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NATIONAL ADVISORY OOMM ITTEE FOR AERO "AUTICS 

TEO HN IC AL 10TE NO . 9 10 

SOME INVESTIGATIONS OF THE GENERAL I NSTABILITY 

OF STIFFENED METAL OYLI NDERS 

VI - STI FFENED ME TA L CYLINDERS SUBJECTED TO 

COMB I NED BENDING AND TRANSVERSE SHE AR 

Gugg en he i m Ae ron auti ca l Laboratory 
Oalifor nia In sti tute of Technology 

This is t he sixt h of a se r ies of r epo rt s 
coverin g an i n v es ti gation of the g eneral 
instability prob l em by the Oa li fo rni a 
I ns titute of Technology. The f ir s t five 
re p orts of t h i s series cover i nvestiga
tions of t he g eneral instabi lit y prob lem 
under t he lo ad in g c ondit ions of p ure bend
i ng and were p r epa r ed unde r t he sponsor 
ship of the Civ il Aeronautics Adm ini st ra
tion . This rep ort an d the suc c eed'i ng re 
ports of this ser i es Cove r t h e work don e 
on othe r lo ading conditions under the 
sponso r sh i p of the Nationa l Advi sory Com 
mit~ee fo r Aeronau tics. 

This re p ort summarizes the wor k tha t ha s b ee n 
carr i ed on i ri the experi~ental i n v est i ga tio n of t he 
prob l em of generRl i nstab il ity of sti ffe ned meta l cyl 
i nders sub j ec t ed to co~bined bend i ng and transverse 
s h Ga r at the C. I. T • T :1 i s r> a. r t 0 f t he i n v e st i ga t ion i n 
cludes tests on 55 s heot -c overed spe cim e ns. Under a 
load i nG of comb i ned bend i ng 2 nd t r a n s v e r se shear, th e 
fa il ure of the spe cimens i s charac~e ri zed b y tw o d is
tinct t ypes of failure , namely , a be ndin g or a shear 
fa ilure . I t has a l so been de t e r mi ne d tha t t he fai l 
i ng lo ads of t he spe ci mens have not b e en i n~luenced 
by the l eng t h of the sp.8c i mens . 
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, E~TRODUCTION 

It is intended to g iv e , in th i s repo r t , a s u mmary 
o f the expe r i men t al investi gat ion of the general i nsta
b i l ity of stiffened metal cylinders s u bje ct ed to co m-
0 i ned bending and transv e rse she ar . The ear li e r wo r k 
,t O. I.Tpon t he p rob l em of general i n stabil i ty of s tiff
a~3d me tal cylinder s has been reported in references 
I , 2 , 3 , 4 , and 5 . A to't a l of 55 s i'le et - covered spe ci 
~ens has been tasted to d e termi ne the effects of the 
combined l oading o f bending plus transv e rse shear and 
t o de ter u ~n e the i nf luen co o f l e ngth on th e fai l ing 
lo ad . 

INVESTIGATiO~ OF LENGTH EFFECT 

In asmuch as all t he pure bendin g spe cim en s had a 
l eng t h to d i a~eter r a ti o of 2 . 0 , it was ne c e ssary to 
d e torm in e whether tho fail ing loads of these spec i mens 
we r e influenced by t he leng t h. Tha p urpos e of th i s 
inv es ti ga tion was , therefore , to detlrm i ne t he len g t h 
to d i ame t er ratio ' LID a t which t he f ~ ilin g load be 
co ~es i ndepende nt of l eng th . 

Eight specimens h av in g L/J r a tios of 1 . 2 , 1 . 6 , 2 . 0 , 
and 2 . 6 ~e r e teste d , fou r in ih ich th e frame spac i ng was , 
2 . 0 inch es a nd four i n ~hich the spacin o wa s 4 . 0 i nche s . 
Tho spacin g of t he lonb itudin~l a n d diame ter s was t h e s ame 
fo r a ll specimens , 2 . 62 and 20 inches , respe c tively . 

The curv e s o f unit strai n as a function o f the appl i e d 
bandin~ mome nt are sh o ~n in fi~ur es 7 t6 1 1 . Th e test pro 
c odu re and meth o d of st rain meas ur em onts h a ve been d e scribed 
i ~ de t a i l in ref e r ences 2 and 4 . 

Th o fa iling str a i ~ as a functi 0~ of th e LID ra t io i s 
shown in fi c Ure 2 . I t is seen tha t the sp e cim e ns h a ving an 
LID ratio of 2 and ~ . 5 fail e d a t app roxi ma t o ly the same 
str c, in . As th e LID ratio d ec r enses t he failing st r a i n, 
i a cre a s e s somewha t and a t an LID r ~ tio of 1.2 the i ncre a se 
is 1 2 e nd 23 p e rc en t fO I' t he 4 - ' and .2 - inch f.r am e sp a c in gs , 
es?ect ivcly . From thes e t es t r es ults it c ~n be c oncl uded 

tr~o. t the f a ilin g lo a ds of th e pu r e banding specimens used 
i n the previous expe rime nts we r e n o t influe nced by the 
1 en .,; th . 

, 

If 

• 
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I NV:; STI GATION 0:8' OOMBINED BENDING AND SHEAR 

Description of Testin g Apparatu s 

The testing machine, as shown in figure 71 , cons i sts 
essent ially of four se~arate elements - the bed , the fi xed 
end p late

i 
the mo vable ca rr i age , and the lo ad i ng beam. The 

be d is 12 ~ feet l on g , 3i feet wide , and i s construct ed of 
heavy I - beams . To one end is rigidly bo lt ed· the fixed ' end 
plate . The loadin g beam i s a bui lt-up box se ction 6 feet 
long - a lth ough t h is c an be extended by splicing on add i
tiona l l eng t h s . Bolted to one end is an end p l a te s imilar 
to t he fixed end pla te . The loading beam is fr ee l y sus 
pe n ded in a ca ge or c arr ia g e whi c a it sel f i s free to move 
along the bed. The beam is suspended from two kn ife ed ges 
a t the top of the c arriage and i s balanced by counter we i ghts . 
With this a rr angement the weight of the loading beam and 
e nd p late will not b e carrie d by the spec imen , but wi ll a l 
ways be just balanced by th e counterweights. 

On e end of the spe cimen is bolted to t he fix ed end 
plate - the other to the end p late on the lo ading beam . 
A vertical uplo ad i s t hen appl i ed at a~y des ir ed po int 
on the loadin g beam by means of a sc re i jack . The load 
is indicated by a dial gage mounted on a dynam omete r 
whi c h was prev i ously ca libr ated in a 150,OOO - pound Tiniu3 
Ols en testing machine . 

Method of Strain Mea sur emen t 

Res i stance st r ain gages we . e used to measure the st r a in 
at desired points . Essen ti ally , th is method measures the 
change in resistance of a wire eleme nt c eme nted to the spe ci 
men . The gage s we re calibr ated by cem en tin g a wire element 
of k nown l eng th to a test bar and measuri~~ the change in 
resistance fOF a known unit ~t rain> 

The gag~s l e re mounted on th o neut r al ax is of the 
stiffeners and were also mounted in pairs - one on each 
side of th e s ti ffener - so th~t th e mean r eading wo uld be 
unaf'fe ct ed by bending. The r es i s tances were measur ed wit h 
a Wheatstone brid ge , the volt age be in g supplied by two dry 
cells . The gages we r e cut i n and out of t he b ri dge circuit 
through a mercury swit c h ar r an ement , thus avo idin g l a r ge 
contact r es istances . 
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Durin g th e early p a rt of the invest i ga t io n , a 3 -
i nch - gage l e n g th was u se d . However , it wa s found t ha t 
th i s small gage l eng t h was a~parently quite sen sitive 
to small local de form a tions. Also it s eem0 d probab l e 
th a t th e l)o h Ew ior of th e gage ',,,as unduly influ e nc e d by 
th e cond ition s at the juncture po}nts wher~ the leuds 
wo r e s blde red . I~ was therefore decided to adopt ~ 16~ 
inch - gage l e n g th. Although thi s gag e did not pe rmit 
·me~surin g the strain ~t as many diffe r en t points as the 
3 - inch gage , it y i elded more con s istent re~ults . 

Tes t Procedure 

~he spec i men was mounted in . t h e t es ting machine and 
t he l oadi ng jack p l a c ed at the proper pos i ~ ion to ~ i ve 
the des i red moment arm. The load' wa s then applied in 
incre~ents , the jack - dia l r ead i ng a~d the strain- gag e 
resistances being re corded for each increment. Also, . 
over - all strain measurements were made at the top , bottom, 
and s i des by means of d i a l gages . The ove~ - al l measure 
ments on the s id es ~ere useful in detecting lo a din g eccen
tricitie s . The behavior of the specimen 'as c a ref u lly 
noted as the t e st pr o g r essed ; init i al an~ &ub sequent buc k 
le s we r e o bse r ved and tho ir pos itions, ext ent , and corre 
spondin~ loads recor ded . 

Co mbined Loadings 

I n the pu r e bendi ng tests , t he problem of determinin g 
t he max i mum strain assoc i a te d wi t h t he fa ili ng load was 
rel at iv ely· simple be c ause of the unif o rm loadin g ov e r · the 
l ength of the specimen . Howev e r a w~e~ th e test s pec imen 
i s subject e d to combined bend ing and transve rse shea r t he 
b and ing 'moment a n d the cor r ~s )onding strains v a r y over the 
l ength of the spe cimen. Henco , the method of me asurin g , 
over the speci me n length , a m~ximum mean st r ain at failur e 
and ass i gn in g t h i s ~easured st rain to t he f a ili ng lo ad can 
no longer be applied . The variation o f s trai n and t he cnd 
co ndi tions of the spe ci me n make it particu l a rl y diffic u l t 
t o asso ciate a particul a r str a in 'with the failing lo ad. 
T'~:e max i mu.m mome nt occurs at the fixed end '; howe v e r , t h i s 
maximum momen t and the corres p onding strain c~nnot b e co n 
sEter'ed as be i n5 a measure:: of the ult im a te streng t h of · th e 
cylinder be c ause of t ho f i xed - en d c ond itio n s .• 

The r e a r e two possible me thods of presentin g the test 
data . On e me t hod wou l d be to measure the s train a t a numb er 
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of po i nts a long t he len g t h of the spe ci men , wh ich could 
then be presen t ed as t he ex istin g s tr a i n co nd i tion a l ong 
the leng t h o f the specimen when failure o ccurred . Anot her 
method wou l d be to meas ur e t he failin g ' strain a t the point 
a t !hi ch the f irst bu c kle appea r s dur in g the lo ad ing p r ocess 
and to co ns id e r thi s to be ind i cative of "the maxim u m st r ain 
bo wh ic h the speci men can be subjcct8d befor e failure occ urs ~ 

Bo t h methods have certain disadvant ages . Th e f ir st dO GS 
not lend its e lf r eadi l y to appl i cati on i n practical des i gn . 
It i s cu s tomary , for max i mum st ruc tu r a l e fficienriy, to de 
s i gn a r einf orced c y li nd ri ca l s tructure in suc~ a man nc r 
as to keep the str ess nearl y const an t e v en t h ough the bend
i ng mo~ont is vari ab l e . This i s usua ll y a cco mpl i she d through 
t he ge ome trical t aper of the section and a l so by t ape rin g 
t~G effe cti ve bending material . For t his r eason , t he de 
s i gne r is mostly i n t erested in a single value of the a l lo w
ab l e s t~ ess or st r ain for calcu l ating hi s ma r g ins of safety . 
Fro m this point of view the second me t hod i s prefe r ab l e . 
Howeve r, th e ma in objectio~ ho r e i s ~hat t he val i di t y of 
assoc iating t he st r ain condition at a point with the fail 
ure of the c y li nder may be quest i onab~e . 

This latt e r method has also one other advan t age ; name ly , 
for the pu r e ben d ing fa ilure a parameter h a s been de ri ved 
which appea rs to be satisfactory. I n dete r mining the i n-
"fluence of the tr ansverse she Rr on t he maximum st r a in a t 
failure , it i s conveni en t to have a single value of t he 
strain for c ombined bending and shea r to compare wi t h the 
stra in value for pur e bending . 

I n view of the above , the fo llowin g method of presenta
t io n was adopted . It was fOllnd that t he i n iti a l buckle or 
buckles appea r ed ove r a relativ e ly sho rt r an,e , being o n the 
ave r age ab out 14 inches from the fixed end for the 32- inc h 
diameter c ylinders and 10 inc hes for th e 20 - inch- d i ame t e r 
cylinde r s . Fo r this reason the stra in at fa ilure was con
s i de r ed to be th e avera ~ e of the stra i n measurements ob 
tain e d wit h the 3-i nch - wi r e g ag e over a d i stance ex t e ndi ng 
from about 4 to 24 inches f r om the f i xed end , o r the strain 
measurements of t he 16 - inch - wir~ gage which extended from 6 
to 22 inche s from t he fixed end . 

The type of failure i n combined bending and shea r d iff e r s 
particularl y in one re speci f ro m that of the pure bend i ng 
failure . For the combined l oading th~ failure i ~ , in many 
cases , gradua l - that is , the bu6kles , although ex t en~ing 
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over several frames and lon g itudinals , slowly increas e in 
depth and s ize with i ncreas in g lo a d until a s udden collap se 
o ccur s with a ma r ked i n crease i n depth a nd size of the 
buckle o r bu c k le s . In the case of t h e pu re bending speci 
mens , the original cross - secti ona l s hape is close l y main
tained un t il failure occurs - the fa ilure being particulnrly 
v i o l en t and accompanied by l a r ge a nd deep buckles witn as 
~ uc h as a two - t h irds d rop in t he appl ied lo ad . 

From a visual ob s erv a tion of the failure , it appeared s 

durin ~ t he early part of the investi ~ at i on , th a t failure 
of a spe ci me n was either of the ·bending or the she ar typel 
that i s , the beg innin g of a failure was conf i ned to either 
n r eg ion of maximum co~pression o~ a re g ion of maximum 
3 ~ e n r . Th e r a th e r defin ite separation of t he re g ion s of 
fa ilure wou ld indic ate th~t w~ Jn ~ f a ilure occurr ed in 
the compress ion region t~e failure wo ul d b e ne~rly inde
penden t of the app li e d shea r c nd would depend p rimarily 
on t h e state of compression strain; whe re as , when f a ilure 
occurred in the re g ion of maximum s~ear the failure would 
be independent of t he s t a t e of compres s ion strain and 
only depend on t~ e app li ed sh ~ ~ r . . 

The above ob se rv n tions we re borne out b~ the experi 
ment a l r e sults . In f i ~ur e 3 ;: . e plotted th e r a tio s of 
the co mpress iv e strain ,E/E o as a function of VR/i for 
a nu~b e r o f spec i mens of both 16-i nch and 10- inch radius . 
In th e se e xpress i ons , 

E max i mum "compressive st r ain value ( a t the p osition 
p r e viou s l y desc ribed ) for the co mb in ed loadin g 
cond ition 

EO same stra i n value for pure be nd in g 

V appl i ed shear 

? r ad ius of the spec i le n 

~ b end i n g mome n t 

Si nce M = VL , where L ,is the d i stance f r om the applied 
s ~ ea r load to the point There the st rain is meas ur ed , it 
is seen that the r a tio VR/ M i s equivalent to R/L. Thi s 
~re sentati on is mere l y to in d icat e that . ~hen the failure 
; cc~rs i n the co mpres ~ ion region the ma ximum compr ess i~e 
strai ~ is i ~dependen t of t he appl i ed shear . For the se 
s p acina ns t the appl i ed shear lo ~d vari ed froe 503 to 1 450 
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pounds fo r t he 16 - inc h - r~d iu s spe cimens ail d f r om 7 1 0 to 
23 10 pounds for t he 10-inch spec i me n s . The min i mum moment 
arm L was l i mi te d ~y th e ,len g t h of th e specimen . 

In fi gure 4 ar e p lott ed ratios of (/ (0 as a functio n 
o f Viv o for one s e ries of t es ts , whe re Vo is th e shea r 
load wh i ch c auses a p ure sh ea r fa ilure and V is th e shear 

0 [1(1 corr es pondin g t o (. It ' i s se en from t his fi gur e t ha t 
spec i men s 116 and 117 failed a t t he same shear l oad bu t 
'iii del ~r d iff e r e n t v al u e s (J f ( ( i. e., b e ti din g m :) m c: n t ) • The 
ph 0 tog r ap h s ( f i g s . 7 5 and 7 .6) '1 n d i e ~ t e t, ha t s :;:' p ,:; jI"', e n 11 6 
failed sim ilt aneous l y by co m ~ ined t Gnding an~ ~h0 ~ r . whe r e
ass p e c i me n 1 1 7 f ail e din sh in., :..~ • ::: t a, -:- ~ ear s f r l) ,~ the s ere
su Its that th e i nte~act ion cur ve for t his type of loading 
co ns isted essen ti ally o f two p e r pe~d ic ula r straigh t Ij ~ es . 
The photographs (fi g s . 72 to '74 ) a lso 811.)\'1 types of failure . 

Th e st r a i ns at fa i lu e , ~or the sp 8 cimens which failed 
by bend in g , have baen c ompa r ed wi th th e ~ar ame t e r obta in ed 
for the pure bending f a ilur es and are shown in figu re 5 . 
Th e test values fo l l ow t~e same trend as the curve for t he 
pure b e nding fa ilur o s ; however , th e exper iment a l s catter 
is s omewha t g reater t han f or the pure bending specimens . 
It is f e lt t ha t thi s scatter is 'primarily du e to the follow 
ing : 

( a ) The accurac y of the st r a i n meas ur emen ts depe n ds 
on the rel i ab ilit y of the electric s train ga ,;e s an d an 
accu r acy grea ter than 5 . 0 perC8:1.t is not' to be expec ted . 

( b ) Adopting a st r ain value a t a con s tant distance 
f ro m the fixed end as be in g indicat iv e of st r a i n at failure 
a l so l e a ds to some i n ac curac i es . 

A number of curv es sho w in ~ the v a ri ation of st r a i n in 
the l ong itudi nal d i rection arc shown i n fi gures 67 to 69 . 
~rhe d i st ribution of nor ri 9. 1 stresses i s sh own fo r a numbe r 
of speci mens i n fi 6ures 64 to 66 . In tabl e I t he exp er. i 
mental and co mpu te d data Bro Fiven fo r ea c h "pec i men . The 
curves of s tr a in against applled she ~ r a r e shown i n fi gures 
12 to 63. The stra i n - gag e posit i on a nd t he st ri nge r numbe r 
is in d ic ated i n t abular form for each se t of curves . The 
ce t h od of num ber in g the str i ngers is indic ated i n f i gur e 6 . 

I n al l specimens t h e lon g itudIna l 
and the frames F5 lit~ the ezception 
<..nd 127 i n 111 hie 1 t he 1 0 n g i t 11 din a 1 s e re 
F 5 • The cross-sectional d im ens ion s of 

stringers we re Sl 
o ~ spec i me n s 1 26 

S2 and t he f r ames 
t he long itudina ls 
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and frames n r e sh own in figure 1 . ' Tho vari a tions of t ho 
sectionai parameters , p and I, for the lo ng itudi na l S2 
with a variation i n offe ctive widt h are shown i n fiure 
70. 

CONCUL T" IOHS 

The exper i mental r e sults indicate that for ccmbin 6d 
bending <~d tr ans verse shaar, the failure i~ ch a racter
ized by two distinct typ es of fa ilure, nam e l y , a bendin g 
o r a shear failure . I f th e failure is bending, th e fail 
ing strain can be predicted with su ~ fic i ent accuracy by 
~0ans of the pure b ond i ~g parame t er, Howeve r, it is still 
necessary to determine a shoar failure p~rame t e r in order 
to a scertain when ~ b o~d in g or sh8ar failure wi ll occur . 
Boc~use of th e limit a tion im 00~od by the specimen l e n gth 
ort the max imum she ar ··· ~'. ich conlc1. be applied" it 'das quite 

.d i fficul t to obtain shaar failures . I n the combined bend
in g Rnd torsion ex~oriments addit ional da ta on shear fail
u r es will be obtained which may b~ ' sufficicnt to l ead to 
~ suitable shoar parameter . 

Guggenheim Ae r onautical Laborato ry, 
California Institute of Technolo~y , 

Pn.sadena , On.lif., JUJ.1elO, 1942 
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TABLE I 

Test Long Frame UI tillBte Moment Stra in 
-P& Spac- SiJlic- Radius Applied arm :. at 

ing lng Shear to fixed Failure 
b d end. 

75 5.06 e" 16" 1057# 128" .00):61 2.52 

76 • .. " 1050 . 116" .00153 II 

77 " .. n 1450 92'" .001516 " 
78 " .. .. 995 116 .00151 " 
79 .. 2" " ZOOO 12.8 .002.70 1.785 

80 .. .. .. 1850 107 .00211 It 

81 .. .. It 2175 86 .00242 " 
82 • " 

,. 
2070 64 .00189 .. 

83 10.12 4 It 563 128 .00154 2.52 

84 ~ 2 " 825 128 .00212 2.12 

85 It " 
,. 

915 104 .00195 II 

86 .. II II 915 80 .00218 II 

87 .. .. It 929 66.S .. 00213 " 
88 5.06 4 .. 2116 80 .00216 " 
89 .. n .. 1910 66.5 .00187 " 

90 .. °1 " 1212 128 .00209 " 
-

Kote: Sheet thickness for all specimens ~ .010w 

... 

R f? 
4-
irRflrr 

-
.1167 .02335 .0119 

.li67 .02335 .0119 

.1167 .02335 .0119 

.1167 .02335 .0119 
- - -. 

.1172 .02836 .0138 

.1170 .02836 .0138 

.1110 .02836 .0138 

.1110 .02836 .0138 

.1117 .02611 .0128 

.1129 .02836 .0135 

.1127 .02836 .0134 

.1130 .02836 .0135 

.1130 .02836 .0135 

.1170 .02617 .0132 

.1169 .02617 .0132 

.1170 .02677 .0132 

------

i bdR 
Type of 

4: ' Failure '(i2Jfry r.~rY~ 

3390 2. 95xlO-4 Gen. In-
stabilitv 

3390 2.95 " n 

3390 2.95 It " 

33' 2.95 .. .. 
2070 4.83 n .. 
2070 4.83 II .. 

' 2070 4.83 It II 

2010 4.83 It ~ 

3150 3.18 II " 

2510 3.98 .. .. 
2530 3.95 " .. 
2.510 3.98 .. I, 

2510 3.98 It II 

2570 3.89 " " 

2510 3.89 II .. 
2570 3.89 .. .. 

, 
.--------- -----
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TABLE I (CONT'D) 

Test Long Frame Ultimate Moment Strain 

f& Spa.c- Spac- Radiu6 Applied ann - at 
in@; ing Shear to fixed Failure 
b d end. 

91 5.06" 4" 16" 1331# 116" .00194 2.12 

92 " B " 503 194 .00152 2.52 

n " " " 1353 74 .00135 " 
94 2.62 It 10" 960 114 .00174 -
95 " " " 1283 88.4 .00290 2.14 

96 " " " 1711 65 .('10265 n 

91 " " " 2900 40.5 .00207 -
98 " 4 " 1310 113 .00340 1.80 

99 .. " " 1660 88.4 .00330 " 
\100 " " " 2250 65 .00270 - . 
!l01 " " .. 3300 40.5 .00280 -
[102 2... 53 2 16 2480 137 .00282 1.50 

103 " " .. 2860 .l12.4 • 00277 .. 
104 " " " 4200 89 .00343 n 

105 .. " " 4500 65.1 .00218 -
106 2.62 .. 10 1490 11:5 .00396 1.51 

107 " " " 2760 65 • 00450 .. 
108 " u " G70 W....5 .003118 .. 
109 5.24 8 " 450 113 .00186 2.54 

pj( f} ~f?1 f/;K;~ ~! 

.1169 .02677 .0132 2570 

.1167 .02335 .0119 3390 

• 1166 .. .01H 3390 

- - - -
.1165 .02335 .0119 1800 

.1166 " .0119 1800 

- - - -
.1163 .02677 .0132 1360 

.1164 " .0132 1360 

- - - -
- - - -

.1160 .02836 .0137 1750 

.1160 n .0137 1750 

.1157 " .0131 1750 

- - - -
.1161 .02836 .0138 1090 

.1160 n .0131 1100 

..ll6.l n .0138 1090 

.1162 .02336 • 0119 21ro 

~?i-

3.89x10-4 

2.95 .. 
2.95 .. 
- -

5.55 .. 
5. '55 It 

-
7.35 " 

7.35 .. 
-
-

5.71 " 
5.71 " 
5.71 .. 
-

9.17 It 

9.10 .. 
9.'17 II 

4.69 .. 

Type of 
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5tab1l1b .. 

" 
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Sh ...... 
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" 
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TABLE I (CONT'D) 

Test Long I Frame Ultimn te Mome:n t Strain 
Spac- Spac- Radius Applied arm - at fM 

ing \ ing Shear to fixed Failure 
b d end. 

110 5.24" 8" 10" 1470 40.5 .00242 2.54 

111 .. 4 " 660 113 .00251 2.14 

112 " " " 1780 40.5 .00290 " 

11~ .. " " 930 88.4 .00265 " 
114 2.53 " 16" 1900 137 .00216 1.785 

115 " n It 2010 112.4 .00194 .. 
-

116 " .. It 2400 89 .00217 " 
117 .. " " 2450 65.:5 .00136 -
118 5.24 2 10 710 ll3 .00360 1. 80 

119 • n It 990 88.4 .00364 If 

120 " " It 1460 65 .00353 .. 
~21 " " n 2310 40.5 .00374 .. 
~22 2.62 1 .. 1665 113 .00525 1.27 

1123 " " " 2140 88.4 .00492 " 
124 " " 

I 
It 3220 65 .00481 It 

125 " " " 5280 40.5 .00479 " 
126 5.06 4 16 1600 109 .00207 2.12 
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-
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Fig. 71 

Test 1ng B.l'l>8..ratus. 
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Fig. 72 (Specimen no. 107) 

T~ Ti~1 of specimen which failed in compression. All specimens 

were loaded so that compression side was on top. 

Fig. 73 (Specimen no. 107) 

Side view of compression failure. Small buokles at sides appeared 

at failure. 
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Fig. 74 (Speoimen no. 108) 

Top Tiew showing oOI!lJlress ion f a ilure. At failure, buckles 

extended slightly over the sides. 

Fig. 75 (SpeO imen no. 116) 

Fa 1lu.t" f Ooeurred by sinru.ltaneoue bending and shear~ Note shear 

buckles on side and coopressicn buckle on top. 

Figs. 74,75 
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Fig. 76 (Specimen no. ll7) 

Top view ot specimen which tailed in shear. Note absenoe ot 

oompression buckles on top. 

Fig. 77 (Specimen no. 117) 

Fi gs . 76 , 77 

Side new ot shear tailure. Nate that the shear buckles extend 

into the t ension zone . 
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Fig. 78 (Spec1lnen no. 119) 

Compression tnilure. Note failure occurred over relative17 

8mBll region near fixed end • 

Fig. 79 (Specilllen no. 121) 

Compression failure. 

Figs. 78,79 


