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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTT NO. 136k

STRINGTH ANALYSIS OF ST]]TEED BEAM WEBS

By Paul Kuim and James P. Peterson
SUMMARY

A previously published method for strength snalysis of stiffened
shear webs has been revised and extended. (A set of formulas and
graphs which cover all aspects of strength analyeis 1s given,
experimental data are presented, and the accuracy of the formulas
ae Judged by comparison with these data 1s discussed. Revisions
of some formulse have resulted in improved agreement with experi-
mer:tal stresses and with more rigorous theory, perticularly for
low ratios of epplied shear to buckling sheer. -The scope of the
experimental evidence has been greatly increased compared with the
previous paper by incorporating the results of several investigations
undertaken since then.

INTRODUCTION

Meny of the shear webs used in aircraft structures are so thin
that they buckle at a fraction of the ultimate load. A purely
mathematical theory of basically simple form has been developed
Tor the limiting case of webs so thin that their resistance to
buckling is entirely negligiblie (reference 1). This theory of

pure diagonal tension” is too conservative for prnct:lca.l use
becanss the resiatance to buckling of prectical wehm =~ mr‘onlpla+e~
diegonal.-tenesion vebs" - 1s far from being negligible. A mathe-
maticel theory of incomplete diagonal tension has been developed
(reference 2), but it regquires such extensive calculations that
its adaptability to stress analysis 1s guestionable; moreover, no
adequaie check of its accuracy by comparing it with teat resulis
over a wide range has been published, and 1t i3 not sufficiently
complete to explain upright failures, probably the most important
item in the design of web systens.

In the face of such difficultics, practical stress-analysts
have often resorted to entirely 1r1ca1 formulas. There are
two objections to such a procedure thout the benefit of some
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guiding theory, a very large number of tests i required to insure
the reliability of & given formuls, end a formule established for
the strength of one part of a beem 18 ubually of little, if any,
help in establisking formmlas for other items.

‘Tho mothod of analysis given herein constitutes an attempt

to avoid insofar as possible the objections to purely theoreticel
or purely empirical methods. The tasis of the method is a seml-
empiricsl engineoring theory of incuznlete dlagonal tonsion, made
as simple as possible by confining attention to over-ull or average
offects. The theory is formuleted in such a wey that the limiting
conditions of fully developed dlugmel femelon and of zero diagondl
_Tension (so-called "shear-remistent web') are included; it cemn

erefore be regarded as en aid for interpolating between these
1imiting conditimms.

The analysis is divided Into two parts. The presentation of
the theory and of the design formmlab is given in pert I and is
kept very brief in urder to apgroach'aes closely es posuible the
final form that it would take in a stress manual. Part JI is
devoted to a discussion and experimental verification of the
formulas; it incorporates the results from a nimber of previous
investigations. In order to keep the length of this part also
to a minimum, the discussion has teen confined to items of decided
practical interest. Reading of part II is not necessary if
interest 1s confined to routine application of the design formulas
but is indispensable for enybody who wishes to interpret test
results or to extend or modify the formmlas in any respect.

'I'ﬁe theory is basically the ssme as that previously published

in references 3 and 4, dbut it has been modified in some respects
end therefore svparsedes the material given In these references.

SYMBOLS

cross-sectionnl area, sguare inches
Yowg's modulus, ksi
_shear modulus, ksi

force in beam flrnge dus to horizomtel compomsnt of
diagonal temsion, kipe . _

moment of inertia, inches®
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length of beem, inches
force, kips

static moment about neutral axis of parts of croee
pection as specified by subscript, inches

coefficient of edge restraint (see formula (7))

transverse sheer force, kips
spacing of uprights, inches

distence from median plane of web to centroid of
(single) upright, inches

depth of beam, inches (cee Special Combinations)
diagonal-tension factor

thickness, inchee (used without oubscript signifies
thickness of web)

angle between neutral exis of beams end direction of
diagonal tension, degrees

deflection of beam, inches

normal strain

centroidal radius of gyration of cross section of upright
about axis parallel to web, inchee (no sheet should
be included)

normal etrees, ksi

shear stresms, ksi

Subscripts
diagonal tension
flange

shear




=

ult

wpright
wveb
criticel
ultimte

effective

Special Combinations
internal force in upright, kips
shear force on rivets ﬁer inch rm, kips per inch

total shear strength (in single ghear) of all rivets in
one upright, kips

wpright spacing measured as shown in figure 5(a)
depth of web measured es shown In £igure 5(a)
depth of beam measured between centrolds of flanges, inches

of beam measured betwveen centroide of web-to-flange
rivet patterns, inches

length of upright measured between centroids of upright-
to-flange rivet patterns, inches

theoretical buckling coefficient £or plates vith simply
gupported edges

"yasic" allowabls stress for farced crippling of uprights
{velid for siresese below proportional 1imit in
canpression of wpright material), ksi

f1ange flexibility factor (o aqa \'i

where I end Ip arommtsot:neﬂtaofowim
flange end tension flange, respectively)
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J - THEORY AND FORMULAS
ENGINEERTNG THEORY OF INCOMPLETE DIAGONAL TENSION

In a plate girder subjected to a shear load less than the
tuckling load, the web plate is in a state of pure shear along the
" peutral axie as indicatcd by the inset diagram in figure 1(a).
Above end below the neutral axis, normal stressed exist in a
horizontel direction, but in the investigation of the wed for the
present purpose these ptresses may be disregerded, and tho stress
diegrem mey be assumed valid over the entire depth of the web.

The web atiffeners carry no siress.

T¢ the web is thin, it will buckle at & certain critical
sheer load. If the load is increased beyond the critical value,
the buckls pattern will gradually @& roach a configuration con-

Fg- In the theoretical limiting
case of en infinitely thin sheet, the web carries pure tensile
streeses in the direction of tho folds ac indicated by the inset
diagram in figure 1(b). The angle o which these folds include
with the horizontsl axis of the beam 18 usually somewhat lese
than h5°. Simple staticel consideratioms show that each wpright
.. carries & load '

Py = Tﬂl tan o _ (1)

" a8 reacticn to the vertical comptment of the web tension, and each
flange carries a.compressive force T ]

B--g-cotu.u {2)

as reaction to the horizmmtal component of the wed tensim. '
. Formulas (1) end (2) can be evaluated cuce the angle a is known.
The theoxy of pure diagonal tension (reference 1) shows that this
angle is given Dy the formula

2 € - G;

tane = Ty (3)

vhere ¢ 15'mltral_hinthpnb, €y uﬂuiﬁﬂnhﬂn
flenges due to the force H, ‘and ¢ 18 the strain in the wpright.
Elongation is considered a3 positive straln. .
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Tn a practicel thin-web beem, the state of stress in the web

jg intermediate between pure diagonel tension. An
engineering *lieory i ’ of incomplete diegonal
teneion mey bo beased on the essump ] tal shear force S
in the web cen be divided into two paris, @ part Sg carried by
pure chear and & pert Spm carried by pure diagonal tension; thus

S-SS-H-SIE

Thie expreseion may pe written in the form

Spp = ¥8
5g = (1 - )8

vhere k 1o the "ajagonel-tension factocr" which expresses the
degree to which the diasgonal tension is developed at a given load.
With this factor, the atate. of pure shear 48 characterized by k=0,
and the state of pure diegonal tension, by k= le The stress
condition of & web element it shown in figure 2 for the two

1imiting cases k = 0 =1 end for an 1rtermediate case.

The factor k has been established empirically by evaluating
strain measurements on uprights bocause the stresses in the uprights
constitute the most gensitive criterion for the degree to which the
diagonel tension 18 developed. For Joads less themn five times the
puckling loads, for which the accuracy of the experimental results
is often poor, usec was made of the calculations made by means of
Tevy's lerge-deflection theory of plates (references 5 end 6).
From these experimental and theoretical date, 1t was found that k
cen be glven by the expression

-

As long as the web is resisting some compresaive stress in a
diagonal dirvestion, it cen also resist some compressive stress in
+he vertical directl 1st the uprights. IT the
aistribution of these vertical compressive stresses is assumed to
be sinusoidal immediately after buckling &8s indicated in figure 3,
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the total effective width of sheet cooperating with the upright

is 0.54. The effective width will decrease as the diagonal tension
develope end will becous zero for fully developed diagonal tension
(k = 1). If the effoctive width 1s aseumed to decrease linearly
with k, the effcciivy area contributed by ‘the web to the upright
is

by, = 0.5dt(1 ~ k) (6)

A corresponding assumption could be mede for the contribution of
the web to the flange area as far as resistance to the force H
given by formule (2) is concerned. This refinement, however, is
probably unnecossary in the analysis of beam webs.

Formlas (4) to (6) are the fundamental formmlas which
generalize the theory of pure diagonal temsion to cover the full
range of incomplete dilagonal tension from the limiting case of pure
sheer to the limiting caee of fully developed diagonal tension.

They enable the streds anmalyst to make a reasonably accurate
estimate of the stresses in the uprights; the necessity of esti-
mating these stresses with a much better accuracy than that afrforded
by the theory of pure diagonal tension has been the predominant
reason for developing a theory of incomplete disgonal tension.

u__ The theory expressed by formulas (4) to (6) defines only the
over-all” state of stress in the median plane of the web. It
does not attempt to give an account of the detail dietribution of
these stresses, nor doos it give any account of the bending stresses
in the wob sheet induced by the shear buckles. Conseguently, all
problems that involve the details. of the web action require
additional asswmptions or empirical data for their solution. For a
numbor of 1bmsn?for instance, forces on the web attachment rivets),
the megnitude is Jmown for the limiting cases of pure shear and
pure diagonal tension; for any intermediate csse of incomplete
diagonal tension, the magnitude cen then be eatimated by inter-
polating between the limiting cases with the factor k as argument.
Straight-line interpolation is used unless empiricel data or
theoretical considerations™ indicate a different law of veriation.
For some quantities, straight-line interpolation is used for
simplicity and conservativeness although the theory indicates a
more complicated law.

A minor item from the theory of pure diagonal tension should
be mentioned here. The vertical component of the diagonal tension
in the web will bend the beam flanges as indicated in figure 4.
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As & result, the tension will be relicved in some parts of the web
end corvespondingly increased in other parts of ihic web as i_ndicated
bty the spucing of the diagonals in the figure. The redistributicn
of web temsiom, in turn, will decrease the secondary bending
momente in the flanges. The theory of these offects 1s discussed
in reference l.

FORMMAS FOR STRESS ANALYSIS

Limitations of Formulas

The formmlas given herein sre believed to give reasonable
assurence of conservative strength predictions provided that
normal design practices end proportions ere wsed. The most
importent points under this provision are that the uprights should

not be too thin (aay ?) 0.6) and that the upright spacing should

not be too much outside the renge 0.2 < g—< 1.0.

Very thin webs (%> 1500) with single uprights, end very

ick webs 200.) have not been explore qua « For we
thick web §<?00h t b lored adequately. F 1]

pystems in theee renges, some possibllity of unconservative pre=
dictions mey exist.

The accuracy that may be expected of the strength predictions
is discussed in part IT, which presents the experimental evidence.
The origin of the formmlas end the references are elso given in
part IT in order to keep part I free from detalls not hecessary o
the routine application of the formulas.

Criticel Shear Stress

In tho elastic remnge, the critical shear strese of the sheet
between two uprights is calculated by the formula

Ter ® ksankat:)ai:Rh " %(Rd » Rh) (;!&0)3] (1)

s g s A AN AR G, A R
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“* where
.-.".;'@ 29 theoretical buckling coefficient (given in

. £1g. 5(a)) for penel of length h; end width &

]
ol sy
3 with simply supported edges

width of sheet between uprights measured as shown in
figure 5(a), inches

depth of web measured as shcin in figurs 5(a), inches

restraint coefficient for edges of sheet along wnright
(from £ig. 5(b))

restraint coefficient for edges of sheet along flanges
(from fig. 5(b))

(If &, > h,, substitute hy for d&g, 4, for hy, Ry for By,
end R, for Ry.)

Curves of the eritical sheer stresses for plates of 24s-T
sluminwn alloy with simply supported edges are given in figuvre 6.
To the right of the dashed line, these curvec are plots of the
theoretical equation

o = Nosl(@)

.+ 4. ‘end may be used for most aluminum alloys. To the left of the
.+ - " ashed line, the curves represent straight-line tangents to the
e ‘theoretical curvee in e nonlogarithmic plot and ere valid only
L TEY g 248-T alloy. .

~.%5.: . vnen the uprighte are very thin, the value of T, obtained

“* e . by formila (7) may be lese then that obtained by neglecting the
" .. .presence of the uprights. Web systems of such ahnormal proportions
should not be designed by the formulas of the present paper.

Loading Ratio

The loading ratio is the ratlo T /"'cr vhere T 418 the
depth-wise average of nominal web ghear strese, that is, of the
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shear stress that would exist in the web if buckling were
artificislly prevented (by external restreints acting on the web) «

When the depth of the flanges is emall compared with the depth
of the beem, and the flangee are angle pections, the stress T may
be computed by the formmla

(8)

Tn beems with other cross sections, the average nominal sheear
stress T should be computed by the formula

r e WEh %) : (9)

vhere Qp is the static moment ebout the neuntral axis of the flange
teriel end Qy 1s the gtatic moment ebout the neutral axis of the

effective web meterial ebove the neutral axis. TFor the computations
of I end Q, the effectiveness of the web must be estimated in
first approximation. As second and final approximation, the
effectiveness of the web may be teken es equal to (L - k), where k
is the diegonal-tension factor determined in the next step; in other
words, when I end Q are being computed, the effective thickness
of the web is taken as (1 = k)%.

Diagonal-Teneion Factor k

After the loading ratio T /Tcr has been computed, the

dicgonal-tension factor k can be computed by formula (5) or
read from figure T.

Average Strese in Upright

The average stress oy in a2 double upright (average over
the length of the upright) is given by the formula

& ) o
Ay i
i’ 0.5(1 - k)
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vhich follows from formulas (1), (4), eand (6)s It cen be evaluated
with the help of figure 8 or figure 9 which give the ratio GU/T

as & fuction of the ratio Apy/at and the loading ratio T/[Tope
The stress oy 18 uniformly distributed over the cross section of
the upright wntil buckling of the upright begins.

The stress oy for a single upright ie obtained in the szme
merner, except that the ratilo Ay/dt 1= replaced by Ay e/dt where

Aue = ( 10)

Ay
2
e
1+ (3)
For the single upright, oy i1s still an average over the length
of the upright, btut it applies only to the medien plene of the webd
to the web. In ary
given cross section of the upright, the comproasive siress decreases
with increasing distance from the web, because the ‘upright is a
colum loaded eccentrically by the web .tension. (For this reason,

formules for local crippling based on the assumption of e wniform
distribution of stress over the cross section do not apply.)

Maximun Stress in Upright

The stress oy in en upright varies from & maximm at (or
neexr) the neutral axis of the beam to a minimum at the ends of
the upright ('gusset effect')s The ratio of the maximum stress
to the average strees decreases as’ the upright spacing or the
loading ratio increases. The empiricel formula for the ratio 1s

TUmax TUma
—;;-.1-‘[( cu’)o-l(l-k) (11)

|

U
buckled, The watio is glven graphically 1n figure 10.

o,
wvhere (Ulqu) 48 the value of the ratio when the web has Just
o




NACA TN KNo. 1364

Angle of Diagonal Tension

The angle .@ between the direction of the diagonal tension
end the axis of the beam can be found with the 2id of figure 11
aeftor k and op/T have been determined.

Alloweble Stresses in Uprights

The following four typee of failure of uprights are
conceivable:

(1) Column failure

(2) Forced crippling failure

(3) Fatural crippling failure

(4) General elastic inctability failure of web and etiffeners

Colum failure.- Colum failures in the ususl meening of the
word (failure due to instability, without previous bowing) are
possible only in double uprighte. When column bowing begins, the
uprights will force the web out of its original plene. The web
tensile forces will then develop components normal to the plane
of the web which tend to force the uprighte 'baclx'.'1 This brﬂcing
action is taken into account by using a reduced effective columm
length of the upright Ly, vhich is given by the empirical formila

e :" — (12)
(o462 9)

The stress Oy At vwhich colum failure takes place can then be
found by entering a standard column curve for the upright with
the elenderness ratio L,/s as ergument.

The problem of "column" failures in single uprights has not
been investigated to any extent, and test reesults are greatly at
varience with theoretical results. The following two criterions
are suggested for strength design: '
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(2) The etress oy should be no greater than the colum
yield stress for the upright material.

(b) The stress at the centroid of the upright (which is the
average stress over the cross section) should be no greater than
the allowable: column stress for the slenderness ratio hU,./a“-

The first cr’ srion accomnts for the upright acting as an
eccenirically loaded compression member; the escond one is an
attempt to take into account a two-wave type of buckling failure
that hes been observed in ‘very slender uprights.

Forced crippling failure.- The shear buckies in the web will
force buckling of the upright in the leg attached to the web,
particularly if the upright is thinner than the web. These buckles
give & lever arm to the compressive force acting in the leg and
thereby produce a severe stress condition. The buckles in the
attached leg will in twrn induce buckling of the outstanding lege.
In single uprights the outstanding lege are relieved to & con=-
slderable extent by virtue of the fact that the compressive stress
decresses with distance from the web; the allowable stresses for
single uprights are therefore somevhat higher than those for double
uprights. Because the forced crippling is of a local nature, it is
assumed to depend on the veak value auxmx of the upright stress

rather than on the average value.

The upright stress at which final collapse occura ip obtained
by the following empirical method:

(1) Compute the alloweble value of OUy.y, fOr a perfectly
elastic upright material by the formula

j"' % - 28K \[1{,7' (for single uprights) (13a)

g, = 25K fog/t  (for aouble uprignts) (13b)

exceeds the proportional limit for the upright
9 28 allowable value the siress corresponding to the
-compressive strain oo/E.

(3) If k< 0.5, use an effective value in formula (13e)
or (13b) given by the expression

ko = 0415 + 0.7k (13¢)
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i [:) erm "natural crippling fanure"
1a used nherein fyom &
compresaive stress ymly

the uprights Py this definition, it can

uprights. To avoid natural criprling failure,

in tho upright should be 1ese then the crippling gtress
gection for %-—70. Hatural crippling failure 4oes not appea® to
e & tual designse

t
tabllity
need be
1p safe against genere. £ the upr g are
designed to or f a crippling at a shear
the the webde It ghould
test experience available at
thin arlul for very thick websS:
1tled 'Limitations of Formlass )

For deslgn purposes, the peek value of the nominel web shear
gtrees within a bay 48 tuken 88

e o xe )2 + XCp) ()

vhere Cy emd Co are the factore given in gigures 12 end 13,
respec tively . he factor C1 constitutes & correction factor to
allow for ° the diagonal tension aiffering from u5°%.
The factor the stress concentration in
the web prought

4n connection with figure 'Y

value of Tmn-x is aetermined by tests end

the diagmal-teneim factor k @8 well
web-to-flenge end veb-to-upright fastenings
eurves for two elwninum alloys.
ontain an allowance for the rivet
factorj ion of or in these curvee 18 possible
‘beceuse tests have ghown that the ultimate shear stress based on
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the gross section (that is, without reduction for rivet holes) is
almost constent within the norma). renge of rivet factor (Cp >0 e
A separate check must be made, of course, to insure that the
allowable bearing stresees between rivets and sheel are no%
exceeded..

Rivet Design '

The load per inch run acting on the web-to-flenge rivets 1s
taken A8

" = % (i + 0.41hK) , (15)

With double uprights, the web-to-upright rivets mst provide
sufficient long y ctrength to make the. two uprights

ect as an integra 1 colmm failure occurs. The total
rivet shear strength (single ghear strength of all rivets) regquired
for en upright is

20.00 by
Riot ® " b Ly

(16)
vheré

colum yield strength of upright material (if Oco is
expressed in ksi, Ryot WAL be in kips)

%o

Q static moment of cross section 6f one upright ebout an
axis in the medien plane of the web, inches

L' width of outstending 1eg of upright, inches
hy/Le ratio obtainable from formula (32)
The rivets must also have gufficient tensile strength to

prevent the buckled sheet from 14fting off the stiffener. The
necessary strength is glven by the tentative criterion

Tensile strength (per jnch) of rivets >0.15%0yy

vhere Oyt is the tensile gtrength of the webe
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For veb-tg-m;gn t rivets on ginglo uggi@te, the required
teneile strength 18 given by the tentative criterion

rensile strength (per inch) of rivets > 0.22t0,1 ¢ (19)

(e tensile str th of & rivét s defined as the teneile load
that ceuses any failure; if the gheet is thin, failure will consist
in the pulling of the rivet through the gheets)

No criterion for shear strength of the rivets on single
uprights has been esteblished; the criterion for tensile strength
is probebly adequate to insure 8 satisfactory design.

The pitch of the rivets on single uprighte ghould be emall
ehough to prevent jnter-rivet buckling of the web (or the upright,
if thinner than the wedb) at & compressive stress equal t0 Oy,
The pitch should also be lecs thon d/lt in order to Justify the
essumption on edge support used in the aetermination of Tep* The
two criterions for pitch are probably always sulfilled if the
gtrength criterions are fulfilled end normal riveting practices
are used.

The gg:_‘_i_@t-to-f@ge yvivets mst carry the 1oad existing in
the upright into the flange.

Py = opAU (for double uprights) (19)
Py = oy, (for single uprights) (20)

\mege formules neglect the g\msét offect (decrease of 0Oy towerds
the ends of the upright) in order to be conservative.
Secondary Bending Moments in Flanges

The secandary bending moment. in a flange, caused by the vertical
component of the dlagonal tension (fig. ¥), may be token a8

M= -%a-krta?-c3 (21)

vhere C; 1is 2 factor given in figure 13. The moment glven by
formula ?21) 41s ‘the maxiwmum moment in the bay and exists at the
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ch ™ Toe. 13"'“
end k 8Y° near wity,

l’:!ltﬂ . If C 3
glven

half as 1ayge 88 that

ay ovexr the uprd
(see Tig. L)

ends of the b
. the moment in the middle of the Tay is
py formule (21) and ol opposite gigne
Shear' gyiffnese of Web
The t.heoretical effective ghear moduluns of & web
onal tension is glven vy figwre 15, This modwlus
elastic range .

Gg in partial
jp valid only

N OF FORMUL}\S AND
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L EVIDENCE
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PERIMENTA

of ‘the pres
are aiscussed in
The "

()
' mnufact\u-era'
ey Structu 5} Research Divielcon the NACA.
evaluations eye besed oo actual meterial propertiea ins

possible .
TEST SPECIMENS

eams rested vy fowr man
of the manufacturers .
omple

The MACA are aiscussed in grea.ter' detail then the
1 pests because the strain measuroments teken in
in pasis for establishing the

7 teats
acturers

these tesis served a8 the ma
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diagonal-tension factor k. The essential date on all beams tested
by the NACA are given herein in condensed form in order to obviate
the necsssity of raferrin_g to references 4, T, and 8.

Each beam of the NACA series is given a code designation such
as I-25-4D, with the following meaning:

I designates the test seriees of reference 4 (Series IT is
from reference 7, series III from reference 8, series IV
from recent tesis not previously published.)

25 1s the epproximate depth of the beem in inches
L 1s the number of the beam within the series
D stands for double uprights (S for single uprights)

The baesic data on the beems are given by figure 16 end teble 1.
The main results of the strength tests and of the calculations
are given in table 2.

CRITICAL SHEAR STRESSES

Formulas for the critical shear streses of a flat plate with
simply supported edges may be found in reference 9. Formula (7)
for plates in which the edge conditions on one vair of edges
differ from those on the other peir of edges was obteined by
fitting an empirical curve to theoretical results for plates with
one pair of edges simply supported (R = 1) end one pair of edges
clamped (R = 1.62). The theoretical results were taken from
reforences 10 to 13. Some of the results given in reference 11
were shown to be in error by Moheit, whose results are gliven in
reference 13, but corrected values were not given for all cases
that may be in error. A definite statement on the accuracy of
formula (7) for the case of two edges clamped end two edges eimply
supported can therefore not be made, but it is believed that the
formula has & maximum error of about 4 percent.

The restraint coefficients R given by fimuwre 5(b) are baged
on incidental determinations of buckling stresses mede in some
beam tests. It should be realized, first of all, that representing R
as a function of only bU/t constltutes a rather extreme simplifi-
cation of & very complex problem end, furthermore, the experimental
determination of the critical stress in a beem web is = @ifficult
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problem. The curves given should, therefore, not be interpreted
an meens for a very exact determination of the critical stress ’
but ae means for obtaining en ejproximate value of the critical
stress adequete for the purpose of obtaining the dicgonal-tension
factor k. The upper curve of figure 5(b) is believed to be
reasonably reliable because existing teet data agree fairly well
with it. Considorable doubt exists about the lower curve »

t
particularly for -7:-“-< 1.2, because the test date are not only
vory meager but also difficult to interpret.

The part of the curve near the origin is shown as a dashed
line to indicate two facts. One is that no oxperimental evidence
was available for this region. The other one is that the appli~
cation of formula (7) in this region may give buckling stresses
lower then those that would be obtained if the presence of the
uprights were disrvegarded emtirely and the web were considersd
as’ a plate framed by the beam flanges erd the tip end root uprights.
This obviously erroneous result is caused by the simplifying
assumptions implied by formmla (7); fortunately, it appears very
improbeble that the region in question will be epproached in any
actual web eystem desigmed to develop a atrength somevhere near
the shoar strength of the wob.

DIAGONAL-TENSION FACTOR k

Formala (5) for the factor k was cbtained by fitting an
empirical curve to values of k calculated from the strain
measurements on the uprights of the NACA teet beams. A direct
comparison of the calculated values of k and the empirical
expresslon is not given because it ie of much less interest than
the comparieon of the experimental upright stresses with those
predicted with the aid of the empirical k-curve.

ANALYSIS CHARTS

The enelysis cherts (fige. 8 and 9) were calculated from the
formule for oy g&lven in part I under the heading Average Stress
in Um'ight.." This formule must be evaluated by successive approxi~
mations because ten a 1is a function of oy according to formula (3).
The flange area was assumed to be so large that €x could be
neglected in formmle (3).
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The use of the ana.ysis charts to determine the
single

atresses in
uprighte by means

of the effective cross-section aree

by setting cme and I w o2, The implied assumptions are:

(a) The eccentricity e of the lomd 1s constant.,.

() The ratio e/p 18 not changed appreciably 1f the
contribution of the web to the effective cross section of the
upright is neglected.

Ir
either assumption (a) or (»

is dropped, the analysis charts cannot
be used for web: with single uprights.

mmcanwm'smmsrm

In thie section, results obtaines by means of the engineering
of incomplete dlagonal tension will be compn

red with
(8) Exporimental stresses deduced from NACA strain moasurements
| uprights

(b) Upright forces calculateq by

Levy's theory (reforences 5 ana 6)
(c) Diagona)-tension factops k deduced fram the tests of Lahde
Wagner (reference k)

teats, the
cal gages,
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wrights in the beam. After the strains a% vor d te o
stresses with the help of stxess-gtrxaln ¢ es obta on :ﬁupog
tests, all the siresses for one bram were ave;agcd i obta:ln

final velue of oy nhmm in the plots.

Bt m!am,te_ﬂxmsm.- o,
double uprights, a pair of gages was used at eacld streain station .
in order to aversge out bending oiresses.aThe officacy of this * -
device depends on the degreo to whick the two atiffenerg canprisjeg L.
the uprichis act as en Integral wnit. A WRigh dogree of integral
action wes probably achieved in all the beams discussed hercin;e
end will probably be echieved in any b in. vhich tho uprights =
are not thimner then the wob, praﬁd«ld‘u otethe rivet cnmoctim °
is adequato to prevent mt.er-riv:t.buc :Ing, . .
. L] .
Inspection of figure 17 shows that the 'calculntod valuwes of oy -
for double uprights ers genexslly cmawmtfve or in close agreement, )
with the experimental strossos; the 1.7 casy of g decidedly uncon~ ... %% e
servative prediction ie beem IV-Ta~3D at°high loads: A somewhat o+ ° PEE o
curious phemomenon is shown )by beanm If-72-1'D fox, vhich. oy begina . o oty
to decrease with increasing load Yt e n;load well’below the wtimate. - * - * LA
The phenamenon sppeare to boelinked' to *momy: extent with the effects . o
of local buckling or i‘orced cr:lm)l:lng. The! ‘beanl in question had . '
pext to tho lowest ratio of ty/t ,of al) the double-upright beams ., . L
tested, and the same phenomenon wvas exhiblted to.a much greamr : ’ Tl
degres by the single-uprisht beam IV-T2~-L43, which had an even lower .- C
ratio of tu/t. Some other double-upright boems with a somevhat - . Lo
higher ratio of ty/t (beams ITI-25-4D.=nd ITI-25-TD)appear to: . , e
indicate a Blipght tendency toward the smne phenomenon. It .o, o *
therefore, dsbateble whother o rselly 'beg:lns to decrease or-- , .-
vhether the strain readings aré falait:led,by 1ocar.buck11.ng utrosnea.
axis th exper, tal styesse thale ts. Elhe
predicted strerses oy for single )mrisme ars valld only for the
median planc of the web at the upright in’ g.ucstim, vhereas tho -, .
strain measuroments were teksn on the oxposed,face of the attaghed® -
leg of the upright. In oxrdexm to pormit a d.irect-cmparism, thoe v -
predicted ntresses were corrected to the plane of msvrunmt $ -,
assuming linear stress varigtion 1n the worights. e " .- o .2 @
. .'....'- e, *
In eingle wurights 1t is not possiblo to everags og.t bemding . .
stresses by using pairs of gages. a'meomtiea]b, they could be S
Almost averaged out if gages were located on ocach, crest end in each » . -
‘trongh of the buckles, but thef bugkle pattorns cumnot bb predictde o * ¢
‘ . . ® . L) ) . ,..,'.'-\..,'
* . . . .
-.00'..".. .. ‘:"o"‘
° -. e 'S
P ¥’ ’
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with sufficient accurecy to achleve such e distridbution of gages.
Th oxder to give same idea of the magnitude of the bending stresscs,
figure 17 shows for all beems with single uprights not only the
average stress oy but also the lowest and the highest iridividual
stress measurad at any one gage in any of the uprights of the beam
at each load. Inspection of the figurs shows that the range from
the lowest *o the highost stress 1is quite larges In spite of this
fact, however, the experimental averegs siress Oy agreos quite.

well with the predicted etress in moot cases, mach closer in fact

than for dowble uprights comsidering all tests, oxcept that on the
single~urright beams the stresses Oy at the highest losds show &
tendency to exceed the calculated stresses in e number of oaseB. ’

The phencmenon of a reversal in the curve of oy against load,
noted for beam IV-72-1D, is exhibited very markedly by beam IV-T2-48.
This beem had & ratio of Y/t of unity, the lowest of all single-
upright beams tested. The renge of individual stresses is extremely
large. Tenelle atrespes of large magnitude appesr, vhereas in all
other beams the stress remainod compressive; that is, the tensile
stress due to local buckling was always leass than the colum
compressive stress in the wpright (with minor exceptions for
‘been IV-T2-2S).

Comperison vith Levy's theory.- On most of the beams tosted
the critical sheer stress wes too low to permi.t comperiscns at low
loading ratios T/roy. The omly exceptions were the beems of
geries IV, end, as noted, the rosults on two of these were presumably

invalidated by local bending effects. Fortunately the region
of low T/r;y 18 reasonably amenablo to theoretical calculations.
Levy has developed a suitable theory of plates with large deflectione®
and has carried through calculations for sevoral specific cases
(references 5 and 6). Comparisons between the results obtained by
the present semiempirical mothod and Levy's thecretical results are
shown in figure 18.

The upright loed Py, Tather than the upright stress is

shown in figurs 18 in order that the yosult for the theoretical
1imiting case of infinite upright area might be included. The

, A
agreement for %-Ooh and (1—2-0.25 18 very close. For the two

cages with %- 1.0, the agreement 18 not so close. For the finite-

size upright (%E - 0.25), the upright losd predicted by the present
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theory 1s less than that predicted by Lovy's theary, with a maximm

deviation of about 30 percent a% ,-r-"- = 1.6; for the Infinitely large
cr

wpright, the deviation is of the samo sign and samevhat larger.
Although the agreement for % = 1.0 18 not_ 80 good as might de

desired, the agreesment for this case as well as for % = 0.40 1e

‘very much better then that shown in references 5 and 6, vhich were
based on the expression for k given in referenco 3.

Knowledge of the strength of beams designed to tail (by
simlteneous feilure of the uprights and the web) at low ratios
of Tfl‘cr 18 very incomplate at praseni. There ere indicetions,
however, that for efficient designe the epecing ratio d4/h will
probebly be sbout 1/2. The semieupiricel method of predicting oy
appears to hold promise, therefore, of giving reasoneble accuracy
in the range xn.cmlti important for |osig1 oven for we'bﬁ that are
comonly called "shear-reuitunt webs rather then incomplete-
dlagonel-tension weba.

Comperigon with tests of Lahde end Wesmer.- The comparisons with
experiments presented so faxr have been mede for the stresses oy
yather then for the diagomsl-temsion factor k because the stress
is the directly measured quantity end is of grouter direct interest.
Yor the tests reported in reference 14, it is more convenlent to
compare values of the djagonel-tension factor k. These tests were
not made on actuzl beams, but on plates in & special test Jig. The
test conditions were scmevhat ertificiel and may not represent the
conditions existing in a beem very well. There are also doubts
econcerning the evaluation end intorpretation of the test rosults.

As a matter of same interest, however, figure 19 shows the graph

for k obtained by a comparisor between formla (5) and experimental
values of %X deduced from these test results. In view of the
factors of doubt menticned, the agreement is perhaps as good as

osn be expected. The fact that the experimontal points lle con-
sistently above the curve may be explained in pert by the fact that
ths criticel stresas has been taken at the th=oretical value for
clamped edges; it is well lmown that the fully clamped conditicn

can be realized only imperfectly in tests, and lack of initial
flatness would ceuso a further reduction of the critical stress.

Maximun stresees oji x in uprights.- Formule (11) for the

ratio O [0 i based on Levy's theoretical results (references %

@i 6) for Sw1.0 nd £.040 and o the asewnmption of limesr
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variation vith 4/h. Linear decrease of the ratio with k tovard
wnity at k=1 was also assumed.

On single uprights, experimontal values of Guuﬂeu cannot
be sstabliched with satisfactory accuracy because the local bending
stresses cammot be eliminated from tho measured total stresses.
Figure 1T shovs, therefore, calculated and exporimental values of
oumax only for double uprights. For & mmber of beems the cal-

culated curves of OUpuay aiffer but little from the curves of oy;
for these beams the experimentel values of oy, Vere so close to
the experimental values of oy  thet it was not feasible to show then
on the plots. For the other beams the exnerimental ratios OUpax (U

are generally of about the same order of nagnitude as the calculated
valuee. A close comparison is herdly warrented in view of the oxperi-
mental scatter.

points repres

uprights as vell as

side of the meutral axis of

only in the lowe> half of the beam.

faircd through the test pointa; the curve in the upper

the mirror image of the Paired curve in the lower half. The curves
for the series IV boems show & vory pronouncoed influence of the web
splice plate along the neutral axis of the boems. The splice plate
tends to act like a beam Tlange in producing guseet effect; 1n
addition, the splice plate adds directly to the cross-sectional erea
of the upright. All these effocts were neglected in the analyeis,
as was the increase in eritical shear stress caused by tho splice
plate. For purposes of comparison, hovever, a second analysis wes
made for six boams with woright fallures, based on the assumption
that the w-b plato was simply pupnorted along the splice line. Thie
sssumption ie obviously optimistic and yielded predicted failing
Joeds 7 percent greater (average for all six heams) than the analysis
neglecting the presence of the splice plate. of the six beams, three
were Prom NACA series IV, end three wero from manvfacturers' tests
on similer beams. . o

AWIE OF DIAGONAL TENSION

In a fully developed diagonal-tension fi0ld, the direction of
tho diagonal tension colncldes with the directioa of the folds in
the sheet (reforence 1). Uhen the diagonal-tension £leld is
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incompletsly developed, as it is in any actual beem, the diagomal
tension conatitutes & component of stress vhich is seperated out

of the total stress purely mathematically, not physically. Moreover,
the diegmel tensiom thus eeparated from the total sctual etress 1s
only an average for the emtire bay end does not describe the details
of the stress variation within the bay. The angle of diagonal
tension consequently bears only & very loose relation to the phy=ical
folds in the sheet. A stvdy of the contour map of a sheet Just after
tuckling (reference 9) shows that the “ea1de" are curved to such an
extent that an averege direction cemnot be defined to any degree of
socuracy. No attempt has been made, therefore, to campare computed
engles of dlagmel tensicn with observed angles of folds.

AILOWABLE STRESCES FOR UPRIGHTS

. Colum failure.- Out of a total of 19 beama with double-upright
failures analyzed, nine were predicted to fall by colum failure.
In figure 21, the values of oy calculated for these bezms at their
rempective failing loads are plotted against the effective slender-
ness ratic. The slenderness ratios were sufficiently high to meke
the Buler curve applicable in all cases; it wvas, therefore, possible
to inzlude uprights of 24S-T alloy as well as of 755-T alloy.

The plot indicates that formula (12) for estimating the effective
slendsmness retio is somowhat conservative cansidering all tests, dut
& sufficient number of points lie o close to the curve that a leas
conservetive fornula does not appear advisable.

Forced crippling failure.- Test observation hes shown that the
shear duckles in the web will force buckling or crippling of the
upright in the leg attached o the web. The emount of the forced
crippling will obviously depend primerily on the relative stwrdiness
of the upright and the web. The simplest parameter expressing
relative sturdiness is the ratio ty/t, and in reference U empirical
formulas for allowable stress in the upright were given based on this
paremeter. Strength predictions based on these formnlas, however,
showed a rather large scatter, which indicated that additional

ters were necessary to define the failing stress more accurately.
A considersble reduction in the scatter was effected by using the

peremeter k\[tg/t instead of ty/t, end at the same time using the

paximm ingtead of the average stress in the uprights, (See
formlas (132) end (lgb) o) o
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L Pigwe 22 18 a plot of values of oy, computed from the
nu::ngloauviﬂ: the aid of the amalysis chart, for all beams
of 2i8-T alloy presunmed to have falled by forced crippling. Omitted

~ from the plot are three points for a series of three 10-inch beams
which fell from 100 to 150 percent above the average curve. This
discrepancy is so large that it jJustifies doubts es to the accuracy
of the test date. It will be noted that all the points are fairly
unifcml.y d:lstribuhd. about the aver:gs curve

0, = 3%k \[tft e " (134)

The cwrve recomended for design (formule 13a), which is the lower
edge of the scatter bend, lies 20 percent below this curve. Only a
single point lies eppreciebly below the design curve , end only five
points lie distinctly above the upper edge of the band, which

is 20 ‘percent sbove the average curve. Two of these points are for
beams having a value of k< 0.5; this renge will be discussed

_- presently.

In accordance with formula (13), an effective value of k was
used vhen the actual value was below 0.5. It will be noted in
figurs 22 that the point for one of the three 80-inch beams which
"foil in this renge lles considerably above the upper edge of the
scatter bend. For the beam represcnted by this high point, the
ratio of actual to predicted failing locd is above 1.41; an exact
value camot be given because the actusl failure wes wed feailyre,
not upright failure. (n may bs noted that the ratio 1.4 of actual
to predicted failing load is appreciably less than the ratio 1.57

_obtained by comparing the plotted point for o%z w:l'r.h the averege

~ ourve for °U§ because the relation betmen "Um: end P 1is
" 'not linear. A'nalye:ls of incomplete test data on a few 12-inch beams

with 7/, from 1.5 to 2.5 (at failure) indicated very close agree-

ment in some cases and nearly 50-percent conservativemess in other
‘cames. These values indicate that stremngth predictions for boems

dssigned to fail at ;T—< 4 may be 'emaiderabb more conservative
. . cr . " .

than indicated by the upper edge of the scatter band in figure 22,
Figare 23 shows that the available.tost data .o beams of

T56-T alloy vith single uprights agree with formula (13d) within the
same scatter limits as those for 245-T alloy. Figure 24 shows that
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none of the points for double-upright beams fall below the roccmmended
:uigm curve for such beams (formmla i3b); the average cwrve is given
y

gy = 30k \[ty/t (130)

vhich is about 1% percent lower then the corresponding value for
single uprights given by formula (13d).

1 elastic wob gt «~ Experience
wvith simple elements such as pletes and stiffeners teoted as
individual colums has shown that elastic instability begimning at
low stresses is not immediately followed by ultimate failure; the
ultimate load mey be several times the criticel load. Only vhen
elastic inatability occurs at a fairly high stréss does the ultimate
failure follow soon after.

A similer condition eppears to exist regarding the general
elastic instebility of a web with double stiffemers. Analyeis of
test data by means of existing theories of buckling of orthotropic
plates has shown in a number of cases that tho ultimate load was
several times the ctlculated criticel load. Because of experimenial
d1fficultion, very little effort has been made to determine experi-
mentally the load at which inetebility begins. It should also be
noted that existing theories have not dealt edequately with the
prehlem of general elastic inetebility in web systems vhere the wed
has Puckled between the ctiifenors.

Analysis of preliminery data on thick-web beams (h/t about 100)
has indicated that perhape scme corrolation between ultimate load
and theoretical criticel loed may be established if the critical
stress is definitely above the proportional limit of the material.
Because web systems with these proportions have been studied very
1ittle, it is not possible to state at present whether analysis for
colwm failure end forced crippling failure auntomatically covers .
the posaibility of general instebility faillure over the .emtire
design renge. .

"'WEB DESIGN

¢

Formula (14) for the peak web stress ‘l‘m_-il simply e-foria'h"".-
for linear intorpolation between the limiting cases of pin'e shear
(x « 0) end pure diagonal tension (k = 1). The factor Cy ie
defined dy

1
= fmam ! (22)

b
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memwwmmm1m(nfomel),
the disgonal tension stress is :

A~ (23)

According to farmla (3), a = 45° if the flanges and the uprights
are infinitely large %sx = ¢, = 0); in thie case, sin2a = 1.
The factor C, expresees, therefore, the oxccss sirese caused

bty o differing from 43°, as 1t will in eny actual structure with
meubers of finite size. The factor Cz 1s similarly equivalent
to the thecretical factor Cp given in reference l.

The allowable values for Tpey given in figure 14 were based

chiefly on tests of long webe subjected to loads approximating pure
ghear (referemce 15). Thess tests showsd that the ultimate value
of Tgay WBB independent of the rivet factor in the practical

renge (GR > 0.6) as long as the beering stresses 414 not sxceed
the allowsble values. These tests ylelded values of allowable
otress 8t k=0 end k= 0.3 es shown in figure 25. (The test
points shown represent the averege of oll tests over the renge of

- pivet factor covered.) The alloweble stresses at i = 1.0 were
estimnted as follows: For fully developed d. tension, the
tension stress in the web is given by formula (23); the ultimate
nominal chear stress is therefore

T -%liﬂh

or samewhat less than o/2. This stress must be reduced to take
into sccount the reduction of section caused by the presence of
the rivet holes and the stress-concentration effects caused Yy
these holes. ‘The combined effect of these two Factors wves :
estimated as 0.75 for 24S-T alloy end as 081 for T56-T alloy, the
latter having a mmaller factor of stress concentration.

Figure 25 shows also points obtained from tests on a square
ploture-frame Jig (referemnce 16). The higher stresses developed
in this jig mey have been higher because friction between the sheet
snd the freme angles relieved the riveted Joint. The effect of
fviation can be quite high, but it should probebly not de relied
on to operate under service conditions.
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Tn six NACA beam tests in which wed fallure wes predicted and
obeerved, the ratio oi ‘actual to predicted failing load reanged
from 0.95 to 1.06, with en everage of 1.,0L. In six mnufacturers’
tests, the ratio was 1.k & 0.06. The alloweble atresses obiained
from figure 14 are therefore somewhat conservative on the average.
All these comparieons are based on acty:, aterial properties. The
two premature wed failures shown in tabis 2 were dus to damage
caused by shop accidents end shou’d be disregarded.

RIVET DESICN

Yeb-to-flonge rivets.- Feilures of web-to-flange rivets were
cbaerved in fiv» manufacturers' tests. When actual rivet strengths
as determined by specisl tests wore used as allowabls values, the
strengths developed in the beam to3ta ranged from 3 percemt lower

%o 16 percen! higher than predicted, with an average of 7 percent
higher., When nominal rivet strengths were vsed us allowable
_ strengths, tho actusl velues renged fram 37 percent to 60 percent
" Kigher then predicted. These velues reflect the well-lmown fact
that nominal rivet strengths are usually gquite canservative.

Farmule (15) for the losd (per irch run) on the flange rivets

48 a formula for etraight-line Intew wilation hetween the limiting
cases k=0 end k m1.0. If the enginecring theory of incomplete
diagmal tension were interpretod literally, scperate rivet loads
would boe computed for the shear component and the diagonel-tension

- component of the oheer load, and these loeds wonld be added
vectorially. Tuo resulting formula would be from 7 percent to

* 9 percent loss conservative then formula (15) in the renge of the
five tests under discussion. Consequently, if actual rivet strengthe
had becu used as allowable strengths, the strength predictions
besed on this more retionmel formula would have been about 2 percent
moonservative on the average and up to 12 percent unconservative.
47 the extreue caso. The more railonal formula is therefore
wnconservative by a sufficient margin to glve preference to
formula (15). It should elso be realized that the greater retion-
ality is lergely spurious; the engineering thoory of incomplete
dlagmal tension claims only to represent the avu:uge stress
condition in a bay, and these averego conditions do not exiet
along the edges of the bay where the rivets are located.

Web-to-upright rivets.~ Formula (16) for the rivet shear
strongth required in double uprights is a somlempirical formula
end ves taken from reference 17. The tests degcribed in the
reference showed that the ocolum strength Geveloped does not depsnd
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very critically on the rivet strangth; Tigure b of the reference
_shovs, for instencs, that a reductiom of the rivey otrengih
1 50 percent of the re reduccs the coliun strength

" on the average to 9@ percent of the velue cbtainable with adequate
riveting: The average cWrve in this figure was voed for eveluating
tho” early NACA beam tests in which the rivel atrengths wers
gemorally less than roquired by formula (16) . .

Forrmdas {17) end (18) for the required “encile sirengths of
the rivets represent an sttempt to provide a eriterion for safe-
ing against & tyve of fallvre sanavimen obscrved in teata.
It 48 especiclly important for single wyrights, becanse no
_eritexion previously oxinted to determine the yoquired rivet
. strongth. Because no tests have boen mde to check epecifically
on thic item, the aveilable evidence is rather fragnentary snd
- largely negative; tpat 18, in nost teets r.o railures were obsorved
(e at lgast none were roscrded) . An addiiional difficulty is
that rivet foiluros are often fomd. after ihe failure of the beom,
emd it is then impossible to state wtethor the rivet fallure vas &
primary one responsible for the Doem Tallurc or & secondary one
that took plice wnile the boem was failing for other reasons. In
view of all these uncertainties, the coefficients given in
formlas (17) and (1°) should be considered anly as tentative values.

~ For single uprights, the enelyeis was Lzsed on & total of 21 tests.

Three failures woro observed with the coefficient in formula (18)
ranging from 0.10 to 0.3. No failures were obsérved in tho

. remaining 18 boams, for which the voefFlcient rangod from 0.18
to 0.31. There were only two tests in the renge from 0.18 to 0.22,
however, the remaining 16 beems having coefficiente sbove 0422,
me coefficiont for the design formla was therefore taken as 0.22
in order to be comservetive. If more tests had been available in
the range from 0.13 to 0.18, & lower coefficient in the design
formula might have been Justifiod. Although the cosfficient 0.22

appear to be more confervalive than necossaxry if the tests are

taken at face value, it 1s not considered to be wduly ssvere. ALl
+ho manufacturer's beams enalyzed ~plfilled this criterion, and

.. presuwmably they reprogented acceptable riveting procticos. The
1ower rivet otrengihs incorporated in nunber of the NACA beams
arose from tho fact thet these beams wur? intended primarily for
strain-gage tests to determine the diagonal-tension factor X.
oarder to accomodate the strain gages, -the rivet pitch was increased
4n scms cuses; in othor cases coun tersunk rivets were used which
Lave & relatively low tcnalle slrengthe.

‘On beems with doublo uprights, two fallures wero oboerved with
coefficients of 0.09 to 0.13. To failures were cbsexved on four
beems with coofficients above 0.12 and on two beams with coefficients
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of 0.07 end 0.08. The puggested design coefficient of 0.13 s
therefore probably conservative. Failures wore observed on several
beams with contficients ranging from 0.07 to 0.27, but the shear
ptrengths of the rivets on these beams were from 25 to 75 percent
below the strengths required by formle (16); these failwres were
therefore attributed to shear rether than to temsile loads.

Uprirht-to-flengs rivets.- Although tests on & rather large
number of beems werc availuble for analysis, there were almost no

records of failure in uprighi-to-flange rivets. This lock of
faillures cen probably be attributed to the use of very conservative
design formulas based on pure-diegomel-tension theory or slight
modificetions of this theory. Ir tha NACA beems of ascries II

end TII, the excess strength arosv from the fact thet the boem
flanges were usad for ¢ numbexr of tests, end bolts instead of
rivets were employed for 2ll flange comnections in order to
facilitate dimassembly efter a teat.

For beams with double uprights, onc rivet failure wes recordod.
The existing nominal rivet strength was only about 5 percent bolow
the required sirength. The cxieting actual rivet sirength wes
therefore probably well sbove tlie required strength, but the
enalysis was very unceriain becaunse of a peculiar decign feature
(reinforced wprizhi). In three beams, no fallures were recorded, -
alth the existing nominal rivet otrengthe ranged from Q.47
to 0.70 of the required strength; these values are so low that the
existing actual rivet strengths were probably below the required
strengths in at loast iwo cases. The avallable evidence appeare,
therefore, to justify the conclusion that formule (19) for the
rivet strength required on the erds of double uorights would
generally be safe even if actuel rivet strengths were used as
allowable values.

For beams with ginsle uprights, there were two records of fallure
although the rivet strengths were approciably greater than required.
The analyses were extremely uncertain, however, because soveral
important dimensions of the beame were not given and had to be
estimatad or inferred. Ageinst these two records of fallure there
are 13 records of succeseful joints in which the ratio of existing
nominal rivet astrength to required strength was lese than wnity,
the two lowest ratios being 0.63 and 0.53. It appears therefore
reascnably safe to draw the same conclusion as for double uprights,
that 1s, that formule (20) would probably be safe, in general, oven
if actual rivet strengths were used as allowable valuen. An
approciable margin of safety should exist in practice because the
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allovable strength velues for rivets ares likely to be well below
tho notual strengths. It might be pointed out also that formas (19)
consorvative because they neglect the gusset
effect is small in meny beems and may be
table irregularities.

SECONTARY BENDING MOMENTS IN FLANGES

Experimental evidence on secondary bending stresses in the
flenges ie confined to a few measwrements given In reforence 3.
Most of these moasurements were made on beamo
flanges beyond the range of officisnt design end ghowed the pre=
dictions to be very conservative. In the range of normal flange
flexibilities, the predictions werc somewhat consexrvative.
Yormle (21) is probably alweys conservative because 1t neglects
the fact that a web in incomplete diegonal tension contributes to
the section modulus of the beam flanges.

GAMAR STIFFNESS OF WEB

The deflection of e centilever Yeam 1o calculeted by adding
the ;-uuo_ 4 bending deflection end the shear deflection sccording
o b 4 :

. .
QB EL_
B = 3T * B0,

_ vhere G, 1is the effective shear modulus given by figwre 15. This

effective shear modulus was calculated as followssd According to

formula (4), the shear loed S can be divided into a shear

component and a ddagonal-tension component. The total shear

deflection 18 the eum of the deflections caused by theae two

components; the effective chear modulus for incomplete diagmmal
. tension is therefore defined by the relation

. _L_]._é_!+_15— : (e4)

Gy

Cpr

‘vhere Gpp uthsoﬂoctiwshearmoduluofnnbmWn
diagmel tension. The value of Gpp can be caloulated by the
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relations given in referance 1. A convenient formmlia which can be
derived from these relatioms is

oy = B (25)

o the simplifying assumption that tho beam flanges are sufficiently
large to permit neglecting the strain ¢, ceused by the horizontal
component of the diagonal-tension force.

thn the web stresses oxcsed the proportional limit, a corrected

value G, must be wsed. A temtative curve for Go/G, was given in
reference 4. This curve was based on & mmall number of unpublished
tests and is rather uncortain. Since the shape of the stress-strain
curve is known to be quite variable with the existing tolerances
of camposition of material and heat treatment, it is not likely
that a high accuracy can be achieved in predicting derormatione at

- stresses near or beyond the yiold stress. Foritunately, there appears
to be no practical need for such accuracy.

Figure 26 shows experimentel and calculated deflections far the
beams of sexries I. The agreement is very setisfactory.

Lengley Memorial Aeromsutical Laboratory
National Advisory Committee for Aeronautics
Iangley Field, Va., April 2, 1947
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(@ Nonbuckled ("shear-resistant”) web. (b) Pure diagonal-tension web.

Figure |- State of stress in a beam web.

k=1

Figure 2.- Resolution of web siresses at different stoges of diagonal tension.

Figue 3-Assumed distriution of (vertical) Figure 4- Diagonal-tension beam
normal stress i web immedi- with flexible flanges.

ately. ofter buckling. MATIONAL ADVISORY
m‘lﬂﬂwl’.‘
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Figure 6.- Buckling stresses %, for plates with
simply supported edges. E=10600
ksi, (To left of dashed line, curves
apply only to 24ST aluminum alloy.)
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P \-5 thicknesses of sheet |- \

_ 4in M@ 54 b/t
40-inch beams - series |

8l 3

|
:

i *

i

25-inch beams - series 1, 1I-25-6S and [I-25-9S

: P
25-inch beams - series 1landll]
(a) General dimensions of test beams of series I, I, ond I11.

Figure 16.- Dimensions of test beams.
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Figure 16, Continued,




H
(]
-

AN

NNNN

o ———
e ———————

i

N\
\——2 thicknesses of sheet

General dimensions of test beams

i

28
AR Iv-72-2 1v-72-3 IvV-72-4
A, o762 137 1176 1092

Dimensions of uprights
. MATIONAL ABVISORY
CoNNTTER FOR ABSNNTCS

(c) Dimensions of test beams aond uprights of series IV.

Figure 16- Concluded.
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ecommended for,
design {formula(3a))

h=25 —
"
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23-Stresses in single uprights  of 755-T aluminum alloy
ot foilure caused by forced crippling.

L2 x Av —~. R

Av. (formalal 3E)~

r e
N Recommended for

design (formalad3)

g7 h=10 25 30 7:)__

54S5T © b ¢
755-T 4 l
] | ]

4 6 8 10 12 14 18
_k'\/h NATIONAL ADVISORY
1 COMWITTEE FOR AERORAUTICS

. Figure 24.- Stresses in double uprights at foilure caused by
forced crippling. Symbols  with tails denote webs

with k< 0S5,




('SiS3} uoISUd} W0y
pajowyse aiam  (Q'|=% {0 SISSAAS) 'AUN|D) D SGIM JDAYS Ul SISSAUNS gz anbi4

1364

J—— 17T BT YA ) 'sjpuod  1-Sp2  (P)

m————— M o .
0] 8 9 v r4 0 (0] g 9 v r 0
T T T T 1 1
— v 9pISING 1334S -0 v ¥ 3pISiNO J93UST
o T udamiaq adug o o ¥ usam|eq }asaug

e

— G| 9doualsjey . 9| GI S32udJai3y

NACA TN No.

- . B
— _ ES
o &




qwpaq | S9UdS jlo] uon3Yya3Q -9 anbiy

- * uowoali2a
0 Gl

b0 4 pejoipoPd — 5y PeIONIP) ——
hiuo UOHI( P bupueg
ory gy PaIOINNPD =~ .
uoi}o21}oP no.snou_z o

NACA TN No. 1364




e T



TITLE: Strength Analysis of Stiffened Beam Webs
AUTHOR(S): Kuhn, Paul; Peterson, James P,

AT0- 8686 !

REVISION (None)
©RIG. AGENCY NO.

ORIGINATING AGENCY: National Advisory Committee for Aeronautics, Washington, D. C. -

PUBLISHED BY: (Same)

PUBUISHING AGENCY NO.

[ l DOC. CASS. couwmy fre=ren I PAGES | WusTRATIONS
July 47 Unclass, U.S. Eng. 57 tables, diagrs, graphs, drwgs

ABSTRACT:

Method of strength analysis of stiffened shear webs is discussed. Basis of method is a
semiempirical engineering theory of incomplete diagonal tension., Theory is formulated
in such a way that the limiting conditions of fully developed diagonal tension and of zero
diagonal tension are included. A set of formulas and graphs presenting the theory are
given, and experiments verifying the formulas are discussed,

DISTRIBUTION: Request copies of this report only from Originating Agency

DIVISION: Stress Analysis and Structures (7)
SECTION: Structural Design and Details (3)

ATl SHEET NO.: R-7-8 -3

SUBJECT HEADINGS:

Webs, Stiffened - Strength (88480); Webs, Shear -
Strength (98475)

Alr Divislion, H o] AR TECHMNICAL INDEX Wright-Patterson Air Forco Baso
Dayton, Ohlo

Alr Matoricl Command




ATI-8686 !

TITLE: Strength Analysis of Stiffened Beam Webs

AUTHOR(S}: Kuhn, Paul; Peterson, James P.
ORIGINATING AGENCY: National Advisory Committee for Aeronautics, Washington, D. C. 1
PUBLISHED BY: (Same)

can I ToC. QA I couNTRY nGuAGE PAGES | ILUSTRATIONS
July ’47 Uncl U.S. Eng. 57 tables, diagrs, graphs, drwgs
ABSTRACT:

semiempirical engineering theory of incomplete diagonal tension. Theory is formulated
in such a way that the limiting conditions of fully developed diagonal tension and of zero
diagonal tension are included. A set of formulas and graphs presenting the theory are
given, and experiments verifying the formulas are discussed.

Vu)ﬂ;@@h&@ " G le: STrovw it

Method of strength analysis of stiffened shear webs is discussed. Basis of method is a g Z/D y (M
V

DISTRIBUTION: R t copies of this report only from Originating Agency 2/%0 %M
DIVISION: Stress Analysis and Structures (7) SUBJECT HEADINGS:
SECTION: Structural Design and Details (3) Webs, Stiffened - Strength (98480); Webs, Shear -

Strength (98475)

ATl SHEET NO.: R-7-3 -3
ase

EEETTAD-B805 336 T






