b S ——

Tae 2 3Ima vbd

SOR. |,

HAWKER SIDDELEY AVIATION LIMITED

DE HAVILLAND DIVISION.
g

v.

THE S O .

WRITTEN BY:=

R.N,HADCUCK,

APPROVED BY:-

ﬁ: o S
A L TE v p
711 sl

R.M.HARE,



© HAWKER SIDDELEY AVIATION LIMITED : 1968
Al rights reserved.,

e
S
’ This document is supplied by HAWKER SIDDELEY
AVIATION LTD. on the express conditions that it
is to be treated as confidential. No use may be
made thersof other than that expressly suthorised.
\



STRESS OFFICE REPORT NO. 51.

THE ANALYSES OF SHRAR PANELS.

PART 1, THE ANALYSES OF FLAT SHEAR PANELS.

- coNTRNES

SECTION ‘ FIGURR
ITEM:- SECTION PAGE:- ¥F1G.NO. PACE
NO,
Introduction 1l 1
Panel Analysis 2 1
Buokling stress 2.1, 1 la,1b,l¢ 16 - 19
and 2

Panel stress 2.2, 2 3 20 - 21B
Panel failure 2.2.1. 2 La,5 22 - 23
Permanent buckling 2.2.2. 2 4a,5,1c 18,22,23
Panel joints - 2.5, 3
Attachment to Bdge Nembers 2.3.1. 3 &b 22
Web joints 2.3.2, 3 La,4b 22
Shear pamel stiffensrs 3 3
Introduction 3.1. 3 -
Btiffener stresses and loads due to 3.24 L

tension fiela
Stiffener section constants 330 5
Stiffensr failure ekt 6 .
Lecal ingtability amd panel imter-rivet Selim 6 6,10,11 2l, - 27

buckling .
Pasal instability under a eclosed ssetion

stiffemsr, at a stiffensr intersection >°** 7 10,11 26,27
Pamel ingtability at amr imterseotion of Jeba 7

- vertical snd herisontsl open mtip

Fite, =N
Mlemurel ingtadbility of stiffensrs 3.l 8 9,10,11 26 - 27
< Jeresd cripplimg of stiffener flange ke 8 12 28 ‘
Torsiomal instsbility Jehd 8 10,11 26 - 27
Attachment of stiffemer to edge member 3.5. 9
Attactment of pamel to stiffemer 3.6 9
Bffect of sembined stiffemsr leads 3.7 9 13 29
....l.m.d



Part 1. The smalyses of Flat Shear Panels Cont'd.

SECTION FIGURR
ITRNM: - SECTION PAGE:- FIG.NO. PAGE
NO.
Shear pansl edge nesbers L 9
Introduction hol. 9

Bdge member stresses

Bffective panel shear medulus
Comparison between test results and
Predictions
Itea
N¥otation
Beferences

Appsndix 1 post buckling stress
distributions

Appendix II worked example

»

k2. ' 10 lha, MUd 30

5 11 1%, 15 3
‘ 16a, 166 32
Page
12 -
15



STRESS OFFICE REPORT NO,81,
THE ANALYSES OF SHEAR PANELS

PART 1, Th Ylat Panels in S

1. I uc

This report has been written with the following objectives:=

a) To simplify the existing methods of analysis,
b) To achieve better agreement betwsen test results and theory.
c) To devise a method whereby true reserve factors for both

panel and stiffemsrs may be obtained with little or no itermtion.

This method of analysis is based on the theory as presented by Refs.l
and 2 with certain additional material., The presentation has been
rearranged to achieve the abeve objectives., Simplification has also been
obtained by the complete elimination of direct use of the diagenal tension
field factor, as this is dependant only on the ratio of panel shear stress
to buckling stress,

2. Fenel Analysis,
2,1, Buckling Stress,

The two existing methods of determination of buckling ltroi-, Refs, 1
and 2, bhave disadvantages, the former reference, although simpls to use,
cannet be used for partial edge fixation, and the latter is very lengthy

and at times, very pessimistic,

An investigation was made using the concept that any shear panel could
be considered to have simply supported edges at some effective depth and
width dependent em the boundary structure and geometry., This investigation
showed that this concept could be used with very little loss in accuracy,
and that the expressions necessary to determine these effective dimensions
were simple, Comparing this approach with the theoretical results, the
maximum error is within 4%, which is considered acceptable as this is well
within the variations in buckling stress obtained from test panels.

It was also found that the effect of stiffener flexibility could be
pregented in the same form by rearrangement of the analysis from Ref,.6.

This is given by a series of curves on Fig, lc.

The effect of stiffener torsional stiffness was alse invegtigated
using the results of Ref.l; this seems to be generelly covered by use of
the reduced effective width as given on Figs., 1la and 1b for clesed section
stiffensrs, though there may be conditions whem the buckling stress could



be increased if open sectien stiffeners have high torsional stiffness.
The revised R.Ae.S. data sheet should be used for this condition,

The effect of reduximg stiffeners on effective width eor depth
is partly empirical, being based on the analysis of 20 flat and
curved test panels., This is presented on Fig. la. The effect of
riveting stiffensrs is also partly empirical and is based on the

analysis of a further 24 panels and is presented on Fig. 1b.

Figs. la, 1b, 1lc and 2 are used to obtain the elastic buckling
stress Tbo'

2.2, Panel Stresses.

The curves for the buic permissible web :trln,Tull and the
permanent buckling ltroqub as presented on the Fig.3 appropriate to
material, are based om D.8. 02,03.03, Ref.l. Thege stresses are
obtained directly kmowing the elastic bucklinmg strouTbo. A further
scele permits the direct determination of the actual buckling stress
T, which will be considerably less tham | be when Tbe is high.

The current curves, Ref.3 (5.0. 02,03. Sheet 9), are based on a
cembination of permanent buckling and failure considerations, and have
reductien factors incerporated threugheut, and have been foumd to be
pessimistic, predicting results about 178 lew in comparisen with test
results. The revised curves incorporate no reduction facters fer
permanent buckling, however a reduced U.T.3. at 52,000 lb/ii (Spes. =
56,000 1b/ i%) has been used for the Tall ourves for L 89 Materiai .
Fig. 3¢, as it was found that usimg the specificatien U.T.S5. gave
eptimistic results. For all other materials the specificatien U.T.S.

has besn used.

2 P Fai

The pansl failing stmu,T’uL, is obtained frem Pig.ka, and this
stress is the actual panel failing stress fer the condition of ne applied
direct stress in the edge members. The effect of cembined panel shear

stress and edge member dirsct stress is given en Fig.5.

2s2e80 Pormanent Buckling,
The permanent buckling ltr.u,pr, is obtaived from Pig.lba,
having previsusly used the appropriate Fig.3. te obtain the basie
’
permanent buckling atrcqub. This may be over-ridden by the actual
buckling stress if stiffeners are flexible, Note 1, Fig, le.
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2.2,3.Flanged Webs. Panel Failure

3

<Sele

Failure of a flanged web occurs at or soon after buckling, as
the flange is incapable of reacting much tension field lozds from the
web., Failing stresses for flamged webs are obtained Wirectly from
Pigs. 38 to *F, Iss.2. Those curves apply to pamsls where the
attechment is made through a flanged web or where the web is flanged
to form the edge member. The curves are derived from 45 tests,

Ref. 2C, 21 and 22,

Shear panel stiffeners

N . . -

introduction,

Researcu into iInloriration cntained f'roi tests, Kefs. &,15 and 17,
nas shown trat considerable simplitication of the exlstins :zthods of
siear punel stif'f'ener analysis may be achievea with nepligivle loss of
accuracv. Analysis of the .ieasured averazge stitfener stresses, fron
these tests, showed that this stress coulu be taken to be nroportionsl
to yarel gross shear stress less the buckline stress, (T - T;), and
that the average stiffener stress c.uld oe z2ccurately estimated using
a simple expression. This expression is derived from theoretical
considerations, sumarised in Appendix 1 of this report, and involives
the eft'ective stxffener area, ocenel wiith and thickness znd a factur,
determined f rom the test results, which was found to be dependent on

panel aepth ana tuickness anly.

The meximun stiffener stress was found to vary with the retio of
stiffener length und pitch znd the average stiffener strecs. Fig. B. .
gives an expression for maximw: stiffener stress for double stiffeners
and curves for tne maximum s tiffe:er stress for singie stifteners,

both otained from the analysis of test results frop the ab.ve references.

Failing stresses, due to loczl and flexural instab . lity of the
stif'fener ani forced crippling of' the stifiener fi.rge, were estimated
for 528 test canels (Refs 9 and 17) using the uethods given in this
report, and overa.l agreement between tests and cal-ulations was found
to be closer than cotained using Ref. 1.(NiCh T.N.,2661), Representative
material oroperties were used with these calculaticns ag it 1s considered
that use of minimum specification sroperties couldi lead to over-
conservative methods of analysis. Comparison between predicted and test

stresses are riven in Fig.lb.

Analysis of some de Havilland test punels (Ref 5), showed that
stiffener failure occurred at stresses considerably greater than
predicted cy either this method or by use of Ref. 1., Extended analysis
has shown that the large steel or light alloy boundary mesbers used on

these tests reacted almost all the diagonal tension from the panel,



causi..- e s tiffener stresses to ce corncidershly lower toan
usuzlly .resent in normal zircruft structures, tfor which this report

is writteri.

A numerical example of the complete anelysis of & panel and
the associated stiff'ener and edge we ver is given in Appendix II of

this report,

3.2, Stiffener gtresses end loads due to fopsion field from a buckled shear
panel,
The expressions for average stiffener stresses, evolved fram

theoretical calculations (Appendix I) are:=

For stiffensr S_
a

ey = G (T-To) where § = LOt, 40 t/,,<.067  (B1.)
Y Esagr . S/ 5 =+667b", KO t/y 4> 667
b't

For stiifener So

dSbAv = w where S = LOt, 40 ¢/ '<.667 (3.2.)
ASb eff + S/a. S 3'6673', L0 t/a'7 .667
a't

ASa pp 204 Agph o are the effective stiffener areas of stiffenersSa and

Sy and are taken as:e

Ag, and ASb’ the actual areas, for double single bzy stiffeners

and for continuous single stiffeners away from the end bays.

s , ! . . e
ASa‘ and ) the effective areas, for single s tiffeners extending

one bay only and for the end bays of countimuous single stiffeners.

a' and b' arethe plain panel length and depth, t is the panel
thickness and Cs\is a constant dependeat cn panel depth and thickness

and is obtained from Fig.T. .

The maximum stiffener stress, dependent on panel geometry, is
obtained from Fig, Q..

The average stiffener load is given by:-
3

o1

For stiffener Sq» Pgp = SaAv Ag, ot (3.3)

Sopy st (3u1)

" 3 C’
For stiffener Sb’ PSb = op



5.0 Sgiffener seqtion constanta,

As stiffeners a re usually single (located on one side of panel
only), section constant calculations may be simplified by working
about an axis through the median panel plane.

RIVRIXED STIFFENERS

H B r—-j\
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NOTATION

(Suffix sa denotes stiffener Sa; when considering stiffener Sy,
Suffix becomes sb and b' is replaced by a').
c = Panel width directly working with stiffener. in.
Stiffener area (including width C of skin) 102

sa

S = Panel width in addition to C effective with stiffener, given
by the lesser valus of 4Ot or .667b', in.

St = Additional area of akin, :an

(Ay)” = 1lst moment of aree of stiffener about axis X-X through skin
median plane, in5
(l[x).‘l = 2nd moment of area of stiffener sbout axis X-X. im"

The nsutral axis of the stiffener plus effective skin is at Y from
X-X, where:-

(ay) | |



And the moment of inertia about the neutral axis is:=-

(a9)2g
@, = @ - M sy (3.6)

For pansl buckling, sheet 2, S.0.R.No.51, S = .5b' and (I)S.
] .
becores I'u

L] [ ] 2
S Il = (Ix),, - (‘Y).i/(Asa . 1-:1) | (s.s.a?

And the effective ares, A'“ is given by:e
A' =4 - (ap)? | (3.6.b)
sa "/(Ix)

1 .
The radius of gyratiom, i_, ( ;}I ), is given by:-
(A + St)
1 = 38

i n 3 4 (3. 6.0)
o [, (e - ()

--3%  Stiffener Fallunse

Three modes of stiffener failure must be investigated for all
types of stiffensr. An additional mode, torsional instability,
should be investigated for open section stiffeners.

This section is written for stifferer Sa undsr consideration amd
when considering stiffensr Sb, Ay opp replaces Agy .rry &' Teplaces
b', ete,

The modes of failure areas fTollows:-

Pigs. 10 and 1¥ are used to obtain the local instability stress
of the flange adjacent te the panel, for this flange plus the panel
and for pansl inter-rivet buwdkling, If the panel inter-rivet buckling
stress is greater than the local ingtability stress, the local
instability stress may be used directly as 53 nax, Pg. B . is then
used to convert to ojs Av® The gross pansl shear stress at which

ltitfemrfailuro will osomr is then given by:-

Trans —9—5- (ghsl+a) T (3.7)

where ,b = buckling streas b/ in?,
C, is cbtained from Fig. ..
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If the panel inter-rivet buckling stress is iess than the

local instebility stress, an effective allowable local instability

stress is used as E(S n This is given by:=
; ¢ ¢ Aga effy 1 o S
. = N — .-zo N l
Effective (o (‘L (“'E‘T ; o+ 1 = ) (28)

(Asa eft’ g
B )

Ahere h}.l.

leRe = Panel inter-rivet buckling stress lq/iﬁ.

2
Minimum flange local instability stress 1b/ih.

J(Sa Av and hence TFAIL are ovtained in the same maimer as for flunge

local instability. (3.7).

Panel ingtability under s closed section gtiffener,
#nalysis of shegr panel tests, Ref., 15, has shown that & length

of panel approximately ecuzl to four times the plain panel width under
the stringer crown may be taken effective reacting the tension field
loads. This area of vanel may be taken working &t a stress given by
flexural instability of the element with fixed end conditions. This
stres SB may be found directly from Fig., Y\. using K¢ = 3.62 and

S,
1 ]
= 2—- (Table 1©.(2)). The allowable load is given by:=
P = 4h't ‘.:4 (3-9)
38,11 B
Fig o Dol
T ~ A\,_,,. -
a7 N
4::3\ L / / //*\‘_ N
. ' , / : ™\
P, - P P / / v ~ P
e, oA e e do e L T
RIVETED STRI'.GERS REDUXED STRIIGERS

Panel ingtebility at the intersection :f;gerpend;cular oven gectio;
stiffeners

A strap either inside or ocutside the skins should be »rovided

at the intersection of open section stringers to give load path
continuity to the cut-out flange. Test panels with no straps, Ref.15,
showed tret very early permanent buckling at such an intersection can

oecur if no strap is provided. A cleat snould also be provided to

reduce the unsu.ported length .f strap =nd panel at the cut-out.
Cleet

Fige 3 M.b). {rap
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The effuciive cclumn length, 1., is given y the radius

f syration by exrrescicn (Boc. o The 21l wab.e ~veraee stiffever

stress is cttained !rom tabie 1 O. and Fipg, 1), iro thie is used 2s
© Sz, ir expre itn (R.7) to sttai TFAIL’
Forced Cri . iine .= Stiffener flance,

T're unel srear stress T at which furced eri rling of

FATL &
the stifferer flange willi occur, is cbteined from Fig.l2.

Effective stifferer areas, A:‘gl and. A*b are used I'cr forced
5t

crirpline :nd described in the notes with #...12.

is method of cbtzining tre forced cri;-lins stress results from
com. lete recvalysic <f D1 test results, Refc. 9 and 23, frem which
it was deduced tuet the ratio of' stiffer-er flunce wicth to panel
width in aadition %o the ratio of flange to punel thickness determines
the stress 2t wiiech forced crip ling will occur.  .uhn, Ret's 1, uses
tie terr’farced crj;plingf‘alluré to describe feilure resulting from
severe defor..lion of tle stifferer flzase asiached “o the web, the
flange " eing forced to wdart itself’ to the s .ear wrinkles of the web.,
Durirg the reanalysis, it becure zn-arent tiat ubout .alf of +
st .flerer fzilures could be predicted by ecuating the maximu: stiffener
stress with the flange local instanility strescs. The retairing panels
were then anclysed resvliing in the curves glver in fig.l.%,

= 2

Torsizsnal Ilnstsbilit-,

r1 = Warpins constent. ReAre5.00,07.01 - 00,07.06, in°

Upen section stiffeners should be checed for torsicawl instabilit:,

Ihe expressicn for averzre fe.ling strecs is riven vy:i-
» .
2 Foll CLosel SECHod quwredels
= GJ L, Tt

C i \
AV 49, T+ AL TR GicTied Cuend sueveimy( B, 10)

P I b= ol e ATc1edt RITACREDS Bl edE. TunGE <o
v (n-\u. RKADL FRAWME. 2
Sony ok 2 C:}{ > ’“_E'__‘.—l,}
where J = Torsion constant fur section. ‘s * Tew
P . A t
forﬁi_‘ ar [' section stitfeners, J == _88 “su

3

1

for ,{u secticn stiffeners, J may be ~btzined from R.Ae, 5. Dats Sheet
0C,C7.0%.

I
p

"

. . . . 4
Polar noment of inertiz of stiffener about centre of rotation, in"
The certre of rotation should be taken zs the rivet lire, Fer

reduxed stiffeners take at heel of stifferer,

E_ = Tangent ncdulus for stifferer raterial, 1b/in”

(32

z

* The second term in & AVgo1y.1 (3.10.) nay ve vbtained Ly vse of

Fig 1. sirg K = 9,86 and S = +5h [57 FOB CLOASN NI AT Leciad

CALATER SN FFEARRS
o I"l
AL W= A-%e nag 'S . \\[ Te v ovel arctwas Y
RATTRCAED W odt. TLAK <o PAATL Rab Frane,
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o35, Attechment of Stiffener fo Edge Merber,
Taking P and Ps as the strength of attachment of stiffeners S,
and Sb mspoctively to the edge meanbers, ds. Av and dSh Av ars, from
(B.4), given by:=-

Osa av = Psafag, o * )
Expression (3.7) iz now used te cbtein TPLIL'
~«%b. Riveked Attsohgent of Stiffensr Lo Papel,
The tensile load per inch run , given by .075 t 4 where ¢ is

ult’
the panel thickness,§ . is the U.T.S. for the panel material, 1v/if,

should not exceed the effestive allowsble rivet loading as given by
o half the allowable rivet shear strength (D.S8. 29.10 to 29.14) divided
.~ by the rivet pitch,.

A7, Effeet.ef Combined SEiffensr kosda.

The effect of combined direct stress and panel shear stress om
allowsble stiffener stress is given on FigsB.J. The expression, on
which this curve is based, is derived from tests on cylinders (Ref.16)
and is considered acoceptable for use with flat panels, in view of the
lack of other test evidence, when the direct stress is uniform along
stiffener length,

hl. Indmefustion. : :
_ . The amalysis of shear pamsl edge meaders is aa extension of the
Do stiffener amlysis (Section 3), the only 2ifferense being:~

a) The edge member is leadsd by bemsion £ield from half the
vertieal pamel ant helf dhe kerisesbal pamel (if presest).

%) The edge nmiber, in redistvituting tensien fisld fres the
-mummmmaazmm
Mﬁ”ummﬁhm Theve dawiing
Swmsats ey spproxigstaly el ts sagitule ot wid hay
uum.mmwmuap.



Stiffener sb as
| h ¢ '| edge member.

The above diagram shows the applied londing ¥Tt frem the panel
reacted by the stiffensr loads XRa'.

kale Bidgn Membar Stresses..

Pig.'%a gives the direst stress in the edge member due to tensiom
field (direct stress = Cx'cpp). Thig is derived frem the expressiem

(300), page 20, R‘f'1|6’ = E}:{m .

Fig. \¥» gives the edge member bending mement and is taken from
Ref,2, 02,03.08. (Bending moments -flx 'flpp xt dz).

The total compressive streas in the edge member is now given by:-

& total sSapp +Tapp[&+%ﬁ2— _J I 1)

3% nin

Where I3, ain = linimum seotiea modulus for edge member, Sk, ir,
and at failure & Tetal = Sall.
d app = dr.u.

T:Iyp = mlo

Hense C{Pail _ fam
Trasi  Tepp

Hence &g_]_, - , 1 (. 2)
Sl iﬁ: 4(«+§ )

b min

Tl‘dl will be obtained by method of appreximetion by first ssmmisg

a velus ctfr._u and applyimg this to the L.H.S. of the expressien (&2)
using Pigs, i% s and Wb,

The 2nd spproximatien tu'ﬁdl will then be giwen by R.H.S. expressiea
(&2),' this appreximation then being reapplied to L.H.S. from Pigs.®. This
operstion is repeated until the valus of IFail applied te L.H.S. is equal



te value given by R.H.S.

Similarly, if stiffener S‘ becomes an edge member

Trai A
R Y 9
- TR

AnaTrail is obtained by the same method.

3s EFFECTIVE SHEAR MODULUS,
The curves for slastic shear medulus, including the effest of

incomplete diagemal tension,are cbtained from Ref.l, Fig.22, and are
given on Fig,l\%a.

The eurves of effective shear modulus includiag effest of plasticity
are sbtained from secent shear modulus curves om the basgis that
BS/‘ = ca/g when /3T=¢. (Ref.5), thess euwrves are given ea Fig%b,
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3b

(Ix) 1]

Cress sestien area of stiffener Sa (sncluding
effective skin)

Cross sestien area eof stiffener S» (imeluding
eoffective alkin)

Bffeotive cross sectionares of stiffener Se =
Ass - (Ly)i!

(Ix)8a
Effective eroas ssctien ares of stiffener ;' =
ig, - (403,
Ix)sp
First noment of area of stiffener Sa abemt
nedian pansl plans,

Pirst mament of ares of stiffener B sbeut
nedisn panel plame

Distance detween webs of stiffeners 8y
Plain panel depth (Between stiffensrs Sb)

Effective panel depth

Increased effective pansl depth
Dissance betwesa webs of stiffeners Sa

Plain panel width (betwesn stiffeners fa)
Effective panel width

Increased effective panel width (b3 =4 &)
Piteh of stiffeners Sa

Free flange width for local instsbility .
Modulus of Elasticity

ra:i;mt modnlus
Shear medilus

Effective shear medulus

Elastiec shear medulus

Pitoh _or stifferwrs .b

Supported flanges width for losal instability

2md nement of area of stiffener Se abont madiaa
 panel plans

2nd mement of ares of shiffener SH about median
peneljlane

Ref, Sect.
3.5.

Fige 154

Wt o
1/1a” |

in, Pigs la,lb.
in Table 10
in*  Bef, Seet

37
in®
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2nd mesent of ares of stiffener Sa plms width b/
of skin sbeut an axis through the centroid #f
the combinatien parallel to plate

2nd moment of ares of stiffener Sb plus width 8%
of skin about an axis through the centreid of
the cambination parallel te plate

2nd memsnt of ares of compressiom edge membder plus
width 25t of pansl sbout an axis mermal te
plate :

2ud mement of ares of tension edgs member plus
width 25t eof pansl about am axis normal to
plate »

Radius of gyration of stiffaner 3a

Radius of gyretiom of stiffener SH

Buckling stress coefficiemt

Diagenal tension field faotor (Not used direstly)

RBquivalsnt strut length of stiffersr Sa

Bauivalent strut length eof stiffensr Sb

Edge member bending moment due to tensiem fiald

Load in stiffensr Sa due te tensiea fiecld

Load in stiffener 3h due to tensimm field

)

Piteh of rivets attaching pnil te stiffener
Strength per ineh run of sttachmests st jeints

Suffix denoting stiffener parellel to leng side
‘a’ of pansl

Suffix dencting stiffensr parellel to shert side
‘D' of panel

Panel thickness

Combinsd thickness of pansl plus stiffemer flange
s,.

Cesbined thickness of pamel plus stiffener flange
By

Thieckness of flange of stiffensr 3a
Thdckness of flange of stiffemr 8b

in
in

Secst. Se 3.

l’ig ‘%c.

it R4} §

ug o2e

Fig? .

Sect, 3. 2.

- Tahle 10

B”t’ 24.
H& kb.

Pig.la,1b,

Fig.la.

ri‘oho
Mg, 12



'85

zs: min
z& min
o, B

4 all

‘\“pp

T parL

“'pb’

pb

- -

Flange width of stiffener Sa, if reduxed
Flange width of stiffener 8Sb, if reduxed

Minisum seotion modulus for edge member &

= Minimum section modulus for edge member Sb

il

1)

Ceefficients used in adalysis of edge members

Allowable stress in panel or stiffener when ne
shear is applied

Average stress in stiffener Sa

Average stress in stiffener 8b
Applied direct stress in pamsl or stiffemer

Direct stress in pansl or stiffemer at failure
under combined effects of direct and tensi
field stresses. »

Panel shear stress at which foreed orippling
ggours

Buckling stross
Blastic buckling stress (- ﬂ(t/b,)z)

Basic permissible wedb stress

Applied panel shear stress

Shear streses at which failure of panel will ocecur

Basic permanent buckling stress

Shear streas in panel at which permanent buckling

will oecur

Fig.la
Soct‘.-l»

Pigas la, 1ib
Pg. 5 13.

Sect.3.2.
Figs. 5, 13

Figs. 5, 13

Fig 12,

Pig. 3.

Pig. 2.

Pigs. 3, 4, 5,
13.

Pig., 5, 13,
Pig. 4, 5, 13.
HSQ 5.

u-‘- &
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SHEAR PANEL STIFFENERS,
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F.'j 13, SNEAR PANEL STIFFENERS,

EFFEcT OF CoMBINED DIRECT CoMPRESSION STRESS IN STIFFENER AND
PanEL SHEAR STRESS oN ALLOWABLE STIEFEWER STRESS .
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THE ANALYSIS OF SHEAR PANELS

PART 2:  CURVED SMRAR PANELS

Introduction

This report has been written with the following
ob jectives: -

a) To simplify existing methods of analysis,

b) To achieve better agreement between theory
and test results,

¢c) To devise a method whereby true reserve
factors for panel, stringers and frames
may be obtained and the effects of internal
pressure and axial compression may be
determined.

This method of analysis is partly original and partly
based on existing published methods. Reference is made
to existing methods and theoretical and test results
where applicable.

Panel Analysis

Introduction on panel buckling

The effective simply supported panel size concept,
presented in section 2,1 of part 1 of this report, has
been found to be applicable to curved panels in shear
and axial compression. This has been used in conjunction
with methods presented by Timoshanko, Ref. 13, for
compression and Melcron and Ensrud, Ref.18 for sheer,
whereby the average compression and shear buckling stresses
are glven as the addition of the flat panel buckling
stress and the buckling stress for cylinders without
stringers of equal length to the panel under consideration,
These methods have been developed for the estimation of
buckling stresses for curved panels under internsl pressure
w#ith and without longitudinal tension. The expressions
for buckling stress, given in this report, are for the
aversge buckling stress under fixed stress rather than
fied deflection conditions. (Described in Ref. 5,
p.p. 207 - 214).

Comparative calculated and test buckling stresses
are shown in Figs., 2.4,1 of the Appendix to Part 2 of the
report,

Buckling stress ynder purs shear

The effective panei sise is obtained from Fig. 2.1.a.
The panel width will be modified if stringers are of
insufficient stiffneas using *ig, 2.,1.b,which is also
used to check that the frame stiffness is satisfactory.
Pig.2.1.b is derived from Refs, 2, 8, 26 amd 27,

eed/2
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The average elastic shear buckling stress is
obtained from Fig.2.2.a and is given by the expression:-

Toe = T + T (1. “ (2.1)

er - € . - 4. 2
Where T, 7;5:‘2 A;I),‘ P T = 4BeE(t] )
e

(2.2)

The expression for 11£D in (2.2) is the expression

given by Melcron and Ensrud, Ref.18. This represents
the incremental buckling stress due to panel curvature
and length, and is similar to expressions derived by
Donnell, Ref,2,, Batdorf, Ref.38 and Pogorelov, Ref.}0.

The expression for T, in (2.2) is the buckling
xp o2

stress for a flat panel of width b_' and infinite length,
derived by Southwell. (See.xef.13, p.360).

Comparative test ~nd calculated buckling stresses
for various panels are comparsd in fig.Z,A.1 of the
Appendix.

Buckling under combined shear and internal pressure

A theoretical exnression derived from the solution
of the equations obtained by Hopkins and Brown, Ref,39,
has been found to give gool agreement with the test
results for unstiffened and stiffened cylinders from
Ref,37 and unstiffened cylinders from Ref.31. This

@epression gives closer agreement with test results
than the empirical interaction expression presented
by Crote, Batdorf and Baab, Ref. 31 and has the
advantage of being usable for stiffened panels,

The average ~lastic buckling stress under combined
shear and interna. pressure is given by:-

To.(® = Tb.‘”fr; - 1;.(2) +T .8+ (2.3)

“here ’TL§W is the shear buckling stress with
internal pressure p 1b/in?

Ty is a reduced cylindrical bucklin-
stress siven by:-

Th‘(l)(p,a 1-5.(1) and ma; be obt:ined from Fi .2.2.b

1
(90288
1-5.(') end'!;.w are obtained from (2...) «vove or Fig.”...a
Th‘ﬂ)w =2 F'(‘. li )"ﬂ where :: slo, "/t P 4o
(100002 (Rfy .09

‘nd is obtained from Fig,2,”.c and Fig.’. .4

lﬁk > &oo,

eeo/3
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d, is the average hoop stress and &x is the
average longitudingl stress in the skin
(See Fig. 2.2.b)

E is the modulus of elasticity for the skin
Test and calculated buckling stresses for

pressurised cylinders in tersion are compared on
Fig.2.A.3 of the Appendix,

2.2,4 Buckling under axial stress

The average elastic axial stress at buckling is
obtained from Pig.2./.e and is given by the expression:-

Ceb, = Sep,0) + Sy, (2) (2.5)
' 2
7 Where S p() = SSE(Y/R) “.s.‘”'i‘”‘(f—‘,)'

(1+:00R) (2.6)

The expression for &, (1) in (<.6) gives a close
approximation to the mean of the test results from
bending of cylinders given by Suer, Harris and 3kene in
Ref.k.1, and the expression for @yh(® is the classical
buckling stress for a long flat :lute of width bg'. The
effective width be' to be nsed with this expression is
the same value as obtained from Pig.-.t.a for the shear
buckling stress, Considerable scatter iz present on
test results on unstiffened cylinders ovut it has been
found that with stiffened cylinders expression (2.5)
rives reagsonably good agreement to test res.;lts,

2.2.5 TBuckling under intermal pressure and axial stress

The buckling stress under internal -ressure and
axial stress is given by the expression:-

dkm’ - d*h + d*b.(%)' * dk . (:07)

ihere d.b(T) is t.e axial oucklin. stres. with
* internal presaure.

Sebe is obtained from ( .3) -ad d. and
dx are the panel aoop and longitudinal
streasss due to internal :ressure .

The second term in expression (2.’) hepfY, is
tre averzge .ncremental stresses due to hoop tension
and nressure snd was obtained from the test results ir
Raf.4.1, from wnich the expression & s 454y Y
was derived. This way be obtained b‘”’ /(’&&)
from ¥igele~.fe

"y, v/l
4
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Buckling stress under combined shear and axial stress
including the effect of internal pressure

The interaction expression derived from tests on
cylinders by Bridget, Jerome and Vosseler (See Ref.13,
p.p.489 - 490) for buckling under combined shear and
axial stress, and substantiated by Peterson, Ref.16,
has been found to be applicable to pressurised
cylinders by Harris, Sner and Shene, Ref.40. This
expression is considered applicable to stiffened
panels and is given by:-

(3

g.". + ( T&”_ ) - |

v, (P TofP
Yhere Gy and Tm, are the applied axial stress and
shear stress respectively, Geuf® and Ti,M® are
the elastic axial and srear buckling stresses, with
appropriate modification if the panel is pressurised.
(Sections 2.2.2. to 2.2.5).

The elastic shear buckling stress for non-
pressurised panels under combined shear and axial
stress, 1;5!) is obtained directly from Fig.2.2.g.

For pressurised panels expression (2,5) must be
used to obtain the snesr bucklins stress under combined
shear and axiael stres.es using = method of successive
approximations.

Conversion from elastic to true bucklingz stress

The elastic buckling stress T, is plotted
against the true buckling straess T, for various
materials on Fig.2.2.h. This is equally applicable
for conversion of TI..(P) to ‘l'hm and Tb.“’ to Th(‘)'

Por other materiuals, curves may be obtained by
use of the tensile stress-straig curve, where the
strain is multiplied by E/fR' to become the elastic
buckling stress and this is plotted ageinst the tensile
stress divided by N3 which becomes the true buckling
shear stress (see Ref.5, p.91).

Post buckling panel bshaviour

Vizual observations, Ref,15 wnd photograpns, e, 10
28 and 34 of te~sts on stifi'ened curvedl shear .anel: and
cylinders, have shown that the number and anjle .
buckles are dependant on panel geometry and for the
majority of .anels remain unchanged between initial
buckling and failure. The initial buckling attern
is dependent on geometry only i(refs. 1z, 13, 24 & 1)
provided frame: and stringers are o adequate stiffneus,
(*ig.2.1.b), and it seems tiat curvaturs hos the effaect
of' holdin: tnis patterr. in the post vuckl!in. iange.

ed/5
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(cont'd.)

For kmown panel geometry, the number of buckles
is obtained from Fig.2.3.a, which is derived from test
data. The angle of buckle is then obtained by further
geometrical considerations, For an axial buckle pattern
simple geometrical expressions have been evolved to
obtain the buckle angle, and a curve, Fig.2.3.b is
provided to obtain the angle for circumferential
buckle patterns.

Comparative test and calculated buckle angles are
given on Fig.2,4.2 of the sppendix.

This buckle angle is used to predict stringer
stresses, frame stresses and panel failures and also
overall oanel deflections and is taken as fixed
throughout the initial buckling to failure range.

Axial compression and hoop tension stresses in the
skin increase the buckle angle, whereas axial tension
reduces the buckle angle., Little test information is
available exoept for Ref,37, from which test buckle
angles under combined shear and internal pressure are
s N
surves obtained for lew hoop tensiom stresses
{rem theoretical calculations by Hopkins and Brown for
the buckle angle for combined shear and hoop tension,
Ref.39, are closely given by the following approximate
expression, which has be«n extended to give reasonably
good agreement with test results from Ref.37 which are
outside the range o!f the curves in Ref.39,

This expression is:-~

————————————

(1+-008 )

Where O‘ﬁﬁ is the buckle angle under combined shear
and internal pressure, & is the buckle
angle under shear glone.

Ton apy) = Tuu(a.‘ s - 2.6 ) (2.9)

WV m (dr-6) R ( %&1)“‘ Where o) is the hoop tensile
& t t stress and &, 1is the '

longitudinal tensile stress.

Comparative test and calculated buckle angics are
given on Fig.2,'. of the ~pendix, and except :or
specimen 95, Ref.37 =re i~ good agreemen:®.

As Shere £5 lack of informasion om buskle angle uader

combined comnression an: shear, it is considered that
expression ( '.9) bs usei, replacing Og) b: (g

and using w = & *( ‘)"' wherr @, app 1S
the applied sxial stress. pemsl.

For oanels with an axial buckle ;attery (Pir.. 3.8,
as will ocour in most stif'fened panel., modification

should be made by taking the closest angle to the arngle
obtained by (2.9) using expressions below Fig.?.3.a.

.../6
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2.3.,1 Panel Failure

Nine panels, Refs. 9, 10 and 15, failed by temsile
failure of the panel, and these are predicted with
reasonable sccuracy using Von Mise¢s criterion for
failure, (Ref. 2, Sheet 02.00.00 and Timoshenko,
Theory of Elastioity, p.149), taking the longitudinal
stress and the hoop stress in the panel respectively
as2(Tn )Gt and AT-T)Tense ., These stresses are
twice the average stresses in the panel centre (See
S.0.R.No.51, Part 1, Sectiom 3,), which is reasonable
as the stress along the buckle crests in a curved
panel are considerably higher than the stress along
the buckle troughs, which may be zero or even
compressive,

Von Misés criterion is written:-

‘ut + d," - &by + 31;0: ol dusv.z

Where Gy = A(T-Ty) Gt ; &y « 2(T-T, )Tauw ; Taes T
Substituting for &, &y , Ty, and substituting &

o )

the expression for
becomes:-

Tow = T (1= 368 + G Se (1- 3(2'%_ )‘(:- u.‘))"‘ (2:10).

This expression gives predicted failing shear
stresses within * 10% of test results, but is complex,
and it was found that simplified expressions for
average and minimum expected failing shear stresses
could be achieved with little or no loss of accuracy.

AL ? the failing shear stress,

These simplified expressions are:-
Teacar, = To + (“”‘um -"7‘:-7'5) Sin 2a. (2.11)

For average failing stress T a . This
expression gives stresses within * 8 of test results
and comparisons between test and estimated stresses are
made on Fig.2,A.5 of the &4ppendix.

To cover all test results, the simplified expression
is:=-

Taw. =T, + (36d,, - 61 T,) Sin2g . (2.12)

Where Tga,. is the minimum expected failing stress.
Expression (2,12) should be used for general stressing.

oo/
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Expressions for failure under combined stresses
using Von Misis criterion are very complex and
investigations have been made which show that the
general interaction expression givem on Fig.5,
3.0.R. No.51, Part 1, is appliecable with reasonable
accuracy at both the unbuckled condition and the
condition where Ty /g —» 0.

This expression is written:-

(1-,.,:, )‘ + ( (a...s.)‘w.a.)‘ . (2.13)
Traw Surt ‘

Where 113“1 is the shear stress at failure under
combined shear and direct stressesg Tean. is
the failing shear stress under shear alone, and
should be estimated from (2.12) or Fig. 2.3.e using
the buckle angle and buckling stress for the combined
stress system (Sec. 2.3 and Figs. 2.3.c and 2,3.d)

Sx and €9 are the nett area tensile axial and
circumferential applied stresses.

Fig.5, p.23, S.0.R. No.51, Part 1 may be used
to obtain T, ' directly by substitution of

WOt ARAUWAED & € x AnD 6o ARw
((dn-‘.!“‘“u PY) for d'.lk)z , w..«:..:“ A L24%) WAl se unay 1

6“ r 1 6 all, owmuctw |

2.3.2 Permanent Buckling

The results of 18 curved panel tests from Ref.15
show that permanent buckling may occur at stresses
very much lower than predicted by use of Ref.2,
sheet 02,03,03. High aspect ratio panels may buckle
and permanently buckle coincidentally. No information
other than the results from Ref,15 are available so it
is suggested that Fig.2.3 which was derived from these
tests and Ref.,2 be used until further inf'ormation
becomes available,

Comparative test and estimated permanent buckling
stresses using Fig.2.3.e are given on Fig.2.A.6 of the
Appendix,

It is further suggested that expression (2.13),
sultably modified, be used for panels under combined
stresses,

This expression becomes:-~

r\1 [
Tob. (dx-40) +8udt) s | (2.14)
( TP'-) ) ( ) &t )

here Tpy' is the stress at permanaﬁ% buckling under

combined shear and direct stresses. 7$b, is the

stress at permanent buckling under shear alone estimated
from Fig.2.3.e but using the buckle angle and buckling
stress for the combined stress system, ¢, and &£§
are the gross area axial and hoop applied tensaile
stresses and d; is the 2 proof stress for the panel
material,
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Fig.5, S.0.R. No,51, Part 1, p.23 may be used
to obtain “Ppp', by substitution of ( )f..('r,..,,)

Tean
Ch CQUIRAD W G x. ANY §
Gh‘ ( ("" 6’) *“'4’) ‘;0' (OJFML . .:-. :a:mh e (2.0W) WAl :;S
d‘ vap  smesnd
Panel Joints

The resultant load per inch to jeint attachments,
r, is given by the expressions

I,
Te = t[The (Sn oLT-Tig)losee 20)] 2 (2.15)
for circumferential joints

¢ 1 et )t]
Ty = t[ T e (890 (T-Tows) Coretn)t] (2.16)
for longitudinal Jjoints

These expressions are extensions of expression
(11), Ref.18, where B  is replaced by Cesec 24 , Sx
and &# are the axial and hoop applied tensile stresses,
Buckling stress T;u) and buckle angle &, are those
applicable for the combined stress spectrum.

It should be noted that the buckling stress for
a panel with a Jjoint made by a butt strap between
stiffeners or frames should be based on the full sise
of the panel as the strap is normally of insufficient
thickness to change the overall buckle pattern and
hence the buckling stress.

Stiffener Analysis
Axial Stiffener (Stringer) Stress

Various methods and expres:ions have been proposed
for the estimation of stiffener stresses. ~The most
complex (Refs., 1 and 2) currently in use, underestimate the
measured stresses on the cylinders in Refs, 10 and 34,
though reasonable agreement is obtained for the cylinders
in Ref,9, The method devised by Melcron and Ensrud
Ref.18 gives close agreement with all test results but
was considered too complex for general use. This
expression is partly empirical. It was found that
satisfactory agreement with all test results from
Refs. 9, 10, 16 and 34 could be obtained by modification
of the 31mple expression (3) from Ref.34., This expression
is similar to expressions (1.1) and (1.2) of S.0.R. No.51,
Part 1, Decktd, and is written:-

Say, = = _t [ - (™ (.)‘12;.:....‘7'5(2))] . (2.17)

ee/9
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Where d‘" is the average compressive stress in
*  the stiffener,

™ is the applied shear stress

T, T, are the incremental buckling shear
stresses due to panel length and radius,
and pt)mel width respectively (See Sect.
2.2.2

o is the buckle angle, b’ the plain panel
width, ¢ the panel thickness and Ay
is the stiffener area, For closed
section stringers an additional area of
skin of t(d-%’) is added to the area of
the stringer to form Ag.

Comparison between test and predicted stresses
for 24 specimens are given on Pig.2.A.1 of the Appendix.

For combined axial and shear stresses, the average
stiffener stress is given by the expression:-

d‘“. - d?m. + dfhg,, (2.18)

Where d‘,. is the average stiffener stress due to
v shear, given by

Ser

w, =8t [ T-Tya] (2.194)

As

and ‘1;(&) is the buckling stress under the combined
" stress systenm,

and gy 0y ® P (2.198)
Ri+nu't
Where 6”” is the average stiffener stress due to

P,.,the load applied to stiffener plus width H'l‘.'
of skin.

is the panel efficiency factor, using the
Karhran-Sechler expression where i} = +89 €y ég_.,l_' s

and &, is the buckling axial compressive @b Gsay,
*" stress. uner the eombimed stress systes.

. Gy is the
buckling stress under axial stress system only when B,
is compressive (negative) and | is 1.0 when Py is
tensile (positive).

Comparative test and calculated stresses using

expression (2,18) are given on Fig.2.4.8. of the
Appendix.

ves/10
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Frame (Ri Stress

An empirical expression for effective frame
stress at frame feilure has been developed from the
results of 21 tests from Ref,15. Further negative'
checks have been made by applying the expression to
2l, test cylinders, Refs. 9, 10, 34, to determine
whether frame failure could be predicted (mone of
these cylinders had frame failures), and in all
cases, the shear stress for predicted frame failure
was greater than the actual failing stress.

This expression for frame stress is written:-

e-Sht [T-T . WA (2.20)
F ® -’g-;[ L+ ETE'T‘“)]

Where GF" is the effective average frame stress,
r is the applied shear stress in the panel.

T, (2 is the incremental buckling stress from panel width.
T, is the buclaling stress.
Ag‘ is the total frame area between stringers

A? is an effective frame area given by
twice the frame flange area.

b is the plain panel width, h is the frame
pitch, @ is the axial length of the panel and t
is the panel thickness, It should be noted that .
expression (2.20) is applicable only when buckles are
fully developed and gives an over-estimation of frame
stress when used for shear stresses of same order as

buckling stresses, (T P4 ].QTh).

The term in T, (2) in expression (2.20)
represents the frame stress due to the effect of the
frame in dividing the panels. For panels where the
frame is unattached to the skin or attached through
stringer flanges only, this term is taken as zero
(i,e. G moo ),

.

Stiffener failure

The four modes of failure, local instability,
flexural instability, forced crippling and torsional
instability, described in S.0.R. No.51, Part 1, Seet. 3.
Paras 3,k. to 3. M must be investigated for
stiffener failure. For curved panels some modifications
are however made., These are as follows:-

Locel inatability of stiffener flanges and inter-rivet
buckling :

Expression (1.7) of hppendix 1 is re-written,
from (2.17) Section 2.4.1:-

T = Son _Q.; o T Tanw + T (2.21)
dl.b'

ve /11
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Ag is takem as the total stringer area and is
not reduced as for flat panels, and &gay.an. is
taken as the minimum local instability stress for
inner or outer flange or web., TFor open section stiffeners
no local skin is included in Ay so it appears
that inter-rivet buckling of the panel is unimportant,
however rivets should be pitched such that the inter-
rivet buckling stress for the panel is as high as the
minimum stiffener instability stress. TFor closed
section riveted stiffeners skin area ¢t is taken as
working with the stringer area to give A . If
the panel inter-rivet buckling stress is less than the

local instability stress, the allowable stress 6;" all.
is taken as:- :
dsav = S, (As-(‘f) *él,‘. et (2.22)
ah,

As

Where &,, is the minimum local instability stress and

&R is the inter-rivet buckling stress for the
panel.

Panel instability under a closed section stiff'ener
and at the intersection of perpendicular open section
stiffeners as described in Px.1 is applicable to
curved panels.

2.4.3.b Flexurasl Instability

The effective column length of axial stiffeners
(stringers) should be taken as half the frame pitch,
The allowable stress say,. to be used in expression
(2.21. ) is obteined from Table 10 and Fig.11 of

Pa.“t 1.

2.4¢3.¢ Forced Crippling

Section 3 .k.c of Pawr$ l, and Fig.12 of
Part 1 is applicable with the following modifications
to panel width 8 .,

For riveted open section stiffeners, $ao

For reduxed flanges SaW | ‘t'sa fuuu +thaum.

For lipped flanges, depth of lip 4 6%; maletpkyliam, iyt 1.17

- . 7 ,. -C.. :.~ i .

Por clogsd sestion WRilPmanys:4-b' smsl m&me re. ¥ 2.0

2.4,3.,8 Torsional Instability

Section 3e4.d of Part ] i3 applicable for
closed section stiffeners and open section cleated
stiffeners. For open section stiffeners attached by
one flange to panel and frame, expression (3.10) should
be modified, becoming:-

d‘w.u, = 43 +;”'L T (2.23)
Ie Ieh

ees/12
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The second term in this expreasion is obtained
from Fig.1 1y using Kz 9.6 and S 2 h [_"IP -

The value of d‘hv. o is mnow substiteded in
expression 2,%0.to obtain Tg.,‘.

Failure under action of combined aslpggge and axial stress

Expression (2.18) for average stiffener stress may
be used to obtain “Tgay by equating the average
stiffener stress to the allowable stiffener stress, This
process involves successive approximation or graphical
methods and for general purposes the inter-action
expression given in Ref.16 is considered acceptable.

This expression is written:-

(T )%' + _é}_) -1 (2.20)

Td'o d..l‘a

Where T is the applied stress at failure. Tgy,

is the shear stress undsr shear alone at which stiffener
failure due local or torsional instability or forced
crippling will occur. &, is the nominal applied
compressive stress .P"AM" b'¢) and "'cl

is the nominal compression stress at failure due local
or torsional instability ’Pn.u,"”ble). This expression

is not applicable to failure in the flexural instability
mode as the wave length used for flexural instability is
h/a for stresses from shear against h for direct
compression,

Fig.1% of Part 1 to S.0.23. No.51 may be used
to obtain Tew directly. This Wig. is based on
equation (2.24)

Frame Failure

The shear stress at which frame failure occurs
may usually be estimated from expression (2.20) which
is written:- )

T;M,-Zd,”‘.u.%e + T, - :':F T2 (2.25)
P

Where Ggg at.is tﬁia allowable frame stress at failure
given by?%.d') , where &g is the buckling stress

from R.se.8. D,S. 01.01,09 or 01.01.18., &p is the

2% proof stress for the frame., This expression is used
to estimate the panel shear stress at which forced
crippling of the frame flange occurs when the flange is
riveted to the panely . +the panel shear stress at
which frame instability occurs, neglecting the term

in Tb(‘) for frames attached through stringer flanges
only; and covers frame failure between stringers when the

normal section frames are used. ( '! ot 'L—)

WAL
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Expression (2.25) is also used to predict the
panel shear stress at which failure of the frame at
a stringer cut-out should ocour, PFor this form of
failure dpg 4. Ar  in the first term of the expression
is replaoe%‘gy B,  where T,u. is the sum of the
compression strength of the frame at the cut-out and
the strength of the panel under the stringer (5.0.R.
No.51, Part 1, Sest. } p.7, expression (’.9), or if
less the strength of stringer-frame attachments. For
frames riveted to panel between stringers, the strength
of the stringer-frame attachment is taken as the strength
of the rivet through the frame flange plus the strength
of the first adjacent rivet through the panel. Comparative
test and predicted shear stresses at stringer and frame
failure are given on Fig.2.A.5 of the Appendix.

Panel Shear Stiffness and Shear Strain

The expression for the shear modulus under pure
diagonal tension given by ’Iuh., Ref'.1, expression
(u.6),has been found to give very good agreement with
the measured values from 17 specimens, Refs. 9, 10, 15,

28 and 34, The buckle angle O used with this
expression is the calculated angle using section 2.3. in
place of the diagonal tension field angle as nsed in Ref.1.

Denoting the post buckling shear modulus by G
and re-writing in the notation of this report, for '“' or
channel section stringers and frames, &, is given by:-

E = 4Cundaxs dt Gtk + ht Tank.
G As A
imere £ is the modulus of elasticity of the panel.
o is the buckle angle, d is the stringer pitch,
h is the frame pitch, t is the panel thickness

and As and Ar are the cross-section areas of stringer
and frame respectively.

This expression is modified for closed section
stringers, becoming.

E = 45’&1032&‘#50-5)*5‘5eu't“.i-‘lt Tork .
G a &' d’ A Ae

Where b’ is the plain panel width. § is the panel shear

modulus. Frame area AS includes the local skin area
under the stringer, (d-b)t

The overall panel shear strain is composed of three
elements; the pre-buckling strain, an incremental strain
at buckling dependent upon loading conditions and
finally the strain in the buckled condition.

VAR

(2.26)

(2.27)
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Denoting total shear strain by Ye and the
incremental strain, based on fixed stress conditions,

by 8y Ye is given by:-

y.,- = ‘r/G T < 1',,
Y'l' = Th/G * Sy T =Ty
Yr = "l"./a| * ‘y « (T- Tb)/qb3 T>Te

The value of the incremental strain §Yy  is
dependent on the wave form, and is given by:-

§y = L (%) Taww for an axial wave pattern
43 (Ny buckles )
(g) Tow’s for a circumferential wave ]
pattern (N; buckles.) 52‘:

The wave pattern is determined from #i;.2.3.a.
Plasticity correction to the panel term in
expressions (2.26) and (2,27),when the effective

average panel tensile stress is greater than the
stress at the elastic limit of the pancl material,

is necessery,

These expressions are re-written:-

E = &E Cosec’2 + d't Cot' + ht Tank . (2.30)
Geo Es hs Re

for Z or channel section stringers

and E = 4‘_ L (’auclu-o-i I-i,)-&hfcof&q-ht‘ TahoL ("'°)n.
Q. Es d

for c¢losed section stringers.
Where Eq is the secant modulus at stress c:#= 3(T-T,) Cosec 2.

Comparative test and calculated deflections are
given on Pigs,.2.4.9 and 2.A.10 of the Appendix,



THE ANALYSIS OF CURVED SHEAR PANELS

NOTATION

ADDITIONAL 70 p.p. 12-i4 S,0,R, No.51 PART 1

>

>

ME ]

"
"

3¢

Cross section of area of frame

2 x Cross section area of frame
flange

Cross section area of stringer
(including effective skin unless
otherwise stated)

2 x Cross section area of stringer
flange or area of stringer if less

Frame stiffness
Stringer stiffness
Suf'fix denoting frame

Reduction factor for buckling of
pressurised pane

Post buckling shear modulus
Radius of gyration of stringer

Applied tensile load to skin plus
stringer over stringer pitch 4

Allowable frame compressive load
Panel radius
Prame flange thickmess

Stringer flange thickness

Buckle angle

Warping constant

Longitudinal tensile stress

Hoop tensile stress

.7 Proof stress

Ultimate tensile stress

‘verage frame stress

illowable average frame stress
Average stringer stress

4llowable average stringer stress

Coefficient for buckling of
pressurised panels

in

in

1b.in?
1b.in?

1v/in

in.

1v.
1b,
in.
in.

in,

Rad.
in
1b/in 2
1v/ in?
10/in”
lb/in2
1b/in2
lb/in2
1b/in’
1b/in2

Sect.2.4

Flg. 2ele8

"

Pig.2.2.4d
Sect.?.5

Sect.Z.

"

Sec. 2.1+~)¥
Fig.2.1.a
Fig.l.1.a

"

Mgs.2.3.2, 2.3.b
Sect.Zelie3.d
Sects.2.3, 2.4

At}
"

"

Sect., 2.4.2
Sect. 2.h4.4
Sect. 2.4.4.

Sect. 2.%.3

vz
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Fig2la AVERAGE ELASTIC BUCKLING STRESS FOR CURVED PANELS IN SHEAR,
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