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METHODS AND I?ORMULAS I?OR CALCULATING THX STRIHYGTH OF

PLAT21 AND SHELL COINSTRUCTIONS AS 7JSYD IN AIRPLANE DE SIG3T*

By O. S. Heck and H. Elmer

SUMMARY

This report is a compilation of previously pu%lished
articles on formulas and methods of calculation for the
determination of the strength and stability of plate and
shell construction as employed in airplane design= In
particular, it treats the problem of isotropic~ orthotrop-
ic , and stiffened rectangular plates, thin curved panels,
and circular cylinders under various loading conditions.
The purpose of appending the pertinent literature refer-
ences following the subjects discussed was to facilitate
a comprehensive study of the treated problems.

I. IHTF.0DU!2TION

The purpose of this article is to gather the availa-
ble simple formulas and methods of calculating the strength
of tb.in-walled str-~ctu-rss (plate and shell) that are in-
creasingly important ~ . airplaile design into one compre-
hensive report and to facilitate the study of the original
reports by appending an exhaustive list of pertinent lit-
erature. One essential characteristic of the treated de-
signs is that the skin plating is called on to carrY
stresses as well as the stiffeners. Designs in which the
sheet merely serves as covering and is not loaded to cor-
respond to its strength are without the scope of this
study.

The structural components of plate and shell struc-
tures (particularly, skell bodies ai>d wings) are plain
and stiffened plates and shells, usuallY of verY l,igllt
gage (about 0.5 to 1.2 mm (0.0197 to 0.047 in.). In such

————————————.-———————.-——————--——.—— -—-—————————— .——-—--———-———————

*“Formeln und Berechnungsverfahron f{r die Festigkeit von
Flatten- und Schalenkonstrukt ionen im Ilugzeugbau.” Luft-
fahrtforscllung, February 6, 1935, pp. 211-222=

I__ .—.. —



—

2 ~l~;,+,~Q VA.; T ec,hni.sa1.M emo,.ra.-ndu,p;No!. Y8:,5......... . . ..-.. .... ... ,.,....... .....,.’:,..

struc tur es the sol,u-tion oft-he.-s&re S.S...p:r~b,+:eqis subordi-
nate to the question of stability and”’~a”rti’tiularly, to the
strength of a structure after “exceeding the stability lira-
it. ~$h,equest-ion: ,of,the bu+~lii>g~ st.rengt:’a,-,of...ecet.ions,s,...
will not be included t~-ithinthe scope’ “of”th’is”aiticl”e,”al-
t.hougk the Ixuck;lin& sl~resse.s -of..thest.it.f.ener.s alone,. i.e. ,.!..
as self-contained compression mernbe~s, are frequently Used
for the determinatio~ o,f.the strength of .a,plate or shell.. . .
design.

The material to be consi.de;red is divided according to
the three most essential structural elemeilts of plate or
shell construction:

,.. . .!
1. Strength “of rectangular

“.2● ,Strengt I~ o.f thin curved
lar shell) ; .,...
.,

3. Strength of,c~~lindrical. . ,,
,.

... . .. :, .,,
plate; .,

panels, (se&ent of,~circu-
,, ,.

sh,e”lli (circular cylinde,r) ●

These :structural .e.lement.s are fi~rthe,rdivided ,iq{o.i{o-
tropic, orthotropic (ortllo&onall~r an.isotro-pi’c)‘and stiff-
ened ylates or’ shells. Orthotropic plates “and shells hav-
ing unequal lut constant stiffness in mutually perpendic-
ular direction are, for.example, plates and shells of ply-
wood and, strictly speaking, those also of rolled plate
with different moduli of elasticity in directions parallel
and perpendicular. to the direction. of rolling.

In many cases stiffened flat plate s:ahd sheets stiff-
ened by corrugating can be treated as orthotropic plates
by s%~’bstituting for the periodically changin’g stiff nesses
in the directions (mutually per~endicular) of the stiffene-
rs, constant mean ,stiffnesses. The. kind of loading of, the
individual element affords yet another subdivisioti.

,,
.. “The theoretical formulas are, where.v~”r possible, com-
pared to test data. When a~-plying theoretics.l”formulas
for the strength of thin-walled structures, “it is particul-
arly advisable to ascertain whether and to what extent
tiqey hav:e been. experimentally verified.,... The test data in
many cases are. quite different from the theoretical val-
ues, Ifi stability invest igatiofis of ‘very thin unstiffeiled
plates, and shells’,,,unavoidable, initial buck Sing, ~“that ,
compared to the wall thickness used,-”can be” re”garded only
as small - reduces the actual buckling load relative to
the “theoretical %uckling load of the ideal plate or- shell
considerably. “’At “times the experimental .data.manifest

.. . ., .,,. ,;

I
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an appreciable ic;t%e$i” :46.“”;$h’$.%”.”’in“nmny”’c-as”es.%ny conclu-
sion as to the behavior of a structural component on the
basis of the result ofioile OF ~a-’fe’w’-tietstsmust he drawn
with caution.

‘“ KFli:ep’rSsent” re~oit: reveals ‘that..,,th’ere:are s,till con-
sid”era’ble”gaps” in our’ ‘knowledge of “tke‘strength. of ““jjlate
and sli’e”ll,con”stru”d’ti:o’ns. l{ot~v”i’th”st”andin’g the numerous
~fo’rmu’las, the; e are st ill fi’anycastis not covered by sta-
bility investigations of plates and shells under combined
Atres”ses, as” well “;as”“intiest’igations of ‘the stability ‘of”
shells of other than circular or of variable section (such
as conical shells) . “ ,“ ,,

.

Kany problems still call for study in connection with
the requirements o,f airplane design. ““ ““

The DVL undertook the solution of these problems.
Experiments were made ‘on stiffened cylindrical panels as
structural com~onents of shell bodies together with experi-
ments on complete, stiffened cylindrical shells (monocoque
bodies) , the results of which are recounted. The program
further inclu”ded a the~retica’1 aisd experimental investiga-
tion of the behavior of “cylindrical shells of elli~t ical
section under bending stresses.

E Y. modulus of elasticity iw tension .

G, modulus of shear
. .

v, Poissonis ratio (approximately = 0.3 for’ steel
and duralumin)

6, wall thickness of plate or shell,, ..

a, ~, edges ,of,.rectangular plate

r, radius of curvature of shell

19 length of shell
... ..

.,.‘...:’ ,..
. .. .

t“

... .. . . f ,r -
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.11..STRENGTH OF RECTANGULAR. PLATES :
,. ~., ,..’, ,,

!.1. Isotropic ~lates ~ “ .

~> Loaded in co~~ress ion.- We first gtve the forrru-———..————————— . ———.-——
las ‘clefining ‘the Critical stress es.:for ‘various important
specific cases of rectangular plates under compressive
load. (See refer eilces,2.5, 16,, 22; .23, 24, 26,:.pp.. 9 % 10.)

,. ... . . . .

a) Unifo Tm” Compressive Load on’ Oppo,s.ite Edges of the Plate
,.. . ,..,., ,.. ‘,..
Let a represent the unloaded and. ;$ the loaded

edges of the “plate of thickness 6.
.,. ,

The critical compressive stress O1.r (at the moment---
of buckling) follows from formula

(1)

.,
The factor lc. in,thi,s formula (1) is dependent upon the
aspect ratio a/3 and the: edge conditions of, the plate.
The values are giveil below for d.i.fferent edge conditions.

1) All edges of the plate simply supported*

;= 0.4 0.6 0.8 1.0 1.2 1.4 le6 1.8 2*O 2.2

k= 6.92 4.23 3.45 3.29 3.40 3.68 3.45 3.32 3.29
3.32 .’

%=2a42.73 aI ..
II

k = 3.40 3.32 3.29 3’;29

2) The four edges of the plate are clamped (reference 26)**

~.123m
b
k = 7.7 6.7 6.4 6.0
——————— .————— -——————-———.--——-——-————--————-.----——--———-—.-.-——.————— ——--————
*SiiLply ..11sunportedt’ is hereinafter assuriled synonymous

with hinged. sup-port.
**T~le lil~iti-n~ values Of k for $=~ really should be

the same for case 2 and 3, Th~ value k= 5.73 is
more accurate.

— . . .... . . . . ,.-,.------------.—— ——,— ..
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3) Edges a are clamped;’ etiges % “simply supported*

....’.- . ....- .,

–= 0.4 0.5 0.6 0.7 0.8 1.0,,:
1.2 1.,4 1.6 1..8 2.1 @

k= 7.76 6.32 5.80 5.7’6 6.00 6.”32 5.80 5.76 6.0,.
5.8 5.76 5.73.

~) Linearly Varying Load(in the Plane of the Sheet)
Applied to Opposite Edges of’ the Plate

All edges ”6re’as&fied’si’mply” supporied’ and the ioad
on the plate is: .

Then the critical stress follows from
.

cl=
‘kr k +;; @2 ,

,’

(2)

:= 0.4 0.5 0.6 0.667 0.75 0.8 009 1.0 1.5

a=o.5; k=23.9 21.1 19.8 19.7 19.8 20.1 21.1 21.1 19.8
0.75; 15.4 10.6 9.5 9.2 9.1 9,5
1.00; 12.4 8.0 6.9 6.7 6.4 6.9
1.25; 10.95 “6.8 5.8 5.7 5.4 5.8
1.50 ; 8.9 5.8 5.0 4.9 4.8 5.0

y) Uniform Compression Along Each Edge of the plate

Edges ‘b are under compressi~e load (T1 and edges

a’ under compre”s’sion” 0,S” “(fig. 3). ” If all edges of’ the
plate are si,m>ly supported tbe critical ~1 and”’ 02 fol-

low from

Here m denotes the num’o.erof h’alf waves of:the buckled “
plate in direction x (parallel to ediges a), and n
—————————L-———__————--—_._— .——-——--————— --.-.———— ..———— -_———————_——————--

*Tfie limiting V&lUeS’ “of k“.for & =~ really should be
the same for case 2 and 3. T“he value k = 5.73 is more
accurate.

,

—.— — —
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those in direction y (parallel to edges b) ; ‘m and n
are integral and to be so chosen that 01

kr
and ~%r

take on the smallest possi%le values.

In the special case of al = CT2 = o the critical load

is determined by

(4)

wherein k depends on the edge conditions and aspect ratio
a/b of the plate.

1) All edges of the plate are simply supported

%= oel
-b

G*2 O*3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

k= 83.1 21.4 9.96 5.96 4.11 3.11 2.50 2.11 1.84
1.645

.?2 All edges of the plate are clamped (reference 15)

a_=l
b Y k = 4.36

According to Cox (references 16, 26), the theoretical
values for the buckling stresses of plates loaded in com-
pression are in fairly close agreement with the experime-n-
tal data for the edge conditions for which they have been
experimentally checked.

Eehavior after Buckling

In many cases plates loaded in compression are still
able after buckling to carry considerable additional loads
before failure. In a plate *with simply supported or
clanped edges and two opposite edges under compressive load,
the stress distribution over the section ceases to be uni-
f’orm once the buckling load has %een exceeded, and the
stress increases toward the corners. The plate reaches
its strength limit when the maximum compressive stress
reaches the yield point of the material, or when the sheet,
supported by riveted stiffeners along the unloaded edges,
buckles letween the rivets or when in the lateral stiffen-
ers whit-h are compressed simultaneously with the sheet,
the compressive stresses have reached critical values. The

—
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11. ultimate $Oad .?3. .of ,a’p.lat.e...under, cornpress$on cafi be .
:1; ,,

+
a calcu’latet” from t~e effective “w,idth, ‘2w ~y:,the,, ftil’lowing

1

fo.$ilula”:”‘“’”’-”...’“ “L ““”:~ ““”””~ ‘“ .“‘“
‘~~ ,,: ., ! “ .:’” ,“ ““ ““’:”.”.: : .“ ::::”” “:””’”

$
.... “pB S“2W ~.~: “’.; :’”” ‘ , @

i?
T

~

+: in which the value. of,:.:O...is to, b,e,:taken;as (according to.,
the yield point’ Of”’the “material) ei~he’r “tile stress at
which .t’qe.plate, buckle s..between qt.iff.ener rivets or the,~>,,.

1
buckling ski”ess of the ~t~ffq~er’~ themselv~~.

,.
Torn”the ef-

fective width 2W with simpiy supported edges , v. Karman
/, (references 14, 25) gives the formula:
) ,,. ,.

..”,

. . .

2W =“C’ r‘; /3

:.. ,

(;)
Where o has the same significance as in (5) ,..and the ,

value ~ = ‘“~ = 1.’90 at, ’v”= ().3 replaces
the

/–3 (1 - ~2)

constant C. “Steel with a yield point of “30 kg mm-?&,~:?,~70m5
lb. per sq. in.) has an effective width 2w,,approximately
eclual to 50 ~, “and d.uralu&in with a, yield point of 27 kg

‘2 (3Q403.5 lb, per. sq. in. ) has an effective width of
% approximately equal to 30 8, assuming the yield point
of the material as determining the failure,

Por sheet free at one ,edge and siroply supported at
the otiler three ed~es, v. Karman computes the effective
width at :.

f
W“= 0.68’” ‘~ :

06 ““
(7)

COXIS formula (references 16,” 2“6) ‘for 2W j.s: “

‘“2W = c
J

T#j+Db (8)
:.

.iae., the effective; vidth varies “slightly with the width
b of the plate. C and D are constants dependent on
the edge conditions of the plate. When all sides of the

‘a plate are simply supported: C = 1.52, D = 0.09. When
the loaded edges are simply supported, the others clamped.:
C = 2.18, D = 0.14.

According to Cox, the experiments available (“refe”r-

-.
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ences 1.6, 17) agree quite “well ‘tiithformula (8); ‘Other
pertinent articles on the subjec~ are the reports by G.
Schnadel (references 9“, 10, 11) , which are likewise con-
cerned with the behavior of plates loaded in compression
after exceeding the limits of stability,
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..
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. . .
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~~ Bucklin~ stress es.- ‘The c’ritical’ shearing stress

‘k r of a rectangular plate, .,with edges a and b and wall.. .
thi@cness, ~,. loaded. in, shear, is.:

– k ––~–.= (:)2”T~r-l_V (9)

.,
,’. . .

T:~e coefficient k in (9) depends on the edge co:ldi-
tions and on ~h”e”aspect ratio. a/3 of the plate.

“.
1) When all edges of the plate are sim~l~ supported

(references 11, 12, ,13)

$=’ 1.0 1.2 2.0 ?.5 3*O ~1.4 1.5 1.6 ‘1.8 \

]~ = 7.?75 6.58 6.00 5.64 5.76 5.59 5.43’ 5:18 5.02 4.4

2) When all edges are clamped (reference 14)
..

%:1
b

2~

k = 12.7 9.5 764 ““’

.
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“ Co’x (“”fieftiren”ce14) , %h””ile co”tidedin’g fai r‘agr% ement
~etw@en’ tlieo’r~and tes”t’d“at”afor; approxi’ma~ely rectangular
‘pl$if‘e-s’,‘o”bs6fives’‘t”ii’atb la~t,,es:Gv”i’ng““a-n””””’tispdc t ;ratio a/b
that di;fers rnu~h fram-’uni.fy,;‘tiarihuc~l”e long before the
theoretical critical, load ,is reached. ,S.eydel,(reference
8) “points’to the, r,ia’rkedl~:”dist,urbifig e~~e,ct:“of initial ‘
buckles in thin plates . “-Z&ll’enrath (reference ‘6)‘“state.s
that in his investigations with celluloid, plates, the ex-
perimental ‘va’l”uesf:br ciitifial shear stresse:s~”are approxi-
mately 43 percent kelow Sauthwell and Skanf:s ‘(reference
2) theoretical fig~~!.ps.

..:. :.:. :., ., .,
,.. .,, ...’ ‘, .,

RBF~RENCmS A~ BIBLIOGRAPHY
,,. . ,.

On the Stren&th of Isotropic Rec~tingular PIaies in Buckling
...4 .’

‘ 1. Ti,moschenko, S.: ‘tiber die Stabilit&t von versteiften
Platteno Ei,senbau, Bd. 1,2 (1921), nos. “5 and 6,
PP “ 147-163.’ (T)- , “.” ,,: :

2. Southwell, R. V., and Sk,an, S.,,W,: On the Stability
Under Shearing Forces of a Flaf ‘Elastic Strip. ‘
Proc. F.oy. Sot. of Iondon, series A, VOli 105 (1924),
T,p. 582-607.

.,.

3. Southwell, R. V.: Note” on the Stability Under Shear-
ing Forces of a Flat Elastic Strip, and an Analogy
with the problem of the Stability of Laminar Fluid
~~otion. Proc. of the first Int. Congress for Tech.
Mech.’> ppo” 266-275;- I)elft’,’1’925. (T).”’-,,.

4. Bergmann; S. ,“and Reissn~r; ‘H.: Neuere pro bleme a’us
der Flugzeugstatik. , Ub@r,.die Knick-ung von recht-
eckigen Flatten bei “Schubbean spruchung. Z.F,M., Bd.
23 (1932), no. 1, pp. 6-12, (T)

~
. Seydel, X.: ~ber das Ausbeulen von rechteckigen, iso-

tropen oder orthogonal- anisotropen Plat ten bei S,chu3-
beanspruchung. In~. -Archiv, Bd. 4 (1933), no. 2,
Pp. 16’3-191. (T)

6. Bollenrath, I?.: Ausbeulers cheinungen an ebe”nen, auf
Schub %eanspruchten Platten. Luftfa,hrtforschung ,
Bd. 6 (1929), no.,1, ppi 1-17.. (~) ,

., ,.

.,,,,.



12 I?.A. C+:A. Technical Memorandum No. ,785

2. Gough, H. J.,and Cox, H. L.: Some Tests on. the Stabil%
ity of Thin St.riy “Material Under Shearing Forces i,n
the Plane ,o.f the .5trip. P.roc. Roy. So.c. of London,
series A, vol. 137 (1932), pP. 145-~57. e (V)

8. Seydel, E.: The “Critical. Shear Load of Rectangular
Plates. T.].!.No. 705, NJA. C,.A. , 1933. (v) ,.

,9.,Nadai, A,: Die el”astischen Pl”atten. Verlag J. Springer,
Berlin, 1925. (Z)

10 ● Geckeler, J. W.: 131astostatik.’ Handbuch der Physik,
Bd. 6. Verlag J. Springer, Berlin, 1928. (z)

11. Timoschenko, S.: “Stability and Strength of This-Walled
Constructions. Proc. of the third Int. Congress
techn. Kech.”, vol. 3, pp. 3-15; Stockholm, 1930. (z)

12. Timoschenko , s.: Sta@ilit&t sprobleme der Elastizit&t.
Handbuch de~ physikalischen und technischen !:echanik,
Bd. 4; 1. Halfte, 2. Teil. ‘Verlag J*” A. Barth,
Leipzig, 1931. (z)

,. ,.
13. Timoschenko, S.:”” Strength of Materials. 2 Volfi.

Macmillan & Co. , London, 1931. (?).,

14. cox, H. L.: Summary of the Present State of Knowledge
Regarding Sh,eet Metal Constr’Jc~ion. .R. & l;!.~~o.,
1553 ; British A.X.C., 1933. (z).

CL Combined lloading.- Tor a long rectangular plate————..—--—..—--—--———
uniformly loaded under combined compression (ax) 3 or ten-
sion (ay) , and shear ,.(T) (fig. 4) , Wagner has estab-

lished two formulas for calculating the critical stress
.“Tkr . with given values of ox and ay (reference 1) :

With simply supported edges,

7kr2 = ‘2 (2=’ +2’%)(2.-’’’+%;

(11)
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He al so represents these formulas ‘(~10.)and :(11) .graphica”l-
lY ,b${,Plott.%ng .cq.r~.e~,,Tkr = co,,nstjant.with values of ox
and 07 as”‘coordinates.’ : .. ““‘ /’

,..,
The stability of a rectangular plate under combined

b:ending “slidshear (fig. ‘5)”‘i%t rested in an article by
o. stein [reference .2). . ~ . ~~

., ,., :. ,..
REFERENCES
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no. 8, ‘pp. 57-60. (T)

2. Orthotropic Plates

,.

When the stiffeners tare spaced sufficiently close,
such a plate may in many cases be considered as orthotrop-
ic, i. e., as a plate with. unequal stiffness in two mutu--
ally perpeildicular directions. This is particularly valid
in the invest i~at ion of the stability of corrugated plate.

a.). _LomQ.ed in com~_.ress.i.o_~A.- According to Dean (references
1, 5), the critical compressive stress o~r of a corrugat-
ed plate with edges a and b (a is paxallel to the cor-
rugations) , when t-ne edges b are uniforaly loaded in com-
pression (fig. 1), is:

E ‘6 2()‘~r = k i - vz i.’..————.- (12)

When s = chord length of kalf wave of the corruga-
tion and f = wave depth of corrugation (distance of high-
est point from nedian,plane) , and if 5<,0.2, then the

value of k is.Given approximatel:r by

. k = 5..8,$:.8 ‘,
., ,. . . . ..

(13)

L-
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Consequently the buckling stress ‘k r is unaffected by

the sheet thickness 8; k also changes -probably with “the
half-wave length A of the sheet, although it does not
appear from (13).

Yamanats (reference 3) formula .’forthe critical com-
pressive load Skr (loading per unit length along the’

ed~e) for an orthotropic plate with simply supported edges
is:

(14)

Dl and D2 denote’ the bending stif:ness o’f the orthot’rop-
.

ic plate, D3 depends on D1 ‘ and “D2 and on ,th,etorsion-

al stiffness of the plate. The calculation of these quan-
tities is given on a subsequent page. ‘, .

Yormula (14) agrees with one of Wagnerts (neference
2) for the stability of a stiffened plate loaded in com-
pression.

If the unloaded edges of the orthotropic plate are
clamped, the critical compressive load follows from. . .

(15)

in which, however, D2 ig assumed small with respect to
DI .

Regardin8 the results of U.S. investigations on corru-
gated sheet loaded in compression, see “reference 2.
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Q~Bucklin& s~resses.-. The forWula, for the critical—..————— ————— ..-—_—
shear load tkr(per unit length, of ~lat’e edge) of an or-
tho~onally anisotrop’ic (orthotropic) rectangular plate
(see fig. 6) with edges a (in direction of x axis) and h
(in direction of y axis), of bending stiffness D1 in x

d.i.rection (i.e. , by bending about y axis) and bending
stiffness D2 in y direction (i.e., by bending about x

axis) (reference 8) is:

‘~r Ca (16)

where Ca is a coefficient dependent on parameters

and which may be ta?cen, accordir.g to Seydel, from figure 7
for & values from 1 to w and for “Pa values from O to 1.

The Ca values of figure 7 hold for the case of simple

suppo rt on all four sides. Quantity D3 depends on Dl,

D2 and the torsional stiffness of the plate. The formul-
as for” calculating D1 , D2 , (and.D3 are given on a sub-

sequent page.

,2 The critical shear load ‘kr of very long orthotrop-

ic plates (strictly speaking, infinitely long compared to
width b) may be determined from formula (16); for 8 val-
ues between 1 and w with simply supported or clamped
edges, Ca is taken from the following table (refereilce
4) :
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\

1’~ 8=1 2 3 5 10 30
}’ Edges simply

p
supported: cal = 2.&9 2-.20” 2.16- 2.13 “2-;08 2.05

~~ Edges clamp ed.: Cal = 1.66 1.54 1.48 ‘1.44 1.41 1.38

1 8= .05 .2 .5 1“

;~ ‘Edges simply

/ supported: Cb! = 1.92 1.94 2.07 2.49

Edges clamped: Cbl = 1.16 1.20 1.36 1.66

The validity of considering a plate with periodically
changing stiffiless in two mutually perpendicular direc-
tions (parallel to plate edges) as orthotropic is governed
by the imlf-wave length. This length zkr must be several
tines larger than the spacing of the plate stiffeners or the
vidth of corrugation before the -plate may be treated ap-
proximately as orthotropic with regard to its critice,l be-
havior.

The formulas for calculating quantities:

D3 (reference 4) are as follows:

(EJ)X
Dl = —-.—________

I-vxv Y

(EJ)Y
Da = ———...--—.———

1 - Ux Vy

D1 D2, and

(20)

(21)

D3 = ~ (VXD2 -t Vy ILl) -F .2 (GJ)XY

wilere D1 is the bending stiffness of the plate in x di-
rection (i.e., in bending about y axis);

D2> the bending stiffness of the plate in y direc-
tion (i.e., in bending about x axis) ;

4(GJ)XV the torsional stiffness of the orthotropic
. plate;

Vx, Vy are Poisso-nts ratios belonging to the bend-
ing stiffnesses in X“ and y direction of the
plate (definition of v~ ,Vy given in refer-
ence 8).

1. —
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The followzng relation holds

. .

D3 = V:~ DI + 2. (GJ)XY = VX. D2 + 2 (GJ)YX (22)

. .
Yor sheet ~iith corrugations running parallel to the

y-axis (see fig. 8): !.

,.
~ = arc length ..ofnalf wavq ~., ..

s=’ chord le,ngth ““ofhalf tiave” ..
,.

,,.... .,
D2 = EJ

,.
.,

yhereby J is the mean moaent of. inertia pe,r unit of
length “of a section’pa”ra~lel ‘to’’the x-axi,s , with r“e”s’pect
to the axis lying in the median plane of .the’sheet, and

neglecting ‘Y ‘1 “ Further details are given. in reference
7.

The experimental results for corrugated sheet loaded
in shear are in accord yith theory (reference 7) .

A simple formula for appraising the critical shear
load of an orthotropic stiffened plate has also been given
by Wagner (reference 5).
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3. Stiffened sheet

With regard to the strength of stiffened plates, it
is important to know the stability l’imit of the. stiffened
plate in compression and in shear. Dut in most cases its
strength, rather than heir.g exhausted upon reaching this
limit , still permits considerable load increase before
failure takes place.

a) Loaded in com~ression.- ‘When the stiffeners are
sufficiently close together the stability investigation of

.——_——————————————_—__—_—-————__—-_——__—————————.——_——..———————
*compare also ,.J. Jenissen: Investigations of Corru&ated

Sheet Loaded in Shear. Thesis, ~echnische F1ochsch-ule,
Aachen, ‘1932.
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a stiff.ene”d,pla.t:e:may .-innta.ny.e.as”.es.-p.roteed ,Q~ the.a s,su.mp-
t,iou o.f.an o“r$,hotro,pic .pl~te.; a@ the forrg~las given in
section 11,2 may be employed. To r ~~t”,erfiini.ng t.h,ebuck-
ling load of a panel between stiffeners spaced farther
apart , fo.rnrala (.1.)fray :l?e’used,-.bu~, the ‘oe.n;dingof the
stiff.eners must ‘%G assumed s.~al~:eno.ug,h.,to permit the
sides .of the’.pan.el.to be con,sidored :as s$~”aight . The effect
of flexibility in ‘bending of stiffeners ,on t,he stability of
the plate panels between the stiffeners is treated in a re-
port by !l?imoschenkd ( ref erenc-e 1)., The critical compres-
sive load of the .stiffen@d sheet. is ,obtaiqed from formula
(1) ; but the coefficient k depends, aside fr~~b~he edge
.condit ioils oftbe plate and. its aspect rati:o on the
number” of stiffeners. $tie“ratio Qf the bending stiffness
of t~le stiffeners and sheet, an”d on ..tkeratio. of sectional
areas of stiffeners and sheet. Timoschenko has calculated
-the coefficient k for a .nuabe.rof cases and has given,
the values In tabular form (references 1, 7, 8) .

,,
A most important factor in airplane design is the

knowledge of ultimate load of a stiffened plate stressed in
compression “parallel to..the stif’fenersd Three .method.s,have
been suggest ed”for. ap-p~oximate calculation of. the ultimate
load (reference 3):

./ :..
Detirnine the ultimate lQa6s .tl.at can be carried

by the stiff eilers alone a:ld the ultimate load
of the sheet between two stiffeners (calcula-
tion <or experiment) , the lateral sheet edges
leing assumed as rigidly supported; then add
the ultimate load of sheet and stiffeners,
which gives the ult inate load of the stiffened
plate (reference 5). ,

Determine the”ultiuate load of one stiffener (by
test) and compute tile effective width ‘2”w, or
w, of the sheet fron the ultimate load G of
the stiff e~:er, according tO forr~ulas (6) a]ld
(7). The total area of the stiffeners and of
the effective.plate multiplied by the ultimate
stress 0 then gives theultinate load of the
stiffened plate.

Lundquist (reference 3) ,conclud.es from experiments by
Schur.lanand Back (reference 4) that it would be better to
usc the coefficients 1.!70 and, O.60 than 1.90 and 0.68 in
e~u.ations (6) and (7.) of section 11,1, so as to give the
following fornula for the effective width” of the sheet” of
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a stiffened structure:
<.. , ,,

,’, .

2W = i.70
r
“’”:g””i .... ,..,.”. ,.r

(23)
.: .,

/ for effective r:idth of sheet be’t”~v”eentrfo stiffeners and

w= 0.60
f.

:.8 . .,
,f,

(24)

for effective width of sheet at an unsupported edge..
.,.”

7L. Plot against slenderness ratio the ultimate stress
of the stiffeners alone. Tormula (23) or

,724) affords the effective width of the ski,n
with an estimated ultinate stress. Define the
slenderness ratio of the combination’? stiffener
plus skin, aqd determine fron the originally”
plotted curve (tihich strictly is valid only for
the profile) the pertinent ultimate stress ~ .
If this o does not agree with the assur.led O,
the method is repeated. Ttio to three iterations
suffice as a rule. The final ultinate stress
and the section of the stiffeners and skin give
the ultir.late load of the stiffened plate.

According to An.erican. ekperinents (reference 3,), this
lsst roethod reconme.n.ds itself particularly for calculating
the ultimate load of a stiffened Sylell. Attention should
be called to the fact that, in deterr.]ining the strength of
the stiffener by test, care Bust be ta’ken to assure fail-
ure of the stiffeners iil the same manner as it would occur
in the combination of plate and stiffener; t’hat is, buck-
ling perpendicular to the shell.
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b~ Stren~th in shear.- ‘17agner (references 1 and 2)-.——.-...-— —.-—--—————-——
made an elaborate investigation of tune stability and
strength of’ a“ stiffened plate in shear under the assump-
tion that the thin skin plating lmckles under very small
loads. Disregard.ing the bending stresses due to wrinkling,
a one-dimensional state of stress develops in the slkin,
the so-called Il.whose propertiesIIdiago”n’al-tension ‘ields

have also bee-n descri-oed in detail by Wagne~.

Two cases of practical importance are analyzed wit%
ITagn”erls simple metho”tl. ‘The edge members- (i.e, , flanges
or chord-sand web stif’fene’rs’),are assumed stiff enough to,,,

. . .. .
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I he considered rigid in bendi~g,, an assumption, which is .
}

j
permissible for many practical case’s, With ‘regard.to al~
lowance for the effect of flexibility in “bending of the “

~ flanges, we refer to Wagner(s rep’ort(reference 2).

1 .“.

[: 1] Plate Girder with Parallel ~hords and
,, Vertical Stiffeners

I
A plate gfrder having parallel c~ords (spacing h) and,

vertical stiffeners (spacing t) is clamped at one end and
loaded at the other with a load Q (fig. 9). If the edge
members are stiff in be”nding, t’he tensile stress .O in
the sheet and the direction a of the wrinkles are con-
stant. With 8 = sheet thickness, the tensile stress in
the sheet is:

;=?21 ———_—.
h8 sin 2a

the compression in an upright,

the load in theupper chord,

and in the lower chord,

(25)

(26)

(2’7)

(28)

In the above, x = distance of section in which chord loads
Ho aild Hu are to ?)e determined from the. point of appli-

cation of the load Q*

The maximum local bending moment in the chords (at
points of uprights) is:

Qkltana , .B~
ma x ‘h12,.

The directiQn of the wrinkles is given by: , ~

..1 + m
2TJ3

sin2 a= l-~a2 + a - a with a = ———————
t~ h~—— - —_—

(29)

(30,31)
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;However, “the .accu”racy of.“tQe’se,,for&las - is on,ly ap-
proxim”atd’.””” ,,,,: ., ,,: - , , ~~, -

I.,nq p.latc girdq~ in -whic:h-the::ppr:i,g,hts are, eccentric
“*o”tlie ji.eband “~ive.t.e.dto it:, the, upright-s are .l.oaded in
ec cent ri.c c,omp.ression uniformly along. .thei,r. e.nt,i.r.e.length.
In cent’rast to o“rdinary- compression members loaded eccen-
trically, the eccentric uprights of a plate girder have a
true buckli..n.g..l:oa:.:in ,:~mb~pation wi,ththe. web (stability
problem) . Wa&nerl s investigations on this subject are
cited in reference 2. .’

Experiments (references 1 and 3) have shown Wagnerts
simple calculations to be in close agreement with fact.
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-. .—- .—
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STRENGTH 0~ T$lINCURVED. ,PAEELS”
,.,

III. .

1. Isotropic Panels
,’ ,., ,.. ,, ;

..
al Loaded in axial com~ression.- Redshavtk (reference— -————— .————.-——————..— ———..——.—

1) theoretical formula of the critical compressive stress
in an axially compressed isotropic thin curved panel is:

“lE
{~

,..
OIzr = – —--——._—

61-
12 (1 - V2)~2 (!7” +’(:~} + P:Y} (3’)

where 8 ii’wall thickness” of’panel ~ “ ~
,.. ., ..”

r, radius of curvature of panel ‘“

l; “arc length of section of shell ;. .,

,,

‘“The edges of the silell are assumed to le simply sup-

ported. If (D/b)2 is negligibly small with respect to

8/r’, forrmla (39) becomes (41) for the buckling stress of
the axially compressed circular full” shell; in the con-

trary case
(
&

)

.&2_ .’%
r smal~ con~ared to formula (39) gives

b2,

the relation (1) for the critical compressive stress in a
plate supForted on all edges and compressed on two oppo-
site”edges of width 3*

According to Redshaw, formula (39) is confirmed by
test data, althou~h additional investigation in this di-
rection appear desirable.

.

:.

; .’

.,
..

.,
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651-’686.

(z).

Q1 Buckling stresses.- Wagnerts (reference 1) formu-————____ _____ _______
las for the critical shearing stress ‘kr of thin curved

panels without stiffeners are:

when the sheet is simply supported,. and

‘kr = ks E
6’
– + 7.5 Z1

(:J
r

for clamped edges; (b = arc length of curved edges of pan-
el, ks is approximately equal to 0.3).* G. 1!1.Smith (ref-
erence 2) found from his experiments with panels curved to
form the quadrant of a circle:

(40)

where k = 0.75; the wall thickness b of the test
sheets ranged between 0.25 mm (0.010 in.) and 0.81 mm
(0.032 in. ) ; and the radii r, between 11 cm (4.3 in.)
and 18 cm (6.9 in.).
———__—_____________ -r--------------------------------------------------- _

*According to recent investigations “by Wagner, it is ks
approximately equal to 0.1.
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.,,. ... . . . . . . . . . . .
Formula, (40) is equally applicable for the buckling

shear, accord..ing to .Smi.th, when, the, value of ,,.k .is taken.....
as 0.20; “However, the experimental fig~-res for the ulti-
mate loads manifest co;fisidera%le “scat”tefing.

REPERENCE S,..

,,

On Strength in ‘Shear of Is.ot:ropic Thin ~szrved Panels.

1. Wagner, H.: “Structtires of Thin Sheet He”t’al;’Their D’e-.
si~:n rind Construction. T.M, NO. 490, N...L.C.A.,
1928. (TV) ““”’”

2. Smith, C$’..’I1;:Strength ‘in S’~ear”of Thin’ Curved Shee%s
of Al clad. “ T.Y. ‘i~o.34’3, N.A. C.’A.’19303O’. (v)

2. Thin Curved S~$et with Stiffeners Loaded..

in Axial Compression*

According to Lundquist (reference 1) , the compressive
strength of a longitudinally stiffened curved sheet can be
calculated in the same fashion as that of a stiffened
plate (section II, 3). Here again the last of the three
methods recommends itself for calculating the strength.
3ut , according to NTewellrs experiments (reference 2) , the
strength of a stiffened slightly curved sheet at high r/5
values (about 1000) is lower than that of a flat plate
with stiffeners. Hence Lundqv.istts recommendation of a
10. to 15 percent re.du.ction.**

.-..—-————————————...-———....—.-———..———---.—-..—.-.——...-———-—————.——————..--—————
IIII

*See also the article by Dji-Djuan Dschou, published in
this issue of Luftfahrtforschung , p. 223.

**It was subsequently discovered that these experimental
results at small curvatures were due to peculiarities of
the test specimens. See J. S. Newell, Airway Age, Novem-
ber 1930, pp. 1422-23.
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1. Lundquist, Eugene ‘3.: Comparison” ’of Three, hletho~s for
Calculating the Compressive Strength of Xlat and.
Slightly Curved Sheet and Stiffener Combinations.
T.N. ~~0. 455, N.A.C.A. , 19330 ;(TZ)

.2. Newell, JiS.:. T}]e StrengtQof Aluininyrn Allpy Sheets.
Airway Age,,;yol. 11 [1930), pp? ~420-,1424,, 1367,.
1548-1551, 1574. (v)

IV. STRENGTH OF CYLINDRICAL SHELLS OF CIRCULAR SECTION

1“. Isot’ropi”c Shells

~~ Loaded in axial com=iession.- The stability fail-————.-—————— .——— ..—-.— ——.——-——
ure of an axially compressed, unstiffened cylindrical
shell may occur, according to the length of the shell, in
either of the following’ ways:’

.,

1. Through lateral tiuclcling of the shell as a whole
(Euler case), or

2. Through local instability (buckling) of thecylin-
der mall.

The local buckling consists either in the formation
of circular lobes, whereby all surfaces wrinkle symmetri-
cally and the shell “sections remain circular (axially sym-
metrical buckling) , or in forming lobes;. whereby the cross
sections assume a“wavy shape. In”both cases ”the theoreti-
cal formula for calculating the buckling stress has been
derived the~reti~~lly* as:

.,

‘kr=kd++ (41)
—————— _____ _____________________ ___________________________
*One frequently encounters , in literature a formula by South-
~~ell for ~kr (references 4, 5, 14, 17) , in which the fac-—

tor ~--~~ (k =“pum~er o: waves in peri~~heral dj.rection) oc-
.-

curs and whic~~ is to be ap~licable in other than axially
symmetrical buckling, des~ite. tts dis~pproval by Robertson
(reference 11) and by b. Sanden and Tolke (reference 8) ,
and its omission in more recent z“~gli.sh.articles (refer-
ences 17, 18).
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Strictly speaking, formuIa:”(4~) is valid only for the
infinitely long ,,shellP But the length effect disappear: .
almost c“orrpletely for lengths ~reater:than a “few half waves
of the buckling measured in the axial direction. The half-
wave length in th.e.case of axially symmetrical Ouckling of
ti~e sheli is: :., .

A—=
2“

1.?2”J3, . . (42)

Formulas (41) and (42) ‘assume the validityof Hookeis
law. When %r” lies a30ve the proportional limit of the

material, these formulas are to be replacad 3y” (reference
7):

. .

‘~,=h:m~; ~~ (43)

and
h---

r
1972’JZ” 4K ,..

2+ “E
(44)

.,’
in which the 113uckli.ng modulus”, K is calculated from

(45)

In formula (45) ‘~!”= p< (slope of stre’ss-stra.in curve)

must be determined from the stress-s train diagram at a
stress equal %0 ‘~kr,

Various experiments to check formula (41) have 3een
made, but they, all Give lower values than correspond “to
this formula; the majority of, the experimental values for.
the buckling stress are from 40 to 60 percent of the theo-
retical values. As causes of this discrepancy, two ex-
planations have been advanced - 3oth of which would reduce
the %uckling load and for which no allowance has 3een made
in the derivation of the theoretical formula. Yirst, a
test specimen always deviates more or less from the exact
cylindrical shape (references 9, 10) ; second, owing to the
radial displacement of the compressed shell which is pre-
vented at the cylinder ends by the clamping or. friction at
the loading plates,’ the cylindrical surface is deformed
locally, and this may also cause a reduction”in 3uckling
load (references 6., ‘7, 8, 9).

.,.
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The analogy exist ing’be’tweeh. the stability problem
of the axially compressed cylinder shell and the buckling
of,an elastically supported member has-been pointed out at
various times. (For example, see ‘reference 130)

. . .
. ..”. ..,:
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Q~ Loaded in bendin~.- ‘“The theoretical formula (refer-———————————..—. ..——._
ences 1, 2) developed for the bending moment ~kr at sta-

bility failure of a thin-walled ’cylind~ical ‘shell is:

(46)
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.Brazier~s figure for k. is k,=. O.99; The mean value
of k taken from 77 test’s”is kmean = 1.1,4.,,,the minimum

-. value of k in “thes”e”“tes”tsbeing 0.72. Br”azierls theory
applies directly only tothe cas”.eo“f“pure bending and long
cylindrical shells. On the other hand, the experiments
thus far have shown that, apart. :frornvery “short shells,
the length “effect” is ~egligibl”e (reference) and that;
moreover, a small shearing force fails to produce an appre-
ciable reduction in critical bending moment (reference” 3).

RETXRENCES AND BIBLIOGRAPHY

On the Strength of Isotropic .Cylindrical .Shells in Bending

1. Brazier , i.G.: The Tlexure of Thin Cylindrical Shells
and Other llThinttSections. R. & X. No. 1081, Drit-
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El Torsional loading.-,,————— ________.__..-__ A cylindrical shell twisted by
end couples may fail through local buckling of the cylin-
der wall if the latter is thin enough. Donnell (reference
5) gives the following theoretical formulas for calculating
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the critical shearing stress
‘kr with clamped or simply

supported ends: .

Theoretical critical shearing stresses,

-z-- ~~~[4.6+ ~7.8+0.590H3’2] ‘(47)‘In- = ~ - .V2

for clamped ends: ,.

E——————
)

(6 2
‘kr = ~ - ~2~r”” [2.8 + ~~+ 0.494 H3’2] (48)

~ =J--=-q:’ for sinply sup-ported ends.

where t = length, r = radius, and 8 = plate thickness.

TorI,lulas (47) and (48) are applicable only when the :
following inequalities hold:

: .>7.94JTI-F
f ;

(clamped ends) (49)
.

-L
-< 6.6~~fi (simply supported ends)
r (50),.

Ctherwise (i.e., very long cylinders) , the following for-
mula m7.ls t be resorted to for both cases of clamped and
simply supported ends:

Tkr
—— 9.272 (51)

After evaluation of all availa31e data on this sub-
ject, Donnell fonnd that the critical shearing stresses
determined by experiment averaged about 75 percent of the
tileoretical values. He attributes this discrepancy to in-
accuracies in the shape of the test specimens. The lower
limit of the” experimental values amounts to about 60 per-
cent of the theoretical. Multiplication of the right-hand
sides of (47) ar.d (48) by 0.6 a~:d-t~”tiii~;.V.= 0.3 Cives
the followin~ formulas in place of (47) and (48), the val-
ues so obtained 3eing on the safe side under all normal
conditions .
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‘\ Critical Shearing Stresses to Be Expected in Practice

. Ends clamped:

T
kr=E ~j 3.O+J

([

3.4 + 0.240
13

1(8r)3’2J

Ends simply supported:
r- -1

T L’(q / 13
kr=E t, 1.8 + 1.2 + 0.201 -

(8r)3’2J

(52)

(53)

Lundquist (reference 6) gives a purely empirical for-
mula for critical shearing stress:

1.35
T
kr ()

=kE\~ (54)

The factor k depends upon the ratio I/r and may be taken
from. the appended tabulatioil:

1
–= 0.2 0.25 0.3 0.4 0.5 O*75 1.0 1.5 2.0
r

3.0

4.0 5.0

k= 3.3 2.75 2.45 2.02 1.78 1.45 1.27 1.06 0.94

0.78 0.68 0.51

The first theoretical investigation of the torsional
stability of thin cylindrical shells is tlaat by Schwerin
(reference 1) . His formula for infinitely long cylinder
is:

&g)()
3/2

T lcr = 0.248 23
(
1 + 0.45 –

r r
(55)

He also analyzes the case of finite cylindrical shells
with simply supported edges for ratios r/& between 25 and
50 and represents his data in graphical form. But since
the available experiments have leen made on shells with
substantially higher r/8 values , no direct comparison
between Schwerinls analysis and the experimental data can
be made. Using Schwerin:s theory, the DYL made the calcu-
lation for the case of z = 10C!O

8
and simply supported

!-
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shell edges. The results of this calculation are fairly
accurate at 75 percent of Donnellf s theoretical values.

Sezawast articles (references 2, 4) are noteworthy
from the point of view of experimental technique, although
his theory is inaccurate lecause of the omission of an im-
portant tern in his equilibrium equations. The results
of tk.is tileory are therefore at variance with Sezawas~ ex-
periments.
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El Combined axial compre~~>on and torsion.- .If O.———________________
is the critical compressive stress of an isotropic cylin-
drical shell under axial compression alone, and To is
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the critical shearing str’e’s.s.in torsion and o and T the
critical stresses under combined load, then the following
relation is’ap~roximately true: : ~~

,,. .,
n“

()
1-;–= ;– (56)

0.0,. :. ..

With firede~ermined values’ of’, Go -and TQ the equation
furnishes the critical “o and T under combined loading.
Equation (56) is illustrated in figure 11. From experi-
ments on cylindrical shells under combined torsion and ax.
ial compression or tension, the value of n was found to
be approximately 3 (reference 1).

REFERENCE

On the Strength of Isotropic Cylindrical Shells
Under Combined Loading

1. Bridget, F. J., Jerome, C. C., and Vosseller, A. B.:
Some New Experiments on Buckling of Thin-Wall Con-
structions. A.S.I!I.E. T~ans., vol. 56 (1934), no. 8,
PP “ 569-57S. (~r)

2. Orthotropic Shells

Combined loading in axial compression and external pressure
i:orsional loading

Yamana (reference 1) explored the stability of ortho-
tropic cylindrical shells under combined axial compression,
radial external pressure and torsion. But his results do
not permit direct determination of the critical loads from
the final formulas. To prove his theory, he made experi-
ments on cylindrical shells o.f corrugated sheet. The load
tests iilaxial compression averaged only about 50 ~ercent
of t’he theoretical critical values. He made only one test
under pure torsional load, aild in this the discrepancy be-
tween theory and test amounted to around 12 percent. How-
ever, the number of buckles n predicted by theory corre-
sponded in every case with t’a.osefound ky experiment.
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Regard ing” the Strength of .Orthot y6pic Cylindrical’ Shells
Under Combined Loading
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1. Ya.mana, 11.: On the Hlastic Stability of Aeroplaile
Structures. Jour. Fat. Engl&, Tokyo U?iv. , vol. 20
(1933) , ilo. 8, pp. 163-224. (TV),, ,.. ,,

30 Stiffened Cylinders

Approximate calculation for torsion

Various formulas are’~iven below for the approximate
calculation of the stresses in the skin and in the stiffen-
ers of a stiffened circular cylinder under’ torsional mo-
ment T. Figure 12 illustrates the’ identifying features
of the structure. The transverse stiffening members
(frames) carry continuous stringers uniformly distributed
over the periphery and are riveted to “the-skinplating.
The spacing of the striilg;er”sis assutied to be small.

. . .. .
If the skin is very thin it will buckle under fairly

small loads and will form diagonal tension fields. The

analysis will be restricted to t-his case alone.

Assume the tension wrinkles are inclined at an anEle
a with respect to the cylinder axis; ~ can be approxi-
mated by a formula established by Wagner:

o
1 - -8E

tana c1= ——.————.——.—— (57)
1- %+:;;

3
in which

(7 is the dia~onal tensile stress in the skin

Ox, axial stress in the stringers

CTy, axial stress in the frames

9! angle at center “subtended “by two adjacent
stringers
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Tormula (5’7) assumes the prior knowledge of “the values
of the stresses 0, Ox, and 0 .

Y
Using an estimating value

of a, one first computes OS Ox, and Oy from the subse-

quent equations (58), (59), and (S1), and then obtains a
more accurate. value for a ly theuse of, (57). The proc-
ess is repeated if necessary. ‘

The tensile stress o in the skin along tb.e wrinkles
is given by

T __l
0 = ———.—

n rH 2 8 sin 2cl
(58)

where rE = radius of curvature and 8 = thickness of skin
plating.

The tension field in the sh”eet produces the following
axial stress in the stringers:

(Jx=- –––~—–– cot cl
n rH I’x

(59)

where n = number of stringers and TX = sectional area of
a strin~er.

Owing to the change in direction of the tension wrink-
les at the stringers, the skin exerts a radial load inward
on each stringer.

Designating this load per unit length of stringer
with p and assuming p constant over the stringers, p
is given by

(60)

The stringers must also be checked for buckling under ax- .
ial load.

II

At the points of attachment between frames and string-
ers, the latter transfer their load p*t to the frames
(t = frame spacing) . These loads on the frames are direct-
ed radially inward, and give rise to an axial stress

‘Y
and. a bending stress of maximum local value ~~ , equations
for which follow:



.- —

40

.
and

where Fv“

N.A. C.A. Teclinical Mern6ra”ndumNo.” 785

.,~.~, ,, ;. ,.:

‘Y=-
––--––~–-–..tan’ a (61)
217 r~ Tj

,,.

is the sectional area of frame

(62)

rs, radius of centro idal axis of frame

.~7 (~, sectionlx= —— i~od~lus of frame section)
Y

When the critical torque ‘kr at which tile sheet

buckles between the stiffeners is of the same order of
w.agnitude as T , T i“!lUSt be replaced by T - TI.r in (58)

$0 (61).
.-

The ratio between bendin,g and axial stress is:

(63)

“If the frames themselves are rivetedto the skin, a
part of the radially inward load exerted.ly the skin on
the structure of the stiffer.ers, is directly transferred
to the frames. In this “case t~le use of the ‘above fornulas
for calculating the stiffeners leaves one on the safe side.

Translation by J. Vanier,
Kational Advisory Committee
for Aeronautics.
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Rectangular plate, two ~igure 20- Rectangular plate, two
edges mdsr uniform e~es simultaneously
compression. loaded in bending end compression.
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figure 3.- Rectangular plate, all Figure 4.- Rectangular plate under
edges loaded in compres- combined compression and
sion. shear.

~y :’yg~
Figure 5.- Rectangular plate under Figure 6.- Rectangular ortho-

combined bending and tropic plate loaded
shear. in she~.
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Figure 8.- Rectangular plate
of corrugated sheet.

Figure 10.- Plate girder with non-
parallel chords.

Figure 9.- Plate girder with
parallel chords.
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Figure 11.- Values 6/iTo
versus 7/7..

Figure 12.- Circular cylinder with
stringers and frames.
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