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Abstract

The objective of this paper is to provide an overviemy research activity on structural stability firet
last two decadese,, since | joined the Structural Stability Rese&eduncil (SSRC), back in 1997. After

a few introductory words and a brief visit to mg@sation with SSRC over the years, the paper gresen
the main findings obtained in several investigationwhich | have collaborated on topics/problems
dealing with the geometrically non-linear behawabthin-walled structural members and systentise
common thread is the fact that the vast majorithese findings have been originally reportedS6RC
Annual Stability Conference and can be found in theespanding proceedings. The various topics or
problems addressed are presented in chronological @slenych as possible) and concern (i) the
stability,non-lineaistrengttanddesignof pitched-roofframesy(ii) the distortional post-buckling behavior,
ultimate strength and Direct Strength Method (D$legign of cold-formed steel columns and beams,
(i) the lateral-torsional stability of doubly argihgly symmetric web-tapered beams, (iv) Genedliz
Beam Theory (GBT) formulations and application3 e stability, failure and DSM design of cold-
formed steel equal-leg angle columns, and (vijptte-buckling behavior, ultimate strength and DSM
design of cold-formed steel columns and beams godey mode interaction phenomena involving
distortional buckling, namely local-distortionaistdrtional-global or local-distortional-global @raction

- analytical, numerical and experimental resultsdagdt with. In each case, the topic or problemeund
consideration is first outlined, by providing its/deatures and associated challenges. Then, thre mai
goals of the research effort undertaken are descriloefbliowed by a necessarily brief presentation and
discussion of the main results/findings obtainaahlly, the paper closes with a few concluding ndssia

1. Introduction

Although | had already heard about the Structuahily Research Council (SSRC) in the early 80s,
during my Ph.D. studies at the University of WakeOntario, Canada) under the supervision ofatee |
John Roorda, it was not until 1990 that | had st flive encounter” with this prestigious institut.
This took place in Istanbul (Turkey), where | atlet the “Fourth SSRC International Colloquium on
Structural Stability (Mediterranean Session)”, organizgdsilay Akar (now Gilay Altay) from
Bo azici University, a former Research Associate &idte University. By an incredible coincidence
(premonition...) the first person | talked with dgithe whole Colloquium was no less than...Lynn
Beedle himself! | explain how this happened: afterGooquium pre-registration, gharticipants
boarded buses heading to the Colloguium Welcome Chdi¢l on the Boazici University campus,
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with a breathtaking view over the Bosphorus strailtiring the wholérip (almost an houdueto the
very heavyistanbul traffic), and completely by accident (fafg | sat next to this lovely distinguished
elderly gentleman who had the patience to talk avitRortuguese kid” and encourage him to join SSRC,
by describing enthusiastically its activities dmel advantages of becomimmember] must confess that,

in my heart, | was “recruited” on that day (Septenit&ri990)! | only talked with Lynn Beedle once
more in my life, still in Istanbul, to ask him tgs the copy of the book “Stability of Metal Structs-

A World View”, edited by him, which | had just pixased. To think that, almost 30 years later, | am
receiving the SSRC Lynn S. Beedle Award is abslglutend-boggling (much more so that you can
possibly imagine...), completely beyond my wildest dreams

Even if Lynn Beedle’s advice never left my mindyés not until 1995 that | “encountered” SSRC ggain
now in Budapest (Hungary) where | attended the SSRC-sponsored dimgaat Colloquium on
the Stability of Steel Structures”, organized by the Miklos Ivanyi, from the Budapest University of
Technology (today Budapest University of Technolagg Economics BUTE), and where | saw for
the first time (as far as | can remember) Ted GalamboBandherman. Then, in 1996, | attended in
Rio de Janeiro the “Fifth SSRC International Coliaquon Structural Stability (Brazilian Session)”,
organized by Ronaldo Battista from the Federal Unityecs Rio de Janeiro. And, finally, | got to
the “real thing” seven years after the first “entged’ with Lynn Beedle: | attended the 1997 “SSRC
Annual Technical Sessions and Meeting” in Toronto #Bmt Canad&)and it was “love at first sight”.

| enjoyed so much the familiar atmosphere, frienadgussions and creative scientific exchanges
(I had so many “new ideas”) that | have been coming baeksince: | did not miss a single “SSRC
Annual Technical Sessions and Meeting” (until 2000)SSRC Annual Stability Conference” (since
2001, organized in the context of the AISC Northetican Steel Construction ConfereAcBIASCC:
The Steel Conference) up to now, which means 24eumitive presencés!

At thismoment] must sayhatl feel highly indebted to SSRC “twice”. First, to its ExeeiCommittee

for having selected me as the recipient of suaiestigious Award really, the crowning of a research
career and the possibility of entering a “room” filleih so many people | have always admired and
looked up to. But, more important than that, forihg played such an important role in my research
career: | could never have made it without thedeskdp, encouragement, motivation and, most of all,
friendship provided by the “SSRC environment andiligm Section 1.1 showaquiteastonishing
“quantification” of therole playedby SSRGN my career. Throughout the years, | have beengrently
and anxiously looking forward to the next Annual Stability Confezeboth for professional and
personal reasonsand that will never change!

1.1 The Role of SSRC in my Career

Soonafterconcludingmy Ph.D.,in 1985,1 wasdraftedinto the Portuguese Air Fofgavhere | literally

“did nothing” for over a year, before being ableeturn to my job of Assistant Professor at thenheal
University of Lisbon. There, | quickly found out the (completely illogichardships of “rookie life”: a
very heavy teaching load, often involving two or mowarses per semester, and a lot of administrative
duties (that could not be refused) combined to nagall the momentum left from my doctoral work. |
addition,| hadvirtually noacces$o graduatestudentsall “absorbed” by the most senior faculty members.

2 Afterwards | went to Waterloo to visit my formespervisor, John Roordathe last time | saw him (without having to closg eges).

3 It should have been 22 presences in a row if I8RIQot “failed” me (for the first and only timé)did not organize the “Annual Technical
Sessions and Meeting” in 1999.

4 At that time, the military service was compulsirfPortugal, even if you could postpone it untilygraduate studies were finished.
5 The name changed to University of Lisbon in Septn2013.



The above difficulties, combined with my own flawadk of initiative and settlement in a kind of

“Mediterranean comfortjroove..), helpto explainwhy (i) the first M.A.Sc. and Ph.D. theses under my
supervision were only completed in 1994 and 2001, otispéy, and (ii) the second journal paper

reporting my doctoral work was published only in 1998nce | obtained my Ph.D. in 1985, there is
absolutely no doubt that it is impossible to imaginworse candidate for the MAJR Award. ..

During all this time, (i) | taught many courses, devgt lot of time to the careful preparation of high-
quality note$ (i) | continued to do some research (almost singtelédly), always striving to achieve
as much quality as possible, which allowed metendta few prestigious international conferences
(it wasessentialo learnfrom thebest) (iii) | participated in Technical Committees involvedi@veloping
and updating Eurocode 3 (“Steel Structures”), alwagkiig for scientific collaboratiofis(iv) | never
stoppedsearchindor researclhopics and problems (always dealing with structstability), as well as for
new ideas to tackle them, and, most of all, (\@dtkrying to find bright and passionate studemtsveays

to motivate/attract them to opt for a researchezarly first attendance of a “SSRC Annual Technical
Sessions and Meeting”, in 1997, somehow provided then&edion” between all these various scattered
efforts and, all of a sudden, my research caresally took off (when | was already 44 years old!)
and has been flying pretty steadily ever sincd.tdugjuantify” this assertion, the bar chart diggeld in
Figure 1 provides the evolution of the number tadrimational journal papers | co-authored betwe&3 19
and 2018. It is obvious why the title of this pap@ntions a “career shaped by SSRC"...
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Figure 1: Evolution of the number of international jourpapers | co-authored between 1983 and 2018

| served SSRC in several roles over the yearsofiuguese Corresponding Member, (ii) Co-Clwith
Miklés Ivanyi) andChairof TaskGroupl11 (“InternationalCooperation on Stabilit$tudies”),(iii)
ExecutiveCommittee Member and (iv) Chair of the VinnakotagdvCommittee it has been a great
privilege and pleasure to perform these tasks| amtindebted to SSRC for havitmgstedmeto do s&.

% Fortunately, the tenure research requirementeatechnical University of Lisbon were minute & time. ..

" Part of these notes led to the publication, ir0A®PMcGraw-Hill Portugal, of a book on “Structuthbility” (in Portuguese).

8 Having obtained my Ph.D. degree in North Ametigaas considerably “isolated” as far as collabeeatesearch contacts were concerned. |
tried to alter this situation by looking for scidintcollaborations with European and Brazilianeashers.

9 When presenting research topics to prospectiviugta students, | never made them look easy (intleéidn warned them about the
difficulties), but | always characterized them lagllenging and exciting (and, therefore, potegtiadry rewarding} following the priceless
lessons received from Professor S.T. Ariaratnatieat/niversity of Waterloo, | used to tell theratttthere is no joy comparable to
mastering a difficult problem” and that “the amoahjoy is proportional to the level of difficultyNaturally, this type of “joy” scared
away most of the listeners, frequently all of them but those few (if any) remaining in the room wierariably outstanding.

10| am particularly thankful to Reidar Bjorhovde Faving invited me to Co-Chair Task Group 11 whesas little more than “nobody”.



It was also a great honor to organize the SSRC-spor$oteahational Colloquium on Stability and
Ductility of Steel Structures®, held in Lisbon (Portugal) on September 2006, wiiekle it possible to
have the pleasure of watching the SSRC logo/bgadly displayed above the entrance of the Civil
Engineering Pavilion of Instituto Superior Técni®T) - University of Lisbon School of Engineering.

Finally, I must acknowledge, from the bottom of my hehe invaluable warmth provided by the SSRC
membership during all these years, which “forced” meptoe back to this conference over and over
again. It is not at all surprising that several E3fembers are amongst my dearest and closessfriend

1.2 Content and Organization of the Paper

Sincethecontenbf this papetis intendedo bepresenteth a lecture delivered during the session in which
| receive the Lynn S. Beedle Award, granted becaliaeesearch career that has been so much céldien
by my association with SSRC, | have decided toigeoan overview of my research activity on strutur
stability in the last two decades., since | joined SSRC back in 1997. The paper ptesbe main
results/findings obtained in several investigationghich | have collaborated on topics/problenalidg
with thegeometricallynon-linearbehaviorof thin-walled structuranembersandsystemsThe common
thread between these results/findings is theHatpractically all of them were reported at SSRD U8l
Stability Conferences (or Technical Sessigndeetings) before appearing in international journalp

to this year | have co-authored 66 papers publishB&RC proceedings (full list given in Annex A).

The various topics/problems and results/findingddressed in chronological order as much as paossible
concern (i) the stabilityjon-linearstrengthanddesignof pitched-roofframes(ii) the distortional post-
buckling behavior, ultimate strength and DireceBgth Method (DSM) design of cold-formed steel
columnsandbeams(iii) thelateral-torsionastability of doubly and singly symmetric web-tajgebeams,

(iv) Generalized Beam Theory (GBT) formulations apgliaations, (v) the stability, failure and DSM
design of cold-formed steel equal-leg angle columns(dhthe post-buckling behavior, ultimate
strength and DSM design of cold-formed steel colkirand beams affected by mode interaction
phenomen@volving distortional buckling, namely local-distortional, local-distortionabgl or
distortional-global interaction analytical, numerical and experimental results adeesged. In each
casethetopic/problemunderconsideratioris first outlined, by providing its key featuresiaessociated
challenges. Then, the main goals of the research efidertaken are described and followed by a
necessarily brief presentation and discussioneohthin results/findings obtained. Finally, the pape
closes with a few concluding remarkand it must certainly open with the acknowledgsient

1.3 Acknowledgments

In Engineering, research findings are invariabdyfthit of collaborative efforts involving severalgpse
and combining original thinking, breakthrough idesid analytical, numerical and/or experimental
concepts and skills, hard work and a fair amoudisaipline. Therefore, no single person or commuete
can “claim” the full credit for a given successf@lure...). In my particular case, | have beensadsy
being surrounded by top-class individuals with @unding talent during my whole research career.

Everybodyknowsthatthekeyingredient leading to the success of a researcagadis the quality of the
graduate students collaborating in it. The researchtastiin which | have participated are no exception
(on the contrary, they merely illustrate the abowe") - indeed, their outcomes were always decisively
influenced by the amount and quality of the workied out by the M.A.Sc. and Ph.D. students inwalve
Therefore, most of the credit for the findings g in this paper belongs to Nuno Silvestre (McA.S

1n 1999, it was decided to add the word “Ductilitythe Colloquium series title.



1997 and Ph.D. 2005), Rodrigo Goncalves (M.A.S6028nd Ph.D. 2007), Luis Prola (Ph.D. 2001)
Anisio Andrade (M.A.Sc. 2004 and Ph.D. 2013), CilfBasaglia (Ph.D. 2010), Rui Bebiano (Ph.D.
2010), Rui Fena (M.A.Sc. 2011), Miguel AbambresPR014), Danilo Cava (M.A.Sc. 2015), Renato
Cruz (M.A.Sc. 2015) and André Martins (Ph.D. 201&}ilmar Basaglia (2010-2013) and Rui Bebiano
(2013-2017) were also post-doctoral fellows aftengleting their Ph.D. degrees. Some of these gdua
students and post-doctoral fellows were co-supeahiy my colleagues Nuno Silvestre (University of
Lisbon), Pedro Borges Dinis (University of LisbdRpdrigo Gongalves (Nova University of Lisbon) and
AlexandreLandesmaniFederalUniversityof Rio deJaneiro), always playing instrumental roles in the
success of the corresponding research actilfties

Everybody also knows how important, for the sucoéssresearch endeavor, is the (more or less fprma
collaboration with colleagues and peerns my case, also dear friends. | am particulartiebted to
Eduardo Batista and Alexandre Landesmann (Fedenrattdity of Rio de Janeiro), and, most of all, to
Ben Young (University of Hong Kong), for having Wwed very closely with me in many occasions,
often “filling the experimental gap” in my own reseh by carefully performing jointly planned test
campaigns that provided clear experimental evidancevalidation of the analytical and numerical
findings unveiled in Lisbor all the experimental results presented in this pajggnated from Hong
Kong or Rio de Janeiro. The friendly, enjoyable fitful discussions and exchanges of ideas with B
Schafer (Johns Hopkins University), Greg Hancock and Ramussen (University of Sydney), Ron
Ziemian (Bucknell University), René Maquoi (Univigref Liege) and Leroy Gardner (Imperial College
London) are also very gratefully acknowledgettieir comments, criticisms and suggestions contributed
to improvethequality of severaresearcHindings reported in this paper (as well as to prevent the
publication of a number of mistakes...).

The last words go to my “family” and my family. Tioy “sons” Cilmar and Alexandre, who combine the
supreme Brazilian sense of humor with a surpri@egman work capacity, for the continuous support
and gentle care. To my “brother” Pedro, the best pdrsger met, for being everything to me during so
many years (always with a smile in his face). To mgn@mother and Grandfather, who always live in
my heart, for the gift of unconditional love and for nmakime believe that | was capable of doing
anything | wanted. To my Father, the most intaliatcharismatic and sweet person | will ever come
across, for having taught me the joy of learning,iinportance of knowledge and the concepts of huma
dignity and “cleanliness of character”. And to isllny better half, for the privilege of going thgh

life at my side, fillingit with love, tendernesandlaughter andfor achievinghemiracleof being,atthe
samdime, the deep and solid roots ensuring stabilityoene, and the light and powerful wings helping
to master and conquer instability at the office.

2. Pitched-Roof Frames

This section addresses the in-plane behavior of unbsaegig-bay pitched-roof steel frames (see
Fig. 2(a))- dueto the sloping rafters such behavior is qualitdyiwery different from itsorthogonal
(beam-and-column) frame counterpart (Silvegt@amotim 2007). Thindingsreportecconcerrthein-
planestability, second-ordegffectsand elastic design. lllustrative numerical resoitslving frames with
fixed and pinned column bases are presented and skstus

12Nuno Silvestre and Rodrigo Gongcalves, both myiguewW.A.Sc. and Ph.D. students, are nowadaysyhitistinguished colleagues. While
Rodrigo is the recipient of the SSRC 2017 MAJR Médahat quality, he will deliver an invited pergtation immediately after this one)
and has a very bright future ahead, Nuno is alreajihying an extremely bright present, in spithisfrelatively young ageit suffices to
mentiorthathehas been recently appointed editor of the intemaitjournal Thin-Walled Structures! Nuno and Ryalare the “living proof”
that | have easily and brilliantly fulfilled theiprary requirement of a good teacher/supervisobé&outperformed by your students™



Figure 2 Pitched-roof frame (a) geometry, (b) stabilitgding and (c) in-plane loading

2.1 In-Plane Stability

Consider the symmetric pitched-roof frame depigteéigure 2(a), exhibiting semi-rigid column bases
(stiffnessk;) and acted only by colummg) and rafter ;) axial compressivéorces,alsosymmetric
andrelatedby R\=N,/N; - see Figure 2(b)lhe in-plane globabucklingbehaviorof this frame is
governedy the twabucklingmodes shown in Figure 3(aith anti-symmetric (ASM) and symmetric
(SM) configurations both involve sway displacements (horizontal distaents of the column tops)
Figure 3(b) summarizes the essential featureseopitiched-roof frame in-plane stability behavior:
note that the critical load paramelge=min{/as /s (/asand /s are the load parameters associated
with anti-symmetric and symmetric bifurcatiotASB and SB) strongly depends on eafterslopeg
and(ii) axialloadratioRy, as shown by the curviesFigure 3(b). Theprovide theN, andN: bifurcation
values (both linearly dependent br Nog NS, NP> andN,> are the bifurcation loads fB=0 (column
compressioonly) andRy= ¥ (raftercompressiomonly). Their observation prompts the following eeks:

(i) While ASB (solid line)is independentrom therafter inclination, SB (dashed lines) exhibits ghhi
dependence og- recall that the latter is mostly governed by thikeer instability.

(i) Forlow Ry, / o=/ as(no dependence ap). For highRy, on the other hand=/asor /=15,
depending on the value of the rafter inclinatgpn

(i) The variationof /¢ with Ry involveseither(iii ;) both ASB and SBe(g, g=q) or (iiiz) only ASB
(e.g, &= @5). Note also that common frame geometries corresfaquite closé asand/ svalues.

In orderto avoidtheneedo performlinearstabilityanalyseso obtain/ asand/ s, easy-to-use and accurate
analytical expressions were developed in the cbatdsames with semi-rigid column bases (Silveétre
Camotim 1999). The bifurcation loads are providgdhe expressions

c c -1/C
+
= N LN c = 12+16K W
rc.ONEc rr.ONEr 1+K

with r.qandr,q given by the formulae given in Table 1, wheréf) andNg, are the column and rafter
Euler loads, (iilN. andN; are column/rafter reference axial forces andR#i).,Ic/Lcl;, Ry=L,Sing/L.
andK=k.L./El.. The formulae for pinned and fixed-base frames ataiwedby makingK tendto
zeroandinfinity, respectively”.

3 These displacements may be (i) both “inward” artard” or (i) one “inward” and the other “outwére only the latter is relevant
in orthogonal beam-and-column frames.

14These formulae were included in a book by Traétzél. (2006) on the design and behavior of steel strastu



(@) (b)
Figure 3: Pitched-roof frame (a) anti-symmetric (ASM) agichsetric (SM) sway buckling modes, and (b) variatid the
N, andN; bifurcation values witlg andRy (ASB and SB)

Table 1. Formulae to evaluatec gandryr.o

ASB SB
K>(R+3)+3 48+12R>(1+ R, ) +K>(1+4.8R+4.2RR;)
l'eo 10R+12+ K (4R +3) 24+12RX1+ Ry ) +7R?RZ + K X(2.4R+2R?R3)
4+ K> (2R+4) 12R+8.4RR, +K x(4R+ 4.2RR, + R?R3)
Iro 4+ K xR+ 4) 12R+4+K (4R +2)

2.2 Second-Order Behavior

Consider the pitched-roof frame displayed in Fidi{eg,nowsubjectedo the horizontalH) and vertical

(w) loads indicated in Figure 2(c). Before addrestieggeometrically non-linear behavior of this feam

it is important to recall some fundamental diffeesnbetween the structural responses of pitchéd-roo
and orthogonal (beam-and-column) frames (Silvested. 1998):

() Inorthogonaframes, the swagisplacements of the two column tops are alwaysally identical.
In pitched-roof frames, on the other hand, thesglaliements are only equal if the two horizontal
applied loads are identical (due to the slopinterdéteral stiffness).

(i) Symmetric(geometryandverticalloading)orthogonal frames have null column top displacesaent
Vertically loaded symmetric pitched-roof frames ibittnon negligible “outward” column top
sway displacements (combined effect of the apeicaedisplacement and rafter inclination).

(i) In symmetric orthogonal frames the first-ordgvay deformed configuration and bending moment
diagram stem exclusively from the applied horizbtdads- this feature is very important,
since the validity of the “sway amplification methidSAM) is based on the similarity between
these first-order results and their frame critimatkling mode counterparts (Horb@75). As will
be shown next, pitched-roof frames do not shasefdature.

It is possible to express the pitched-roof firsteprdeformed configuration abéndingnomentiagram
as the sum of the following three components, shiomiigures 4(a)-(c) (Silvestet al. 1998):

(i) Thenon swaycomponentsiys andMys due to the vertical loading and assuming thastey
displacements are prevented by horizontal reatbimesR - see Figure 4(a).

(i) The symmetricwaycomponentsissandMss which stemalsofrom the vertical loading, through
the application of horizontal forces opposite ® teaction®R - see Figure 4(b).

(iii) The anti-symmetriswaycomponentsixsandMas due to the horizontal loads- see Figure 4(c).

15)f the horizontal loading is not anti-symmetritglit and left horizontal forces not equal in sigrlr value)boththe symmetric
sway and anti-symmetric sway components are affecte



Figure 4: Pitched-roof frame first-order deformed configima and bending moment distribution componentsna-
sway (NS), (b) symmetric sway (SS) and (c) anti+swatric sway (AS)

The maximunMssvalues are very often much larger thanlihg ones- thetwo charts presented in
Figures 5(a) (fixed-base frames) and 5(b) (pinreeldrames) enable a straightforward evaluation
of the /=Mss mafMas maxratio: for a given geometnR(=L,/L., Ry=R sing, R=I.L,/Ll;) and loading
(Ves~wWL, Heg=2H) combination, determining just requires multiplying’, or 7y, (read from the chart)
by (Ved/Hed) (R_.CO059/18) - in semi-rigid base framék=k.L./El.), f can beapproximately estimated
by fs=(fo+7¢K)/(1+K). The comparison between the frame (i) first-ostesy deformed configurations
dssanddas (see Figs. 4(b)-(c)) and (ii) symmetric and agthametric buckling mode shapes (see
Fig. 3(a)) shows a remarkaldnilarity. This fact, combined with (more or less) closekbag loads
VasandVs (total vertical loadings associated witksand/g), leads to conclusion that, pitched-
roof frames, an approximate second-order analgsisdon the amplification concept must involve the
first and secondbuckling loads/modes this is a major difference with respecbtthogonaframes, in
which only the first buckling load/mode is involved

2.2.1 Sway displacement and moment amplification
A sway amplification method to estimate second+ofi¢ateral displacements and (ii) elastic intdrn
forces and moments (IFM), in unbraced symmetrhpitl-roof frames, involves the following steps:

RH fo RH f¥ 10
1.00 1.00 8
—T———29 / 12
- —
0.75 0.75 14
3.1
T 16
/‘ 3.3 /
0.50 ——— . 0.50 20
/\ 3.7 / / /24
0.2t 3.9 0.2t o8
21 / /
0.10 0.10
1 25 5 7.5 10 R 1 25 5 7.8 10 R
(a) (b)

Figure 5: Charts to estimate the ratioMss ma{Mas.mad (a) fixed-base and (b) pinned-base pitched-iraofies



() Determinatiorof thefirst-ordermember axial forces due to the applied verticadi$oanly®.

(i) Evaluation of the frame sway mode bucklingde&/as= / AsVeq andFs= / sVeqg, WhereVgy is
the frame applied vertical loading.

(iii) Identification of the first-order deformed efiguration, bending moment diagram, shear force
diagram and axial force diagram components asedcwith (iiip) the application ofhe vertical
loadin the braced framéiii ;) the swaydisplacementslueto theverticalload and (i) the sway
displacementdueto thehorizontalloads (see Figs. 4(a)-(c)).

(iv) Estimation of the second order displacemeut l&M values, by means of the expressions

d; =dys +CssXgs+CpsUps My =My +Css Mg+ Cprg XM ps
V) =Vs +Cgs W5+ Cpg Vg Ny =Nys+ Ngs+CpsNpg , (2)
1 1
Cos=— Cas=7—~ 3)
1' VEd/VS 1- VEd/VAS

Concerning the above sway amplification methodfalewing comments are appropriate:

(i) Unlike its anti-symmetric counterpadas the axial force componehksis not amplified see
Eq. (2). This is due to the fact that the signs of theakgalued additional bending moments
generated by the-Deffects at the column bases are the same inrtihedise and opposite in the
second one (see Figs. 6(a)-(b)). Thus, no additimaal force binary”Np is required to
ensure equilibrium in the presence of thg)ss- they are self-equilibrated.

(i) If the analytical expressions given in Eq. él)d Table 1 are used to evaludfg andVs, it is
possible to obtain second-order displacement akidelstimates which including all relevaPtD
effects and exclusively based on frafingt-order results.

(iii) Unlike the usual sway amplification methotietproposed one involves the amplificatan
two first-order displacemerandIFM componentginsteadof just one). The differencdsetween
the second-order estimates yielded by the two rdsttepend (i) onVs/VasandMss matMas max
ratio values and (§) on whether the symmetric sway component (noeaddd in the usual method,
most likely because it bears no relevance in odhabframes) is included in either then-sway
component (not amplified) or the anti-symmetric gwamponent (amplified b€ag).

(iv) An extensive parametric study performed byé&itre & Camotim (2007) showed that the sway

amplification method yields very accurate and abvsgfe second-order results for a wide variety
of frame geometries and loadings.

1P-Ng @ P+NT

Figure 6: Equilibrium involving the additional (a) AS and)(SS bending momenks,

18Considering the column and rafter axial forces dukedorizontal loads has a negligible effect on thekling load values.



2.3 Elastic Design

A novel rationabpproacho estimatehelFM designvaluesn unbraced single-bay pitched-roof frames is
formulated. In order to comply with the Eurocod¢CEN 2005) methodology, it comprises (i) a frame
classification, with respect to its susceptibititysecond-order effects (under a vertical loadamg), in
“susceptible frames”, (ii) the estimation of IFMstgn values incorporating the relev@aDeffects, by
means of Eqgs. (2)-(3). The frame classificatioaddressed next.

The basic concept behind the frame classificatiterion is thatP-D effects need only be taken into
account when the ratio between the maximum secoddist-order moments exceeds 1.16.(if
M,.medMimax® 1-20)". In order to quantify of this concept, 36 pitchiedf frames were analyzed, all
with E=210 GPg HEB280 columns and=5 m The various frames correspond to all combinatidns
(i) IPE360-450 rafters, (i.=20-30-40m, (iii) g=6- 12°and (iv)k:=0- 8090kNm-¥. For each frame:

(i) ABAQuswas used to perform exact first and second-onagyses to obtain a large number of
Heq andVeq Values leading to a Y9moment increase due BDeffects My max/Mi max=1.10
at node D see Fig. 2(c)).

(i) For theVgq values determined in the previous item, linednibta analyses were performed to
determine the correspondiNgq/Vas andVeq/Vs values.

The results of this parametric study made it péss$destablish that virtually all pitched-rdcdimes
with commongeometriegreassociated with the region comprised between thédash-dot” straight
lines depicted in Figure 7(a), defined Yy/Vas=0.9 andVs/Vas=7.0. On the other hand, the five
sets of points included in Figure 7(b) provide@esentative sample of the numerical results cdadain
namely those concerning frames (i) acted by apjdiadssatisfyingHgq/Veq~=0-0.1-0.2-0.3-0.4nd
(i) suchthatM; max/M| max=1.10- the limit value for neglecting the-D effects.On the basis of
the above numerical investigation, the followingssification criterion for pitched-roof frames was
proposed: a frame is only classified as “non-susaeo P-Deffects” when the conditions

Vg A Avid
VAS VAS // o
Ve 570, e o HealVes
0.30 {Vas ! 0.30 / © < 0.0
: o
; Frames with o o 0.1
// common geometries A 0.2
0.20 - ; 0.20 -
' Ve o 03
i’|7,o 0.9£ = £7.0 3
/1 AS ‘ %.{’// .= 04
01071 ! - 0.10 +—/ Non-susceptible | ="
/ - —-’\f frames .-~
/ _==T09 Z5<09
LT 1 Vas VEd 3 Vg
0.0 == : _— == 0.0 += v —_
0.0 005 (5 010 Vs 0.0 0.05 1y 0.0 015 Vs

Figure 7: Pitched-roof frame (a) common buckling load satiad (b) proposed classification criterion

"The methodology prescribed by Eurocode involvés @a/Vas a frame classified as “susceptible” or “non-spsbke” to P-p effects
depending on wheth&fq/Vas> 0.1 or£0.1, which means that (i) it is acceptable to undenest the sway moments by abou®d 1
and (ji) the relative magnitude of the non-sway savdy moments is completely ignored. Even if thés imitation cannot be avoided for
arbitrary combinations of frame geometry and logdiins not possible to quantify the ratio betweem-sway and sway moments), it
may be overcome in the particular case dealt withis paper.
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Ved ¢ 01+ VEd Ved £01 (4)
Vas Vs Vs

are satisfied they define the shaded area shown in Figure Abeasurévl ma/Mmaf1.10. Note that
this criterion (i) is quite conservative for mamgrhe geometry-loading combinations and (ii) coiesid
with that prescribed in Eurocode 3 if symmetric gWwackling is omitted, which amounts to having
Vs= ¥ - the second condition “vanishes” and the firstloeeomes equivalent &, 310.

3. Distortional Behavior of Cold-Formed Steel Members

This section addresses three topics dealing wimtim-linear behavior and strength of distortional
cold-formed steel columns and beams buckling ioidisnal modes recall that such buckling modes,
which arecritical in intermediatenembersinvolve in-planeandout-of-planecross-sectioleformation,
combining wall transverse bending with internaleedgtions and warping displacements (Figs. 8(a)-(b)
show illustrative distortional buckling mode shapad buckled cross-sections of zed-section columns
and beams). The findings reported concern (i)ttd@es post-buckling asymmetry (a surprising unique
phenomenon in bifurcation theory) and (ii) theuafice of the end support conditions on the Direct
Strength Method (DSM) design of cold-formed steklimns and beams against distortional failures.

(b)

Figure 8: lllustrative distortional buckling mode shaped bnckled cross-sections of zed-section (a) colandgb) beams

3.1 Post-Buckling Asymmetry

Almosttwo decadesgo,Prola& Camotim(2002a,bjnvestigatedheelastic distortional post-buckling
behavior of initially imperfect lipped channel colos and beams, by means of spline finite strip non-
linear analysis, and unveiled a highly surprisiegdre: the post-buckling strength may strongheddp

on the (distortional) initial imperfection “sign’’e., on whether the compressed flange-lip assemblies
move inward or outwaffi- in other words, there exists a “distortional pmstkling asymmetry?®.
Figure 9 illustrates this asymmetry, by showingehailibrium paths of lipped channel columns (left
side) and beams (right side) containing initialrgetiical imperfections involving inward and outward
motions,respectively it is clearthatthestiffer behavioris associateavith inward motions of the
compressed flange-lip assemBfied bit later, Yangk Hancock (2004) provided experimental evidence
of this asymmetry, in the context of web-flangédfestied lipped channel columns. However, these
authors reported that the stiffer behavior wascstsal with outward flange-lip assembly motiares,
exactly the opposite that had been found for thim fipped channel columns.

18 Thisfinding wasobtainedvirtually “by accident”the “member distortional initial geometrical impetion sign” was unintentionally changed
and the post-buckling equilibrium path obtainefedid significantly from the previous one. Untiéth it had been tacitly assumed that the
distortional post-buckling behavior was stable swtnim(like its local and global counterparts).

19 Thisasymmetrys absenin zed-sectiomolumnssinceonecompressefiange-lipassemblynoves inward and the other outward (see Fig.8(a)).

2The “cross-over” of the two beam equilibrium pathdue to the fact that the major-axis bendingmieditions “oppose”/"reinforce” the
outward/inward compressed flange-lip motion. Thiues,post-buckling behavior associated with the astveompressed flange-lip motion
appears stiffer in the early loading stagéiss false appearance vanishes when the distbankling deformations become large enough.
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Figure 9: Elastic distortional post-buckling equilibriumtpa of lipped channel columns (left side) and begigist side)
containing initial geometrical imperfections invioly inward and outward motions of the compressed@-lip assemblies

A mechanical explanation of the above post-buclkdsygmmetry and apparent discrepancy between the
plain and stiffened lipped channel column behaviodsie to Silvestr& Camotim (2006). These authors
performed similar GBT-based geometrically non-lire@alyses of plain and web-flange-stiffened lipped
channel columns buckling in distortional modes @nprovided further numerical evidence of the post
buckling asymmetry, (ii) confirmed that this asyntimés opposite in the columns with the two cross-
section shapes (see Fig. 10, which also showsethenked configurations of the stiffened columng),an
most of all, (i) explained its origin: the norngtess distribution caused by the distortionadehtions,
which is opposite in the flanges and lips undegaiatward and inward motionsthe post-buckling
behavior is more or less stiff depending on whetiefquite high) stresses developing at the flaagd
(mostly) lips are tensile or compressive, respelstiiFigures 11(a)-(b) and 12(a)-(b), displaying th
normal stress distributions (compressions are negateveloping at the plain and stiffened lipped

S/Scr.D
1.4
Outward Stiffened
1.2 4 Inward Plain
Outward Plain
10 4 Inward Stiffened
0.8 4 Outward Inward

0.6 -

0.4

0.2 A

vit
0.0 x x ; x 4
0 2 4 6 8 10

Figure 10 Distortional post-buckling equilibrium paths ddip and stiffened lipped channel columns assabisith outward
and inward flange-lip assembly motions, and (ifpdaed configurations of the stiffened lipped ctamolumns
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Figure 11: Mid-span normal stress distribution in plain égpchannel columns: (a) outward and (b) inwardyéidip motions
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Figure 12 Mid-spannormalstreslistributionin stiffenedippedchannetolumnsia) outwardand(b) inward flange-lip motions

channel column mid-span cross-sections, atteshibee assertion note that high tensile or compressive
stressedevelopat thdip free end regions (the former associated wigtstiifer post-buckling behavior in
both situations). Naturally, the above post-bugkiisymmetry is altered in members buckling in modes
with more than one distortional half-wave: it eitfigvanishes, for even half-waves (equal outvesrd
inward half-wave numbers), or (ii) becomes gragideis pronounced, for growing odd half-waves (the
outwardandinwardhalf-wavenumbergetprogressivelgloser) Figurel3,concerninga lipped channel
column buckling in a three half-wave mode, illustsathe latter case.

It is still worth noting the absence of guidelit@gredict which flange-lip motions lead to théfetipost-
buckling behavior in members with any given crasstien shape e.g, in rack-section members the
stiffer post-buckling behavior is associated withward flange-lip motions (Proka Camotim 2002c).
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Figure 13: Distortional post-buckling equilibrium paths ofiplépped channel columns buckling in three halfevenodes, two
of them exhibiting inward (I) and outward (11) fige-lip motions the central half-wave “sign” is always “in mingtit

3.2 Column DSM Design

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

of pin-ended (simply supported) and fixed-endegelgochannel under fire conditions, Landesm&ann
Camotim (2011) “accidentally” found that, at lefastthe particular column geometries considered,
the accuracy of the failure load estimates, at r@onperature, yielded by the current DSM distoaids
quite different for pin-ended and fixed columnsileithe latter are predicted quite accuratelyfonaer

are clearly overestimated, particularly in therimiediate and high slenderness rafig@is surprising
finding provided the motivation to investigate wieatthe column end support conditions influence the
safety and accuracy of the ultimate load estinpat@sded by the current DSM distortional desigrveur

Based on distortional failure load data concerliyopgd channel (C), hat-section (H), zed-sectigrafid
rack-section (R) cold-formed steel columns exibitfi) various combinations of geometry and yield
stressand(ii) four end support conditions, namely fixed (F), pivfixed (P-F), pinned (P) and fixed-free
(F-F) columns, these authors (Landesm@ar@amotim 2013) assessed the quality of the comelspg
DSM estimates Figure 14 depicts the distortional failure modiea epresentative sample of C-H-Z-R
columns. The four plots in Figure 15 make it pdesib compare the current DSM distortional design
curve with (i) the numerical failure loads of 648umnns (162 per plot,e., per end support condition
consideredy and (ii) the experimental failure loads reportgbhafer (2008), concerning exclusively
F columns. The observation of these four plots ptedthe following remarks:

2Note that the calibration and validation of theret DSM distortional design curve involved almewtlusively columns with rigid plates
attached to their end cross-sections. Althoughf&cf2905) mentions that “they were tested in theom condition”, this statement concerns
the columnglobal behavior (the rigid plates usually rest on sphétinges, knife edges or wedges)s far as thdistortional behavior is
concerned the columns are fixed. Indeed, it ieasy to test columns with other than fixed supiiexts simply supported columns) that fail
in distortional modes it is extremely difficult to ensure that the coluend sections are able to warp freely.

22|t shouldbepointedoutthatsomeF (mostly) and P-F columns exhibit local-distortibinteractive failure modesthose with yield stresses
high enough to enable the “interference” of localkling along the distortional post-buckling edpiilim path. However, the “quality” of the
associated DSM failure load predictions remaingepty in line with those concerning the columnsibiting “pure” distortional
failures. At this stage, it is worth noting thaivias also recently found that the local-distortiamtaraction effects are fairly small when the
critical local buckling exceeds its distortionalinterpart (Martingt al.2017a) Since, for the F and P-F columns analygégudesmania
Camotim (2013), the ratio between these two drtioekling loads varies between 1.17 and 2.2%ltlee observation is not at all surprising.
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Figure 14: Distortionalfailure modef a representativeampleof C-H-Z-R columns with the four support conditions considered
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Figure 15 Comparison between the current DSM distortionalecand (i) the F, P-F, P and F-F column numeiddalé loads
obtained by LandesmagnCamotim (2013) and (ii) the F column experimefaiadre loads reported by Schafer (2008)

(i) As expected, the DSM design curve providesratewand mostly safe predictions of the (F column)
experimental failure loads. Moreover, it also prexdieasonably well the F column numerical failure
loads- the corresponding, p/P, ratio average, standard deviation, maximum andmaim values
read 1.02-0.09-1.19-0.75.
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(i) Concerning the P-F, P and F-F columns, ieedily observed that their (numerical) failure lad
are excessively overestimated by the DSM desigrednrthe moderate and high slenderness range
(/o 1.5). Accurate (safe or slightly unsafe) predictionly occur for low-to-moderate slenderness.

(i) Althoughthe DSM curve overestimatioagequalitativelyquitesimilarfor the threénon-F” column
setsthe number oP, /P, p values slightly above or below 0.5 grows as oravés” from P-F to P
and F-F columns. It is interesting to notice thatR,/P, p ratios below 0.5 do not concern any C
column, but mostly H and R pinned columns and tdnd C fixed-free columns only one (R)
pinned-fixed column falls in this category. TRgP,, p averages, standard deviatianaximumand
minimum values are 0.83-0.18-1.17-0.48 (P-F colynmng9-0.19-1.17-0.45 (P columns) and
0.68-0.19-1.15-0.35 (F-F columns).

(iv) Therelevandifferencedetweerthe F and “non-Ftolumndistortionalpost-criticalstrengthsrenot
properly captured by their distortional critical bucklir@ptls. This means that it is necessary to find
other DSM-based design curve(s) to predict adelgdaten-F’ column distortional failure loads.

Guidedby thefailure loaddata acquired, Landesmaf&nCamotim (2013) proposed a (preliminary)
additionalsingle DSMdesign curveR,p), which only modifies the current one s 1.188 and retains
the failure load prediction accuracy and safetyHeress slender coluntis it reads

Py forl p £0.561
v oo b 029R0/R,)”" (Puo/R,) P,  for0561<l ,£1188 . (5)
nD —
055+04(Rp/R,) (Pun/P) Py forl p >1.188

Figure 16 compares this design curve with the pusvP-F, P and F-F column numerical failure loads,
and leads t®", /P, averages, standard deviations, maximum and minivames 1.11-0.11-1.41-0.93
(P-F columns), 1.10-0.10-1.39-0.95 (P columns) hdd-0.12-1.52-0.91 (F-F columns)to avoid
overestimating the failure loads of a few very d@n/ >2.0) F-F columns, the design curve clearly
underestimates many slendép (1.5) P-F, P and F-F column failure loads. Furtreretbpments
on this topic must be preceded by the performahcarefully planned experimental investigations.
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0.6 1

0.4

0.2 A1

0

40 1 2 3 40 1 2 3 4
Figure 16: Comparison between the DSM distortional curve me@dy Landesmarg Camotim (2013) and the P-F, P and
F-F column numerical failure loads obtained byetaghors

2 For simplicity, a single design curve covering,2&End F-F columns was sougfat further refinement is possible for the P-F andl@mns.
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3.3 Beam DSM Design

The current DSM distortional design curve was dgesl essentially on the basis of experimentakéilu
moment data concerning 4-point bending tests, wngluniformly bent beam segments (i) laterally
restrained, (i) with “warping continuity” at theand cross-sectionsg., end support conditions lying in-
between “free warping” and “prevented warping”, &ijexhibiting small-to-moderate distortional
slenderness b 1.5) (Yu& Schafer 2006, Schafer 2008). More specificallgsdhfailure moments were
reported by 17 researchers who tested (i) lippadredl beams bent about the major-axis, (ii) zetibsec
beams under skew bending (axis parallel to theg#apand (iii) hat-section and trapezoidal beams
(with or without intermediatestiffeners)bent about the minor-axis. Figure 17, adapted fgmmafer
(2008), plots, against the local or distortionahderness, the 574 normalized failure momentsdemesi

to develop the current local and distortional b&®M design curves. In this figurbya=(My/Mc)>>,
whereM, is the beam critical/lowest (local or distortigrialickling moment this “mixed slenderness”
wasused becauge difficulties in distinguishingoetween local and distortional failures, due toattaeing

and support conditions. These difficulties led Sah@ perform tests on beams designed to exidait ¢
local (Yu& Schafer 2003) and distortional (uSchafer 2006) failures. However, the latter beams
exhibited again small-to-moderate distortional dégness values (between 0.68 and 1.53). In view of
what was mentioned above, it is not surprising tiratcurrent DSM beam distortional design curve
(Myp) Yields quite good estimates for beams such that. 5.

5 Mexp /My

1.07

0.5

/max
0'00.0 10 20 3.0 40 5.0

Figure 17: DSM beam local and distortional design curves apdrémental local/distortional failure moments (&eih 2008)

Recentlynumericakimulationgeported by andesman& Camotim(2016)providedsolid evidence that
Mnp overestimates the failure moments of simply supgdipped channel beams with intermediate
and high slenderness values. They also showethéhatnount of overestimation depends on the beam
cross-section geometry (dimension ratios) and emplost conditions. Moreover, very recent work an th
distortional post-buckling behavior of simply sugpd lipped channel beams (Martgtsal. 2018a) has
shown that minor-axis flexural and torsional defations emerge at the vicinity of the critical distmal
bucklingmomentevelandgraduallygrowasloadingprogresses theystemfrom the stress redistribution
occurring in the compressed/top half cross-sectiansed by the increasing distortional deformations
Restraining (reducing) these flexural-torsionabd®htions, which are intrinsic to the distortiopakt-
buckling behavior and responsible for the assatiagam rapid stiffness erosion, certainly leads to
a failure moment increase. Therefore, these autbaduded that the discrepancy between the nustheric
distortional failure moments and their DSM-basestljgtions stems from three features of the speamen
tested to obtain the experimental failure momesgsiuo develop thglyp strength curve: (i) low-to-
intermediate slenderness valugs (1.5), (ii) warping restraint and (iii) lateral nesit.

The above facts led Marties al. (2017b) to carry out a detailed numerical invesitim on the behavior
of simply supported uniformly bent cold-formed stasams exhibiting different cross-sections shapes

17



and failingin pure distortional modes. This study involved ov@d@ beams with three cross-section
shapespamely(i) lipped channeldentaboutthe major-axis (C)(ii) zed-sectionsinderskew bending
causing uniform flange compression (worst case)a@) (i) hat-sections subjected to either majas-
(Hm) or minor-axigHy,) bending(compressetibs in thelatter case) — Figures 18(a)-(d) show the various
cross-section shapdsjckledin beam distortional modes. Two end support conditreere considered,
differing in the warping and local displacemenétioin restraints, either completely free (SCA)utly f
prevented (SCB) see Figures 19(a)-(b). The beams analyzed hadhkexass-section dimension ratios
and lengths, in order to assess their influenciemlistortional post-buckling behavior and ultienat
strength — particular attention was paid to (i)wheb-flange and flange-lip width ratfdsand (ii) the
critical (distortional) half-wave number. In addit, the beams had different yield stresses, making
possible to cover wide slenderness ranges (0.Zbitérvals).

____________

bw bW bW

by

(b)

(d)
Figure 18 Uniformly bent beam cross-sections buckled in disttal modes: (a) lipped channel (major-axis bagjdib) hat-
section (major-axis bending), (c) hat-section (imandas bending) and (d) zed-section (skew bendingrizontal neutral axis)
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Figure 19: Loading and (a) SCA and (b) SCB support conditmfitte beams analyzed by Martietsal. (2017b)

This investigation showed that the elastic andtielpkastic distortional post-buckling behaviors of
SCA and SCB beams sharing the same geometry ddatyess are markedly distinct in stiffness and
strength. For instance, unlike their SCB beam eopatts, the non-stocky SCA beams exhibit pralstical
no elastic-plastic strength reserve and, therefioed, failure moments are fairly well predicted thg
elastic buckling strength curve. Moreover, it Was &learly shown/confirmed that (i) the currentNDS
distortional design curve is unable to predict adégly the failure moments of both the SCA and SCB
simply supported beams analyzed by Maréhal. (2017b) with intermediate and high slenderness,
(if) the same DSM-based design curve cannot hdinellevo beam support conditions considered and
(i) beams bent about the major and minor axistipedreated separately. Therefore, it was negessar
develop novel DSM strength curves to provide bejtedity predictions of all the numerical failure
moments available. This was done by means of tlesvfog procedure:

24|n thecontexiof columnsSilvestreet al (2005) showed that the cross-seatiitnensiondnfluencethedistortional post-buckling behavior.
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() Definition of the initial “plateau”, on the biasof the numerical failure moment data conceritieg
stocky beams, whose collapse is governed exclysiygblasticity (negligible instability effects)
it was decided to keep the plateau of the curnentec(/ ,=0.673).

(i) Determination of a “Winter-type” curve, castthe forn?®
M,+(1- (M, M) /£ 0.673

by - ) , (6)
(1- /5%y oom, / ,> 0.67:

ND T

where parametegs b andc are obtained from the solution of an optimizapasblem.

It was found that the failure moments of the ,athd Z beams with the same end support conditions
may be estimated through single design curvesetkebga=0.28,b=1.60, and=1.85 (SCA beams) or
a=0.25,b=1.40, anad=1.40 (SCB beams). On the other hand, théb&ams must be handled separately,
by means of design curves definedab®.27,b=1.70, and=1.92 (SCA beams) @=0.30,b=1.60, and
c=2.10 (SCB beams). Figures 20(a)-(d) compare tiaingiol My /My values, concerning SCA and
SCB C+Hy+Z and H, beam&® with thecurrent and proposddiSM distortional design curves. Their
close observation prompts the following remarks:

() Almost all My/My values are well aligned along “Winter-type” curweish a small “vertical
dispersion” (although more pronounced in the SCas.

Mu/ My C-beams 150 Mu/ My Hwv-beams
eSCA | o SCA
° . { oscB [1.25 X o SCB
g, -1.00 A

Current Current

/D Proposal SCA /D Proposal SCA
T T T T T T T OOO T T T T T T T 1
00 05 10 15 20 25 30 35 40 0.0 05 10 15 20 25 3.0 35 40
€Y (b)
Mu/ My Z-beams , .o Mu/ My Hm-beams
e SCA ' 2 e SCA
:k osce [1.257 — o SCB
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Proposal SCB ~0.75 1 " Proposal SCB
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P ' 0.00 /o —
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(©) (d)
Figure 20: Comparison between the obtairidd/M, values, concerning (a) C, (oyHc) Z and (d) i beams, and the
current and proposed DSM design curves

2 Following the work carried out by ShifferanwSchafer (2012), the strength curve initial hotiabplateau was replaced by an inclined straight
line in the latest version of the North-Americaadfication (AISI 2016), thus accounting for tharecross-section inelastic strength reserve.

% For each beam geometry selected, 17 distortitamalesness values were generated randomly, folipsvirontinuously uniform distribution
in the interval [0.25]].
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(i) As anticipated, the current DSM design curvevides very large failure moment overestimations
for beams with moderate and high slendernigssl(25), including the SCB beams — the#3CB
Mu/My values are those lying closer to this curve.

(iif) The consideration of the inelastic strengtlerve for' p 0.673, recently included in AISI (2016),
may lead to unsafe designs, particularly in Z-beémfact, the work of Shiffera& Schafer (2012),
which is at the root of this design feature, daally with C and Z-beams with end support conditions
simulating those exhibited by the central beam segim a 4-point bending test arrangement. While
the C+SCB beam results evidence the presenceaoitiional strength reserve, the same is not true
for their Z-beam counterparts — note also thazZtieams analyzed in this work have their top
flanges uniformly compressed, a more severe loadingdition. As for the | and H, beams (SCA
andSCB),theyexhibit a non-negligible inelastic strength resenaturally higher in the SCB beams.

(iv) Concerning the SCA beams, it is noted that/ f-1.0 and regardless of the beam typeMbéVl,
values are fairly well predicted by the elastic Iding curve (1/p)?. This is because failure
is reached almost simultaneously with the onsgedfing (no visible elastic-plastic strength reser
is available)makingit logical thattheelasticbucklingcurveprovideggoodfailure moment estimates.

(v) A clear failure moment prediction is achievedtbe proposed design curves, along the whole
distortional slenderness range considered, aseattby the associatdd,/Myp value statistical
indicators: averages, standard deviations, maxirmodhminimum values of 1.13-0.11-1.59-0.90
(C+Hy+Z SCA beams), 1.09-0.12-1.54-0.83 (Gittd SCB beams), 1.11-0.13-1.34-0.84,(EICA
beams) and 1.10-0.07-1.20-0.86,(8ICB beams).

(vi) The “vertical dispersion” is much higher iret8CB beams, due to the different post-criticahsfth
reserve exhibited by the various beam typssch strength reserve is absent in all SCA beams.

(vi)) The proposed DSM design curves are more atechan the current one to estimate the failure
moments of simply supported beams failing in diginal modes. However, it is recognized that
there is dependence on the cross-section dimeramhiength (through the critical distortional
buckling mode half-wave number) that cannot bei@ttplaccounted by the DSMithout“soiling”
its rootsandelegance, since such dependence cannot be capilydxy the distortional slenderness
— this implies unavoidable excessive failure monugialerestimations.

Lastly, Figure 21(a) revisits Fig. 17 and addsweestrength curves proposed by Marttsil. (2017b),
thus making it possible to compare the qualityheirtexperimental failure moment predictions withtt

of the current strength curve. Figure 21(b), orother hand, plots, against the the experimental and
numerical failure moments reported by & $chafer (2006)he observation of these results shows that:
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Figure 21: DSM beam distortional design curves (current@ogosed) and experimental distortional failure ats(a) used
to develop the current strength curve and (b) teghdry Yug Schafer (2006) (both figures adapted from Sci2é@B)
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(i) The overwhelming majority of the tests resuattssidered to calibrate the current strength carge
also fairly well predicted by the two proposed egneven if a bit more on the safe side/ f3¢1.0
(seeFig. 21(a))Mostof these test results concern rather stocky beamshfoh the failure moment
predictions yielded by the current and proposetgth curves differ by small amounts.

(i) The two proposed curves underestimate coraliietthe failure moments of a small number of
reasonably slender beams — this may be due todbmd arrangemeatloptedn thetestswhich
restrains lateral-torsional deformations (in theti@ span) that are intrinsic to the distortiqoast-
buckling behavior, thus leading to higher failurements.

(i) Figure 21(b) readily shoes that the two prega design curves underestimate a consideralierirac
of the experimental results reported by &' &chafer (2006) by larger margins than the current
strength curve. However, note that none of thesdtseconcerns beams with slenderness above 1.5,
the range for which the current strength curvebeas shown to be inadequate. Moreover, there is a
quite significant variability in the experimentast results, mostly likely due to the influencehef
cross-section dimensions on the ultimate strerfgttese beams.

Finally, one last word to mention that further depenents on this topic, namely the codificatioranf
improvedDSM beamdistortionaldesign curve, must be preceded by experimentagstudxperimental
test campaigns focusing on slender bea®s1.5) failing in distortional modes are clearly dee.

4. Lateral-Torsional Stability of Web-Tapered Beams

Tapered members are widely used in the steel ootstr industry, because of their (i) structural
efficiency(leadingto significantmaterialsavings)(ii) ability to meetarchitecturahndfunctional demands
and (iii) competitive fabrication costs. Howevegsigners can onkakefull advantagef thebenefits

of beamtapering if theyare able to accurately predict the tapered mentectsral behavior,
without needing to resort to computer effort pratnie for routine applications.

The structural behavior of most laterally unrestedibeams, either prismatic or tapered, is goveésped
lateral-torsional stability/buckling (LTB), whictombines minor-axis bending and torsion. For the sak
of uniformity and ease-of-use, it is desirable avdhndesign methodologies valid for both prismatic
and tapered beams. In order to achieve this d¢m@ambst “logical” approach is to modify the curhgnt
codified rules and procedures for prismatic beaxtending their range of validity to tapered beams.
One crucial aspect is the ndedhaveefficient(i.e., asaccurateand“simple” as possible) methods to
evaluate the elastic critical load factor of anyegi tapered beam, indispensable step to detertsine i
normalized slenderness. AndragleCamotim (2005) proposed a one-dimensional modahétyze the
elastic LTB behavior of singly symmetric tapereith-tivalled open beams, which can be viewed as an
extension of Vlassov's theory (applicable to pristnaars)- subsequently, the model was extended to
account for the influence of the pre-buckling deitens (Andrade& Camotim 2004). The elastic critical
load factors and corresponding buckling modes peal/by this model, numerically implemented by
means of the Rayleigh-Ritz method and later ptegbto corroborate its underlying assumptions and
LTB predictions (Andradet al.2007), made it possible to show that:

(i) The LTB behaviors of prismatic and tapered k®ame, in general, qualitatively different. Indesd,
certain geometrical feature of tapered beams (geto® 4.1) makes it impossible to capture their
LTB behavior by analyzing piecewise prismatic bearti®e results of the latter do not converge
to the solution of the former, regardless of thenhar of prismatic segments considered.

(i) For a specific beam (tapered) geometry andit@pconditions, the minimum buckling resistance is
not necessarily associated with the beam contathi@deast amount of material.
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Next,thepaperbriefly addresses the one-dimensional model tyaa#he elastic LTB behavior of singly
symmetric tapered thin-walled open beams that waieally developed and subsequently validated and
improved by Andrad& Camotim (2004, 2005) and Andragteal. (2007, 2010), focusingn the specific
geometrical and mechanical characteristics exkiliieweb-tapered beams. Then, a few illustrative
numerical results are presented and discussetighiigty the most surprising and “non-intuitive’afares
associated with the LTB behavior of this type @frbe.

4.1 One-Dimensional Model

The central objective of any beam theory is toex@a one-dimensional characterizatian, have the
parameter of a certain curve as the only independeiable) of the behavior of bodies with two
characteristic dimensions much smaller than ting time (the length). The need for tractable andrate
lower-dimensional theories stems from the formiglaibhthematical obstacles (analytical and numerical)
posedy thethree-dimensionaontinuummodelsNeverthelesst mustbeemphasized that beam models
are intrinsically approximate, since the actualié®diealt with are three-dimensional. The so-called
technical/engineering beam theories are typicéitgioed by incorporating a setafriori assumptions
into a three-dimensional continuum model. Suchragsans, which concern mostly the “form” of some
unknowns (displacemdsitressomponentsiare more or less realistic and always lead to sioaions,
even if some inconsistencies may possibly arise.

Next,theassumptionanderlyingthe one-dimensional model developed and numericaiiemented by
Andrade& Camotim (2004, 2005), to characterize the ela3tig behavior of singly symmetric tapered
thin-walled open beams (see Fig. 22(a)) are bnefgented. Note that thin-walled open beams have a
wall thickness an order of magnitude smaller thendross-section mid-linength andesist torsion
asaspatialsystemthecross-sectionsxhibitout-of-planenvarping, generally varying along the beam axis
and, thus, causing non-negligible longitudinal raretrains and stresses. First, it is assumedbtitat

the strains andisplacement derivativesesmall(negligiblewith respecto unity) and the tapered bedn

(i) madeof a St. Venant-Kirchhoffmaterial(Young's modulu€ and Poisson’s ratig and (i) subjected

to the generic system of conservative loads depicté-igure 22(b), which act initially on the
undeformed beam plane of symmetry and are propaitio a single load factar.

@ (b)
Figure 222 Symmetric tapered I-section beam (a) geometry Bpddneric external conservative loading
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The beams are regarded as membrane shells, upoh thki following kinematical constraints are
imposed: (i) the projection of each cross-sectiailine on a plane perpendicular to the beam axis
experiences no distortion throughout the wholerd&tion process and (ii) the mid-surface sheanstra
are negligible. These kinematical constraints etentapered beams, the classical Vlassov's hgpeth
commonlyadoptedn prismaticthin-walledopenbeamsNotethatthefirst constraininevitablyimpliesthat

the beam is constrained to buckle in a “pure” dlotmde (LTB),i.e, the transverse motion of any given
cross-section mid-line is described by rigid-bodheknatics it may be broken down intoratation~
aboutey, followedby a translation with componentsandW alonge, andes, respectively (see Fig. 22(a)).
As for the second constrainteitablesexpressing the mid-line displacements alenas a function of

V, W, £, to within an uniform longitudinal displaceméhtConcerning the beam strain energy, which is
thesumof the membrane and uniform torsion strain energimssyorth noting that the latter contribution,
completely disregarded in the membrane shell m&leklded separately by means of the expression
valid for prismatic beams, but accounting for thgation of the cross-section propelgiong the beam
axis- this procedure is backed by both theoretical apdrenental evidence (Le&e Szabo 1967).

The taper effect is dealt with through (i) addisibmon-standard, mechanical properig§, andEl

and (i) a modification of the minor-axis bendingdavarping rigidities by “reduced flange thickness”

t, =t, cos/ , where/ is the flange slope, related to the web taparmatera throughthe relation
tg/ =(1- a)ho/L (ho andL: reference web height and beam lengthsterisks identify the tapered beam
properties. To help grasping the physical meanfnifped above properties, Figures 23(a)-(f) show a
comparison between the linearized warping-torsiemalviors of prismatic and web-tapered doubly
symmetric I-beams (Andrads al. 2010). The following aspects deserve to be speamntioned:

() In both cases, the linearized version of ttmreahentioned constraints, together with symmetry
considerations, imply qualitatively similar croggon mid-line displacement fields (see Fig. 23(a)
(i1) the mid-line rotateg about the centroidataxis and ¢) the flanges warp out of the plane, by
rotatingx (h/2) f x about thez-axis. To reach this conclusion, recall that, irfbvagered beams;)i
the displacements alorzgare obviouslynot orthogonal to the flange mid-planes, as showhen t
zoomed detail in Figure 23(a), ang) the flange centroidal lines are not parallehtextaxis, which
implies that the derivatives with respect to tHiesearc-lengths and toare not identical. Denoting
the former and latter byy¢ and 8 4, respectively, the two are related bByf+cos (3« - the
signdependontheflangecentroidaline sloperecallthath,=- 2tgy ).

(i) The abovedisplacemeniield canthenbe usedto obtaintheflangemembranextensions see Fig.
23(b).Comparingheensuingstrain-displacememglationsfor prismaticandweb-taperetbeamsit is
readily observed that the latter contain a comedtctor (co§ ) and an additional term. The same
holds for the flange normal membrane forces, assho Figure 23(c).

(i) The flange membrane shear forces displaydeigare 23(d) may be determined by considering the
equilibrium of a “flange slice” acted by the pravsty obtained flange membrane normal forces.

(iv) The membrane normal (shear) forces are sligteguivalent to a bending moment (shear force) in
each flange see Figures 23(e)-(f). In web-tapered beams, tidified warping stiffnes€l
calculated with the reduced flange thicknésst, cos/ , and the non-standard mechanical
property EI:W arise naturally from this static equivalence.

(v) Finally, note that, in web-tapered beams, trege bending moments have an axial component that
(v1) featuresEl,, andEl, , and (¥) contributes to the total torque. This added ®rpntribution
is obviously absent in prismatic beams (see Fig)Ra&nd cannot be captured if a web-tapered beam
is replaced by a piecewise prismatic one (regasdiehe number of segments considered).
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Figure 23 Linearized warping-torsion behaviors of prismatid web-tapered doubly symmetric I-beams comp@klihearized cross-
section mid-line displacement field, (b) flange nbeame extensions and (c) flange membrane norneEdgAndradet al.2010)
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(d)

Vi Vi

(f)

Figure 23 (cont.):Linearized warping-torsion behaviors of prismatici web-tapered doubly symmetric I-beams comparkd: (d
flange membrane shear forces, (e) flange bending msideand (f) flange shear forcé¥% (Andradeet al.2010)

4.2 lllustrative Numerical Results

In order to illustrate the application and capaieti of the one-dimensional model developed and
numerically implemented, the paper presents amdises a set of critical momeMs concerning
theweb-taperedtsection simply supported beam displayed in Figdrenhich (i) has uniform flanges
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Figure 24: Simply supported beam geometry, loading and matanestants

and a linearly tapered web of constant thicknegk(ig is acted by a mid-span vertical point l@gblied

at either the web mid-height or the top flange lniel{Andrade& Camotim 2005). The beam (i) has two
longitudinal planes of symmetry (equal flangesl symmetritaperingslopes) andii) exhibitsdifferent
tapering parameter valuagratio between the mid-span and end cross-sectibrheights, measured
between flange mid-lines). Since thand polar axes are choserbé&coincident and defined by the
intersection of the two longitudinal symmetry plajthey contain the line segment uniting the cross-
section centroids and shear centers (in the umdetbronfiguration), which means tiﬁ;t (and Z,),

*

l.» |,, and b, are identically zero.

wz?' 'yz

Two different analyses were performed: (i) one empg the one-model model developed specifically
for web-tapered beams and (ii) the other equivateatprismatic beam FE analysis (adopting a fine
enough mesh). It is still worth noting that onlyflsebeam is analyzed, due to the following symieetr
with respect tox=L/2: (i) undeformed beam configuration, (i) loadsugd (i) critical buckling mode

this last symmetry implies that only odd-numberpshfanction terms need to be retained. The curves
presentedh Figure25showthevariationof Q,=4M/| with thetaperingparametes. The observation of
thesecurves andtheircomparisowith resultsreportedn theliterature Jeadso thefollowing comments:

() When the one-dimension model developed/impléatkis employed, the two cun@s vs. a (iy)
are clearhynon-linear, @) virtually coincide with those available in theetiature (Yang. Yaul987,

150 - Qer (kN)

125

1D tapered model

100

1D tapered model

50 T ] T T T ] 1 a
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.C

Figure 25: Variation ofQ., with a for the simply supported beams analyzed
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Boissonnad& Muzeau 200%) and () exhibit a minimum value faa»0.4- this last observation
means that the beam with the least amaofimbaterialdoesnot havethe minimum Q. This
surprisingastresult can be explained by the variatdithe stiffness values asincreases: while
(i) the average values @J, El,, El,, increase (iz) El, , constantalong the x-axis,
decreasesand (k) E |, remainsconstant- asa resultof the joint influenceof the above two

conflictingvariations, the minimur@,; value occurs for an intermediatevalue.

(i) When a prismatic beam FE analysis is carrigil @;) the variation of; with @ becomes almost
linear and (#) the correcQ).; value is considerably overestimatethe erroigoes up to about 25%,
for a=0.5 and top flange loading.

(i) The Qg values are significantly reduced when the loaapiglied at the top flanged<0), a
well-knowneffectin prismaticbeams that is due to the additional destabilizingue (about the
shear center line) exerted in the adjacent cordigum.

(iv) In order to achieve convergence to the resligigdayedn Figure25,it wasnecessario approximate
the critical bucklingnode by means of between 2 and 12 shape fundtieves found that, when
the tapering effects are fully taken into accoting,rate of convergence gradually decreases as the
flange slope increases. On the other hand, wheprigraatic beam FE model is used, the flange
slope does not affect convergence.

5. Generalized Beam Theory (GBT)

It seems very fair to argue that | am the recipéihe 2018 Lynn S. Beedle Award mostly due to the
researclactivity carried out at the University of Lisbon on GeneealiBeam Theory (GBT) in the last 15
years, which contributed decisively to the “sciesdlly resurrection” and worldwide disseminatioin o
this theory among the technical/scientific commumiorking with thin-walled members and structural
systems, particularly cold-formed steel Gemdeed, this unique approach to the structurlyais of
prismatic thin-walled members had significant impat¢he academic world and provided great impetus
for many research efforts “inspired” by the GBT ralatbncepts and procedurethis assertion can be
readily attested by the growing number of publizetion a wide variety of topics that either areoti\/

to develop new GBT formulations/applications or G&T-based results/approaches to tackle particular
structural engineering problefiis

AlthoughtheavailableGBT formulations and applications cov@rdifferent types of structural analysis
(first-order, buckling, post-buckling, vibrationyrtamic), (ii) several materials (carbon steelnétas
steel, aluminum, steel-concrete composite, FRP ositgs), mainly modeled by means of elastic or
elastic-plastic constitutive laws, (iii) thin-wallgorofiles with distinct cross-section shapes (ppkased,
arbitrary flat-walled, curved) and (iv) variousustiural elements/systems (isolated members, continu
beams, trusses, frames), this paper addressesvoriydealing with the two structural analyses most
related to the SSRC activity (buckling and poskimg analyses) and all the illustrative numerical
results presented concern (i) the buckling behavisolated members or simple frames and (iiptbs-
bucklingbehaviorof isolatedsteel members, always involving open cross-sectlaragldition,afew
paragrapharedevotedo thecross-sections analysishich constitutes the first step and “trademafie

2The last authors only analyzed beams acted by mgplied at mid-height.
28 A procedure initiated a few years earlier by Rrdfl. Davies, at the Universities of Salford arehihester (Camotiet al.2004).

29 About 10 years ago, an overwhelming majority efpiablications addressing or using GBT originatethfthe University of Lisbon.
This situation has drastically changed in theféagtyears, following the fast growth of the amanintesearch word devoted to or involving
GBT - even if the number the publications on GBT confiogn the University of Lisbon has not diminishedwadays they are
only a decreasing fraction of the total number (ahduld be).
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GBT analysi&’, and leads to the determination of cross-sediormation modesith well-defined
structural/mechanical meanings.

5.1 Cross-Section Analysis

As just mentioned, the purpose of ss-Section Analysis to obtain the cross-section deformation
modesandassociatechechanicaproperties through a systematic proceduits most recent version,
applicable to arbitrary flat-walled cross-sectidmas been described in detail by Goncabtes. (2014)

and Bebianet al. (2015). After specifying the cross-section nodstretization, involving (i) natural
intermediate, (ii) natural end and (i) intermediguser-defined) nodes, the associated deformation
modes and corresponding mechanical propertiesismamatically computed they may be grouped into

3 main families(i) Vlassov modes, with null membrane transversensions and shear strains, (ii) Shear
modes, with non-null membrane shear strains (ahttamsverse extensions) and (iii) (linear) Trarse
Extension modes, with non-null membrane transvexgensions (these families can still be further
divided into three sub-families eackee Table 2).

Table 2 GBT deformation mode families and sub-families

Family Sub-family Mechanical characteristics
Global 4 classic rigid-body modes (extension, major/mids-bending and torsion). In cross-
section with closed cells, the torsion mode integrtae cell shear flow sub-family
Viassov Distortional Warping and wall transverse bending, includingamgfold-line displacement
Local Only wall transverse bending (no fold line disptaeats)
Global Warping shear deformations
Shear Cell Shear Flow | Constant shear flows on the cross-section cetlisiiimg torsion)
Local Localized warping shear deformations
Global Wall transverse extensions
Transverse - - - P
. Distortional Transverse extensions and closed cell distortions
Extension
Local Localized transverse extensions

Figure 26 shows the deformation modes of a lipjethieel, corresponding to the nodal discretization
indicatedwhichinvolves 21 nodes, namely 4 natural intermediatat@al end and 13 intermediate (9 in
theweb,3in thetopflange, 1 in the bottom flange and none in the.lipkis discretization is intended for
the local post-buckling analysis of a beam subgetiepositive major-axis bending (Martiesal.
2018b)which explainsvhy (i) theweb is heavily discretized and (i) the top flahgs more intermediate
nodes than the bottom on@aturally, a discretization intended to analyzsebst-buckling behavior of a
lipped channel column is symmetric with respedhtomajor-axis. It is worth noting that Figure 26
includes quadratic transverse extensions modeshvetne needed to overcome membrane locking
problems and do not stem from the cross-sectioaigsas procedure (Goncalv&sCamotim 2012)
each of them involves a single wall segment andeséikpossible to account more accurately for the
“bowing effect” associated with the transverse hegaf that wall segment.

Depending on the particular problem under condiderahe user may select any sub-set of deformatio
modes to be included in the structural analysigjmgat possible to (i) reduce the number of degiaie
freedom and (i) specify the nature of the defoionatto be considered. This last capability isiqaerly

30The performance of a GBT structural analysistbfrawalled member involves (i) theeoss-section analysiading to the determination of
the deformation mode shapes and corresponding mmedsianical properties, and (i) tmember analysisvhich consists of solving the
equilibrium equation system governing the behawioler consideration.
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Figure 26: Lipped channel nodal discretization and most relasiaplacements of the (i) Vlassov and TransvEéxdension
(linear and quadratic), and (i) Shear deformatimues

useful when employing the DSM to design cold-forrsegl members, since it is necessary to determine
buckling loads/moments associated with “pure” ladigtortional or global modes. Finally, one lastav

to mention that the most recent version of thdyfieeailable GBT-based code GBI (Bebiancet al.
2018a) performs the cross-sections briefly outlingtis section.

5.2 Buckling Analysis

The buckling results presented and discussedsirsdiation are intended to illustrate GBT developsnen
dealing with loading and support conditions, extento structural systems, namely frames, and desig
applications these developments are first succinctly desciiaedore detailed account can be found
in Camotim& Basaglia 2013). Concerning the loading condititmes developments make it possible to

31 Acronym for ‘GeneralizedeamTheory at théJniversity ofLisbon”.
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perform rigorous GBT buckling analyses of membealgexted to loading8) causingnon-uniform
internafforceandmomentdiagramsnpamelyariablebendingand/ortorsionaimomentsand(ii) including
transverséorcesappliedaway from the cross-section shear centbe locations of the such forces points
of application are known to heavily influence treab buckling behavior and, moreover, may be
responsible for localized buckling phenomeaay( web crippling). In this case, the differential
equilibriumequatiorsystengoverninghemembebucklingbehaviomustinclude terms that account for
the geometric stiffness stemming from the pre-tgkinon-uniform) (i) longitudinal normal stresses,
(i) shear stresses and (iii) transverse normesstis (Bebianet al. 2007, Basagli& Camotim 2013).
Figure 27 displays all the pre-bucking stressetsateataken into account in the most general GBT
bucklinganalyses their accurataleterminatiomequiresheperformancef preliminary GBT first-order
analyses, usually including all the deformation esofinlike the ensuing buckling analyses, oftermecar
out with only a fraction of the deformation modetetimined) (Bebianet al. 2018Db).
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Figure 27: Pre-buckling stresses incorporated in the geonstiffitess of the most general GBT buckling ansdysbn-uniform
longitudinal normal stressés,,), shear stresseg,d and transverse normal stresseg) (
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Concerninghesupport conditions, (i) continuous members (witarmediate supports) and (ii) members
exhibiting arbitrary combinations of global andiaeal displacement or rotation restraints can new b
analyzed. Indeed, it is possible to handle memagngigid or flexible localized supports, thus blag
the simulation of bracing systems and/or discreteection arrangements.q, bolted connections)
Figure 28 illustrates localized support conditithveg can be modelled with GBT (Camotatnal. 2008).
These localized supports are incorporated intdtiekling analysis through constraint conditions
involving displacements or rotations of member tgaamd expressed in “modal languagédhie buckling
eigenvalue problem is then solved subject to tirfazion of those constraint conditions.

AT
|
‘ I
e z
Mot el —
e [ el
|
|
LAl I I

(@) (b) (©
Figure 28: Localized supports modeled with GBT: (a) boltednemtions, (b) rigid/flexible bracings, and (c) eatplates

The possibility of analyzing the buckling behawdithin-walled reticulated structures, such asseas
or frames, constitutes another significant GBT adeaWhen addressing structural systems formed by
members with distinct orientations, it is necessamnodel rigorously the displacement compatibility
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between the two (or more) end cross-sections ogingeat a structural system jointin the case of the
warping displacements due to torsion, such comiligtib ensured through the “warping transmission”
conceptBasagligetal. 2012).The performance of this task requires (i) transiiogthemodaldegrees of
freedom of the connected end cross-sections imergieedhodal displacements of the point where the
joint is deemed materialized (often the intersaatibthe connected member centroidal axes), wiaioh ¢
be done by resorting to a “joint element” conc@&atyagliaet al. 2008), and (ii) establishing restraint
conditions to simulate the compatibility betwees displacements, due to wall transverse bending and
cross-section distortion, at the connected end-@gtions (Basaglet al. 2009). In thin-walled frames,
kinematic models were developed to simulate thetsiial behavior of joints (i) connecting two ornmeo

I, U andC-sectiormembersand(ii) exhibitingthevariousconfigurationslepictedn Figure 29
unstiffened, diagonal-stiffened, box-stiffened ambonal+box-stiffened connections.

L4 @

(b) © (@)
Figure 29: Localized supports modeled with GBT: (a) boltednemtions, (b) rigid/flexible bracings, and (c) eatplates

Some of the most recent cold-formed steel desigascé.g, AlSI 2016) either allow or prescribe the
determination of a thin-walled member ultimatergjte by means of the Direct Strength Method (DSM
- e.g, Schafer 2008, Camotiet al. 2016). Since its application requires knowingrti@mber critical
buckling loads/moments, as well as the nature efagsociated buckling modes, GBT is ideally
suited to equip designers with easy-to-use toatdbtain accurate buckling results. In this contiéxs,
worth noting the derivation of analytical formulaeobtain approximate (but accurate) distortional
buckling loads and moments of cold-formed stepelipchannel, zed-section and rack-section columns,
beams and beam-columns with four support condiBihgestre& Camotim 2004a-¢) the formulae

are based on buckling analyses involving one (co#)rar two (beam and beam-columns) deformation
modes and Figure 30 illustrates this concept fipelll channel beam-columns. Moreover, as already
mentioned, the computer code GRT{Bebianoet al. 2018a) has been continuously developed in the
last few years and is freely availablehétp://www.civil.ist.utl.pt/gbt/

Applied stress Buckling
distribution mode Mode 5

Figure 30: Lipped channel beam-column distortional bucklingledinear combination of the GBT deformation mdgiasd6
(symmetric and anti-symmetric distortion)

5.2.1 lllustrative numerical results

The illustrative numerical results presented asdudised concern the buckling behavior of (i) aspan
I-sectionbeam(Basaglia& Camotim2013)and(ii) an L-shaped frame built with lipped channelmixers
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(Camotimet al. 2010). For validation purposes, most GBT-basditarbuckling loadings and mode
shapes are compared with values yielded kg shell finite element analyses.

The symmetric two-span beam (i) has lerigt#00cm (2x20@m) and an I-section with web height
h,=300mm flangewidth b=150mmandwall thicknesg=5mm and (ii) is acted by two identical mid-span

SRR

-1.0 T .\ T '1.0 BOTTOM T :\ T

0 100 200 300 (Cm) 400 0 100 200 300 X (Cm) 400

(©)
Figure 31: Two-span beam with top and bottom loading: criticetkling mode shapes yielded by (a)s&sand (b) GBT
analyses, and (c) GBT modal amplitude functions

32



[ — b o —— ol
.  Iessssul. e
I mg—

ANSYS - 0.475487 GBT - 0.447185
B 565 l-0-396808
BN 361443 - ' -0.346013
1 _0.304421 - 0.284877
£ 0247399 - 0.229832
B8 190377 " 0178985
L1 _0.133354 - 0.127437
C1 _0.076332 - 0.072876
1 _0.019310 i-0.018637
[ 0

ANSYS GBT
0 0

0310 0.018637
B (076332 0.072876
1 0.133354 0.127437
1 0.190377 0178985
B8 247399 0229832
] 0.304421 0.284877
L] 0.361443 0.346013
1 0.418465 n 0.396808
B 475487 N

0.447185
Figure 32 ANsysand GBT mid-span region pre-buckling transverssabstresses caused by top and bottom flangentpadi

transverse point loads applied at either the top or bottom flange-wetmen Concerning the support
conditions, (i) the end sections are locally/gliyigainned and can warp freely, and (ii) all in-garross-
section displacements are fully restrained attteemediate support. The critical buckling loadsinied
areF¢=250.9&N (GBT) andF.=244.6%N (ANSY9), for top flange loading, arfe,=644.3' kN (GBT)
andF,=652.5&N (ANSYS), for bottom flange loading differences of +1. 7% and- 1.26%, respectively.
Figures 31(a)-(c) display three representatiorteeotwo beam critical buckling modes: (iNgvs and
GBT 3D views,and(ii) GBT amplitude functions concerning the particigatieformation modeg(x)).

It is observed that the two buckling mode represiemnis are remarkably similar (recall that the GBT
views in Fig. 31(b) are 3D representations of bngkinodes yielded bgeamfinite element analyses).
The closeness between the critical buckling loadsw@odes obtained from theidysand GBT analyses
stems from the ability of the latter in capturihg pre-buckling web transverse normal stressesrately

- Figure 32 shows these stress distributions, ibéaen mid-span region, as provided by thisys and
GBT first-order analyseg:inally, the GBT results show that the local defation modes56,7,10,11)
have visible contributions to theam critical buckling modeswhile the instability of the beam loaded
at the top flange is triggered by localized welbkiwg occurring close to the loaded cross-sectitirat,

of the beam loaded at the bottom flange is govemgelde local deformation of the web and compressed
flange local near the intermediate support.

The L-shaped frame analyzed is formed by two odhablipped channel membeksandB (L,=70cm
andLg=105m) with identical cross-sections (web height200mm flange widthb=120mm lip width
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b=15mmand wall thicknest=0.7mmn) and exhibits the geometry and loading displagdeigure 33. The
members are connected with flange continuity antedaloy axial compressive forces onNs=P
andNg=0.5°. The end supports of membgrandB are (i) fixed with prevented warping and (i) péoh
(locally and globally) with free warping, respectiy.

N=P
N=0.59 SR
LA=7OCm m/ember B
N;
member A Y

5 a1

Figure 33: L-shaped frame: geometry, loading and boundaryitimmesl

N
X

While Figures 34(a)-(b) display the correspondemesentations obtained by means of GBT awnglra
analyses, Figure 35 provides the memdandB modal amplitude functions describing the frame
critical buckling mode note again that Figure 34(a) is a 3D representatitheamfinite element
results. The two frame critical buckling loads picadly coincide againP.=4.17kN (GBT) and
Po=4.19&kN (ANSYS) - 0.4%% difference, even if the numbers of degrees oflreeinvolved are orders

(b)

Figure 34: L-shaped frame: (a) GBT and (iiN&Ys 3D critical buckling mode representations
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Figure 35: L-shaped frame: membdérandB modal amplitude function§(X)

of magnitudeapart(i) 164(GBT - 12elementsn membetA andS in member B) and (i) 10500 g&Y9).

It is also observed that the two buckling mode ebape remarkably similar, even if the GBT modsl ha
only 13 equations constraining the joint displacaisi@nvolving solely 9 end section nodes: 4 lig en
and 5 intermediate node3he frame buckles in a local mode triggered by nel§shorter but more
heavily compressed), involving also memBeand with participations from deformation modes
(distortional) and’, 9 (local). There are major contributions from mod@desds in memberA, whose
maximum values occur at about 1/4-span from time gmd at the joint itself. Only mod&éhas a visible
contribution in membeB, which decreases from the joint to the suppdite small participations from
modes7 and9 have maximum values at the joint and virtuallyisas the 1/4-span mark is reached.

5.3 Post-Buckling Analysis

The first relevant work concerning development GBI geometrically non-linear formulation is due to
Silvestre& Camotim (2003), who included the presence ofrargitnitial geometrical imperfections and
adopted a total Lagrangian kinematic descriptidis formulation, based on a strain decomposititam in
Green-Lagrange membrane terms (some of them didegtjaand small-strain bending terms, was later
extended to cover members with “non-standard” summmditions by Basagliat al. (2011). A few
years ago, Gongalves Camotim (20175, in the context on non-linear elastic-plastic GBalysis,
found that several non-linear membrane strain tgmexgously disregarded play an important role in
the non-linear behavior of thin-walled memberstipaarly in the moderate-to-large displacemengean
and thereforemustbeincludedin thenon-lineaanalysisVeryrecently, Martingt al. (2018b), prompted

by the need to tackle mode interaction problems;hwbiten unavoidably involve moderate-to-large
displacements, developed and implemented an erth@®&€ geometrically non-linear formulation able
to provide accurate results in this displacemengealt includes (i) the whole set of non-lineantbeane
strainterms,adoptinganapproaclequivalen{butnotsimilar) to that employed by Gongcah&samotim
(2012), and (ii) the non-linear bending strain ®fnthese last terms were subsequently found to have
virtually no impact inside the sought domain ofdig (i.e., only matter in the large displacement range).

Back in 2012, Goncalves Camotim (2012) developed and implemented theGBT formulations to
conduct geometrically and materially non-linearys®es of prismatic thin-walled metal members, using
two distinctapproachesither(i) thetraditionalstress-based approach, using small-stgeiiow theory
(von Mises' yield criterion) with the associateninl rule and isotropic hardening, or (ii) a stresgiltant-
based approach that uses a modified llyushin fuelction. More recently Abambres al (2013, 2014)
alsodeveloped geometricallyandmateriallynon-lineailGBT formulationfor thin-walled metal members

32 These authors included, for the first time, qumiransverse extension deformation modes in BiE @st-buckling analysis.
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exhibiting isotropic hardening, based efldw plasticity theory combined with the backwdtdler
return-mapping algorithm (as the traditional apginoat Gongalve& Camotim 2012). They applied it to
study the non-linear behavior of carbon steehlstss steel and aluminum members with severaligadi
and/or support conditions and exhibiting a few titutis'e laws (perfectly plastic, bi-linear or nbnear).

5.3.1 lllustrative numerical results

The illustrative numerical results presented asdudised concern (i) the elastic distortional poskling
buckling behavior of a fixed-ended zed-column (Maret al. 2018b) and (ii) the elastic-plastic
distortional post-buckling buckling behavior oflesection beam (Abambres al. 2013). For validation
purposesnost GBT results are compared with values yielge8iBaQus shell finite element analyses.

The first example concerns the “pure” distortignast-buckling behavior of a fixed-ended zed-column.
The GBT nodal discretization adopted, which invelt® nodes (4 natural intermediate, 2 natural end
and 9 intermediate — 3 in the web and flangeg)slea(i) 17 conventional modes (4 global, 2 distoal

and 11 local — modeis17), (ii) 14 shear modes (5 global ad¢bcal — moded8-31), (iii) 14 linear
transverse extension modes (1 global isotropitoldatideviatoric and 9 local — mod&z45), and (iv)

14 quadratic transverse extension modes (mteS). Figures 36(a)-(b) show the column geometry and
critical distortional buckling mode shape (exhigtthree half-waves), as well as the most relevaaial
amplitude functiong, (x) participating in it. As for Figures 37(a)-(b), yrdisplay (i) several equilibrium
pathsP/P¢p vs. (i+vo)/t, wherev is the vertical displacement of the top flangeslipner at the central
half-wave andp=0.94 defines is initial geometrical imperfection amplié (associated with outwaryj

and (ii) the modal participation diagram associaitd the most rigorous GBT equilibrium path (up to
P/P.;=1.50- for comparison/validation purposes, the equiliorjpath provided by a rigoroussAQus
SFEA is also presented. The equilibrium paths @jspl are obtained from “approximate analyses” that
either (i) adopt 8 beam finite elements and incluaieous sub-sets of the 59 deformation modes
(including all of them) or (ii) adopt 16 beam fmielements and all the 59 deformation moedise
modal participation diagram shown in Figure 37(maerns this last analysis. In order to illusttage
capabilities of the GBT intrinsic modal nature, e 38(a)-(f) and 39(a)-(f) provide the evolutioh§)
mid-web transverse bending displacement profike3, obtained with the contributions from modes
2, 3, 5+6, 7-17, 32-45and1-59 (w159 X)° W(X)), and (i) top flange-lip corner vertical disptaeent profiles
V(X), obtained with contributions from modgs, 4, 5+6, 32-45and1-59 (v1.5¢X)° V(X)). Finally, Figure 40
displays GBT and BaQus column deformed configurations corresponding?/fé..p=1.00,1.25.1.50.
The observation of all these post-buckling reguittsnpts the following remarks:

Per (MN)
6

I:)ch

0 1 H‘L‘DﬁlOO T \H\\L(Cm)

10 100 1000
(@) (b)
Figure 36: Fixed-ended zed-column (a) geometry Bpds.L curve, and (b) critical mode and GBT modal anmgiditunctions
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Figure 37: (a) ABAQUS and GBTP/P,p VS. (o)t post-buckling equilibrium paths and (b) modalipidtion diagramr=16)
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Figure 38 Zed-columnm(x) displacement profiles due to mode=(&p) 3, (c)5+6, (d) 7-17, (€)32-45 (f) 1-59 (Wi.5dX)° W(X))

() Figure 37(a) makes it possible to assess theamce of the quadratic transverse extension modes
(46-59) in capturing the column distortional post-bualibehavior: their removal causes severe
membrane locking effects and leads to overly stffitions (Goncgalve& Camotim 2012) —

e.g, compare the solutiong-45+n=8" and “1-59%+n=8". Moreover, note that the solutions obtained
with 16 and 8 beam finite elements are virtualgniital up td”/P,p=1.50- therefore, ther{=8"
results can be viewed as the “best GBT ones” witioading/displacement range.

(i) The modalparticipatiordiagramof Figure 37(c) shows that, naturally, m@dgymmetric distortion)
governs the column response — its participatioraiesrpractically constant along the equilibrium
path, varying between 53% and 58% (the participationode6 never exceeds 1%). As loading
increases, modeis gradually replaced by other modemsode4 (torsion) provides the largest
contribution up untiP/P,p=1.50, while the remaining ones almost do not vary.

37



x /L x /L x /L
0.00 0.25 0.50 0.75 1.00

P /Pcp=1.50

00057 W
P /Pep=1.30 .
0.000 . =

(b) ' ©)

x /L x /L
000 025 0.50 075 100 000 0.25 0.50 0.75 1.00

-0.05

0.10

0.30
2.0 . 0.70 0.50
5 0.90 0.05- 070
1.10 .
1.30 1.50 1.10
150 ‘ 130
Vs+a/t 0.10 V32.45/t . 150 VIt
(d) (e) ®

Figure 39 Zed-columnv(x) displacement profiles due to modesaap) 3, (c)4, (d)5+6, (€)32-45 (f) 1-59 (V1.5dX)° V(X))
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Figure 40 GBT vs. AAQUS zed-column deformed configurationsPdP.,5=1.00, 1.25, 1.50 (amplified twice)

(i) Figures 38(f) and 39(f) show tha(x) andv(x) are mostly due to modgsee Figs. 38(d) and 39(d)),
whose contribution involves three half-waves andkis to the initial geometrical imperfection
(see Fig. 36(b)). This modal contribution growsdtly as loading progresses, while retaining its
configuration- this feature is shared by the contribution of n®¢®inor-axis bending one half-
wave)and7-17 (local- five half-waves). Besides the small contributimmf mode2 (see Figs. 38(a)
and 39(a)), it is clear that moddsee Fig. 39(c)), exhibiting clockwise rotatiopigys a significant
role- it is responsible for the difference between tipeaind bottom flange-lip motions, a behavioral
feature not occurring in singly symmetric columag(lipped channels).

(iv) Lastly, Figure 40 provides clear evidencehsf virtual coincidence between the column deformed
configurations obtained with GBT (1D beam model) &BAQus (shell finite element model),
despite the huge disparity between the numbersgréds of freedom involved in each of them.
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Theelastic-plastipost-bucklinganalysiddealswith afixed-pinned-sectionbeamactedoy a vertical load,
uniformly distributed on the mid-span top flangezefsee Figs. 41(a)-(b)), exhibiting a bi-lineatemal
behavior, characterized I210GP3g, /=0.3, f=239MPa andEs~=E/100, with lengti.=2850nmand

the cross-section mid-line dimensions given in FgilL(b). The beam contains critical-mode (lateral-
torsional) initial geometrical imperfection witlB®2nmamplitude (maximum in-plane displacement).

p=2 /3 N/mn?

Tz
\ —_— 5 Y

z 2 \\ X

150 t-4

|
" 1DO

142t 142t

(mn] v

(a) (b)
Figure 41: Fixed-pinned I-section beam (a) overall view and loadangl, (b) cross-section dimensions.

The cross-section discretization adopted is shogether with the transverse extension mode shapes
in Figure 42- this figure provides also the in-plane and oyblafie configurations of the deformation
modes most relevant for this analysis. It is wonéntioning that, out of the 202 deformations modes
associated with the nodal discretization showniguié 42, the analysis includes only 137, namely 4
global, 13 local, 81 shear and 39 transverse agtedeformation modes.

Global Local
Mode?2 Mode3 Mode4 Mode8 Mode9
Shear Transverse Extension(half-section)
Model1l8 Model9 Mode20 Mode21 Mode97 Mode99 Mode 100

Figure 42 |-section beam in-plane and out-of-plane confiians of the 12 most relevant GBTdeformation modes
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Figure 43(a) shows the GBT ana#Qus equilibrium paths(| y[), where || is the absolute value of the
mid-span top flange node lateral displacementcatdd in Fig. 41(b). Figure 43(b) shows the GBT
modal participation diagram concerning the evaitas |,| increases, of the beam most deformed (mid-
span) cross-section configuration. Lastly, Figd@ralows the beam collapse mechanism (AP equilibrium
state indicated in Fig. 43(a)). The observatiahete results prompts the following comments:

()
(if)

The GBT and BAQUS equilibrium paths are in very good agreement -Athgimum difference is
4.8% and occurs well into the descending branch (ARlibgqum state).

Global deformation clearly governs the bearhdwor, through the contributions from modes
(15.4-60.%0), 3 (12.0-28.%0) and4 (21.6-44.90). The combined patrticipation of the transverse
extension modes9 (web) andL00 (flanges) rises gradually along the equilibriunthpaeaching
13% in the descending branehexcluding these two deformation modes from théyaisawould
considerably “stiffen” the beam global behavior skyerely restraining the significant wall in-plane
motions clearly observed in Figure 44. Finallyalamodes8 and9, associated with the top/loaded
flange transverse bending due to the patch logseggFig. 42 note that the modes counteract each
other in the bottom flange), only have perceptibletributions up to the peak load (their maximum
joint participation is 4.%).

(ii)) The dominant global behavior and the earlgeinof yielding (»2.0, at the beam mid-surface)

explain the absence of post-critical strengtl (=0.774).

(@)

100%

others
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Figure 43 I-section beam (a) GBT andBAQus equilibrium path$ vs. |,| and (b) GBT modal participation diagram
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Figure 44 GBT and AAQus I-section beam collapse mechanism (AP equilibrium state)

(iv) Besides the remarkable resemblance betweeGB¥ and ABAQUS beam collapse mechanism
representations, note {jwthe yield-line at the most deformed cross-sedtipnflange (close tthe
loadedarea) and(iv-) thevisible (notvisible) top (bottom) flange warping at the pinned end stppo
—the mode8 and4 warping contributions reinforce (oppose) eachrahthis support (see Fig. 42).

6. Cold-Formed Steel Angle Columns

The geometrical simplicity of angles is only matthoy the complexity of their structural behavior,
asattestedy thefactthatthe design of angle members has provided a consrti@llenge to researchers
and designers for many decaddast year's Beedle Award lecture (Lutz 2017) pdegi an excellent
testimony of the hardships angle members have lrdoidghe structural engineering profession! In the
particular case of concentrically loaded cold-faimsteel equal-leg angle short-to-intermediate cofum
(those buckling in flexural-torsional modes), tHehavior, strength and design eluded the techamchl
scientific communities for a long time and prompiteel use of specific design procedures (not used in
columns with other cross-section shapes), very afieolving safety factors higher than usual, which
reflects the lack of knowledge about their struaitirehavior €.g, Ganesa Moen 20123, For
instance, up until 2012 angle columns were notjuiaiied to be designed by means of the Direct
Strength Method (DSM) in the North American Speation (AISI 2012} although the concept of pre-
gualification was removed from the latest versitihis specification (AlISI 2016), no novel provisgor
guidelines for the DSM design of angle columns aeidedi(e, no new knowledge has been included).

Up until quite recently, the most successful attsrtgpdevelop DSM-based design for equal-leg angle
columns, namely those due to Young (2004), fodfieeded columns, Rasmussen (2006), for pin-ended
columns, and Silvestret al (2013), for fixed and pin-ended columns, wereedasn locaktrength
concepts, in view of the belief that such colunailsit local-global interactive modestherefore, they
involved using either the current DSM local andbgladesign curves or slightly modified (empirically
versions of these curves. In spite of the quitéipegerformance indicators of the above DSM desig

33 Note that the structural behavior of (long) edeglangle columns buckling and failing in minorsafiéxural modes is perfectly understood.
Therefore, the design of such columns is straighdfal and performed through the usual proceduifopression members.
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approaches, it is now clear that they were fouratedn erroneous mechanical model. Indeed, the
findings of Diniset al (2012a) and Mesacastal (2014) provided clear numerical evidence that the
column failure stems from the interaction betweejoraxis flexural-torsionaf and minor-axis flexural
buckling, a kind of unique global coupling phenoorethat (i) does not involve local deformations and
(i) is highly sensitive to the “sign” of the minaxis flexural initial geometrical imperfectionsaged

on these findings, Dini& Camotim (2015a) proposed a rational DSM-basedjuliegproach that was
found to provide safe and reliable predictionsliofwaailable experimental and numerical failured®a
concerning both fixed-ended and pin-ended coluAirthis stage, it should be mentioned that these tw
support conditions only differ in the restraintloé end-section minor-axis flexural rotations, wirace
either fully restrained (fixed end) or completeiyef (pinned end) in both cases, the columns are fixed-
ended with respect to major-axis flexure and hbhggsecondary) warping of their end cross-sections
fully restrained. In the experimental studies, \waygixity is achieved by attaching thick/rigid fga to

the column end cross-sections and the pin-endgddigonditions correspond to “cylindrical hinges”.

After briefly addressing the key features of the fixedeghand pin-ended short-to-intermediate angle
column buckling and post-buckling behaviors, theepgrovides an overview of the above DSM-based
novel design approach and presents the qualityssmeset of its failure load estimates.

6.1 Buckling and Post-Buckling Behavior

Figures 45(a)-(b) provide the signature cuyess.L (P andL are the critical buckling load and length,
the latter in logarithmic scale) and corresponda®Jl modal participation diagram of fixed-ended (F)
and pin-ended (P) columns with the cross-sectimeiions indicated note that the tw@., vs.L. only
differ for moderate and long columns. As for Figd&c), it showshebucklingmodes of P columns
with L=100;364;1000cmand the in-plane shapes of the first 5 GBT defoamanodes. It is clear that
the “plateau” in these signature curves correspdwidys to flexural-torsional bucklingthe amount of
major-axis flexure (modg) is initially minute and increases visibly with Moreover, the flexural-
torsional buckling loads and mode shapes of F atauPnns with the same length are identical.

P (kN)
8 L;=53cm
70} =12 L,=133cm (P columns)
7 L;=364cm
. P»F om’ Le7000m L(cm) | 100 364 1000
F
P Buckling L
O T T T TTTTT T T T T 11T L(Cm) MOde
10 100 1000
(a] L1 Lo L3 Lg
Pi
F columns 10
05 GBT
0.0 .
Deformation
P columns Modes
1.0
r0.5
(b) 0.0 (c)

Figure 45 (a) P, vs.L curves and (b) GBT modal participation diagrams (F and irod), and (c) in-plane shapes
of 3 buckling modes and first 5 GBT deformations modeso{EPmns)

341n equal-leg angle columns, (i) local and torsiaiedormations are indistinguishable and (ii) textral-torsional buckling modes are
predominantly torsional, which explains why theyanverroneously viewed as “local’.
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ABAQUS shell finite element (SFEA) analyses were uséaviestigate the elastic and elastic-plastic post-
buckling behavior of F and P columns (i) with ldredt; =53cm L,=133%m L;=364mandL,=70@m
(F1-F4 andP;-P; columns)(ii) containingeritical-mode(flexural-torsional)nitial imperfectionsvith small
amplitude and, in the elastic-plastic case, (iithwarious yield-to-critical stress ratios. Figart(a)-(f)
showthe upper parts of thg-F, and R-P; column elastic equilibrium patif®¥P. vs. b, P/P vs.dy/t and
P/P. vs.dn/t - b, dy andd,, are the mid-span rigid-body torsional rotation #exlral displacements due
to major and minor-axis flexure, respectively. Thesst-puckling paths prompt the following comments:

() All post-buckling behaviors involve the occuroe of torsional rotations and flexural displacetisien
The relative importance of the latter has strorpichon the column post-critical strength reserve.

(i) Two F-columnand Peolumnpost-bucklingoehaviorsareidentified: while (ii;) the shorter FF; and
P, columns are clearly stable and exhibit minute ldgments, and §)i the longer -and B-P;
columns are barely stable, exhibit significant ldispments and have limit pointsither abrupt and
followed by a torsional rotation reversal, @d B columns) or smooth with no rotation reversal (P
column). The displacement magnitude plays a keyinadeparating the two post-buckling behaviors.

(iii) In both the F and P-column equilibrium pathsdy values remaimlwaysvery small (they grow
with L andretainthe fixed-ended critical buckling mode shape). Haxiethe P columd,, values are
significantly higher (about ten times) than thdircounterparts their magnitude are similar (both
small) in F columns (before the interaction witortaxis flexure buckling occurs, of course)

(iv) The difference described in the previous iteems from the absence of minor-axis end bending
moments in the P colummaaking it impossible to oppose the minor-axis bemdue the “effective
centroid shift” effects caused by the normal stredstribution €.g, Young& Rasmussen 1999).

Next, the influence of plasticity effects on théuoan post-buckling behavior and collapse is adekss
Figures 47(8-(ag) show the upper portions of thg F, and B column elastic-plastic equilibrium paths

P/P,  (F Columns) (F Columns) P/P, (F Columns)
1.2 Fi-Fo/F3 Fl'F2~% Fs 112 FiFy
1. Fq F. L1 \F‘l
0.8 | |_ 10.8 |
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0.0 0.2 0.4 0.6 -1 0 2 0 2 4
@ (b) (©
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Figure 46 F;-F, and R-P; column (a+dP/P,, vs. b, (b+e)P/P vs.dy/t and (c+f)P/P, vs.d,/t equilibrium paths
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P/P. vs. b paths for yield-to-critical stress ratif#»1.3,2.5,5.0 (plus the elastic path). As for Figures
47(y)-(bs), they display plastic strain diagrams at theetleguilibrium states indicatedFigures 47(g-
(@), located on th§/f.»2.5 equilibrium paths (including the collapse mydéss worth noting that:

() TheFs columnfailureloadgrowsnoticeablywith f, - e.g, afy/fe increase from 1.3 to 5.0 more than
doubles the load-carrying capacity.

(i) The longer &k and B column failure loads are practically insensitivg,tas their collapses are mostly
due to geometrically non-linear effeete.g, afy/fe, rise from 1.3 to 5.0 entails only a 9.4% failure
load increase in the,leolumn. Indeed, fok/f;»2.5,5.0 the & and B columns remain elastic up to
failure - the onset of yielding only takes place well indiake equilibrium path descending branch.

The markedly different elastic and elastic-plastngth-dependent post-buckling behaviors exhiliied
the F and P short-to-intermediate angle columniamgignificant differences between their failla@ds
P, (for any given vyield stress). Since all theseroolsi have virtually identical critical buckling stses,
i.e, share a common critical slendernése‘y/fcr)o'S, the correspondinB./Py values are likely to be
highly scattered for eaghvalue- this behavioral feature is adequately accounteblyfthe DSM design
approactoriginally proposedy Dinis & Camotim(2015a)thenslightly improved by Landesmarat al.
(2016) and, finally, cast in a simpler form by Bi&i Camotim (2016a) it is addressed next.
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Figure 47 (a) P/P, vs. b elastic-plastic equilibrium paths, f§¢f,»1.3,2.5,5.0, and (b) plastic strain diagrams and
collapse modes, fdy/f;»2.5, of the ) F5, (;) F, and §) P, columns

6.2 DSM Design Approach
The main aspects and characteristics of the DSMebassign approach are the following:

(i) Itis based on the fact that most short-tosimediate angle columns fail in interactive modes
combining major-axis flexural-torsional and minarsdlexural deformations.

(ii) It involves (iiy) the current DSM global strength curve ang) (lenuine flexural-torsional strength
curves Pyr), developed on the basis of failure loads of colswith fully preventeaninor-axis
bendingdisplacements (see Fig. 48(a)), which replacediert DSM local strength curve in the
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currently codified design against local-global iattive failures, arapplicable to F and P columns,
and capture the flexural-torsional post-bucklimgrejthdropasthecolumnlengthincreases.

(iif) The effective centroid shift effects, whictrangly influence the P column failure loads (e £
column ones)reincorporatedhrougha “reductionparameter’ thatonly comesnto play for P
columns (idea put forward by Rasmussen 2006) arsd i@ilect, as closely as possible, the length-
dependence of the difference between the P antlimidlexural-torsional behaviors.

Therefore, the DSM design approach requires (gldging a set of genuine flexural-torsional strengt
curves, covering adequately the whBlg(L) curve plateau, and (i) quantifying the effectoantroid
shifteffectg(in P columns)whichwasdonethrough dreduction factorbasedntherelationbetween the
elastic post-buckling strengths of otherwise idah® and F columns. The main concepts and praasdur
involvedin the performance of these tasks are addressed next.

6.2.1 Flexural-torsional strength curves

Figure 48(a) plots, against theP,/Py values corresponding to the fairly large flexaoational failure
load data obtained by Dings Camotim (2015a) also displayed is the current DSM local strengtire
The clear and huge “vertical dispersion” of ByP, values makes it easy to understand that no single
Winter-type curve is able to predict safely andieately all of them. It is also clear that a langenber of
those values fall well below the current DSM losi@éngth curve. The above “vertical dispersion” is
closely linked to the column length. Indetiee Py/Py values gradually drop asincreases along the
Pcr (L) curve “plateau”, which is completely in line withe findings obtained for the unrestrained
columns (see Figs 46(a)-(f)). Figure 48(b) illussathe length-dependence of the restrabofamnn
post-bucklingstrengththefour elastic equilibrium paths displayed, concerningicwls with increasing
lengths Li-L4, evidence a very clear post-critical strength drop
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Figure 48 (a) PlotP,/P, vs./ (P, are column flexural-torsional failure loads) and (b) elasjiglibrium path®/P
vs. bof restrained 70L.2mmcolumns with lengthks=98,252 500,700cm

An in-depth study of the column pure flexural-torsil behavior unveiled that the participation ojana
axis flexure (mode) in the column critical buckling mode (i) increaggadually with_ (see Fig. 45(b))
and (ii) is directly linked to the difference beemethe pure torsional,{ and flexural-torsionaffs -
critical) buckling stresses, provided exactly balgircal expressions given by Dinis & Camotim (2815
In view of these findings, it was decidedgtoupthecolumnsaccordingto the percentage difference
betweerfy, andf.y (i.e., to O=[(fo- for)/fiu] X 100- this parameteimeasuresthe relativeimportanceof
major-axisflexure on theflexural-torsional buckling behaviand,therefore, is ideallguitedto quantify
thelengthdependencef the column post-critical strength along BegL) curve plateeﬁ?.

35 Thisexpression, proposed by Landesmetrai. (2016), differs slightly from the origina} definition put forward by Dinig Camotim (2015).
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The proposed flexural-torsional strength cuni&g)(are defined by “Winter-type” expressions, which
incorporate parameteftoaccount for the length-dependence and read (Riflamotim 2016)

R, it | o £(05+025- b)

Pt = P a P a (7)
P, — 1-b = it 1 ¢ >(05+025 b)
Py Py
0.19D, +04 if D, <3 0.014D; +0.15 if D; £7
a= b: ) (8)
0.97 if D;°3 0248  if D;>7

where each combination of parameendb®® leads to a different curvethe length-dependence is
capturedhroughthese two parameters, both expressed in terrip Nibte thaia=0.4 andb=0.15 are
adopted for22=0, which amounts to saying that Eq. (7) coincidis the current DSM local strength
curve for the very short columnigf.+ very close to 1.00).

It was found that the proposBgk strength curve set is able to capture quite Wwell'ertical dispersion”
of the numerical failure loadata displayed in Fig. 48(a)Figures 49(a)-(b), showing two individual
flexural-torsional strength curves obtained from &(, associated witih?=1.80;7.20, illustrate this
assertion: the numerical failure loads of the calgraxhibiting thos&} values are reasonably well
predicted by them naturally, the prediction quality varies with(in this case, it is better f@¢=7.20).
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Figure 49 Plots ofP,/P, vs./ and proposed flexural-torsion&}{) strength curves for columns with minor-axis bagdi
displacements fully prevented such that/e)l.80 and (b)3=7.20
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Recalling that the mechanical reasoning behind>®& design approach is based on the fact that the
columns fail in global-global interactive modesgnimng major-axis flexural-torsional and minor-axis
flexural deformations, it is now possible to obtstiength curves providing the nominal strengthinaga
theabove failuresH;) of fixed-ended (F) short-to-intermediate anglenems. It suffices to repladg,

by Pre (nominal failure load provided by the current D§Mbal design curve) in Eq. (7)the ensuing
strength curve set is expressed in terms of therédntive” slendernegse=(Pne/Per)>.

6.2.2 Reduction parametér

The next step consists of findiadength-dependeriteductionparameter’s that, when multiplied by
the F column nominal strengfxe provides its P column counterpdrheprocedure adopted to search
for this parameter is based on an “elastic redadtotor’ concept and involves the following steps:

36Do not confuse with the angle leg width, alsogtestied ab.
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(i) Perform elastic post-buckling analyses of id=ht= and P columns (sarfa. ratio,i.e., 2 value),
bothcontainingeritical-modeinitial geometricaimperfections with amplitudie’1000, and recorithe
evolution,asthe appliedload increasespf the maximumongitudinal normal stresses at mid-span
(fmay) - theP vs.faxcurvesof FandP columns associated wif=0.16 are displayed in Figure 50(a).

(i) Calculate, foranygivenfyaxvalue, the ratibbetweertheF and P column applied loads causing it
(Pr andPp) - note that difference betweBp andPr stems solely from the effective centroid shift
effects, which make the interaction with minor-dl@gural bucklingmuchmorepronouncedh the
P column.If fmaxis equal to the column yield stre§s.£fy), the correspondinBe/Pr ratio provides
the strength reduction parameter at the columstielemit state”.

(i) Assume that the abow®:/Pr ratio is a good enough approximation of the sostahgth reduction
parameter at the column elastic-plastic faildne (in other words, assume thaiPp/Pr.

(iv) Takefmaxas the column global nominal strenfythwhich implies that iténteractive”slenderness is
given by/ = (fmagfcm)o's, making it possible to establish a relationshigvbenb and/ . Then, itis
possible to obtain a set of length-depend€hi.) curves, one peR? value- Figure 50(b) shows the
b(/ ) curves of columns associated Wig0.160.84;2.41. The differences between these curves
clearly evidence the length-dependencé(bf.) - b decreases substantiallyla§.e., [J) increases.

(v) Using a “trial-and-error curve-fitting procee{yr search for “Winter-type” expressions relatingo
/e~ it was found (Dinig Camotim 2016) that the simpler output of thisces
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Figure 50 (a) P vs.fax curves concerning F and P columns with0.16, (b) numerically obtaindzivalues, plotted
against/ ¢, and (c) proposed(/ ) curves relating P and F columns wi0.16, 0.84 and 2.41
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6.3 DSM Design Proposal

Combining now (i) the strength curves for F coluppmeviously obtained in Section 6.2.1 and comgjsti
of Egs. (7)-(8) witHPy replaced by and (ii) the reduction parameterjust obtained in Section 6.2.2, it
is possible to propose DSM-based strength cunasding nominal failure load${s¢) of short-to-
intermediate fixed-ended and pin-ended angle cadumhich fail in interactive “global-global” modes
combining torsional rotations with major- and miagis translations they are defined by the expressions

<. it | 4o £(05+,025- b)

1
2a

a 1 (11)
2a

Iante = a
P P
B ot 1.b i . >(05+,025-b)
ne ne
1 for F columns
= _ 068  £1  for Pcolumns . (12)
(/ e - ©)°

where(i) a, bandc, d aregivenby Eqgs.(8) and(10), and(ii) / we=(fe/fz)>is the “interactive” slenderness.

6.3.1 Merit assessment

TheaboveDSM-basedtrengticurvesprovidequiteaccuratend reliable failure load predictions. Figures
51(a)-(b) plot, againgt, the exact-to-predicted failure load ratiBgR) concerning the whole set of F
andP column experimental and numerical failure loadsrakded (either obtained or collected from the
literature) by Dinist. Camotim (2016a) theP,/Pq performancéndicatorgaveragestandardaieviation,
maximum and minimum values) are also given in thiggges, as well as the corresponding LRFD
resistancéactors/., evaluatedy meansof the expression prescribed by AISI (2016). Wheth ibhe
experimental and numerical failure loads are carsid] the LRFD resistan&actors read:=0.88
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Figure 51: PlotsP, /Py VS. / #e cONcerning the (a) F and (b) P columregperimental and)(numerical failure loads

48



(F columns) and=0.91 (P columns). In view of thessults, a DSM design proposal for fixed-ended
and pin-ended equal-leg angle columns establishatghe nominal strengths=min{ Png Prg, Where
Pre and Py areprovidedby the currentDSM globaldesigncurveandEqgs.(11)-(12), respectively, is
ready for codification in the North American Speeifion (NAS) for the Design of Cold-Formed Steel
Structural Members (AISI 2016)moreover, it can be used togethgr0.85, thus completely unifying
the treatment of compression members in this spatiin.

7. Cold-Formed Steel Members Undergoing Mode Intelgion

Thecomplex shape and high wall slenderness exhibjtéadoopen thin-walled cross-secti@asnmonly
used in cold-formed steel (CFS) members make thgimylsusceptible to several instability phenomena,
involving either individual and/or coupled bucklingpdesTheefficientdesignof such members is far
from well established, as interactive buckling gimana may emerge even when the associated critical
buckling loads/moments are significantly apart. sl order to assess the structural responseciof su
members it does not suffice to acquire in-depthwkedge about their “pure”/individual buckling and
post-buckling behaviors, sinceuplingsinvolving two (or even three) buckling modes maguc
Naturally, such coupling effects may erode, to allemor larger extent, the member ultimate stiengt
thus leading to a high likelihood of reaching uasddsigns. Concernimgode interaction phenomena
that may affect CFS members, those involving landlglobal buckling are, by far, the better underst

- their effects are currently taken into accounthm design of slender members, through either the
classical “plate effective width” concept or thererecenDirectStrengthMethod(e.g, AISI 2016}
However, in the context of the DSM, the pictureng&s for columns and beam undergoing interaction
phenomena involving distortional buckling, namielgal-distortional(L-D), local-distortional-global
(L-D-G) or distortional-global (D-G) interactionhrech are potential additional sources of failusdlor
moment erosion not yet adequately covered by ddyfaoned steel specification around the worldsThi
fact is particularly worrisome with the advent gordgressively widespread use of high-strengthssteel
which makes mode interaction phenomena much miesarg, in the sense that are much more likely to
govern the failure of non-stocky CFS members.

An extensive research effort has been carried otitast few years at the University of Lisbon ordeno
interaction in CFS columns and beams prone tortdmtal buckling. This investigation, comprising
experimental tests (performed at the Federal Usityasf Rio de Janeiro and University of Hong Kong
- FURJ and UHK), numerical (shell finite elementlgsia- SFEA) simulations and design proposals, is
intended to (i) acquire in-depth knowledge on tbstybuckling behavior (elastic and elastic-plastic)
ultimate strength and failure mode nature of CH&was and beams experiencing L-D, L-D-G or D-G
interaction, (ii) obtain and/or collect experimémtad numerical ultimate strength data, and (@@ this
information to develop, calibrate, validate andopses efficient (safe and accurate) DSM-basedrdesig
approaches to predict the ultimate strengths afitrabers under consideration.

In view of the really enormous amount of work aalali (and also under way) on this topic, it iseilty
impossible to address in this paper more thanyasreall fraction of the results and findings obtain
Thereforealot of thoughthasgone into how to organize this section, so th{gtprrojects a clear image of
the whole ongoing research endeavor, (ii) provéaieaccount as detailed as possible of the methgdolo
employed to achieve the established goals angbf@gents and discusses a representative (bu) small

37|t should be pointed out that, currently, the D&ers only the design of CFS columns and beatfimgyf local, distortional, global and
local-global interactive modes. Concerning CFS bealtmns, a DSM-based design approach for “pun&irés is being sought by
Torabian& Schafer (2018) in view of the promising results already repoitedtodification should be expected for the notdant
future. Naturally, the DSM design of CFS beam-calaifailing in interactive modes will only be addwe a bit further down the road.
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sample of the knowledge acquired in the coursadf an extensive investigation. The outcome of this
“brain storming procedure”: after presenting a fewdamental concepts that are common to all the
coupling phenomena investigated, (i) identify anaracterize the main steps and procedures invirived
the methodology adopted to study the various mogaction behaviors addressed and, for each of
those steps and procedures, (ii) provide an iitistr concerning one member coupling phenomenon.
This means that no complete account of the workedanut concerning a particular member interactive
behaviowill bepresented insteadthepapelincludesa“mix” of the results and findings obtained for the
severamembeircouplingphenomenaddressedrecallthat these phenomena consist of (i) L-D, L-D-G
and D-G interaction in simply supported and (mQdtked-ended columns, and (ii) L-D and D-G
interaction in simply supported beams with the émnd support conditions shown in Figure 19.

7.1 Fundamental Concepts

In orderto illustratemodecouplingphenomenavolving distortionalbuckling, Figuress2(a)-(as) display
“signature curves'®; vs.L in logarithmic scale) that concern simply supmbligped channel columns
with particular cross-section dimensions and migeessible to identify lengths associated L-D, @#d
L-D-G mode interaction (Camotig Dinis 2011) note the virtually coincident local, distortioraaid/or
global critical buckling loads, which ensure maximinteraction effects and characterize the sodalle
“true interactive behaviors”. As for Figures 52{{is), they show possible critical buckling modes of
thecolumnsandicatedn Figuresb2(a)-(as), whichcombinethe deformation patterns corresponding to the
competing critical buckling modes: (i) 3 L half-ves/+ 1 D half-wave, (ii) 3 D half-waves + 1 G half-
wave and (iii) 19 L half-waves + 3 D half-waves@half-wave.
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Figure 52 (a)P. vs.L signature curve and (b) local and/or distortiamal global (flexural-torsional) buckling modeslipped
channetolumns cross-section geometries and lengths tainize the ) L-D, (;) D-G and §) L-D-G mode interaction effects

However, it should be made clear that mode inferatvolving distortional buckling may also ocaar
members exhibiting cross-sections and lengths thatheither the competing local and/or distortional
critical buckling stresses are visibly lower thae temaining one(s), provided that the yield stress
exceeds the highest critical buckling stress laygelenough amountg(, fy>fcrmay), Which characterizes
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the so-called “secondary bifurcation interactivieasor”. It is worth noting that, as shown by Diaetsal.
(2012b) in the context of L-D-G coupling, no secanydbifurcation interaction takes place when global
bucklingis critical, due to the associated minute posieatistrength, which precludes reaching applied
stress levels close to the critical local and/stodiional buckling stresses. Naturally, the moshpunced
secondary bifurcation interaction effects arise mdogal buckling is critical, due to the ensuingé&
post-critical strength whenf., mi=fcp the post-critical strength is just moderate (tilitvssible).

In order to illustrate the difference between the above mode interaction types, Figures 53(a)-(b)
display the elastic equilibrium pattss§.d) and six cross-section buckled configurations eamaog
lipped channel columns exhibiting true aedondary distortional/globhifurcationL-D-G interaction,
respectively thelattercorresponds t@; mi=fc. andferma=fep fore. In the first case, coupling starts at the
early loading stages and evolves as loading psegesocal, distortional and global (flexural-torsional
deformations develop along the whole equilibriurtnparovided that the column has initial geomeitrica
imperfections with L, D and G components. In theoed case, the deformation is essentially locabup
the vicinity of the critical distortional/global bkiing applied stress level, when visible distortiband
global deformations emerge and develop. Of cothgepnly occurs in elastic-plastic columnd,ifs
“high enough” to allow for the above emergence @ndiévelopment (otherwise, plasticity kicks in and
precipitates a local failure before distortionat gtobal deformations become significant).

fy | L+ D+ G fy L
fch»fch / @
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crL fcrl_ @
0 L+ D+ G 0 r® L+ D + G
0 d +

Figure 53 Equilibrium paths and cross-section buckled skaydipped channel columns exhibiting (a) true énd
secondary distortional/global-bifurcation L-D-Genaction

Finally, it must be pointed out that the column &e@am D-G and L-D-G interaction phenomena
addressed in this work often really involve fleXioasional-distortional critical buckling modesen if
they are termed here “global” (Camo®Dinis 2011, Martingt al. 2018c). In columns, the presence
of anti-symmetric distortion (GBT deformation magjes responsible for a significant decrease in-post
buckling stiffness, with respect to that of colunbgkling in flexural-torsional modesit may even
cause unstable elastic behavior in columns thatairfxed-ended (Camoti& Dinis 2013). Beams, on
the other hand, symmetric distortional deformati@@BT deformation mods) provide added post-
buckling stiffness, with respect to that exhibitgdoeams buckling in flexural/lateral-torsional raedin
addition, the design procedures developed for beanergoing L-D or D-G interaction are based on the
DSM-based distortional strength curve proposed bytivset al. (2017b) and addressed in Section 3.3
(instead of the currently codified design curvAISI 2016).

7.2 Methodology

The investigation on the behavior and DSM desigrolimns or beams undergoing a particular coupling
phenomenomvolving distortionalbucklingcomprisesheperformancef the following successive tasks:
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() Member Geometry Selectiomhe first step in an investigation on a particat@upling phenomenon
consistf selecting/identify column or beam geometrieegsrsection shape/dimensions and
lengths) prone to “true” or “secondary bifurcationteraction. This selection is made through a
“trial-and-error” procedure involving sequenceset#stic linear buckling/bifurcation analyses
involving members exhibiting a given cross-secsbape and gradually varying cross-section
dimension ratios and/or lengths. In most case$ Buckling/bifurcation analyses are performed
using the code GBIL (Bebiancet al.2018a).

(1) Determination of Most Detrimental Initial Ge@trical Imperfection Shapé very important issue
in mode interaction investigations is the iderdiicn of the most detrimental initial imperfection
shape, in the sense that it leads to the lowestoerestrength. Due to the presence of two or three
competing critical buckling modes, the commonlydusgproach of considering critical-mode initial
imperfections ceases to be well defined, sincaitefshapes satisfy this condition. Therefores it i
necessary to obtain and compare equilibrium pdtinsembers containing initial geometrical
imperfections (i) spanning the whole critical-matiepe range and (ii) sharing a common amplitude
(otherwiseno meaningful comparison can be made). A systemjagicoach to identify such initial
geometrical imperfection shape has been devisethandterested reader can find its detailed
description in the work of Camotig Dinis (2011). It involves (i) determining the puetical
buckling mode shapes, normalized to exhibit amiakimum displacement, (ii) scaling the above
pure modes, so that they exhibit pre-establisheghito@es, which may differ for local, distortional
and global imperfections, (iii) obtaining setsrofial geometrical imperfection shapes that consist
of linear combination of the scaledmpeting buckling modes shapes and span the \efiital-
mode (2-D or 3-D) space, and (iv) perform elastistfbuckling analyses of members containing
the various initial geometrical imperfections ob&ad (all sharing the same amplitude).

(1) Investigation on the Underlying Mechanids order to shed new light on the mechanics Uyidgr
a given coupling phenomenon, GBT-based geomeyrizali-linear analyses are performed. Taking
advantagef their uniquemodalfeaturesit is possiblg(i) to provide a structural characterization of
the mode interaction under consideration, (ii) ttkena clear mechanical distinction between the
“true” and “secondary bifurcation” interactive belwas, (i) to make an in-depth assessment of
the influence of the initial geometrical imperfectishape, and (iv) to detect and explain “false
interactive behaviors” that are associated witrethergence of global deformations stemming from
thenormalstressedistributionrdueto high local/distortional deformations.§, Martinset al. 2018c).
This knowledge is acquired through the in-depttlystif the evolutions, as loading progresses, of the
GBT deformation mode contributions to the longihadiprofiles of displacement components
playing a key role in the member deformed configora(Martinset al. 2018b).

(IV) Assembly of Ultimate Strength Dat@nce the mechanics underlying a given couplirgppinenon
are well understood, on the basis of GBT-based niaieesults®, it is essential to acquire
experimental results, either collected from tlegditure or obtained from test campaigns planned and
carried out with this specific purpose, intendeprtavide (i) experimental evidence of the intexasti
behavior under consideration and (i) ultimatergjtie data to be used in the calibration of shatkfi
models and the search for efficient design appesaabainst the interactive failures. The calibrated
numerical models are then used to perform paranséiidies, aimed at gathering extensive ultimate
strength data concerning members with a wide yasfejeometries and covering large slenderness
ranges these data are essential to develop the aforemnedtefficient design approaches.

38Before the development and numerical implementatithe GBT non-linear formulation reported by fiferet al. (2018b), the knowledge
on the coupling phenomenon mechanics was acghiragh shell finite element results (naturallys lelarifying).
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(V) Development and Assessment of DSM-Based DeSgproachesFinally, the experimental and
numerical ultimate strength data assembled, coimgecolumns or beams undergoing a particular
coupling phenomenon, are used to search for ardsatse merits of efficient DSM-based design
approaches capable to handle the associated iverfaiures. Generally speaking, the search for
such a design approach follows the procedure dlyregtopted in AlSI (2016) for the design against
local-global interactive failures, which was fisstggested by Schafer (2002) and later carriegpa ste
further by Yap& Hancock (2011). The comparison between the gatintneate strengths and their
estimates provided by the developed/proposed D3¥debdesign approach makes it possible to
assess its merits (safety and reliability). Inipaldr, the expressions included in the currentiNor
AmericanSpecification(AISI 2016)areemployed to obtain the LFRD resistance facfassociated
with the available set of failure-to-predictedrabite strength ratios.

7.2.1 Geometry selectionbeams under L-D interaction

The identification of uniformly bent beam geometjione to L-D interaction is quite straightforward
since there exist a fair numbersbiort-to-intermediatbeamswith close local and distortional buckling
moments. In order to illustrate the geometry selegirocedure, Figure 54fahows, for lipped¢hannel
beams bent about the major-axis with cross-sediioension$,=100,b=65,5=12.5 and=1.0mm
and SCA boundary conditions (see Section 3.3)dhation of the single half-wavé( ) and critical
(M) buckling moments with the length(logarithmic scale). On thetherhand Figure 54(g) displays
the M, vs.L signature curve again, together with GBT-basegr@pmate” buckling curves obtained
from analyses including three deformation mode satmely mode3-17 (local),5+6 (distortional) and
3+4 (global: lateral-torsional). Since the first twaalyses yield (i) practically exact critical locmlckling
moments and (i) slight overestimations of theaaitdistortional buckling moments, respectiveigure
54(a) readily shows that beams with lengths such theat 4250cm are highly prone to L-D interaction
(the global critical buckling moments are much bkiglr- this quite large length interval evidences th
relevance of this coupling phenomenon. Figure Selfbyvs the local and distortional critical buckling
modef theL=Lp =50cm beamyith very close local and distortional buckling memts (201kNcm vs.
203kNcm)- they exhibit 8 and one half-waves, respectivetuxally, the post-buckling behavior
(elasticor elastic-plastichf suchbeams boundto bestronglyaffected by L-D interaction. Concerning the
signature curve descending branch, it falls ad#ve the solution obtained with only modag (exact
lateral-torsional buckling moments) — the gap otfléhe fact that, for the associated lengthshdaen
“global” critical buckling mode contains distortalrdeformations (see the last paragraph in Sectign
Moreover, beams with lengths close to the tramsiiEtween the signature curve “horizontal plategal’
descending branch are prone to L-D-G interactiengtobal critical buckling moments are much clpser

Mb (KNcm) 450 Mo (KNcm)

400+
3501
300+
250-| M= 201kNcm
200+
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350
300+
250+
200
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50
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0 T T TTTTT 1 '\DLHHH T r(c\n\’]\)u 0 T T TTTTTT T T T T T \L\(c\n\j\)u Merp= 203kNcm

1 10 100 1000 1 10 100 1000
(a) () (b)
Figure 54 Lipped channel beamyjaignaturell vs.L) and single half-wave buckliniyf 1 vs.L) curves, (8 M., vs.L curve
and its GBT-based local/distortional/global “apjmeations”, and (b).p, =50cm beam local/distortional critical buckling resd

3+4
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The output of this selection were 43 lipped chariratsection and zed-section beam geometrieshwhic
can be found in Martinet al. (2017c), both for SCA and SCB support conditigdisthese beams (i)
exhibit Rp =M¢p /M. values in the range 0.5QR,. 2.00 and (ii) have global buckling moments
(Mcrc) much higher than both their local and distorticc@unterparts Mlera/ Mcr.max>>1.0, where
Mcrmas=max Mcp; M }) and the yieldmoments M/ Myvax>>1.0), thus ensuring that no interaction
with global buckling occurs. Local buckling is algariggered by the compressed flange (most common
situation in practice) and, in order to study effectof strong (“true”)L-D interaction,26 beams were
selected in the 0.88R,.<1.15 range — the remaining 17 beams were obtaye&drying this ratio in
0.10/0.05 steps up to 2.00 and down to 0.50, résplc making it possible to investigate also
“secondary (local or distortional) bifurcation” LiBteraction.

7.2.2 Most detrimental initial imperfectioncolumns under D-G interaction

The procedure outlined in Section 7.2 (item (Iigsnapplied to identify the most detrimental initial
geometricalmperfectionshapan columnsaffectedby D-G interaction (Martinset al. 2018d).The
numericalresultspresented concern fixed-ended zed-section colurithdemgthL=625cm and cross-
section dimensions,=140,b=140,h=13 and=3.55mm, corresponding to very close critical diginal
and “global® buckling loadsRsp=0.95 — strong “true” D-G interaction). The initiaiperfection shapes
considered consist of lineemmbination®f the normalizedouredistortional(10 half-wavesand “global”
(onehalf-wave)buckling mode shapes, and share the same ovepdilLata. A given imperfection shape
is associated with coefficients o andvg g0 lying on the ellipse depicted in Figure 55(a), etihcovers
every possible combinatienit lies on this ellipse and corresponds to aneggmeasured counter-
clockwise from tharp o axis, so thatp g=r sing andvp o=r cogy (r is the ellipse polar coordinate). The
amplitudes of the pure distortiongH0° or g=180° — Fig. 55(b)) and “globalz€90° org=270° — Fig.
55(b)) initial imperfections are equal to . 980% probability that a random imperfection anoplé is
below this value Schafer Pekdz 1998) anid/1000, respectively.

V.90 =L/1000
I V00 =094t
900 . 00
g=0° o=
Vp.180 =0.94t 0 VG270 =L/1000
fee o
270°
180° | o -
| L

@) (b)
Figure 55 Initial imperfection (a)p -V g0 plane representation and ¢g)0°, 90°, 180°, 270° shapes

After having defined “the full set of possible ialtgeometrical imperfections”, it becomes possible
assess and compare the elastic post-buckling leebavicolumns containing them, in order to (ijait
numerical evidence of the occurrence of D-G intemac(ii) assess how the initial imperfection shap
influences the column post-buckling behavior aiddentify the most detrimental one. This was eon
for 24 initial imperfection shapes (18Mtervals, starting at 0°, in Fig. 55(a)) and Fégb6(a) shows the
corresponding elastic equilibrium pafPi® vs. {1+vg)/t (v is the mid-span top flange-lip corner vertical

3%This column critical buckling mode involves notyopredominant minor-axis flexure (as expected)aisn a small (but clearly visible)
contribution from the symmetric distortional magleit is, in fact, a flexural-distortional mode (Maset al.2018d).
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Figure 56 Zed-column (a) elastic post-buckling equilibripathsP/P,, vs. {+vg)/t and (c) deformed configurations at advanced
post-buckling stages for{lz=90° + {+vp)/t=30, (I3) g=270° + (+vp)/t=30, () g=0° + {+vp)/t=10 and (i) g=0° + {H+vp)/t=25

displacemenandvy the correspondingnitial value)of the g=0°, 15°,..., 345° columns. Moreover, Figure
56(b) shows several column deformed configuratibiagivance post-buckling stages. The observation of
these post-buckling results leads to the followswgclusions:

(i) Most equilibrium paths are associated with defed configurations combining a predominant
“global” half-wave with several distortional halfawes, thus evidencing the occurrence of D-G
interaction- e.g, Figures 56()-(b,) show thep=90° andg=270° column deformed configurations at
advanced post-buckling stages+{()/t=30). As expected, all these columns exhibit a gengll
post-critical strength and fail below the critibackling load levelR,/P,<1.0).

(i) The equilibrium paths can be divided into thgroups: (i) ¢=0° andg=180° (discussed in the next
item), (i) 195° g 345°, associated with minor-axis flexural defororaitowards the bottom flange
(denoted “negative”) and 4jiall the remaining ones (1% 165°), involving almost exclusively
“positive” minor-axis flexural deformations. Noteat distinct initial imperfection amplitudes may
lead to significantly different column post-bucklibehavioral features (Dings Camotim 2011).

(i) Surprisingly, the equilibrium paths of thelgmns with pure distortional initial imperfectio(g=0°
andg=180°)clearly differ from those of all the other columkggures 56(¥)-(bs) show deformed
configurations of the=0° column atv+vp)/t=10 and 25, providing evidence that these columas a
affected by D-G interaction of a different natureolving distortional deformations and torsional
rotations.This type ofinteraction is not due to the closeness betweewligt@tional and torsional
buckling loads. In fact, GBT-based results (Maréhal. 2018e) show that torsional rotations may
emerge in columns either exhibiting a pure disiogl post-buckling behavior or affected by D-G
interaction, even when the critical torsional andamaxis flexural buckling loads are not very elos

(iv) Since all equilibrium paths exhibit limit pdgprior to merging into “common curves” (excejash
addressed in the previous item), the most detrathiitial imperfection can be easily identifiedat
leadingto the lowest failure load. Figure 56(a) shows thatgh75°;105°;255°;285° initial
imperfections are the most detrimental (they cpoed toP,/P=0.825). Nevertheless, it should be
mentioned thalP,/P; is practically the same for the columns with patebal” initial imperfections
- therefore, for the sake of simplicity, it is petfg acceptable to assume that the pure “global”
initial imperfections are the most detrimental one.
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7.2.3 Underlying mechanicsbeams under D-G interaction

A GBT-basednvestigation on the elastic post-buckling behawoioa simply supported lipped channel
beamsubjected tauniform major-axis bending andhdergoing‘secondary global-bifurcation D-G
interaction” is addressed (Martiesal. 2018a). The results are obtained by means of decatig non-
linearimperfect analyses based on a beam finite eleroenufation recently derived and numerically
implemented by Martinet al. (2018b) and concern a beam with a critical (distaal) initial geometrical
imperfection. This beam has len¢ith200cm and cross-section dimensibps190, =90, b=10 and
t=3.06mm, leading to a critical global-to-distorabbuckling moment rati&p 2.00- critical buckling
modes with 5 (distortional) and one (global) hadives. The GBT nodal discretization adopted involves
17 nodes (6 natural and 11 intermediate — 3 indpeompressed flange, 1 in the bottom/tensioned
flangeand7 in theweb),correspondingp (i) 19conventional (4 global, 2 distortional and 13 lee&i19),

(i) 16 shear (5 global and 11 locae-35, (i) 16 linear transverse extension (1 globatrispic, 4 global
deviatoric and 11 local 36-51), and (iv) 16 quadratic transverse extension defasmatodes$2-67)

- atotal of 67 deformation modes. The beam critiggtbrtional and global buckling modes contain
essentially contributions from deformation moBtes and3+4, respectively.

Figures 57(a)-(b) show twd/M¢p VS. {+vp)/t equilibrium paths of a beam containing initial gedrical
imperfections akin to the critical distortional Bliog mode, with amplitude Otland the associated
modal participation diagramfor comparison purposespAQus SFE results are also included. As for
Figuress8(a)-(bs) and59,theydisplay(i) theevolution,asloadingprogressesf thelongitudinal profiles,
due to various deformation modes/mode sets, abghitange-lip corner vertical and mid-web transeer
displacement&nd(ii) beamdeformedconfigurationsat M/M¢5=0.5070.9190.701;0.484 - thevertical
arrows identify equilibrium states located on tlyeikbrium path descending branch. These post-
buckling results make it possible to draw the f@iley conclusions:

(i) There is an excellent agreement between the-G&B€d equilibrium paths, obtained with all the 67
deformation modes included, and that yielded bglied finite element analysisthey are virtually
coincident in the whole ascending branch andgdast of the descending branch. In the second part
of the equilibrium path descending branch, a GBQikudinal discretization involving 16 finite
elements (instead of 8) slightly improves the aamcyiof the results.

(i) The modalparticipation diagram shows two clearly distingfioas, before and after the equilibrium
path limit point M/Mp»0.919). Initially, the beam deformed configuratmmmbines essentially
participations from modes(mostly) ands+6 (stemming from the initial geometrical imperfensd
- up toM/Mp=0.919,p, decreases from 95% to 56% gmes increase from 4% to 27%. At
M/Mp=0.837, the mod@ and4 participations, barelgerceptiblauntil then,quickly rise from 1%
each to 7% and 9%, respectivelyN#M»=0.919). Along the equilibrium path descending tnan
mode2 is fast“replaced’by modes3 and4 - participations of 26% and 36% Melt/M;=0.473.
Converselyps.s reaches a peak value of 28%vHM.»p=0.900 and then decreases continuously
until M/M¢p=0.473 (ps+6=14.1%). As for the joint participation of the lbead shear modes, it
never exceeds 2%. Finally, the joint participatibrall transverse extension modes becomes more
relevant as loading progresses: it reaches a maxoh6% atVl/M.p=0.473 andconsistsnostlyof
contributions from modes6 (1.7%),39 (0.5%),40 (1.3%).

(i) All the displacement profiles displayed ingkires 58(8-(bs) are longitudinally symmetric, which is
due to the fact that the critical distortional Hurckmode (and the initial geometrical imperfecfion
has an odd half-wave number. Figure 57(b) showts #¢hdhe early loading stages, the beam
deformed configuration consists of a dominant sifgllf-wave (downward) contribution from
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M/M¢,5=0.507 M/M¢,5=0.919 M/M,,5=0.701 M/M,,5=0.484

Figure 59 Lipped channel beam GBT-based deformed confignsst loading stagds/M.»=0.507, 0.919, 0.7010.484

mode2 (Fig. 58 (a)) and a 5 half-wave contribution from mode$ (Fig. 58(a)). As loading
progresses, thaistortionaldeformationdecomeamorepronouncedyriginatinga stressedistribution
that causes the emergence of malasd4 - this also occurs in beams exhibiting a “pure”
distortional post-buckling behavior (Martiesal. 18a). This emergence favors the interaction with
global buckling, sinc&.c/Mcp is not high enough to preclude such interactiorceQhese global
buckling modes are triggered, they became progedgsinore relevant, as depicted in Figures
58(a)+(by) (and also in Fig. 57(b))for M/M5<0.919, thedominancef v4(X) (Fig. 58(a)) in v(X)
(Fig. 58(&)) and ofws(x) (Fig. 58(k)) in w(x) (Fig. 58(h)) are very clear. Note still that, for
M/M¢p<0.919, the initially equalfive distortional half-waves beconpeogressivelynoreunequal:
the outward central half-wavensuch more pronounced (see Fig. 38(alue to the “attractive
power” of the single half-wave modeparticipation- i.e. theglobalbucklingbehaviomplaysa
dominant role even whe¥l,,p <M. Finally, the tiny contributions from the locaidF58(l)) and
transverse extension (Figs. 53#bs)) deformation modes follow similar trends.

(iv) There is no clear difference between the paskling behaviors of beams affected by “secondary

v)

global-bifurcation” and “true” and D-G interactierthe results concerning the latter can be found in
Martinset al. (2018a). Indeed, mod&sand4, associated witlVl,c, emerge at fairly early loading
stages for beams exhibiting eittiyn>1.00 orRsp>>1.00- in the latter case, exclusively due to the
stress redistribution caused by the distortionfdrdeations (not the closeness betwdkps and
Mcp). This means that all these beams are affectedditatively similar D-G interaction effects,
even if their origins may be distinct. This is whwas decided to term this type of D-G interaction
as “secondary global-bifurcation D-G interactiolsbavhen is does not stem from nearly coincident
Mac andMcp values. This type of D-G interaction is alwaygveht for design purposesn fact,
much more so than anticipated (Martsl. 2018c).

Despite the distortional initial geometricalperfections, distortional deformations and torsiona
rotations become visible at approximately the skading stages: see Figures 58(as) and

the first two deformed configurations in Figure B®reover, their visibilityncreases considerably
and gradually along the equilibrium path descendmagch: the last two deformed configurations in
Figure 59 provide very clear graphic evidence eftcurrence of D-G interaction, as attested by the
dominance of both the torsional rotations anddhdlange distortional deformations.

7.2.4 Ultimate strength datacolumns under L-D interaction

Although a few test campaigns were carried out thighspecific aim of investigating L-D interactiion
fixed-ended cold-formed steel columns, exhibitinthiFplain” and intermediately stiffened lipped €so
sections, the specimens providing clear experireviéence of this coupling phenomenon and ensuing
failure load erosion are fairly scarce — certaintych less than those collected to propose/caditinat
existing L, D, G and L-G DSM design curves/expmssi(Schafer 2008). The available experimental
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studies on L-D interaction in fixed-ended CFS calarare due to (i) Kwo& Hancock (1992), Young
Rasmussen (1998), Kwaet al. (2009) and Youngt al (2013), for lipped channel (C) columns, (i)
Kwon et al. (2005), for hat-section (H) columns, (i) Dires al (2014), for rack-section (R) columns,
(iv) Kwon & Hancock (1992), Kwoet al. (2009), Yap and Hancock (2011) and éfel (2014), for
web-stiffened lipped channel (WSC) columns, andr@ng& Hancock (2004), for web/flange-stiffened
lipped channel (WFSC) columns — no zed-sectiorc@@)mn test results were found in the literature.
Figures 60(a)-(d) concern tests carried out attiieersity of Hong Kong, which were carefully plaah

in close cooperation with researchers from the &isity of Lisbon and involved fixed-ended C and R
columns. They provide (i) front and side viewshef test rig and a typical set-up for testing edfizaded
column, including the load application (througteass-controlled hydraulic testing machine) and the
transducers to measure mid-span cross-sectioradespkents, and (i) experimental evidence of the
occurrence of L-D interaction in lipped channel aack-section specimens (Youagal. 2013, Dinis

et al. 2014). In “plain” cross-section columns, local kiing is almost always triggered by the web,
where most of the L-D interaction takes place. Taases to be true in the presence of web intestaedi
stiffeners €.g, WSC columns), as local buckling is bound to iggéred by the flanges, thus altering the

Rigid flat
bearingplate_____

Transducer

Top end plate

Column

specimen ——

Special
bearing

\ Bottom end plate

(a) (b)

(€) (d)
Figure 60 University of Hong Kong tests: (a) front andgloJe views of test rig and set-up, and experimesntdénce of L-D
interaction in (c) lipped channel and (d) rack-gectolumns
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Table 3: Summary of the test results available in theglitee on cold-formed steel columns undergoingitt&raction

SLB N T N SDB N
PCS Kwon & Hancock (1992) 5 | Loughlanret al.(2012 20
Kwon et al (2005) 5 | Kwonetal.(2009) 3
Kwon & Hancock (1992) 3
WSC Yap& Hancock (2011) 2 | Yap& Hancock (2011) 9 | Heetal.(2014) 5
Heet al.(2014) 4 | Heetal.(2014) 8 | Kwonetal.(2009) 3
Kwon et al.(2009) 7
WFSC Yangé& Hancock (2004) 5 Yarg Hancock (2004) | 7
Total 6 42 38

L-D interaction features. Table 3, taken from Mwét al. (2017a), summarizes the above column test
results. Using reported geometrical and matera@qaties to obtain the critical local/distortiogétbal
buckling and squash loads of the tested specirtters® results are divided into nine sets, accotding
the (i) cross-section geometry (plain, web-stiftelygped channel or web/flange-stiffened lippedncieh

- PCS, WSC or WFSC) and (ii) L-D interaction nat{s&condary local-bifurcation, true interaction or
secondary distortional-bifurcationSLB, Tl or SDB)- N stands for the number of test results. It is
readily concluded that there are only sizeabladssit numbers for (i) PCS columns failing undeBS
L-D interaction (23) and (ii) WSC columns collagsithue to TI L-D interaction (27) otherwise, the
test results are either scarce or null. It is wodting that an experimental test program is pldriade
carriedoutattheUniversityof HongKong, involving WSC and WFSC columns with geomstselected

to ensure SLB, Tl and SDB L-D interactiorthese test results will help “fill the gaps” indla 3.

Extensive parametric studies were performed iteitfew years, by means oBAQus SFEA, in order

to obtain numerical failure loads to complementekigerimental failure load data presented in Table
The modeling issues involved in the above numepashmetric studies, not addressed here, can be
found, for instance, in Silvestet al. (2012). The set of columns analyzed comprisés ¢dlumns such
that 0.9 Ro . =P¢p/Per. 1.0 (TI) and 0.4Rp. 2.4 (SLI, TI, SDI), reported by Silvestet al. (2012) and
Martinset al. (2015), respectively, (i) H, Z and R columns stiet 0.9 Ry, 1.0 (TI) and 0.4Ry. 2.4

(SLI, TI, SDI), reported by Dinig. Camotim (2015b) and Martiret al. (2015), respectively, (iii)
WSC columns such that 0.B5, 2.4 (SLI, T, SDI), reported by Martireg al.(2016), and (iv) WFSC

""" Limp. “\Elastic P /P.  Elastic/ — Dimp.

(by)
(b)

(bs)

(ba)

Figure 61: (a)P/P vsvit paths of C columns witRy =1.13 and containing D or L initial imperfectionsdgb) failure modes
and plastic strain diagrams of the){h,) R=2.0+L,R~2.0+D,R~=5.5+L andR~=5.5+D columns
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columns such that 0.8, 2.0 (SLI, TI, SDI), reported by Martiret al. (2017d)- a total of more
than 2000 values, corresponding to critical (lacalistortional) slenderness values ranging frddd fio
3.50. Figure 61(a) shows the upper portid?®{>0.5) of the elastic-plastie/P., vs v/t equilibrium
paths concerning lipped channel columns Wigh=1.13 and exhibiting (i) distortional or local (@al)
initial geometrical imperfections and (i) six yle$tresses, so thf=f,/fc.max-1.4,2.0,3.55.58.0 anck¥
(elastic behavior). As for Figures 61(b), they shieformedconfigurationsandplasticstrain distributions
near collapse concerning columns wittREF2.0 and L (Fig. 61@)) or D (Fig. 61(b)) imperfections,
and (i) R=5.5 with L (Fig. 61(g)) or D (Fig. 61(k)) imperfections — the deformed configurations are
amplified 10or 2.5 times (D or L imperfections). The obsenratibthese post-buckling results prompts
the following remarks (Martinet al. 2015):

() Unlike the columns with D initial imperfectionahich always exhibit outward mid-span flange-lip
motions (akin to the initial imperfection shapd),calumns with L initial imperfections display
inward mid-span flange-lip motions. This surprisfegture is due to the presence of minor-axis
bending, due to effective centroid shifts towahdsweb caused by stress redistribution (Yatng
Rasmussen999 despitethe fixed end supports)rhe associatedutwardweb curvature “attracts”
mid-span inward distortional deformations, whichlaksthefailure modes irFFigs. 61 (1) and(bs).

(i) Inthe columns witlR, closest to 1.0R~=1.4), yielding starts when the normal stressibigion is
still “not too far from uniform” and, therefore, gmipitates a rather abrupt collapse, which occurs
for a load that is practically imperfection-indedent.

(iii) In the columns withR,>1.4, on the other hand, first yielding takes plaben the normal stress
distribution is already “clearly non-uniform” arttierefore, does not lead to an immediate failure
— collapse occurs either {)iiafter a snap-through phenomenon and subseqresmgtktincrease up
to a limit point (columns with D imperfections) @) following a fairly smooth stiffness decrease
(columns with L imperfections). AR, increases, the snap-through becomes less prorb(hce
eventually disappears) and the elastic-plastingtrereserve grows considerably, because first
yielding occurs at gradually more localized regidhas impacting less the column stiffnesthis
can be confirmed by comparing the variBuequilibrium paths of columns with D-imperfections.

(iv) In the columns with D imperfections aRk 3.5 collapse occurs very soon after the yieldinthef
cross-section lips near the maximum outward distat crest €.9, R=2.0+D — see Fig. 614)).
As R increases, collapse occurs at a later stageftadtereb-flange corner regions of the cerit(@l
segment have already yieldedee Figure 61¢).

(v) Columns witiL imperfectionsandR£2.0reachtheultimatestrengttwhenthelip free end regions of
the outer half-wave most deformed cross-sections Yialded -e.g, see Figure 61()) concerning
theR~2.0+L column. For highdR, values, collapse occurs again at a later stage tie lip free
end and web-flange corner regions of the cehtBasegment have also yielded — see, for instance,
Figure 61(k), concerning th&=5.5+L column.

(vi) Regardlessf theinitial imperfection shape arig} value, all columns witR2 2.0 exhibit visible L-D

interaction. Moreover, note that the failure modesinot depend dR, —e.g, compare Figures
61(l) and (), which show the collapse mechanisms oRjx2.0+D andR=5.5+D columns.

7.2.5 DSM design columns under L-D-G interaction

In the first stages, the search for a DSM-basedmepproach to predict the ultimate strength ¢d-co
formed steel columns failing in local-distortiorggdbal interactive modes focused exclusively ompla
lipped channel columns (Dingt al. 2017). Allavailable failure load data concerning columnsceefi by
this particular coupling phenomenon were assembtaaiprising (i) 52 experimental failure loads,
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reported by Young Rasmussen (19982 tests), Kworet al. (2009- 5 tests), Santat al (2012, 2014

- 12 and 16 tests, respectively) and Yoahgl (2017- 17 tests), and (ii) 893 numerical failure loads,
obtained by Dinigt al (2012b, 2017) and Caehal (2016). Then, following the procedure adopted in
the currently codified DSM column design curve agal -G interactive failured?, ), which was first
suggested by Schafer (2002), it is possible toldeaedesign approach to estimate the ultimatagitre
of columns failing in D-G interactive modd,fc), by replacind?y with Py in the currently codified
DSM column design curve against pure distortioaidlfes. Moreover, Yag Hancock (2011) carried
this reasoning one step further and argued tisabitld be possible to predict the failure load€BSs
columns undergoing L-D-G interaction by mean®gbs values, by replacinBy with Ppg in the
currently codified DSM column design curve agamse local failures. Therefore, three expressions a
available to evaluate colunmominalstrengthsagainstnteractivefailuresinvolving global buckling
(L-G, D-G and L-D-G) they read
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Figures 62(a)-(b) compare the three above DSM-baslachn nominal strengths, plotted agaihis?,
with the failure load ratioB/P, concerning the 52 experimental and 893 numedalé loads. First
of all, the observation of these results readilgveh that both the numerical and experimeRtAPy,
values correlate very well and are nicely alignled@a “Winter-type” curve with a small vertical

I:)U/Py Experimental Pu/Py Numerical

1.2 ‘ 1.2
o] o - Young etal. (2018) Lol o - Dinis et al. (2018)

: @ - Santos et al. (2012) : A - Dinis et al. (2018)
0.8 o - Santos et al. (2014) 0.8 A - Dinis et al. (2012)

A -Kwon et al. (2009) 0- Cava et al. (2016)

0.67 O - Young & Rasmussen (1998) 0.67
0.4 0.4
0.2 /g 02 g/ G
0.0 0.0

(a)0.0 05 10 15 20 25 30 ()00 05 10 15 20 25 30

Figure 62 DSM design curves against interactive failuresliving global deformations and plotsffP, against ¢ for the
column failure loads obtained (a) experimentally @) numerically

40 Naturally thejoint representatioaf thethreedesign curves is made under the assumptiot té»/ ¢, which may be a crude approximation
is some cases. A more accurate account wouldeegdifferent plot for each design curve, thus nggtkieir comparison less clear.
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dispersion. Note that the failure loads obtainathduhe first test campaign carried out by Saetas
(2012) are generally lower than those reportechbyother authors this was due to the inability to
ensure fully fixed ended support conditions dutivgtests (Dinist al 2017

Quite surprisingly, it was found that the currerthdified DSM design curve against L-G interactive
failures P..c) provides the best failure load estimation qualitgeed, the corresponding failure load
predictions are generally safe and mostly accundtie the other two DSM-based design approaches,
Pnoc andPnps (none currently codified), were shown to prowedeessivelgafe failurdoadpredictions
(Dinis et al 2017)- more so thé, pc values. Figure 63 plots, separately for the expental and
numerical failure loads, the failure-to-predictedd ratio,/P, ¢ against/ s, making it possible to
confirm the above assertion: tRg s values provide mostly safe and reasonably accpratkctions of
the experimental and numerical failure loadke P,/P, ¢ average, standard deviation, maximum and
minimum values are 1.04-0.15-1.35-0.71 (experinhéatare loads) and 1.15-0.10-1.45-0.95 (numerical
failure loads). Although there are several overestions, almost all of them concerning experimental
failureloads note that the most severe ones are associatethenahlues obtained by Sanaisl (2012)

- their removal would improve visibly the failurealb prediction quality. It is also noted that viltall
numerical failure loads are underestimateithe underestimation increases visibly with thebglo
slenderneséc. The LRFD resistance factors obtained fromRh&, g ratios either equal or exceed the
valuerecommended in the North American SpecificationSiA2016) for compression members
(7=0.85). Indeed, the values obtained/gre).85 (experimental valueg)=1.00 (numerical values) and
f=0.99(experimentaandnumericalvalues) if theexperimentafailure loads due to Santesal (2012)
were removed, the first and third resistance fastauld increase t6.=0.92 andf;=1.00, respectively.

o -Young etal. (2018) © -Dinis etal. (2018)
) @ -Santos et al. (2012) ) A -Dinis et al. (2018)
Pu/Puc Experimental | o -Santos et al. (2014) Pu/Pic  Numerical A - Dinis etal. (2012)
A -Kwon et al. (2009) O -Cavaetal. (2016)
1.5 O -Young & Rasmussen (1998) | 1.5
- D o -
O
A s8R0
1.0 I AN 1.0
4 L] 4
Mean=1.04 Max=1.35 Mean=1.15 Max=1.45
05 ‘ ‘ SF. Dev.=9.15 M|P=0.71 /G 0.5 St. De\‘/.=0.10 ‘M|n=0.9‘5 | | /G
0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0

Figure 63 Plots, againstg, of the experimental and numerical failure-to-fted load ratio®,/P,.c

The next step of the investigation consisted aéssasg whether the above findings can be exteinded t
cover CFS columns with other cross-section shdga¢site affected by L-D-G interaction. On the basis
of the results of a numerical investigation coneldidiy Dinis& Camotim (2016b), it was found that the
Pnc Values provide adequate estimates for the faihads of zed, hat and rack-section columns
Figures 64(a)-(c) show the respect®#P,.c vs./ ¢ plots. It is noted that these plots are perfectline

with theconclusionglrawnfrom the numerical and experimental study on lipgieghnel columns the
LRFD resistance factor obtained with these numefg®, ¢ ratios aref=0.96, /.=1.08 and/=1.03,
respectively for zed, hat and rack-section colurhiasvever, note that there are no experimentakéilu
loads available for any of these columns, an impbtimitation that must be overcome in the future.

41 The authors themselves acknowledged this deficierich was corrected in a subsequent seconthegaign (Santa al.2014).
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Figure 64 PlotsP,/P, s vs./ ¢ concerning théa) zed, (b) hat and (c) rack-section column nigakfailure loads

Finally, one last word to call attention to thduia load prediction accuracy provided by fhgs values

is clearly higher for zed and rack-section colurfge® Figs. 64(a)+(c)) than for their lipped channel
and rack-section counterparts (see Figs. B8merical values and 64(b)). In the latter, there are very
significant failure load underestimations f@r1.5, which become more severe as the slendemosgs g
This fact, combined with the quite surprising fimglithat, apparently, the involvement of distortiona
buckling does not influence the failure load emegibcolumns undergoing L-D-G interaction, prompted
a numerical investigation on the accuracy of theeatly codified DSM column global strength curve,
sincesuchaccuracyor lack of it) maybethesourceof theaboveunexpectedeaturesTheoutcomeof this
study, which will be presented at this conferegig et al. 2018), will certainly “force” a revisit to the
available results on the behavior and design ofhaot affected by L-D-G (and also D-G) interaction.

8. Concluding Remarks

An overview of my research activity on structutabidlity in the last two decadeisg, since | joined
SSRC back in 1997) was provided. The main resnlisfiadings obtained in several investigations in
which | have collaborated on topics/problems dgalitth thegeometricallynon-lineatbehaviorof thin-
walled structuramembersandsystems were presented and briefly discussb@ common thread
between them is the fact that virtually were regmbeit SSRC Annual Stability Conferences (or Teehnic
Sessiong& Meetings) before appearing in international jolgna

The various topics/problems and results/findindscivwere presented in chronological order as much
as possible, concerned (i) the stabilitgn-linearstrengtranddesignof pitched-roofframesii) the
distortional post-buckling behavior, ultimate sggmand DSM design of cold-formed steel coluiams
beams(iii) thelateral-torsionastability of doubly and singly symmetric web-tagkleams, (iv) GBT
formulations and applications dealing with lineackling and elastic post-buckling analyses, (v) the
stability, failure and DSM design of cold-forme@eitequal-leg angle columns, and (vi) the post-
buckling behavior, ultimate strength and DSM desificold-formed steel columns and beams affected
by local-distortional, local-distortional-global distortional-global interaction analytical, numerical and
experimental results were addressed.

| cannotclosethis paper without a last word to congratulate@angtribute to SSRC for its invaluable role
in fostering and disseminating research on Stralc&tability topics/problems, and for putting tdgpet
year after year, such a unique confer€nédank you very much and see you all again ih@&tis!

42 Asfar asthe organization of the Annugtability Conference is concerned, the funding, support afidf the American Institute of
Steel Construction (AISC) is very gratefully ackiestged. Indeed, the “unique character” of the aenfie would be utterly impossible
without the generosity and care of this prestigiogstution (not even in dreams...).
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