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Abstract

This work reports the results of a numerical ingesibn on the influence of the cross-section gegme
and end support conditions on the post-bucklingiiehand Direct Strength Method (DSM) design of
cold-formed steel lipped channel and rack-sectmanens buckling and failing in distortional modes.
The columns analyzed exhibit (i) four end supporiditions, (ii) different cross-section dimensiamns
lengths, and (iii) several yield stresses. Theaeackeristics were carefully selected in ordemntuee, as
much as possible, that all the columns (i) buckk fail in “pure” distortional modes and (ii) cover
wide (distortional) slenderness range. The postimgcequilibrium paths and ultimate loads presgnte
and discussed in the paper were obtained througlvelastic and elastic-plastic shell finite element
analyses. Moreover, the ultimate strength datair@chiare used to show that, regardless of the aolum
geometry, the current DSM distortional design cusveot able to predict adequately (safely and
accurately) the ultimate loads of columns with othan fixed end supports. The paper also inclades
preliminary assessment/proposal of the modificatibat must be incorporated into this DSM design
curve in order to overcome the above limitation.

1. Introduction

Advances in fabrication versatility and low prodantcosts have prompted the cold-formed steel
industry to search for novel cross-section shdpsate structurally more efficient (higher stréwigt-
weight ratios), even if this goal is achieved & #&xpense of geometrical simplicity. Indeed, the
new profiles often exhibit a quite complex geomeimthe sense that they contain a large number of
walls, including end and/or intermediate stiffen€sae immediate consequence of this trend was
the growing inadequacy of the methods traditioradhployed to design and safety check cold-formed
steel members prone to cross-section in-plane rdefan, which are based on the well-known and
widely accepted “effective width” concept. In padiar, this method is not well suited to handle
distortional buckling, an increasingly relevantatuslity phenomenon (i) involving a specific type o
cross-section in-plane deformation, stemming fieapresence of (insufficiently stiff) end stiffemeaind

(i) frequently governing the structural responsd failure of members with intermediate lengths. In
order to overcome the above difficulties, Schafé?ekdz (1998) proposed the Direct Strength Method
(DSM), which is based on an original idea develdpeHancoclet al.(1994) and was later considerably
improved,mostlydueto Schafer'sfforts (2000, 2003, 2005, 2008Becausaf its simplicity (it does not
require any effective width calculations), ratiotyafincorporates the buckling behavior of the weéhol
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cross-sectionandefficiency (provides safe and accurate ultimatensjth estimates, on the basis of
buckling and yield stressesthe former can now be readily calculated by medmessily accessible
and user-friendly numerical tools), the DSM habeeincreasingly popular worldwide. Therefores it i
just logicalthatthe DSM hasalreadybeenincludedin the currentversionsof the North American(AlSI
2007), Australian/New Zealander (AS/NZS 2005) arazBian (ABNT 2010) Specifications for cold-
formed steel structures. It comprises separatkstag@inst column and beam (i) global, (i) digbol
and (iii) interactive local/global failures, almagdivays through “Winter-type” design curves/expmss
—this work deals exclusively with the DSM desigmaagt column distortional failure.

1.1 Motivation, Objective and Scope of this Work

In the course of a numerical investigation on tkdional post-buckling behavior and ultimatesgth

of pinned (simply supported) and fixed lipped cle&ramd rack-section columns under fire conditions,
the authors (Landesmann & Camotim 2010a,b, 20tt)dentally” found that, for the particular column
geometries considered, the accuracy of the ultifoateestimates (at room temperature) yielded &y th
DSM distortional design curve/expressions is giifferent for pinned and fixed columns. Indeed, lgvhi
the latter were predicted quite accurately, thenfarwere clearly overestimated, particularly in the
intermediate and high slenderness rarigeis surprising finding provided the motivatia the present
paper, which aims at further investigating whethercolumn end support conditions influence thetgaf
and accuracy of the ultimate load estimates prdvigehe DSM distortional design curve/expressions.

The objective of this work is two-fold. Initiallypne presents and discusses the results of a pa@amet
studyonthepost-bucklingandultimatestrengthbehaviorf lipped channel and rack-section cold-formed
steel columns with various combinations of geometny yield stress (elastic-perfectly plastic materi
law), and four end support conditions (fixed, pithfized, pinned and fixed-free columns}these
(numerical) results are obtained from geometricalig materially non-linear shell finite elementligses
carried out in Aisys (2004). The knowledge and “exact” ultimate strardsta acquired in the above
parametric study are then used to assess thetitjudlthe corresponding DSM distortional failucad
estimates. Finally, some conclusions and recomrtiendare drawn from the comparison between the
whole sets of numerical (“exact”) distortional oitite loads and their DSM estimates.

As mentioned before, the scope of the parametrity starried out comprises lipped channel and rack-
section columns with (i) fixed (F), pinned-fixed-i, pinned (P) and fixed-free (F-F) end suppdiis,

a large variety of geometries (cross-section dimeasnd length), all carefully selected to enSouee”
distortional failures, (iii) a wide range distortal slenderness values (stemming from differendyie
stresses) and (iv) critical-mode (distortional) getrical imperfections with small amplitud@d®9% of

the wall thicknes$) — no residual tresses were included in the shdtéfelement analyses.

1.2 Outline of the Paper

The main body of the work carried out is presemtédle next four sections of the paper. In ordenadie

the issues addressed and their presentation &aaigprehend, the objectives and contents of elach o
these sections are briefly described and linkedvel

3 At this stage, it is worth noting that the calilmatand validation of the DSM distortional desigmve/expressions involved
almost exclusively columns with rigid plates atetho their end cross-sections. Although Schafii0(22005) mentions that
“they were tested in the pin-pin condition”, thistement is related to the column gldbethavior (the rigid plates usually rest
on spherical hinges, knife edges or wegess far as the distortionlaéhavior is concerned, the columns are fixed.ddde
it is not easy to test columns with other thandirad supportse(g, simply supported columns) that fail in distortibn
modes- it is extremely difficult to ensure that the coluend sections are able to warp freely.



() Section 2 is devoted to the column geometmcsieh, achieved by means of sequences of “tridd-an
error” buckling analyses. It aims at identifyinguron cross-section dimensions and lengths leading
to, as much as possible, “pure” distortional faguand also fulfilling some additional requirements

(i) Section 3 begins by briefly addressing thellditgte element model employed to perform the
geometrically and materially non-linear analysésy avhich the numerical results concerning the
column distortional post-buckling behavior andrsith are presented and discussed. The elastic and
elastic-plastic equilibrium paths are addressedraggly and the work focuses on the influence of
the column geometry and (mostly) end support ciamgditon the distortional post-critical strength.

(iif) Section 4 displays the ultimate strength dagdded by the parametric study and interpretsitire
light of the post-buckling features previously ulege Moreover, the trends of the numerical ultenat
loads are compared with some experimental valpestegl in the literature.

(iv) Section 5 addresses the influence of the coland support conditions on their DSM design agains
distortional failure (the columns exhibiting otleeflapse modes are identified an excluded from this
study). The comparison between the numerical apdrarental ultimate load values and their
estimates provided by the current DSM design cexgeéssions makes it possible )ito assess
how the “quality” of the latter is influenced byetlend support conditions and alsg)(te propose
preliminary (“simplistic”) modifications/adjustmento take into account that influence.

2. Column Geometry Selection — Buckling Behavior

The first step in this work consisted of carefsiyfecting the cross-section dimensions and legthe
lipped channel and rack-section columns to be aedlywhich exhibit four different end support
conditions. At this stage, it is worth mentionihgttthe words “fixed”, “pinned” and “free” concetime
local and global displacements (including warpegg rotations- e.g, a pinned end support has (i) null
in-plane local displacements, global displacemantstorsional rotations, and (ii) free local/global
rotations and warping displacements. The selegfonedure involved “trial-and-error” buckling
analyses, performed with either Generalized Beago{GBT) (code 6ruL — Bebiancet al.2008a,b)
or shell finite element analysesNgvs), aimed at satisfying the following requirements:

() Columns buckling in “pure” distortional modesthas much as possible, also exhibiting distation
collapses. This goal is achieved by ensuring, atras possible, that the critical buckling stra$s (
is clearlydistortionaland(i,) falls considerablypelowthelowest local and global bifurcation stresses.

(i) Cross-section dimensions that are commonly ws®l involve different wall width proportions,
namely web-to-flange width ratios. This requiremsimtended to enable the assessment of whether
such width proportions have a meaningful influemrcéhe column distortional post-critical strength.

(iif) Cross-section dimensions associated with &jutistortional failures for the four end support
conditions dealt with here (only the lengths affeidint). Although fulfilling this requirement is/b
no means essential, it makes the performance gfarametric study obviously easier.

Fortunately, it was possible to fulfill all the algorequirements and the end product of the “trmial-a
error” selection procedure are the seven crosesabtnensions4 lipped channels arfirack-sections)
givenin Tablel — note that the web-to-flange width ratio rangemffio0 to 2.0 (lipped channels) and
from 1.0to 1.67 (rack-sectionsOntheotherhand,Table2 providesfor each cross-section dimension,
the corresponding four sets (one for each end suppadition) of (i) a length associated with catli
distortional buckling (), (ii) the corresponding critical (distortionaljdkling load Pcp) and lowest
local (Py1.1) and global®,; 9 bifurcation loads, obtained witb=210GPa(Young's modulus) and=0.3
(Poisson’s ratio), and (iii) the ratios betweerséthree loads, indicating how far apart they are.



Table 1: Selected column cross-section dimensions.

Cross-sectiol by b, bs b, t Area
(mm) (mm) (mm) (mm) (mm) (cm)
C75 75 75 10 - 2 4.9 — b
C100 100 50 10 - 3 6.6 53
C120 120 75 10 - 2.5 7.3 '
C130 130 100 12.5 - 2 7.1 b &b‘H
R75 75 55 15 20 2 5.1 T
R100 100 100 20 20 3 11.4
R135 134.7 80.8 24.2 47.1 2.3 10.1
Table 2: Selected column lengths and critical/bifurcation loads.
Fixed (F) Pinned-Fixed (P-F) Pinned (P) Fixed-Free (F-F)

Column Lp Pg Pi. PR Lp Pg Pi P Lp Pg Pii P Lp Per Ri. PR
(Cm) (kN) I:3:r.D I:z:r.D (Cm) (kN) I:)cr.D I:z:r.D (Cm) (kN) Pcr.D I:3:r.D (Cm) (kN) I:3:r.D Pcr.D

C75 45 212 1.37 12.87 55 147 195 6.40f 39 128221 7.11f 20 84 253 104
C100 85 473 1.37 3.11} 45 494129 537 25 447142 93| 18 257171 7.9
C120 88 244 134 9.29] 90 218149 5.13| 38 201160 151 25 125181 14.0
C130 | 132 136 1.21 9.01| 120117 1.38 6.49| 60 1101.44 1344 40 62 1.88 13.40
R75 85 295131 394 60 241152 4095 50 193188 4.35| 30 1291.98 4.53
R100 | 110 702 1.32 3.92| 95 540167 350 80 4362.06 3.00f 45 292221 3.55
R135 | 242 256 1.32 3.30| 180235 1.41 3.33| 94 211143 6.62] 60 114185 7.52

One observes that the first “non-distortional” kiftion load always corresponds to local buckling a
that the ratidPp (/Pcrp varies betweefi.21and1.37 (F columns)1.29and1.95 (P-F columns),
1.42 and 2.21 (P columns) and..71 and 2.53 (F-F columns). The first global (flexural-torsidna
bifurcation load is invariably quite higher (ofteruch higher)- indeed, thé>,; P p Values range from
3.11t0 12.87(F columns)3.33t0 6.49 (P-F columns)3.00to 15.09(P columns) an8.55t0 14.0
(F-F columns). Fig. 1 illustrates the end prodisttimed after performing a “trial-and error” bucki
analysis sequence: the cun®gsvs.L (L in logarithmic scale) concerning columns exhilgjtihe
C120 cross-section dimensions and the four endosuppnditions. The selected length valug) (is
indicated on each of these and the figure inclatdesthe four corresponding distortional criticatkling

Per (KN)
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100 -
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0 ‘ ‘ ‘ ‘
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Figure 1: CurveB, vs.L concerning F, P-F, P and F-F columns @it?0cross-section dimensions with the indication
of the selected lengthkH) and corresponding distortional buckling mode shapes.



mode shapésNote that these mode shapes may exhibit différalitwave numbers the general
trend is that the number of half-waves increasdéiseasnd support conditions become “more restittiv
(i.e., as one travels from “free” to “pinned” to “fixed”

3. Distortional Post-Buckling Behavior and Strength

Atfter briefly addressing the numerical (shell &nélement) model adopted to perform the geomdyrical
and materially non-linear analyses, one presemtsisgusses results concerning the influence of the
cross-section dimensions and (mostly) end suppaditions on the column distortional post-buckling
behavior and strength. The elastic and elastidiplessults are addressed separately.

3.1 Numerical Model

The column distortional post-buckling equilibriuratips and ultimate strength values were determined
through geometrically and materially non-linearlisfigite element analyses carried out in the code
ANSYS (2004). The columns were discretized inkE% 181 elements (Asys nomenclature — 4-node
shear deformable thin-shell elements with six deg freedom per node and full integratien)
convergence studies showed thatmx 5mmmeshes provide accurate results, while involving a
reasonable computational effort. The analyses wer®rmed by means of an incremental-iterative
technique that combines Newton-Raphson’s methdad avitarc-length control strategy. All columns
exhibited (i) critical-mode (distortional) initianperfections with small amplitude$Q% of the wall
thickness) and (ii) a material behavior either perfectlystéilaor elastic-perfectly plastic (Prandtl-
Reuss model: Von Mises yield criterion and assedifibw rule), characterized iy=210GPa v=0.3

and several yield stress‘és No strain-hardening and/or residual tresses inelgded in the analyses.

The incorporation of the critical-mode initial geetmcal imperfections in the columns was made
automatically by means of the following procedw(Dinis & Camotim 2006): (i) determination of
the critical buckling mode shape, through awsys shell finite element buckling analysis that addpte
exactly the same discretization/mesh employedrty oat the subsequent post-buckling analysis, lvhic
was then (ii) scaled to exhibit maximum verticapifacements along the flange-stiffener longitudinal
edges equal t0.1 t— this output of the buckling analysis is thearisformed” into an input of the non-
linear one. Following the column distortional pbatkling asymmetry studies carried out by P&la
Camotim (2002a,b), these initial imperfections imecoutward (lipped channels) and inward (rack-
sections) flange-stiffener motiorghose that were shown to lead to the lower positiing strength’

Concerning the modeling of the different end supponditions, it is worth noting that:

(i) In a fixed support, the column end section wtached to a rigid plate, thus precluding the
occurrence of local and global displacements atatioms, as well as warping.

(i) In a pinned support, the membrane and benamngverse displacements of all end section nodes
were prevented, while keeping the axial (warpinigplhcements and all the rotations free.

4 Rigorously speaking, the P column curve concemgeshalf-wave bifurcation loads (and not critibackling loads).
However, the critical buckling loads are associatigtisingle half-wave buckling modes up to thejtarselected.

° Notethatthevastmajority of theyield stressesonsidered in this work are unrealistically higiading tcE/f, that largely
exceed the current DSM limit for pre-qualified ecolis E/f,=340. The reason for selecting such high yield steegses to
make it possible to analyze columns with high slendewedsss, thus covering a wide slenderness range.

6 Obviously, the distinction between outward and iflange-stiffener motions is only relevant whia tolumn critical
buckling mode involves an odd number of half-wavés this case, it is assumed in this work thatithekling mode
nature is governed by that associated with theshigtmber of half-waves (outward or inward).



(i) In a free end, all local and global displacemis and rotations may occur freely.
(iv) To enable the load application, the rigid-b@ohyal translation is free at one or both end sasti

The axial compression is applied by means of efthset of concentrated forces acting on the notlas
pinned or free end section or (ii) a concentrabeckf applied on the rigid plate point corresponding
fixed end section centroid. The above forces avaya increased in small increments, by means of the
ANSYs automatic load stepping procedure.

3.2 Elastic Post-Buckling Behavior

In order to assess the qualitative and quantitatfiteence of the end support conditions on therool
elastic distortional post-buckling behavior, Figsnd 3 show the post-buckling equilibrium paths of
columns exhibiting C130 and R135 cross-sectiongahithiting the four end support combinations dealt
with in this work. These equilibrium paths plot tyaplied load real value (Fig. 2) or normalizedueal
with respect to the corresponding column critiaadiing loadP., 5 (Fig. 3) versus the normalized
displacemenis|/t, where|d| is the absolute value of the maximum vertical ldispment occurring
along the flange-stiffener longitudinal edges amslthe wall thickness. The observation of these
four sets of four distortional post-buckling edoilum paths prompts the following remarks:

(i) As it would be logical to expect, the real pbatkling strength decreases as one travels ateng t
column end support condition sequence F, P-F, FFdnd

(i) At least for these particular column geomedyithe lipped channel column real post-buckling
strengths are higher than their rack-section copatts. Moreover, the real strength differences
associatedith thevariousendsupporconditionsarealso are higher for the lipped channel columns.

(iif) The picture changes when the normalized paskling strengths are considered. Indeed, although
they are still higher for the F columns, the valcascerning the P-F, P and F-F columns are very
close and can be viewed as shared by all of thef8q@nd R135 columns). The lipped channel
column normalized post-buckling strengths are al@her than their rack-section counterparts.
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Figure 2: Elastic equilibrium patfsvs.|d|/t for C130 and R135 columns with F, P-F, P and ReFseipport conditions
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Figure 3: Normalized elastic equilibrium paliB.,; vs.|d|/t for the same F, P-F, P and F-F C130 and R135 oglum

3.3 Elastic-Plastic Post-Buckling BehavioUltimate Strength

Attention is now devoted to the qualitative andrgtetive influence of the end support conditiongiee
column elastic-plastic distortional post-bucklingdaultimate strength behavior. In order to achieve
more meaningful comparison, all the post-bucklegyits presented and discussed in this sectioerronc
columns with different geometries (cross-secti@pstand dimensions, and lengths), but sharinglgxact
thesamedistortionalslendernesg,= (fylacr,D)°'5=2.358 (afairly high value)- this common slenderness is
ensured by properly selecting “custom made” yiéldsse§ Table 3 shows, for each end support
condition, the column (i) geometries and critichstortional)buckling loadsP., p, alreadypresentedh
Tablesl and2, (i) ultimateloadsP,, obtainedrom ANsYssecond-ordeglastic-plastishellfinite element
analyses, and (iii) ultimate load ratiBs/P.p, together with the corresponding means and stdndar
deviations, which provide post-critical strengtharwe estimates. In order to enable a better izatiah

of the differences between the ultimate load ratiwg&erning the four end support conditions, Figots

all thePy /P p values side by side. Finally, Fig. 5 displays,dach end support condition, a sample of
the non-linear (geometrically and materially) equiim pathsP/P vs.|d|/t determined to obtain the
ultimate load<P, (identified by white circles} these equilibrium paths concern lipped channe2Q1
and rack-section (R100) columns and most of theromly shown up to collagsdinally, Fig. 6 depicts
the column deformed configurations occurring indlese vicinity of the limit points of each equililom
pathdisplayed in Fig. 5 they provide fairly accurate representations ef{thstortional) failure modes
exhibited by the corresponding lipped channel ac#-section columns.

After observing the elastic-plastic distortionaspbuckling and ultimate strength results preseinted
Table 3 and Figs. 4 to 6, the following conclusioas be drawn:

" As mentioneckarliermostof theyield dresses selected to meet this “common slendermieson” is unrealistically high.

& 1t is worth pointing out that numerical difficuliesometimes prevented an adequate determinatitve efjuilibrium
path descending branches (see Fig. 5). Neverthéless carefully ensured that tRg/P,, p values presented in Table 3
are based on accurate estimates of the real coltimate loads.



(i)

First of all, one notices that there is a cdasable scatter of tH&,/P. p values within columns

sharingthe same end support conditions. Indeed, thesevahry betweeh.84and1.30(F -
average and standard deviation equéal38and 019), 1.33and1.10(P-F- average and standard
deviation equal td.20and 009), 1.31and1.01(P - average and standard deviation equélid
and 011) and1.16and0.91(F-F- average and standard deviation equal@and 011) — Fig. 4
provides a pictorial representation of th@gé ., p scatters. This dispersion may be attributed
to thewide variety of column geometries considered ia #tudy. Indeed, besides the two cross-

Table 3: Geometries, buckling loads, ultimate Icamtb ultimate load ratios for F, P-F, P and F-Eirmwis with;,=2.358

Fixed (F) Pinned-Fixed (P-F) Pinned (P) Fixed-Free (F-F)
Column Pcr.D fv R.n I:’cr.D fv Pu Pcr.D fv P_u I:)cr.D fv F?.n
(kN) (MPa) P, | (kN) (MPa) P, | (kN) (MPa) P, | (kN) (MPa) P.o
C75 212 2404 1.84 147 1663 1.10 128 1455 1.01 84 8 94 1.11
C100 473 3988 1.72 494 4163 1.33 447 3765 1.31 257170 1.13
C120 244 1874 1.63 218 1669 1.18 201 1544 1.23 12962 1.16
C130 136 1065 1.6 117 918 1.11 110 862 1,02 62 4881.16
R75 295 3216 1.35 241 2624 1.29 193 2110 1.13 1294111 0.94
R100 702 3425 1.30 540 2635 1.19 436 2125 1.09 292423 0.91
R135 256 1412 1.5 235 1295 1.22 211 1164 1.21 11430 0.99
Mean 1.58 1.20 1.14 1.06
S.D 0.19 0.09 0.11 0.11
2
o
8
o
a 1.5
S 8 8 o
o 5 8
o~ S
1 8 o o
4 8
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Figure 4:P /P, values concerning columns with the four end supportitiond considered.
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Figure 5: Elastic-plastic distortional equilibriypaths P/P vs.|d|/t) concerning F, P-F, P and F-F C120 and R100 columns
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Figure 6: Distortional failure modes concerningfh®-F, P and F-F (a) C120 and (b) R100 columns.

sectiorshapeghecolumns analyzed exhibit quite different combinagiof length and cross-section
dimensionsMostlikely, this fact has strong implications on theresponding column distortional
post-buckling strengths (elastic or elastic-plastice.g, note the marked differences betwéen
equilibriumpathsconcerninghe C120 and R100 F and F-F columns, which areepted in
Fig. 5. Moreover, Fig. 5 further shows that thetilitcprior to failure also varies considerably
between these two column pairs.

(i) Regardless of the geometry, tAg/P., p values concerning the lipped channel F columns are
considerably higher than their P-F, P and F-F apatrts. The differences with respect to the
highest of the remaining three, which may be eitlighem, are73% (C75- F-F),39% (C100-
P-F),40% (C120- P) and51% (C130- F-F). In rack-section columns, the picture quiteeent:

(ii1) thePy/P¢ p values are ordered according to the sequencé&HPPF-F and (i) the decreases
between the F and P-F values are much smefigt (R75),11% (R100) anB3%(R135).

(iif) Generallyspeakingit seemdair to saythatthe F columrP,/P.p values are one order of magnitude
above those associated with the other columindeed, the lowest F column valde3Q) is almost

® The authors are not aware of any existing workhenvariation of the column distortional post-bueglstrength with its
geometry (cross-section shape, cross-section diomsnand length). In view of the results reportethis paper, it was
decided to investigate this issue in the neardutimd, moreover, to assess also the role playtehyolumn end support
conditions in the above variationhopefully, the outcome of such investigation Wwél available fairly soon.



identical to highest value concerning the remair@ng support conditiond.G3.

(iv) While the P-F and P coluni®y/P..p values are fairly similar (even if the latter slightly below the
former), those concerning the F-F columns falblysbelow. Nevertheless, the differences are much
smaller than the ones separating the F columnsthhemF-P and P counterparisee Fig. 4.

(v) While the collapse modes of the C120 and RXBORPand F-F columns are clearly distortional, the
two F columns fail in modes that exhibit a certmount of local/distortional interaction. Indeed,
local deformations involving several half-waves\asible in the web- see Figs. 7(a)-(b), providing
“rear views” of the C120 and R100 F columns. Taa fs not surprising, if one realizbstthe F
column collapséoads P,/Pqp=1.63;1.30 either considerably exceed (C120) or are extrgmel
close to (R100) their critical local bifurcatioralis Py /Perp=1.34;1.32— see Table 3.

(b)

Figure 7(a)C120and (b) R100 F column failure mode rear views:aaidof local deformations (local/distortional interadi.

4. Ultimate Strength Data

The aim of this section is to present and disdussitimate strength data gathered from the paramet
study carried out, which involved a totalld8 columns, corresponding to all possible combinatimn
(i) the seven column geometries defined in Tablesdl2, (ii) the four end support conditions dedth

in this work and (iii) the six yield strességs£50-550-700-1200-1600-2004P3), selected to enable
covering wide distortional slenderness ranges lfaodumn setsj varies betwee0.57 and3.22

(F columns)0.57and3.44 (P-F columns)).60and3.59 (P columns) an@.8 and4.77 (F-F columns).
Tables Al to A4, presented in the Annex of thisguapontain all the numerically obtained column
ultimate loadsR,), normalized with respect to the correspondingisiquoadsK,=Afy), and associated
distortionalslendernessgalues(j,). Those four sets of values (one for each end suppodition) are
also plotted in Fig. 8, together with a number wilable experimental results obtained by several
researchers, which were extracted from Schaferentestate-of-the-art report (2008)The observation
of these four plots prompts the following remarks:

() Asitwould be logical to expect, the fdey/Pcp vs.]p “clouds” follow trends that can be accurately
described by “Winter-type” design curves. Moreottse, “vertical dispersion” is acceptable in all of
them, even if it is a bit high for the slender Edlumns.

(ii) Itis clear that the F column numerid&l/P. p values are well above those concerning the other
(P-F, P and F-F) columns. The “dashed grid linesftided in Fig. 8, correspondingfe=1.5and
1p=2.5, provide a better visualization of this fadhe F column horizontal lines lie visitkdypove

ONote that local/distortional interaction also occiurother F and P-F columns, wheneveP(j) /P, p is not significantly
larger tharL..0 and (i) the yield stress is high enough to entise‘interference” of local buckling prior to cafise. Such
columns are identified in Tables Al to A4, presgtimighe Annex.

HAs mentioned earlier, all these experimental resihcern columns with rigid plates attached tiv 8l cross-sections,
thus meaning that they are distortionally fiXeglgardless of how those rigid plates are supgowibich only affects
the column globaténd support conditions).
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Figure 8: Numerical (F, P-F, P and F-F columns)exqmrimental (F columnsSchafer 2008) ultimate load rati®gP,, p
plotted against the column distortional slenderigss

theirP-F,P and F-F column counterparts (which are locateghly at the same level). Moreover,
it is also clear that the experimental resultsiradblving F columns, are much closer to the F
column numericaP, /P p values.

(i) At first sight, theP,/Pc.p vS.] “clouds” concerning the P-F, P and F-F columngyaite similar
(and also similarly apart from the experimentaliltsy. However, a closer look reveals that there
are non-negligible differences between the F-Felipphannel and rack-section slender column
Pu/Pp values- the latter are consistently lower than the foffner

5. DSM Design Considerations

This section addresses the applicability of the®istrength Method (DSM) to estimate the ultimate
strength of columns failing in distortional modesl &xhibiting various end support conditions, ngmel
the lipped channel and rack-section numericallyyaad in this work. First of all, it is worth meaottiing
that a DSM column ultimate strength estimate isiimemum of three nominal loads, concerning global
(P..d, distortional P,p) and interactive local/globaP{.d collapses-i.e., Pupsy=min{Pne Pnp, Paid ™.
These nominal loads are obtained by means of theessions (design curves)

(0.658% )P, fops 1. "
n.e_ — 1
(0.87722)P, for,< 1.

P, fol, < 0.561

Po= 0.6 06 _ (2)
|:1-0.25(PCLD/Py) }(Fgr_D/ R)* R forf, > 0.561
P fof, < 0.776

= 3)

e 1-0a5R, /R (R R

P

ne

0.4
y

for1_ > 0.776 ’

12AIthough to a smaller extent, the same also occurs for thtuRes. Only the P-F lipped channel and rack-section
columnP,/P,p are “well mixed together”.

3since the column critical buckling and failure mede not always exhibit the same nature (althokigi often do), it is
necessary to check for the three collapse mechaniegardless of the critical buckling mode nattice.instance, a column
may have a distortional critical buckling mode &aildn a global mode, which is associated withvadr post-critical strength,
provided that the distortional and global critioatkling loads are not too far apart.



where (i)P, is the column squash load and i (Py/Per.e)®> b =(Py/Perp)>> andy; = (Pno/Per)’ stand
for the global, distortional and interactive logkdbal slenderness.

The first step consists of computiRge Pnp andP, . for the168columns dealt with in this investigation,
in orderto assess the nature of the column collapse predigtéde DSM- all these nominal loads,
together with the corresponding slenderness vatwegresented in Tables Al (F columns), A2 (P-F
columns), A3 (P columns) and A4 (F-F columns). disviound that, for seven columis,ps\=Pn.Le
which means that they are predicted to exhibitacta/e local/global collapses. However, the subset
inspection of the numerical failure modes of adist columns did not confirm this prediction, as no
trace of global deformations was detectadstead, these failure modes either involve oidiodional
deformations3 C100 columns) or combine local and distortion&baeations 4 R135 columns). In
order to illustrate this statement, Figs. 9(astaws the collapse modes of four of these colunamsely

(i) C100 P-F and P columng,E0.58 and};=0.61) and (ii) R135 F and P-F columryg,£2.81 and
10=2.93), providing clear evidence of their distortionatldocal/distortional interactive natures. All the
seven columns witR, psv=Pne are identified in Tables Al to A4 by an asterigktrio theP, psvvalue.

(b) /
‘ ¥

(@)

(d)

Y

Figure 9{a)C100 PF (7,=0.58- P, p/P,.=1.01), (b) C100 R(;,=0.61- P, p/P~1.03), (c)R135 F(j;=2.81- Pp/Py~1.13
and (d) R135 P-Ep=2.93 - Pnp/P,~1.14) column distortional and interactive local/distortionalifegl modes.

Moreover, the numerical collapse moadésall columns withPy,; | /P p not significantly larger thah.O
(the conditiorPy,; /P p< 2.0was adoptedyereinspectedo look for evidence of local/distortional mode
interaction(seeFigs.7(a)-(b)or 9(c)-(d)). Whenevesuchevidencevasfound, the columnsareidentified

in Tables Al to A4 as exhibiting “L+D failures”. Theselumns were also included in the present
investigation, since they collapse in predominadiyortional modes, but their DSM ultimate stréngt
predictions will be specifically addressed aheaithénpaper. It is still worth noting that only FdaR-F
columns withPy; | /Perp <1.52 exhibited “L+D failures™- moreover, the correspondify/Py; . values
are always higher thah81 (for both the F and P-F columfis)

Fig. 10 compares the current DSM distortional desigrve with (i) the numerically obtained ultimate
loads, concerning the analyzed F, P-F, P and Hdmos that buckle in distortional modes and exhibit
either distortional or interactive local/distordrcollapses42 columns per end support condition), and

14Although there are also P columns v, /P p< 1.52andP, /P, > 0.81 (up to 0.90), no evidence of local/distortional
interaction was detected in theikgvysfailure modes.



(i) the experimental ultimate strength values regabby Schafer (2008), concerning only F columns.
Fig. 11, on the other hand, shows the correspotisldP, vs./ plots (values given in Tables Al to A4),
thus providing pictorial representations of theueaty and safety of the DSM ultimate strength esés In
both figures, the F and P-F columns whose failurde® exhibit local/distortional interaction areniifeed

by “grey circles/triangles”. The observation ofsaéour pairs of figures prompts the following rekaa

(i) Obviously, the DSM design curve provides aceugad mostly safe predictions of the experimental
distortional loads. Moreover, it also predicts sarly well the F column numerical ultimate
strengths, as attested by the corresportglipgP, values, given in Table Al and plotted in Fig—11
their with average, standard deviation, maximumramimum values ar@.99 0.1Q 1.33and0.84

(i) There are a fair number of F columns expelipsome degree of local/distortional interaction
at collapse, which naturally exhibit high values— the yield stress is high enough to enable the
“interference” of the local mode along the distwrél post-buckling equilibrium path. However, the
“quality” of the associate@SM ultimateload predictiongemaingguite good, perfectly in line with
those concerning the experimental results. Atstage, it is worth mentioning that it has been
shown,in the context of lipped channel F columns, thaitutimate strength erosion stemming from
local/distortional interaction may be quite meahihmp the high distortional slenderness ranges thu
requiringthedevelopmentf anovelDSM design curve to account for this phenomerog, Kwon
et al.2009 and Silvestret al. 2009a). However, it was also recently found theddcal/distortional
interaction effects are considerably larger wherrdtio between the critical local and distortional
buckling loads is equal or below (and not too farg 1.0 (Dinis et al. 2009, Silvestret al. 2009b
and Younget al.2009). Since this ratio varies frahR1to 1.37in the F columns analyzed here, it is
not surprising that their ultimate loads are wslireated by the DSM distortional design curve.

(iif) Although there are no published results st to the authors’ best knowledge) concerning the
R/R
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Figure 11P, n/P, ratio values concerning the F, P-F, P and F-F cotuptotted against the distortional slenderfgss



post-buckling and ultimate strength behavior & €slumns affected by local/distortional coupling,
it will beassumed here that the interaction effects areajuadly similar to those unveilddr theF
columns. Moreover, the P-F column plot in Fig.106veh that the grey and white circles/triangles
are well “mingled” together, which means that thienate loads with and without local/distortional
interaction follow exactly the same trend (“Wintgpe curve”).

(iv) Concerning the P-F, P and F-F columns, g&lily observed that their ultimate strength exeelys
overestimated by the DSM design curve in the highderness ranggy>1.5. Indeed, accurate
(safe or unsafe) predictions only occur for low amaterate slenderness values.

(v) TheP,p/P, “distributions”, displayed in Fig. 11, are quitengar for all the P-F and P columns and
the lipped channel F-F columns. Concerning the-seckion F-F columns, theit, p/P, values
either (v) “mingle” quite well with the above “distributiotydor ;5 <2.0, or (W) lie considerably
above them, for the higher slenderness vajye2(0).

(vi) The averages, standard deviationaximumand minimum values of tH&, 5/P, values concerning
the “non-F” columns are (i 1.27, 0.3Q 1.94 0.85(P-F columns), (y) 1.32 0.32 2.02 0.85
(P columns) and (¥ 1.62 0.42 2.53 0.92(F-F columns).

(vii) In view of theabovefacts,it is clearthatthesignificantdifferencesetweerthe (vii) F and (vig) P-F,

P andF-F columndistortionalpost-criticalstrengthsrenotadequately reflected in their (distortional)
critical buckling stresses. Therefore, it is neags$o consider different DSM design curves to
predict efficiently the distortional failure loadscolumn with the latter end support conditiona. O
the basis of the results of the limited parametudy carried out in this work, it seems that glein
additionaldesign curve will be capable of predicting adedudte ultimate strength of the lipped
channebndrack-sectioriP-FandP columnsandlippedchanneF-F columnsHowever such a curve
overestimates the most slender rack-section Fefrolltimate loads by non-negligible amounts.

5.1 Proposal of an Additional Design Curve

Guidedby theultimate strength data acquired though the linp@@metric study carried out in this work,
it is possible to propose an additiob&M design curve that only modifies the current ondeoly high
slenderness values, while retaining the accurattygafety of its predictions for the less slendésroas.
Although it was found that the more slender radtise F-F columrP,p/P, values are considerably
higherthantheremainingones simplicity reasongeadto searctor asingledesign curve covering all B-F
PandF-Fcolumns. The outcome of this effort is the modifiedign curve defined by the expressions
P fon, < 0.561

y

. [1-0.25(PCLD/R,)O'6}(I?:LD/ P)R  for0564%,< 1.1 @

n.D

[0.55+ 0.4 Pcr_D/Py)O'S}( Ro/R) P for,>1188

y

only differs from the current ones fg§>1.188 Fig. 12 compares this (proposed) design curie
numerical ultimate loads, concerning the P-F, PRafdcolumns considered earlier. On the other hand,
theP*, /P, valuesaregivenin Table A5, presented in Annex, and the correspgri®l, o/Py vs. ] plots
areshownin Fig. 13. After observing these three pairs of gguthe following comments are appropriate:

(i) The averages, standard deviations, maximunmaniinum values of th®", p/P, ratio concerning
the “non-F” columns are,fi0.87, 0.09 1.08and0.71(P-F columns), §) 0.86 0.08 1.01and0.72
(P columns) and4ji 0.89 0.11, 1.09 0.66(F-F columns).
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Figure 13P",, p/P, ratio values concerning the P-F, P and F-F coluphotsed against the distortional slenderngss

(i) In order to avoid unsafe ultimate load estiesafor a few very slendery>2.0) rack-section F-F
columns, the proposed design curve clearly underatgs all the remaining slendgp £1.5)
columns: (if) lipped channel F-P, P and F-F columns anpréck-section F-P and P columns.

(i) If only F-P and P columns are consideredk jpossible to propose a more accurate design eurve
such an alternative modified design curve is ddfinethe expressions

P fon, < 0.561

y

. [1-0.25(PU_D/PY)O'6}(F§LD/ )R for0564%,< 1.1 )

n.D

[0.65+ 0.2(F>C,D/Py)°'75}( Po/R) "R 67, >1.133

Figs. 14(a)-(b) compare this alternative propasegign curve with the numerical ultimate loads,
concerning the P-F and P columns previously datit s for theP™ , p/P, values, alsgivenin
Table A5, they are plotted agaipgtn Figs. 14(c)-(d). One readily observes that:

(iii. 1) The averages, standard deviations, maximum anithonin values of th€™ , /P, values
now become (ii) 0.94 0.06 1.05 0.81(P-F columns) and (3 0.94 0.05 1.05 0.85
(P columns), which confirms the improved “qualityf’the estimates provided by the
alternative modified design curve.

(ii.2) If the very slenderjf,>2.0) rack-section columns are excluded, the alteraatodified
designcurvealsoestimategjuitewell theF-F column ultimate loads. The corresponding
average, standard deviation, maximum and minimuresaof theP™ , /P, ratios read
0.96 0.05 1.05 0.87-i.e, the “guality indicators” of the estimates areikinto (or even
slightly better than) those associated with thedPdFF columns (see the previous item).
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Figure 14: (a) Comparison between the second reddifiSM design curve and the P-F and P column ukitoads, and
(b) corresponding” , o/P, ratio values plotted against the distortional slendeifess

Finally, Fig. 15 summarizes the work carried out arakes it possible to compare the three proposed
distortional design curves: (i) Eq. (2), for thedtumns (current DSM design curve), (ii) Eq. (6),the

P-F and P columns, and (iii) Eq. (4), for the Felfumns- recall that, if the very slender,(>2.0)
rack-section columns are excluded, Eqg. (5) isabgdicable to the F-F columns.
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Figure 15: Comparison between the current DSM desigve and the two modifications proposed inwrosk.

6. Conclusion

This paper reported a numericaN@ys shell finite element analysis) investigation amitifluence of the
cross-section geometry and end support conditinrikepost-buckling behavior and Direct Strength
Method (DSM) design of cold-formed steel lippedroie and rack-section columns buckling and failing
in distortional modes. The columns analyzed exadbii) four end support conditions, (ii) seven
geometries (length and cross-section shape/dinmsrsiblipped channels arlrack-sections) and (iii)
several yield stresses. These characteristics aaeedully selected (i) to ensure, as much as pessib
“pure” distortional buckling and failure modes dnto cover a wide (distortional) slendernesgyen
The ultimate strength data acquired during theopednce of a parametric study involvibgg columns
were then used to show that, regardless of thentolgeometry, the current DSM distortional design
curve is only able to predict adequately (safety arcurately) the ultimate loads of fixed colunt.
pinned-fixed, pinned and fixed-free columns, theésign curve clearly overestimates the numerical
ultimate loads in the high slenderness rapgeX.5).



Therefore, adequate ultimate strength estimatgsrfoed-fixed, pinned and fixed-free columns cadg on
be achieved by modifying the current DSM desigiveu®n the basis of the results obtained from the
limited parametric study carried out in this warlqdified distortional design curves were proposed f
() pinned-fixed and pinned columns, and (i) fixiele columns, respectively. The ultimate strength
estimates provided by these design curves cordefatdy well with the numerical ultimate loads
obtained from the Rsysnon-linear shell finite element analyses.

Finally, one last word to mention that the authmes to extend the scope of this investigation(ipy
analyzing lipped channel and rack-section columaisexhibit wider ranges of lengths and crossesecti
dimensions, and (ii) considering other commonlydusess-section shapesd, zed and hat-sections).
The corresponding results and ensuing design @tgsisould be reported in the not too distantdutur

References

ABNT (2010).Brazilian Standard on Design of Cold-Formed Steel Stnest(ABNT NBR 14762:2010), Brazilian
Association of Standards (ABNT), Rio de Janeiro, Br§Ribrtuguese)

AS/NZS (2005).Cold-Formed Steel StructureStandards of Australia (SA) and Standards of New Zdgl8NZ),
Sydney-Wellington.

Bebiano R, Pina P, Silvestre N, Camotim D (20GBTUL 1.03— Buckling and Vibration Analysis of Thin-Walled
Members DECIvil/IST, Technical University of Lisbon. (httpmivw.civil.ist.utl.pt/gbt)

Bebiano R, Silvestre N, Camotim D (2008). “GBTBLA code for the buckling analysis of cold-formedestmembers”,
Proceedings o19" International Specialty Conference on Recent Relseend Developments in Cold-Formed Steel
Design and Constructio¢st. Louis, 14-15/10), R. LaBoube, W.W. Yu (edsl;/®.

Dinis PB, Camotim D (2006). “On the use of sheilitdéi element analysis to assess the local bucklirtfy post-buckling
behaviour of cold-formed steel thin-walled memhekistracts of Il European Conference on Computatibfechanics:
Solids, Structures and Coupled Problems in Engimgélll ECCM - Lisboa, 5-9/6), C.A.M. Soares al. (eds.), Springer
(Wien), 689. (full paper in &-RoM Proceedings)

Dinis PB, Silvestre N, Camotim D (2009). “On thievance of local/distortional interaction in thespbuckling behaviour and
strength of cold-formed steel lipped channel colsiyifroceedings of Twelfth International ConferenceCaril, Structural
and Environmental Engineering Comput{@C 2009 — Funchal, 1-4/9), B. Topping. L.C. Ne®R€. Barros (eds.), Civil-
Comp Press (Stirling), p. 22. (full paper in-RoM Proceedings)

Hancock GJ, Kwon YB, Bernard ES (1994). “Streng#isign curves for thin-walled sections undergoirgjodiional
buckling”, Journal of Constructional Steel Resear8it(2-3), 169-186.

Kwon YB, Kim BS, Hancock GJ (2009). “Compressiostseof high strength cold-formed steel channelk titckling
interaction”,Journal of Constructional Steel Resea@${2), 278-89.

Landesmann A, Camotim D (2010a). “Distortionalfigéland design of cold-formed steel lipped chacwlainns under fire
conditions”,Proceedings of SSRC Annual Stability Conferg@réando, 12-15/5), 505-532.

Landesmann A, Camotim D (2010b). “Distortionaldedl and design of cold-formed steel rack-sectidumaeos under fire
conditions”, Proceedings of % International Conference on Steel & Composite Gtmes(ICSCS'2011- Sydney,
21-23/7), B. Uyet al. (eds.), 287-289. (full paper inbcRom Proceedings)

Landesmann A, Camotim D (2011). “On the distortidnakling, post-buckling and strength of cold-feansteel lipped
channel columns under fire conditiongturnal of Structural Fire Engineering(1), 1-19.

NAS (2007).North American Specification for the Design of Getirmed Steel Structural Membg@aISI-S100-07),
American Iron and Steel Institute (AISI), Washington DC.

Prola LC, Camotim D (2002a). “On the distortional pastiding behavior of cold-formed lipped channel steel
columns”,Proceedings of SSRC Annual Stability ConferdBemttle, 24-27/4), 571-590.

Prola LC, Camotim D (2002b). “On the distortionakpbuckling behaviour of rack-section cold-fornsteel columns”,
Proceedings of Sixth International Conference om@atational Structures Technolo@yST 2002- Prague, 4-6/9),
B. Topping, Z. Bittnar (eds.), Civil-Comp Pressil$ig), 233-234. (full paper in &Rom Proceedings - paper 98)

SAS (2004) ANsysReference ManuaBwanson Analysis Systems (SAS), version 8.1.

Schafer BW (2000Distortional Buckling of Cold-Formed Steel ColumAmerican Iron and Steel Institute (AISI) Report,
Washington DC.



Schafer BW (2003). “Advances in the direct strength desigthiofwalled members”Advances in Structures
(AssccA03 - Sydney, 23-25/6), G.J. Hancoekal. (eds.), Balkema (Lisse), 333-339.

Schafer BW (2005pirect Strength Method Design Guidemerican Iron and Steel Institute (AISI) Rep@/ashington DC.

Schafer BW (2008). “Review: the Direct Strength ek of cold-formed steel member desigiturnal of Constructional
Steel Researclt4(7-8), 766-788.

Schafer BW, Pekoz T (1998). “Direct strength preaiicof cold-formed steel members using numeritzstie buckling
solutions”,Proceedings of f4international Specialty Conference on Cold-forréeel Structure¢St. Louis, 15-16/10),
R. LaBoube, W.-W. Yu (eds.), 69-76.

Silvestre N, Camotim D, Dinis PB (2009a). “Direct styén prediction of lipped channel columns experiencing
local-plate/distortional interactionAdvanced Steel Constructieran International Journal5(1), 45-67.

Silvestre N, Camotim D, Young B (2009b). “Ultimate strtngnd design of lipped channel columns experiencing
local/distortional mode interactionpart 1l: DSM design approachProceedings of Sixth International Conference on
Advances in Steel Structuré€ASS’09- Hong Kong, 16-18/12), S.L. Chan (ed.), Hong Konstitute of Steel
Construction, 470-479.

Young B, Camotim D, Silvestre N (2009). “Ultimate strimgnd design of lipped channel columns experiencing
local/distortional mode interaction part I: experimental investigationProceedings of Sixth International Conference
on Advances in Steel Structuf@€ASS’'09- Hong Kong, 16-18/12), S.L. Chan (ed.), Hong Kongituie of
Steel Construction, 460-469.

Annex

Tables Al (F columns), A2 (P-F columns), A3 (P oahg) and A4 (F-F columns) summarize the
numerical (Asys shell finite element analysis) and DSM resultamigid in the course of this research
work. Each of them concerns seven column geomedridsprovides the corresponding (i) critical
(distortional) buckling loadsPp), (i) DSM ultimate strength estimates associatgith global
(Pn.o), interactive local/globaR; ¢ and distortional/, p), as well as the respective slenderness values
(Je» ZLer Z0)s (i) numerically obtained failure mode natures)ich may be either distortional (D),
interactive local/global (L+G) or interactive lofdiktortional (L+D), (iv) squash load®y, (v)
absolute Ry) and normalizedR,/Py) ultimate loads, (vi) normalized DSM distortiondtimate strength
estimatesR, p/Py) and (vii) DSM-to-numerical ultimate load ratid, 6/P,).

Finally, Table A5 concerns P-F, P and F-F columns and pistben(i) distortional slenderness valggs

(i) normalized numerical ultimate loadB,(P,) and (jii) ratios between the ultimate strengtimeses
provided by the proposed modified DSM distortiam@sign curves and the numerical ultimate loads
(Rlo/Randr,/R).



Table A1: Numerical and DSM results concerning the behaviostedgth of the F columns.

I:)cr.D /T Pn.e Pn.D Pn.Le Pu.DSM Failure Py Pu P_u h h
kN) "¢ (kN) (kN) (kN (kN (kN) (kN B B R

Column N A

Cc75 2118 0.21 1202 0.76 111.1 0.64 120.2 1111 D 1225 1155 094 091 0.96
0.31 2586 1.13 1828 0.94 2284 1828 D 269.5 188.6 0.70 0.68 0.97
0.35 3254 1.27 208.8 1.06 266.4 2088 D 343.0 218.6 0.64 0.61 0.95
0.46 537.2 1.67 2755 136 3709 2755 L+D 588.0 286.0 0.49 0.47 0.96
0.54 695.0 192 316.7 155 4385 316.7 L+D 784.0 323.9 041 0.40 0.98
0.60 843.0 2.15 3519 1.70 496.7 3519 L+D 980.0 355.7 0.36 0.36 0.99

C100 473.2 0.33 1574 059 1644 049 1574 1574 D 165.0 163.3 0.99 100 1.01
0.50 3274 0.88 3009 0.71 327.4 300.9 363.0 3399 094 083 0.89
0.56 4051 0.99 3498 0.79 4003 3498 D 4620 395.2 086 0.76 0.89
0.73 632.2 129 4747 099 5416 4747 L+D 7920 5218 0.66 0.60 0.91
0.85 7819 1.49 5516 1.10 6243 551.6 L+D 1056.0 594.9 0.56 0.52 0.93
0.95 906.6 1.67 6169 1.18 688.6 616.9 L+D 1320.0 649.7 0.49 0.47 0.95

W)

C120 2442 0.28 1753 0.86 152.0 0.73 1753 1520 D 181.3 1674 092 0.84 0.91
0.42 3705 128 2418 1.06 3024 2418 L+D 398.8 269.3 0.68 0.61 0.90
0.47 4621 1.44 2745 119 350.2 2745 L+D 507.5 297.0 059 0.54 0.92
0.62 7410 189 3586 150 4769 3586 L+D 870.0 350.5 040 0.41 1.02
0.71 936.6 2.18 4108 1.69 5549 4108 L+D 1160.0 379.4 0.33 0.35 1.08
0.80 1109.7 2.44 455.2 1.84 618.7 4552 L+D 1450.0 4511 0.31 0.31 1.01

C130 136.0 0.38 167.1 1.14 119.0 1.01 1412 1190 D 1775 1265 0.71 0.67 0.94
056 341.7 1.69 1798 1.44 2264 1798 L+D 390.5 1761 045 0.46 1.02
0.64 4194 191 2021 1.60 2585 2021 L+D 497.0 1853 0.37 0.41 1.09
0.83 636.8 2.50 259.7 1.97 338.0 259.7 L+D 852.0 2411 0.28 0.30 1.08
096 7706 2.89 2956 217 381.6 2956 L+D 1136.0 275.2 0.24 0.26 1.07
1.08 874.2 3.23 326.3 231 4134 326.3 L+D 1420.0 2839 0.20 0.23 1.15

R75 2949 0.22 1250 0.66 123.7 0.37 125.0 123.7 D 1275 1258 0.99 097 0.98
0.32 268.8 0.98 2146 0.54 268.8 214.6 280.5 256.0 091 0.77 0.84
0.36 338.1 110 2474 060 3381 2474 D 357.0 281.0 0.79 0.69 0.88
0.47 5576 144 331.2 0.78 b557.6 3312 L+D 6120 330.2 054 054 1.00
0.54 720.7 1.66 3829 0.88 664.8 3829 L+D 816.0 359.6 0.44 0.47 1.06
0.61 8733 1.86 4269 0.97 757.0 4269 L+D 1020.0 3775 0.37 0.42 1.13

W)

R100 702.0 0.32 2729 0.64 279.3 0.54 2729 272.9* 285.0 2819 099 0.98 0.99
0.48 569.9 0.95 4915 0.78 566.2 4915 627.0 582.6 093 0.78 0.84
0.54 706.7 1.07 5679 0.87 656.0 567.9 D 798.0 662.2 0.83 0.71 0.86
0.71 11108 1.40 763.1 1.09 889.1 763.1 L+D 1368.0 859.1 0.63 0.56 0.89
0.81 1381.8 1.61 8835 1.22 1027.3 883.5 L+D 1824.0 883.6 0.48 0.48 1.00
0.91 16114 1.80 9859 1.32 1136.4 9859 L+D 2280.0 912.7 0.40 0.43 1.08

O O

R135 256.2 0.55 2229 0.99 1905 0.81 2164 1905 D 2525 2246 089 0.75 0.85
0.81 4221 1.47 2943 112 3329 2943 L+D 5555 303.7 055 0.53 0.97
091 4985 1.66 3322 122 3716 3322 L+D 707.0 3343 047 0.47 0.99
1.20 665.7 217 430.1 141 449.2 430.1 L+D 1212.0 3925 0.32 0.35 1.10
1.38 727.0 251 4909 147 475.6 475.6* L+D 1616.0 400.3 0.25 0.30 1.23
154 7426 2.81 5428 148 482.2 482.2* L+D 2020.0 407.1 0.20 0.27 1.33




Table A2: Numerical and DSM results concerning the behaviosi@edgth of the P-F columns.

I:)cr.D 1 Pn.e 1 Pn.D 1 Pn.Le Pu.DSM ; P F>u RJ RLD F)n.D
Column (KN) A, KN) R KN Ao KN (KN Failure (klzl) kN Fy ?y ?u
C75 146.51 0.36 116.0 091 984 0.64 116.0 984 D 1225 101.7 0.83 0.80 0.97
0.54 2389 1.36 1545 0.92 2152 1545 D 269.5 136.1 051 057 1.14

0.60 294.3 153 1750 1.02 2475 1750 D 343.0 1399 041 051 1.25

0.79 4522 2.00 2277 126 3291 2277 D 588.0 149.2 0.25 0.39 1.53

091 5524 231 2604 139 3752 2604 D 784.0 158.2 0.20 0.33 1.65

1.02 6327 259 2883 149 4098 2883 D 980.0 1684 0.17 029 171

C100 493.94 0.25 160.8 0.58 164.8 0.50 160.8 160.8* D 165.0 162.7 0.99 1.00 1.01
0.37 3428 0.86 3054 0.73 3428 3054 D 363.0 310.3 0.85 0.84 0.98

0.42 4295 0.97 3558 0.82 4150 355.8 D 462.0 358.1 0.78 0.77 0.99

0.55 698.9 127 4843 1.05 576.8 4843 D 792.0 4405 0.56 0.61 1.10

0.63 8938 146 563.3 1.18 679.1 563.3 D 1056.0 471.9 0.45 0.53 1.19

0.71 10716 1.63 6304 129 7652 6304 D 1320.0 506.9 0.38 0.48 1.24

C120 217.60 0.40 169.4 091 1458 0.72 1694 1458 D 181.3 148.9 0.82 0.80 0.98
0.60 3434 135 229.1 1.03 286.7 2291 D 398.8 199.3 0.50 0.57 1.15

0.67 4196 153 2594 1.14 3276 2594 D 507.5 2070 041 051 1.25

0.88 628.0 2.00 337.6 1.39 4270 3376 D 870.0 2289 0.26 0.39 1.47

1.02 7512 231 386.1 152 479.7 386.1 L+D 1160.0 252.8 0.22 0.33 1.53

1.14 8423 258 4274 161 516.5 427.4 L+D 1450.0 270.2 0.19 0.29 1.58

C130 117.16 0.48 161.0 123 1114 100 1370 1114 D 1775 988 056 063 1.13
0.72 3150 1.83 166.6 140 2134 166.6 D 390.5 113.0 0.29 043 1.47

081 378.0 206 1869 1.53 2403 1869 D 4970 117.2 024 0.38 1.59

1.06 533.0 2.70 2394 182 299.8 2394 L+D 8520 1338 0.16 0.28 1.79

1.22 607.8 3.11 2721 194 326.1 2721 L+D 1136.0 1452 0.13 0.24 1.87

1.37 649.8 3.48 300.0 2.01 340.3 300.0 L+D 1420.0 155.0 0.11 0.21 194

R75 24058 0.33 1219 0.73 1183 058 1219 1183 D 127.5 125.0 0.98 0.93 0.95
049 2542 108 1975 0.83 2428 1975 D 280.5 2259 0.81 0.70 0.87

0.55 3149 122 226.1 093 2809 226.1 D 357.0 239.4 0.67 0.63 0.94

0.72 493.7 159 2996 1.16 379.3 2996 D 612.0 274.1 045 049 1.09

0.83 612.7 1.84 3450 1.30 437.3 3450 L+D 816.0 2939 036 042 1.17

0.93 7129 206 383.7 140 482.8 383.7 L+D 1020.0 3055 0.30 0.38 1.26

R100 540.09 0.39 267.6 0.73 264.8 0.54 2676 2648 D 285.0 2809 099 093 094
0.58 545.7 1.08 4423 0.78 5452 4423 D 627.0 519.1 0.83 0.71 0.85

0.65 668.7 122 5065 0.86 626.8 5065 D 798.0 549.6 0.69 0.63 0.92

0.85 1010.3 159 671.2 1.06 8278 671.2 D 1368.0 619.8 0.45 0.49 1.08

0.98 12176 1.84 7729 116 937.0 7729 D 1824.0 639.1 035 042 1.21

1.10 1375.7 2.05 859.6 1.23 1015.6 859.6 D 2280.0 6419 0.28 0.38 1.34

R135 235.10 0.57 220.6 1.04 184.0 0.82 213.7 1840 D 2525 2079 082 0.73 0.88
0.84 4128 154 2821 112 3259 2821 D 5555 2425 044 051 1.16

095 4845 173 3180 1.21 3623 318.0 L+D 707.0 2547 0.36 045 1.25

1.24 6341 227 4107 1.38 4322 4107 L+D 1212.0 2840 0.23 0.34 1.45

144 6813 2.62 468.3 1.44 4529 4529* L+D 1616.0 292.7 0.18 0.29 1.60

161 686.7 293 5175 1.44 4553 455.3* L+D 2020.0 2939 0.15 0.26 1.76




Table A3: Numerical and DSM results concerning the behaviosi@edgth of the P columns.

I:)cr.D /T Pn.e Pn.D Pn.Le Pu.DSM Failure Py Pu P_u h h
kN) "¢ (kN) (kN) (kN (kN (kN) (kN B B R

Column N A

C75 128.22 0.37 1158 098 936 0.64 1158 93.6 122.5 109.7 0.90 0.76 0.85
0.54 238.1 1.45 1450 0.92 214.2 145.0 269.5 137.3 051 054 1.06
0.61 293.0 1.64 163.7 1.02 246.2 163.7 343.0 140.3 041 048 1.17
0.80 4489 214 2122 126 326.7 2122 588.0 145.7 0.25 0.36 1.46
0.93 547.0 247 2422 139 371.8 2422 784.0 157.3 0.20 0.31 1.54
1.04 6248 2.76 267.9 149 4055 267.9 980.0 167.5 0.17 0.27 1.60

C100 446.73 0.20 162.3 0.61 163.6 0.51 162.3 162.3* 165.0 163.2 0.99 0.99 1.00
0.29 350.0 0.90 294.7 0.74 350.0 294.7 363.0 309.8 085 0.81 0.95
0.33 4411 1.02 3418 0.83 421.4 3418 462.0 3434 0.74 0.74 1.00
0.44 7315 133 462.1 1.07 5928 462.1 792.0 406.1 051 058 114
0.50 9499 154 536.2 1.22 704.7 536.2 1056.0 446.8 0.42 051 1.20
0.56 1156.3 1.72 599.1 1.35 801.7 599.1 1320.0 4776 036 045 1.25

C120 201.23 0.24 176.8 0.95 1416 0.74 176.8 141.6 181.3 1448 0.80 0.78 0.98
036 3774 141 220.7 1.08 304.3 220.7 398.8 1874 047 055 1.18
0.41 4732 159 2495 1.21 3534 2495 507.5 193.1 0.38 0.49 1.29
0.54 7717 2.08 3239 1.55 486.3 323.9 870.0 2254 0.26 037 144
0.62 988.6 2.40 370.1 1.75 570.6 370.1 1160.0 246.7 0.21 0.32 1.50
0.69 1187.3 2.68 409.5 1.92 641.6 409.5 1450.0 262.8 0.18 0.28 1.56

C130 110.01 0.35 168.8 1.27 108.2 1.03 140.6 108.2 1775 98.7 056 0.61 1.10
0.51 349.7 1.88 161.3 1.48 227.2 161.3 390.5 105.1 0.27 0.41 1.53
0.58 4319 2.13 180.8 1.65 260.4 180.8 497.0 1105 0.22 0.36 1.64
0.76 669.7 2.78 231.2 2.05 3449 231.2 852.0 1244 0.15 0.27 1.86
0.88 824.0 3.21 262.7 2.28 393.5 262.7 1136.0 137.0 0.12 0.23 1.92
0.98 950.6 3.59 289.5 245 430.7 2895 1420.0 143.3 0.10 0.20 2.02

R75 193.49 0.39 119.7 0.81 111.2 0.57 119.7 111.2 1275 121.6 095 0.87 0.91
0.58 2439 120 179.6 0.82 2358 179.6 280.5 1875 0.67 0.64 0.96
0.65 2989 136 2044 091 2708 204.4 357.0 1949 0.55 057 1.05
0.85 4513 178 2683 1.11 356.9 268.3 612.0 2093 0.34 044 1.28
099 5436 205 307.8 1.22 403.6 307.8 816.0 2158 0.26 0.38 1.43
1.10 6139 230 3415 1.30 437.2 3415 1020.0 218.8 0.21 0.33 1.56

R100 435.56 0.47 260.1 0.81 249.1 0.54 260.1 2491 285.0 2751 097 087 091
0.69 5128 120 402.7 0.76 512.8 402.7 627.0 4320 0.69 0.64 0.93
0.78 6179 1.35 4584 0.83 592.2 458.4 798.0 448.6 0.56 057 1.02
1.02 8823 1.77 601.8 0.99 7539 601.8 1368.0 472.7 0.35 0.44 1.27
1.18 1016.5 2.05 690.6 1.06 828.8 690.6 1824.0 4749 0.26 0.38 1.45
1.32 1097.8 2.29 766.3 1.11 872.3 766.3 2280.0 4749 0.21 034 161

R135 211.34 042 2341 1.09 1759 0.88 216.1 175.9 2525 1999 0.79 0.70 0.88
0.63 4704 1.62 267.5 1.25 3444 2675 555.5 2149 039 048 1.24
0.71 5722 1.83 301.1 1.38 3915 301.1 707.0 2224 031 043 1.35
0.93 843.3 2.39 387.7 1.67 5035 387.7 1212.0 248.1 0.20 0.32 1.56
1.07 996.4 2.77 441.7 182 560.4 441.7 1616.0 257.4 0.16 0.27 1.72
1.20 1103.7 3.09 487.7 191 598.3 487.7 2020.0 258.2 0.13 0.24 1.89
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Table A4: Numerical and DSM results concerning the behaviosi@edgth of the F-F columns.

I:)cr.D 1 Pn.e 1 Pn.D 1 Pn.Le Pu.DSM ; P F>u RJ RLD F)n.D
Column (KN) A, KN) R KN Ao KN (KN Failure (klzl) kN Fy ?y ?u
C75 80.84 0.38 1155 121 780 0.74 1155 78.0 D 1225 781 0.64 0.64 1.00
0.56 236.6 1.80 1169 1.06 193.8 1169 D 269.5 86.0 032 043 1.36

0.63 290.6 2.03 131.2 1.17 2221 131.2 D 343.0 88.7 0.26 0.38 1.48

0.82 4426 2.65 168.2 1.45 2926 1682 D 588.0 96.7 0.16 0.29 1.74

095 5369 3.06 191.2 159 3316 1912 D 784.0 1024 0.13 0.24 1.87

1.06 6105 3.43 2109 170 360.3 2109 D 980.0 107.5 0.11 0.22 1.96

C100 257.47 0.28 1595 0.80 1451 0.60 1595 1451 D 165.0 1446 0.88 0.88 1.00
0.42 3369 1.19 2353 0.88 3122 2353 D 363.0 215.0 0.59 0.65 1.09

0.48 4201 134 2680 098 3624 268.0 D 462.0 2271 049 058 1.18

0.62 6729 175 3522 124 4957 3522 D 792.0 2504 032 044 141

0.72 849.7 2.03 4043 139 5776 4043 D 1056.0 2674 0.25 0.38 1.51

0.81 1006.0 2.26 4486 151 6446 4486 D 1320.0 2846 0.22 0.34 1.58

C120 12538 0.32 173.6 120 116.2 0.87 1611 1162 D 181.3 111.0 0.61 064 1.05
0.48 362.7 178 1743 126 2634 1743 D 398.8 126.3 0.32 044 138

0.54 4498 201 1956 141 3033 1956 D 507.5 133.1 0.26 0.39 1.47

0.70 7074 263 2508 1.76 406.5 250.8 D 870.0 1554 0.18 0.29 161

0.81 880.4 3.04 2852 197 467.6 2852 D 1160.0 169.1 0.15 0.25 1.69

0.91 1027.2 3.40 3146 2.13 5158 3146 D 1450.0 1805 0.12 0.22 1.74

C130 62.34 046 1624 169 821 118 123.8 821 D 1775 643 036 046 1.28
0.68 321.1 250 119.1 165 193.1 1191 D 3905 749 019 0.30 1.59

0.77 3875 2.82 1327 1.82 2179 1327 D 497.0 79.8 0.16 0.27 1.66

1.01 556.0 3.70 168.2 2.18 2744 1682 D 852.0 919 0.11 0.20 1.83

1.17 643.0 4.27 1904 234 3009 1904 D 1136.0 98.1 0.09 0.17 1.94

1.30 697.2 477 2093 244 316.7 2093 D 1420.0 1029 0.07 0.15 2.03

R75 130.53 0.47 1164 0.99 96.2 0.67 1164 96.2 D 1275 980 0.77 0.75 0.98
0.69 229.6 147 1486 095 2023 1486 D 280.5 118.1 042 053 1.26

0.78 276.6 166 167.8 1.04 229.3 167.8 D 357.0 120.2 0.34 047 1.40

1.02 3952 217 2172 124 2904 2172 D 612.0 1216 0.20 035 1.79

1.18 4555 251 2479 133 3188 2479 D 816.0 1216 0.15 0.30 204

132 4921 281 2741 139 3353 2741 D 1020.0 121.6 0.12 0.27 2.25

R100 291.57 0.52 254.0 0.99 2157 0.63 2540 2157 D 285.0 2347 082 0.76 0.92
0.78 486.5 1.47 3335 087 4530 3335 D 627.0 2643 042 053 1.26

0.88 577.8 165 376.6 095 509.0 376.6 D 798.0 2649 0.33 047 1.42

1.15 786.4 217 487.6 110 6257 4876 D 1368.0 2649 0.19 0.36 1.84

1.33 8718 250 556.6 116 669.9 556.6 D 1824.0 262.8 0.14 0.31 212

1.48 906.1 2.80 6155 119 687.2 6155 D 2280.0 2649 0.12 0.27 2.32

R135 114.43 0.54 2233 149 1326 1.03 186.6 1326 D 2525 1115 044 053 1.19
0.80 424.0 2.20 1944 1.41 2848 1944 D 55655 1115 0.20 0.35 1.74

0.91 501.3 249 217.2 154 3176 2172 D 707.0 113.8 0.16 0.31 1.91

119 6722 325 2763 178 3837 2763 D 12120 121.1 0.10 0.23 2.28

137 7364 376 3131 186 4068 3131 D 1616.0 1288 0.08 0.19 2.43

153 7547 420 3447 1.89 413.2 3447 D 2020.0 1364 0.07 0.17 2.53




Table A5: Numerical ultimate loads and modified DSM predigioconcerning the P-F, P and F-F columns

Pinned-Fixed Pinned Fixed-Free
Coumn| o R By Po | ; R Pe Fol|l iy R P B
° R R R |™ B R R|™ B R R
C75 0.91 0.83 0.97 0.97 0.98 0.90 0.85 0.85 1.23 0.64 0.97 0.94
1.36 0.51 0.97 0.97 1.45 0.51 0.84 0.86 1.83 0.32 0.87 0.95
1.53 0.41 0.93 0.98 1.64 0.41 0.81 0.87 2.06 0.26 0.85 0.96
2.00 0.25 0.88 1.00 2.14 0.25 0.80 0.92 2.70 0.16 0.81 0.98
2.31 0.20 0.85 1.00 2.47 0.20 0.75 0.90 3.11 0.13 0.79 0.98
2.59 0.17 0.81 0.98 2.76 0.17 0.72 0.88 3.48 0.11 0.77 0.98
C100 0.58 0.99 1.01 1.01 0.61 0.99 1.00 1.00 0.80 0.88 1.00 1.00
0.86 0.85 0.98 0.98 0.90 0.85 0.95 0.95 1.19 0.59 1.09 1.05
0.97 0.78 0.99 0.99 1.02 0.74 1.00 1.00 1.34 0.49 1.02 1.02
1.27 0.56 1.02 1.00 1.33 0.51 0.99 0.99 1.75 0.32 0.92 1.00
1.46 0.45 0.94 0.97 1.54 0.42 0.89 0.94 2.03 0.25 0.87 0.99
1.63 0.38 0.87 0.93 1.72 0.36 0.83 0.91 2.26 0.22 0.83 0.96
C120 0.91 0.82 0.98 0.98 0.95 0.80 0.98 0.98 1.20 0.61 1.03 0.99
1.35 0.50 0.98 0.99 1.41 0.47 0.96 0.98 1.78 0.32 0.89 0.97
1.53 0.41 0.94 0.98 1.59 0.38 0.93 0.98 2.01 0.26 0.85 0.96
2.00 0.26 0.86 0.97 2.08 0.26 0.81 0.92 2.63 0.18 0.75 0.91
2.31 0.22 0.79 0.92 2.40 0.21 0.75 0.89 3.04 0.15 0.71 0.89
2.58 0.19 0.75 0.90 2.68 0.18 0.72 0.87 3.40 0.12 0.69 0.87
C130 1.23 0.56 1.08 1.05 1.27 0.56 1.01 0.99 1.69 0.36 0.86 0.93
1.83 0.29 0.93 1.02 1.88 0.27 0.94 1.05 2.50 0.19 0.77 0.92
2.06 0.24 0.90 1.03 2.13 0.22 0.90 1.04 2.82 0.16 0.74 0.91
2.70 0.16 0.82 1.00 2.78 0.15 0.84 1.02 3.70 0.11 0.69 0.88
3.11 0.13 0.78 0.98 3.21 0.12 0.78 0.99 4.27 0.09 0.67 0.88
3.48 0.11 0.75 0.96 3.59 0.10 0.77 0.99 4.77 0.07 0.66 0.89
R75 0.73 0.98 0.95 0.95 0.81 0.95 0.91 0.91 0.99 0.77 0.98 0.98
1.08 0.81 0.87 0.87 1.20 0.67 0.94 0.91 1.47 0.42 0.98 1.01
1.22 0.67 0.92 0.89 1.36 0.55 0.89 0.90 1.65 0.34 0.96 1.03
1.59 0.45 0.78 0.83 1.78 0.34 0.83 0.91 2.17 0.20 0.97 1.12
1.84 0.36 0.73 0.81 2.05 0.26 0.81 0.92 2.50 0.15 0.99 1.18
2.06 0.30 0.71 0.81 2.30 0.21 0.81 0.95 2.80 0.12 1.01 1.23
R100 0.73 0.99 0.94 0.94 0.81 0.97 0.91 0.91 0.99 0.82 0.92 0.92
1.08 0.83 0.85 0.85 1.20 0.69 0.92 0.89 1.47 0.42 0.99 1.02
1.22 0.69 0.90 0.87 1.35 0.56 0.87 0.88 1.65 0.33 0.98 1.05
1.59 0.45 0.78 0.82 1.77 0.35 0.82 0.90 2.17 0.19 1.00 1.15
1.84 0.35 0.76 0.84 2.05 0.26 0.83 0.94 2.50 0.14 1.03 1.23
2.05 0.28 0.76 0.87 2.29 0.21 0.84 0.98 2.80 0.12 1.04 1.28
R135 1.09 0.82 0.88 0.88 1.09 0.79 0.88 0.88 1.49 0.44 0.92 0.95
1.62 0.44 0.86 0.91 1.62 0.39 0.88 0.94 2.20 0.20 0.93 1.08
1.83 0.36 0.82 0.90 1.83 0.31 0.85 0.94 2.49 0.16 0.93 1.11
2.39 0.23 0.76 0.88 2.39 0.20 0.78 0.93 3.25 0.10 0.92 1.17
2.76 0.18 0.75 0.91 2.77 0.16 0.78 0.95 3.76 0.08 0.90 1.17
3.09 0.15 0.76 0.94 3.09 0.13 0.79 0.99 4.20 0.07 0.88 1.16




