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By Paul Kuhn
SUMMARY

Tests were made of 18 shear webs with round lighten-
ing holes having 45° flanges. The purpose of the tests was
to extend the range of a previous investigation to larger
ratios of hole diameter to wed depth and of web depth to
web thickness. €imple empirical formulas are given for the
strength and the stiffuess of shear webs; these formulas
incorporate the results of the previous investigation.
Design charts are also given to facilitate the application
pEMhc rTesultis.

TRODUCTION

I

As part of a general investigation on shear webs, a
number of wehs with flanged, round lightening holes had been
tested and an empirical formula for the strength of the webs
had been obtained (refcrence l).1 Although the number of specc-
imens was fairly large, the range of some of the variables
was quite limited in comparison with the range that might be
possiblc in actual construction. In the development of the
strength formula, ar attempt was made to compensate for this
inadequacy of the test deta by considering limiting cases in
order to fird a formula that might give reasonable accuracy
when extrapolated beyond the test range. In view of the
narrow range over which the formula was setually verified,
however, it was considered desiradble to maks at least a small
number .of tests of weos having larger ratios of hole diameter
to web depth and of web depth to web thickness.

The Ball Alrcraft Corp., which had coantributed the spec=-
imens for the criginal investigation, cocperated by furnishing
the specimens for this extension of the work.

}The data contained in this report supersede the part of
reference 1 Jdealing with weds having lightening holes with
4590 flanges,
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SYMBOLS

The symbols used ia the present report are contained
in the following list. All lengths are expressed in inches;
8ll stressesy, inlkips pedl squarie” tnch% and lailliloads,

clear diameter of hole

th of specimen

g
W

any load ecting on shear web in jig
average value of collapsing load

load at which permanent set was measured
allowable lozd suggested for use in design
load causing collapse of specimen

load causing bduckling

transverse shear force on web

volume of web material per inch run, cubic inches .

per inch
"hole spacing, center-to-center
length of space between holes (b-D)
gt cpartion of lenathete
depth ' of web (rivet line to rivet line)
effective length of solid webd
thickness of web

factor for shear stiffnegs at any load within
elastic range

fadetor ‘Tor initial shear stiffness

shear stress

& Ay .0} ¥ Lk . - iy £l
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eritical shear stress (theoretical)

er
Te shear stress causing collapse of a long plate of
width ¢ and thickness t (from curves for
Teoll 0 fis. 3) |
Th shear stress causing collapse of a long plate of
width * h' r@and. thickness & (from curves for
Teoll ia: £ i B)
Te critical shear stress of a long plate of width
&¥ ¢ and thickness t, assuming supported edges
(from curvs for T,, in figs 3)
Th eritical shear stress of a long plate of width
L h and thickness t, assuming supported edges
(from curve for T,e 4&n £igs 8)
Teoll shear stress causing collapse of a web. With a

perforated web, the stress is based on the
gross section. TUnless the stress in a per-
forated web is specifically designated ex-
perimental, the stress calculated by formula
(4) is mcant,.

kav' kall correction factors
TEST PROCEDURE

Test specimens,~ The important dimensions of the test
specimens are given in tables 1 and 2., The material of all
specimens was 245-7 aluminum alloy. The flanges around the
holes were the manufacturer's standard flanges of nominally
45%; the ratio of the clear diameter of a hole to the root
diameter was about 0,9, The standard shape of specimen
chosen is shown in figure 1. On some specimens, the flanges
at the ends of the specimen were reinforced by riveting a
gtrip of 0s125-inch steel to themn.

Test jig.= The test jig was the one described in refer-

=

ence 1. The method of attaching the specimens to the Jjig
was modified, however, in that the specimens were not bolted
between the heavy loading bars of the jig. Instead, two
steel strips 0.,125-inch thick were bolted between the two
sets of loading bars in such a manner that a l-inch width of
each strip was left exposed. The specimens overlapped these




exposed widths of the steel strips and were riveted to
them, The photograph of the test setup (fig. 2) shows
these and other details.

Loading procedure.- Small loads were applied to the
specimen and the jig was adjusted until the dial gages on
the two sides of the specimen gave approximately equal read-
ings. On most specimens two test runs were made, the first
one to an arbitrarily selected load to check for the exist=-
ence of permanent set, the second one to the load at which
the specimen collapsed., Dial gage readings were taken at
each increment of load uatil the rate of deformation be-
came excessive.

TEST RESULTS

Check tests on solid webs.— The load-displacement curves
obtained in the previous investigation had shown large irregu-
larities thet were attributed to play in the bolt holes (refer-
ence 1), The chanze from bolted attachment to riveted attach-
ment was made partly to alleviate this difficulty. For the
purpose of comparing the two methods of attachment, three
webs without holes were tested., The dimensions of these webs
and the test results are given in table 2. In agreement with
the method of calculation used in reference 1, the effective
length Le of the specimens was taken as

for the computation of the collapsing stresses, The stresses
designated calculated are based on the empirical curves for
Tcoll &lven in figure 3., The ratios of experimental to cal-

culated strength for the three check tests are higher than
the average ratios developed in the tests of reference 1l, but
they are about equal to the highest ratios developed in those
testse

The load~displacement curves are shown in figure 4; they-
are free from the irregularities found in many of the tests
of reference 1., The loads at which the curves depart from
the straight line agree clogsely with the loads at which the
first buckles were observed, The critical loads thus defined
experimentally fall between the critical loads calculated by
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standard formulas for flat plates with supported edges and
with clamped edges, respectively. At loads below the erit~
ical, the observed displacements agree with the calculated
displacements within the probable error of reading the diagl

gagese

"Method of evalusting tests of perforated webs.- It will
be assumed in the analysiz of the test data that there is no
ineffectiveness at the ends of the shear webs, This assump-.
tion probably represents the actual conditions in the test
specimens fairly well, because all specimens had flanged ends.,
The assumption of no ineffecetiveness is conservative; whereas
any assumption of ineffective ends, such as wasg made in refer-
ence 1, may be uncoanservative. (Note that this statement
applies only when allowable stresses are veing derived from
test results; in stress analysis, the opposite would be true.)

Load-displacement curves and shear—-stiffness factors.-
The load-displacement curves of all specimens with lightening
holes are presented. in figure 5, It may be noted that no
irregularities appear in these curvesj; this fact tends to con-
firm the belief that the irregularities found in the tests of
reference- 1 were caused by play in the bolt holes,

_ The shear displacement of a perforated web may Dbe cal=-
culatéd by the standard formula for shear displacement of
a solid webd if the actual thickness of the web :is replaced
by a reduced effective thickness., The reduction factor, or
efficiency factor, designated by n, may be obtained exper-
imentally, - Because the load-displacement diagram deviates
from the initial straight line at the critical load that

causes buckling of the sheet between perforations, it is

necessary to give separate factors :for the initial stiffness
at low loads and for  the stiffnesses at high loads. In anal-
ogy with the elastic moduli, the stiffnesses at high loads may
be defined by tangeants to the load-displacement curve or Dby
secants. Only the definition by secants will be used in

this paper. ' - y

The experimental factors for initial shear stiffness,
defined by the straight-line parts of the load-deformation
diagrams, can be represented fairly well by empirical formula

i e (E)j (1)

o
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/

0

= ol i
Vips = \l

£ . 1
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In figure 6 are shown the ratios of the experimental factors
to the factors calculated by this formula., The majority of
the test points fall within a *15 percent scatter band, bdut
there appears to be a slight decrease in the factor as the
ratio h/t increases,

The initial shear stiffness is maintained until the
critical load is reached; as the load passes the critical
value and buckles form, the shear stiffness begins to de-
crease.s Of practical interest in stress analysis is the
shear stiffness at the design yield load. Experimental
values were obtained from the load-deformation curves for :
an assumed design yield load equal to two-thirds the allow- /
able load defined by equation (8), which appears later., Fig-
ure 7 indicates that a generally conservative estimate of the
shear-stiffness factor at the design yield load, or at any
other load P within the elastic range, may be obtained by
the formulg

AV
~
-

P
A=ty —EE (P 5> py) (

The critical loads used to establish the points on figure 7
were calculated by formula (3), given in the following section,

Attention is called to the narrow range of P/Pis Tover
which formula (2) has been verified; the formula should not
be used too far beyond this range. '

Critical load.- The critical load at which buckling
begins between the perforations was determined by inspection
and 1s indicated by a circle on each diagram of figure 5, ?
It may Dbe noted that the critical load determined in s s
manner agrees fairly well with the load at which the loade
displacement diagram departs from the initial straight line, #
The critical load can be represented by the empirical formula

D 1 af
Per = Lt{ Thep <l K E) % chr-h_J B (3) ;

.The critical load calculsted by this formula is indicated on
each diagram bdy a“horizontal line. The calculated load is
high for a number of specimens; but, because this discrepancy
may be explained by lack of initial flatness and because the
bpractical importance of tha eritical load is sliz=ht, no

attempt was made to improve the formula,

(Rw)
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Collapsing load.~ The.experimental collapsing loads
are given in table 1, The analysis of the tests showed
that a new formula was needed because the empirical formula
for collapsing stress, developed in reference 1, bscomes
very uncoanservative for large values of h/t and of D/h,
It was found that the stresses can be represented approxi-

mately by the formuls

i § Faae D |ct A
Teo11 = LT@ {2 - <ﬁ> > Tl B EJ'TI’ (4)

—

The stress given by formula (4) is the strcss on the gross
section., The stress on the net section between holes is
obtained by omitting the factor e¢!/d from the formula.

The ratios of the experimental strcsses to the strosses
calculated by formula (4) are plotted in figurc 8 againgt the
ratio h/t. The ratio of experimental %to calculated stress

apparently decreases somewhat as the ratio h/t increases;
the decrease can probably be explained largely by the diffi-

L

culty of producing flat specimens as the ratio h/t increases,

Figure 8 may be used to derive correction factors k
for the shear stress Tecoll as indicated by the curves k, .
and kg33. Curve k,, reprssents a correction factor in-
tended to make formula (4) represent the average of the test
data anéd is given by the equation

(5)

Curve kall represents a correction factor intended to give

a conservative allowable lo2ad for design purposes and is
given by the equation

k.17 = (0.85 - 0.0006 h/t) (8)

The equation

~1
S

av awv Tcoll (
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gives an average value of the collapsing load, and the
equation ‘

Pa11 = kEg11 LtTo012 (8)

gives a conservative allowable valuve of the collapsing load.

Inspection of figure 8 shows that most test points
fall within a 15 percent scatter band about the curve rep-
resenting k,y, with all distinct "misses" falling above the
band. The stresses Tp and 7, in eguation (4) are based

on the empirical curves of figure 3., A study of the data
on which figure 3 is based and of the check tests presented
in table 2 indicates that the curves of figure 3 may be
conservative by more than 30 percent, A scatter band of
£15 percent width indicates, therefore, that formula (7)
represents the tests of perforated wabs as well as the
accuracy of the basic curves of figure 3 will permit,

Inspection duriang the last stages of the tests, after
the dial gages had been removed, gave the impression that
some specimens deformed much more than others before cole
lapsings This observation indicates that the tormination of
the useful life of a specimen might be defined better by the
load-displacement curve than by the collapse of the specimen.
A tentative application of this method was made by defining
the useful ultimate Lload by the intersection of the load-
displacement curve with a secant from the origin having a
slope equal to one-third the slope of the initial tangent,
The value "one-third" was chosen to make the definition
applicable to all tests. The slope used was determined by
the specimen with the smallest deformation, The loads defined
by the secants average about 9 percent lower than the col=-
lapsing loads. The interesting point, however, is the scatter
from the mean of the ratios of the experimental loads to the
loads calculated by formula (7). When the collapsing loads
were used, the average deviation from the mean was 0.1l2; when
the loads determined by the secants were used, the average
deviation from the mean was only 0,07, in spite of the fact
that some of the load-displacement curves had to be extra-
polated.

Revised analysig of previous strength tests.~ The tests
on webs with flanged holes described in reference 1 were
reanalyzed ior comparison with the new formulas. The results
of the analysis are plotted in figure 9 and show that, for
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epecimens with reamed holes, formula (5) represents the
average fairly well, and formula (6) gives conservative
values for design., Of the specimens with drilled holes,

a few fall below the design curve, which sugzests that the
allowable loads given by formula (8) should be reduced some-

.what when the web is attached by bolts that may develop play.

Design charts.- In order to facilitate the application
of the formula for allowable load, a set of design charts 1is
presented in figure 10, The charts are based on formula (8%, -
but for convenience the running shear load §/h = Pall/L is
Plotted rather than the shear load itself.

If the depth, the thickness, and the hole diameter of a
web are held fixed while the hole spacing is being varied,
one certain hole spacing will be found to give a maximunm
strength-weight ratio of the web (reference 1), Figure 11
is a design chart, based on the assumption that the optimum
hole spacing is used. The lines of constant weight drawn
on this chart are almost horizontal, which indicates that the
strength-weight ratio is nearly independent of the hole size
for a web of given depth and given strongth. Over a limited
region, the lines of coastant weight have a definite upward
slope at large values of D/h, which indicates that the
strength-weight ratio is improved somewhat if the largest
possible hole is used, This gain should be balanced against
the accompanying loss in shear stiffness.

Permanent set.- Checks for permanent set were made on
15 specimens, as listed in table 1. In order to be of maximum
value, these checks should have been made at loads correspond-
ing to the design yield loads, thet is, at 0.67Pa1q or slightly

higher, depending on the design regquirements chosen, It was
not possible to predict P11 at the time the tests were
being made, and it was desired to avoid damage to the speci~-
mens by the set tests., The loads chosen for the set tests,
therefore, were in general lower than 0.67P,115 as table 1
shows, however, only two tests out of 15 were more than 20
percent below 0.67P571, and six tests were above this value,
No permanent set was found in any specimen, a fact tending to
confirm the view that the permanent set in the specimens of
reference 1 was caused largely by slip in the bolted joints,
A study of the avialable evidence indicates that the shear
stress in the net section between perforations may be a
practical critericn for estimating the permaneat set, but

the evidence is insufficient to allow quantitative conclusions.
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DISCUSSION OF FORMULAS

The tests presented in this paper, together with the
tests of reference 1, cover a range of parameters approxi-
mately as follows:

0154 D/B19 078
2. < b)D.< 2,6 for D/h & 0.15 and 3¢5 < B/D < 2.6 for DIE>0.3
45 < hlt < 300

0+14 < ¢/h < 1.4

The formulas given for the stiffness and the strengh of
perforatéd webs chould be applicable in this range. The
coverage is much less complete in the range of the new tests
(0.5 <D/h <0,75; 150- < h/t < 300); some caution should
therefore be used in this range,

A study of formula (4) when the parameters approach
limiting values indicates that the formula probably becomes
conservative in two limiting cases; webs with large holes
spaced far apart, and webs with small holes closely spaced,
The second case may be dismissed as of small practical in-
terest, but the first case is of some use. TFormula (4) gives
for this case (D/h-» 1; ¢ >> h)

=3
dr:

Tcoll %

The correct wvalue evidently is

T =i ET .9_‘,
coll ht

provided that ineffectiveness at the ends of each segment is
neglected, an assumption that may be interpreted as requiring
roughly ¢ > 10h. Specimen 5 with c¢/h = 1.4 gave close
agreement between experimental and calculated strength. Con-
sequently, the conservativeness of formula (4) indicated by
consideration of the limiting case ¢ >> h should not be
expected to exist until the ratio ¢/h 1is far above 1,4,

It should be remembered that the test webs were attached
to flanges of very great stiffnoss. Actual webs may be
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attached to flanges of low stiffness and strength and
special consideration must be given to this factor when
necessary, particularly when the ratio D/h is large,

When the holes are large, it may become necessary to rely

on the attachment flanges to carry part of the shear across
the region of the hole; the strength and stiffness of the
structure will then depend not only on the properties of the
web but also on the properties of the attachment flenges.,

CONCLUSIONS

The most important conclusions drawn from the analysis
of the tests on shear webs with flanged, round lightening
holes are as follows:

l. The strengths of the webs may be related to the
strengths of solid unstiffened webs by a simple empirical
formula. The accuracy of the strength prediction is .about
equal to the accuracy of the strength prediction for solid
unstiffeoned webs, whieh is basesd on empirical curves,

2« The shear stiffnesses of the webs may be predicted
by simple empirical formulas with about the same degree of
accuracy as the strengths.

3. Shear webs designed for a given ultimate load by
the proposed design formula will probably show no permanent
set at the design yield load unless the shear stress over the
net section between holes is about equal to the yield stress.

Attention is directed to thes fact that the results apply
directly only when the flanges to which the webs are attached
are not highly stressed by the shear force in the web. Spee
cial consideration must be given to webs with large holes and
weak attachment flanges.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Pield, Va.,
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TABLE 1
PERFORATED SHEAR WEBS

Dimensions of Specimens

Specimen . t h D b ¢ GE
(a) (in) (in) (in) (in.) (in) (in) (in)
| 3063 [ 00202 4.02 2.63 4.38 75 .38
2 3325 0320 | 402 263 4.75 c.lé I. 7B
4 4025 0526 406 263 B.75 3ile 2.75
5 B775 0614 4.05 263 8.25 5.62 5.31
6 4025 0200 500 350 5.75 2.25 1.75
i 42.00 0324 5.02 3.50 6.00 2.50 2.00
8 42.88 0426 5.08 350 6.3 263 203
9 4550 0527 5.00 350 650 3.00 2.50
10 5250 .0619 5.02 350 750 4.00 350
Il 4900 .0200 6.02 450 7.00 250 200
12 4900 0327 6.02 450 7.00 250 2.00
I3 5250 .0406 6.00 450 750 300 250
14 54.25 .0510 6.05 450 71D 325 2,
15 57.75 .06!1 6.05 450 8.25 375 325
16 54.25 0326 1005 450 175 325 oD
17 54.25 0383 10.00 4.50 19D 325 2.0
18 56.00 0539 10.03 450 8.00 3.50 3.00
19 56.00 0613 10.06 450 800 350 3.00
Test results
Specimen(Exp. RylCae. Poy | Exp. | By P P 3 £ xp Tlred
’ 'C'o‘l% l > loeThn s oro-gwrg,J
@ | (kips) | (kips) (kips) | (kips) (Kesqin,
[ 2441 2581094 | 2.19 — — [0288 [0214 | 125
2 643 | 7.38 87 ©.07 - — 322 304 | 1642
4 | 2070 | 2485| 83 | 2038 | 1280 0.94 | 39 | 363 | 2046
B 4640 | 47051 99 [ 3869 | 1840 | .TI 496 | 5712 | 2032
6 23l 2,38 97 2lie 1.30 .92 257 | 149 944
i 6.28 | 107 89 58211 500NN29 25 | 217 | 1386
8 1510 1283 1.18 | 1048 | 475 68 289 | 257 | 2382
gN2le0y 2RI o2 LT3l 940 8l 304 295 | 2340
10 2800 | 34.06 82 | 27.89] 1670 90 352 | 351 | 1845
I e E N ek e e T 2T 2 794
12 553 | 668 B3| 559 425 | 114 Fe Tl =g ey
13 1440 ] 1153 | 125 949 | 525 83 23| 220 | 2029
14 | 2070] 1920 1.08 | 1569 10.00 96 | 246 | 299 | 2108
15 [2365][29.66| 80 | 2420 1530 95 | 268 | 331 | 170
16 540 | 4.84] 112 | 480] 350 | 109 [ 381 [ 200 | 860
17 13.5] 737 179 | 668 | 650 | 146 | .38 | .265 | |783
8 [2230] 1703 131 | 1428 — — 397 | 303 | 1S
19 [2440] 2242 109 1858 1350 | 109 | 398 | 318 | 1895
% Specimen 3 not tested.
TABLE 2
SOLID SHEAR WEBS
Specimen| Le ¥ h Peoll Exp ' Cale: | 1Exp.
, T t | Gale.
(in) (in) (in) | (kips) |(kips sqinfkips/qin)
2l 16356 (00343 5.00 [ 26.20] 1233 ] 8.33 | 1.48
22_ [163.131] 0361 ] 600 | 20.80 | =940 =708 || (183
23 [6l.06] 0344]10.00 | 11,30| B.38| 4.14 | 1.30
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Figure 8.~ Ratios of experimontal to calcvlated collapsing stresses.
Calculated stresscs are based on formula (4),
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Figure 9.— Ratios of experimental to calculated collapsing
stresses for tests of referencel. Calculated stresses
e based on formula (4).

(c) Bar supports, drilled holes.




Running shear S/h, Ib/in.
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Figure 10.— Design chart for webs with round lightening holes having 45° flanges . ) ‘_
Material 24 5-T aluiwinum alloy. Nunivers near circles give running volume  of material,,in2/in. S
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Figurell — Design chart for webs with round lightening holes having 45° flanges and using optimum hole spacing.
Mater ial 24 S-T aluminam alloy . Numrbers nexr circles give optimum values of b/D.
E xample : The cprimur: desian for a web 1inches deep to carry S/h =320 pounds
perinch run would be 0.064 inch Thick with a D/h of 0.8 am) would equal in
weight a solid web QU4 inch thick. (NCQSU“’;,};’,Q‘H 401‘_"1.‘)
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