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PREFACE 

This r~port, "Developaent of • Unified Approach to the D~slgn of 

Cold-Formed Steel Me.bers, " IS reference 50 of the draft Co •• entary on 

the Hay 1986 Edition of the Specification for the Design of Cold-Formed 

Steel Structural He.bers published by the A.erlcan Iron and Steel 

Institute. It IS being Issued as a draft research report pending 

public review of the SpeCification, which IS fro. June 1 to July 1, 

1986. 

The unified deSign approach developed In thiS report Includes the 

treatMents of coepresslon elements, columns, beams and bea. columns. 

The approach covers sections .,th compression element. that are locally 

.table as .ell as those In the post-local buckling range at overall 

failure. The overall failure ~odes Include flexural, lateral, and 

torsional-flexural. The unlfl~d d~slgn approach developed was ch~cked 

on the baSIS of analytical and par •• etrlc studies. The results of 

carefully conducted tests "ere also used .n the verification of the 

proposed approach. 

Ae~rlcan Iron and Steel Institute 

Jun~ 1986 
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D~v~lop.~nt of a Unlfl~d Approach to 
The D~slgn of Cold-For.ed Steel He.bers 

CHAPTER 1 

I NTRODUCTlON 

May 27, I ~86 Page I 

Studl.s to dev.lop a un,f,ed approach to the desIgn of cold-forMed 

steel Me.bers wIll b. dIscussed In thIs r.port. ThIs approach has be~n 

the basIs of .any of the changes Introduc.d In the 1986 EdItIon of the 

SpecIfIcatIon for the DesIgn of Cold-For •• d St.el Structural Me.bers 

publIshed by A •• rican Iron and Ste.1 InstItute. ThIs docu.ent WIll be 

referred to In thIS report as the 1986 AISI SpecIfIcatIon. 

The un,f,ed approach p.rtalns to two general ar.as of desIgn. Th~s~ 

two areas are the d.slgn of co.pr.SSlon .I •• ents and the desIgn of 

ae.b.rs. For th~ desIgn of compressIon .I •• ents, a g.nerallzed eff.ct,ve 

WIdth approach IS d.v.loped for stlff.ned and unstlffened co.pr~5"on 

eleMents, co.preSSlon eleMents WIth ,nt.rm.dlat. or .dge stIffeners and 

webs. For the desIgn of .~.b~rs, the approach covers desIgn of col u.n. 

bea •• and b.a.-colu.ns. The faIlure .odes for .e.ber. Include fle xural, 

lateral and torsIonal-flexural bucklIng. The approach treat, .e.bers 

that ar •• ade up of .I ••• nts that .ay or aay not b. In the post -buc~llng 

range. ThIS approach enco.pa,slng both co.presslon ele.ents and .e.bers 

Th. 1980 AISI SpecIfIcatIon has a .,xed approach for cOMpres.lon 

ele.ents and w.bs. StIffened el •• ents are tr.ated by an effectIve WIdth 

approach whIle unstlffened ele.ents and w.bs ar. treated by an allOWAble 

.tres. approach. Th. accuracy and the consIstency of thIS approach hA. 

been studIed by the r •••• rch.rs at Corn.11 UnIversIty and eI5ewher~. The 

un,f,ed approach developed in thIS report treats all co.pre •• ,on ele.ent. 

by a generallz.d .ffect,ve WIdth approach In a consl.tent .anner . 
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The unIfIed approach 15 based on the data and conclusloos re.ched In 

several research projects carrIed out and reported by DeWolf, PekOz and 

Illnter (1973, 1974 ) , Kalyanara .. n, PekOz and WInter (1972, 1977), 

Kalyanar .. an and PekOz (1978), Desmond, PekOz and WInter (1978, 1981a), 

Desmond, PekOz and WInter (1978, 1981b), Mulligan and Pek6z (1983, 1984), 

Loh and PekOz (1985), Cohen and PekOz (1987 - to be publIshed), Weng and 

PekOz (1986 - to be publIshed) and the extensive paraaelrlc studies 

carried oul by lhe author as discussed In thIS report. In each phase of 

the research. rigorous analytIcal aodels Here developed and co.pared Hlth 

the results of several hundreds of .'perlaents conducled Hlthln the 

project a. Nell as those conducted elseHhere, for e.aaple, those of 

Thomasson (1978), LaBoube and Yu (1978) and Loughlan (1979). The sludy 

carrIed oul by lhe aulhor for the developmenl of lhe unIfIed approach 

reported here used the results of tesls on 49 locally stable colu.ns and 

beaa-colu.ns, 140 locally un.lable beaos, 213 locally unslable stub 

colu.ns, colu.ns, aod bea.-colu.ns, .ore than 60 angle sectIon colu.ns 

and 46 perforaled coluans and stub colu.ns. 

In the I.ple.entatlon of the unIfIed approach In the 1986 AISI 

SpecIfIcatIon several ne H features Here Introduced in for~al as Hel l as 

the technIcal conteol. The changes In format Include the determInatIon 

of alloHable loads by applYIng a factor of safety to lhe calculaled 

nomInal load-carrYIng capacIty rather than lhrough the use of alloHable 

slresses. 

ThIS fealure HIli Sl.pllfy conversIon lo a load and reslslance faclor 

deSIgn approach. Anolher change In foraat IS the for.ulatlon of all non-

dl.enslonallzed equatIons lhal can be used HIlh any consIstent syste. of 

unIts. 
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Development of a Unified Approach to 
The Design of Cold-For~ed Steel Members 

CHAPTER 2 

May 27, 198b 

BEHAVIOR OF COMPRESSION ELEMENTS 

2.1 INTRODUCTION 

The approach developed In this chapter unifies the design procedures 

for stiffened and unstlffened co_pression elements, compression @Ieeents 

with Interoedlate or edge stiffeners as well as webs of flexural 

me.bers . The 1980 AISI Specification treated these elements With mixed 

approaches Involving effective widths and allowable .verage stresses. In 

sOMe Instances the 1980 AISI Specification w.s overly conserv.tlve thus 

putting cold-formed steel members at an unnecessary dlsadv.nt.ge. The 

unified approach for compression ele.ents will make so~e cold-forled 

steel products more competitive and improve the procedur@s for c.lcul.-

tJ ons. 

The effectlv@ width equation used In cold-for.ed .teel deSign It 

the present tile IS • slightly Modified for. of the one derived by Wlnt@r 

(1947) for elements supported by webs .Iong the two 10ngltudln.1 edges. 

In the unified approach the beh.vior of compression elem@nts and webs 

With v.rlous edge support conditions is represented by .n effective Width 

approach. 

The effective Width approach has been extended In Kalyanar ••• n, 

PekOz and Winter (1972, 1977); K.ly.n.r .... n and PekOz (1978); Des_and, 

PekOz and Winter ( 1978, 1981a, 1981b) to unstiffened eleoents and to 

elements with .n edge stiffener or .n inter.ediate stiffener of .ny 

size . The application of the .ppraach to webs was studied by Mulllg.n 

.nd PekOz (1983, 1984); Cohen .nd PekOz (1987) .nd other researchers . In 

the course of the stUdies conducted by the author for the prep.r.tlon of 
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the 198b AISI SpeCification soae aodlflcatlons were Introduced to I.prove 

accuracy or to slapllfy the expressions. 

2.2 STIFFENED ELEMENTS 

Cold-formed steel sections are, In general, made up of thin plate 

elements. It IS well known that the post-buckling behavior of longl-

tudlnally coapressed eleaent •• upported by webs on longitudinal edges can 

be represented by an effective width approach. The effective width 

equation proposed by Winter (1947) and later modified by hi. slightly, 

serves as the baSIS of the AISI SpeCification for the DeSign of Cold-

Foraed Steel Meabers (1980). The effective width, b, can be written In a 

nondl.enSlonal fora as 

b • ,ow Eq. 2 . 2-1 

where w IS the actual flat element width and P IS a reduction factor 

determined as follows 

, = II -O.22/A>/A Eq. 2.2-2 

where 

A = 
r--
If 

IF- Eq. 2.2-3 
• er 

Fcr IS the plate buckling .tress calculated as 

Fer 
k. 2E . ----------------2 2 1211 - u Hw/U 

EQ. 2.2-4 

A can be written as 

A = [!!] IC 
t v E 

Eq. 2.2-5 

where t IS the eleaent thickness, f " the actual stre.s In the 

E IS the Modulus of elastiCity, u IS POls50n's ratiO, and k IS 

the plate buckling coefficient. 
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For a fully effectIve ele.ent w ; band p = 1. SubstItutIng p = 1 

Into Eq. 2.2-2, the values of A for whIch an element IS fully effectIve 

can be found. These values are 0.327 and 0 .67 3 . The value of p cannot 

exceed unIty. For values of A between . 327 and .073, the value of p 

determined from Eq. 2.2-2 IS larger than unIty. Therefore, A • . 673 IS 

the lImItIng value of A below which an element IS fully effectIve. 

Sect Ion 82.1 of the 1986 AISI SpecIfIcatIon gIves the effectIve 

WIdth expressIon In the above for.. ThIs equatIon can be shown to be the 

same as the effectIve WIdth equatIon for deflectIons In the 1980 AISI 

SpecIfIcat Ion . The for . of the effectIve WIdth equatIon In Eqs. 2.2-1 

and -2 were used for two reasons. It IS In nondlmenslonal form and hence 

can be used with any consIstent unIt system, and IdentIfYIng the plate 

bucklIng coeffICIent k explIcItly shows the consIstent nature of the 

treat.ent for all types of ele.ents. 

The stress, f, to be used for the element beIng consIdered depends 

on lhe way the load carryIng capacity IS delermlned. The load carryIng 

capacIty calculation Gay be based on eIther the InItIal YIeld or In so.e 

cases the reachIng of the ultImate inelastIC moment deler.lned accordIng 

to the procedures of Rec k , Pek~z and WInter (1975) provIded cerlaln 

condltlons are met. 

If the InItIal YIeld IS the baSIS of deSIgn, then f 15 the YIeld 

stress If lhe YI eldIng InItIates In the element beIng consIdered, as seen 

In FIg. 2 . 2-2a . If the YIeldIng does not InitIate In the ele.ent beIng 

consIdered as shown In FIg. 2.2-2b, then the stress f should be 

calculated on the basis of the effectIve sectIon when YIeldIng 

InItIates. ThIS, In general, results In an IteratIve procedure. 
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If the load carrYIng CiPiClty IS deter.ined on the basIs of th~ 

ultl.ite strength, then th~ str~ss f IS to be deter.,n~d iccordlng to 

R~ck, PekOz and Wlnt~r (1975). In thIs caSe the stress f IS equil to the 

YIeld stress, Fy' as shoNn In FIgs. 2.2-2c and -2d, except for unusual 

cases such as the one shoNn in FIg. 2.2-2e. Furth~r conSIderatIons for 

the selectIon of f In co.putatlons for design of bea.s are dlscuss~d in 

Chipter OJ those for colu.ns are explaIned In Chapters 4 ind 5. 

The unified approich Involv~s the deter.,natlon of the effective 

Nldths of ele.enls Nlth ill edge condit,on. and stress gradients using 

Eqs. 2.2-1 and -2. Sp~clil conditions of thes~ cas~s are accounted for 

by uSing the appropriate plate buckling coeffiCient, k. For unstlff~n~d 

and stiffened ele.ent., the plate buckling coefficients of 0.43 and 4 are 

used, respectively. Thes~ coeffiCients are for the case. when the 

longitudinal edge or edges ire SIMply supported. It 15, In gen~ral, 

conservat,ve to tak~ thes~ values of k. As discussed In Mulligan and 

Pe~O: 11983, 1984) It 15 also pOSSible that for exceptional cases such as 

for sectIons haVing large Nldth-to-depth ratios -- for exa.ple, channel 

section colu.ns (Nlthout stiffening lips) having ratios In e.c~ss of 6 

the unst,ffened ele.ent .ay destabilize the stiffened flange. For 

this reason the conservative values of k were Judged to be approprlite. 

Further Infor.atlon on thiS subject can be found In Mulligan and PekOz 

(1983, 1984). 

The 1980 AISI SpeCifIcation contain. tNO types of effective Nldth 

equations, one for deflection calculations and one for load carryIng 

capacity calculations. The 1980 AISI SpeCIfication contains only one 

effective Nldth equation for load capacity and deflection calculations 

since the factor of safety 15 applied to the nOMinal load capacity rather 
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than the yield str.ss. Although the above equation can be us.d con-

servatlv.ly for deflectIon calculatIons. an alt.rnat ••• ore accurat • 

• xpresslon IS dlscuss.d In the n.xt section. 
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The 1980 AISI Sp.clflcatlon also gives two sets of .ffectlve WIdth 

.quatlons, one for flanges of square and rectangUlar tubes and another 

one for all oth.r sections. SInce the difference between the results 

that can be obtained between these two sets IS qUIte •• all, the 19810 

SpeCIfIcatIon stlpulat.s only on •• ffectlve Width equatIon. 

2.2.1 EFFECTIVE WIDTHS FOR DEFLECTION CALCULATIONS 

The effectlv. WIdth equatIon In the 1986 AISI Sp.clflcatlon has b.en 

shown to be very satIsfactory for deter.,nlng ultl.ate loads. As was 

obs.rved by Winter (1947), the above equatIon und.reltl.ates effectIve 

Widths at loads below ultimate, na.ely In calculating deflections. The 

sa.e conclUSIon was reached by alyanaraMan, p.ke, and Wlnt.r 11972. 

1977), Kalyanara .. n and Peke, (1978), DeSMond, Peke, and WInter 11978, 

1981a, 1981bl, MullJgan and Peke, 11983. 1984) as well as by Dawson and 

Walker (1972). 6ravu-S.lth 1191091 and Thousson 119781. 

The subultl.ate b.havlor. na.ely the deflectIon. and .tr ••••• at 

service loads, can b. studl.d by castIng the above .ffectlve WIdth equa -

tlon Into a .or. conv.nlent for.at as follows. The av.rage .tr •••• Fav' 

on the full sectlon area, A, can be written IS 

Fav = Ib/wl F .ax 
Eq. ~.2.1 - 1 

where F.ax IS the .aXI.U. edge .tress. which IS taken to be unltor. over 

the .f ectlve area. U.,ng Eqs. 2.2-2 and 2.2-3 and takIng f E F.ax , Eq. 

2.2.1-1 can be rewritten as 

F IF = A -0 .22 av cr 
Eq. 2.2.1-2 
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when ~ 15 greater than 0.673. When A 15 equal to or le55 than 0.073, the 

element 15 fully effectIve, na.ely b = w, and Eq. 2.2.1-1 become5 

F IF = A 2 
av cr Eq. 2.2 .1 -3 

Te5t results can be compared WIth the eq uatIons In the above form. 

For a test the stress, Fav' for a compressed elemen t can be calcu l ated 

based on the full sectIon and the applIed mo.ent. Fcr and! can be 

calculated uSIng Eq. 2 .2-4 and -5, respectIvely. Then the test results 

can be plotted haVIng as the yertlcal aXIs Fav/Fcr and as the horIzontal 

aXIS A as done In FIg. 2 . 2.1-1. In thIS figure. the curve deSIg nated 

Muillgan and PekOr (1983, 1984) I. tYPIcal of many test observatIon •. 

ThIS curve was derIved so that the slope at A : 0.673 would be equal to 

that for the curve for a fully effectIve s ectIon. The curve also has 

zero slope as It Intersects the curve for Eq . 2.2-2 . The re.ultlng 

equatIon for the curve gIven In MullIgan and PekO: ( 1983, 1984) IS a 

rather complIcated one. Based on regressIon analYSIS, th e two straIght 

lInes deSIgnated Weng and PekOz (1986) were obtaIned to fit the curve of 

MullIgan and PekOz (1983, 1984), eased on these two straIght lInes, Weng 

and PekOz (1986) derIve the follOWIng e~uatlons for A for determInIng 

effectIve WIdths for deflectIon calculat Ions: 

p = 1 when A ~ 0 .67 3 Eq . 2 . 2 .1 -4 

, = (1.358 - .461/~)/~ when 0.673 < • < Ac Eq. 2 . 2.1-5 

, • 0.41 + 0 . 59 IF-If - .22/"~ when A ~ !c v y Eq. 2.2.1-6 

where 

A = 0.256 + 0.328(w t) IF IE 
c " y 

Eq. 2.2 .1-7 

AddItIonal supportIng eVIdence for the above expr essIon. can be 

found In Thomasson (1978). The expressIons of Thomasson are coopared 
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,nth the results of analytic studies of Graves-S .. ith (1969 ) In Fig. 

2 . 2.1-2 . Thomasson concludes that though the analytIcal curves of 

Graves-S.,th agree well with hIS curves qualItatively, the analytIcal 

solution falls to compare well With the test results. In contrast, 

expressions of Thomasson agree very well with his test results. The 

expressIons of MullIgan and PekOz 11983, 1984) and consequently the 
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expressions of Weng and Pe ~ Oz (1986) agree we ll WIth those of Tho.asson. 

SectJOD B.2.1 of the 1986 AISI SpeCIfication gIve. Eqs. 2.2.1-4 

through -6 for an alternatIve approach for calculatIng deflectIons. The 

use of these equations may result In Significant benefits In the calcula -

tlon of deflections. Deflection requIrem en ts fo r cold-for.ed steel 

members frequently do govern the calculated load capaCIties. The 

dIfference between the results obtained WIth above equations and the 

results obtained uSIng Eq. 2.2-2 depend on the stress at which the 

effectIve width IS calculated, the wIt ratio, YIeld stress and the 

sechon geometry. The value of, IS plotted agaInst A In F,g. 2.2.1 - 4a. 

Whether Eq . 2.2.1-5 or -6 governs can be deter.,ned With the Old of 

Fig. 2.2.1-4b. These figures can be used as deSign aids . 

The rabos of the effectIVe Widths calculated uSing the Eqs. 2. 2 .1 - 4 

through -6 which are the equations given as an alternate procedure In the 

1986 AISI SpeCification, to those calculated uSing Eq. 2 . 2-2 whIch IS the 

equation for deflectIon calculation in the 1980 AISI SpeCificatIon, are 

plotted In Fig. 2.2.1-3 versus l I ly where ly IS the value of 1 when f · 

Fy• In these figures It I. seen that the increase I~ the calculated 

effectIve Widths can be up to about 30 percent. Ho.ents of Inertia used 

for calculating deflections for most sections depe nd almost linearly on 

the effective width of the flange. Thus It is pOSSible to have 10id 
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cap~clt,es as determined by deflect,on requirements to Increase by up to 

about 30 percent. 

The 1986 AISI Speclf,c~t,on conta,ns .ore accurate deflection 

deter.,nation effective Width equations d,scussed above, for st,ffened 

ele.ents only. For other types of elements Eq. 2.2-2 IS stipulated. 

However, Kalyanar a.an, Pek6z and W,nter (1972, 1977), Kalyan ara.an and 

Pek6z (1978), Des.ond, Pek6z ~nd Winter (1978, 1981a, 198Ib), Mulligan 

and Pek6z (1983, 1984) found that Eq. 2.2-2 can be conserv.bve also for 

unst,ffened elements and for elements With an edge or ,ntermed,ate 

st,ffener. Exa.ples of the behaVIor of bea.s WIth unst,ffened fl~nges 

are Illustrated 'n F'g. 2.2.1-5. 

2.2.2 EFFECTIVE WIDTHS FOR PERFORATED ELEMENTS 

The post buc kl,ng behav,or of elements conta,nlng cIrcu lar perfora-

tlons can also be represented by an effectIve WIdth approach. The 

approach used In the 1986 AISI SpecIfIcation IS based on Ortiz-Colberg 

and Pek6z (1981). ThiS approach involves the .od,flca t,on of Eqs. 2.2-1 

and -2 to calculate the effectIve WIdth b as follow.: 

b • w[J - (0.22/~) - (0.8d h /M) JIA Eq. 2.2.2-1 

where dh IS the perforation dla.eter and ~ IS as defIned In Eq. 2. 2-5. 

The upper limIt lor elfect,ve WIdth thus calculated '5 taken conserva-

tlvely as the net effective WIdth (w - dh). The applIcabIlIty of the 

above experImentally obtained equatIon IS ll.,ted by the range of the 

values of the para.eter. Involved '" the experl.ents. The.e l,.,t. are 

speCIfied In the 1geb SpeCIfIcation S.cllon 82.2.. The l,.,tatlons and 

other con"derat,ons for perforated ele.ents and so.e 01 the supporting 

experl.ental eVIdence are discussed In Chapter 9. 
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2.3 WEBS 
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The unIfied approach developed here Includes the treat.ent of 

Page 11 

webs WIth an effectIve WIdth approach as well . The development In thl' 

sectIon is base d on the test results reported In LaBoube and Yu (1978), 

Cohen and Pek6z (1987), Kallsner (1977), Johnson (1976), He (1981) and 

van Neste (1983) . All the test resu l ts were evaluated In Cohen and 

Peke, (1987) using the proposed procedure for webs connected to stlff-

ened, unstlffened and partIally stIffened compressIon flanges. Some 

statIstIcal data on the correlation are gIven In Table 2.3 - 1. To unIfy 

the treatment of webs and compression flanges, it was deCIded the 

generalIzed effective WIdth equations In Sect,on B2.3 of the 1986 AISI 

SpeCIficatIon would be used for webs rather than the allowable stress 

approach of the 1980 AISI SpecificatIon. 

An IllustratIon of the effectIve width approach IS gIven In FIg. 

2.3-1. For a web WIth stresses fl and f2' as shown In the fIgure, tne 

effectIve "Idths b2 and bl are deteralned as follows: 

b = b 12 2 e Eq. 2.3-1 

b.=b/(I-,) • e 

where, = f2/fl and be IS equal to b determIned accordIng to the Eqs. 

2.2-1 through -5 by taking the theoretIcal value of f determIned as 

follows : 

k = 4 + 2(1 - ,,3 + 2 11 - ,) Eq. 2. 3-3 

f ~ and fl have to be compressIon ( t ) and tensIon (-), respecll '/ely. The 

case of both fl and f2 beIng co~presslon IS rather unusua xcept In 

columns and beam-columns. Howev~r I n~ columns the stresses are assumed 

to be uniform In the, ' r .nd ior beam-columns the aXial load and the 
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OOlents are treated separately and, thus. there IS no need for provIsIonS 

for webs or the case when fils co.presslon. Nevertheless. the above 

eQuations .ay give conservatIve results for compressive fl' 

The flat wIdth w used In the eQuation ~ 15 the flat wIdth of the 

web. The lloltlng values of wIt and ~ above which the web IS not fully 

effectIve can be obtained from FIg. 2.3-2. ThIS figure can be used as 

deSIgn aIds as well. 

As .111 be dIscussed In Chapter 7. If lateral bucklIng IS Involved, 

the stress f2 IS to be deteroined on the baSIS of full sectIon. The 

.tres. fl IS to be deterolned on the baSIS of effectIve sectIon takIng f2 

as fixed. 

2.4 UNSTIFFENED ELEMENTS 

2.4.1 UNIFORM STRESS 

An example of the motivation for the extension of the effective 

WIdth concept to unstJ Ifened elements can be seen In Fig. 2.4. I-I taken 

froo DeWolf, Pe~Oz and WInter (1973) . In this ftgure, the results of 

.ome stub colu.n tests on specImens deSIgnated Sand U are plotted. The 

cross-sectional geoaetry IS Illustrated In FIg. 2.4.1-2 and the 

dl.enSlons are gIven In Table 2.4 .1-1. It IS seen that the value of a, 

na.ely the ratIo of the effectIve area at faIlure to the full area as 

defined In the 1980 AISI SpeCIfIcatIon, IS conservatIve and satIsfactory 

for stIffened ele.ents, whereas lhe effective WIdth I_piled In the 1980 

AISI SpeCIfIcation IS grossly conservative for unstlffened elemenls. The 

shortco.lngs of the Q-factor for colu.n design will be discussed further 

In Chapter 4. 

The exl enslon of the concept of effecllve Widths to unsllffened 

elements has been trIed previously by WInter 11947) and others. WInter 
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proposed the followIng effectIve wIdth equatIon for such elements: 

P • 1.19(1 - 0.30!l.) / A Eq. 2.4.1-[ 

where A is as defined In Eq. 2.2-3. ThIs equation was not used pre-

vlously because of lack of extenSIve experimental verificatIon and the 

concern for out-of-plane distortIons. In the research reported In 

Kalyanaraman, PekOz and WInter (1972, 1977) and Kalyanaraman and PekOz 

(1978) the applIcabilI ty of the effectIve WIdth concept to unstlffened 
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ele.ents wIth uniform stress Has studIed In depth. The results of some 

of the tests used In th,s study are plotted In Fig . 2.4.1-3. In thIS 

figure, both Eq. 2.4.1-1 and Eq. 2 . 2-2 are plotted wIth a bucklIng 

coefficIent of .43. It 15 seen that Eq. 2.2-2 gIves a conservat,ve lower 

bound to the test results. Therefore, Eq. 2.2-2 is also used with the 

proper plate bucklIng coeffIcIent for unst,ffened elements. The 

correlatIon of other test data wIth the unifIed approach predIctIons IS 

summarIzed In Table 2 . 3-1. 

The out-of-plane defor.at,ons In unstiffened elements was studIed by 

Kalyana raman, PekOz and WInter (1972, 1977) and Kalyanar •• an and Pek6z 

(1978). An idea about the out-of-plane deformations can be obtaIned from 

F,g. 2.4 . 1-4 taken fro. Kalyanaraman, Pek6z and Winter (1972). The 

results of theoretIcal calculat,ons and test results on sectIons havIng 

unstiffened elements wIth flat width to thickness ratios up to 60 are 

presented in thIS fIgure. Haxlmum •• plltude of the out-of-pl.ne 

deformations at faIlure dIVIded by the thickness can approach 2 as the 

flat-width to thIckness ratIo approaches 60. However at serVIce loads 

the deformatIons oay be SIgnIfIcantly less as the figure indIcates. 

The un,f,ed approach Incorporated Into Section 83.1 of the 1986 

AISI Specification result s In a SIgnIfIcant increase In the calculated 
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load carryIng capacIty of unstlffened elements and sectIons haVIng 

such elements. For purposes of comparIson the 1980 AISI Specification 

approach of allowable stress can be cast Into an effective width equa-

Page 14 

han. In FIg. 2.4.1-5 the ratIo of the effective width to the effective 

wIdth calculated according to the unIfied approach implied by the 1980 

AISI SpecificatIon is plotted agaInst flat width to thickness ratios. It 

I 
I 
I 
I 
I 

15 seen that the benefit can be well in excess of 100 percent . I 
2.4.2 UNSTIFFENED ELEMENTS WjTH STRESS GRADIENT 

There 15 very little conclUSIve data avaIlable on thIS subject. 

ThIS subject is being studied at Cornell UnIversIty. It was deCIded to 

recommend that the unstiffened compressIon ele.ent with a stress gradient 

be treated as a unIformly co_pressed unstlffened element until further 

Information becomes available . In this approach, the stress f 15 assumed 

to be the ma,imum stress In the ele.ent. 

2.5 COMPRESSION ELEMENTS WITH EDGE AND INTERMEDIATE STIFFENERS 

The motivation for the extension of the effectIve WIdth concept to 

elements WIth edge and intermedIate stIffeners 15 obvious when one con-

SIders the fact that for an element WIth a stiffener slIghtly smaller 

than the mInImum required by the 1980 AISI SpeCIfIcatIon, the stIffener 

15 co~pletely ignored and the calculated capacIty as a result can be only 

a small percentage of the actual capacity. AgaIn, further examples of 

the Improvements obtaIned by the unIfied approach that have been 

incorporated into SectIon 84 of the 1986 AISI SpecificatIon are given 

below. 

IllustratIve Examples 4 and 5 of the 1980 AISI Cold-Formed Steel 

Design Manual Part IV can be used to show the shortcomings of 1980 

AISI SpeCIfIcation prOVIsions. The cross-sectional dimenSIons of the two 
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stIffener these sectIons are IdentIcal. The Inter.edlate st,ffener 

added In Exa.ple 5 result. In an Increase of bO percent over the 

stIffener IS slIghtly s~aller than the one shown In the exa.ple, the load 

capacIty accordIng to the 1990 AISI SpeCIfIcatIon drops by bO percent. 

However the unIf,ed approach of the 199b AISI SpeCIfIcatIon shows only a 

slIght loss In capacIty. Thus the un,f,ed approach for thIS ca.e WIll 

A .ore SIgnifIcant Increase In the predIcted capacIty accordIng to 

the 199b AISI SpeCIfIcatIon can be obtaIned for the case of edge 

stIffened sectIons. For exa.ple, for a O. Ob-Inch thIck lIpped C-.ect,on 

7 Inches deep, 1.5 Inches WIde WIth 0.48-lnch long lIps .ade of 50 ~SI 

sleel the allowable .aJor aXIs bendIng .o.ent IS 38.1 ~Ip-,n . If the 

lIps are 0.47 Inche. long the allowable .o.ent drops down to 14.3 

'p-,n. However the proposed approach would predIct an Inllg~lflcant 

drop In the calculated capacIty, thus resultIng In a dra.atlc Ibb percent 

Increase In the calculated deSIgn .o.ent co.pared to that calculated 

according to the 1980 AISI SpecifIcatIon. 

It .ay be noted when the edge stIffener has a Mo.ent of InertIa 

slIghtly Gore than the .,nlmUM reqUIred by the 1980 AISI SpeCIfIcatIon, 

the unIf,ed approach may gIve capacItIes up to 10 percent lower. Te.t 

results have shown that for these ca.e. the 1990 AISI SpeCIfIcatIon could 

be unconservat,ve up to about 10 percent. 

In both of the above exa.ples the proposed versIon gIves a better 

repre.entatlon of the actual perfor.ance by far. In case. where the 

neutral aXIs IS closer to the co.pres.,on flange than the tensIon flange 
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the I ncrease in the cal cul ated capaCIty la y be less. 

Pa ge 16 

StIffeners present tM O problels to be conSIdered . F,rst IS evalu-

a t l ng t he adequac y and eff ectIveness of the stiffener In restraInIn g t he 

e l e. ent to be stiffened. Second IS how the stIffene r Itsel f .hould be 

con SIdered in calculatIng t he overall section properties such as t he 

lament of Inertia, area and th e sectIon modulus. 

The effective WIdt h ap proach given In the 1986 AISI SpeCif I cat i on 

for co. presslon ele . ent s WIth an edge or Inter l edlat e stIffener IS ba s ed 

on the Mar k reporte d In Deslond. Fe Oz and Inter 11978, 1981a, 1981b). 

The prOVIsions of Sect Jon 94 . 2 of the 1986 AISI SpeCifIcation f or 

e lelen ts With edge sti f fe ners are Illustrated In Fig. 2.5- 2. I n t h,s 

figure qualitative plots of th e longitu dinal stresses I n th e e l ements are 

al s o Illustrated . The cro s s -sectIonal notation I . s hoMn I n Fi g . 2. 5-3 . 

I n S.etion 94 . 2 three case s ar e Identified. The first case 15 for 

el elents that do not need an edge stIffener; na.ely, for elelen t s t ha t 

are fu ll y effectIve as an unstlffened elelent . For thiS cas e the 

long I tu dInal stresses are unlforl except for the case Mhen t he ed ge 

st i ffe ner IS so long (D/ w > 0 . 25) as to destabIlIze the flange to which 

It I S attached . There IS no provIsIon for thiS except Io na l cas e In t he 

1986 AISI SpeCificatIon. 

The second case is when t he e l ement can be fully effec t Ive as a 

s tIf f en ed ele.ent when I t has an adequate stiffener (I. Ia) t ha t IS not 

to o lon g (DI M < 0. 25) . Th e exp r essIons for the looent of I nerlla f or an 

ade quat e stIffener were der Ived In Deslond, PekOz and Winter (1978 , 

1981a , 1981b ) . Aga I n t he sti ffener can be so long (D/ w 0 . 25) tha t It 

can des tabIlIze the f la nge t o MhlCh It 15 attached. For th I S case th e 

prOVi s ions reflect the decrea se I n the eff,c,ency of th e e leme nt by 
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redUCIng the plate bucklIng co~fflclent. 
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The thIrd case IS when the ele.ent IS not fully effectIve even WIth 

an adequate stIffener. Again , for thIS case the specIal con"d~rat,ons 

dIscussed above, such as the effect of a stIffener that 15 too long, are 

applIcable . 

The correlation of 50me 01 th~ avaIlable test data WIth those 

predIcted by the unIfIed approach IS su •• arlzed In Table 2 . 3-1. Further 

cor relatIons can be found In Des.ond, PeLOz and WInter (19781. 

SIMIlar conSIderatIons exc ept for the local InstabIlIty of the 

stIffener are valId for ele~ents WIth Interaedlate 5tlffen~rs. Local 

InstabIlIty of the stIffener IS of a dIfferent nature In InterMedIate 

stIffeners . Due to lack of suffICIent data, the deSIgn of element WIth 

locally unst ab le Inter.edlate stIffeners IS not Included In the unliled 

approach. Further InformatIon on the deSIgn of ele.ent. WIth 

Inter~edlate stIffeners can be found In Des.ond. PekOz and WInter (1978, 

1981a and 1981b) . 

In the forMulation of Desmond, Pe;.Oz and Wlnt~r (1978, 1981a, 

1981b) for the edge stIffeners ~ade of a sl_ple lIP, the effectIve 

portIon of tne edge st Iffe ner and the corner was taken as the stIffener. 

TheIr data base for thIS deCISIon wa s rather lImIted. The eVIdence 

collected sInce thIS work, IncludIng the hand calculat,ons and COMputer 

para.etrlc studIes carrled out by the author and J. M. Cohen, supported 

taflng the flat portIon of the IIp as the stlfiener and IgnorIng the 

round corner In evaluatIng the adequacy of the stIffener. The r~sults 

obtaIned WIth this approach are su •• arlzed In Table 2.3-1. Taflng Just 

the effectIve part of the stlftener for thIS purpose would be too 

conservative because It I~plles uSIng the effectIve WIdth equatIon for 
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deter.lnlng the flexural stiffness of the stiffener about Its aXIS 

parallel to the plane of the flange. The slight Heakenlng effect of the 

stress gradient In the stiffener due to local buckling Hould be offset In 

the co.putations by Ignoring the corner radius. It .oy also be noted 

that If the corner radiUS IS large, ItS beneficial effect IS doubtful, 

and If the corner IS sharp, the corner is negligIble. The effect. of 

large corner radii are being studied at Cornell University at the present 

Chapter 4 show that the effective stiffener properties need to be used In 

calculating the overall sectIon propertIes of the .e.ber. For a plain 

IIp stIffener which IS less than adequate, a Simplification to the 

computation of the overall sectIon propertIes Has obtained by further 

redUCing the effective Hldth of the stiffener. ThiS reduction IS needed 

to represent the reductIon of the stress In the stIffener .s seen In FIg. 

2.5-1 for such cases. Again, the result of thIS SIMplification Has 

chec~ed against the test results and Has found to be satIsfactory. 

The avaIlable data for the Inter.edlate stIffeners IS not yet 

studied fro. the pOInt of vIew of Ignoring the transition corner between 

the stIffener and the eleMent to be stIffened. However, It seemed 

reasonable to base the stIffener properties on the actual stiffener 

rather than the effective stiffener area In JudgIng the stIffener 

adequacy and effects. 

The tOPIC of .ultlple stIffeners was not covered In the research 

reported In Des.ond, PekOz and WInter (1978, 1981a, 198Ib). Therefore, 

the 1986 AISI SpeCIfIcatIon has the sa.e prOVISIons as the 1980 AISI 

SpeCIficatIon for the case of ~ultlple stiffeners. 
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LOCALLY STABLE OPEN SECTION COLUMNS AND BEAM-COLUMNS 

3 . I I NTRODUCT I ON 

Page 19 

Th,. chapter deals wIth thin-walled doubly and sIngly symmetrIc open 

sectIon. subjected to b,axIal loadIng. The formulatIon also applIes to 

tubular sections . Though sIngly sy •• etrlc open sectIon cold-formed steel 

.e.bers are frequently subjected to b,axIal loadIng, general deSIgn 

provisIons did not eXIst In the 1980 AISI SpecIfIcatIon. The deSIgn 

proble. IS often co.pllcated because the plate ele.ents .aklng up such 

sectIons may buckle locally below loads causing overall faIlure. The 

subject IS relevant to several practIcal applications Including 

thin-walled square or rectangular tubes, end wall colu.ns In metal 

bUildings, .any typical Industrial storage rack columns and, pOSSibly, 

purl Ins In the end bays of .etal bUIldIngs. SectIons wIth locally 

buckled plate ele.ents WIll be covered In Chapter 7. 

3.2 COLUMNS 

At present research IS under way at Cornell UnIversity on the 

flexural behavior of cold-formed steel columns . It was deCIded by the 

AISI Specification AdVIsory Co •• ,ttee to walt for the completIon of thIS 

work before any changes are made In the prOVISIons for fle xural bucklIng 

of colu.ns. Therefore, the equatIons for flexural buc~llng In S.ctlon C4 

of the 1986 AISI SpeCIficatIon are the sa.e as those In SectIon 3.6.1.1 

of the previous SpeCIfIcatIon . HONever, In for.at the prOVIsIon. for 

flexural and torSIonal-flexural bucklIng are un,f,ed as follows. FIrst, 

the elastic flexural and torsional-flexural bucklIng stresses are found. 

Then, the s.aller of these stresses IS deSIgnated Fe' If Fe 15 greater 
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than Fy/2 then the inelastiC bucklIng stress, Fn. is found by the usual 

equatIon 

Fn = F (I - F 14F ) 
y y e 

Eq. 3.2-1 

A simplIfIed equatIon IS introduced In the 1986 AISI SpeCIfIcatIon 

for torslonal-fle.ural bucklIng under concentrIc loading. This 

SimplIfied equatIon IS based on Pek~z and Winter (1969). In that 

reference the follOWing Simple InteractIon equation was derived 

Eq. 3 .2-2 

where Ptfo IS the conce ntrIc torsional -flexural buckling load, Pex is the 

concentrIc buc klIng load about the x aXIs which, is the aXIs of sy.metry, 

and Pt is the torSIonal buckling load. ThiS equation was further studIed 

by Loh and Pek~z (1985) . Th,s equa tIon IS expressed In terms of stresses 

and proposed for adoption In SectIon C4. 2 of the 1986 AISI SpeCification . 

3 . 3 BEAM-COLUMNS 

For sections With full y effectIve plate elements, the studies by the 

author PekOz ( 1979) show that Interaction equations can be used. ThiS 

approach was adopted In the RMI SpecificatIon for DeSign, TestIng and 

Ut,l, zat,on of IndustrIal Storage Racks ( 1979 ). The validity of the 

approach was further confir med In Loh and Pek~z (1985) on the baSIS of 

exten sive analytIcal and e xperI mental studies. The Interaction equation 

• • • • 
I 
I 

.' 
• 
I 

• • 

I 
for faIlure between the InflectIon pOInts is • 

M C 
-~ + -----~- -! ~---P M ( 1 - PI P ) 

Q X 0 X 

M C + ___ __ ~ __ m~ ___ = 
M (1 - PIP) 

yo y 
Eq. 3 . 3- 1 

P. Mx and My are the aXIal force and the moments about the x and y 

a xes. respectIvely, due to the applied load,ng. Po IS the faIlure load 

In the absence of any moment. Mxo IS the failure mo.ent for bendIng • 
I 
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about the , aXIs In the absence of an aXial load or bending about the y 

aXIs . Simllarly. Myo 15 for bending about the y aXIs. po. Mxo and Myo 

are det@rmln@d consIdering both flexural and torslonal-fle ,u ral 

buckling. Cmx and Cmy are corrections to reflect the moment gradient In 

the member . Px and Py are the flexural-buc.llng loads about the x and y 

axes, r@spectlvely. 

Th@ above Int@ractlon @quatlon e xpressed In terms of allowable loads 

and moments is the baSIS of Eq . CS-l of the 1986 A1Sl Specification. 

Equations C5-2 and -3 were adopted from the prevIous SpecIfIcation. 

Th@ use of the above @quatlon for aXIal loading In the plane of 

sym~@try of SIngly sym m@tric sections SImplIfIes the provIsIons of the 

1980 AISI SpecifIcatIon for thIS case . The approx Imation Involved In 

thIS simplIfIcation IS shown qualltatlv@ly In FIg. 3.3-1. 

The ultImate loads observed In tests With varIous aXIal load eccen-

trlcltles are compared WIth those predIcted by Eq. 3.3-1 In Tables 3.3-1 

through -4. The cross sectIonal notatIon IS Illustrated In FIg. 3.3-2 . 

The comparison is made by calculating the ultlmat@ load by the two 

approaches. Pna is obtaIned by disregardIng any In@lastlc reserve capac-

Ity, whIle Pnb is calculat@d considerIng InelastIC reserve capacIty. The 

correlatIon is considered to be satIsfactory. For eccentrIcItIes of load 

between the centrOId and the shear center, the approach IS seen to be 

qUIte conservative as one can see from FIg. 3.3-1. However, It 15 (on-

sldered deSIrable to use the InteractIon equatIon above because It IS 

SImpler than the provIsIons of the 1980 AISI SpecIfIcatIon. 

The above interactIon equation will be shown In Chapter 7 to be 

applIcable to the case of locally unstable beam-columns If certaIn modl-

ficatlons are made in the definitIons of varIous terms . Thus It was 
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possible to unify the approaches for locally stable and unstable beam-

Further studies and design for.ulotlons for angle sections and 

Page 22 

perforated colu.ns will be discussed In Chapters 8 and 9, respectively. 
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Hay 27, 1986 

INTERACTION OF LOCAL AND FLEXURAL COLUMN BUCKLING 

4.1 INTRODUCTION 

The effect of local bucklIng on overall bucklIng behaVIor has been 

studIed In several research projects at Cornell UnIversIty and elsewhere. It 

has been shown repeatedly that the Q-factor approach .ay not be In good 

agree.ent WIth the test results. On the baSIS of tests and analytIcal 

studIes, DeWolf, PekOz and WInter (1973, 1974) and Kalyanara.an, PekOz and 

WInter (1972, 1977) conclude that the overall bucklIng load can be calculated 

uSIng the effectIve radIUS of gyratIon and the effectIve area, both 

calculated at the overall bucklIng stress. ThIS results In an IteratIve 

procedure because the bucklIng stress depends on the effectIve sectIon 

propertIes whIch In turn depend on the bucklIng stress. As WIl l be dIscussed 

In Chapter 5, the IteratIve approach has been extended In Loh and Pe~Ol 

(1985) to the treatment of torSIonal-flexural bucklIng. 

The approach of CanadIan SpeCIfIcatIon for Cold-Formed Steel Structural 

Me.bers (1984) formulated by John SprIngfIeld for flexural bucklIng was trIed 

by the author for a variety of sectIons and failure modes. ThIS approach IS 

very SImIlar to the one proposed by PekOz (1979) for perforated columns, and 

beam-colu.ns subject to torSIonal-flexural bucklIng. For these Me.bers, the 

allowable stress IS found for an unperforated column and the allowable load 

IS found by .ultlplying thiS stress by the net area. ThIS approach was 

adopted by the Rack Manufacturers InstItute (RMI) SpeCIfIcatIon for De5lgn, 

Tesllng and UlIIlZatlon of Indust"al Storage Racks (1979). 

The studIes su •• arlzed below show that proposed approach approxImates 

the IteratIve approach very closely for flexural, torSIonal-flexural and 
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lateral buc~llng and wIll b~ used for all these types of behavIor. For thIs 

re •• on th,s approach wIll be referred to In the rest of thIS report is the 

un,f,ed approach. ThIS IS also the approach adopted In th~ 1986 AISI 

SpeCIfication. 

The un,f,ed approach con.,st. of the follOWIng steps: 

a) The elastIC flexural bucklIng stress, Fe' 15 calculated for 

b) 

c) 

the full unreduced sectIon: 

Then the (no.,nal) faIlure .tres., 

F = F n e 

F = F ( 1 - F 14F n y y 

and the ulbmate 

P
n 

= A F 
e n 

If F i n 

) If F > e n 

colUMn load, Pn' 

Eq. 4.1-1 

Fn' IS deterMIned: 

F 12 Eq. 4. 1-2 y 

F 12 Eq . 4.1-3 y 

IS cal cui ated as 

Eq. 4.1-4 

where Ae 15 the effectIve area co.puted at stress Fn' 

The re •• rkable .ccuracy of the proposed approach can b~ explaIned 

as follows: The reductIon In the value of the radIUS of gyratIon resultIng 

fro. local bucklIng IS rath~r sllall. For small slendern~s. rit,o. where the 

colu.n bucklIng stresses are hIgh coapared to the YIeld stress, the buc)llng 

str~s. IS qUIte InsensItIve to the changes In the radIUS of gyrat,on. 

However, the effectIve area 15 Influenced dIrectly and SIgnIfIcantly by local 

bucklIng. For s.all stresses, n •• ely large slenderness rabos, the local 

buc~llng 15 nol SIgnIfIcant. Ther~fore, for both cases the behaVIor 15 well 

r epresented by IgnorIng the reductIon In the effectIve radIUS of gyratIon, 

but t.',ng Into account the reductIon In the effectIve area In fIndIng the 

ultllla t e load of the colUMn. 

For locally buc~led C and other SIngly symmetrIc secllons, concentric 
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aXial loading with respect to the centroid of the effective section IS an 

exceptional situation. The centroid of the effective section depends on the 

magnitude of loading. The location of the centroid moves as the load IS 

Increased. However, the allowable concentric loading is Important as a 

para~eter In the interaction equation. 

4. 2 COMPARISON OF THE Q-FACTOR APPROACH 
WITH THE ITERATIVE APPROACH 

So.e results taken from DeWolf, PekOz and Winter (1973, 1974 ) and 

Kalyanara.an, PekOz and Winter (1972, 1977) are illustrated In Figs. 4. 2-1 to 

-13. A comparison of the experimentally observed ultimate values and the 

ultimate values computed according to the Q-factor approach of the 1980 AISI 

SpeCification can be made on the baSIS of these figures. The specI.ens 

designated U and 5 were discussed In Chapter 2. The dimenSions for these 

secllons were given in Fig. 2.4.1-2 and Table 2.4.1-1. In these figures 

ultimate loads are predicted uSing the Q-factor deterolned according to the 

1980 AISI SpeCification, (OAISI)' as well as the experimentall y determined 

Q-factor(Qtest" 

It is seen In Fig. 4. 2-3 and -4 that the Q-factor approach can be 

unconservative for S~settion5 even when the experimentally determlned value 

of Q IS used. On the other hand, as can be seen In Figs. 4.2-5 through -13, 

the predicted ultimate loads for U-sections and LC-sectlons that contain 

unstiffened flanges are grossly conservative when the Q-values are computed 

according to the 1980 AISI SpeCification. The tests on LC-sectlons which are 

baSically the same shape as U-sectlons are reported by Kalyanaraman, Pe~Oz 

and Winter (1972). The correlation is better when exp erimentall y determined 

values of 0 are used. However, as mentloned above, even the experlmentilly 

observed Q-v~lues give unsatisfactory results for S-sectlons. In contrast 

the iterative approach gives .atisfactory result. for 5-, U- and LC-sectlons. 
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The Iterative approach though satisfactory for S-, U- and lC- sections 

15 tedIous to use. This was the motivation for adopting the unified approach 

that does not Involve Iteration and that 15 shown to agree well With the 

Iterative approach. 

4 . 3 COMPARISON OF THE ITERATIVE APPROACH 
WITH THE UNIFIED APPROACH 

The dl~ension5 of several sections used In evaluating the proposed 

approach are given in Table 4.3-1. Sections CI-I, C2-1 and C3-1 are the same 
. 

as those used by loh and Pek6: (1985). The results of the computations are 

given In Figs. 4.3-1 and -2. The ratios of the ultimate load to the Yield 

load (Pn/P y) versus the slenderness ratio based on full section weak axis 

radiUS of gyratlon (KlIr y) are plotted In Fig. 4.3-1. Curve 0 is the curve 

for the ultl.ate load if the section is assumed to be fully effective. Curve 

I 15 for the present AISI SpeCification approach With the Q-values calculated 

according to Chapter 2, namely effectIve Widths are used for unstlffened 

elements as well. Curve 2 IS for the Iterative approach described above. 

The Iterative approach agrees best With the test results and IS to be taken 

as the most accurate approach against which the other approaches Will be 

Judged. Curve 3 is for the approach proposed here. The ratiOS, R, of the 

ratio (Pn/Py) calculated by different procedures to that obtained by the 

Iterative approach, R2, are plotted In Fig. 4.3-2. 

It IS seen that the agreement between the proposed approach and the 

Iterative approach IS excellent. It IS seen further that for the sectIons 

conSIdered, the present AISI approach With the Q-values calculated accordIng 

to Chapter 2 .ay gIve results that are up to about 3S percent uncon-

servat,ve. If a-values were calculated accordIng to the 1980 AISI 

Speclflcatlon, the errors would be even larger. 

The results of computations on other C-sections that have rather hIgh 
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wIdth to thIckness ratIos and exaggerated geometrIes are gIven In FIg. 4.3-3 

for the sake of demonstratIon. Here the notat,on IS the same a. In FIg. 

4. 3-2 . The same trend 15 also eVIdent In thIS f,gure. Here the uncon-

servat,s. of the 1980 AISI SpecIficatIon approach WIth the Q- values 

calculated according to Chapter 2 I. up to 80 percent. AgaIn, If Q-value. 

were calculated according to the present AISI Spec,f,c.t,on, th~ ~rrors would 

be ev~n larg~r. 

Comparisons sImIlar to those of FIgs. 4.3-1 and -2 .re pres~nted for 

tubular sections In FIgs. 4.3-4 through -7. Here agaIn the correlatIon 

between the Iterative approach and the un,f,ed approach 15 exc ellent. AgaIn, 

the 1980 AISJ approach can be very unconservat,ve. For example the 1980 AISI 

approach can gIve results that are more than 60 percent unconservat,ve for 

Tube TI-I, whIch has qUIte typIcal dImensions. 
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INTERACTION OF LOCAL AND TORSIONAL-FLEXURAL 
COLUMN 8UCKLING 

5.1 INTRODUCTION 

Page 28 

Extensive studies on post-local buckling torsional-flexural behaVior 

of open sections has been reported In Loh and Pek~z (1985). An analytl-

cal model for this behaVior was developed on the baSIS of the torslonal-

flexural theory for the effective secllon, and the theory was confirmed 

by correlating the results with the test results. The approach Involves 

Iterations and, hence, IS referred to as the Iterative approach In the 

diSCUSSion below. Again, In thiS case, the concentric load IS not a 

tYPical load for a locally buckled section, but the concentric ultimate 

load IS a parameter used In the proposed Interaction equations. 

The approach proposed for calculating the allowable load of a 

locally buc kled coluln subject to torsional-flexural buckling IS exactly 

the sale for those subject to fle xural buckling In Chapter 4. It 

consists sl . ply of deterllnlng the torsional-flexural buckling stress for 

the fully effective section and lultlplYlng thiS stress by the effective 

area at the buckling stress calculated to obtain the ultimate load. 

Thus, In Eqs. 4.1-1 through -4, only the determination of Fe changes. 

For torSional-flexural buckling, Fe IS determined according to the 

torSional-fle xural buckling theory for the full unreduced section. 

5.2 PARAMETRIC STUDIES 

SOle of the studies conducted are presented In Fig. 5.2-la and 

5.2-lb. The sections used In these parametric studies are described In 

Table 4.3-1. The deSignation of the curves IS the same as those In the 

figures of Chapter 4. The iterative curves were taken from Loh and Pek6, 
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(1985) . The r esults for Sections CI-I and C2- 1 are s how n I n FI g. 

5 . 2-1. . Th e results for SectIon H3-LU-3 of Lo h and Pek tlz (1 985) are 

Pag e 29 

sho wn In FIg . 5.2-lb. ThIS sectIon 15 a hat-s ect Ion wIth v er y pron ounced 

torsi ona l- f lexural behaVior . The dllens lo ns are the s a.e as those of 

SectIon C3-1 except that the lips are turn ed outwa r ds to form a ha t 

sectlon. 

The corr e latIon between the propos ed approach and the Iter a tI ve 

.ppr oach IS seen t o be excellent. Th e resu lts of the . ppr oa ch pro pos ed 

here IS .uch better than those of the 'l.pl lfled app r oac h a Loh and 

Pe ~ 0. (1985) . 

5 . 3 EXPER IMENTAL VERIFICATION 

As . entloned above, a concentric loa d In g, WIth res pec t to t he 

centrO Id of th e e ff ectIve sectIon , IS an e xc ep t Ional SItuation . Whe n the 

elem e nt s buc l l e locally, the loca t Ion of the neutral aXI s c han ge s. 

There f ore, all the .e.bers that were tested as p In- ende d col u.ns wer e 

IS descrIbed In Chapter 7 . Several of the t ests rep or t ed I n Chapt er 7 

are WIth aXlal loadIng at the centrOId of th e f u ll sec ll on . 
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INTERACTION OF LOCAL AND LATERAL BEAH BUCKLING 

6.1 INTRODUCTION 

The unified approach for calculating the effect of local buckling on 

lateral buckling IS consIstent WIth that for colu.ns. FIrst, the elastic 

lateral buckling stress, Fe' IS calculated on the baSIS of the torslonal-

flexural bucklIng theory for the full unreduced .ectlon uSIng the equa-

tlons of PekOz and WInter (1969). Then the fallure stress, Fn , IS deter-

by .ultlplYlng Fn by the effectIve sectIon .odulu5 calculated for an 

outer fiber stress of Fn' 

Further details WIll be dIscussed and developed In SectIon 6.5. 

6.2 LATERAL BUCKLING OF LOCALLY STABLE BEAMS 

ExpreSSIons for lateral bucklIng .o.ents for SIngly sym.etric 

sections derIved on the baSIS of the torSional-flexural theory can be 

found In several references. Lateral bucklIng pOSSibilIty eXIst. for 

bendIng about both prinCIpal axes of a SIngly sy •• etrlc sectIon (PekOz 

and WInter 1969). Then the faIlure stres. Fn IS determined uSIng Eqs. 

4.1-2 and -3. The lahral bucklIng Moment IS deterMIned by multiplYIng 

Fn by the effective sectIon Modulus calculated for an outer fiber stress 

The author proposed the use of the equations derIved on the baSIS of 

the torSional-flexural buckling theory for the RHI SpeCIfIcatIon (1979). 

Further.ore, the author proposed to use the .a.e InelastiC buc~ling 

correctIon for lateral bucklIng a. the one used for colu.ns. These 

expressIons are speCifIed to be used to determIne the paraMeters for the 
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interaction equatIons for bia XIal bendIng In the present RMI 

SpeCIfication. 

Co.parlson. of the AISI and the RMI approaches are gIven In FIgs. 

6.2-1 and 6. 2-2 taken fro. Loh and PekOz (1985) for SectIon s CI-I and 

C2-1 of Table 4.3-1. BaSIcally, the prleary reason for the dIfferen ce 

betMeen the two approache. IS the way the InelastIC correctIon IS 
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applIed. Co.parlsons of the elastIC lateral bucklIng .o.ents accordIng 

to the AISI SpecifIcatIon and those co.puted accordIng to the 

torsIonal-flexural bucklIng theory can be seen In F,g. 6.2-3. The two 

approaches give verys,.,lar results when the sectIon bends about lhe 

strong aXIs as In the case of CI-I. The correlatIon IS stIll acceptable 

for C2-1 but not a5 good. The two aoaents of inertIa are cl05e to each 

other for thIS sectIon. For SectIon C3-1 the 1980 AISI approach predIcts 

results too low co.pared to those fro. the torSIonal-flexural bucklIng 

theory. For thIS section the bending IS about the weak aXIS. The 

buckl.ng load for pure bendIng even In the plane of the weak aXIs IS 

needed as a para.eter for the bea.-colu.n InteractIon equat,ons. 

6.3 LATERAL BUCKLING OF LOCALLY UNSTABLE 8EAMS 

The unifIed approach described In SectIon 6.1 was trIed for several 

sections and the result. Here vIrtually IdentIcal Hlth those of the 

analytIcal approach developed In Loh and PekOz (1985) on the ba SIS of 

torsional-flexural bucklIng theory. 

6.4 EXPERIMENTAL VERIFICATION 

There are no dIrect test data on the lateral buckl.ng of cold-for.ed 

steel beaas . Ho wever so~e data eXIst on the behaVIor of sectIons loaded 

a .. ally by eccentric loadIng in PekOz (1967) and Loh and PekOz (1985), 

The data , whIch are ad.,ttedly Ind.rect show that the RMI Speclf.catlon 
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approach that is now lncorp orated Into the unlf,ed approach and hen ce the 

1986 AISI Speclfication, lS qUlte satlsfactory. 

6.5 DEVELOPMENT OF A DE SIGN APP ROACH 
FOR FLEXURAL MEMBERS 

The load carrying capaclty of a beam subj ected to pure bendIng 

should be checked for the sectlon strength and lateral buckling. The 

sect,on strength can be de flned as elther reachlng the YI eld stress on 

th e effective sect ion or reachlng the fallur e Ylel d strain as deflned and 

discussed by Reck , PekOz and Wlnter (1975). These two deflnltlons ~ay, 

In certaln cases, give the sa me result. For example, for a sectlon wIth 

a compression flange that cannot sustaIn more than the YIeld straIn and, 

at the same time, yields In co~presslon fIrst , the inItIal YIeld also 

means the reaching of the failure straI n. 

The 1986 AISI SpecifIcat ion uses a factor of safet y of 1.67 agaInst 

section fai lure and lateral buckllng. The factor of safety IS applied to 

the nomin al moment capacIty or the calculated faIlu re moment Mn , whIc h 

IS taken as the smaller of the nomInal sectIon moment capacIty or the 

nomina l lateral buckling mo~ent. 

The nominal sectIon moment is dete rmlned elther by deflnlng the 

faIlu re moment as the moment that HIll cause Initlal YIeld ln the 

eff ectl ve section or the moment at which comp ressl ve Ylel d straln In the 

effective section is reached. Accordln g to the 1980 AISI Sp eclflcatlon, 

when the latter deflnit i on 15 used, the allowable .oment 15 the smaller 

of 0 .75 tImes the nO.lnal moment deteralned for lnltlal YI eld or 0 .6 

tImes the moment that causes the reac h.ng of the co.press.ve fa. lure 

strain. Since in the 1986 AISI Spec.flcatlon, a factor of safety of 1.67 

15 applied to the nomlnal momen t, the nom.nal moment should be ta ken as 

the s.aller of 1.25 (: 0 .75/ 0 .60) t.mes the nom.nal moment determIned f or 
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InItIal YIeld or the nomInal Mo.ent deter.,ned for reachIng of the 

As dIscussed In SectIon b.l above, accordIng to lhe unIfIed 

approach, lhe nomInal lateral bucklIng moment, Mc ' IS calculated assualng 

the sectIon to be fully effectIve. Mc can be .,lher the ela.t,c lateral 

bucklIng aoaent, Me' or the ,nelast,c buc~llng aoaent dependIng on the 

ratIo of He to the YIeld .oaenl, My, for the full .ecl,on. The laleral 

buc.l,ng stress, HclSf, IS deteralned on the baSIS of the full sectIon 

aodulus, Sf' for lhe exlre.e co.presslon fIber. The no.,nal laleral 

buc~llng ao.ent IS deteralned by aultlplYlng the lateral buc~llng stre •• , 

MclSf' by the effecllve section aodulus, Sc' for lhe fiber In questIon. 

The effectIve sectIon modulus IS deteralned Mlth the effective Mldth. 

foraulated In Chapter 2. It IS assu.ed thal the stress In the fiber In 

question re.alns fixed and the stresses In other fIbers In the section 

can be deler.lned on the baSIS of the effecllve sectIon. 
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BIAXIALLV LOADED LOCALLV UNSTABLE OPEN SECTION 
BEAM-COLUMNS 

7.1 INTRODUCTION 
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The use of InteractIon equltlons for cold-foraed steel bea.-coluans 

"as studIed extensIvely and extended to locally unstable sections In Loh 

and Pekez (198S). Though the InteractIon equatIon of Loh and Perez 

(19B5) 15 In the s .. e fora as Eq. 3.1-1, the deflnltlon of several ter"s 

of the InteractIon equatIon have been changed for the un,f,ed approach. 

The un,f,ed approach for beaa-coluans developed here and adopted by 

the 19B6 AISI SpeCIfIcatIon IS ba.,cally dIfferent froa that of Loh and 

PekOz (19BS). It involves the use of Eq. 3.1-1 for singly or doubly 

syaaetrlc open sectIon. and closed tubes ",th some of the teras redefIned 

to account for locally buckled plate ele.ents. Po IS deteralned as 

descrIbed above for locally un.table torsIonal-flexural bucklIng. Mxo 

and Myo Ire deteralned by the approach descrIbed above for lateral buck

ling. All eccentnCltle. (for .. aaple ex In Fig. 7.1-1 ) are taken ,,,th 

respect to the centrOid of the effectIve sectIon for the aXIal load 

alone. The parameters p. and Py are the elastIC buckling loads for the 

full unreduced section. 

The unified approach for beaa-coluans, "hlch I. the ba.ls of 

S.CtIO. CS of the 1986 AISI SpeCificatIon, "as conflr.ed by theory and 

tests on .I.ply supported locally unstab)e C, channel and hat sectIon 

bea~-colu.ns. CorrelatIon for angle sectIons IS dIscussed In Chapter 8. 

7.2 PARAMETRIC STUDIES 

The unIfied approach for bea.-colu.ns had several pOInt. to be 

resolved and clarIfied. ThIS "as achIeved by ~eans of parametrIc 
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studl~s and co.parlsons Mlth the test results ana the r~sults 0; 

rIgorous solutIons. 

A pOint to be resolved M" the detert Itlon of th~ .ppll~d 

.o.ents. The .o.ent of the ax I: loads Mas .hted to be taken about 

P'l ' 35 

the centroldal axes t the effective section. There are .everal P05SI-

I ties for calculating the effective section. A po,slbl~ approach 

" dd be to use the effecllv~ s~cllon for th~ axlll load and th~ 

.o.~nts. HOMever, fortunately taking th~ effective section .5 that 

very s.tlsf.ctory results. 

Anoth~r pOint to be resolved Mas the d~ter.lnatlon of the critical 

load t~r.s In the •• pllflcatlon factors. These factors are us~d to 

.o.ents are deterMined Ignoring the .xl.l loads. The bea.-colu.n 

.o.ent at a pOint 15 the su. of the bea. Mo.ent and the Incre.se In the 

.o.ent due to the .xlal load. ThiS Increase can be deter.lned by 

.ultlplYlng the aXial load by the deflection .t the pOint In 

quesll on. It IS customary to determine thiS deflection on the baSil 

of elastiC behaVior. The critical load In the .agnlflcotlon factor IS, 

therefore, the elastiC buckling load about the bending aXIs. 

The co.putatlon of the buckling load contained In the 

a.pllflcatlon factor should Include th~ ~ffect. of local bucfllng on 

the .tlffne... ThiS would Involve an It~ratlve procedure. Several 

different sche.~s M~re tried. These sche.e. In co.bln.tlon With 

various May. of calculating th~ ecc~ntrlcltle, reqUired para.etrlc 

studle. and co.parlson. Mlth the test result.. Th~ 51.ple,t appro.ch, 

na.ely uSing the buckling load for th~ full section, gave the MO.t 
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The correlatIon of the test results wIth those computed according 

to the unIfIed approach IS presented In Tables 7 . 3-1 through -5. In 

these tables, Pn and Puexp are the calculated and observed failure 

loads, respectively. ConsiderIng the complex nature of the proble., 

the correlatIon IS seen to be satIsfactory. An exceptIonal case IS the 

correlatIon with test results of Loughlan (1979). In thIS case the 

unIfIed approach appears to be too conservatIve. The detaIls of hIs 

test could not be verIfied. 

The correlatIon of the calculated results wIth those observed is 

summarized in FIg. 7.3-1. ThIS figure presents the results of all the 

tests with loads with unIaxIal or biaXIal eccentricities. The fIgure 

on the left Illustrates the presentatIon of the results. In this 

fIgure Rp ' Rx and Rx and Ry represent the first, second and the third 

terms of Eq. 3.3-1. EquatIon 3.3-1 defInes the plane ABC. For a given 

test, the observed values of P, Mx and My are substItuted Into the 

equatIon and a paInt With the resulting Rp ' Mx and My values is plotted. 

The results that fall outside the volume OA8C Indicate that the proposed 

InteractIon equatlon is conservatlve for those cases. This 

three-dImenSIonal SituatIon IS represented In the rIght fIgure in FIg. 

7. 3- 1 In two dImenSIons by plattIng the prOJections of the test pOInts on 

the Rp-Ro plane. Thus, from geometry Ro IS equal to 0.707 (R x + Ry)' 

The pOInts that fall outSide the area DAD In the figure on the right show 

that the Eq. 3.3-1 is conservative. The few points that fall WIthIn this 

area have been .ostly explained and the approach IS Judged satisfactory. 
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CHAPTER 8 

DESIGN OF ANGLES 

8.1 INTRODUCTION 

Hay 27, 1986 

In this chapter the applicability of the unified approach to the 
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design of angle section columns and beam-columns IS studied. Due to tl.e 

constraints, the study reported here has been brief. Several extensions 

and further verifications are possible. The verification here has been 

based on the test results reported In Madugula, Prabhu, and Temple ( 1984) 

and Wilhoit, Zandonlnl and Zavellanl (1983). The results of 41 tests 

from Madugula, Prabhu and Temple (1984) were used In the study. The 

tests of Madugula, Prabhu and Temple 11984) Include tests on 10 hot 

rolled angles. 

8.2 TEST SPECIMENS 

Both references report nOllnal dimenSions and section properties 

calculated from actual dimenSions. The cross-sectional dllenslons and 

Yield stresses are presented In Tables 8.2-1 and -2. Center line length 

of the angle leg IS deSignated ' b.' The actual dimenSions were not 

stated clearly In Hadugula, Prabhu and Temple (1984). The stated actual 

dl.enslons In WilhOit, Zandonlnl and Zavellanl (1983) did not give the 

section properties stated. ThiS could have been due to the effect of 

rounded corners In calculating the section properties. Therefore, an 

angle leg dl.ension was calculated for each section from the given 

section properties as Indicated In the tables of Section 8. 3 . 

All the sections were loaded concentrically. It should be noted 

that all the sections e.cept Section 2 have moderate wIt r.tlos and hence 

are not very sensilive to local buckling. 
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8.3 CORRELATION OF OBSERVED AND CALCULATED RESULTS 
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A co_puter progra. was prepared uSing the unified design approach. 

This program was capable of calculating ultimate loads for an angle 

section loaded In the plane of symmetry. By Introducing an eccentricity 

In the plane of symmetry, the effect of sweep (Initial 

out-of-straightness) IS studied. The sweep In the plane of symMetry 

toward. the corner of the section has the most Influence as opposed to 

sweepln other directions. 

The observed and calculated ult,.ate loads of Section are plotted 

In Figs. 8.3-la through -Ie. So.e of the tests on Section were carried 

out With some restraint to force the direction of deflection towards the 

corner of the column section. The calculated results when the column is 

aSSUMed to be perfectly straight, namely eo = 0, are shown In Fig . 

8.3-la. It IS seen that the calculated results prOVide an upper bound 

and, hence, are unconS!rvatlve. TorSIonal-flexural buckl1ng gov~rns In 

the Initial rather flat portion up to a slenderness ratio of about 60. 

Beyond thiS fleoural buckling about the .inor aOls governs. 

WilhOit, Zandonlnl, and Zavellani (1983) mentions the presence of 

sweep and applies an analytical model assuming a sweep equal to L/IOOO. 

The effect of various eccentricities of the aXial load or sweep values, 

as Indicated by ex, are studied In Figs. 8.3-lb and -Ie. 

It IS seen In Figs. 8.3-lb and -Id that the assu.ptlon of an Initial 

sweep of L/IOOO leads to estl.ates of a lower bound of the test results. 

The follOWing ratio IS plotted for various sweep values for Section 1 In 

Fig. 8.3-lc for Sechon 1. 
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As WIll be dIscussed SIMIlar plots are provld.d for oth.r secllons i. 

Pig. 39 

well. It IS seen In FIg. 8.3-lc that a sweep of L/IOOO cau ••• a low.rlng 

of the ultimate load of up to 30 percent. 

To co.pare the senslllvlty of the angle sectIons to swe.p wIth the 

sensItivIty of oth.r s.ctlons, a study report.d In Table 8.3-1 was 

carrIed out for a Ilpp.d chann.1 wIth sweep perp.ndlcular to the plane of 

sy ••• try. The lwo secllons co.pared buckled flexurally and torslonal-

flexurally when loaded concenlrlcally. The results show thal the angl. 

sectIons are .uch .ore sensitive to swe.p than the Ilpp.d s.cllons 

studl.d In Tabl. 8.3-1. StudIes, as the one shown In lhls lable, n.ed lo 

be carried out for other sections. 

SInce lhe angle seclions are very senslllve to Inlllal sweep Il 

app.ars prudenl to conSider a sweep In the desIgn of angle sectIons. 

ThiS conclUSIon IS further supporled In the plols for other secllons a5 

w.ll . 

The co.parlson of the tesl r.sulls on Section WIth lhose oblalned 

from the 1980 AISI SpeCIfIcatIon are gIven In FIg. 8.3-1.. ThIS fIgure 

IS taken from Madugula, Prabhu and Temple (1984). It 15 seen thal lhe 

1980 AISI SpeCIfIcatIon IS unconservatlve for some of the test specI.ens. 

The results of .tudles on SectIon 2 are plotled In FIg •. 8.3-2. 

through -2d. ThIS partIcular secllon had a hIgh w/l rallo and, h.nc., 

was .ore suscepllble lo local bucklIng .ff.cts. The assu.ptlon of • per-

fectly straIght colu.n does not s.e. to lead to unconservatlve r.sults. 

However, the assumptIon of a sw.ep In deSIgn stIll ••••• prud.nt. 

The results of tesls on SectIon 3, whIch IS a hot rolled angle, are 
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presented In Figs. 8.3-3. through -3d. AgaIn, the assumption of an 

I 
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I 
Initial sHeep in deSIgn appears needed. I 

The results of tests on SectIons 4 and S are reported in WilhOIt, 

Zandonlni and lavellanl (1983). The inItial out-of-stralghtnesses for I 
the specImens were measured but not reported . The test results are com- I 
pared with those calculated in F,gs. 8.3-4a through -4c and -Sa through 

-Sc for Sections 4 and S, respectIvely . It is qUIte possIble that these I 
specImens were more straIght than others. However the assu.ptlon of an 

I InItIal sweep does not seem to lead to overly conservat,ve results. 

8.4 CONCLUSIONS I 
The results of the above brIef and lImited study appear to support 

the use of the unifIed approach outlined. Due to the partIcular I 
.ensltivlty of angle sections to InItial sweep, it appears prudent to 

I consider an initIal sweep In deSIgn. The magnitude of the initial sweep 

equal to L/10 00 gave reasonable results for the specimens considered In I 
thIS study. 

Based on thiS study, SectIons C4c and CS of the 1986 AI5l Speclflca- I 
tion requIre the use of an out-of-straightness of L/ 1000 for the deSIgn 

of angle sectIons. I 
A more extensive ver,fIcat,on for sections with large flat Width to 

I 
thlc~ness ratIos IS needed. The applIcation of the unifIed approach to 

blaxlally loaded angle sectIons, though appearIng JustIfied intuitIvely, I 
also needs to be verIfIed. 

I ' 
I 
I 
I 
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9 . 1 INTRODUCTION 

CHAPTER 9 

DESIGN OF COLUMNS WITH 
CIRCULAR PERFORATIONS 

May 27 , 1986 Page 41 

II ThIs chapter presents the results of a brIef study on the desIgn of 

perforated cold-formed steel columns uSIng the unIfIed design approach. 

II So.e IUlted data reported In OrtIz-Colberg and l'ekOz (1981) ue used In 

I thiS study . The provIsIons of the 1986 AI51 SpeCifIcatIons are thus 

based on rather lImIted data, so.e engineerIng Judge~ent and IntUItIon. 

I The brief study repo rt ed In OrtIz-Colberg and Pe~Oz (1981) Included 

I 
stub and long column tests on lipped channel sections WIth and WIthout 

CIrcular perforatIons . The dImenSIons Ot the stub and long colu.ns used 

I In the study are gIven In Tables 9.1-1 and -2, respectIvely . ObVIously, 

the varIatIon of several possible parameters would have resulted In .uch 

I 80re than the 46 members used In the study. A few of the results 

reported in OrtIZ-Colberg and PekOz (1981) were not used because they 

I looked obVIously d~fectlve. 

I 
9. 2 STU8 COLUMN TEST RESULTS 

The ratIo of the observed stub column ultImate load to that 

I calculated uSIng the effective WIdth equatIons of Chapter 2 for 

perforated plate elements IS deSIgnated R and gIven In Table 9 .1 - 1. The 

I mean and standard deVIatIon of R values are 1. 072 and 0 . 08 6, 

I 
respectIvely. ThIS excellent correlatIon should not be too surprISIng 

sInce the for.ulatlon was based partly on the same data set. 

I 
I 
I 
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9.3 COLUMN TEST RESULTS 

9.3.1 CALCULATION PROCEDURES 
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The results of the application of the unified approach is pres~nted 

In Tables 9.3.1-1 through -4. The following are the different procedures 

tried In calculating failure loads: 

The unified approach procedure i. applied assu~ing the aXial load to 

be applied at the centroid of the full cross sectIon. In the 

~valuatlon of the test r~sults thiS assu~ptlon IS not correct 

because the load was centered such that the strains around the cros. 

section did not deViate fro. the average by more than 5 percent at 

about 2S percent of the expected ultimate load. ThiS means that the 

pOint of application of the load was between the centrOid of the 

full cross section and the centrOid of the effective section at th~ 

failure load. It is pOSSible to esti.ate the location of the load 

In the tests fro. a calculation of the effective section centrOid 

location at 25 percent of the ultl.ate load. ThiS would be rather 

approXI.ate, and the tiMe constraint of the present study did not 

per.lt such calculations. 

The ratio of the ultimate loads observed to thos~ calcu-

lated,assu~ing the load to be at the centroid of the full section, 

15 deSignated RI In all the tables. It 15 seen that since the load 

was not applied at the centrOid of the full section the calculated 

results are Significantly below the observed results. 

The unified approach IS applied assu.,ng the load to be applied at 

the centrOid of the effective section at ulti.ate load. Th~ ratio 

• • • .' 
I 
I 

• 
I 
I 
I 
I 

.' 
• 
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of the observed load to that calculated accordIng to thIs procedure 

IS desIgnated R2 In the tables. 

The unIfIed approach IS applIed IgnorIng the perforatIons and 

assuMing the load to be appllOd at the centroid of the full 

section. The ratIo of the observed load to that calculated 

according to thIs procedure IS de'lgnated R3 In the tables. 

The unIfIed approach IS applIed IgnorIng the perforatIon and 

sectIon at ultlaate load. The ratIo of the observed load to that 

calculated according to thIS procedure I. deSIgnated R4 In the 

Procedures 1 and 2 assuae that .hen there 15 a perforatIon, the 

sectIon propertIes are changed throughout the sectIon even If the 

perforation I' at one pOInt. Even for aultlple perforatIons the 

reductIon In the lectlon propertIes are llalted to .aall segaents 

of the coluan. Procedure 5 Involves weIghtIng the calculatIons for 

perforated and unperforated coluans dependIng on the nu~ber and sIze 

of perforations. ThIS IS done accordIng to the foraul. 

P = P _ (P _ P ) gO 
a 0 p L Eq. 9.3.1-1 

where Po and Pp are the ultlaate loads calculated for unperfor.ted 

and perforated coluans, respectIvely, assualng the load to be 

applIed at the centroId of the effectIve sectIon at ultla.tej d IS 

the dlaaeter of each perforation; n is the nuaber of perforatIons; L 

IS the coluan length. The ratIo of the observed load to that 
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calculated accordIng to Eq. 9.1.1-1 IS deSIgnated R5. 

9.3.2 CORRELATION OF OBSERVED AND 
CALCULATED RESULTS 

As dIscussed above, It appears .ore reasonable to assu~e that the 

load I. applIed close to the centrOId of the effectIve sectIon. Thus the 

values of R2, R4 and R5 show better correlatIon than Rl and R3. Pro-

cedure 5 IS qUlle a bIt .ore co~pllcated than procedures 2 and 4. For 

these reasons, lhe rest of lhe sludy WIll deal WIth Procedures 2 and 4. 

For Most of the secllons WIthout MultIple perforatIons there IS very 

lltlle or no dIfference belween R2, R4 and R5. ThIS IS due to the fact 

that for the sectIons WIthout .ultlple perforatIons only a s.all 

portIon of the lenglh of the colUMn has reduced momenl of InertIa and 

are. due to the perforatIon. SInce there are only nIne colUMns WIth 

oultlple perforatIons, an analytIcal parametrIc study was carrIed out. 

ThIS study IS descrIbed In the next sectIon . 

9.4 BUC~LIN6 LOAD OF NONPRISMATIC SECTIONS 

The effect of perforatIons on a colu.n .ay be IdealIzed as the 

reductIon ot sect,on propertl.s at the regIons of perforatIons. An 

estl.ate of the .agnltude of thIS effect can be obtaIned treatIng lhe 

column as a nonprlsmatlc .ember .Ith reduced ooment of InertIa al the 

regIons of perforatIons. For a column wIlh multIple perforatIon. along 

It. length, thIS would result In an IdealIzed oodel WIth MultIple regIons 

of reduced .o.ent of Inerlla. 

An upper bound estl.ate of the effect of perforallons was obtaIned 

by concentratIng all the regIons of reduced .o.ent of InertIa along a 

regIon at .Idhelght of the colu_n. The length of thIS r~glon at mld-

heIght .as taken equal to the sum of the lengths of IndIVIdual regIons 

along the length of the colu.n. 

I 
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An analytIcal .odel for a coluen wIth varYIng .o.ent of ,nert,a 

as descrIbed above, can be found In T,.oshenko and Gere (1961). The 

transcendental equatIon for the flexural bucklIng of a column os shown 

In FIg . 9. 4-la, can be derIved as 

tan [!~ 11 - RU] tan [!~ (RI)(RU] d: 0 

In thIS equatIon RI • 11 
12 

Eq . 9 . 4-1 

Eq. 9.4-2 

II IS the .oeent of I nertl. of the effectIve sectIon WIthout per-

foratlon, and 12 I. the .o.ent of InertIa of the sectIon WIth 

perforatIon. The regIons of 11 and 12 are ilIu.trated In FIg. 9.4-1a 

RL : ~ 
L Eq. 9.4-3 

Page 4S 

L IS the length of the colUMn, and a 15 the length of the regIon of 

reduced .o.ent of Inertia taken as (nd). The number of perforatIons 

along the length of • colu.n IS deSIgnated n . 

Eq. 9.4-4 

The tere r IS the ratIo of the buc,llng load for the colu.n of 

F'9. 9.4-la dIVided by that for the coluen of F'9. 9.4-lb. PI IS the 

buck II ng load of a col u.n WI th .o.ent of i nerl! a equal to I I as shown In 

F,g . 9 . 4-1. PI can be expressed as 

: !~L!! PI 2 
L 

Eq . 9.4-5 

P IS the bucklIng load of the nonprls •• t,c coluen. 

The buckling load P can be wrItten as 

P : r PI Eq. 9.4-6 

The term r IndIcates the reductIon In the value of the ela.t,c 

bucklIng load due to the presence of perforatIons. As descrIbed above 
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the concentration of the perforations at mldhelght should overestimate 

the effect of perforations. 
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A computer program was written to determine the value of P using the 

above transcendental equation. The results are presented in Table 

9.4-1. It is seen that for a wide range of values of the ratios RI and 

RL the column buckling load is quite insensitive to the presence of 

perforations. It should also be noted that the discussion so far has 

been limited to elastic buckling. For Inelastic buckling, namely overall 

buckling stresses more than one-half of the yield stress, the effect of 

perforations on the buckling stress is even more insignificant. 

The accuracy of Eq. 9.3.1-1 is studied in Table 9.4-2. The buckling 

load ratio given in this figure is the buckling load deter.ined according 

to the transcendental equation Eq. 9.4-1 divided by the buckling load 

determined using Eq. 9.3.1-1. 

It is instructive to examine the ratios RI and RL of the test 

speci.ens, which are listed in Table 9.4-3. In this table RI IS the 

ratio of the .oment of Inertia of the effective section through a 

perforation, and the moment of inertia of the full unreduced section. It 

IS seen that most of the sections without multiple perforations have RL 

and RI ratios such that there should be little difference between 

perforated and unperforated columns. The values of R2, R4 and R5 as well 

as RI and RL are tabulated in Tables 9.4-4 through -6. The values of 

these para.eters are plotted in Figures S.4-2 through 9.4-7. 

In Tables 9.4-4 through 9.4-6 and Fig. 9.4-6a, it IS seen that when 

RL is less than 0.015, the value of R4 is not in general below one except 

when the column is unperforated. If R4 IS not below one, the capacity of 

the column can be calculated ignoring the perforations. The values of R4 

I 
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below one for unperforated columns IS attrIbuted to test data scatter. 

However It appears prudent and conservatIve to account for the 

perforatIons In accordance WIth the unIfIed approach when RL IS larger 

than 0.015 . The value of RL IS easy to calculate. 

A SImIlar demarcatIon can be formulated for the value of RI. 

However, the calculat,on of RI IS almost as tedIOUS as the calculat,on of 

the capacIty uSIng the unIfIed approach. Therefore such a for.ulatlon 

Mould not result In • SIgnIfIcant deSIgn SImplIfIcatIon. 

~.5 LIMITATIONS OF THE EFFECTIVE WIDTH EQUATIONS 

The effectIve WIdth equatIons for perforated plate eleaents gIven In 

Chapter 2 were obtaIned fro~ tests on lIpped-channel sectIons reported In 

OrtIz-Colberg and Pek6z (1~81) WIth the following ranges of d,mens,on.: 

dlw from 0 to 0.50 where W IS the flat WIdth and d IS the hole 

wIt up to 64. 

spacIng of holes greater than 0.50w and 3d. 

These should be the range of applIcabIlIty of the effectIve WIdth equa-

tlons gIven In Chapter 2 for perforated plate elements. 

9.6 CONCLUSIONS 

Based on the lImited test data and the .tudles above, It has been 

shown that the deSIgn formulation gIven In thIS chapter can be used untIl 

further studies are completed. The Il.ltatlons stIpulated In SectIon 9.5 

above are Included In SoctJon 82 . 2 of the 1986 AISI SpeCIfIcatIon. 

SoctJon C4 of the 1~86 AISI SpeCIfIcatIon contaIns a prOVISIon for 

perforated coluans that allows one to Ignore perforatIons If the nuaber 

of holes In the effectIve length regIon tImes the hole dIameter dIVIded 

by the 
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effective length does nat exceed 0.015. This provIsion IS based an the 

diScUSSion of Section 9 . 4 above. 
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10. I INTRODUCTION 

CHAPTER 10 

STUB COLUMN TESTS AND EVALUATION 
OF STUB COLUMN TEST RESULTS 

The unified approach necessitates an expression for the effective 

area, Ae , as a function of the stress, f, on the effective .re.. The 

Page 49 

stress f IS taken as Fn In calculating colUMn strength. When Ae cannot 

be calculated, such as when the colu.n has dl_enslons or geo.etry outSide 

the range of applicabilit y of the generalized effective Width equations 

of the 19B6 AISI SpeCification, a functional relation between f and Ae 

can be obtained by stub column tests as described In thiS chapter. 

A draft for test and evaluation procedures IS given In AppendiX A. 

10.2 EVALUATION OF TEST RESULTS 

10.2.1 TESTS WHERE AXIAL SHORTENING IS ACCURATELY MEASURED 

An expression for the relationship between the stress on the effec-

tlve section versus the effectlv. area for aXially loaded ••• bers can be 

obtained directly by _easurlng the aXial shortening versus the aXI.1 load 

In a stub column test. Fro. these .easure.ents, an expression for lhe 

relations hip between the effective area at that stress, Ae , and the 

stress, f, on the effecllve area can be derived as described below. In 

finding the ultimate load for an actual column, f IS to be talen as Fn 

which IS the column buckling stress calculated on the baSIS of full 

unreduced cross-sectlon. 

Denoting the aXial load on the .tub colu.n, F, the e fectlve area at 

thiS load IS 

A : Plf 
e 

Eq. 10-1 
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The a •• al shorten.ng, 0, It load P can be @.pre.sed as 

D • f LIE Eq. 10-2 

wher@ L .5 th@ length of the stub colu.n and E .s the .odulus of 

elastlc.ly. 
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Il .s usually assumed that al lhe ultimate stub coluon load, Put the 

stress on the effect.ve section .5 equal to lhe y.eld stress, Fy• The 

effect.ve area and the a •• al shorten.ng at Pu w.11 be des.gnaled Aeu and 

Du ' respectlvely. Thus 

.pu = A F eu y Eq. 10-3 

and 

D • F LIE u y Eq. 10-4 

Fro. Eqs. 10-2 and -4 

DID = flF u y Eq. 10-5 

and 

f = F 0/0 
Y u 

Eq . 10-b 

Subsl.tut.ng Eq. 10-6 .nlo Eq. 10-1 

A • POI (F 0) 
e u y Eq. 10-7 

If a •• al shorlen.ng .easure.enls are taken and Fy •• known, then all 

the terms of Eq. 10-7 are known, and the effective area, Ae , at each 

stress level, f, and the aXIal load level, P, can be determ.ned. Ae 

should nol be taken larger than the full unreduced area of the sect.on, A. 

Even though the a •• al shorlen.ng .s Measured accurately, .f the 

evaluat.on of MultIple stub colUMn tests and any .nterpolatlons are 

needed (a. g.ven In Eq. 1(/-13, -15, -16 and -17 below), the approuh 

derived In lhe follOWing section IS deflnllely More convenlenl. For 

thiS reason It IS given a. the priMary procedure In AppendiX A. The 
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approach of the next section underestl.ates effective arels Ind hence 

IS conservative . An alternate procedure for uSing the .elsured .xIAI 

shortening is given In the Section 10.6. 

10.2.2 TESTS WHERE AXIAL SHORTENING IS NOT MEASURED 

In thiS section, expressions for Ae versus f Will be derived for 

the case when the aXial shortening IS not .easured and only the ultiMate 

load IS .easured (as was reqUired according to the 1980 AISI Specl-

flcitlon) . These equations Cin be used for the cases where aXllI 

.eAsure.ents are taken and the result. of .ultlple tests .re to be 

evaluated. 

It can be observed th.t for f equal to zero Ae should be equal to 

the full unreduced area A. At ultimate load the effective area IS equal 

to Aeu . Aeu should not be taken larger than A. Ae may be expressed as 

A _ = A - (A - A ) (fl F ) n E q. 10- 8 • eu y 

The writer carried out rather extensive para.etrlc studies to 

deter.lne a proper expression for the exponent n In the Above equation. 

The follOWing IS a brief description of these pAra.etrlc studies. 

For .ost sections the effective area, Ae , can be calculated 

analytically uSing the unified effective Wi dth approach described In the 

1986 AISI Specification. Using these calculated result. an exprosslon 

for n InEq. 10-8 was developed. In thiS study three square thin-wailed 

tubes were used. These sections give a con.er.atJ •• a5sess.ent of the 

Approach of Eq. 10-8 since all the plate ele.ents are partiAlly 

effective. An expression for n based on thiS type of section would be 

conservative for sections that have both partially effective And fully 

effective plate elements. 
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Figure 10-1 shows the plots of calculated PIPu versus DIDu curves 

lor a 8'x8" square tube with . OS-Inch wall thickness. Curve A is 

obtained uSing the effective Width equation of SectJon 82.1b Procedure 

(1) of the 1986 AISI Specification . Curve 8 is obtained uSing the 
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effective width equations 01 Procedure (2). As expected the approach of 

Procedure (1) is conservative. Thus In the subsequent plots Procedure 

(1) IS used. 

In FIgs. 10-2 through -4 the results uSing Eq. 10-8 are plotted for 

4'x4", 8'x8" and 16"xI6' columns each haVing O. OS-Inch-thlck walls. In 

each of these figures the curves for n = 1/3, 1/5, and the curve obtained 

uSIng the present ellective Width equation for stlflened elements (Cu rve 

A - Simulated stub column test result) IS plotted. These plots were Just 

three of many obtained trying different approaches. 

If the calculated curve shows a larger axial shortenIng for a given 

axial load, it means that the calculated results are conservative 

compared to the simulated test results. It is seen that for sections 

haVing larger width to thickness values, smaller values of n are required 

to get better agreement between the curve A and the curve calculated 

accordIng to 

Eq. 10-8. Consequently, It was decided to have 

n = A fA eu Eq . 10-9 

The results of uSing n according to Eq . 10-9 In Eq. 10-8 are plotted 

In Figs. 10-5 through -7. As seen In these figures the agreement With 

curve A IS exc ellent . 

Figures 10-8 and -9 show companso n 01 the rt, · Its obtained by Eqs. 

10-8 and 10-9 with two stub column tes t '. ults reported In Mulligan an d 

Pek6z 11983). Figure 10-( ',ow s that the Eqs . 10-8 and -9 are slightly 
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uncon~ervatlve but qUite satisfactory for the Test SpecI.en CLCfl bOJ30. 

However, Fig. 10-9 shows that Eq •. 10-8 and -9 are qUIte con~ervatlve for 

the test specImen CLCf2 bOX90. 

It may be noted that Eq. 10-8 can be wrItten In ter.s of the Q 

factor presently used In the 1980 AISI Specification as follows: 

A fA = I - (I - 0) (flF )Q 
e y 

Eq. 10-10 

The value of Ae for any f can be calculated u~lng the presentlv 

available product propertle~ table~ II~tlng value~ of O. 

If the aXial shortening .easure.ents are taken and Eq. 10-8 or -10 

IS used In the evaluation of .ultlple stub colu~n test results, then the 

procedure developed In Section 10.4 may be used. 

10.3 EFFECT OF STUB COLUMN LENGTH 

Another question that needs to be resolved IS the evaluallon of test 

result~ when the length of the colu.n IS 3 to 4 tl.e~ the Iarge~l 

dl.en~lon of the colu.n cro~~-~ectlon (.Inl.u. length requlre.ent) and 

when thiS length IS larger than 20 tl.es the least radlu~ of gyration of 

writer It IS more Imporlant to .eet the mlnlmU. length requlre.ent rather 

than the maximum length requirement. 

When the length I~ larger than 20 r mln , then the lest re~ults can be 

evaluated as follows: HaVing the length larger than 20 r. ln IS e.pected 

to lower the overall buckling load. In thiS case, the critical stress Fn 

for the full section of the colu.n tested can be deter.lned according to 

the proposed speCIfIcation prOVISIons uSing the full unreduced section 

and ta~lng the effective length factor as 0 . 5. The effective area Ar In 
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the test at the ultimate load Pu can be calculated as 

Ae = P IF u n 
Eq. 10-11 
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If the overall colu~n buckling effects Mere to be reduced by lateral 

restraints, the effective area at ultimate load would be Aeu' The 

value of Aeu can be determined from Eq. 10-8 on the basl5 of Ae 

calculated according to Eq. 10-11. Thus with Fu substituted for f 

= A - (A - A )/(F IF )n 
e n y 

Eq. 10 - 12 

The value of n depends on Aeu and has to be determined by trial and 

error. As a first try n can be taken as 0.2 and Aeu can be deter.ined. 

ThiS value of Aeu can now be used In Eq. 10-9 to determine n. With this 

value of n a new value of Aeu can be deter~ined. The process should be 

repeated until the assumed value of n equals the calculated value of 

Aeu/A. With the converged-upon value of Aeu' Eq. 10-8 can be used to 

obtain Ae at any stress level f. The above linilum length requirelents 

are for unperforated colulns. For perforated colulns, since there can be 

a Mlde variety of configurations, general gUidelines should be used 

carefully and with consideration of special conditions. The 

applicability of the unified approach and the use of stub columns for 

results In the unified approach for columns with Significant perforations 

have not yet been verified. In the meantime, some gUidelines have been 

obtained ~ostly based on engineering IntUition. The follOWing are the 

gUidelines given In Appendix A. 

"For perforated columns With the largest di.ension of the cross 
section W, the follOWing gUidelines Will be used in deCiding the 
length of the specimen to be used: 

If a complete perforation pattern (Single or lultlple group of 
perforations) has a length along the column less than W then the 
specimen length may be chosen With the guidelines for unperforated 
coluNns (as in Figs. 10-26b, c, g). 
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If a complete perforation pattern (single or ~ultlple group of 
perforations) has a length along the column larger than W (as In 
Figs. 10-26d, e, f) then the specI.en length should be not less than 
3 ti~es the perforation pattern length If the ends are not welded 
and 4 tl.es the perforation pattern length If the ends are welded. 
In thiS case It 15 deSirable to have the more significant 
perforation at midhelght of the stub column (compare Figs. 10- 26d 
and e). 

If the perforations are such that a cut cannot be made WIthout gOIng 
through a perforation as in Fig. 10-261, then a speCial sectIon ma y 
be fabricated as in Fig. 10-26j. In some instances It IS 
conceivable to have tests carrIed out even when the cut goes through 
a perforation to evaluate performance In the actual me.ber I f the 
member has a similar configuratIon In actual applIcation. " 

10.4 USE OF THE RESULTS OF MULTIPLE TESTS IN DESIGN 

The results of several tests are to be used to deter.,ne the 

expression for calculating Ae for a stress level f. One needs to 

conSIder how this can be achieved for design purposes. Several 

approaches come to mind. These may include the follOWing: 

1. Use of the lowest or a statistically weIghted value of Aeu 

obtaIned in a series of tests In Eq. 10-8. ObViously thiS wo uld 

necessItate the use of Eq. 10-8, whIch 15 conservative co_pared 

to the use of plots of stub column aXial shortenIng versus aXial 

load. 

2. If one wants to USe such plots then one may use a lower envelope 

to the different curves obtained In different tests. 

3. Another approach again for the case of using plots would be 

a weighted curve obtained fro~ the result. of several tests. 

The fIrst pOSSibility IS adopted In the procedures outlined In 

AppendI X A. USing thiS approach It is pOSSible to carry out various 

Interpolations outlined below. 

The procedure for chooslng the value of Aeu 15 In general agree~ent 

With the present AISI SpeCification Section 6.2. Ac cording to thiS 
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sectIon, three speCImens are tested fIrst. If the results of any test 

does not dIffer from the mean of all the tests by more than 10 percent 
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then the mean value 15 used. If the deVIatIon from the mean 15 more than 

10 percent then three more tests are conducted. The average of the three 

lowest are regarded as the result of the serIes of tests. 

It 15 possible to carry out evaluat,ons of the multiple test results 

USIng the equatIons derIved In th,s report dIrectly from the plots of Aeu 

versus f. ThIS procedure would be much more complIcated . 

10.5 INTERPOLATIONS 

10.5.1 INTERPOLATIONS BETWEEN THICKNESSES TESTED 

USIng the fIrst approach of SectIon 10.4, It IS pOSSIble to carry 

out va rIOUS InterpolatIons. For example, where a series of sectIons with 

identIcal cross-sectional dImenslons and hole dImenSIons and locatIons 

are produced In a varIety of thIcknesses, WIth tl and t2 being the 

minImum and maximum thIcknesses, the va lue of Aeu for a gIven thIckness t 

can be calculated as follows : 

Eq . 10-13 

where AI and A2 are the full unreduced areas of the sections WIth minimum 

and maXImum thIcknesses. Aeul and Aeu2 are the effective areas of the 

sectIons WIth mInImum and maxImum thIcknesses at ultim ate stub column 

load s. 

Some results of the parametrIC studIes on the valIdIty of Eq. 10-13 

are presented In F,g. 10-10. ThlS flgure shows that a stralght llne 

drawn between any two pOlnts for two dIfferent thicknesses would under-

est,mate the value of Aeu between the two pOInts. ThIS leads to a con-

servat,ve estImate of the Ae versus f relatlonshlp . These curves were 
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drawn for a 4 ' x4' tubular section. Because the thIcknesses are varIed 
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over a WId. rang., the results are typical of other tubular sectIons as 

well. Since lh. square tube gels affecled by local bucHlng 

slgnlflcanlly, olher secllons With comblnallons of effecllve and 

partially effecllve plale elements should behave In • SImilar manner. 

The same reasonIng IS used In lhe Inlerpolatlons and extrapolatIons 

sludled below. 

10.5.2 EXTRAPOLATION FOR YIELD STRENGTH 

In uSIng lhe above InterpolatIon equallon as well as In other 

SituatIons, a procedure IS needed for adjust,ng the test results for 

variations In lhe Yield strenglh. Making straight-line Inlerpolatlons 

belween two Yield strengths for a gIven thickness can be studied on lhe 

baSIS of FIgs . 10-11 and -12. It I S seen that stralghl-llne 

Inlerpolallons would be unconservatlve. In FIg. 10-12 Il IS seen that 

the follOWIng equallon Wllh m = 0.8 gives a good appro . ,.atlon of the Aeu 

values: 

Eq. 1(0-14 

where Aeul and Aeu2 are lhe values for lhe same secllon With YIeld 

slresses FYI and Fy2' respectively. Slraight line wIlh • = I give. 

uncons~rvat)ye results. 

A aore lYPlcal SituatIon is to deter.lne the value of Aeu for a 

YIeld stress Fy fro. a test where Aeut was obtaIned on a specImen WIth 

YIeld stress Fyt. On lhe baSIS of a rather e.tenslve nu.erlcal study, 

the follOWing procedure was oblalned. The results of thIS paraMetrIC 

study are presented In FIgs. 10-13 through -20. For YIeld strength Fy 

smaller than Fyt, the value of Aeu can be taken as lhe lower of the two 

values obtaIned from Eqs. 10-15 and -16: 
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A IA eu = I - (I - Aeul I A) (F /F yt) 

Aeu /A = (A IA) (F IF) O. 4 eut yt y 
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Eq. 10-15 

Eq. 10-16 

The variation In th~ Yield strength between 30 kSI and 65 kSI appears to 

be acceptable. Pos,tlve errors Indicate conserval,ve estl.ates of test 

resuits. 

10.5.3 EXTRAPOLATION FOR THICKNESS 

It IS possible that .ult'ple specl.ens tested .ay have s.all 

differences In thickness. In that event It IS reasonable to adjust the 

test results linearly provided that the differences In the thicknesses 

are of the ord~r of 20 percent. For exa.ple, If the no.,nal thickness IS 

the Aeu for the nominal thickness can be calculated as 

= (A t/A) (T ITt) eu n Eq. 10-17 

The accuracy of extrapolations uSing Eq. 10-17 can be seen In Figs. 10-21 

through -25. Positive errors Indicate conservative ~stl •• tes of test 

results. 

10.6 USE OF AXIAL SHORTENING MEASUREMENTS IN DESIGN 

The procedure of uSing Eq. 10-8 With Eq. 10-9 can be conservative, 

and a procedure enabl,ng the use of observed aXial shortening values when 

.easured IS deSirable. The follOWing IS a development of a procedure for 

th,s purpose. The procedure Will be Illustrated through use of two 

exuples. 

Two exa.ples of tesl resulls are plotted In Figs. 10- 27 through -30 

along With th~ r~sult of calculations according to Eqs. 10-8 and -9 as 

well as the equations d~veloped below. It IS seen that Eqs. 10-8 and -9 

predict reducllon of the effective area starting With zero stress. ThiS 
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was Intentionally devised to .ake the approach conservative for a Wide 
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range of section g.o.etrle~. It I. seen In these figures that a function 

as 

A./A=I-(I-A IA)[f-fll(F -fl]b • eu a y a Eq. 10-18 

can be fitted through the test data consisting of n nuaber of readings 

taken fro. which f and Ae/A can be calculated for reldlng nu.ber I by 

Eqs. 10-b and -7 as f, and AeI/A. In thiS equation fa IS the value of 

stress above which the section IS not fully effective. The exponent b 

can be deter.,ned by a least squares approach as 

n n 

b • 
I (X,l(Yll - a L XI 1!! ______________ 1!1 __ _ 

n 
I 

I = I 

where n IS the nu.ber of Measurements ta~en 

XI • In [(f l - fol/lFy - fol] 

Y & In (I - AlAI 
I e I 

In deSignates natural logarlth. 

Eq. 10-19 

The error In variOUS equations can be seen In Fig. 10-27 for one of 

the tests . For the same te~t, the error IS magnified through the use of 

different scales In Figs. 10-28 and -29 . Similar Information I. 

presented In Fig. 10-30 for another test. There the fitted curve IS 

Identical With the observed curve. 

It IS not pOSSible to express a sl.ple averaging process for obtaln-

Ing a deSign curve. The nu.ber of tests .ay be deCided upon the baSIS of 

Aeu. but the values .ay be selected as the lowest of the values obtained 

for •• ultlple tests for each value of f. 

It IS Interesting to co.pare the values of Ae obtained In the two 
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tests With those calculated In Figs. 10-31 through -34. It IS seen that 

the effective Width equations of the 1986 AISI Specification Stct,.n 

82.1b Procedure (I) are qUite conservative at 5ubuitlIIah loads. The 

offectlve Width equations of Procedure (2) for deflection calculations 

give closer and very satisfactory estimate of subult,mate effect,ve 

areas. S,nce the corner radii were not specified, the corners .ere 

assu.ed to be sharp. ThiS could have led to the slight underest,.ate 

.een 'n the figures. It .ay bo noted that the vertical scales In Figs. 

10-31 and -33 are convenient for seeing the percentage of error, whereas 

the scale. ,n Figs. 10-32 and -34 exaggerate the error. 

10.7 SUMMARY OF EVALUATION PROCEDURE 

For a s,ngle thickness and configuration either three or SIX tests 

are carried out In accordance With the 1986 AISI Spec,flcatlon. The 

results of these .ultlple tests are adjusted to the no.,nal thickness and 

Yield stress uSing Eqs. 10-15 through -17. The ~eans ahd deViations used 

In deCiding whether three or SIX tests are to be carried out Will be 

based on the adjusted values of Aeu for variations In yield stress and 

thlclness. The resulting Aeu value 15 a property of the section that .ay 

be tabulated for different sections. Extrapolations of thiS value for 

properties varYing, as discussed above, from those of the test spec,.ens 

app.ar reasonable. 

If tho sa_e section configuration (,ncluding perforation patterns 

and dimenSions If any) ,. used for dlfferont thicknesses, a series of 

tests can be carried out and evaluated as described In the preceding 

paragraph for the thinnest and the thlc~e5t sections. Then Intorpola-

tlons .ay be carried out us,ng Eq. 10-13 for Intermediate thlc~nes.es. 
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10.8 SPECIMEN PREPARATION TOLERANCE5 AND TESTING RATES 

I The study presented oy PekO: (1979b) and other upenence at Cornell 

University Indicates that for Industrial purposes the specI.ens can be 

I saw cut to a tolerance of t 0.002 Inch. If such tolerance. cannot be 

I .alntalned because of the hope of the cross-section, the ends may be 

.achlned as flat as pOSSible and bearing plates welded lo each end. 

I The application of the load at a rate of about 1.5 fSI per Mlnut. 

I 
appears to be satisfactory. ThiS rate was used In the telts reported by 

PeIO, (1979b). 

I 10.9 FURTHER STUDIES HEEDED 

USing the approaches developed In thiS report, the author has 

I carried out a statistical study of the deterMination of the nu.ber of 

tests reqUired and the evaluation of the test resulls on the baSIS of the 

I nu.ber of tests. ThiS study Will be published In the n~ar fulure. 

I 
To a large degr~e •• ostly analytical approaches w.re u.~d to develop 

th~ approaches given In thiS report. It IS very deSirable to verliy 

I the.e approaches e.perl.entall,. So •• wort IS In progr~s. at Cornell 

University on thiS subject. 

I The applicability of th~ unified approach and the use of the stub 

I 
colu.n test results for me.bers With Significant perforations need to be 

studied. 
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AI. OBJECTIVES OF STUB COLUMN TESTS 
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The primary objective of the stub column test of prismatic cold-
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formed steel sections is to determine the variation of the effective area 

of a compression member With the stress on the effective area when It 

cannot be calculated. The results of the procedure described below also 

Include the effects of reSidual stresses and work hardening due to cold-

forming. In the 1986 AISI Specification, the ultimate column load IS 

determined by multiplYing the column bucliing stress based on full 

unreduced section by the effective area calculated at that stress. 

A secondary objective IS the determination of the extent of local 

deformations With aXial load when the appearance of the member IS 

Important. 

A2. TEST SPECIMEN AND ITS PREPARATION 

A2. I GENERAL 

If possible, stub column specimens shall be cut from a .ember formed 

by the same procedure as used or contemplated for use In the prototype. 

If thiS IS not possible, the amount of cold work In prodUCing the 

specimens shall be less than that for the contemplated prototype . If the 

prototype IS made by a forming procedure different than that used to 

fabricate the speCimens, it IS adVisable to confirm the test results 

later by uSing specimens cut fro. the commercially produced member . 

A2.2 LENGTH OF SPECIMEN 

To insure proper representation of local bueliing and post-buckling 

behaVior the following minimum lengths shall be used: 

- If end plates are not welded, the length of the specimen shall be not 

less than 3 t,.es the largest dimenSion of the section. 
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If end plates are welded, the length at the speclaen shall be not Ie •• 

than 4 times the largest dimenSion of the section. 

If the .ember has a repeating perforation pattern the mlnlmu. le~gth 

of column shall be chosen so that the local buckling and posl-buc~llng 

behaVior IS properly represented. 

For perforated colu.ns with the largest dl.enSlon of the cross sec -

tlon W, the following gUidelines Will be used In deCiding the length of 

the specimen to be used: 

If a comp}ete perforation pattern (Single or multiple group of per -

foratlons) has a length along the colu.n less than W, the specI_en length 

.ay be chosen with the gUidelines for unperforated col u.n. (a. In Fig •• 

Alb, c, g). 

If a complete perforation pattern (Single or .ultlple group of 

perforations) has a length along the column larger than W (as In Figs. 

Aid, e, f), then the specimen length should be not less than 3 tlees the 

perforation pattern length If the ends are not welded and 4 times the 

pertoratlon pattern length If the ends are welded. In thiS case It I. 

deSirable to have the _are Significant perforation at .,dhe'ght of the 

stub coluon (coapare Figs. Aid and e). 

If the perforations are such that a cut cannot be made Wllhout gOing 

through a perforalion a5 In Fig . All, a speCial section uy be fabricated 

as In Fig. A1J. Tests aay be carried out with the cul gOing through a 

perforation If the member has a Similar configuration In actual 

application and If the effect of such an end condition I. to be evaluated. 

Il is deSirable to have the length of the specimen not More than 20 

t,.es the least radiUS of gyration. For members With perforations, the 

least radiUS of gyration of lhe net section shall be used. ThiS 
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not affect the stub colu.n behaVIor. If thIs requlre.ent cannot be aet 

overall caluan behaVIor shall be accounted for IS descrIbed In SectIon 

A4.2. 

A2. 3 PREPARATION OF THE TEST SPECIHEN 

The stub calu.n specI.en shall be cut fro. the aeaber "'thout 

causIng annealIng that would change the propertIes of the .tub colu.n 

SIgnifIcantly. The specl.ens can be saw cut to a tolerance of + or -

0.00. Inch out of the plane of the ends. Careful sa" cutting should give 

such a tolerance If the plate ele.ents are not too slender. If the plate 

ele~ents are very slender, the Vibrations of the section durIng saw 

cuttIng can be reduced by clampIng wooden blocks to the sectIon. The end 

planes shall be perpendIcular to the a'is of the specI.en. 

If such tolerances cannot be .alntalned because of the shape of the 

cross .ectlan, the ends shill be .Ichlned as flat as pOSSible and bearing 

plates shall be welded to each end. (The above tolerance and the requlre-

.ent regardIng the welded end plates are based on the study reported In 

AppendIX 8.) A weldIng proc@dure that Mlnlalze. re'ldual str@5ses (such 

as sequentIal w@ldlng, wtth ti a. allow@d b@tween .hort seg.ents of 

weldIng to allow cooling, etc.) shall be used. The resulting weld should 

be continuous around the .ectlan. The welded end plates .hall be at 

least 1/2-lnch thick and ground to plane a tolerance of .0015 Inch. 

A2.4 NUMBER OF TESTS 

The nuaber of tests .hall be In accordance WIth the AISI Specifl-

catton. 
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A2.S TESTING APPARATUS 
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The tests shall be perfor.ed In a testing .achlne co.plYlng with the 

requlre.ents prescribed In ASTM Methods E4, Verification of Testing 

A2.b INSTRUMENTATION 

Dlsplace.ant .easurlng devices with O.OOOI-lnch dlvilions shall be 

used to .easure the aXial shortening . For thiS purpose the dlsplace.ent 

.easurlng device shall be supported fir.ly on the Inner surflce of one 

end plate and bear agllnst the Inner surface of the other end plate. 

Local distortions of the stub colu.n .ay be .ellured With deVices 

With O. OOI-lnch diVISions. 

A2.7 TEST SET-UP AND ALIGNMENT 

A quarter Inch layer of gypsu. based capping co.pound (Iuch as 

Hydro.tone) of suffiCient vIscosity shall be plaCId on the center of the 

testing .achlne table. A ground end plate shall be pllced on top of the 

capping co.pound If no end plates are welded. If end plates are welded 

the specI.en Will be seated directly on the capping co.pound. The 

capping co.pound should cover coepletely the underSide of the plate. 

The specleen shall be placed on top of the base plate and centered 

With respect to the IXIS of the test eachlne. Levels shill be used to 

align the speCleen, vertlcilly by pressing on the blse pllte. Before the 

capping co.pound hardens, the other ground end plate shall be placed on 

the top of the specI.en and a layer of capping co.pound shall be spread 

entirely over the top plate. If end plates are welded, the capping 

co.pound shall be placed directly on the top end plate. There shall be 

no direct contact between the .achlne head and the stub 
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col u~n . While the capping compound hardens some load may be de veloped on 

the stub column. 

Testing shall not be started until after the capping compound 

hardens (after about 40 minutes). The test shall begin with the load 

developed as a result of the hardening process of the capping co.pound. 

A2.8 TEST PROCEDURE 

After alignment as described above, the axial load shall be applied 

In Increments not exceeding one-tenth of the estimated Yield or local 

buckling load. If aXial shortening aeasurements are taken, they shall be 

recorded at each load Increment after the readings stabilize. It IS a 

good practice 10 plot the results and record all observations as the test 

progresses. 

A3 . PRESENTATION OF TEST DATA 

The report on each test shall contain the follOWing: 

A description of the t est specimen with all relevant dimenSions 

Including base material thickness exclUSive of coating 

A descrlption of the steel used 

A sketch of the test setup shOWing all relevant details 

Th e results of tne tension tests according to ASTM A370 on 

s pe cimens taken from the flats of the section or from the Virgin 

mater tal 

The magnitude of the ma ximum load observed and des cription of any 

events during the test such as the appearance of local buckles 

A plot and a table of aXial shortening values versus ar.ial load 

If such readings are ta ken 

Plot of local dlstortlons tf measured. 
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A4. EVALUATION OF TEST RESULTS 

May 27,1986 

The effectIve area Ae or the effectIve area at ultImate load Aeu 
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determIned In any of the subsections of thIs sectIon shall not be taken 

larger than the unreduced area A. 

A4.1 LENGTH SHORTER THAN 20 TIMES rmin 

If the length of the colu.n is not longer than 20 tImes .,n,mum 

radIus of gyratIon of the sectIon, r.in (net .,n,mu. sectIon for per-

forated sectIons), the effectIve area Ae for a gIven stress f on the 

effectIve sectIon shall be calculated as follows: 

Eq. A4.I-\ 

where 

plots 

n = A IA eu Eq. A4.1-2 

A = full unreduced area of an unperforated sectIon and the net 

.lnlmu. area of a perforated section . 

AlternatIvely, the value of Ae can be calculated on the baSIS 

of observed axial shortening versus stress on the effectIve area 

as descrIbed In Sect,on A4.4 . 

A4.2 LENGTH LONGER THAN 20 TIHES rmin 

When the length IS larger than 20 r m1n , the test re.ults can be 

evaluated us ing the proposed proviSIons and the follOWIng procedure 

shall be used: 

I. DetermIne faIlure stress Fn uSIng the SpecIfIcatIon 

2. Deter~lne Ae 

A = P IP 
e u n 

Eq. A4.2-1 

3 . Calculate Aeu with the follOWIng equation: 
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= A - (A - A )/F IF )n 
e n y 

where n = A IA eu 

For the first try take n = .2 
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Eq. A4.2-2 

Eq. A4.2-3 

4. Using the value of Aeu obtained determine a new value of nand 

Aeu by Eqs. A4.2-3 and -2, respectively 

5. Repeat step 3 until the value of Aeu used in Eq. A4.2-3 equals 

the value of Aeu calculated by Eq. A4.2-2 

6. With the value of Aeu converged upon in step 5 use Eq. A4.1-1 of 

Section A4.1 to obtain Ae for any value of f. 

A4.3 EVALUATION OF MULTIPLE COLUMN TEST RESULTS 

For a given geometry and thickness the value of the number of tests 

to be carried out shall be deter.ined in accordance with the present AISI 

SpecificatIon Section 6.2. According to this section, first three 

specimens are tested. The values of Aeu determined for any test does not 

dIffer from the ~ean of all the tests by ~ore than 10 percent then the 

mean value Aeu is used. If the deviation from the .ean is more than 10 

percent three more tests are conducted. Then the average of the three 

lowest are regarded as the result Aeu' 

The results of multiple tests shall be adjusted to the nomInal 

thickness and yield stress uSIng Sections A4.3.2 and .3 below. The means 

and deviations used in deciding whether three or six tests are to be 

carried out will be based on the values of Aeu adjusted for variations in 

yield stress and thickness . The resultIng Aeu value is property of the 

section that ~ay be tabulated for different sections . Extrapolations of 

this value for properties varying from those of the test specimens may be 

carried out according to SectIons A4.3.2 and .3. 
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If the sa.e section configuration (Including perforation patterns 

and dl.~nslons If any) IS used for dlff~rent thlckn~.s~s, a s~rl~S of 
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tests can be carried out and ~valuat~d for the thinnest and the thickest 

s~ctlons. Then Int~rpolatlons .ay b~ carried out uSing S~ctlon A4.3. I 

for Intermediate thlckn~ss~s. 

A4.3.1 INTERPOLATION FOR THICKNESSES NOT TESTED 

For s~ctions with Identical cross-sectlon.1 d,.enslons and hole 

dl.~nslons and location. produced In • varl~ty of thlcknes.~., Aeu for. 

thickness t can be det.r.,ned by Interpolation from the re.ult. of tests 

on specI.ens with the .,n,.u. and ••• '.U. thlc~nesses, tl and t2' 

resp ectively, as follows: 

Eq. A4.'.1-1 

where AI and A2 are the full unreduced areas of the sections With .,n,.u. 

.nd ••• '.U. thlc nesse.. Auel and Aeu2 .re th~ .ffect,ve ar.a. of the 

•• ctlons With .,n,.u. and •• XI.U. thicknesses at ultl.at~ .tub colu.n 

loads. 

A4.'.2 EXTRAPOLATION FOR YIELD STRESS 

If a specI.en With Yield stress Fyt IS tested and Aeu equal to A. ul 

15 obtained. Aeu for a g'v~n Fy can be calculated uSing the follow,ng 

procedure: 

For y,eld strength Fy •• aller than Fyt. th~ valu~ of Aeu can be 

tar~n as the low~r of the two values obtained fro. Eq •. A4.3.2-1 and -2: 

A IA: I - (I - A t/A)(F IF t) eu eu y y Eq. A4.'.2-1 

A.u /A = (A IA) (F IF) O. 4 
• eu t yt Y Eq. ~.3.2 -£ 
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For y •• ld strength Fy larger than Fyt, the value of Aeu can b. 

obtaln.d fro. Eqs. A4.3 . 2-2. 

A4.3.3 EX1RAPOLAliON FOR THICKNESS 

If a spec •• en of thickness tt .s tested and Aeu equal to A.ut IS 
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obta.ned , the value of Aeu for a th.c_ness t varying by not more than 20 

perc.nt fro. tt can b. calculat.d by the follow.ng equation: 

Eq. M.3.3-1 

A4.4 USE OF AXIAL SHORTENING MEASUREHENTS IN DESIGN 

At any ax.al, P, .n • stub coluMn test, the eff.ct.v. area, Ae , and 

the stress on the effect.v. area, f, can be calculated us.ng the 

equat.ons below. In all c •••• the value of Ae or the value of Aeu at 

ult.mate load should not be taken greater than A, full unreduced ar.a of 

the .ection. 

Eq. A I 

f = Fy DIDu Eq. A2 

wh.re Fy '5 the y.eld .tress of the m.ter.al. 0 is the ax.al shortenIng 

.t load P and Uu '5 the ax.al shorten.ng at ultl.at. load . 

If n number of re.d.ngs are taken Ae and f for the reading number " 

A •• and f •• respectlvely, can be calculated uSIng Eqs. Al and A2. lhe 

follow.ng express.on can be used for determ.n.ng Ae for any str.ss f: 

wh.re fo 15 the value of stress above wh.ch the section .5 not fully 
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effect,ve, The expon~nt b can be d~ter.'ned by a least square. approach 

as 

n n 
i (X,)(Y,) - a i: X, 

b z ~~!--------------!:!---

wher~ X z In [ f - f ) I (F - f 01 J , , 0 y 

y : In ( 1 - A IA) , el 

a = In ( I - A IAI eu 

In deSIgnates natural logan th" 

It 15 not p055,ble to express a 51~ple averag,ng process for 

obtaln,ng • des'gn curve, The nu.ber of tests aay b~ dec,ded upon the 

b •• ,s of Aeu. but the values should be selected as the lowest of th~ 

values obtaIned fro. ~ull,ple tests tor each value of ., 
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TABLB 2.:1-1 
BVALUATION OP TEST RBSULTS 

C_. ,.., Teet s_ Ilo . 
Fion,e ... 
(I) 

U 
U 

I 
I 

as 

U 
U 
U 
U 

~ 
Sf 
Sf 
ST 
ST 

(2) (3) (4) 

, S A.I 
r I A 

, S c 
r , C 

, I D 

P S r 
P S , 
P S J 
P I 0 

P 8 ft 
P 8 I 
P I r 
P 8 L 
P I L 

(1) Co.preaaion 'Ian,. 
U Unallffened 
R Bdg. atiffened 
IS Bdge atiffened with •• lopin, .ttt'ene,. 
ST Stiffened 
I~ Unallffened (built-up I aeeti.n by weldi n,) 

(2) II b 
r rully erfecti ve 
P Parti ally effective 

(3) T .. to .n 
S Stub C.I ..... 
• 8,. ... 

(4) Sour.,.. 
A. ..Iy .... _. PeIc&. and Winter (1972) 
I. D .If. Pek6. and Wiater (1973) 
C. De..and, PekOE and Winter (1978) 
D. C.hen and Pek6. (1987) 
•• Hull.,an and Pelc6& (1983) 
r. Chllver (1953) 
O. W.ube and Yu (1978) 
H. J.hna.n (1976) 
1. Kaloner (1977) 
J. PekOE (1977) 
K. Woub. (1983) 
L. ven Ne.le (1983) 

(5) Huober of teola 

(5) 

14 
16 

28 
4 

8 

8 
12 
7 

23 (6) 

9 
16 
14 
M 
M 

(6) Only apeci...en. without c.lculeted ioel .. Uc re.enoe atren{th 
con. i de-red. 

(7) Section. had hr,_ eorner rildU. Aclual conH!r radiua ueed 1a 
calcuJ.Uona . 

Mean 

1.242 
1.201 

1.013 
1.130 

1.146 

1.114 
.970 

1.015 
.951 

.954 
1.032 

.932 

.891 (7) 

.988 (8) 

(8) S ... aecHon. u in (7). Comer r.dB ... ~ equal to tbiclme:8 •. 

Page 0 I 
Ij 
I ' 

C.O.V . 

I 
.052 
.081 

.060 

. 093 
I 

.D46 

. 064 I 

.077 

.D44 

.105 I 

. 026 

.067 

.061 

. 106 (7) 

.060 (8) I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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Specimen' W 
(in) 

S- l 2.0 
S- 2 2.0 
S-3 2.0 
S- 4 2.0 

TABLE 2.4.1-1 
DIMENSIONS OF TEST SPECIMEN SECTIONS' 

Width- Thiclmess' 
W T Single Thickness 

(in) (in) Element 

(a) Stiffened Sections 

3.5 0.058 57.2 
5.0 0.058 83.0 
7.0 0.058 117.4 
9.0 0.058 151.8 

Width-Thickness 
Double Thickness 

Element 

16. 7 
16.7 
16.7 
16.7 

(b) Unstiffened Sections 

U-l 1.0 3.0 0.058 16.2 24.8 
U-2 1.25 3.0 0.058 20 .5 24 . 8 
U- 3 1.5 3.0 0.058 24 . 8 24 . 8 
U- 4 1. 75 3.0 0.058 29.1 24.8 

• See Fig . 2.4-1 for cross-sectional notation 
• Inside corner radii of all specimens were extremely SJIIall and lIay be 

considered as zero. 
• Width based on distance to inside of adjoining element. 
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TABLE 3.3-1 
0 0 
~"O 

LOCALLY STABLE BEAM-COLUMNS ~. B 
IIIl 0 

EVALUATION OF TEST RESULTS :s :s 
Hat Sections of Pek6z and Winter (1967) o ... 

.... 0 .... 
~II -o.c::: 
I :s 

P P ~I".; uexp uexp ., ... 
Speci~ W, W. w. t L fy ex ey Pna Pnb a 0 

o 0. 
(in) (in) (in) (in) (in) (hi) (in) (in) 0.> 

(/)"0 

81-LS-l 1.200 1.650 .450 .058 53.0 45.0 0.10 O. 1.03 1.03 &"'!l 
HI-LS-2 1.200 1.650 .450 .058 53.0 45.0 0.90 O. 1.07 1.03 l!,g 
81-LS-2 1.200 1.650 .450 . 058 53.0 45.0 1.40 O . 0.97 0.97 

0 
3::>' ., 

82-LS-1 0.950 1.925 .506 .058 53.0 45.0 O. O. 0.91 0.91 
a S 
Q' 
0 

82-LS-2 0.950 1.925 .506 .058 53.0 45.0 1.33 O. 1.05 1.05 ., 
82-LS-3 0.950 1.925 .506 .058 53.0 45.0 1.86 O. 0.90 0.90 

II 

83-LS-l 0.950 1.450 .450 .058 53.0 45.0 O. O. 0.91 0.91 
83-LS-2 0.950 1.450 .450 .058 53.0 45.0 0.76 O. 1.07 1.07 
83-LS-3 0.950 1.450 .450 .058 53.0 45.0 1.26 O. 1.00 1.00 

H4-LS-l 1.296 1.719 . 445 .048 53.0 45.0 O . O. 1.03 1.03 f 
H4-LS-2 1.296 1.719 .445 .048 53.0 45.0 0.95 O. 1.03 1.03 '< 
H4-LS-3 1.296 1.719 .445 .048 53.0 45.0 1.45 O. 1.11 1.11 '" .., 
H5-LS-l 0.968 1.969 .460 . 048 53.0 45.0 O. O. 1.06 1.06 ..... 

co 
H5-LS-2 0.968 1.969 .460 .048 53.0 45.0 1.02 O. 1.05 1.05 (I) 

en 
H5-LS-3 0.968 1.969 .460 .048 53.0 45.0 1.52 O. 1.08 1.08 

H6-LS-l 0.968 1.484 . 460 .048 53.0 45.0 O . O. 1.06 1.06 
H6-LS-2 0.968 1.484 .460 .048 53.0 45.0 0.76 O. 1.13 1.13 
H6-LS-3 0.968 1.484 .460 .048 53.0 45.0 1.27 O. 1.14 1.14 

'tl 
Mean 1.03 1.03 II 

IIIl 
Standard Deviation 0.07 0.07 ., 
Coefficient of Variation (~) 7 7 (I) 

'" 

-------------------
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TABLE 3.3-2 
LOCALLY STABLE BEAM-COLUMNS 
EVALUATION OF TEST RESULTS 

Lipped Channel SectionB of Loh and Pekc5z 

Specimen WI W. W. t L q fy 
(in) (in) (in) (in) (in) (in) (ksi) 

LCI- LS-l 2.922 2.922 . 711 .078 39.0 .145 45.5 
LCI- LS- 2 2.922 2.922 .711 .078 51.0 .145 45.5 
LC1- LS-3 2.922 2.922 . 711 .078 63.0 .145 45.5 

LC2-LS- l 2.868 2.868 .684 . 132 36.6 .212 41.9 
LC2-LS- 2 2.868 2.868 .684 .132 49.8 .212 41.9 
LC2-LS-3 2.868 2.868 .684 .132 60.6 .212 41.9 

Mean 
Standard Deviation 
Coefficient of Variation (~) 

(1985) 

P uexp 
ex ey PnB 

(in) (in) 

1.50 O. 1.13 
1.50 O. 1.05 
1.50 O. 0.94 

- 2.00 O. 1.33 
- 2.25 O. 1.27 
- 2.25 O. 1.25 

1.16 
0.15 
13 

P uexp 
Pnb 

1.13 
1.05 
0.94 

1.27 
1.21 
1.19 

1.13 
0. 12 
11 
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""0 ::rCD 
CD < 

CD 
TABLE 3.3-3 Cl-

CD 0 
LOCALLY STABLE BEAM-COLUMNS CD" 

~. 3 
EVALUATION OF TEST RESULTS 00. CD 

Lipped Channel Sections of Loh and Pekc5z (1985) 
:l :l 
o .... 
.... 0 .... 
blCD -o.c 
I :l 

P P ;jll:;; 
uexp uexp ., ~. 

3 CD 
Specimen w. w. w. t L ri fy ex ey Pna Pnb CD 0. 

(in) (in) (in) (in) (in) (in) (ksi) (in) (in) 0.> 

til" .... " LC3-LS- l 2.900 1.600 .700 .073 52.0 . 164 40.9 O . 1.45 1.16 1.04 CD ... 
~g LC3-LS-2 2.927 1.552 .713 .073 39.1 . 161 39 . 1 O . 2.00 1.23 1.10 n 

LC3-LS- 3 2.927 1.552 .713 .073 51.1 . 161 39.1 O . 2.00 1.19 1.05 3::::r 
CD 

LC3- LS- 4 2.927 1.552 .713 .073 63.4 . 161 39.1 O . 2.00 1.25 1.10 3 0 
0-
CD 

LC4- LS- 1 2.910 1.566 .705 .090 39.1 . 145 59.4 O . 2.50 1.18 1.03 
., 
CD 

LC4- LS-2 2.910 1.566 .705 . 090 51.2 . 145 59.4 O . 2.50 1.14 1.00 

LC5- LS-l 2.868 2.868 .684 .132 51.2 . 220 47 . 5 O . 2. 03 1.01 0.93 
LC5- LS- 2 2.868 2.868 .684 .132 69.2 .220 47.5 O. 2.00 1.00 0.92 

LC6- LS- 1 2.925 2.925 .712 . 075 51.5 .214 39.3 O . 2.38 1.21 1.18 3:: 
LC6-LS- 2 2.925 2.925 .712 .075 63 .5 . 214 39.3 O . 2.13 1.21 1.17 CD 

'< 

LC7- LS- l 3.868 2,868 .684 . 132 50.2 .208 37.4 O. 2.25 1. 22 1.12 '" .... 
LC7- LS- 2 2.868 2.868 .684 .132 69.0 . 208 37.4 O . 2.22 1.19 1.09 ..... 

CD 
00 

LC8- LS- l 3.923 2. 923 .711 . 077 40.1 . 236 41.6 O . 1.50 1.02 1.00 '" LC8- LS-2 3.923 2.923 .711 . 077 51.1 . 236 41.6 O . 1.50 1.02 0.99 
LC8- LS-3 3.923 2.923 .711 . 077 63.8 . 236 41.6 O . 1.50 1.02 0.99 
LC8- LS- 4 3.924 2. 924 .712 . 076 75.6 . 236 42.5 O • 1.66 1.00 0. 96 
LC8- LS-5 3.924 2.924 .712 . 076 87.6 . 236 42.5 O . 2.00 1.04 0.99 

Mean 1.12 1.04 " CD 
Standard Deviation 0.10 0.08 00. 
Coefficient of Variation (~) 9 8 CD 

00 .... 

-------------------
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TABLE 3.3-4 
LOCALLY STABLE BEAM-COLUMNS 
EVALUATION OF TEST RESULTS 

Lipped Channel Sections trom Loh and Pekc5z (1985) 

Specimen w, w. w. t L q fy ex 
(in) (in) (in) (in) (in) (in) (ksi) (in) 

LC9-LS-l 3.396 2.334 .604 .104 39.5 .201 58.2 1.50 
LC9-LS-2 3.396 2.334 .604 .104 52.8 .201 58.2 1.50 
LC9-LS- 3 3.396 2.334 .604 .104 64.8 .201 58.2 1.50 
LC9-LS- 4$ 3.395 2.395 .603 .105 62.6 .192 65.3 - 2.00 

LCIO-LS-l* 3.899 2.899 .949 .101 39.2 .235 54.9 -2.00 
LCIO- LS-2* 3.899 2.899 .949 .101 51.2 .235 54.9 -2.00 
LCIO-LS- 3 3. 899 2.899 .949 .101 63.2 .235 54.9 -2. 00 

LCll-LS-l 2. 924 2.924 .712 .076 39.0 .205 48.8 2.00 
LCll-LS-2 2.924 2.924 .712 .076 49.5 .205 48.8 2.50 
LCll-LS-3 2.924 2.924 .712 .076 61.3 .205 48.8 2.00 

Mean 
Standard Deviation 
Coefficient of Variation (:I:) 

$ Premature failure of welds JOlnlng 
end plates to column. Excluded 
from statistical evaluation. 

* Premature failure of welds joining 
end plates to column. Included in 
statistical evaluation . 

P 
uex2 

ey 
(in) 

Pna 

2.00 1.18 
2.00 1.13 
2.00 1.05 
2.50 0.91 

2.50 1.36 
2.50 1.33 
2.50 1.30 

2.50 1.28 
2.00 1.27 
2.50 1.16 

1.23 
0.10 
8 

P 
~ 

Pnb 

1.08 
1.08 
1.00 
0.85 

1.31 
1.27 
1.24 

1.27 
1.25 
1.14 

1.18 
0.11 
9 

~t:1 ;:r., 
., < ., 
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~'tI .... B 

01\ ., 
::s ::s .. o 
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~; -Q.c: 
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~~ ... .... 
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TABLE 4.3-1 I 
SECTIONS FOR PARAMETRIC STUDIES 

I 
J c I 

a a I 
I 
I 

I. .. I I .. ../ I b b 

C- Section (C) Tube (T) 

I Section a b c t Fy alt bit 
(in) (in) (in) (in) (ksi) 

Cl- l 8.886 3.374 1.029 .061 62.9 145.67 55 . 31 I 
CI- 2 17.772 6.748 1.029 .061 62.9 291. 34 1l0.62 

C2- 1 4.000 4.000 . 750 .050 50.0 80. 80. I 
C2- 2 8.000 8.000 .750 . 050 50.0 160. 160. 

C3- 1 2.593 5.025 .793 .046 33.0 56.37 109.24 I C3-1 5.186 10.060 .793 .046 33 . 0 112.74 218.98 

T1- 1 8.886 3.374 .061 62.9 145.67 55.31 I Tl- 2 17.772 6.748 .061 62.9 291. 34 1l0.62 
T1-3 26.658 10.122 . 061 62.9 937.02 165.93 

T2- 1 4.000 4.000 . 050 50.0 80 . 80. I T2- 2 8.000 8.000 .050 50.0 160. 160. 
T2-3 12.000 12.000 .050 50 . 0 320 . 320 . 

T3- 1 2.593 5.025 .046 33.0 56.37 109.24 I 
T3- 2 5.186 10.050 .046 33.0 112 . 11 218.48 
T3-3 7.779 15.075 .046 33.0 169.11 372.72 I 

I 
I 
I 



------------------
~o 
trill 
III < 

III 
0-

TABLE 7.3-1 CD 0 
.,'0 

LOCALLY UNSTABLE BEAM-COLUMNS ~. a 
D<l1II 

EVALUATION OF TEST RESULTS ~ ~ 

Lipped Channel Sections ot Mulligan and Pek6z (1983) o .... 
..... 0 .... 
~II -Q.c::: 
I ~ 
;)It:;; 

P '1 ~. 

EI III 

ext ey* 
~ CD 0. 

Specimen w. w. w. t L ri fy Pn 0.> 
(in) (in) (in) (in) (in) (in) (ksi) (in) (in) CJ)'O 

S-~ 
GM1 6.119 3. 14B .691 .045 63.0 .109 32.4 O. O. 1.186 !oi 

0 
GM2 5.096 3.147 .649 .045 75.0 .107 32.0 O. O. 1.323 3::"-
GM3 6.134 3.146 .648 0.46 121.1 .109 32.0 o. o. 1.189 III 

EI S 
GM4 6.072 3.152 .672 .045 121.0 .111 32.0 O. O. 1.247 CT 

CD 
GM5 6.116 3.121 .696 .048 75.0 .116 32.5 O. O. 1.323 '1 ., 
GM6 9.072 3.154 .658 .045 72.0 .107 32.6 O. O. 1.321 
GM7 9.088 3.149 .666 .045 95.1 .U1 32.4 O. O. 1.291 
GM8 9.097 3.150 .662 .044 118.0 .106 32.4 O. O. 1.271 
GM9 9.030 3.151 .702 .048 95.0 . 116 33.1 o . o. 1.399 
GM10 4.468 4.432 .754 .00B 99.2 .118 34.3 O. O. 0.983 

3: 
II 

GMll 8.694 4.448 .761 .048 75.1 .114 31.B o. O. 1.256 '< 

GM12 8.725 4.428 .742 .048 99.1 .118 35.4 o. o. 1.211 .... ... 
GM13 8.718 4.440 .729 .04Jl 99.2 .118 33.9 o. O. 1.213 
GM14 6.125 3.124 .687 .047 75.0 .121 31.8 0.54 o. 1.136 .... 

<D 

GM15 6.10B 3.134 .704 .048 75.7 .118 31.8 0.53 O. 0.927 CD en 

GM16 6.100 3.135 .688 .048 75.7 .U8 31.B -0.98 o. 1.318 
GM17 6.092 3.143 .690 .048 75.0 .116 32.5 0.21 O. 1.153 
GM1B 8.671 4.436 .742 .048 99.0 .105 33.1 0.52 o. 0.983 

Mean 1.207 -a 
Standard Devistion 0.131 II 

D<I 
Coefficient of Variation (~) 10.85 III 

NUllber of Spec~a 18 CD ... 
* With respect to the centroid of the full section. 



~o 
~<> 
<II <: 

<> 
TABLE 7.3-2 0 0 

~'1:1 
LOCALLY UNSTABLE BBAM-COLUMNS ~' 3 

EVALUATION OF TEST RESULTS 0<1 <> 
::I ::I 

Lipped Channel Sections of Thomasson (1978) .. 
0 
"'0 .... 
l?", -o.c: 

P I ::I 
uexp ;j11:'o; 

Specimen fy ex* ey* 
., ~. 

W, W. w. t L Pn 3 <> 
(in) (in) (in) (in) (in) (kd) (in) (in) <II 0. 

0.;. 
en '1:1 

A71 11. 775 3.949 .771 .025 105.9 56.7 O. O. 1.029 .. '1:1 
<II ., 

A74 11.795 3.965 .811 .025 105.9 57.3 O. O. 1.029 !!.i 
A75 11.775 3.957 . 787 .025 105.9 57.7 O . O. 0.985 0 

r;::~ 

A76 11.814 3.944 .795 .026 105.9 41.8 O. O. 0.972 <> 3 ,. 
",0 

AlOl 11. 803 3.957 . 795 .037 105.9 67.3 O. O. 1.082 <> ., 
A102 11. 803 3.957 .787 .037 105.9 66.7 O. O. 1.031 .. 
A103 11. 783 3.961 .771 .037 105.9 66.7 O. O. 1.094 
AI04 11.742 9.921 .768 .038 105.9 68.9 O. O. 0.964 

A151 11.783 3.937 .799 .057 105.9 55.4 O. O. 1.402 
A152 11.814 3.937 .795 .056 105.9 55.0 O. O. 1.316 
A153 11.806 3.929 .819 .054 105.9 57.3 O. O. 1.364 r;:: 

C> 
A154 11. 835 3.952 . 921 .055 105.9 57.0 O. O. 1.347 '< 
A156 11.785 3.926 .803 .055 105.9 55.3 O. O. 1. 322 N ..., 

Mean 1.149 -CD 
Standard Deviation 0.171 ex> 

O"l 
Coefficient of Variation (~) 14.B4 
Number of Specimens 13 

* With respect to the centroid of the full section. 

"" C> 
0<1 
1> 

ex> 
ex> 

-------------------



-----------------
o-lo 
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TABLE 7.3-3 '" 00' 
LOCALLY UNSTABLE BEAM-COLUMNS ~'O 

EVALUATION OF TEST RESULTS 
~. 3 

0<1 '" 
Lipped Channel Sections of Loh and Pek6z (1985) ::s ::s 

o ... 
"'0 .... 
~'" ...... 

P o.c 
I ::s 

ext ey* 
uexp ~t:;; Specimen w. w. w. t L ri fy Pn 

.., _. 
:3 '" (in) (in) (in) (in) (in) (in) (ksi) (in) (in) 
'" 0. 
0.;0. 

LCl- LU-l 6.870 2.461 .710 . 073 76.0 .240 55.9 O. 2.1 1.155 CJl'O 
... '0 

LCl- LU- 2 6.870 2.461 .710 . 073 76.0 .240 55.9 O. 12.0 1.037 '" .., 
'" 0 LCl- LU-3 6.870 2. 461 .710 .073 76.0 .240 55.9 O. 6.0 1.202 -'" Cl 
;::::r 

3.136 .684 .050 99.9 .128 35.1 6.0 1.158 '" LC2- LU-l 9.086 O. :3 ... 
LC2- LU- 2 9.071 3.129 .717 .050 99.9 .128 35.8 O. 9.0 1.048 er o 

'" .., ., 
LC3- LU- l 7.958 3.900 .624 .058 99.9 .098 43.4 O. 4.0 0.905 
LC3- LU-2 8.001 3. 919 .620 .058 99.9 .098 44.4 O. 8.0 1.006 
LC3- LU- 3 7.930 3.927 .631 .058 99.9 .098 43.2 O. 4.0 0. 962 

LC4- LU- l 8.881 3.379 1.023 .061 99.9 .283 62 . 1 O. 12.0 1. 107 
LC4-LU-2 8.881 3.379 1.023 .061 99.9 .283 62.1 O. 18.0 0.989 ;:: 
LC4- LU-3 8.873 3.383 1.026 .058 99.9 .301 62 . 9 O. 6.0 1.108 '" '< 

LC5-LU-l 7.882 3.399 1.028 .061 99.9 .283 58.5 O. 4 . 0 1.181 N ..., 
LC5-LU-2 7.882 3.399 1.028 .061 99.9 . 283 58 . 5 O. 8.0 1.151 -LC5- LU-3 7.884 3.394 1.032 .062 99.8 .297 58.6 O. 6.0 1.200 ~ 

CD 
LC5- Lll-4 7.884 3.394 1.032 .062 99.8 .297 58.6 O. 10.0 1.101 '" 
LC6-LU- l 9.351 3.436 1.222 .090 99.9 .269 71.7 O. 5.0 1.131 
LC6-LU-2 9.351 3.436 1.222 .090 99.8 .269 71.7 O. 10.0 1.098 

Mean 1.091 
Standard Deviation 0.087 '0 

Coefficient of Variation (~) 7.95 '" 0<1 
Number of Specimens 17 '" 0:: 

'" * With respect to the centroid of the full section. 



"'30 ::r-t» 
.. < 

TABLE 7.3-4 '" 0-
LOCALLY UNSTABLE BEAM-COLUMNS t» 0 .. " EVALUATION OF TEST RESULTS ~. 3 

11<1 .. 

Lipped Channel Sections of Loh and Pek6z (1985) !:! :3 
o ... 
..... 0 ..... 
(") 
o .. -P o.c;: 
I :3 

ex* ey* 
uexp ;)l~ Specimen w, w. w. t L ri fy Pn ., ~ . 

(in) (in) (in) (in) (in) (in) (ksi) (in) (in) " .. 1i 0. 
0.> 

LC8-LU-l 8.887 3.379 1.031 .060 98.9 .284 61.2 -1.0 2.0 1.206 '0 (/)'0 
LC8-LU-2 8.887 3.379 1.031 .060 99.2 .284 61.2 -1.0 2.0 1.222 ... ., 

.. 0 
LC8-LU-3 8.886 3.374 1.029 .061 98.9 .298 62.9 -1.0 4.0 1.217 ~ .. 

0 
LC8-Lll-4 8.886 3.374 1.029 .061 98.9 .298 62.9 -1.0 4.0 1.195 ;:::r-
LC8-Lll-5 8.879 3.375 1.021 .060 99.1 .299 63.2 -1.0 6.0 1.177 .. a 1) 
LC8-LU-6 8.879 3.375 1.021 .060 98.7 .299 63.2 -1.0 6.0 1.235 0-.. ., ., 
LC9-LU-l 7.874 3.400 1.031 .062 93.4 .282 69.9 0.38 3.94 1.011 
LC9-LU-2 7.874 3.400 1.031 .062 93.1 .282 69.9 0.38 6.0 0.905 
LC9-LU-3 7.885 3.404 1.031 .062 93.1 .251 70.3 0.38 6.0 0.945 
LC9-LU-4 7.885 3.404 1.031 .062 93.1 .251 70.3 0.63 3.94 0.922 

LCI0-Lll-l 9.375 3.439 1.221 .089 98.9 .286 70.6 O. 5.5 1.144 ;: 
LCI0-LU-2 9.375 3.439 1.221 .089 98.9 .286 70.6 O. 5.5 1.154 .. 

'< 

Mean 1.111 '" ..., 
Standard Deviation 0.127 
Coefficient of Variation (~) 11.45 

..... 
~ 

Number of SpecUlenS 12 IX> 
a> 

* With respect to the centroid of the full section. 

-------------------
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I TABLE 7.3-5 
LOCALLY UNSTABLE BEAM-COLUMNS 

I EVALUATION OF TEST RESULTS 
Lipped Channel Sections of Loughlan (1979) 

I P 

ey* 
uexp 

I Specimen w, w. w. t L fy ext Pn 
(in) (in) (in) (in) (in) (ksi) (in) (in) 

I 
LI 3.998 1.991 .742 . 032 75 . 35.1 -0.29 O. 1.022 
12 3.981 1.988 .757 .031 51. 35.1 -0.29 O. 1.078 
13 4.045 2.471 1.001 . 031 75 . 35.1 -0.40 O. 0.987 
14 4.014 2.472 1.000 .032 63. 35.1 -0.40 O. 0.961 

I 15 4.001 2.480 1.013 .031 51. 35.1 -0.41 O. 1.065 
16 5.034 1.992 .735 . 031 75 . 35.1 -0.07 O. 1.138 
L7 4.976 1.987 .742 .031 63. 35.1 -0.07 O. 1.103 

I L8 4.980 1.991 .753 .031 51. 35.1 -0.07 O. 1.125 
L9 5.031 2.469 1.000 .031 75. 35.1 -0.18 O. 1.115 
LI0 5.015 2.481 1.004 . 031 63 . 35.1 -0.19 O. 1.130 

I Lll 4.990 2.477 1.007 .032 51. 35.1 -0.19 O. 1.052 
L12 5.981 1.998 . 746 .032 75 . 35.1 - 0.18 O. 1.071 
L13 5.992 1. 992 . 774 • 032 63 . 35.1 - 0.18 O . 1.044 

I LI4 5.974 1.987 . 749 .032 51. 35.1 - 0.18 O . 1.088 
LI5 6.061 2.472 .998 . 031 75 . 34.1 O. O. 1.157 
LI6 6.061 2.476 1. 008 . 032 63 . 35 . 1 O. O. 1.109 

I 
LI7 5.985 2.480 1.006 .031 51. 35.1 O. O. 1.163 
LI8 7.009 1.976 . 742 .031 75 . 35.1 -0.22 O. 1.124 
LI9 6.976 1.9B7 . 745 .031 63 . 35 . 1 -0.22 O. 1.129 
L20 6.995 1.988 .771 .032 51. 35.1 -0.22 O. 1.090 

I 121 7.020 2.478 . 992 .031 75 . 35.1 -0.16 O. 1.036 
122 7.021 2.480 . 996 .031 63 . 35.1 -0.16 O. 1.139 
L23 6.950 2.481 1.017 .031 51. 35.1 -0.16 O. 1. 030 

I L24 5.997 1.941 .699 . 064 75 . 33.8 O. O. 1.638 
L25 5.994 2.430 . 967 .065 75 . 33.8 -0.08 O. 1.669 
L26 5.986 2.42B . 974 . 066 63 . 33.8 -0.08 O • 1.594 

I 
127 5.960 2.434 .978 .065 51. 33.8 -0.08 O. 1.563 
128 7.010 1.940 .708 .064 75. 33.8 - 0.11 O. 1.562 
L29 6.998 1.944 .707 . 065 63 . 33.8 -0.11 O. 1.550 
L30 6.933 1.933 .712 . 065 51. 33.8 -0.11 O • 1.561 

I 131 7.017 2.435 . 969 . 064 75 . 33.8 O . O. 1.710 
132 7.006 2.426 . 975 . 064 63 . 33.B O. O • 1.622 

I L33 6.958 2.441 .980 .064 51. 33.8 O. O. 1.636 

1.244 Mean 

I 
Standard Deviation 0.251 
Coefficient of Variation (X) 20.17 
Number of Specimens 33 

I * With respect to the centroid of the full section. 

I 
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Spec. 
No. 

1 
2 
3 

TABLE 8.2- 1 
CROSS SECTIONAL DIMENSIONS 

Specimens of Madugula, Prebhu and Temple (1984) 

b nom t nom ry bused wit 
(in) (in) (in) (in) 

1.952751 .15748 .3684 1.803 9.449 
2.728341 .11811 .5331 2.611 20.107 
1.980311 .16929 . 3871 1.896 9.200 

Notes: b nom is the nominal leg length given in the paper 
ry is the least radius gyration given in the paper 
b used is the leg dimension calculated from the value of 

ry given in the paper assuming sharp corners . This 
value is used in all calculations 

w is the flat width calculated as b- 2t 
Sections 1 and 2 are cold formed. Section 3 is hot rolled 

Dimensions are given to as many significant figures as 
given in the paper 

Page 92 

Fy 
(ksi) 

67.56 
67.56 
59.38 

I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
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I 
I 
I 
I 
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Spec. 
No . 

4 
5 

TABLE 8.2- 2 
CROSS SBCTIONAL DIMENSIONS 

Speci.ens of Wi lhoit, Zendonini end Zavel l eni (1983) 

b nom 
( in) 

2.5591 
1.7717 

t 
( i n) 

.1575 

.1181 

Iy 
(in) 

.1723 

.0419 

bused 
(in) 

2.359 
1.620 

bit 
(in) 

10.59 
11.26 

Notes : b nam is the ncai nal leg length gi ven in the paper 
Iy is the last moment of inerti a given i n the paper 
b used is the leg du.ension calculated from t he value 

of ry given i n the paper assUlli ng sharp comera. This 
value is used in all calculati ons 

b is the flat width calculated based on the inforaation 
given in the paper 

The dimensions are converted fra. .etric units. 

Fy 
(kai) 

54 . 68 
53 . 54 
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a x b 
(in) 

3 x 1 

3 x 3 

Note: 

TABLI! 8.3- 1 
BFFECT OF INITIAL SWEBP ON LIPPBD CHANNEL COLUMNS 

b 

a 

Length 
(in) 

60 
100 

60 
100 

- . 9 in . 

F - 45 ksi. y 

t- . l05!n . 

ey = 0 ey = L/lOOO 
Pultl Pult2 

(k) (k) 

19.33 18.42 
7.66 7.35 

32.17 30.70 
14.73 14.12 

~ i. the .ax;"ua a.pli tude of sweep perpendicular to 
t plane of .~try 

Page 94 

Pultl 

Pult2 

1.05 
1.04 

1.05 
1.04 

I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
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TABLE 9.1-1 

STUB COLUMN TEST RESULTS 

Spec. Fy d Pu 
No. (kai) (in) (k) 

1 48.50 .00 15.10 
2 47.10 .00 14.80 
3 49.60 .50 14.50 
4 47.10 .75 14.15 
5 49.60 1.04 14.05 
6 51.55 1.25 13.80 
7 48.50 1.50 12.65 
8 51.55 1. 75 13.60 
9 49.60 .50 15.50 

10 48.50 1.04 14.68 
11 48.50 1.50 14.50 
12 47.00 .00 27.90 
13 47.60 1.04 24.60 
14 47.60 1.50 24.00 

Mean* 
St. Dev.* 

All sectioos assuaed to have the average overall di.ensioos shown 
io Fig. 9.1-1. 
Speci.ens 1-11 t = .05 io, Speci8eDS 12-14 t = 0.076 io 

*Bxcludiog result on speci8eD 12 which is obviously in error. 

-- - - - -0-

R 

1.019 
1.024 
1.006 
1.054 
1.028 

.996 

.992 
1.035 
1.075 
1.097 
1.137 
1.274 
1. 159 
1. 214 

1.072 
0.086 
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I 
TABLB 9.1-2 

COLUMN TBST SPBCIMBNS I 
Spec. Fy d Fy a • I No. (kai) (in) (kai) (*> (*) 

1 63.00 .60 61.60 10.05 6.00 
2 63.00 .60 45.70 8.50 1.00 I 3 27.00 1.00 42.90 11.35 1.00 
4 27.00 .00 44 . 90 12.40 . 00 
5 27.00 1.00 42.90 11.65 6.00 

I 6 63.00 1.00 46.10 8.50 1.00 
7 63.00 1.60 45 . 50 8.45 1.00 
8 63.00 1.00 41.90 7.05 6.00 
9 39.00 1.00 43.80 9.40 1.00 I 10 38.90 1.50 42.30 10.10 1.00 

11 39.00 .00 43.80 8.65 .00 
12 27.00 .00 41.90 11.90 .00 

I 13 63.00 .00 42.90 8.00 .00 
14 39.10 .60 42 . 90 9. 60 1.00 
16 45.00 . 00 48.30 22.40 .00 
16 61.00 1.00 48.10 17.20 1.00 I 17 51.10 1.60 48.10 15.00 1.00 
18 45 . 00 1.00 47.60 18.20 2.00 
19 27.00 1.50 51.50 21.20 1.00 
20 45 . 00 1.00 47.60 19.00 8.00 I 21 45.00 1.00 44.50 15.85 4.00 
22 45.00 1.50 46.70 20 . 00 1.00 
23 45.00 1.50 46.70 15.85 6.00 

I 24 45.00 1.00 44.50 16.20 3.00 
25 62.50 .00 48.30 13.44 .00 
26 45.00 1.00 45.80 19.10 1.00 
27 27.00 1.00 48.30 21.90 1.00 I 28 27.00 1.00 42.30 22.40 1.00 
29 27.00 .00 42.30 22.00 .00 
30 27.00 .00 42.30 22 . 40 .00 

I 31 45.00 1.00 46.70 18.10 6.00 
32 63.00 1.00 47.90 13.30 1.00 

I 

(*> a = 0 for column without perforations 
a = 1 for column witb one perforation at .idbeight 

I 
a > 1 apacing of the perforationa along the length of the column in inches 

I All aectiona aaau.ed to bave the average overall dt.en.ions .hown in Fig. 9.1- 1. 
Spect.en. 1-14 t = .05 in, Specu.en. 16-32 t = .076 in 

I 
I 
I 
I 
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TABLE 9.3.1-1 .. < .. 
EVALUATION OF COLUMN TEST RESULTS 0 0 

(All Lest resulta) ~'tl 
... · 3 

011 .. 
::s ::s 

Spec. Rl R2 R3 R4 R5 
o ,.. 
.....0 

No. 
.... 

blll -
1 1.692 1.275 1.525 1.202 1.208 o.c: 
2 1.469 1.091 1.317 1.028 1.028 

I ::s 
'OJ .... 

3 1.458 1.038 1.186 .936 .939 
0 .... ., .... 

4 1.258 .986 1.258 .986 .986 
S .. .. a. 

5 1.484 1.056 1.207 .952 .970 0.>-
6 1.628 1.160 1.315 1.026 1.028 (J)'tl 

7 I.B08 1.237 1.311 1.022 1.027 
,..'tl .. ., 

8 1.391 .984 1.113 .869 .887 !!.g 
9 1.318 .922 1.069 .829 .831 

0 
3:::r 

10 1.613 1.077 1.170 .912 .917 c> 

11 .984 .763 .984 .763 .763 3 S 
r:F 

12 1.262 1.000 1.262 1.000 1.000 .. ., 
13 1.257 .980 1.257 .980 .980 

., 
14 1.229 .906 1.105 .859 .860 
15 1.299 1.155 1.299 1.155 1.155 
16 1.570 1.138 LOBO . 969 .951 

17 1.611 1.089 .943 . 846 .852 

18 1.518 1.105 1.060 .946 1.021 

19 1.684 1.095 .999 .880 .890 3: 
20 1.584 1.154 1.107 .988 1.007 II 

21 1.372 1.005 .945 .858 . 983 '< 

22 1.983 1.342 1.172 1.052 1.059 N .... 
23 1.571 1.064 . 929 . 834 . 855 

24 1.402 1.027 • 965 .877 .925 
.... 
CD 

25 . 961 . 961 .961 .961 .961 CD 
C> 

26 1.627 1.189 1.127 1.016 1.019 

27 1.471 1.103 1.071 .956 .960 

28 1.661 1.261 1.183 1.085 1.091 

29 1.162 1.066 1.162 1.066 1.066 

30 1.183 1.085 1.183 1.085 1.085 

31 1.525 1.112 1.061 .952 .977 

32 1.545 1.150 .966 . 966 .968 "C 

'" 011 
c> 

MEAN 1.453 1.080 1.134 .964 . 975 <D 

ST. DBY. . 223 .116 .140 . 098 .094 ... 
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TABLE 9.3.1-2 0-,. 0 

EVALUATION OF COLUMN TEST RESULTS .,'0 .... 8 
(Specimens without perforations) 111<,. 

" " 0'" 
..... 0 

Spec. Rl R2 R3 R4 R5 f?;:' 
No. -ll.c:: 

I :> 
4 1.258 .986 

'<:I ... . 
1.258 .986 .986 0 ... .., .... 

11 .984 .763 .984 .763 .763 
8 ,. 
.. Q. 

12 1.262 1.000 1.262 1. 000 1.000 ll.> 
13 1.257 .980 1.257 .980 .980 CI)'O 
15 1.299 1.155 1.299 1.155 1.155 ~:; 
29 1.162 1.066 1.162 1.066 1.066 !.g 
30 1.183 1.085 1.183 

0 
1.085 1.085 3::>" .. a ... 

MEAN 1.171 .999 1.171 .999 .999 er o .. ST. DEV. .130 .116 .130 .116 .116 .., 
co 

-------------------
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CD 
0-

TABLE 9.3.1-3 
.. 0 
.. 'tS 

EVALUATION OF COLUMN TEST RESULTS 
~. 3 
lilt .. 

(Specimens with one perforation at midheight) !' !' 
o ... 
.... 0 .... 

Spec. R1 R2 R3 R4 R5 bll» -
No. o.c 

I !' 
;;:'c:;; 

2 1.469 1.091 1.317 1.028 1.028 
... ~. 

3 .. 
3 1.458 1.038 1.186 .936 .939 .. 0. 

6 1.628 1.160 1.315 1.026 1.028 
a.;,. 
(J)"Cl 

7 1.808 1.160 1.315 1.026 1.028 ,~ 
9 1.318 .922 1.069 .829 .831 -g 

10 1.613 1.077 1.170 .912 .917 " 
14 1.228 .906 1.105 .859 .860 

3:;:>'" .. 
16 1.570 1.138 1.080 .969 .971 3 S-

a" 
17 1.611 1.089 .943 .846 .852 .. ... 
19 1.584 1.095 .999 .880 .890 co 

22 1.983 1.342 1.172 1.052 1.059 
26 1.627 1.189 1.127 1.016 1.019 
27 1.471 1.103 1.071 .956 .960 
28 1.661 1.261 1.183 1.085 1.091 
32 1.545 1.150 .966 .966 .968 

3: 
MEAN 1.572 1.120 1.134 .959 .963 I» 

'< 
ST. DBV. .181 .116 .120 .080 .080 '" .;" 

.... 
co 
00 

'" 



'"'Jo 
:0-<> 
<> < 

<> 
0-

TABLE 9.3.1-4 <> 0 
OJ'tl 

EVALUATION OF COLUMN TEST RESULTS ~. 3 
0<\<> 

(Specimens with multiple perforations) :; :; 
o .... 
"'0 

Spee. Rl 
0 .... 

R2 R3 R4 R5 o I> -No. Cl.c: 
I :; 
"'l ,.. 

1 1.692 
o ..... 

1.275 1.525 1.202 1.208 "1 ~. 

8 CD 
5 1.484 1.056 1.207 .952 .970 <> Cl. 

8 1.391 .984 1.113 .869 .887 0.;.-

18 1.518 1.105 1.060 .946 1.021 
cn"Cl 
.... "Cl 

20 1.584 1.154 1.107 .988 1.007 
CD "1 
CD 0 

21 1.372 1.005 .945 .858 .893 
_I> 

0 

23 1.571 1.064 .929 .834 .885 3::0-
<> 

24 1.402 1.027 .965 .frT7 .925 3 .... 
0-

0 
31 1.525 1.112 1.061 .952 .977 <> ., 

OJ 

MEAN 1.504 1.087 1.101 .942 .975 
ST. DEV. .105 .089 .183 .111 .102 

-------------------
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TABLE 9.4-1 

NONPRISMATIC COLUMNS 
BUCKLING LOAD RATIOS (*) 

RL .10 .20 .30 .40 .50 
RI 

1.00 1. 00 1.00 1.00 1.00 1.00 

1.10 .98 .96 .95 .93 .92 

1.20 .96 . 93 .90 .88 .86 

1.30 . 94 .89 .86 .83 .80 

1.40 .93 .86 .82 .78 .75 

1.50 . 91 .84 .78 .74 .71 

1.60 .89 .81 .75 .70 . 67 

(*> Rat io of the buckli ng load for the nonpris.atic column shown in Fig. 9.4-28 
to that for the pri smatic column shown in Fig. 9.4-2b. 

.60 

1.00 

.92 

.85 

.79 

.73 

.69 

.65 

to 
00 
'3l 



TABLE 9.4-2 
NONPRISMATIC COLUMNS 

BUCKLING LOAD RATIOS (*1 

RL .10 .20 .30 .40 .50 
RI 

1.00 1.00 1.00 1.00 1.00 1.00 

1.10 .99 .98 .97 .97 .97 

1.20 .98 .96 .95 .94 .94 

1.30 .97 .94 .92 .91 .91 

1.40 .95 .92 .89 .88 .88 

1.50 .94 .89 .87 .85 .85 

1.60 .93 .87 .84 .82 .82 

Ratio of the buckling load for the nonprismatic column shown in Fig. 9.4-2a 
deter.ined by the transcendental equation to that obtained by the approxiaate 
equation. 

'"'30 
:>'<> 
'" < '" 0-
'" 0 .. '" ~. 3 
011", 
::I ::I 
o .. 
.... 0 

. 60 
0 .... 
o II> 

2i:c: 
I ::I "l _. 

1.00 0 .... ., -. 
9 '" 
'" 0. .97 0.> 

(I)'" .. '" .94 t!> ., 

!!..g 
.91 

0 
3::.-
t!> 
3 S 

.89 0-

'" ., .. 
. 86 

.84 

..... 
2 

-------------------
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TABLE 9.4-3 
PARAMBTERS FOR COLlMN SPBCIMBNS 

Spec. R! RL 

1 1.057 .087 
2 1.057 .008 
3 1.122 .037 
4 1.000 .000 
5 1.122 .185 
6 1.131 .016 
7 1.228 .024 
8 1.131 .175 
9 1.123 .026 

10 1.212 .039 
11 1.000 .000 
12 1.000 .000 
13 1.000 .000 
14 1.055 .013 
15 1.000 .000 
16 1.150 .020 
17 1.272 .029 
18 1.146 .511 
19 1.246 .056 
20 1.146 .133 
21 1.148 .267 
22 1.266 .033 
23 1.266 .267 
24 1.148 .356 
25 1.000 .000 
26 1.147 .022 
27 1.140 .037 
28 1.144 .037 
29 1.000 .000 
30 1.000 .000 
31 1.147 .178 
21 1.157 .016 



'"'lo 
:T'" 
'" < '" 0-
'" 0 

TABLE 9.4-4 .. '" w . 3 
PARAMETERS AND RESULTS OF CALCULATroNS 0<1 '" ::! ::! 

0 
,.. 

ALL COLUMNS ..... 0 

~; -
SP. NO. RL R2 R4 R5 

o.c: 
RI I ::! 

'%J w. o .... 
1 1.057 .087 1.275 1.202 1.208 

.., W· 

3 '" 
2 1.057 .008 1.091 1.028 1.028 '" a. 
3 1.122 .037 1.038 .936 .939 a.> 

(/)'" 4 1.000 .000 .986 .986 .986 ,..'" 
5 1.222 .185 1.056 .952 .970 '" .., 

'" 0 
6 1.131 .016 1.160 1.026 1.028 -CD 

n 
7 1.228 .024 1.237 1.002 1.027 3::T 

'" 8 1.131 .175 .984 .869 .887 3 1i 
9 1.123 .026 .922 .829 .831 0-

'" 10 1.212 .039 1.077 .912 .917 
., .. 

11 1.000 .000 .763 .763 . 763 
12 1.000 .000 1.000 1.000 1.000 
13 1.000 .000 .980 .980 .980 
14 1.055 .013 .906 .859 . 860 
15 1.000 .000 1.155 1.155 1.155 
16 1.150 .020 1.138 .969 .971 
17 1.272 . 029 1.089 .846 .852 if 18 1.146 .511 1.105 .946 1.021 '< 
19 1.246 .056 1.095 .880 .890 '" 20 1.146 . 133 1.154 .988 1.007 ... 
21 1.148 .267 1.005 .858 .893 ... 
22 1.266 .033 1.342 1.052 1.059 ~ 

(X) 

23 1.266 .267 1.064 .834 .885 a> 

24 1.148 .356 1.027 .877 .925 
25 1.000 .000 .961 .961 .961 
26 1.147 .022 1.189 1.016 1.019 
27 1.140 .037 1.103 .956 .960 
28 1.144 .037 1.261 1.085 1.091 

"d 29 1.000 .000 1.066 1.066 1.066 CD 
30 1.000 .000 1.085 1.085 1.085 0<1 

'" 31 1.147 .178 1.112 .952 .977 ... 
32 1.157 . 016 1.150 . 966 .968 0 ... 

------------------.... 
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TABLE 9.4-5 
PARAMETERS AND RESULTS OF CALCULATIONS 

UNPERFORATED COLUMNS 

SP . NO. RI RL R2 R4 

4 1.000 .000 . 986 .986 
11 1.000 .000 .763 .763 
12 1.000 . 000 1.000 1.000 
13 1.000 . 000 .980 .980 
15 1.000 .000 1.155 1.155 
25 1.000 .000 .961 .961 
29 1.000 .000 1.066 1.066 
30 1.000 .000 1.085 1.085 

R5 

.986 

.763 
1.000 

. 980 
1.155 

.961 
1.066 
1.085 

'''It:;J 
:;1"1» 
I» < 

I» 
t:;JQ' 
~'tl 
~ · a 
III I» 
::J ::J 
o <> 
.... 0 .... 
~'" -Q.c:: 
I ::J 
;;'t:'.; ., ~. 

a I» 
I» Q. 
Q.;,. 
{/)'O 
,.'0 
I» ., 

~~ 
0 

3::;1" 
I» 
51 S 
r:r 
I» ., 
1m 

.... 
o 
01 
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TABLB 9.4-6 ~o 

II" 
PARAMETBRS AND RBSULTS OF CALCULATIONS ~. a 

0<1., 
;3 ;3 .. 

PBRFORATED COLUMNS 0 
"'0 

'" 
~'" -SP. NO. R! RL R2 R4 R5 Q.c: 
I ;3 

;;:'t;; 
1 1.057 .087 1.275 1.202 1.208 

., ~. 

9 co 
2 1.057 .008 1.091 1.028 1.028 .,0. 
3 1.122 .027 1.038 .936 .939 0.> 

CIl" 5 1.122 . 185 1.056 .952 .970 !D~ 6 1.131 .016 1.160 1.026 1.028 !!.i 
7 1.228 .024 1.237 1.022 1.027 0 

3::::r 8 1.131 .175 .984 .869 .887 co 
9 1.123 .026 .922 .829 . 831 9 S 

CT 
10 1.212 .039 1.077 .912 .917 co ., 
14 1.055 .013 .906 .859 .860 II 

16 1.150 .020 1.138 .969 .971 
17 1.272 .029 1.089 .846 .852 
18 1.146 .511 1.105 .946 .021 
19 1.246 .056 1.095 .880 .890 
20 1.146 .133 1.154 .988 1.007 
21 1.148 .267 1.005 .858 .893 3:: 
22 1.266 .033 1.342 1.052 1.059 '" '< 
23 1.266 .267 1.064 .834 .885 N 
24 1.148 .356 1.027 .877 .925 

.., 
26 1.147 .022 1.189 1.016 1.019 -ID 27 1.140 .037 1.103 .956 .960 CD 

0> 28 1.144 .037 1.261 1.085 1.091 
31 1.147 .178 1.112 .952 .977 
32 1.157 .016 1.150 .966 .968 

'0 
III 

0<1 
CD -0 
0> 

-------------------
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a. . 6 

. 4 
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2 4 6 8 
A 

Fig . 2 . 2-1 Plot of Eq . 2 . 2-1 and -2 
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a . Initial yield in compression 

h . Initial yield in tension 

c . Ultimate state with compression 
fla nge wIt < 190/~ 

Y 

d . Ultimate state with compression 
flange wIt > 190/~ 
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e . Ultimat e state wi t h an element 
where f < F 
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Fig. 2 . 2.1- 1 Subultimate behavior of stiffened compression elements 
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Graves-Smith (1969) 

1980 AISI Specification 

Thomasson (1978) 

2 

Fig. 2.2.1-2 Comparison of some subu1timate behavior predictions 
of stiffened compression elements 
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wIt· 50 

1. 3 

1.2 

1.1 

1.3 

'" 1. 2 

1.1 

.2 
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F • 65 ks! 
Y 

F • 65 ksi 
Y 

Page 111 

Fig . 2 . 2.1- 3 Ratio , R, of the effective widths 
accordi ng t o Eqs. 2 . 2 .1-4 through 
calculated according to Eq . 2 . 2-2 

calculated 
-6 to those 
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Fig . 2. 2.1-4 Possible design aids for webs 
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I 
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---- Eq. 2.2-1 (k&4) K=.95 

--- Ka1yanaraman K-.6 I 
I 

3 Peko? Winter (1972) 
-- Fully effective 

Test subu1tima te 

0 Test ultimate I 
I 
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Fig. 2.2.1- 5 Subu1timate behavior of beams with unstif fened flanges 
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Actual section 

Fig . 2.3-1 Web effective widths 
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Fig. 2. 3-2 Limiting values of A and wit above which the 
web is not fully effective 
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Fig. 2 . 4 . 1- 1 Values of Q-factor observed in tests and 
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according to the 1930 AlSI Specification 
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1. 0 1----.....,. 
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.8 

a . 6 

t#. 
"~~6a-~ Eq. 2. 4 . 1-1 

~O 0 
~O_ 

Eq . 2 . 2-2 
.4 

.2 

1 2 3 

Fig. 2.4 . 1-3 Some stub column test results on section8 
with unstiffened flanges 
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Fig . 4 . 2-1 Correlation of observed and calculaled failur .. IOllds for 
Section 5-1 with wIt - 57.2 
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Curve B - using Procedure (2) 
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of . 05" thickness 
Curve A - using Procedure 

results 
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Curve C - tq. 10-8 with n - 1/3 
Curve D - Eq . 10- 8 with n • 1/5 
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Fig. 10-4 Simulated stub column test results 16"xI6" square 
tube of .05" thickness 
Curve A - using Procedure (I) 
Curve C - Eq. 10-8 with n - 1/3 
Curve D - Eq. 10-8 with n - 1/5 
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Fig. 10-5 Simulated stub column test results 4"x4" 
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Curve A - using Procedure (1) 
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Fig. 10-6 Simulated stub column test results 8"x8" 
square tube of . 05" thickness 
Curve A - using Procedure (1) 
Curve E - Eq . 10-8 with n = A I A (Eq . 10-9) 

eu 

I 
Psge 180 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I~ 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

.... 
Development of a Unified Approach to 
The Design of (,,old-Pormed Steel Members May 27, 1986 

1 

.8 

::> .6 
0.. ..... 
0.. 

.4 

. 2 .4 

DID 
u 

.6 .8 

Fig. 10-7 Simulated stub column test results 16"x16" 
square tube of .05" thickness 
Curve A - using Procedure (1) 
Curve E - Eq . 10-8 with n = Aeu / A (Eq. 10-9) 
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Fig. 10-11 Simulated stub column test results 
4 "x4" square tube 
Curve A - wIt = SO 
Curve B - wIt = 100 
Curve C - wIt = 300 
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Fig. 10-27 Test no. 1 - 2 5/16 in square tube •. 048 in thick 
F - 67 . 6 ksi on flats 

Curv~ A - Measured in test 
Curve B - Calculated by Eqs . 10-8 and -9 
Curve C - Calculated by Eqs . 10-18 and -19 
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Fig . 10-27 drawn to a different scale 
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Fig . 10-29 Test no . 1 
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Fig. 10-30 Test no. 2 - 2 5/16 in square tube, .063 in 
thick, F a 67.5 ksi on flats 
Curve A l Measured in test 
Curve B - Calculated by Eqs . 10-8 and -9 
Curve C - Calculated by Eqs . 10-18 nnd -19 
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Fig. 10-31 Test no. 1 - 2 5/16 in square tube , 0 . 48 in thick 
Observed and calculated test results 
Curve A - Measured in test 
Curve B - Calculated according to Procedure (1) 
Curve C - Calculated according to Procedure (2) 
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Fig. 10-32 Test no. 1 
Fig. 10-31 drawn to a different scale 
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Fig. 10-33 Test no. 2 - 2 5/16 in square tube, .063 in thick 
Observed and calculated test results 
Curve A - Measured in test 
Curve B - Calculated according to Procedure (I) 
Curve C - Calculated according to Procedure (2) 
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Fig . 10-34 Test no . 2 
Fig. 10-33 drawn to a different scale 
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Fig . Al f:ypothl"tical perforation patterns and stub column 1ensth. It 
is as umed thal Lhe perforations shown are in the "eb of a 
C-S etion and lite width of the web is W. 
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