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ULT I M..4: TE STEES SES DEVELOPED B \' 24S-T SHEET 

IN BiCOfvlPLETE DIAGONAL TENS ION 

By Paul Kuhn 

SU~n{ARY 

Te~ts were made on 18 shear panels of 24S-T aluminum 
alloy to verify the dependence of the ultimate stress on 
the degree of development of the diagonal-tension field. 
Tests were made on two thicknesses of sheet with the sheet 
either clamped between the flange angles or riveted to the 
outside of the angles. 

INTRODUCT ION 

l,vhen the shear web of a buiJ.t-up beam fails, it is 
usually in a state of stress sociewhere between two limit­
ing cases. One limiting case is the so-called shear­
resistant web, in which no buckling occurs and the external 
shear load is reacted to b y true s h ea r stresses in the 
web. The other limiting c a se is the pure diagonal-tension 
web, in which the external shear load is reacted to by t he 
vertica l components of di a gona l-tension stresses in the 
we~. ,. . 

In these two limiting cases " the stress condition in 
the web is simp le ' and e a sily calcuiated. A~ a~y ' interme­
diate stage, the stress condition is very comp licated. 
It is custo~arYJ however, to calculate for r~f~rence pur­
poses a f~ctitious 6r nominal shear stress as though the 
web did not buckle and worked in true s4e a r. In order to 
avoid confusion with true . shear s~resses, such nominal 
shear stresses will be , referred . to as Ifweb" stresses 
throughout this paper. 

!or . a shear7resistant web, the allowable web stress 
Tall is equal to the u ,ltimate shear stress Tult that 

the' mater'ia'l can develop. ' For : a web in pure ' diagonal ten­
sion-, ' the allowable ~eb stress is e ~ua l to Dne~half the 
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ultimate tensile stress auit : that the material can de­

velop, under the assumption that the uprights are not in­
clined and the flanges 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 error. 
In reference 1 the interpolation formula 

(1) 

was suggested, wher e k is the diagorral~tension factor 
.:., that gives the frac~ion of the total s hear carried by 

dtago~~l tensibn. (A more detailed expl~nation of the 
f~ctoi : k is given in reference · l.) 

The present paper describes some tests made to verify 
the validity of formula (1) and discusses some other fac­
tors that need to be considered in the stress analysis of 
shear webs. 

TEST ' SPECIMENS AND TEST PROCEDURE 

The test speci mens consisted of 24S-T alu~indm~alloy 
~anels 10 inches . square; two thicknesses were u~ed, 0.040 

' ihch ~nd 0.025 inch, These s-pecil.iens were fastened by two 
. me~hods to the square-frame arrangement shown in figure I, 
Fbr most of the t~sts, the sheets were lai~ bet~een the 
steel angles and the angles were then bolted together. 
For the last two series of tests, the sheets were laid on 
the outside of the angles and were riv~ted 'pn with 3/16-
i~ch brazier~head rivets • 

. In order to ' make ~he panels fail :·at·· vari~us stages 
of ' ln~omplete dia~onal tension, the sheets were stiffened 

' bj a :varying number of steel bars bolted to both . sides of 
the ' she ·et. These ' bars Just touched .· t ·he 'steel' angles of 
t~~ ' f~~~e ~nd co~se~uentl~ did not · contribute to the 
"shear stiffness" of the frame ', . 

. " The ' st'r'e~~ concentration' in ' the : web due fo flexibil­
ity : o.f · the {iang'es ' (re'ferehce ' 1" " eq·uati.()·n (3)) was less 
tha'n 3 · percen:t : in ·.the .worst . case.s .(Q .• 0,40-i n,. sheet without 
stiff.eners ·)·, The test · lo?-ds were. ;produped by pulling the 
frame from two diagonally opposite corners at a 'n average 
rate of about 1600 pounds per minute. 
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All necessary data for the t~st specimens are given 
in table 1. The critical stresses given' in ~his table 
are based on the assumption that the indiv idual sheet pan­
els or subpanels are held fully clampe d by the ang les and 
by the stiffeners. The critic a l stresses are nominaL in 
that Young's modulu s was not replaced b y a redu ced modulus 
at high s t resses; such a correc t ion is b elieved to be un­
jus t ified at p resent beca use th e basic t h eor y of inco mp lete 
diagonal tension (refere n ce 1) cont a in s no correction of 
this natur-e. 

Th e t~st pa nels were cut from thre e different sheets. 
Ultimate stre ngt hs were deter mined for each sheet from 
three of eac h of the followin g typ es of c ont r ol s pe ci me n: 

(a) Standa rd te n sile s pe ci mens c ut para ll el to the 
grain 

(b) S t andard tensile s pec imens cu t p er pendi c ula r to 
the g r a in 

(c) Pe r f or ate d te n s i 1 e s p e c i men,s cu t pa r a 11 e Ito the 
grain 

(d ) Pe rfor a t e d tensile speci mens cut perpendicular 
tot he g,r a in 

The perforated s pe cimens mentioned under (c) and (d) 
were stri p s with a widt h equal to the bolt pitch in the 
test fra me; each s pe ci men had a h o l e drilled i n the mid­
dle that was filled with the same size bolt as t ha t used 
in the fr ame. These s pe cimens eva luated the stress­
concent r ation effect a t ultimate loads; this effect is 
sma ll but no t ne gl i g ible, as show n b y the test r e sults. 

TE ST RESULTS 

The results of the pa n e l tests a re g iven in table 2 . 

F r om t he diagona l load p ' exerte d on the fra me , the 
web stress (nominal s h e a r stress ) e x e rted on a panel is 
c alcu l ated by the express io n 

T = , 0.707 Pl at (2 ) 

where a is t h e side of the s qua re, mea sured between the 
c ente r lines of the hin ge pins , a nd t the t hi c k ness of 
t he sheet. 

• 
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The diag~hal-tension factor is given in ' reference 1 
by the expression 

where the 
exponent 

subscript cr indicates critical stress. The 
n is given by equation (10) of reference 1 as 

n = 1 + 5a u IT 
Since the edge members consisted of very heavy angles in 
the tests under discussion, this expression reduces to 
n = 1 for these tests. (See reference 1.) 

The rivet fact r 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 nu mb er of rivets per inch. 

d the 

The maximum web stress in the sheet is gi~en by 

T max = T / Cr (5 ) 

The stresses Tmax were reduced to the minimum 

guaranteed properties of the material by multiplying them 
by the ratio 62,000/au lt, where ault is the stress 

developed by the corresponding standard tensile specimens 
cut normal to the grain. The control specimens cut nor­
mal to the grain were chosen because reference 2 specifies 
that coupons may be cut fr~m the sheet in any direction; 
the strength normal to the grain is, therefore, control­
ling because it is the sma lle st one. 

The reduced values of th e web s t resses developed in 
the tests are p lotted i~ figure 2(a) for the 0.040-inch 
speci mens and in figure 2(b) for the 0.025-inch specimens. 
These figures also show the straigh t line representin g 
formula (1) w'ith the material properties from reference 3 
for 24S~T aluminum alloy: namel y, Tult = 37,000 pounds 

per square , inch and ault = 62,000 pounds per square inch, 

resulting in 

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

The points plotted at k = 1 are the results of the ten-

• 
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sian tests on the perforated specimens and represent the 
averages of the tests parallel and perpendicular to the 
grain. 

DISCUSSION OF TEST RESULTS 

FigurB 2(a) shows that the wBb stresses developed by 
the 0.040-inch sheet r iveted to the outside of the fl a nge 
angles agree very closely with f o r mula (la). The test 
points for the same sheet cl amped b etw een the flange an­
gles lie on a parallel line about 10 p6 ~cent hig h er . Fig­
ure 2(b) show's that the web stres se s dev elo ped by the 
0.025-inch sheet are r oughly the same a s t h e stresses de­
veloped by the ' 0 . 040-inch sheet as long as t he stress con­
dition is closer to dia gonal tension t ~a n to she a r ( k > 
0.5), When the stress condition appro a ches the c ondition 
of she a r (k = 0) , however , the stres s es developed by the 
0 .025-inch sheet a r e appreciably l ower than the stresses 
developed by the 0 . 040-inch sheet, and fo r mu la (la) becomes 
uncbnservative for she et riveted to the outside of the 
flange angle . The stresses developed by the sheet clamped 
between angles average a bout 15 per c ent higher than the 
stresses developed b y the sheet riveted to the outside of 
the angles. 

The results indicate very consistently that sheet 
clamped between the flange angl~s can deve lop highe r 
stresses than sheet laid on the a~gles . '" T~Q ' posslble ex­
planations may be' offered f or the d 'iffere l' r:e in strength. 
One explanatiu~ is that, wit t the ~heet cl amped between 
the angles" fr 'ietio'n ', may transm'it some of t il e load and 
reduce the average stress , before it reaches 'the reduced 
net section along th~ rivet iirie . The second expl~~atio n 
is as follpws : ' r a ilure occurs in placBs where th~ aver ­
age web st.ress is , increased locally. The r e are 'two' causes 
for local' increase of stress: the reduction of c r oss 
section b y the rivet h o le,s, and the bending stresses 
caused by the diagonal-tensi o n folds . When the sheet is 
laid on the , angles, the folds extend across the rivet 
line and both causes of stress increase are active in the 
same region. When the sheet lies between the angles, 
however , the folds are stopped before ~e aching 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 explanati o n would not apply if the stress 

, 
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condition were true shear without buckling. In thes~ 
tests, however, buckling always occurred well befote the 
ultimate load was reached. As pointed out previously, 
the critical shear stresses given in table 1 are not cor­
rected for the reduction in Young1s modulus occurring at 
high stresses and conse~uently do not represent the true 
buckling stresses for all cases. 

No explanation has been found for the relatively low 
stresses developed by the O . 025-inch sheet at low v a lues 
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 this 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 line between rivets and indicates that a 
different rivet factor should be used for such cases. 

Another ~uestion on the exact method of correlating 
test results arises when the tests ~n control specimens 
given in table 3 a re examined. These tests indicate sev­
eral facto~s, commonly neglected thus far, that may have 
to be considered 'when the accuracy of test correlation is 
to be increas~d. · One factor is the difference between 
with-grain and'~ross-grain propertiesj Although the ex­
istence of this factor is generally recognized, test logs 
seldom state how the control strips were cut with relation 
to the grain. Another factor to be consi~er~d is the fact 
that the du.ct .ility of the material is not quite sufficient 
to elim~nate the stress concentration around a hole at 
ultimate stresses. Finally, the stress~concentration fac­
tors vary, and t~is variation may offset the variation in 
strength of the material. Comparison of the O. 040-inch 
specimens cut parallel to · the grain indicates, for instance, 
·that the mater iii used for seriee 2 was stronger than the 
mate'rial used fox series t, but the increase in strength 

. of material was more than offset by an increase in the 
stress-concentration factor. 

APPLICATION TO THE ANALYSIS OF ~EAM WEBS 

The web of a beam is not only: subjected t o shear 
loads but participates in the bending action of the beam. 
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The results obtained on shear panels may therefore require 
some modification before they are applied to the a nal y sis 
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 devel ped in a 
beam are ~bqut 5 percent lower than the web stresses which 
can be devei ped in a shear panel . It should be emphasized, 
however , that in shallow beams , where the depth of the 
flange angle~ is relatively large compared with the depth 
of the beam , the question of computation of the web stresses 
is by no means settled . 

Langley M e~orial Aeronautical Laborator y , 
National Advisory Committee for Aeronautics, 

Langley Field, Va., October 2 9 , 1941. 
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TABLE 1 

BASIC DATA ON TEST SPECIMENS 

I Specimen t Number Clear Aspeet Coefficient T °ult cr 

I 

(in. ) of width, ratio K for Tcr (lbj.sq in.) (lb/sq in.) 
stiffeners d ( 1) (2 ) (3) 

I Sheet bolted between angles 

1 0.03935 0 8.25 1.00 14.00 3,310 66,900 
2 .0390 1 3.87 2.13 9.33 9,830 66,900 
3 .0392 3 1.69 4.88 8.30 46,400 66,900 
4 .0405 3 1.69 4.88 8.30 49,500 69,000 
5 .0400 2 2.42 3.41 8.60 24,400 69,000 
6 .0398 0 8.25 1.00 14.00 3,390 69,000 
7 .02375 0 8.25 1.00 14.00 1,207 69,530 
8 .02365 3 1.69 4.88 8.30 16,900 69,530 
9 .02375 5 .96 8.60 8.10 51,500 69,530 

10 .0238 5 .96 8.60 8.10 51,500 69,530 

Sheet 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 8.18 30,000 69,530 
14 .0237 5 1.25 8.00 8.10 30,300 69,530 
15 .0235 3 2.12 4.71 8.25 10,52 0 69,530 
16 .0415 0 10.00 1.00 14.00 2.,500 68,600 
17 .0414 1 4.75 2.10 9.40 7,420 68,600 
18 . 0411 3 2.12 4.71 8.25 32,300 68,600 

- ------

1 From reference 1. 
;5 

From control specimens perpendicular 
to grain. 

2 26 
Tcr = KE(t/d) E = 10.38 x 10 Ib/sq in. 
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Specimen P 
(n) 

TABLE 2 

RESULTS OF PANEL TESTS 

T Diaeonal-
(1b/sq in. ) tension 

Tabl •• .a,;3 

~x 
Reduced 

T (1h sq in.) max factor, (1) (1b/sq in.) 
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 19,560 35,280 . 00 43,500 40,300 
4 21,700 37,900 .00 46,700 42,000 
5 19,240 34,000 .28 41,900 37,600 
6 17,860 31,700 .89 39,050 35,100 
7 11,480 34,150 .96 ~2,050 37,500 
8 12,050 36,000 .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 
16 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 41,050 37,100 

IT = T /e = T/O.812. max r 

2Reduced to minimum guaranteed properties. 
'ABU J 

'l'OSILE S'l'RDOTRS OJ' OOITROL BPIOIJfQS 

Tensile strength w1.h gra1n TensUs atzeDgtb acro~ ~n 
(lb/ aq in.) (lb/aq in.) 

Standard Perforated Ratio at d Perforated Ratio 
1Il'8c1men specimen apec1.-u specimen 

O.040-inch sheet, ser1es 1 

70,800 68.000 11.0.142 66.900 62.500 <>70 

0.040-1neh sheet, series 2 

~4.670 67.500 1.107 /,000 63. 200 1.091 

0.02)-10c11 aht!let 

70,930 64,Soo 1.093 69,530 63,220 1.100 
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minimum guaranteed properties. 
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