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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 madein a Jig of the single—specimen type, in which the specimen
is free to collapse completely without developing diagonal tension,
The lightening holes were circuler and had either flanged edges or
beaded edges, the speclmens with flanged edges constituting by far
the largest test group. The following equations were found for the
sheer stresses 7T causing collapse, oll stresses being given in
kips per square inch:

(a) Solid webs: T,,1p = (37 — 0,283 h/t) if h/t <60 end
Teoll = 120C t/h if b/t > 60, The second formula

applies only to sheet 0.036 inch thick; for other thick—
nesses, the collepsing stress may be obtained from a

graph
(b) Webs with flanged holes:

Toop1(0ot) = ¥[Ten + (T1g = Tor) D/{]

where the shear stress is based on the net section

4
(c) Webs with beeded holes: Tooyy = 440 (t/h)ey where
the shear streas 1s based on the gross section, Within
the rather narrow test range, the size and the spacing of
the holes has a practically negliglbls effect on the
strength of webs with beaded holes,

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



2

on the sheet thickness; Tyyp, the buckling stress; and Ty
the ultimate shear strength of the material.

Simple empirical formulas are given for the 8Shoar stiffness
appropriate to various groups of specimensg. For webs with flanged
holes, design charts are pressnted; these charts wake it possible to
determine by inspection the proportions of the lightest wed for
e given set of design conditions.

INTRODUCTION

The shear webs employed in aircraft siructures are frequently
perforated with regularly spaced holes to lighten the web or fo
provide accesy to the interior of the astructure. Round holes with
flanged cdges were used in alrship girdsrs before the metel monocoque
gtructure came into gencral use for ailrplanes, and thoy contlnune to
be the most common type of lightening hole.

The problem of compubting the strength of a web with iightening
holes by theoretical means offers fermidable mathomatical difficultles.
There appsars to be no published record of any atbtempt at a pursliy
theoretical solution, the necarest approach being a gencral, hut
extremely laborious, method of computing the siresses in & wob with
plain holeg. It has been nescessary, therofors, Lo rely on tosts
for proving the strongth of perforated webs. Individual tosts are
sufficient for ths immedliate purposc of proving thc strength of a
given design, but they furnish no informeition on the optimum design
proportions. A gufficiently cxtensive ssrics of systematic tests
would furnisgh information on the optimum design proportions and
would eliminate the need for many individual tests. Unfortunately,
g0 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 ag an efiective deterrsnt for rany yecars.

A fairly extensive series of tests was published by Schussler
(reference l), but his regulls have not been fully accepitud by
aeronautical enginecrs. A number of aircraft manufacturcrs have
been interested for soms time in obtaining additional data; it was
finally agreed that those manufacturcrs would furnish the teat
gpecimens and tho NACA would do the testing. Bach manufacturer was
to uge his standard dics for flanging but to provide a sufficient
number of gpecimens bo cover the range of variables as far as
practicable. The specimens tecated in the prescnt invesligation wore
Turnished by the Bell Aircraft Corvoraiion. Spscial acknowledgnent
is due this company for their willingness to coopercts by making a



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

The extensive test work involved was pcrforvcd by
Mr. S. H. Diskin of the NACA staff.

TEST PROCEDURE

In its most gereral form, the problem of shear webs with
lightening holes involves the following variableg: :

(1) Material of shect

(2)  Thicknoses of shuol, : t

(3)- Width of shect, h

(4) Type of edge support of Bheet

(5) Size of Loles

(6) Shaps of holes

(7)  Spacing of holes, b

(&) Shape of flanges or bes sde sround holes

It is obvious that gystematic tegts covering the entire range
of all variables would requirc a pronibitive number of p)czmgns
Any given investigation, then, can cover only a limited rangs of
dosigne and, if it becomes apparcent that.-a different rangs of
dsgigns offers promiges of boing butter in some respoct, a new
series of tests will becons neceasary. Tho fac that additional
tests ars cortain to be required makes 1t desirable to discuss in
gome detail ths test procedure used and the difficuliies encountered
in those tests, in ordsr that later investigations may bencfit

from the exp&ricnco gainbd-

d b’ the Bell Aircraft

Test specimeng.= The specimens furnishc ¥
Corporation consisted of the following: 125 spocimons with flanged
holes, including 52 duplicates; 27 aspecimons vztt beaded holeo,.

n
1nolud1ng L duplicates; 8 specimens with plein holes, including 4
duplicates; and 4 gpecimens without holes. Tvn cal ¢ ross sections of
the flanges and of the beads are shown in figure 1. All specinmens
were mads of 2US-T aluminum alloy, as wers 28 specimens without holss
prepared by the NACA.



The perforated specimens ranged in thickness from 0.032 to
0.064 inch. Three standard widths of specimens with holes were
furnished: 6, 5, and 4% inches, measured between center lines of
bolt rows. The nominal hole dlemeters (clear dlameters) were 0.8, 1.1,
and 1.5 inches. All specimens were. about 33 inches long; the exact
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° fianges having & 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., hft = 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
redial 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.

Tegt_,ig.- 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, p. 603.) This type of jig
is very suitable for tests concerned with buckling loads; for tests
concerned with ultimate loads, however, the jig is objecticnable
because the rigid fixzation 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 1o cause yielding of the material at the crests. Figure 3 is
& gcale drawing of the actual jlg, and figure 4 shows the Jig in use.

For a few tests, the jig was meodified by joining 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 Jig
and those in a double jig. The tests, which are not included in the
paper, indicated an increase in gtrength of about 10 percent over tle
single-jig resultis. .

Very heavy bars were used to hold the specimen along the outer,
or free, edgs in order to insures as uniform as ossible a distridbu-
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.

(See reference 2.) The bars that receive tie concentrated test load
(bar C in fig. 2(a); bar B in fig. 2(b)) are sub ected to longitudiml
stresses and strains; ag a result, the displacement of the loading
bars - and with it the ghear strain in the specimens ~ is & maximum
at the point of load application 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 shsar strain occurs
in the middle of the specimen instead of at the ends, where conditims
are already wncertain. The size of the bars was chosen such that,
theoretically, the maximum shear strain in the specimen excevded 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 psrcent.

Attachment of gpecimeng.- The large thickness of the loading
bars made it impossible to use rivets for attaching the specimens
to them; helf-inch bolts were used for this purpose. The bolt holes
wers at first drilled through the specimen with a gpecilal lip-cutting
drill. The shear deformation meagured on the first specimen with-
out lightening holeg agreed with the calculaied value within the
accuracy of measurement, and the first tosts with perforated
specimens gave very smootlh load-deformation curves. It was thorefore
believed that the method of driiling the holes was sufficiently
accurave, particularly since the emphasis in these tosts was on
strength, not on stiffness. After two groups of specimens had been
tested, however, it was found that, under avorage conaitions in
continued testing, the original accuracy of the holes could not be
maintained; in all the rest of the specimens the holes were thvrefore
drilled undersize snd line-reamed. The reamed holes gave botter
results than the drilled holes at the cxpensce of doubling the time
required for testing; with drilled holes it had beon possible to
mako four tests a day; with reamed holes the averapge dropped to two
tests a day. For extensive test scrises, it would be desirable to
use tapered holes in the test jig to nrovide for taking up the wear
caused by rencated reaming operations.

Edge support.- The specimens were at {iragt clomped directly
between the loading bars (fig. 5(a)). A comparablc degrec of cdge
reatraint is not likely to exist in an actuwal structure. A numbor
of tests werc therefore made with a practical substituic for
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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 dotween the bars and the specimens along the
inner edges of the bolt holes: The first type of suoport will be
referred to as "par support,” the second type as "rod support.”

For the largest values of U/t 4teeted, the bar support may bs
considered to give clanmped edges, the rod support to give supporied
cdges. At small values of h/ft, the clamping effect of the bar
support is apparently not sufficient to produce the eguivalent of
rigidly clamped edges. The rod support, on the othor hand, has some
regtraining ¢ffect that becomes more noticeable at lower valuocs

of hft; it is caused by the restraining action of the bolts on

the parts of the specinen that overhang the rods. :

The specimens with flanged holes wore divided into two inter-
locking groups; one group was tosted with bar supports and the other
group, with rod supports. The test pointe obtained with rod supports
appeared to show lous scatter than the test points obtained with
bar supports, and tie eldge restraint provided by the rod sunport
was nore ncarly rovrescntative of actual conditions. Rod supporis
were thercfore uged for most of the specimens with besde? holes and
for the specimens with plain holes. Both types of support were
used for specimens without holes.

Loading procodurc.- In the maln group of tests, cach specimen .
was preloaded once or several timcs to about 20 percent of the
maximun load end was adjusted until the two dial goges gave approxil-
matoly equal readings. The load was then anplied in inerements of
500 or 1000 pounds until the spescimen completely collapsed and the
load dropped off. Dial-gage recadings woere taken at cach load
increment.

After the strength tests had beon completed, e srall number of
duplicate snccimens wore tested in the following manrner: Bach
gpeciren was preloaded and adjusted to give anproximately cqual
readings on the two 4ial gages. The load was then increased by the
usual increments to two-thirds of the ostimated maxiium valus and
decreased again to zero. A second run to two-thirds loald and back
to zero load was then made, and finally the specimen was loaded to
destruction. These tests were intended chiefly to obtain some
data on permanent set; incidentally, they sorved the usual purposes
of repeat tostg.
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TEST RESULTS

The Strength of Shear Webs

The gtrength of solid shear webs.- The dimensionsg of the shear
webs without holes and the moximum loads carried by them are given in
table L. The experimental shear stresses causing the webs to
collapse T.,,y1 Were calculated, from the tust load causing tho
specimen to collapse Pgny13, by the formula

. P . (1)
T —coll
coll T L%

the effective length L, boing vaken as (see fig. 5)

l ks
Lo =L -2h (2)

for bar supports as well as for rod supports. This correction for
ineffectivenvass at the free ends was also used by Schusasler
(refercnce 1) and is based on photoelasdtic tests reported in refereme 3
(p. 605). Strain measurements made on the upper half of one
spocimen with bar supports showed stressces cqual to 79 and 99 per-~
cent of the calculated stress at distances of 0.2h, and O.hh,
rospectively, from the end; the rieasured stress at the miodib of thoe
spocirien was 105 percent of the calculated stress. This oxeeas at
the middle is explained qualitatively by tho fact that the load
is applisd in concontrated form, ag pontioned in tho discussion of
the test jig. The fact that a 5 nercent excess was reasurcd instsad
of a 2-percent oxcess, ap catimated, may bo due to ecxperimental
orror, inadeguacy of the sinple formuls used for malking the cstimate,
local overstressing due to oversized holecs, end finally to the high
load carried in the solid spocimen.

The experimental valuss of T ,,7; eare shown in figure 6.
The evidence is not so compleote ags might bo desired dbut appears to
warrant the conclusion that the method of adge suuport does not affect
the collapsing load. For values of h/t< 60, the data can be repre~
gented by the empirical formula

Teolr = (37 - 0.283 h/t) kips per squarc inch : (3)



At values of h/t > 60, the curves separate for difforent thick-
nesges, the thinner shects develop higher stresscs than the thicker
shects. For a thickness of 0.036 inch, the experimental curve for
h/t3> 60 can be expresssd by the empiricel forrmla

T = 1,200 t/n kips per square inch . (k)

coll
No attenpt was made to expross the curves for other thicknesgog in
analytical form. ' :

For comparison, figure 6 also shows the well-known theorsfical
curves for the critical shoar stresscs T.,n, These curves are valid

only as long as the stress in the material has not pagscd the 1limit
of pronortionality; beyond this point, corrccticns must be made
analogous to the casc of column curves at low slenderness ratios.
There is no established method of making suck corrcctions in the

casc of critical shear stress, but an upper linmit for 7Ty nay
obviously bs cbtained by using T,,y; wienover 1t is lowsr taan Ter.

The atrength of shear webs with flanged holes.- Bocause wsbs
with round flanged lightening holes are widely uscd, an effort was
made to develop an empirical strength forrwmla of such a form that it
could be used for extrapolation beyonl the west range” with a

3

reasonable degree of accuracy. The forrwla developed is

"'cr." (Tuge ™ Tcr)D/b-g (5)

1

TCOll (nG't) = k

1Formula (5) for the strongth of shear webs with flangsd lightening
holes, as given in this report, was basod on a fairly large
nwber of tests (119 tests). The range of gsone of the variables
wag, however, quite limited; in particular, thers were practically
no tosts with a dianetor-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. 19k2),
but they appear to indicate definitely that the formula becomes
unconservative outside the test range. Pending the conpletion
of these tests, ji is rocamended that the anplication of
formula (5) be strictly confincd to wibs falling within the
test range, which nmay be defined ag follows:

D/nK 0.5; h< 5.5 inchos; > 0.32 inch
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Teoll (met) 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
cr had no holes
Tult ultimate shear stress of material
D clear dlameter of holes
b center-to=-centey spacing of holes
kK =0.675 + 7.5 t (t< 0.050 in.) 1
i : (6)
¥k = 1.0%0 (t'>>0.05O in.) X/

It will be seen that formula (5) involves the properties of the
material; nemely, 1.,y and E (in'fcr). The formula gives either
approximately correct values or congervative 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***l), the shear stress
developed over the net section may be expected to equal the ultimate
shear s*tress of the material ag long as the sheet is thick enough to
prevent buckling of the narrow net section. Formula (5) reduces for
the case of D/b—=1 to T aoll (net) = kT.q4s which indicates a net
shear stress lower than T, for thin sheet, increasing to a net
shear stress somewhat larger than 7,34 Tor thick sheet. This excess,

which has a maximum value of 5 percent according to formula (6), can
probably be explained by the fact that the value of 7,3y &8 obtalned

from reference 4 is scmewhat conservative.

When the holes become vanishingly small but a finite spacing is
still maintained or when the spacing becomes very large for any
arbitrary size of holes .(D/b—=0), formula (5) reduces to
Too1l (net) = kT,,.. This value is conservative for large ratios of
h/t and approximately correct for low ratios of h/t provided that
the Tgp1y curve is used as a cub-off curve for T.,., as suggested

in the discussion of the strength of solid webs.

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

empiricdlly; a sample test plot is shown in figure 7. It was first
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believed that thoe change of Tg.p; should depentd cn a function of
D, b, and b, the most obvious one being ﬁ?/bh that expresses
the amount of lightening (ratio of arca removed to original area)
except for inessential constants. It was found, howsver, that
riuch cleser correlation could be obtained with the parameter D/b
than with D° /bh.

Tables 2, 3, and L pive the dimensions of the test specimens,
the test loads, the experimental values of T,,13, and the calculated

e
values of Tgo3q or the shear webs with flanged lightening holes.

The experimental valucs of T,o3] were calculated by the fornula

T ~ 4 -~ T A
Too11l (net) = Pgoi1/fis (7)
where the effective net cross~sectional arca L, was taken as

Ay = (n - 1) (b - D)% (8)
n being the nwiber of holss in the specimen.

The correcition for ineffectiveoneas at the enis includod in

forrula (8) is bassd on the assumntion that the material outboard
cf the last hole on each end carries no stress. Qualitatively, this
correction scens more hg)rop_i e for porforated =wecimens than the

correciion used for solid gpecirens, and it does not differ greatly

frowm the corrcciion For solid 5v‘c¢mpns within the test range.

Quantitavively, however, tie correction is nct verified and

constitutes the largest item of uncertainty in thoe cvaluation of thc

i st deta. The error duc to this uncertainty is cstimated to be,
n wost cases, loss than 5 percent.

The calculated values of T,,;7 werse obtained by using formulas (5)
and {0). Tho values of T o Neeled for use with formula (5) were

taxen Trom the curves shown in figure E. These curves were obtainsd
by drawing tentative streight llnes on all test plots, analogous

- o

to the plot shown in figure 7. The tentative values for T, obtained
in this manncr wore then plotted against h/t and faired. The

rnolulus E was taken os lO,bOO kins por square inch andl the ultimate
sirength as Tyit = 37 kips p &

U will be noted that, for the two main groups of tests (with
reaned bolt holes), formmwla (5) represents the test data quite well.
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Errors in excess of 10 percent are shown for 1l percent of all tests,
and ithe maxirmm errors are 2¢ percent cn the conservative side and
10 percent are shown for 11 percent of all tests, and the maxirmm
errors are 22 percent on the congervative side and 10 percant are
shown by 16 percent of all tests; the maximu: error on the congervo-
tive slide is &b percent and the maximum erroyr on the unconservabive
side, 20 woercent. Compared with the Torumlas of reference 1,

forrula (5) hag, therefore, the twofold advantage of cnpwnat better
accuracy and of much greater wsefulness for exitranclating beyond

the test range. The test groun with drilled beolt holes averages

10 percent low, preswrbly reflecting the influence of uwneven load
digtributicn caugel by irrsazular cversizold noles.

The strength of shear webs w1tr beadoed POLG .~ The result
the testS on webs with bostod holes are given in table ADD
of the formula developed for wobs with flanged holes snow91 la
irreguler scatter, indicating that vhe behavior of the webs wit
beaded holes differs considerabliy fron the behavicr ¢f the webs
with flanged noles. The beads ctiffen a Pairly large nortion of the
sheet and, as a result, the webs with beadsd holes appear to act
more nearly ag uni¢<rmly stiffened shects. The collansing stross

of webs with beaded holes is thoreforoe based on the gross, not on
the net, ssction and is calculated by the Tormulas used for wobs
without holes, nfunely, formulas (1) and (2). In order to viphasize
this point, the shear gtress thus calculated will be Jssignated

Teo11 (gross).

ts of
ylication
axr

£€e
th

The éxwer‘mwntal valuas of Teoll (gross) are plotted in
guro 9 dﬁa$nst the ratio h/t. Curve A is Jlottea from the equation

Teol] = 440 (t/n)% kips por square inch : {9)

This formula ropresgents all the test data for beaded holes with about
the same dogree of accuracy as formula (5) venresents the test data
on webs with flanged holes. On the wobs having a hole Adamctor

D = 1.0% inches, the influence of holo spacing is sufficiently
definite to justify the fairing of individiual curves for different
hole spacings b. Curvc B in figure 9 is fairel through the . test
Points for wcbs with = 4 inche: 3, .curve C through thw test points
for wobs with b = 3 4nches. The curve for b = 3.5 inches was
omitted +to gimplify the figure. For the wobs having a hole
dianeter D = 1.60 inches, the tests indicatc no relation between
the allowable stress and the hole sracing. The nwiber nf tests 1s
not sufficient to Araw more definite conclusions on the influence of
hole size and hole spacing.
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Three beaded-hole specinmens 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 method of edge support does not influence the strength of
webs with bedded holes is in agreement with the conclusion first
stated that this type of web fails in the same general manner s a
unifornm sheet, because the tests on solid webs indicated no
influence of the method of edge support on the strenglth.

The strength of webs with plain holesg.- 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 glven in table H.

The Stiffness of Shear Webs

The shear displacement B of a s0lid web is given by the
elementary formula

Gl LgtG (10)

ag 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 caleculated.

The displacement of a perforated web may be calculated by
the same formuia if the product tG in formula (10) is multiplied
by an efficiency factor =7 . This factor will be denoted by g
when it applies to the initial gtraight-line part of the load
deformation curve. For nany webs, this initial straight-line part
is go short as to be of little practical significance. The factor g
(without subscrint) recommended for general use 1s, therefore, bassd
on the measured displacement & at two-thirds of the collapsing load;
this load was chosen because, under present design reguirements, the
limit load is two-thirds of the ultimate design load.

A simple formula for the shear-gtiffness 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

7=21-D/b (11)
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If this formula is modified by Introflucing an exponent m
m
n=21- (D/b) (11a)

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

The experimental displacement curvss often exhibited marked
irregularities; some of these irregularities were probably caused
by lowse fit of the bolts, some by buckling between the lightening
holes. No atiempt was made, thereforc, to derive formulas of general
validity to represenl the experimental shear-stifiness factors.

Only the results for webg with rod supports are given. It is
believed that the restraining influsnce exorted by the bar supports

on the sheoar displacsments is never approached in a practical structure,

and the results obtained with bar supports are, consequently, of
no practical intercst.

The _stiffness of solid webs.- By definition, the shear-
stiffness factor 7n, 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 werc additional experimental diffi-
culties in some cases, such as the small magnitude of the displace-
ments caused by h, being very small, and uncertainties concerning

the fit of the bolts. As a result, the usable data obtaincd are
too isclated to warrant publication. '

The stiffnoss 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 thickpesses from
0.040 to 0.064 inch (fig. 10). For webs having a thickness of
0.032 inch, the values of 1n, wero apprecigbly lower (fig. 11}.
The factor 17 for the stiffness at 2/3 Poo1ll is shown in figure 12;

all thicknesses of shect are included in this plot because there was
no discernible influence of the thickness on the stiffness factor.
Figure 13 shows ths factors n obtained on the specimens used for
rermancent-get tests. These gpecimens had been loaded twice 1o

2/3 Poorls; 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.
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It may be concluded from figures 12 and 13 that the stiffness
factor may be taksn as

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

for webs with flanged holes when the joint along the loaded edge has
no play; since e 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 no for webs

with beaded holes having a thickness of 0.064 inch (fig. 14). For
smaller thicknesses, ths values of 17, are lower (rig. 15).

The shear-stiffness factor 7 of webs with beaded holes at
high loads exhibits the same characteristic as the strength of thesc
webs; namely, that the influsnce of hole size and hole spacing is
negligible within the test range (fig. 16). The thickness, however,
has some influence and the experimental averages can be expressed by
the empirical formula

n=0.1 4 k.5t (65 0.064 in.) (13)

Permaneont-Set Tests

The permanent set of shear web may be thought of as caused
by two distinct phenomena: (1) peormansnt set of the specimen itself
and (2) poermanent 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 stressss. In perforated
webs, the maximum stress covers only a very narrow band in the net
section. Therc may be some concenilration of stress, but this
concentration would bc too localized to affect appreciably the perma-
nent set of the centire specimen. Thore may exist a buckle over the
net gection, 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 complctely
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 epproximately squal to 2/3176011. Since

Tcoll is always less than 7.1y, the maximum stress 1s always less
then é/3 Tyl In 2bs~T aluminum alloy, the yield stress is roughly
squal to 2/3 Tyulty. Consequently, there is little likelihood of

an appreciable amount of permansnt set occurring in the net section
of a perforated web loaded to 2/3 Pcoll‘

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 consgidered
here. Permanént set in bolted joints is caused chiefly by bearing
failures of the sheet and by slipvage in oversized holes.

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

The vpermanent set recorded for webs with Flanged holes tested
with rod supporis are about ten times as large as those 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 ths
slinpage in the bollt holes and the bearing failures of the sheet were
much more pronounced in the ftests with rod supports than in those
with bar supports. The difference vresumably arises from the fact
that the bar supports transmit an appreciable part of the load by
friction, thus relieving the beering vressures and delaying the
occurrence of slip. In addition, the bolts are subjected to a certain
amount of bending when the loading bars are gsparated by the rods.

The belief that the recorded set is largely cauvused by slippage
is supportied by a study of the load-displacement®t curves discussed in
the appendix. . These curves sugiest strongly that large amounts of
slippage take place at loads between 4 and O kips when the rod
supports are used. The possibility of large amounts of slippage degpite
the use of reamed holes is explained by wear in the test jig. An
index to the relative amount of wear in the Jjig is furnished by the
test numbers, which are given in tebles 1 to L4; 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 holes and the large thickness
of the loading bars made it imposgible to measure the actual amount
of wear in the holes; it is estimated, however, that the wear in
many holes amounted to at least 0.002 to 0.004 inch when the get
tests were heing made.
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Teorakt (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 mammer, 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 order to
facilitate comparisons, the equal weight curves are not numbered in
terms of actual weights but in terms of the thickness tg of the
corresponding solid sheets.

There were no tests available with D/h< 0.1%. The strength
curves and the equal weight curves were therefore stopped at '
D/h = 0.15, and straight guide lines were drewn to the values of
D/h O, which are based on the tests on sheets without holes.
Indjv1dual Judgment must be used shouwld 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 wilthout
holes for a certaln rangs but not ovér 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 assume that the optimum hole
spacing is used in each case, which means that there is a finite
reduction of sectlion 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 & 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
gualitative only. Caution should be used in designing perforated
webs in the region where the strength of the solid sheet is apprecisbly
lower than the strength of the perforated sheet 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 ingpection.
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For the design of webs with intermediate denths, figure 138 was
prepared, using figure 17 ag a basis. The ratio D/b = 0.8 is about
the maximuan value that can be used in practice without having undue
interference between the flanges and the rivet rows; figure lB(b) will
therefore be used to obltain the most efficient designs, because
Inspection of figure 17 indicates that the most efficient design is
always obtained by using as large a hole ag »nossible. If it shouwld
be necessary to use smaller holes, the allowable vaiuve of the running
shear S/h may be obtained by interpolating between the curves of
figures 18(a) and 18(b).

The dssign charte are based on the assumption that the optimum
hole spacing is used. Iarger hole spacing will increase the strength
but will lower the strength-weight ratio. Smaller hole spacing will
lower the sirength as well as the streangth-weight ratio. The influence
of the hole spacing is i1llustrated by the Three test groups shown in
figures 19(a), 19(bv), and 19(c). The Figures illustrate the value of
the formula for finding the optimum hole spacing when the optimum
falls outside the tesl range.

Examples for use of design charts.- Example A: A web 4 inches
deep 18 required o carry a tranaverse shear lcad of 1550 pounds.
Find the design proporticns giving the best sitrength-weight ratio,
dubuméng that practical considerations limit the value of D/h
to 0.3,

By inspection of figure 17(a), it is found that a web 0.040 inch
thick will justi carry the required load. . Thu hole diameter is
0.8 x 4 = 3.2 inches. The chart gives R = 0.57; the optimm hole:
spacing is, therefore, b = 3.2/0.57 = 5.6 inches. The weight of this
web is slightly more than thak of a sgolid 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 giVLng
the best sirength-weight ratio, assuming that practhal design -
considerations limit the value of D/h to 0.0,

The required rumning shear is S/ = 2280/5 = 3(0 pounds per
inch. Figurs 19(b) shows that to carry this running shear with a
depth of 6 inches, a thickness of 0.040 inch is required. By
1nberpolat10n the value of R is 0.591. The hole diamster is
0.8%x 6 = h & inches; the optimum hole spacing is therefore
L. 8/0 591 = 5.12 inches .

Comparison of three types of web.- Comvarisons betwsen solid webs
with flanged holes may be made conveniently by insvection of figure 17.
It will be seen that ithe 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.
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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 0.8, because larger ratios may 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
larger holes, while the size of the bead effectively limits the size
of the hole.

Langley Memorial Aeronautical laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va.
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APPENDIX
LOAD-DISPLACEMENT CURVES OF SHEAR WEBS

While a 4discussion of load-displacement curves is only of slight
interest to the designer and to the stress analyst, it is of interest
1o the enginesr confronted with the task of devising a tesl procsdure.
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 vresent investigation will therefore be in order in preparation
for future teasts.

It is impractical to present all the date; only samples are shown
for the most important test groups.’ In order to avoid personel biasg
in the choice of the samples, the choice was made by arbitrarily
designating test numbers without reiferring to the curves.

0. It
h the

The sample curves for solid webs are shown in figurs ¢
t. ne
of the

will be seen that the initial tangent agrees yuite well wi
calculated straight line, but the initial straight-line par
curve may he quite short. :

In references 1 and & it is stated that the tjpical load~-
displacement diagram starts as a straight line, then bends through
a knse into a second straight line with smaller slope, and finally
rounds over into a curve approaching the horizontal. The knee hetween
the two straight-line parts was interpreted in these two references
as indicating the buckling load. '

The curve shown in figure 20 for specimen 1 answers this general
description, and the knee of the curve liss in the region of the
critical load calculated on the asdumpiion of supported edges. On
the curve for specimen 4D, howsver, there is obviously no relation
between the location of the knee ¢f the curve and the critical load.

On the perforated webs with bar supports and drilled bolt holes
(fig. 21) the curves do not show a knee that mizht be considersd as
indicating a buckling load. On the same type of gpecimens with reamed
?oles, a)knee might be identified on three of t.ie four curves shown

fig. 22).

On the verforated webs with rod supports (fig. 23), all the curves
show & mors or less pronounced irregularity. The displacement curve
indicates a sudden reduction of shear stirfness, followed by & 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 assumptlon that the bolt holes were oversize and that the sudden
apparent logs of stiffness is, in fact, caused by slippage.

If the displacement curves obiained 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 ia stated in reference 1 that the knee of the load-displacement
curve was used as prime evidence of buckling but that corroborative
evidence was obtained by observing reflections on the swrface of the
specimén between lightening holes. This method is gquite 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 Poo1yl+ Barlier

buckling was noted on some solid sheets and on a number of specimens
vith 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 observations made lead to the conclusion that the load-
displacement curves obtained in these tests are falsified by
slippage in the bolt holes, to a 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 1s any possibility of such
slippage, a knee in the load-deformation curve cannot be regarded
as a reliable indication that buckling occurs in the specimen.
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TABLE 1
S0LID SHEAR WEBS .
Specimen| Test Le t h Peoll {f_xp. %alc. Exp.
- (inJ) o | Gn) | (kips) |ckip&iehimltipERing ColC
Bar supports, reamed bolt holes
2B 37 32.28 10.0374 3.94 570 13.00 i1.38 i.14
2C 44 32.38 0354 3.94 5.90 246 12.00 1.04
2D 42 32.63 .0385 2.94 20.75 10.52 5.70 .05
2E 43 32.78 .03%6 2.94 21.30 16.41 6.18 0
4B 3 32.34 0643 4.03 40.00 19.23 6.00 .0
4C 38 32.02 0642 3,97 41.50 20.14 230 1.04
4D 40 32.44 .0634 2.94 47.90 23.29 23.88 .96
4E 4| 32.69 0637|300 49.00 23.56 2356 1.00
37A 76 21.64 .0420 9,97 5.50 4.74 4.9 .97
3B i 2152 0419 997 6,50 5.64 4,68 .16
38A 78 29.52 .0232 622 3.48 5.08 5.30 .96
38 78 29.57 .0233 6.2b 3.60 5.24 5,30 .99
39A 84 32 0426 .03 40.80 29.90 30,14 .99
398 85 32 0424 .03 41.90 30,79 30.12 i.02
40 20 .13 .0148 .00 8.76 18.42 7.90 .03
142 191 28.97 .063 7.00 18.00 9.88 0.65 .93
143 192 69.94 .0o! 1300 21.20 4.90 5.00 .98
Average of rotios above unity (10tests) = 1.0
Average of rotios below unity( 7tests)= .97
Average of dll ratios (17 tests)=1.02
Rod supports, reamed bolt holes
2F 85 31.94 [0.0377 5.3l 13.00 10.80 8.45 .28
4F 86 32.06 064 5.3I 30.30 14.80 14 50 “1.02
_I_%ZSA 31 31.22 0142 3.99 3.30 7.45 1.€0 .98
3B 32 3.24 .0139 3.96 343 7.90 758 .04
34A 29 2808 040! 10.02 5.30 4,71 4.04 .02
3B 30 28.27 .039¢2 10.02 4.64 4.19 453 .92
L 135A 8] 31.99 0144 2.7l 4.50 9.77 8.30 .18
1358 82 31.95 0144 2.7 3.75 815 830 98
JA6A 46 23.59 .0393 7.18 896 7.70 6.46 119
36B 80 29.56 0417 7.18 896 127 6.88 1.06
4 33 3241 | 0148 .74 5.18 10.80 11.06_| .98
Average of ratios above unity {7 tests)=111
Average of ratios below unity (4 tests)= .97
Average of all ratios (I tests)=1.06
Bar supports, dritled bolt holes®
] 32 3075 10.0315 4.00 9.66 9.97 9.50 .05
2 17 30.72 .0406 4.00 14.15 .35 T 12.22 .93
3 2 30.59 0512 4,19 18.90 2.07 14.65 82
4 I 3072 0656 4.06 36.00 7.87 19,20 .93
Average of all ratios (4 tests)=093
c'Sraecir’nens with drilled bolt holes
are not shown on plot.
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TABLE 2
SHEAR WEBS WITH FLANGED LIGHTENING HOLES
Bar supports, reamed bolt holes]
Specimen| Test L [Number| t h D b Ae Rot |.Exp.. [ Cale. | Exp
; of roles! | ; , M | Tedilne I Teained)
(in) | n (in) | in) | (in) | (in) | (s9in) | (kips) kipsﬁasz{ﬁi@/saa Calc.
Strength fests

6A 65 3.3 21 Jo03 [ 397 1 0717 .50 [0.454 1 9.35 120.59 1 19.B| .06
TA 66 330 19 0314 | 397 A .75 | 554 | 1050 | 1896 | 17.4% .08
8A 67 337 17 Q313 1 397 77 1 200 | 616 | 1065 1729 1 1586 .09
10A 45 3.2 2| 04091 397 17 1.50_ 1 597 ['1580 [ 2646 | 2263 .17
ITA 46 3.0 9 0411 | 400 J7 1 175 ] 725 1640 | 22.62 | 2056 | 1.10
12A 47 3.8 7 04001 3.94 74 200 | 806 | 1410 | 1749 | 1832 .95
4B &0 3.3 21 .1 .0BI9 | 397 5 .50 | ,779 [ 2150 | 27.62 | 2627 .05
158 77 30 9 .0524 | 394 15 1.75 943 12370 | 2513 | 24,73 02
6B 8| 338 7 0507 | 397 75 1 200 (1,014 [2425 | 2392 | 2278 .05
OB 9 33.0 9 0654 | 403 J7 1 175 11,154 3200 | 27.73 | 2800 .29
21A 69 353 9 0311 ] 400 .14 .88 | 412 11000 | 24.30 | 2223 .09
22A 70 | 334 5 1032 3971 114 [ 225 | .48 | 975 | 20.11 | 1936 ] 1.04
23A 71 33.8 3 .03 4.00 d4 | 263 | 554 | 1000 | 1804 ] 17.19 .05
24 68 x7 | .03 4.00 14 3.00 | .582 990 | 1700 568! 1.08
25A 48 3H3 9 031 | 400 RE 188 | 524 [1405 | 2680 ] 2450 .08
26A 49 3.5 5 03921 384 1.13 [ 225 | .615 1435 | 2334 | 21.76 .07
27A 51 38 3 0422 | 397 .14 | 263 | .7%2 | 1630 | 21.68 | 2089 .04
28 50 32.8 | 0419 [ 3.97 .15 1 300 | .775 | 1570 | 2025 | 19,33 05
29B 82 334 0519 | 3934 115 .88 | 677 12070 | 3056 | 2918 .05
30B 70 B5 5 D522 | 334 115 1225 | 804 2370 | 2348 | 2672 | 1,10
31B | 83 339 3 0520 | 397 115 263 | .920 12325 | 2526 | 2474 | 1.02
4B 78 335 5 0652 | 397 .15 225 11,004 3200 | 31.87] 2956 | 1.08
37A 12 322 3 03091 397 163 | 250 | .323 696 | 2157 | 2348 .92
28 13 327 | 03131 397 65 | 300 | .423 763 | 18051 2065 S7
39 74 3.7 0 0309 397 65 | 350 | .515 940 827 | 1825| 100
0 75 BT 9 0310 397 65 | 400 | 583 9.60 647 | 1658 99
41A 52 X2 3 0420 394 62 | 250 | 444 | 11.80 |- 2661 | 2682 S
42 53 X7 | 0421 | 400 165 %@ 568 | 1380 | 2428 | 2402 | .0l
43 54 347 . 0 0422 3% 1.65 50 | 703 [ 1540 [ 2192 2199 1.00
458 84 33.2 3 .0528| 397 1.60 | 250 | .570 | 1620 | 2841 | 2996 .95
5748 56 323 3 .0408]| 297 165 | 250 | .410 11.00 | 2643 | 2871 .92
58A 55 328 ! .0407] 297 165 | 300 | .B50 | 1355 | 2466 | 26.20 94
59A 57 34.7 0 0396 297 165 | 350 | ,659-1 1550 | 2351 | 2390 98
60 58 3586 9 04041 2.97 1.65 | 400 | .760 680 | 2212 | 22,97 .26
L TIA 63 347 10 03191 2.50 .62 1 350 840 1,301 2094 | 2177 96
T2A 64 5.8 S 03121 2.47 1.6 4.00 5% 1.80 1 1987 | 20.24 .98
13A 59 32,3 3 0410 | 2.47 165 | 250 | .41 1.30 | 2702 | 304] .89
14A 60 2.7 | 0393] 247 1.65 | 300 | 53| 33012848 | 2763 91
754 [ 347 0 03051 2.47 1.65 | 350 | .688 | 1620 | 2705 | 26.27 94
76A 62 3Hb 9 0391 | 2.44 1.65 | 400 | . 735 | 1700 | 26.00 [ 26.17 .92
Average of ratios above unity 22 testse)=1.06

Average of ratios below unity (i6 tests)=.95

Average of all ratios (40 teste)=1.01

Duplicate strength tests

B 172 329 9 [0.0308] 4.00 10.77 75 10543 | 1000 | 184 11.27 .07
18 173 330 9 03981 400 a7 75 702 1 1480 1 21.08 1 2011 05
22B 174 334 5 0302 403 [ 1.15 2.25 465 9851 211811914 L1
268 175 335 5 .0403] 400 | 1.15 2.25 621 1460 | 2353 122291 1,06
3B | 171 323 3 1.0300] 253 1165 250 | .306 | 6891 2252 | 2530 89
69C I70 3.2 3 0306] 253 | 1.65 2.50 312 [ -7.67] 2458 | 26557 .96
Average of ratios above unity (4tests) = 1.07

Average of ratios below unity (2 tests) = .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 &ﬂ?& % h D b Ae Boll . |_Calc, £xp,
in) 1] gy | nd | (n) | (in) Jesaind | (Kipe) ki &.’ 'l?"fr? Cale. |
_ trength tests
&B 2 | 312 | 21 10030 [ 527 [ 077 | 150 J0483 | B.72 [19.27] 1802 | (07
03 | 338 | 17 1 0313527 | 77 1200 | 616 %40 5261 1397 | 1.09
o8 1 87 1.3 21 0404 153 27 1 150 1 590 | 12.20[20.68] 183. 03
z%__ 88 | %33 7 | 04071 5 77 1 200 | 801 | 515118911 15.77 g
2 | 04 | 353 g 0314 |5 % | .88 | 410 | 84020501 21.31 | .
3B 1 105 | 338 0314 %27 | I. 263 | 556 | 802116051 15.69] 1.02 |
258 | 89 | 353 9 | 04021 5.27 13 | 1.88 | 539 | 12.95 (2402 122.94] 1.05
7B 90 | 338 3 10399527 | 115 [ 263 | .706 | 12.15 1 17201 17.39] .99
4 ST 0652 527 | 115 | .88 | .851 | 28901 3396 27.76 | 1.22
11 33, 06521 B.27 | I.I5 | 263 [1.154 299012591 [ 22741 1.4
378 2 0311 527 | 1.65 50 | .317 | 6.90] 21.75 72|96
418 9 2.3 035%4] 53] .60 5.50 426 | 926 21.741 239681 .9)
378 5 2.3 3 | 0402 427 | 165 | 250 | .410 | 10.00 | 24.39]| 2546 | .96
:% 6 TT_1-0403] 424 | 165 %,00 564 | 12.20 | 22.42 | 22.061 1.02
5 7 0_| 04121 427 | 165 | 350 | .686 | 1370 19.97 | 19.83 [ 1.0
61A 8 3 |.05%04] 418 | 160 O | 544 | (400 26821 2830 95
62 __ 5 32 |1 .0%25] 424 | 1.65 709 | 1890 | 2666 | 25.97] 1.03
63 2? 7 D 1.0529] 424 65 | 350 | .BS81 | 21.80] 24751 2380 1.0%4
9 1.0529| 427 | 1.65 | 400 | .995 | 23.80| 2393 | 2203 1.09
2L .06 427 05 | 250 | .6 21,707 31.26 | 31.351 |
6/ 24 | 347 g__ 0649] 437 | 163 | 350 | 1.092 | 2945 26.97 491 102
% %g 3 06351 437 | 1.6 00 |1 30.00 | 24.92 _5 .7 0|
3231 I3 1O 71165 1220 | .314 | 690] 21.96] 23.19] .95 |
—70B | 108 | 328 [ | .0310] 3./4 65 00 | .418 20 1959] 19.94] .98
718 09 [ 348 0 .0305| 3.74 65 35 508 sgo 7.72 | 11.40 | 1.02
TR0 2831030 I R WA ML AR A WA N Yo
52 [ 3 IoY: [ .41 X Z6. )
74 93 | 32 0417 | 38 655 | 300 | .563 [ 13.20 '?3‘4%“2327 1.01
'VS"BB' %4 gstij -0 0 Ek.e 3(5)0 683 ?.gb 97 "?g.g% 1.06
K N, . k 65 | zgg 1.0}
/N 32.2 %“ 04981 374 ) 250 I .5 4, fﬁ .93
J8A | T2 328 | 05 _%.7 60 1300 | .74 5, 737 |94
T9A 1T 113 24.8 O ].05241 3.7% 65 ’%8_7.%7§ 22. ) 25.60 | 1.00
114 33_@ g 049 | 317 65 [T 633 | 21.85 | 23.43 [ 22.94] 1.02
| %? 3 0649 | 2 65 50 | 662 | 21.50 | 32.48 | 2.70 | .99
B 32.8 6351 3 65 .00 | .857 | 2460 69 | 30.23 .95
83B | 98 | 348 5=2“5§ 50 |1.115 | 30.70 [ 2753 [ 29.11 | .95
&B_| 99 | 358 651 | 3. [ 00 |i.224 | 3330|2721 28281 .%6
84A | 183 | 35.7 651 | 4. 6 00 1224 | 30.70 | 2508 | 25.24 _%
Average of ratios above unity(l2 tests)=I.
Average of ratios below unity (17 tests;= 96
Average of all ratios (39tests)=| O}
‘Duplicate strength tests
618 | 165 | 32.3 3 100 431 60 | 250 [0565 [ 14.70 | 26,03 | 28.33 | 0.92
TIC 1168 1 347 Q1 .0303] 3. X: 35 505 | BT0| 11.24 ] 11,26 1.00
7 6l | 322 31 05221 38 .60 | 23 564 | 15361 21.23] 2959 .92
788 62 T ] 0500 38 60 [ 300 | 700 [ 16551 2364 | 2626 | .90
7 63 | 347 0 1 05 3.8 65 | 350 | 833 {20501 2462 | 2459 1.00
0B 64 51 %44 05241 38 o5 | 400 | 985 [ 23501 2386 2383 ] 1.00
1A 66 2 30] 3. 65 | 250 | 643 20| 3143 3225 .97
67 7 ] 06421 373 .60 | 300 | .899 | 25951 26.87 | 3043 | .95
168 | 347 0 | 0651 | 3.88 65 | 350 [1.084 [ 29.601 27.31 [ 28801 .95
Average of ratios above unity{2 tests)= [.00
Average of ratios below unity{7tests)= .94
Average of all ratios Otests)s .96
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TABLE 4
SHEAR WEBS WITH FLANGED LIGHTENING HOLES

[Bar %upportsb drilled bolt holes)

' Test L [Number ]t b A Roit |Exp CheffCalc. Tinet! %xg
imen| Gn) of S (in) (in.) {inJ (in) | (sqfn) (kﬁ:ss {kipsfsqin)l(kipsy/sqin} Calc.
14A 14 3.3 2l 004351 406 1075 .50 10,743 4.70 19. 2%.33 |1 0,78
15A . 19 0510 | 4.06 N .75 918 920 | 2092 | 23.9%0 .88
16 A 37 17 05071 403 75 2.00 1.0 850 18.24 | 2253 .81
ISA 32.9 ) 0658 | 400 q7 .75 | V161 | 2800 | 2412 | 2622 | .B%
_CSA *RH3 9 | .0509 | 403 .15 .88 664 1 2025 1 3049 [ 2679 | 1.06
A 33.4 5 .0522 | 406 17 2.25 189 1840 | 2331 | 26.57 .88
_31A 20 3.7 13 0527 1 406 15 2.63 933 [ 2140 [ 2294 | 24.6l .93
32 2l 7 H 0527 | 4.06 15 3.00 S75 | 1960 | 2010 | 2323 87
33A 27 354 19 0651 4.03 15 1.68 B850 | 2620 | 3084 | 31,31 .99
34A 28 335 15 0649 | 406 115 2,25 1.000 | 2845 | 2846 | 29.18 .98
35A i 338 13 0651 403 L1 263 V192 | 2780 | 24.13 | 2190 .86
36 29 3.7 il 0654 | 406 .15 300 | 1,210 | 2900 | 2397 | 26, .89
45A 22 X3 i3 0521 413 1.60 2.50 563 [ 1495 | 2657 | 2948 .90
46 ) k7 I 0518 | 4.03 .60 300 125 1740 | 2399 | 26.91 89
47 24 347 10 0516 4.06 1.5 350 89 2010 | 2254 | 2465 91
48 26 BT 9 0510 | 403 .63 400 |- 967 | 2195 | 2270 | 2347 .97
49A X2 13 065 | 400 .63 2.50 683 1950 | 28.56 | 32.04 85
50 X7 I 0648 | 406 | 1,65 300 875 | 2320 | 2652 | 2992 .89
]| KN 10 0657 | 4.03 1.60 | 350 1183 | 2790 | 2484 | 2842 .87
52 %8 9 0642 | 400 .60 400 1.233 | 3060 | 2482 [ 2705 .92
S3A 33 e i3 0311 306 1.63 280 .325 709 | 2184 | 2446 .89
56 34 358 9 0317 | 306 .65 4.00 596 1025 | 1720 | 1843 | .93
S5A 30 X2 13 0685 | 319 .60 2.50 707 |1 2200 | 3110 | 3362 .93
66 3l 38 il 0662 | 306 .63 3.00 907 | 2605 | 2672 | 3255 .88
T0A 35 k7 I 031 2.56 .62 3.00 431 8.40 19,51 22,93 .89
Average of ratios above unity (1test) = .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, rearmed bolt holes]
Specimen} Test Le |Number{ t h D b Peoll Exp. Ae Exp.
. . . ) ) . "Teoll{ -G t)
(iny of '??'% (in) {in) (in) (in) | (kips) ki g/gqin. {sqin) k%n.
Strength fests
NF 1A 156 28.05 25 0.0311 | 6.26 .00 ! 3.6! 4.14 10.187 19.35
NF2A {55 2.9 25 0402 ] 527 .00 .25 5.67. 5.05 .24l 23,51
NF3A 154 28.02 25 0814 | 5.27 .00 1.25 8.40 5.83 308 | 2724
NF4A 153 27.83 25 0649] 5.27 .00 .25 11.90 6.58 | 389 | 306
Duplicate strength fests
NE B 189 21.95 25 [0.0307| 5.4 .00 .25 360 | 4.20 |0.184 19.54
N FeB 188 27.98 25 040071 5.27 00 1.25 5841 5.22 .C40 | 24.33
NF38 187 21.97 25 04991 5,31 .00 125 82361 599 299 [27.92
F4B 186 27.99 25 06431 5.20 .00 .25 12451 6.83] 386 13227
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TABLE 5

SHEAR WEBS WITH BEADED LIGHTENING HOLES

Specimen| Test Le [Number| t h D b | Pall EXP. cagm Exp.
. of . , . , M [Ceall( | -|-9-
iy | 8] oy | Gnd | (ind | ) | (kies) hioee ﬁ&g .J Calc.

- : Strength tests
Rod supports, reamed bolt holes e
] ‘8%2 7 g.gz% 05316 |5 . rzagg _96l '| I.qg,_
3 . L . A . B
D3R | 2 PN 7] 1LO9 , E%& . 98
A 40 ) | 27 03 [ 30, 3 OB
50 2 14.29 10.45 0, .
06 ol 27 _%_g 1, . 0, :
07 52 4 4 42 ! 4 g8t ' ,
43 | 0724 1 27 1 105 001 15 12 30| .95
IR 24 g 0400 2427 [ 107 50 1 1820 | 4.1 : og_
Q 4 33,2 41-427 07 , .l
e E R R
. ; 4 ! .
34 13320 5 1. T 427 4/ §
114 35 19 |- 11 06401 43 0 } 60
5 | 136 16 1 06 3 .03 50 | 39 931 | 18%0
o _g 17 9 1 0643 | 43¢ 03 1 480 . 360 ¥4
éZY 43 167 | 3 g-l’ . 2.50 22 9IO . g"‘}
A . 5 A . 2

123 3 0376"32 6 "3‘8% 14,00 1% )

_E% 49 ] 0503 [ 3% X 97

< 2 32."% 8_ 27 6 4 4!

32 3% s ST 00T 3 ST Bs T iear
Average of ratios above unity (1! testd= 108
Average of ratios below unity (12tests)= .96
Average of all ratios (23testa=1.02
Duplicate strength tests
Rod supports, reomed boit holes .
104B ] 157 [29641 11 10.0641 [ 527 __I 1031 3001307071616 T 1616 [ 1.00
Strength tests
Bar supports, reamed bolt hoies
0IB! 160 | 2974 0.0303{ 395 05 1,20 24‘! I. 8l 1.0
[0/ 53 12370 .0390[ 397 1 1.04 __g .80 3
8 [-29.67 0511 ] 397 . 001 2360115 57 6 90 2

Average of dl ratios (3 tests) = 100
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TABLE 7
PERMANENT-SET TESTS
Specirmen 5 SSL aerr Set afg-er P T
(in) in rl(‘n?».) (kips) _|(Kips/sqin)
Webs with flanged holes and bar supports
7 79t 11xI107% ox10%7T 6.9 2.7
Il 93 20 2 10.6
4 18 2 0.4
98 16 5 9.8
195 ] 0 4.5 .
75 4 - 0 45 4.4
Webs with flanged holes and rod supports .
ol | 296 1 0 10.0 114
ir 2085 a7 3 6.0 )
4 ) 10.0 A
2 2.0 4.3
] olx Z 3'8 g&
505 ) 4.0 5
ZA 3 6.5 L 3
3A 0 20.5 a0
4.A 3 20.0 A
Webs with beaded holes and bar supports
5
038 | 285 59 3 30 8.6
Webs with beoded holes and rod supports
648 ] 3B 1 8 | 5 1 200 | 0K®
Webs with plain holes and rod supports
NFI8 I% 2 0 &QS 30°%
N -"2% ] [o] 6 g‘l £
NF3 70 2 4 X g4
NFE4B 208 y 5 78 20.2
Solid webs with bar supports
137B 54 4 I 3.6 317
388 32 0 0 %3 34
3398 2% 134 i 27.0 138
5 Solid webs with rod supports &
| 230 ~ 50 3.0 ?'_'
| 289 27 % 63 .
Ix(net .
br(gross),
TABLE 8

COMPARISONS BETWEEN WEBS WITH
FLANGED HOLES AND WEBS WITH BEADED HOLES

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

h 1 S 1V V

{in) (in) (Ib) |G rga 0. an;?rﬁd
4 0.064 | 3500 | 0181l | 0.1745

4 029 790 .0621| .0%5
8 064 | 4840 .32b| 4170

8 025 | 1520 1225 2150

29
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Shear stress Tcoll, kipy/sq in.

Fig.6

ot
" L i
[ 5
; P Thickness
\ ! \ i (\n)
30 jg ; "\ | o O 0.015
A e a8 025
S om 040
AN ® & 084
25 \ L Jeling set-test made.
\é\ Circles denote rod supports
A Squares denote bar supports
N
20 } )
\
=Y
\\ ]
15 e
\
\ ~t= .025"
\ \ ‘
VLN D ;
10 S S ~ o 4= 0I5
N ] L |
N F Ko
AN ———
5 | Ter{clamped edgesyt - Pl Sos N e =2 SR
| VA N % I B A
| Tty (supported edges)—1 ~ ~oea'=_|
\T\~~\;:_‘:ﬂ_
0
0 40 80 120 160 200 240 280
h/t

Figure © - Experimental shear stresses causing collapse of solid flat sheets .
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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 15~ Shear-stiffness factor M, for webs with
beaded holes 0,032 to 0.051 inch thick.
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Average displacement , in.
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