is suibmitted to the ﬂxﬁﬁm’b& Faculty of th
Virginia Wﬁi‘%&e Institute
in candidacy for the degree of

April 19, 1955

Blackeburg, Virginie






2 43

L 2 3

& % o8 ¥ B ¥ & &6 K. F &8

hpport 8 Web o

i
-

L

=0



veloped in Planges of zee and chamnel
ﬁ@ﬂhm"&ii"i,i--‘va‘_f&»&“p‘:{cih'-fc&sy:
S '

Buekling etress of 202413 sluninumealloy
,ﬁw&wi%ﬁff ‘ ’ ‘
5. Crippling strese of ae@iﬁ?ﬁ?ﬁ alumimmeal
seetions . bR R e h e P

6. Crippling stress of 2024-13 aluminum-alloy chatnel

oy lipped zee

ﬁ&eﬂﬁmi‘ﬁiﬁliiiii@i&»'iib.i’ot‘b-i.ih

T

zee sechions bhaving %iﬁﬁ 60 . -m S h e s e b s e e e

8. Orippling stress of TOTS5-T6
at elevated femperaty

iloy H sections

DB ¢ % 5 6 b 8 5 4 5 K E K S s FE ek

flange- of ﬁ peckions » o « 4 8

LI

P FO75+56 aluminum-alioy




TABLE B . PGB

B % fiﬁm@:‘i&mﬂx and test results for i"e;?ij ad 7O <16

11, Orippling stress of extruded TOT5-16 alumimueallo; L

zee gechtions with ﬁ' > . I A A A R 32 :




A method 1s presented for the caleulstien of the erippling stress
of structwral sections es & function of material properties and the

| proportions of the see on. The :@t‘@ﬁm of formed or snisctropic
material is accowrbed for by the use of an effective stressestrain
curve in defining the materisl properties. The method spplies to
ulabing erippling was not

many sections for which & procedure for eal
previously available.



An imporbant part of structural design is the determination of the
allowable compressive loads fearriaé by ‘!ﬁm columns and stringers that |
. are park of the basic
it eross section, the stress at failure can be adequately

sic giveraft sbructure. If & member is velabively
long or of oo
18 usifg the tangen

ling stress. The crippling

upper limit %o the column curve and in general pre

pling stresses has proved to be 8o
difficult thet only & few simple ceses have been analyzed. Accordingly
for design nes been obiained

informmbion mcm

testing various sections which were vepreseotabtive

porbions, and makerials in current uses However, recen
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speeds has brought abou
@8 titenium and the high strength steels, Introduction of these "new”
materials plug the sddibion of bemperatire as &

ub the use of more hest resistant materials such

vral maberial at elevated %mmﬁm, and vhen nece
B8y 8 fw %&% can be made o cont fvm Bhe eiloitagien s, Por sﬁe’f&i%
' flat a&zem, the mwa of wﬁ‘amma 1 is m to be

having webs with relativ Tegbe made in

 the present investigation indicate Yhet the eguations presented in ref-

erence 2 caunob be %ﬁﬁm& to pections Tor which the width of "éhﬁ web

is large with resp " 5 and '&hmfwm probebly cannot be

congidered %o mﬁfr B0 extrusions in gepsral, Por extruded

and K sections with webs of large widthethick
sk ‘iam, 1o method is mmﬁzf available for

;43%} to iﬁa thickness

pling aﬁmﬁa. mwwe of the pres ent paper is
iﬁ@ emwms mmsm m:zzh will mm the ranges
A1 as applying %o sections ﬁ*m::' which

not covered by existing methods as
sdequate methods eve availsh:
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widkh of plate element
lengbh of plate element

m of plate slement

developed width of & section

edge stress

dulug of elasticity
tangent modulug of elasticiby

gecant M
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METHOD OF ANALYSTS

ling failures cen be divided into two cabegories; one in which
; is initiated in the high sbress region (

- than sbout 3/k of the yield strese) with fail

no inecresse in logd, and one in which local buekld

1ite margin between buckli
stress for the‘f reb

g Al Baifaes, Caleulabions of the cerippling
case is in essence & caloulebion of t&e plastic
buckling stress. o sempute plastie buckiing, the method of reference 3
. hes been shown to compe favorably with experiment. By this meaﬁm*e,
the actual buekling stress is relabed, by the eoefficient i}, to the

srfect elasimei%y, vhere

iling would occur asswming j
7 s & funchion of the I#iwss levels. 3 18 also a function of the
davy condibions; bub, for plabes which are supported silong the edges,
Cq 18 almost independent of & recint.  Therefore, for
sompowed. of plete elements with varyir
reptraint at the joints, the value of 4 for a simply supported plate
i suffictently sscwrate to caloulsbe the buckling stress. The buckling

degrees of

stress is @i@ﬂ wiven %ﬁf ihe nethod of vePerorns

Cop * M0g; 1)




arliest methods used for predicting crippling stresses
he Duckling styess ﬁ‘w sach :gia% element and aversse
rding to area. The method is conservative im most

‘some will be supporbed along both edges (webs) and the rest will be

1 along only one edge ( }.. i aa. s%sﬁs oy is agsocisbed
lement, end e stvess Op is assoclatied with each flsnge
slement, the crippling stress will be given by

(@)

The validity of separabing the erippling loed imto the loads carried by
the individual perks, ae indicated in equation {2); will be illustrab
in the following seckions and approprisbe ex
will be developeds

g,

ressions for oy and oy




-1l -

evermination of % amd °p

The problem of evaluating expressions for oy and op is that of
gatisfying equation (2) for a variety of proportions and a nusber of
m’kfﬁz’iam, The results of reference L can be vged to establish & y&ia» ‘

$ionship between oy and ?g% . Here a lavge number of plates of varioug

materiale were tested in compression in Vegroove edge fixture in order to

determis

gffgetive width analyeis using this expression for effective width

& a suitable parameter *ha define material properties ﬁﬁ%imh gffect

espive strength. One such paramebsr was obtained from an

G

The avwaga shress corresponding ﬁ@w edge straln is then

5. Oy (sa?}ifﬂ

s )

Thig may also be written ag

| 'Eq;za*sim (8] then represents a curve of average stress against unit



shortening. Oy, which is the maximum value of o, can be obiained by
equabting to zero the derivabive of o with respeck $o o, which gives

”é"f i x(mmﬁx;ﬁ‘ w 1 }1}{2&{ %) 2/a - (6)

where o, is stress at which Egp = -gg Ege The experimental results

inddeate 5 showld b

elementss For sbresses greater then Cpy coryels

Ger s{iﬁgcgg)lf 2, fhe vesults of these

tests ave shown in figure 1 vhere fg;% 15 plotted against

© the plastic vange by uwsing the para

(Bauz (ggﬁ@g)yﬁ when 6¥< Op and gﬁ (gﬁ%}&/a m c§g> cg,gv

The poinks z.:is;e very close to & single curve ﬁ.ﬁéim#zwg the mi‘k&hﬁlﬁ.ﬁy of

Bp as o mabterisl correlation pmatﬁr‘ The date can be approximabed
by the equation. |

Bouation {7) is also shown Losb _
elements vaﬁ?b more complicabed structures such as sheet-giringer mis,
‘move indirect app:

erninabion of an expression for op 1is nob e siuple end a
osch was useds If oy is essumed *tw be given by
exper enbtally from &
 erippling test on & gee ov chammel cross section. A lsvge nunber of

equation (7), values of op cen be obtained
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mﬁ%q

fests on these sections have been made and the results ave veporbed i
4 from equation {2) as

veferences 5 through 12, The stress cary

sections can be defin

®

Using equation '{'ﬁ}; op wvas couputed for the zee and chemnel sections
Ley &ﬁ &m han 3/3% of the ymm stress. ﬂ?he results of

(s)

tion (6) with n equal %o thyee,

slate web siresses emong

in figure 2, 1In all cases,

bregg-strain curve which is deseribed in the next section.
be dats from & simple curve may be due %o (1) experimental
vayistion of the web stress from that given by equation (7),
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and {3) varisbion of the flange stress due to intevaction with other
plate elements. On & plot such as figure 2, ervors from sll three

sources ave sbtribubed to the flange which vepresents only & porbion of

“the total crossesecticnal svea, The low points around % equal to 13

corvespond to tests where thi nough that column action

{10}

where

55 = (B35 op < o5

Ex = :{13303333*/ 3 op > Iy

is conservabive for

%o other sections,with the excepbiontithe meth
secbions which heve move than two slements meeting at & flange Jjodnk,
such 88 an H gection, Observetion of cyipplis tests has shown thek as

ing, distortions grow until the cormers



.17 =

, themoelves buekle, resulbing In failure. The resistance to {his corner

buckliog is muwch ‘j Ger &f move than two elements meet s% & Jodnks To
lugke this affect, the flange stregses were compited for the H

sections bested in refevence 5 through vaing equation (7) for the veb

wre 5. An equation of the
nese dete bub the coelfis

strespes. These result

seme form a8 squation (10} may be Fitbed %o
clent is now el
element mey then be written ss

v m@® =

ions for oy amd op have & term which represents the
effect of geometry on erippling, snd sucther term vhich is & measure of
ial properties, For sections which have uniform properties, the |
L parameters can be caloulsted divectly from the com aﬁﬁi‘sﬁa
.amﬁaamx'&m Wr It » meteriel is snisctropic or has & varisbion in

material properties due to fomming, the sbtressestrain curve can be
modified to sccount for these variations. R

lefevence b presente o simple
empirical method of construching this modified or effective stress-strain
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sl, In this case, the effeckive stress-strain
mputed a8 2 weighted &mmg& of the stresg~shrain cum

curve for anisotropic materd

e in

ustrs Mg points for 301 sbeel, which is
highly mamm?m, lie on the same curve s those for the iscbropic
materials, For most materials
importent in e maberial such as stainless steel
When & section ig formed, the yield stress in the vieiniby of the
Lorm Ly incvessed over that of the flat sheet., This
imxmm in yield aﬁr&m results in g higher crippling stress ¥

an fdentical sechion with uniform ;amymm corvesponding to the flat

his corpection is negligible, but 18

o orner is penerel

. gheet were tried, and the one 'ia&wa appeared to work best was also one of
%}m gimplest. ¥or foymed sections 1% wes found that the aﬁ‘fmﬁi%
stress-strain curve can be taken s the average of the stresssstrain
curves obtained fron the formed corner material and the flgt sheed

- makerial. Bven though the formed maberial may be & swall percentage of
tobal ares, it is necegsary to welght its stress-strain curve ss strongly
88 that for the flat sheet materisl, because crippling is in veslity
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i’a.i},ax»a of the corner; hence will be influenced most by the %%!‘iﬁl i
properiies in the vicinity of the formed corner. When the mam@ g
».-gﬁ%%@gﬁm curve is uged, tesh zwintaa ﬁ‘ai' formed sections mmmmgla
| wﬁ:%h %ahe:se for extrusions as shown in i’igare 1. The formulas h”mn :t.mg:aly ; 'i
that %&é geémwia effect of the curved corner on erippling is _xi:égiﬁ.% . |
 gible, but the effect of increased yield stress due to foming is
portant, 4 similar situation exists régﬂréﬁng the effect of the

 eurved ecorner on buckling stregses, For elastic buckling the as}?;%ﬁ* .
tional forrmlas can be uged without congidering the effect of the curved
corner {fmiﬁg in gensral does not ﬁi‘aange BE), but in the p‘&aﬁ%i@ r&ﬂg%
the fmmlaﬁ are congervative which may be abbributed to thé increase
in :?"iﬁlﬁ stress, These conclugions are based on the Yests reporbed in
reference 10 through 12, where the sections were fwmé to a bend vadius
of aboul three te four.tizes the zhest thiclrens, .
The effective shress-strain curve algo be used, in mxzjﬁm'tim '
with &qmﬁm (1), to ealm&maﬁ the buckling stress for sections of
ém:ia%&efg:i% material or for sections which have a variation in maberial
Fmparﬁia# due to forming, This is illusbrated in figure L, wheﬁé g-xgeér*
imental buckling streases for formed zee mﬁ" charmel gections tested in
reference 10, am*eamwa& with computations based on the ea?i:-‘eefﬁimi aﬁm%ﬁ?
strain ocurve, 6&3 ig computed fronm the conventional plate bmislmg
formila | o |
B (za)’*’ R
12(1%) \ by | (12)
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Values of ky can be found in refevence 13,
is neglected, the caleuls
indicated by the lower curve,

~ Observatilon of crippling tests of flanged
type of failure ogours when the flanpe width ds Jlerge and ancther type
vhen the width is small. In the first case, the joinbs remsi ,
~unbil failure, while in the second cese, the flange joint is transleted
on buekling and failure occurs &b & veduced load. The eguations

be debermined. In this solubion; given by Timoshenko in reference ihy
it 48 sm that the kling amaa i8 & fTunekion of & sbifiness
, where for a flange supporting s wel




: ami ag 0 approaches infﬁnmy ‘the mﬁ}ang stress approaches that af: a
a'mg:»m mgsmmﬁ plate, E&amaw; if e is df the ovder of 1” @r |

greater, the ickling ourve differs little from the simply sv@pﬁm@ﬁ |

jmﬁmm W and for these pwpartmm the erippling equations am

- valids :E‘:t 16 o be expected, as 0 ig reduced, a value will be rmheﬁ

‘ @1&%@ "?:ehaﬁ the erippling eqaatims will no Kanger ‘b@ valié, Xn other
3 words, above a eertain value of © oy the erippling stress can be pre~

‘ ;jizxﬁ.zs v&m@ t‘ita prmﬁﬁm -1 mwnawmti%* {Aetually there 9:@:&%1?
i ma clear dividing line h&tﬁﬁ@n the o %ﬂma of fallure, sm ra%hﬁr

‘ ~;_.,a *ﬁr&zmi*m&n from one %o the @tim' fm;r a range of values of © ,,}

 To det e ,}%ﬁ a transition valus of 0 4 the crippling stress ef a&v&ral

amﬁsitma with relatively small &&m&& was computed and compared mﬁh

_;j-gmywimmﬁ; For these ﬁwapaﬁims s the second term of equation’ {&} %zasz

1 ﬁmpamﬁ to the first; s0 o _ was ﬂa&gm ag Blyp/byly Wﬁi@h w %

f‘wxﬁ%w %

;}:}3<%> \%)’ It was found bhat i \by) (2)2;2;) m%

~ ggma.‘mr %;ﬁam 20, the @r@émmé a-hmm %ﬁs g&mmﬁy in agyeamm w:ma
:z‘imms, while if this quantity was less than 20, the m@émama
Ww@ often uncongervative, Mogh f.'lzmge proportions ammn%emd in

praetme are nore than adegquate to effectively aﬁg}m the %:e&bs.
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In same cases, however, sections such as zees or hats may have sn
additional smell flange or lip vhich ie not large enough to satisfy the
above eriterdicn. This is illustrated in figure 5, where the erippling
ses of lipped zees aye plotted a st the size of lip. When the
nding to the criterion |

atres
width of the lip is large,

.-5.,;,1> N o

g can be predicted by the method of the present investigation. Also,
~ when the lip widbh is zero, Op can be computed as for a plain zee

‘section. By érewing a streight line fram Ty corresponding to the

susllest value of ;E:% that will satisfy equatio

senting the cxippling stres

th equations presented give the
aversge styesy carried by each of the individuel 3’*3&% glements vhich

tural section. ‘fhe losds carried by each slement 6 By be
g equations (?) and {1@} by the eppropriete avea
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Figure 5.- Crippling stress of 2024-T3 aluminum-alloy lipped zee sections.



for & web, and

(16)

ges It is seen that for a given thickness, the carried

for a fia

by & web is constant

&5 18 in the plastic vange, while
gen with -g. Using egua~

vagh thet the crippling sty

. & flange will support & load thet

tioms {15) ancl {16}, conclusions ca

optimm distribution of material for cerbair
zee or chaunel, mmg the opbimum proporfions for a

be such that oy is close to op, Bince ab this value of sbress an
inerease In web widkh will not incresse the web load, the rest ai“ﬁhﬁ |
material showld be epportio: _ e an inoveas
flange width is beneficial. Celoulstions show thet Tp for e zee or
channel section may be veduced wp o 10 or 15 percent by not meking the
optimm distribubion of material between flanges .

tigations, such 88 rveferences 1 and 11, have ignored thi
and bave presunted crippling strength equatior

tions that give Op es & function of Bn {b' = by + Zbp, the

order to give some idem of the effect of the distribubion of meberigl

bebween webs and flaupes on bhe stre

igbh of see and channel swiswﬁs,
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the date for channel sections of veference 10 have been replotted in
figure 6. Values of T are plotted against % for constant values
bt

of -g by cross @Emﬂﬁg the date es given in figure 21 of reference 10,

Sﬂw varistion of 3}» for any given value of ,%i is mge enough in

some cases thab considersble error would be introduced sseuming no
v study the effect of mebe
‘gtrength of soctions, & serdies of 7075-T6 zee sections, with essentially

vexiation. %o fury

igl distribution on the

constant values of 3, were tested. These results are tabulated in

Table 1 and plotbed in Pigure 7. Buckling

 gbresses were compubed from
equation {12 directly as 1 s one i all cases. A veristion in
sdequately predicts the crippling stress &

Te is present (abow  amethod of the present paper

roughout the yange of

, .Aa stated previously, the velue of % at which 3} ig & meximm

for & zee or chammel section will be such that oy approximately equals
ogs For the zee sections of Pigure 7 having %ﬁa 60, this will ccour

s of the buckling stress is at

at % % 0,90, = However, the maximm valu

g = 0.4, which mesns E‘f | was incressing

vhile Oy veasing, In other words if a section is 8o propor-
tioned to maximize the buckling etress these pro porbions will xw& neceg.

sarily be optimum for erimlingv
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Figure 6.- Crippling stress of 2024-T3 aluminum-alloy channel sections.
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} : gpparent &isempmcy betwee |
crippling tests of formed and extruded sections that could not be ves

Taps ORE curve resulted for

for exsmple, figurve 12 of vefersnce 2.) The differen ée,m though

be caused by the presence of the curved corngr and the incresse in

yield stress due to forming, but 1% ves accounted for quantitatively.
These conclusions; however, weve drawn from tests on extrusions with

Zg <23, In this renge
data shows that extrusious and formed sections have essentially the same
behaviory that is crippling vesults «pTlobio’ as one curve of '&"f
againgt Ogp. It could be expected then if information were made availe

of proportions; & critical exeminstion of the

able for ax‘.sm&m with % > 25, a fan

ooy could be plobbed. Accordingly, as part of the present imaﬁigmﬁim

tests were wade of exbruded zee sections with ~-~— equel to 30, 35,

100 of the present paper. Since each shape and

g stresses, which sre tebulsted in Table II; are seen
of reference 2, bub are in

agreement with the met

Propox
~ eluded that in gener
structure using an empirical relationship between Oy and Gop found

tion has a sepavate relationship of ogp 0 Gpy 16 can be con

al one cannot predict the crippling stress of &
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~ Although the equations developed
was less than 3/k of the yield stress, it was found that in many cases
they could be extended without serious )

ave based on tests wheye buckling

lose in accureey. Caleulation

ite For high plastie stresses, where buckling and failus
prackically identical, the formles uay be conservative, bub gene:
ro Thue it 18 possible o use

’ _ wervabive estinate of the plastic
ling strese {or failure stress) of sections for vhich & buckling

are not more than 15 percent in ery

In the case of 8 uilt-up sbrueturs, such 88 & o
riveted to o sheet, the crippling stréss equations can be applied,
vided ; adequate, The problem of rivebing
cbensively in refevence 15 where the eonditions necess
sary to schieve this ade

quate riveting are presented,
- Bince the crdppling stress is given ag a function of maberial

‘ram the shress-straln cuwn

pply to tests at elevabed temperatures if dh
with the results for H section-tested st elevated temperature iu

shown in figuve 8 where the or

reference 10
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Figure 8. — Crippling stress of 7075-T6 cluminum-alloy H sections at elevated temperatures.



aualys pling stvength of structural
émmsm been mamat The following conclusions cen be made
fron the amalysis. R |
1. To satisfy the purpose of & strength a

load for an integral cross section may be taken as the sum of & st
of dsfined crippling loads vhich ave chavacteristic of the individual
plate slements, | -

2. Corvelation of crippling stresses among material may be
&ffected by the use of paramet

from *hm aﬁi‘m ghressestrain ew:w*

sccounted for by mmg an effective stresg-styain curve in cal mﬁmg
necessary to meintain vodes at & Joint after buekling. For sections
with flenges smaller than this minimum size, an extension of the basic
procedure can be used o caloulate the erippling stress.

5. Proportioning & section to meximize the buckling stress will
not necessarily maximize the crippling stress.
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