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STRENGTH ANALYSIS OF STIFFENED BEAM WEBS

By Paul Kuhn and James P. Peterscn
SUMMARY

A previously published method Por strength analysis of stiffened
shear webs has been revised and extended. A set of formulas and
grephs which cover all aspects of strength analysis is given,
experimental date are presented, end the accuracy of the formulas
as Judged by comparison with these data is discussed. Revisions
of game formulas have resulted in improved agreement with experi-
mental stresses snd with more rigorous theory, particularly for
low ratios of applled shear to buckling shear. The scope of the
experimental evidence has been greatly. increased compared with the
previous paper by incorporating the results of several investigatlons
undertaken s8ince then. : .

"INTRODUCTION

Maeny of the shear webs used in asircreft structures are so thin
that they buckle at & fraction of the ultimate load. A purely
mathematical theory of basically slmple form has been developed
for the limiting case of webs so thin that their resistance to
buckling is entirely negligible (reference 1). This theory of

pure diagonal tenslon 1s too conservatlve for practical use
because the rssistancq ‘to buckling of practical webs = incomplete-
dlagonal-tenslon webs =~ ig Tar from being neglligible. A mathe- -
natical theory of incomplete dlagonal tenslion hag been developed
(reference 2), but it requires such extensive calculations that

its adaptebility to stress analysis 1s questionable; moreover, no
adequate check of its accuracy by comparing i1t with test results
over a wide range has been published, end it is not sufficilently
complete to explain upright failures, probably the most important
item In the design of web systems.

In the face of such difficulties, practical stress-enalysts
have often resorted to entirely empirical formulas. There are
two obJections to such a procedure: Without the bemefit of some
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gulding theory, & very large number of tests is required to Insure
the relisbility of a given formula, and & formula established for
the strength of one part of a bsam is usuvally of little, if any,
help In establishing formmlaes for other ltems. -

The method of analysls glven herein constltutes an attempt
to avoild insofar as possible the objections to purely theoretical
or purely emplrical methods. The besis of the method 1s & seml~
ompirical engineering theory of incomplete diagonal tension, made
as simple as possible by confinling attention to over-zll or average
effects. The theory 1s formulated in such a way that the limlting
conditions of fully developed dlagonal tensian ard of zero diasgonal
tension (so-called 'shear-resistent web' ) are Included; 1t can
therefore be regarded as an aid for interpolating between these
1imiting conditions.

The analysis is dlvided into two parits. The preasentatlion of
the theory and of the design foxrmuwles is glven in part I and ls
kept very brief in order to spproach as closely as poasible the
final form thet it would teko in & -stress manual. Part IT is
devoted to a discussion and experimentel verification of the
formvies; it incorporates the results from a number. of previous
investigations. In order to keep the length of this part also
to a minimm, the discussion has been confined to items of decided
practical interest. Reading of part II is not necessery if
Interest is confined to routine application of the design formulas
but is indispensable for anybody who wishes bto Interpret test
results or to extend or modify the formulas in any respscts -

The theory is baesically the seme as that previously published
in references 3 and h but it has been modified in some respects
end therefors supersedes the maeterial given in these references,

SYMBOTLS

A cross-sectional area, squére inches™ .. -
E° - Young's modulus, kei
G shear modulus, ksl

I force in beam flange due to horizontal component of
o dilagonal tension, kips i

I . moment of inertis, inchesl*
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L length of bsam, inches

+J

force, kips

Q static moment about neutral axis of parts of cross
sectlon as specified by subscript, inches3

R coefficlent of edge restraint (see formmla (7))

5 transverse shear force, kips

a spacing of uprighits, Inches

e distance from medien plens of web to centroid of
(single) upright, inches

h © depth of beam, inches (see Special Cambinations)

k diagonal-tension factor

t thickness, inches (used without subscript signifies
thickness of web)

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

e} _ deflection of beam, inches

€ - normal strain

o] centroidal radius of gyration of cross ssction of upright
about axis parallel to web, inches (no sheet should
be included) .

a normel stress, ksi

T - shear stress, ksi

Subscripts
DT dlagonal tension
F flange

S shear
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vpright
web
critlical
ultimate

effective

Special Comhinations
Internal force in upright, kips

sheaxr force on riveis per inch rum, kips per Inch

 total shear strength (in single shear) of ell rivets in

" oxe Upright, kips
upright spacing measured as shown in figure 5(a)
depth of web measured es shown in figurg 5(a)
depth of beam measured between centrolds of flanges, inches

dopth of beam measured beitween centrolds of web-to-flange
rivet patterns, inches

length of upright measured bstween centroids of upright-
to-flange rlvet patterns, lnches

theoretlcel buckling coefficient for plates with simply
supported edges

"pegic" allowable stress far forced crippling of uprights
(valid for stresses below proporticnal limit in
campression of upright material), ksi

flangs flexipvility factor <o 74 \l‘{-————;%‘—r—)i- ,

where Iy and Ip are moments of inertla of cdmpression
flange and tension lange respectively)
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I - TEHEORY AND FORMULAS
ENGINEERING THEORY OF INCOMPLETE DIAGONAL TENSICN

In a plate glrder subjected to a shear loed less than the
buckling loed, the web plate is in a state of pure shear along the
neutral axis as indicated by the inset diagram in figure 1f{a)..
Above and below the nsutrel axls, normel stresses exist in a
horizontal direction, but in tha investigation of the web for -the
present purpose theme stresses may be disrvegardsd, and the stress
diagrem may be assumed valid over the entlre depth of the web.

The web stiffeners carry no stress.

If theo wob is thin, it will buckle at a certain critical
shear load. If the load is iIncreased beyond the crlitical value,
the buckle pattern will gradually approach a configuration con-
gisting of parallel folds (fig. 1(b)). In the theoretical limiting
cagse of an Infinitely thin sheet, the web carries pure tenslls
gtresses in the directlion of the folds as indicated by the inset
diagram in figure 1(b). The angle o which these folds include
with the horizontal axis of the beam is usually somewhat less
then 45°. Simple statical consideratidns shov that each upright
carries a load

PU='r'bdtana.. - (1)
ag reaction to the vertical component of the web tension, end each
.flange carries a. compreséive force . . .

H= = cot a _ : (2)

88 reaction to the horizomtal component of the web temnsion.

. Pormulas (1) and (2) can be eveluated once the angle o 18 known.
The theory of pure diagonal tension (reference 1) shows that this
angle 1s given by the formula

g€ - €.
tan"o = £ _ (3)

- €
€ - fy
”

wvhere <€ 1s the strein in the web, €y 1is the strain in the
flanges due to the force H, and &y is the strain in the upright.
Tlongation is considered as positive sirain.
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In a practical thin-web beam, the state of stress In the web
is intermedilate between pure shear and pure diagonal tension. An
englneering theory of this intermediste state of incomplete dlagonal
tenslon may be based on the assumption that the total shear force S
in the web can be divided into two perts, & part Sg carried by
" pure shear end a pert Spyp carried by pure dleginal temsion; thus

8 = Bg + Spp

This expression may be wrltten in the form

Spp = XS
(&)
Sg = (1 - X)s

where Xk 1isg the diag,o’nal tension factor' which expresses the

degree to which the diagmmal tension is developed at a given load.

With this factor, the state of pure shear is characterized by k = 0, .
and the state of pure disgonal tension, by k =-Ll. The stress

condition of-a wob element-1s shown in figure 2 for the two

limiting cases k = 0 and k =1 and for an intermediate case. .

- The factor k has boen established emplrically by evaluating
strain measurements on uprights because the stresses in the uprights
congtitutes the most senpitive criterion 'for the. 'd.egree to which the
dlagonal tension is developed. For loeds less then five times the
buckling loads, for which the accuracy of the experimental results
is often poor, use wes made of the calculations made by means of
Levy's large-defloction theory of plates (references 5 and 6).
From these experimental and theoretical data, it was found. that k
can be glven by the expression _ -

k = tanh (o 5 logyg ;I-) (5)
, cr

Ag long as the web is resisiing some compressilve stress in a -
dimgonal dirvection, it cen also resist some compressive stress in
the vertical divection and thus assist the uprighte. If the
distribution of these vertical compressive stresses is asaumed. to -
be sinusoidal Immediately after buckling as indicated in figure 3,
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the totel effectlive width of sheet cooperating with the upright

is 0.5d. The effective wldth will decrease as the dlagonal tenslon
develops and will become zero for fully developed diagomel ten#ion
(k = 1), TIf the effoctive width is assumed to decrease linearly
with k, the effectlve area contributed by the web to the upright
1s ) - :

Awe = 0.54t(1 - k) | (6)

A corresponding assuwmption could be made for ths 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 unnecessary in ths analysis of beam webs.

Formulas (4) to (6) are the fundementel formmlas which
generalize the theory of pure diagonal tension to cover the full
range of incomplete diagonal tension from the limiting case of purs
shear to the limiting case of fully developed dlagonal tension.

They enable the stress analyst to make a reasonably accurate
estimate of the stresses in the uprighte; the necessity of esti-
mating these stresses with a much better accurecy .than that afforded
by the theory of pure diagonel tension has been the predominant
reason for developing a theory of incomplete dlagonal tension.

The theory expressed by formulas (4) to (6) defines only the

"over-a1ll" state of stress in the median plane of the web. It

does not attempt to give an account of the detail distribution of
those stresses, nor does 1t give any account of the bending stresses
in the web sheet induced by the shear buckles. Consequently, all
problems that irvolve the details of the web actlon require _
additional assumptions or empirical data for their solution. For a
nunber of items (for Ingtance, forces on the web attachment rivets),
the megnitude is known for the limiting cases of pure shear and
Pure dlagonal tension; for any intermediate case of incomplete
dlagonal tension, the magnitude can then be eatimated by inter- -
polating between the limiting cases with the factor k eas srgument.
Stralght~line interpolation is used unless empiricel dats or .
theoretical considerations indicate & different law of variation.
For some guantitles, straight-line interpolation 1s used for
gimplicity and conserveativensss although the theory indlcates =
more complicated law.

A minor item from the theory of pure diagonal tension should
be mentioned here. The vertical component of the dlagonal tenslion
in the web will bend the beam flanges as indicated in figure k.
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As a result, the tension will be relieved in some parts of the wob
and correspondingly increased in other perts of the wedb as indicated
by the spacing of the dlagonals in the figure. The redistribution
of web tenslon, in turn, will decrease the secondary bending
moments in the fleanges. The theory of these offects ls discussed
in reference 1.

FORMUIAS FOR STRESS ANALYSIS

Limitai'bions of Formulas

The formulas glven hereln are belleved to glve reasconadble
asgurance of consexvatlve strength predictions provided that
normal design practices epd proportions are used. The most
lmportent pointe under this provision sre that the uprights should

not be too thin (say %Z} 06) end that the upright spacing showld

&< 1.0.

not be too much outside the renge 0.2 < i

Very thin we'bs (h 15 OO) vith single uprights, and very

thick webs .@- < 2.00) have not been explored adequately. For web

systems in these ranges, some posslbility of mmeconservative pre-
dictions’ mey exist.

The accuracy that may be expected of the strength predictions
1s discussed in part IT, which presents the experimental evidence.
The origin of the formulas and the references are also given in
part II in order to keep part I free from details not necessary to

the routine applicetion of- the formules.

C'ritical Sha.ar Stress

In the elestic range, the critical._shear stress of the sheet
between two uprights is calculated by the formula

Top = Kyl (%)E{Rh * ;‘2"(36; - Ry) (;'_}c;_)?j - N0
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where
kgg theoretical buckling coefficient [givon in

Tig. 5(a)) for penel of length h, and width 4,
with simply supporied edges

width of sheet between uprights meesured as shown in

© Pigure 5(a), inches
h, depth of web meesured as showm in figure 5(a), inches
Ry restraint coefficlent for edges of sheet along upright
(from fig. 5(b))
Rs restraint coefficient for edges of sheet along flanges

{(from fig. 5(b))

(If d, > hy, substitute h, for &, & for hy, Ry for Ry,
and Ry for Rye.)

Curves of the critical shear stresses for plates of 24S-T
aluminum alloy with simply supported edges are given in figure 6.
To the right of the dashed line, these curves are plots of the

theoretical equation
2
&
r = %ae?(3])

and ey be used for most eluminum alloys. To the left of the
dashed line, the curves ropresent sptralght-line tangenis to ths
theoretical curves in a nonlogaritimic plot and ere valid only
for 24S-T alloy. -

When the uprights are very thin, the value of T.,. obtained

by formula (7) may be less then that obtained by neglecting the
presence of the uprights. Web aystems of such abnormael proportions
should not be designed by the formulas of the present paper.

Loading Ratio

cY

The loading ratlo is the ratio 7 /'r vhere T 1s ths
depth-wise average of nominal web shear stress, that is, of the
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shear stress that would exist In the web if buckling were
artificlally prevented (by external restraints acting on the web).

When the depth of the flenges is small compared with the depth
of the beam, and the flanges are angle sectlions, the atress T may
be computed by the formmla

S
T =1:1-;'E (8)

In beams with other cross sections, the aversage nominal shear
stress T should be computed by the formula

T = S;IiF(l b _22;) (9)

where Qp 1s the static moment about the neuntral axls of the flange
materiel and QF 18 the static moment about the neutral axis of the
effectlve web material above the neutral axis. For the computations
af I &nd Q, the effectlveness of the web must be estimated in
first epproximation. As second and final approximation the
effectiveness of the wsb may be taken as equal t& (1 = k), where k
i1s the diagonel-tension factor determined in the next step; in other
words, when I and Q are being computed the effective thickness

of the web is teken as (1L - k)t.
Diagonal-Tension Factor k

After the loading ratio T/t . has been computed, the

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

Aversge Stress In Upright
The average etress oy iIn a double upright (average over
the length of the upright) ie glven by the formula

k'rta.ncn

UU AU

gt * 0.5(1 - X)
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which follows from formulas (1), (&), end (6). It cen be evaluated
with the help of figure 8 or figure 9 which give the ratlo oy /T

as a function of the vatio Ay/dt and the loading ratio 7 /ron.
The stress oy is wniformly distributed over the cross section of
the upright wntil buckling of the upright begins.

The stress oy for a single wright is obtained in the szme
manner, except that the ratio AU/dt is replaced by AU-e/a.t where

A
Ay, =3 (10)

- U
-]
e
1+ ( p)
For the singie upright, oy is still an average over the length
of the upright, but 1t applies only to the median plene of the web
. along the line of rivets commecting the upright to the web. In any
given cross section of the upright, the compressive stress decreases
with increasing distance from the web, because the upright is a
. column loaded eccentrically by the web tension. (For this reasomn,

Fformulas for local crippling based on the assumption of a uniform
distribution of stress over the cross section do not apply.)

Maximum Strese inm Upright

The stress oy in an upright varies from a maximum at (or
near) the neutral axls of the beam to & minimum at the ends of
the upright ("gusset effect"). The ratio of the maximum stress
to the average stress decreases as the upright spacing or the
loading vretlo increases. The empirical formula for the ratio is

TV TUma,
6U’°=1+ ( UUI>O-1 @-xy (11)

o
¥
vhere ( :nax) 1s the valuse of the ratio when the web has Just
U
O
buckled. The ratio 18 glven graphically in figure 10.
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Angle of Diagonal Tension

The angle ¢ between the direction of the diagonal tension
and the axis of the beam can be found with the ald of figure 1l
after k and oy/T have been determined.

Allowable Stresses in Uprlghts

The following fouf types of fallure of uprights are
concelvable:

{1) Column Ffailure

(2) Porced crippling failure

(3) Natural crippling failure

(h) General elastic instebility failure of web and stiffeners

Colum feilure.- Columm failures in the usual mean of the
word (failure due to instabllity, without previous bowlng) are
possible only in double wprights. When colwm bowing begins, the
uprights will force the web out of its original plane. The wedb
tenslle forces will then develop components normal to the plane
of the web which tend to force the uprights 'b_ack'.' This brﬁcing
action 1ls taken into account by using a reduced effective columm
length of the upright L, which is given by the empirical formule

hyy
\Jl + k2(3 -2 %)

Le (12)

The stress o, at which column failure takes place can then be
found by entering a stendard colum curve for the upright with
the slenderness ratio Lg/p as argument.

The problem of "colwm' failures in single uprights has not
been Investigated to any extent, and test resulis are greatly at
variance with theoretical results. The following two criterions
are suggested for strength deslgn:
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() The stress- oy should be no greater than the columm
yield stress for the upright material . ) -

(b) The stress at the centrold of the upright (which is the
average stress over the cross section) should be no greater than
the allowable colimn stress for the slenderness ratio hU/Ep.

The first criterion accounts for the upright scting as an
eccentrically loasded compression member; the second one is an
attempt to teke into account a two-wave type bf buckling failure
that hes been observed in very slender uprights.

Forced crippling failure.- The shear buckles in the web will
Torce buckling of the upright in the leg attached to the web,
particularly i1f the upright is thinner than the web. These buckles
glve a lever arm to the compressive force acting in the leg end
thereby produce a. severe stress condition. The buckles in the
attached leg will in turn induce buckling of the outstanding legs.
In single uprights the outstanding legs are relieved to & con-
siderable extent by virtue of the fact that the compressive stress
decreases wlth distance from the web; the allowable stresses for
single uprights are therelforc somewhat higher then those for double
uprights. Because the forced crippling is of & local nature, it is
assumed to depend on the peak value Uuﬁax of the upright stress

rather than on the average value.

o The upright stress et which final collapse. occurs iz obtained.
by the following empirical method: '

(1) Compute the allowable velue of OUpayx FOr & perfectly
elastlic upright material by the formula '

0, = 28k \fty/t  (for single uprights) (132)
= 25k \['bU/t (for dovble wprights) (13b)

(2) 1r O, eXceeds the proportlonal limiit for the upright
material, use as allowable value the siress corresponding to the
compressive strein UQ/E y

(3) If k< 0.5, use an effective value in formmla (13a)
or (l3b) glven by the expression

Ky = 015 + 0.7k | (13¢)
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Natural crippling failure.- The term "natural crippling failure"
is used herein to denote a crippling failure resulting from a
compressive stress uniformly distributed over the crose section of
the upright. "By this definition, it can occur ohly in double
uprights. To avold natural crippling failure, the peak stress GUmax

in the upright ghould be less than the crippling stress of the
section for %~4>0. Natural crippling failure does not appear to
be a controlling factor in actual designs.

General elsstic instablility of web and stiffeners.- Test
experience so far has not-indiceted that gemeral elastic instability
need be consldered in strength design.. Apparently, the web system
is safe against general elastic instability if the uprights are
designed to fail by column action or by forced crippling at a shear
load not much lower then the shear strength of the web., It should
be borne in mind, however, that the test experience available at
Dresent im not adequate for very thin and for very thick webs. "
(See mection of present paper entitled 'Limitations of Formules. )

Web Design

For design purposes, the pesk valus of the hominsal web shear
stress within e bay is taken as

ramz = 7 (1 501)(3 + 105) (1)

where Cy; and Cp are the factors given in figures 12 and 13,
respectively. The factor C; comstitutes a corrsction factor to
ellow for the angle « of the diagonal tension differing from 45°.
The factor Cp wmakes allowance for the stress concentration in

the web brought about by flexibility of the flanges as dlscussed
in connection with figure 4.

The allowable velue of Tmax la determined by tests and

depends on thé velue of the diagonal-tension factor k- as well

as on the detells of the web-to-flange and web-to-upright fastenings.
Figure 1k glves empirical curves for two aluminum alloys. It should
be noted that these curves cimtaln an allowesnce for the rivet
Tactor; Inclusion of. this factor in these curves is possible

because tests have shown that the wltlmate shear stress based on
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the gross section (that is, without reduction for rivet holes) is
almost constent within the normal renge of rivet factor (Cg >0.6).
A separate check must be made, of course, to inpure that the
allowable 'bearing stresges between rivets and sheet are not
sxceeded.

Rivet Design

The load pex Inch run acting on the web- to-flange rivets 1is
taken as

R" = ESWE (1 + 0.41kk) (15)

With double uprights, the web-to-upright rivets must provide
sufficlent longitudinal shear strength to meke the two uprights
act ag an integral unit mtil colum failure occurs. The total
rivet shear strength (single shear strength of all rivets) required.
- for.en uprigh'b is

20,9 by .
co :
R = = , (16)
tot b I’e : . _
whers
oo colum yield strength of upright material (If oy 18
expressed in ksi, Rygy will be in kips)
éz : -static moment of cross section of one upright about an
.o exis in the medien plane of the web, mches3
b width of outstanding leg of upright, inches

hU_/Le ratio obtainable from formmla (12)

The rivets must also have sui‘ficient tenslle strength to
prevent the buckled sheet from 1lifting off the stiffener. The
necessary strength is given by the tentatlve criterion

Tensile strength (per inch) of rivets >0.15toyq¢ - (17)

where &ult is the tensille strength of the web.
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For 'web-to-un;‘ight—'g;vets on single uprights, the required
"tenslle strength is given by the tentetlve criteriom

Tensile strength (per inch) of rivets >0.22tofvlt (18)

(The tensile strength of & rivet is defined as the tensile load
that causes any failure; if the sheet is thin, failure will consist
in the pulling of the rivet through the sheet )

No criterion for shear strength of-the rivets on single
uprighte has been established; the criterion for tensile strength
1s probebly adequate to Insure a satisfactory design.

The plitch of the rivets on single uprights should be small
enough to prevent inter-rivet buckling of the web (or the upright,
if thinner than the web) et a coimpressive stress equal to Ve

The pltch should also be less than d/h in ordex to jJustify the
assumption on edge support used in the determination of Teore The
two criterions for pitch are probably always fulfilled if- the
strength oriterions are fulfilled end normal riveting practices
are used.

The upright-to-flenge rivets must carry the load e:d.sting in
the upright into the flenge.

Py = oghy (for double uprights) (19)
Py = cUAUe" (for sinfgl-e: up_i_«;tghﬁs) (20)

These formulas neglect the gusset"effe'c't; (decrea_se of oy ‘towards
the ends of the upright) in order to.be conservative.

Secondary Bending Moments in Fla.nges .

The secondary bending moment in a flange caused by the veirtical
component-of the dlagonel tension (fig. 4), may be taken as

= L kr+a® 2
M 55 td=Cg - '_ _ (21)

vhere Cx 1is a factor given in figure 13. The moment given by
formulea ?21) i the maximum moment in the bay and exists at the
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ends of the bay over the uprights. If C3 and k are near unity,
the moment in the middle of the bay is helf as large as that given
by formula (21) end of opposite sign. (See fig. L.)

Sheer Stiffness of Web

The theoretical effective shear modulus of a web Gg in partial

diagonal temsion is given by figure 15. This modulus is valid only
in the elastlc rangs.

IT - DISCUSSION OF FORMULAS AND

EXPERIMENTAL EVIDENCE

In the following part of the present paper, the formlas and
the experimental evidence are discussed In the sequence in which
the formulas eppear in part I. The experimental ovidence presented
1s based on results from menufacturers’' tests and tests made in the
Langley Structures Research Dlivision of the NACA. All test
evaluatlione are based on actual material propertles Insofar as
possible.

TEST SPECIMENS

The ‘analysis covers sbout 90 beams tested by four ma.nufactur‘ers
and 32 beams tested by the NACA. Some of the menufacturers! tests
covuld not be fully snalyzed because the data were incomplete. The
ra.nge of the tests can be defined as follows:

~Ratlos Range |
h/t - . 300 to 2500
" d-/h 0018 to 0091
Ay/dt - 0.039 to 1.2
b/t 0.42 to 8.4

The NACA tests are discussed in greater detall then the :
manufacturers' tests beceuse the strain measurements taken in
these tests served as the maln basis for establishing the
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diagonal-tension factor k. The essentiel date on all beems tested
by the NWACA are glven hersin in condensed form in order to obviate
the necessity of referring to references 4, 7, and 8.

Each beem of the NACA meries is given a code designation such
es I-25-4D, with the following meaning:

I designates the test serles of reference 4 (Series I7 is
from reference 7, series III from reference 8, series IV
from recent tests not previously published.)

25 is tho approximate dopth of the beem in inches
L 1s the number of the beem within the series
D stands for double uprights (S for single uprights)

The basic data on the beams ere given by figure 16 end teble 1.
" The main results of the strength tests and of the calculatlions
are glven in table 2.

CRITICAL SHEAR STRESSES

Formulas for the critical shessar stress of a flat plate with
simply supported edges mey be found in reference 9. Formmla (7)
for plates in vhich the edge comditlions on.one palr of edges
differ from those an the other pailr of edges was obtained by
fitting an empirilcal curve to theoratlcal resulis for plates with
one palr of edges. simply supparted (R = 1) and one palr of sdges
clemped (R = 1.62). The theoretical regultse were taken from
references 10 to 13. Some of the results given in reference 11
were shown to be in error by Moheit, whose results are given in
reference 13, but corrected values wers not given for all cases
that may be In error. A definite statement oo the accuracy of
formule (7) for the came of two edges clemped end two edges eimply
supported can therefore not be made, but it is belleved that the
formula has e meximum error of about & percent.

The restrainh coefficlents R given by figure 5(b) are basged
on incidental determinations of buckling stresses mede in some—
beam tests. It should be realized, first of all, that representing
as a function of only t’U‘/ % constitubes & yather extreme gimplifi-
cation of & very complex problem and, furthermore, the experimental
determination of ‘the criticel streoss in a beem web- is a difficudt

R
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problem. The curves given sheuld, thersfore, not be Interpreted
a5 meens for a very exact determination of the critical stress,
but as means for obtaining an approximate velue of the critical
stress adequate for the purpose of obtaining the dlagonel-tension
factor k. The upper curve of figure 5(b) is believed to be
reasonably reliable because exlsting test date agree falrly well
with 1t. Consilderable doubt exists about the lower curve,

particuvlarly for %U—< 1.2, 5ecause the test dete are not omly

very meager but also difficult to interpret.

The part of the curve near the origin 1s shown as a dashed
line to indicate two facts. One is that no experimental evidence
weg aveillable 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 disvegarded entirely and the web were considered-
as a plate Pramed by the beam flanges end the tip and root uprights.
This obviously exrroneous resull is caused by the simplifying
assumptions implied by formmle (7) ; fortunately, it appears very
improbeble that the reglon in question will be approached 1 any
actual web system designed to develop a strength somevhers néar
the shear strength of the web. .

DIAGONAT-TENSIN FACTOR k

Formula (5) for the factor k was obtained by fitting en
empiricel curve to values of k calculated from the strain
measurements on the uprights of the NACA test beams. A dlrect
comparison of the calctlated values of k eand the empirical
expression is not glven because it is of much less Interest thean
the comparison of the experimental upright stresses wlth those
predicted with the aild of the empirical k-curve.

ANATYSIS CHARTS

The enalysis oharts (figs. 8 and 9) vere calculated from the
formule for oy glven in part I under the heading Average Stress
In Upright." This formmla must be evaluated by successlive spproxi-
metions because tean o is & functiom of oy according to formula (3).
The flange area was assumed to be so large that e, could be
neglected in formmula (3).
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‘The use of ' the analysie ch&rte 'bo determine t.h.e etreeees In
gingle uprights by means of :the ei‘fgective crose-section area AU .
(forrmia (10)) implies several eimplifying aspumptions.  Formula (lO)

. 1s -obtained from the f‘amiliar fo::mla for eccentrically load.ed.
compression members ' .-~ - ;

2.’ Rec
o =.A.~1- T

by setting ¢ =e and I = ¢gPA. The implied assumptions are:
(a) The occentricity o of the load is constent. -7 C

(v) The ratic e/p -1z not chenged apprecisbly if the -
contribution of the web to the effective cross section of the 7 ~
upright is neglected. v

Assuription (8) 1s plausible if the uprights ere very closely -
gpaced, because the web then moves with the uprights (reference 1).
In general however, both assumptions cen be Justified only by the
fact that ‘c.hey have ylelded good sgreement with teat.results.

Thick webs are likely to require more refined sssumptions. If
olther essumption (a) or (b) 1s dropped, the analysis charts cennot
Pe used for webs with single uprights.

VERTFICATION OF STRESS FORMUIAS

In this section, results obtained by meens of the erigineering
theory o'_f‘ incomplete dlagonal tension will be eompered. with

(a.) Experimental stressges deduced from NACA sirain measvremen’ce
on uprights

(v) Upright forces calculated by Levy's theory (references 5 and 6)

(c) Diagona.l tenelon factors k deduced from the tests of Lahde
. and Wegner (reference 1&)

Outsline of procedure in WACA tests.- In the NACA tests, the

"' gtrains in the uprights were measured with electrical gages. * In

“order: to’ obtaln a.reasonably representative average, & fairly large
© tiumberwof gage: statiche tms used on each upright (9 gage stations
on the 25-inch besms of. geries II and IIT) and measuroments were
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taken on two or three wprights depending on the total nwmber of
uprights in the beam. After the strains had been converted to
gtregses wilth the help of stress-strain curves obtained from coupon
tests, all the stresses for one heam were averaged to obtain the
final value of oy shown in the plots.

Comparison with experimental stresses in double uprights.-
double uprights, & pair of geges was used at each strain station
in order to average out bending stresses. The efficacy of this
device depends on the degrse to which the two stiffeners camprising
the uprights act as en Iintegral wmit. A high degree of integral
action wes probably achieved in all the beams discussed hersin,
and will probably be achleved in any beam in which the uprj.gh_ts
are not thinner then the web, provided thet the rivet comnection
is adequate to prevent inter-rivet buckling.

_ Inspection of figure 17 shows that the calculated values of oy
for double uprights ars generally conssrwvabtive or In close agreement
with the experimental stresscs; the only case of a decidedly uncon-
servative prediction is beem IV-T72-3D at high losds. A somevwhetbd
curlous phenomenon 1s shown by beem IV-72-1D, for which oy begins
to decrease wlth incressing load at & load well below the wlitimate.
The phencmenon appears to be linked to same extent with the effects
of local buckling or forced crippling. The beam in gqueatlon had
next to the lowest ratic of fty/t of all the double-upright beams
tested, end the, same phenomenon was exhibited to a much greater
degree by the single-upright beam IV-72-4S, which had ean even lower
retio of ty/t. Some other double-upright "boams with a somewhat
higher ratio of ty/t (beams ITI~25-4D and ITI-25-TD) appear to
Indicate a slight tendency toward the ssme phenomenon. It is,
therefore, debatable whether oy really begins to decrease or
whether the straln readings ere islsified by local buckling stresses.

_ Compardson wilth experimental stresses in single uprights.-
nredicted stresses oy for s singls uprights are valid only for ‘c.he
medien plane of the web at thoe uprlght in gquestion, vhereas the
strain measursments were taken .on the oxposed face of the attached
log .of the upright. In order to permit a direct comparison, the
predicted stresses were corrected to the plane of meagurenent,
assuning linear stress variation in the uvprights.

In single uprights 1t is not possible Lo averags out bending
stresses by wsing palrs of gages. Theoretlcally, they could be
almost averaged out if gages were located on cach cirest emd in each
trough of the buckles, but the buckle patterms camnot be predicted

.
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with sufflcient accuracy to achleve such a disitribution of_ gages.
In order to glve scme 1dea of the magnitude of the bending stresses,
flgure 17 shows for all beams with single uprights not only the
average stress op but elso the lowest and .the highest individual

stress measured at any one gage in any of the uprights of the bean
at each load. Inspectlon of the figure shows that the renge from
the lowest to the highest stress is gquite large. In spite of this
fact, howsver, the experimental average. stress Oy egrees quite

woll with the predicted stress In most cases, much closer in fact
‘then for double uprights coneldering all tests, ekxcept that on the
eingle-upright beams the stresses UU at the highest loads show e

tendency to exceed. the caiculeitegi gtressss in a number of cases.

The phenomenon of a retersal in the curve of o ageinst load,

noted for besm IV-72~1D, is exhibited very merkedly by beem IV-T2- ’-I-S.
This beam had e. ratio of 'bU/t of unlty, the lowest of all single-

upright beams tested. The range of Individual stresses is extremely
large. Tenslle stresses of large magnitude sppear, whereaes in all
other beams the stress remained compressive; that is, the tensile
stress due to local buckling wes always less than the colum
compressive stress in the upright (with minor exceptions for

beam IV-T2-2S).

Comparison with Levy's theory.- On most of the beeams tested
the critical shear stress was too low to permit comperisons at low
loeding ratios T /L"cr' The only exceptions were the beams of

gerles IV' end, as noted, the resulis on two of these were presumably
partly :'_analidated. by local bending effects. Fortunately the region
of low T/T.,. is remsonebly esmenable to theoretical calculations.
Levy has developed e sulteble thsory of plates with large deflectiona
and hes carrled through calculations for sevéral specific cases
(references 5 and 6). Comparisons between the results obtained by
the present semiempirical method and Levy's theoratical results are
shown in filgure 18.

The -upiight loed PUiax rother then’ the-upright stress is

shown In figure 18 in order that the result for the theoretical
limiting case of infinite upright erea might Be included. The

A
egrecnent for % = OJt end a%a 0.25 is very close. TFor the two

cases with %a 1.0, ‘the egreement is not so close. For the finite-

A .
size upright (E% = 0.25) , ‘'the wright load predicted by the present
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theory 1s less than that prcdicteé. by ILeovy's theory, with a maximum

deviation of ebout 30 percent st ;r-"l- = 1.5; for the infinitely large
: cr

upright, the deviatlon is of the pame slgn and somevhat larger.

Although the agreement for & = 1.0 18 not so good as might be’

desired, the agreement for this cade as woll as for % e 0.50 18
wery much better then that showm in references 5 and 6, which were
‘based on the expression for k given in reference 3.

Knowledge of the strength of beams designed to fail (by.
gimultaneous fatlure of the uprights and the web) at low ratios
of T /T is very incomplste at present. There are indications,

however, that for efficient deslgns the Bpacing retio d/h will
probebly be about 1/2. The semiempirical method of predicting o
appears to hold promise, therefore, of giving reasoneble accuracy
in the rangs mosj: important for de.sign even for webs thet are
commonly called shear resistant’ webs rather than J.ncomplete-
dlagmal- tension" webs.

- Comparison with btests ofJIg_I_xg},g and Wammer.- The comparisons with
experiments presented so far have been mads for the stresses oy
rather then for the disgonal-tension’ factor k because the stress
is the directly measured guantity and 1s of greater direct Interest.
For the tests reported. in reference lh it is more comvenient to
compare values of the dlagonal-~ 'tension factor k. Thege tests were
not made on actual beams, but on plates In a special test jlg. The
test condltions were som«mnhat artificial and may not represent the
conditions existing in a beam vory well. There are also doubts
concerning the evalvation and Intorpretation of the teat results.

As & matter of some interest, however, figure 19 shows the graph -
for k obtained by a comparison between formule (5) end experimental
values of k deduced from these test results. In view of the
Tactors of doubt mentioned, the agreement is perhaps as good as

cann be expected. The fact that the eXperimental points lie con-
slstently ebove the curve may be explained In part by the fact that
the criticel stress has been taken at the theoretical value for
clamped edgem; it 1s well known that the fully clamped condition

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

Maximum stresses UUmax in uprights.- Formula (11) for the

ratio cUmaxlUU ' is based on Levy's theoretlical results (references 5

d 040 and ont the asémption of linear

. |
and 6) for ;=10 and -
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variation with d/h. Linear decrease of the ratio with k toward
unity at k = 1 wag also assumed.

On single uprights, siperimental values of *Upax /60 Cammot

be established with satisfactory accuracy because the local bendling
stresses cannot be eliminated from the measured total stresses.
Figure 17 shows, therefore, calculated and experlmental values of
Unax only for double uprighte. For a number of beams the cal-

culated curves of oy, differ but little from the curves of oy;
for these beams the experimental values of OUppy WOTe 80 close to

the experimental values of oy that it was not feasible to show them
oh ‘the plots. TFor the other 'beams the experimental ratios OUpax {90

are generally of about the sa.me ord.er_of megnitude as the calculated
values. A close comparison is hardly warrented in .view of the experi-
mental scatter.

Distribution curves for oy &are given in figure 20. The test

points represent the everage of corresponding stations on three
uprights as well as the average of corresponding stations to either
side of the neutral axis of-the beam; they are, therefore, shown
only in the lower half of the beam. The curve in the lower half is
failred through the test points; the curve in the upper half is simply
the mirror imege of the faired curve in the lower half. The curves
for the serles IV beams show a very proncunced influence of the wedb
splice plate along the neutral axis of the becams. The splice plate
tende to act like a beam Flange in producing gusset effect; in
addition, the splice plate adds directly to the cross<sectional ares
of the upright. All these effects were neglected In the anaelysis,

as was the Increase in critical shear stress caused by the splice
plate. TFor purposss of comparison, however, a second analysis was
made for six beams with upright failures, based on the assumption
that the web plate was simply supported along the splice lime. This
sgsumption le obviously optimistic énd yielded predlcted falling
loads 7 percent groater (average for all six beams) then the enalysis
neglecting the presence of the splice plate. Of the six beams three
were from NACA series IV, and three were from manufacturers tests

on similer heams. .

1 -
' i i . : . ¢

ANGIE OF DIAGONAL TENSION
In a fully developed. dlagonal=~ tension field. the direction of

the dlagonal tension coincides with the d.irection of the folds in
the sheet (reference 1). When the dimgonal-tension field is
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incompletely developed, as it is in any actual beam, the diagonal
tenslon constitutes & component of stress which is separated out

of the total stress purely mathomatically, not physically. Moreover,
the diagonal tensiqn thus separated from the totel actual stress 1s
only an average for the entire bay and does not descrlbe the detalls
of the gstress variation within the bay. The angle of disgonal
tension comsequently beaxs only a very loose relation to the physilcal
folds in the sheet. A study of the contour map of a sheet Just after
buckling (reference 9) shows that the "rolds" are curved to such an
extent that an average dirsection cannot be defined to any degree of
accuracy. No ettempt has been made, therefors, to campare computed
angles of dlagonal tenslon wlth observed engles of folds.

ALLCWABIE 3TRESSES FOR UPRIGHTS

Columm faillurse.- Out of a total of 19 beams with double-upright
failures analyzed, nine were predicted to fail by columm failure. .
In figure 21, the velues of of calculated for these beams at their

respective Taillng loads are plotted against the effective slender-
ness ratio. The slenderncss ratios were sufficlently high to make
the Fuler curve applicable in all cases; it was, iherefore, possible
to include uprights of 24kS-T alloy as well as of T55-T alloy.

The plot indicates that formuia (12) Ffor estimating the effective
slenderness ratio is somewhat conservative consldering all tests, but
a sufficlent number of points lie so close to the curve that a. less
conservative formula does not appear adviseble.

Forced crippling failure.~ Test observaticn has shown that the
shear buckles in the web wlll force buckling ox crippling of the
upright In the leg attached to the web. The amount of the forced
crippling willl obviously depend primarily on the relatlve sturdiness

' of the upright and the web. The simplest parsmeter expressing
reélative sturdiness is the ratlo tyy/t, and in reference I empirical
formulas for allowable stress In the upright were given based on this
paramester. Strength predictions based on thége formwlas, however,
showed a rather large scatter, which indlcated that additional
parameters were necessary to define the falling stress more accurately.

" A considerable reduction in the scatter wae effected by using the

parameter k tU/t instead of fU/t and et the same time using the

maximm instead of the average stress in the uprights. (See
formulas (13a) and (13b).)
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Flgure 22 18 a plot of values of— c-q computed from the

failing loeds with the ald of the sanalysis chari, for all beams

of 243-T alloy presumed to have falled by forced crippling. Omitted
from the plot are three points for e serles of three 10~Inch beams
which fell from 100 to 150 percent above the average curve. This
discrepancy 1 so large that 1t justifies doubls as to the accuracy
of the test date. It will be noted that all the pointe sre fairly
miformly distributed about the averige curve ’

o, = 35k —t;/? ' (130)

The curve recormended for design (formula 13a) s Whilch is the lower
edge of the scatter band, lies 20 percent below this curve. Only e
slngle point lles appreciably below the degign curve, snd only five
points lie distinctly above the upper edge of the band, vwhich

is 20 percent above the averasze cuxve. Two of thess points are for
beams having & value of k< 0.5; this reange will be dlscussed
presently. '

In accordance with formula (130), an effective value of k wes
used when the actual value was below-0.5. It will be noted in
figure 22 that the point for one of the three 80-inch besms which
fell in this renge lies conselderably sbove the upper edge of +the
scatter band. For the heem represented by thls high point, the
ratio of actuval to predicted falling lozd is above 1l.41l; an exact
value camnot be given because the actual fallure was web fallure,
not upright fellure. (Ii:_may be noted that the ratio L.41L of actual
to predicted failing load 1s appreciably less then the ratio 1.57
obtalined by comparing the plotied point for 0'%7 with the average

curve for OUppy? because the relation between Upax end T is

not linesr.) Analysis of incomplete test data on & few 12-inch beems
with 'r/-rcr" from 1.5 _’oo 2.5 (at failure) indiceted very close agree-

ment in some cases and nearly 50-percent ‘conservativeness in othor
cages. These values indlcate that strength predilctions for beams

designed to fall at T—T-—< % may be consideradbly mors conservative
or

than indiceted by the upper edge of the scatter band in figure 22.

Figure 23 shows that the availlable test data on beams of
T55-T alloy with single uprights sgree with formvle (134) within the
seme scatter limits as those for 243-T alloy. Figure 24 shows that
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none of the points for double-upright beams fall below the recommended
design curve for such beams. (formula 13b); the average curve is glven
by

5o & 30k\[S7% R ¢ £ %)

vhich is about 1k percent lower then the corresponding value for
single uprights given by formule (138). -

General elastic insta'bilitv of web end stiffeners.- Experience
with simple elements such as plates and stiffeners tested as
individual colwwms has shown that.elastic instability beginning at
low atresses is not. immediately followed by vltimats failure; the
ultimate load moy be several times the critical load. Only waen
elastic instabllity occurs et e fairly h:!.gh stress does ‘c.he uJ:oimate
failure folJ.ow soon a.fter. : .

. A similar condition appears to exist regarding the general
elastic instability of a web wilth double stiffeners, Analysis of
test date by means of existing theories of buckling of orthotropic
plates has showm in & nuwber of cases that the ultimate load was
several times the calculated critical load. Because of experimental
difficultles, very little effort has been made to determine experi-
mentally the load at which instability begins, It should also be
noted that existing theorles have not dealt adeguetely wilth the
problem of general elastic instability in web systems vhere the web
has buckled betwsen the stiffeners,

Analysis of preliminary date on thick-web beams (h/t about 100)
has indlicated that perhaps soms correlation between ultimate load
and. theoreticel critical load may be established if the critical
stress Is definitely above the proportional 1limit of the material.
Bocause web systems with these proportions have beed studied very
little, 1t is not possible to state at present whether anaslysis for
column failurs and forced erippling fallure automatically covers
the possibility of general instebility failure over the entire
design range . -

-

WEB DESTQY

Formule (14) for the peak web stress Tyay 18 simply a formula

for linear interpolation between the limiting cases of purse shear
(It = 0) and pure dlagonal tension (k = 1), The factor C; 1e
defined by

-1 | (22)

1
C1 = 533 2%
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According to the theory of pure diagonal tension (reference 1),
the dlagonal tension stress is

ar :

According to formula (3), o = 45° if the flenges-and the uprights
ere Infinitely lerge (&y = €y = 0); in this case, 'sin 20 = 1.
The' factor Cl ‘eXpresses, therefore , the excess stress caused

by o differing from 1&50 as it will in any actual structure with
‘members of finite slze. ‘I‘he tactor Cp 1is similarly equivalent
ta. 'bhe theore’cical factor . 02 glven In reference 1.

'I'he allowable velues for Ty.. given in flgure 14 were ‘besed

chiefly on testa of long webs subjected to loads approxima.ting pure
shear (reference 15). These tests showed that the wltimate value
of Ty ~wes independent of the rivet factor in the practical

rangdé (Cg > 0.6) o8 long es the bearing stresses did not exceed
the allowable values. These tests ylelded values of allowable
stress at’ k=0 and k = 0.3 as shown in figure 25. (The test
Poinths shown reprepent the average of all tests over the renge of —
rivet factor covered.) The allowable stresses at kX = 1.0 were
estimated ae follows: For fully developed dlagonal tension the
tension strese in the web is givén by formula (23) 3 the ultime.te
nomineal shear stress isg therefore

T =%Bin2a

or somewhat less than 0'/2. This stress must be¢ reduced +to take
into adcomnt the reduction of section caused by the presence of
the rivet holes end the stress-concentration effects caused by
these holes: The combined effect of these two factors wes
estimated as 0.75 for 24S-T alloy emd as 0.81 for 75S-T alloy, the
latter having a smaller factor of ‘stress concentration.

Figure 25 shows also points obtained from tests on a square
picture-frame Jig (reference 16) The higher stresses developed
in this Jig may haye been higher because friction between the gheet
end the freme engles relieved the riveted Joint. The eoffect of
friction can_be qulte high, but it should probebly not be relied
on to o;oera'be vnder #ervice conditions.
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In six NACA beam tests in which web failure was predicted and
observed, the ratio of actual to predicted failing loasd renged
from 0.95 to 1.06, with an average of 1.01. In six menufacturers’
tests, the ratio was 1.1k + 0.06. The alloweble stresses obtained
from figure 14 are therefore somewhet conservetive on the average.
All these comparisons are based on actuel material properties. The
two premature web failures shown in table 2 were due to damage
ceused by shop accidents and should be disregarded.

RIVET DESIGN,

Web-to-flenge rivets.- Failures of web-to~flange rivets wers
observed in five menufacturers' tests. When actual rivet strengihs
es determined by special tests wers used as allowable values, the
strengths developed in the beam tests ranged from 3 percent lower
to 16 percent higher then rredicted, wlth an average of 7 percent
higher. When nominal rivet strengths were used as allowable
strengths, the actual values ranged from 37 percent to 60 percent
higher than predicted. These values reflsct the well-known fact
that nominal rivet strengths are usually guite comservative.

Formmle (15) for the load (per inch run) on the flange rivets
is & formule for straight-line interpolation between the limiting
cages k =0 and k = 1.0. If the engineering theory of incomplete
diagonal tenslon were interpreted literally, separate rivet loads
would be computed for the shear component and the dilagonal-tension
component of the shear load, and these loads would be added
vectorlally. The resulting formula would be from 7 percent o
9 percent less conservetive then formule (15) in the range of ths
Tive tests under dlscussion. Consequently, if actual rivet strengths
had been used as allowable strengths, the strength predictions
based on this more rational formule would have been about 2 percent
unconsexrvative on the average emnd up to 12 percent unconservative
in the extremes case. The more rational formula i1s therefore
unconserveative By a sufficient margin to give preference to
formule (15). It should also be realized that the greater ration-
allity 1s lergely spurlous; the engineering theory of incomplete
diagonal tension claims only to represent the average stress
condition in a bay, end these average conditlons do not exist
along the edges of the bay where the rivets are located.

. Web-to-upright riveis.- Foxrmula (16) for the rivet shear
strongth required in double uprights is a semiempirical formula
and was taken from reference 17. The tests described in the
reference showed that the colum strength developed does not depend
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very critically on the rivet strength; figure 4 of the referemnce
shows, for instence, that a reduction of the rivet strength

to 50 percent of the required velus reduces the column strength

‘on the average to 92 percent of the velus.obtainable with adequate
riveting. The average curve in this Tigure was used for evaluating
the early NACA beam tests in which the rivet strengths wers
generally less than required by formula (16)

Formulas (17) end (18) for the required temsile sitrengths of
the rivets represent an attempt to provide a criterion for safa-
guarding agelnst a type of fallure sometimes observed in tesis.

It is especially important for single uprighte, becanse no
criterion previously existed to determine the regquired rivet
g8trength, Because ro tests have been made to. check gpecifically

on this item, -the available evidence il rather Pragmentery and
largely negative; H that 1a, in most tests no faillures were observed _
(or at leest noné were recorded) An additional difficulty is

thet rivet fallures ére often found #fter the failure of the beam,
end 1t is then impossible to state whether the rivetfeilure wes a
primary one responsible for the béam fallure or a secondary one
that took place while the beam waa failing for other reaspons. In
view-of all these uncertainties, the coefficlents given in
formulas (17) and (18) should be considered cnly as tentative values,

For single uprights, the analysls was bosed on a total of 21 teats.
‘Three failures were o'bssrved. with the coefficient in formmla (18)
renging from ‘0.10 to 0.13. No feilures were observed in the
remaining 18 beams, for which the coefficient. remged from (.18
to 0:31. “There wers only two tests in the range from 0.18 to 0.22,
however, the remeining 16 beams having coafficients ‘above 0.22.

The coefficient for the design formula was therefore taken as 0,22
in ord.er 40 be . conservative. If moré tests had been available in
the rehge from 0.13 to 0.18, & lower coefficient in the design

- formula might-have been just*fied. Although the coefficient 0.22
may appear to be more comservative than necessary if the tests are
teken at face value 1t 1s not considered to be unduly severe. All
“he manufacturer's beams enalyzed fulPilled this criterion s and
Presumably they represented acceptable ‘riveting prectices. The
lower rivet strengths incorporated in & number of the NACA heems
aroge from the fact that these beams wers intendséd primarily for
gtrain-gege tests to determine the diagonel-tension factor k. In
order o accomodate the strain gages, the rivelt pitch was increased
In some cases} In othor cases countersunk rivets were used, which
have 8 relatively l'o‘w tenslle stlrength. .

On beems with- doublé uprights, two fallures were observed with
coefficiénts of 0.09 to 0.13: No failures were observed on four
beams with coefficients above 0.12 and on two heams with coefficients
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of 0.07 and 0.,08. The suggested deslign coefficient of 0.15 is
therefore probably conservetive. Fallures were observed on several
beams with coefficients ranging from 0.07 to 0.27, but the shear
strengths of the rivets on these beams were from 25 to 75 percent
below the strengths required by formula (16); these failures were
therefore attributed to shear rather than to tensiles loads.

Upright~to-flenge rivets.- Although tests on a rather large

number of beems were avallable for analysis, there were almost no
records of fallure In upright-to-flange rivets. Thils lack of
fallures can probably be attributed to the use of very comservative
design formulas based on pure-dlagonel-tension theory or slight
modifications of thles theory. In the NACA heems of series IT

end III, the excess sirength arose from the fact that the beam
flenges were used for a number of tests, and bolts instead of
rivets were employed for all flange comnections -in order to
facllitate dlsassembly after & test.

For beams with double uprights, one rivet fallure was recorded.
The exlsting nominel rivet strength wag only about 5 percent below
the required strength. The exlsting actual rivet strength was
therefore probably well above the required strength, but the
enalysis was very wmcertain because of a peculiar design feature
(reinforced upright). In three beams, no failures were recorded,
although the existing nominal rivet strengths ranged from O.47
to 0.76 of the required strength; these values are so low that the
existing actual rivet strengths were probably below the required
strengths in at least two cases. The avalleble evidence appears,
therefore, to Justify the conclusion that formula (19) for the
rivet strength required on the ends of double uprights would
generally be safe even If actual rivet strengths wore used as
allowabls values. ‘

For beams with single uprights, there were two records of faillure
although the rivet strengths were appreciably greater than required.
The analyses were extremely uncertain, however, because several
Importent dimensions of the beams were not given and had to be
estimated or inferred. Against these two records of fallure there
are 13 records of successful Joints in which the ratio of existing
nominal rivet strength to required strength was less than unity,
the two lowest ratios being 0.68 and 0.53. It appears therefore
reasonebly safe to draw the same conclusion as for double uprights,”
that is, that formula (20) would probably be safe, in general, even
if actual rivet strengths were used as alloweble valuss. An
appreciable margin of safety should exist in practice because the
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2llowable strength values for riveis sre likely to be well delow

the actual strengtha. It might be pointed out elso that formmles (19)
and (20) are inherently conservative because they neglect the gusset
elfect; however, this effect 1s small Iin many beams and may be
overshadowsd by wnpredictable irregularities.

SECQNIDARY BRNDING MOMENTS IN FLANGES

Experimental evidence on secondary bending stresses In the
flanges 1s confined to a few measurements glven in reference 3.
Most of these moasurements were made on beams with very flexible
flanges beyond the renge of efflciont deslgn end showsd the pre-~
dlctions to he very conservative. In the range of normal flange
flexibilitles, the predicilons were somewhat conservative.
Formuwlae (21) is probably elwsys conservetive because it neglects
the fact that a web in incomplete dlagomal tension contributes to
the section modulus of thie heam flenges.

CHEAR STIFFNESS QF WEB

The deflection of a cantilesver beam is calcwlated by adding
the so-called bending deflectlon end the sheer deflection according
to the formunle

3 .
2L, 2L
8=3EI+he'iﬂ-o‘

where G, 18 the effective shear modulus given by figure 15. This

effective shear modulus was caleulated as follows: According to
formule (4), the shear load S can be divided into & shoar
component and a diasgonal-tenslion component. The total shear
deflection 1s the sum of the deflectlioms caused by these two
componsents; the effective shear modulus for incomplete dlagonal
tension is therefore defined by the rolation

G Gpmp

L
GG

vhere Gpy 18 the effective shear modwlus of-a web in pure
* diagonal tension. The value of GDT can be calculated by the
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relations given in reference l. A convenient formula vhich can be
derived from these relations is

2 ' .
G‘-DT = E Siél o4 (25)

on the simplifying assumption that the beam Planges are .sufficiently
large to permit neglecting the straln ¢, caused by the horizontal

component of the dlagonal~tension force.

Wh_e_n the web stresses exceed the 'pr_oportiona}_ limit, a corrected
velue G, must be used. A tentative curve -for G¢/Gy Was given in
referencs 4. This curve was based on & small number of wmpublished
tests and is rather wmcertein. Since the shepe of the stress~strain
curve is known to be quite varieble with the existing tolerances
of composition of material and heat treatment, it ls not likely
that a high accuracy can be achieved in predicting deformstions at
stresses near or beyond the yleld stress. Fortumately, there appears
to be no practical need for siich accuracy. :

Figure 26 shows experimental and caicul_at_ed deflections for the
beams of serles I. The agreement is very setisfactory.

Tangley Memorilal Aeronautical Iaboratory
National Advisory Coamittes for Aercnautics
langley Field, Va., April 2, 1947
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IiT-e%-33 <k k.2 28.5 - 893.0 “Th W9 | e 18.9 Web 9% &5
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I7-To-28 3.33 | 718 23.6 E AT — 18y . Wb 1.12 a1
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Figure 16.- Dimensions of fest beams. =~ "~
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NACA TN No. 1364 Figs. 18,19
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Fgure 19.- Diogonal-tension  factors k optained by present method and
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Figure 21- Stresses in double uprights failing by column action.
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Figue 22.- Stresses in single uprights of 24T .duminum alloy at failue
caused by forced crippling. Symbols with talls denote webs

with k<Q.b.
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