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SHEAR LAG IN BOX BEAMS
METHODS OF ANALYSIS AND EXPERIMENTAL INVESTIGATIONS

By Paul Xuhn and Pabrieck T. ThHiaribso
SUMMARY

The bending stresses in the covers of box beams or
wide—~flange beamg differ appreciably from the stresses pre-—
dicted by the ordinary bending theory on account of shear
deformation of the flanges. The problen of predicting'
these differences has become known as the shear-lag nroblen.

b
;..4.

_ The first part of the paper deals with methods of
shear-lag a lv 2s suitable for practical mse. “The Dasic
elements of taese methods have been published in previous
papers, out the treatment of these retheds presented in
this »naper is consolidated agd inproved in several respects.
The nethods are sufficiently general %to cover any arbitrary
spanwise variation of cross section and loa@ing a® well as

chordwise variations of stringer area, Btringer spacing,
and sheet thickrness. Methods of analyzing the effects of
cut—-outs are alsc given.

] The second part of the naper describes strain-gage
tests nade by the NACA to verify the theorye Three Wests
were made on axially loaded parnels of variable cross sece—
tion, six were made on bearms of variabdble cross section,
and three were mpde on beams of constant crogs section for
extrene or limiting cases. Threc tests published by other
investigators are also analyzed by the proposed method.

In order to make the test of tae the OTry as severe as

Possidble, the NACA specimens were designed to show larger
shear~lzb effects than may be expected in typical present~
day construction. The agreement was quite satisfactory

even in extreme cases such as very short, wide beams. Sat-
isfactory agreement was also found in tests on the linit-
ing case of a cover without stiffeners; this agreenent
shows that the theory is applicable to the case of heavy
cover »nlates used without stiffening or to cases in which
continuous stiffening in the form of corrugated saeet is
wsed.

The third part of the paper gives numerical exanples
illustrating the rethods of ana l"s1s. An anpendix gives
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with qther methods, particularly with the neth-
and Xoller.

H n
2

The bending stresses in Yox beams do not always con-
form very closely to the predictions of the engineering
theory of bendinz. The dewiations from the {theory are
caused chiefly by the shear deformations in the cover of the
box that constitutes the Fflange of the bean. The probdlem
of analvzing these deviations from the engincering theory

of bpendin= has becomrme known as the shear-lay problen, a
term that is convenient although not very descriptive.

The most important case of shear-lag actlon occurs in
the wing structure. The cross section of the wing usually
varies consideradly along the span; analytical solutions
based on the assumption of constant cross section are

therefore of little practical value, and methods of analysis

have had to be develoved to cope with the conditions found
in actual structuros. The dovelopment of such metihods has
been continued over a period of several vears (reforences 1
to 3) and it is now poss

rounded- prescntation of

.

ible %0 <ive a reasonably well-
practical methods of analysis.

The paper is divided into taree parts. The first part
discusses the methods of nnaly31o. The soccond part de-=
scribes tests made by the WACA and shows conmparisons Dpo-
tweoon experinental and calculated results for the NACA
tcsts ds well as for tests nmade clsewhere. Nunerical ox-
anples tior dllwstrate the nmethods of ‘analiysiis are presented
I b her thimd. pard. ‘

The method of nresentation chosen is intended to neet
the needs of the practieins stress analyrst. The paper con-
tains the information actually needed in stress analysis;
detailed derivations and discussions have Deen onitted,

but they may be found in several of the cited references.
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DEFINITION OF THE PROBLEM AND BASIC ASSUMPTIONS
orr the problenm nav be stated

lest T
iffered or unstiffenred, is fastened
to a :oundation along e elge

ge "and logded along tahe two
edges perpeniicular to the foundation by distributed or
concentrated forces as indicated in figmre 1, Bas gheoet
may be a structure in itself (fig. 2(a)) or it mar be the
cover of a2 box beam (fig. 2(v)). The problen is to 7ind the

stresses in the ~oct.

As shown in figuro 1, stiffencrs are theoretically
necessary along the dea cdges if concentrabté& forces P
are iantroduced boc~uso the gtresses would otherwise becone
infinite These cdge stiffomers will be referred to
througho ut this paper ns "corner flanges" or sir ply "flanges
Other stiffencgrs parallel to the loadod edagos - wil} ‘be re-
ferred 4o ns ‘louéituﬁinals" or ¥stringers™; these stiffen-
ers na¥ or nav not exist ir anv given cnse and besta s gl ol 1+ o o
not e atbached to the foundation.

structure is always syn-
ne * % = OF,- ale d%-

e problen witihout decreas—
he thevbry very —uch be-—

It will be assuned that tho

al pla
sunption nateriallw sinplifies th
g the practical usefulness of t?
couse nos t practical structures are at least approximately
synnetrical. On account cf tae symmvetry, 10411 ‘Do YL Li~
cient to consider one-=half of the utrucuure iw qll “deorivh-
tiong and computations

It will be assumed that infinitelw many rivs of iafi-
nite extensional (chordwise) stiffness are distributed
along the span. An equivalent assumption is frequently
made in theoretical solutions of stress problems. . The as-
sumption is plausible in this case because it ig Teaisly

obvious that the extensional stiffness of ‘the ribs together
with the lateral tending stiffness of the flanges between
the ribs i uvf1c1ont to take care of sueh transverse
stresses as might arise from longitudinal forces and stress-—
&8y «The fic ¥ peegf 4bat v4dé agsumption of rigid ribds is
admnissible rust, of course, be furnished b~ experinments

e >scribed in the second parxt of this paper.

The field of shear—-lag analyvels is wve ¥ exbensive; it

rer
was therefore considered advisadle to confine the discug-—

1"
.




gion, In general, b beans with flat coverss {The nost gen~

eral nethod of analysis Siven in this paper can be very

eadily extended to beans with cambered covers and tais
extension is therefore given. An approximate method for
dealins with moderate arounts of camber is =iven in refer-
ence 2.

ANALYSIS OF SINGLE-STRINGER STRUCTURES

Structures dike these 'shown in fieure 2, haviang but a
single strinser, are rarely encountered in.practice. Nev-
ertheless, the analysis of single-stringer structures will
be fully dﬁscussed for several reasons. The imnediate
reason s that the fundamental: relations as well as all
the nethods of analysis can be easily deronstratcd on this
type of stricture. A:pore irnportant reason ig the fact
that the nost rapid nethod . of analyzing rultistrianser
structures is based on the tenporary reduction of the
nultistringser structure to a sinzgle—-stringer structure.

Sign Conventions

The sisn conventions adopbted are asg follows® ' Normal
stresses and strains in the strinzers and the flanges are
positive when they are tensile. Shear stresses and strains
in the cover shoet are positive wihen they are causecd by
positive strains in the flange. Shear stresses in the webd
are positive when they are causing positive strains in the
flonseg

The compression side of the beam is analyzed independ-
ently of the tension side. It is therefore permissible and
convenient to retain the sizn convention just given for the
analysis of the compression side, changing only the defini-
tion of stringer stresses to positive when compressive.

In 3eneral, the posgsitive directions: of
axes will Dbe taken as shown in figure 3. I
particulsrly for analybiosl . solutions il

St re ‘eon ren
ient to use the opposite direction Por the positive x—
direction because the resulting formulas are simpler

(See, for instance, formulas for axially loaded panels
references 1 and 2.)




Fundamental Eguationsg and Analytical Solutions

For purvoses of shear=lag analysis, all structures
are idesliged in a manner familiar, for instanece, from the
design of plate girders. Stringers arc assumed to be con-
centrated at their centroids; the iIdeakized shoetl i's ads=
sumed to ‘carry ‘only shear, but the faect ‘that the aetual
shect carried lonzitudinal stresses in addition to the
shear is taken into account by addins. the well-known effcc-
tive wildth of the sheeot to the stringers. The participa-
tion of the shear webd in the bending action is expressed
by adding 1/6 htg to Ap, “which makes the scction mod-
ulus of the idealized section equal to that of the actual
sectione Fisure 4 shows the idealized cross secitiens of a
single—~stringer panel and of a single-stringer Beoams The
standard basic symbols used in this paper are iandicated in
this figure. A compléte ligt of symbols is 3iven in ap-
pendix A

Ficure 5 shows an idenalized single-stringer veam of
constant cross section subjected to ~ trwnsvcrso legad at
the tip. Inspection of the free-body diagrams in fisgure
5(b) shows that there nre two equations of static equilio-
rium,

Fp = Sy - - 45g . $1a)

jo N

{ aF; = dsg (1%)
where SV is the shear forceoim the wed, in thid ease
egual to P; and dS8p = T ¢ dx, where T denotes the

shear stress in the cover shecet.

Under the assumption of infinite transverse stiffness,
the relative longitudinal displacement (up = up) of two
corresvonding poiants on the flanze.and on the 1lbazitudinal
divided by the width b wcxlnov thc shear steainm ¥ and

~therefore the shear stress (fi?. 5(c)). Boeause the

displaocenents 1 . are given by The cxpression

T=% J

G > - - . - . .

= -ﬁ dx, Jdifferentiation 3ives the basic elastic rela-—

x==k
tion

(TRTOE B FLh o s TF (1e)
b B L




wheries 58 ledls 3
aceount the effeec
(o weldib) 4 amd of
tial equation, an

tive shear modulus, whHich takes into

buckling when necessary. Xquations
) can be -combincd 6 form a differocn~

d this couatieon can “be 'solwmed for sinmple

cCape g9 depnundber o©f seliutivors are Siven In re?orcnces L and
e

28 sinilor solutions hawe becn given by otaer authors.
These anglytical solutions are of some wvaluc ir making
comparative studiecs and in studring warious aspects of the
shear-lag problem. For practical stress analyrsis, however,
numerical methods capable of dealing with arditrary wvari-
ations .of cross sectian and loading are reguired.. Two such

ctho@s will be described: the solution by menns of a re-—
currence formula and the seolution by successive shear-
fault, Poductions

Analysis of Single-Stringer
Structures by the Recurrence Formula

hode-

alyzing ‘ol beamuwof varinbile eross sectiionyis o
The beoom ig divided into a convenient numb' of
such a way that the cross section and tho runaip
the wed Sg/h mar be nssumed to be comstant wit
bay. The shear deformation in the .cover sheet of each bay
is computed in terms of tho unknown forees acting between
bayse Application of the principle of consistent deforma-
tions then gives a set of equations, similar in form %o
throc~noment equations, for the unknown forces.

Principle and scope of met Bheo pPineiple
g e o

nto aceount
ng the span..
milar to those encountercd in obther

trloutlon in eases of wvariable gross

Thogretically. %
any . wvaoriafion of eres
The limitations are s
problems of stress di
geelkion grd loading,

v

he method permits taking
g séction and loading al
e

Recurrence formula for shear laZ.- As stated in the
preceding éoction, the benm is divided.,inte a,asbdmber of
bays; the cross section and the wed shear Sg/h are as-
sumed to be constant within each.bay. Tae lengths of the

te

bays need not be equal nor need they be small, as is often
required in similar mothods. In the limit, a single bey
may spen the en€ire lencsth of the beame The system of num=

bering the sbwtions and fthe bavs betwecen stationg is shown
in Flevure 6.

Each individual bawv can now be treated as a free body
subjected to certain forces (fi=z. 7). These forces can be




split ianto two groups (fig. 8): one Iroup consists of the
foreces caleulated d¥ the ord linary beading theery, which
asgtrnes no shear deformation; the other sroup represents

the iifferecnces betwoen the nctual forces and the Torces
0f tae first group or, in other worde, the changes da
fTorccs coused by the shear deformation of the cover sheet.

The first group of forces will be designated P-forces
to indicnte that thew are calculated by the theory that
assunes plane sections to romain plane. Individual forces
~nd stresses belongincg to this group will be denoted by 2
superscript ‘P, The calculation of these forces and
stresses is familiar to every engineer and consequently
necd not ve discussed in detail.

The second group of forces will be desisnnted X-forces
Because the P-forces on nny one bay are in static equilio~-

rium, the X-forces on any onc bay must be a self-equilidbrated

sroup longitudinally; that is, at any given station the
force Xp acting on the flange must be equal and ovvosite
to the forece Xg acking o

sion was anticipated in figure 8 by writing X without F
and Iy ' ‘ . '
The shear deformation of the cover shoet can now be
calculated in terms of the known P-forces and the unknown
X-forces; the details of this calculation areée siyen in refw
eronce 3. Equating the deformations at the adjoining ends
of successive days vields the recurrence formula
s N R s 2
Xn~1 9y An(pn . n+1> " Xn+1 Ay +1 Yﬁ Yn+l ( )
where
pI‘ = _____.....K._.._.__._.... i = (5&)
Gt tanh XL
(3%)
Qe T ; a 3D
n G¥ sinh XL
i S @
¥, = oo U (5c)
h¥dqf R ¢

K is n shear-lag paramcter appearing inm all analytieal so=
for sing 1o~str1fﬁcr struetures (references 1 and
2) and is defined by

n the lencsitudisgl. Phis oonclu~g;

Sl S'isl'-




(4) >

In equations (3a) to (3c), each individual quantity should

be nndeprsbeod tio have a subseript =,
erase wvalue for the bay in gquestion.
that thig statement applies to - L,
as the length of the indiwvidual bay
the length of the entire bean.

Steictly spoaking, all coeffici
this papver should have a supersgcript

indieatin~ the av-—
Note should beé  tiaken

whiech 49 to be taken
ImMguestion, n

Noeo as

s Yolmbpearing ia
These super-—

scripts have been omitted because they are'not needed in
the actual use of the equations; they are needed only in

the derivation of tae

Written ia more explieit form, &

equations (reference

VN B¢
S

he equations are

Xty = X (py + po) + Xgap = =Yy + V2
X192 = Xa(py + p3) + Xga5 = =Yg + Y5 4
e - ® ® ¢ R Y
4 4 ( " ] e :
Xn-1% Xn‘pn . 9n+1) * Xpr1ln4a T Yot Yat1 > (5) 4
Xpo1dp = X (P + Pryy) = wllep # Yr+1

2

1t will De nobed that the externally
onky in Bhe jecefficiente Yy for any
the left—-hand side of the equations r

chafzes ‘o¢cr in the loading,

Boundary conditions.—~ Before the
(5) can be solved, the bouniary condi
at bhe roeot must be defined. @At the
cases may arisc:

(1) Only a transverse fore
In thisg case, X, =

(& B0

(2) A longitudinal force P nma
9(v)). In this case.

'A-'r
XO = P"""H

/

applied load appears
ziven beam, .then,
emains unchanged if

vstem of equations
ong at the tip and
P, bhe Followins

3]
.
L
.
ot

i
t
appiiod {219.. B(a))s

v ve introduced (fig.

Asde




is the only force applied
and the

When the longitudinal force P
to the beam, the idealized shear wed is inactive,
probiem ie that of an axially Yoaded panel.

Lt the root, the following cases may arise:

l. The flange and the longitudinal are connected

to a ricid foundafiens

2e The flaonge and the longitudinal are connected
to a foundation that deforms under load.

The flange is connected to the foundationy the
lonzitudinal is not conneected.

[ex]
.

This system of classifying the possible ecasecs is dbased
on the convention of defining the foundation as the station
where the vertical shear is taken out.

Case 1 at the root arises in practice when a wing is
continuous from tip to tip., The »nlane of symmetry is
equivalent to a rigid foundation. OCase 2 arises in prac-—
tice when a wing is joined to carry~through members pass-—
ing through the fuselase. OCase 3 has becen used in prac-
tical design to facilitate the assembly of the wing to the
fuselage by reducing the number of bolts to a ninimum,

The foundation may be considered as bay r+l. In

case 1 therec is no shear deformation of bay z+l, .and
Ppsg as well as ¥.,., equal zero., In case 2, Yot g
cguals zero, because no shear is carricd in day P¥1l: the

deformation of the bay depends only on the axial et1*1~
nosses of the flange and the longitudinal passing throush

the fuselage, and
1 i
pI""l . <1IF L}

where L is the distance from the wing root to the plane
of symmetry of the airplanc,

(7)

ml“

Ia case 3 tem cannot be

the last equation of the sy
and X, 1

3
used, is found by inspection t6 e

= 8
: T3 1Y ()
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Calculation of stresses from X-forces.- After the . sys-—
tem of equations (5) has been solved, the loanzitudinal
stresseg ~re. found by superposing on the stresses caleul ot
ed bv the ordinary bendinzy formula the stresses calculated
Trom the X-~forces

GF = CFP i X/'AF ) ; (9\"‘.)

and

where OP is the stress calculated by the ordi

formula. In the case under discussion, where the beam has

ne . comber, g
= B M

a. = 0. = ———— 10\
F e 0L b Am ( i

The runring shear in the cover shoet of bay n close ¢
the invoard end of the bay, that is, close to stat
is given by the formula

(Tt)r' > /;——£> + X Sl Bt Ly R (11a)
i \B g ~3 el Bl . feshma St

eada ThaNe e that is, near station
unning shear in the cover sheet 1s

n
SA7 X X,
(Tt>P ____) s W 8 - B T %—?" (11%)
2 \b Ay z tarh KpLy ginh &, Ly

For some applications it is desired to compute the
averase Tunning shear in & Ddaye. If #he bay is nolt top
long, this Average shear may be obtained by averaging the
shears at the two ends of the Dbay computed by the formulas
Jugt 2iven.  MBhe wenuld isg

SA'L 4

(T8,) = (T_f~ s BT, - B ) Wk gl HLe)

An alternative way to compute the avernge shear is to use
the basic static relation (1d)




11
(TtL)y = 7 - B : (114)
Tt 2 Ll’l Ln-‘l

Formuln (11d) gives the true averase, while formula (1llc)
is approximate.

Influence of taver in depth and width.- When a bean
is tapered in depth, it is necessary to remember that pwrt
of the vertical shear is carried by the inelined flange
and longitudinals, so that

S = S - % tan i (12)

where 1 ig¢ the inclination of the tension flange with re-
spect to the compression flanze.

Vhen a2 beam is tapered in width, neither the ordinary
bending theory nor the shear-lag theory is strictly a2ppli-
cable, The error caused by applyring the ordinary bendinz
theory, however, is small for normal angles of taper; to a
similar degree of avpproximation, the following avproxinmate
method of shear-lag calculation may be used.

Agssume that the taver is removed by making the widths
b at all stations equal to the width b, at the root.

At the same time, increase the sheet thlcknes es in the
ratio br/b. The result will be an untapered dbeam that
has the same shear stiffness Gt/d at any station as the
actual beam. This method of procedure assumes that trans—
verse conponents of longitudinal forces can be neglected;
this assumption is in keeping with the asgsumption of riszid
nibis ;

It should e noted that the parameter K (equation
in any bay of the Fictitious untapered Dean is equal
e corresponding parameter X of the actual tapered
beam, dut the coefficients p, ¢, and ¥ of the ficti-
tious bean differ from those of the actual bean by the
ratio /bp. It ig stated in reference 3 that the effect
of taper in plan fornm might de more pronounced than is in-
dicated by the nmethod just given. Re-exanination of the
test data in the light of the additional test ‘experien ce
gained since reference 3 was written temwds to show tha

the nethod ziven here is sufficiently accurate for thc ta~-

per ratios likely to be encountered on win3s.
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Anslysis of Single-Stringer Structures oy
Successive Shear-Fault Reduction

Principle and scope of method.~ The principle of the

method of successive shear-fault reduction is as follows.

l.l
(7]
8
D
%}
(0]
(o]
H
c+
[
(0]

An estimate stresses Op in the Tlanze;

the stresses o in the lonsitudinal are calculated by

statics., By the application of the basic equation (lc)
and a process of numerical integration, the spanwise dis-
tribution of shear force in tae sheet can then be calcu-
lateds On the other hand, application of the basic equa-
tion (19) also gives a spanwise curve of shear force in
the sheet. The two curves will not azree excevt dy acci-
dent becguse the estimated valuesg of op and Oy, will
not fulfill the elastic relations and the boundary condi-
tions except by accident. The difference dbetween the two
curves will be referred to as the curve of "shear faults."

The existence of shear faults in the calculation
proves that the assumed stresses Op do not constitute A

the true solution of the stress pr

oblem, for the specified
external loads. The assumed stresses
ik

Oy constitute,
however, the true solution for a c ely related problem,
namely, the structure subjected to e specified external
loads and, in addition, subjected to a system of external
ldads equal ta the ghear faults. 0Obviously, then, the de-
sired ®soluiion can be odtained from the assumed solution
by .deducting the effects of fhe shear faults, Tais deduc-
tion is effected by superposing th fects of corrective
external shear forces that are ass to be applied in
r a

opposite direction to the ghear Ta

If the magnitudes of the corrections were made equal
2 , the basic static equation (1) would be
fulfilled at each station but the basic elastic relation
(le) would be upset. As a compromise betwcen these con-

flicting requirements, tde correction is made equal to

¥ 51
one~halt of the fault.

o
= O
(<
n

Because transverse forces are absorbed by the ribd
svstem and are not considered, the introduction of an ex- .
ternal shear is equivalent to the introduction of a pair
of equal and opposite foreces., By St, Venant's prineciple,
the influence of such a comdbination of forces is felt over v
only a limited distance. In order to simplify the computa-
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tion, it will be assumed that the influence of each cor-—
rective force decrcases to zero at the next station. ZEr-
rors introducecd bv this simplification will be small and
will eventually ve eliminated by repesating the process of
correction,

Application of the corr ective forees to the initial-
1y assumed values of Op and o, ¥iclds a new gset of
values for op aund. oy, and The entire procosgs is ro-
pbeated. It will bve found that theicerrective rtorees are
becoming smaller with each repetition of the process, so
that the solution will be obtained by a sufficient number
of repetitions. In theory, the computation is finished
when the corrections to op and o0y are reduced to one
unit of “the lLast siecnificant figiire of O OF Gy~ In
practice, the computation will often be finisghed sooner at
the (digerebion gf the anal¥sbe

For single—stringer structures., the method of succes~
sive shear—~fault reduction is unlikely to be favored over
the recurrence formula because the time required for a
solution depends very much on the abdility of the 'analyst
to make a <ood initial estimate of Op and 07, The time
required for a 'solution by means of the recurremee formula,
on the other hand, is almost independent of the skill and
the experience of the analyst because the only item left
to his choice is the number of days. The mnethod of shear—
Tault reduction for single-~stringer structuresg, however,
is the direct basis of the most general method for analyz-
ing nultistringer structures, and this .fact justifies the
description of the nethod. ‘

o
»
a

.Method of successive shear~fault reduction.~ Ian order
to apply the method of saear~f vult reduction, the beam is
divided nto a convenient number of bays. Because the
computation invglves numerical integration and differenti-
ation, the lengths Ax of theseée bays must be chosemn fair-
ilE e smulW so thoat no appreciable error is made by assuming
the stresses to. vary linearly in each bay. Five bays may
be considered as the minimum. In order to reduce the tine
required for computation and the possibility of errors,
the bays should be made. ¢f equal lengths whenever feasibdle.,

;_1.

o

The computation is started by tabulating for each
station the given magnitudes of Ap, 4y, %, G, and M/a
(or P) if they vary nlong the span. If the beam tapers in

o
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0
tg
3
Q
l

widbh, a

ictitious beam of constant width is used, a
viously S

discusscd.

The magnitudes just eanumerated should be separately
tadbulated because they will remain constant whereas, the
main. part of the calculation is repeated a number of times.
The details of the procedure are learned most easily by
following column for column the numerical example given in
part IEL i statle X

5 In
ed

Column 1 in table X gives assumed values for O

assuming these stress values, the aralyst nust be g
by previous experience. It is possible to use any a
trary values whatever dput, if the assumed values dif
much from the true ones, a large number of cycles of
d
49
v

o
Ha R e ]

1

a
bi

er too
T he
computation will be reguire The simplest procedure for
general use is to multiply e stresses obtained from the
ordinary bending theory by a factor slizghtly larger than
unity», With some experience, this factor can be eqtlmuted

reasonadly well from a knowledge of the average of the
shear-~lag parameter XL and the loading condition.

Column 2 gives the forces Fyp ophAy.

%]
txf
i

Column 3 gives the M/h - F, in the case

e
of o beam or FL = B in the ease"of an axially " Toad-—

ed panel,

Column 4 gives the stresses op = FL/AL.

Column 5 gives the differences between columns 1 and
4 (GF - Gi>'

Column 6 gives the increments of shear stress odtained

frem the Ddasic relation (le),

BT i @il W0 o8 T (S8=1)
T I
EDb .

It will be noted that the walunes of AT in column 6 are
positive, This sign arises from the fact that the inte-
gration of the ghear stress increments proceeds from the
root te the Tip so that the increments Ax are noZatives

Column 7 gives the shear stresses T in each day.
These stresses are obtained bdv 2dding up the increments
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given in column 6, starting at Hhe root where 7T =70. It
should be noted that the va of AT represent the in
cremnents of shear stress f grvals of length Ax' a
the span; the distance between the root and the middle of
bay r 1is, hZowever, oanly half an interval Ax, so that
e ‘walueMeit® 70 35 Hhe ‘fooit’ bayti s WPt =sEIAT Spast e hoTe
on, the =l “waluge Yo AT g added each time, unless the
Yalue of - ¥ at the tip is to0 be caleulsved whoWw & oNle-
half step would be used again,. (The ~value of ¥ at the
tip is needed for the calculation of the margia of safety,
but it is not needed for the calculations indicated in
table X. .Conseqguently, this value .is enlculated .anly after
the last cycle has been completed.)

|

ng

Q
|_..|
b O

Column 8 gives the increments of shear force

Column 9 gives the increments AFL, obt~rined by subp-
tractliane the walue t the outboazrd end of the bay
£rom - the. walue of

the. inbeard enguve the Dbaye

According to the basic relation (lc), AF¥y should
equal A”CE in each bay.- The differeneces ia e@ich bay cen-—

stitute the shear faults

(S5=3)

and the shear faults SF arc given in column 10,

Congider now figure 10(a), which shows oae bay with a
positive shear fault SF and the corresponding shear-
fault correction SFCsz .SFC is in the form of external
forces distridbuted uniformly aloncz the bays

The length of o Day is small compared with the length
of the structure; it mny thcerefore be agsumed tant the
properties of the structure just outoour gnd just inboard
of the bay considered are thc same. . Under this assumption,

onc-half of the shear-fault correction SFC will be ab-

soroped by the structure.outbhoard of the vaws the other
aalf will be absorbed br the structure inboard of the day.
As previously stated, the total shear-faoult corrective
force will ‘be taken ag one~hglf of the shear fauls

)

t
i

NN

-

Total SFC = ~ 4 SF (
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Therefore the corrective force at the ocutboard end of the
baw wall. be

SFG, = =~ 4 SFC = % SF (SS=52)
and the corrective force at the inboard snd of the day
will De

1 i 1

SFC; = 3 SFC = - % SF (55-5v)
The corrective stresses Aoy and - Ao are found dy divid-
ing the. ‘eorrective forces 220, and BFCy Dby the arsas
4p or A; and are shown in fisure 10(b). HThe sicns of the
corrective shress AGF a2e bae ‘§sisne oiven in Formulas
(SS~5a) nand (SS=5v), while the signs of the correctiwve
stregses Aoy, ore opposite to those given in Tormulas
(8S-5a) and (SS~5B) (fig. 10(3)).

Kt The tip station there is ng outboard structure to
develop-  anw'resistance to the shear=fanli{ correction forces
Concseguently, for the tip bay '

BEC, =0 (ss-5¢c)
- WY o (R
STC; = SFC = 3 SF (55-54d)

In the numerical example, tadle X, it will be seen
that columa 11 lists the values of S¥C, -=nd columa 12
lists the values of SFCy. At each station there is one
velue of 7 BB0, ‘and one yalue of SF0;. The sum 'of the
two vnlues is the final value of the shear—fault correetive
florce and ig tabuloted in columh 13,

Column 14 gives Aoy = SFC/AF, and column 15 gives
AO‘L = e SFC/AL.

The addition of the ceorrections AG? Helwtihe Eniftial Ly
assumed vnlues of Op and of the corrections Aoy to the
initial volueg »f G, cl'yes o new set of values Tor Op
and  Or. The entire protess is then repeated as dndieaied
in tabpde XE vubt ther dolumms Sivieg Fp is no longer nceded.

The entire calleulationssis siewn in table XI 15 pepoateod
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until gsuccessive sets of values of oy

1cient, neCUEACY .
ned when the volues
ir the last sig-—

n
e jJudzged to agree with sSuzf
ossible accuracy is reac
0 Aoy, Dbecome equal’ to unit
paficant f£idure of @< O - Gee
A <

In order to avoid carrving alons errors, F; should
be obtained from the static equation Py = M/h = g, e¥ery

L
second or third cyvcle instend of from AGL-

The sum of the shear fanlts Moy be used " as an Indlca=
tion thot correct sign conventions have been sed; the
sum of the faults in any ziven eycle must be smaller thnn
the sum of the faulte in the preceding eyvele: This erite-
rion is not sufficiently sensitive to prove the absence of
any numerieal error, dbut it is sometimes a welcome help

when startinz ecalculations.

A complication arises when Hhe lteonzdtudinal Is not
connected at the root. In tuis case, the stress gy, is
equal to zero at the root but the shear stress T Al o b

equal to zero. It ig therefore impogssible to proceced di-
rectly with the summation of the increments AT. In order
to overcome this difficultv, a trinl value ¥y dF° T nt

t o
Lo O, Mcsuﬁbﬁ, and the sunmation procecds from this
trial value. Fronm statics t is ewident that

>
wn
«Q
td
i}
¢

he Uriod wvalae TC must therefore be negntive, so that
J

the summation of the increments AS aleng the entire

CE
b6 equal to goro. On the.first &rial, this condi-
1l not be mect except by nceldent, and the trinl
Tap Tb nust be ~djusted until the siven condition
Speaking graphicallr, the process coasists in
the area betweon o curve (the Tt—curve) and an
ry horizont~l line, and then shifting the horizon-—
e until the area decomes zoro. After the Tirst cv—
been completed, the value T obtained ean dbe
& Mol v~1L Ter the socond eycle, 2nd it will
closc that tho nccessary ndjustment will be small.

When the longitudinal is digcontinuous ~t some peLnt
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other then the root, the summation of the inerements AT

may be performed in the usual manner for the region between
the Toeotiand the dnbeoard end of the-break:; 'The region from
the outboord end of the break to the tip is treated in a
manner analegows To thot just.discussged. .folia leongitudinal
discontlaveus at the root.

In a canbered beam, the bnsic equation (lc) nust Dde
modified to read

&
B & e adbe b . .0 ) o law @ oiP) dx (1ect)
F' 1 F %) F
o) o
ag shown in referenee 2, In this equatioen, GFP ig the
tress in the flange e¢anlculated by the usunl Mce/I for-
-huln, and OZP ie ‘Yhe stregs in the Tongitudiral ecalculabe

ed by thae Me/I formula. In the case of a flat cover,

GF’ equals ULP and they cancel, reducing eguation (lec!)
33 I»L"';

to equation (lc). When a,peam is analyrzed by the shear-
fanlt—-reduction method, fornu+a (SS=1) must be modified to
cenforn with fornula (Icl'l)s An additional column will
therefore Pe required after caolumn 85 in table X,

X ANALYSIS OF MULTISTRINGER STRUCTURES
bd . - . -~ .
Twe methods will be.,2iven for the apalvsis of mulivi=
stringer shtruectures. Whe first method consists ia reduc—
ing the BYroblem to that of a fictitious sinzgle~stringer
structure that can be analyzed by the recurrence formula.

The final step. of transferrimne back teo the actusl mubkts-
stringer structure can be made only under the assumption
that-the chordwise ‘distribution of material

and sheet - is uniform and that the moduli E and & are
constant along the chord. Small variationg from uniform-
Bty eam De disregarded but, whén larde wariations exlst,
it is desirable to have a more géneral method available.
For such cases, 2 method of successive shear—fanlt reduc-
tion ig degentbed that is Anrextersion ef ‘the method of
successive gshear-fault reduction deseribed for single-
stringer strudtures. This method pernits taking into ac-

count zrbitrary chordwise. wsriations ‘of ‘stringer size;

S%ringer spacing, sheet thickness, and elastic noduli,

(-
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Substitute Single~Stringer Methed

Principle of method.~ The transverse bernding loads
acting on a dox beam are taken up first by the shear webds.
a

The shear stresges in the wed are partly converted into
normal stresses at the flange:; tho rest of the stresses
becomes shear in the cover sheet, which is gradually con-
verted into normal stresses in the longitudinalg as the

longitudinal plane of symmetry is approachéds It may be
said, therofore, that the most important phaysical action
centers around the flange because the conversion of shear
stress into bending stress begins here.

This consideration leads to a very convenient method
of analyzing a multistringer structure by substituting
temporarily a fictitious sinjle~stringer structure. This
fictitious structure retains without change those parts of
the actual structure in vhich the primary and the most im-—
portant action takes place, namely, the shear wed, the
corner flange, and the sheet adjaeent to it. The longitu-
dinals, however, are combined into a single fictitious
atrinzer, the "substl ute single stringer," located at the
centroid of the internal forees im the stringers. The anal-
¥eis of the resulting single-stringer structure can be per-
formed by the methods desceribed previously and sives the
actual stress in the flanze (equation (9a)) as well as the
actual shear stress in the cover sheet next to the flange
(equations (11)). For the stress in the longitudinals,
only an average value is obtained by the analysis of the
fictitious single—stringer structure. The stresses in the
individual longitudinals of tae actual structure are cakcu-
lated at any given station along the span by assuming that
the average stress just calculated is distributed chord-
wise according to the hfnerbol¢c —-cosine law found in such
analytical solutions as have been published.

. +The validity of the substitution method outlined can
be made plauwsible in a general way by reference to St.
Venant 's principle. A nueh more convineing proof , how-
ever, will be fiven by the comparisons detween experimen-
tal and calculated results in the second part of this paper.

Determination of the subgtitute single-stringer struc-—

ture (first approximatio n).- A& typical cross section of a

nultistringer structure is shown in figure 11(a). Thig
cross section is idealized as indicated in figure 11(Db).

It should be noted that the effective width of skia adja-
cent to the flange is considered as a longitudinal distinct
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from the flamge. IPhp adoption of this rule makes it feasi-
ble to cover all possible cases with a single rule because
in.-a liniting case such as shown in figure 1, for instance, -
obviously the entire sheet should be considered as consti-
tuting the longitudinals. Incidentally, this rule tends

to reduce the error due to the finite number of stringers
that wilkl Dbe digcussed.

The wdidbih wid wiof b
dinals depends on the s
i

on the type of the stiffe gs. Open-section stiffeners

g 1u(u)) do not coantridbute to the shear stiffness of
the cover; therefore, 4d 1+ Closed-section stiffeners
(fig. 12(v)) contridute to the shear stiffness of the cover
If this contridbution is taken into account, the idealizead
width for shear deformation is d = b, + bpes in which.

ealized sheet between longitu-
g b, betweon rivet rows and

where tst ie the thigkness of the stiffenexr and. P, the

perimeter, or developed width, of the stiffener between
rivet rowss

The idealized multistringer structure (fig. 11(b)) is
now converted into a single-stringer structure dy combdbin-
ing all idealized longitudinals into a single longitudinal
located at the force centroid of the longitudinals.  Be-
cause the actual stresses are not known at thig stage, the
stresses computed by the ordinary bending theory are used
to obtain a first approximation. For the flat covers un-
der consideration, the force centroid will then be the
centroid of the cross—sectional areas of the stringers,
the Mc/I stress being the same in all stringers, PHe
distance of this centroid from the flange is the width g
of the substitute structure (fig, 11(c)). The sudstitute
structure can be analyzed by the recurrence formula or b¥y
any other method if desired. If a second approxinmation
e 'to Pe made, the calculations mnde for the first approxi~ ¢

s o L 8

natior con be confined to finding the stresses op in the

fileange and o3, iz the Iongitudinal "of the single-gtringer
structure..

Chordwise distribution _of stressesgs.— The analysis of
the substitute single~stringer structure furnishes the
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flange stress op and the chordwise average of the stresg-
es in the longitudirals for all stations along the span,

The actual chordwise distridbution of the stresses may be
obtained in the ' following manner, as explained in referonce 1.

For the limiting case of iafinitely many striagers,
some analytical solutions have been obtained in the form of
solutions for the continuous cover sheet. These solutions
show that the chordwvise distribmtien of the stringer stress-
es at any given station follows a hyperbolic-cosine law.

The stress at a distance y fron the center line nay there-
fore pe written as

o = opp cosh Yy (14)

where ¥ d1s an aux v parameter and opy is the wvalue

i iy
of o at ¥y = 0. In this equation, Doth the stress opy,
in the longitudinal at the center line and the auxiliary
paraneter Y are urknown. Two conditions are availadle
to determine these unknowns: (1) The nverage of the
gstresses o0 between y =0 and ¥y = Db nust Pe equal te
the stress op of the substitute single stringer, and (2)
at the flange ¥ b, the stress ¢ nust equal the stress
Ops The result is a transcendental equation Tor Yb,

11

anh i i
fars 1D _ CL (15)
e Op

In order to facilitate the determimation of. * ¥h, filgure
13 has been prepared. With the help of tais figure, Ib
eon be determinecd by inspection after computing the ratio
Gi/GF. The stress at the center line is then computed by
the formula

A - 0?/cosh b ‘ : (18)

(VET] ¢

In grder to conpute-the stress in any stringer at a given
distance vy  fronm the center 1ine, it ig oanly Begewsary
to eompute Yy = (Yb) x (y/b) and to apply formula (14).

Formulas (14) to (18) apply only when !0 < op/0p < 1.
n

kn reghons eritical for desizn woirks thigropadidigmw e prov-
(ol

ably always fulfilled. For cegrbtain purposes such as check—
ing the theory aganinst experimental results, however, it
nav be desired to ealculate the chordwise stress distridu-




tion at stations where the ratio OL/GF folls outside of

nge. It was proposed in reference 1 to replace for-
nulas (14) to (16) for such cases by

c = GCL(E-cosh Yy) (142)
5 sinh YD
% ——’—T—'—“m O_-v
ik @ b (15a)
2 - cosh Yb GF
Ogr, = GF/(2 - cosh Y») (16a)"

Formula (15a) was used instead of formula (15) to extend
the range of the Yb-eurve in figure 13. It will be noted
in figure 13 that the. Yb-curve for very small negative
values of UL/GF does not become infinite as would be ex-
pected by ann logy with small positive volues. This peculi-
arity is. caused by the approximate nature of equation

(142) and.is of no practical importance. :

Correrlon 0f chordwise stresg distribution for finite
number of stringers.- The method of computing stringer
gbhresges by using formula (14) is based on the assumption
that the stringers are infinitely closely spacegd. £f the
spacing of the st1¢fnnbr" g findite, the total internal
force vwill be found by n summation instead of an integra-
tion, nnd the internml force will differ somewhat from the
external force. The nagnitude of the error depends on the

number o1 stringers and on the curvature of the chordwisc
stress plot, which is characterized by the ratio Gi/gF or
by Bhk" parameter Yb.

The sign of the error depends on the location of the
regt stringer near the flange. Under the rules given for
ealizing the multistringer eross section, the first full-
ze stringer is located at .y = b{(l = 1/n), where n is
e number of stringers. (arrangement 4, fig. 14} . B6r
is case the summation of the stringer forces will Field
smaller force than is necessary to dalance the external
load. If o fullwsize stringer wpere located at the edge
v-= b (arrangement B, fig. 1l4), the summation of the
stringer forces would:yield too large a value. 'As long as
Yb is less than adbout 1,5, the errors for tdese two cases
are huderically equal and are shown in figure 14,
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The rule that the effective width of skin adjacent %o

the flange should be considered as a stringer (flg 11(v))
helps to re@uce the error by dringing the actual case be-
tweer the two extreme arrargements A and B of figure 14.
In practice, the ratio of the actual force to the summation
of the calculated stringer forces may be applied as a cor-—
rection :uctor to the calculated stringer stresses as illus-—
trnted by the numerical example in part III. This method of
correction was used in the annlysis of 211 NACA tests de-—
seribed in part II with very satisfactory results, even in

some quite extreme cnses; it wns 2lso used with very satis
fnctory results in mnking comparisons with the Ebner- Kollar
method. (See appendix B.) If the resultm obtained by this
method should be considered as %too inaccurate, the method of
successive shear-fault reduction mav be resorted to for im~
proving the accuracy of the results.

Successive approximations for substitute width.- By def-
inition, the substitute width isc the distance from the flange
to the force centroid of the stringers. For infinitely many
stringers, the centroid can be found by integration (refer-
ence 2), and ite location is shown graphicaelly in figure 15,
The substitute width is given by the expression

v
- ©
OS — (1 - —"I""\; b (17)
~ b/
In, any given case, the factor -1 - (yL/b) is taken from
figure 15, and b 4is the effective width for shear deforma-—
tion as defined by figure 11(b).

In order to use figure 15 it is necessary to know the
parameter Yb; for this reason it is necessary to make suc—
cessive approximations., In the first approximation it is
higdnease db = 0 and
or te the. gsubgtitute

u
this width the first

ﬁmﬁm Q

t
assumed that there is no shear lag; i
1 - (yL/b) = 0.5. The first approxim
width is therefore bsl = g, and wit
analysi ig is carried out as previously discusseds The stress-—
es Oy Samd oy, are calculated for the -substitute single~
stringer structure, and for each station the ratio or/0p

is calculated and used %o determ'ne the value of Yb® from
figure 14. The sparwise average of Yb is then calculated
and the corresponding Value of 1 = (y;/b) is found from
flguse 15, THis new value of T%s (yL/b} is inserted in
formula (17) to obtain the second approximatiorn to bs, and
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the aralysig of the substituite single-szstringer structure
is repeated with the charnges necessitated by changing the

substitute wid

d‘

s

If s5h e ustpos

ag . @y and .Of obtained in the second
ry much from the stresses obtained

a4

e
in t“u first approximation. a tkird approximation may be
£ 1

Pt o °

made. On account of the rapid convergence of the process,
the difference between the first and the second approxima-
tions need nob be wvery emall teo insure that vthe second
approximation may be taken as final. It is suggested that
the stregs analyst work some ecxamples by means of the ana-
lvtlcﬂl Tormulas giwven in reference 2. &g a reugh guide,
it may be stated that, 417 the accuracy of the 10=ineh
slide rule is used as a eritcrion, the second approxima-
tion may be considored ag the final one when the shear-lag
parameter XL for the ertirc veam is greater than 4 in
the Tlrst 2pproxinabien; Wien . KIisigbout ¥ 0T greater
Than L. id.the first approximailon, , VRe T1rSt approximabden
is sufiliciontl "_3ccurate- LAese FeTatTors are also influ-
enced to some extent by the ratio »ﬁE[;L-

The outlired procedure should be nlightly modified for
axislly loaded panels. In such panels, the wvalue of  Tb
beconmes infipite at the station where the axial load is
Iahrodideds Fa order: towaweid thisg diffie Jt", the 81
wise average of the ratios Ol/GH shoul n
for thae average ratio OI/OF should be
method may Dbe applied to beans in many cases and the final

sults obtained by the two methods will be the sane, at
teast Tor practieal purpeses. 1t is preferable, nopever,
to use the two distinet methods to avoid uncerfiainties in
procedure.

3

: s L 2 NI L it
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The method given for finding successive approximations
to: bg eapplies directly orlyr when there are infinitely
nany sitringers. Then there are only a few stringers, the
first approximation bsl is not equal to b/2 dut is de=
termined by the centroid of the areas of the stringewms as
discussed in connection with figurcs 11(Db) and 11{ec). 1Imn
suel ‘cases, it may¥ 'be assumed that tho'ratioc of a higher-
order approximation of bg %o the first approximation
bsl is the sane .as though there were nany stringers; any
higher—order appreximation to the substitute width is then
given by the expression
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o i Lt o
bg = aosl \L - (17a)

where the factor l-—(yL/b) is determined as before fron
N e il 5 :

Method of Successive Shear-Fault Reduction

Principle and scope of method.- The analrsis of nulti-
~tringer.structure v successive shear-fault reduction
)

L1,

ploys the same basic procedure that is uged for the analy-
s 0T ”inglc~ﬂtr1nger structures. Somc modifications and
ditional concepts are, of course, required to adapt the
thod to the nuch nore complicatod problen of analyzing
Ltzstringer structuress

t
3

I v o

2]

The process of successive shear-fault reduction in a .
single~stringer structure consists in & repetition of ad-
justments on a spanwise sequence of elements. It is obvi-
ously not feasidle to carry on such a process of adjust-
nernts at the same time on chordwise sequences of elencnts
In order to overcone this difficultv a concept will de
introduced that has becone quite familiar through the
Oross nothed of moment ﬂlstrﬂﬁution, nanely, the concep
of locking parts of the struecture ir place to Isolate the
part being adjusted fron the rest of tide gtruetoire<  Th
particular nethod of locking enployed nerein consists i
locking certain stringers at a given state of longitudinal
strainr or, to use a descriptive expression, in imagining
them to be frozen solid. The stringers’ loeked at. any given
tine are the stringers to either side of the one being ad-
uustpa. The gstringers are adjusted in sequence, starting
from the flange and proceeding to the center-line strirger.
The process is repeated until the agreement between suc—
cessive cycles of the computation is considered satisfactory.

Wo

Les

0“:

The nethod is obviously nore. laboriows bthan the sub-
stitute single—~gtringer method. It is very gencral, aow=
gver, being eapable of taking into account chordwise Varis
ations of stringer spacing, stringer area, sheet thickness
and shear nodulus; it can also deal more successfully with
strucgurcs having a very small nunber of stringers (two or
three).

In practice, it will probadly be found advantageous,
in genernl, to use the substitute single-stringer method
to obtain a first approximation, average values being used
wherever necessary. The method of shear-fault reduction




can then be used to improve the accuracy of the results.

The method of sheonr~fault reduction has onc advantage
that mav be helpful at times. After the constants have
been computed and the first cycle has bveen completed, the
work involved in succeeding cycles is so simple that it
can be handled by computers with little engineering train-
ing.

Procedure for computation.— The computation is started
by assuming initial values for the stresses in all string-
ers A to F (fig. 16), taking care that at each station
the sunmation of the intermal forces eguals the external
force H/a or P.

The fisnge A 18 adjusted fivst. In order. to ‘effect
this adjustment, the stringer B is locked at the state
of stress initially assumed. The computation then proceeds
in practically the same manner as describved for single-
stringer structures; the oanly difference is that the val-
ues of o1, (in thisg case GB) are not changed but remain
the sane . for all cycles. After number of cyeles - say
five cycles - the adjustment of stringer A 1s stopped,
and stringer 4 is locked at the state of stress just con-
puted,

9]

2

Before the adjustment o? stringer A as started,
static equilibrium existed between the 1nterna1 stringer
stresses and the external lO@d at each cross section.

After the adjustment, equilibrium no longer exists; before
the adjustnent of gstringer B is started, it will Dbe nec—
essary to restore this equilibrium. To this end, the

stresses in stringer B arc increased or decreased so that

"the sumnmation of the internal forces at cach station again

equals tho external forceo,

ses actldg insstEinger B,
Stringer . & 1is
locked, at the stresses obtaincd from the raibl proeeiss of
adjustnent; stringer OC is locked at the stresses sliyatalar
ly agsunod. The detailed form of the conputation is sh
in table ZILI of part I3 ond differs fron tant Tsed.lod

With thege corrocted stress
the ‘adjustnment of stringer B 1ig started

.
~s
f

O O
o H

1-
wn

51Pble~str1n”cr structure~ only insofar as necessary to take

into sceoomvnt,. the -Ffaetitaat. there is o ~1oct and. & stringer
on cltarer side of the eteinger beln stcd instead: o0F
only one sheet and.stringer on one




GoTunns 1, 2, 224 8 off+bable Hil bi*fe the values of
the stringer stresse Ops  Ogs and. Og e They ‘are listed

in this sequence so as to separate the values of gy and
n

62}

o

er.. By Erom.the stnossesy op - and ‘the other guanhtitie

that chonge during the adjustnent.

Oas which remain constant during the adjustment of string-
S

Colunns 4 to 7

give the computation of the shear foree
in the panel between stringers A and B:. all properties of
this Danel are denoted by the superscript AB,

Colurns 8 to 11 give the computation of the shear
force in the panel between the stringers 3B and C; all
properties of this panel are denoted by the supe Lscrlpt BGC.

Colunn 12 gives the difference betwecn the shear
forces in the two panels for each Dday <

i

+

A3 BC
D = AS - AS
CE CE
Column 13 gives the force FB = GBAB.

"
@

Colunn 14 gives the increnents AFB

Column 15 gives the shear fault

wn

FSD-‘AFB

Columns 16 to 19 give the gshenr=fault correction stress
AO@ in oxalogy with the columns 11 to 15 of the single-—

stringer computation.,

five ecycles - the adjust-

After several cycles - say
nent of stringer B is sto ped, and the stringer is locked
at the stresses thus obtained., The process of adjustment

hug again upset the static cguilioriums that Ty, the ex=
ternal force at any cross section will not be exactly bal-
anced by the sumnmation of the internal stringer forces as-
suned to exist at this stage. Static equilibriun is re-
stored as before dr inereasing the stresses in the stringer
that will be adjusted next., pansly, striager Ce

Stringer 0 is now unlocked and adjusted, and the
brocedure of adjusting and restoring equilibdriunm is con=-




tinved until ‘the centor styinger is reachsd. The entire
process is then repcated seéveral times mntil successive

Talues wof allr abriaececr streq eg in the structure are 4

sufficiently close agreement.

s necessary to-

o~

In: the"-cage of ‘a canbered cover, i%
introduce the sane nodification as discw for single-
stringer bDeans, based on the nodified basic equation Mo t) .
Afber coldumn' @ i tablie Xiiva: colunn nust betadded for

He o 1
@
Ca

:
wh g, -
2_ (0 o G Ay Bigs

colune must be added Lfor

simi larliyssnfbier jecolitnns 8

(o5 = 04) = (O‘BP ~ g% -

Analysis of Cut-Out Effects

nciple and scope of method.-~ The most convenient

and the nost rapid method of arnalyzing structures with cut-
outs the indirect, or inverse, method. The analysis oy

ture is analyzed for the basic condition that exists before
the 'cut=~out Fw madesr 'The pesults gf this basice analiysic

are used to calculate the internal forces that exist along
the boundary of the proposed eut-out. ZExtornal forees equal
and opoosite to these internal forces are then introduceds;
these external forces reduce the stresses to zero along the
boundary of the proposed cut-out, and consequently the cut~
out can now be nade without digturbing the stresses.

The external forces introduced to reduce the stresses
along the boundary of the cut-out io zero will be called
the "liguidating” forces, a tern used by R. V. Seuthwell in
a sonewiat different zcaning. In general, it will Be in-
possidle to calculate accurately the stressesg that these
ligquidating. forees set up at a distance froom the cut-out,
Sone .sinplification of the vproblenm is pormissidble: because
the liguidating forces form self-equilibrated systens so
that; by Sts Venantls prineiple, their ecffects become noeg-
ligible at some distance from the cut-out, 1In order to ob-
tain numerical answers, however, it is necessary to make
very stringent simplifyring assumptions, and the method con
therefore be applied only to reasonadly small cut-outs

The treatment givén here is confined to structures
having distinet striangers. For coses in which the string-
ers and the'skin . are fused into a homogeneous unit, it is
pPreferadble to use the standard methods of the theory of

is
the indirect method is made in two steps. PFirst, the struc-
i
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elasticity, amd some. solutions of &
such cases may be found in pudblicat
clasticid

U:_T.

the cut—-out prodlem T
iongs on the theory o

Effccts of rermoving a skin panel.- Figure 17(a) shows
the internal shear forces that exist along the edges of a
skin panel bounded by two sbtringers and two ribs. The di-
1~ec*b:.c>ns of the force arrows are the positive directions
in accordance with the general gign conventions. In order
to reduce the shear stresses along the edges of the panel
to zero, external or liquidating shear forces are intro-
duced as shown in figure 17(b), which are equal and oppo~
site to the iaternal shear forées; only the forces acting
on- the nain structure are showa in figure 17(b) because the
stresses in the skin panel itself are of no interest.

3

In most practical cases, the stringer areas and the
skin thaicknesses just oeutboard ef the cut-out are the sane
as thogse just inboard of the cut-out. The stress-
distribution set up by the liquidating foreces will then de
symnetrical avout a chordwise line bisecting the cut-out.
Figure 17(c) shows schematically the stresses set up in the
stringers with the signs appropriate to the case where the
basic stresses are positive. The figure indicates stresses
only for the two strinzers bpordering the cut--outs the
stresses in the other stringers are small enough (as will
be shown experimentally in pt. III) to be neglected in view
of the fact that the éhanges in stress distridbution caused
by a small cut-out are small compared with the basic.
stresses.

The assumption that the ligquidating forces of figure
17(v) set up stresses onlv in stringers € and D is equiv-
alent to assuming that the skin panels 3BC and DE are
rendered inoperative by slotting them lenFthwise. Under
this assunption, the prodblen decomes identical with the
problem of the free pancl shown in fiéure 18, 'The analyti-
cal solutioan for the frec pamel is.xiveh in reference l;

pose it can be siaplified by assuning

s veryvy long on either . side of the cut-
out. The forees in the stringers inboard and outhoard of
out are then given by the fornmula

the cut ;
1 ~Ex :
P =l b Ta (18a)
S
where T is the bagsic shear stress exigting ¥n the panel
before the cut-out is nade t uder Bhe datckness gf the
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panel, L i the lenghh of the .cut=out pansl, and K 48
the shear-lag paraneter defined dy
a Gt /1 i1
£ o 4 (38 5 (181)
The sigrs of the stringer stresses set up by the
liquidating forces P are indicated in figure l7(c) for
the case of a pogitive basic shear stress Ty« The shea
stresses set up by the liquidating forées are given by
1 -Xx
T = 3 75 Kle (18e¢)

and are of such a direction as to increase the basic shear
stresses. Within the region of the cut-out, the stringer
forces wvary linearly between the maxinmum values ovtained

by setting x = 0 - in formula (18a). The convention for
measuring  x in formulas (18a) and (18c¢c) is shown in figure
T{a ) ' '

The shear stresses given by fornula (18c) are probably
conservative because some of the shear load is takern by the
adjoining wanels, which are assumed to be inoperative in
tals sinplified tkeory. Conversely, allowance nust be nade

for increased shear stresses in the adjoirningz vonels. Con-
Sldbr tiong of continuity indicéate that, in the imnediate
vicinityr of the corners of the cut-out, the maxinun shear
stresses .in the adjoining panels BC u“d DY ol TTigure 17
should be taken as equal to the maxinum stresses given oy
fornula (18e).

|t

-

IS =

(o}

a
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Effects of cutting stringers.- Figure 19(a) shows a

‘ecubt-out obtained vy removing three skin panels and cutting

two stringers. The effects of removinzg the skin panels can
be calculated by the method deserived in the preceding sec—
tion, The effects of cutting the stringers are ropreseat—
ed by the liquidating forces P shown in figure 19(a).,
The liqguidating forces cause compressive stresses in the
cut stringers and tensile reactions in the uncut stringers
if the basic stresses are poartive, that is, teasidles By
analogy with tho pr receding cage of the skin panel, it mayv be
assumed that the tensile reaction to the liguidating forces
is entirely furnished by the two stringers bordering tae
cut—outs the stress systenm sbowq i fizure 19(b) is based
on btais uguunntlon, and the numerical solution is obdbtained
by considering one cut Qtringer and the adjacent continu-
ous stringer to vwork together as a free panecl,




The solution for the freo panol (fig. 18) of infinito
longth iy i '
By 3 By = PE:KX (1’33)
@y -2 Pylls Gy = By/bp (19%)
—’ .
e T Xxft (19¢)
with K definod by
2 ctance betweeo cesu it
K.D h < > As - Al/ tnC A (19@.) :
Ede 'A‘l A ;‘p( ¢ €S Le ¢ wt £, ABC T 7
2trinaecs
f synmobtry about a longitudizal linoc through the etentor
of tko cut=out ig assumed, the nuncrical selution for the
cut-out ig obtained in the First approxirationm by setiting
in formulas (19%) and (I94)

Ly =dz =Ly Ap=Rg=4 d=01 (20)
where b donotes temporaxily the effectiwe halfawidth of
the .enderuby The tepgts to be dogeribed En part Il dndl~
eatic, nowveyer. that, oven when only vone gbtmiager ie eub,
it is justifiable to assume. that. several of fhe coatinunous
gtringers participate in furnishing tho reaetion to the
liquidating forces. The sinplest assumption that can be
nade about the participation of othHer stringers is eox-
pressed by-.setting

-/ 2d/1
=l B + LR 21
when fornulas (19) are used. The stresscs caused by the
liguidating forces are then
- - /
O = Og = Fp/dp
O‘H = UB e“d/D (?2)
O‘I e G-oad/'b
Whon onlv one gtpinger is interrupted, helf of it 1s con-
giderecd ng constitutiang Ay, Waen n. siringers are in-
torrupted, tias nfi stringers on ecach side of the cut-out
are coasidered ¥o constitute &g; and thor arg agsumed to
be concentrated at thoir common centroid to determine b,
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It is apparent that the use of formula (20) will be
conservotive for stringers D and G . and the skin panels
between them dut somewhat unconservative for striangers and
panels Jigtant from the cut-out.

At presort, iansufficient theorctical or cxperimental
knowledge is available to define the limits within which

the method presented here may Dbe safely ucsed. It would

- .

geonm advisable to corsider this method as giviag only a
first approximation when more than three stringers are in-
terrupted by the ecutbt—out. The method of sheazr-fault re-

n nust be resozbted to ir suech ecases to improwve the
FevlmEacy  af sthe . resulits

i
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TEST OBJECTS AND TEST PROCEDURE

New: NAGA tegts.- Previous experimontal investigations
on shear lag have been Uorurmlf" confinocd to panelg aand
beams of .constant cross section; it was therofore consid-
ered desiredble to othLn oxperimental verifiecation on a
beam with a. variable eross section. Although thae croess
soction ecan be varied in o number of wayvs, it was deemed
mnogt dnpentiant and iastructive to werify the, influence of
tapering the cross—sectional nrea of the stringers.

A skin~gtringer panel wns therefore bdullt as ghown
in figure 20 and tested in three differe Sle R phpes
tograph of the second set-up is saown in “i siee w2l o 3N
order %o obtain a sensitive check
was designed for large shear—~lag effects
rabtio 0f shrincer ares tewsheol amea.,

o

;_

4
2

s
b uisTrgy o dkange

¢

The tension pnnel was then converted into = beam oy
adding shenr webs; o cross gsection of .the beam is shown in
figure 22, and figure 28 shows the inglide of Hhe bean .with
straia gases set up at one dtation. Thig beam is desig—
nated bean 1. Bsoam .l was also tested with two small eut-
outes and btwo' large cub-outs located symmetrieglliy to tho
longitudinal. axig. Fizure 24 shows a strain-gage set=up
o the weam with the large eut-outes

After the cut-out testg were conpleted, the vean wos




Ciit mER jus* Cutbonrd of tho fFfirstbulkhesds producing
very short, wide bean deslgnatel®begm 2. "The test o
flor tat's short bean is ghown in figure 25.

It was also considered desirable to verify the valide
ity of the theory in the limiting case of a2 bean without
gstiffeners. The dimensions of a beam bpuilt for thise purpose,
desligrnated bean 3, are given in figure 26, &nd the tewt
get=up is shown in figure ' 27.  Ia order to obtaln & sensi-
tive check on the theory, the beam was made quite short.

As indicated in figure 26, beam 3 was tested in tw
conditions: first without corner flanges (originsl ecross
section) and then with corner flanges consisting of flat
strips riveted to the cover as close to the corner as pos=—
sible (rodified cross section).

The beam was built and loaded symmetrically ~dbout 2o
transverse nlane; it was thus possible to realize the con-
dition of 2 built-in eand and at the same time to measurec
straing directly ot the root secctione.

ain readings were taken with 2=
se gages woere always -used in pail

sheet or theo stringer to eliminate as far a
vossible the effects of local bending. Temperature vari-
ations during the tests were confined to 1° F, limiting the
error in stresses to about 50 pounds per square inch.

nch Tuckernan
on opnosite

2

The load was appl n four ‘equal steps in all of
the cases except one, ich case three steps were used
(veanm 1, case 4)., The stress readings plotted correspond
to the highest test load used dut were odtained by drawing
the bvest-fitting straight lines through the load-strain plots
an d correcting for zero shift when necessary. The frice
tion of the loading apparatus was measured several tires
during the tests and was found to be 2 percent, unless
otherwise noted on the spanwise stress plots. Corrections

.

have been applied for friction.

Young's moduli for the stringers were determianed fron
several specinens cut from the beanms after the tests had
been completed. For the sheet used to nanufacture dean 3,
the nmodulus was determined from several test coupoas cut
fron the same shest from which the bean was fabricated.
The roduli obtained are noted é6n the drawings of the spec-~
SNETE |




In all these tests the buckling stress of the sheet
was never exceceded enough to cause an appreciable reduc-
tion in the average shear nodulus. n rmany tests there was
no visible buckling at all.

014 tests resnalyzed.- Because the nethods of analysis
proposed in this paper are relativelv new, it seemns desir-—
able to buttress then with ag! many experirental verifica-
tions as possible. An effort iwas therefore nade to secure
all available test results ard” to analyze them by the pro-

posed methods. It was found, however, that nra
tests were--of doubtful value for furnishing q
checks beeausés: very thin sheet that oucklei;at Tow
had been msed in these tests; the effective s

could not, therefore,
raey Ifariw quant:
ble were a
Antz (reference 4) ond two bean tests nade
erence 5)s The hean tested by Schapitz is sh
ise ) i nsiiiienivre 2B

be calenlated with suff
atiwe.checlk, “The

TEST RESULTS AND COMPARISONS WITH THEO

Methods of analysis used.- All calculati
by analyzing the substitute single~stringer s
neang of the recurreance fTormula. ' The stresse
ers were computed br using the nmethod o
'dlstr;outlon as describéd in part I of this
ng the correction for a finite number of

ss obherwise neted the calculated rgsults

n the figtres are thoge obtEined with the se
ion for the substitute width.

Part I does not give expliecit ru’es e
the width bz of the idealized sheet vetween
when -the stringers ars arranged ag in bean 1

=) .
wr ot

was assuned to be clamped ‘betwecr the opposing

with' an effectiveness of
caleulations
bv two rows
stringers

50 ' perecuty in other
were made as though the stringer
of rivets sevarated by nalf the

New NACA tests.— The panel was tested un
ditions® 28 gchematically indieated im figure
30 to 32 ghow the experimontal 'and the caleul
in the form of spanwise plots of stress. Fig

test on a conpression pansl nade by
by Schapitz (ref-

paper,
stringers.
shown as

wny published
uantitative
londs
hear nodulus
icient accu~

tegsts considered usa-

Waite and

own schenat-

R

B
)
o
®

ons were
tructure by

s in the

f chordwise
includ-
Un—
curves
cond approxi-

3

deternmining
stringers

The shcelb
stringers
worads,; ‘tae
s ware attached

ridta of ‘thae

der three con-—
295" Wighrcs

ated results

ures 33 and 34
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show thc corresponding chordvwise plots for the first two
coses.,

The ag ment between experinent and theory is very
gatlsfac e cept menr theo root i@ cages 1 nnd 25 'The

. 33 and 34). Integratiqn of the measured
he cross section gives internal forces that
agroe vltﬂln about 5 percent with the external load, indi-
cating that the strain measurenents are fairly accurate dut
that there was some irregular behavior of the structure.

It was thought that this irregularity might be caused by

ex
points in this region secatier dadly adout a
gs

t

"Play in the bolt holes at the root; several holes were

therefore carefully reamed out Tor the next larger sige of
bolts vefore making the bean tests, and the chordwise plots
of stresses for the beams were nuch rore regular.

Bean 1 was tested uander the four loading condition
shown in FTigure 35. The spanwise stress plots are shown in
figures 36 to 39. The agreement between tests and theory
is very satisfactory for the nost highly stressed stringer
near the flange and for the flanges thenmselves, except For
the fact that the experirental stress in the flange at the

station nearest the root is cligh*lv high in cases 1 -and 4.
In the stringers near the center line, the experinental
stresses are higher than the calculated stresses near the
root in cases 1, 3, ard 4. It ig beXieved t2aat the dis-
crepancy can probably be charged to tnv cqum)tiO' that
the sheet was 100 percent effective in ntributiag to the
stiffencr area. There are fairly consistent indications
from a nunber of tests that this assumpiion is toe optinis—
tic when the ratio op/0; is large. 4 similar observation
was made in reference 6, This remark applies both to ta

compression side when the stregses are below the ducklin
stresses for the sheet and to the tension side. On the con-—
Dression side, the well-known effective width of the shect
e

th m

(&)

0

nust bYe used vhen the siheet has buckled.

The results on bear 2 are shown in figure 40, In view
of the fact that this bvean has an extrenmely srmall ratio of
1CPéth to "1dth as well ag a small shear-lag paraneter K,

e

FPigure 41 shows the results of test 1 on veam 3. Be-
cause the bean is symmetrical about the loacitudinal axis as
well as the transverse axis, there are four stress values
Tor each station. It will ve noted that ir most cases the
four values agree verr closely, which indicates that the dvean

°




gshowed excellent symnetry of strain adbout b

t
; i el theoryr. 0. BY has becn aelid 'b
gators that 1e ‘theory of shear lag as deve
peper wowuld not apply teo the liniting wcase
nents of the cover-carrving shear (the sheo
the elﬂrbnts carrying normal stresses (the
nevged dntolta single wnit, namely,; 'a ‘shests
shows that this opinlon is too pessimistics

t is a rather crucial test on

is not perfect, dut the maxinun Tl,,..c stres
oI paranount 1ntorbst for design, are predi
The main difficulty ia applying the th
case Jjust discusged lieg in the fact that
snall conpared with 473 the flange area
the area 1/6 ht, which expresses the part

ghear web in. the bending action. ' For small
te &5. . the becone
and sensi e

shear-lag paraneter K

tive to errors in 4p. The 0 O i
ed vhen a corner flange of reasonable area
built=up structures, such a corner flange i
vided in the fornm of an angle for riveting
the shear web. n bean 3, a corner flang
riveting flat strips along the edges, as
ond cross section in figure 26. The test
condition are plotted in figure 42 and show
nent” with the theory.

o
3
m(:SO‘

0ld tests.~ Figure 43 shows the experi
calculated results for the compression pane
reference 4.

Fisure 44 shows the results of the tes
deseribped in reference 5 for a load applied
Figure 45 shows the test results for the s
loads distributed ag indicated in figure 2
igy falwly ugabdstaotori

Cut—-out tests.- The approxirmate method
cut-outs desoribed in this paper is based o
tlon that a pair of equal and opposite fore
adjacent stringers does not affect other st
nuch, 4 special test was made on bean 1 to
the~validity of 'this assumption. Two equal
forees of: Prx 1162 pouhds weroe appliefd t
intergections lof the rib at midspan with st

ot eixes

the ®ainge "of
v sone investi-
loped 4in this
where H"c ele~
t panels) and
Suflh&-TS) are
Figurc 41
he abr gemen
ses, whiea are
cted Fﬁlrlv well,

eory to the

Ap TDbecones very
consists only of

icipation of the
ratios of Ap

s verYy large

ulty is obviat-
i'e. provideds: in
siusHally“pro~
the cover to

wag provided by
own on the <‘ec-o
results for th

excellent ebree~

nental and the
1 described in

t on the Dbean
at tae tipe
ne vean under
. The agrceneat

of analyzing
n the assunp—
es applied to
ringers very
verifyhdirectly
and opposite
bolts at the
ringems.. D and B,




Bisure 46 sHovq the experimental stresses and the stresses
calculated under the assunption that only stringers D and
E are stressed.

Figure 47 ghows the results of the test on bean 1
with small cut-outs located as shown dby the sketchs only
the sktin was ecut out in this casgo.

Figure 48 shows the results of the test on beanm 1
with large cut-outs locatcd as shown by the ‘skketech and in
figure 24. The agreement hetween thacory and experinents
for the cut-out tests is very satisfactorry except for the
discrepancies already noted in the tosts on the sanc bean
without cut-~outs. ;

Vo Tdle N U MaaReTeidiad I B.X.A M 2.5 RS
IDEALIZATION OF CROSS SECTIONS

Probvlen l.~ To find the idealized cross section of a
bean with open-section stiffencrs:

The actual cross section of the bean is shown in fig-—

re 49(a). The effective width of the sheet for nornal
gbresges 48 to be taken as w = 20%.

The idealized width @& for shear ieFornmu_on {figs
11) is equal to the width between rivet rows, that 1gs 4
inches.

The a the idealized flange is obtained by add-

3
ng areas: @ .

(sq in.)
PEIROW BB G e b v e el e e 0,300
Skin from corner to rivet line
ot o e o B L TS S L «» 015
. @ ~
Bquivalent of wed (1/8 x 6400 x 0,065) . . » 085
Grda. of 4dpplizved TINNED: ' bl te s s . & G 04380
(Jl)(,l n'
¥he first str¥dnzer inwouiatul" adjaecnt—to the flange con-
sists of onlv the effective width of skin: the area is

20 x 0,040 x 0,040 = 0,032 gquare inch




consists of a stiffener and
of each idealized stringer

Haech ©f the nexbd bwor stringers
a. double strip.ef gkin; the area
is therefore
A= 0R200i-+ 250 20 %0.040 % 0,040

The stringer at

or 0s132 square ineh.

T total gres of

A = 0.032 + 0.264 + 0,264 +

The idealized cross sec

Problem 2.~ To

with closed-sec

ot
e e
]
]
wn
ck

bean

The actual cross
ure 49(e). Tae effective
taken a8 w.= 204s

-

The effective width 1Dy
formula (13),

k508, 1.50

1 +

0:1:32

the «epntler 1ine hag oneg—

ealized

nerat

section of the =t
width of the shee

0 <040 e 18500

second and

The idealized width
is therefore

g 's Boo6 % % % 0.75 = 3.6
and the idealized width of %he

d = 2050 4 0.7E = 8,25
The areas of the flange AF and of
er are ‘b same &8s in problem 1.
The area of the gecond as well

ized stringer is obtained by adding

beam

the longitudinals is

third panel

Cross

i g

=

t

= 0.75 inch

e 0,080 x 1,50

0.692 square inch

tion is shown in Ffigure 49(d).

seetion of a

shown in fig-
is to be

for shear deformation

g, DYy

from the flange to the first stringer

B0
[#]

snall

third ideal-
areas
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(sg ins)
Hat section 0.260
Skin Betweew wivels (L8 % 0.040) .080
Two strips of skin (2. x 20% 0.040 x 0.040) : .054
Area of idealized stringer : 0,384

The stringer at the center line has ons—-half of this area,
or 0,192 square inch '

The total area of the longitudinals 1is
A7 = 0.032 + 0.%284 + 0.384 + 0.192 = 0,992 square inch

. ~

dealized cross section is shown in figure 49(d

He

The

ANALYSIS OF A MULTISTRINGER BEAM, OBTAINED 3Y THE USE OF
THE SUBSTITUTE SINGLE-STRINGER YETHOD AND

THEZ RECURRENCE FORMULA

=%

Given data.- Pigure 50 shows the idealized form of =z
bean; the problem is to find the stresses ian this beam un-
der the load’ indicated by the use eof Tthe 'subebitube single-

stringer method and the recurrence formula.

This idealized bveam is very nearly identical with the
ealized fornm of beam 1 discussed in part II. The follow-
ng sinplificationg have been nades The -slightly -tapering

fective width of beam 1 has been replaced by a constant
dth; the slightly tapering effective depth, with a dis-
ntinuity at the midspan, has becen replaced by a coanstant
ptasy the load has been located exactly at the tip instead

at the actual location of OgbHée imchH from The Bip, HNens
hege deviations anounts to more tham 2 perceant at any
iat, so that the results ebbtained in these mumerieal ex-—
nples can be conpared guite closely with tihe correspond-
g calculated curves shewn En part II.

fig
n bl

-
BN

.J (T\

e 50, &abde 1 hras beon
forn required for the snal-

-

siven
prevared to give the data
o




First approximation to substitute single-stringer -

structures.~ The first approximation %o the substitute
single—stringer structure is obtained by combining the
stringers constituting: A; ianto a single stringer located
at the centroid of Aj. As indicated in figure 50, this

centroid is located 6.28 inches from the flange, and tThis
distance is by definition the substitute width in the Tirst |

approximation,

The computation of the coefficients required for the
analvsis of the substitute beam is shown in hahllesI iy The |
values of Ap and Ap are the same as for the actual

structure and are obtained from table I. The shear-lag
parameter K is calculated by formula (4). The substitute
width %og Just found is used where © appears in this
fbrmula, so that

- _“Opal % 0§0l5
Eog 5.28

=T 00 0380

The coefficients p, gq, and ¥ are calculated by formu- A
las (3a), (3b), and (3c); becauwse & and t are constant
in thie particular beam, the common factor Gt has Deen

omitted from all coefficients. <

With the coefficients computed in table Tiegthes sy
tem of equations for the X-forces (first approximation) is
written in conformance with equations (5). The boundary

conditions are X, = 0 and Yyp4y = O

~ X,(0.1400+ 0y1388) +X,(0,1182) = =66.7+* 66.5
X,(0.1182) = X,(0.1388 +0,1376) + X3(0,1190) = ~56.5 + 66,3
Xé(0.1190) - X5(0.1376 + 0.1362) +X,(0.1191) = -68.3 +66.1
Ky (02198 % X, [N 3562 + 01858 ) xg(o.izoo) = -=$6.1+65,0
X4(0.1200) = X;(0.1358 +0,1347) + X5(0.1201) = =56,0+ 66.0
Tgbosueoyg » 26(0.1347) = =55,0 } ;

These equations are then solved, and table II1 gives the
final computation of the stressges in the sudstitute beam as
as

obtained by formul (9a) and (9b). : .
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saduaCasars Fthen Ballculat cd by st ormis (14) and entered in
column 4.

Columnn 5 gives the cross—sectional areas of the =btring
ers Agy, and column 6 gives the internal forces O Agg.-
The ‘st of these forces will not equal the force 'opdy on
acleount of the Finitle munber of strirngers;tand ‘'a comreec—
tion must be applied to all of the stresses ¢ except to.
the shress in stringer A3  the gtress in stringer & " must
necessarily remain equal to Op.

Phovcorreetion is made as follows? The force FL is
Ol = 2673 X 0,771 = 2060 pounrds. e forece @n sbtringer
A is 140 pounds, as shown in column 6; the total force
that nust be applied by the center stringer D and the two
intermedinte stringers B and 0 is therefore 2080 -~ 140 =
1920 pounds. The summation of the internal forces din the
Tlrec Bbringers B, 0, and D =ns given in coltmp 6"FS only
pounds; the stresses 0 givern in column 4 must there-
fore be.multiplied by the factor 1920/1715 = 1,120 %o
gbtain: the Linal, Talues of the stresses . O, Waieh ane
1igbed@ i column 7. &= o .cheeck, the lanbernal forces are
again computed with the corrected values of 0of the sumna-
$don. ehocks exactlyr with the force Fp = 2050 pounds.

The etaleulation of the chordwise digtribution of
stresses is made in the same panner for each station; the
results of the ealculations are giwen in table VII,

ANALYSIS OF MULTISTRINGER BEAM WITH CUT-OUT

It'will be assumed for the example of a multistringer

bean -with out-out that a cut-out is made in the benm shown
iy .
T i

in figure 50 and aralyzed in° the preceding examples the
gkin ponels AB and BC . and the stringer B @We Pomoved
between stations 3 and 4%, corrosponding to the large cut-
out in beam 1 described in part II. The effecks of making
this cut-out are to dbe found.

Effects of reroving skin parel AB.- The total shear
force in the skin panel AB between stations 3 and 4% is
found by stotics with the stresscs given 'in table VIIS it
is equal to the.euf of the Torces in stringers B, G, znd D
at station 41 mirus the sum wof the forces in the same

Q S

strl negers al stati 116 of " the ‘simple caliculas
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0bbain the fimal stresces in therstringers.  Ths Sikiresses
S

na
in stringer D cnused by eutting stringer B are obtained
Wy Toenula (22) ag et PlAs.

Vaen the results of this conmputation are compared with
the curves in figure 48, it should be borne in mind that an
additional small correction must be made for the actual

est bDecause removal of the skin pﬂn 1s reduces the arecas
Ap. and 4p in the rogida of -the EeRi-oWty

ANALYSIS BY SUCCESSIVE SHEAR-FAULT REDUCTION

Annlveis of single-stringer beam.-~ The nmethod of ana-
lyzing o single—-stringer becan by successive shear-fault
reduction will be demonstrated on the. substitute single-
stringer bean analvzcd previously by the recurrence formu-
la, The vasic data for the beam are those giwen in table
I; for the subgstitute width, the second approxination
bg = 6.2B x 1.090 = 6.85 inches was used. As the jritial
assunption, the stresses in the flange were arbitrarily

ssuncd to be 1.40 times thc stresses given by the Mc/I
formu¢m. Table X gives the first -cyecle of the computation;
a conmont orn the Torm of thp cornutau*o aeds Ziven iIa ‘part
it of thisg papers Table XI ives the second cycle of the

conputation, starting with tq vwlucs of Op found at the

irst cyele. 4As a gemeral check on the eompu-
sunm of the shear FTaults is 'shown for both cv-—-
1 e noted that it has decreased from 843 to

a

Analvsis of multistringer bean.- As an exanple for the
analysis of o nultistringer bean, the bean of figure 50 is
again used, and a tynical cycle of adjustment for stringer
B 1is shown i: table XII. Because the exarple is i1llus-
trative, the stress values Oy, Ogp, and 0Oy were n t

assuned arbitrarilv but were taken fror tadle VIiI, the fi-
nal result of the previous analysise. The shear faults are
therefore wvery snall, and the adjusted stresses O3 are

he initial stresses. The srmall

prraettically ldentioe: t
¢ fron two rensons. The FTirst
i
a

¥
differoneces that exi
reason is the limited
This nurmerical QCﬁuracy i eternined by two factors: the
nunber of dars used and the aecurancy of rnultiplicatiorn and
division., These operations were ¢orried out with a 10~inch

éal acecuracy a@f the process.

oL
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glide rule in all numerical examples given in this revort.
The second reason for the failure of table XII to show ex-
act agreement between the initial and the final values o
Oq lies in the slight differences between the basic as-

sumptions. The recurrence formula is based on the assunp-
tion that the cross section is.constant in each day, dut
the stresses vary nonlinearly in each bay. The sHear-fault
reduction method, on the other hand, assumes that all

stresses vary linearly in each vay.

CONCLUSION

he theorv of shear-lag action presented in this paper
is based on the concept of idealized structures consisting
of stringers carrving longitudinal stresses, of sheet carrv-
ing shear stresses, and of transverse ribs.infinitely close-
1v spaced and of infinjite stiffness. The test results in-
dicate that this theorv is acceptable as a basis for-prac-
tical stress analysig, because, in .eneral, the.differences
between test results and calculated results in the criti-
cal regions are smaller than occasional scatter of test
results caused ov uncontrollable irregularities in the Dde-
havior of the structure.

Langler liemorial Aeronzutical Laboratorw,
¥ational Advisorv Committee for Aeronautics,
Langlew Pield, Va.
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APPENDIX A

SYMBOLS

crogs—-sectional area, sq ins
Young?'s modulus, 1b/sq in.

interndl Tores, 1D

effective shear modulus, 1b/sq in.
geonetric moment of inertia, in*
shear-lag parameter (equation (4))
lemeth, 1n.

bending moment, in.-1b

external load, 1D

shear force, 10

shear fault (equation (S5~3))
shear-fault correction (equation (SS-4))
auxiliary parameter (equation (14))

half-width of structure, in.; with nunmerical sub-
scripts, distance between stringers (figz. 12), 2t

developed width, in.

depth of beam, ian.

thickness, in,

egioehive wiith

distance paraliel to center line
distance from center line

shear strain
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o direct (normal) stress, 1b/sq in.
1 shear stress, 1b/sq in.
Ta basic shear ctress existing before a cut-out is made,

1b/eq ine

<+
T

cndfiecance

n
[

Superscripts have the following

P theoretical values based on the assumption that plane
cross sectiong rermain plane

Subscripts have the following significance:?

C cover sheet

) external (applied)
F flange

L longitudinal

S sudstitute

st stringer
‘g votal
W shear webd

CE occurring in the cover sheet and obtained by the
elastic relation.

GL ‘eenter Iine
i indoard
o) outboard

av average

@
(0]
H
(=N
©
o
ct
ete
= |
(0]




CCUPARISON BETWEEN DIFFERENT SOLUTIONS

OF THE SEEAR-LAG PROBLEU

The vasic shear-lag problem is the vroblem of a box
bean with constant cross sechidne Im 1930 Tounger pub-~
lished a solution of this problem (refeorence 7). In 1937
the auther published a slightly different solutio the
constant-stress solution (reference i In 1938 Reﬂssno
published a third solubion (reference 8). If the flange
gffdiciency T of a box bean @e defined by tae ratie of
the He/I stress to tae actual flange stress, all three
Selutions sear be reduced to tHe lsame form, mapely,

n - tanh F
F
where F 1is a function of the geonetrical and the physi~
gall, ipropertics wof the “ooxs « Thisiizunetiow 3. Ig defined

aws follows?

F

Eif

fxf

/ @
= 68 L v/f (Younger, reference 7)
T
/L-_—
=
1 - £ e | -~ 3 A
= Yl Ve B J i (Xuhn, reference 1,
(4]
= = (Reissner, reforence 8)

1782

be ween that: the three solutionsware didentaest. in

d differ only slightly in the numerical constant.

1 taree sedutionsg, iavelye jgone sinplifyin ssunp—
and any onerof ithe ftareeveould, be used eqlall" well
sis for building up approximate solutions ror dean
able cro®Es section.  All three seolubions, howewver,
the result that thoe flapge efficieney is coastent
ho span. & glange at figures 41 and 42 indicates

dsh ireisudt eannet be neores than @, rouch. eppPEGrination
nge stresscs on these figures are not straight lines.
s.reason, the treatnent of the beam with variadle
ection as presented ir this pavper was not based on
thesc solutioans.
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f the three basiec solutiers given, only Relssner's
solution.is orf.such a nature that the underlying assunp-
tions can be »hysically realized without difficulty (con-
stant cross section, concentrated lcad at tip). At the

T ation, it was stated that the solution is

S
tine of publice
applicadle only when the cover consists of corrugated

sheet (refersnce 8): it was stated 1lhter (refercnce 9)

taat the solution applies also when the cover consists of

a flat sheet. Reissner’®s solution is thaerefore shown in
gure 413 it wlll De scen that, at some distance from the
is a fair approxination, but at the root the ex-

al shear-lag effect is nearly twice as large as that
ct d& by Reissner's solution.

The geries so lu n

en bv Winny (refercmce 10) is
4 on thc same a A

lutiong listed and

a dm ot s b el t -cannot
Bk o DXl Ve EF L6
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lavorate method gf hear—lag
i 5 o e
& by Ebner and ot (refer=-

very ‘conplete and. e
e
structure consighs of gtringers
g
£in

A
analxsis has been prese
ence 12), The idealize
sheet, and trangverse »

. I'he transversge ribs are Ti=
pitie dn.nunber and of I te stiffnessy the rethod is
therefore nore complete than the methods presented in this
naper. Comparative calculations made in referecnce 12,
however, show that the ribd gtiffness Jaas only a shgll in-

fluence on the stringer stresses so twat the simpnlifying
sunption of infinite number and gtiffness of the ribs

resultis, only 3n verr snall errors. . DThis acnclugior @rawn
b¥” Ebner and Kgller Tronr toeir theoryiig arnply confirmed
"br the good agresnent Dvetween the experiments and the anal-
vses presented ian this paper

Phae nethod of reference 12 is rather difficult tolfol- 7
low; comparisons have therefore been confined to the anal-
¥sis of numerical exanples given therein by the methods
presented in this paper. The dinersions of the-strueture p
analyzed in reference 12 are glven In Tdzure BLL
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Pigure 52 shows tae results for load case 1, which
is the case of an ayiallv loaded panel, It will be noted
that in reference 12 there is given an "exact" nethod as
well as an approxinate one, the approxirate nethod being

rccon;ended . practice oecause the exact method is guite

urnbersore. The solution nade by the substitute single-

(=M
o
s

strlnaer nethod agrees with the exact nethod of referdnce
12 at 2ll of the stations oxcept one to the aeccuracy of
reading the values fron a snall graph. . The nakipun dife
forence betwecen the exact nmethod and the presont single-
gstringer nethod is only slightly larger than the differ~
ence between the two nethods of reference 12 and is unin-

n

pvortant for design purposes

Figure 53 shows the results for the bear. The agree-
nent between the solution of reference 12 and the single-
stringer solution of this paper is very close except at
the root,.where there is a differcnce of 3 percecat oan the
flange stress and a difference of 20 pércent on the stress
in the center stringer. The agreenont betweemn the solu~
tion of reference 12 and the solution by successive shear-
fault reduction is good.

It should be pointed out that this nunerical example
represents the nost severe test that .can possidly be nade
of the powers of the substitute single-s tringcr nethod.
The chordwise distridbutidn method, which is an iantegral
part of this method, is based on the assunption that there
are infinitely nanyv stringers; the half structure analyszed
here has only two stringers, which is not a2 very close ap-
proxination to infinitely nmany stringers. ~

The example nay serve as a warning, therefore, that
in such extrene cases, the method of shear-fault reduc-
tion should ve used to refine the approximation obtained
by the single~gtringer ﬂe\“od Fror.a prattical point of
view, the discrepancy found here between the method of
reference 12 and the substitute single-sstringer nethod is
of little . interest because structures .with oaly two strin
ers are not likely to be encountered in practice,

g5
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NACA

TABLE I

BASIC DATA FOR ANALYSIS OF BEAM

Tables 1,4

Coefficients for Recurrence Formula

-[é/E = 0.40; h = 6.18 in.; b = 10.875 in.;
£% 04015 1n, s P = 600 1b;]
x Ap A Arp M % | °fg
ga e {2n.) (sq in.)| (sq in.J| (sq in.)](1b=in.){ (1b) |(1b/sq in.)
g 0 0 0.229 0.502 | 0.731 0 0 0
1 B .256 556 .812 | 4800 777 956
g 16 .283 .610 .893 | 9,600 1554 1740
g 2 +310 <663 .973 |14,400 2331 2395
e 32 337 717 | 1.054 {19,200 | 3108 2947
5 4o « 56l <771 | 1.135 24,000 3885 3120
6 148 .392 .825 | 1.217 |28,800 L662 3835
TABLE IV

(Second Approximation)

Bay K KL tanh KL| sinh KL q
1 0.0826 [0.661 0.579 0.710 0.1425 [0.1163
2 0786 . 629 «557 +6T71 J3h30- | 172
3 «0750 . 600 « 537 « 637 .1396 | .1176
N .0718 5Tl .518 606 1336 | .118L
5 .0690 «552 «502 .580 <1374 ] .1190
6 .0665 «532 487 «557 1366 |.1195




NACA Tables 2,3
COMPUTATION OF COEFFICIFNTS FOR RECURRENCE FORMULA (FIRST APPROXIMATION)
Q.0D0056 (=% == 1= 08
[KZ 95 (AF + g), L = 8.00 1:9 TABLE II
1 a Tl IJ i
ot AR I N TR N S (R VRS U I K | KL [tanh Kl|sinh KU -y g it ”
(sq in) (sq in.) |
3 0.242 10,529 | L.13 | 1.89 | 6.02 p.00575(0.0758| 0.607 |0.542 0.6l45 |0.14090.1177|0.687 | 66.7
2 «269 | 583 | 3.72 | 1.72 | 5.L4L | .00520| .0721f .577 | .520 | .610 |.1388] .11°2| .é85 66.5
5 296 | .636 | 3.38 | 1.57 | L.95 |.o0l73| .0689 .550 | .500 | .578 |.1376] .1190] .683 | 66.3
L <323 | .690 | 3.10 | 1.L45 | L.55 | .00435| .0659 .528 | L8l | .553 |.1362] .1191] .681 | 66.1
5 350 | o7k | 2.86 | 1.3k | L.20 | .00402] .0633 .506 | .L67 528 |.1358| .1200| .6%" | 46.0
6 +378 | 798 | 2.65 | 1.25 | 3.90 |.00573| .0610f .488 [ .453 | .508 |.1347] .1201| .65 | cb.0
STRESSES IN SUBSTITUTE SINGLE~STRINGER BEAM (FIRST APPROXIMATION)
Yb = 1.54, (1 - -:ﬁ) = 0,420 from fig. 15
—w'alias—?— ___1____. x 1'090] TABLE ’III
'\/3 (1= ‘*s']-:-') Vv O’EEO [~ _fo,. Cor\’(’("{'l‘“‘e K
P X X % X % 9L
station 4 Ip i o7 | Y
(1b/sq in.) (1b) (1b/sq in.) |(1b/sq in.) [(1b/sq in.) | (1b/sq in.)
T 956 L8 188 bl 5 86 870 760 | 1.00
2 1740 113 Loo 21,0 186 155k .725 |1.10
3 2395 212 68l 3079 320 2075 675 |1.25
4 2947 373 1107 Losk 520 2l27 +60C | 1.50
5 3420 633 1740 5160 822 2598 .504 | 1.90
6 3835 1054 2690 6525 1278 2557 +392 |2.50
Total 9.25
Average 1.54
Table TV
e




lUncorrected values.

2Corrected values,

NACA Tobles 5,6
: TABLE V
STRESSES IN SUBSTITUTE SINGLE-STRINGER BEAM (SECOND APPROXIMATION)
P [(1 s ;_I; ) =0.429  from fig. 15.
1 - 1 = 1.079:]
Voo B VB 558
X ) X
Station | of - Ip F % = o5 H
(1b/sq in.) | (1b) | (1b/sq in.) [ (1b/sq in.) [ (1b/=q in.) | (1ib/sq in.)
il 956 Lo 156 1112 72 88l 0.795 0.90
2 1740 96 339 2079 157 1585 761 1,00
3 2395 187 603 2998 282 2113 .70k 1.16
Ly 2947 335 994 3941 468 2479 . 629 1.40
5 3420 576 1580 5000 L7 2673 535 1.76
6 3835 987 2520 6355 1195 26l0 416 2,40
Tqtal 8,62
Average 1.4
TABLE VI
COMPUTATION OF CHORDWISE DISTRIBUTION
OF STRESSES AT STATION 5 _
Stringer| ¥y Yy cosh Yy o Ay [ o 0 Agi
Hf))/sq in)f (sq inJ) (l?lb) ((Zl)b/sq (ZZlb)
¢ . 0 1.000 1673 |0.1L9 | 2h% 1873 279
c zD 587 | 1.177 1968 .297 | 585 2203 655
2
e g0 1.27h | 1,772 2965 | .297 |881 3320 986
A b [2.760 [ 2,992 5000 [ _.028 {(140) 000 0
Sl ? ‘ZIlTLgU—
|
= 26 0.771 = 2060 c tion factor = 2220, & 1 320
%LAL T3 X% T e orrection factor 1715
1b




TABLE VII

Chordwise Distribution of Stresses in Bean
Station UA 03 UC GD
(1b/eq in.,) | (1b/8q ins) | (1b/eqg dn.} §{1B/ag in.)
i) 1112 952 840 800
2 2079 1774 1518 1440
3 22998 2370 1936 1790
4 3941 2875 2200 1985
5 5000 3320 2203 1873
6 8355 3399 2020 1530




TABLE VIII

EFFECT OF REMOVING SKIN PANELS

TABLE IX

EFFECT OF CUTTING STRINGER
FINAL STRINGER STRESSES

vOVN

tatd 6 : 2 1 tati 6 . 2 1
Ix i 12 3 %2 3 8 16 ia o 12 E ]32 g 8 16
REpant: o0 Sesoving Hanel AR Effect of cutting stringer B
1.247] o.h15| o 0 0.830 | 1.6600 | K 0.127 0.1270 0.1270]  0.1347] 0.1347 ©0.1347
. Kx 1.525 .508 ) 0 1.077 | 2.155
.287 647l 1.000( 1.000 436 .190 -Kx
(10) 69.32 156.7 {242.0 [242.0 [105.6 4.6.0 ° 217 . 601 1.000 1.000 «3lo 116
alsaad) 22 © o392 C3TT| 33k | C.305 274 fp(10) | 81 226 375 376 128 ik
P/AA 165 4oo 62 725 3116 167 P/A, 19% 576 995 1127 h20 158
hg(sq 1) .318] .297| .286] .256| .235 215 | B 512 1522 261, igz}; lﬁzg Ll;oé;
Ie/a, 219 ser st fous  hso  fewy By 114 e ha i
e Z P - 236 L4o7 1456 169 63
Effect of removing panel BC
1.325) O0.442] o 0 0.883 1.76 Final stringer stresses
s
o .266 <643 1.00 1.00 L1l <170 | o (Iain)]6708 5976 6087 3402 216l 1351
P(1b 254 62, . . . 16.6 A :
P}AB’ B i L Sk - 22 o xdorso |62 0 0 958 691
P/Ag 81 211 3)1 381 172 7 o C(lb’sq 2167 2631 3006 3571 2132 1098
o (¥ irY1730 2106 2377 2256 1599 883
Stringer 8tresses after memoving panels AB and BC P
axlb/sq 6515 |s5hoo |5092 |2275  |17LL 1193
oBab/sq D 3262 298l 261 {2934  |2048 1097
oc(b/éq 949 {1989 (1899 |2331  |1672 927
rD(lb&:. 1650 |[1870 |1970 l1800  [1430 820

6'% s8jqeL



NACA Tables, 101112
ANALYSIS OF SINGLE-STRINGER BEAM BY SUCCESSIVE SHEAR-FAULT REDUCTION- First Gycle

TABLE X ca;Abx 3 o'?a‘-ss G Cl t Ax= 0.015 +8= ©.120 sqin.

L P2 %14 0sil6 | 7 [ehano ] 2 s s 17
O | Fe | FL| oL [0r6L| AT | T |ASce|AF, | SF [SFC,|SFC;[SFC| Ao |Aa, 'chvicrL

(lysqin)| (1) [ (ib) k)b/sq'm.) bjsqin)(iblsqn)(ibjsqin) (1B | (1b) | (1b) | (b) | (Ib) | (1b) (Ib/sqin)‘(lb/sq' bjsqinflbjsqin)|
0 0 (2] 0 0 ;

| 2663 440| 435| + 5
| 11%38| 2472| 435| 182|555 |259 -G |-32| -9|-25|+16 1303 199
2 2404] 408| 430 -22 ;
2 |2425| ¢89| 8¢5 (1420|1015 474 -] |+6 | 12| -46 | +2] |2384| 1441
z 29%0| %52| 42¢|-14 ;
2 |2350[1040(129)|1950]1400| ¢854 -28 |+19 | -19 [ -¢c) [+29 [ 2289 1379}
4 221¢| 21%| 425 |- 152
H 4 41%0[1292| 1716|2400 |7130| 801. -62 | +28 | -24 | -1 | +34-[4059| 23¢c
1469 | 176 ]| 424 |.248
5 [4740]1745] 214c| 2780|2010[ 929 -88 |[+62 | -2¢]| -1 |+24 |4119|28\4
A 520 64| 416 [-352
G |5370|2106{?25563100(2270| 1060 ) +88| + 8a[+224[-107 [5594] 2997
£ = -843

ANALYSIS OF SINGLE-STRINGER BEAM.BY SUCCESSIVE SHEAR-FAULT REDUCTION- 224 (yele
AX _ 040+8 . 4 47 t Ax = 0.015 x8= 0.120 sqin.

G
TABLE XI ENY ©.85
I (2248l el 7] e]o]w]i] 2] 3] i4]15] €]

;r."!

Tk | Fu| o0 |ok-0if AT T ASee) AF, | SF ISFC,|SFC;|SFC | Ady | Ady O-FJ;L

fibfsqin) (1b) (lb/sqin;lb/sqin.‘ib’sqm)(iblsqin k) | (b)) | (1) | (b} | [1b) | (1) [(ibjsqin)ibisqin}ibqiniibsqi
Lol o ool o N P L
| - %578 479| 444] - 15
[+ 11302 444|799 | 504] 225 ~9| +8| _I'| -4 +2[1239] %ol
7 2343 401 | 425 |-24 -
2 |2289| 879|1441| 48| 445 22| +9 | -13 | -46 | +21 | 2242 14aR
3 2900| 248|424 | - 86
% (3289]1313]1919| 1310| €12 —270+22 | -5 | -1C I+ & | 2273 1987
4 _ |2788 215] %283 |- 108 :
4 |4059]1636|23¢C| 1693 791 _12 |+21 | -45 | -123| + 63 ] 392¢| 2429
5 1497 180! 469 | 289
5 |4719|2165|2814|1405] 830 17 |#72 | -5 | 14| * G |4705] 2620
= , €o7| 13| 306|732 ]
G [5594]7470/2993]2¢01[1213 | +77 1 +17/+197| -93 | 5781 | 2300]
| | =< o ]

i i i
, =3 =1

ANALYSIS OF MULTISTRINGER BEAM BY SUCCESSIVE SHEAR-FAULT REDUCTION
Typical cCycle for Adjus?men*f of S‘H‘inger B

ij Station|

(&

Bay (Station

TABLE XII G A% 040+3 _ [ aaga t Ax= 0.015x8 = 0.120 =qin.
E b 3.625 :
| 1 1213418 67|88 |ofwlulir]mniid]isliire] e ]2
! ST g | oy |- AT T8 ASCEl gl AT TP 852 D | Fy |AF, |SF ISFSFC|SF Ady | o
P ﬁwb/s,in)rib/sqin,ob/,,-l (1b/sqinXibsqin)lbjsgin)l (1b) {lbjsqinflbsqinfibsgin) (16) | (16) | (1b) | (1b) |(16)](1B){(1B)[{lk)[ibjsqi Ibfsqin)
pito | o | o] 0
{ 4 4696| 564 290| | 48| 2l6 204 [+12
I 1112, 840| 952 | 1co | 14] 112 | aq n 204 -i]-6[-1]+22 ] a85
7 1 4555 5417 2802| 226 | 21l 213 |- 2 |
2 (207915181114 | 205 | 269 56 | 226 417 +4 |+ |+5|-21 11153
3 4786| 515 2576 | 310 | 208 189 [+1o i
3 |79498]193¢| 2270] ¢28 | 555 434 | 284 406 -1 |-4]-5] +20i23%0
4 3721] 448 29z 2¢3] 85| [183]-4 7 o i
4 |2041|722002&75] 10¢¢ | 942 615 | 596 195 -12f+1-1l] 402918
5 2184| 335 1596 | 192 | 14> 19] |-48 i
5 [5000[2203| 2320| |¢80] 1484 11 | 986 86 -3 [+12[+9| 20 {32490
s 1205 | 151 clo] 12| 84 94 |-10
& [6255|2020| 2299| 295¢| 2¢10 1274 | 1220 10’80 +2(+3| -9 [3340
2=-36
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(a) P-forces (b) X-forces
Figure 8.~ Separation of forces acting on bays.
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Figr. 9,10

- Figure 9.- Boundary conditions at tip.
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Pigs. 11,13
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Figure 11.- Idealization of multistringer cross section.
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Figure 13.- Standard sysbols for width of panels.
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Figure 19.- Effecte of cutting stringers.
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Figs. 21,25

Figure 21.- Test
set-up for
panel.
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NAOA Fige. 32,38,28,38
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Figure 31.- Stresses in panel, case 2.
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EACA Figs. 43,49
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Figure 49.- Examples for idealization of cross sections.
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HACA Pigs. 50,51
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Figure 50.- Beam used for numerical examples.
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