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Page 9, equation (14): The subscript 1 has been omitted
from the first f. The squation should read:

-
) ﬁht = l-kt+1fl(yt+1) - ...}

Page 13, equations (28) and (29): g, and g5 should

not be written as subscripts. The equations
should appear as follows:

3

El - _IZ.'D__. . - '_‘.._”"'_'__
T Dxlgl o
H. - __2b°
2 = 3 o
¥ ngz

Page 15, first paragraph under the equation: The following
sentence should precede the last sentence 1in the
_paragraph:

"This assumption greatly simplifies the calcula-
tion.® .

Page 18, equation (53): The lower limit of the summations
should be written Yk = O" 4in both places.
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TECHNICAL NOTE NO. 866

A STUDY OF GENERAL INSTABILITY OF BOX BEZAMS <
WITH TRUSS-TYPE RIBS K
By Eugene BE. Lundqulist and Edward B._Schwaftz ;
E -

SUMMARY

The design of truss-type ridbs for box beams 1s theo=
retlcally treated with regard to the functicn of the ribs
in stabilizing the compression flange. The theory is ap-
plied to a design problem, and the results of this applica-
tion are presented and discussed in relation to the gen=
eral problem of rid deslign. The results of some tests made
as = part of this general study are presented in an ap~

pendix,

INTRODUCTION e

- -

When airplane wings were .constructed with fabriec cov~
ering, the main funetion of the ribs was to support the
fabric and to transmit the air losds to the spars. All the
bending strength of the wing lay in these spars. With the
adoption of the stressed-~skin type of structure, design-
ers naturally followed principles established in the provie-
ous type of comstruction. Thus, some of the first
stressed-skin wings wsre mainly a reproduction of the pre-
vious type of consbtruction with the .fabric replaced by
motal skin, This tendency still remains. Even today,
after the flange material of the spars has becn sprcad oub

over the upper and the lower surfaces -of .the wing to form

the covering, the ribs inside are’ still~5?bgortionsa on
the basls of a nonstressed fabric covering,., ) :
In the dosign of a stressed-skin wing, the bending
strength of the wing is commonly assumed To dopcend upon
the compressive strength of the panels between ribs. The
end fixity of these panels is also assumed, in man¥’ casés,
to be greater than unity, These assumptions are sound
provided that the ribs are properly designed.
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Theoretical studles indicate that, of all the func-
tiong of a rib in g stressed-skin wing, the most lmpor-
tant is to stabilize the distributed flange materlal on ¢
the compression side of the wing. If the rib has suffi-
cient :et1ffness, it will stabilize the compression flnnge
so thoroughly that a buckling failure can occur only be-
tween ribs. If the rib has less than this required .
stiffness, however, the buckle pattern will nod® be con- .
fined betwesn ribs but will involve displacements of the o
ribs and possible fallure of one or more ribs, This sec- —.
ond type of buckling has been referred to as a "general -
instability” of the wing structure. S

The results of a preliminary study of this general ) _
instability problem are pressnted 1in reference 1, where
only o compression flange was assumed to be present. The _
presence of the tension flange is an important factor 1n B
stabilizing the compression flango through the intermedi- .
ary of the ribs. In this paper, the effect of the teneion
flange has been included as well as the effect of other
factors.,

The theory presented herein was developed in connec- e
tion with the planning of a research program on the gen- _ __ _ &
eral instadbllity of stressed-skin wings. The results of
some tests made as a part of this program are presented
in an appendix. ) A,

ASSUMPTIONS - =

It is assumed that: +the tension and the compression
flanges are flat rectangular plates; the box Dbeam 1s sym~
metrical and subjected to pure bending in the plane of
symmetry; all cross sections have the same dimonsions; the
bending stresses are uniformly distributed ovor the flangos;
the ribs are similar, egually spaced, and have zero tor- .
sional rigldity; and the material is oclastic. With those
assumptions, the flangces may bo regardcd as flat plates un-
dor edgo load with continuous support along the shear webs __ .
and the end bulkheads and with elastic support along each
rib., All displacements are assumed to be small and normal .
to the flanges. : ' a

_.-"_.__
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STHBOLS

Where ahy of the following symbols appear in ths re- -
port with subscripts 1 and =2, these subscripts refer
to the tension (lower) and the compression (upper) flange,

respectively.
..

X

=

GJ

coordinate axis in spanwiee direction
coordinate axis in chordwlse direction
coordinate axis normal to the span-chord plane

moment of inertla per ineh of flange for bqnding .
in x and y directions , oz
tension-compression modulus (B = 107 1b per sq in.
for 24S-T agluminum alloy) -

shear modulus [G = B/2(1 + u) = 0.385E]
torsional rigidity per inch of flange
torsional stiffuness constant, per inch of flange

flexural rigidity BI of rid chord

]
o
[ ]
A}
H
(o)
H

Polsgon's ratio for the material (u
245-T aluminum alloy) SRR 2T

Poilgson'!s ratio for 1oad applied in x and ¥
directions ' - —

length of flange ] -

width of flange between shear webs when used in
design of rib to span distance betwean shear
webs; width of flange beiweem panel points of
rib truse when used in design of rib chord to
span Aistance between pancl points B

total load on flange of width b

displacement in y direction, positive to right
used only to designats displacement of panel
polnts of rid truss T



£(y)

clicas --~d1l.

Dy, Dy
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%f

displacement in g direction, positive upward

a nondimensional function of ;y. givinzg rela- .
tlve values of w 1in secfions parallel %o
Yy axls ' '

distance of ribs from v axis
spacing of ribs
Integer with values 1, 2, 3, etc.

integer giving number of rib spaces in length
of plate = a/L)

integer with valusese 0, 1, 2, 3, etc.
half wave length of bucile
area of web or chord cember of ribd

length of wed or chord member of rib

y~coordinate of. end of wed or chord member aof 4
ribdb

ratio of displacements v/w, for panel poinat ¥
containing left end of tth lower chord mom-
ber of »ib : .

.ratio of displacements, v/w for panel point
contgining left ond of sth uppor chord oom-
bor of rib - - ' " -

ratio of displacomonts v/w for pansl polnts
containing lower end of rth wod nmoember of ribd

ratio of displaconoents v/w for pansl point .
containing uprer end uppcr cnd of rth wob
membor.ef rib

angle with yvertical made by rth woed =onbor of : ¥

rib, positiv» if webd memoor slopocs upward
uoward the rizht .

ratlio of Aarea to length of .first wedb member of,
rid

flexural rigidity per inch”df'iléﬁgé in x and
vy directlioms '
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EI BEI
=, b - Dy _
1 - bghy 1 — wghy
B = afb r = Pb/mBDg s = gDy /Py Y = B/bD,
b
1 = (2/1) [£(3)1® ay
'0
b
g = (2b°/n*) [3%£/5y%1% ay
.O
b B
_ 4 GJb 3f ( Oy J/ 3
g = = 590 22N 3y - £ v (py + B > £(y) day
'11'2 DX ka 2 v DX * y

THE GENERAL-INSTABILITY PROBLER

The energy method of solving buckling problems as de-
scribed by Timoshenko' (reference 2) avoids certain math-
ematical difficulties and is therefore used herein. In
reference 1, where thisg method was also used, it was found
that the final equatlon Tor general instablllty involving

the ribs could not be solved for the critical buckiing
load. For an assumed critical load, however, 1t was ob-
served that this final equation could be readily solved
for the rib stiffness. The same condition holds true for

.'_-Ii i
L *# R

the equations developed in this paper.

When the assumed critical load 1s less than the panel
strength for buckling Peitween ribs, the final equation
gives the rib size required if general instadbility Is to
occur at the assumed critical load, The allowable panel
strength is the highest critical load that can possibly be -
developed. Consequently, in the limit as the assumed o
eritical load approaches the allowable panel strength, the
formula for general instadbility gives the ridb sige re- '
guired to make valid the basic assumption commonly made by
tho designer; namely, that the bending strenzth of the wing
depends upon the panel strength between ribds,

From the foregoing discussion, it is evident that the

I8
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problem of general instability should have been studled as
soon as stressed-skin structures were adopted. In mos?t
cases the ribs provided have, fortunately, been stiff
enough to develop the panel strength between rids. Only
in-recent designs, where visible evidence of the gener:sl
instabillity failure was established, has the lmportancae of
the problem been generally recognlgzsd.

General-instabllity failure has been observed %o oc-~
cur in several stressed-skin wings with truss-type ribs.
The theory of this report is limited t0 A consideration
of symmetrical rectangular box beams with this type of rib.
If desirable, the theory may be applied as an approxima-
t1on to wobbed ribs either with or without lightening
holes.

The maln purpose of a rib in a stressed-skin wing 1s
to gtabllize the compression flange. In the porformance
of this function, the rib acts as a beam or a truss span-
ning the distance between shear webs, If the rid ie at-
tanched to the tension flange, it is aided by that flange
in gtabllizing the compression flange. The magnitude of
this aid depends upon the relative dimensions of the en-
tire structure sand upon the loads in the flanges.

If the rib is of the truss type, the chorde of the
ridb must support the flanges between the panel points of—
the rid truss, In the performance of this function tho
chord acts as & boam. If thas rib chards are rigidly
Joincd to the web members =t the pnanel points, theese beams
have end restralnt at the panel points. The magnituds of
this restraint depends upon tho relative dimensions of the
rib chord and the web members. The end restraint has an
important effect on the required stiffness of the rib
chord, and this effect is computed from the theory of ref-
erence 1 as extended 1n this paper.

DESIGN OF RIB TO SPAN DISTAKCE BETWEIN SHEAR WE3S

Theory.~ The problem consgidered ie that of two flat
plates held apart by rigid supports in the form of ashear
webg along the side edges, rigid supports iIn the form of
heavy ribs along the end edges, end elastic supports in
the form of transverse ribs at equal intervals betwsen the
rigid end ribs. The loading 1s a uniform compression in
the x-direction for the upper plate and a uniform tension

L
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in' the x-direction for the lower plats. (See fig. 1.) As
stated previously, the solutlon herein presented i1s madse

on the basis of the esnergy method for the solution of buck-
ling problems as used by Timoshenko in refersnce 2 (p. 378)
and as applied in refersnce 1,

In the energy method, 1t is necessary to assume do—
fleetlon equations consistent with the boundary conditions
of tho problem for both the tension and the compression
flangosg., These squations are, respectively,

m=—=co
wy = fl(y) ST ap sin EEE (1)
n=1i :
m=co . - s
wy, = £ (y) Y by ein ng : (2)

The rib chords arc assumed to follow these displacemonts.

The strain encrgy in a plate whoen duckling occurs is
assumod to be given by ths following oquation:

aaw>2 2% 32w .
Dy [ 372 * Hx 373 — + 2GJ (axa > dxdy (3)

On substitution of the deflection Oquations, tho sum -
of the platc cnorglocs bocomes : o . R — o=

™ | b N 2 2 o
Vi + Vg = § 157 24 m* (Dxlllam + Dx_labnm )
m=1 : T
m=co
a 3 -
* 5 ) (Orieen” *Dy,e0m°)
m=1 —
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The bending eneray of a prismatic bar is Piven by v

Iv /( )dy | . (.5) : !

Hence the energy of bending of all the rib chords is given

by o _ a
: . M=o }
. w# A 2 v mmi0y °
Vo + 7V, = 413 [ngl 2: Sﬁ ap esin —
=1
2
mn=oo
mmC
+ g B, Z: E: b, sin ai } (8)

m=31

In accordance with the assumptions of truss action,
the web members have only ensrgy of axial displacement.
For a prismatic bar, this energy is

1 Aﬂ 3
=35 (An) (7)

Llthough in the case of the flanges only normal displace- r
ments are belng considered, as is usual in the theory of
smrll deflections, the fact that some of the panel points
of the ribs must undergo chordwise displacement in order '
to develop a truss action will be taken into account. Thus,
the elongation of a web member is I

Ah = (wy - wy) cos a + (va, ~- vy) sin o (8)
The angle o 1is considered positive if the web member

slopes upward toward the right. (See fig. 2.) Substitu-
tion of the equations for wy and wz (equations (1) and @)

giveg for the rth wed member: .
Mm=co
. T mﬂci
Ah, = (cos a, + ky, sin o) £5(yp) by ein —¢
. mE?_
. mrrC
- (oos aptky, sin ap) £,(yy) 2: ap 8in ai (9) ¥
mn=1x - .
where y,. denotes the y~coordinate of the end of the rth
: v ’ Vi ¢
web member. The constants kg, = =L  and £y, = £ gdo-
. r - Wa, roC oWy,
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pend‘only on the geometry of the box beam. The snerzy in
all the web members in all ribs is therefore

i r

The olongation of an upper chord member of theo ridb_

truss with ends a2t the sth and the (s + 1)th panel points

is
bhg = Vg1 = Vg = KgyiWaia = KWy
M=—co :
' m'rrGi
= [ks+1f3(ys+1) - ksfz(ys)J Ej by sin — (11)
.m=1 - -

where y, and- yg ., arc the y-coordinates of the ends of.

tho sth momber. On the asassumption of a constant stress

along the chord momber, the enerzy 1n all upper chord mem—

bers of all ribs 1is

v, =% % Z Eo (8ng)” - (12)

s

Similarly, the eneréy in all lowor chord members of all
ribs is T

'y ! 'b T i o
=3 Z Z By (Aht) (13)
where it I :
n=co R
mrC
Ahy = [kt_,_lf'(yt_l.l) - ktfl(yt)] z ap sin ai (14)
m=1% * .

. The loss of potential energy T by thé forces ap-
Plied at the ends of either flange i1s given by the squa-
tion

e a - .
P ) i ﬂ [P
= =3 / f S3) 4x dy ) (15)
A .

-

(o)

On substitution of the deflection equations (equations
(1) and (2)), the total loss of potential energy of the
tension and the compresslon flange forces is
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=00 n =Co s
a2 f E', : N *
T1'+ Ty = o Pals mabma - Pyl maama (16)
8a . L 3 :
m=1 m=

The general equation for the calculation of the criti-
cal value of P, 1is obtalned by equating the total strain

energy V +to the loss of potentinl emnsergy T of the loads ]
P, and Pz, or - -

T, + T5 =V, + Vg # Vg +V, + 7V, +V, + 7V, (17) .

On substitution of the values of the T'!'s and the

V's 4in equation (17), there is obtained, on solving for

Ps, the followlng relation:

[ —
2 o 3

EN Y 2ot e 2 25 (an)® + 2 ) ) =t (any)
2 /s [y ny TUT 2 h 8 3 £ % t

i r o i s 8 i T %

. o - _ m§$ .

Y v 4 2 2 al N, _ 2

+ —é—- —5- ,__, m (Dxlz'lam +Dx labm )+ gs- ZJ___ ( v.81°2m +Dy Egbm )
m= 2 o m=1
m =co - m=co v

x 2 2 B

+ 5 Z m (Dxltlam *-Dx t-a.bm YL o+ 8a Plll m__aama
m=1 . ' e m=1 r
=0 . a m =o a2
w4 ) mtrC om0
+ 4b3‘{€131 l ap sin 1 +3,B5 . by sin S
Pa BL m=121 = m‘_:_i J (18)
=CC .
m° 2. 3
ga '® Z m om
m=1

The coefficients- &, and by must be so choscn as
to give a minimum Py. This condition ls obtaincd by sob~
ting the dcrivative of Py with resvoct to each cooffi-
ciont equal to zero. Thus a system of homogoncous linocar
cquations in a;, Ags Azy .e. Dy, Dy, Dz, ... 18 obtalnoéd.
Tho solution of theae’equations ¥iclds valucs of a,, az, »
figs -ee Dis bg, bz, ... different from zoro only if the
dotcrminant formed by tho coefficients of ay, a5, 2,,
.+ D3y bz, bz, ... 18 equal to zero. Thie determinant .
can be factored. When each factor in turn 1s set egual to
zero, an bquation 1s obtained relating the-critical loads
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to the characteristics of the ribs and the plates for the
particular wnve pattern described by that factor. If the
.factors that describe wave patterns with a node at each
rib are each set equal to zero, the rib characteristics do
not enter the equation obtained. If the factors that de-
scribe all other wave patterns are eamch set equal to zero,
it is found that all the resulting equations can be repre-
sented after sultable arrangement -for practical calcula-
$ions by the following esingle relation:

= 19)
< 2a! (
where r
k=0 k==
al! = (— (ed-fe) }; -t + 37 1
J Lo T3 5(r+1)
- k=o0 2jk+q k=0 2(k+1)-q
k= k=0
g—j;—— + 21 a L (20)
k=0 2 jk+q toy  2i(k+l)-g
k=co ' =
pt = IF zz 1 + 1
2 k=0 T2 k+q ¥=o I23(k+1)—q
- e zz et 4 = (21)
2 ¥=o B2ik+q  ¥=p R2i(k+l)-q
q = l' 2’ 3’ « a e (J - 1)
_ (t,r, + t,) B®°n® + 1,m* + g,B*
‘m = o - (22)
2g,B
4 4
Bp = anrz - %) Bﬂmas- 10" - 8558 (23)
2258 e

m = 2jk+q or 23i(k+l) -q

e=HlE‘Sﬂwr(cos mr+k2rsin ap)(cos ar+k1£sin ) Folyp) £y (yg)
T - (24)
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— . a
f.= H,E ;l Wr_[(cos Uy f.k;r sin.qr).fl(yr>]
2 o o
e : L 8 B, (357
+ Z Wi [kt+lfi(yt+l) —_ktfl(yt)J + -Q_,-'bs;: =85)
N T - | @
‘6 = HgE Zwr [(cos Oy + kar sin g, ) fa(yr):] :
> . :
- ] Bz
+ 21 Wy [ks+1fa(ys+1) ~ kgfg(ys)J +-a€5—~ (28)
8 | Xz
a=E_ B zzlwr(gps mr+k2r gin a.)(cos mr+klr gin mr)fz(yr)fl(yr)
- . :
= §—~ e (27)
ﬂ.l ’
3
H, = 42b (28)
D g
T Px, g
2 : ) : _
Hy = 4§b , | - (29)
T80
4, .
Q = = whers A, and hy zrefer xo the fPirgt diag~
1 onal (3¢)
A./b .
L Arfhr, where 4y end b, refer bo the rth ai1-
1T agonal . (31)

Wi = Ay /By wherse At asd hy refer to the tth bottom

4y /n, "’
2/ l chord menmber of ribd . (32)
A /h E . . . - .
s % Th, where 45 and hg refer to the gth fop
1/ chord member of rip (33)
The lsst term, which contains Q, 4in each of equg-

tions (25) and (28) ls small in relation %o the other
terms 1n these equations, Consequently, these tecrms con-—
taining Q may be neglected sand cquation (19) wiiz give
Q explicitly., The slgn in front of the radical in equa-—
tion (19) should be sg chosen as to give Q & m ximunm
Positive value.. Now Jd 1is thne number of gpaces into

“~



which the box besm is divided
wave patbterns s2re described by integral values of q
g G&oss not oxcecd
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by the r1ibs.

a =1, 2, 3, ete., but
thero are (J - 1)
(19). In any problem the value of

a

as to glvo a maximum posltive value for

tablishmont of Q,

snd Wg.

B66

13

The varilous

(5 - 1).
wave patterne reproscnted by oquatlion
should be so choson

whore
Honco

After the os-

the roquired slzes of all rib members
2rg obteinod from the necossarily assumed ratios Wy,

Ay,

BEquation (19) applies to a box beam of finlte longth

&, wWhor

c a = JjL.

In this boam the side and the ond

edges of ecach flange aro assumed to be rigidly supported.
The effect of the rigid end supprorts diminishes as_ the

In the 1limit as
equation (19) becomes

length of the besgm increases.
» approaches infilnity,

hence j

where

o'
t

gt o= (1

171 +t,) (b

<2k+>\>
(1,7, +t,) (%)a (zk-x-z-—ii)z + ey @)4“1 <'2k+2--;->-.1 (38)

— = /(v)% - 4a
- 2a!
6 k=00
. TN . 1
ne () Cco- () g
=0
k= .
(5
\k:o k
e =cs =00
\NDa 1
= 8 <b> Z ka Jku
\\k:Q k=0
,kzm
e (55 o) 2
- e (= —
b Ry !
K=o X

a, and

(34)

1<‘T§'>4 - (2k+%>4 (37)

‘-.ﬂ!
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—i(tsréét;) (%)ﬁ <?k*-%>a 55 (%)44- 1s (2k4-%>i£-5(3,

Rk' =
JEY L LN L\ LN .
R, M = 1 -t = - -— - — - k X _

X (lprg .2) (bj3<2k+2 A) s2”<b> 1a (2 +2,‘K) (40)

~In.a box beam of finite length, any one of -('j - 1,
wave patterns 1s possible. In the box bean of 1nfinite
length, any one of an infinlte number ©of. wawe patterns ieg
bossible, The particular wave. pattern, ‘determined by A,

that gives the highest value of Q@ 1is the one which must bs
-used in the dasign T .

Design problem.- The detailed Ppnlication of the pre-
ceding theory to a practical design problem follows the
general outline of the example given in reference 1. Con-
gequently, only the results of the application will dbe

-given and briefly discussed, insofar as they bear upon tho

practlical design of box boams with flat flangoes. o
The dimonsions of the ribs ~nd the flangos arg given
in figures 2-and 3. The matorial is 24S8:T aluminum alloy.
The short-column: and the long-column éurves. for this
flange materlal are "assuned to be, rospectivaly, for pin

ends, 2
' . _ - (48500)° <E>
~ = 48,500 - P (41)
A 47" 10
and -
P_ om0t (42)
A <L>f g

The box boam is assumed to have concontrations of mna~
torial in the four corners in such amounts that, under
tho dosign bonding moment, the forces in the 76-inch-wide
flanges are as follows: '

Tension flango . . . + + v o« + « « « « 96,330 pounds
Compression flange . . + « « o o & o 177,670 pounds

The comprossion-flange force of 177,870 pounds is the panol
strongth botwoen ribs for pin ends. The probdblem 1s to ap-~
ply oguation {(19) and to find ths value of Q r0quirod to
cause buckling at these assumsed flange loads.
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The flanges. of the box beam, being flat plates, are
. Very rigid in their own plane. When buckling occurs, the
slde .edges of the compression and the tension flanges arse
therefore assumed to have no chordwlse displacement. Thus,
the ends of sach rib chord remain fixed in space during =
‘buckling. By the sgame reasonihg each interior panel peint
of the rib %truss should have no chordwise displacement if
it is attached to the flanges. This attachment, however,
might not.bs fully effective in the provention of such dis-
placemonts, Consequently, a calculation was made to do- -
tormine the offect of chordwise displaccements of tho into- i
rior panol polints of the rid truss. From the conditions
of gymmetry, it follows that the singlo Intoerior pansél
peint on the lower rib chord will have only a displaccemont
normal to theo flanges. The two inférior panol points on
the upper chord will havo symmatrlcab digplacoments.

Lot «kz &and kz represcnt the ratio of chordwiso
to normal displacement of the first and second interior
panel points, respectively, of the upper chord of the rib.

Let

- Yprovidea . o=
Qrreclu.ired. ) T

In figure 4, the ratio ¢ is plotted against assumed
values of k, for three.conditions of the tension flange
The significant results obteined from figure ¢ are given in
tavle I. The value of k, that applies in each case ls
the value that makes ¢ a minimum, Inspection of figure 4
or table I shows that k; = 0 gives values of ¢ only
slightly greater than the minimum values. It is therefore
recommnended that the affect of chordwise displacements bs _o
neglected in practical design calculaticns. wBoth figure 4 i
and table I show the very important effect :}\tPe tension
flange in stabilizing the compression flange. This assemplien

grearly simplifres *he coleolu?sen.

Some uncertainty existes with regard to assumptions -
made in the evaluabtion of GJ of the flanges. In order T
to study the importance of GJ, a special calculation was
made to establish £ when GJ = 0. This caleculation gave
€ = 1.11 =as compared with 1.18 in tabls I, Those results
show that GJ was not an important parameter in this’ par-
ticular prodblem. .

‘From the definition of £, it follows that the ribs
are adequately designed if £ is equal to or greater than
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unity. Consequently, the values in table I of f for the
tension flange as constructed indicate a satisfactory de-
sign of the rib as a whole for the assunmpilionsg made. The
dimensions of. the rid truss are such that—one of the as-
sumptions made 1s open to questlon. This assumption will
be discussed at some length in the CGONCLUDING DISCUSSIOI.

DESIGN OF RIB-CHORD MEMBERS TO SPAN DISTANCE

BETWEEN PANEL POINTS OF THE RIB TRUSS

Consideration is given only to the design of the rib-
chord members adJjacent to the compression flange of the
box beam,

. Pheory.- The buckle pattern is assumed Lo be euch that
"tha compression flange wlll have no displacement along llnes
.Joining corresponding panel polnts in successive ribs. With
this assumption, the theory of reference 1 applies providad
that the restraint against rotation of the flange plate along
these linesg is either zero or infinite. In the design prob-
lem of reference 1, f{y) was chosen to correspond to the
condition of zero regtraint. In this report the tlheory of
roeference 1 is extended to include any dogree of elastioc
restraint. Let ’

4S, Dbe the moment reguired to rotate the restrmining
members at tho left end of the chord member
through 1. radian

45y the moment required to rovate the roetralning
members at the right end of tho chord meoembor
through 1 radian

Hn=co
w=£(y) 3 by sin m—;”‘- - - (44)

7

m=1

The energy in the restraining members at both ends
of 81l ribs is therefore

R T (22N -
V=2 Z [}SO %)yﬂ + 45y <-é-:“§4=b (15)
m

or i
=

e - 2 a
Va2 L{so l'f’(O)] + Sy [f'(b)] z by sin 2T°L (26)
i ® .
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¥hen this strain energy 1s included in the problem, the
effect 1s to replace the Y of reference 1 by

2 =3 2

Yo+ —gh—— So [é'(o)] + Sy, [f'(b)] : (47)
T gDy

If the restraints are equal at each end of the rib-chord

member, bthis expression becomes

2 3 |
v o+ 16D g [f‘(O)] (48)
m glx _

In order to complete the solution, the function

f(y) must be derived. OConsider the case of eqial re-
straints, A sine curve will satisfy the condition of szoro
restraint at each ond of the chord member. The deflec-
tion curve for a fixed-end beam under uniform load will
satlisfy the condition of infinite restraint, & combina-
tion of these two deflection curveos can be made to satisfy
any condition of restraint. It is thereforoc assumed that

R N HCRHOR I

whero € 1s a quantity that determines the relative con-
tributions of the two doflection curves to f(y). This
form for f(y) satiegfies the conditions that w = 0 at
¥y =0 and ¥ = b. Since f(y) 1is symmotrical about

¥y = b/2, the value of € must be chosen to satisfy the
following equation for cquilibrium of moments at onc ond:

J2 o -
EI 5—% = 4§, (%3 (50)
¥y ¥=0 . t4 =0

Substitution of f£(y) 4in equation (50 gives

_ m(48,) o _ e em{B1)}

Thus for equal restraints at the ends of -the 'rib-chord.

member, equations (7?) and (8) of reference 1 in the nota-
tion of this paper become, respectlively:
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For the compression flange of finite length

T k=o k= “Eng 2.
b |
Yoy 1
R, . R
— 2jk+ — k+1)-
Pl Jk+q — 2J( )-q
For the compression flange ¢f infinite length,
3
'l'<;n'> 168 :
Y o= Too € L vy v 5 Q . (53)
= = T ng
Y og ) 2
- Ry ! Rk"
k=o k=o

In the definition of coertain symbols th. fuunction
appears. The form of f£(y) as given by equabtion
should be used in all cases.

5 Fh
A~
0
N N

Degign problem.- In order to complete the investiga-__
tion of the rvibs iIn the preceding design problem, the
foregoing theory has been applied to a rib-chord member,
The member chosen 1s the one between the two interior
panel points of the upper rib chord. (See fig. 2.) _.This._
member has the same restraints at each end and, therefore,
the foregoing theory applies.

An important factor that must be considorcd in the .
interpretation of the results 1s the effect of the attach~
ment of the rib chord to the flange on the offectlve mo-
ment aof inertia of the rib-chord member. In itables II and
III and figures 5 and 8, Which summprigc tho roeults, two
assumptions are made. Theso assumptions aro:

(a) Tho flango of tho box beam dooes not influonce
the cffoctive momont of inortia of the rib-cherd memdor.
(See filig. 3.)

(b) The flange of the box beam has such -an influ-
ence as to 1ift the neutral axis of the rid chord up te
the point of attachment to the flange, but only the area
of the ribd chord 1s effective in the computation of the
moment of inertia. ‘See fig. %.)}) Let £ for the rib-
chord member bYe defined as follows:

t = (ED)provided _ (54°
(EI)required

14
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Thus §; and ¢ denote that (EI)provided is calculeted
in accordance with assumptions'(a) and (1), respectively.

The panel points of the rib truss in figure 2 divide
the compression flange -into three equal parts. Thus the

7670
compression force in one part is lzgg—‘ or 59,220 pounds.
Similarly the width b 4is =& = 25,33 inches. In tables

3

IT and III are given the signiflceant results for these as- """

gumed values. Inspection of these tables shows the im-
portance of assumptions (a) and (b). Hence, rescarch is
needed to establish the effective momont of inertia of
the rib~chord member. '

Tables IT and III show thc large offaect of restralnt
at tho onds of the rib-chord mombers and that the restraint
"as providod! in this problem waes so small as to have only
n slight effoct on the values of . Comparison of corro-
sponding values of § in tables II and III shows the im-

portant effect of GJ of the flange in the case of the

rib-chord caleculation,

The rib-chord member is adequately designed if £ is
equal to or greater than unity. OConsequently, the values
of £, and & in tables II and III indicate that, for

the restraint "as provided," the rib-chord members are not

rdequately designed if assumption (a) or assumption (b)

is correct. ' T T -
In order to establish the force in the compression

Tlange .for which the rib-chord menxber ie adequate, flg-

ures 5 and 6 have been prepared. The broken-Iine curves
in these figures for J infinite were included to show
the small effect of incressed length over that of five rid
spaces. Figures 5 and 6 show that the allownbdle flange
forces in a box beam of infinite length sre, exprosscd as
a percontage of the origlnal assumed force of 59,220
pounds, ' ' R—

Agsumption (a) and GJ as calculated . . . . . . 68,3
Agsumption (b) and GJ as caleculated . . . . . . B88.6
Assumption () And GJ = 0 . . . . . +« « « « « « B7.0
Assumption (b)) and GJ = 0 . . +« + & « v + .+ « . 82.0

FTrom this tabulation it is concluded that, L1f assumption
(a) applics, the buckling load 1s betwoen 57 =and 63 por-
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cent of tho desiroed value of 59,220 pounds. If assumption
(b). applies, the buckling load is botween 82 and 89 por-
cont of 59,2320 pounds. ‘

CONCLUDINWNG DISCUSSION

In this papor theo dosign of truss-typoc ribs for box
boams has boen rosolvoed into two basic probloms: (1) the
deslgn of the rib as a whole, and (2) the dostgn of tho
chord mombors of the rib.. Accordingly, this concluding
discusslion will bo concerncd with thesec two phasoes of tho
problcm, '

Doelgn of rib as o wholce.-~ In tho dosign problom tho -
rib had four webd members. {See fig, 2.) TFor this rid i%
was assumed that ’

my
fl(y) = fa(y) = gin - (55)
Had there been many web members, it would have been Justi-
fiable to have assumed a form for the functions f£,(y) '
and f (y) that took into maccount the effect of fixlty at
each end of the rib as ~ whole. - Had this diiferent form :

been chosen, the calculated values of £ would have been
highar than the values given in table I. It is thersfore
concluded that, for a given amount of materinl, a rid with
mnany webd members is desirable. Other important factors
will, of course, limit the number of web members.

In the calculation of the rib as a whole, it 1is nec-
esgsary to assume thot the chord mémbers are adeqguately
dosigned. If they are inadequately dosignod, tho rib as
a wholo cannot function in a complotely satisfactory man- -
ner.

The function of the rib-chord members ad jacont to tho
comprosslion flange is to stabllize tho comprossion flango _
between tho panocl points of the rid truss., The function of
. the rib-chord members adjacent to.the tension flange is to
. Zather up the stabllizing forces from the tension flange
.and to transmit these forces to the panel points of the rid o

truss. When fl(y) was assumed to have the value glven

by eguation (55), it was assumed that the rib-chord member
ad jacent to the tension flange was properly per:orming
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this fiunction. KNow, the results obtained in the design
problem showed that the tension flange plays a very lmpor-
tant part in stabilizing the compression flange. Gonae-
quently, the rib-chord membeprs adJjacent to the tensicn
flange must be very important members in the rid. Thesa
chord members are much longer than the rib-chord members

ad jacent to the compression flange, which were found to be

seriously underslgze, Although no calculation has bean
madoe to establish tho roquired &ize of the rib-chord mem=-
bers adjacent to the tension flange, there 1ls reason to
suppose that these membesrs may also De undersisze.

If the rib-chord members adjacent to the tension
flange ars not adequately designed, the tencsion flange
does not provide the stablillizing influence to the compres-—
gslon flange that was lnhersntly assumed in the design
problem. It can therefore be concluded that the actual
valucs of £ are less than the numerical valucs of table
I. Honce, the rib as a whole is probably loss adequat61J
designecd than was calculated.

Design of rib-chord memberse.- In ths design problen,

a restraint was calculated for the rib-chord moembors and
this restraint was insertod through € in the functlon

f(y), which was =lso assumed t0 apply in tko doflection of

the flango between rids. It was further assumed that the
flange had no normal displacement along lines joining
corresponding panel points in successive rlbs. Soth of
these assumptions introduce restralnts not actually pres-
ent in the structure; consequently, the calculated values
of ¢ =are higher than they would have been 1f more aceu-—
rate assumptions had been made. This fact indicates that
the rlb-chord members should be strengthensd more than
indicated by the calculations of the design prodblem. It
also mesns that the allowadle load for the sizos provided
is loss than calculated.

Lftor the ostabllsnmonﬁlof the fact that the rib-chord

membors arc not adcquatoly designed to stabilize tho com-
prossion flango, the noxt logical quostion is how the do-
-si1gn should be corrccted, From tho consorvativo solution
of roferonco 1, tho roquired EI of. a rib-caord momboer is
concluded to vary as the fourth powor of the width ©b.
This conclusion suggcests that the bost moethod of strength-
cning tho rib chords is to reduco the distanco Betwoon tho
panel points of the rib truss. Consequently, addlitional
web members in the rib truss.sare desirable. These added
web menbers also strengthen the rib as a whole.
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In order for the rib-chord members and the ridb as a
whole properly to perform their furctlion of stabilizing
" the compression flange, bthe connection of the web members
to the chord members of the rib must be properly desi-nod. -
If the. webd and the chord members of the rib are of ade-
‘quate size and the connection is sufficlient to develop
the full .strength of these members, the entire rid is ade-
gquately proportioned. As herein used the term Beull
strength" includes the axial, tne bending, and the shear
strength of the members. If the restraint of the wed mom-
bers 1is to be relloed upon 1in the design of the rib-chord
members, 1t 1 necessary that the Jjolnts of the rid truse
te properly designed to perform this function; otherwise,
a failure of the Joints can be expected.

Langley Memorial Aeronauntical Laboratory,
Natlional Advisory Committee for Aeronautics,
Langley Field, Va., July 7, 1943

APPENDIX .
RESULTS OF COMPRESSION TESTS ON CORRUGATED. PAWELS
FIVE BAYS LONG LATHRALLY SUPPORTED BY !

A SIMPLIFIED RIB STRUCTIURE

After the forcgoing thoory and examplcs had been coun-
plotod, a number of test spocimems of tho type shown in ‘
figuro 7 wore constructcd in ordecr to provide exporimontal

data on tho desigh of rib-chord membors to span the dis-
tanco botweon panel points of tho rib truss. Tho propor-—
tions of the spocimons were so choson as to show tho of-
foet of. variation in disetanco botwocn panel points of tho
rib truss on tho strongith of the coumprossion flarngo of tho
box beam. Tho width of thesc spsecimons- werc as follows:

Number. ¢f . |- ‘ - Dietancoe between ]
specimens _ .| . Width of- specimen : centor l1lines of
provided L ) ‘ -.supporting tubea
: (in y - : . (in.) ]

2 19.3 © . 18.6 .

1 24 .6 23..9

1 30.0 29.3

2 35.4 : : 34.5
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*The specimens were mounted for test in the 1,2300,000-
‘pound-capacity testlng machine in the NAGA structures re-
searchk lzboratory, as shown in figure 8. The simplified
rid structure used in the test specimens was attached %o
I-beam supports. On the assumption that the chord member
of the rilb structure possessed a bending stiffness suffi-
cient to make it equivalent to a riglid memboer betwcen its
end supports, the proportions of the I- beams werc made
such that their stiffness, in combination with that of tho
supporting tubes, was greater than the minimum reguircéd to
be equivalont to0 a rigld support. The ratios of the stiff-
ness provided to this minimum required stiffness for the
differont panel widthe are:

Panel width Ratio
(1n.) .
19.3 Greater than 2.50
24 .6 ' " Greater than 2.02
30,0 Greatsr than 1.71
35.4 Greater than 1,50

The minimum required stiffness used in the comﬁita-
tion of these ratios was computed by use of equation (72)
of refsrence 2. - :

The foregoing ratios were calculated on the assump-
tion that the onds of the panel were supported on knidfe
edzes, whereas actually the panels were flat-ended. Be~
cause the support provided the test panel was greator than
the minimum required to be equivalent to a rigid support
and because no structure can provide greater than rigid
support, the load developod in the test pansl should bo
oqual to or groater than the load that would be devoloped
if thoe pansl were part of an airplane structure.

For tho first serics of tests, which included one
pancl of each width, the longth of tho tube supports C
(goe fig. 7) was 32.5 inchos. In thesc tests, ultimate
failure occurrod in thoe supporting tubes; the type of
failuro is evident in figuroe 8. In the caso of the spoci-
men 30,0 inches wide, a fallure (fig. 9) also deovolopod
in the chord member of the rib structurc. It 1s not xnown
vhother this failure occurred before or after the support-
ing tubes failled, as shown in figure 10. 1In this pancl,
as woll as in tho widest panel, thers was a markoed tonden-
cy for tho chord member of the rib structurc to doflect
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normal to tho panel prior to fallure. Only tho 30,0-inche-
wide panel appeared to be damaged by these tests. The 35.4-
inchwwlde panel, which appeared to be undamaged, was equlpped
‘with a new set of 33.5-1inch tube supports =and retested. Thig
‘panel developed about the game load as in the first toest.,

The panels 19.3, 24.6, and 35.4 inches wide were then
rebtested with the length of the tube supports reduced_to .
12.5 inches. In thege tests, failure occurred 4in the chord
membexr of. the rib structure rather than in the supporting
tubes. (See figs. 11, 12, and 13.

The resultas of the tests are plotted in figure 14 nnd
indlicate clearly how the ultimate compressive lo=4 on the
panel per inch of wldth is reduced as the pangl width 1ls
increased., It can also be ssen that the shortening of the
tube supports did not increase the ultimate loads. Either
the first tests damaged the panels to such an extent that
no higher loads could be developed, or the shortening of
the tubes 4id not railse the strength of the combination.
The fact that the fallure seemed *ov be concontrated in the
tubes when they were long and shifted to the chord member
of the rib structure when the tubes were shortened indi-
cates that the proportions, of the specimen in the firsst
case were Very nearly such as to make the two types of
failure equally likely. Shortening of the tubes would then
slter the proportions 4in a manpner that would bring about
the transition from fallure of the tubes to failure of the
chord members. The fact that a fallure did occur in the
chord member for one of the specimens testod with the longer
tubes further indicates that the ultimate loads for ths two
types of failure were very nearly equal. On thse other hand,
the fect that. the panels 19.3 and 24,6 inches wide with
12.6-inch bube supports failed by a small margin to devel-
op the logds achieved by these sgame pgnels with 32.5-inch
tube supports indicates that the panels may have been dam-
aged somewhat by the first tests. The duplicate specimens
19.3 and 35.4 inches wide, which have not been tested, may
be used in a further study of the effeot” of the gize of
the tube supports, should it appear advisable to continue
this investigation. -

The signiflcant conclusion to ‘be drawn from the test
results presented in this appendix is that the failure
was not restricted to the panel bstween ribs, as is cus-
tomarily assumed 1n design, but xrather involved the panel
snd rib structure as A unlt and, 1n every case, caused
failure in the rib structure.
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If the type of failure that occurs in the structure
differe from the type that is mssumed 1n the design calcu-
lations and if the strength for the type of fallure as-
sumed in the design calculations is correctly computed,
the structure must have developed a strength less than
that computed in design., This principle is fundamental in
structural theory and is verified by the results of those
tests.. The pin-end column strength for a panel 16 inches
long and 25.33 inches wide is 59,220 pounds according to
the oxample in the body of this report. 4s the failure in
these tests was not of this type, but involved a fallure
of the rib structure, a lower strength should be expected.
From figure 14, the experimental strength of a panel 25.33
inches between tube supports is estimated to be 1980 pounds
per inch width of panel. Ths total load for =a 25.33-1nch
width is therefore 50,150 pounds. This value represents
85 percent of the pin-end column strength of the panel be-
tween ribs. .

The experimental value plotted in figures 5 and 6 at
an abscissa of £ = 1 and an ordinate of 85 percent shows
that assumptlion (b) is approximately correct for the eval-
uation of the eoffective ZEI for the rlb chord in this par-
ticular example. Had the proportions of the rib chord
differed in relation to the proportions of the corruga-
tions, this assumption might not have been so well checked
by experiment. -
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" TABLE I
RESULTS FOR RIB AS A WHOLE : :
[§=5; L =16 in.; GJ as calculated]

) . . '4$
Cg:ﬁi?égnfgﬁnge . [ {for kg = 0) (for ko at minimum)
Absolutely rigid - | 1.66 _ 1.66
As constructed l.18 - T 1.1%7
No rigidity .58 - +55
TABLE II

RESULTS FOR RIB~-CHORD MEMBER
[J=5; L=16 in.; GJ as calcula@ed]

Reatraint at ends of ¢ a z ‘
rib-chord member $a b
Infinite - : 1.509 i 3.596
As provided 1.50 .280 667
Zero 0 _ . «265 f 632

TABLE III
RESULTS FOR RIB-CHORD MEMBER
[ =5 L=16; 67= 0]

Restraint at ends of c £ z )
rib-chord member a b
Infinite o 0.965 ' 2.298
As provided 1.50 .191 " 454
Zero o) « 183 © « 436
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Figs. 9,10

Tigure 9.- Failure of the chord member of the rib structure of panel 30.0
inohes wide with supporting tubes 33.5 inghes long.
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Figure 10.- Panel 30.0 inches wide after failure with supporting tubes 33.5"long,
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rigu:e 1l.=- P;nel 18.3 1nohel wide artor tailure with luppcrting tubes 12.5 inches
long.
L

Pigure 12 - {a.nel 84.6 inches wide a.i’ter failure with supporting tubes 12.5 inches
ong.



"ON 230N Teotuyos] VOYN

298

“31d

21




NACA Technical .Note No., 866 Fig. 14

2400 C e

o .
8 z
X \o
i 2000 X _ e
=t ) -
] 8
£ 1600 o
E
L
o pa—
rs -
4
£ 1200
@
. I<h
1 -
]
800
O First test, tube supporis
32,5 inches long
I Re~tested , tube supports
32.5 inches long
400 X Re~tested , tube supporis
12,5 inches long
o 10 20 30 40 )
. Distance between center lines of supporting tubes , in. o

4]

Figure 14.~ Effect of panel width on gompressive strengthe



