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ULTIMATE STRESSES DEVELOPED BY 24S-T SHEET

NATIONAL ADVISORY, COl-UHTTEE 'FOR AERONAUTICS

Tests were made on l8 shear panels of. 24S-T aluminum
alloy to verify the dependence of the ultimate stress on
the degre e o-f deve Lo p me n t of the diago~al-t'ens ion fie Ld •.
Tests were made on two thicknesses of sheet with the sh~e~.

either clamped between the flange angles or riveted to the
outside of th~ angles. •.
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SmU.fARY

B'y Paul Kuhn

'TECHN ICAL NOTE NO. 833

IN INCOMPL~~E DIAGONAL TEES ION
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UfTRODUC T ION .'
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"
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\ihen the shear web of·8; ,,'built-up' .b e a-m. fails, it is
usually in a state of stress somewhere between two limit
ing cases. One limiting case is the so-called shear-
res i s tan t web, in whi c h. nob u c k 1. in g 0 C c ,u.r s- .a n d the e x te r na 1
shear load is r e a.c t e d, bo .by.. true .shear :·stress.es in the
web., The' other .l·imi t ing .c.a s e is the "puz-e d La g e na Lc-f ens ion
we b , in, which the. external shear load .is "r e a c t e d t"q ,by t.he.
verticai components .of diagonal-tension e t r es se e in t,h'e'
web~. . . .

•

In these,two.limiting c4ses, the stress c6n~ition in
the web is simple and easily calculated. At ~ny interme
diate stage, the stress condition is very 'c o mp Lt c a t e d ,
It is customary, however, to calculate for referenc~ pur
posss a fictitious or nominal shear stress as though the
web did not bu~kle and worked ~n true shear~ In order t~
avoid,~onfusion with true shear.stresses, such nominal
shear stresses will be refe!:r.ed' to ..as "web" ,.etreEls.el; .
throughout this paper. '., ... '. .",-::.'

For a shear-resistant web, .the a L'l owa b Le we'Q stress
Tall i sequa 1 to: the \i1 t i ma ~ e s h ~ a r s ~ res a : Tu 1 t t h~ t .
the maierial ~an·.~evel6p.' For ~ ~~b'in'p~re'diagcnal ten
sion •. th..e· a:llowable"\... e b" s t r es s is: eCi.';:tal to one-half the.
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•

ultimate tensile stress a u l t that the material can de

velop, under the assumption that the uprights are not in
clined and the fl~nges are not too flexible. The differ
ence between the ultimate shear stress and one-half the
ultimate tensile stress is not very large for any given
material; no reasonable method of interpolating between
the two limiting cases can therefore be very much in err~r.

In reference "1 the interpolation formula

(1 )

•

r

,

wa.~ ~y'gges·te~. where k is the diagonal-tension factor
that g~ves" the fraction of the total shear carried by ;
d La g onaL tension. CA, more detailed explanation of the
fact or, !c is given in reference 1.)

The present paper describes s rrme tests made to verify
the validity of formula (1) and discusses some other fac
t~rs that need to be considered in the stress analysis of
shear webs •

The test specimens c on.e Ls b e d, of 24S-T 'aluminum-alloy
panels ia,in~he~ squ~re; twn ,thicknesses were used, 0.040
inch, and d. 025 inch. . Thes e s p e c f'm e n s wer e' fas t ened, by tw~
methods to the, square-frame. ,arrangeIJ?ent sh own ' in r'igure 1.
For most of the tests, the sheets were laidb~~wee~ t~~
steel angles and the angles were then bolted together.'
For the'last two series of tests, the sheets were laid on
t~e 9utside of the angles and were riveted Qri wit~ 3/16-
inqh braiier-hea4 rivets. _~~

In.nrd~r to make ~he ~anel~ fail at'var±n~s stages
,of inc6mplete ,~iagoga~,tension,~~he.sheets·we~estiffened
by a varying'number of_~teel ,bars b~lt~dto both sides of
the "sheet.' These bars just t6uched. the steel angles of
the frame and cnnse~ue~tly ~i~ not cont~ibute t6-th~
Itshear stiffness lt r'Jf the frame. . .

'''Th~' str~~s"~'once~tration in th~'we"b': due' t :o flexibil
ity of the flanges (refere~c~ i~ ~quatibri {3» was less
bha n 3', p e r c e nt in the 'wt:"rst c a s e a- (9.0.40-i.:tl. s h e et without
stiff~ners). The test l~ads,were pr~duced by, pulling t~e

frame fr('\ID tw~ diagonally opposite corners a~ an av~rage
rate of about 1600 pounds per minute.
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All necessary data for the test specimens are given
in table 1. The critical stresses given in this table
are based on the assumption that the individual sheet pan
els or subpanels are held fully clamped by the angles and
by the stiffeners. ~~e critical stresses are neminal in
that Young's modulus was not replaced by a reduced modulus
at high stresses; such a correction is believed to be un
just~fied at ~resent because the basic theory of incomplete
diagonal tension (referen~e 1) contains no correction of
this nature.

The test panels were cut from three different sheets.
Ultimate strengths were determined for each sheet from
three of each of the follov.ing types of control s~ecimen:

(a) Standard tensile speciffiens cut parallel to the
grain

(b) Standard tensile specimens cut perpendicular to
the grain

(c) Perforated tensile specimens cut parallel to the
grain

Cd) Pe~forat~d tensile specimens cut perpendicular
to the grain

The perforated specimens mentioned under (c) and Cd)
we~e strips with a width equal to the bolt pitch in the
test'frame; each speci~en had a hole drilled in the mid
dle, that was filled' with, t. h e s a me size _bolt as that used
~n th~ frame. These specimens evaluated the stress
concentration effect at ultimate loacs; this effect is "
s~~li but not negligibl~, as shown by the test res~lts.

TbST RZSU':'TS

The resu;Lts "of ,the panel tests are given in ba b Le 2 •

!
J
I

From the diagonal load F exerted on the frame, the
'web s t r e ss (nominal shear stress) exerted" en a panel is
calculated by the expression

•

T = 0.707 Plat

where a is the .ide of the square,
center lines of the hinge pins, ana
the sheet.

mea~~red be~ween the
t the thickness of

i
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,The d.Le.g-o n a Le-t en e Lon f a ct or is given i·n'.ref'e.rence 1
by' t'he" ex p r es s Lo n '. .

. 'j n.k = (l-,.Tc r T),

... where the sqbscript or in~icates critical 'stress~ The
exponent ~. is given by equation (10) of reference 1 as

n = 1 + 5au/T

Since the edge members consisted of' 'very heavy angles in
the;tests under discussion, this expression redubes to
n = 1 for these tests. (See reference 1.)

The rivet f'actor is taken as

Cr = (p - d)/p = 1 nd (4 )

where p is the pitch of' the rivets in one row,
diameter, and n the number of rivets per inch.

d the

The maximum web stress in the sheet is given by

(5 )

The stresses Tma x we r e ~e'd1?-ced' to the minimum
gu.a r a'n t e e d p'ropert,i.es of' the ,material by multiplying them
by the ratio 6,2,OOO/.ault, where,' a~lt. "is: ,t'he stress
developed by the cor r e s p on d t n g standard. tensile specimens
cut normal to thi gra~n. The ~qntrolspec~m~ns cut nor-

.ma L to the grain were chosen, be c a.u s e .. r er e r e n c e 2 specifies
tha( ~dupons ma~ b~ cut from t~eih~~t i~ a~y direction;
the strength n o r ma Lt t o the gr.ai'n is', 't·herefore., control
ling because it is the smallest cne.

The reduced values of the web stresses developed in
the tests are plotted in figure 2(a) for the 0.040-inch
ep~c~~ens ~nd in figure 2(b) for the 0.025-inch specimens.
These flg~res also show the straight line representing
formula (1) with the material properties from reference 3
for 24~-~ ~luminum alloy: namely, Tult ~ 37,000 pounds

per squ~re inc~"~nd a~it = 62,000 pounds per squa~e inch,

resulting in

•

, , Tall = (~7 ,000 - 6000 k)" pounds per square inch (La )

r
l
I
r
r

. .
The'points plptted' at k =,1 'are'the results of the ten- I

l
{
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sion tests on the perforated specimens and represent the
averages of the tests ~arallel and perpendicular to the
grain.

DISCUSSION OF TEST RESULTS

Figure 2(a) shows that the web stresses developed by
the 0.040-inch sheet riveted to the outside of the flange
angles agree very closely with"formulg' (la). The test
'points, for the sa~e sheet clamped'between the flange,an-
g Le s lie on a' parallel line a b ou t 10 percent higher. Fig
ure 2(b) shows that the web stresses developed by the
0.025-inch sheet are roughly the same as the stresses de
veloped by the', 0.040-inch sheet as long as the stress con
dition is closer to diagonal tension than to shear (k >
0.5). When t~e stress condition approaches the condition
o~ shear (k = 0)" however, th~ stresses developed by the
0.D25-i~ch sh~et are appreciably lower than the stresses
'developed by the O.040-inch sheei, and ~ormula (la) b~comes
uncons~rvative for sheet riveted to the outside of the
'flange angle. The s t r e s s es "developed by the sheet' clamped
between angles average about 15 percent higher than the
stresses developed by the sheet riveted to the outside of
the angles'. ' .

, . .
The results indicate very consistently that sheet

clamped between th~ flange angl~s can develop higher
stresses than sheet laid o~ the angies. Two possible ex
planations may be offered for the difference in'strength.
One .ex p Lana t Lo n is that, witL the sheet clamped between
the angles, friction may transmit some of tne load and
reduce the averag~ stress before it reaches the reduceQ
net .section along the rivet line. The second explanation
is as follows: F~ilure occurs in places where the aver
age web stress is increased locally. There are two causes
for local increase of stress: the reduction of cross
section'by the rivet holes, and the bending stresses
caused by the· diagonal-tensio~ folds. ~hen the sheet is
laid on the angles, the folds extend across the rivet
line and both caUS~6 of stress increase are active in the'
same region. ~hen the sheet ties between the angles,
however, the folds are stopped before reaching the rivet
line and thus cannot add their detrimental effect to the~

increase of stress caused by the reduction, in net section
along the rivet line.

The second explanation would not apply if t~e stress

.( ".
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condition were true shear with~ut buckling. In these'
tests, however, buckling always occurred w~ll before the
ultimate load was reached. As pointed out previously,
the critical shear stresses given in table I are not cor
rected for the reduction in Young's modulus occurring at
high,stresse~ and'consequently do not represent the true
buckiing stresses for all cases.

No explanation has been found for the relatively low
stresses developed by the O.025-inch sheet at low values
of k.'

It should be mentioned that the use of formula (4)
for the rivet factor is somewhat arbitrary and sanctioned
chiefly by usage. Formula (4) is based on the assumption
that failure occurs at the minimum section, that is, along
a line connecting the center lines of the rivets. Test
,observations indicate that ~his assumption does not hold
very well for diagonal tension, even when only very in
completely developed. Failure in such cases tends to be'
along a zigzag lin~ between rivets and indicates that a
different rivet factor should be used for such cases.

, Another quedtion on the exact method of correlating
test results arises when the tests ~n control specimens
given in table 3 are examined. These tests indicate sev
eral factors, commonly neglected thus far, that may have
to be con~id~red when the accuracy of t~st correlation is
to be increased. One facto~ is the difference between
With-grain and cross-grain properties. Although the ex
istence of this factor is generally recognized, test logs
seldom state how the control strips were cut with relatfon
to the grain. Another factor to be considered is the fact
that the ductility of the material is not quite sufficient
to eliminate the stress concentration around a hole at
ultimate stresses. FinallYi the stress-corrcentration fac
t~rs vary, and this ~ariation may offset the variation in
strength of the materIal. Oomparison of the O.04Q-inch
speCimens cut parallel to the grain indicates, for instance,
that the mater'ial u&ed for 'series 2 was ~tronger than the
material used foY·'series 1" but the increase in strength
'of material 'was more t ha.n offset by an increase in the
stress-conce~t~at~o~factor.

APPLr6ATION'~O THE ~N~LYSIS OF ~££M WEBS

The web of a beam is not .o n Ly subjected to; shear
loads but participates in the bending action of the beam.

p," .. . ":'F? - '-
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The results obtained on shear panels may therefore require
some modification before they are applied to the analysis
of beam webs. Few useful test results are available thus
far and, in some cases, additional questions of analysis·
arise. A tentative conclusion based on the few data avail
able is that the web stresses which can be developed in a
beam are about 5 percent lower than the web stresses which
can,be developed in a shear panel. It should be emphasized,
however, that in shallow beams, where the depth of the
flange angles is relatively large.compared with the depth
of the beam, the question of computation of the web stresses
is by no means settled.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Langley Field, Va., October 29, 1941.
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specimen t NU1Ilbcr Clear Aspect Coefficient T Culter
(In. ) of width, ratio K for T (lb!:lq in.) (lb!:lq Ln , )

~t1tfenel'8 d cr
( 1) (?) (3)

Shoot bolted betwoen angle,

1 0.03835 0 8.25 1.00 14.00 3,310 66,900
2 .0390 1 ::5.87 2.13 9.33 9,830 66,900
:3 .0302 :3 1. ()!J 1.08 8.30 46,400 66,900
4 .0405 3 1.69 4.88 8.30 49,500 69,000
5 .0400 2 2.42 3.,n 8.60 24,400 69,000
6 .0398 0 8.25 1.00 H.OO 3,390 69,000
'I .08375 0 8.20 1.00 11.00 1,207 69,530
8 .02365 3 1.69 4.88 8.Z0 16,900 69,530
9 .oasvs 5 .96 8.60 8.10 51,500 69,530

10 .0238 5 .\JG 6.60 8.10. 51,500 69,530

- ._--
Sheot riveted to outside of angles

11 0.0237 0 10.00 . 1.00 14.00 815 69,530
12 .0235 0 10.00 1.00 14.00 815 69,530
1:5 .0236 5 1.25 8.00 8.1::J 30,000 69,530
1,1 .0237 5 1,25 8.00 8.10 30,300 69,530
15 .0235 3 2.12 4.71 8.25 10,520 69,530
If, .0115 0 10.00 1.00 14.00 2.,500 68,600
17 .0'!l4 1 4.75 2.10 9.40 7,4:20 68,600
If! ___L°'ll! 3 2.12 4.'ll 8.25 32,300 68, GOO

-
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sFrom con~rol :Jpocir:cns per-p"lndiculal'
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TABLE 1

BASIC DATA ON TEST SPECIM]alS
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Specmen P T 91at;onal-
~X

Reduced
(~bl (lb/sq in. ) tension (lh 8Q. in.) TI!!B.X

i'actor, {ll (lb/sQ 1..,.• )
k (2)

Sheet bo1::ed between angles

1 17,540 :31.500 0.90 38.800 36.000
2 18.000 32,630 .70 40.200 37,300. 3 1Q,560 35,280 .00 43,500 40,300
4 21,700 37,900 .00 46,700 42,000
5 19,240 34,000 .28 U,900 37,600
6 17,860 31,700 .89 39,050 35,100
7 11,480 34,150 .96 42,050 37,500
8 12.050 30.000 .53 44.400 39,600
9 11.560 34,400 .00 42.400 37,800

10 12,000 35,670 .00 44.000 39,250

Sheet riveted to outside of' angles -
11 9,440 28,200 0.97 34.800 31,020
12 9.800 29,500 .97 36,400 32.450
13 10,600 31,800 .05 39,200 34,950
14 10,100 30;100 .00 37,300 33,100
15 10,440 31,400 .66 38,900 34,500
15 17,080 29.100 .91 35,800 32,400
17 17,640 30,130 .75 37,100 33,600
18 19,380 .33,350 .03 4.1,050 37,100

,

".~

SAC~ Technic&l Rote No. 833
'rABLE 2

RESULTS OF PANEL TESTS

TablQ3 B,3

•

IT =Tie = T/0.EU2.max r.

2ROduCOd to minimun guarant~ed ~roperti68.
1'.Hlt": :;

•
Tensile 6trengt~ 7i~h gr~1n

(lll/8q in.)

8tar.1erd perforated ITIatio 8~~..%d perforated Ratio
sp3ciJ:,en 15pec~!2en l!;;eo~ SJle'Jlcen

~.' .e;o- inch :eh&'et J aa:01t'B 1
~.,

70,gOO 6::3,000 1.C4-2. 6-6.900 62 ::-:~!'j
t

'!.~f;10

O.Ol;.O-inch sheet. 3.3:'ies 2

~4..670 [ 67.5;)0 2.107 ~~J ~ (3,000 63,200 li·O~l
J.02F~:v;~ r~-:3t

~7~'930 [ 6lj..SOJ =~~~; ..~ 6"3,530 63~~;-]~~O
."".w.-.::II ::4&"

=~ ... i. us ... 4
. ~ .¥ L ~. s::a: •
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o .2 .4.1l 1.0
Diaeonal-~eneion factor.k

(ol Sheot 0.040-icch thick. (b) aheet O.025-1noh thick.
Figure 2.- Web streesas d~ve~oped by 24S-T obaet. Straight line

io fcrmula lea). Exporimental otroBOOS are reduced tc
minimum guarll.nt~ed propertieD.

Figuro 1.- Shear frame. All dimension. in incboe,
3/16 bolt a throughcutl all anglee are
2 x a x 1/4 x 12 eteel.
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