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NATIONAI ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE RESTRICTED REPORT

THE STRENGTH AND STIFFNESS OF SHEAR WEBS
WITH AND WITHOUT LIGHTENING HOLES

By Paul Kuhn

SUMMARY

Nearly 200 tests were made on the strength of shear webs of
24s-T aluminum alloy, with and without lightening holes. The tests
were madelin a Jig of the single--specimen type, in which the specimen
ls free to collapse completely without developing diagonal tension.
The lightening holes were circuler and had either flanged edges or
beaded edges, the specimens with flanged edges constituting by far
the largest test group. The following equations were found for the
sheer stresses T causing ccllapse, all stresses being given in
kips per square inch:

(e) Solid webs: Tgo37 = (37 — 0.283 h/t) if h/t <60 end
Teoll = 1200 t/h if h/t > 60, The second formila

applies only to sheet 0,036 inch thick; for other thick—
nesses, the collapsing stress may be obtained from a

grarh
(b) Webs with flanged holes:

Tboll(net) 2 k[}br + (71t = Ter) D/ﬁ]

where the ghear étrees is based on the net section

(c) Webs with beaded holes: T,uy1 = 4k0 (t/h) 5 5 where
the shear stress 1s based on the gross section, Within
the rather narrow test range, the gize and the spacing of
the holes has a practically negligible effect on the
strength of webs with beaded holes,

In these equations, h ig the width of the sheet; t, the
thickness; D, the hole diameter; b, the hole spacing; k, a
correction factor (not differing greatly from unity), which depends




on the sheet thickness; Tg,, the buckling stress; and Tult,
the ultimate shear strength of the material.

Simple empirical formulas are given for the 8hcer stiffness
appropriate to various groups of specimens. For webs with flanged
holes, design charts are presented; these charts make it possible to
determine by inspection the proportions of the lightest web for
e given set of design conditions.

INTRODUCTION

The shear webs employed in aircraft structures ars frequentily
perforated with regulerly spaced holes to lighten the web or to
provide eaccess to the interior of the structure. Round holes with
flanged cdges were used in airship girders beiore the metal monocoque
gtructure came into general use for airplanes, and they continue to
be the most common type of lightening holes.

The problem of computing the strength of a web with lightening
holes by theoretical means offers formidable mathematical difficulties.
There appears to be no published record of any attempt at a purely
theoretical solution, the nearest epproach being a general, but
extremely leborious, method of computing the stresses in a web with
plain holes. It has bsen necessary, therefore, to rely on tests
for proving the strength of perforated webs. Individual tests are
sufficient for the immediate purposc of proving the strength of a
given design, but they furnish no information on the optimum design
proportions. A sufficiently extensive series of systematic tests
would furnish information on the optimum design proportions and
would eliminate the need for many individual tests. Unfortunately,
80 many parameters ars involved that a very largs number of spocimens
would be necessary to cover the range of proportions; this obvious
fact has acted as an effective deterrent for many years.

A fairly extensive sories of tests was published by Schusgsler
(reference 1), but his results have not been fully accepted by
aerongutical enginsers. A number of aircraft manufacturcrs have
been interested for some time in obtaining additional data; it was
finally agreed that these manufacturers would furnish the test
specimens and the NACA would do the testing. BHach manufacturer was
to use his standard dies for flanging but to provide a sufficient
number of specimens to cover the range of variables as far as
practicable. The specimena tested in the present investigation were
furnished by the Bell Aircreft Corporation. Special acknowledgrment
is due this company for their willingness to cooperate by making a




large number of test gpecimens at a time when unprecedented demands
are being made on all production facilities.

The extensive test work involved was psrformed by

Mr. S. H. Diskin of the NACA staff. :
TEST PROCEDURE

In its most general form,. the problem of shear webs with
lightening holes involves the following variables:

(1) Metorial of sheot

2) Thickness of -sheet, t

(3) width of shect, h

(4) Type of edge support of Bheet

(5) size of holes

(6) Shape of holes

(7)  Spacing of holes, b

(8) Shape of flanges or beads around holes

It is obvious that systematic tests covering the entire range
of all variables would require a prohibitive number of specimens.
Any given investigation, then, can cover only & limited range of
designe and, if it becomes apparont that a different range of
designs offers promise of being better in some rsgpect, & new
series of tests will become necessary. The fact that additional
tests arc certain to be required makes it desirable to discuss in
gome detail the test procedure used and the difficultics encountered
in these tests, in order that later investigations may bencfit

from the experience gained.

Tost specimens.- The specimens furnished by the Bell Aircraft

Corporatlion consisted of the following: 125 specimens with flanged
holes, including 52 duplicates; 27 specimens with bezded holsy,
including 4 duplicates; 8 specimens with plein holes, including 4
duplicates; and 4 specimens without holes. Typical cross sections of
the flanges and of the boads are shown 1n figure 1. All specimens
were made of 24S-T aluminum alloy, as were 28 specimens without holes
prepared by the NACA. :




The perforated svecimens ranged in thickness from 0.032 to
0.064 inch. Three standard widths of specimens with holes were
furnished: 6, 5, and 42 inches, measured between center lines of
bolt rows. The nominal hole diameters (clear diameters) were 0.8, 1.1,
and 1.5 inches. All specimens were about 33 inches long; the sxact
length L was determined in each case by the hole spacing, the
end being taken halfway between holes. The free ends of the
specimens were reinforced by 90° flanges having a width of 1 inch.

The specimens without holes ranged in thickness from 0.015 to
0.065 inch. They were about 33 inches long, with the exception of
one specimen (t = 0.065 in., h/t = 210) that was 77.5 inches long.
The widths of specimens without holes ranged from 1 to 13 inches.

Inspection of the specimens before the tests discloséd that a
number of the flanged specimens had cracks in the flanges, sometimes
radial and sometimes circumferential. Even in an extreme case, however,
where every flange in the specimen was cracked circumferentially,
the static strength of the specimen was evidently unimpaired.

Test jig.- Shear tests on sheets with or without holes have
commonly been made in the type of jig shown schematically in
figure 2(a). (See references 1, 2, and 3, ». 603.) This type of jig
is very suitable for tests concerned with buckling loads; for tests
concerned with witimate loads, however, the jig is ob ectionable
because the rigid fixation of the outer bars enables the shear webs
to develop diagonal tension and, consequently, to develop higher
loads than they could develop in the actual structure.

For the present investigation, the single test jig shown
schematically in figure 2(b) was chosen. In this type of jig, the
specimen is free to collapse completely when the buckles become deep
enough to cause yielding of the material at the crests. Figure 3 is
a scale drawing of the actual jig, and figure 4 shows the jig in use.

For a few tests, the jig was modified by Jjoining the fixed
bar and the movable bar by links to produce a paraldelogram; in such
a parallelogram jig, the conditions are between those in a single Jjig
and those in a double jig. The tests, which are not included in the
paper, indicated an incrsase in strength of about 10 percent over the
single-jig results.

Very heavy bars were used to hold the specimen along the outer,
or free, edge in order to insure as uniform ag possible a distribu-
tion of the shear stress along the length of the specimen. The
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importance of this consideration was first pointed out by Mathar.

(Bee reference 2.) The bars that receive tre concentrated test load
(bar C in fig. 2(a); bar B in fig. 2(b)) are subiected to longitudiml
slresses and strains; as a result, the displacement of the loading
bars - and with it the shear strain in the specimens -~ is & maximm
at the point of load epplication and decreases from there toward

the end, or ends, of the bars. The introduction of the load at the
middle of the bar (fig. 2(b)) instead of at the end (fig. 2(a))

offers two advantages: The maximum amount of nonuniformity of shear
strain is reduced to one-fourth; and the maximum shear strain occurs
in the middle of the specimen instead of at the ends, where conditims
are already uncertain. The size of the bars was chosen such that,
theoretically, the maximum shear strain in the gpecimen exceeded the
average shear sirain by less than 2 percent in the worst case when
perforated specimens were being tested.

As shown in figures 3 and 4, two dial gages reading to l/lOOOO inch
were used to measure the shear deformation of the specimens.

The load was applied by & portable hydraulic testing machine;
the accuracy of load measurement was one-half of 1 percent.

Attachment of specimens.- The large thickness of the loading
bars made it impossible to use rivets for attaching the specimens
to them; half-inch bolts werec used for this purpose. The bolt holes
wers at first drilled through the specimen with a special lip-cutting
drill. The shear deformation measured on the first specimen with-
out lightening holes agreed with the calculated valus within the
accuracy of measurement, and the first tests with perforated
gpecimens gave voery smooth load-deformation curves. It was thorefore
believed that the method of driiling the holes was sufficiently
accurace, particularly since the emphasis in these tests was on
strength, not on stiffness. After two groups of' specimens had beon
tested, howsver, it was found that, under average conditions in
continued testing, the original accuracy of the holes could not be
maintained; in all the rest of the spocimens the holes wore therefore
drilled undersize and line-reamed. The reamed holes gave better
results than the drilled holes at the expense of doubling the time
required for testing; with drilled holes it had becn possible to
mako four tests a day; with reamed holes the average dropped to two
tests a day. For extensive test soris , it would be desirable to
use tapered holes in the test jig to provide for taking up the wear
caused by repcated reaming operations.

Edpe support.- The specimens werc at first clzmped directly
between the loading bars (fig. 5(a)). A comparable degroo of odge
restraint is not likely to exist in an actual structure. A nuibor
of tests were therefore mede with a practical substitute for




supported edges. The conversion into the second type of support was
made as shown in figurc 5(b). The loading bars wore separated and
drill rods were placed Betwesn the bars and the specimens along the
inner edges of the bolt holes. The first type of support will be
referrod to as "par support," the sccond type as '"rod support.”

For the largest values of h/t tested, The bar support mey be
congidered to give clamped edges, the rod support to give supported
odges. At small values of h/ft, the clamping effect of the bar
support is apparently not sufficient to produce the equivalent of
rigidly clamped edges. The rod support, on the othor hand, has some
restraining effect that becomes more noticeable at lower valucs

of h/ft; it is caused by the restraining action of the bolts on

the parts of the specimen that overhang the rods.

The specimens with flanged holes were divided into two inter-
locking groups; one group was tested with bar supports and the other
group, with rod supports. The test points obtained with rod supports
appeored to show loss scatter than the test points obtained with
bar supports, and the edge restraint provided by the rod sunport
was more ncarly represcntative of actual conditions. Rod supporis
were thercfore used for most of the specimens with beaded holes and
for the specimens with plein holes. Both types of support were
uscd for specimens without holes.

Loading procodurc.- In the main group of tests, cach specimen .
was preloadsd once or several times to about 20 percent of the
naximua load and was adjusted until the two dial gages gave approxi-
matoly equal readings. The load was then anplied in increments of
500 or 1000 pounds until the specimen complotely collapsed and th
load dropped off. Dial-gnge readings were teken at cach load
increment.

After the strength teste had been completed, & small number of
duplicate specimens wore tested in the following wanner: Each
specimen was preloaded and ad justed to givo approximately cquael
readings on the two dial gages. The load was then increesed by the
usual increments to two-thirds of the estimeted maximum value and
decreased again to zero. A second run to two-thirds load and back
to zero load was then made, and finally the specimen was loaded to
destruction. These tests were intended chiefly to obtzin some
data on permanent set;-incidentally, they scrved the usuael purposes
of repeat tests.

e e e




TEST RESULTS

The Strength of Shear Webs

The strength of solid shear webs.~ The dimensions of the shear
webs without holes and the meximum loads carricd by them are given in
table 1. The experimental shear stresses causing the webs to
collapse T.,,1; Wwere calculated, from the test load causing the
specimen to collapse Peo11, by the formula

- Peo11 (1)
C.Ql:l I-'a +

T

the effective length L, being taken as (see fig. 5)

e rtoe 1o (
LG =L -éﬂ.l \d)

for bar supports as well as for rod supports. This correction for
ineffectivencss at the free ends was also used by Schissler
(referonce 1) and is besed on photoelastic tests reportcd in referemce 3
(p. 605). Strain measurements made on the upper half of one
specimon with bar supports showed stresses equal to 79 and 99 per-
cent of the calculated stress at distances of 0.2k, and O.hhl,
respectively, from the end; the measured stress at the middlé of +the
spegimen was 105 percent of the calculated stross. This oxcedss at
the middle is oxplained qualitatively by the fact that the load

ig applied in concentrated form, as mentioned in tho discussion of
the test jig. The fact that a 5-percent excess was neasured instsad
of a 2-percent oxcess, as estimated, may be duc to experimental
¢rror, inadequacy of the simple formula used for making the estimate,
local overstressing due to oversized holes, and finally to the high
load carried in the solid spocimen.

The experimental valuss of T co11 &re shown in figure 6.

The evidence is not so complete as might be desirod but appears to
warrant the conclusion that the method of edge support does not affeot

the collapsing load. For values of h/t < 60, the data can be repre-
sented by the ermpirical formula

Teoll = (37 - 0.283 h/t) kips per square inch (3)
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At values of h/t > 60, the curves separate for different thick-
nessos, the thinmer shecte develop higher stresses than the thicker
sheets. For a thickness of 0.036 inch, the experinental curve for
h/t > 60 can be expressed by the empirical forrmula

% = 1,200 t/h kips per square inch (&)
coll ’

No attempt was made to express the curves for other thickmesscs in

analytical form.

For comparison, figure 6 also shows the well-known theoretical
curves for the critical shear stresscs Tgp, These curves are valid

only 28 long as the stress in the material has not passed the limit
of pronortionality; beyond this point, corroctioms must be made
analogous to the case of column curves at low slenderness ratios.
There is no established method of making such corrections in the
cagsc of critical shear stress, but an upper limit for Ty nmay

obviously be obtained by using Tgo33 Wienover it is lowor than Ter.

The strongth of shear webs with flangsd holes.- Because webs
with round flanged lightening holes are widely uscd, an effort was
made to develop an empirical strength formula of such a form that it
could be used for extrapolation beyoni the test range with a
roasonable degree of accuracy. The forrmla doveloped is

Teop) (met) =k };cr + (e - Tor)D/b l (5)

where

1Formula. (5) for the strength of shear webs with flanged lightening
holes, as given in this report, was basod on a fairly large
nwiber of tests (119 tests). The range of sone of the variables
was, however, quite limited; in particular, ihere were practicelly
no tests with a dianeter-to-depth ratio greater than 0.5. Addi-
tional tests have been started to oxtend the range of variables;
only a few of these tests have now been completed (Sept. 1942),
but they appear to indicate definitely that the formula becomes
unconservative outside the test range. Pending the completion
of these tests, it is recommended that the application of
forrmla (5) be strictly confined to wobs falling within the
test range, which may be defined as follows:

D/h€ 0.5; h< 5.5 inchos; t> 0.32 inch

IR e e



L-k02

Tooll (net) shear stress that causes collapse, based on the net
section. The net section per inch run is taken
as t(1 - D/b)

T critical stress at which the sheet would buckle if it
had no holes

Tae ultimate shear stress of material
D clear diameter of holes
b center-to=-center spacing of holes
kK =0.675 + 7.5t (t< 0.050 in.) ‘1
(6)
k =1.05 (t<0.050 in.)

It will be seen uhat formula (5) involves the properties of the
material; nemely, 7,14y and E (inT..). The formula gives either

approximately ccrrect values or conservative values for all possible
limiting cases as follows:

When the holes are so closely spaced that the flanges of
adjacent holes touch each other (D/b-*1), the shear stress
developed over the net section may be expected to equal the ultimate
shear stress of the material as lcng as the sheet is thick enough to
prevent buckling of the narrow net section. Formula (5) reduces for
the case of D/fb—>1 to 7.,y (net) = kr, 4, which indicates a net

shear stress lower than T,;4 for thin sheet, increasing to a net

shear stress somewhat larger than 7,34 for thick sheet. This excess,

which has a maximum velus of 5 percent according to formmla (6), can
prcbably be explained by the fact that the value of Tult &8 obtained

from reference 4 is somewhat conservative.

When the holes become vanishingly small but a finite spacing is
still mainteined or when the spaclnﬂ becomes very large for any
arbitrarj size of holes (D/p— formula (5) reduces to

T coll (net) = chr This valae ‘s conservative for large ratios of

h/t énd spproximately correct for low ratios of h/t provided that
the Teoll Curve is used as a cut-off curve for Tey» @8 suggested

in the discussion of the strength of solid webs.

The linear dependence of 7 .. on D/b was established

empirically; a sample test plot is shown in figure 7. It was first
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believed that the change of Tgoyy should de geﬁd a function of

D, b, and h, the most obvious one being I foh tnat expresses
the amount of lightening (ratio of area removed to original area)
exccpt for inessential constants. It was found, however, that
ruch closer COTfClutIOP could be obtained with tnp parane ter u/b
than with D° [oh.

1]

Tables 2, 3, and L give the dimensions of the test specimens,
the test loads, the experimental values of T,,17, and the calculated

values of Tg,,17 for the shear webs with flanged lightening holes.
The experimental valuss of Tgo17 were calculated by the formula

Teorl (met) = Peo1a/as (7)
where the effectivc net crogs=~secticnal arca 4L, was taken as

Ap = (n-1) (b -D)t (8)
n being the nuwiber of holes in the specimen.

The correction for ineffectiveness at the ends included in
forrmle (8) is based on the &aSngblon that the material outboard
cf the last holc on each end carrics no stress. Qualitatively, this
correction scems more appropriate for psrforated spscimens than the
correction used for solid specirens, and it does not differ greatly
from the correction for solid specimens within the test range.

Quantitavively, however, the correction is not verified and
constitutes the largest item of unc“rtainty in tho evaluation of the
test data. The error duc to this uncertainty is cstimated to be,

in most cases, less than 5 percent.

The calculated values of Tg;,y; Wwere obtalnoed by using forrmlas (5)
ard (6). Tho valuos of T op neeled for use with formula (5) were
taken fror: the curves shown in figure ©. These curves were obtainsd
by drawing tentative straight lines on all test plots, analogous
to the plot shown in figure 7. The tentative values for T, obtained
in this manner werc then plotted ageinst h/t and faired. The

rolulus E was taken as 10, 600 kips per square inch and the ultinate
strength as T1t = 37 kips per square inch, according to reference L.

It will be noted that, for the two main groups of tests (with
reaned bolt holes), forrmla (5) reprcsents the test data quite well.
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Errors in excess of 10 percent are shown for 11 percent of all tests,
and the maxinum errors ars 22 percent on the conservative side and
10 percent are shown for 11 percent of all tests, and the maximum
errors are 22 percent on the conservative sice and 10 percant are
shown by 16 percent of all tests; the maxirmm errcor on the conserva-
tive side is 24 percent and the maximum error on the unconservative
gide, 20 percent. Compared with the formulas of reference 1,
formula (5) has, therefore, the twofold advantage of somewhat better
accuracy and of much greater usefulness for extrapclating beyond

the test range. The test group with drilled bolt holes averagss

10 percent low, preswably reflecting the influence of uneven load
distribution caused by irregular. ocversized holes.

The strength of shear webs witk beaded heles.- The results of
the tests on webs with beeded holes are given in table 5. Application
of the formula developed for webs with flanged holes showel large
irregular scatter, indicating that the behavior of the webs with
beaded holes differs considerably from the behavior of the webs
with flanged holes. The beads stiffen a fairly large portion of the
sheet and, as a result, the webs with beadsd holes appear to act
more nearly as uniformly stiffened sheets. The collapsing stress
of webs with beaded holes is -therefore based on the gross, not on
the net, section and is calculated by the formulas used for webs
without holes, namely, formulas (1) and (2). In order to emphasize
this point, the sheoar stress thus calculated will be Jdesignated

Teo1r (sross).

The experimental values of Téoll (gross) arc plotted in
figure 9 against the ratio h/t. Curve A is plotted from the equation

’

Tooll = B40 (t/h)%i kips per square inch ) {9)

This formula repregents all the test data for beaded holes with about
the same degree of accuracy &s formula (5) represents the test data
on webs with flanged holes. On the webs having a hole diamcter

D = 1.05 inches, tho influence of holo spacing is sufficiently
definite to justify the fairing of individual curves for different
hole spacings b. Curve B in figure 9 is faired through the test
points for webs with b = 4 inches, curve C through the test points
for wobs with b = 3 inches. The curve for b ='3.5 inches was
omitted to gimplify the figure. For the webs having e hole
diameter D = 1.60 inches, the tests indicate no relation between
the allowable stress and the hole sracing. The nuber of tests is
not sufficient to draw more definite conclusions on the influence of
hole size and hole spacing.
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Three beaded-hole specimens were tested with bar supports.
It will be noted that the test points fall practically on the same
curves as points for tests with rod supports. The conclusion
that the methed of edge support does not influence the strength of
webs with bedded holes is in agreement with the conclusion first
gtated that this type of web fails in the same general manner as a i
uniform sheet, because the tests on solid webs indicated no
influence of the method of edge support on the strength.

The strength of webs with plain holes.- Since only four
different sizes of webs with plain holes (without flanges) were tested,
it is impossible to draw any general conclusions. The test results
are given in table 6.

The Stiffness of Shear Webs

The shear displacement ©® of a solid web is given by the
elementary formula

P h
5 =Ih, = —21 (10)
G L, G

as long as the sheet does not buckle and the limit of proportionality
of the material is not exceeded. The depth h, of the web between

the center lines of the bolt rows is used in all cases when deforma-
tions are being calculated.

The displacement of a perforated web may be calculated by
the same formula if the product %G in formula (10) is multiplied
by an efficiency factor n . This factor will be denoted by 74
when it applies to the initial straight-line part of the load
deformation curve. For many webs, this initial straight—line part
is so short as to be of little practical significance. The factor nq
(without subscript) recommended for general use 18, therefore, based
on the measured displacement & at two-thirds of the collapsing load;
this load was chosen because, under present design requirements, the
1limit load is “wo-thirds of the ultimate design lcad.

A simple formula for the shear-stiffness factor may be obtained
by assuming that the material between the holes and the edges is
entirely ineffective, leaving as effective material rectangular
strips having a length (b-D); the formula is evidently

5=1-D/b (11)
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If this formula is modified by intro8ucing an exponent m
m
n=1- (D/v) (11a)

it may be adjusted to fit individual groups of test data as well
as the scatter of the data will permit.

The expsrimental displacement curves often exhibited marked
irregularities; some of these irregularities were probably caused
by lewse it of the bolts, some by buckling betwesn the lightening
holes. No atiempt was made, therefore, to derive formulas of general
validity to represenl the experimental shear-stiffness factors.

Only the results for webs with rod supports are given. It is
believed that the restraining influence exerted by the bar supports
on the shear displacements is never approached in a practical structure
and the results cobtained with bar supports are, consequently, of
no practical interest.

The stiffness of solid webs.- By definition, the shear-
stiffness factor 17, equals unity for solid webs.

If buckling begins at a load less than 2/3 Pyo11, the value of
n will depend on the amount of buckling. The condition is similar
to that in diagonal-tension fields but is complicated by the fact
that a web free to collapse is more sensitive to initial buckles than
a diagonal-tension web. There were additional experimental diffi-
culties in some cases, such as the small magnitude of the displace-
ments caused by hl being very small, and uncertainties concerning

the fit of the bolts. As a result, the usable data obtainecd are
too isolated to warrant publication.

The stiffness of webs with flanged holes.=- The basic formula
(11) was found to represent quite well the experimental values of
Mo obtained for webs with flanged holes having thicknesses from
0.040 to 0.064 inch (fig. 10). For webs having a thickness of
0.032 inch, the values of 1, were appreciably lower (fig. 11).
The factor n <for the stiffness at 2/3 Pcoll ig shown in figure 12;
all thicknesses of sheet are included in this plot because there was
no discernible influence of the thickness on the stiffness factor.
Figure 13 shows the factors n obtained on the specimens used for
permanent-sct tests. These specimens had been loaded twice to
2/3 Peo11s 1t may be assumed, therefore, that the play in the bolt

holes was fairly well eliminated, and the results average
correspondingly higher than the results shown in figure 12.

b
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It may ve concluded from figures 12 and 13 that the stiffness
factor may bve taksn as

n=1- (Dfp)%; (12)

for wgbs with flanged holes when the joint along the loaded edge has
no play; since a well-riveted joint has no play, the formula should
be applicable to webs with riveted joints.

The stiffness of webs with beaded holes.- The basic formula (11)
represents fairly well the experimental values of 1, for webs

with beaded holes having a thickness of 0.064 inch (fig. 14). For
smaller thicknesses, the values of 7, are lower (fig. 15).

The shear-stiffness factor n of webs with beaded holes at
high lcads exhibits the same characteristic as the strength of these
webs; namely, that the influence of hole size and hole spacing is
negligible within the test range (fig. 16). The thickness, however,
has some influsnce and the experimental averages can be expressed by
the empirical formula

n=0.1+ 4.5t (t< 0.064 in.) (13)

Permancent~-Set Tests

The permanent set of shear web may be thought of as caused
by two distinct phenomena: (1) permanent set of the specimen itself
and (2) permanent set in the joints - riveted or bolted = along the
~edges.

The magnitude of the permanent set suffered by the specimen
itself depends on the magnitude of the maximum stress and on the
extent of the region experiencing high stresses. In perforated
webs, the maximum stress covers only a very narrow bend in the net
section. Therec may be some concentration of stress, but this
concentration would be too localized to affect appreciably the perma-
nent set of the entire specimen. There may exist a buckle over the
net section, adding local bending stresses to the basic shear stresses;
in the range covered by the tests, however, these buckles were always
very small if at all perceptible, and they disappeared completely
upon removal of the load.

At the two-thirds load chosen as standard for defining the
permanent set, the maximum stress in a perforated shear web may,
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therefore, be taken as approximately equal to 2/3T . y;. Since

TCOll is always less than ‘rult; the maximum stress is always less

then 5/3 Tulte In 24S-T alwuinum alloy, the yield stress is roughly
equal to 2/3 Tult. Consequently, there is little likelihood of

an appreclable amount of permanent set occurring in the net section
of a perforated web loaded to 2/3 Pooid:

Permanent set in riveted joints is caused by bearing failures
of the sheet or the rivets and by deformation of the rivets. This
subject forms a separate field of study and need not be considered
here. Permanent set in bolted joints is caused chiefly by bearing
failures of the sheet and by slippage in oversized holes.

The results of the permanent-get tests are given in table 7.
It will be seen that the permanent sets of specimens with flanged
holes tested with bar supports range roughly from 5 to 10 percent of
the displacement under load. The net shear stresses are below: the
yield stress of the material, and the sets recordsd. are, therefore,
belisved to be mostly caused by slippage in the bolt holes.

The permanent set recorded for webs with flanged holes tested

with rod supporis are about ten times as large as lthose with bar

supports. Since the net shear stresses are of the same order of
magnitude for both groups of tests, it must be concluded that the
slippage in the bolt holes and the bearing failures of the sheet were
much more pronounced in the tests with rod suppnorts than in those

with bar supports. The difference presumably arises from the fact
that the bar supports transmit an appreciable part of the load by
friction, thus relieving the bearing pressures and delaying the
occurrence of slip. In addition, the bolts are subjected to a certain
amount of bending when the loading bars are separated by the rods.

The belief that the recorded set is largely caused by slippage
is supported by a study of the load-displacement curves discussed in
the appendix. These curves sugeest strongly that large amounts of
slippage take place at loads between 4 and & kips when the rod
supports are used. The possibility of large amounts of slippage despite
the use of reamed holes is explained by wear in the test jig. An
index to the relative amount of wear in the Jig is furnished by the
test numbers, which are given in tebles 1 to L; 1t may be noted that
the set tests on specimens with flanged holes carry test numbers 161
to 175. The irregulor shape of the worn holss and the large thickness
of the loading bars made it impossible to measurc the actual amount
of wear in the holes; it is estimated, however, that the wear in
many holes amounted to at least 0.00Z to 0.004 inch when the set
tests were being made.
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If the view is accepted that the set in the specimen itself
is small compared with the set in the Jjoint, then it must be concluded
that the sets recorded in table 7 cannot be considercd as representative
of actual structures and, moreover, that it will be impossible to
obtain representative data on permanent set by the method of testing
employed in this investigation. -It will be necessary to use a methdd
of testing that permits reproduction of the joint usedé in the actual
structure.

DESIGN FOR MAXIMUM STRENGTE-WEIGHT RATIO

The formulas and curves given in the preccding sections answer
the problem of stress analysis; that is, thc problem of predicting
the strength of a web of given proportions. Attention will not be
given to the design problem that is normally posed in the following
form: Given the depth of a web and the load that it must carry, what
proportions should be chosen to obtain the web with the minimum
weight?

Solid webs.- In webs without holes, the thickness is the only
variable that can be choscn. Inasmuch as the strength requirement
must be met first, therc is no possibility of fulfilling any additional
requirements for minimum weight.

Webs with beaded holes.- Since the effect of hole size and hole
spacing on the strength of webs with beaded holes was not established
very definitely by thce tests, it is not possible to give a definite
procedure for dceigning such webs in order to obtain the best
structural efficiency. Comparative calculations within the test range
indicate that the efficiency of webs with 1.6-inch holes is very
nearly the same as that of webs with 1.05-inch holes, the maximum
differences being about 2 pecrcent. Webs with 1.6-inch holes can
be designed for strength on the basis of formula (9); this formula
establishes the nccddsary thickness of the web, and the minimum
weight is then obtained by using the minimum hole spacing for which
the formule has been verified; namely, b = 3.5 inches.

Webs with flangod holes.- In webs with flanged holes, it is
possible to meet the strength requirement with a serics of webs
differing in thickness, hole size, and hole spacing. It is not
practicable to develop a direct analytical method of finding the
lightest web among all the wobs that meet the strength requirement;
the problem was solved, therefore, by preparing design charts in
the following menner: Fixed values were assumed for h and ¢,
while D was varied systematically. Values of T, were calculated

by the standard formula
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Top = 488 (t/n) (1k)

assuming simply supported edges in ordsr to be conservative.
Omitting factors that do not affect the maximum problem, the shear
foree 4 & por dnchign ds

i g
ao |Top +(Tult 3 Tcr) D/b

(1 - D/p) (15)

Omitting again factors that do not affect the maximum problem,
the weight W of the web pexr inch run is

Wmh(l-l‘]_).e.) (16)
Lbh

Dividing expression (15) by (16) gave an expression for the strength-
weight ratio; when the derivative of this expression with respect to
the ratio D/b was equated to zero, a gquadratic equation was obtained
that gave the optimum D/b ratio necegsary to obtain the maximum
strength-weight ratio for a given combination of values of h, t,

and D. The solution of the quadratic equation is

R -4t A% - B (17)

where

R  optimum value of D/b

4h

A 7D
B . A+ IEESE.:.&Q
Tait = Ter

The physically possible values of R 1lie between zero and unity;

the applicable root of the equation, therefore, was found by inspection
to be the one using the minus sign before the square root. From the
value of R thus found, the best spacing b was cbtained, and the
transverse shear strength S of the web was then calculated by the
formula

4




18
S =Tgo11ht (1 - D/b) (18)

The result was a series of points from which the strength
curve for the assumed values of h and t could be plotted
against D/h. In this manner, strength curves were calculated for
various standard values of t and for two values of h delimiting
the test range. The strength curves are shown in figures 17(a)
and 17(b)} as lines sloping down to the right. The number at each
point gives the value of R determining the optimum hole spacing.

For each web calculated as described, the weight was then
calculated. The weights obtained were used to construct curves of
equal weight, shown as lines sloping up to the right. In ordsr to
facilitate comparisons, the equal weight curves are not numbered in
terms of actual weights but in terms of the thickness ts of the
corresponding solid sheets.

There were no tests available with D/h< 0.1%. The sirength
curves and the equal weight curves were therefors stopped at
D/h = 0.15, and straight guide lines were drawn to the values of
D/h = 0, which are based on the tests on sheets without holes.
Individual judgment must be used should it be necessary to design
webs falling within this region.

It will be noted that the strength curves, when extended to
D/h = 0, vass near the points derived from tests on sheets without
holes for a certain rangs but not over the entire range of the two
charts. Theoretically, there is no reason why the strength curves
should pass through these points, because the theoretical case of a
web with vanishingly small holes is not identical with the case of a
sheet without holes. The strength curves agsume that the optimum hole
spacing is used in each case, which means that there is & finite
reduction of section along the center line of the web even when the
holes became vanishingly small. On the other hand, the validity of
equation (5) is assured only if there is a flange of a certain depth
around each hole. In the case of very small holes, there must exist,
then, a ridge of closely spaced flanges along the center line of the
web, and this ridge would exert a stiffening influence. It should
be realized, however, that this reasoning is theoretical and
qualitative only. Caution should be used in designing perforated
webs in the region where the strength of the solid sheet is appreciably
lower than the strength of the perforated shee® until full experimental
verification is obtained for this region.

For webs having a depth of either 4 or & inches, the answer
to any design problem may be obtained from figure 17 by inspection.
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For the design of webs with intermediate depths, figure 13 was
prepared, using figure 17 as a basis. The ratio D/h = 0.8 is about
the maximum value thai can be used in practice without having undue
interference between the flanges and the rivet rows; figure 18(b) will
therefore be used to obtain the most efficient designs, because
Inspection of figure 17 indicates that the most efficient design isg
always obtained by using as large a hole as nossible. If it should

be necessary to use smaller holes, the allowable value of the running
shear S/h may be obtained by interpolating between the curves of
figures 18(a) and 18(b).

The design charts are based on the agsumption that the optimum
hole spacing is used. ZLarger hole spacing will increase the strength
but will lower the strength-weight ratio. Smaller hole spacing will
lower the sirength as well as the streagth-weight ratio. The influence
of the hcle spacing is illustrated by the three testh groups shown in
figures 19(a), 19(b), and 19(c). The figures illus*rate the value of
the formula for finding the optimum hole spacing when the optimum
falls outside the test range.

Examples for use of design chartg.- Examnle A: A web 4 inches
deep is required to carry a trenaverse shear load of 1550 pounds.
Find the design proportions giving the best strength-weight ratio,
assuméng that practical considerations limit the value of D/h
to, 0L c,

By inspection of figure 17(a), it is found that a web 0.040 inch
thick will just carry the required load. The hole diameter is
0.8 X 4t = 3.2 inches. The chart gives R = 0.57; the optimum hole
spacing is, thersfore, b = 3.2/0.57 = 5.6 inches. The weight of this
web is slightly more than that of a solid web 0.025 inch thick.

Example B: A web 6 inches deep is required to carry a trans-
verse shear load of 2280 pounds. Find the design proportions giving
the best strength-weight ratlio, assuming that practical design
considerations limit the value of D/h to 0.8,

' The required running shear is S/ = 2280/6 = 3{0 pounds per
inch. Figure 18(b) shows that to carry this ruaning shear with a
depth of 6 inches, a thickness of 0.040 inch is required. By
interpolation, the value of R is 0.591. The hole diameter is
0.8 x 6 = 4.8 inches; the optimum hole spacing is therefore
4.8/0.591 = 8.12 inches.

Comparison of three types of web.- Comparisons betwsen solid webs
with flanged holes may be made conveniently by inspection of figure 17.
It will be seen that the perforated webs may be stronger or weaker
than solid webs of the same thickness. For a given strength, however,
the most efficient web is always a perforated web, never a solid web.

4




20

Comparative calculations for webs with flanged holes and webs
with beaded holes are shown in table 8. The ratio D/h for flanged
holes was limited to 0.3, because larger ratios mey cause inter-
ference between the flanges and the rivets. The strength of the webs
with beaded holes was based on formula (9). The hole diameter was
teken as 1.6 inches, and the hole spacing as 3 inches, which is about
the closest spacing possible. This close spacing, although beyond
the tesl range, was chosen in order to make the comparison more
favorable for the beaded holes. As table 8 shows, however, the webs
with flanged holes require a smaller volume of material and, consequently,
are more efficient than the webs with beaded holes unless the webs
have a very low h/t ratio.

Comparisons not included here show that for the same thickness
and hole diameter, the web with beaded holes will carry more load,
or at least the same load, as the web with flanged holes. The web
with flanged holes can be made more efficient, however, by using
lerger holes, while the size of the bead effeciively limits the size
of the hole.

Lengley Memorial Aeronautical lLaboratory,
National Adviscry Committee for Aeronautics,
Langley Field, Va.
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APPENDIX
LOAD-DISPLACEMENT CURVES OF SHEAR WEBS

While a discussion of load-displacement curves is only of slight
interest to the designer and to the stross analyst, it is of interest
to the engineer confronted with the task of devising a “test procedure.
Increasing attention is being paid to questions of stiffness and,
consequently, there will be an increasing demand for information that
can be obtained only by tests. A discusion of points brought out in
the present investigation will therefore be in order in preparation
for future teagts. :

It is impractical to present all the data; only somples are shown
for the most important test groups. In order to avoid personal bias
in the choice cf the samples, the choice was madé by arbitrarily
designating test numbsrg without referring to the curves.

The sample curves for solid webs ars shown in Figurs 20. It
will be seen that the initial tangent agrees guite well with the
calculated straight line, but the initial straight-line part of the
curve may be quite short.

In references 1 and 2 it is stated that the typical load-
displacement diagrem starts as a straight line, then bends through
a knee into a second straight line with smaller slope, and finally
rounds over into a curve approaching the horizontal.. The knee between
the two straight-line parts was interpreted in these two references
as indicating the buckling load.

The curve shown in figuwre 20 for spscimen 1 answers this general
description, and the knee of the curve lies in the region of the
critical load calculated on the assumption of supported edges: On
the curve for specimen hD, however, there is obvicusly no relation
betwsen the location of the knes of the curve and the critical load.

On the perforated webs with bar supports and drilled bolt holes
(fig. 21) the curves do not show & knee that might be considered as
indicating a buckling load. On the same type of specimens with reamed
holes, a)knee might be identified on three of tie four curves shown

tig. 22].

On the perforated webs with rod supports (fig. 23)J all the curves
show & mors or less pronounced irregularity. The displacement curve
indicates a sudden reduction of shear stiffness, followed by a sudden




increase of a smaller amount. It would be very difficult to explain
this action as being due to buckling, when the specimen is free to
collapse. On the other hand, it is easy to explain this action on
the assumption that the bolt holes were oversize and that the sudden
apparent loss of stiffness is, in fact, caused by slippage.

If the displacement curves obtained with bar supports are re-
examined in the light of this conclusion, it will be seen that they
show similar tendencies, only much less pronounced. Since the bar
supports give a much larger contact area on the specimens than the
rod supports, slippage probably occurs more gradually and is thus
effectively masked.

It is stated in reference 1 that the knee of the load-displacemsnt
curve was used as . prime evidence of buckling but that corrcborative
evidence was obtained by observing reflections on the surface of the
specimen between lightening holes. This method is quite sensitive
for detecting the instant at which a plane surface begins to curve
slightly, but it is difficult to detect changes of curvature by this
method. In the specimens used for the present investigation, it was
generally found that the flanging operation had left the sheet slightly
curved between the holes, so that it was difficult to detect buckles
at an early stage of development by observing reflections. In general,
clearly visible buckles began to appear at about 2/3 Poo1y+ EFarlier

buckling was noted on some solid sheets and on a number of specimens
with bar supports and reamed holes, but the buckles were often so
shallow that their existence remained doubtful over a large range of
loading, sometimes over a range equal to one-third of the collapsing
load.

The cobservations made lead to the conclusion that the load-
displacement curves obtained in these tests are falsified by
slippage in the bolt holes, to & moderate extent when bar supports
were used and to a marked extent when rod supports were used. It
may also be concluded that whenever there is any possibility of such
slippage, & knse in the load-deformation curve cannot be regarded
a8 a reliable indication that buckling occurs in the specimen.
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NACA
TABLE 1
SOLID SHEAR WEBS ks
Specimen| Test Le t h Peoll 'tEXp' %alc. Exp.
(in) (in) (in) | (kips) |uisSenimlipsfihing Cale-
Bar supports, reamed bolt holes
ZB 37 3228 [0.037% 3.94 15.70 3.00 11.38 114
2C &4 3238 | .03% 3.94 15.90 246 2.00 1.04
%E 42 3263 | 0385 2.94 2075 6.52 5.70 .05
. 43 32.78 .03%6 2.94 21.30 6.4] 6.18 .0
] 38 32.34 .0643 4.03 40.00 19.23 9.00 .0
4C ) 3e.02 .0642 S 41.50 20.14 9.30 1.04
4D 40 32.4 .0634 2.94 47.90 23.29 23.88 .96
4E 4| 32.69 .0637 3.00 49.00 23.56 2356 1.OO
137A 76 27.64 .0420 9.97 5.50 4.74 4.90 .97
1378 el 2.5 .0419 997 6.50 5.64 4.68 .16
138A 78 28.52 .0232 6.22 348 | 5.08 5.30 .96
388 78 29.57 .0233 6.25 360 B.24 5:30 .99
39A 84 32 .0426 1.03 40.90 29.90 30.14 .99
398 85 32,1 .0424 1.03 41.90 30.79 302 102
40 90 3218 .0148 [.00 8.76 18.42 7.90 1.03
42 9l 28.97 .063 7.00 18.00 9.88 0.65 93
43 92 69.94 .061 1300 21.20 4.90 5.00 198n
Average of ratios above unity (10tests) =1.05
Average of rotios below unity( 7tests)= .97
Average of dll ratios (17 tests)=1.02
Rod supports, reamed boit holes
eF 85 31.94 [0.0377 53 13.00 10.80 8.45 .28
4F 86 32.06 0064 1) 30.30 14.80 1450 1.02
_133A 131 31.22 0142 3.9 3.30 7.45 1.0 .98
38 2 31.24 0139 3.96 343 7.90 758 1.04
34A 29 28.08 .040I 10.02 5.30 4.71 4.64 .02
34B 30 2827 .0392 10.02 4.64 4.19 453 192
| __135A 8| 3199 0144 2aill 4.50 9.77 830 .18
B 82 3/.95 .0144 2.7 3.75 815 830 .98
36A 46 29.59 0393 7.18 8.96 7.70 6.46 .19
36B 80 29.56 0417 71.18 896 J1.2r 6.88 1.06
| 93 32.41 0148 .74 5.18 10.80 11.06 .98
Average of ratios above unity (7 tests)=1.]1
Average of ratios below unity (4 tests)= .97
Average of all ratios (Il tests)=1.06
Bar supports, drilled bolt holes®
| 32 30.75 |0.0315 4.00 9.66 9.97 950 1.05
2 i 30.72 .0406 4.00 14.15 1.35 fg.22 .93
3 [ 30:5 .0512 4.19 18.90 2.07 14,65 .82
4 I 3072 0656 4.06 36.00 7.87 19.20 98

95pecimens with drilled bolt holes
are not shown on plot.

Average of all ratios (4 tests)=093




NACA 2
TABLE 2
SHEAR WEBS WITH FLANGED LIGHTENING HOLES
[Bar supports, reamed bolt holes]
Specimen| Test L [Number[ t h D b Ae P | EXp. [ _Cale. [ Exp
i of holes| . i : [ Tedinet) [ Teali(net)
(in) | n (in) | (in) | (in) | (in) | (sqin)| (kips kipsﬁainlgips/sqi Cale.
Strength fests
6A 65 SRR 21 _[0.03I11 [ 3.97 | 077 .50 10.454 | 9.35 [20.59 [ 19.5] .06
7A 66 30 19 03141 3.97 g7 .75 | .554 [ 1050 [ 1896 | 17491 1.0
8A 67 337 |7 0313797 77 | 200 | 616 | 1065 1729 | 15861 1.09
I0A 45 Sl 2l 0409 | 397 17 LSO | 597 tNIos0N|N26a6 |RZZie Ml
ITA 46 3.0 ) 0411 | 400 ol .76 | ,725 [ 1640 | 22.62 | 2056 | I.10
12 A 47 3310 i 0400 | 3.94 74 2.00 | .806 | 14.10 1749 | 1832 95
4B 80 SiE3 21 08191] 397 75 [350 779 [2l.50 | 27.62 | 2627 1.05
158 Tl 330 19 | .0524 | 394 75 | 1.75 | 943 [2370 | 2513 | 2473 | 1.02
6B 8l 338 |7 0507 | 397 75 | 200 [1,014 [2425 |2392 | 2278 .05
19B 79 33.0 9 0654 | 403 J7 1175 11154 [3200 | 27,73 | 2800 T
21A | 69 | 353 19 1.0311 [ 400 | 1.4 [ 1.88 | 412 [ 1000 | 24.30 | 22.23 | 1.09
22A 70 3.4 5 0312513197 .14 | 225 | .485 S5 N|R20N 1936 [ 1.04
23A 71 3.8 3 .03 400 4 | 263 | 5% | 1000 | 1804 [ 17191 1.05
24 68 32 | .03 4.00 .14 310071582 990 | 1700 | 1568] 1.08
25A 18 353 9 .01 | 400 RE 1.88 524 1405 | 26,80 2450 1.09
26A 49 335 a3 03221 394 e L T A 1435 | 23.34 | 21,76 | (.07
27A 51 38 3 .0422 | 397 .14 | 263 | .75 [ 1630 | 21.68 | 2083 | .04
28 50 32.8 | 0419 | 3.97 EE 300 | .775 11570 | 2025 119,33 | 1.05
29B 82 R4 9 0519 | 3,94 ] .86 | 677 Q.70 56 | 2919 1.05
0B 70 B5 5 0522 | 394 LS 225 | .804 |23.70 | 2948 | 2672 | 1,10
3B 83 339 3 0520 | 3.97 HE! 263 | .920 [23.25 [ 2526 | 24.74 | 1.02
%B 78 35 5 0652 | 397 HE] 225 [1.004 3200 | 31.87 | 2956 | |.086
37A 72 322 13 0309 397 632 BNl 823 6.96 | 2157 | 2348 92
38 73 327 | 0313397 .65 | 300 | .423 763 | 1805 | 2065 87
39 74 4.7 0 0309 397 .65 | 350 | 515 940 | (827 | 1825] (.00
40 75 3D 9 0310 397 65 | 400 [ .583 960 | 1647 | 1658 99
41A | 52 322 3 0420 | 394 62 | 250 | 444 | 11.80 | 2661 | 2682 e
42 53 2.7 | 0421 | 400 65 # .568 380 | 2428 [ 2402 | 1.0l
43 54 347 0 0422 3% 65 50 | .703 540 ] 21921 21991 1.00
458 84 32 <] .0528 1 397 1.60 | 2. 570 6.20 | 284| 96 2D
57A 56 328 13 .0408] 297 165 | 250 | .416 11.00 | 2643 | 2871 92
58A 55 32.8 [ .0407] 297 165 | 30 .550 1355 | 2466 | 26.20 .94
59A Ol 347 10 0396] 297 165 | 350 659 | 1550 | 2351 | 2390 98
| 60 58 35.8 ) 0404 | 2.97 .65 | 400 | . 760 680 [ 22.12 | 22.97 .26
71A 63 34.7 10 | .03I19] 2.50 162 | 350 540 130 | 2094 | 21.77] 96
T2A 64 b8 S 03le | 2.47 1.6 4.00 534 1.80 | 19.87 | 2024 98
73A 59 323 S 0410 | 2.47 165 | 250 418 1.30 [ 27.02 | 304! .89
T4A 60 k7 | 0393 2.47 1.65 | 300 | .53I 330 | 2848 | 2763 9l
75A 6l 347 0 1039511247 1.65 | 350 | .658 1620 | 27.05 | 26.27 .54
76A 62 358 9 .0391 [ 2.44 1.65 | 400 | .735 7.00 [ 26.00 | 25.17 92
Average of ratios above unity (22 teste)=1.06
Average of ratios below unity (I8 tests)=.95
Average of all ratios (40 tests)=I.0l
Duplicate strength tests
7B [ 172 | 329 9 _[00308] 4.00 [0.77 | 175 _[0543 [ 1000 | 1841 [ 1127 [ 107
[IB | (73 | 330 S [ .0398] 400 | .77 | 175 | .70z | 1480 21.08 | 2017 T 105
228 | 174 | 334 5 10302 403 [1.15 | 2.5 | 465 | 985 218 [ 1904 T 111
268 75 335 ] .0403] 400 [1.15 [ 225 621 1460 | 2353 [ 2220 1 1,06
R ) 323 3 | .0300] 253 | 1.65 250 | .306 | 6.89] 225212530 83
69C 170 322 3 0306 253 1 1.65 250 32 1.67 | 2458 | 2557 2508
Average of ratios above unity (4tests) =[.07
Average of ratios below unity (2tests) = .93
Average of all ratios (6tests) = 102
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TABLE 3
SHEAR WEBS WITH FLANGED LJGHTENING HOLES
Rod supports, reamed bolt holes
Specimeny  Test L m t h D b Ae | Ran . [ Cale. [ Exp.
i) 17005 gy | | m) | o | cn ki ral e
Strength tests
6B 2 | 312 | 21 00310 [ 5.27 [0.77 | 150 Q453 | 8.72 [19.27[18.02 | 107
03 338 By A e ] T =T 6 77 1 200 | 616 %40 1526 1397 [ 1.09
[¢:) 87 1371 21 [.04 5.31 77 | 150 | 590 5 20681 19991 1.03
| 4 0407 ] 531 Ty 7400 o7 B =T e 15151 18.91 Srdis :
i 104 D3 9 [ 0314527 | 1™ | 1.86 [ 410 | 840 (2050 21.31{ .96
B 05 339 .0314 20 15 263 | 556 8921 160 5691 1.02
2% BNIN353 9 [.04021 527 13 | 1.88 | 539 | 129524022294 1.05
i, 50 338 .0389] 527 15 1263 | .706 25072 17.39] .99
3 00 : .0652 | 5.27 S 1.88 | .851 | 28.90 3%96 27.76 2e
8% 33! 0652 B.27 15 | 263 [1.154 | 29.90] 25.9] 2.74 | 1.14
378 32c Q3B 27 .65 250 | 317 6.90 | 2I.75 “Eif4 R
418 323 .03%4] 53] 60 | 250 | 426 | 9.25 74 o [
578 5 3 .0402]| 427 65 | 250 | 410 | 10.00 | 2439 2546 | .96
_5% 6 1104 424 | 165 | 300 | 544 | 12.20 | 2242 22.06] 1.02
5 1 0 1 .0412] 427 | 165 | 350 | .686 | 13.70 [ 19.97 [ 19.83[ 1.0l
61A 8 3 1.0504] 418 | 160 0 | 544 | 1460] 2682|2830 .95
62 : 32 || .0%25] 424 .65 | 3.0 9 | 1890 2666 | 25.97] 1.03
b 20 T 0 1. S 4 65 .50 | .B8i .80 2475 | 2380[ 1.04
__g‘_%a el 9 4 )| 427 | 165 | 400 | .8985 80| 2393 | 22031 |\
22 | 23 3 1. 42 .05 50 | .6 21.70] 326 | 31.35] .
67 EAL T 0 .')2;;9 4 % .63 11%8 3 02 g%gg %2.97 52:49 *87_
1 Z 63 I .92 ]
V‘ggé or | 323 G %‘F %;7 65 1 o0 | .314 [ 690 21.96 9 9%
0B 0 328 i 0] 3.74 65 00 | 419 820 59 19.6 .98
718 08 348 [} %%5 3.74 SIS 5 9. 772 | 17.4 02
1 10 358 .0308 | .6 4.00 584 5 6.35 | (551 .05
92 1% 3 | .0405 65 [ 250 | .413 0. 2614 | 26.J0 | 1.00
74 93 | 3 I 1.0417 ] 38 65 | 300 | .563 [ 13.20 2327 | _1.01
7 34 34.7 .04 3. i 350 | 683 ] 15 21.97 68 | 1.06
% | 3. Q40381 1167 1400 1769114601 8991 1889 | 1.0]
_77A 1N} 32.2 04981 3.7 K 2.50 2D 4 f leo .93
78A | 112 | 328 | 95%_ _§L e 300 | .74 8, 7.37 | .94
79A 13 34.8 0 1.0524] 374 .65 | 35 : 22.30 25.60 | 1.00
14 35. 043 377 .65 ; 2l. 43122941 1.02
8l gg 32.2 ! 9] 3 Fd .66 21.%0 .48 | 32.70 .99
B 32.8 06351 3. 65 .00 | .8 24.60 6913023 .95
838 %8 34. 0652 | 3. i 50 [1.115 %@75 7,53 | 29,11 .95
3 99 358 | 0651 | 3. X 400 [1.224 27.21 12828 . ¢
84A | 183 L3az 0651 | 4.38 .65 00 [1.224 | 3070 [ 25082524 | .
Average of ratios above unity(@2 tests)=I.
Average of ratios below unity (17 tests)= .96
Average of all ratios (39tests)=| Ol
Duplicate strength tests
6 65 . 3 [005Z3 | 4.31 { 250 0565 [ 1470 ] 26.03 | 2833 | 0.92
71C 69 347 Q 0303 ] 3. 1- 320 | 505 870 1724 17.26 [ 1.00
74 6l 3 3 0522 ] 38 .6 250 | 564 5351 21.23 ] 29.59 .92
[ 62 37 .0500] 3 .60 | 3.00 { 700 655 | 2364 | 2626 | .90
7 63 347 0 05001 3. 06D | 3.50 833 12050 | 2462 | 24.59 | 1.00
I 64 | 357 05241 3 65 | 400 | .985 [ 2350 | 2386 23.83 [ 1.00
[A 66 82 0630] 3. 65 | 250 643 Q.20 | 31.43 | 32.25 .97
] ey ] 06421 373 .60 | 300 | .899 | 25.95| 26.87 | 30.43 | .95
168 347 0 0651 ] 388 65 | 350 [1084 [ 29.60[ 2731 | 2880 | .95
Average of ratios above unity(2 tests)=1.00
Average of ratios below unity(7tests)= .94
Average of all ratios 9tests)= 96
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TABLE4
SHEAR WEBS WITH FLANGED LIGHTENING HOLES
[Bar supports, drilled bolt holes]
i Test L [Number[ ¢ h D) b A Roll |Exp CihefCaic. Tnet] Ex

e (in) O}Jg (in) (in.) (in.) (in) (sqin.) (kipss (k%%i_q)_(lgﬁgi Ecﬂc.
T4A 14 33 21 ]0.0495 ] 406 [0.75 1.50 [ 0.743 470 | 19 25331078
15A 5 S 19 0510 | 4.06 15 LD 18 920 [ 2092 [ 2390 | .68
16 A 16 33 17 0507 [ 403 A5 2.00 | 1.0 850 | 1824 | 2253 .81
QA 3 39 ) 0658 [ 400 [ .77 .75 | I.161 | 2800 [ 2412 | 2822 | .85
N 29A 18 53 9 0509 | 403 [ I.15 1.88 664 | 2025 | 3049 [ 2879 | 1.06
[ 30A ] 19 [ 34 15 o;% 406 | 117 | 225 | 789 | 1840 | 2331 | 2657 | 88
_11 31A 20 347 13 0527 | 406 s 2.63 933 [ 2140 | 2294 | 246! 93
32 2l 225 | 0527 .06 s 3.00 S7% | 1960 | 2010 [ 23.23 87
33A 20 D4 ) 0651 | 4.03 A5 .88 850 | 2620 | 3084 | 313l R
34A 28 335 5 0649 | 400 | I.15 225 1.00Q | 2845 | 2846 | 29.18 98
35A ] 338 13 0651 4.03 .19 263 1152 | 2780 | 24.13 [ 2790 86
36 29 Se8T 1 06547 406 | 115 300 [ 1.210 | 2900 | 2397 | 26,79 89
45A 22 323 13 0521 | 413 | 1.60 2.50 563 | 1495 | 2657 | 2948 90
46 23 325 1 0518 .03 1.60 300 ED 1740 | 2399 [ 263\ 89
47 24 X7 10 0516 06 | 1.58 350 892 [ 2010 | 2254 | 2465 9l
48 | 26 357 9 0510 | 403 | 1.63 4.00 967 | 21985 | 2270 | 2347 .97
49A 6 327 13 0654 | 406 | 1.63 250 683 | 1950 | 28.56 | 32.04 89
S0 9 27 I 0648 | 406 1.65 3.00 D751 [1123207|N26 5202992 .89
Sl 0 47 10 .0657 | 403 | 1.60 350 | 1.123 | 27.90 | 2484 | 2842 87
52 [ 358 9 0642 | 4.00 1.eQ 400 [ 1.233 | 3060 | 2482 | 27.0% 92
S53A 33 e 13 0311 306 [ 1.63 250 2325 709 | 2184 | 2446 83
56 34 5.8 9 0317 | 306 | 1.65 4.00 596 | 1025 | 1720 [ 1843 23
65A 30 2 13 0655 | 319 1.60 280 707 | 2200 | 3110 | 33.62 93
66 3l 3.8 I 0662 | 306 | 1.63 3.00 907 | 2605 | 2872 | 3.55 .Bg

T0A Sko) 38T 1l 0312 256 .62 3.00 431 840 [ 1951 | 2293 .8
Average of ratios above unity (I test) = .06
Average of ratios below unity (24 tests)= .89
Average of all ratios (25 tests) = .90

' TABLE 6

¥ SHEAR WEBS WITH PLAIN LIGHTENING HOLES
[Rod supports, reamed bolt holes]
Specimen| Test Le |[Number{ t h D b Peoll Exp. Ae Exp.
; ; ; . é . IT i e t)
(in) ofl;\ma; (in) (in) (in) (in) | (kips) Kipsfain] (sqin) kwn.
Strength tests

NFIA | 156 | 2805 25 J0.03I] 5.26 1.00 1 3.6l | 4.14 [0.187 ] 19.35
NFZA | 155 | 2795 | 25 0402 | 5.27 .00 .25 | 5.67. | 5.05 | .24l | 2351
NF3A | 154 | 28.02 ] 25 .05 | 5.27 .00 .25 | 840 | 583 | .308 | 27.24
NF4A | 153 [27.89[ 25 0649] 5.27 .00 .25 | 11.90] 6.58 | .389 | 3056

Duplicate strength tests

FIB | 180 [ 2795 25 [0.0%07] 5.3 [ 100 | 1.25
F2B | 188 | 27.96| 26 | .0400[5.27 | [.00 [ [.25
187 [ 27.97 | 25 | 0499 5.31 | 100 [ 125
F48 | 186 | 27.99 | 25 | 0643[ 520 | 100 | 125

4.20 |0.184 19.54
522 | 240 | 24.33
Y T e e I [Py e
6.83] 386 | 3227

Sjpoloriw
SRS

e )| el
T
&
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28

Rod supports, reamed boit holes

TABLE 5
SHEAR WEBS WITH BEADED LIGHTENING HOLES
Specimen| Test | Le [Number| t h D b | Pall EXP. EX
, A B all(
i) 1P ) | Gnd | nd | ) | Calc
: Strength tests
Rod supports, reqmed bolt holes
S!A 7 %9.64 0316 ] .27 51 300 1 40 [ 102 |
] q] 9,77 i i 0 12.70 Al 97
D3A COINZAO Ll 105 210 | 13, : )s]
A 40 | 2574 [ 1 627 .03 )| 30, [¥d
0 50 23 i 1 4.29 05 3 10.45 0.
06 ol el 03 427 ! 3507 1} [o]
o7 L2 9 427 R ,0C g 41 o
08 43 | 024 I )| 427 | | 30071 15, 330 5
Q 4 .24 8_ ; 4 07 ) 4 .08
O3 | sl R a5 300 A sk >
30. : 1 4 0
4 32.19 0 U&f 431 -%‘ ) 544 | 16
5 4 | 3320 9 ) (2 { d |
4 35 NE) | 40 | 43 03 [0)9
BER 6 | 216 % 0¢ 4 .03 >0 | 39 93| [ 18% 0
I 37 BT 9 [ 0643 434 | 105 | & . : Z
| 367 [ 03 or : 20 [ 9.34
2 49 d S .0 B3 o 4.00 40| 9 9
23 ] ¥ 827‘05 De i §.5C 14,00 i, ' .5 A
5519 TR0 i R Y e 8 T IR
31 _[ 138 ;ﬂrss 10 06351 A3 [ 160 | 350 Q15 5
32 35 10 9 37 | 5.2 6 400 1] 31 90 1531 [l
Average of ratios above unity (Il testy= 106
Average of ratios below unity (12tests)= .96
Average of all ratios (23test=1.02
Duplicate strength tests

104B | 157 [ 2964 1] J0.0841 527 [ 1.03 | 3.00[ 3070 ] 16.16 | 1616 | 1.00
Strength tests
Bar supports, reamed bolt holes
0B 160 [ 29.74 0.0303] 395 [ 1.05 3.0 11.20] 1243 |3a 1.09
5 29.70 .0390[ 3.97 | 1.04 3.00 [ 15 3.64 y
3B 58 [-29.67 DS 397 03 3.00] 236 1557 .92

Average of dl ratios (3 testa)- 100
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TABLE 7
PERMANENT-SET TESTS
[ Specimen g Set afifer Set afger P (4
ta_ | BT | I | kipe likiosssain)
Webs with flanged holes and bar supports
7 T79x0 | 1xI07% 0xI0%]_ 6.9 2k
Il 193 20 2 10.6 5.1
74 18 2 6.4 38
98 16 5 9.8 8
95 I 0 4.5 4.7
75 & 0 3.5 44
Webs with flanged holes and rod supports
2%6 i 0 10.0 s
1413 22> a7 3 6.0 1.9
réz‘}:__ 4 5 10.0 17
2 2.0 4.3
278 | |75 4.0 69
80 104 ) 55o] e
|/ 50 [ 4.0 .8
ZA 3 6.5 43
3A 0 2005 a0
%A 282 3 20.0 6.4
Webs with beaded holes and bar supports
| ———
038 | 288 33 13 30 8.6
Webs with beaded holes and rod supports
1048 [ 82 | 5 T 206 1 1058
Webs with plain holes and rod supports
NFI18 8l 2 0 2.4 1307
NF2 S 5 0 6 _375 26
NF3 0 2 4 Ex 4
NF48 208 1] 5 7.8 20.2
Solid wabs with bar su 8
[37B 54 4 I 3.6 SHE
3¢ 0 0 2 34
13 42 194 7 27.0 9.8
Solid webs with rod supports
_lgz_g 2300w NN S0: 2 3.0 .39
| Fodo 5 TN [ <y 4 2 63 5.1
Ax (net) .
by (gross),

TABLE 8

COMPARISONS BE TWEEN WEBS WITH
FLANGED HOLES AND WEBS WITH BEADED HOLES

Flanged holes : O/h = 0.8
Beaded holes : D=16in., b= 30in.

V,
) | (\%) (.véiy?r?j" (nom
0.064 | 3500 | Q.1811 | 0.1745
025 790 0621 | .0745
064 | 4840 .32kl| 4170
025 | 15620 | .1225| 2150

Y ENENSes
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Figs.l,2
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Figure 1.- Typical cross sections of flanges and beads.
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Figure 2.~ Schematic arrangements of test jigs.
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Fig.
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Figure € - Experimental shear stresses causing collapse of solid flat sheets .




Shear stress Tei(net), kips/sq in.
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Figure 7 - Experimental shear stresses for flanged-hole
webs with rod supports and reamed bolt holes
(specimen s 73B, 74B, 75B,0nd 76B).
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Figs.G,1Q
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Figure 8 - Experimental shear stresses causing collapse of webs with beaded holes .
Curve A from formula (9); curve B for b=4inches; curve C for b =3inches.
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Figure 10.- Shear-stiffness factor m. for webs with
flanged holes 0.040, 0.051,and 0.064 inch thick.




Figs. 1,2
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Figure 11 .~ Shear- stiffness factor no for webs with
flanged holes 0.032 inch thick.
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Figure12.- Shear-stiffness factor n for webs with
flanged holes 0.032 to 0064 inch thick .
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Figure 13.- Shear-stiffness factor n for webs with
flanged holes; webs preloaded twice to 2/5 Ry.
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Figure14~ Shear-stiffness factor e for webs
with beaded holes 0.064 inch  thick.




NACA Figs. 15,16
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Figure 15.- Shear-stiffness factor W, for webs with
beaded holes 0.032 to 0.051 inch thick.
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Figure 16.- Shear-stiffness factor N for webs with
beaded holes .

-

8




4870
\ | | ?
4000 \ = ’ )
\ |
e
R=.27 e =
>
3500 &
.4\
t5‘.O5I // PN
| t-004
3000 Q\\\ o // 57
ts=.040
% / s /
/
Q ss00 \'R—,JZT\C / /
- # | e /
(f; // 54
® / A \0 =051
L 2000 = t/5=o32 b2
< = ‘k // (
& b J/ ts-.ozs,/
% Re. 45 45 F{éﬂ |
1500 // /«51 E s
o _— \t#g 65
O== ; .
R-.48 54
OG0 | | 59 '\63) t=.032
5 T\ -5 \blg_h*i t-025
| ! o £ (e
o R=.50 | .53 57 _\ff\‘\& 020
=l ' 68
g
iR 4 .6 .S .0
(@h=4inches o D/h :

Figurel7.— Design choft for shear webs of 24S-T
alloy with round flanged hales.
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