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TECHNICAL NOTE NO . 696 

TORSIONAL STABILITY OF ALUMINUM ALLOY SEA MLESS TUBING 

By R. L . Moore and D. A. Paul 

SU iv1 :,u\.RY 

Torsion tests were made on 51ST aluminum-allo y sea m
less tubes having diameter-to - thickness ratios of from 77 
to 139 and length-to-diameter ratios of from 1 to 60 . The 
torsional streng ths developed in the tubes which failed 
elastically (all tubes having leng ths greater than 2 to 6 
times the dia meter) were in roost cases wit hin 10 percent 
of the value indicated by the theories of Donnell, 
Timoshenko, and st u rm, ae~uming a condition of simply sup
ported ends. 

I NTRODUCTION 

In the design of aircraft, lightweight trains, tanks, 
and pipe li nes , pr oblems involving the strength of thin 
curvilinear sections subjected to shear are frequently en
countered. Th e strength in such cases is mo re often d e
pendent upon the stability of the section t han upon the 
strength of the ma terial o f which it is co ~posed , and so
lutions are necessarily b a sed upon the results of both 
tests and theoretical anal y ses. A study o f the torsional 
strength of thin-wall cyli ndr ical sectio ns covers the sim
plest case of the g eneral problem and, for that reason, 
this type of section h as been the field for numerous in
vestigations. It is the pur po se of this repo rt to present 
additional experi mental data , obtained from aluminum-alloy 
seamless tubes, and to co mpa re the test results with sev
eral of the existing t h eories of torsional stability. 

In previ ous inve s tigations of the torsional strength 
of round tubing , emphasis was placed upon the determina
tion of: 

1. The shearing properties of wrought aluminum alloys 
(reference 1), and 
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2. The effect of the ratio ' of diamefer to wall thick-

ness (D/t) upon . the torsional strength of 
tubes of approximately the same length (refer
ence 2). 

Although the length of tubing is usually not considered 
as a variable factor in tests to determine shearing prop
erties (reference 3), it does have an important bearing, 
within limits, upon the torsional strength of tubing t nat 
fails because of e l astic instability. 

In 1933, L . H. Donnell (ref er ence 4) presented a t~1e
oretical solution of the torsional-stability p roblem, in
cluding the length factor, and gave numerous experi mental 
data in support of his conclusions . The tests rep orted 
by him were all made on fabricated specimens having lon
gitudinal seams, either lapped or spliced. It see med de
sirable to obtain so me ~xpcrimental data on soamless tub
i ng , particularly as the Aluminum Company has made no 
p revious investigations of this kind . Adde d interest has 
been attached to these tests in view of t h e recent the
oretical analysis made by R . G . Stur m (reference 5), in 
which on e general expression is g iven for t he critical 
s h ear stress for all leng ths of tubing, whereas Donnell's 
t he ory necessitates the use of two formulas, one f or short 
and m~dium tubes an~ the other for lon g slender tubes. 
The t :heoretica l solutionsof Timoshenko (reference 6) and 
of Schwe~in (reference 7) apply only to long slender tub~s. 
Torsion tests of a number of steel and aluminum - alloy tubes 
of various sizes and lengths were made at the National Bu
reau of Standards (refer ence 8 ). . 

The objects of this investi gatio~ were: 

1. To deter mine the influence 6{ diameter thickness 
(D/t) a n d length-di alneter (L/D) ratios upon the 
torsional streng th of thin-wall aluminum-alloy 
tubing . 

2. To ca mp are the res u Its 0 f the t est s w it hex i s tin g 
theories of torsional stability. 

• I 
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DESCRIPTION OF ' SPE CI ME~ S AND PROCEDURE 

The fol lo wing sizes*' of ···51 ST sea mless rO'.~nd tubin g 
were tested i n duplicate: 

1. 1. 003 in. ·. 0 , D. x O. 977 ill". I. D. , ha vi ng a D It 
rat i 0 0 f 7 7 , in 1 e ng t h s * * 0 f 1, .2, .4 , 8 , 1 6 , 
28, and 40 t i mes t he diameter. 

2 . 1.878 in. O.D . X 1.842 in. I.D., havin.O' a D/t 
ratio of 1 04 , in lengths of 1, 2 , 4 , 8, 1 6 , 
22, 40 , and 60 ti me s the d ia meter. 

3. 2 .500 in. D.D . X 2 . 464 in . I . D. , having a n i t 
r~tlo of 139 , in lengths of 1, 2, 4 , 8 , 1 6 , 
32, and 45 ti me s the dia meter. 
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Aluminum alloy 5 1ST was selected because i~ pr ovid ed 
the high est yield strengths a vailable in the foregoing 
sizes of commercial tubin~ . Table I give s a summar y o f 
the tensile properties . Th e mo~u li 'of elasticity, shown 
on the tensile and compre ss i v e stre s s-st r ain curves (f igs . 
1, 2, an d 3) avera g ed about 9 , 600,000 pounds p er square 
inch. Althou~h t~e s e moduli are some~hat belo w the value 
usually found for t h e strong aluminum alloys, the y are n ot 
seriously out of line wit h p revio u s determinations f or 
this particular alloy. 

The torsion tests on all tubes havin g a length less 
than 44 inches were made .in the 1,200 f oo t - pounds capacity 
Amsler torsi on machine , usin g the 240 and 400 fo ot-p oun ds 
capacity ranges. Tho tubes l onger than 44 inches were 
tested in the large lat h e i n t h e mach i n e shop, us i ng t he 
set-up shown in fi gur e 4 . On e end of the t ubing was 
gripp ed in tho chuck of the lathe , wh ich was .lo cked in a 
stationary position , a nd the other was mount ed on a ball
bearing c enter in th.e tail .s tock . Torque was applied by 
dead wei ghts suspended fr o m a h orizonta l lever a r m clamped 
to the end of the tubing as s hown . Close~fit ting st eel 
plug s, appTo'ximately 4 in ches lon g and havi n ~ a .gen erous 
radius on the leading ed g e, were used i n all tubes to p ro- ' 
vide support ·for c1amp i ng during t h e tests . 

*A t h ird speci me n was used fdr a check teit in s o me cas es . 

**Exclusiv~ of 8 - in c h .l eng th provided in all tubes for 
g rips o f t~sting machipo. 

I 
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RESULTS AND DISCUSSION 

Tables II, III, and IV g ive the res u lts of the tests 
on all tubes. Figure 5 shows the relation between the 
average shearing stresses developed at failur e and the D / t 
and L / D ratio~ of the tubing . The shearing stresses cor
respondin g_ to the maximum applied torques were computed 
from t h e relation 

T 
(1 ) 

wh e re T is the torque producing failur e , in . -lb. 

r, mean radius, in. 

t, wall thickness, in. 

s, shear stress, l b . p er - sq. in. 

Th e irifluance of the propo rtions of t h e s p eci mens is 
cl early indicated b y the fact t ~at t h e stress e s ranged 
fro m a maxi mum of 21, 8 00 p ounds per s qu B. re inch, obtained 
on the shortest length o f tubing having a n/t ratio of 
77, to a mini mum of 4 , 600 pounds per square inch, obtained 
on the longest s p eci men having a D/ t ratio of 13 9 . The 
hi gh est values were in the vicinity of the s h earing yield 
strength of the mat e rial, while the lowest were in the 
rang e where failure was obviously due to elastic instabil
ity and the modulus of elasticity and Poisson's ratio were 
the only properties of t he material - involved. 

Figures 6 , 7, and 8 sh ow the failures obtained in 
the s p eci mens tested in t h e Amsler torsion machine . All 
may be classed as -instabilit y failures, although it ap
pears from the shap e of the curves in fi gure 5 that the 
action of the shorter s p eci me ns, havin g D/t ratios of 
77 and 104, was -not entirely elastic. The reversed cur
vature shown for the ran g e of loW .L/D ratios on these 
tubes is typical -of that found in column curves where 
fa i 1 u res res u 1 t -fro mac 0 m bin a t ion -0 f e 1 a s tic and pIa s tic 
action. Figure 4 shows on~ of the -thinnest walled tubes 
(n/t = 13 9 ) photographed just before failure. Although 
the buckling o f the tube walls was quite severe, the ac
tion in this case was a pparently elastic, as the d ef l e c
tions disapp eared when t h e load was relieved. 

- ._-_._ - ------- -- -- .. - -- --- ----------
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Figures 9. 10, and 1 1 show a comparison between the 
torsional strengths developed in the tests and the corre
s p onding theoretical values . The theoretical curves for 
critical shear stress attributed to Donnell were computed 
from the following relations : 

1 . Fo r short and moderat e l y long tubes with si mp l y . 
supported ends, where t h e quantity 

1 L2 t ,. x is less than ~.5 , 

Et 2 ' . ' 

;:--,. ( i.-2 L 2 )3/2 l 
12 . 8 + 2.6 + 1 . 40 \ .;1 - !-L - . ( 2 ) 
L " t D J 

s = 

where L, t, and D are length , wall thickness, a nd 
me a n diameter of tube, respectively, i n . 

s, crttical shear stress, lb . pe r s q . in. 

E, modulus of elasticit y ( 9 , 600 , 000 lb. pe r · s q . 
in . for the 5 1 ST tubos tasted). 

!-L , Poisson" s ratio (0 . 33) . 

2 . For long slender t ube s where the quantity 

1 
x i s greater than 5 . 5, 

h--!-L2 

s ! 1 . t)3 
= 0 .77 E . -.-~--;Ia ( ; 

(1 - !-L 2
) 

(3) 

The critical she a r stresses attributed to Timoshenko 
in the so~called "long- tubel! ra ng e were co mputed from the 
relation 

E 
e = (4 ) 

3 j2 (1 

--_ .. _-
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The theoretica l curv e s attributed to sturm were ob
tained by means of the relation, 

(5) 

where values of K are shown in figure 12. 

In the computation of the theoretical values of tor
sional strength, a condition of simply supported ends was 
assumed . For the sizes of tubing considered the difference 
between clamped and simply supported ends, according to 
Donnell~ is only about 10 percent in the short-tube ran ge 
while the end condition factor i s omitted entirely in the 
long-tube ran g e. stur m's theory indicates a maximum dif
ference between clamped and simply supported ends of about 
10 percent with smaller differences for increasing lengths 
of tubing. 

As far as the results of these particular tests are 
concerned, there appears to be little difference between 
th~ applicability of the tor s ion theories considered. 
Within the range of elastic instability failures, which 
app arently included all specimens having length s g reat e r 
than two to six times the diameter, the observed torsional 
strength s i n most cases were within 10 percent of the the
oretical values as computed by any of the equations given . 
As sho wn in figures 6, 7 , and 8, the theoretical curves 
computed by means of sturm's equat ion (5) were below those 
obtained by means of Donnell

' 
s equations ( 2) and (3), 

while Timoshenkols equat i on (4 ) gave results in almost ex
act agree ment with equation (5) in the long -tube range. 
The experimental values shown for th e tubes that failed 
elastically fell for t h e most part between the theoretical 
curves of Donnell, stur m, and Timoshenko in the long -tube 
range and coincident or sli ghtly above Donn e ll1s curve in 
the short-tube range. It mi ght be supp osed t hat , since 
all the tests were made on speci mens having at least pa rtly 
fixed ends, the expe ri nental values should lie ab ove t h e 
theoretical curves for si mp ly supported ends. The fact 
that the difference in strength for the two end conditions 
is relatively s ma ll, however, and that any out - of-roundness 
or nonuniformity in wall thickness tends to compensate for 
the effect of fixit y at the ends , makes it difficult to 
formulate any definite conclusions rega rdin g the lack of 
a g reement between the experimental results and the theories. 
Sturm1s solution is somewhat easier to apply than Donnell's 
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'. in that one gene ral expr es sion covers all gi2es of t ubing 
and it is not necessary to make a length classification, :' 
although it does have the disadvant ag e t hat ~nterpolations' 
must be made for K values in figure 12. 

It is of interest to point out that the shearing 
strengths obta ined on the longest tubes were in ver y. close 
agreement with t he critical shear bu'ckling stresses for 
·curved plat es having the same ratios of R/t, gi ven in 
table 1 8 of the structural Aluminum Handbook (1938) . The 
stresses given in the handbook were obtained by a formu'la 
t hat is substantially t he sa me as Ti moshenko l s formula for 
long tubes , pr eviously r eferr ed to, and, of course, are a p 
plicable on l y to ex tr e mely long length s of curved p late. 
For short len gth s of curved p late, the v a lues g ive n in the 
handbook are ultraconservative . 

CONC LUSIO NS 

The results of these torsion tests on s evera l differ
ent sizes of 51ST seamless round tubing may be summarized 
as fol lows : 

1. The maximum shearing stresses developed in th e 
tubes hav ing nit ratio s of 77 , 104, and 139 , for lengths 
equal to the diame ter, were co mputed by mean s of e qua ti on 
(1) to be 21,800, 1 9 ,200, and 18 , 400 p ound s pe r square inch, 
respective l y . F or length s of 40 ti mes the dia meter in the 
same size o f tub ing , the co rr esponding maxi mum shearing 
stresses wer e 10,400, 7,500 , and 4 , 800 p ound s per square 
inch, respectively . 

2 . Elastic-instability fai lures were a pparently ob
tained in all the tubes tested havin g lengths g reater than 
two to six times the d ia meter . For shorter length s , fa i l
u res res u 1 ted fro n a co .n b in at ion 0 f Y i e 1 din g 0 f the rna t e
rial in shear ani buckling . 

3. The torsiona l s trengths developed in the tubes 
thRt failed elastically were , in most cases, within 10 
percent of the values indicated b y the theories of Do nne ll, 
Timoshonko , and Sturm, assum in g a condition of simply s up 
ported ends. 
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4. Sturm's theory indicated critical s hearin g strengths 
below those of Donnell in all cases but in close agreement 
with those of Timoshenko in the long-tube range. The test 
values were found to lie for the most part within the limits 
indicated by the different theories . 

5. Although some end fixity was undoubtedly obtained 
in the tests, the unknown degree to which this effect was 
compensated for by out-of~roundness in the tubes and eccen
tricities of loading makes it difficult to differentiate 
between the accuracy of the different theories. 

Aluminum Company of America, 
Aluminum Research Laboratories. 

New Kensington, Pe~na., Dec. 1, 1938 . 
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TABLE I 

Tensile P ro perties of 51ST Tubing 

(P . T . No . 05 1 037 -C) 

Tube size 

1.003" O . D. x 0 . 9 77" I. D • 

1.878 II O . D. xl . 842 " I. D. 

2 . 500" O . D x 2 . 464 " I.D . 

Tensile 
st re ngth 

( lb. /sq .in . ) 

46 , 300 

46 ,500 

46 ,500 

Yie ld D l onga-
streng th tion in 

(0 . 2% set) 2 inches 
(lb ./s q .i n .) (percent) 

43 , 000 5 . 5 

43 , 500 6 . 0 

42,500 7 . 0 
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TAELE II 

Torsional streng th of 1. 003" O.D. X 0 . 977 " 1.D . 51ST Tubing 
D I t = 77 

Maxi mum Corresponding 
Le ng th torque maxi mu m s h ear 

Sp eci men --- ---
(ft .-l b . ) stress* 

Diameter ( lb . / sq . in. ) 

I 1 1 36 . 0 I 21, 600 
2 1 I 36 . 5 I ~~,902 

! Averag e 21,750 

3 2 35 . 7 21,400 
4 2 36 . 5 2 1, 900 

Avera g e 21, 650 

5 4 35 . 3 21 , 200 
6 4 I 35 . 5 21 , 300 

Avera e 21,250 
~ 

7 8 33 . 5 20 ,100 
8 8 32 . 0 ~,202 

Avera g e 19,650 

9 1 0 22 . 5 13,500 
10 1 6 20 . 8 12,500 
lOa 1 6 22 . 3 13 , 400 

Av e ra g e 13 , 100 

11 28 1 9 . 4 11, 600 
12 2B 

I 
I B. O 10, BOO 

12a 2 8 17 . 8 1 0 , 700 

Avera g e 11, 000 

13 40 i 1B.0 1 0 ,BOO I 

14 40 
I 

1 6 .5 9 , 900 
--

Avera ge 1 0 , 350 

* Co mp ute d for mea n f ib e r (s e e e qua t ion ( 1 ) ) 

Note : All te st s made in Amsler torsion machine. 
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TABLE III 

Torsional strength of 1.878 11 O.D. X 1.842" I.D. 51ST Tubing 
n/t = 104 

Corresponding 
Maximum maximum shear Length_ Specimen torque stress* 

Diameter (ft .-lb.) (lb. /sq. in. ) 

1 1 154 . 0 18, 900 
2 1 159.5 19,500 -----

Average 19,200 

3 2 153.5 18,800 
4 2 1 61.0 19,700 

Average 19,250 

5 4 144 . 5 17,700 
6 4 1 51.5 18,600 

Average 18,150 

7 8 . 113.0 13,900 
8 8 114 . 0 14,000 

Average 13,950 

9* * 15.5 79 . 6 9,800 

10 1 6 79 . 5 9,800 
11 16 78.5 9 , 600 . . , 

Average 9 ,700 _. 

12 22 67 . 0 8, 200 
13 22 69 . 0 §.~OO 

Average 8,300 

14 40 61.1 7,500 
15 40 61 . 8 7,600 

----
Average 7,550 

-
16 60 60 .2 7,400 
17 60 59.6 2..!.~££ , Average 7,350 

*Computed for mean fiber (see equation (1)) 
**Specimens 9, and 14 to 17, inclusive, were tested in the 

lathe in the machine shop (se e fig. 1). All others were 
tested in the Amsler torsion machine. 

-
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'rABLE IV 

Tor s ion alB t r eng tho f 2. 500 II O. D. X 2. 464 II r. D. 51 S T Tub i n g 
D/t = 139 

.1aximum 
Corresponding 

Length maximum shear 
Specimen torq.u.e stress* 

Diamete r (ft . - lb . ) (lb./sq. in. ) 

1 1 268 18,400 
2 1 268 18,400 

Ave rag e 18,400 

3 2 247 17,000 
4 2 240 1:,6 ,500 

Average 1 6 ,750 

5 4 1 8 4 12,600 
6 4 1 8 0 12,400 

Average 12,500 

7 8 134 9 ,200 
8 8 134 9 , 200 

Average 9 ,20 0 

9 1 6 94 6 ,500 
10 1 6 94 6 , 500 

Averag e 6 , 500 

11** 32 70 . 8 4 ,900 
12 32 71. 3 4 ,900 ---

Avera g e 4, 900 

13 44 . 8 6 7 . 5 4 , 600 
14 4 4 . 8 6 7 . 3 4 , 600 

--
Averag e 4 , 600 

*Computed for mean fiber (see equation (1)) . 
**Sp eci mens 11 to 14, i nclusive, were tested in the lat h e 

in the machine shop (see fig . 1 ) . All others were tested 
in the Amsler torsion ~achi ne . 



80,000 
II 

" .. 

70 , 000 

60,000 

.;. 50,000 

• ..... 
~ 
.; 
: 40 , 000 
~ 

t;; 

30,000 

30,000 

10, 000 

o 

/ 
V 

);. ,600 , 000 - I i: 9,6 !D,OO ./ b./1 .1n. lb. Iq . 1 

(hn 10n) (00 pre, 1~n) 
y 

/ / 
/ I 

l, tt. r-o / .,----
T. 

i~ / 
I V 

J / ,- - P.L / . P.L . 

I / 
V I 

I I 
V 1I 

. 003 .004 .006 . 008 .010 

8'ra1", 1n./1n. 

Figure 1 . - Stress-strain curves for 51ST a lum1m.uD - alloy 
tub1ng 1.003 1n. 0.0. x 0.977 in. I.D . 

V 

/ / 
I 

A 
II I: 9 , S( O,OOC lb . Iq.1I . 

L 
/ 

~ ~ r-r: 
-0 

T.S. 

l/ 
I 

I 
I)-- P.L. 

I 
1I 

I 
II 

,0130 .003 ,004 .006 .008 .010 

Stra1n , in./1n. 

Fig ure 2 . - Strese-stra1n curve tor 51ST alum1nu.-alloy 
'ub1ng 1,878 1n.0. D. x 1.843. i n .I.D. 

V 

/ 
If 

/ 
II: • ,600 000 b./a . In. V 

\'-1 

/ 

! / 
V-rt"" T .S. 

;// 
/I 

/1 
I 

/ -P.L 

V 
I 

I 
o .003 .004 .006 .008 

fthaia , la./ln . 

rigure 3.- Stre •• -.tra.1n curve tor 51ST 
al\lll1nua-&lloy nblng 3 , 500 1n. 

0 .0 . x 2.464 in. I.O. 

• 
• 
o 

• 

{ 
~ .. 
o .. • 
:;0 

::: ... 

;2 
': 

!'" 
."' 
'" 



.~A.C.A. Technical Note .0. 6S6 ' 7ig. 4 

Figure 4.- Torsion test set-up in lathe. Tube DId - 139. 
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rigura 10.- OOllparloon of m .. ourad and theoretioal value.ot ohearing strenstb in torsion tor 51BT aluminum- alloy tubing 
ot 1.879 in. 0.0. x 1.843 in. 1.0.(0/t • 104) . 
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,i 
Figure 6. - J'allure8 of tubes 

having D/t ratio 
of 77. 
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Figure 7.- laUurel of tube. 
having D/t ratio 
of 104. 
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Figure 8.- Failure8 of tubes 
having D/t ratio 
of 139. 
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figure 11.- Compari8on ot measured and theoretioal values ot ahearing strength in torsion tor 51ST aluminum - alloy tubing 
of 2.500 1n. 0.0. x 2.484 1n. I. D. (o/t • 139) 
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Figure 12.- Value. of K for equaUon (5). 
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