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SUMMARY 

The p resent report covers tests made on elliptical cyl­
inders with a center supp ort which Jere subjected to various 
simple and c ombined loadings . The tests yie l ded a series of 
inter a ctio n curves for combined loadings on such cylinders 
which should bo useful in wing nose section analysis . 

I~TRODUCTIO~ 

The p ri mary object of this resear c h project was the de ­
terminat ion of design criteri a for the n ose sections of air ­
p l ane wings . Since the nose p ortions o f most wing se ctions 
can be approximated fairly cl osely by p ortions of ellipses , 
it Was decided to use unst iffened elliptic a l cylinder s for 
test spe ci mens in t!lis research . These c ylinders were de ­
signed in su ch a way that the boundary restraints of the 
sheet simulated tho boundary restraints present in the sheot 
coveri ng of an a ctual wing nose sect io n . 

The physical parameters tested were: 

1. Tho degree of ellipticity 
of the sern i major to the 
ellipse 

€ - that i s , the ratio 
semiminor axis of the 

2. The length of the cylinder L, usual ly expresse d as 
a suitable dimensionless parameter 

3 . The thickness of the sheet c~verin g t, usually ex ­
pressed as n suitable dimensionless parameter 
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The lo ad i n, condit i ons to which t he c ylind er s ~e re s ub ­
je cted were us follows: 

1 . Pu r e torsion 

2 . Pure -bending 

3 . Bending plu s torsion 

4 . Bending p l us ver tical shear 

In a ll cases , the bend i ng mome nt s and the shear s ife re ap ­
p lied i n the p lane of the minor axis of tho section . 

This investigat i on , conducted in t he Structures Labo r 3 -
tory of the Gugeenheim Aeronautic· 1 Laboratory of the Cali ­
forni a I nst i tute of Technology , Was sponsored by and con ­
ducted ''lith the financi a l ass istance of t he nat i onal Advi ­
sory Co mm itt ee for Aeronautics . 

A 

SY MBO LS 

area e n closed by cylindr ic al shell 
se c tional are,,-) , squa re i n ches 

(Cylinde r cro ss -

As cr oss - se c tional area of sheet making up c yl i nd er bu t 
nGGle c tinf~ cover p lates , ;.;ocua ro i n ches 

a semimnjor axis of elliptical ~art of sppcimen (Al so 
used a~ r ad ius of c ircul~~r cylinders), inches 

b s e m i ~in or axis of elliptical part of sp ecimen , inches 

F 

modulu s of elasticity of material 
106 ps i throughout report) 

( Taken as 10 . 3 x 

shear load at bucklinb which , a cti ng at l ever a r m 
causes bondilg Doment mb = FL , pounds 

L , 

moment of inertia of cOver p l ates about specimen neu ­
tral axis I incheG 4 

I s mocent of ine r tia of sheet covorin o of specimens ab ou t 
specimen neutral axis , inch08 4 
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= 

K 

I + I s c total moment of i nertia of spe ci men , inches 4 

a nond i mens ion Rl bending stress defined as K = bp 0 

Et 

L l en ~ th of cylindrical spe ci mens between end supports, 
inches 

l ever a rm for applied shea r load, inches 

M bonding moment carried by shoat only ( ex cluding that 

c arr ied by cover p l ates ), inch - pounds 0 = m ~ :) 

m bODding moment applied to spocim en, inch-pounds 

bendinG moment 

pounds 

carried by sheet only at bucklin g , 

( IvIb = mb ~ ~ 
It ) 

mb bending moment appl i ed to specimen at buckling . inch-

Iv! t 

p ounc1.s 

t orsional moment c a rried by sheet only, inch-pounds 
~ssurning that the c ont ri bution of COver she ets is 
negl i g i bla , Ht = r.1t . ) 

mt app lied torsio nal moment , inch - pounds 

ffit b a~pl i ed torsional moment at bucklinC , inch - pounds 

ap~lied torsional moment at speci me n failure , inch­
pounds 

3 

Mu bending moment carried by sheet only at f a ilure, inch-

l,ounds 
(

iv'll = m ~) 
u It 

mu ap p li ed bending moment at specimen failure, inch - pounds 

t thickness of sheet coverin g . i nches 

( degree of ellipti ci ty of elliptical pa rt of specimen -
th a t is , ratio of semimajor to semiminor ax i s of 
ell i pse (( = a/b) 
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P o maximum r a dius of curv ature of el li pt ic a l par t of 
sl)e ci men , i.nches 

cr b L1u.x i r:lu.;~! bencling stress a t buckling cor respond i ng to 
Eb , 1) s i 

TIaXil"um bending st re !:;n c orrespondi.ng to moment sup ­
p or te d by a cy li nd rical sp eci men i mm ediately after 
bu c k lin g takes place , psi 

4 

maxinum bendi ng stress at buc k l in e due to pure bend i ng -
that is , no other app lied lo a ds , ps i 

maxinum bendi ng st r ess at failure of s p e ci men , ps i 

ultimate tensi l e st ren g t h of material , ps i 

cry y i eld st ress of material (O,2 - pe rcent offset) , psi 

T torsional she a rin g stress , ps i 

tor s i onal sheari ng s tress co rresponding to fitb ' ps i 

t ors i ona l shearinc stress corre sponding to 
pure torsion , psi 

for 

direct avera~o sheari ng s tr ess at buckling c orrespond ­
inG to F, ps i 

tor sionQl shear i ng s tr ess c orrespond i ng to !fit ' 'U 

torsional sheari ng st r oRS c orresponding to fit 
' u Caso of pure torsion , psi 

EXPERIAETTAL TECH_IQ.UE 

Material and Materia l Tests 

ps i 

for 

Since it is a very c ommonly used a ircr af t structur a l 
material , 21 S-T a l uminum al loy was chos en for the purposes 
of the experiJental i nves ti gut ion. Thi s mater i al was ob­
tained in ~ornina l sheet thictnesSOR r anginr from 0 , 010 to 
o , 0·40 i 11 c :o. • Des p i t G th e r e 1 a ; i vel :- 1 a r g G de vi f1. t i on s fro m 
the nOm i n ~'t 1 d i. 0 n s i on s 0 f t h {) S hoe t sup P 1 i 0 (l d u l' i n {; the 
c ourse of the research program , the individual sheets them ­
selves were reasonably unifo r m. 
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Randon samp l es were sele c ted fran the v~rious shipments 
of material in a~ effort to ob t ain representative p r opert i es 
o f the actual material used in the c onstru c tion of the test 
spo c imens . The test i ng of these samp l ns was li mitod t o that 
of tension only * s i n c e t ho mos t i mportan t prope rt y d osire d 
was that of the modu l us of el astici t y E, whi ch was assumed 
to be the came in tens i on und c omp r ess i on . 

These material tests were c ondu c ted i n a standard 
a i eh l e testi~~ machine havin~ a maximum r ated c apaci ty of 
3000 pounds . Strain Leasurements were made by means of 
Hugcenberger typo extensomoters havinG a maen i f ic at i on of 
app r oxim~tel~ 300 timss . Typica l tensi l o stress-st r a i n 
curves a~e presented in figure 1 and a c omp l et e summa r y o f 
test resultc is g i ven in table I, f r om wh ich f i gu r e 2 has 
been plotted . The scatter of Gxperimental points i ~ figu r e 
2 may bo attributed to variat i ons in tho mate ri al itself 'and 
to the liDitat i ons imposed upon the atta i nable a c cu r a cy by 
the experimental p r oc edure used . 

I nspe c t i on of figu r e 2 i ~di c ates that tho modulu s o f 
e l ast ici ty E i s substantial ly independent of the d ir e c t i on 
of loadine re l at i ve to the sheet grai n , and has an ave r age 
value of 10 . 3 x 1 0 6 psi . Th e ultimate tensile st r ess_ cru t s 
i s s l ightly l ess across the gra i n than with the g r a i n ; whi le 
the di f feren c e in the definBd yield stress (cry N O. 2 per c ent 

offset in the in i t i al gage length) is more marked . The av­
erage values and variat i ons of tens il e propertios wi th g r a i n 
diro c tion nrc in agroement with prev i ou l y published resu l ts . 
( S G 0 r 0 fer 0 nee sIan d. 2 . ) Wh i 1 0 0 f go nor ali n tor G s t , tho s 0 

v ar i at i ons are of se c ondary iJ portance to the b as ic ~e searc h 

p r o j e c t , sin c e bu c klin~ of the test cylinde r s occu r s a t 
stresses c onside r ably be l OW the defined y i e ld p ai nt . 

l'est Spe Cimens 

The sDo c irnons consisted of two semiell i pt ical ( or sem i­
c ircular) ~egmGnts of sheet supp orted and clamped at the 
ends of the li1inor axir, of the elli:98e , thus simulating two 
wing nose se c tions Dounted to a c ommon spar and test e d as a 
unit . ( See fif. . 311 . ) It 'traG at first thOUl~ht possib l e to 
use a Wacner spar as a means of providing the requi r ed beam 

*Approxirrate c ompression properties may be obta i ned i f 
desired by uso of tab l e I- I of referonce 1 . 
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supp ort and to subtrac t t he effect of t h i s spar i n order to 
determine the net - Io ad - c a rryin g properties of the curved 
sh eet a lone . After soveral tests had been comp l eted under 
dif f ere n t loading c ond ition s , it was decided that the pres­
ence of a spar havi ng relatively lar ge bendin g and shear 
ri ~ iditie s made it very diff i cult to obt a in a c cur a te and re­
liable re s ults of the net streng t h of th e sh eet covering . 

It was therefore decided to rep l a ce the 1agn er type 
spar by the syst em of ve rtic a l spacer blo c ks illustrated in 
figure 3b , Th e spacer blo c ks were joined b y a se ries of 
loose li nks in snch a manner tha t r e l at ivo motion in all 
directi ons was p ossible . Th is co mp letely eliminated the 
diffictlty of shea r rigidities and redu ced the p roblem of 
the b8ndin~ rigidity to a mini~um . I n order to p r even t 
buckling of the s h e et coverin g between spacer blocks , cover 
p l ates wer e p l a ced above and belo w the jun c tions of the two 
semie lli ~t ic al sec tions of sh&et . The thickness of these 
cover plates was so c hosen that t h ey wou l d have a slightly 
h i ghe r buckling lo ad than that of the curved sh eet s , It c an 
be re adi l y seen that this means of support would contribute 
onl y negligibly to the shear an d t or s i ona l strength of the 
specimen , and would c arry a definite , c a lcul ab le amount of 
·0 Gnd i ng m omen t . 

At the ends of t hb specimen were l - i n ch - t h ick steel 
p l at es havin~ the cro ss se c tion of the desired e ll i pticit y , 
with t he a ddi t io n of a 2 - i n ch rectangular c ente r s e c t i on to 
wh ic h was atta c hed the abo v e-men tione d s u pport an d cover 
p l ate system , These end p lat es served a t wo fold pu rpose: 
namely , 

I , They he ld the ends of th e sheet coverin g to the 
corre c t co n tour . 

2 . They prov i ded ~ conven i ent means of atta ching the 
specimen to tho testinG machinos . 

~ith re g ard to the f i rst item, the sh eet was firmly held to 
the end p l n tes by 1/4- i n ch bo lt s wh ich s cre ~ed i n to tappe d 
h ole G, spaced I i n c h apar t a round th e circumfer en ce of t h e 
spe c im en . For spe ci mens where the failin g stresses we re 
qu i to hi gh , stoel bands hav i ng the shape of the end plates 
were p l a ce d between the bolt head s Rnd the sheet to di str ib ­
ute the cl amp i ng lo ads of the bolts and to p rev ent interbol t 
buckli n g . A ph oto g l'apll of the assemb l ed specimens is sho'''n 
in fi gnre 3 c . 
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In the actual assembly of the specimens , c onsiderable 
c are was taken to avoid soft spots or wrinkles in the sheet 
cover ing and to insure that each spe ci Den was as a ccur ate ly 
formed as p ossible. There we re several unavoidable in­
stan c es vhen compliance with the above conditions was not 
obtained and , therofore , the validity and the c onsistency of 
the results of such tests were critical l y co ns idered and the 
test re sults discarded when that was deemed advisab l e . 

All the specimens te sted had a depth ( equa l to twice 
the leneth of the semimin or axis) of approximately 6 inches , 
the degree of ellipticity bein g obtained by variations in 
the l ength of the semimajor axis. The ellipticities were 
1 ,0, 2 . 0, and 3 .0; while the length of the specimens ran ged 
from 1.0 inch to 34 . 0 inch~s . The se variations, in conjunc­
tion with the threo nominal shee t thicknesses te st ed, 0 , 010 , 
0 ,01 6 , and 0 . 020 inch, reduced the pr og ram to a systemat ic 
investi gat i on of the effect of the geom etr y of the test 
~pe ci ~ons on the load -c arrying abilities of the spe ci mens . 

Tost Apparatus and Testing Procedure 

Bec aase of the various lo ading conditions decided upon 
for invosti gat ion , it was necessary to use several different 
testing Machines durinE the course of the experimental pro­
gram . Eac h of those ma chines will be discussed separately 
in co njun cti on wi th the description of the loading condi­
tions for which they were used . 

The g reater part of the pure torsion test program was 
co ndu c ted on a standard Olsen torsion - testing machine ( see 
fig . 4) having a maximum rated capacity of 50 , 000 inch­
pounds . As shown i n this figure , a detachable loadin~ jig 
co nsisting of a l ength of H- beam and a se ction of s teel 
shafting was used to transmit the torsional moment from the 
jaws of the testing ma c hine to the end p la tes of tho test 
specimen. Durin g the majoritj of these tests , angu lar de ­
flection measurements were takon over a portion of the 
length of the spe ci men , and were used to obtain a c he ck of 
the bucklins load determined from visual ob servat io ns , since 
the po i nt of buckling was marked by a chance in the slope of 
the lOad - deflection curve. 

The remaindor of the pure torsion , all the pure bendin , 
and all the bending- p Ius-torsion tosts were carried out in 
the bonding- torsion ma chi ne shown in figure 5. In tho cas es 
of tho puro torsion and bond in g - pIus - torsion tests made in 
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this ma c h i n e , angular deflection measurements were taken as 
before . In c on junctio n with the pu re bendin g a nd bendin g ­
p lus - torsion test s , oxtensometer r eadings wore t ake n on both 
the tens ion and comp ression sides of each test specimen in 
or d er to obtai n the str e ss distribution in the specimen, 
both before and after bu c k li ng of the shoot c overing had 
taken placo . 

The requir eme nts of t ost ing with a wide r ange of ratios 
of bendi ng moments to vertical she a r forces i n the b on ding­
plus-shenr tests n e cessit ated a special t e sting ma chine. 
This machine is shown in fi gure 6 and th e working parts con ­
sist of a fixed face plate, shown to the ri gh t in t h i s fig ­
ure, and a movable face p l ate , to which is attached the head 
of the l o ading arm. The speci n en to be te st ed was p laced 
between and bolted to t h is pair of face plates. In order to 
eliminate any tare lo a ds from a cti ng on the s pe cimen during 
the testing op er a tion, t h e loadin g arm and t h e movable fa c e 
p lata unit we re counterwei gh t ed t ~rou gh a knif e -edge l over 
system, which was so dosi g n ed as to be ind epe ndent of the 
am ount of deflection of t h e loadi ng arm. Thus, the loading 
a r m Was made flOating with re sp ect to the s pe ci men. Por ­
tions of t h is cou nterw e i gh t system may be seen i n th e fi g ­
ure. The v a ri a tion of the be n din g -to-she a r ratio was accom­
plished me rel y by s h ifti ng the p oi nt of lo a d a pp lication 
al on g the length of t he c ent r al lO a di ng a r m. Du ring the 
bendi ng- p I us-vertical sh e ar tests, extensometers we r e again 
mounted to the s pe ci me ns in order to obtain an experimental 
value of the stresses i n tho spe ci men . 

Sh eet t h ic kn esse s were measured on a thi c kness gag e 
readi ng to ±O.0002 inch , Thes e measureme nts wero made at 
several p oints on the i nd ivi dual sh e e ts used in ea ch s pe ci­
men, and si n ce the variations were s mall for anyone sheet, 
the average sh eet thic kn ess Was r e corded for t ho pu r p os e of 
subs equ ent c al culat io ns . I n some of the earlier t ests , the 
sheet thic kn ess that Was used was the nominal thickness and, 
wh ile t hi s CRn have nO marked effect on the v a li d ity of the 
results p resent ed , it can be noticed in the tabular data and 
t ho rofore has been mont ion ed . 

EXPERI MENTAL RESULTS 

In all di s cussions which follow, the cylinders referred 
to as semielliptical or semic ircu lar we re t h ose havi ng a 
fixed supp ort , such as i s sh own i n figure 3 , at the ends of 
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the n i nor a~ i s . Cylinde r s referred to as circular or elli p ­
tical are sheet structures with no suppo rt other than t hat 
app lied at the ends of the spe ci man . 

Pure Tor s i on of Sem icircular Cy linders 

Since the p robl em of the st re n~ th of circular cy li n der s 
under pure to rsion has been extersive ly c overed both theo­
r et ical ly and exp eri mentally ( soe r eferen c e~ 3 and 4 ) , it 
was decided to test first tho somi ci r cu l ar and semiolliptical 
cy li nder in pure torsion . As i n the c as e of the circ u l a r 
cy linder , the bucklin~ load of th e semicircular cy linders 
WaS v er~ close to the ut limat e load of the specimen . This 
i s sh01n in table II, where i t c an be seen that the value of 
the torsion a l moment causinG failur e mt is seldom more 

u 
than a few p ercent hieher than the torsional momen t cau s in g 
buckl in e; :::nt

b
• 

I n or der to express the torsi onal loads i n terms of 
sheari ng st r oss , use haR been ma de of the usual equation of 
torsto na l shearin g stress in a t hin - wallod cy linder : namely , 

This equat i on i s v a lid up to the pOint of buckling and , 
3 fter buckling , g iv es a f ictitiou s ave r age shearin g stress 
whi ch , at f a ilure , i R analo go~s to the modu l us of rupture in 
beams . Using equat i on (1), val ues for Tb an d Tu have 
b ee n c a lcul ated and a re sh own i n tab l e II . 

I n r eferen ce 3 , bo nne ll derive s a t heo retical expres ­
s i on for tho ultimate st ren g t h of short and mO derately long 
cylinders of radius " a ll and fixod onds subje cted to a pu re .. 
torsiona l momon t. Th i s oquat i on is 

T U 1 2 = 5 . 06 '+- )9. 42 + I . 88 (_1 '2 ) 1 • 5 
Eta 2 t a 

A pl ot of t h is c u rve is sh own as the s h ort dashed line in 
f 'i gu re 7 . 

A curve f a ire d through the Gxper i mental p oints for cir ­
cul a r cylinde ~s ( 36 0 0 of uns u pp ort e d skin) is a l so shown i n 
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figure 7 as the long dashed cu rve, indicating that the ex­
perimental values are somewhat le ss than those p r edi cted 
theoretically . 

10 

Us~ng the same paramete r s for the semi circu l ar c y li n ­
ders (1 80° of unsupported skin) t he data from table II have 
been p lot ted in fi gure 7 . A study of this figure b ri ngs ou t 
the fo l lowing po i nts : 

1. F or the l onger s!)e c imens (L
2

/2ta::= 10,000) the u l­
timate streng th of the semi circu l ar c y li nders i s 
appr ox imate l y twice t hat of the c i rcu l ar cyli nders . 

2 . For the sho r ter c y l inde r s (1
2

/ 2ta ~ 10) the semicir ­
cu l ar cylinders have an u lti ma te st r ength which 
i s only abou t 1 0 percont g r eat er than that of the 
c ir cul ar c ylinders . 

3 . Th at equat io n (2) could be used for desi gning semi ­
cir cu l ar c ylinders and would be c ons e r va t ive for 
a l l spec i mens i n which 12/2ta \vas g reater than 
300 and would not be c ome ex c essively non c onserv ­
o.tive down to a v a l ue or' 1

2
/2ta = 100. A lit t l e 

l ater a mor e exa ct empirical eauation wi ll be 
gi ve n for the Case of the semi c i rc u l a r c y lind e r s . 

The large incre ase in the ultimat e strength of the 
loneer semi circu lar cylinders over that of the c ircu l ar c yl ­
inders i a explainable by a c onsideration of the buckle pat ­
tern of th8 two types of specimen. For moderately lon g 
spe ci nsns , tIle numbe r of c ircumferontial bucklos is small 
( of t ne order of 2 in 360°); l-~en c e th e addod restraint duo 
to support at 0 0 and 1 8 0 0 is qu ite effo c tivo in delaying t ho 
bucklin g . However , as the le ng th decreases , the number of 
waves incre ases , so that tne presen c e of the Rdded restraint 
begins to loso its effe c t iv eness . For tho lower limit of 
the ~xperimental data under d i s c ussion , the number of cir­
cu~fGrontial bucklo s was of tho order of 16 so that any re­
straint would have an effect On only a small pe rce ntage of 
t he a r ea Going into the wa7B state . I t is therefore p rob a ­
ble that for very short spocimens , tho experimen tal c urves 
for the ci r cu lar and sem ic i rcu lar c ylinders would join sin c e 
the effect of the restraint would become negligiblo . 

Pu re Torsion of Semielliptical Cy l inders 

Considering nOw the semiel lipt ic al c ~ l inders , it is i m­
mediately obvious that c ondit i ons are quite diffe r ent from 
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what thqr [l.re in the semicircu1ar c;ylL-,ders . The l'-9_diu~3 of 
curvature On the circumference of a senielliptical specimen 
varies botween a maxiMum value at the ends of the minor axis 
to a Bipimum valuo at the ends of the ma jor ax i s , the magni ­
tude of these liflits doponding on the ellipticity and the 
depth of the cross se c t io n . Thus , it may b e e~PGcted that 
the specimen would first buckle i n the regions of max i mum 
radius o f curvaturo , and , und er further i ncrease in load, 
those ~ucklo~ would extend diagonally towards the nOse . At 
the same ti~o , as each section of the circumference r ea ched 
its cri tical load , depend i ng on the loc a l radius of curv a ­
ture , new shear buckles would appear and pr opagate s l owly . 
Owing to the fact that the minimum radiu s of curvature is 
locatE:cL ,_.-L the nose of tho specimen , this noso p ortion wou ld 
resist bu c k li ng in such a manne r as to a ct as a stiffener . 
Consequently , a diegonal tons ion field would be for med ~ n 
the rG~aining portions of the spocimen . Unaer furt her in ­
c rease of t:1G aP:!3lied lo ad , the combined forces dun to tho 
i rlducecl terl~;io:n field and tl e direct to :csion.al lo::l.cii:ng 1110uld 
soon reach a ua~n itude sufficient to cause t~e coll aps e of 
the relatively st if f nOSB nnd therefore brin~ about the com­
p le te coll~p8e of the cylinder . 

ThUG , it is seen that for seJ:\iellipt ic aJ cylinders the 
buc~lin~ and ultimate loads are two separate and distinct 
p oi nts in tho lO adin~ ~istory and that the diffe rence in the 
valu es of these two critical loads shou ld i n c rease with in ­
creasinc el lipt iCi ty . It is apparent that this sa con d 
stnteuent Dust be true when the relative valuc a of the maxi ­
mum and minimuD r ad ii of curvatur~ ns a function of the el ­
lipti ci ty ratio ara c onsidered . Si mil ar c 0nclns ions wo r e 
reachod by Lundquist and Burke in referenco 5 . Vi sua l ob ­
se rvati ons confirmed the abovB - ment i 0nod conclusions as to 
buckle nistory , and the ~ata given for these cylinders in 
tab10s III and IV show that the difference botween tho buck ­
ling and failure torsional momonts increasGs as tho elli~ ­
ticity ratio incroases . 

I n plottin~ these data , the same pa r amete rs were tr ied 
as ~ere :8ed in figure 7 : namely , TL 2/Et 2 against L2 /ata ; 
w~ere a is the .cnimajor axis of the ellipse . As can be 
seen from fiGures 0 and 9 , these parameters were satisfac ­
tory and tho ex~orimenta1 pOints had comparatively little 
!;catte r fron a meD.n c urve drawn through them . The so lid 
li nes in thesB figures corre spond ~o eq~at i ons (3) and ( 4 ). 
The curv es of figureg 7 , 8 , and 9 were then collected in 
fi gu re s 10 and 11 . 
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F i ~u re 10 g ive s t he torsion a l buc klin ~ str en~ th of semi ­
ellipt i c a l c yli nde rs as a fun c tion of the dimensions of the 
cy linder and the elliptic i ty rat i o . I t i s seen he r e that , 
au the e llipt icity ratio inc reases , the buc kli ng stren g th 
de croa sos , other i ,tom s being kept equal . Th i s is in line 
,ith th o prev ious phys i ca l discussion since tho cylind ers 
wi th the l a r g er el l i pt icities have a larg er maximum radius 
of curvatu r e an d would t hus bu c k l e at l ower loads than c y l ­
i n der s with smaller ellipt icity ratios . 

Fi gu re 11 , whi c h ~ ives tho value of the u l t imate l oad 
on such spec i me ns , i nd icate s that the cy lind'er s with the 
l a r g er ellipt ici t i es "have ~omewhat better maxinum- tors i onal ­
mOHont - c a rry i n g abilit i es . Th is is due to the fa c t that the 
sc c t i on noar th o end of the ma jor axis , having a small r ad i us 
of curv ature , a c ts ~. a stiffener , and that tho l a r g er tho 
e l l i pt i city , the g re ate r t ho momont whi c h can b e dove l oped 
beforo this effe c tiv e stiffener co llapses . 

A cro ss p l o t of fi gures 10 and 11 l ed to empiri c a l equa­
tions for the bu c k l in g and u l timate l oads of su ch sem i ol l i p ­
tical and semi ci r cu l a r cy l inders as fo llows : 

1 . For t~e buc kli ng st rength 

2 113 1. 6 

+ 1 . 1 3 ( L to ) 
2tpo 

1. 60 

or 

<3 ;::80 ( 2 )" ' Tb L 
= 1. 60 -I " + 1.13 2t~ (2/ 3 Et 2 

') For the u l ti mate strength '-' . 

F-----<3 2 1/3 1 . 6 
Tu L 

1. 60 + 1 4 . 8 0 + 1.13 ( L € ) .,-;"It 2 -
.ill 2ta 

i n whi ch a i s the sem i ~aj or ax i s and Po i s the maximum 
r adius of curvature of thp cross section , 
that , for an ellipse , 

P -" E: a , a 

I t can be sho" n 
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The ~~r0g o inG G~uatiuc ~ are plot~ e a 5n fi~u r es 12 a~d 1 3 
,. ith the:, (,z:'./or:!.l:lental point'"' a n'l. [ ... '>\.: gO 'l a. 3.grG omen-;-, au fi. a 
rO aB on abl~ amount of scatt 0r . Th~~ , 8qua~i ~~ ~ ( 3 ) a nd (1) and 
fi gures 12 ~na 13 can ~e con3i~erea to b0 ~ A s ign 8Quati 0DR 
an rl de3ip"·n curves for s81dcirG"Lilar ",.nd l"l'J :.iit'JIJ.i]) tlcal r,ylil:c ­
d.ors sub ,je ct ed to a p1.H'e tor::.:d oP 2.!. :ll omoni;. 

5 on co u~lote ell~ptical cy liu~ e rs , tw o i~po~tant diireronc0R 
·'I'll l".ote<l . For tL.(; r:;e.me RLeet t hicknesG 'u\(l I Gngt~l , ~:" ll 01·· 
liptic u l c ;; lindor -nu.cl7.:1es ; Li; ,':;1, 10,·, 8:1.' Btr (~ 3S t:.an a eire: ).1'1r 
cylinder of r ad i us P o ; whilG fo r sc~ icy li n~3 rs a ~iGhor 

st:c£4,sr-.: ir{ r oac:l{Jcl . T;;.o r (~ a,::o: · . f or this J.i;)s in thr) fe-Let 
t hat i t ' ·H, S i T1 P. 0 s ~ i b lot 0 ::: 0 n ;, t 1'1":' eli tho G 11 i :r tic cS~l c y U. !l cl 0 r r. 
vithout a tliGht loos B~3 s n of ~~e s~i n a~ the ends of the 
~ inor axis (cf . , f . 2 of r 0i0 r c ncn 5) , thu s i ntro~Qcing a 
rat 1'1 e r 3. 0. r g e (; f fcc t 0 f i 11 i t L),l i r r G t~U J. '~T I;; i I.; S :i. n to ·'; ;.1 0 bn :~ 1:_ 
ling - t0st re sults . T~ls was Lot t~A c ~ ~o in th~ semielli~ ­
tical cyJ.:i.:J.a.ers, since the cons J.;r1.1cti c :' t r.) Glinicl1'. « u s ed. oli rr.-
ina.tuJ this clifficul"ty. 1~Tit:. l'o r;ard t(; "';;'·H· '1 1 tiT:18,tO strurk,JL; :t l S , 
the c L ioI' ci.iffcx'er..ce :.1 ,,;;; :~r.. -C1J) ·,:) r8d:l r.c;(~ (.1' the mult i T-,J.ica-

1) - -
I., 

€ oj tiV8 
c ylinde r " . 

f8.C"u02" i n. -:.}':e p(:l.rf ... , ~.lc:;ter· i'f)r ·~ !·l\ ~ r.;errlie:lipt:t c o .. l 
A.Y.!. attu''!lJ -G t !j C.L;t O ·:;t t: l. (-: ~q --:' u S(; j·.l :~e of tll :i.8 fitlinG 

t 0rID in tho r e s ults ') f :'~8f(;r 6 n-:: e!j 1,.!':;,t': ll· )'," uC: '~t. ssf·, :. l , ~)eC~']. 80 

of the narr0~ r a neO o~ Glli p ticiti~ s ~ o rt 8 d c ourled vith the 
usual a mount of oxp;ri~ont al ac~~t 0 r . 

Pu re 38~~ in f of SemiCircul a r Cylind er" 

T 11.0 !1 e j: t s e r in s I) f .~ :.' e c i hi ?!l S ~'! L~J r m ~:;. 1. e U]! 0 } n e)n :. (' ~ . -:.. .. ~ 1.::. -

l c,. r and sel::t ielliptic8.1 cylin rl;.)I' '3 s .. ;.i).j8ct e ... 1: fj :J"u.::')e b'):" .. d.irJ. ~ 
mome n ts . The b8 ~""!C1.il1 ~, :!:oIlH :n t , ~' ,~. ( , i:,,:;,-;p l.:i.oi ~.!: the ·!;I n !1 :; Gi t 11 0 

minor aX~G of t~ u c y li~ flo ~ • 

. A.J iTi -I; L. 8 C :;.S~; .) :~' IY. lre torsior.t , :i..t j . e. I\O Gc.?~; ~ .. r;l t o tIG­
fine the Gri t ical lO,t '. c~ .):£. p l"'. rG b 0nd.inc in +·u·" I'Hl of 8.::.it,3.,·)le 
str8fiBos . ~o B~C~Ol:y li fJ b. t }l.:1. r; . ·U~ .... :':! 11 ::;, s "o e ~) 11 jll n.rlc of tr.!. 9 n2~ " ­

~al b 8 a~ 8 quatio~ , 

( .' \ 
,0 ) 

1j!}1 E; "\l' [~Jl\lO~ :) f 8t:-:'08S :;i'">rcn b;y" ~ '::L~ C t:.1t i1tio!). r; !'_ -J 1..l3. I 'L !:'G~p r G ~' ~.~ T .. ~ 

t he true ~t~ess in tic G?eCi~GnD t e stea u~ t o th3 paint of 
bu ol-cli nf.; . :3e:l ona. this ::Si oint , tl'.8 s~l'es,· 8'1 L iv e n 8.Z'., vi Ei 

f ictitio1..-"s na.tuTe , 0''lL,:' to th e f D, Ct. t h e,t, th e n:;·.i.t r o,~. :1.,Lis 
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of the test s p eci mens will shift toward the tension side of 
the speci mens as t h e bucklo deformations increase on the 
compression side. Extensometors mountod to the s p ocimens 
during the testing procedure were used to check equation (5). 
In fi gure l~ are plotted sample curves of the experimentally 
determined stresses on t h e tension aud the compression sides, 
prior to buckling , as a function of the applied bonding mo­
ment. For comparison, stress values calculated from equa­
tio n (5) aro includod. It can bo SOGn that a lin oar and 
symmetrical stross distribution exists before buckling takes 
place for e a ch of tho throo ~xamples shown and that the 
agroement betwoen the actual and calculated stresses is 
quite gOOd. The fact that the calculated stresses are lower 
for each of t h e three cases plotted is merely a result of 
tho selection of the examples and is not typical of tho test 
data when considered a s a whole, as can be seen in the upper 
curve of figure 15, where a comparative summary has been 
made. The scatter of the dat a about the line for unity in 
this fi gure can be attributed to the inherent difficulties 
in making stress measurements on curved, thin-walled sections 
by means of mechanical extensometers. The experimentally de­
termined values of th o bending stresses, after buckling has 
taken p l a co, substantiato t ho s h ift in the neutral axis; how­
over, t h o influence of the lOcal buckle deformations is SO 
e reat On t he se r e adings t h at t h ey have little practical sig­
nificance. 

Th e first series of tests consi s ted of semicircul~r 
cylinders of various sheet thicknesses ~nd lengths subjected 
to pure bending moments applied in the pl~ne of the vertical 
sp a cer blocks (the pl ~ne of the Dinar ~xis for E = 1.0). 
Prior to the s p ecimons r a nchin g their criticnl lo a d, the 
skin covering remained unbuc k led; however, nt this point in 
the lo~ding history, t ho comp rossion side of the spocimens 
would suddenly buckle i n to a large number of characteristic 
elliptical and diamond-sh ape p atterns, all directed inward. 
Although this buckli ng phenomenon was quite violent at times, 
the applied bending lo a ds h a d little tende n cy to drop off at 
this paint. If th e lo a ds were increased, the buckle deforma­
tions \'To u ld increaso ra.p idl y both in magnitude and scope, in­
dicating th a t the sheet covering h a d already re a ched its ul­
timate stress a nd that t h e lo a d was being supported by the 
cover-plate s y stem alone. This conclusion appears to be well 
substantiated by the fact t h at the maximum load reached (at 
cover-plate failure) wa s indep end ~nt of the geometric vari­
ables of the s h eet covoring a nd was solol y a function of the 
cover p l a te t h ic k ness. Fo~ this reason, it h a s baen assumed, 
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in the discussion that follows, that the buckling load was 
also the maximum load that could be carried by the semicir­
cular shell. 

The results of this series of tests on semicircular 
cylinders ara presented in table VI and figure 16. The re­
sults have been correlated by using a reduced bonding stross 
K, in which 

K = O'b
a = O'bPo (6 ) 

Et Et 

This nondimensional stross coefficient is analogous to that 
used in reference 6 for axial compressio n stresses. 

A study of fi gure 16 indicates that the reduced bendin g 
stress coefficient K g ives a satisfactory parameter for 
plotting the data for a generalized curve for somicircular 
cylinders under pure bending. The scatter of the experimen­
tal pOints is not onl y reasonably small but is random in na­
ture. 

The o scillatory nature of the curve in figure 16 was at 
first questioned, but a study of reference 6 indicated that 
such a leng t h effect might be expectod. Reference 6 con­
tains a linearized theory on t h e length effect of cylinders 
under axial compression, and the fin a l result s show a leng th 
effect that is qualitatively simil a r to that shown in fi gure 
16. The necess a ry condition for such an effoct wa s that the 
number of buckles in the complete circumference of the s p eci­
men must r emnin independent of th e length of the cylinder. 
A careful c h ec k of the data On the number of buckles at 
buckling of the semicircular speci mens showed tha t they var­
ied only from 8 to 10 in r a nge of L/po.s from 0.33 to 

11.30 a nd Pe/tts from 147 to 313, and tha t the v a riation 

was rando m in nature. On this b a sis, it is thought tha t the 
sh a pe of the curve in fi gure 16 is a t least tentatively 
justified. 

In compar i ng the failin g stress of semioircul a r cylin­
ders under pure bendin g ~ith th e f a iling stress in circul ar 
cylinders under the sarno lO Rding condition (s ee reference 
7 and p. 466 of reference 8 ) it is found that the value of 
K is muc h smnlle~ for the semicircul a r cylinders than it is 
for the full circul n r c y linders for the same value of po/to 
Part of this difference is explainab l e by the fact th a t. for 
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the full cyl inders , any seams in the c y li nders were placed 
on the neutral axis of the specimen; whilo , in the c a so of 
the semicircular cylinde rs, t he soams were located in re­
g ion s of maximum tensicn and compression stress. 

16 

In an effort to determine experimentally the effect of 
seam loc at ion it was decided to con~ truct and test a s ories 
of of circu l ar cylinders in pure bending under conditions 
s imilar to those of the semi~ircular cylinders. These 
specimens consisted of circul a r end plates app roximately 6 
inches in diameter, to which were attached the thin shoet 
covering in e xactly the same manner as previously described. 
The seam or seams were formed by l apping the edges of the 
sheet and fastenin g them to g ether by means of two rows of 
closel y spaced, carefull y fitted machine screws. These 
s crews we re not tightened excessively, in order to keop the 
deformations of the sheet coverin g across the seam to a min­
imum. To obtain the complete effect of the seams, four a r­
rangemen ts vere selected: 

1. Ono seam located on the neutral axis 

2 . One seam lOc ated on t~e tension side 

3. One seam located on the compression side 

4. Two SOams loc ated on the tension and co mp ression 
sides 

All these specimens were tested in the testing machine 
sh own in figure 5, and the results are p resented i n table V 
an d figure 1 7 . The reduced buckli ng stress s h own for tho 
circular specimens with the singl e seam On the neutral axis , 
when comp are d to th e simi l ar specimens of reference 7, shows 
rather good agre om ent. ~ith tho scam on tho tension side, a 
small redu c tion in strese is obt ained ; while, for the single 
seam on the co mpression side, the buckling stress is lowered 
still further. For the specimens with seams on both top and 
bottom, the redu ction i n stress is gr eater than the sum of 
the second and third confi gu r a tio n . All these buckling 
s tress es a rc consider ab l y lower than the value given b y the 
classica l theory and sh aw clearly t~e influence of discon­
tinuities i n the specinen. 

The dotted curve in figure 17 ind icates t h e load c ar ­
ried by these spe cimens immediatoly after buckling and shows 
that all specinens tend t o fallon the same curve. This 
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last ph e~ omenon i s explnined by th e rec ent work of K~rm~n 
an d Tsien (r efe rence 9) on the nonline a r buc kling p roblem. 
In t h is pap er, it was shown that there exist t wo buckling 
equilibrium p Oints, one of wh ich is closel y g iven by the 
cla ss ical line a rized theo r y , the other by the nonlinear the­
ory . Th i s l atte r e qu il ib riu m p oint was shown to ex ist a t a 
mu ch lowe r stross than the for mer po int, and bu c k li ng could 
occur a t stresses anywhere between t hese two limit s , depend ­
in g On initial imp erfections and eccentricities in the she ll 
and On t h e presence of exte rn a l disturban ces such as vibr a ­
tions. Generally , buc k ling would be char a cterized by a s ud­
den ju mp in the applied load to the valu e corresp ondin g to 
the low e r equilibrium po int. This dotted curve t he n corre­
sponds to the lower equ ilibrium p oint of full circu l ar cyl­
inder s under bending. 

Th e lower curve of fi gur e 17 g ives t h e values for the 
semicircul a r cylinders tested, an d it can be seen that the 
K v a l ue for the se s p ecimens is still lower t han the minimum 
point for the ci rcular cylinders . The buc k ling of these 
semicircular c y li n der s was c hn racterized by the f a ct that 
th e applied lo ad had l ittle tendency to jump at th e buc k ling 
lO ad . Th is would i mp l y that the s p eci mens ha d buc k led at a 
stress corre sp on din g to th e lowe s t p os s ible equilibrium 
stre ss and never exceeded t h is v a lue at any previous ti mo in 
their 10 ding history . The c ause of su ch a conditio~s ex ist­
i ng is undoubtedly th e fa c t t ha t the pr e s ence of the suppo rt 
system, i n clud i ng the cover p l a tes, introdu ced small but 
sufficient amounts of initi a l ecce n tricity an d irregularity 
into the shee t covering to cause failure to occur at th e 
min i mum p oint. T l is can be understood when it is con sidered 
that the co ver p l ates we re necessari ly lOcated at the most 
h i gh l y stressed p oint on t h e circumference of the spe ci men . 

In view of t h e forego i nG di s c u ssio n , it is though t that 
figure 1 6 g ives a sa tisfactory de sign curve for semicircular 
cylinders subje ct ed to pure bendin g . The v a lues obtain e d. 
while con s i d erably lOWer than those obt a ined for full cir­
cul ar cylinders , pr ob ably will g ive a Detter approximation 
to the a c tual c ase of the nose section of a win g a nd there­
fore sh ould be used for n o se - se c tion desi gn wh ere applicab l e . 

Pure Bending of Semielliptical Cy linders 

Durin g the testing of the semielliptical c y linders sub ­
jected to p ure bendin g load s , several experimental observa­
tion s were made whi ch wil l be di s cussed befor e p r esen tin g 
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the quantitative results. These specimens , upon reac hing 
their buc~li ng load, defo r med into a typo of wave pattern in 
the large radius of curvature regions that was entirely d if­
ferent fro~ that of tho semicircular c y li nders . The bu c kles 
that appeared were defin itol y of tho char a cteris t ic flat ­
p l ato type for both ellipticitios tested . Theso l argo shal ­
low circular or elliptical buckles covered the major portion 
of the compress ion sides of the curved sheet covering and 
were different from the flat - p l ate type only in that they 
were all directed inward . In a manner simi l a r to that de ­
s c ribed under the pure torsion tests , the small radius nose 
po r tions of the specimen behaved as if they were stiffeners , 
and actually formed the lower bo~ndaries for the buckle pat ­
tern . The formation of the buckles was characterized by the 
facts that the bu c k li ng was not of a particularly violent 
nature and that there was no noticeable decrease in the load­
c arrying ability at the point of buckling . 

An the load Was increased beyond the buckling load, 
these sane buckles increased in amplitude and s cope until 
they approached quite closo to the boundaries formed by the 
plates , the cover - plate system , and the nose of the section . 
Upon further application of load , these buckles created much 
smaller induced buckles, part icularly in the four corners of 
tho affecte~ r egion . In no case , however , did tho n o so · p or­
tion fail first si~ c e the poi~t of collapse was a l ways dic ­
tated by the strength of the cover plates . This is as would 
be expected , since the loading was pure banding and i ncreas ­
ing the amount of material in tho cover plates wou l d have 
the sarno offoct as increasing the size of the spar caps in a 
wing . The data obtained are therefore dire ctl y appli c ab le 
to wing nose se c t i on desig~ . 

The results of this series of tests are given in tab le 
VII and table VIII , and these data have been combined with 
the test results i~ table VI on Semicircular c ylinde r s to 
give the curve shovln in figure 18. Tilis curve shows consid­
erable scatter , but retesting and re c heck i ng points indicated 
that the scatter was random and was inherent i n the spe ci mens . 
For that reason , the suggested dcsiGn curve shown in the fig ­
urc is placed noar the lower limit of tho points rather than 
through the mean of the experimental points tested . 
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This suggest.eel desif; n curve can ·013 repres6uted by the 
equat i on 

1 • 5 

- 1. 70 + 0.15 (i) (7 ) 

or 

O'b (_PO)l . 5 (P \1.5 
E €t = 1.70 + 0.15 L:) ( 8 ) 

This Can be written as 

/ ,\1.5 

= 1. 70 \!) + 0 .1 5 (9) 

or 

a b / £ t~ 1 • 5 (t'\ 1 
• 5 

- =: 1. 7 0 ( - + 0 • 1 5 L) 
E \P 0/ 

(10) 

Equation (9) is p lotted in fi gu re 19 . 

There is some indication that the number of bu ckle s in 
the buckle pattern of the speci mens accounted in part for 
the wide scattering in fi gure 1 8 . Furt h er t heo retical study 
may justify t h is presumption , but until more data ar e avail ­
able it is thought that eauation (9) or (10 ) \vill give a 
suffi c iently c onservative value of the cri t ic a l buckling 
stress of semi circul ar or semiellipt ic a l c y lind ers under the 
action of pure bendin g . 

Bending- PIus-Torsion Tests 

The bending- pIus - torsion tests we re made on the machine 
illustrated in figure 5 . The lOading was SO arranged that a 
const ant ratio of bending moment to torsional moment was ap ­
p lied to the spe ci nen up to the failing point . Buck l ing was 
noted both visuall y and with the aid of stress-strain meas ­
urements taken in the specimen during loadi ng . The bend ing 
and shearing stress e s were calcul at ed from t he equat ion s 

mb Mb 
a = 



T = )::t 
,") • .!. 
o.J .. "l. U 

.3 1:br,cripts -0 :L;cl '.1 i T: t,:f' t.::1J.es co_res~)()nd to 
b1.:.c.l-:;'i~~c· 'J.'-lQ. ;J.Jt j.l'.a te st r esses , r es·')e cti v el :! . The v"l lues 
f () l' 0' 0 c ' T '0 0 ' and T U 0 ',! ere t 3,:( e n f!' 0 I:l f i u res 1 8 , 1 ° , 
~nd 11 , res~~ctively . 

20 

~ ~e test dat~ for triose s~u ci Dens u re ta'o l l te 6 in ta ­
li les I X, X , ~."1d ~ - I for e :~ li p t.icit y r ati os of 1. 0 , 2 . 0 , a"l d 
3 . 0 , r ospo ctivel y . ~hes6 d~ta h~ve boen p lott ed in f i €u rcs 
20 to 2G , i n wh ich fi tu res ca c ~ elli p ticity is c ons idered 
sep", r a.!.,e l;,r . A study of t i18S0 ::"i{;ures lec. to t l: e concl'...1s i on 
t~at si ~~ le c u r ve s would sa~isfa c tor i ly represent t he r ela-
tionc:h:LJ_s between 0' -0/0''0 0 '-:, ci !:l)/mt'o ' T'o/ T'oo E' .. !;, d tli'o/mt:) , 

aiHl Tu/Tu
o 

'~:ld. Nu/m.!. and t:lat ~~!.e introd.u c t i on of the 
"'u 

el li pt ic:' t:/ r 3.t io i!':to the' lti r.:a-::,e oendine - str'3 
cave on e ~urve for all ellipticities of the form 

s r a t i o 

0' 1.1./ (a '0 0 

as i.l. fU::1ct i or, of I t ": as :r.eces8ary to -: so the ra.t i o 

oft h e u 1 t i r.' <l. t e co m n r o. s i v e G':: '" "s tot h e a u d: 1 i n (; c 0 L1 pre s -
sion stress (wiJ., h :1~ :.orsion) ~ir, cc , 'l8 1:1as c'tisc1).s sed unde r 
Pu re 30ndin~ , the failur~ be~d~n~ ~tress for pu re 'oend i n~ was 
r;o lel ~' a f"ln c t i on of '0:;'0 ~~ize of J~>e COVel" p l a:ss , co r r espond­
i ~g to t ho size of the rpa' c.vs ~n a ~ornal win~ . 

The cO illinod curvon ~re s~o~n in 11 u res 26 to 29 , and 
it C<."1.n be seen tnat , it.lt~lOU{:h ,011s ide:::ao 10 scatter is p resent , 
a con s i stent trend of te Gt r css r~ tio with a. v a riation in 
t h 'h/ . , . . d ' '..:1 " ... .. 1 l' a ' 

J • e j' 1 ~,l t rat lOS 1 S 1 n 1 C " t e '-~ • ~ 0 r '.I ; _ e v .:t u e S Ob 0 1 n 
t a'h le s IX , X , f:'\.l1ci XI , Lie "jecl,l~ curve of f i .~ure 18 was used. 
t l1. rou ,.::;t'.. out . For the 1:1t i:~.atc val".les , des i gl curve s ha'\"e aGen 
indicatod which app roxi2ato to the low o r limits of the Gx p eri ­
J:',cntal (lat', . 

If the~e sugges t ed design 

1. a u 
p lotti nz as a f un cti on 

E: CJ" o 0 

c u rv es a re cros s - p lot':;ed , 

of 
Tu 

T" " 0 

for c anst ,nt values 

o f ;,ru/rr,t
u

' it i s four.d th::-i,; a curve eX:i?ressed by the fol ­

low i n~ a auat i on is ottained : 

( 1 3 ) 
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This equation will give c onservative results for all value s 
of Mu / mt and therefore car. be used for dosign purposos . 

u 

A cro ss p lot of t he buckling curves ( figs . 26 and 27) 
indicates that a s i mi l ar equation will give a satisfRctory 
first approximat ion with c onsiderable scatte r ( as i ndic~~cd 
in figs . 26 an d 27) 0- Thus , 

(1 ·; ) 

The buckling a .d failure wave pat~ernc of these 898ci ­
men s depe:l.(ied l8: .. g el ;v up,0n the r/mt rot.:'o . Fo:c large val-
ues of thi s r atio , ty:')icDl dia;no!lll - sh;::"pe c~'r.:pression \l:,!ves 
appeared w:'len t~le buc1.::i.in ,? stl'ens \Ia] r Oc.-:.c;led. aYl.(:' for SJ'1.n.ll 
valu es of this retio 2ia~onal .b ear waves a~pcared . Inter ­
IJediat e values l od t:) "'ave }lott'oI'ns \<lhivh "'e re combiYlotions 
of those t··:o t{T eG r ll'ail-:.l.re of ~hc c;:,rlird ".'lr'3 oc c'\.l:!.'red ac ross 
the nose (~inirnan radi~s socti~n) of the S9Gci~o~ for the 
Ca ses when the tor-io~al shearing maneut ~a~ high and in the 
c over p l ates when t~e bending m~cont was ~i~h . ~his fact ex ­
p l ains the reason for the relativel) lar~o ccatter in the ex ­
perimental data for tho l ~rger values of t\c M/hlt ratios . 
The higher val~es of the e~p0 ri mental stresE90 correspond to 
specimens in which the cover plates were st rong enough to 
permit tho developmont of the full torsion ~ l shoaring 
stren , th of the sect ion so that failure fi:l.nl l y occurred 
a cro ss the nose section . 

Com~arison between measured a~d .alculnted stresJes in 
the regions below ba c klinG are shown :~ t~e s8 cond curve in 
fi gure 15 and also in the uppe~ curvo of fiGure 30 . It is 
seen that tho scatter is randc~ in nature A~d i3 of the 
order of magnitude that w~uld be e~~ectel ~hDn measur i~f 

thin sheet stresses '.:j.th lI!cchanic8.1 0XtG .::;ometer.:; .. 

The l ast four linos of tables IX, X, and XI are for 
specimens 1:1ith lengtl"..s s:l()I'ter t 11an 'uD.e. st::mdn.rcl lenetl:. of 
12.5 inches , which was held t hroughou~ the other tests . It 
c an be seen that the tEst data for these spe ci ffiens p lot 
satisfactorily on t he curv es for the other spe~imens , irdi ­
cating that th e re is no new lenGth effect which appears for 
t h i s c ombined loading . 
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Eonding - Plus -Shear Tests 

The bending - pIus-shear tests were co nducted on the test­
ing machine shown in fie;ure 6. Two lengths of specimens were 
tested, 6 . 5 and 16.0 inches , and the usual thr ee G~in thi c k­
Desses and three ellipticity ratios were cov ered. Tho mOIDent ­
to-shear ratio was varied by the posit ion of the jack On the 
extended loading arm. As previously described, the weight of 
the extended loadin g arm is separate ly balanced out and no 
tare readings entered tho loading for ce. 

The data for those specimens are tabu l ated in tables 
XII, XIII, and XIV. The og.uations used in reducing the data 
were : 

mb FLb 
CJb = = 

It It 
(15 ) 

F 
TSb ::: 

.A. ( • .., 
(16 ) 

Is 
1i1 

It Iv1 L I s 
::: - -

Fb b It Fb 
(17 ) 

Only the buckling data have been recorded and reduced , 
sin ce ultimate failuro'las, in nearly overy c aso , causccl by 
cover-plate failure. '::hus, ultimate failure could be delayecl 
indefinitoly by incre asing the cover-plate size (correspond­
ing to an increase in snar - c ap size) . A few c ases in which 
the Mb/Fb ratio was v~ry lo~ ( small moment but large shear) 

a ctually failod across the nOse sectioD , but the number of 
these specimens was not sufficiently grea t to allow the draw­
ing of any general c onclusions . 

The value of ab in the tables was obtained, using the 
o 

mean curve of figure 18 . The resulting values of CJ b/CJb o 
sh ow a scatte r which is ge nerally ~o mor e than that shown in 
figure 18 , which indicates that very little additional scat ­
t8r has been put into the pOints by the addition of direct 
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shear to trce pure cendi ng load . Scatter was particularly 
Cad " for the el lipti ci ty ratio of 3. How ever, this was to be 
expected, since these specimens were very hard to make with ­
out initi a l deformations ncar the ends of the min or axis . 
Also , loads for tnese s:oe ci mens Vlere Clui te li ght and the aC ­
curac y of measur in g these lieht loads had a tendency to de­
c rease . 

The data in tacles XII, 
p lotted in figures 31 to 45 . 
the variation o f a b/ab as 

o 

XIII, and XIV hClve al l been 
Figures 31, 36 , and 41 give 

a functio n of the Mb/Fb ratio 

and , as mentioned before , the s cat ter tends to increase as 
tho ellipt icity ratio increasos . 

The results for the shear stress at buckling a re plotted 
in the re2aining c urves . This shear stress is taken as the 
average shearing stress distribution . Each set of curves 
for a given ellipti cit y ratio has been collec ted and re­
plotted in figures 35, 40 , and 45 . The s c atter on these 
curves is not sO high as that indicated for the cending 
stresses , which would tend to indicate that the distribution 
of the conding stress between the cylindrical sheot and the 
cover plates may not have ceon accurately given cy the Is/It 

ratio , as was assume~ . 

No attempt Was made to dete r mine a T /T ratio, Sc sb o 
since it Was impossible to obtain a value for T Sc • 

o 
There-

fore th~ value of T has been presented simply as a fun c-
sb 

tion of the Mb/Fc r at io . 

Again, extensometor roadings were taken below cuckling 
to check the calculated value of the cending stresses , and 
the results are shown in figure s 15 and 30 . The scatter 
shown is r and om and is of tho order of magnitude expected 
1'~Hen usin t : uechanical extensometers to measure stresses in 
thin sheet struc tures . 

COIOLUSIO JS 

The data contained in t his report are intended to servo 
as a guide to the possicle cuckling and ultimate load-carty­
ing abilitios of wing noso soct ion s . In most cases these 
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nose sections c an be approximated by ellipses , and for this 
reason t~e elliptical section has been used for test purposes . 
Tho data and curves presented should give tho designer a COn­
siderable inGight into the bo~avior of such sections unde r 
pu re loading cond itions as well as conditions of combined 
bending and shear and conbined b~nding and torsion . The 
problem of co mbined bending , torsion, and shear has not been 
studied in this investigation and future invostigations should 
study the effect of all three loading conditions and should, 
if possible , make an attempt actually to measure sk i n stress 
distributions by means of e lectric s train gages in order to 
obtain a more co mplete stress distribution pattern . 

A summary of the design equat ions and curve s for the 
co nditions studied is g iven as follows: 

1. Pu reT 0 r s ion 

a. Buckling 

I + , 1 4 . 8 0 
J 

- 1 . 60 + 1.13 ( 

L 2 )1.6 
2/.. 

2ta e: 3 

(See fi b ' 12 .) 

b . Ultimate 

T L2 
u' 

Et:2 
--1.60+ 

(See fig . 13.) 

2. Pure Bending 

a . Buckling 

:2 113)1.6 
1 4 . 80 + 1.13 (1 € 

2ta 

a b (t\ 1 • 5 (t\ 1 • 5 
7= 1.70 --) + 015 ~ B/ • L) 

(See fig. 19.) 



NACA T Ho. 957 

b. Ultimate 

10 ultinate c u rv e since ultimate lo a d is a 
f~n ction of the cover-plate streng th. 

3 . Bonding Plus Torsion 

a . Buckling 

= 1 

(So e figs. 26 and 27.) 

b. Ultimate 

1 au (T 2 
€ a b 0 + T l~O) = 1 

( See fi gs . 28 and. 29 .) 

4 . Bending Plus Dire c t Shea r 

a . Buckl i~'.g 

3ending stresses - Figures 31, 36, an d 41 
f or ell i p t ic i t i 0 s 1 , 2 , a nd 3 , res pe e t i vel y . 

25 

Sh ear stresses - Figures 35 , 40 , a nd 4 5 for 
ellipticities 1 , 2 , and 3 , resp e ct i vel y . 

b . Ul t i mate 

No u ltimate values , s ince t he u l t imat e stress 
is largely dependent upon cover-p l at e st re ngth . 

Guggenheim Aer onautical Laboratory, 
California Institute of Te c hnO lo gy , 

Pasadena, Calil ., J u l y 17, 1944 . 
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TABLE I 

Tensile Properties of 24S-T Al i um Alloy 

Sheet U .. d in S peoimens Tested 

Loading . 
direotion cryp CT",-

Specimen t relative Ex 1 0-6 
No. (in. ) to grain (lb:/in. 2 ) (lb./in. 2 ) (lb./in. 2) 

?AT-l 0.0101 With 10.85 - 69100 
MT-2 0.0102 " 10.11 ~lOOO SSSOO 
MT-~ 0.0099 Aerca. 9.94 ~4600 55500 

VT-4 0.0098 " 10.05 45500 6.100 
111'-15 0.0178 With 10." 52800 88700 
lft-6 0.0174 " 10. 9 51200 89800 
IIT-7 O. 017~ Acros. 10.4~ "800 88100 
MT-8 0.01715 " 10.~ 44800 66900 
MT-9 0.0208 With 9.44 49600 69~00 

lIT-10 0.0205 " 10.02 ~2f500 70300 
MT-ll 0.0~04 A_rcas 9. 'IS ~~oo ''1600 
1IT-12 0.0204 " 10.24 44800 86;00 
IIT-ll5 0.0119 With 11.18 851$00 1286& 
IIT-l~ '.0820 " 10. SO fJl300 72100 
liT-I! 0.0118 J.o~. 11.20 41100 11200 
lIT-18 0.0118 " 10.51 ~'I600 70800 
MT-l7 O.OIU With 10. 5 5.22500 70800 
JIT-U 0.03''1 laro •• 10.47 48800 69400 
lIT-20 o.oaae • 10.01 43800 89.00 
lIT-A 0.0110 With 10.00 MOOO --
JIT-B 0.0110 •• ro .. 10.00 48300 --
lIT-C 0.0166 " t. 0 45500 --
1I!-D 0.0168 " 10.00 ~5100 -



TABIE II 

Torsional Strength of Semi-Circular Cylinders, C'" 1.0 

243-1 1'- 0.3 E· 10.3 x lOS 1b./in. 2 b ·3.01 in. 

Spec. Iltb Iltu " "!b L2 t L ru. 
(in.) (in. ) (in.-1b. ) (in.-1b.) (in.jin. 2) (lb./in2 ) Et2 No. 

1'1'-9 0.0190 M.O 8840 9090 5740 5910 1790 
PT-I0 .. n 8850 8850 6750 5750 1790 
P'l'-11 " " 8830 9000 5740 5850 1780 
P'l'-12 " " 8220 8220 SHO 5340 lS60 
P1'-13 " " 8230 8290 ~50 5390 lS60 
PT-14 0.0160 " 6060 6060 4680 4680 2050 
P'l'-15 " n ~O 5720 4190 4410 1840 
1'1'-26 0.0200 1S.0 123aO 12380 7640 7S40 475 
Pl'-21 " " ~240 13240 8170 8170 508 
P1'-28 0.0160 " 1900 1900 6100 6100 593 
P'l'-29 " " 7830 7830 60SO SOC:;O 587 
P'l'-7~ 0.0104 " 2980 2980 3540 3 !;40 814 
Pl'-H 0.0102 " 2800 2900 3400 3520 812 
PT-20 0.0200 6.5 18040 18040 11140 11140 114 
Pl'-21 0.0200 " 19450 19450 12010 12010 123 
P1'-23 0.0160 n 12840 12840 9920 9920 159 
P1'-24 0.0160 " 11930 12160 9210 9390 147 
Pl'-68 0.0108 " 4000 4500 4590 5160 162 
Pl'-32 0.0200 2.5 23760 23760 14660 14660 22.2 
Pl'-33 0.0200 " 24700 24700 11;250 15250 23.2 
Pl'-30 0.0160 " 15000 17140 11560 13230 27.3 
Pl'-31 " " 18390 18390 14200 14200 33.3 

- - -

ru.L2 L2 
Et2 -2ta 

1840 10110 
1790 n 

1820 " 
1660 " 
lS60 " 
2050 12010 
1940 " 

476 2130 
508 n 

593 2660 
587 " 
814 4100 
841 4180 
114 351 
123 n 

159 439 
150 n 

182 61'\1 
22.2 51.9 
23.2 " 
31.3 64.9 
33.3 " I 

L2&~ 
2tp~ 

10110 
" 
" 
n 

" 
12010 

" 
2UO 

" 
2660 
" 

4100 
4180 
351 

n 

439 
n 

651 
51.9 

" 
64.9 

" 

L2c~ 
2ta 

10110 
" 
" 
" 
" 

12010 
" 

2130 

" 
2660 
" 

4100 
4180 
3!'i1 

n 

439 

" 
651 
51.~ 

" 
64.9 
" 

I 

I 
I 
I 

I 
I 

I 

I 

I 
I 
i 

z 
~ 
a 
~ 

>-:J 
Z 

Z 
o 

(,() 
CJl 
-,J 

t\) 
co 



• 
TABlE III 

Torsional Strength of Semi-Elliptical Cylinders, E. '" 2.0 

24S-T fJ- ,. 0.3 E • 10.:1 x 106 Ib./ln. 2 b. 3.01 in. 

Spec. t L Mtb Mtu "Zb Z"t.c. r~ L2 
No. (in. ) ( in.) (In.-lb. ) (in.-lb. ) (lb./l n. 2 ) (lb. / in. 2 ) Et2 

P'l'-16 0210 34.0 9260 10500 3190 ~620 812 
P'l'-48 0.0200 16.0 10390 13580 3760 4920 234 
PT-49 " " 10240 13850 3710 5020 231 
PT-65 0.0170 " 5400 9650 2300 4200 198 
PT-71 0.0167 " 5500 10490 2390 4950 213 
?r-72 0.0106 " 2000 4240 1370 2900 254 
Pl'-66 0.0104 " 1800 3670 1260 2510 290 
Pl'-22 0.0200 6.5 18000 23500 65.10 8520 67.0 
PT-47 " " 16550 19660 6000 7125 61.5 
Pl'-59 0.0111 " 10400 14100 4260 5180 55.7 
P'l'-25 0.0160 " 10500 14000 4760 6350 76.4 
Pl'-60 0.0104 " 3000 4750 2100 3330 79.7 
PT-62 0.0101 " 2800 !5060 2020 36~0 81.2 
PT-35 0.0200 2.6 23650 28760 8510 10430 13.0 
PT-36 0.0200 " 24380 35640 8830 12930 13.4 
PT-34 0.0160 " 13930 24640 6320 11180 15.0 
PT-37 " " 16270 ~090 n70 10480 17.5 
P'l'- 51 0.0100 " 4000 6780 2820 4790 16.2 
P'l'-54 0. 0101 " - 6450 -- 4640 

_. 

'C'" L2 L2. 
Et~ 2ta 

920 4570 
306 1110 
312 fI 

1;362 1250 
406 1280 
536 2010 
690 2050 
81.4 183 
73.1 " 
75.5 198 

102 219 
126 338 
146 348 
15.8 27.1 
19.6 " 
26.5 32.1'i 
24.8 " 
27.4 50.5 
26.6 51. 5 

L2 6 YJ 
2tPn 

2880 
700 

" 
788 
806 

1270 
1290 

115 

" 
125 
138 
213 
220 
17.1 

" 
20.1'i 
" 

31.8 
32.5 

L2£~ ! 

2ta 

5750 
1400 

" 
1510 
1610 
2530 
2580 

230 
" 

250 
276 
426 
439 
34.2 
" 

41.0 
" 

63.6 
65.0 

z 
~ 
o 
~ 

>-3 
Z 

Z 
o 

to 
c.n 
--J 

l:\J 
to 



Spec. t L 
No. (in.) (in.) 

PT-17 0.0200 34.0 
Pl'-18 " 16.0 
PT-19 " n 

PT-44 n '" 
Pl'-68 0.0176 " 
Pl'-69 0.0174 " 
PT-70 0.0103 " 
PT-45 0.0200 6.5 
PT-46 " " 
Pl'-50 " " 
Pl'-63 0.0175 " 
Pl'-61 0.0173 " 
Pl'-67 0.0103 " 
Pl'-64 0.0102 " 
Pl'-40 0.0200 2.5 
Pl'-41 " n 

Pl'-42 " n 

Pl'-38 0.0160 n 

Pl'-39 II " 
PT-56 0.0103 " 
Pl'-55 0.0099 " 

TABLE IV 

Torsional Strength of Semi-Elliptioal Cylinders. t.:z 3.0 

24S-T f'. 0.3 E· 10.3 x 106 lb./in. 2 b .. ~. 01 in. 

Mtb Mtu '6 TG(. rQ L2 7:", It2 

(in.-lb.) (in.-lb.j (lb./in. 2 ) jj 2 ' Et~ Et'2 (lb. in. ) 

6080 1,2240 1560 3140 439 883 
7000 17640 1800 4520 112 281 
6800 159S0 1750 4080 109 254 
6800 15400 1760 3950 n 246 
5500 12160 1610 3550 129 284 
-- 12300 -- 3630 -- 29~ 

-- 4600 -- 2300 -- 639 
14420 20030 ~700 5140 38.0 52.8 

9200 17850 2360 4580 24.2 47.0 
13000 25200 3330 6460 34.2 66.4 

7000 17310 2050 5080 27.S 68.2 
5500 15390 1630 4570 22.4 62.8 
2600 6020 1300 3010 60.3 116 
3000 6630 1510 3340 59.8 132 

25900 45800 6550 11750 9.95 17.8 
26000 -- 6670 -- 10.1 --
24400 41000 6260 10510 9.60 15.9 
12880 22900 4140 7360 9.81 17.5 
1l!;80 23560 3620 7570 8.59 18.0 
3500 7900 1750 3950 10.0 22.6 
4000 8920 2080 4640 13.1 29.2 

L2 L2& ~ -2ta 2tp ... 

3200 1540 
709 340 
" " 
" " 

806 387 
816 392 

1380 663 
117 56.2 
" n 

" " 
134 64.4 
135 64.9 
228 110 
240 115 
17.3 8.31 

II n 

" " 
21.8 10.5 

_ n n 

33.7 16.2 
~5.0 16.8 

L2£ 13 
2ta 

4610 
1020 

n 

II 

1160 
1180 
1990 

169 
n 

" 
193 
195 
329 
346 

25.0 
n 

" 
31.4 

II 

48.6 
50.5 I 

Z 
!I> 
o 
!I> 

>-3 
~ 

z 
o 

(() 
CJ1 
-oJ 

C,N 
o 



TABLE V 

Bending Strength of Circular Cylinders 

a • :3.0 in. L = 6.5 in. I/a - 2.16 

24S-1 fA - 0.3 6 / 2 E ,. 10.3 x 10 lb. in. 

Spec t 
aft 

Mb <Jb ~ elba crb& 
Wo. (in. ) (in..lb. ) (lb • .1/in• "it Et 

PB-l0:5 0.0206 146 18050 30800 0.436 0.250 
PB-I04 0.0205 147 16200 27800 0.396 0~214 
PB-I02 0.0162 186 11600 25200 0.454 0.240 
PB-IOl 0.0160 188 11820 26000 0.475 0.286 
PB-l10 0.0102 296 6000 17300 0.494 0.279 
PB-I09 0.0094 320 3060 11500 0.3$ 0.264 
PB-1OG 0.0199 151 16190 28600 0.420 0.219 
PB-105 II " 16510 27400 0.403 0.262 
PB-112 0.0194 155 13410 24300 0.365 0.261 
PB-107 0.0205 147 13470 23100 0.329 0.220 
PB-l08 0.0203 148 13480 23300 0.335 0.261 
PB-115 0.0160 188 9310 20500 0.374 0.262 
PB-l1'7 0.0185 1~ 9460 21500 0.405 0.310 
PB-119 0.0104 289 3370 l1<lOO 0.324 0.284 
PlJ..121 0.0100 300 3600 12700 0.369 0.287 

Remark-

Seam on !l.A. 

" " " 
" " " 
" " " 
" " " 
" " " 
" " T. aide 
n " C. sid. 

" " " " I 

" II T. and C. Sides i 

" " " " " .. 
" " " " " " 
" " II " " " 
" " " " " " 
" " " II " " 

z » o 
» 
1-3 
2: 

~ 
o 

co 
U1 
-..J 

CH ..... 



spec. t L 
Woo (in. ) (in. ) 

PB-~3 0.0212 34.0 
PB-~3B " " 
PB-14 0.0203 16.0 
PE-HB " " 
PB- 56 0.0160 " 
PB-56 B " " 
PB-SS 0.0098 n 

PB-SSB " n 

PB-24 0.0204 12.5 
PB-24B " to 

PB-31 0.0164 " 
PB-37B " " 
PB-39 0.0095 " 
PB-39B " n 

PB-5 0.0200 6.5 
PB-5B n " 
PB-6 " " 
PB-6B " " 
PH-18 0.0207 n 

PB-18B " " 
PB-ll 0.0115 " 
PB-UB " " 
PH-17 0.0106 " 
PB-17B " n 

PB-21 " n 

PB-21B " " -
PB-9 0.0198 2.5 
PB-27 0.0200 " 
PB-!i2 0.0161 2.5 
PB-49 0.0095 " 
PB-34 0.0205 1.0 
PB-:s4B " " 
PB-43 0.0163 " 
PH-46 0.0096 " 

TABLE VI 

Bending Strength of Semi-Circular Cylinders. !.. 1. 0 
24S-T )L Z 0.3 E = 10.3 x 106 lb./in. 2 b .. 3.01 in. 

T It pc/t I/po 1ib ~ ~8 

(lb';in.Z) (in.4) (in. 4 ) (in.-lb.) 

1.818 4. 78~ 142.0 11.30 194!50 I 12250 
" It " " 1947!1 12270 

1. 739 4.620 148.2 ".31 19950 13000 
" n " " 18200 11860 

1.369 4.168 188.1 " 15750 11370 
" t1 " " 158CO 11440 

0.835 2:'145 307.0 " 53M 6290 
" " " " 4800 5660 

1.749 4.712 147.!; 4.15 23300 14880 
" " " " 22650 14470 

1.402 4.201 183.4 " 16430 11770 
" " " " 16700 11960 

0.810 2. 009 316.2 " !')BOO 7010 
" ~ " " 5775 5920 

1.714 4. ~SO 150.5 2.16 24000 1~900 

" " " " 23COC 1520C 
n ,. n " 21800 14400 
n " n " 23000 lS200 -

1.773 4.693 145.3 n 26150 16800 
" " " n 24200 1'5500 

1.498 4.:':31 172.0 It 17670 ! 12400 
" " " " 20500 14200 

0.904 2.667 283.7 " 7000 7890 
" n " " 7250 8170 
" 2.716 " " 8370 9280 
" " " " 7250 8040 

1. 969 4.591 I 152.0 0.83 16600 10900 
1.714 4.649 100.5 " 18750 12130 
1.378 4.163 187 0 " 16360 11800 
0.810 2.497 Sl6.1 " 411C 4950 
1.7r;B 4.705 146.9 0.33 225!50 14420 

" n " " 22750 14550 
1.395 4.176 164.6 I " 182S0 13140 
0.818 2.508 .313.0 " 4250 5090 

CT"b ~Po) 1.5 

E t.t 

2.01 
2.01 
2.28 
2.08 
2.85 
2.87 
3.29 
2.96 
2.58 
2.51 
2.84 
2.88 
3.83 
3.75 
2.85 
2.73 
2. !is 
2.73 
2.8'5 
2.63 
2.72 
3.11 
3.66 
3.79 
4.31 
3.73 
1. Q9 
2.17 
c.93 
2.70 
2.49 
2.52 
3.20 
2.74 

I 

L -
Po 

11.30 
" 

">.31 
It 

" 
" ., 
II 

4.15 
" 
II 

n 

n 

" 
2.1f. ., 

n 

" 
" 
" 
I ' 

" 
" 
" 
n 

" 
0.33 

It 

II 

" 
0.33 
" 
" 
" 

I 
I 
I 
I 
! 

I 

z 
:x> 
o 
:x> 
>-3 
2l 

2l 
o 

{() 
01 
-..l 

c,.; 
tv 



Spec. t L 
No. (in. ) (in. ) 

PB-16 0.0208 16.0 
PH-1GB " " 
PB-59 0.0165 " 
PB-59B n n 

PB-25 0.0198 12.5 
PB-25B " " 
PB-40 0.0165 " 
PB-40B " " 
PB-38 0.0095 " 
PB-38B " " 
PB-3 0.0210 6.5 
PB-:5B " tt 

PB-19 0.020!,) " 
PB-19B " " 
PB-10 0.0173 " 
PB-15 0.0106 " 
PB-15B " " 
PB-7 0.0205 2.5 
PH-7B rt " 
PB-28 " " 
PH-28B " " 
PH-53 0.0166 " 
PB-53B " " 
PH-M 0.0100 " 
PH-54B " " 
PB-35 0.0210 1.0 
PB-35B " " 
PB-44 0.0165 " 
PB-4S 0.0094 " 

TABlE VII 

Bending Strength of Semi-Elliptioal Cylinders, £ '" 2.0 
24S-T f-. 0.3 E .. 10.3 x lOS 1b/lu2 b .. 3.01· in. 

Is It Mb 
4 (in.4) Pelt L/po L/a t/a 

(in.-1b.) (in. ) 

3.119 6.029 579 1.33 2.66 0.00346 8000 
" " " " " " 10000 

2.4613 :-:.2'%9 730 " " 0.00274 5940 
" " n " " " 5820 

2.967 5.902 609 1.04 2.08 0.00328 9900 
" II " " " " 1C~0 

2.460 5.261 729 " " 0.00274 7300 
" " " n I' n 6680 

1.418 3.112 1266 " " 0.00158 1'100 
" n " n tt " 1410 

3.1!'i2 6.019 !'i73 0.540 1.08 O. n03!'i0 17700 
tt tt n " n n 15700 

3.070 6.047 587 n n 0.00340 13050 
n " " " n " 15300 

2.591 n.367 696 " " 0.00287 10700 
1. 581 3.:5 59 1133 " " 0.00176 2000 

" " " " " " 2350 
3.074 6.040 588 0.208 0.42 0.00340 9800 

" " " 1ft " " 12400 
" 6 •. 007 n " " " 10250 
" " n " " " 9400 

2.474 5.276 725 II " 0.00276 8840 
" " " " " n 8410 

1.492 ~.2~0 1202 " " 0.00169 1410 

" " " " " n 1340 
S.1!55 6.117 574 0.08:\ 0.17 0.00349 19750 

n n n " " n 21:100 
2.468 5.288 729 " " 0.00274 14000 
1.402 3.078 1280 " " 0.00156 3140 

~ 

Cb O""b (Po) 
(lb./in. 2) E ct 

3990 1. 91 
4990 2.38 
3400 2.30 
3340 2 .26 
5050 2.60 
53~0 2.7fi 
4160 2.80 
3820 2. !58 
1450 2.24 
1360 2.10 
8850 4.15 
7850 3.69 
6 fiOO 3.17 
7630 3.72 
6000 3.77 
1790 2.34 
2100 2.74 
4880 2.3.8 
6190 3.02 
5140 2.51 ' 
4710 2.30 
1>040 3.37 
4800 3.21 
ISle 1.87 
1250 1. 79 
9760 4.60 

10520 4.96 
7950 5.~6 

3080 4.83 

1.5 
L -
Po 

2.d) 
" 
'1 

" 
2. \~: 

" 
" 
I' 

" 
" 

1. oe 
I' 

" 
t! 

" 
" 
" 

0.42 
n 

n 

" 
" .. 
" 
" 

0.17 
n 

n 

" 

z 
;J> 
o 
;p 

-:l 
oz: 
:z: 
o 

(0 
CJ1 
--J 

eN 
eN 



speo. t L 
Woo ( in. ) (in . ) 

PB-26 0.0199 16.0 
PB-51B 0.0158 " 
PB-55B 0.0098 " 
PB-23 0.0206 12.5 
PB-23B fI It 

PB-42 0.0166 " 
PB-42B " " PB-41 0.0093 It 

PB-41B " " 
PB-2 0.0200 6.5 
PB-2B " n 

PB-20 0.0207 " 
PB-20B " " 
PB-1! 0.0175 " 

. PB-13B " " 
PB-22 0.0179 " 
PB-22B " " Pa-1:! 0.01~ " 
PB-12B " " 
Pa-6 0.0199 ~.5 
PB-8B " " 
PB-21 0.0200 " 
PB0029B " " 
PB-!l. 0.0158 " 
PB-!l.B " " 
PB-50 0.0095 2.5 
PB- 50B " " 
PB-36 0. 0212 1.0 
PB-36B " " 
PB-45 0. 0169 " 
PB-47 0.0092 " 

f.A.BLE TIll 

Bending Strength ot S.l-Elliptioal Cllinders, E.. 3.0 
243-T )t-. o.a B . 10. 3 x 106 1bs/in. 2 b. 3.01 in. 

I s I t 
Pelt I/po t / a 

Ilb 
(in . 4) (In. 4) 1/a (In.-lb. ) 

4.256 7.169 1:561 0.590 1. 77 0.00220 5400 
3.375 6.177 1715 " " 0.00175 2430 
2.089 3.812 2760 " " 0.00109 910 
4.410 7.285 1:515 0.461 1.38 0.00231 6000 

" " " " " " 4570 
3.541 6.343 1632 " " 0.00184 !1390 

" " " " " " ~oo 
1.982 3.615 2910 " " (\ 00103 1000 

" " " " " " " 4.284 7.120 1:554 0.240 0.72 0.00221 1630 
" " " " " " 8000 

4.430 7.370 1309 " " 0.00229 $800 
" " " " " " 10400 

3.745 6.549 1.1;49 " " 0.('0194 3900 
" " " " " " 4800 

8.830 6.724 151~ " " 0.00198 3800 
" " " " " " 5900 

2.195 3.978 2625 " " 0.00114 1350 
" " " " " " 1200 

4.262 7.298 1361 0.092 0.28 0.00220 7400 
" " " " " " 8450 

4.284 7.200 1355 " " 0.00221 1650 
It " " It " " 7250 

3.375 6.154 1714 " " 0.00175 UI0 
" " " " " " 2890 

2.025 3.133 2848 0.092 0.26 0.00105 2110 
" " " tI " " 1430 

4 .544 7.532 1279 0.~1 0.11 0.00235 165!'iO 
" " " It " " 16S80 

a . 395 S.295 17~ " " 0.00116 13000 
1.961 3.661 2940 " " 0.00102 2700 

"b 
( lb./in. 2 ) ~ (~)1.5 

E et 

2270 2.13 
IlBO 1.!'i7 
718 1. 95 

-2480 2.21 
1890 1.69 
2'i60 3.16 
3280 2.94 

818 2.40 
" 2.40 

! 3230 3.01 
3(80 3.24 
3600 3.19 
4250 3.76 
1750 2.00 
2210 2.52 
1700 1.87 
2640 2.91 
1020 2.51 

907 2.29 
3050 2.87 
3480 3.27 
3210 2.99 
3040 2.83 
1520 2.02 
1410 1.81 
1750 4-.97 
1150 3. 21 
6620 5.~6 
6750 5.18 
6220 B.18 
2220 6.63 

L -Po 

1. 77 
" 
" 

1.38 
" 
" 
" 
" 
" 

0.72 
" 
" 
" 
" 
" 
" 
" 
" 
" 

0.28 
" 
" 
" 
" 
" n 

n 

0. 11 
" 
" 
" 

, 

z 
> o 
> 
0-3 
Z 

~ o 

to 
(Jl 
-.J 

~ 
.". 



spec. 
No. 

BT-1 
-3 
-5 
-7 
-9 
-9B 
-26 
-28 
-28B 
- 30 
- 32 
- 34 
- 36 
-37 
-38 
- 40 
- 42 
-49 
-51 
-53 
-55 
-51 
-59 
-72 
-74 
-76 
-78 
-80 
-82 

-84 
-84B 
-87 
-87B 

t~ 

"' . 
0.0196 
0.019S 
0.0193 
0.0174 
0.0173 
0.0172 
0.0206 
0.0205 
0. 0200 
0.0206 
0.0165 
0.0168 
0:0169 
0.0166 
0.0100 
0.0099 
0. 0099 
0.0212 
0. 0210 
0.0210 
0.0204 
0.0170 
0.0169 
0.0168 
0.0167 
0.0104 
0.0099 
0.0105 
0.0106 

0.0193 
0.0193 
0.0195 

TABLE IX 

Bending Plus Torsion Tests 
! • 1.0 E. 10.S Jt 106 psi 
A • 40.5 sq.in •• L ·12.5 in. 

-1:, IS It I mJ meb 
mW, 

in , in ." In. ~ hi. lb. I ~ . It. 1.,.lb. 

0.0322 1.679 4.590 10800 11100 10800 
0.0321 1.654 4.548 9600 9850 10600 
0.0.'521 1.65S 4.548 18000 9000 19350 
0.0319 1.489 4.312 9200 9200 9200 
0. 0317 1.481 4.286 9000 9000 9850 
0.0316 1.472 4.267 8600 8650 10000 
0.0321 1. 765 4.698 18000 9000 18000 
0.0321 1.756 • • 686 6800 13300 6800 
0.0320 1.714 4. 622 6100 12300 6100 
0.0320 1.76 5 4. 691 6600 13200 6600 
0.0321 1. 411 4.219 .a00 7600 5000 
0.0317 1. 436 •• 225 ~ 8500 4600 
0. 0318 1.446 4.244 13000 6400 13900 
0 . 0318 1. 419 4.209 H 300 7200 16450 
0.0196 0.8 52 2. 562 1100 2270 1600 
0.0206 0.844 2.623 2800 2730 3000 
0.0208 0.844 2.637 2400 1200 4590 
0.0329 1.819 4.859 2800 13500 2800 
0.0322 1. 801 4. 761 21600 5500 22850 
0.0326 1. 801 4. 782 21000 3500 28900 
0.0324 1.750 4.703 18000 1800 27700 
0.0320 1.456 4.278 1885 9400 1895 
0.0316 1.448 4.24:1 14000 3500 14980 
O.03H 1.438 4.205 13000 2240 19450 
0.0310 1. 429 4.164 15190 3550 17850 
0.0195 0.887 2.599 4800 1460 6510 
0.0196 0.845 2.5M- 500 2500 900 
0.0202 0.895 2.663 4800 800 6320 
0.0206 0.904 2.704 4800 510 6290 

0.0316 1.653 4.513 13550 14000 13550 
0.0316 1.65S 4.513 10670 10700 10910 
0.0315 1.672 4.532 15470 15650 15470 

1'Ylt-. ... 
In. lb. 

11100 
10100 
9850 
9200 
9800 

10000 
9000 

13300 
12300 
13200 
10000 
9200 
6850 
8400 
3200 
~ooo 

2300 
13500 

5900 
4960 
2780 
9400 
3620 
3050 
4800 
1670 
4500 
1170 
600 

14000 
10000 
15550 

0.01950.03151.672
1
4.5321418014400 14180 14400 

. ------
... L· 6. fin 

.... L· 2.5" 

Gb 
rHi. 

7080 
6S50 

11920 
6420 
6320 
6060 

11540 
4370 
3980 
4250 
28 50 
3140 
9210 

10280 
1290 
3210 
2740 
1740 

13660 
13230 
11520 
1330 
9940 
9300 

10980 
5580 

590 
5420 
5S30 

9040 
7140 

10290 
9920 

Ct'1(. Obh.- ()~. -r;; Tw, Cl"bo !b 7:4c.. ...:,'. bil. DSi . 11'1' olio b" asi 

6990 7080 6i90 H030 0.504 0.504 8360 8S60 
6S00 7020 6.60 13150 0.462 0.462 8100 8100 
6760 12800 6290 13750 0.866 0.931 8100 8100 
65Z0 6420 652Q 11700 0.549 0.549 7580 7580 
6420 6920 7000 11660 0.542 0.594 7490 7490 
6210 7050 7180 11600 0.522 0.608 7410 7UO 
5390 11540 5390 15230 0.757 0.757 8940 8940 
8000 4370 8000 H970 0.292 0.292 8860 8860 
7560 3980 7560 14570 0.273 0 . 273 8430 8430 
7860 . 250 7850 1 5230 0.279 0.279 8940 8940 
6720 3560 7540 10900 0.261 0 . 327 7180 7180 
62150 3280 6780 11160 0.281 0.294 7440 7440 
4670 9900 5000 HHO 0.820 0. 881 7520 7520 
5S60 11750 6260 11060 0.929 1.061 7260 7260 
2810 1880 3960 5120 0.252 0.387 3950 3950 
3410 3450 315Q 5060 0.636 0.682 3870 3870 
1500 5240 288Q 5060 0.542 1.0:55 3870 3870 
7850 1740 7850 15840 0.110 0.110 8880 8880 
3220 14400 3490 15850 0.873 0. 920 8710 8710 
2050 18110 291Q 15650 0.844 1.156 8710 8710 
1080 17750 1660 H880 0.774 1.192 8780 8780 
6830 -1375 6830 11290 0.118 0.122 7620 7620 
2660 106~ 2640 11200 0.887 0.949 7530 7530 
1650 13850 2240 11200 0.831 1.240 7440 7440 
2630 12930 3550 11120 0.986 1.161 7350 7350 
1740 1550 2010 5470 1.016 1.380 4210 4210 
3130 ,1060 5930 5210 0.113 0.204 3880 3880 

940 7130 ~80 55S0 0.980 1.290 4290 4290 
, 600 -6990 700 5610 0.950 1.245 4370 4370 

8950 9040 8950 13750 0.658 0.658 6820 6820 
6840 7310 6840 13750 0.519 0.5S2 6820 6820 
,9840 10290 984.0 14040 0.733 0.733 6580 6580 
,9100 9.20 9100 14040 0.671 0.671 6580 6580 

- ! 7: I c:x, t. Mb I MI(. 
'-~d '''<..li1.11: in. ' 

0.836 0.8S6 3960 3960 
0.778 0.798 3490 3860 
0.711 0.777 6540 7030 
0.855 0.855 3170 3170 
0.857 0.934 :noo 3410 
0.8S8 0.969 2970 3450 
0.603 0.603 6760 6760 
0.903 0.903 2550 2550 
0.897 0.897 2260 2260 
0.931 0.931 2480 2480 
0.797 1.050 1340 1670 
0.840 0.911 1 500 1500 
0.622 0.666 4430 4730 
0.738 0. 86 2 4820 5550 
0.712 1.001 336 53 2 
0. 882 0.969 900 965 
0. 388 0.744 768 1470 
0.884 0.884 1040 1040 
0.370 0.401 8180 8640 
0. 23 5 0. 334 7910 10890 
0.123 0.189 6690 10300 
0.896 0.896 646 649 
0.340 0 .351 4780 5110 
0.222 0.301 4HO 6650 
0.358 0.483 5200 6120 
0.413 0.477 1640 2220 
0.806 1.450 165 298 
0.219 0.322 1610 2120 
0.137 0.160 1600 2100 

1.311 1.311 4960 4960 
1.004 1.004 3910 3910 
1.495 2.131 5710 5710 
1.382 1.382 5230 5230 

~ me", 
0.332 
0.354 
0.727 
0.345 
01346 
0.344 
0.753 
0.192 
0. 184 
0. 188 
0.176 
0.176 
0. 693 
0.669 
0.161 
0.330 
0.640 
0.077 
1.487 
2.260 
3.715 
0 . 06~ 

1.366 
1.982 
1.465 
1.124 
0.066 
2.013 
3.16 

0.354 
0.399 
0.367 
0.363 

~ ffltLL. 

0.332 
0.382 
0.714 
0.345 
0.348 
0. 345 
0.75S 
0.192 
0. -184 
0.188 
0.167 
0. 169 
0. 690 
0.66 1 
0.166 
0.321 
0.640 
0.077 
1. 466 
2.198 
3.708 
0. 069 
1.411 
2 .180 
1.275 
1.328 
0.066 
1.810 
3.50 

0.354 ... 
0.399 ... 
0. 367 ... .... 
0.363 $<I< 

z 
~ 
> ., 
Z 

Z 
o . 
to 
(Jl 
-oJ 

~ 
(Jl 



TABLE X 

Bending Plus Torsion Tests 
E. • 2.0 E· 10.3 x 106 psi 

J,. ·68.9 L. 12.5 in. 

Spec.. ts tc. r~ It rnb I mJ mJ mt~1 
Ho . ~ 

I~.· I." 11'1. 

BT-2 0.0196 0.0321 
-4 0.0195 0.0319 
-6 0.0194 0.0319 
-8 0.0175 0.0320 
-10 0.0178 0.0319 
-12 0.0209 0.0320 
-14 0.0208 0.0321 
-16 0.0206 0.0316 
-18 0.0169 0.0317 
-20 0.0169 0.0319 
-22 0.0167 0.0313 
-24 0.0112 0.0318 
-39 0.0099 0.0209 
-43 0.0101 0.0209 
-45 0.0101 0.0204 
-61 0.0201 0.0320 
-63 0.0207 0.0321 
-66 0.0207 0.0322 
-66 0.0201 0.0323 
-69 0.0169 0.0311 
-71 0.0101 0.0205 
-711 0.0103 0.02015 
-77 0.0170 0.03111 
-83 0.0170 0.0312 

-811 0.0196 0.0321 
.. 85A 0.0190 0.0321 
.. 88 0.0194 o.on8 
-8eA 0.0194 0.0318 

• L '" 6. 5" 
•• L '" 2.5" 

..,. 
2.939 
2.924 
2.909 
2.621 
2.666 
3.134 
.3 .119 
3.089 
2.631 
2.631 
2.601 
2.1\16 
1.477 
1.507 
1.501 
3.100 
3.100 
3.100 
3.100 
2.523 
1.509 
1.538 
2.543 
2. S4.l5 

2.93S 
2.985 
2..905 
2.905 

In. lb. :1'1. lb. ,'".14. ,~. lb. 

5.842 6400 6500 13000 13000 
5.810 6000 6000 12000 11820 
5.792 7200 3700 15700 8000 
5.454 6800 6700 10300 10450 
6.1501 6600 7000 11000 11000 
6.068 6000 5000 19800 9700 
6.057 .000 8000 1400 15t00 
5.986 4000 8000 1700 15100 
5.326 4000 2000 16000 8000 
5.339 6000 3000 15600 1650 
15.260 2800 6850 5660 10950 
5.388 3000 6000 6200 12600 
3.278 600 1200 2000 3890 
3.313 1800 860 5900 2880 
3.217 1710 860 6020 3070 
6.035 1600 8000 3400 16250 
6.038 10150 2110 2.000 6100 
6.042 9000 HiOO 24980 -4340 
6.068 7000 700 27600 2180 
11.273 1600 8000 2600 U200 
11.288 500 2600 1000 4700 
3.321 1600 400 71510 1670 
15.3211 8140 1120 21000 lII500 
15.S011 5000 500 23020 2270 

5.840 8000 8000 12000 12000 
5.840 1660 8000 16100 16060 
5.785 10000 10000 16000 16000 
5.185 8980 8880 19380 19500 

--

Ob z;, 
10'" ",.. 

3300 2420 
3100 2120 
3740 1380 
3750 2780 
3610 2860 
2980 1740 
1990 2800 
2010 2840 
2260 860 
3380 1300 
1605 2480 
1680 2520 

550 B90' 
1840 810 
1680 620 

800 2800 
!i060 740 
41500 530 
3480 240 

920 4310 
~o 1810 

1460 280 
4620 490 
2850 210 

(140 2980 
3960 2980 
5220 3140 
4640 3300 

~ ?:~ o;J ~j 
'Sl ,., /0, j ."i . 

T4t, 
;,.'. 

(j~1 
b. 

a-tJ 
6890 4840 5300 3540 5560 0.622 1.300 
6250 4250 5290 3510 5510 0.686 1.181 
8160 3000 5250 3470 5460 0.712 1.55t 
5680 4340 4270 2930 5040 0.878 1.330 
6020 4460 4400 3030 5220 0.820 1.367 
9850 3390 5590 3900 6040 0.633 1. 761 
3680 5400 5560 3850 5980 0.356 0.662 
3880 5320 5t70 3780 5860 0.367 0.709 
9040 3440 4070 2810 4890 0.6615 2.220 
8800 3310 4010 2810 .a90 '0.830 2.160 
3240 4790 4000 2750 4780 0.401 0.BI0 
3480 5320 4170 2920 4880 0.403 0.835 
1840 2860 1880 1480 2580 0.328 1.095 
5380 2060 1870 1540 2600 0.877 2.869 
5640 2200 1870 1540 2600 0.845 2.962 
1700 5700 5480 3800 6360 0.146 0.310 

12020 2140 M8Q 3800 6360 0.924 2.193 
12480 1520 548<) 3800 6360 0.821 2.271 
13700 970 MBO 3800 6360 0.6311 2.500 

1480 &680 4070 2810 4890 0.226 0.S64 
920 3400 1870 lMO 2600 O.22!1 0.492 

6600 1180 1920 1870 2120 0.760 S.540 
11860 1490 410d 2880 4760 1.1211 2.892 
13100 970 4110 !81!O 4760 0.694 3.16i 

6200 4-440 5120 6550 6060 0.168 1.150 
8340 59.0 4890 6240 7740 0.810 1.7015 
8370 159150 5420 1440 11180 0.H3 1.151115 

101S0 7250 5420 8050 12390 0.81!e l.8TS 

76£1 ~h ~J 
'4" r,;, I~, '0 

0.684 0.869 3220 
0,604 0.772 3020 
0.398 0.549 3620 
0.950 0.862 3270 
0.946 0.854 3190 
0.446 0.561 3100 
0.729 0.904 2060 
0.751 0.909 2060 
0.306 0.104 1900 
0.463 0.676 2860 
0.903 1.001 1330 
0.862 1.090 1430 
0.595 1.109 270 
0.396 0.793 820 
0.40:1 0.846 790 
0.737 0.896 820 
0.194 0.336 6210 
0.139 0.239 4620 
6'.063 0.152 3680 
1.632 1.160 770 
1.1715 1.309 230 
0.178 0.434 740 
0.172 0.313 3890 
0.07( 0.02( 2400 

0.452 0.1151 4020 
0.474 0.770 3860 
0.15Ol5 0.534 5020 
0 .411 0.585 4610 

" 

~J ~ \ M%I1-~ 
"." Ib . t" 17lt ... E. Ob" 

6530 0.495 0.502 0.650 
6040 0.504 0.590 0.590 
7880 0.979 0.984 0.777 
4960 0.488 0.47A 0.665 
5:330 0.456 0.484 0.684 

10230 0.620 1.054 0.880 
3810 0.258 0.333 0.331 
3970 0.268 0.263 0.354 
1600 0.960 0.950 1.110 
1400 0.950 0.966 1.080 
2690 0.236 0.246 0.406 
2980 0.238 0.235 0.418 
900 0.225 0.231 0.547 

2680 0.9M 0.938 1.434 
2770 0.918 0.902 1.481 
1750 0.102 0.109 0.165 

12310 2.465 2.020 1.096 
12810 3.082 2.955 1.136 
14100 5.110 5.070 1.250 
1240 0.096 0.094 0.182 

460 0.092 0.098 0.246 
3480 1.850 2.080 1.770 

10030 :5.470 2.8615 1.446 
11050 4.800 4.865 1. 594 

6030 0.503 0.502 0.516 • 
8090 0.48S 0.604 0.852 • 
8040 0.502 0.502 0.778 •• 
97~0 0.610 0.499 0.936 •• 

;; 
a 
> 
t-"'J 
~ 

~ o 

CD 
(]l 
-.J 

VI 
(J) 



S~c, t~ -tc.. 
No, 

''"'' i ... . 

BT-11 0.0191 0.0318 
-13 0.0193 0.0318 
-15 0.0202 0.0316 
-17 0.0206 0.0l517 
-19 0.0206 0.0l519 
-19A 0.0204 0.0322 
-21 0.0198 0.0317 
-23 0.0178 0.0317 
-25 0.0166 0.0308 
-27 0.0174 0.0318 
-29 0.01'13 0.0315 
-31 0.017 5 0.0319 
-33 0.0170 0. 0321 
-44 0.0099 0.0206 
-46 0.0100 0.0202 
-47 0.0098 0.0203 
-48 0.0212 0.0116 
-50 0 . 0211 0.0318 
-52 0. 0211 0.0326 
-64 0. 0202 0.0327 
-64A 0. 0202 0.0327 
-56 0 . 0111 0.0319 
-58 0.0170 0.0312 
-60 0.0170 0.0319 
-62 0.0168 0.0320 
-64 0.0100 0.0205 
-67 0.0100 0.0203 
-68 0.0099 0.0200 
-70 0.0100 0;()100 

-8a 0.0193 0.0319 
-86J. 0.0193 0.0319 
-89 0.0195 0.0317 
-89J. 0.0195 0.Q817 

• L - 6.5-

•• L. 2.5" 

TABlE XI 
Bending Plus Tor.ion Tests 

£ • 3.0 E. 10.3 It loS psi 
A • 97.4 Iq.in •• L. 12.5 in. 

I; It hi.. ...,~ "hll. 
~~ i ...... ·1W\.'4 ·", . Ib. ,,,. Ib. 1;'.11" 

4.219 7.104 4650 4900 15700 15600 
4.134 7.007 5000 4850 15700 16650 
4.321 7.212 l5850 3000 22000 11000 
4.412 7.316 4200 2100 20000 10000 
4.412 7.331 3600 7850 9000 17700 
4.369 7.304 3400 7100 8650 17100 
4.241 7.122 3000 6000 8250 16850 
3.809 6.629 2500 1600 13200 1UOO 
3.548 8.266 2000 4000 7oloo 15000 
3.723 6.538 2000 4000 1650 15050 
3.702 6.492 2800 2900 12650 12600 
3.744 6.510 4000 2000 17100 8800 
3.638 6.463 2000 1030 18400 9200 
2.110 3.890 700 1400 2370 4720 
2.131 3.884 900 900 3800 3800 
2.089 3.843 1260 640 4320 2220 
4.550 7.469 1700 8500 3730 18100 
4.526 7.461 4000 1000 20000 5000 
4. 526 7.509 7240 1190 20500 3500 
4.330 7.295 3000 SOO 19040 2000 
4.330 7.295 8000 800 24950 2500 
3.657 6.477 1100 fi600 2850 14Z00 
3.633 6.393 1540 400 17800 U'1O 
3.633 6.452 3580 600 18600 3260 
3.583 6.400 lS40 250 20900 2200 
2.1l5l 3.906 450 2250 1000 5000 
2.131 3.890 1200 300 6160 1730 
2.110 3.865 1500 250 .7260 1230 
2.131 3.870 1500 250 .6690 900 

4.140 7.023 4000 4000 12000 12000 
4.140 7.023 6000 5200 17020 17300 
4.180 7.055 8000 8000 18000 18000 
4.180 7.055 7000 1000 18410 24300 

CJb -z; 0-, Z'''' 
KISt' Hi, ns; , psi, 

1970 1280 6650 4040 
2150 1280 6750 4150 
2450 760 ~190 2790 
1740 5."50 8UO 2480 
1480 1950 3700 4400 
1400 1780 3550 4280 
1270 1'i10 3480 4260 
1140 taO 6020 3820 

960 1240 3660 4650 
920 1180 3540 4450 

1300 860 5900 3750 
1840 590 8120 2580 

930 310 8510 2790 
540 730 1840 2440 
710 460 2960 1960 
990 340 3370 1150 
690 2050 1510 4360 

1620 240 8110 1220 
2890 290 8080 850 
1240 80 7900 S10 
3320 200 10310 640 

510 1680 1320 4260 
730 120 8&10 1320 

life 180 8650 990 
630 80 9850 670 
350 1160 770 2570 
930 160 4780 890 

1170 130 5640 640 
1160. 130 5180 460 

1720 1060 5180 3200 
2560 1390 7300 4620 
3440 2100 7130 4750 
3000 1840 7900 6420 

Ok (J1;. ~ 'Zh... ~; ~ t _11}" , '~ .,1 ~I; -"'-
2820 0.69' 2.3l58 1920 taOO 0.666 0.878 
2730 0.78: 2.412 1890 4540 0.877 0.914 
2920 0.83 3.147 1960 4700 0.388 0.594 
3010 O. S'TS 2.734 2010 4750 0.264 0.522 
3010 0.49. 1.229 2010 4750 0.970 0.926 
2960 0.47S 1.199 1970 4660 0.904 0.918 
2830 o·"t 1.230 1940 ta50 0.178 0.916 
2420 0.47 2.488 2220 5490 0.207 0.696 
2180 0.440 1.633 1560 3810 0.795 1.220 
2330 0.39$ 1.519 1680 4090 0.702 1.088 
2310 O.66S 2.5~ 1660 4040 0.518 0.928 
2350 0.76S 3.485 1700 4140 0.347 0.6U 
2260 0.41& 3.765 1620 4000 0.191 0.698 
1000 0.54¢ 1.840 840 2070 0.869 1.179 
1020 0.6g¢ 2.902 860 2110 0.535 0.929 

990 1.000 3.404 820 2020 0.415 0.569 
3140 0.220 0.481 2100 5040 0.976 0.865 
3120 0.5U 2.&;9 2080 4990 0.115 0.244 
3120 0.92~ 2. l589 2080 4990 0.058 0.lt4 
2920 O.t! 2.705 1960 4700 0.041 0.108 
2920 1.137 3.5."51 1960 4700 0.102 0.136 
2270 0.226 0.581 1640 4050 1.024 1.052 
2260 0.32$ 3.721 1620 4000 0.074 0.330 
2260 0.73, 3.827 1620 4000 0.111 0.248 
2210 0.285 4.451 1580 3900 0.051 0.172 
1020 0.34$ 0.715S 860 2110 1.348 1.218 
1020 0.912 4.686. 860 2110 0.168 0.422 
1000 1.170 5.640 840 2070 0.15S 0.309 
1020 1.137 5.018 860 2110 0.151. 0.218 

2730 0.6S0 1.896 2640 6000 0.417 O. &'54 
2730 0.937 2.171 2MO 6000 0.541 0.771 
3510 0.980 2.200 5."530 10020 0.39, 0.474 
3510 0.818 2;249 5."530 10020 0.3(6 0.640 

MJ. ,14.1 ~I '! ".,.,1., In,lb. "tb ''t 

2760 9330 0.664 0.598 
2940 9250 0.606 0.591 
3510 13200 1.170 1.200 
25."50 12080 1.204 1.208 
2160 ~O 0.276 0.307 
2030 5170 0.286 0.303 
U90 4910 0.298 0.292 
1440 7590 0.900 0.515 
1130 4180 0. 283 0.219 
1140 4360 0.285 0.289 
1600 7210 0.661 0.512 
2280 10090 1.140 1.146 
1120 10840 1.089 1.126 
380 1290 0.272 0.213 
490 2080 0.545 0.548 
690 2350 1.079 1.069 

1040 2280 0.123 0.126 
2430 12130 2.430 2.430 
'-'560 12350 3.661 3. &'50 
1780 11310 5.940 5.660 
4750 14810 5.940 5.940 
620 1810 0.111 0.113 
870 10110 2.175 2.l5l4 

2020 10480 3.365 3.215 
750 11700 3.000 5.320 
250 550 0.111 0.110 
660 3380 2.200 1.952 
820 3950 3.280 3.210 

1380 3680 5.520 4.090 

2360 1070 0.690 0.589 
3500 10030 0.679 0.580 
4140 10660 0.593 0.593 
4150 10890 0.593 0.692 

l.~ 
[. <Tc., 

0.786 
0.824 
1.049 
0.911 
0.410 
0.400 
0.410 
0.829 
0.544 
0.506 
0.851 
1.152 
1.255 
0.613 
0.967 
1.135 . 
0.160 
0.866 
0.863 
0.902 
1.177 
0~194 
1.240 
1.276 
1.486 
0.252 
1. 562 
1.880 
1.693 

0.632 
0.890 
0.733 
0.750 

i 

• 

• 
• •• •• 

I2l 

~ »-
.-,1 
I2l 

2$ 
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TABLE XII 

Bending P1ua Direct Shear Teata 

£ • 1.0 E • 10.3 x loS psi 
b • 3.01" • a, L • 6.5" except where noted 

Spu. ta Is . It As t F II 'b Vb Obo 
01, - -

Wo. in. in4 in4 .q .in. in. lb. n. psi psi psi Ob Q 

BS-10 0.0215 l.8U 5.161 0.'01 U.6 1570 1.131 3850 13390 16430 0.81' 
-11 " " " .. 80.0 310 9.496 760 14410 " 0.677 
-l1B " " " " 60.0 270 9.496 660 12fi90 " 0.160 
-12 " " 5.406 " 29.1 1!;() 3.292 1840 12120 " 0.138 
-12B " " 5.650 " 29.1 1170 3.1'50 3870 18140 " 1.lOi 
-lS " " " " 38.3 640 4.1~ 1570 13050 " 0.18' 
-UB " " " " 38.S 820 4.11l.'5 2010 16710 ." 1. 018 
-15B " " 5.650 " SS.l 610 6.152 1500 17230 " 1.048 
-16 " " " " 4.9 2350 0.529 5760 6140 " 0.3" 
-11 0.0165 1.411 5.089 0.312 4.9 960 0.451 3080 2780 11130 0.250 
-18 " " " " 10.1 li40 0.931 :5650 6810 " 0.611 
-19 " " " " 14.6 1~0 1.U6 3330 8990 " 0.807 
-20 0.0220 1.881 5.204 o.n. 10.1 2620 1.210 6300 1/;210 11050 0.891 
-21 0.0215 1.844 5.181 0.407 64.8 apiO 7.100 860 13220 16~0 0.805 
-UB " " " " 32.5 1050 3.865 2580 19900 16430' 1.211 
-22 (). 016 5 1.411 5.089 0.312 10.1 1:530 0.931 4260 1960 11130 0.7U 
-23 " " " " 19.8 300 7.360 960 14150 " 1.210 
-23B " " " " 59.2 260 5.460 ~O 9100 " 0.816 

-2' " " " " 38.4 380 3.MO 1220 8630 " 0.114. 
-24B " " " " 38.4. 3'0 3.540 1090 1730 " 0.69' 
-25 It " " " 36.1 690 3.330 2210 14710 " 1.320 
-64 0.0101 0.881 2.161 0.191 19.8 62 10.52 320 6870 6S50 1.282 
-648 It " " " " 64 10.52 340 7100 " 1.321 
-65 " " 2.624 " 59.4 98 6.41 510 6690 " 1.280 
-65B " " If " " 15 6.47 390 5110 " 0.95/5 
~6 0.0100 0.852 2. fi54 0.189 41.0 130 4.060 690 6290 Fil60 1.221 
-66B " " " " " 114 " 600 5510 5HiO 1.070 
-61 0.010:5 0.878 2.611 0.194 29.6 200 3.250 1000 6830 5750 1.181 
-61B " " " " " 160 " 820 5460 5750 0.950 . 
-68 0.0100 0.852 2. 583 0.189 19.8 310 2.170 1640 71'50 5150 1.S88 
-68B " It " " It 260 " 1310 5990 5150 1.181 
-6~ " " 2.590 " 9.9 310 1. 081 1640 3570 5150 0.6t2 
-10 0.0101 0.861 2.617 0.191 " 350 1.084 18S0 3990 ~50 0.718 

• -57B 0.0196 1.679 4.456 0.371 19.9 310 9.800 840 16420 14510 LUI 
• -588 0.0205 1.156 4.607 0.388 14.2 1690 1. 790 4350 15650 15260 1.021 
• -59 0.0100 0.862 2.583 0.189 41 •• 120 4.540 630 5790 5150 1.126 
• -69B " " " " 19.9 ~OO 2.185 1590 6960 5150 1.360 

• L • 16.0 in. 



NACA Tl~ No. 957 

Spec. ts 
No. in. 

BS-37 0.0200 
-37B " 
-38 0.0210 
-39 " 
-39B tt 

-40 " 
-40B " 
-41 " 
-418 " 
-41C " 
-71 0.0104 
-71B " 
-73 0.0103 
-73B " 
-74 0.0104 
-74B " 
-76 " 
-76B " 
-78 0.0102 
-78B II 

-80 0.0100 
-80B " 
-82 " 
-82B " 
-84 0.0175 
-84B " 
-86 0.0174 
-86B " 
-87 0.0173 
-87B " 
-89 0.0170 
-89B " 
-91 0.0172 
-91B " 
-93 " 
-93B " 
-95 " 

• -60 0.0199 
• -60B " 
• -61 0.0099 
• -61B " 

• L • 16.0 in. 

TABLE XIII 

Bending Plus Shear Tests 

C. .. 2.0 E os 10. 3 x 106 psi 
b • 3.01 in. a '" 6.02 in. 
L = 6.5 in. except where noted 

Is It As j F 

in~ in1= sq . in. in. lb . 

2.999 5.83 fi 0.583 79.8 150 
" tt " tt 230 

3.152 6.019 0.613 10.1 1!510 ' 
" tt " 23.0 590 
tt tt " " 780 
tt " " 35.6 400 
" " " " 370 
" " " SO.4 340 
" " " 64.8 220 
" " tt 4.9 1510 

1.552 3.266 0.303 8.0 370 

" " " 8.2 280 
1.~7 3.262 0.300 14.4 1 50 

" " " " 170 
1.~52 3.213 0.303 ·19.5 120 

" " " " 140 
II tt " 28.9 140 
" " " " 140 

1. 522 3.281 0.297 41. 2 75 
" " " " 75 

1.492 3.223 0.291 59.1 32 
" " " " 47 

" " " 79.8 35 
" II " " 38 

2.621 5.490 0.510 79.8 170 

" " " " 170 
2.606 5.472 O. S07 59.4 220 

" " " " 210 
2.591 5.396 o. S04 38.5 250 

" " " " 320 
2.546 5.313 0.496 23.4 390 

" " II "' 440 
2.576 5.356 0. 501 19.5 44'0 

II " " " 620 
" " " 14.4 710 
tt " " " 110 

" " " 4.9 1080 

2.984 5.889 0. 580 24.6 620 

" tt tt 14.5 880 
1.471 3.205 0.288 29.0 95 

" " " 14.5 200 

39 

M 'lb <Jb a; a-
- 0 b 
Fb psi psi psi Ob 0 

13.32 260 6180 !5260 1.172 
" 400 9360 tt 1.780 

1. 76 2470 7670 5670 1.355 
4.00 960 6710 I " 1.183 

tt 1270 8870 tt 1. 565 
6 .18 650 7120 " 1.255 
" 600 6590 i " 1.161 

8.76 560 8560 I " 1.510 
11. 26 360 7140 ; " 1. 529 
0.85 2460 3700 " 0.652 
1.26 1220 2760 

f 
1970 1.401 

1.30 920 2140 , " 1.087 
2.26 SOo 1990 I 1950 1.020 

" 570 2020 " 1.035 
3.08 400 21M I 1970 ) 1.091 

" 460 2510 " 1.272 
4.53 460 3720 I " 1.889 
" 460 3720 " 1.889 

6.37 250 28:50 , 1920 1.471 
tt 250 2830 " 1.472 

9.10 110 1710 I 1860 0.951 
" 165 2590 I II , 1.391 

12.26 120 2610 II 1.402 

" 130 2830 " 1. 510 
12.65 330 7440 4310 1.725 

" 330 ! 1440 " 1.725 
9.41 430 7190 4210 1.681 

" 410 6860 " 1.605 
6.15 500 5380 4240 1.269 
" 640 6880 " 1.621 

3.73 790 5160 4130 1.220 
" 890 !'i830 " 1.378 

3.12 880 4820 4200 1.148 

" 1240 6800 II 1.619 
2.29 1420 5740 " 1.366 

" 1540 6240 tt 1.485 
0.11 2160 2910 " 0.101 

4.14 1070 7790 5220 1.491 
2. 44 1520 6~0 " 1.250 
4.44 310 ?590 1830 1.415 
2.22 170 2120 " 1.486 



NACA TN No . 95'1 

Spec. ts 
No. in. 

BS-S4 0.0200 
-34B tI 

-35 " 
-35B .. 
-36 .. 
-36B " 
-56 0.0197 
-568 " 
-72 0.0101 
-75 0.0105 
-758 " 
-77 0.0104 
-77B .. 
-79 " 
-79B " 
-81 0.0101 
-81B " 
-83 0.0100 
-83B " 
-85 0.0104 
-858 II 

-88 0.0178 
-88B II 

-90 0.0170 
-90B " 
-92 0.0175 
-92B " 
-94 0.0179 
-94B " 
-96 0.0175 
-96B n 

-97 0.0173 
-97B n 

-98 " 
-98B n 

• -28 0.0200 
• -28B " 
• -29 

tI 

• -29B " 
• -30 " 
• -30B 

n 

• -31 
II 

• -32 " 
• -33 " 
• -338 

II 

• -62 0.0197 
• -63 0.0100 

TABLE XIV 
Bending ?lus Direct Shear Tests 
f, = 3. 0, E = 10. :3 x 106 ps i 
b = 3.01 in. I a = 9.03 in. 
L = 6.5 i n. except where noted 

Is It As i F 

i n4 in4 sq . in . in. lb. 

4.284 7.120 0.804 19.6 480 
tI " " " 920 
" " " 35.6 260 
" " It 68.9 110 
" " .. 10.1 970 
" tI " " 1520 

4.219 7.089 0.792 53.1 HiO 

" " " 77.5 120 
2.152 3.879 0.405 10.1 130 
2.238 3.955 0.421 19.5 110 

" tI .. .. 100 
2.216 3.952 0.417 23.4 100 

" " .. " 74 

" .. .. 29.6 120 
" " " " 81 

2.H2 3.886 0.405 47.4 48 
" .. " " 41 

2.131 3.891 0.401 59.4 87 .. .. .. " 53 
2.216 3.980 0. 417 79.8 97 

" .. " " 46 
3.809 6.636 0.715 79.8 90 

II II " II 90 
3.638 6.405 0.683 59.3 120 .. " " .. 100 
3.745 6.549 0.703 38.5 145 .. .. II .. 185 
3.830 6.660 0.719 29 . 6 215 

" .. " .. 295 
3.745 6.572 0.703 19.5 385 

" 1.1 " " 370 
3.702 6.485 0.695 14.3 470 

" n " n 370 

" " " 9. 8 620 
" " n " 680 

4.284 7.120 0.804 89.4 110 
" n " " 95 .. " " 19.6 670 

" " " " 430 
" " " 35.6 330 

" " " " 330 
II II " 41.9 230 

" " " 68.9 145 

" " " 1'i3 • 8 115 

" .. .. " 195 
4.219 7.133 0.792 15.4 620 
2.121 3.884 0.401 24 . 0 85 

40 

M - ' b Lib ~o "b 
Fb psi psi psi Obo 

3.294 600 3970 2920 1.360 
" 1150 7620 " 2.605 

7.122 325 3920 " 1.341 
13.78 135 3210 .. 1.099 

2.025 1210 4140 " 1.418 
tI 1890 6490 " 2.220 

10.50 190 3380 2820 1.199 
15.33 150 3920 .. 1.390 
1.870 320 1020 1040 0.981 
3.670 260 1630 1100 1.469 .. 240 1480 .. 1.333 
4.363 240 1780 1090 1.631 .. 175 1320 " 1.211 
5.505 290 2710 " 2.485 .. 195 1830 " 1.679 
8.732 120 1720 1040 1.652 .. 100 1470 .. 1.413 

10.84 215 4000 1030 2.880 
II 130 2440 II 2.370 

14.79 230 5850 1090 5.360 
II 110 2780 .. 2.550 

15.22 125 3260 2480 1.312 .. 125 3260 " 1.312 
11. 20 175 3330 2270 1.466 

n 145 2780 .. 1.223 
7.315 205 2570 2370 1.083 

II 265 3270 .. 1.380 
5.662 300 2910 2460 1.181 

n 410 3990 " 1.621 
3.694 550 3440 3280 1.445 

" 530 3310 .. 1.432 
2.715 680 3130 2340 1.338 

n ~O 2440 .. 1.041 
1.859 890 2820 " 1.203 

" 980 3100 " 1.324 

17.87 135 4160 2850 1.459 

" 120 3590 " 1.260 
3.924 840 5550 " 1.948 

" ~O 3570 " 1.252 
7.122 410 4960 " 1.740 

" 410 4960 " 1.740 
9. ~3 290 4650 " 1.631 

13 . 71 180 4230 n 1.482 
10.74 145 2620 " 0.912 

II 245 4440 " 1.558 
3.034 770 4030 2790 1.443 
4.376 210 1580 1010 1. 564 
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Figure 1.- Typical tensile stress-strair. curves for 24S-T 
aluminum alloy sheet used in epeci~ens. 

N 

~ 
....... 
In 
...J 

U) 

Q 
x 
UJ 

N 
?; 
....... 

12 .r 

10 .r 

8. 0 

8 

)() ~~ 
b~ 

6 OO<X 

60000 
N 
~ 
....... 

~ 50000 
b>' 

~ 
II 

~ ~ 

G'-WITH GRAIN 
"----- X -ACROSS GRAIN 

I 
L-::;:::: ~ Ii'-

I 
t 

11 I I I 

r- <!) 
_ ... 
a 

II!. r-

L 1 40000 1 J I 1 

"*' 
lit 

. j 

I I 
Jl 

• 
l 

L 1 
o 0.01 0.0l 0.03 

t ,IN. 

I 
I 

~ 

, 

, 

.. 
X 

I 

-
~ 

" 
I 

0.04 0.05 

Figure 2.- Tensile properties of 24&-T aluminum alloy 
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~---'---- a-~ 

0=3.01 FOR e= 1.0 I 

1:6.02" e =2.0 
=9.03 .. € =3.0 

Fig. 3a,b 

COVER SHEET 
THICKNESS=tc 

SKIN SHEET 
THICKNESS=ts 

TOTAL CROSS-HATCHED AREA 
CORRESPONDS TO"A"N TORSION 
EQUATIONS A=40.5 SQ. IN. FOR C = 1.0 

=68.9 II II II e =2.0 

SPACER BLOCK 
=974 II II .. £ =3.0 

• 

Figure 3a.- Cross section of specimen. 
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Figure 3c.- .Exposed section of test 
specimen showing details 

of construction. 
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Figure 32.- ~sb for bending plus sbear tests. 
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Figure 33 - ~sb for bending plus sbear tests. 
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Figs. 34 ,30 

Figure 34. - TSb for bending plus shear tests . 
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Figure 35 . - ~sb for bending plus shear tests of semi-circular cylinders . 
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Figure 30.- Buckling stress in compre~sion for bendir.g 
plus shear tests. 

~-2.0 t.-O.OIOIN. 

o L-S.8 1N. /!:.L-I6.0IN. 

Figs. 36,37 

'" 
~ eO 

2 3 

~ 

'" ~ 
4 5 S 7 

--r-- Ii> -
8 ... 9 
v~b 

Fb 

E> 

10 II 12 13 14 15 16 17 18 

Figure 37 . - TSb for bending plus shear tests. 
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Figure 40.- tSb for bending plus snear tests of semi-elliptical cylinders. 
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Figure 4a.- <8b for bending plus shear t ests . 
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Figure 43.- TSb for bending plus shear tests. 
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Figure 45.- TSb for O(njln~ plus shear te ts of '~i-elliptical cyliniers. 


