percent. With the Wellman column tests the 
ag r eement is not very good , on account · of the e xcess ive 
observed values, an d that between Wel lman !s beam test and 
the computed values must be considered as :, only fair. 

The chief objection to using De = D' as a bas is of 

design is the unfortunate fact . that the five specime ~ s 

without lightening holes included in the bending tes ~s 

gave indicated va lues of lit rang ing f r on 6 . 8 to 9 , 7 
pe r c en tab 0 vet h e c 0 mp ute d val u e s . At 1 e Fl s t par t oft hi .s 
appa r ent error seems to have been due to the use o f the 
n~~inal values of secti~n di mensions in computing l it . 
For four o£ these speci mens Allen and Silliman measured 
the actual dimensions to the nearest 0. 001 inch f or use 
in computing the moment of inertia. The resulting values 
of l it average about 7 percent g re iter than tho se s ho~ n 
in table 7 . . About half of this . difference c an be accounted 
for by Allen and Silliman 's ne g lect of the effect of the 
fillets . The rema inder is most likely due to the fact that 
the actual width of le g is in excess of the no minal. For 
three of these specimens the difference between Allen and 
Silliman's observed and comp uted values of l i t is less 
than one-half of 1 perce n t and for the other one only 2.8 
pe rce nt . If it is to bB assumed that these effects of 
manufa~turing tolerances existed in al l t he specime n s, it 
would mean that the observed value s of l it should be 
reduced something like 10 pe rc ent before comp ari ng them 
with the computed values. Alterna tively , the desir e d ex
pression for De . would be o n e that would p rodu ce v alu es 

of lit about 10 percent less than the observed value s. 
Since Allen ·and Silliman reported that in only B: few 
specimens was the actual width of le g more than 0 . 002. inch 
in excess of the nominal ·, such a larg e adjustme n t of the 
observed values does not appear necessary. 

Nevertheless a study wa s made to find an exp res sion 
for De that would give computed values o f l i t about 

10 percent less than the observed values. As a resu lt 
the values of lit. and Yo were computed on the assump 
tion that 

De = D" = (0.7 + D2/Pb)D. (or D , vlhichever 
is the s ma ll e r ) 

, " 

• 
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These , 'values are lis te d in tab l e 7 a nd their av e r a g e 
deviations from the ob.serv·ed values are shown 'in t a ble 8 . 

On the who le th~ tests appear to indicate t ha t r ea
sonably close, thou~h sli g htly unconservati v e, estiMa tes 
of r/t can b~6'bt"a··ined by t~e' use of De = , D' in 

computation. This ' is indicated by both the extreme a n d 
, th~ averag e quantiti~s . li~ted 'in ~able 8, and ' also by 
fi gure 1 9 in which the values of lit obtained in t h e 
beam tests are ·'plo't t E;ld as ordinates a nd the valu es c on!
puted with , De ' = ,D"are used , as abscissas. For Ill or e 

conservat1sm , a some what · g reater value of De · may be u sed, 

but there appears no reason why a value in excess of D" 
should be employed. 

It mi ght be tho~ght that the effective h ole diame ter 
would ~e influenced by the thick ness of the. mat~rial, but 
a study of the results ' on the specime n s thicker and t h inner 
than tha average i~dicated that there was no suc h effect . 
Anoth e r variabl~ that was considered was , the width of the 
channel flan g e S. Fi gures 20 and 21 sho:v t he 'p e rcenta g e 
differertcies between observed and ~omputed l i t · ·g roupe d 
according to nominal width of side S. The com9 uted va l
ues used in preparing figure 20 are based o n De = D and 

those in figure 21 ., on De = D'. The ·observed v a l u es 

are those obtained from bending tests . . T.hose fi gu r e s sho7f 
no d e finite trend · associated with variati6n in S. 

In the foregoing study the stiffnesses in bending 
h a ve b een those obtained with the . specimen in t h e . b a c k 
do wn pitch-c entered position. Allen and Sillima n r ep orted, 
however, that with the specimen in the bac k -down ~ ole-

,cent e red position the obser v ed r/t wa s reduced a bou t 3 
percent . If this finding is r e lied upo n , it would appea r 
desir a ble, in desi g n , to comp ute lit on the b a sis of a n 
assumed De somewhat lar g er than D'. Also it would sug-

g est that perhaps the criterion for De s h ould be bas e d 

on tests with the specimen 'in on~ of the fla ng e-down 
positions . Wellman , however, tested six chann els in all 
four positions, with the res u lts summarized in table 4 . 
From these results it would appear that there is no con
sistent tre n d, and the differences in the results of sep 
a~ate tests on the same specimen may be due to factors 
other than the position of the specimen in the test j ig . 
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Although , the assumption that De = D' g ave the be st 

correlatio n between the observed and computed values of 
l i t, the assumption that De = D was co n siderably b etter 
for {he dista~c~ Yo' This is shown ·by table 8 in wh ich 
a re listed extreme, average, and medi a n val u es of obs erved 
Yo minus computed Yo in percent of the latter. Th is is 

not con~iusive evidence that the best figure for Yo is 
to be obtai~edby assuming D~ = n , in computatio n s. 

Where De is assumed equal to D ', the app a rent di s t a nce 

fro~ the back of the web to the effe6tive neutral a xis 
appears to exceed the computed value . If the specimens 

"had been ori ginally strai ght, this w~uld ihdicate an error . 
It was noticed, however , that ~ractica lly all the specimens 
were curved in manufacture in such a ' way that the fl a n g es 
were in initial tension. It can be s een from fi gure 22 
that , under these conditions , the li ne of action of the axi~ 
load that would cause a ' min i mum of bending would intersect 
the end cross sections at a g rea te r distance fro m the back 
than the , actual effective neutral axis. There is insuffi
cient evidence, however , regarding the amount ' of initial 
curvature of the specimens to permit a definite conclu~ion 
as to ju st ~hich would be ' th~ best assumption £o~De in 

computing the loc ation , of the effect.1ve ' neutral axis. For 
p ractically al l , the channels 'tested , h6wever, the differ
ence between using De ~ D and De ~ D' , would not exc e ed 

6 . 05 inc h, and t hat W 0 u 1 d be s u f f i c i e n t 1 y c los e for m 0 s t 
p r a ctical design work. 

Stiffness EI abou't Axis of Symmetry 

The tests of channels as simply ,supported beams with 
the plan~ of loading parall el to the web ~ere madB ~rima
rily to develop a method foi p ridicting the defl~ctions 
that would be prod,u.ced by such lo a din g s, Wh en d'e a ling 
with beams with relativ~ly ' thic k webs, the deflectio n s 
dU'e to shear deformation may u sually be ,ne g lected. With 
tru ss es, on the other hand, the effect of the de f orm a tions 
of the web members is too g re a t to be ne g lected, and the 
same is tru~ with respect to the shear defor mation of very 
thin webs of heams . , It was expected that the li ghteni ng 
h oles in the webs of the chartnels tested in this inv esti
gation would make the channels act like trusses o~ very 
thin w~bbed beams and that the ~ffect of shear deformatioh 
of the web would have to be taken intO account '. 

• 
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A first step was to obtain values of apparent EI 
by substituting the slopes o/W of the observed load
deflection c~rve 'S in the· approp riate beam-deflection 
formulas and solving . for EI. The formulas used for this 
pur~ose were the conventional beam deflection for mulas 
(su ch as those of table 4:1 on p. 94 of reference 3 ) in 
whi ch no provision is made for the effect of shearing 
defor mation. · The values of apparent EI obtained in 
this manner are recorded in table 5 . 

Of these values, only those obt a ined from the tests 
in p ure bending represent the true values of EI, and 
it is de~i~able to see how closely they a g ree with values 
comp~ted from the dimensions and ma terial of the specimens. 
It is to be expected that the obser v ed moment of inertia 
of a li ghtened ' charinel should lie somewhere bet ween that 
of an otheruise identical channel without li g htening holes, 
and the l a tter quantity minus the moment of inertia of the 
area removed from the web cross section throu g h the center 
of a h ole. The former qu'antity may be termed the "full 
back" and the l att er the II full hole" moment of inert ia of 
the cross section. In the present st udy it was considered 
simp 1 e r -t 0 w 0 r:r- wit h val u e s - 0 f . I It, the m om en t 0 fin e r ti a 
divided by the material thickness, than with the moment of 
inertia itself. Val u es of (I/t )FB and (I/t)FH computed 

for the channels tested in pure bending ar~ listed in col
umns '2 and 3 of table 9. In computing these values the 
first step was to compute the sq~are" of the radius of gy
~ation of the se6t ·ionfuidline about its axis of symmetry, 
no account being takeri of the effect' of th~ fillets at the 
junctions of the web and flan g es, the computation being 
made by use of the formula 

12 (k+ 2) 
(5 ) 

where b is the width of back (or web), and k the r~tio 
of the width of side (or flange) s to b. This value 
~a s multipl ied by the dev~loped length of the mid line 

where r 
of l i t 

. L. = 2 s + b - . O. 85 84 r 

. 
is the ra~ius of the fillet . This gave value s 

from 3 to 4 pe rc ent lower than would have been 
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obtained if the effect of the fillet 
entire l y . Afte r compu ting (I / t)FB 
(I / t ) FH was obtained by subtracting 
the diameter of the lightening hole. 

had been neglected 
in thi·s ma nner ,. 

D3 /l2, whe re D is 

The fourth co l umn ·of tab l e 9 shows the values of I / t 
obtained b y div i ding the obse r ved EI in · ~u re bending of 
column 2,table 5 by 10,300,000 , the standard value of E . 

It may be noticed that for most of the specimens the 
ob serve d lit was g reater than the comp uted (I/t)FB, 

and the percentage excess for each specimen is listed in 
table 9 , column 5 . For t ho se tests in which the · observed 
l i t wa s less than or only a little g reater tha~ · (I /t)FB ' 

its percentage excess over ( I / t ) FH is listed in table 9 , 

column 6 . Sinc e it is to be expected that. the d ev iation 
of observed lit from the computed values w ou~d ~probably 
be a fu nction of the amount of material ~emoved by the 
li ghtening holes , the values of the li ghtening parameter 
D2 / Pb are recorded in table 9, column 7 . 

Study of table ·9 sho ws that nearly all of Scarbrough 's 
observed values of lit fell either betwe~n . (I /t) FB an d 
(I/t)FH or very close to those values . Carah a nd Park1s 

observed val~s were also close to (I / t)FB but tend e d to 

be a little higher rather than a little lower than those 
values . Wellma n's resu lts, however , were wid e l y scattered 
and ranged from 30 percent b e low (I / t ) FB to about 2.5 

time s (I /t)FB ' These facts c an be ~een even mor e clearly 
fr om figure 23 in which the values of 
1 00[(I / t )Q bs - ( I / t )FBJ /(I/t ):!r03 are plotted against D2/Pb. 

I n this and the follo wing figures, the results of tests b y 
Carah an d Park are indicated b y multiplication si gns , those 
of Scarbrough by circles, and We llman's by p lus signs. 
Many of Wellman1s results are n ot shown. on this f i gu re be
cau se the points would have fallen outside of its bounda
rie s . 

In the 19 tests made by Carah and Park the algebraic 
mean pe rcentag e excess of (I /t)o bs over (I /t) FB was 

3.09 an d the al g ebraic median figure , 1.5 . The corresp ond
ing fi gu res for the 1 6 tests made by Sc a rbrough we re : 
mean , -1. 6 5 percent and med i a n , -1.2 5 percent . Wellman , 
however, had an average excess of 41 . 86 percent with a 
median figure of 30 . O. If all tests are considered as 

, 

• 
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I ' 

for ming a sing le group, the averag e excess of (I j t ) obs 

over (I j t)FB is 20.17 percent with a median fi gure of 

7. 3 . It is obvious, however, that owing to some defect 
in Wellman's technique his results cannot be trusted. 
If the other two groups are combined, the average excess 
is onl y 1.05 percent and the medla~ fi gure, 0.9 percent. ' 

If only Scarbrough's result~ were con~idered, it 
wou ld be possible to draw a pretty satisfactory empirical 
curve to show the percentage decrease in (Ijt)FB to be 
expected to result from a given value of D2 j Pb. Unfor,
tunatel y , however, the number of Scarbrough's tests was 
too s mall and covered too limited a rang e of section p ro
p ortions to make it advisabl~ to use them as t h e basis 
for a c u rve of this kind for design use. 

The combined data of Soarbrough and Carah and Park, 
however, furnish good evidence that the stiffness of the 
c h ann els in pure bending was little reduced by the presence 
of the lightening holes. It is believed that their results 
are sufficient ba~is for the recommendation tha t for most 
practical work, unless D

2
jPb is relatively large, the 

effect of the li gh tening holes may be ne g lected in com~ut
ing the moment of inertia of the section; while, if D j Pb 
is large or there is ' special need for conservatism, there 
is no need to usa a 'lower value of Ijt than (I/~)FH' 
In most casas of this kind it should b e sufficient to use 
the arit h metic mean of (Ijt)FB a~d (Ijt)FH' 

Effect of Sh~ar Deformation 

The total deflection of a beam subjected to combined 
bending and she a r is the sum of the deflections due to the 
two types of stress acting independently. Therefore 
write 

(7 ) 

where I) t is the total ' deflection, 6b is the deflection 

due to bending g iven by the usual ' deflection formulas" 
such as those ' in table 4:1 on page 9 4 of reference 3, and 
6 8 is the deflection due tp shear. The g eneral exp res -

sion f or I) s is · given by eqUation 12 ,:7 on pag e 38 6 of 

reference 3 as 
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( 8 ) 

where s is the shear at a ' section due to a unit load 
system based on a unit load at the point for which the 
deflection is desired, ' V is the total shear on a sec- , 
tion , A the cross-sectional area, G , the shearing 
modulus of the mat~rial, and k is a constant deperiding 
on the shape of the cross section , ' For a beam of con
stant section and length ' ' L subjected to a concentrated 
load at midspan, this becomes 

5 s 
k W L = ----
4 A G 

( g ) 

for the shear deflection at midspan. 

Wi~h specim~ns like the l1 ghtened channels under 
consid'eration, the value o,f k is unknown and its empir
ical determination wa's one of the objectives of the ' 
simple-b~nding tests . In thes'e specimens the vertical 
deflection due to shear deformation of the flan g es is 
ne g ligible and it is reasonable to replace A by bt, 
the gross sectional area of the web. Since it would be 
difficult to separate the effects of the flanges and the 
holes in the web, i~ appears best to combine the two ef- , 
fects and write 

( 10) 

where K is a factor whi'ch' takes account of the shape of 
the section , the use of the web area in plac~ of the total 
area , and the effect of the holes . 

In order to obtain K empirically , the first step 
was to compute EtQ t for a load of 100 pounds at midspan 

from the observed values of apparent EI indicated by 
~he simple-bending tests and recorded in column 3 of 

- ta'ble 5 , The conventioncir "formulas were then used to 
compute Etob ' using ' t ,he computed values.of (.Ift' ) FB , 

and (I f t ) F H ' ' T hen, by sub t r act ion t w' 0 val u e s 0 f E t G s 

were obtained for each simple bending test, one based on 
each of the alternative val-ues of 1ft , These values 
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were next inse r te d . in equat ion ~lO ) wh ich was sol ve d fo r 
K, E be ing assume d equal to 1 0 , 300 , 000 and G t o 
3,850,000 pounds per squa re inch , in t hese computat io ns . 

The values of' K obtained from the Ca r a h n d p,qrk 
and the Scarbr ough testi i n this ' manne r, when plotted 
against D2I Pb , f o rmed a fairly definit e ba n d . Tha t of 
the points based on (lit ) FB appea r ed a lit t le mo re 
clearly ,defined than that b a s~d on (I / t ) FH thou g h thera 

was not mu ch choice bet w~ en the ' t wo . Both exhibited 
considerable scatte r of the points , but that wa s t o be 
expected since th e values of K ' were based on ' small 
differences between 'relativ e l y lar g e numbers and also 
ha d to a~sorb all errors of precision in ma k ing the test s. 
The f ormul~ obtained in this manner was 

K = 0.5 
2 

D· j P 'b ( 11 ) 

The value of Et 6 t .. f or a ' l OO - pound l oad. was : the n 

recomputed , using th~ 's val.u e of K and , (I /t) FB ' for 

co mpa.rison \'lith that obta i ne p. fro m t he ap'pa r e nt E I ' in 
simple bending , These two values and the ir pe r centage 
difference are . list e d ~n c olumns 2 , 3, and 4 ' of table 10 . 

: The l)erCel1tage differences fo r the Ca rah and' Park and tho 
Scarbrough ie sts are also plotted a gainst · D2 /P b . in : fig
ure 24 . From thi s figure ·and · t he table f t c an ~e s ee~ 
that, if ob is c omputed fro m t he.ord iria r y ~ending fqr-

mula using IFB as the mqment of inert i a and 8 s i~ 

c omputed fro m equat i on (,10) . usin g the val'ue fr om eq'uati on 
(l l) for K , 'th e res1+lt·ing. v,alue of 6t .=: 6b + 6 s · i ·s 

s'ufficiently eloEle to t hat o,b t a in e d fr om the t ests 'for 
most pra c ti cal · purp~s e s. The . mean devi a ti on ~f · tho de
fl e c tion co mp.u ted.in this manne r fro'm the corr espon d ing 
observed def l 'ecti'on of the Car-a h and Park and' .Sca.r brough 
tests is -1 , 02 p er c ent an d tho median , - 0 . 4 perc ent . I f 
the results of ~ellman l s tests a r e included, the me an 
devia tio n rises to 2 . 54 p ercent and t he me dian to 0 .7 
p e rc ent . I t is to be noted that Wellma n l ~ results arc 
much closer 'to the co mput e d results he r e t han i n the 
pur e - bend i ng tests , 

F or mula s were develop e d i n the same manne r "for the 
total deflectio n under a Specified int ens it y of . tho c an
til e ver and two- load b end i ng loa di ng s , and t~ o values of 
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Et&t were similarly computed. These values of Et§,t 

aIfd the correspon'dirt'g fi~ures from the test' dat~ are 
listed in table 10. 

The percentage differences between the observed and 
computed values' of' Et§t" for cantilever bending 'are ' also 

plot't,e,d against ' n2 /~b, in figure 25. From" this' fi gure 
it ' can be seen , ~hat in practically every test the observed 
deflection exceede~ the computed, but the average excess 
wau only 4. 18 pe~cent for the Scarbrough and 6.97 percent 
for the Wellman tests. ~ The correspbnding median devia
tions were ' 3.9 and 6.5 percent. On th~ ' other hand, the 
average exaess in the Carah and Park tests was 37.31 per
cent and the median, 35.7 percent. The excessive observed 
deflections of Garah an~ Par~ ' were at f1rst thought to 
;~flect primarily the ' effect of the lightening holes in 
reducing the resistance of the web to shear. The results 
of Scarbrough and Wellman, however, indicate that they 
were: m:ore likely the result of rot a tion of the specimen 
at its point of support. Study of the test apparatus 
will show that any rotation of the specimen at the sup
port would cause an ' increase of the measured deflections, 
while that would not ' be the base with the ~rrang~ment 
used by Scarbroui h and Wellman. The latter may have pro
duced socie defor~at' ion of the channel web where the refer
ence arm was attached, ~nd the deflections measured may 
no~ have been measUred exactly from a tangent to the 
elastic curve ' at that ~oint. It is believed that these 
factors may be responsible for the fact that the differ
ences between computed a nd observed values of Et ~ t for 

the Scarbrough and Wellman cantilever bending t 'ests tend 
to be larger than the diffarences for the simple bending 
tests of th~se experiment~rs. ' The res~lts indicate pretty 
clearly, however, that Scarbrough and Weliman's measure
ments came mUch closer to being what they were intended 
to be than the deflection measurements of Garah and Park. 

Only for ,Wellman's t&S~S 
two-load b~nding determined. 
mine observed v~lu~s oi ' Et~t 

we~e the values of EI in 
These were uaed to 'deter

which were compared with 

correspOJ'?,ding computed v 'alues. Again th'e observed v:a,lues 
tend to exceed the 6'omputed, but there is considerable 
spread. If the three largest' differences ,p're negle 'cted, 
the average arithmetical difference between th~ two val
ues of Et~t is 9.44 pereent and , tpe medjan 

8.0 percent. If the signs of ' the diff~~ences are taken 
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into Rccount', the mean difference ' is only :.-0.97 and ,'the ' 
mean - .0': 3f3- p-eTc,ent-. 

While DZ/Pb ' was considered the mo st probab le pa
rameter with _hich the difference between obs~rved and 
computed valu~s of ' Et6t would vary, studies' wer~ mad e 

of the va;iation of these differe~~es with wi dth of iide 
s and with th~ 'ratio of width of side ~ to widt h of 
back b. No spe c ial trend, with respect to either 'of 
these variables was detected. 

On ' the whole it is considered that t he ' ~ethod of 
computing deflections used in the preparation of table 
10 gives sufficiently accurate results to be employe,d in 
most design work . Admittedly the precision' is not a~s 
goo d as might be desired ~nd the t~st dita ,are ndt' of as 
good quality as could be wished . On the' other hand, ' in 
pract 'ical work the deviations of ~ctual from comput~d 

~eflections resulting fro m st~rida~d tolerances for ~~e~t 
thicknesses, bend r 'adi i, and so forth , are of such mag
nitude that it would be futile to attempt very great 
precision. Therefare , until more accurate and 'extensive 
tests have been carried out, it is belie~ed t hat desi gn ers 
will find this meth od of value . 

One obvio~s ~e~kness of the method is that it appears 
to result i n stiffnesses wh ich tend to exceed those ob
tained by test. The designer could easily avoid diffi
culty on this sc 'ore by' using '(I/t)FH 'instead' of" ( ,I /t)FB 

in computing the fraction of the deflectio~ due to . b~nding. 
It seems hardly necessary to make. any fUrther ,correction 
to the deflection due to she~r. It is true that t he for
m u 1 a for K 'P rob a b 1 y has a · low a c cur a c y, bu t the t e r m 
in which it appears normal,ly represents such: a s n all part 
of the total defl~ction that a relativel y large perce~tage 
error in K will cause but a ,s ma ll percentag e error in 
the final r e sult. 

Shear-Ce nte r Location , 

For a channel without li gh tening holes the ' distance 
from the midline of the back to the shear center can be 
obtai n ed from the relation 

d = ( 12 ) 
41 
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g iven in article 6 :5 , . pages , 1 61-16 4 of reference 3. When 
t h e back is pierced with li ghtening holes, mare of the 
normal stress must be carried by t h e flang es and the shear 
flow in the flan g es · is thereby increased. One result is 
an increase in the ,momen.t . o.f the couple produced b y tlfe 
flange shea,r f _orc~s , and therefor~ , an increase in the dis
tance from , the w~b to the shear center. Alternatively . 
it migh t be , rea .soned . that since the presence of lighten
i n g hol~s Would decrease ~~e effective moment of ine~tia, 
the result · would be fo in'crease the dis'tance d. ' 

The amount by which the shear center would be dis
placed 'as the resuit ' of empl'oying li ghte~ing holes ' of a 
given size and ' s~~c{ng , would ba very di~iicult to estimate 
theoretically. , In the ~ope 6f ~ive~opini an ~mpi~ical 
rule, equation (12) was used. t oo compute ' the the'o:re'tical 
shear-center dist-ance listed i On cOlumn' 7 of table 5. Com
parison of these figures and the test r~sults ver~fies 
the expectation th~t the effect of the holes ~o~ld be to 
increase the distance fro m the channel web to the sbear 
center. With a few speci mens the observed ,sheat-cent~r 
di~tance is less than t h e t h eoretical, but on the averag e 
it ,is 0.0464 inch greater. The relation be'tween the' com
puted and observed shear-center distance~ is also indi
cated in figure 2 6 , where the observed 'distances are 
plotted as ordinates and the ~omputed values as abscis
sas. 

When the percentag e differences ~etween t h e observed 
and computed ~alues for t h e sh ear-cerit~r distance were 
plotted a g ainst n2 /Pb, there , w~s some indication that 
such differences increas~d wit h . .that li g htening parameter. 
The plotted poi n ts were too scattered, ho~ever, to use 
t h e m as the basis f 'or for mulating an equation for the re
lation. There wereseverai gr~ups of speci mens which 
differed only in hole ' diameter, hole pitch, or n2 /Pb. 
Study of thes~ g roups failed to disclose any clear rela
tionships affecting shear-center distance which would be 
of value to the desi g ner. 

The differences between the observed and co mputed 
shear center distances of table 5 rang e fro m - 6 .5 to 17.0 
percent of the width of flang e, the al g ebraic mean being 
sligh tly under 5.0 percent. For most practical work it 
would be sufficient to assun e th~t the shear center of a 
li ghtened channel would lie between t h e point i n dicated 
by equation (12 ) and a point 10 percent of the flang e 
width farther from the web. 

• 
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Torsional Stiffness 

Since' the channels used in this study were formed 
from flat sheets with de~eloped widths considerably in 
excess ' of 1 6 times their thicknesses, their torsional 
stiffnesses GJ were assumed to conform to the relation 

GJ = G We 
:3 

t .; 3 

in which G is the shearing modulus of elasticity, t 
is the thickness of the mat&rial, and we is the effec-

tive width of the developed section. For the specimen 
without 'lightening holes the effective width should be 
the same as w, the. actual developed width of the sec
tion. For the li gh tened channels the effective width 
was expected to lie some where between wand w - D, 
where D is the diameter of the lightening holes. It 
was hoped that by study of the test results it would be 
po ssible to obtain an e mp irical expression for we that 

would be between these t wo figures. 

The quantit y GJ of equation (13) is the ratio of 
appli ed torsional moment to resulting twist in radians 
per inch. Si nce the observed values of Mt/9 in table 

5 are ratios of a~plied torsional moment to total twist, 
"observed" ' values of GJ were first obtained by multiply
ing observed Mt /9 by the distance from the face of the 

suppo rt to the mirror attached to the web, which was 
31.125 inches in Scarbrough's tests and 27.87 6 inches in 
Wellman ' s tests. For purposes of comparison two values 
of GJ we re cO lput ed from equation (13). One of these 
values wa s based upon the assumption that we = . w and 

the other, on the assump tion that we = w - D. In both 

cases G was t ken as 3,850,000 pounds per square inch. 
These three val~es of GJ are listed in table 11. . Fig
'res 27 and 28 show the values of observed GJ plotted 
against the two computed values of that quantity. 

In each of these figures nearl y all the points rep
resenting Scarbrough's tests (indicated by circles) lie 
fairly close to a strai gh t line, the deviations from such a 
line being less in figure 28 than in fi gure 27. Most . of 
Wellman ' s tests gave points falling reasonably close to 
the same lines but exhibited much more scatter. This is 
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believed to be due largely to the fact that Wellman's 
values of It /8 were averages from tests ~ith greater 
eccentricities of loading than those ' present in the 
Scarbrough tests . As , a 'result, Wellman's individual 
values of " k t/e ' deviated more from the~ me~ns l i sted in ' 
tRble ' 5 than did Scarbrough's and hi , s ~ mBans ' ar~ there
fore considered less r eliable . 

In spite of the faat that mo s t , of Scarbrough's 
points come quite close to fRlling on straight lines in 
figures 27 and 28 , these data fail to provide a rule for 
determining the v a lue , of "e to be use,d in: equation (13). 
In the first place, the lines in question would not pass 
through the origin~ this fact indicates eith£r that G 
is not a constant or that J is not directly p r opo r-
t ion a ,1 t 0 '7 e t 3, a sin d i c at e din e.q u a t ion (13) , bu t 
some ~onstant ~ust be added to that relation . Equally 
i .portant, is the fact that the observed vall).es of GJ 
a re ~o much laxger than the computed ones that some im
portant factor must have been omitted from the computa
tions . 

The situation is further compli~ated by the data 
from specimens + 21 and +34. In both figures the,p oints 
for specimen +~l fall considerably to one side of the 

'band formed ' by the po ints from the other tests . These 
po ints may be d~sre garde d; however , since Scarbrough 
repo rted that ~hannel +21 was initially twisted an d con-

, sistently, gave test results which lacked conf~rmity with 
those from the, other specimen,S . Much more important are 
the point~ for specimen +34 , which was the only one with
out li ghten ing holes that was tested in torsion and which 
was t est e d by 'b 0 the xp e rim e n t e r 's . 1 n f i gu r e 27 , ,w i t h GJ 
computed on the basis of we = i"K; , the po'ints for +3 /± 

fall within the ~a~d defined by the other test data'; but 
in figure 28 with GJ com~ute d on the basis of 
we = w - TI," the ' poi,nts for this specimen fall consider-

ably to ' orie side o£ the ba~d . This appears to be 
additional evidence ' that some highly impo rtant factor 
was ne g lect.'ed either in computi ng GJ from eQuation (13) 
or i n obtai 'riing from the tests the obse-rved Quantities to 
be compared with the compute d values. . . .. . . '. : 

The 'most ob~vio'uS fact' or ' that wa:s neglec'ted was the 
possible restra'irit at t 'hesupport against warping of the 
cross sections. In p~epa'ring fi gure s 27 and 28 this 'was 
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not taken into acco~nt since the possi~le magnitude of 
its effect was not r~alized . These figures ,showed such 
great differences between the observed ~nd the com~ute d 

stiffness Bs that an investigation was made to estimate 
the ~ossible effect of complete rest r aint of the cross 
section at the support against warping: This was done 
by ap~lying the formulas of Timoshenko in reference 4 . 

The first step was to comp ute effective lengths 
fro m the relation 

where 

where 

= L - a tanh L 
a 

Le effective length of snec i men 

L actual length of specimen 

E Young's modulus 

(14) 

( 15 ) 

moment of inertia of one flange about its minor axis 
of symmetry 

t 

b 

GJ 

momen~ of i nertia of ~ntire cro s s s ection about its 
ax~ s of syrrimet ry 

thickness ' of mate r ial 

distance between flang es 

torsion constant obtained fr.om equation (13) 

In computing a
2 

from e quati o n (15) , I f was taken as 
3 

equal to ts /12~ ' where s is the width of a flange. 
Since Iy = tb 3 /12 + : t s b 2 /2 , equation (15 ) reduces to 

(16) 

. ", 'oj .~ . ' 
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Two values of La were ·comp uted for each specimen, 
one based on each 'of the values of computed GJ listed 
in table 11 . These ~alues of' Le are shown in columns 
5 and 6 of that t~ble. Finally, "theoretical" values of 
Mt / 9 were obtaine~ for i n sertion in columns 7 and 8 of 
table 11 b y dividipg , each comp uted v a lue of GJ b y the 
cotre~p onding value of Le ' 

The observed values of Mt /9 are plot t ed against 
the theoretical values of this quantity in fi gures 29 and 
30. From these fi gures and the data of table 11 it can 
be seen that the observed stiffnesses are still consider
ably in excess of the co puted valu es. They averag e 24.2 
percent greater than the stiffnesses comp uted on the 
b asis of we = wand 54 . 6 percent g reater than those 

based on we = w - D. The median fi gures are 22 a nd 5 0 

per c en t, r e sp e c t i v ely. 

The percentage differences between observed and com
puted values of Mt /8 were plotted against the li ghtening 

parameter D2 /Pb against the width of side S, and 
against the absolu te computed values of Mt /9 to see if 

any interesting trends would be revealed. In the follow
ing remarks this p ercentage difference is called the ex
cess stiffness. The excess stiffnesses showed no definite 
trend of variation with D2 / Pb. The y did, however, appear 
to have a tendency to decrease with increase in the width 
of leg , though it must be admitted that the plotted points 
showed too much scatter to permit the formulation of an 
al g ebraic expression to represent this tendeficY . The ex
cess stiffnesses based on we = w showed no consistent 

trend of variation with the absolute magnitude of computed 
stiffness, but those based on we = w - D showed a def-

inite tendency to decrease as computed Mt / 9 increased. 

Here again, however, there was too much scatter of t h e 
plotted points to permit expressi n g the trend by an 
al g ebraic relation . 

From the data of table 11 it is obvious that the 
stiffnesses obtained in the tests ~ere due primarily to 
the shape of the section and t h e restraint of the sup
ported end a gainst , warping. It is equally apparent, 
however, that these factors do not comp letely account for 
the differences between the observed and comp uted values 
of GJ. One source of the di screpancy may well be the 
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use of too · low a v~lueo1 the shearing modulus of el as
ticity G. In this ~onnection · it may be recalled that 
in ref~renc~ 1 the writer reported orl some tests of ex
t ·r ·uded aluminum-alloy channels and flat 'strip s : subjected 
to to~s~oni which · indicated values of G app reciab l y 
large r than the :stanciard value · of 3,850,000 pounds per · 
square inch used in this report . In those earlier te·sts ·· 
the val~e of G obtained fro m tests of flat · stti~~ was 
4,500,000 pounds per s quare inch and that ·from tests ori 
a channel section was 5 ,000,000 pound~ p~r s~u are i n ch,· 
Had such values of G been used in the present investi
gation , the computed s tiffne sses wou ld have been much 
closer to those obser ve d , and · it might have been possible 
to obtain an empirical expression for effecti v e width we' 

The tests of reference 1, however, were very few in number 
and r ather crude . in character, and the writer beliives 
that the high values of G obtained from them represerit 
not so much an ·error in the accepted value for that prop
erty as lack of complete applicabilit y of the formulas 
from .which they were computed. Some additional sources 
for the discrepancy mu st be looked for . 

While it is clear that it is incorrect to neglect 
the effect of res traint against warping , it is not so 
clear that the method u sed to account for that fact.or is 
the corr~ct one. In the developme nt of his f ormulas, 
Timoshenko assumed complete restraint against warp.ing of 
the cross s.ection at the supported . end . . This,- however,. 
is an ideal condition whi ch cou ld hardly be attained in 
a test. On the other hand, deviation from the ideal con
diti·Qn would result in an actual stiffne~s less instead 
ofg'reater than that computed. · Similarly, the measure
ment o·f the length of the . sp ecimen fro m ·the face · of the· 
support would tend to increase the comput~d s~iffnesses. 
Both these factors wou ld thus cause discrepancies in the 
opposite direction · from those observed . ·· 

There _is a possibility, however , that · irl some manner 
which the writer has been unable to visualize the con
struction of the support wa s of such charac:ter that the 
specimen was not subjected to ,the constant tors.ional 
moment assum~d in the analysi s but to a v~rying torque of 
101/er average intensity·, ·Another possibility is that .. ' the 
theory expressed in Timoshenko 1 s formulas is inco·mplete 
and that a more refined theory woul~ indicate. g reater 
stiffnesses. , .. 
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On the whole it must be admitted that these tests 
failed to indicate a satisfactory method of computing 
the effect of li ght ening holes on the torsion~l stiffness 
of channels. On the contrary , they s e rve mainly to indi
cate some of the difficulties attendant upon an experi
mental determination of torsional stiffness and cast some 
doubt on the validity of pre sent methods for computing 
the torsional stiffness of unlightened channels. In so 
doing th ey emphasize the desir~bilit y of additional re
search in this field. 

C ONCLU 8r ON8 

1. The position of the "centroidal axis parallel to 
the back of a chann~l lightened by unflanged holes and 
the mome nt of inertia about that axis can be computed by 
aisuming the actual width of bac k reduced by 

( 0 . 2 "+ "1.5 D2)D where D is the diameter of the light
Pb ./ 

ening holes, P is t~e"p itch of the holes, and b is 
the distance bet ween the mi dlines of the flanges . 

" 2. For a more conservative figure the assumed effec
tive reduction in the ~i dth of back may be taken as 

(0 . .1 " + ~:) D or D , wh ichever is the smaller . 

3. The moment of inertia obtiined from the procedures 
of cbnclusions 1 and ~ ~ay be u sed for the practical esti
mati on of deflections, or of crit~cal loads according to 
the Euler formula. 

4 . In comput i "n g the effective stiffness about the 
axis of symmetry of a channel with unflanged lightening 

"holes, the effect of t h~ :hole may be disregarded for most 
purpo se~. If a more conservativ~ fi gu~e "is desired, even 
when D / Pb is large, there is no indic at ion that the 
va lue of t for the cross section need be reduced by 
more than tD 3/12 , i7he re t is the thickness of the 
material. 

5. The ~eflection due to shear deformation of a 
channel i7 ith unflanged lightening holes subjected to 
loads parallel to the back may be estimated for practical 
purposes from the relation. 

-----------------~~-----"----"- --------~--~~-------' 
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r '~s V dx 
() = 

~ J K b t G 

where 
, 

5 s , deflectid~ d~~ " to she a r defotmation , . 
s shear on a section due to a unit load at point for 

which deflection is being compu ted 

V total shear on a section ._ 
", 

K 0.5 _ n2
/F b 

. " 

b ' distance , ~etween midlines ' of channel . flangeS 

t thickness of mC).te rial. , of channel .. 
. \ .... 

G shearing modulus of eiasticity ., . 

6. The p osition of the shear center of a channel 
with unflanged ' ii ghte ning ~8les is f~rihe~ ' from the web 
than for a similar channel wit h out ' holes," For design 
pu r po s es the shear center of t he li gh tened channel may 
be assumed to lie , between its theoretical location for 
the corresponding unlightened channel and a'point 10 per
cent of ' the ' flange width farther ' from the back. " 

7 • Sp e cia 1 pre c aut ion s are n e c e s sa r y i f r eli a b 1 e 
figures for the effective stiffness of beams are to be 
obtained from cantilever tests. 'Th ough reaso nab le fig
ures for stiffness in bending were obtained from canti
lever te sts, attempts to correlate the appa rent torsional 
stiffnesses with theory were unsuccessful. How much this 
lack of success was due to defects of test procedure and 
how much to incompleteness of present theory could not 
be det erm i ned. 

Stanford University, 
Stanford University, Calif. , March 15, 1943. 
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APPENDIX 

This appendix is limited to a few sample log sheets 
used in analyzing the test data which are referred to in 
the section on Apparatus and·Test Procedure. Curves 
used in analyzing the test data are give n ae fi gures Al, 
.A2, and A3. 

1. Niles, Alfred S.: 
Col urn n Fa i 1 u r e . 

REFERENCES 

Experime~tal Study of Torsional 
T.N. No. 733 , NACA, 1939. 

2. Barlow, Howard W.: A Fixture for Obtaining Pin-End 
Conditions in Column Tes t ing. Jour. Aeron. Sci. 
vol. 7, no. 2, Dec. 1939, pp. 72-74. 

3. Niles, Alfred S, , and Newell, Joseph S.: Airplane 
S t rue t u res. VoL 1. J 0 h: n Wi 1 e y & Son· s, Inc.; 
3 d ed. I 1943. 

4. Timoshenko, S.: Strength of Materials. Pt. II. 
D. Van Nostrand Co" Inc r , 2d ed. , 1941, pp. 2 82-
293. 
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Table 1 Table 1 - Continued 

Specimen Dimensions 
1( a 2 3 4 5 I 

6 

Specimen B S t D P D2/Pb 

1 (a) 2 3 4 5 6 7 

-0 2-1/'2 7/8 0.0802 1-7/16 2-1/4 0.380 
-1 2-1/2 7/8 0.0622 1-7/16 2-1/4 0.377 
-2 2-1/2 7/8 0,0485 1-7/16 2-1/4 0,375 
M3 2-1/2 7/8 0,0421 1-7/16 2-1/4 0,374 
-4 2-1/2 7/8 0.0319 1-7/16 2-1/4 0.372 

-5 2-1/2 7/8 0,0256 1-7/16 2-1/4 0.371 
-6 2-1/2 1-1/4 0,0513 1-1/2 3-1/4 0,283 
-7 2-1/2 1 0,0485 1-1/2 3-1/4 0.282 
-8 2-1/'2 3/4 0,0514 1-1/'2 3-1/'4 0.283 
-9 2-1/2 5/8 0.0496 1-1/2 3-1/4 0.282 

-10 2-1/.2 1-1/4 0.0512 1-1/'4 1-1/4 0.150 
-11 2- 1/2 1 0.0507 1-1/4 4-114 0.150 
-12 2-1/2 3/4 0.0509 1-1/4 4-114 0.150 
-13 2-1/2 5/8 0.0479 1-1/'4 4-1/4 0.150 
-11 2-1/2 1-1/4 0,0500 I M3/4 3-1/4 0.384 

-15 2-1/2 1 0.0495 1-3/4 3-1/4 0.384 
-16 2-1/2 3/4 0,0513 I M 3/4 3-114 0.385 
-17 2-1/2 5/8 O,O~7 1-3/4 3-1/4 0.384 
-18 2-1/2 1-1/4 0,0507 1-1/'4 3-1/4 0.196 
-19 2- 1/2 1 0.0506 1-1/4 3-1/4 0.196 

M20 2-1/2 3/4 0.0512 1-1/4 3-114 0.196 
-21 2-1/2 5/8 0.0504 1-1/4 3-1/4 0.196 
-22 2-1/2 1-1/4 0.0515 1-1/4 2-1/4 0.284 
-23 2-1/2 1 0.0488 1-1/4 2-1/.4 0,283 
-24 2-1/2 3/4 0,0509 1-1/4 2-1/4 0.284 

-25 2-1/'2 5/8 0,0500 1-1/4 2-1/4 0,283 
-26 2- 1/2 1-1/4 0.0517 no holes 0 
-27 2-1/2 1 0,0500 ------ do -------- 0 
-28 2-1/2 3/4 0,0516 ------ do -------- 0 
-29 2-1/2 5/8 0.0505 ------ do -------- 0 

+1 2-1/2 7/8 0.0522 1-7/16 2-5/8 0.322 
+2 2-1/2 314 0.0541 1-5/16 2-5/8 0.268 
+3 2-1/4- 1-1/8 0.0514- 1-3/16 2-5/8 0,244 
+4 1-3/4- 7/6 0.0595 15/16 2-5/8 0.198 
+5 1-1/4 5/8 0.0590 n/16 2-5/8 0.151 

+6 2-1/2 7/8 0.0524 1-7/16 4-112 
+7 2-1/2 314 0.0521 1-5/16 4-1/2 
+8 2-1/4 1-1/8 0.0512 1-3/16 4-112 
+9 1-3/4- 7/s 0.0586 15/16 4-1/.2 

+10 1-1/4- 5/8 0.0595 11/16 4-1/2 

+11 2-1/2 7/8 0.0524 1-5/16 2-1/4 
+12 2-1/2 1-1/4- 0.0518 1-5/16 2- 1/4 
+13 2-1/2 1 0,0511 1-5/16 2-1/4 
+14- 2-1/2 3/4- 0.0521 1-5/16 2-1/4 
+15 2-1/2 1/2 0,0518 1-3/16 2-1/4 

+16 2-1/'4 1-1/8 0.0515 1-3/16 2-1/4 
+17 1-3/4 7/8 0.0594 15/16 2-1/.4 
+18 1-1/4 5/8 0.0590 n/16 2-1/4 
+19 2-1/2 718 0.0807 1-7/16 2-1/4 
¥ZO 2-1/2 7/8 0.0730 1-7/16 2-1/4 

+21 2-1/2 7/8 0.0648 1-7/16 2-1/.4 
¥Z2 2-1/2 1-1/4 0.0515 1-3/4 3-1/4 
¥Z3 2-1/2 1-1/8 0.0521 1-3/4 3-114 
+24 2-1/'2 1 0.0511 I M 3/4 3-1/4-
+25 2-1/2 7/S 0.0523 1-3/4 3-1/4 

-+e6 2-1/2 3/4 0.0518 1-3/4 3-1/4-
-+e7 2-1/'2 5/8 0.0519 1-3/4- 3-1/4-
-+e8 2-1/2 1-1/4- 0.0518 1-5/16 3-1/4 
+29 2-1/2 1-1/8 0.0520 1-5/16 3-1/4 
+30 2-1/2 1 0,0520 1-5/16 3-1/4 

+31 2-1/'2 7/8 0.0523 1-5/16 3-114-+32 2-1/2 3/4- 0,0516 1-5/16 3-1/4 
+33 2-1/2 5/8 0.0519 1-5/16 3-1/4 
+34 2-1/'2 1-1/4 0.051S no holes 
+35 2M 1/.2 1-1/6 0,0523 ----- -- do ---- ---

I 
+36 2M 1/.2 1 0.0511 ------- do -------
-+<37 2M 1/2 3/4 0,0523 ------- do -------
1'39 2-1/'2 1-1/4 0.0519 1-5/16 I 2-1/'4 
+40 2-1/2 1-1/S 0.0521 1-5/16 2-1/4 

+41 2-1/2 1 0,0522 1-5/16 2-114 
+42 2-1/'2 3/4 0.0523 1-5/16 2-1/4 
+43 2-1/2 5/8 0.0519 1-5/16 2--1/4 

a Notation: 
furnished by the former Nortnrop Aircraft, Inc., now the 11 Segundo division of the Douglas Aircraft Co., Inc. 

+ Furnisoed by the Boeing Aircraft Co. 
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Table 2 
mabIe 2 - Continued 

Observed Values of EIxx and Yo 

Observed values of EIXX f 1000 Obs. Yo in inChesl 1(a) 2 3 4 5 6 

. 
from beam tests of from column from oolumn I 

tests of tests of 

+1 126.5 125~2 138.0 
+Z 83.8 91.1 105.0 
+:3 239 250.6 252.5 243 

Channel A and S W(2LB) W(PB) A and S !! A and S W l 
I 

+4 130 137 152.2 
+5 43.0 44.4 44.7 44.3 

(a) 1 2 :3 4 5 6 7 81 +6 130 

-0 176 178 0.287 
-1 143 145 0.302 
-2 114 115.5 120.0 110 114.1 0.315 0.326 
-3 104 106 0.310 

-+'7 88.3 
+8 249 25\1.0 
+9 136 155.0 

+10 48.5 50.7 49.8 67.0 

-4 75.9 82.1 81.8 +11 141.4 139.8 113.1 

-5 63.6 
-6 313 309 0.454 
-7 167 170.4 163.5 165 169.3 0.338 0.361 
-8 80.8 80.2 0.247 

+12 343.2 346.9 
+13 182.1 184.5 195.6 
+16 239 
+17 124 149.8 

-9 47.9 +18 4 1.7 42.8 42.8 61.7 

-10 362 
-11 192 191 0.299 
-12 88.5 85.7 0.215 
-13 50.6 52.3 51.6 

+19 175 181 
+20 157 158 
+22 287 276 
+23 210 

-14 279 +24 158.0 160 •. 0 157.2 

-15 149 155.5 156.5 153 157.5 0.395 0.419 
-16 66.9 66.8 70.9 0.312 0 .317 
-17 42.2 44.8 44.3 
-18 344 338 0.428 

+25 106 118.4 
+26 73.0 73.0 
+27 43.0 43.8 43 .. 8 
+28 342 

-19 189 184.3 173.5 189 0.311 +29 272.3 266.6 270.5 

-20 84.4 81.5 99.8 0.223 0 . 234 
-21 51.0 
-22 336 338.5 360.0 311 0.419 
- 23 168 178.9 180.0 

+30 194.0 187.0 197.0 
+31 130 132.5 144.0 
+32 97.1 
+33 52.8 53.1 53.8 

-24 81.9 81.5 99.8 0.231 0.244 

-25 50.6 
-26 422 I 391 0.332 
- 27 222 1223.7 230 .3 222 

I 
0.246 

-28 101 101 0.186 
-29 59.4 I L. 

+34 

I 
353.0 

+37 103 
+39 I 261.0 

+40 262 .3 257.0 

I 
\261.0 

+41 217 .8 201.2 
+43 51.5 53.3 65.6 

--

A and S - Allen and Silliman W - Wellman (2LB) - two-load bending PB - purs bending 

a Notation: 
Furnished by the formsr Northrop Aircraft, Inc., now the El Segundo division of the Douglas Aircraft Co., Inc. 

+ Furnisoed by the Boeing Aircraft Co. 
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Table 5 

Investigation of Local Deformation 

Stiffness EI in Ibs-in2 

Channel No . From deflections From deflections 
( a) at load points 2 inches inside 

of load pOints 

-22 330, 000 325,000 

-23 167,000 169,000 

-24 81 , 200 81 ,600 

- 25 51,200 50,200 

a Notation. 
Furnished by the former Northrop Aircraft, Inc., now the 

II Segundo division of the Douglas Aircraft Co., Inc. 
+ Furniehed by the Boeing Aircraft Co. 

Table 4 

E1xx from Beam Tests with Varying Specimen Positions 

EIxx in Pure Bending EIxx in "Two Load Bending ll 

Back down Flangee down Back down Flaugea down 

P.C. H. C. P.C. H.C. P.C. H.C. P.C. H.C, 

163.5 161.7 169.4 180.0 170.4 165.8 161.5 169.2 

156.5 160. 0 163.5 169.4 155.5 162.5 156.4 158.4 

44.3 44. 2 47.0 46 . 0 44.8 44.5 46.2 46.0 

173.5 201.3 190.6 174.5 184.3 194.0 186.0 175.7 

49.8 48 .3 50. 0 52 . 0 50.7 50.3 49 .6 51.6 

144.0 134.0 140.5 132.7 132.5 133.0 132.5 130.1 

Av. 

P. C. - Pitch centered H.C. - Hole centered 

49' 

Max. 
percent 
diff. 

5.5 

4.5 

3.9 

10.5 

4.0 

2.5 

5.15 

a Notation: 
Furnished by the former Northrop Aircraft, Inc., now the II Segundo division 

of the Douglas Aircraft Co., Inc. 
+ Furnished by the Boeing Aircraft Co. 
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Table 5 
Test Results 

Bending with Load parallel to ~ack 
-----. 

Observed 
Observed Values of minus EIyy Shear-center 

dista.nce computed Observed 
.hear Pure Simple Two-load Cantilever center Mt/e Channel bending bending bending bending OO8erve~ Computed 
dista.nce --r -

1( a) 2 3 4 5 6 7 8 9 
--- - t--- -

-0 C 3,120 2,037 1,732 0.348 0.282 0.066 
-2 S 1,705 1,410 1,653 0.322 0.288 0.034 48.4 
-3 W 2,395 1,159 1,211 1,324 0.381 0.289 0.092 61.7 
-5 C 1,004 754.4 678..0 0.330 0.292 0.038 
-6 W 1,800 1,140 1,292 1,972 0.501 0.459 0 .042 134.2 

-7 S 2,105 - 1,640 1,761 0.388 0.344 0.044 52.6 
W 4,740 1,364 1,770 1,805 0.474 0.344 0.130 67.'7 

-9 C 1,494 1,304 1,046 0.198 0.179 0.019 
-10 W 3,580 2,625 2,295 2,239 0.576 0.459 0.117 113.2 
-12 C 1,814 1,475 1,234 0.228 0.232 -0.004 

A13 C 1,535 1,069 0.196 0.179 0.017 
S 1,441 1,279 1,343 0.214 0.179 0.035 28.1 

-15 W 2,340 1,118 1,422 1,776 0.485 0.344 0.141 82.9 
-16 W 1.900 1,206 1,203 1,459 0.291 0.232 0.059 52.4 
-17 C 1,219 1,003 965.0 0.154 0.179 -0.025 

-18 0 2,520 1,957 1,618 0.474 0.459 0.015 
-19 S 2,070 2,052 1,958 0.387 0.344 0.043 57.8 
-20 W 3,700 1,364 2,045 1,622 0.311 0.232 0.079 55.0 
-22 S 2,434 2,063 2,205 0.501 0.459 0,042 92.9 

W 3,800 3,280 835 2,192 0.378 0.459 -0.081 114.9 

Table 5 - Continued 

1 (a) 2 3 4 5 6 7 8 9 

-24 W 2,565 1,600 1,630 1,603 0.347 0.232 0.115 75.7 
-25 S 1,482 1,279 1,375 0.154 0.179 -0.025 37.6 
-26 C 1,761 0.483 0.459 0.024 
-27 C 1,504 0.369 0.344 0,025 
-29 C 1,554 1,112 0.201 0.179 0.022 

+1 W 2,900 1,615 1,565 1,735 0.351 0.287 0.064 82.9 
+2 W 2,100 1,447 1,405 1,578 0.262 0.231 0.031 51.0 
+3 S 1,809 1,568 1,727 0.436 0.412 0.024 77.4 
+~ IV 1,158 1,039 833.0 0.410 0.317 0.093 52.0 
+5 0 340 .. 8 304.5 258.8 0.205 0.223 -0.018 

+6 S 1,881 1,691 1,824 0.308 0.287 0.021 65.0 
¥TC 1,769 1,553 1,247 0.253 0.232 0.021 
+SW 2,240 2,235 2,045 1,459 0.531 0.412 0 .119 77.0 
+9C 922.0 875.0 699.0 0.286 0.317 -0.031 

W 1,090 986.0 924.0 852.0 0 .367 0.317 0.050 55.6 

+10 C 352.0 311.4 272.4 0.192 0.223 -0,031 
W 340.0 274,0 306.0 303.0 0.250 0.223 0.027 24.8 

+11 W 2,485 1,645 1,642 1,670 0 .436 0.287 0.149 69.2 
+12 S 2,752 2,304 2,247 0 .523 0.459 0.064 90.9 
+l3W 3,600 1,725 1,845 1.913 0.436 0.343 0.093 84.1 

+14 C 1,261 0.257 0.232 0,025 
+15 C 1,308 1,200 911.0 0.104 0.127 -0.023 
+16 C 1,841 1,420 1,267 0.384 0.412 -0.028 

S 1,736 1,557 1,629 0.444 0.412 0.032 79.4 
+17 W 1,223 1,149 1,067 861 .0 0.425 0.317 0 .108 51.0 

~8W 497.0 
I 

274.0 318.0 296.0 0.309 0.223 0 .086 22.4 
+19 C 1,705 0.282 0 .282 0 
1420 C 1,664 0.346 0 .283 0.063 
+21 C 2,788 1,499 0 .390 0.285 0 .105 

S 2,763 2,052 2,046 0 .390 0 .285 0.105 86.4 
C - Carah and Park S - Scarbrough W - Wellmiloil 

a Notation: - Furnished by the former Northrop Aircraft, Inc., now the El Segundo 
divieion of the Douglas Aircraft Co .• Inc. 

+ Furnished by the Boeing Aircraft 00. 

-
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I 
1 (a) 2 3 

+22 S 2~360 1,630 
+23 S 2,008 1,611 
0/ 24 IV 4,420 1,450 
+25 IV 2,190 1,196 
+26\'/ 2,075 994.0 

+27 S 1,279 .1,126 
+29 W 4,160 2,110 
+30 W 2,795 1,682 
+31 S 1,932 1,593 
+32 W 2,'~80 1,469 

+33 W 1,800 1,173 
+34 C 2,560 2,292 

S 2,646 
W 3,270 1,970 

+35 C 2,356 

+36 C 2,195 
+37 C 
+39 IV 1,770 1,230 
+40 W 6,000 1,742 

+41 \'/ 3,990 1,635 
+42 C 2,011 
+43W 1,450 1,135 

C - Carah and Park 

NACA Technical Note No. 924 

Table 5 - Continued 

·1 5 6 

2,023 0.~87 
1,922 0.456 

1,593 1,748 0.466 
1,355 1,592 0.366 
1,193 1,325 0,296 

1,278 0.173 
2,055 2,087 0.491 
1,820 1,895 0.456 

1,835 0.303 
1,543 1,656 0.276 

1,305 1,366 0.198 
1,762 0.467 
2,418 0,496 

2,835 2,323 0.556 
1,629 0,393 

1,533 0,337 
1,273 0.218 

1,254 2,151 0,571 
2,445 2,072 0.531 

2,150 2,015 0,451 
1,229 0,228 

1,211 1,434 0.221 

S - Scarbrough 

7 8 9 
-

0.459 0.028 7~.5 
0.101 0.055 67.4 
0.3'13 0.123 78.~ 
0.287 0.079 47.0 
0.232 0.064 47.4 

0.178 -0.005 31.8 
0.401 0.090 78.4 
0.343 0.113 73.3 
0.287 0.016 50 .. 4 
0,232 0.0'~4 49.2 

0 . 178 0.020 20.3 
0 . 459 0.008 
0.459 0.037 100.5 
0.459 0.097 95.1 
0,401 -0.008 

0 . 343 -0.006 
0.232 -0.014 
0.459 0.112 128.3 
0,401 0.130 98.7 

0.343 0,108 98.0 
0.232 -0.004 
0.178 0.043 49,8 

W - Wellman 
a Notation: 

Furnished by the former Northrop Aircraft, Inc., now the El Segundo divis ion 
of the Douglas Aircraft Co., Inc. 

+ Furnished by the boeing Aircraft Co. 

Table 6 

Cri tical Loads 

(a) 
Length Pc: P ** P *If* P * P *'* Channel CJ" or cr - c;: 

Number (in.) (lb')(b (lb. )(b' (lb. )(b PCI' ;> (b 
r---' --

- 5 32.06 34 20 24 0.412 
- 9 31.75 58 33 76 .431 
-12 31.12 75 60 90 .200 
+ 5 :31.75 32 23 37 .281 
+ 9 32.09 100 77 67 .130 
+10 32.06 43 25 32 .419 

1s the experimental buckling load when applied at 
the shear center. 

(b) Pcr** ts the experimental buckling load when applied at 
he'oentroid of the section. r p *** er is the computed value of the critical load, to be 

applied at the shear center. 

a Notatiou: 
Furnished by the former Northrop Aircraft Co., Inc., 

now tae El Segundo division of the Oouglas Aircraft Co., Inc. 
+ Furnished by the Boeing Aircraft Co. 
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6a 

Ch nne1 

1 (a) 

.. 0 A 
-1 A 
.. 2 A 

W 
.. 3 It. 

IV 

-4 A 
W 

-5 A 
-6 A 
-7 A 

W 

-8 A 
-9 A 

-10 A 
-11 A 
-12 A 

-13 A 
W 

-14 A 
-15 A 

W 

NAOA Teohnioal Note No. ea4 
'h.ble 7 

Observed ~d Computed Values of Ixx/t and Yo 

Oba. Ixx/t fro m. 

Bel/Jl1 
teate 

2 

0.2132 
0.2248 
0.2281 
0.2311 
0.2399 

O.2:nO 
0.2408 
0.2410 
0.5924 
0.3342 
0.:5409 

0.1610 
0.0937 
0.6860 
0.:5679 
0.1688 

0.1025 
0.1060 
0.5420 
0.2902 
0.3050 

Column 
teat s 

0.21 
0.22 
0.22 

e5 
63 
02 

0.244 
0.263 

5 
1 

0.584 
0.330 
0.3:58 

0.151 

8 
3 
9 

5 

0.365 
0.163 

0 

0.300 
0.308 

5 

1 
9 

\ -

1-

= -
Computed Ixx/t from Obe. Computed Yo 

-r- --l-

De-D Do-DI De-D" Yo DelOD De=DI 
- - -

4 e 6 7 8 9 

0.1930 0.2132 0.1930 0.287 0.303 0.274 
0.2004 0.2216 0.2004 0.302 0.296 0.266 
0.2062 0.2281 0.2062 0.315 0.291 0.261 

0.2092 0.2311 0.2092 0.310 0.288 0.258 
0.325 

0.2137 0.2351 0.2137 

0.2150 0.2388 0.2150 
0.5400 0.6310 0.5430 0.454 0.468 0.405 
0.2925 0.3439 0.2949 0.338 0.352 0.299 

0.351 

0.1294 0.1526 0.1312 0.247 0.245 0.203 
0.0781 0.0913 0.0789 
0.5830 0.5860 0.5170 
0.3153 0.3595 0.3320 0.299 0.327 0.271 
0.1414 0.1549 0.1489 0.215 0.223 0.181 

0.0851 0.0987 0.0890 

0.4875 0.5550 0.4875 
0.2619 0.3053 0.2619 0.395 0.384 0.338 

0.419 

Table 7 - Continued 

:from 

De=D" 

10 

0.303 
0.296 
0.291 

0.288 

0.454 
0.M6 

0.242 

0.310 
0.210 

0.384 

r--

I 
\ 

I 

1 ( 11.) 2 .:5 4 5 6 7 8 9 10 

-16 A 0.1265 0.1264 0.1166 0.1364 0.1166 0.:512 0.270 0.233 0.270 
W 0.1342 0.:517 

-17 0.0842 0.0705 0.0825 0.0705 
W 0.0893 

-18 A 0.6585 0.6473 0.5850 0.6760 0.6030 0.428 0.437 0.376 0.421 

-19 A 0.3625 0.3626 0.3185 
W 0.3537 

0.3645 0.3266 0.:511 0.327 0.276 0.315 

-20 J- 0.1601 0.1545 0.1411 0.1617 0.1461 0.223 0.224 0.186 0.215 
W 0.1892 0.234 

-21 A 0.0982 0.0846 0.0966 0.0876 

-22 A 0.6635 0.5862 0.5830 0.6535 0.5870 0.419 0.437 0.390 0.435 
IV 0.6380 

-23 A 0.3341 0.3172 0.4050 0.3188 
W 0.3560 

-24 A 0.1562 0.1554 0.1116 0.1579 0.1426 0.231 0.223 0.194 0.222 
IV 0.1903 0.244 

-25 A 0.0982 0.0896 0.0940 I 0.0852 
-26 A 0.7924 0.7343 0.7420 0.7420 0.7420 0.332 0.332 0~332 0.332 
-27 A 0.4310 0.4311 0.3991 0.3991 0.3991 0.246 0.241 0.241 0.241 

W 0.4341 
-28 A 0.1923 0.1906 0.1756 0.1756 0.1756 0.186 0.161 0.161 0.161 
-2D A 0.1143 0.1041 0.1040 0.1041 

I +1 W 0.2352 0.2566 0.2050 0.2327 0.2050 0.323 0.292 0.254 0.292 
+2 W 0.1502 0.1884 0.1378 0.1561 , 0.1396 0.257 0.230 0.196 0.226 
+3 A 0.4516 0.4590 0.4110 0.4748 0.4205 0.407 0.403 0.351 0.395 

W 0.4732 

I 0 .2150 I 0.1902 
J 

+4 A 0.2121 0.2235 0.1818 0.330 0.322 0.275 0.311 
W 0.2483 0.355 

... .. . .. .. -----
A - Allen and Silliman W - Wellman 

a Notation: 
- Furnisned by the former Northrop Aircraft, Inc., now t he II Segundo division of the 

Douglas Aircraft Co., I nc . 
+ Furnished by tne Boeing Aircra ft Cn . 
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Table 7 - Continued 

1 (al 2 3 <1 5 6 7 8 9 10 

+5 A 0 . 0708 0 . 0729 0 . 0606 0 . 0746 0 . 0652 0 . 2<1<1 0 . 239 0.200 0.226 
VI 0 . 0730 

+6 A 0 . 2?09 0 . 2050 0 . 2471 0 . 2155 
+7 A 0 .16?5 0 .1250 0 . 1629 0 .B59 
+8 A 0 . 4721 0 . 4110 0 . 4930 0 . 4358 0 . '103 0.336 0.382 

'1/ 0 . 4911 0 . 394 

+9 A 0. 2252 0 .182 -~ 0 . 2236 0 .1965 0 . 322 0 .265 0.302 
\'{ 0 . 2568 0 . 348 

+10 A 0 . 0792 0 . 0606 0 . 0770 0 . 066 4 0 . 239 0.195 0.223 
W 0 . 0826 0 . 1093 0 . 251 

+11 '."1 0 . 2618 0 . 2651 0 . 2131 0 . 2381 0 . 2131 0 . 294 0 . 280 0.247 0.280 

+12 'il 0 . 6 -~32 0 . 5730 0 . 6-aO 0 . 5730 
+13 VI 0 . 3(,,60 0 .3717 

I 
0 . 3092 0 . 3<1-16 0 . 3092 0 . 348 0 . 33<1 0.296 0.334 

+16 A 0 . 1507 0 . <1110 0 . <1668 0 .4310 
+17 A 0 . 2027 I 0 .18 17 0 . 2129 0 .1879 0 . 322 0.279 0.314 

W 0 . 2449 I 0 . 345 

+18 A 0 . 0686 0 . 0606 0 . 0738 0 . 0640 0 . 239 0 . 202 0.229 
IV 0 . 070<1 0 .1015 0 . 249 

I +19 A 0.2106 0 . 2178 0 .1927 0 . 2135 0 .1927 0 . 3 13 0 . 303 0.274 0.303 
+20 A 0 . 2089 0 . 210 1 0 .1963 0 . 2170 0 .1963 0 . 250 0 .300 0.271 0.300 
+ 22 A 0 . 5410 0 .5203 0 04860 0 . 5650 0 .4860 0 . 513 0 . 503 0.450 0.503 

+23 A 0 .39 13 0 . 3630 

I 
0 . 1223 0 . 3630 

+24 W 0 . 3000 0 . 2987 0 . 2611 0 . 3045 0 . 2611 0 .407 0.385 0.339 0.385 
+25 A 0 .1968 D.1796 0 . 2102 0 .1796 0 . 327 0.285 0.327 

W 0 . 2 198 0 . 363 
+26 W 0 .1368 0 .1168 0 .1366 0 .1168 

+27 A 0 . 0804 0 . 0698 0 . 081 6 0 . 0698 
W 0 . 0819 

+28 A 0 . 641 2 0 .5730 0 . 6665 0 . 5910 
+29 W 0.5082 0 . 5050 0 .4280 0 .4975 0 .4420 0 .392 0 .388 0.331 0.377 
+30 W 0,3552 0 .3678 0.3098 0 .3585 0 .3190 0 .334 0. 334 0.282 0.323 

Table 7 - Continued 

1 (al 2 3 <1 5 6 7 8 9 10 

+311. 0 . 2<113 0 . 2134 0 . 2472 0 . 2203 
W 0 . 2460 

+32 IV 0 .1827 0 .1384 0 .1596 0 .1439 0 . 255 0 . 229 0 .• 189 0.221 
+33 w 0 . 0988 0 .1006 0 . 0828 0 . 0951 0 . 08<17 0 .183 0 .180 0 .147 0.173 
+3<1W 0 .6617 0 .7425 0 .7425 0 .7425 0 .363 0 .332 0 .332 0.332 

+37 A 0 .19 12 0 .1756 0 .1756 0 .1756 
+39 W 0 . <1882 0 .5730 0 . 6400 0 . 5730 0 .447 0 . 444 0 .399 0 .444 
+40 W 0 .4885 0 . 4864 0 . <1282 0 . 4791 0 . 4282 0 . 398 0 . 389 0.347 0.389 
+41 W 0 . 4049 0 .3098 0 .3454 0 . 3098 
+43 'II 0.0964 0 .1227 0 . 0826 0 . 091 9 0 . 0826 0 .197 0 .180 0 .156 0.180 

A - Allen and Sllliman W - Wellman 
---. 

a Notation: 
- Furnished by the forme r Northro? Aircraft, Inc., now t he El Segundo division of the 

Douglas Aircraft Co . , Inc . 
+ Furnished by the Boeing Aircraft Co . 
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Table 8 

Comparison of Observed and Computed Results 

~---. _._-------------------------------_.- ... --- --
Notation 

Ie • moment of inertia indioated in oolumn test 
lb. II II II II II bendins II 

Io. II " II oomputed from formula 
De • effeotive diameter ot 11ghtening hole 
D • aotual " II II " 

D' = (0.2 + 1 5 D2/Pb)D 
Dn 

g (0.7 + D~/Pb)D but not greater than D 

A, Allen and Silliman tests 
W, Wellman toate 
C, Groupe A and W combined 
S, Group C omitting W tests where 

A are available 
M, Ie trom W and Ib from A tests 

Assumed Number Extremes Arith- Alge- Alge-
Item De Teet of metic braio bre:l.c 

gro~ teeta -min. max. mean mean mectlan 
. _., -- -

1 2 3 4 5 6 7 8 9 .. _ .. _- --
(Ie/1bMl)X 100 A 25 -11.6 +5.3 2.42 -0.71 _0.2 

W 14 -0.7 '44 .1 11.10 10.81 2.7 
M 13 1.4 48.0 16.68 16.68 14.0 
S 41 -11.6 44.1 6.74 4.47 0.7 

(Ie/lo-l)x 100 D A 25 -1.0 22.9 11.37 11.29 11.6 
W 26 -14.8 80.4 28.60 26.61 23.4 
C 51 -14.8 80.4 20.15 19.10 15.9 
S 44 -14.8 80.4 19.28 18.06 14.5 

D' A 25 -10.3 8.5 3.82 -1.34 -1.6 
W 26 -23.7 42.0 12.75 9.64 9.15 
C 51 -23.7 42.0 8.37 4.~6 1.1 
S 44 -23.7 42.0 8.10 3.47 I 0.25 .... _ .. _-_ ... - _. "- _.-----'---

Table 8 - Continued 

.----. 
1 2 3 4 5 6 7 8 9 

D" A 25 -1.0 17.5 9.69 9.59 9.1 
W 26 -14.8 64.6 . 25.71 23.73 23.4-
C 51 -14.8 64.6 17.86 16.80 14.2 
S 44 -14.8 64.6 16.90 15.67 12.75 

(Ib!'IcM1)x 100 D A 50 5.4 31.5 13.50 13.50 12.3 
W 29 8.8 36.3 16.96 16.96 16.2 
C 79 5.4 36.3 14.77 14.77 14.0 
S 63 5.4 31.5 14.16 14.16 13.4 

D' A 50 -17.4 9.7 ~.80 -0.90 -1.1 
W 29 -12.1 17.3 3.92 1.69 0.4 
C 79 -17.4 17.3 3.84 0.05 -0.3 
S 63 -17.4 17.3 3.78 -0.15 -0.5 

Dn A 50 5.0 19.5 10.93 10.93 10.55 
W 29 7.5 30.7 15.07 15.07 14.7 
C 79 5.0 30.7 12.45 12.45 11.5 
S 63 5.0 30.7 11.93 11.93 11.2 

(Yo obs - Yo comp) D A 25 -0.050 0.042 0.0142 0.0003 0.004 
W 26 -0.010 04047 0.0196 0.0181 0 . 019 
C 51 -0.050 0.047 0.0170 0.0094 0.009 
S 44 -0.050 0.042 0.0153 0 .0070 0.008 

D' A. 25 -0.021 0.079 0.0393 0.0376 0 . 039 
Vi 26 0.031 0.084 0.0590 0.0590 0,0595 
C 51 -0.021 0.084 0.0493 0.0485 0.051 
S 44 -0.021 0.079 0.0467 0.0457 0.0485 

D" A 25 -0.050 0.042 0 . 0141 0.0045 0.007 
W 26 0.003 0 . 047 0.0344- 0. 0344 0 .022 
C 51 -0.050 0.047 0.0194 0 . 0147 0,014-
S 44 -0.050 0.046 0.0175 0.0120 0 .0115 '--- _0_* 



Channel 

1 (a) 

-0 C 
- 2 S 
-3 W 
-5 C 
-6 W 

-7 S 
W 

-9 C 
-10 W 
-12 C 

-13 C 
S 

-15 W 
-16 W 
-17 C 

-18 C 
-19 S 
-20 W 
-22 S 

W 

-24 W 
-25 S 
-29 C 

+2 W 
+2 IV 
+3 S 
+4 W 
+5 C 

+6 S 
4'7c 
+8 W 
+9 C 

W 

Table 9 

Comparison of Computed and Observed Stiffnessee 
Pure Bending 

Computed Ift Obs Ift Percent error 

Full Full P.B. Full Full 
back hole back hole 

2 :3 4 5 6 

3.488 3.240 3 .777 8;3 16.5 
3 .657 3.409 3.415 - 6. 6 0.2 
3 .690 3.442 5.526 49.8 
3,777 3,529 3,810 0.9 8,0 
4.750 4.469 3.408 - 28 . 2 -23.7 

4.025 3 .744 4.213 4 . 7 12.5 
4.025 3.744 9 .490 135. 9 
2 .908 2.627 2.923 0.5 11.4 
4 ,750 4,587 6,794 43.1 
3.274 3.111 3,458 5.6 11.0 

2 .917 2.754 3.111 6.2 13.0 
2 .917 2.754 2.921 0 .1 6.0 
4.017 3.571 4.5'90 14.3 
3.270 2.824 3.596 10.0 
2.9 15 2.469 2.430 -16.5 -1.5 

4.756 4.593 4.826 1.5 5.0 I 

4.013 3.850 3.972 -1.0 3.2 ! 3.270 3.107 7.020 114.7 I 
4.747 4.584 4.590 -3.3 0.1 

, 
4,747 4,584 7.164 51.1 

I 3.274 3.111 4.890 49.4 
2.908 2.745 2.879 -1.0 4.9 
2.905 2.905 2,987 2.8 2.8 I 
3.637 3.389 5.396 48.4 

I 3.257 3.068 3. 770 15.7 
3.425 3.286 3.418 -0.2 4.0 
1.539 1.470 1.890 22,8 
0,528 0.501 0,561 6.3 12.0 

3.637 3.389 3,489 -4.1 3.0 
3,267 3.078 3.245 0.9 5.5 
3.427 3.288 4.250 24;0 
1.544 1.475 1.529 -1.0 3.6 
1.544 1.475 1,806 17.0 

Table 9 w Continued 

1 (a) 2 3 4 5 6 

D2fPb +10 C 0.527 0.500 0 .574 8.9 14.8 
w 0.527 0 .500 0.555 5.3 11.0 

7 +11 W 3.637 3.448 4.608 26.7 
+12 S 4.747 4.558 5.160 8. 7 13.2 

0 .380 +13 W 4.009 3 . 820 6 . 840 70.6 
0.375 
0.374 +15 C 2.532 2.393 2.452 -3. 2 2.5 
0 .371 

I 
0 .283 I 

+16 C 3.425 3,286 3 . 470 1.3 5 . 6 
S 3.425 3 . 286 3 . 272 -4.5 - 0 .4 

+17 W 1.539 1.470 2. 000 30.0 
0.282 +18 IV 0,527 0 .500 0 .818 55 , 2 
0.282 
0.282 +21 C 3.569 3.32] 4.180 17.1 
0,150 S 3.569 3.321 4 . 142 16.0 
0.150 +22 S 4.747 4 .301 4. 450 -6.2 3.4 

+23 S 4.376 3.930 3.741 -14.5 - 4.8 
0.150 +24W 4.009 3.563 8 .394 109 , 6 
0.150 
0.384 +25 W 3.637 3.191 4.062 11.7 
0.385 
0.384 

+26 W 3.267 2.821 3.890 19.1 
+27 S 2 .899 2.453 2.391 -17.5 - 2.5 
+29 IV 4.376 4 .187 7.870 80.0 

0 .196 +30 IV 4.008 3.819 5.221 30.2 
0.196 
0.196 
0 .284 
0.284 

0.284 I 
0.283 

+31 S 3.637 3.448 3.584 -1.5 4.0 
+32 W 3.267 3 . 078 4.670 42.9 
+33 W 2.899 2.710 3.369 16.2 
+34 C 4'.747 4.747 4.800 1.1 1.1 

S 4.747 4.747 4.960 4.5 4.5 
W 4.747 4.747 6.134 29.2 

0 
+35 C 4.376 4.376 4.370 -0.1 - 0.1 

0.324 
0,268 
0.244 

+36 C 4.008 4;008 4.169 4.0 4.0 
+39 W 4.747 4.558 3.310 -30.2 -27.4 
+40 W 4.376 4.187 11.185 155.8 

0,198 
0.151 +41 W 4.008 3.819 7.424 85.0 

+42 C 3.267 3.078 3.732 14.2 
0,189 +43 W 2.899 2.710 2.711 -6.5 0.1 
0.157 i 
0.143 I 0 ',116 I 

C - Carah and Park B - Scarbrough W - Wellman 

0.116 I 

a Notation : - Furnished by the former Northrop Alrcraft, Inc " QOW the El Segundo division of the Douglas Aircraft Co. , Inc, 
+ Furnished oy tte Boein~ Aircraft Co, 

7 

0 . 088 
0,088 
0.313 
0 , 313 
0 ,313 

0 ,256 
0 . 285 
0 . 285 
0'. 231 
0 .176 

0 . 380 
0.380 
0.385 
0. 385 
0 . 385 

0. 385 
0. 385 
0.385 
0. 217 
0 . 217 

0. 217 
0 . 217 
0 . 217 

0 
0 
0 

0 
0 

0 . 313 
0 .313 

0 .313 
0 .313 
0 .313 

I 

I 

I 

-

z 
> o 
> 
>CI 

'" o 
::T ::s ..... 
o 
P> 
I-' 

Z o 
c+ 

'" z 
o 

<0 
I.\l 
01> 

(J1 
(J1 
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Table 10. Oompa:i.on of Oomputed and Ob •• :ved Def1eotion. 
Simpl., Oantilever, and Two Load sending 

Simple Bending Canti1ovor Bonding Two 

Oh.annel Oomp. Oba . Peroent Oomp. Oba. Peroont Camp. 
EtOt Etl°t enol' Etl°t EtOt errol' EtO t 

1 (al a 3 4 0 6 7 S 

-0 0 26,900 27,890 2.7 08,6:50 10~,1:50 53 .:5 
-2 S 24,860 23,:560 -6.1 63.960 113,840 -0.2 
-:5 IV 1?5 ,410 25,620 0.4 61,870 68,340 9.1 8,621 
-5 0 24.790 23 . 660 -3.7 60,210 84,970 M.4 
-8 IV 18,401') 31 ,630 72.0 39,170 48,140 17.8 6,284 

-7 S 20 . 310 20,100 -1.0 47,260 60,520 6.9 
W 20,960 25,000 19.3 45,670 47,640 4.3 7,228 

-9 0 27 ,490 26 ,730 -2.8 78,330 106,670 36.2 
-10 W 16,870 13,710 -18.7 38,060 40,620 6.5 5,901 
-12 0 23,350 24,270 3.9 68,730 92,880 35.1 

-13 0 76,690 100,810 31.1 
S 211,060 25,'30 1.11 62,geO 65,470 4.0 

-115 W 21,540 31,110 26.8 46,MO 49,420 2.2 8 ,125 
-16 IV 28,180 29.880 1..9 58,170 62,360 7.2 9,660 
-17 0 30,940 3',140 10.3 80,970 113,490 10.2 

-180 17,220 16,220 5.6 46,230 70,620 46 .2 
-19 S 19,260 16,750 -13;0 46,660 17,410 1.8 
-20 IV 23,760 26,390 11.1 54,730 55,920 2.2 8~378 
-22 S 17,660 16,960 -5.0 40,570 42,860 5.7 

W 16,430 11,040 -40.0 39,200 41,660 6.3 8,292 
-24 VI 24,900 22,:580 -10.1 55,510 56,320 1.5 8,666 
-25 S 26,640 26,580 -0,2 64,290 66,740 3.8 
-26 0 47,420 66,040 39.4 
-27 0 55,780 74,820 34.2 
-29 C 76,600 102,180 33.4 

+1 W 23,750 22,720 -4.3 50,930 53,320 4.7 8,134 
+eW 24,740 26,280 6.2 55,690 60,780 9.3 8,'638 
+3 8 22,990 22,280 -3.1 54,870 64,610 -0.5 
+4 W 48,550 40,2eO -17.0 114,8eO 126,560 10.2 17,334 
+6 0 134,450 136,300 1.4 417,680 612,820 22.8 

+6 S 20,900 21,050 0,7 51,100 52,710 3.1 
+7 0 23,450 23,900 1.9 68,910 94,000 36~4 
+8 IV 22,660 16,100 -29.0 52,200 62,180 19.1 7,997 
+9 0 47,500 47.020 -1.0 144,130 188,490 30.7 

W 47,500 41,790 -12.0 113,880 121,900 7.0 17,069 

+10 0 122,660 133,100 8.5 418,020 490,920 17.4 
IV 122,660 152,700 24.5 329,770 348,420 5.7 48,654 

+11 W 23,450 22,390 -4,5 50,720 55,680 9.6 8,061 
+12 S 18,470 15,270 -17.3 41,040 42,310 3.1 
+l3 W 21,710 20,830 -4.1 46,330 47,390 2.3 7,422 

+H C 70,610 92,960 31.6 
+16 0 30,510 30,320 -0.6 89,140 127,830 43.5 
+l60 24,460 25,500 4.3 67,400 91,440 35.6 

S 23,700 22,490 -5,1 55,420 58,050 4.7 
+17 IV 49,090 36,320 -26.0 115,260 122,160 6.0 17,464 
+18 IV 123,850 151,400 22.2 330,640 353,430 6.9 48,952 
+19 C 68,670 106,510 55.1 
+20 0 67,830 98,760 45,5 
+210 67,070 97,220 45.0 

S 25,660 21,460 -16.4 55,410 58,120 4.9 
+228 21,340 21,480 0.7 43,220 46,730 8.1 
+23 S 22,520 21,980 -2.4 I 46,400 49,780 7.3 
+24 'N 24,640 24,780 0.6 48 , 470 51,840 7.0 8,153 
+25 IV 26,370 30,740 16.6 52,860 58,270 10.2 8,792 
+26 IV I 28,510 36,610 28.4 58,220 69,290 19.0 9,573 

+27 S 30,220 31,320 3.6 67,160 74,560 11.0 
+29 IV 18,690 17,320 -7.3 41 ,580 44,130 6.1 6,500 
+30 W 20,130 21,710 7.9 45,190 48,620 7.6 7,026 
+31 S 21,170 22,320 5.4 51.310' 52,330 2.0 
+32 VI 23,990 24,680 2,9 54,920 55,180 0.5 8,445 

+33 VI 26,630 31,100 16.7 61,620 67,310 9.2 9,420 
+34 0 16,140 15,880 -1.5 47,420 66,120 39.4 

S 38,850 39,320 1.2 
W 16,140 18,480 14.5 37,530 39,500 5.3 5,718 

+35 C 51,320 72,310 40.9 

+36 0 55, 910 75,070 34.2 
+37 C 68 , 270 92,490 35,5 
+39 IV 19,060 29,670 55.8 39,660 42,770 7.8 6,450 
+40 IV 20,270 21 , 030 3.7 42,730 44,580 4.3 6,897 

+41 IV 21 ,720 22,380 3.0 46,340 45,910 -0.9 7,423 
+42 C 70,610 95,820 35.7 
+43 W 28,210 32,170 14.0 62,770 64,180 2.2 9814 

C - Carah and Park S - Soarbrough W - Wellman 

& Notation: - Furnished by the former Northrop Aircraft, Inc. now the 
[1 Segundo division of the Douglas AIrcraft Co., Inc. 

+ Furnisbed by toe Boeing Aircraft Co. 

Load Bending 

Ob •• Peroent 
EtOt Error 

9 10 

8,972 5.:5 

10,257 63.2 

7,077 -2.1 

5,759 -2.4 

8,985 10.6 
11,009 15.6 

6,461 -22.9 

15,916 153.0 
8,063 -7.0 

8,611 5.9 
9,939 16.1 

16,397 -11.2 

6.461 -19.2 

16,373 -4.0 

50,234 3.2 
8,235 2.2 

7,156 -3.6 

14,365 -17.7 

47,838 -2.3 

8,259 1.3 
9,971 13.4 

11,206 17.1 

6,530 0.5 
7,373 4.9 

8,626 2.1 

10,269 9.0 

4,714 -17.6 

10,690 65.8 
5,501 -20.3 

6,267 -15.6 

11 072 12 8 



Specimen 

1 (.a) 

-2 S 
-3 W 
-6 W 
-7 3 

W 

-10 'If 
-13 3 
-15 W 
-16 W 
-19 S 

-20 W 
-22 S 

W 
-24 W 
-25 S 

+1 W 
+2 W 
+3 S 
+4 W 
+6 S 

1 (a) 

+8 W 
+9W 

+10 W 
+11 W 
+12 S 

+13 W 
+16 S 
+17 W 
+18 W 
+21S 

+22 S 
+23 S 
+24W 
+25 W 
+26 W 

+27S 
+29W 
+:50 W 
+31 S 
+32 W 

+33 W 
+343 

W 
+39 W 

+40 W 
+41 W 
+43 W 

Ob-
served 

2 

1,507 
1,720 
3,740 
1,637 
1,888 

3,155 
874 

2,310 
1,460 
1,800 

1,532 
2,891 
3,200 
2,110 
1,172 

2,310 
1,420 
2,410 
1,450 
2,023 

2 

2.145 
1,550 

692 
1,930 
2,830 

2,345 
2,470 
1,420 

624 
2,690 

2";320 
2,100 
2,185 
1,310 
1,322 

990 
2 .. 185 
2,043 
1,569 
1,372 

640 
3,130 
2 ,650 
3,575 

2,750 
2,730 
1,388 

NAOA Teohnioal Note No. 924 

Table 11 

Torsional Stiffness of Specimens 

GJ I.e 
Computed 

we=W we=w-D we=w we==w-D 

:3 4 5 6 

588 377 15.82 12.91 
:385 248 11.02 8.51 
824 564 8~78 6.81 
624 404 13.70 10.89 
624 404 11.00 8.98 

819 603 9.02 7.19 
495 319 20.24 17.76 
662 390 11.23 8.24 
650 347 15.52 11.89 
707 499 14.29 12.00 

646 431 15.49 13.19 
833 614 11.26 9.34 
833 614 8.83 7.27 
636 424 15.41 13.11 
562 362 20.72 18.30 

731 468 14.64 12.04 
761 495 16.16 13.73 
741 534 14.02 11.87 
874 623 18.54 16.90 
739 474 17.74 15.01 

Table 11 - Continued 

3 4 5 6 

733 528 11.22 9.33 
836 597 18.38 16.71 
604 418 23.18 22.24 
739 497 14.67 12.36 
848 614 11.33 9.30 

728 503 11.63 9.46 
746 537 l4.06 11.90 
870 620 18.51 16.89 
589 407 23.14 22.19 

1,387 886 '19.38 16.73 

833 526 11.25 8.44 
817 500 12.93 9.76 
728 428 11.62 8.58 
735 414 14.66 11.28 
670 357 15.63 12.01 

629 314 21.11 17.27 
812 576 I 10.28 8.34 
767 530 I 11.83 9.68 
735 494 17.72 15.21 
662 430 ! 15.60 13.13 

I 
I 

629 393 i 17.94 15.49 
848 848 I 11.32 11.32 
848 848 I 8.91 8.91 
853 617 8.93 7.21 

817 579 10.31 I 8.37 
777 537 11.88 9.72 
629 393 17.94 I 15.49 

8 - Scarbrough 

57 

Mtle 

Computed 
Ob-

we=W we==w-D served 

7 8 9 

37.1 29.2 48.4 
35.0 29.1 61.7 
93.8 82.8 134.2 
45.6 37.1 52.6 
56.8 45.0 67.7 

90.8 83.9 113.2 
24.5 18.0 28.1 
59.0 47.3 82.9 
41.9 29.2 5~~.4 
49.5 41.6 57.8 

41.7 32 .7 55.0 
74.0 65.8 92.9 
94.4 84.5 114.9 
41.2 32.4 76.7 
27.1 19.8 37.6 

49.9 38.9 82.9 
47.0 36.0 51.0 
52.8 45.0 77.4-
47.2 36.9 52.0 
41.7 31.5 65.0 

7 8 9 

65.3 56.6 77.0 
45.5 35.7 55.6 
26.1 18.8 24.8 
50.4 40.2 69.2 
74.8 66.0 90.9 

62.6 53.2 84.1 
53.0 45.1 79.4 
47.0 36.7 51.0 
25.4 18.3 22.4 
71.6 52.9 86.4 

74.0 62.4 74.5 
63.2 51.2 67.4 
62.6 49.8 78.4 
50.1 36.7 47.0 
42.8 29.8 47.4 

28.8 18.2 31.8 
79.0 69.0 78.4 
64.8 54.8 73.3 
41.5 32.4 50.4 
42.5 32.8 49.2 

35.1 25.3 23.0 
74.9 74.9 100.5 
95.2 95. 2 95.1 
95.5 85.6 128.3 

79.2 69.2 98.7 
65.4 55. 2 98.0 
35.1 25.4 49.8 

W - Wellman 

a Notation : - Furnished by the forme r Nort hrop Aircraft , I nc . , now the El Segundo diviSion 
of the Douglas Alrc r af t 00 . Inc . 

+ Furnished by the Boeing Aircraft Co. 



TABLE A-2 

SAMPLE DATA SHEET 
SHEAR CENTER TEST 

Channel No. -26 Tut No. 16-A 

No. Load Dial Reading8 - (,tnohee) Shear-Center 
vr Right Left O-up O-down d r * d** 

(lb.) {in.) (in.) 

1 0 0 0 0 0,0030 
2 1 0.0050 0.0060 0.0057 .0096 0,422 0.448 
3 2 ,0105 .0105 .0120 .0158 .436 .462 
4 :5 ,0160 ,0162 .0185 .0223 .453 .478 
5 4 .0216 ,0217 ,0251 .0287 .457 .483 

"6 5 .0271 .0270 .0314 .0350 .456 .482 
7 6 .0328 .0:529 ,0388 .0416 .457 .483 
8 7 ,0383 .0386 .0446 .0479 .457 .48:5 
9 8 .0440 .0439 .0510 .0543 .458 .484 

10 9 .0497 .0496 .0673 .0605 .458 .484 
11 10 .0554 .0556 .0642 .0667 ,457 ,483 
12 11 .0612 ,0612 .0708 ~0730 ,458 .484 
13 12 • 0678 .0675 .0782 . ,0792 .458 .484 

AVel'age d c .483 in. 
-

* dl i8 the di8tanoe f%'Om the baok of the web to the shear 
oenter. 

*- d is the distance from the oenter-line of the web to the 
8hea.r center. 

Caloulation of Analytical Shear-Center Distanoe 

d '" b
2

h
2

t 
41 

h '" 2.448 in. 
b = 1.224 in. 
t "= 0.052 in. 
I 0.2545 in.4 

~- 2 ."-,,.,.,.. 2 
d = ~.2G4 x G,'~~ x 0,052 = 

4 x 0.2545 

0.460 in. 

d /d = g'l8§ '" 1 050 e t , 6 • 

~ ~ I-' b VI I-' <0 <D 

b lI:) 
~ til 01 

0 0 til til 

<0 <0 <0 <0 <0 <0 
<0 <0 <0 <D <D <0 · • • • · • 0 0 0 <D <0 0 

I <0 CD -.:r til II'> VI 
<0 CD CD til 01 -.:r · , · · · · lI:) "" lI:) 0 til <0 

:s ~ til (Xl 01 
til II'> II> II'> • · · · · · til til CD til til cD 

"to (Xl -.:r til "" VI 
to (Xl (Xl (!I (]I -.:r · · · • · · "'" 

(!I VI I-' .... .... 

to <0 <0 to <0 <0 
to <0 to cD <0 to · • · · • • II'> VI lI:) II> til (]I 

1 
~ lI:) (!I (]I -.:r 

0 0 ro 0 ro VI • · · · · • (II cD "" til 0 0 

I 
I-' lI:) (!I 01 -.:r 

0 ~ lI:) 0 .... ro • • · · · .... 0 ()1 01 C1I I'V 

t 
I-' lI:) (!I Ol -.:r 

0 I-' I'V 0 I-' lI:) · · · · • · [¢ 0 til (]I <D (]I 

-.:r 01 til II'> VI lI:) . 
-.:r 01 til II'> ~ f-' 
til til til til 0 

<0 <0 <0 <0 <0 <0 
<0 <0 <0 <D <0 <0 • · · · · · II'> I-' 0 <0 I-' lI:) 

~ II'> VI til -.:r <D 
0 -.:r (]I <D <0 • · · · · • 0 til 0 0 CD I-' 

II> (]I (Xl til -.:r 
01 til til til 01 (Xl · • · • • • til cD til (!I VI f-' 

lI:) VI II'> til -.:r " (Xl 
(Xl -.:r (]I (!I (Xl to · · · · · • (Xl til til (Xl (Xl 0 

<0 <0 <0 <0 <0 to 
to to to to to to • · • · · • <0 0> (!I til (!I (Xl 

(Xl -.:r (]I til lI:) r; VI ro .... 0 ro · · • • · • til (]I (!I (!I ()1 0 

(Xl -.:r 01 ~ 
lI:) b lI:) I-' I-' lI:) · · • • · · VI a> 0 VI til cD 

CD -.:r (]I til lI:) I:: lI:) lI:) I-' 0 lI:) · · • · · · to I-"' VI "'" til 0 

2: 
f-' 0 • 

,.... 

0 
~~~ 
~ !, 

0 I-' 

t:: 
:os 

0 lI:)~ 

~~ 
11;11-' 

~!l 0 

SIA 

0 
&" 

11>0 

~ 

0 (!I 

II-' 
~I:'tj 0 

tj ... ........ 
10 .... 
....(1) 

'"$ 
:;,)(1) 
(1)1:' 
II' () 

0 t/?;:~ 
VI~ 

,-..tj 
.... (1) 
:os .... 
• I-' 

c» 
~ () 

0 IT ....... 
88 
0" 
~O> 

n 

r 
>3 (I) 

II' ... CQ 

~ If ! g: 
~ • I:' f-' 

~ I 
(II 

II' 
Po ., 
II .. t >3 
I-' (II 

0 >3 '" til 
<II ct ~ 11 '" IT (II 

'" ct . 2: 
0 . 
<n 
I-' 

~ 
~ 
t .... 

til 
(X) 

121 
~ 
0 
~ 

o-i 
II 
0 g ... 
0 
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I-' 

121 
0 
c+ 
<II 

121 
0 

<0 
t\) 
II'> 



NACA Technical Hote No . 924 
-r-----f+---+ - - --+- ~ - --+--+-1--

I 

I 
I ----,-

I U) 

~ I lli 

Fig . 1 



NACA Technical Note No. 924 

Figure 2.- setup for Allen and Sillirran 
test in pure bending. 

Figs. 2,5 , 6 

FIgure 5.- Beam-support detail Figure 6.- Ro1ler pad assembly . 
used in Allen and 

Stlliman tests. 
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/~~, 

( I W ) 
~/ 

Figure 3 . - IJoading a rra:1.gement for pure -bending tests . 
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B A A B 
loadinq Templet 

I 1-------36
N

-
T 
----1·1 
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r - Beom 

11 
"'---==r======+===========4======;====r=J _J_ 

Wooden 
Support Load Wires 
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L\ t,~J 
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Figure 4.-

Apporo~us Used for Pure Bending Tes~s 
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Figure 8.- Beam-support detail 
used in Carah and 

Park tests. 

Figs. 8,9 

Figure 9.- Two views of free end of beam used in Carah and 
Park cantilever tests. 
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NACA Technical Note No. 924 Figs. 10, 14, 15 

~igure 10.- setup for 
Wellman 

cant i lever-oeam test: 

Figure 14.- Column 
end 

fitting used in 
Allen and Silliman 
tests. 

Figure 15.- Apparatus 
I for 
Measuring midspan de 
flection used in 
Allen and Silliman 
column tests. 
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, Mirror 
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Tel escope ./ 

r 

Fi gur e 11 . - Me thod of mea sur i ng specimen r ot a t i on . 
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RefGr ence tar " 

Fi gure 12 . - Ar range:nen t of r eference bar . 

; icrometer -0 
~_n_c_e __ ba_r __ ~ '_! __ -.I -.I~~~ ______ ~_ 

Mercur y basin -~ + I I ~ 
_ I n sula ti o!).· -,z'.>tv+--k, -.--l-i l I--f 
I--~l 
~~ 

Figur e 13 . - El ec t r i cal syst em fo r deter mi !).ing def l ec tion . 
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Figure 16.- General view of setup used in 
Wellman column test. 

. Figure 17.- Column end fittings used by 
Wellman. 

• 
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t) 

Figure 18 .- Typic~l l oad aga inst icf l ection curv .:; of c~1an~1e l unl.or axi a l 
compressi on . 
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Fi gure 22.- Eff oct of initia l curvature . 
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