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Abstract:  Open cross-section, thin-walled, cold-formed steel columns have at least three competing buckling modes: local, distortiona
and Euler(i.e., flexural or flexural-torsionalbuckling. Closed-form prediction of the buckling stress in the local mode, including
interaction of the connected elements, and the distortional mode, including consideration of the elastic and geometric stiffness at tl
web/flange juncture, are provided and shown to agree well with numerical methods. Numerical analyses and experiments indica
postbuckling capacity in the distortional mode is lower than in the local mode. Current North American design specifications for
cold-formed steel columns ignore local buckling interaction and do not provide an explicit check for distortional buckling. Existing
experiments on cold-formed channel, zed, and rack columns indicate inconsistency and systematic error in current design methods «
provide validation for alternative methods. A new method is proposed for design that explicitly incorporates local, distortional and Eulel
buckling, does not require calculations of effective width and/or effective properties, gives reliable predictions devoid of systematic errol
and provides a means to introduce rational analysis for elastic buckling prediction into the design of thin-walled columns.
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Introduction an emphasis on distortional buckling can be found in Schafer
(2000.

Compared with conventional structural columns, the pronounced ~ Work in the last two decades has added much to our under-

role of instabilities complicates behavior and design of thin- Standing of thin-walled columns, but a consistent design method

walled columns. Elastic buckling analysis of open cross-section, that incorporates current knowledge is lacking. The combination

thin-walled columns typically reveal at least three buckling ©f more refined methods for local and distortional buckling pre-

modes: local, distortional, and Euler. Finite strip analysis of a diction, improved understanding of the postbuckling strength and

cold-formed steel lipped channel in pure compressiBiy. 1) imperfection sensitivity in distortional failures, and the relatively
shows that for practical member lengths all modes occur at large amount of available experimental data allow for a reassess-

stresses low enough that they must be considered in understand€nt Of existing design methods and development of new proce-
ing and predicting behavior. Therefore, in addition to usual con- QUre.s. ConS|ster)t integration of local, dIStON.:IOI’]aJ and Euler buck-
siderations for columns: material nonlinearig/g., yielding, im- ling into the design of thin-walled columns is needed.
perfections, residual stresses, etc., the individual role and
potential for interaction of buckling modes must also be consid- ) ) ) )
ered. Elastic Local, Distortional, and Euler Buckling

Characterizing local buckling and its contribution to the deg-
radation in strength of Euler buckling has dominated thin-walled Local Buckling Prediction
steel column research in one form or another since the 1940’s. As
a result, distortional buckling was often intentionally restricted in
research and ignored in design specifications. More recent wor
on high strength steel storage rack columns, which due to their
unique geometry and elevated yield stress exhibit distortional
buckling as a primary failure mode, lead to increased interest in
distortional column failure§Hancock et al. 1994 A complete

Closed-form prediction of local buckling is examined using two
kmethods: the element approach and a semiempirical interaction
approach. The element approach is the classic solution for buck-
ling of an isolated plate. For lipped channel and zed colutRits
2) with web depthh, flange widthb, and lip lengthd, the critical
local buckling stressf(,,) is

summary of the history of thin-walled steel column research with w2E t)2
(fcr/)web:km(ﬁ and k=4 1)
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Fig. 1. Finite strip analysis of drywall stud

local interaction may be ignored and each element assumed to

buckle independently; current design largely follows this ap-
proach(AISI 1996).
The semiempirical interaction approach accounts for local

buckling interaction in a single connected element. Expressions

for k are determined for both flange/lip local buckling and flange/
web local buckling by empirical close-fit solutions to finite strip
analysis results. The solutions feof Eg. (2)] including inter-
actions are

d\?2 d
kf|ange,|ip=—ll.07<6) +3.95(—)+4 (d/b<0.6) (4)

b

| o b 2 b 0.4

if 521, kﬂange/web:4 h 2- h ©)
| H h 0.
if B< 1, Krangeiwes= 4|2~ b ©

Local buckling of the entire membef {,) may be predicted by
taking the minimum of Eq(4) and the appropriate expression
from Eq. (5) or (6) and substituting into Eq2).

Distortional Buckling Prediction

Methods for closed-form prediction in the distortional mode in-
clude Desmond et a{1981) as employed in North American de-
sign specification$AlSI 1996), and Lau and HancocKl987) as
employed in Australian/New Zealand design practice. Closed-
form prediction of distortional buckling of beams is derived in
Schafer and Pelza(1999; extension of this method to columns is
completed here.

The rotational stiffnessk(,) at the juncture of the flange and

the web may be expressed as the summation of the elastic and

k¢:(k¢f+k¢w)e_(k¢f+k¢w)g (1)

Buckling ensues when the elastic stiffness at the web/flange junc-
ture is eroded by the geometric stiffness, i.e., when

ky=0 8)

If the stress dependent portion of the geometric stiffness is linear-
ized and written explicitly then the critical buckling stress for
distortional buckling .. may be found as

ko=Koret Kowe— f(Kprgt Kpwg) =0 (9)
Ky otk
<:rd:,‘,d)fe ~¢We (10)
Kptgt Kpwg

Expressions for the flange remain unchanged from that of the
previously derived work on beams, therefore,

w4 12 £
k¢fe=(f) Elt(Xo~ M9+ ECui—E 7 (X0~
™ 2
+(—) GJ; (11)
L
~ ™ 2 | f 2
k¢fg=(f) [Af <xo—hx>2(%) = 2yo(Xo—hy)
|
X %)+h§+y§ gty (12)

All expressions with the subscrift(l,;, I, J;, etc) refer to
section properties for the flange alone. Explicit expressions for all
quantities in Eqs(11) and(12) are provided in Schafer and Peko
(1999.

For columns, the web contributes rotational stiffness at both
ends(i.e., both flanges buckle in the distortional mode as shown
in Fig. 1) as opposed to the web of beams where rotation is only
considered at one er(de., only the compression flange buckles
The rotational stiffness contribution of the web at the web/flange
juncture is assumed equal at each end. The mechanical model
employed for the web is a single, simply supported, lower order,
plate bending, finite stripsee Cheung and Tafi998 for finite
strip derivation$ For the case where the lateral translation of the
web at the web/flange juncture is restrained, expressions simplify
greatly:

Et3
k¢We:6h(l—v2) (13)
- w\2th3
k¢wg: E E (14)

stress dependent geometric stiffness terms with contributionsconsidering the lateral translation of the web at the web/flange

from both the flange and the web:

b

R
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Fig. 2. Geometry of members

290 / JOURNAL OF STRUCTURAL ENGINEERING / MARCH 2002

juncture free leads to overly conservative predictions of the dis-

tortional buckling stress and is thus not detailed here.
Determination of the critical length for distortional buckling of

columns follows that of the previous derivation for beams, with

appropriate substitutions reflecting E¢s3) and(14). The result-

ing critical length is

6m*h(1—v?)
t3

|2
xyf

lys

1/4
(Xo_ hx)z

(15)

The elastic distortional buckling stres$.() is found by deter-
mining the critical length_, using Eq.(15), substitutingL =L,

Ixf(xo_ hx)2+ wa_

cr




Table 1. Summary of Member Geometry

h/b h/t b/t d/t
max min max min max min max min Count
Selected columns for elastic buckling study

C and Z—Schafer(1997 members 3.0 1.0 90 30 90 30 15.0 2.5 32
C—Commercial drywall studs 4.6 12 318 48 70 39 16.9 9.5 15
C—AISI Manual C's 7.8 0.9 232 20 66 15 13.8 3.2 73
Z—AISI| Manual Z's 4.2 1.7 199 32 55 18 20.3 5.1 50

Selected columns for experimental study
C—Loughlan(1979 5.0 16 322 91 80 30 33 11 33
C—Miller and Peka (1994 4.6 2.5 170 46 38 18 8 5 19
C—NMulligan (1983 2.9 1.0 207 93 93 64 16 14 13
C—Mulligan (1983 stub columns 3.9 0.7 353 65 100 33 22 7 24
C—Thomassor(1978 3.0 3.0 472 207 159 69 32 14 13
Z—Polyzois and Charnvarnichborikafth993 2.7 15 137 76 56 30 36 0 85

into Egs.(11)—(14) to determine the appropriate rotational stiff-
ness terms and then using EQ.0) to calculate the buckling

stress.

Euler Buckling Prediction

Closed-form predictions of the Euler buckling modes foaxis

(AISI 1996) are flawed or inapplicable and both Lau and Hancock
(1987 and the proposed methgHqs.(7)—(15)] work reasonably
well.
Local buckling prediction by the element model is only appro-
priate when the web depith) and flange width(b) are approxi-
mately equal fi=b). For lip lengths(d) in current practice, the
error in the element model is essentially independend aind

andy axis flexural buckling as well as flexural-torsional buckling
are given in current design specificatiof@sg., AlISI 1996. The
details of the prediction methods for doubly, singly, and point-
symmetric sections are presented in (2000.

only a function ofh/b. The accuracy of the semiempirical inter-
action model is greatest fdr/b ratios between 2 and 6.
Distortional buckling prediction by the proposed metligds.
(7)—(15)] has less variation, but is less conservative than Lau and
Hancock (1987. For members with slender webs and small
flanges the Lau and Hancodld987 approach conservatively

Accuracy of the closed-form methods for prediction of local and Converges to a buckling stress of z¢rmte, members with zero
distortional buckling is assessed via finite strip analysis. The ge- buckling stress are not included in the summary statistics of Table
ometry of the studied members is shown in Fig. 2, and summa- 2). However, for the same members, the proposed method con-
rized in Table 1. Results are given in Table 2. For local buckling Vverges to the expected solution: equal to or slightly above the web
prediction the semiempirical interaction modé&gs. (4)—(6)] is local buckling stress. The proposed method provides a more ac-
more accurate than the element modégs. (1)—(3)]. For curate treatment of the web’s contribution to the rotational stiff-
distor-tional buckling prediction current design specifications ness at the web/flange juncture.

Accuracy of Elastic Buckling Models

Table 2. Performance of Prediction Methods for Elastic Buckling

Local Distortional

(fcr)true (fcr)true (fcr)true (fcr)true (fcr)true
Average(stand. dey. (fer) element (fer)interact (fer) schafer (f ) Hancock (fedaisi
All data 1.34 0.13 1.03 (0.0 0.93 (0.0 0.96 (0.0 0.79 (0.33
Schafer(1997 members 1.16 (0.15 1.02 (0.08 0.92 (0.07 0.96 (0.06 1.09 (0.16
Commercial drywall studs 1.38 (0.09 1.07 (0.0 0.93 (0.02 1.00 (0.07 0.81 (0.26
AISI Manual C's 1.33 0.13 1.01 (0.07 0.93 (0.0 0.99 (0.03 0.81 (0.26
AISI Manual Z's 1.39 (0.03 1.04 (0.09 0.92 (0.03 0.92 (0.06 0.41 (0.18

Note: (f¢)wue=local or distortional buckling stress from finite strip analysis.
(f o) elemen= Minimum local buckling stress of the web, flange, and lip via Edjs-(3).
(fen)interace= Minimum local buckling stress using the semiempirical equati&us. (4)—(6)].
(f o) schate distortional buckling stress via Eq&7)—(15).
(f o) Hancoci= distortional buckling stress via Lau and Hancaqd87).
(fe) ais1=buckling stress for edge stiffened element via A($996 from Desmond1981).
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Ultimate Strength

Numerical Studies on Distortional Failures

o
®

Nonlinear finite element analysis of an isolated flange and lip,
compressed to failure, is reported in Schafer and P¢k699.
The ABAQUS model uses nine-node reduced integration shell
elements, elastic-plastic material with strain hardening, and im-
perfections and residual stresses as suggested in the modeling
guidelines for cold-formed steel by Schafer and Peki®983.
Failure mechanisms can be associated with either the local or
distortional mode through examination of the locations of plastic o
strain at failure. From this analysis it is concluded that: distor- o 05 1 15 2 25 3 35 4 45 5
tional failures have lower postbuckling capacity than local fail- distortional slendemess (Py/Pe;q)®
ures, distortional buckling may control the failure mechanism
even when the elastic distortional buckling strekgy| is higher
than the elastic local buckling stresk, (), and distortional fail-
ures have higher imperfection sensitivity.

Further finite elgment analy;es on lipped channel cqlumns are gy periments on Lipped Channel and Zed Columns
conducted to examine the applicability of these conclusions to full
members. The geometry of the selected members is summarized© evaluate existing and proposed methods for the design of cold-
as the Schafef1997 members in Table 1. The length of the formed steel columns experimental data on lipped channel and
members is selected as two to three times the half-wavelength ofZ€d columns are gathere@homasson 1978; Loughlan 1979;
the distortional mode. Other modeling assumptions are similar to Mulligan 1983; Peka 1987; Polyzois and Charnvarnichborikarn
those cited for the previous analysis. The above conclusions arel993; Miller and Peks 1994. Only unperforated lipped channel
supported; except that reduction of the postbuckling capacity for @d zed sections, with 90° edge stiffeners, tested in a pin-pin
distortional failures is less in the members than observed in mod-configuration are selected. The geometry of the tested sections is
els of the isolated flange and lip. summar_ized in Table_l. The tests on Iippgd channels by Miller

Implications of these findings for design include: the distor- and Peka (1994 and lipped zeds by Polyzois and Charnvarnich-
tional mode requires a more conservative colustrength curve borikarn (1993 are not part of the experimental database used to
than the local mode, lowsb factors may be needed to account calibrate the existing cold-formed steel specificatiéihS| 1996)

for heightened imperfection sensitivity, and since elastic buckling an(_j”t]herefo_lreb?rowde an mtdeI%er;dentl_checé(. h | ¢
is not a direct indicator of the final failure mode—complications € available experimental data on lipped channels represent a

may arise in correct prediction of the actual failure mode. v_vide variety of sections: slender webs, sl_ender flanges, and rela-
tively long lips are all included. However, in 95 out of 102 mem-
bers, h/b is greater than 1.6. Therefore, in most members the
Experimenta/ Studies on Distortional Failures of Rack local bUCk”ng stress is lower than the distortional buckling stress
Columns due to the high slenderness of the wiebly members with small
lip length are an exception For the lipped zed columnk/b
The most extensive experimental work on the strength of cold- ratios are similar to those of the lipped channels—thus this data
formed steel columns failing in the distortional mode is from the suffers from the same limitations. However, the researchers spe-

g
(=)

strength (R,/Py)

I
'S
T

Fig. 3. Ultimate strength of columns failing in distortional buckling
(Univ. of Sydney tesis

University of Sydney: Lau and Hanco¢k987, Kwon and Han- cifically investigated the case of small, or no edge stiffening lip.
cock (1992, Hancock et al(1996. Compression tests were con- For short lip length(small d) distortional buckling may control
ducted on(a) lipped channels(b) rack column uprights(c) rack failure, even when thi/b ratio is high. For typical rack columns
column uprights with additional outward edge stiffenéds,hats, or other sections approaching a more square configuratiim (

and (e) lipped channels with a web stiffener as shown in Fig. 3. =1) available data is incomplete, but University of Sydney tests
The column curve fit to the distortional buckling failures may be on high strength steel members provides an indication of strength

expressed as (see Fig. 3
Pna Perd 06 Perd 06 . . . .
B = ( 1-0.2 P B where Experiments on Lipped Channels with Web Stiffeners
Thomassor1978 tested a series of cold-formed columns with up
P ) to two stiffeners in the web, with geometry as shown in Fig. 4 and
Np,, ~0561 otherwisePns=P (18)  summarized in Table 3The members without intermediate web

stiffeners are included in the group of experimental data on lipped
whereP,4=nominal capacity in distortional buckling?=squash channels of the previous sectipihomasson investigated chan-
load (P=P,=A4f,) when interaction with other modes is not nels with slender webs, flanges, and lips—thickness was as low as
considered, otherwisB=A4f, wheref is the limiting stress of a ~ 0.63 mm(0.025 in). Fig. 4 shows the attachments Thomasson
mode that may interact with distortional buckling;=critical made to the lips of the channels with intermediate web stiffeners.
elastic distortional buckling loadAyf ). Fig. 3 provides strong ~ When Thomasson initially tested the specimens with an interme-
evidence that if failure is known to occur in the distortional mode, diate stiffener they buckled in a distortional mode:
then the elastic distortional buckling logstres$ may be used to “The provision of one or two stiffeners in the wide flange
directly predict the ultimate strength. [the wel confers on the panel both an elevated load bear-
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b R S For a given mode, the elastic buckling calculations may be
— 14d 1 S organized into two groupgl) element methods, e.g., Eq4)—
“ K (3) for local buckling or(2) member methods, which include
di"-, K closed-form expressionke.g., Eqgs.(4)—(6) for local buckling,
" > , > Egs. (7)—(15) for distortional buckling and numerical methods
. . (e.g., finite strip analysis or finite element analysis
: s Ultimate strength calculation generally includes one of two
b S . ban basic approaches: effective width or column curve/“direct
J ] 34 strength” methods. Effective width uses empirical expressions to
determine the portion of an element which is effective in resisting
the load at the full applied stregan element is a part of a mem-
(a) b) (c) ber: i.e., the flange, web, lip, etc.For example, the effective
width method, for an element of width commonly implemented
Fig. 4. Geometry of lipped channels tested by Thomas&®v8, in design specifications is
with distortional buckling mode observed in initial testing with web
stiffener in place(b) and mode observed after addition of flat bars Dest for fers
connecting lip stiffenersgc) F=(l—0.22 T)( T) where
| f .
ing capacity and an elevated stiffness. The consequences of T >0.673, otherwisebz=b a7)
improving the stiffness of the wide flange were not entirely o
favorabk . .. . Inorder that the improved properties of the where b s=effective width of an element with gross width

wide flange may be utilized, steps must be taken to prevent  f=yield stress {=f,) when interaction with other modes is not
the occurrence of the torsional mode. By connecting the  considered, otherwidds the limiting stress of a mode interacting

narrow flanges of the panels by means ok3mm flats at with local buckling; ., =critical elastic local buckling stress.
300 mm centers, the symmetrical torsion m&ey. 4(b)] Column curve, or “direct strength” methods use gross proper-
was eliminated. This measure does not prevent the occur-  ties of a member to determine the reduced strength of a column in
rence of the antisymmetrical mogléig. 4(c)].” Thomasson a given mode due to buckling and/or yielding. Column curves
(1978 have been typically applied to Euler buckling modes such as
Partial or complete restriction of the distortional buckling mode in ,
experiments is common in much of the earlier column research. Pre=Agf, for Ac<1.5, fn=(0.658\c)fy
This unique experimental data is used to help gauge the adequacy
of extending proposed design procedures to members with inter- for N.>15 f :(0-877)f (18)
mediate stiffeners, and those where bracing eliminates one mode, e g y

Fig. 4(b), but allows another, Fig.(4).
where P, .=nominal capacity in Euler(flexural, or flexural-

torsiona) buckling; A= Jf,/fe, and fo=Euler buckling stress
Column Design Methods (minimum of flexural and flexural-torsional modes, with appro-

priate braced lengths, efcf, =yield stress. Direct strength meth-
Current thin-walled column design requires identification of the 0ds are the extension of column curves to other modes such as

failure mode/mechanism of intere@.g., local buckling deter- local and distortional buckling, e.g., EQLE) is a direct strength
mination of elastic buckling characteristics for that maeeg., ~ Solution for distortional buckling. Based on existing work for
fe,), and finally calculation of ultimate strength using empirical beams(Schafer and Pelzo1998D, the following form is sug-
expressions that are a function of material behatéog., f,) and gested for local buckling of columns:
the elastic buckling behaviofe.g., f.,/). The failure modes)/ p P \04/p 04
mechanisrts) of potential interest for a thin-walled lipped chan- v 1_0_15( i ( W) where
nel or zed column include: local, distortional, and Euler buckling, P P P
as well as local interaction with distortional, local interaction with
Euler, a_nd di_stortional interac_tion With Euler, and all three modes: </ >0.776, otherwiseP,, =P (19)
local, distortional, and Euler interacting. Per
Table 3. Summary of Geometry of Lipped Channels Tested by Thomagk®r
h/b h/t b/t d/t
max min max min max min max min count
Thomassor(1978 3.1 3.0 489 205 160 68 33 14 46
d; /d h'/t
max min max min count
no intermediate web stiffeners — — — — 14
one intermediate web stiffener 0.94 0.39 222 91 16
two intermediate web stiffeners 0.94 0.47 145 57 16
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where P, ,=nominal capacity in local bucklingP=squash load
(P=Py=A4f,) when interaction with other modes is not consid-
ered, otherwisePzAgf, wheref=limiting stress of a mode that
may interact with distortional buckling® ., =critical elastic local the same effective width expression used in A($996 can be
buckling load A4f,,). used for local and distortional modes. Schaf2®00 provides

Effective width and direct strength design methods are as- complete design examples for all of the considered methods.
sessed using the experimental data. Three different assumptions

* This method uses a close-fit approximation to Ebg), by
reducingf 4 in @ manner such thdi.; using Eq.(17) is the same
as that if Eq.(16) had been used directly—this is done such that

on the level of interaction between lodal), distortional(D), and
Euler (E) modes are considered. Methods “B#” considet E

interaction but D is assumed not to interact with other modes.
Methods “C#” assume H-E and D+E interaction. Methods

“D#"” assume L+ D interaction and B-E, and D+ E interaction.

Performance of Design Methods

The performance of the design methods is primarily assessed by
comparison to the gathered experimental data on lipped channels

Simultaneous & D+ E interaction is not considered in any of the  ang zed columns and is summarized in Table 4. The University of
methods. For example, interaction with Euler buckling is com- Sydney experimentéFig. 3 and the Thomassofl978 experi-

pleted by limitingf used in Eqs(16), (17), or (19) to f, of Eq.

ments with intermediate web stiffeners are only considered in

(18). With this approach individual modes are not, and need not yeference to methods B3 and C3.

be, considered separately if interaction in that mode is already

considered. Details of the eleven considered methods are:
Al: Current practicdAlSI 1996)
L+E: P, =Af,, Ac=tZbek, by per Eq.(17), T, per AlSI
(1996, f=f, via Eq.(18)
A2: Current practice with a distortional check
L+E: P,, same as Al
D: P,q Vvia Eq.(16)* with f.4 per Eqs.(7)—(15) andf=f,
B1: Effective width with L+ E and D interactions considered
L+E: P, =A.f,, Ac=tZbes, bes per Eq.(17), f,, per Egs.
(1)-(3), =1, via Eq. (18
D: P,y same as A2
B2: Direct strengththand with L+ E and D interactions
L+E: P,, per Eq.(19 with f, per Egs.(4)—(6) andf=f,
via Eq. (18)
D: Pnq via Eq. (16) with f 4 per Egs.(7)—(15) andf=f,
B3: Direct strengthinumerig with L+E and D interactions
L+E: P,, per Eq.(19) with f,, per finite strip and =f, via
Eq. (18
D: Pnq via Eq. (16) with f.q4 per finite strip and=f,
C1: Effective width with L+E and D+ E interactions
L+E: P,, same as Bl
D+E: P,4 via Eqg. (16)* with f 4 per Egs.(7)—(15 and
f=f, via Eq.(18)
C2: Direct strengththand with L+ E and D+ E interactions
L+E: P,, same as B2
D+E: P,q via Eq. (16) with f.4 per Egs.(7)—(15 and f
=f, via Eq. (19
C3: Direct strengthinumerig with L+E and D+ E interactions
L+E: P,, same as B3
D+E: P,q via Eq.(16) with f.q per finite strip and =f, via
Eq. (18
D1: Effective width with L+D, L+E, and D+ E interactions
L+D: P, =Acf,, Ac=tZbes, bes per Eq.(17), f,, per Egs.
(1D—(3), f=P,q/A4 via Eq. (16)
L+E:P,, same as C1
D+E: P,y same as C1
D2: Direct strength(hand with L+D, L+E, and D+E
L+D: P,, per Eg. (19 with f,,  per Egs.(4)—(6) and
f=P,q/Aq via Eq.(16), f.q per Egs.(7)—(15)
L+E: P,, same as C2
D+E: P,4 same as C2
D3: Direct strength(numerig with L+D, L+E, and D+E
L+D: P, per Eq.(19), f,, per finite strip and = P,,4/Aq via
Eq. (16), f.q per finite strip
L+E: P,, same as C3
D+E: P,q same as C3
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Current Practice (A1)

Current design specification@ISI 1996) employ an element
based effective width approach to accommodate local buckling.
Interaction with Euler buckling is handled by limiting the maxi-
mum stress in the effective width determinatidnn Eq. (17)] to

the nominal Euler buckling streq4$,, in Eqg. (18)] Local web/
flange interaction is ignored, distortional buckling is not explicitly
considered, nor is interaction between distortional buckling and
other modes considered.

For common lipped channels and zeds average performance is
6% unconservative. Lack of an explicit treatment for distortional
buckling does not introduce significant error for common mem-
bers. However, ignoring local web/flange interaction results in
systematic error. Members with high web slendernégs) (con-
sistently give unconservative predictions. Members with Higth
and h/b also suffer from systematically unconservative predic-
tions. For local buckling in element approaches, as used in current
design(as well as methods B1, C1, and Dio matter how slen-
der the web becomes it has no effect on the solution for the
flange.

The experimental data on zed sections further highlights these
issues, and also demonstrates additional difficulties with empiri-
cal expressions in current use. Considering Fig. 5, for small lip
length (d), when distortional buckling controls, predictions are
adequate. However, for intermediate as behavior transitions
from distortional to local buckling, predictions may be signifi-
cantly unconservativée.g.,d~20 in Fig. 5 due to ignoring local
web/flange interaction. Finally, for largd predicted strength is
overly conservative—and generally follows the opposite trend of
the tests. The empirical correction from Desmond et #9281
used in current design to account for local flange/lip interaction is
not supported by this data. While “on average” current methods
may be adequate, systematic errors exist and can be rectified.

Current Practice with Addition of Distortional Check
(A2)

For common members the addition of a separate distortional
buckling check to current methods does not significantly benefit
prediction. Errors for common lipped channel and zed members
relate primarily to local web/flange interaction. However, rack
sections, sections with intermediate web stiffeners, high strength
steel members, and other shapes more prone to distortional buck-
ling do require accurate design methods. These members would
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. Fig. 6. Method B3: slenderness versus strength for lipped channel
Fig. 5. Performance of method A1 and Bl for sample of zed and zed columns

columns

racy of the methodover methods Al, A2, and Bbccurs due to
benefit from the inclusion of distortional buckling into current improvements in the local buckling prediction. Again using the
specification methods, even this simple additional check. zed column data as an example, the local buckling curves for
direct strength methods B2 or BBig. 7) can be compared with
Alternative Effective Width Method (B1) the element basgd meth'od Bl or AHig. 5) to dempnstrate that
local web/flange interaction is the key difference in the methods.
Current design specifications use an element based effectiveExamination of the data with respecthét, h/t-h/b, and distor-
width method for determining strength. However, buckling pre- tional slenderness, as well as other variables reveals no systematic
dictions are not always based on simple element methioels error. The direct strength method postulates that if elastic critical
Egs.(1)—(3)], but rather on empirical corrections to these expres- buckling loads in the local and distortional mode are known this
sions that include certain aspects of local buckling interaction and information is enough to determine the member strength—for this
distortional buckling. If distortional buckling is treated separately data, the notion appears validated.
from local buckling then many of these empirical corrections can
be removed qnd S|m_ple e>.(preSS|c[|Es13:(1.)—(3)]. may pe used Overall Methods Considering Distortional and Euler
for local buckling. This basic approach is investigated in methods .
o : - X Interaction (C1, C2, C3)
B1, C1, and D1—considering various levels of interaction among
the modes. Design methods C1, C2, and C3 are nearly identical to their coun-
Method B1 employs a separate check for distortional buckling terparts; methods B1, B2, and B3, respectively, except that in the
and considers local and Euler buckling interaction. The predicted strength calculation for distortional buckling interaction with
strength,(e.g), in Fig. 5 for a series of lipped zed column tests, is Euler buckling is considered. For the lipped channel and zed sec-
the minimum of the distortional buckling curve and the local tions little overall difference occurs when distortional and Euler
buckling curve. Strength in the distortional mode is well pre-
dicted, but strength in the local mode still suffers from systematic
error due to ignoring web/flange interaction. Method B1 provides
a reasonable upper bound solution and works as well as existing
design method€A1l), peculiarities of the strength prediction as lip
length is increased are removed, and explicit separation of local 100
and distortional modes is more consistent with observed behavior.

120

L=610mm

so} %

Direct Strength Method (B2 and B3) .
2

The direct strength methods are based on the use of separate - g « experiment

strength (column curves for local and distortional buckling. 4 b {*“ﬂslgg%)

Method B2 relies on closed-form hand methods for predicting the a0 .. distortnal by B3 |1

local and distortional buckling strefggs.(4)—(6) and(7)—(15)], % B3

while method B3 uses numerical methodisite strip analysis 20b h~200mm | 20 h~ 200 mm
for the elastic buckling prediction. Otherwise the two methods are b~ 75 mm b~ 75 mm
the same. For lipped channel and zed section data the perfor- t=1.5mm t=15mm
mance of the strength curves is shown as slenderness vs. strength 00 20 20 60 °0 20 40 60
in Fig. 6 and summarized in Table 4. The method performs well, d (mm) d (mm)

and given typical scatter in column data, appears to be a good

predictor over a wide range of slenderness. The increased accu- Fig. 7. Performance of method B3 for sample of zed columns
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lations to the inelastic distortional buckling stress. The methods
perform poorly. In the majority of cases local plus distortional
interaction is identified as the controlling limit state, but predicted
strengths are overly conservative. Interaction may still exist be-
tween these two modes, but in the available data, local and dis-
tortional interaction does not appear significant. Based on this
finding it is recommended that local and distortional interaction
be ignored for routine design. One cautionary note, other mem-
bers may indicate interaction between these two modes, e.g., lim-
ited evidence exists showing that for perforated rack columns that
local and distortional modes may interg&aldassino and Han-
cock 1999.

local buckling controlled b
distortional buckling controtied

o
o -
.

strength (P /P,_)

o
@

s : . . p ” Discussion

slendemess of controlling mode (P, /P_,,)°S or (P, /P )*$

) ) Reliability

Fig. 8. Method C3: slenderness versus strength for all available col-

umn data(channels, zeds, channels with intermediate web stiffeners,
racks, racks with compound lips

The reliability of the examined design methods is assessed by
calculating the resistance fact@y) for a reliability (8) of 2.5 via

the guidelines of Sed- in AISI (1996. Variability is relatively
high, and the resultingb factors are approximately consistent
with current practice ofh =0.85. AISI (1996, method Al, has a

interaction is considered. Local buckling predictions are un-
changed and distortional buckling predictions are slightly more é of 0.82, the effective width methods B1 and C1 hape
conservative. Interaction of distortional buckling with Euler buck-  —( g1, the closed-forrthand direct strength methods B2 and C2
ling cannot be definitively recognized nor rejected on this basis. haved =0.86, and the numerical direct strength methods B3 and

For members with short lip lengttsmall d) distortional and 3 haved = 0.84. If local and distortional buckling are treated as
Euler interaction seems plausible: deformations and wavelengthsyigferent limit states then two differerts factors may be consid-

of the distortional mode are similar to the local mode, which is ered. Experimental data suggests lowefactors for local buck-

known to interact with Euler buckling in pin-ended columns.
However, for members with largé or with intermediate stiffen-

ers or other modifications that cause the wavelength in the distor-

tional mode to be significantly longer than the local mode; inter-

ling than distortional buckling; however, this does not reflect vari-
ability in the data(Table 4 shows the variability in the two

methods is generally about the same—if not a little higher for
distortional failure modesbut rather differences in the mean test

action with Euler buckling seems less plausible. For example, the y yregicted ratios for the two modes. Although numerical studies
experimental data on channels with intermediate stiffeners andgqqest distortional failures have a greater imperfection sensitiv-
racks with large compound lif&ig. 3 successfully ignores Euler i "an thus lowerd factors are needed, available experimental

interaction. Nonetheless, including Euler interaction in the distor- j5i4 does not currently justify such a change. Continued use of

tional _buckllng calculation is cor_lservanve and does no_t further &~ 0.85 appears appropriate for cold-formed steel columns.
complicate the procedure, since it must already be considered for

the local mode.
Restriction of Distortional Mode

Direct Strength Considering Distortional and Euler

. In considering local, distortional, and Euler buckling a factor not
Interaction (C3) g g

explicitly discussed is the restriction of the distortional mode
The performance of the direct strength meti@8) for the lipped through bracing or other means. In common applications local
channel and zed column data as well as the Thoma&k@rg buckling cannot be significantly restricted because it occurs at
data with web stiffeners and the Univ. of Sydney data is shown in short wavelengths. Consideration of braced length is primarily a
Fig. 8. Test to predicted ratios for the channel and zed sections aredetermination of Euler buckling. However, little work has been
given in Table 4. For Thomasson's data, with 1 and 2 web stiff- completed on the effect of restriction of the distortional mode. In
eners and an attached bar restricting the symmetrical distortionalmany cases, attachments to other memiferg., sheathing as
mode, the average test to predicted ratio is 0.94 with a standardwell as discrete braces may hinder the distortional mode and thus
deviation of 0.13, for the University of Sydney data the test to increase the strength.

predicted ratio is 1.01 with a standard deviation of 0.07. Though  Restriction of distortional buckling in Thomasson'’s teststh
scatter certainly exists, the direct strength approach is viable as &ars connecting the flangesas modeled by using the highyq
general method for prediction of the strength of cold-formed steel from antisymmetric distortional bucklingFig. 4(c)] instead of
columns in local, or distortional buckling with consideration of symmetric distortional bucklingFig. 4(b)]. General guidance on
interaction with Euler buckling. including bracing or other attachments that restrict the distortional
mode is lacking. For discrete braces the best current practice is to
compare the unbraced length () with the half-wavelength of

; the modd L, of Eq. (15)]. If L,<L it may be used in place of
Interaction (D1, b2, D3) L in Egs.(11)—(14). Alternatively numerical analysis consider-
The “D” methods (D1, D2, and D3 allow local and distortional ing the bracing itself, or performed at the unbraced length di-
interaction by setting the limiting stress for local buckling calcu- rectly, may be completed. The bracing should restrict rotation of

Methods Considering Local and Distortional
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the flange and cause the distortional buckling wave to occur buckling[Eq. (19)] and distortional bucklingEqg. (16)], with the
within the unbraced segment. slenderness and maximum capacity in each mode controlled by
consideration of Euler buckling. (18)]. The method considers
all the buckling modes in a consistent manner, does not require
effective width calculations, and demonstrates that numerical
Two methods are recommended for thin-walled column design: elastic buckling solutionge.g., finite strip may be used as the
C1 and C2/C3. If current design practice continues with element key input to determining the strength of a large variety of thin-
based effective width procedures then method C1 provides thewalled compression members.
best alternative to current practice. C1 removes complicated em-
pirical expressions for local buckling and replaces them with
simple formulas[Egs. (1)—(3)] and adds an explicit check on Acknowledgments
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