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SUMMARY

Two- series of diasonal-tension beams with double
uprights were tested tc destruction while strain measure-
ments were being made at a large number of points. The
results indiceted that the previously published method
of stress analysis is somewhat conservative in a certain
range; the discrepancy between thecory and tests was re-
duced by dropping a simplifying assumption, and a set
of correspondingly rovised formulas for stress analysis
is given in a form suitable for ready reference.

On the basis of the revised formulas, more than 100
tests made by five manufacturers were analyged., Most of
these tests were made on beams with single uprights,. An
empirical formula for the failing stress in single up-
rights was derived from the tests.

An appendix presents the results of systematic cal-
culations on structural efficienecy. The graphs of the
appendix may be used to obtain first approximations of
sizes for design purposes.

INTRODUCTION

A semiempirical theory for the action of shear webs
in incomplete diagonal tonsion has been developed in ref-
erence 1, The empirical coefficients for this theory
were chiefly obtained by strain-gage tests at low stresses.
In order to check the validity of these coefficients at
high stresses, & new investigation was started in which a
number of beams werc tested to failure while the strains
were being measured with electrical strain gages., All
the tests were made on webs with double uprights, In-




formation on the failure of single uprights was obtained

by analyzing the results of tests made by five manufacturers..
These tests were made available to the NACA by thHaltjoint
action of the Army, the Nevy, and the Civil Aeronautics
Authority in a general ffo”t to effect coordination between
existing structural data and theories., The manufacturers!
tests also yielded some information on web failures and

rivet failures.,

The paper is divided into two parts. The first part
deals with the experimental investigation carried out by
the NACA, The second part is of an analytical nature and
is divided into two sections. The first section gives the
formulas used for stress analysis in a form suitable for
ready recference, The second section discusses the' amount
of experimental evidence available on specific items, the
scatter indicated by the test data, and other pertinent
information that may be useful in judging the reliance to
be placed on any given formula, An appendix discusses the
question of structural efficiency of the web system on the
basis of the new formulas for stress analysis. The graphs
given may be used as aids in obtaining the proportions for
a balanced design.

Attention is called to the fzct that some symbols
used in this report have a slightly different meaning than
ig_ge¢ereg9m l, The changes were made to permit simpli-

fication of a number of formulas,
SYMBOLS
Ay actual cross-sectional area of upright, square
inches
Ay effective cross—-sectional area of upright, square
i inches
’ d rivet diameter
GR rivet factor (1 - - : -
£ rivet pitch

Cys Cp stress factors
E modulus of elasticity, kips per square inch

G shear modulus, kips per square inch
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effective shear modulus, taking into account
diagonal~tension effects

effective shear modulus, taking into account
diagonal~tension effects and effects of
exceeding the proportional limit of the
material

effective column length of upright, inches

applied load, kips

internal force in upright, kips

ultimate applied load, kips

transverse shear force in webd, kips

volume of material (web and uprights) per inch
run, square inches

spacing of uprights, inches

depth of beam, back of top flange to back of
bottom flange, inches

effective depth of beam, centroid of top flange
to centroid of bottom flange, inches

depth of beam, centroid of rivets in top flange
to centroid of rivets in bottom flange, inches

length of upright, centroid of attachment rivets
in top flange to centroid of attachment rivets
in bottom flange, inches

diagonal-tension factor

thickness of web, inches

thickness of uprights, inches

angle between axis of beam and direction of
diagonal tension

strain in web parallel to axis of diagonal tension



€y strain in flange caused by diagonal tension

€. strain in upright caused by diagonal tension

o) radius of gyration of cross section of upright
with respect to centroidal axis parallel to
web, inches '

o compressive stress in upright caused b

U P :
diagonal tension, kips per square inch

T nominal shear stress in web, kips per square
inech, In most cases, this stress may be
computed by the approximate formula T = S/hgt

R critical shear stress, kips per square inc’

Teq equivalent shear stress, kips per square inch

wd parameter of flange flexibility

I. EXPERIMENTAL INVESTIGATION

Test Objects and Procedures

Test specimens.- The test specimens consisted of
13 beams in two series with nominal depths of 40 inches
and 25 inches, The detailed dimensions of the beams -are
given in table I. The webs and the uprights were of
2485-T aluminum alloy with-the exception of the web on
beam 25-3, which was of 178-T7 alloy. The flanges of the.
40-inch beams were of steel, The flanges of the 35-=ingh
beams wers of 248-T aluminum alloy, Figure 1 gives the
general dimensions of the beams and figure 2 shows the
cross sections of the uprights.

Test procedure.- The beams were. attached to a heawy
8teel structure by steel angles. When the maximum Test
loads were larger than 8 kips, the test loads were applied
to the beams by a portable hydraulic jack of.1l00-kips
capacity. This portable jack is equipped with a load-
indicating system of the hydraulic type used in testing
machines. ©For loads less than 8 kips, a hand-operated
hydraulic jack was used, and the load.  was measured with
a platform scale of 12 kips capacity, A ‘typical. set-up
for & 25-inch beam is shown in figure 3,




Most strain mcasurements were made with electrical
strain gages of the wire-resistance type fabricated by
the NACA. Gages were always used in pairs on opposite
sides of the beams to eliminate the effects of local
bending stresses. For purposes of strain measurements,
end effects were assumed to exist over a lengthwise
distance equal to half the depth of the beam from the
root and from the tip, Strain measurements were usually
taken on all of the uprights and in all of the web panels
not subjected to the end effects. The test results shown
in the figures are groun averages obteined by averaging
the results of all gages contained in the same lengthwise
groups The number of strﬂin gages used for one test
varied from 32 to 703 the smallest number were used with
an upright spacing equal to the depth of the beam,

Deflections of the beams were measured by the method
shown schematically in figure 4, A light truss holding
dial gages reading to 0,001 inch was fastened to the
beam by means of a vertical arm, This arm was securely
fastened to the upper and the lower flange of the beam
at the station where the inboard wed reinforcement ended.
The outermost dial was located at the station where the
outboard web reinforcement began., The deflection measure-
ments were thus confined to the region where the .web was
of single thickuess, and the reference line was the tangent
to the elastic line of the beam at the inboard end of this
region,

In order to prevent failure of the bteams by twisting,
lateral support was provided in the form of parallel-motion
links, These links consisted of twvo angles each and were
held at the far ends by a space trusswork bolted to the
backstop. The tip of this trusswork is visible in figure
3 just beyond ths tip of the beam. The links may be seen
i fagurie 16,

Deflections of the uprights normal to the plane of
the web were measured on some beams by dial gages, as
shown in figure 6. These measurements were abandoned be-
cause the deflections were practically zero in the load
range where it was comnsidered safe to leave the gages in
place,

The 45° triangle prominent in figure 6 was used to
measure the elongation of a 45° line, Microscopes equipped
with filar micrometers were clamped to the angle and served
as measuring instruments., The measurements were intended



chiefly to check for the existence of permanent elongation
in the web. They were abandoned after a feow tests because
it was found that permanent set began later than anticipated
anc that the predictions of upright failures were unreliable
and unconservative, The unexpected occurrence of upright
failure jcovardized the safety of the equipnment,

Failure of the uprights by forced twisting is shown
g fhoure 7. This €ype of faillure ds typicalvof “thing
uprights,

Accuracy of measurements,« The errors of the load
measurements weres not more then one-half of 1 parcent.
Web thicknesses were measured on a large number of
stations; the average thickness can probably be reliod on
to #£0,0002 inch. The cross-sectional areas of the
uprights and of the flanges were detcrmined by weighing,
except for the steel flanges used on beam 40-1 and beanm
40-2, which were determined by measurement. (ross—secc-
tional areas for a2luminum~alloy seciions determined by
welighing are probably accurate to %1 percent ; the errors
in the cross-sectional areas of the steel flanges are

Probadbly larger, perticularly when destermined by measure-
ments, but it is not possidble to give quaatitative esti-

mates. The accuracy of the etrain measurements is esti-

mated to £4 percent.

Test Results

Stresses in webs.—~ The strain measurcments on the
webs werc taken at angles of 45 with the bcam axes, The
observed strains wero multiplicd by the factor B 0
obtain stress values; the resulting siresscs were, o
course, nominal becausc the state of stress was actually
two—dimensional, Whon the stresses exceeded the pro-—
portional 1limit, the stress-strain curve of the material
vas uscd to convert the moasured strains into \stresses.
Individval stress—strain curves were taken only for the
webs expected to fail before failure of the uprights took
place; an average strcss—sirain curve was uscd  to convert
the strain readings on the other webs into stresses, i Bho

resulting experimental stress values are shown in figzure 8,

Hy ot




The calculated stresses shown in figure 8 were
obtained as follows:

The theory of incomplete diagonal temsion developed
in reference 1 assumes that the stress in the web can be
described by superposing the effects of a diagonal~tension
load kS and a shear load (1 = k)S. If the angle a of
the diagonal tension is assumed to be 450, the nominal
stress along a 45° lins is

e EigTi‘L T L LD ¥ MLJ
L g B
g T {l + p + k (1 - u)] (1)

The walue of Poisgon'lg o *was taken as 0,20,

rat
The stress given by formula (1) is an average stress.
The maximum stress is given by the formula
Be =% il Fapi+ik Ll = p,)‘] (1 + kCE) (la)
L d

where C, 1is a factor of stress concentration caused by

flexibility of the flanges; this factor will be discussed

later,

The stress given by formula (1) is plotted in figure
8 as a dashed line, the stress given by formula {ia) 'ae &
solid line. The strecsses calculated by formula {(1a) should
be compared with the stresses measured on diagonal-tension
lines passing through the joints between uprights and

b
flanges. No correction was made to allow for the fact that
the angle o was not exactly equal to 450. The erroPt lne
volved is a cosine error and was about 15 percent in the
worst case.

The agreement between experimental and calculated
values is satisfactory on the 40-inch beams, excepting
the stresses in beam 40-1 at loads above 15 eipssd SN0
definite cause has been established for the discrepancy,
but two factors may have s bearing on the subject: The
beam was loaded a number of times to 15 kips, and the
strain gages used were not suitable Ffor use on buckled
sheet, A different type of gage was used in all 4the
other tests.




On the 25-inch beams the experimental stresses show
a tendency to be somewhat low, It is believed that this
discrepancy can be ascribed to portal-frame action (figse 9).
This explanation is supported by figure 3, which shows beanm
25-1 carrying a load of 1570 pounds or 23 percent of the
ultimate load after the web had been completely ruptured
from flange tc flange. The reverse curvature of the
flanges typical of portal-frame action is very evident in
figure 2,

If it is assumed, as a first approximation, that the
shear deformation of the web and the portal~-frame action
do not influence each other, the shear §'! that is carried
by the wed is related $o0 the total shear 3 by the ex-
Pression

N 1
s 243% (2)
ot 507

where EI is the bending stiffness of one flange and
g . g

Lp is the effective "height! of the portal frame. Values
of S§!'/S are given in table II; these values are based
on the assumption that Lp may be taken as the length of
web of single thickness (fig., 9), that is, the end bays
having triple thickness are considered as rigid., Inspec-
tion of figure 8 and of the values of §!'/§ in table II
indicates that the differences between experimental and
calculated stresses would be reduced if the portal-frame
action were taken into account; only on beam 25-4 would
there be a larger difference of an unconservative nature.
In order to avoid confusion on the figure, no corrected
calculated curves are shown,

Strosses in uprights.- On the first 40-inch bean,
a detalled survey of stresses in the uprights was made
with Tuckerman strain gages to study the effect that was
termed "gusset effect" in reference 1, The results of
the strain survey are shown in figure 10, It will be
seen that the gusset effect is very pronounced on the
tension side (bottom side) of the beam. On the compres-
sion side, however, no gusset effect can definitely be
sald to exist except near the tip; the average of all
uprights shows a gusset effect only at the tension side
of the beam,
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The measurements made with electrical strain gages
on the other beams are summarized in figure 11, ¥No
stresses on individual uprights are shown in 2 i 0 T U 1 LS
but the averages shown are sufficient to indicate that
the evidence concerning the gusset effect is confli cting
On the £5-inch beams with 0.,011- and 0.0l6-inch webs,
there is practieally no evidence of gusset effect. It
would therefore seem advisable to drop the use of the
gusset factor as a refinement not warranted by the pre-
sent state of knowledge.

Figure 12

shows the stresses in the uprights plotted
against load. F

,0‘
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T

10
r each beam, the stresses shown are those
for the most highly stressed station along the uprights
in each case. ~he calculated stresses are generally in
good agreement with the maxXximum experimental values for
the 40-inch bpans. The only exception is the first 40-
inch beamj en this the maximum stresses were higher
than the calculated
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On the 25-inch beams, the web was so thin that the
condition of pure diagonal tension shomnld have been
approached very closelyc The upright stresses measured
on these beams were therefore expected to be in closer
agreement with the theory than the strcsses measured on
the 40-~inch beams. The reverse was true; inspection
of figure 12 shows that the measured upright stresses
in the 25~inch beams were considerably lower than the
calculated stresscs, The differences are too large to
be explained by portal-franme action, although this action
was sufficient to explain most of the differences betwcen
observed and calculated web stresses., The theorctical
calculation of the angle o might be thought to be in-
accurate; such measurements of a as werec made indic ated,
however, that o« was slightly above rather than below
the calculated values No explanation for the discrepancy
has becn found thus far,

The stresses in the uprights constitute the most
sensitive criterion for the validity of any theory of in-
complete diagonal tension, TFigure 12 shows the theory
used in this paper to be in very satisfactory agreement
with the test results on the 40-inch beams and to be
conservative for the 25-inch beams. Webs asg thin as
those used on the 25-inch beams will seldomn be encoun=
tered in practice.
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Failures of uprights.- On all but beam 25-7, the
uprights were rather sturdy (t,/t = 3) and failed by
column action; a typical failure is shown in figure b.
The ratio of developed strength to predicted strength
varied from 0,99 %to 1.37 (table II). The uprights on
beam 25-7 were designed to fail by forced twisting; the
failure is shown in figure 7.

Rivets upright-to-web.~ 1In all excep’ beam 40-1
and beam 25-7, the upright-to-web rivets were designed
for the first test to Lhave a strength in double shear
approximately equal to the load on the upright at failure
(table III). On beam 25-7, the rivet spacing was arbi-
trarily decreased to make the uprights and the web act
as a unit as long as possible in spite of the localized
nature of the failure expected, namely, failure hy forced
twisting.

On beam 40-4a the web was not damaged when the up-
rights failed, The uprighis were removed, straightened
and again attached to the beam with the next larger size
of rivet. When the uprights were attached, care was taken
to shift them around in ordcr to change the relation be-
tween the failure pattern of the wed and the failure
pattern of the uprights, The rivet strength of beanm
40-4b was 1.57 times the rivet strength of beam 40-4a,
and the load carried was 1,06 times as much as in the
first test. The uprights were again removed, straightened
and rcattached with intermediate rivets added., The rivet
strength was now threc times the original value, and the
beam strength was found to be 1,18 times the origiral
valus, (See table II for data.)

Beam deflections.- The comparison between ecxperi-
mental and calculated beai deflections is shown in figure
13, The experimental deflcctions are considerably lower
than the calculated deflections on the 40-inch beans}
on the 25-inch beams, the agreement is gencrally better.
The most obvious explanation for the discrepancics would
be that thc effective shear modulus G oObteined from
reference 1 is too low, but this obvious explanation does
not appear to be the correct one. Plate-~girders with
thick webs (reference 3) tested in the shear-resistant
range gave consistently smaller deflections than the
calculations indicated; only a single beam out of 8 gave
larger deflections, The difference was about 6 percent
for the total deflections and more than twice as much
for the shear deflections alone, if the single exception
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1s cxcluded. These results indicate that the simple
formulas commonly used for computing the bending de-
flections and shear deflections become conservative
when the beams are short and deep, that is, when the
length-width ratio is less than about 4 on a cantilever
becam., The fact that the discrepancies were larger in
he tests on the 40-inch beams than in 2ll other beams
may be attributed in part to the fact that the properties
of the steel flanges woere not so accurately known as the
properties of the aluminum-alloy flanges. In addition,
an experimental crror might have been caused by welding
the refcrence truss to the beam flanges, The welds had
a spanwise length of 4 inches, and it is possible that
their effective center did not coincide with their geo=
metric center,

Permanent deflections.- Permanent deflections of
the beams as indicated by the readings of the dial gages
at the tip are tabulated in table, IV. For the 0,040-
inch webs, the set was only slightly above the accuracy
of the measurements at shear stresses up to 10 kips per
square inch. In the 0,011~ and 0.0l6-inch webs of the
25-inch beams, a definite permanent deflection was in-
dicated by the dial gages and began at a shear stress
of about 12.5 kips per square inch. Visual inspection
of the webs on the 40-inch beams showed no obvious
wrinkles, On the 25-inch becams, the webs showed pro-
nounced wrinkles of half-moon shape under the ends of
the uprights, wherc the joggles in the uprights left
the sheet unsupported and therefore incapable of carry-
ing any compressive stress in the dirsction of the up—-
rlght Se

II. ANALYTICAL INVESTIGATION

Formulas Used for Stress- Analysis

The collection of formulas giveon in, this section
was chiefly intended to describe the methods by which the
analytical calculations were made, Beyond this purpose,
the collection may serve as a guide for stress analysis,

The formulas were either taken directly from refer-
ence 1 or are simple additional applications of the basic
theory developed in this reference, One important modi-
fication of the theory was mede by dropping a simplify-



12

ing assumption made in reference 1; the nature of this
modification is discussed under the side heading Design
chart for incomplete diagonal tension.

For certain items of design, no formulas have been
presented in this section, either Decause the experimental
evidence 1s inconclusive or because no definite design
criterion now .exists, These items are discussed in the
correlative study of the next section. A careful perusal
of the correlative study should precede any attempt to
apply the formulas given here.
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ctional area of uprights.- Three
are shown in figure 14, In type

symmetrical with respect to the web,
-sectional area of the upright equals

the actual area

In type (b), single upri
effective cross-sectiona
(reference 1, eguation (

ghts on one side of the web, the
rea is defined by the formula

R e A )0 S ( '3)
U
i <€-\)

where e is the distance from the web to the centroid of
the mupriesht, In type (c), where a transverse member such
as a bulkhead is attached by means of & connecting angle,
the effective area AUe may be assumed to consist of the

connecting angle and of an effective width of the trans-
verse moember, This type of upright was not used in the
Present investigation and is included here only foxr the
sake of completcness. No part of the web was included
in the area Ay 1n any case,

Buckling st

r
Toyr ©Of the wed w

supported edges., This figure is based on the formula
developed by Timoshenko (reference 4). When some or all

of the cdges of the panels were clamped, the buckling

s of web.- The buckling shear stress
obtained from figure 15 for simply

a

a

njn

i}




1~367

13

stress Ter Obtained from figure 15 was multiplied by
the factor

(1 + 0,66 %‘2> (4)

where p is the total perimeter of the panel and Pe

the length of the clamped edges. The origin of the factor
1,66 for the condition of all edges fully clamped was dis-
cussed in reference 1.

The edge support given by the flanges or the uprights
to the ctheet was assumed to be the equivalent of fully
clamped edges when the sheet was clamped between two angles,
provided that cach angle was at least three times as thick
as the sheet and had flat faces touching the sheet (fig.

16 (a)), The edges of the sheet panel were taken to be
the lines where the sheet emerged from underncath the
anglos (A, fig. 16),

The cdge support was assumed to be the equivalent of
simply supported edges for the types of upright shown in
figure 16 (v), (c), and (d); namely, double uprights ccn-
sisting of extruded aigles having crowned faces touching
the sheet, double uprights heving & thickness about equal
to the thickness of the web, and single uprights. For
these 3 types of upright, the edges of the sheet panel
were taken to be the rivet lines. The assumptions con-
cerning ecdge support for upright types (a), (bv), and (c)
werc suggested by the results of strain measurements -on
uprights., For type (d), the assumptions are justified
only inen indircect manner by the final results. A method
of relating the edge support to the thickness of the up~
right 2nd the thickness of the web is given in the appendix,

Design chart for incomplete diagonal tension.- The
degree of development of t he diagonal-tension field is
numerically defined by the diagonal-tension factor k
(reference 1), This factor specifies the portion of the
tot~l shear that is carried by dingonal-tension action
of the web; it is a function of the ratio Ay, /dt and

the ratio 1t/71,, (reference 1). The numerical valuos
of the factor k were obtoined by inspection from ons
of the two design charts {Pies 1% o2 fig., 18). Larger
copics of figures 17 and 18 may bc obtained on request
from the National Advisory Committec for Aeronautics,




14

The stress in an upright can be calculated by the
formulsg '

Oy = = e Ty tan « (5)

In reference 1, this formula (equation (13)) was given

in a slightly s1mp11F¢ea form by omitting the factor

tan a; the omission .was based on the simplifying assump-
tion Bhet o .= 459, In order to obtain better agreement

with the test data over a wide range of variables, the

simplifying assumption was dropped in the present paper,

and the values of ¢, /T shown in figures 17 and 18 were

i~

obtained from the corresponding values of reference 1 by
the following process of correction.
The values of GU/T given in reference 1 were con-

giidered as first sporozximationa, According to the theory
of pure diagonal teasion (reference 2), the angle " La ¥ dis
defined by the equation

2 € - €x
1rj - LR 0 (= " (6)

The magnitude of ¢, 1is negligible in most practical
cases; the magnitudes of ¢ and €y were computed by
using the first approximations for the stress as given

es
by reference 1., ©Formula (6) became under these assump-
tidone o

a (7)

where GU/T was the first approximation obtained from
reference’l, 'Mhe walmne of $an o was computed by formula
(7), and the first approximations of oy/T obtained from
reference 1 were multiplied by tan o to obtain the sec-—
ond approximations that arc given in figures 17 and 18,
The difference between the first approximation and the
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second approximation is swall when the ratio AUe/dt ik
large but becomes quite large when this ratio is small,
Analysis of web strength, - The

S
was cxpressed as an fequivalent" shear
by the formula

Tog = T(L + KCy)(1 + k0,)/0q (8)

The factor (; ' takes into accountothe faet that . ®fhe
angle o is somewhat lesg than 45° and is given by the
expression

1

sin 2a

e (9)

For convenience, the value of C, is shown graphically

in figure 19. The expression (1 + kCy) is simply a

formula for straight-line interpolation between the

limiting cases of shear and pure diagonal tension.

Figure 19 also gives tan a as a matter of some interest.
The factor C, 1is shown graphically in figure 20

and was obtained by a simple transformation from the

corresponding factor (, given in reference 1. If this

corresponding factor is denoted temporarily by G5!, then

mn o

Vg

H
i
-

' (10)

mn
Uz

The expression (1 + kC,) is again a formula for a straight-
line interpolation betwecn the limiting cases of shear and
pure diagonal tension. The parameter wd characterizing
the f'lexibllity of the flange is given by the expression

4 ;

/ t
wd = 0.89d (11
J Al A g be ;

e

where Ip arnd IC are the moments of inertia of th
tension flange and of the compression flange, respee

=]

tively.
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Formula (11) is an approximation that is valid as long
as the ratio IT/IC does not differ too much from unity.

The allowable web stress was computed by the formula
o 1 _
Teq(all) = Tulg T K <Tult Bl Oult> (12)

This formula is equivalent to formula (22) of reference 1,
The values of T,14 and o0,y Were taken from reference 5.

Analysis of uprights.- The stresses in the uprights
were computed by the expression

og = T(og/T) (13)

The ratio 0y/T was obtained from one of the two design
charts. For double uprights, Oy Tepresents the average
stress in the upright. Por single uprights, Oy Trepresents

the maximum stress, that is, the stress in the fibers next
to the web.

A visual study of upright failures has led to the
conclusion that single uprights of open cross section fail
as a result of twisting forced by the folds in the webs
upon the uprights, The allowable stress for this type
of failure was computed by the empirical formulas

oy(all) = 12,5 ty/t kips per square inch (14)

|

Oy(all) 10,5 tU/t kips per square inch (14a)

Formula (14) may be considcred to represent the average of
the test data, and formula (l4a) may be considered to
Tepregent the lower Limit of ‘theltest data; 7

Double uprights of open cross section may fail by
forced twisting or they may fail by column failure. For-
nulas (14) and (l4a) wvere used to check against twisting
fadlures ' In,order to'checkiagainsgt column Failurel tHo
effective column lecngth was computed by the formula




J

J1 # k28 2 2dfn)

for (dfn% 1.8)

With this effective length, the slenderness ratio La/p
was computed ~nd the allowable stress was obtained from
the standard column curve for 24S-T material as given
in reference 5.,

Analysis of rivets web-to-flange.~ The load R
per inch acting on the web-to-flange rivets was calculated
by the formula

R = S(1 + 0.414k)/hy (16)

The allowable rivet loads were taken from reference 5, but
a correction was made for the actual drill size ugsed when
it was known, The use of this correction is suggested for
the analysis of test data but not for oridinary stress

analysis,

Analysis of rivets upright~to-flange.,—- The total

force acting on the upright-to-flange rivets is equal to
the internal force in the upright, which is

Py = Oydy for double uprights (i7a)
- . 3 . & 2 ™
Py = OUAUe for single uprights (171v)

The rivets 1in double uprights are in double shear; rivets
in single uprights are in single shear., Formula (l?b)
must be modified by an empirical coefficient whon use

for actual stress analysis. (See sectio

Study of Manufacturers! Tests and NACA Tests.)

The allowable loads on rivets were taken from refer-
ence 5, A correction was made for actual drill size used
when it was known, The use of this correction is suggested
for the analysis.of test data but not for ordinary stress
analysis,




Analysis of hcam deflections.,- The beam deflections
were computed by the standard method of adding bending
deflections and shear deflections, The moment of inertia
used in the computation of the bending deflections was
based on the entire gross section; that is, no deductions
wore made for ineffectiveness of the web or for rivet
holes., The shear deflecctions were computed by the formula

6:2
L 18
% (18)

where x 1is the distance from the reference station to
the station being considcred. The effective shear
modulus Ge was obtained from figure 24 of reference 1,
The correction to Ty for cxceeding the proportional
limit was based on the tentative correction curve shown
in figure 21, which is based on unpublished tests of

10 shear panels 0,025 and 0.040 inch thick., Within the
rather large scatter of the test data, the curve was
found to be independent of the degree to which the dia-
gonal tension was developed and may therefore be used
for the limiting case of unbuckled sheet when Gg = G.
The curve then becomes identical with the shear stress- : -
strain curve of the material.

Analysis of alclad webs.-~ The most satisfactory =
method of analyzing =2lclad webs was found to be the

following method: The actual web thickness ¢t was re-

placed by an effective thickness ¢, = 0.,9%t, and the webd

was then analyzed as though it were made of the basiec

alloy alone, The cffective thickness  t, was used in

all calculations, including the calculation of T p»

Limitations on use of theory.- Oz accouvnt of the
complexity of the problem of incomplete diagonal tension,
it has not been possible thus far to explore experimentally
the entire range of possible design proportions; limita-
tions must therefore be imposed on the use of the theory.
The necessity for certain limitations is apparent; the
necessity for additional limitations may be discovered in
the actual use of the theory.

General experience with probloms of elasti
bility indicates that the theory vill need to b
D
S

cdificed -—hen

the buckling stress of the wob exceecds the proportional 1limit
of the materizl, aor approximately 12 kips per square inch >
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for 248-T7 alloy. In 'the tests analyzed in this paper,
the buckling stress was always below the proportional
1imit,

Experimental evidence tends to indicate that the
theory of diagonal tension begins to break down when
the spacing of the uprights becomes larger than the
depth of the beam. The folds then have a pronounced
tendency to run from corner to corner of the panel in-
stead of taking the direction indicated by the theory.
At the same time the effect of flexibility of the flanges
increases rapidly, and there is at present only frag-
mentary expurlmental evidence to support the validity
of the theory under such circumstances.

The calculations for structural efficiency given in
the appendix indicaste that, for webd systems with double
uprights, the structural efficiency tends to zero as
the ratio of webd thickness to web depth decreases. This
conclusion appears reasorable. For web systems with
single uprights, however, the calculations indicate that
a finite value of structural efficiency is approached as
the ratio of web thickness to web depth decreases in-
definitely. The calculations also indicate that, as the
upright spacing decreases, the structural efficiency
approaches that of a web not subjected to buckling. These
results for h/t-» oo and for d/h-C do not appear pahys-
ically rcasonable and are probably caused by failure to
recognize the exlistence of a bending type of failure in
s:nglc up“lrﬁts analogous to the bhending failure of double
uprights, tlon ohould be usecd, therefore, in the anal-
¥ysis of web syst with single uprights when the uprights
are closely space 6 or when the thickness-depth ratio is
very small,

Correlative Study of Manufacturers! Tests
and NACA Tests

In the light of the theory of incomplete diagonal
tension in reference 1l as modified by the present paper,
a compr=hensiva study was made of more than 100 tests
made by five aircraft manufacturers in order to correlste
these tests with the NACA tests described in section I
and with the theory,. The tests were confined, in general,

-to determination of the yield load and of the wltimate
load; no strain-gage data were included emong the availabdle
data. The tests furnished cufficient information on several
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items to permit a very substantial reduction of the
NACA test program and were therefore of considerable
usefulness,

Unfortunately, the value of many tests was lessened
by the lack of pertinent information, For instance, the
shapes of bulb angle stiffeners were not given; it was
therefore impossibls to calculate accurately the sleander—
ness ratios of the uprights. Again, nominal thicknesses
were given instead of actual thicknesses, The results
obtained may be in error by as much as 5 percent owing
to this source of error alone, because the commercial
tolerances are of this order of magnitude, In view of
the incompleteness of the data, the individual results
obtained from the analyses of these tests should not bse
too closely scrutinized, TFor this reason, and also be-
cause the analyses are quite voluminous, no details are
given in the following discussions, Only final conclu-
sions are given, based on the aggregate of all available
data,

Strength of web,- Tests made of square shear panels
0,040 and 0,020 inch thick under pure shear (reference 6)
were generally in close agreement with formula (13) for
the allowable equivalent shear stress when the sheet wag
riveted to the outside of the flange angles, When the
sheet was clamped between the flange angles, about 10
percent higher stresses were developed,

Among the available manufacturers' test data were
eight tests of beams that failed in the web; in all cases,
the web was riveted to the outside of the flange angles,
The ratio of developed strength to calculated strength
was 0,99 + 0,07, Corrections for actual properties of
material were made, but the corrections were based on un-
certain data in gsome cases,

In the NACA beam tests reported herein, two web fail-
ures were observed, discounting the failure in the web of
beam 40-3 damaged by accidental contact with an electric
welding torch, These webs were clamped between the flange
angles and developed 1.04 Ff 0,03 times the predicted
strength based on formula (12), The developed strength is
therefore 5 percent higher than the developed strength of
the group of beams with the webs riveted to the outside of
the flange angles; whereas, the tests with the square shear
panels of reference 6 indicated a gain of 10 percent due
to clamping the web between the angles. A possible reason
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Strength of uprights.=- In single uprights of opon
section, failurc is apparently precipitated when the folds
of the web force a localized +w1st1nm of the uprights.
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lips. Tho stresses in the uprights werc calculated by
the formulas given in the preceding section. Single
uprights werce assumed to furnish the equivalent of
simplc support to the sheet.

It was found by trial that the upright stresses de-
pended primarily on the ratio tU/t. Figure 22 presents
the plots of test points; the straight lines are graphical
representations of formulas (14) and (l4a). The figure
indicates that the average agrecement between the tests and
formula (1l4) varies somewhat with the beam depth, ' The
formula is conservative for the group of beams 10 inches
deep becomes gradually less conservative, and becomes
finally unconscrvative for the group of beams 40 inches
deep. The formula agrees fairly well with the average
of the largest group, that is, the 30-inch group. Within
the range covered by the tests, the properties of the
material are independent of the absolute sizes, The appar-
ent decrease of ultimate upright stresses with increasing
beam depth probably indicates that the ultimate stress
depends on a more complicated function than the ratio
tU/tD The observed decrease of ultimate stress may also

be merely accidental and may disappear when the number of
tests analyzed becomes much larger than the number now
available.

The last explanation is supported by the test results
shown in figure 23, which include results for six beams
48 inches deep; the results are in fair agreement with
formula (14). The results shown in figure 23 were obtained
with beams having double uprights alternating with single
uprights, usually of different size, It was assumed, be-
cause the uprights were closely spaced, that the stress con-
dition.-depended on the average effcctive cross-sectional
area of the uprights; the allowable stress was determined
separately for doublec uprights and singlec uprights, Fail-
ure occurred in some beams 1n the double uprights, and in
other beams in the single uprights; the calculations in-
dicated correctly which type of upright should fail first.
This fact, as well as the agreement with formula (14) in-
dicated by figure 23, may be taken as vindicating the
nothod of analysis used. Since the 48-inch beams of
figure 23 give results in agrecment with formula (14), it
seens reasonably safe to assume that the formula is wvalid

-

for all beam depths up to at least 50 inches.

For actual stress analysis, it is recomucnded that
the more conservative formula (1l4a) be used. As figure 22
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indicates, this formula represents fairly well the

lower limit of the test data. The two low points in

the 20-inch group are probadbly Mwild." The low roints

in the 30-inch group at low values of T/t suggest that
the edge support given by thin uprights shoulu be con-
sidered as less than the equivalent of a simply supported
edge. (3ee the appendix.)

Double uprights, as mentionad before, may fail by
column action or by forced twisting. ©TFormula (15) for
effective column length was bascd on the NACA tests
(section I) and replaces Wagner'!s theoretical curve of
the ratio of theoretical buckling load Vp to Buler load
Pge (See references 1 arnd 2.) TFormula (15) indicates
that the bracing effect ecxerted by thse wedb on the uprights
is much less than predicted by Wagneris theoretical curve,
even when Wagner'!s curve for pin-ended uprights is applied
to uprights attached with two rivets or bolts. In the
limiting case of very small spacing of the uprights,

Wagner gives a value of Vp/Pg = 7, while formula (14)
gives IL,/hy = 0.5 corresponding to Vp/Pgp = 4. A partial
explanation for the high values obtained by Wagner may lie

o' Uh

in the fact that the observed pattern of failure did not
agree very well with the simple pattern assumed by Wagner
for his strain-snergy calculations of the strength of
uprights,

As table II indicates, formula (15) tends to give
slightly conservative results., Attention is called to
the fact, however, that it is important to use actual
instead of romlnal values of the depth of the outs tanding
leg in order to obtain correct values for the radius of
gyration. Socme allowance should be made for the fact
that in extruded angles the full thickness of the leg is
not carried to the extreme tip.

Particularly instructive are the tests with double
uprights included in figure 22, (Calculations show that
the stresses developed by the double uprights on the 30-
inch beams are only fractions (0.3 to 0.6) of the stresses
that would produce column failures.

Strength of rivets web-to-flange.-
of the web-to-flange rivets is usually we

he actual strength
11 in excess of

I-—- 1—3

their nominal strength. Part of this exc cess strength can
be traced to the fact that the holes are always drilled
oversize to facilitate insertion of the rivet; the aectual
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cross sectlon of the rivet is therefore larger than the
nominal crose section, and the excess is quite large in
the smaller sizss of rivets, There is also a change in
the strength properties of the rivet as a result of the
driving operation (reference 7),

Since the factors giving excess strength to the
rivets vary from case to case, it is advisable to base
the stress analysis on the nominal strength., Test re-
sults should be reduced to the noeminal strength analogous
to the manner of reducing other test results to minimum
guaranteed propertiecs,

The available data included. five failures in the web~-
to-flange rivets. A comparison of the rivet loads com-
puted by formula (16) with the strengths of the rivets
based on the drill size indicated that formula (16) was
always conservative, the minimum margin found being 2
percent, The use of hg instead of hg was found to
be unconservative in some cases; this fact is mentioned
because hg is fregquently used in all formulas for the
design of girders.

Tormaula (16) is simply a straight-line formula for
interpolating between the limiting cases of shear and
pure diagonal tension. Under a rigorous interpretation
of the theory of incomplete diagonal tension, separate
rivet loads would be computed for the diagonal-tension
load kS and the shear load (1 - k)S and would be
added vectorially. The rivet loazds obtained in this
manner are lower than those obtained by formula (16) ex-
cept for k =0 and k = 1, the maximum difference being
about 9 percent at k ® 0.4, The rivet loads found by
vectorial addition were found to be too low by 5 percent
in two cases, compared with the actually developed
strengths of the rivets. The use of formula (16) is -
therefore recommended, although the method of vectorial
addition of partial loads may appear to be more rational.

In the tests referred to, the webs were riveted to
the outside of the flange esngles; it is probable that
clightly higher rivet strengths can be developed when the
web is clamped between the flange angles.

Strength of rivets uprisht-to-flance.~ The avail-

ablc experimental cvidence on the strength of the rivets
in the onds of the uprights was fragmentary. It has been
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customary to design these rivets cither on the basis of
the purc diagonal-~tension theory or on the basis of the
theory that all shear in excess of the critical shear
ig carried by diagonal hension, These theories give

very conservative results and, consequently, there were
practically no reccrds of failure of the rivets among

the available test data. Indirect evidence was obtained

by comparing the strength of successful rivet joints with
the calculated loads ou then. In the NACA tests of section
I, bolts were used instead of rivets because it was con-
gidered more important %o obtain data on failure of 'the
uprights than data on the failure of rivets.

The load on the end rivets of double uprights is given
by formula (l7a)., There was a rscord of one failure but,
in this case, the nominel sirength of the rivets was only
about one-half the load calculated by formula (l7a). BEx=-
amination of succezsful rivet joints indicated that formula
(17a) is probably always conservative, dbut it is impossible
to give definite quantitative data because there was too
much uncertainty about scme of the basic data, particularly
on the actual strength of the rivets

o

The force on a single upright is theoretically

P

R

Since the upright is eccentrically loaded, some allowance
must be made for bending in the rivet. The simplest method
of making this allowance is to multiply Py Dby a factor
larger than unity to obtain a design load. Among the avail-
able test data, were data on two failures of end rivets

in single uprights. These tests indicated that the value

of Py given chould be doubled to obtain a design load.

The caleulations were uncertain, chiefly because the shape
of the cross section of the bulb-angle uprights was not
known and consequently AUe could not be calculated with

any dcgree of certainty. A definitely conservative design
procedure for these two cases would be to0 apply formula
(17a)e It is recommended, therefore, that formula (1l7a)
be used for single uprights as well as for double uprights
until additional experimental evidence is obtained.

RBivets upright-to-web.~ The design of the rivets
between uprights and web rests on a very uncertain basis
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for single uprights as well as for double uprights. e
Design criterions are Jthor of an indefinite nature or,

although definite theoretically, cennot be recadily trans-

lated into specific design regquirements,

For single uprights, a possible criterion for design

ing the rivets is given by the coansideration that the
rivet line should give to the sheet as much support as
possible in order to increase the buckling stress The

equivalent of a simply supported edge can poasibly be
obtained with a practical rivet pitch, but the number of
rivets necessary to achieve this purpose is not known at
prcsent and nrobably varies considerably, depending on
the interpretation of the term "equivalent of a simply
supported edge." One method of design {reference 8) is
to choose the rivet spacing such that the web does not
buckle between rivets under the compressive stress acting
on the uprights. The question arises, however, whether
it is necessary to prevent the occurrence of thils buckling
until the maximum load has been reached or whether it

might be permissible to let buckling begin after the de=

sign yield load. An upper 1limit for the rivet pitech isg
given by the criterion p<d/4 suggested in reference 1.
This criterion is based on the assumptions that one fold

beginsg at each upright and that the rivet pitch must be e
less than one-fourth of the wave length in order to break
up the wave pattern, The assumption that one fold starts
at each upright does not hold for all possible design
proportions, although for aluminum alloys it prodably
holds over most of the practical range.

In double uprights expected to fail as columns, the
rivets zhould theoretically be designed to withstand the
longitudinal shear force in the up-_éht. This shear force
cannot be calculated unless the deformation of the uprights
at the instant of failure is known, and the calculation
of this deformation is" be the limitations of the lin-
earized theory of column action, TFor columns made of

teel with a well-defined yield point, some progress has

cen made in calculating the deform"+10ho. For materials
with curved stress-strain diagrams such as aluminum alloys,
the ealeulations will bs much more difficults they are
further complicated by the bracing action of the web and
by the fact that the strength of the rivets affects the
strength of the uprights, as shown by the tests on beams
40-4s, 40-4b, and 40-4c. On the mecager evidence given
by the three NACA tests, it is suggested that the total
strength of the rivets in double shecar be made at least

2
Q
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s
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equal to the load Py on the upright and preferably
equal to twice this load.

In double uprights expected to fail by forced twisting,
more attention should perhaps be given to close spacing of
the rivets than to the strength of the rivets.

Permanent set.- In the manufacturers! tests analyzed,
rermanent set was determined by one or several of the
following criterions: 1loss of tautness of the web, deter-
mined by feel; permanent buckling of the web as a whole,
determined by a straight edge; appearance of definitely
visible shear wrinkles in the corners; and, finally,
visible permanent set in the uprights. One report mentions
that the methods employed gave lower yield loads than the
deflection readings, but there is no record of deflection
readings beyond this passing mention. The data on yield
lecads given in the test reports enzlyzed have, therefore,
the common feature that they are not based on gquantitative
measurements. Subjective methods of the type used may
concelvably yield reasonably consistent results when em-
Ployed by one engineer within the compass of one test
series, Results obtained by different engineers, on the
other hand, may be expected to show a large amount of
scatter,

Examination of separate test series indicated large
scatter within each test series; the experimental shesar
stresses producing permanent set are therefore shown as
a composite plot in figure 24, The shear stresses were
calculated by the formula

T = 8(1 4+ :kCy)L{1l + kCsd/hyt (19)

The correction factor kCqy was always fairly small, bdut
the factor kC, was greateér than 0.5 for a number of beanms
and was 0.76 for one beam, The test points in figure 24
indicate that permanent set begins at shear stresses as

low as 11 or 12 kips per square inch. This result is in
agreement with the results obtained from the measurements
of permanent deflections in the NACA tcsts (table II).

Test engineers appear to be more or less in agreocment
that a scverc weight penalty would be imposed upon the
degsigner if he werec required to design 'a beam in such a
manner that no wrinkloes romein perceptible after the design
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yield load has been applied once. A requirement of this
nature would also appear to be not entirely consistent
with the fact that simple members may be designed to
reach, at the design yield load, the specification yield
stress of the material, The specification yield point

is not defined as the minimum perceptible permanent set
but as a well-defined, fairly large permanent set. In
view of these considerations, it would seem advisable

to substitute for the somewvhat vague concept of permanent
set two separate concepts, namely, permanent shear deflec-
tion and permanent wrinkles.,

It seems rcasonsable to assume that the permanent
shear deflection can be calculated by reiating the shear
stress given by formula (19) directly t6 the cffective
shear stress-strain curve of the materisal, The only res-
ervation to be made is that the factor C(, must not be
too large, because a large factor €, is associated with
a large concentration of shear stress, and the shear de-
flection of the beam is a function of the average shee?
stress rather than the maximum shear stresse.

In reference 9, dealing with torsion tubes of 178=T
alloy, it was suggested that the yield shear stress be

defined as the stress at which G/¢ = 2/3., If this sug-
gestion is followed, the curve of figure 21 giwes a yield
stress of 24 kips per square inch., This value is 1n reason-

able agreement with the yield stresses of 22.5 kips per
square inch for 17S~T alloy mentioned in reference 3 and

23,3 kips per square inch given in reference 9., The -elastiec
limit of 24S-7 alloy lies at 12.5 kips per square inch if
figure 21 is used as basis.

The results shown in figure 24 indicate that the shear
stresses producing permanent wrinkles lie anywhere between
the elastiec limit and the yield stress for sheets less than
0.06 inech thick. For thicker sheets, the stress producing
permanent wrinkles is nearer the yield stress, but the
aumber of tests’ in this regions¥s sSmall, It 19 interesting
to note that the lower limit of the scatter band in figure
24 may also be explained by referring to the experimental
rosults of Wagner and Lahde given in reference 10, These
experiments showed that the maximum stresses around the
edges of a sheet panel in shear are sabout twice as high as
the average stresses.,

Permanent wrinkles may be caused by compressive stresses
in the sheet where the jozgle of the upright leaves the sheet
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without support. This type of wrinkle can probably be
predicted by the method used for predicting the buckling
of sheet between rivets (reference 8).

)
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APPENDIX

STRUCTURAL EFFICIENCIES OF DIAGONAL-TENSION WEBS

The formulas for stress analysis presented in this
paper are reasonably adequate for the design of the web
and of the uprights. It se ems approp priate, therefore,
to re-examine the question of structural efficiencies
obtainable by balanced designs in which the web and the
uprights fail 31multan00led

Within the range of validity of the formulas given,
the stresses developed depend only oan the proportions of
the web systems and a0t on their absolute sizes. The
range of validity of th ormulas may be assumed at least
to equal the range of the to°ts, that is, to covex web
depths up to 50 inches and web thicknesses up to 0,091
inch, subject to the 1i t;tion that Tepy must be less
than the proportional 1
shown in the appendix ¢

O Hh

imit of the material. All curves
omply with this limitation,.

In order to reduce the large amount of computational
work, a standard shape of cross section was assumed for
the uprights. For simplicity, a simple angle was chosen. .
The outstanding leg was assumcd to be twice as wide as the
leg attached to the wed to give a section efficient in

% bending. The width-thickness ratioc of the outstanding leg

was assumed to be b/ty = 12, to eliminate the possibility
of elastic instability of the free edge., With these as-
sumptions, the following relations were obtained for double

3 uprights:

- Ay = Sbty = bP/4



and for single uprights:

A = b®/8

ATT = bzlf 16

The material was assumed to be 24S-T alloy., The strength
values and the column curve were taken from reference 5.
The rivet factor was taken as Cp = 0.80. Formula (1l4a)
was used to obtain the allowable stress for twisting fail-
Ure e

The buckling stresses were computed by the formula

Ter = EqTer(supp)

n
ct+
s

i e buckling stress for panels with
simply supported edges given by figure 15 and Ki is a
factor depending on e uprights as shown by figure 25.
The curve for ¥, 1is based on very limited cxperimental
evidence but, sincse in K3 do not affect the
final result very much, the curve may be used for most
practiecal purposes. The particular manner in which the
factor X, was employed here implies the assumption that

T e
where T.p(supp)

the method of edge support along the flanges is the same
as along the uprights.

1

On the basis of the assumpt
of web systems were designed suc
C;

J

bions outlined, a number

h that the webs and the
Ly, Curves of the struc-
tural efficiencies of the web systems with double uprights
are shown in figure 26, The measure of efficiency used is
the strengths of the webs divided by the volume of material
per inch run V, or the average shear stress based on all
the material in the webd system, The calculations showed
that at large values of h/t (4000 and 2000) double wup-
rights fail by column bending.,. The curves pertaining to
failure by bending are concave downward in figure 26, As
h/t decreases, a point is reached wnere the uprights fail
by twisting before they can fail by bending. The curves
pertaining to twisting fallure are concave upward in fig-
ure 26, PFor h/t = 1000, the curve for bending fallure
and the eurve for twisting failure intersect twice., When




is eith 2t r c 3 ne
failure is decisive, For intermediate values of d/h
twisting failure is decisive; the decisive type of Ffail-
ure in each case ls indicated by full lines in figure 26
At h/t = 500, tw é'ing fallure is decisive except at

ist
small values of d/h.

Inspection of figure 26 leads to several conclusions
of general interest., One conclusion is that the struc-
tural efficiency increases as the value of h/t decreases.
The ireason is ‘twofolds As h/t decreases, the state of
stress in the web approaches more closely the state of
shear, and the allowable equivalent shear stress increases,
At the same time, the losd imposed on the uprights decreases,
and smaller uprights may be used.

wn from figure 26

Another conclusion that may be dra
concerns the upright spacing giving the greatest structural
efficiency., At very large values of h/t, the greatest
efficiency 1s obtained when d4/h cquals unity. Some caution

should be used in the practical application of this conclu-
sion, because the calculations on which figure 26 is based
neglect the influence of flexibility of the flanges,

of h/t, when twisting hecomes the
re, the best efficiency is obtained
ed uprights. The curves for twisting
se as d/h decreases, and the

aches the limiting value CaTuite
ure, however, makes it impossible
iciency that could be obtained if
d to twisting failures.

The onset of column
to realizc the high
failures wer

The results of the calculations for single uprights
are shown in figurc 27. The curves have a somewhat unusual
appearance and ars apparently of an oscillatory nature.

The curves tend toward the limiting value of §/V = CaTuit
in the same manner as the corresponding curves for twisting
failure of double wupr ts in figure 26, The curves for

o

ights
double uprights are, hov‘v T, prevented from reaching the
limiting value CpTylt Dy the fact that bending failure
becomes ccntrolling; the theoretical curves for single up-
rights, on the other hand, can actually reach tke liniting
value because the method of analysis used does not recognize
the possibility of bending failures in single uprights. No
doubt such failures are possible; in the limiting case of

very closely spaced uprights, the theory of buckging of an




orthotropic plate (reference 1) should be applicable,
Because little is known about the validity of this theory,
no attempt was made to tcke into account the possibility
of bending failures in single uprights. In view of this
fact, results concerning closely spaced single uprights
should be considered with great caution,

Failure to take intoc accoun’ the possibility of bend-
g failures in single uprights is probably also responsi-
e for the fact that figure 27 indicates a finite wvalue
structural efficiency for h/t »o, while the strucw-
turel efficiency of webs with double uprights decreases
indefinitely as h/t 1increases,.

o o K

n
4
i

In the design of web systems, the given guantities
are normally the shear loat S ‘and the depbh R, " LIT
is customary to combine these guantities into the struc-
tural index I/S/h which is based on the principle of
structural similarity stating that stresses in geometri-
cally similar structures are ﬂdeqt’caT when the loads are
proportional to the square of the linear scale ratio.
bt“vctures having the same index values have the same
stresses,

=%

3

d-

In figure 28, the strength-volume rati
with double uprights and for webs with sing
are plotted against thes structural index.
continuity in the curves for single uprights is caused
by reaching the limiting stess value of 50 kips per
square ¢nch in the uprights. The test range indicated
is the range of manufacturers! tssts, which includes
that of Uhe NYACA beam tests. Well within the teost range,
there is little to choose between single uprights and
double uprights. Near the borders of the test range
the single uprights become more efficicnt than the double
uprights. It should be borne in mind, however, that fthe
unrestricted validity of the formula for twisting failure
becomes guestionable nsar the bordecrs of the test region,
The curves in figure 28 ,show more clearly than figures 26
and 27 the manner in which the structural efficisney varies
with the h/t ratio, This comparison 1is pogssible’ becauss,
for practical purposes, the ratio h/t may be used instead
of the index value ./S/h when only structures made of .the
same material are being studied.

Of considerable practical interest is the magnitude
tof the reinforcement ratic Aw/it. Figure 29 shovs
graphically how the reinforccment ratio varies with the



structural index, These curves may be used to obtain

an estimate of the amount of stiffening required 4n a
given design, Since the shape of the upright chosen will
probably differ from the standard shape assumed for these
calculations, a final analysis must be made in most casecs
to check the strength of the web system.
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TABLE I. - PROPERTIES OF NACA BEAMS

Beam h h' hg hU t d % I(Jgg;g::; Ay = AUO ATU;1 P F%;?—E?s wd Ter

(1n.)| (1n.)| (1n.)| (4n.) [(1n.) |(1n.) size) | (sq in.) (n) | (;‘-;Eﬁ_
40-1 | 41.1 | 40.0 |38.6 |38.6 |0.0L25|10.0 |0.25 l%mlx% 0.338 |0.795|0.256 2x2xt];- 1.32.091.8%
4o-2 | 41.1 | Lo.0 |38.6 | 38.6 | .oL425|10.0 | .25 11%.!% 384 | .903| .L90 21(2)% 10800 1 6%
4o-3 | 42.1 | L41.4 [40.6 | 38.6 | .0392|20.0 | .49|1 z% .38l ‘.u9o 490 3x3xP€ 1.52 L2
4o-La|43.1 | L.y |40.6 |38.6 | .0390[20.0 | .49 &x&x% 2353 | .L5h| 351 [3x3xgde |1.52 | 42
Lo-Lb| 43.1 |41.4 [L40.6 |38.6 | .0390|20.0 | .49 &:%x% .35% | .Lsh| .351 3x3x155 1.6t )
0-Le| 43,1 { L1l |L0.6 | 38.6 | .0390|20.0 | .49 &xgx% .35 | JLSL| .351|3x3xge [1.52 | .U2
25-1 | 26.1 [25.0 |23.9 | 23.5 | .0102|10.0 | .LO }x% 1 123 |1.206} .232 2x2ﬁ}5 051
25-2 [26.1 |25.0 {23.9 | 23.9 | .0105(/20.0 | .80 é-xé-xl% 125 | .586| .232 2x2x135 2.51| .oy
25-3 [26.1 [25.0 |23.9 |23.9 | .0116|10.0 | .40 ﬁx%x%s L110 | .952| .167 [2x2xge [1.29 | .14
25-1 {26.1 |25.0 |23.9 | 23.9 | .0153|10.0 | .LO %%J%XI% A1 | 747! {182 2x2x& 1.38 | .28
25-5 | 26.1 |25.0 |23.9 {23.9 | .0150|20.0 | .80 195%% 269 | .897| .247 2x2xf"8 2,721 .08
25-6 | 26.1 |25.0 |23.9 | 23.9 | .0162|20.0 | .80 1%1%:;2 .206 | .635| .2l 2x2:}6 2.79 | .09
25-7 | 26.1 |25.0 123.5 |23.9 | .0402/10.0 | .40|gxgx.040 | .101 | .252| .291|2x2xg [1.75 | 1.12
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TABLE III g
TABLE II >
SUMMARY OF NACA TEST RESULTS STRENGTH OF UPRIGHT-TO-WEB RIVETS (NACA TESTS)
! Rivets Rivet Cale oy|Calc P
Beam “l:::') (i::;:) Failure Capzltult §g' Beam Q‘gﬁ?S-T) lbrgnﬁth nt.:%.e ) .tnu%.gfdcé:_._rcn?%;—
tity | Size| (kiPs) (#ﬁ'ﬁ (kips) ~ o

Lo-1 | 3.11 | 27.40 | Uprights| 1.03 |0.995 (in.) q
4o-2 | 3.11 | 39.30 | Flange (a) .995 Lo-1 | 12 % 7.9k 7.90 | 2.6T | 2.97 1.03
140-3 | .68 |37.00 |Pweb (a) | .978 bo-2 | 12 | & | 7.9 [11.90 | h.57 |1tk | (v)
L4o-La| .67 |30.30 | Uprights .99 .976 Lo-3 | 12 & 7.94 2L.20 9.30 .85 (v)
Lo-4b| .67 | 32.10 | Uprights| 1.05 .976 Lo-La| 12 % 7.94 |19.60 | 7.00 | 1.13 99
Lo-le; .67 |35.70 | Uprights| 1.17 .976 Lo-kp| 12 f% 12.45 | 21.20 | 7.48 | 1.66 2.0%
25-1 | .03 | 6.80 | web (a) 934 L4o-le| 23 i; 23.85 |2h.20 | 8.56 | 2.79 | 1.17
25-2 | .01 | .30 | Uprights| 1.37 .928 a5-1 | § } 3.30 | 18.30 | 2.25 | 1.47 (b)
25-3 .04 | 7.60 | Web (a) .939 25-2 | 5 b' 3.30 | 30,00 | 3.69 .90 1.37
25-4 | .10 | 7.80 | Uprignts| 1.06 | .952 25-3 | 5 | § | 330 |22.20 |2.45 [1.35 | (»)
25-5 .03 |10.90 | None (a) .952 25-4 5 ~§ 3.30 18.20 2.08 1.59 1.06
25-6 | .09 [10.00 | Uprights| 1.22 .953 25-5 | 5 | & 3.30 (e) (e) (e) (b)
25-7 | 1.13 |12.70 |CUprights| .96 .980 25:6 | & 35, 6.22 |28.00 |5.77 |1.08 | 1.22

25-7| 8 | § | 5.30 | 9.60 | .97 |57 .96

®Uprights did not fail.

bPronaturo failure owing to accidentally damaged ."Doublo oo ki

web. PUprights d1d not fail.

®Failure precipitated by forced twisting. Ulti-

c
mate fallure at end of one upright. 1o7 - KOl TeTRER Sl iNee,







TABLE IV

PERMANENT BEAM DEFLECTIONS (NACA TESTS)

Total Shear Permanent

P | F L TR o S | e

(kips) <§1—¥!T:) (in.) (in.) (in.) (kips)
L0-1 |20.00 11.76 0.395 0.296 Aao.oou 27.40
40-2 |15.00 8.82 .298 22l .000 29,30
,0-3 | 15,00 9.2l 329 .285 -.002 37.00
L0-la|15.00 9.30 371 527 .006 30,30
25-1 | 4.00 15.68 L77 01 .019 - 6.80
25-2 | 1.50 5.73 .169 .139 .002 6.30
25-3 | L .00 13.78 .39l .319 .007 7.60
25-4 | 7.00 18.26 570 L0 .009 7.80
25-5 | L4.00 10.57 323 249 .001 |%10.90
8rest stopped before failure.
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Figure Z— Cross sections of uprights,
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Figure 10.— Transverse distribution of stresses in uprights of beam 40-I at P=15 kips.







NACA Fig. 5

Figure 5.- Beam 25-6 after failure of uprights by
column bending.
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Figure 7.- Beam 35-7 after failure of uprights by forced twisting.
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Figure 14.— Basic types of upright.
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Figure!8 — Design chart 2 for stresses in incomplete diagonal-tension fields.
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NACA Figs. 23,24
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Figure 23— Stresses in uprights at failure of beams with
uprights of alternating size.
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Figure 28.— Strength-volume ratios for diagonal-tension web systems.
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A-H-B Double uprights failing by bending
C-H-D Double uprights failing by fwisting
E-F-G Single uprights
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Figure 29.— Reinforcement ratio for diagenal-tension web systems. of .balanced design.
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