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A tese reporta uma investigacdo experimental sobre o comportamento e resisténcia
tltima de colunas de perfil formado a frio de sec¢éo transversal tipo U enrijecido com
extremidadegarafusadas selecionadas godéalharem sob modo distorcional. Além de
descrger o procedimento dos ensaios, o0s resultados sdo apresentados e disst#glos
consistem entrés testeg(i) medicdes de imperfeicdes inicias, (ii) trajetorias de equilédrio
(i) configuracdo da deformada (modo de falha) e as resisténcias Ultimassultados
experimentais sédo usados para validar modelos numéricos pelo método dos elementos finitos
com a finalidade de analisar o comportamento n&o linear geometricamente e do material das
colunas. Esses modelos sdo entdo usados em analise parangbiecando colunas de
secao tipo U enrijecido com extremidades parafusadas e pardidaadam diversas
combinacdes de geometria (comprimento e dimensdes de secao transversal) e material com
comportamento elastigaastico perfeito (tensédo de escoamentw)jetivando adquirir
conhecimento sobre 0 mecanismo deffagabagem e gerar dados de resisténcia ultima das
colunas. Finalmente, os dados experimentais e numéricos de resisténcia Ultima obtidos sao
usados para avaliar a qualidade das previsbes peloddRidal curva déimensionamento

distorcional e, se necessario, propor preliminarmente diretrizes sobre comoaelhora
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The thesiseports an experimental investigation on the behavior and ultimate strength
of endbolted coldformed steel lipped channel columns selected to fail in distortional modes.
Besides describing the test-spt and procedure, the available results are presentdd
discussed: they concern three tests and consist of (i) initial imperfection measurements, (ii)
equilibrium paths relating the applied load to key column displacerard(si) deformed
configurations (including the collapse mode) and failure loaus.ekperimental results are
used to validate ANSYS shell finite models intended to analyze the column geometrically
and materially notinear behavior. These models are then employed to perform a parametric
study involving enebolted lipped channel colummgth various combinations of geometry
(length and crossection dimensions) and elagtierfectly plastic material behavior (yield
stress), aimed at (i) acquiring knowledge on the columntpa#ting mechanics and
strength reserve, and (ii) gatheringimtte strength data. Finally, the experimental and
numerical failure load data obtained are used to assess the quality of their predictions by the
current DSM distortional design curve and, if needed, provide preliminary guidelines on how

to improve them.
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Symbols

Capital roman letters

AT Cross section area.

Ac1 Contact arean bolted bearingype load

Ct i Calibration coefficient.

Ch i Factor for fillers

Cri Correction factor.

Cw 1 Torsional varping constant.

E 1 Modulus of elasticityof steel

Fm1 Mean value of the fabrication factor.

Ft,i T Clamping forcan the screw connectiorsy friction.

Frda1 Bearingstrength

Fro T Minimum fastener tension

Fira1 Available tension strengtbn bolt.

Ftsdal Required tensioforce

Fv,rdT Available sheartsengthon bolt.

Fv,rdi Available tension strength on the bolt.

G Shearmodulus of steel

lo T Polar moment of inertia of a plane area with respect to shear center.
IT1 Torsional constantSaint Venant

Ixandly i Moments of inertia of a plane area with respect toktaedY axes.
K1 Stress concentrator coefficient.

L7 Spanlength.

Lo i Member length associated to distortional buckling.

Lx T Unbracedength ofcompression members for bending abdidxis
Ly i Unbracedength ofcompression members for bending abdisxis.
L. T Unbraced length of compression members for bending aiiexis
Mmi Mean value of the material factor.

P1 Compressivédorce

Po1ei Lowerglobalbucklingforce

Po1.LT Lowerlocal bucklingforce

Pcr T Critical dastic bucklingforce

Pcrei Elastic global bucklingorce

Xi



Pcre xi Elastic global bucklingorcewith respect to main axis of the section.
Pcre yi Elastic global bucklingorcewith respect to main axi¢ of the section.
Pcre 21 Torsional ¢astic bucklingforce of column due to compression.
Pcro T Distortional bucklingorce

Pn.o T Nominal axial strength for distorcional buckling

Pn.ei Nominal axial strength for overall buckling

Pn.1 T Nominal axial strength for local buckling.

Pn.LeT Nominal axialstrengthfor interactivelocalglobalbuckling.

Pm1 Mean value of professional factor, for tested component.

PuT Ultimate strength.

Py1 Yield load.

Q1 Greater intensity of gradient distributed loadaited bearing loatlype.
VF 1 Coefficient of variation of the fabrication factor.

Vm T Coefficient of variation of the material factor.

Vp i Coefficient of variation of test results.

Vo i Coefficient of variation of the load effect.

Lowercase roman letters

aandb1 Length and width o& plate respectively.

ba T Shorter distancérom the hole edge to the web

br T Nominalflange width in lipped channekction

br12andbr76 T Measured flange widths in lipped channel specimens.

b 7 Nominaledge stiffenewidth in lipped channel section

bi.12 andbi76 T Measured edge stiffener widths in lipped channel specimens.
bw T Nominaland measuredeb in lipped channel section

di Width of thecouponspecimen in the test characterization of the material.
dir i Standard hole diameter.

dp T Bolt nominal diameter.

fuT Ultimate stress.

fun T Ultimate stress of bolt.

fyT Yield stress.

kT Platebuckling coefficient.

kx, ky andk; 1 Effective length factorsvith respect toX, Y andZ axesrespectively.

mi Degrees of freedom.
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nT Numbers of tests.

ri T Innerbendingradiusin lipped channel section

t1 Plate thickness.

tizandtze i Measured wall thickness in lipped channel specimens.

wi Plate normal translations in its average plan.

Xo T Distance from centroid tshear centesectionin principal X-axisdirection

Yo I Distance from centroid to shear center section in prindigadis direction

Greek letters

a1 Contact angle in bolted bearing leggbe.

a2 and azs 1 Angles formed by the undeformed and deformed flanges 12 and 76
respectively.

b 1 Crosssectiontorsional rotation

bo i1 Target reliability index.

di Lateral displacement.

apb1 Initial geometric amplitudemperfection.

1 and T Distortional displacements.

1 T Mid-web wall bending displacement.

1 and 1 Translations due tminorand majoraxis flexurerespectively
Di Axial shortening.

el Unit strain.

f T Resistance factor.

@1 Resistance factan slip-critical connections

hsT Number of slip planes islip-critical connections

_I'i Globalbuckling slenderness ratio

_I'i Distortional buckling Enderness ratio.

_I' i Localglobal interactionlenderness ratio.

KT Mean slip coefficient irslip-critical connections

ni Poissoncoefficient.

., ¢, gsandgs 1 Angles formed by adjacenbmponentsn lipped channel section
ST Stress.

Scr I Compressive critical stress.
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1 Introduction

Cold-formed steel structures are steel structural products that are made by
bending flat sheets of steelaahbient temperature into shapes that will support more than
the flat sheets themselves. They have been produced for more than a century since the
first flat sheets of steel were produced by the steel [tills

Cold-formed steeprofiles are widely usedn the construction industrgue to
the fact thatheyprovide high structural efficiency (large strengifrweight ratio), low

production and erection costad notable fabrication versatility.

1.1 Historic

Relative tocold-formed steelghe use of high strength steels and thinner sections
leads inevitably to complex design problems, particularly in the fields of structural
stability and joints. In compression, cdlsrmed members can exhibit threeodes of
instability: local, distortional and flexural or flexurébrsional buckling2].

Among the instabilities modes in prismatic structural elements under
compression load, the global bucklingde was the first to be studied. Euler, in 1744,
demonstrated an analytical solution to the instability problem of flexural buckling.
Wagner, 1929, developed an analytical solution for the torsional buckling phenomenon.
Finally, Kappus, in 1937, analytidplsolved the instability problem of flexural and
torsional bucklind3].

The local buckling mode was investigated by Bryamw atlved analytically the
problem of local instability in supported plates in 1§3]L SCHUMAN and BACK[4]
have shown experimentally that additional load could be supported by rectangular metal
plates after local buckling occur, thus revealing, the local buckling strengtheseste.

In the period between 1930 and 1935, experimental research iwdhéd dructures
showed no full agreement between theory (analytical equations) and the buckling
experiments. Thus, the demand for empirical equations of allowable stress increased and
accelerated out experiments in companies, research laboratories and wB\&isiti

Following this line, von KARMANet al. [6] introduced the concept of effective width,



later corrected by WINTEIRZ]. Basically, this concept is essentially the reduction in the
effectiveness of the plates that comprise a esestion after local buckling occuig].

The newesbuckling modeto be uweiled was the distortionathis type of
instability was first observed by LUNDQUIST and STOWEL®] and then by
GALLAHER and BOUGHAN][10] in the investigation of stability of panels stiffened
with Z profiles.

In 1950s, van der Maas studied the buckling behavior in hat type columns and
reported the occurrence of ongitfehed elemerasc a | bu
[11]. Chilver (1951 and 1953) and Harvey (1953) considered the interaction between the
elements that make up the profile section in determining the local buckling stress. In
addi ti on, for |l i pped channel s, Chilver St e
sufficiently stiff to insure local buckling (and thus avoid distortional buckling), but gave
no criteria for achieving thig 2].

SHARP[13] presented an early theoretical treatment of distortional buckling, or
as he termed it Afoverall o buckling. Thi s a
analysis in which it was considered a stifimporent restricted to rotation at the junction
with andhercomporent of the section.

In 1978, Thomasson performed experiments on lipped channels with slender
webs. In order to elevate local buckling stress of the plates small groove stiffeners were
folded in. This eliminated the local buckling problem, betted what Thomasson called
a fAHoocrasli on al e, distowidnadl buckling. This is a recurring theme for
distortional bucklingi optimization to remove a local mode creates a distortional
probl em. Thomasson-t opb8abs D & ardasidalteband teus put o c a |
closely spaced braces from lip to lip insuring that distortional buckling did not occur and
therefore making the local mode again domirjagj.

TAKAHASHI and MIZUNO [14] analytically demonstrated the main
deformation characteristics of the distortional mode considering two shear centers,
distortional rigidity and analogy of beam on an elastic foundation.

In the 1980s, the need to investigate the profiles behavior made ofarohed
rack sections used as pallet columns for storage, led some researchers to focus more
attention on distortional buckling phenomenon, since the racks profiles often fail by
distortion [12]. SRIDHARAN [15] developed the finite strip method to study the post
buckling in the distortional mode (called logalsional) and demonstrated the rapid

increase in membrane stress at the tips of-stffening lips after distortional buckling.
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This indicated that thegostbuckling reserve in the distortional mode might not be as great
as local mode since yielding would occur earlier in the-paskling rangd12]. Among

the researchers, Hancock excelled duettensive investigation on the behavior of
distortional buckling of coldormed sections, on his extensive research provided
experimental evidence of the occurrence of distortional instability and improved
numerical toold16] to assist the understanding of distortional buckling behavior and
postbuckling of coldformed profiles with various crossections. LAU and HANCOCK

[17] also propsed an analytical method for predicting the elastic distortional buckling
stress applying a technique similar to the approach used by SHF¥3IRPhowever,
including the instability of the web.

KWON and HANCOCK[18] conducted experiments on lipped channels with
and without groove stiffeners in the web. The distortional mode was unrestricted and the
tests showed that interaction of distortional buckling with other modes is weak.
Furthermore, it was observed that tlestbuckling capacity of distortional buckinis
lower than local buckling.

RASMUSSEN and HANCOCH19] showed the importance of different end
fixity to singly symmetric columns in the pesuckling behavior local and global
flexural, this study has been analytically shown that local buckling does not induce overall
bending of fixedended, as it does of a pamded condition. Later, this theory was
confirmed experimentally by YOUNG and RASMUSSEXN)] i consequently, the local
buckling hasafundamentally differen¢ffect on the behavior giin-endedand fixedend
singly symmetriccolumns

Traditionally used for the design and profile secuctteck coldformed, since
the 1940s, the concept of effective width involves laborious calculations and was not
appropriate for cas of distortional bucklingHANCOCK et al.[21] suggested curves to
predict resistance to profiles under distortional failure, unlike other researchers who have
proposed similar treatment to that applied to local buckiliegapplication of the concept
of effective width[12]. In this senseSCHAFER[8] proposed a nhew methodology to
estimate the resistance of cdtitmedsteelscalled Direct Strength Method (DSM) that
had its roots in the original idea of HANCO@Kal.[21]. Due to its simplicity, the DSM
was incorporated into the Brazilian standf2@], American[23] and Australian/New
Zealander[24] codesas an alternative to theoncept of effective width. The main
advantages of the method are its facility for design engineers and its ability to accurately

account for the behavior of complex shaff#s. The DSM is predicatedpon the idea
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that if an engineer determines all of the elastic instabilities for the coliemacal Per.L),
distortional Pcr.p) and global bucklingHcre), and also determines the load that causes
the section to yieldRy), then the strength can be directly determined,Pn = f (Pcr.L,

Pcrp, Pere, Py). The method is essentially an extension of the use of column curves for
global buckling, but with application to local and distortional buckling instabilities and
appr@riate consideration of pebuckling reserve and interaction in these mdaégs

1.2 Motivation

Generally, compressive thimalled column tests are conducted on rigid plates
welded inthe specimed snd crosssections e.g.[26], [27], [28] and[29]. Therefore,
compression tests in efimblted coldformed columngo analyze distortional buckling
have not been performed until nowgure 1.1 shows a lipped channel column in a
compressive test in whictiere arerigid plates welded at the endsurthermore, the
existing DSM expressions were calibrated against experimental resutisrning mostly
fixed columns (rigid plates attached to their end sectif@®]) Although SCHAFER
mentions that it hepyi nwecroen dtietsitoenddo ,i nt hti tee spiart
columnglobal behavior (the rigid plates usually rest on spherical hinges, knife edges or

wedges) as far as the distortional behavior is concerned the columns arg¢3ied

Figure 1.17 Test in an open section column with rigid plates welded at the en¢iz6].



Even though a considerable number of researches reported in tharkt¢hat
studiedcold-formedcolumns with fixed enddyuilding constructionndustries hae used
bolted connections for structural assemblasexample of trusses assembly with bolted

connections is illustrated irigurel.2(a) and (b)respectively

Figure 1.27 (a) Trusses assembly and (b) bolted connections in ceflormed steelmembers

In addition a numerical investigation conducted by LANDESMANN and
CAMOTIM [31] on coldformed steel columns with simply supportezhd sections
demonstratedhat the currently DSM distortional design curve is not able to predict
adequately (safely and accurately) the failure loads of columns with different conditions
than the fixed ends.

The absencéat leastto thebest ofa ut h or 6 s ) df nreseandhes dgde
boltedcolumnssubject to distortional bucklingheconstanuse of bolted connections in
cold-formed steektonstructionsand theresults derived fronthe previously mentioned
research oLANDESMANN and CAMOTIM [31] constitutes the motivatiofor the

studies exposed in this thesis.
1.3 Objectives

The objective of this work is to assess the quality of the failure load predictions
provided by the current DSM dgstional strength curve of)) endboltedand(ii) end
bolted andfixed cold-formed steel columns typically employed in the Brazilian
construction market considering the following characteristics:

1In asimply suppored endthe membraneandbendingtransverselisplacementsf all endsectionnodes
werepreventedwhile keeping theaxial (warping)displacementandall therotations fred31].

5



i. Lipped channel@umns buckl ng i n @A purmode ad mech asr t i on al
possible, and also exhibiting distortiomallapse
ii. ~ Two end conditions: (i) endboltedand (i) endbolted andixed.
lii.  Two distinctboltedload-type: (ii1) frictional and (ii2) bearing load

iv.  Different steel grades.

The study alsaleals with columns numerically and experimentally analyzed.
One result of this research is intendedl® asuggedsbn of modification inthe DSM
distortional strength curvier cold-formed steel columnwith different conditions than

the fixed ends

1.4 Outline

This thesis is divided intsevenchapters anthreeappendices.

Initially Chapter2 presents the main features of the efmdnedsteelfollowed
the manufacturing methods. Netttere is areview of the major research on the theme in
the literature, divided intoonnections in colormed steelinstability modesand DSM

Chapter3 describes the assumptions used to select the columns to be tested and
analyzed numericallyollowed byChapter, whichreports he stepby-step used fothe
tests and its results

Chapter5 deals with the description of numerical method@egroposed in
this work. Next, the numerical methodolags are validatedin comparson to the
experimental results. Thewith the validatd numerical methodolags numerical data
wereacquired in order to produce representative sastplassess theolumnsbehavior
considering the influence of combinations of various parameter

Chapter6 addresses the applicability of th@SM to estimate the ultimate
strength of columns failing in distortional modes and exhibibogndaryconditions
considered in this work.

Finally, in Chaper 7 the main conclusions and recommendations obtained
through the analysis of this research, as well as suggestions for future studies are
highlighted.



2 Bibliography Review

2.1 Cold-Formed SteelMember

Cold-formed sections are commonly shaped from sthektswvhich thickness
can vary from B78 mm t06.35mm [32]. Figure2.1 shows some possible coltbrmed

sections.

M

ILJL 2 06 4

Figure 2.17 Common wld-formed sectionsused in structural framing.

The coldformed sections are produced by fiess brake machina (ii) roll

forming equipmenf32] i follows brief descriptioaof these methods:

i. In press brakenachine, the folding method basically consists in pressing the
sheet between two tools, a punch that presses the plate against a frame with the
final shape. With successive repositioning of the plate obtains the pridilee
2.2(a)(b) presenta scheme of thisperation at the beginning and at the end of
the processespectively{33].

ii.  Inroll forming equipment, the process of bending is continuous and consists in
passing a sheet metal strip by a series of rollers, each imposing a fold operation
on the strip until the final profildzigure2.2(c) illustrates this proce$33].

The manufacturing procesd cold-formed steelsimposes he sameresidual
stressesAccording to SCHAFER and PEK(34], experimental measuremetitgsough
thicknessof residual stress variation of a thin plate is infeasible and inclusion of residual

stresses in numerical modegy be complicated.
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Figure 2.271 (a) Initial and (b) final processin press brake machineand (c) roll forming line [33].

Residual stresses cause direct loss of compressive strength, these residual
stresses are significant in the bend regions, opposing to this #itegield stressfy) is
high in these regions due to the fact that the forming @&k In numerical modelsfi
residual stresses are considered in the folding regions, then the increase strgssl in
these regions must also be considered. Similarly, if the residual stresses are ignored, then
the rise of the vyield stress should also be ignojgd]. NARAYANAN and
MAHENDRAN [36] analyzed (numerically and experimentally) the behavior of
distortional buckling of a series of open section dolined columns and concluded that

the residual stresses have little influeirceegard to ultimate strength.



2.2 Connections in ColdFormed SteelMembers

Connection is defined as the physical component, which mechanically fastens
the structural elements and concentrated at the location where the fastening action occurs
[37]. In addition, all connections should be designed in order to transmit the maximum
stress on the attached element with consideration to the eccefd®ity

2.2.1 Welded Connection

TheAlSI-S100[23] codeallows, among othersyelded connectionsuch as(i)
groove welds in butt jointgjii) fillet welds and (iii) flare groove weldsFigure 2.3
illustrates theséhreetypes ofweld.

(a) (b)

Figure 2.317 Welded connections on colgformed steel members: (aproove welds in butt joints (b)
fillet welds and (c)flare groove welds[22].

2.2.2 Bolted Connection

According to LEEet al. [37] for ease of construction, the bolted connection is
preferable in the construction sector. The reduction of skilled worker at construction site
with bolted connection apphtion is able to minimize the construction cost as compared
to welded connectiorMATHIESON et. al[39] stated thabne of the disadvantages of
cold-formed steel trusses is the cost of installation of connectors, given the large numbers
that are required in connections carrying significant mormemdustry experience with
recent projects on long span portal framesastiee connections can comprise up to 40%
of the structural system cost.

Modern rolling lines are generally computer controlled from the design office so
that not only can highly accurate complex shapes of precise lengths be produced to order
but also holesperforations and slote.g.web openings for services) can be punched in
precise positions during the rolling process. A significant recent development is the

automatic end forming of beams at the time of rolling, as showigure2.4 [40].
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Figure 2.47 End beam detail produced by an automated proceg40].

Four failure modes can be observed in dolaned steel bolted connections, as
illustrated inFigure2.5: (i) shear failure of sheet, (ii) bearing failure of sheet, (iii) rupture

in net section and (iv) shear failure of H@8].

A

Type | Shear Failure of Sheet

—\___ = \—

Type Il Bearing Failure of Sheet

— \ R\ N\

Type Il Rupture in Net Section

Type IV Shear Failure of Bolt

Figure 2.571 Typical failure modes of coldformed steel bolted connection§1].

According YU and PANYANOUVONJ41] only sheet to sheet connections
were tested (sefeigure2.6(a))1 e.g.[42], [43], [44] and[45]. However, in many cold
formed steel assemblies such as trusses, racking systems, scaffolding systems, etc., the
bolted connections have bolts going through the section with nonwsshers installed
inside the section (the gap) due to the limited spBigpire 2.6(b) shows an example
where a single bolt is used in a truss joint. The chord member is restrained by the bolt
nut, bolt head, and the web member. The web member on the other hand is mo¢destra
at the bolt holes. Without having restraints on both sides of the connected sheets, the
sheets may distort significantly, in return it may reduce the bearing.
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(a) (b)

Figure 2.671 (a) Sheet to sheet connections and (b)bolted connections in assemtids.

According to the sectioh.3, one of the objectives of this work is to analyze the
distortional posbuckling behavior in entiolted columns; thus, ort#lted connection
should be designed considering the principle sentenced byet.EEH37] which states:
fiBuckling will occur before the formation of the yield line in efddnmed steel bolted
connection .

The ABNT NBR 14762[22] codestates that the standdndle diameter inmm
should be:

:}'a;dp +0.8 fordp <12t

' 7{d,+15ford, 212E @1

whered, is the nominal bolt diameter also mm.

For bolted connection, accordingABNT NBR 14762[22] standarcandAlSI-
S100[23] code, it is necessary to verify) bearing strength (crushing) ang polt shear
strength.

() Bearing strength must be calculated by:
Feo=a, @, t /165 (2.2)

wherefy is the ultimate stress of the steel (base mdta)the thickness of the analyzed

element andz, =0.18310 15X with tin mm and less than or equal to 4.75 mm.

(i) The bolt available shear strengthis given by:

F.re =0.23 @ f(if threads are not excluded frahveshearplane (2.3)

F,ra=0.29 @& f(if threads are excluded from the shear plane (2.4)

wherefys is the ultimate tensile strength of the bolt.
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The AISES100[23] specification does not provide design criteria for-sligical
(also called frictiortype) connections because of the lack of appropriate test data and the
use of numerous surface conditiombe slip-critical connections presentedhere by the
fact some specimens were tested considetirggconnectiontype (see chapted). The
ABNT NBR 8800 [46] standardand AISC 36610 [47] state that forslip-critical
connections must be checked #tip resistance:

£ -L1130n@ FTbO/giléO F.so
R 9. ¢ 1130,

(2.5)

whereFrp is the minimum fastener tensiof,sqis the required tensioforce, /s is the
number of slip planeg is the resistance factqe is the mean slip cdicient andCy is

the factor for fillers
2.3 Instability Modes

Buckling is the phenomenon thats subject structural elements under
compressive stress in with it is observed that for a small change in load occurs a large
alteration in displacemei8]. Columns and plates under ideal conditions lose stability
by sudden change of the deformation mode, thereby characterizing the phenomenon
known as bifurcation of the equilibrium. In real conditidres, with initial imperfections,
there is no sudden chge deformation mode but a significant amplification of the
deformation under smdlbad incremenvalue.

The appearance of large deformation characterizes tioallsol postritical
phase of structural mechanical behavior of the cotioinplates. If the load that the
element can support after theginningof the postcritical phase increases with the
deformation, the structure has a stable {boskling behavior, if the opposite occurs,
presents a postritical behavior unstablet9].

Factors influencing théouckling mode and the criticaforce in prismatic
elements is the geometric relationships between @®sson componentnd lengths
its support conditions, its initial imperfections and tmeaterial mechanical
characteristics. In addition, structures on elastimear regime behave differentisom
structures on plastic or ndimear regime, with respect to the instability.

In plastic regime, after posgiuckling occurs, a complex interaction between

physical and geometrical ndimearities not allowed, until now, the formulation ®f
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general theory, as it is the case with the elastic structures. Thus, to properly explain and
quantfy this phenomenon is essential to use numerical me{bogls

Compressed elements may be subjecthtee distinct instability modegi)
global buckling, (ii) local buckling and (iii) distortional buckling. Furthermore, there is

the possibility of instability modes interact with each other modifying their behavior.
2.3.1 Global Buckling

The global buckling(P, .) for compresed prismatic elements can be (i)

flexural, (i) torsional or (iii) flexural and torsionaFigure 2.7 showstheseglobal
buckling in lipped channel section.

, N
/ \
I \
1 '
i
]
1

(a) (b) ©

Figure 2.71 Global buckling modes for lipped channel: (a) flexural about major axis, (b) flexural
about minor axis and (c) flexural and torsional

Flexural buckling

The flexural buckling in columns, subjected to centered compressive force,
occurs in general in long elementdouble symmetrical sectioihe criticalloadin the
elastic linear conditions, obtained by Euler in 1744, for ideal prismationnsis the

smallest otheforces following presentedi3]:

p2El

cr.e_x (

P2El

y
ky LY)2

(2.6)

in which X and Y representhe principal axes of the cresection,E is the material
modulus of elasticitylx andly arethe noments of inertia of the cros&ction with respect
to theX andY axes Lx andLy arethe wnbraced lengths for bending abotandY axes
respectivelyandkx andky are theeffective length factorsvhich depend afolumnsupport
conditionsaboutXi axisandYi axisrespectively
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Torsional buckling

Torsional buckling in elements subjected to compression occurs most frequently
in double symmetrical open sections, with long flanges and low torsional stiffness. In this
case, the criticdbrcein a linear elastic behavior, obtained by Wagner, in 1929, for ideal

prismatic columns if3]:

A2 2
I:zzr.e z:_ﬁlT @ (2-7)
CLE (kL)

wherelo is the polar moment of inertia of a plane area with respect to shear &iger,
the material shear modulus, in other woi@s; E/2(1+n), nis thePoissoncoefficient

ITis the torsional constanBéint Venantof sectionCy is itstorsionalwarping constant,

k. is the buckling parameter by torsion of column, which depends of its supports
conditions and.; is the unbracetengthaboutZ-axis

Flexural and torsional buckling

Flexural and torsion buckling in elements subjected to compresesmns in
open sections with low torsional rigidity, asymmetric or single symmetric in which the
center of gravity does not coincide with the shear cehhercriticalforcein linear elastic

regime, obtained by Kappus in 1937, is the smallest amongliliteoas of the equation

[3]:
PR ) R (P R) B P PO (P P ig0 @

wherex, andy, are thedistance from centroid tshear centesectionin principalaxes X
andY directions respective)Wer.e is the flexural and torsional buckling critidarceand

Pcre x Pere yandPere zare criticalforces indicated irEgs. (2.6) and(2.7).

2.3.2 Local Buckling

The local buckling is thenstability phenomenon afivo-dimensional structural
elements such as column components under compressive stress. Occurs generally in short
columns. The components submitted to this mode of instability experiences normal

translations in its average plaa shown irFigure2.8.
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Figure 2.81 Plate local buckling phenomenon.

The critical stress linear elastic regime of ideal plate and its deformation mode
depends of its geometry and its support conditions. The elastic critical local buckling
stress to supportédupported plate, obtained by Bryan in 1891, and for suppdrésq
obtained by Timshenko in 19073] can be written as:
__ kp’E
- 12(1- n?) (b/t)?

cr

(2.9)

wherea is the length of the platb,is the width and its thicknessk is theplatebuckling
coefficient, which depends on the raéith, the support conditions and tkelicitation

type In this expressiomis thePoisso® s r at i o.

For lipped channel sectiplocal buckling modes can be seerfFigure2.9.

Figure 2.91 Local instability modes in lipped channel section.

According to SCHAFER and PEK(24], local deviations are characterized by
dents and regular undulations in the plate, the geometric imperfections is sorted into two
categories: type 1, maximum local imperfection in a stiffenlethent and type 2,
maximum deviation from straightness for a lip stiffened or unstiffened fl&ngee2.10

shows the definitions of these classifications.

QT8 M (2.10)
d; is the amplitude of the type 1 imperfections applicable vhér< 200
Q 0 (2.11)

dz is the amplitude of the type 2 imperfections applicable vidér< 100.

Moreover, in both cases, the sheet thickness must be less than 3 mm.
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d2

Type 2

Figure 2.107 Definition of geometric imperfections[34].

Strength of a coldformed steel member is particularly sensitive to imperfections
in the shape of its Eigen modesnsidering numerical model&nowledge of the
amplitude of imperfections in the lowest Eigen mode is often sufficient to characterize
the influential imperfections. Maximum imperfections may be used to provide a
conservative estimation of imperfection magnitude in a particular Eigele[34].

The usual procedure for numerical analysis of collapse is to introduce the
displacements produced by critical buckling mode conveniently scaled for use as initial
imperfection in further nonlinear analysis. Only a geometric imperfection with an
equivalenimagnitude is used to include (i) the effects of geometric imperfections and (i)
residual stresses due to the manufacturing process. Different values of the magnitude of
equivalent geometric imperfection are adopted, lbwmal anddistortional mode this
variation is from 0.1 up to 1.5 [51]. An usual approach to consider the maximum
equivalent amplitude of geometric imperfecti@n local or distortional buckling is Ot1
i e.g.[31], [52] and[53].

2.3.3 Distortional Buckling

The buckling by distortion ian instability mode that occursopen section thin
walled elements with stiffened edgeder compressive stress and mainly withmbes
manufactured with a high strength stf®t]. Distortionalbuckling is characterized by
rotation of the stiffened flange at the flange/web juncfii?]. Furthermore, it occurs
only in sections with four or more nealigned componentd 1], Figure2.11 illustrates

this instability mode in lipped channel section
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Figure 2.117 Distortional instability modesin lipped channelsection

The geometric relationships of thimalled open sections have an important role
regarding the distortional buckling phenomenon. Relativipped channel sections, the
geometrical relationships that favors the distortional buckling in general, are: (i) very
short flanges (flanges width of less than about 1/6 of the height of the web) or very long
(flanges width greater than about 3/4 of tleeht of the web), (ii) very short lips or with
similar dimension of the flange width and (iii) deep wEl#.

Forevaluate thdistortional bucklingtresd. AU and HANCOCK]17] proposed
analytical expressionapplicable to opened cressction thinwalled bars, taking into
account only the set formed by the flange and its edge stiffener considering the connection
effect in the web/flange by raas ofrotationalsprings.According to TENGet. al[55]
the method presented by LAU and HANCOQIK] appears to be the most efficient and
simple closed form to design us8CHAFER [12] proposeddifferent distortional
buckling stressequationsconsidering the same simplified model proposed by lakd
HANCOCK [17].

With respect to the distortional deformation mechanism inwhshed open
sections SILVESTRE and CAMOTIM[11] statedthat the primary warping is a key
factor in the distortional mode which should be viewed as a higher order mode of
deformation due to the existence of ihglane anaut-of-plane displacements. Figure

2.12thesedisplacementareshown.

Out-of-plane In-plane
displacements displacements

Figure 2.1271 Distortional model out- and in-plane displacementg11].
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2.4 Direct Strength Method

2.4.1 Origin and Development

For columns, the beginning of the Direct Strength Me{fiV), though it was
not called this at the timeanmostclearlybetraced to research into distortional buckling
of rack post sections at the University of Syd[ieg] [18]. In the work of SCHAFER and
PEKOZ[56] is that originally theDSM was so named. Later SCHAFE®Y] generalized
the application of this method for compresseeémbes taking into account local
buckling, distortional andlobalas well as the interaction between these different modes.

SCHAFER and PEKOZ56] proposed the DSM as an alternative to the concept
of effective width method in determining the strength of dolined steelg8]. The
concept of effective width is too laborious, especially in caseteafiens consisting of
several components (intermediate stiffeners provided), as well as sections under the
action of bending solicitations being necessary an iterative process for determining the
width effective. Furthermore, this method is not well slite handle distortional
buckling[31].

The DSM consists in using experimental adjusted resistance curves and from the
axial elastidoucklingload to theelementas a whole, so it is possible estimate the axial
strength resistant to thisember According MACDONALDet al.[58] the DSM requires
large amounts of testing for validation, because only were tested in single sections such
as angle, channel and hats and even according to these authors the DSM constitutes a step
in the wrong direction. In contrast, SILVESTRIE al. [59] argue that the DSM is an
effective alternative to traditional concept of effective width.

The North American code AISS100([23], the standard of New Zealand and
Australia AS/NZS 460(24] and Brazilian ABNT NBR 1476%22] code incorporated
the DSM.

2.4.2 Column Compressive Strength

The column ultimate strength estimative via DSM is the minimum of three
nominal loads, concerning globd®s(g), distortional Pn.p) and interactive local/global

(Pn.Le) collapses. These nominal loads are provided by the expressions (design curves):
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where Py is the column squash load ant=(Py/Pc.0)%° /p=(Py/Pcp)’® and

/L.e=(PndPcr. ) are the global, distortional and interactive local/global slenderness
respectively[8].

2.4.3 Determination of Critical Buckling Loads

Since the accurate determination of the column buckling loads is a key aspect in
the application of the DSM, it is essential for designer to be equipped with efficient
computational tools to perform member elastic buckling analyEesed at obtaining
local (Pcr.L), distortional Pcr.p) and/or global/EulerRg.¢) critical buckling (bifurcation)
loads (or stresses). Once these buckling loads are known, the application of the DSM is
quite straightforward60].

Nowadays, the column local, distortional and global critical buckling loads can
be easily calculated by resorting to either shell finite element (SFE), constrained finite
strip (cFS) or Generalized Beam Theory (GB&1] elastic linear buckling analyses.
While the SFE analyses must generally be performed in commercial software packages
(ANSYS[62] is one of the most commonly used), it is possible to carry out the remaining
ones in freely available open source codes, namely CUESWand GBTUL [64].
Although the SFE analyses are more versatile, in the sense that they can be applied to
columns with all types of support and loading conditions, the cFS or GBT analyses should
be employed whenever possible. Indekek to their modal character, they make it much
easier to identify the nature of the critical buckling modes (or calculate the critical
buckling load associated with a specific buckling mode natutie} SFE analyses often
entail the need to consideraade number of buckling modes to determinevemielastic

buckling load In particular, it is worth mentioning that, as far as prismatic-taithed
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steel members are concerned, the GBTUL capabilities match very closely those exhibited
by the SFE analysi60].

The software GBTUL is a powerful tool to perform buckling analyses. As input
data in GBTUL program mechanical characteristics of the material and the dimensions
of the member crossectionare requiredFigure 2.13 shows the ifplane shapes of the
most relevant deformation modes for lipped channel section: (i) the first 4 are the rigid
body global mode$ axial extension (mode 1), major and minor axis bending (modes 2
and 3) and torsion (mode 4), (ii) modes 5 and 6 are distortional and (iii) the remaining are

locatplate mode$61].

1 2 | i

Figure 2.1371 In plane shapes of the most relevant lipped channel section deformation modé4].

One of theresult of GBTUL buckling analysis is the signature curve which
relates the member length and its critical Idadure2.14 illustratessignaturecurves for
lipped channel indicating the buckling mode by bands of length ese §ample were
consideredi) simple supported end conditio(® and (ii) one simple supported end and
other constrainedSQ 1 the crosssection dimensions and material features are indicated.
The signature curve @Ccolumns Figure2.14(b)) does not present minimum unli&e
columns Figure2.14(a)).

800 rp_ (kN) 800 rp_ (kN) 100 mm
S 10.6 mn
€
ol t=2.65 mm
600 | 600 [ 3
E = 20500 kN/cmz
n=0.3
400 | 400 | —
| Local ! | Local
200 - [Global 50 | : b Global
I | bistortional
! : Distortional: L (cm) i {| Distortional; L (cm)
0 1 1 Lol :-I e | : 1 1 P 0 1 1 Lo aa ol i _I o111l : 1 Lol
1 10 100 1000 1 10 100 1000
() (b)

Figure 2.1471 GBTUL signature curve for lipped channel columnconsidering (a) simply supported
ends and (b) one simple supported end and other constrained
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2.4.4 Remarkable Advance

Recently, LANDESMANN and CAMOTIM[31] throughout the numerical
investigationreportedresults on the influence of the cresesction geometry and end
support conditions on the pestickling behavior of columns buckling and failing in
distortional modesThe columns analyzed presented four cisesstion types: (i) lipped
channels (C), hatection (H), zeeection and rackection (R) and (ii) four end
conditions: fixed (F), pinnefixed (P-F), pinned (P) and fixettee (FF). Figure 2.15
shows, for P and-F columns, the elastic equilibrium patRsys | G, [wheteP is the
applied load andl Gs|the maximum absolute transversal displacement occuatitite
flangelip edges normalized kythe wall thickness. As one of the results, they concluded
that the posbuckling strength decreases as one travels along the column end support

condition sequence F;:IP, P and F-.

PikN)
[450 [ 450 (1000

P P P P "
— -— - S - -—
[

C-H-Z-R90

o/t

0 4 x 1I2 1Ir; 0 4 x 1 16 0 4| 8 1 1r;
Figure 2.1571 Elastic equilibrium paths P vs. { |/t concerning the G Hi Zi R60/90/110 columns with
P and P-F end support conditions[31].

Still referring to the paper oEANDESMNN and CAMOTIM [31], Figure
2.16(a) presents the elasfitastic equilibrium pathR/Pc.p vs. [d|/t) of P and P C-H-

Z-R90 columns, where the applied Idads normalized by the critical distortional force
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Pcrp, the ultmate load Ry) are identified by white circlessigure 2.16(b) depicts the
column deformed configurations (distortional) occurring in the close vicinity of the limit
points of each equilibrium path displayedrigure2.16(a).

- PIP, cr)

0 3 8 12 lﬁ 0

(@)

Pinned-Fixed

Pinned

Figure 2.1671 (a) Elastic-plastic distortional equmbrlum paths (P/Pcr vs. [|/t) and (b) distortional
failure modesconcerning the P and PF Ci Hi Zi R90 columns[31].

With the numerical data of the ultimate loads collecteNDESMANN and
CAMOTIM [31] concluded that F columnsere predictedjuite accurateljoy DSM
distortional curvedifferently fromthe P-F, P and H- columnswhich were clearly over
estimated, especially in the intermediate and high slenderness rasgesnresult,they
proposednodification of theDSM distortionakcurvedefined byEg.(2.15) recommended
for use in lipped channel, hat, rack and Z sections under simply supported end conditions
or with one fixed end and the other simply supported. As mentioned by the authors this

preliminary result requires validation in order to prove its robustness and universality.
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Figure 2.17 summarizes the LANDESMAN and CAMOTINB1] work and
makes it possible to compare the current distortional DSM design (&ov.13)) with
the proposed design cur(eg. (2.15)).

P,/ Py

1.0

08

06

04 Pnp Eg. (2.13)

02 | Pnp Eg. (2.15)

/o

0.0 1 1 1 1 1 1
0 1 2 3

Figure 2.177 Comparison between the current distortional DSM design curve and the
modifications proposed by LANDESMANN and CAMOTIM [31].
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3 Column Geometry Selectiori

Buckling Behavior

The first stepin this work consisted ofcarefully selectng the crosssection
dimensions and lengths tie lipped channel columns to be analyzed numerically and
tested experimentally, which exhibit two different end support conditionsndipolted
(both bolted endst P) and(ii) endbolted andixed (one end bolted arahotherend fixed
i PF).

|t should be ment enotoked tshugptpotrhe cooldu mn
characterized by connection odeeFiguel() ol t s mo
and (c)) whose centers are properly located on the minor main axis of the section. On the
ot her hand, t he f FRigure3d(g)) refansdo tlee@ttachmeénioban ( s e e
rectangular plate sufficiently rigid welded on column in order to prevent local and global

displacements, including warping and the rotations in the regions near of this connection.

e Uy (b)
?jf— X f“ ————————————————————————————————————————————————————

bx
I P
Y 35 mm L 35
« by <" 2 Gl
() i ©
(o]
cc A
Lo 35 mm‘

Figure 3.17 (a) Crosssection dimensionssideview with length for (b) P and (c) PF columns

In endbolted connection, the column loady happens througli) friction in
washerareag(friction loadtypei Pr or PF) or (ii) bearingcontacts between the bolts
and theholecircular sectas (bearingloadtypei Pg or PFg). This study set a maximum
compressive forcas180 kN (this limit higher than the ultimate strength of the toughest

columnproposed in this study considering a steel with yield sfres35.0 kN/cm?2) i
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this estimate is aimed at determining bt andwasherto be used in the model§o
determine lte bolt diameterit was considexd the threads arexcluded from the shear
plane so the calculation shestrengthis given by théeq. (2.4). Considering the material
of the bolt as ASTM A49(65] (fu, = 103.5 kN/cm?) it has faheconnection of two bolts
on thecolumnedge the diametek = 17.3 mm, being adopted, = 20 mm (M20). Found
the bolt diameter has become the standard hole diatheté?1.5 mm according t&q.
(2.2).

As for M20 bolt are used washers wi8Y mm outer diameter an@ mm
thicknessmade ofcarbon steebhccording toASTM F436 [66]. The contribution of
washers in strength was seereimdtboltedmodels whose connection is through contact
(bearing loadtype), as if it were otherwise, there would bevary high tensions
concentration in the loadingegion and possibly crushing collapse, precluding any
bucklinganalysis (in real tests washers were welded on column hales Chapted).
The bearing strength should be checkaslith Eq. (2.2), considering thewashers
contribution,this connection is resistant to crushing.

The distancérom the centepf the fasteneto the edgeook as a basis thel8l-
S100[23] codewhich states that for the M20 bolt has this minimum distasd® mm,
being adopte@5 mm

The combination ofiP6 andfiFo end conditionsallow three differenboundary
conditionstypes for columns, namelgndbolted (P), endbolted and iked (PF) and
fixed (F). However, the= end condition is not considered in this study becaubas
previously been studied by many researchers and have been targeted (exclusively) for the
creation of DSM.

The selection pr ecaodeduroeg 0i rEV @lewnasdb uftctkd ii an
performed with shell finite element ansilsf (SFEA [62]), aimed at satisfying the

following requirements

i. Columns bucklingandfailng i n fpur e o asdnuch asgpossibleo n a | m ¢
This goal is achieved by ensuring, that the critical buckling sfrgss clearly
distortional and ¢) falls considerably below the lowest local and/or global

bifurcation stresses.

2 The numerical methodologies will be explainedapters.
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ii. Lipped channelcolumn dimensions that are commonly used and involve

different wall width proportions, namely wab-flange width ratios.

Fortunately, it was possible folfil all the above requirements and thed
results eahdetther ocitselaécti on pr oc egbaione ar e
dimensions given imable 3.1. The nominal outo-out crosssection dimensions are
defined inFigure3.1(a)i note hat webto-flange width ratiolfw/br) varies between 0.70,
1.00 and 1.43. The wall thicknedy, the width of the edge stiffendn ) and the inner
radius (i) were considered constant equal to 2.65 mm, 10.6 mm and 1.325 mm
respectively. All angles formeualy two consecutive walls were considered right angles.

For eachendbolted column, considering both types of loading (FrictadriPr
and Bearingype Pg), different length columnd were numericallgalculated SFEA),
starting from 10 cm up to 1000 cmith 5 cm incrementsn order to determine the length
(Lp) which would result, in Eigebuckling analyss, distortional buckling deformation
with one halfwave and a minimum in tH&y vs. LcurvewhereP is the critical buckling
force Figure3.2(a)illustrates an example of determining the distortional lehgtbf a
section.The same procedure was done withRRecolumns; however, such columnsas
not presentminimum in the curveé®; vs. L(see example ifigure3.2(b)), thus in this
work, the lengthdLp for these columns were considered sane ashe correlated?
columns.Also in Figure 3.2 deformatiors from Eigenbuckling analysgare shown for
the first buckling mode in bolte® and PF columrs and comparisaawith the curve
considering a simply supported eoondition(S) and with one simply supported end and
anotherend constrainedSQ are illustrated these last twa@urveswereextracted from
GBTUL [64] program

Table3.1 also provide, for each columabeled bythe weband flange widths
the corresponding (i) crosection areah), (ii) the distance from the centroid of the
section to the outer face of theeb column (CG) and (iii) the length associated with

critical distortional bucklingl{p) for both load conditions.
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Table 3.1 - Nominal dimensions, area anatenter of gravity position of crosssection and column
lengths for friction al and bearing load-type.

Frictional Bearing
load-type | load-type
D b A CG Lo Lp
Columns (mm) (mm) (cm2) (mm) (mm) (mm)
100x70 100 70 6.52 24.22 400 350
100x100 100 100 8.11 37.47 450 450
100x142.9 100 142.9 10.38 57.35 600 550
130x91 130 91 8.43 30.39 450 450
130x130 130 130 10.50 47.51 550 550
130x185.7 130 185.7 13.45 73.23 650 650
150x105 150 105 9.70 34.49 500 500
150x150 150 150 12.09 54.19 650 600
150x214.3 150 214.3 15.49 83.84 750 700
180x126 180 126 11.61 40.64 600 550
180x180 180 180 14.47 64.21 700 650
180x257.1 180 257.1 18.56 99.70 900 800
200x140 200 140 12.88 44.74 600 600
200x200 200 200 18.06 70.89 750 750
200x285.7 200 285.7 20.60 110.3 950 900
800 800 r p — PFe
v PF
L (KN) B

600 600

400 400

200 200

0

1 1 I T T T T 1 1 PR 1 0 1 1 I T T T R | 1 1 I S S ' |
10 100 1000 10 100 1000

(a) (b)

Figure 3.21 Variation of Pcr with L for (a) Ps, P and Sand (b) PFs, PFr and SCfor 100x100
columns

Analyzing the graphs irigure 3.2 it can be seen the considerable difference
between the curves extracted from Eipankling SFEA[62] of the ones extracted from
GBTUL [64] analysis

Table3.2 shows, for each column and all boundary condition considered in this
work, (i) the critical (distortional) bucklingorce (Pcr.p) and the ratios between)(the
lowest local bifurcatioriorces related to distortional bucklifgrce (Po1.0/Per.o) and (ii)
the lowest global bifurcatiorforces with respect to distortional bucklinfprce
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(Po1.dPcr.p), indicating how far apart they are. The local bucklfagces (Po1l) were
extracted from americal Eigen buckling SFEA [62] while the global bucklingHpz.¢
were calculatedising GBTUL[64] program

Table 3.2 - Column critical (distortional) buckling forces and their relations with the lowest local
and global bifurcation forces for (i) end-bolted and (ii) end-bolted andfixed columns.

(Pg) (Ps) (PF¥) (PFg)

Columns Peo h Rie | Pio h Rie | Pio h Rie | Pro m Pie
kN) Rp Ro|&N) Ry Ro|lkN) Ry Ro|kN) Ry, R,

100x70 321 144 534 323 151 6.93] 331 141 102 | 349 1.35 13.1
100x100 | 218 2.22 8.14| 216 1.81 824 | 237 164 152| 234 164 155
100x142.9| 142 1.88 895| 140 193 108 | 152 164 17.1| 154 166 20.0
130x91 234 167 15.4| 236 154 12.1| 265 149 229| 264 141 22.1
130x130 | 158 1.86 16.0| 157 183 16.1| 173 186 29.8| 171 1.66 30.2
130x185.7| 103 2.37 226 | 102 197 249 | 115 198 41.3| 113 197 419
150x105 | 197 1.85 17.8| 199 159 17.6| 215 152 332| 214 144 334
150x150 134 1.99 347|132 187 244 | 153 166 39.4| 145 1.68 455
150x214.3| 85.8 2.38 31.0| 854 203 358|945 174 575|964 176 64.8
180x126 | 159 1.52 30.9| 160 1.69 30.8| 176 147 493 | 175 1.49 575
180x180 | 107 1.91 38.1| 106 1.96 443 | 117 172 71.2| 119 173 808
180x257.1| 69.0 2.36 46.0 | 68.6 207 586|747 206 87.1| 77.3 214 106
200x140 | 140 1.74 40.2| 141 172 399| 154 163 744 | 154 152 747
200x200 | 94.2 1.94 51.3| 93.8 189 51.6| 103 200 955 | 103 1.72 96.5
200x285.7| 60.7 2.45 64.2| 60.3 204 720|663 212 121 | 67.0 216 133

One observe thatt h e fi«dg st dirntoinon aload aMiaysf ur cat i
corresponds to local buckling and that the r&o./Pcr.p variesbetweenl.44and?2.45
and from 1.51 up to 2.04 f& andPs columns respectively arftbm 1.41 until 2.12 and
from 1.35up t02.16 toPFr andPFgs columnsrespectively. The first globdlifurcation
loadis invariably quite higher (often much highé&rjndeed, thePy1.dPcr.p values range
from 5.34 to 64.2 ahfrom 6.93 to 72.0 folPr and Ps columns respectively anfdom
10.2 to 121 anffom 13.1 to 133 foPFr andPFg columns respectively.
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4 Experimental Investigation

This chapter addresses the experimental investigation carried out at the Federal
University of Rio de Janeiro (COPPE/UFRJ). Initially, this section provides the
characterization of the column specimens, which is followed by a description of the test
procedure. Then, attention is devoted to presenting and discussing the experimental
results recated and observed before and during the tests, namely the specimen initial
geometric imperfections, measured displacements, equilibrium paths, failure loads and

collapse mechanisms.
4.1 Column Specimens

The column specimens werenanufactured by press brakirfigpm structural
sheets with nominal thickness 2.65 mm and made of eith@ galvanizedsteelASTM
A653[67] or ABNT NBR 70081 [68] or (ii) carbon steel EN 10143[69] (identified as
AGO or @ Co, Ten lgpedrleacnekectiandgiyveh inTable3.1, were selected
to be tested experimentally exhibiting the following requirement:-tedlange width
ratio (bw/br) equal to 0.70 or 1.0@¢ctionsl00x1429-130x1857-150x2143-180x2571-
200x2857, i.e. displayingbw/br < 1 were excluded from the experimental program due to
fabrication difficulties.

Figure4.1 shows the crossection dimensions and overall view with lengths for
P and PF columns. The crosssection dimensions and the angles formed by the
consecutive wallsdy) were measured at three equally spaced locations along the
specimen lengtho (0-0.5-1A0). Figure4.2 illustrates thenanualmeasuremenprocess
performed on specimeiighe values obtained were found to correlate very well with the
nominal onesTable 4.1 provides(i) the average values of the dotout measured
specimercrosssection dimensions, (ithe areasA) obtained from the average values of
the measured crosection dimensionand (iii) thecalculateddistance from the centroid
of the section to the outerda of the welcolumn (CG) to be compared witliv) the
drilling center obtained by indirect measuremlent di/2 (seeFigure4.1), wherebs is
the shorter distancérom the hole edge to the webable4.1 also gives the length&d,

Lo andLt T seeFigure4.1). The specimen labelling isnsilar asadopted inTable3.1 1
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nominalweb and flangesvidth by x b, foll owed by Il etter AGO o
columndéds steel (galvani zedPoo riPFx ditr d oche f irrees pte
boundarycondition e€ndboltedor endbolted andixed, respectively) and the subscripts

| et Foe rdBoin fio d e temdbaohtedhoadtypeh(factioral loadtype or bearing

loadtype).

bw
Q f,
Q
S

= e
! e Q)bl" ! * 7'(17 ‘:‘; QQ;
‘ A
batdy /2 ‘q. 2 i ’ '3:

“ - G i
i "ﬁi
A, @ 2
f \\ /,/
{ ~
g7 o [
A (Q’ ﬂ>
{ .g%,d_' { |
Py (b)
RN

Dimensions in millimeters

Figure 4.17 (a) Crosssection dimensions, overall view with lengths for (bl and (c) PF columns.

The measured thickness values ranged from 2.40 to 2.65 mm (according to the
tolerance limits set out in the ABNNIBR 7013[70] standard and ABNT NBR 11888
[71] codeil Brazilian standards for G and C sheet and coils steels, respectively) and (ii)
the ratios between the measured and nominal web widths, flange and lip varied from 0.99
to 1.02, from 0.99 to 1.00 and from 0.97 to 1.16, respectively. The angles foynieel
two consecutive wallsdf) were also measured at the same three @®ssons and the
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average and standard deviation values obtained were 90.18° and 0.84, respectively. It was
observed that a press braking manufacturing condition imposed inbemding radii
approximately equal to half of the sheet nominal thicknmesd (325 mm). Finally, it was
noted that the average difference of center hole localizdiiondi/2) and the calculated
centroids CG) is 0.66 mm, knowing that the loading occurshe holes, this ensures for
all the columns one despicable eccentricity.

In endbolted support each hole had a couple flat washemn @ duter diameter
and 3 mm thickness) welded to the inner and outer flange surfaces, which prevents
localizedcollapse near the hole, the centroid is marked in flanges distant 35 mm from
free edge and perforated (d&gure4.3(a)). After making sure that théahge centroids
are coincident, the two washers are carefully Tk3ded to each the specimen h(dee
Figure4.3(b)).

Table 4.1 - Average values of the measured column specimen cressction dimensionsarea, CG
position, position of the drilling center andlengths.

bw br bi t A CG  batdi/2 Lp Lo Lt
(mm)  (mm) (mm) (mm) (cm?) (mm) (mm) | (mm) (mm) (mm)

100x70G Pr | 100.17 69.37 10.58 2.65 6.50 23.92 2394 | 400 331 471
100x70G Pr 99.13 69.18 11.33 259 6.35 2422 2478 | 399 329 469
100x100GP: | 99.47 99.80 1057 245 750 3745 3468 | 452 380 520
130x91G Pr | 130.18 90.29 10.30 2.65 8.38 2996 30.34 | 450 381 521
130x91G P | 131.60 90.20 1180 2.61 8.36 30.35 3096 | 398 329 469
130x130CPs | 131.47 129.13 10.93 2.50 9.95 47.10 4783 | 549 479 619
150x105GPr | 149.68 104.14 10.52 2.60 9.46 34.13 3453 | 500 430 570
150x105GP: | 151.53 103.63 11.27 2.50 9.18 34.04 3435 | 501 429 569
150x150GPs | 150.93 148.42 1228 245 1124 54.08 5433 | 550 479 619
180x126GP: | 181.00 126.18 10.37 252 11.08 4055 4066 | 551 480 620
180x180GCPs | 180.60 179.33 11.15 244 1338 64.09 6441 | 701 630 770
200x140CPg | 199.67 139.38 11.23 244 1190 44.77 4548 | 599 527 667
200x200CPg | 199.83 198.98 10.92 247 1498 70.61 71.00 | 752 681 821
100x70GPF+ | 100.53 69.27 10.88 244 602 23.97 2475 | 400 295 435
100x100GPF+ | 102.07 98.78 10.73 240 738 366 37.70 | 450 345 485
130x91GPF+ | 130.97 90.85 11.08 2.53 8.10 3043 31.20 | 366 260 400
130x130CGPF+ | 132.13 128.22 11.48 2.42 964 46.84 4750 | 549 443 583
150x105GPF+ | 150.20 104.18 11.72 2.55 9.38 3456 3545 | 499 392 532
150x150CGPFs | 151.20 149.60 1157 251 1154 5429 5503 | 550 446 586
180x126CPF+ | 181.30 125.15 11.18 244 10.72 40.41 4090 | 550 445 585
180x180GPFs | 180.67 179.47 11.12 251 13.74 64.13 6240 | 699 594 734
200x140GPFs | 200.27 138.68 11.33 248 12.04 4446 4515 | 602 497 637
200x200GPFs | 199.23 199.45 1123 248 1501 71.02 7100 | 749 645 785

Column
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(b)

Figure 4.3 7 Attachment of the washers in specimen holega) positioning and (b) continuously TIG
welding around the washer contour.

4.2 Material Properties

The mechanical properties of the structural[63] and C[69] steel sheets
employed to manufacture the column specimens were experimentally obtained by means
of two sets of three standard tensile coupon tests. The coupons were extracted,
longitudinally, from virgin steekheet (blnging to the same batch of those used to
manufacture the both specimen types) prior to the initiation of thefaotdng (press
braking) procedurelhe coupon dimensions conformed to ASTMI[EZ] for the tensile
testing of met al s: 12.5 mm wide-typiepdns
designand the coupons ashown inFigure4.4. Figure4.5 shows a general view of a
coupon tensile test and illustrathe experimental stresdraincurves obtainedG [67]
and C[69] steel coupons)The tests were performextcording to ASTM E&72] in a
Shimadzu AGX100kN (seeFigure 4.6) displacement controlled universal testing

machine (UTM)using friction grips. The longitudinal strains were measured thraugh
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50 mmclip-on gage (seEigure4.5 (a)). Adataacquisition system was used teoedthe
load and straimeadingsata frequency of 15 Hzl'able4.2 andTable4.3 show de basic
dimensions of tensile specimens for both steels. Furtrerni is shown the values ff

(yield stress)fu (ultimate stress) and (Young s modul us) .for each cou

!
d
%
145

o~

23361166

0¢
@) (b)

Figure 4.47 (a) Dimensions of the specimens of the material characterization test and (b) specimens
for testing characteristics of the material.

- S (kN/cm?)

e(%)

(a) (b)

Figure 4.57 (a) General view of a coupon tensile test and (b) illustrative stresdrain curves
experimentally obtained.
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Table 4.2 Basic dimensions and mechanical properties of the [B7] steel.

Identification of t d fy fu E
Specimens (mm)  (mm) (kN/cm?) (kN/cm?) (kN/cm?)
G.1 2.74 12.75 34.98 42.42 20678.77
G.2 2.73 12.77 35.00 42.95 20459.81
G.3 2.72 12.76 35.02 42.99 20377.21
Average 2.73 12.76 35.00 42.78 20505.26

Table 4.371 Basic dimensions and mechanical properties of the [69] steel.

Identification of t d fy fu E
Specimens (mm)  (mm) (kN/cm2) (kN/cm2) (kN/cm2)
C1 2.60 12.40 42.60 47.21 21260.49
C2 2.60 12.40 42.70 46.64 20857.35
C.3 260 12.50 42.50 46.54 20884.92
Average 2.60 12.43 42.60 46.80 21000.92

Figure 4.6 1 Machine used to perform thetest characterization of materials

On the basis of the stresgain curves determined experimentally, it was
possible to obtain estimates of the steel mechanical propértiee corresponding
average valuefor G [67] steel ardy = 35kN/cm? (yield stress), = 43 kN/cm?2 (ultimate
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stress) andE = 20500 kN/cm2Youn@ s m o’)dandlthe sorresponding average values
for C [69] steel ardy = 42.6 kN/cm?2f, = 46.8 kN/cm? and = 21000 kN/cm?2.

4.3 Initial Geometric Imperfections

Initial geometric imperfections were measured using seven displacement
transducers (DTX 1 seeFigure4.7(b)) fixed on the (rigid) arm of a milling machine.
The specimen was placed on the (also rigid) table of the same machine which could move
horizontally thereby allowing the DTs to move alohg §pecimen outer faces ($egure
4.7(a)). The positions of the seven DTs were monitored by means of an eighth B)T (DT
wire potentiometetype disphcement transducer. The DT locations were properly

positioned objectifying the reading of the column local flanges initial warping, local web

initial displacements anglobalimperfections.

'|' 9
P y y ] 5 ‘~DT5 DT4 [’)-E.’) \

H \\\ l!{‘.’ B - -« |
R = Ao/ 3 \__? gw /
[} = - ‘\’
ZAA ‘ ;

moving =

table

e
L' acquisition

(@) (b)

Figure 4.71 DTs involved in theinitial geometric imperfections measurement (a) general view and
(b) DTs identifications.

The transducer DFY werepositioned in relation to the specimen crssstion,
as shown irFigure4.8(a), on an undeformed cressction of theXY plane and (i) DT1
andDT2we e pl aced normally to t k€bifiOhnmmrandz ont al o
x2=10 mm from the corner, (ii) DT6 and DT7 followed the same positioning of DT1 and
DT2 and (ii1i) DTS3, DT4 and DTS5 were orien

3 As stipulated in ASTME8[72], the yield stress corresponds to the onset of yielding and the ultimate stress
is calculated by dividing the maximum loadrried by the coupon during the tensile test by its original
crosssection area.
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distancesys=bw/2i 10 mm, 0 and ys=bw/2i 10 mm. Due to the fixing of DTs the

Ahor i

zont al

0

and

Anvert.i

c al

0

pr ojsectmn i ons

deformationsThe signs of the displacements measured by the DTs are positive/negative

for outward/inward displacemts) respectivelyThe measured length is limited to the

distancd_o (seeFigure4.1) taking into account the interference that occurred in DT2 and

DT6 with theweldedon washers in some specimens.

Xg
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Y

DT4

DT3
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= >
A A
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Figure 4.81 Cross-section (a) undeformed configuration and DT locations and (b) deformed
configuration and definition of Us values

Table 4.4 provides (i) the minimum and maximum values recorded, along the

specimen length, by each transducer () andTable 4.5 presents the minimum and

maximum computed values of tharsional rotation §), flange displacements ( and

1 ), local web undulation$ ( ) and global minor and major initial deformatiohs (

and] ). Thiscomputation(i) is based on théact that the crossectionsundergorigid-

body motions and (ii) must take into account that the seven DTs remain fixed while the

measured crossections move. In view dfigure 4.8 the first step of this procedure

consists of using the seven DTs measurements to calculate these displacements as

follows:

i.  The crosssection torsional rotatiof? can be straightforwardly obtained from

the expressian
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b=tan* o215 DT3 (41)
¢ Y5 Vs
ii.  The determination f and] is more involved, because it must account for
the continuous (as deformation evolves) change in the relative position of the
severDTs with respect to the crosction as illustrated ifrigure4.8(b). Each
displacement measures by a DT combines two parts, one identical to a
translation]( or] ) and the other equal to the product of the torsional rotation
by an Ahorizontal o or Averti-seatibno di st a
middle weblocation. Indeed, the measurements of DT3 and DT6 can be
expressed in termsof ,1 andb as (se Figure4.8(b) i note that the values
off ,1 andbcan be obtained from the measurements of only thred 13],s
being two normal to the web near the corners and another normal to the flange

next to theweb-flangefold line):
DT3=d¢ -(y3 -ﬁ) tan (4.2)
DT6=a) {cos b Ib,/ 2 g% & (b, sin gan (43)

Table 4.47 Measured minimum and maximum specimen initial displacement values.

Column DT1(mm) DT2(mm) DT3(mm) DT4(mm) DT5(mm) DT6(mm) DT7(mm)

100x70G Pr 0.00/087 0.00/0.31 -0.35/0.02 -0.69/0.01 -0.61/0.00 0.00/0.55 -0.42/0.18
100x70G Pr 0.00/051 -0.12/0.00 0.00/0.22 -0.17/0.06 0.00/0.18 -0.26/0.01 -0.11/0.13
100x100C P+ | -0.01/0.83 -0.13/0.00 0.00/0.28 0.00/0.40 0.00/0.32 -0.07/0.05 -0.38/0.01
130x91G P+ | -0.34/0.07 -0.16/0.00 -0.17/0.38 -0.20/0.31 -0.14/0.04 0.00/0.37 -0.09/0.40
130x91G P+ | -0.04/0.08 -0.07/0.02 0.00/0.19 -0.01/0.09 0.00/0.17 -0.08/0.02 -0.01/0.34
130x130CPs | -0.50/0.92 -0.09/0.58 -0.15/0.36 -0.01/0.89 0.00/0.50 -0.49/0.02 -0.72/0.49
150x105G P+ | -0.75/0.00 -0.05/0.07 -0.22/0.03 -0.09/0.22 -0.04/0.41 -0.14/0.05 -0.03/0.21
150x105C P+ | -0.34/0.90 -0.09/0.03 0.00/0.40 0.00/0.65 -0.01/0.41 -0.28/0.01 -0.06/0.13
150x150CPs | -0.07/0.62 -0.19/014 0.00/0.51 0.00/0.51 -0.10/0.34 -0.32/0.05 -0.03/0.43
180x126C P+ | -0.02/0.49 -0.22/0.01 0.00/0.37 -0.12/0.06 0.00/0.32 -0.17/0.01 -0.06/0.54
180x180CPs | 0.00/1.70 -0.34/0.08 -0.29/0.52 0.00/1.49 0.00/0.63 -0.13/0.03 -0.66/0.00
200x140CPs | -1.14/0.00 -0.31/0.01 -0.02/0.38 -1.29/0.59 0.00/0.40 -0.15/0.05 0.00/1.24
200x200CPs | -2.85/0.01 -0.70/0.00 0.00/0.63 -0.50/1.35 0.00/0.69 -0.27/0.03 0.00/2.28

100x70GPF- | -0.12/0.08 -0.20/0.02 -0.01/0.35 -0.05/0.30 -0.01/0.22 -0.05/0.21 -0.03/0.29
100x100GPF: | -0.07/0.09 -0.26/0.01 0.00/0.31 0.00/0.26 0.00/0.55 0.00/0.30 0.00/1.06
130x91GPF: | -0.22/0.12 -0.13/0.07 0.00/0.27 -0.01/0.71 0.00/0.18 -0.05/0.20 -0.02/0.34
130x130GPFs | -0.02/0.81 -0.06/0.08 -0.02/0.41 -0.03/0.69 -0.01/0.47 -0.15/0.10 -0.04/0.77
150x105GPF: | 0.00/0.77 -0.05/0.07 -0.02/0.28 0.00/0.57 0.00/0.34 -0.27/0.05 -0.01/0.96
150x150GPFs | -0.05/0.39 0.00/0.26 -0.04/0.32 -0.01/0.91 0.00/0.58 -0.16/0.12 0.00/1.00
180x126GPF: | 0.00/1.08 -0.02/0.15 0.00/0.48 -0.04/1.15 -0.01/0.54 -0.12/0.14 -0.23/0.99
180x180GPFs | -1.05/0.02 -0.34/0.22 -0.17/0.57 -0.34/1.29 -0.04/0.56 -0.17/0.21 -0.11/1.09
200x140GPFs | -0.79/0.02 -0.23/0.03 -0.18/0.38 -0.91/0.25 0.00/0.39 -0.14/0.16 -0.03/0.91
200x200GPFs | 0.00/1.42 -0.13/0.12 -0.01/0.87 -0.03/1.61 0.00/0.51 -0.13/0.01 -0.89/0.00

37



iii.  Solving the systenequationformed byEgs. (4.2) and (4.3) and taking into
accounteq. (4.1), the values of and] , defining thelocation of the cross
section outer web centdisregarding local deformations, are obtained from

£DT6+y; tarf b- gx, +DT3 (K,/ 9 sinb gan A

=1 lll(l -Eanz 4 (4.4)

1+(0./2)(1 -cosp) ¥

at =DT3 { g y3)tan 45)

iv.  Themidweb wall bending displacement is defined asdis&ance between the
X 6 Ycoordinate system origin and themaximum bending displacement
considered in web centéseeFigure4.8(b)).

_gDT4-DT)d { § PT4)y,

gDT3- DT4)sinb -y, cosb g (46)

v. The last step consists of expressing the values odnd] , associated with

the distortional displacements. This straightforward procedure is illustrated in
Figure4.8(b) and leads to

£b,/2(1- cosa,,) if DT1 2 DT2

D _ 1

&, =i _ @.7)
i-b;y2(1 -com,,) if DT1 <DT:

o $b,/2(1- cosa,) if DT7 2 DT6

0176 -1

f

where a12 and aze correspond to the angles formed the local undeformed and

distortionaldeformed flanges 12 and ¥6spectivelyof the crosssection in theX 6 Y 6

coordinate system (s&égure4.8(b)) and are given by

Y, +h,/2 y; - /2

X X

7

4.8
-b, \2(1 -cosa,) if DT7 <DTt 48

— -1 —_ -1
a,, =tan and a,, = tan

(4.9)

The pair of pointsx, y, and x,, y, in theX 6 ¥odrdinate system, for the DT1 and DT7

readings respectively, are

%osb(xl- ﬁ) +sin (b h,/ 2 BTLl G-)d,

M

gesinb(xl -f) eos (bh;/ 2 DT1 S) (4.10

M

&cosb(x,- ) +sin (b,/ 2 BT7 £},
- . (4.11)
2 sinb(x, - ) eos (b,/2 BT7 Y
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Table 457 Calculated minimum and maximum specimen initialtorsional rotation and
displacement values.

Column b(°) 1 (mm) 1 (mm) 1 (mm) 1 (mm) 1 (mm)

100x70GP: | -0.31/0.00 -0551.39 -0.71/0.06 -0330.04 -0.44/0.00 0.00/059

100x70GP: | -0.09/0.08 0.00/041  -0.03/0.3 -0.34000 0.00/0.17 -0.26/0.01
100x100GP: | -0.06/0.07  0.000.91  -0.37/0.07 -0.0/0.13  0.00/0.28  -0.07/0.06
130x91G P | -0.24/0.02 -0.37/011 -0.13/049 -011/0.18 -0.16/0.16 0.00/041

130x91GP: | -0.04/0.02 -0.06/0.07 -0.02/0.47 -0.150.00 0.00/0.16 -0.08/0.02
130x130¢Pg | -0.02/0.14 -076/0.9 -061/0.74 000050 -0.04/0.42 -0.51/0.02
150x105GP¢ | -0.02/0.27 -054/0.02 -0.06/0.22 -0.180.10 -0.02/0.14 -0.19/0.05
150x105GP: | -0.10/0.06 -0580.75 0.00/035 -0.04/0.29  0.00/0.38 -0.290.01
150x150GPg | -0.16/0.09 -0.11/034  0.00/091  -0.05/0.14  0.00/0.42 -0.32/0.08
180x126GP: | -0.07/0.03  0.00/046  -0.05/0.70  -040/001  0.00/0.33 -0.17/0.01
180x180GPg | 0.00/0.15 .0.06/1.85 -094/0.090 000096 -0.12/0.57 -0.14/0.01
200x140GPs | -0.03/0.05 -1350.00 0.00/146 -1.39023 -0.01/0.38 -0.150.05
200x200GPs | -0.07/0.06 -3.13/0.01 0.00/249 -0630.72  0.00/0.64 -0.280.04
100x70GPFe | -0.12/0.02 -0.09/0.20 -0.08/0.33  -0.12/0.05  0.00/0.27 -0.06/0.23
100x100GPF= | -0.01/0.24 -0.02/055  0.00/061  -020/0.02  0.00/0.42  0.00/0.29
130x91GPF= | -0.08/0.02 -0.26/0.30 0.00/0.B  -0.13053  0.00/0.22 -0.060.21
130x130GPF= | 0.00/0.05 0.00/0.8  0.00/082 -0.12027 -0.01/0.43 -0.16/0.10
150x105GPF= | -0.03/0.08 -0.05/0.% -0.02/1.08  0.00/0.33  0.00/0.29 -0.28/0.05
150x150GPFs | 0.00/0.20 -0590.00 -0.02/0.82 -0.13/050 -0.01/0.44 -0.19/0.10
180x126GPF= | 0.00/0.05 0.00/123  -026/0.97 -0.08/0.68  0.00/0.50 -0.12/0.13
180x180GPFs | -0.03/0.09 -1.10/0.03  0.00/1.13  -0.44/0.76 -0.05/0.54 -0.18/0.21
200x140GPFs | -0.03/0.09 -0.84/0.06 -0.0/0.98 -0.91/000 -0.07/0.38 -0.15/0.17
200x200GPFs | -0.14/0.03 -0.01/120 -0.780.06 -0.08/0.96  0.00/0.67 -0.130.02

Figure4.9 shows the initial longitudinal displacement columns acquired from
the tests involving specimens 150x10%%, 180x180CPs, 150x105CPF+- and
180x180G PFg, which were obtained eitha) ¢lirectly from DT1i 7 readings orik) using
Egs. (4.1, (447 (48)( ,1 ,1 ,1 and ). Note thathe horizontal coordinates
are normalized with respect to the column measured léndfDT8/Lo), wherelLo is the
measured length (sé&gure4.1). Theobservation of thee resultpromptsthe following

remarks:

i.  With two exceptions, the DFI measurements are fairly low, as their maximum
absolute value is about 1.70 mire,, below tothe nominal wall thickness. The
exceptions are the DT1 readings of 2.85 mm and DT7 readings of 2.28 mm, for
specimens 200x200C

ii.  All displacement profiles provided by the D71lreadings exhibit (i) some
degree of asymmetry andofiia dominant singléalf-wave sinusoidal shape,

combined with minor participations of two and three Jwadfve sinusoids.
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Figure 4.91 Initial displacement longitudinal profiles concerning specimens 150x1058k,
180x180GPs, 150x105CGPFr and 180x180GPFs (a) DT1-7 readings and(b) dvalues.

40



iii.  The maximum absolute and] values are also quite low: about (i) 3.13
mm and 2.49 mm, respectively fcolumns(average about 0.23and (ii) 1.23
mm and 1.13 mm, respectively f&®F specimens(averageapproximately
0.19). Moreover, the /tand /tratios vary from (i}1.27 to 0.76, and from
-0.39 to 1.01, respectively f& columns and (ii}0.44 to 0.51, and fror0.31
to 0.45, respectively foPF specimens.

4.4 Test Setup

All specimens were tested anShimadzu servoontrolled hydraulic Universal
Test Machine (UTM) under displacemartntrol conditionsThe testing machine can
supply compressive loads upXanNand thdoads imposed during the performance of a
test were measured with a 50 N accuracy and recorded in a data acquisitionFSgstem
4.10 provides an werall view of the test saip, showing a moveable lower end support
that allowed tests to be conducted for specimens with various ledgtHsr Figure
4.11(a)(b), they provide a general view and schematic representations of the bottom
(endbolted end support, formed by a pair of cylindrical hinges (i) built from maehine
finished carbon steel, (i) mounted on 12.7 mm thick steel bearing plate and (iii) to be
used to fix the pair of bolted connectidnthe top end support iR columns is similar.
These boltegend supports (i) prevent transverse displacements, fag®iflexural and
torsional rotations and (ii) release the secondary warping, local displacements/rotations
and minoraxis flexuralit he corresponding suppgmoespect condi t
tomajoraxi s fl exure and torsi on,-axiafeedurefmi nnedo
warping. On the other hand, B columns, the fixed end support prevents all global and
local displacements, rotations and warping in the region near thelated
A very careful positioning procedure, aimed at achieving minute/negligible load
eccentricities (lack of coincidence between the end @eston centroids and the test

frame loading axis), is performed involving the following steps:

i.  The specimenrals are carefully bolted (with or without bolt shank pretension,
F or B cases, respectively) to hingsdpport devices (sdagure4.11(a)(b)),
assuring that their centroids are align
ii.  After placing the bottom hingesupport and adequately bolting it the UTM
rigid base, the UTM actuator ram slowly moved until the top hirsygxbort P
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columns) or top englate PF columns) was in full contact with the UTM
Arigido | oading plate. Next, once the
specimen is completed, with the help of a line laser deviceléselfiing cross

line laser with plumb points, sdggure 4.10), bearing plates of top hinged

support or engblate are tightened to UTM and whole specimen positioning
procedure is finished. In view of this metious procedure, it seems fair to

argue that the tests are performed under virtually concentric loading conditions

(the load eccentricity will certainly be extremely small and, therefore, can be

neglected).

UTM load cells ‘
j Y 4 i

¥ Uk ' :

column specimen

Worsur

pinned
support

moveable
support

Figure 4.1071 Overall view of the experimental test setip and servacontrolled hydraulic UTM.

iii.  Properlyplacingthe eight DTs transducers: seven at the columnheight (see
Figure4.12(a)) and ondetween top and bottom bolt lingseeFigure4.12(b)).
The seven DTs (DTX) locations followed the same relative positions of DTs
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employed during the initial geometric imperfections measures Kgpae
4.7(b)).

T
specime UTM

[ rigid
base

hinged-
support

T specimen

. ’hingéd-suppor"c '

- bearing plate e

bearing plate

()
Figure 4.117 Specimens bottom end support: (a) overall view and (b) schematic 3D representation.

(b)

Figure 4.121 DT arrangements to measure mieheight displacements and axial shortening: (a)
back and (b) frontal views.

iv.  Slow (0.005 mm/s) application of an initial small compressive loae?(klll),

in order to eliminate any possibimps between the hingsdpports or end

plate and the UTM firigidd |l oading plate
v. Application of the displacemenbntrolled loading, by the UTM servo

controlled hydraulic actuator, at a sufficiently low rate to preclude relevant

dynamic effects.
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vi.  Continuousrecording, by means of a high frequency (15 Hz) data acquisition
system, of the midheight DTS (seeFigure4.12(a)) outputs and the hydraulic
actuato load cell readingsAs the applied load approaches the anticipated
column ultimate strength, the specimen deformed configurations are
photographed, in order to obtain experimental evidence concerning the nature
of the column failure mechanism, namely doeurrence oflistortionalmode.

vii.  After the test, the recorded displacements and loads arppostssed to obtain
experimental equilibrium paths and deformed configurations, identifying of the

distortionaldeformations.

45 Test Results

The experimentalesults obtained from this tesimpaign consist of column (i)
equilibrium paths, relating the applied load to relevant displacen{gpfailure load data
and (iii) deformed configurations (including the failure mode) evidencing the presence of
distortional deformations. Since the 23 column specimens tested shared essentially the
same structural response, only a representative sample of these various types of
experimental results are individually reported and discussed in the following subsections

howe\er, inappendk A is presented for each specimetiagasheet with main results
4.5.1 Equilibrium paths

Figure 4.13 shows the equilibrium paths obtained from the test involving
specimend 00x100GPr, 180x126CPr, 130x91CGPF+ and 150x105€PFF relating the
applied loadP, provided by the UTM hydrauliactuator load celko (i) axial shortening
(DT8 readings) and (ii) the mideight computed displacements values| ,]

1 and 1 the values otk are caused by the applied loa€.(do not include the initial
imperfections) The observation of such equilibrium pathesads to the following

comments

i.  There is an almost linear initial portion in equilibrium pahgs. Dwhere the
slopes are quite similar to each other, thus demonstrating a relative proximity
of column axial 8ffness values EA/Lo = 4148.47 4847.61 5147.71 4245.7
kN/cm for the 100x100@F, 180x126CPF, 130x91CPFr and 150x105€PF¢

columns.
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ii.  Figure4.13 depicts the equilibrium pati8 vs] andP vs.] , following
practically the same trend and demonsgatistortional inward flange

movements
200 1 PN) 150x105GPF P(N) 1 200
F 100x100GP:
160 | 1 160
100x100GP: 180x126GP¢
120 | 1 120
130x91GPF
80 | 180X126GP; 130x91GPFe 150x105CPF "1 80
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40 | D : [*ﬁr‘/ 1{ 40
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0 L L L J L L L 0
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Figure 4.137 100x100CGPr, 180x126CPr, 130x91GPFr and 150x105CGPFF specimenequilibrium
paths relating P to (i) axial shortening gpand (ii) the calculated midheight displacementsd.

iii.  The equilibrium path® vs] , presented ifrigure4.13, showthe mid-web
wall bending and their positives values demonstrate concordant@ w
distortionalinward flanges motion

iv.  The equilibrium path$ vs.] andP vs.] only branch out of the null
displacementiverticab line at quite advanced loading stagssthe fact of

distortional plastic hinge formation
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45.2 Failure Loads

Table 4.6 provides the column (i) experimental failure lod&lg:x, (i) squash
loadsPy, (iii) ratios Pu.exdPy and (iv) the distortional failure mode type. The valueByof
are based on (i) area&)(obtained from the average values of the measured-seaisn
dimensions described in sectidri and (ii) the yield stress=35.0 kN/cm? for G[67] or
fy=42.6 kN/cm? for J69] steel, the average of the tensile coupon test presented in section
4.2

The specimens failed only in pure distortional mode and most presented just one
symmetric haHwave.

Concerning to theendbolted columns most showed inwamdward (H)
symmetrical halwave. Only specimens 130x130@s and 200x200TPg displayed
outwardinward (G1) failure and only 100x70@F exhibited outwarebutward (QO)
failure.

Relative to theendbolted andixed columns fiveshowed outwarautward (G
O) symmetrical halivave. The specimens 100x70@Fr, 130x91G PFg, 150x105C
PFr and 200x140CPFg showed inwardnward (Hl) failure. Only 100x100CPFr

column presented two halfave symmetric distortional failure-(land GO).

Table 4.6 Experimental column failure loads, squash loads, rati®u.exp/Py and failure modes.

Pu.Exp Py Rieo Distortional
Column (kN) (kN) R Failure Mode
100x70G Pr | 1626 2274  0.715 0-0

100x70G Pr 184.2 270.4 0.681 -1
100x100C Pr 163.0 319.8 0.510 I-1
130x91G Pr 161.5 293.3 0.551 -1
130x91G Pr 192.2 356.3 0.539 -1
130x130C Ps 106.5 423.7 0.251 O
150x105G P 151.4 330.9 0.457 I
150x105C Pr 160.5 391.1 0.410 I
150x150C Ps 101.7 478.7 0.212 I
180x126C Pr 152.6 472.0 0.323 I
I
I

180x180C Ps 90.8 570.0 0.159 Ol
200x140GPs 121.0 506.8 0.239

200x200C Ps 86.0 638.0 0.135 O

100x70GPF- 167.0 256.6 0.651 -1

100x100GPF- 144.2 314.3 0.459 I-l and GO

130x91GPF- 183.0 344.9 0.531 -1 0-0
130x130GPF- 134.0 410.5 0.326 00

150x105GPF¢ 176.7 399.6 0.442 I-1

150x150CGPFs | 116.2 491.6 0.236 o-0

180x126GPF¢ 144.0 456.5 0.315 o-0

180x180CGPFs | 119.0 585.4 0.203 o-0

200x140CPFs | 125.7 512.9 0.245 I-1

200x200CGPFs 99.0 639.4 0.155 o-0
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It should also be noticed that all specimens exRibik /Py ratios varies between

0.135 and 0.715, which is in accordance with the great variation of its slenderness values.
4.5.3 Deformed configurations and failure modes

Figure4.14 andFigure4.15 concern specimeil80x126CGPr and 150x105€
PFe, respectivelyprovide (i) its equilibrium pathP vs.gpand (ii) the evolution of its
deformed configuration during the testke( as the applied load increasés}he six
deformed configuration shown figure 4.14(b) andFigure 4.15(b) correspond to the
equilibrium states$ to VI indicated by yellow circles on the equilibrium path depicted in
Figured.14(a) andrigure4.15(a) respectivelyOn the other handkigure4.16 exhibit the
deformed configurations, in the vicinity of the peak loRd (& expf of specimengi)
100x70GPr, 100x100GPr, 130x91CGPr and BOx126C-Pr and (ii) 100x70GPF,
130x91CGPFF, 150x105CPF: and 180x126€PFr. Figure 4.17 shows the deformed
shapes ofwo sets of four columng (i) 100x70CGPr, 100x100CGPr, 130x91CGPr and
180x126CPr and (ii) 100x70CPFr, 130x91CPF¢, 150x105CPFF and 180x126€PF¢
i after thdoad removahnd finally,Figure4.18 depicts close views of the most deformed
region of specimens 150x156% and 150x105€PFr just after collapse The

observation of these column deformed configurations makes it possiblectodmihat

i. As can be seen ifrigure 4.14(b) and Figure 4.15(b), distortional inward
deformations in a symmetric single halhve emerges and develops in
compliance with the corresponding critical buckling mode. In fact, until state
lll the specimen does not present visible deformatidowever, beyond this
point distortional inward displacements become visible. The failure oaturs
stateV. The staté/I depicts the deformed configuration after the peak load in
which the distortional displacements become more evident.

ii.  Inendboltedexperimentatolumntests, the collapse mechanism presented by
al |l specimens are provoked by the f or me
¥Yrheight crosssections, as can be observedFigure 4.17(a). On the other
hand, inendbolted andfixed specimens, the collapse mechanism presented
weret ri ggered by t he f or maheighbcrossedtioni pl ast i
near the holes (séggure4.17(b)).
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(b)

Figure 4.1471 180x126CPr specimen (a) equilibrium pathP v and (bjpleformed configuration
evolution.

iii. The specimens deformed configurations depictedrigure 4.17 make it
possible to assess the amount of plastic deformation undergone by the
compressed columns during the tesg, it suffices to compare the deformed
configurations displayed iRigure4.16.

iv.  TheFigure4.18(a)(b) emphasizéhe deformation by distorticturing the tests
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Figure 4.157 150x105GPFr specimen (a) equilibrium pathP v snd (bjyeformed configuration
evolution.
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(b)

Figure 4.161 Deformed configurations at the onset of collapse of specimens (a) 100x7R&
100x100CPF, 130x91CGPr and 180x126C-Pr and (b) 100x70GPFr, 130x91CGPFr, 150x105CPF¢
and 180x126CGPFr.
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(b)

Figure 4.1771 Joint view of the specimenga) 100x70CGPr/100x100GPr/130x91GPr/180x126CGPr
and (b) 100x70GPFr/130x91CGPFF/150x105CGPFr/180x126GPr after the load removal.

,i!“!\f ;.

(b)

Figure 4.181 Close view of the most deformed region of specimen (a) 150x1568€and (b)
150x105CGPFk just after collapse.
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5 Numerical Investigation

This chapter presents the numergtall finite element (SFEhethodologesfor
Eigenbuckling, postbuckling and ultimate strength analysis as well the behavior of cold
formed steel columns under centered compression subject to distortional buckling with
differentboundaryconditionsi.e., (i) end-boltedand(ii) end-bolted andixed.

5.1 SFE Model

The column distortional postuckling equilibrium paths and ultimastrength
values were determined through geometrically and materiallyinear SFE analysis
carried out in the code ANSY[2]. The columns were discretized into SHELL181
elements (ANSYS nomenclaturé-nodes shear deformable tkshell elements with six
degrees of freedom per nodel] integration anddegeneration in triangular elemgnt

5.1.1 Loading and End Conditions

This section describes the numerical methodology to simulaeatheolted(Pe
andPg) andendbolted andiked condition PF- andPFg) described in chapté:

For frictional loading, the compressive fosagere considered nodal, dividing
its magnitude by the number of existing nodes in washer Bigare 5.1(c) shows the
nodal loading in the washer areaeloundary conditions adopted were the displacement
restriction inXandY directions and the rotationaround#ia x i s over t he washe

For bearing loading, a pressure in contact line was considered-ipee
5.1(d)). Studies have show(seeappendixB) that the angle of the circular sector of the
contact is approximatelg=97.2° (1.696 rad) and theaddistribution can be considered
as a gradient so that its intensity decreases from the center (greater ir@@risitthe
ends (null) and that such gradiezatn be considerekéhear q(d)=Q(1-2dl). Figure 5.2
shows this load distributioandthe constantQ can be calculatedccording to integral
shown inthe same figureThe boundary conditions adopted were the displacement
restriction inX andY directions over the contact bdible lines(seeFigure5.1(d)).

For endbolted columns, the web center point (node) was restricted its
displacement in thg direction. On the other hand, fendbolted andixed columns, an
endplate (8mm thicknessyvas restricted over all directions and all rotations.
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Figure 5.1 17 SFE model for columns: general and mesh density for (@nd-bolted and (b) end-
bolted andfixed with boundary/loading conditions for (c)friction al and (d) bearing connections.
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Figure 5.271 Linear load distribution in bearing type connection
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5.1.2 Analysis

The numerical analgs were developed in two stepg:Eigen buckling andii()

postbuckling analysis.

(i) Eigen Buckling Analysis

This step applies to thmodel the squash loaB\j, consideringy=34.5 kN/cm?
(yield stress)E=20500 kN/cm2Y o u nngpdutus) ancdg=0.3 P o i s sato). dren an
elasticstatic analysis was carried out for the creation of the stiffness matrix, followed by
the eigenvalues andi@-vectors analysis, of which the main results are the qualitative
deformed forms of elastic buckling and their relationship between the dlastting
loads and the squash load, thus enabling the numerical determination of the critical

buckling loads.

(i) PostBuckling Analysis

All post-buckling analyss were performed by means of an incremeteedtive
technique combinindNewtonR a p h smeth@dswith anarc-length control strategy,
where axial forces are always increased in small incrementgingilthe ANSYS
automatic load stepping proced{iB&]. All columns exhibited an elastfmerfectly plastic
material behaviorHrandttR e u smedelsvon Misesyield criterion and associated flow
rule). No strain hardeningy corner effectarereconsideredas wellasno residual stresses
were included in anasgs.

Two numerical methodologies of pdstickling analgis were developed in this
work: (1) for validation of the experiments and) for parametric study, as described in
the followingi both considering two types of loading (frictional and beatyqe) and
two types of boundary conditiong)(end-boltedand(ii) end-bolted andixed).

(ii1) Numerical methodology for experiments validation

The materials for these ansd are characterized By20500 kN/cm? and yield
stresse$,=35 kN/cm? for galvanized steel [67] or E=21000 kN/cm?2 and yield stresses
fy=42.6 kN/cm? for carbon steel[69] (mechanics proprieties reporteddir2), 3=0.3 for
both types of steel was assumed.

Figure5.3 shows the localizations ondimiddleline of keypoints used to form

the sections numbered from 1 up to 25,
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with its localizations also displayed iRigure 4.8. The incorporation of the initial

geometric imperfection was based on the collected measurements described4i item

as follows: (i) for each reading performbyg the seven DTs a sixth degree polynomial

was regressed wth abscissa was the measured length (DT8) normalized by its measured

lengthLo (seeFigure4.1), then (ii) the lengtho was divided into 20 equal parts and in

each section the keyoints were positioned according to the respective undeformed

position corrected by polynomials that ulc e

t he

fimovement so

of

instance, the positions of kgyints from 1 up to 7 are influenced by DT1 reading in

direction and by DT3 irX direction, the positions of kegoints from 8 up to 12 are

influenced by DT2 reading ¥ direction andoy DT3 inX direction, the position of key

point 13 is influenced only by DT4 i direction and so on. Note that for the creation of

imperfect geometry, the corrections of the positions ofp@pts must take into account

the DTs reading sign convent®and the coordinate system that have the same sign just

for DT6 and DT7.

The severinitial approximation longitudinal functions were then used to obtain

the column dAinitial

y

i mperfect

configurat:.

In order to illustrate the quality of the output of this proced&igure 5.4
compars the measured 180x126@: and 180x126cPFr columns (DT1 up to D7)

shown as diamond shaped markers with their approximations obtained by means of

polynomial regression functions. It is clear that there is an excellent correlation.

Y
18 DT6 DT7
17 19
16 20 21
DTEC—+— 25
X
DT4~ 3
1
| —
DT312 q;Z 3
11 :4
10 S
9 g 7 6
DT2 DT1

Figure 5.31 Key-points localizations on crosssections toform the 3D numerical model.
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(b)

Figure 5.417 Comparison between the measured and approximated column DTs displacement
concerning to (a) 180x126&Pr and (b) 180x126CPFr specimens.

@

(b)

Figure 5.5 - Geometry of (a) 180x126€Pr and (b) 180x126CGPFr columns considering reading
initial imperfections scaled by a factor of 20.
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Figure 5.5 illustrate the geometry of numerical model of 180x12BE and
180x126CPFr columns, where the DTFI readings were scaled by a factor of 20 to
facilitate visualization of initial imperfections. In this figure is possible to see that these

imperfections are in accordance to the graphi€igure5.4.
(ii2) Numerical methodology for parametric post-buckling analysis

In this analgis, it was considered thet=20500 kN/cm2Y o u nngpdukis) and
m=0.3 P o i s saefficterst). For edt columnpresented iMable3.1 fourteen different
steel gradesfy) were incorporated into the numerical mod=ssidering (i)endbolted
andendbolted andixed end conditions and (ii) frictional and bearitype loadim.

The imposition of the criticainode initial equivalent geometrical imperfections
in the columns was made automatically by means of the following procedure: (i)
determination of the critical buckling mode shape, through an ANSYS shell finite element
Eigen buckling analysis, that adopted exactly the same discretization/mesh employed to
carry out the subsequent pdmtckling analysis, which was then (ii) scaled to exhibit
maxi mum Avertical 06 di splacements along the
(i) t0.(liotfgeeE.(2AD)A nd ( itiendpoltéd aridxel columns)and
0 . 2 3eAdbolted columns) i these amplitudes were selected according to
LANDESMANN and CAMOTIM [31], the recommendation of SCHAFER and PEKOZ
[34] T Eq. (2.11) and average readings in the test specimens described ii&m
respectively. This output of the Eigen buck
input of the norlinear one.

The postbuckling analgis is subdivided into (i) elastic and (ii) elas{tastic
with the ultimatestrength

The elastic posbuckling analysis aims to determine the gastkling behavior
for elastic material, of which the main result is the elastic equilibrium path. Analyzing the
elastic equilibrium trajectories faolumrs with (i) end-bolted and (ii) end-bolted and
fixed end conditions is possible to determine the buckling mode (if distortional or not).
Additionally, the equilibrium trajectory accounts for which initial geometric
imperfection, if inward or outward flang@notion®, results in lower equilibrium path.

In elasticplastic postoucklinganalysis a perfect elastiplastic material for steel
is implemented to the model being used plasticizing criterioronfMiseq3]. Also in

this step applies to model a compressive force equal to the squasPJodthé main
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outcome of the elastiplastic postouckling analysis, beyond the equilibrium path is the
ultimate strength, which is defined as the greatest force reached in the st

trajectory of theequilibrium.

5.1.3 Mesh

Four maximum element dimensions were tested to form the mesh. The meshes
were M1 with 21.2 mm maximum elemesite M2 with 10.6 mm, M3 with 5.3 mm and
M4 with 2.65 mm.

In the middle lines of bending was considered a magnitude of radius equal to the
wall thickness. In this region was considered four elements to compose such curvature
and in straight section of the edge stiffener were considered at least two elements. In

Figureb.6 is illustrated the elements highlighting fold line and in the lip elements:

Figure 5.6 17 Mesh, (a) elements in the fold line and (b) in thedge stiffener

In the following example, the meshes (M) wereperformed in 100x10®
column in this test it was used an elagtiastic steel whose yield stressfjs= 34.5
kN/cmz, E = 20500kN/cmz2 (Y o u nngodudus) and =0.3 P o i s satia). in&igure
5.7 arerepresented tlse four meshes

Figure 5.8 illustrates the equilibrium path in tested meshes for 100#£00
column, in this graph the ordinate axis is given by the applied &) and in the
abscises axis is given by maximuisplacement/(cm) in the middle of the span on the
Y direction. AnalyzingFigure5.8 is noticed that the equilibrium trajectories for the M1

and M2 meshes are slightly above of others, since the M3 mesh equilibrium path is very
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close to the M4 with the exception that the

in other words, with less difficulty regarding numerical convergence.

7
x4

Figure 5.71 Finite element meshes M1, M2, M3 and M4 in 100x16Br column.

180 1 P (kN)
135
M1
——M2
90
M3
— M4
45
d(cm)
0 1 1 1 1 J
0 0.2 0.4 0.6 0.8 1

Figure 5.8 Elastic-plastic equilibrium path P vs.din tested meshes for 100x16Br column with
initial imperfections 0.1Aihward*.

“The Adirectiond (inward or outward) 58ff the initial
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Tableb.1 shows the results of tested meshes where the criticallméte load

were obtained from Eigen buckling and elagtiastic postouckling analyss.

Table 5.1 - Critical and ultimate load to tested mesh in 100x10®= column

Mesh M1 M2 M3 M4
Criticalload | 0. 7P36 0. 7Pj9 0. 7749 0. 7Py 8
Ultimate load | 0. 6P)2 0. 5P86 0. 5P/ 3 0. 5P42

The relative difference of the critical load of buckling of M1 mesh to M4 mesh
Is 1.03% and the relative difference between theoMi3 mesh to M4 mesh is 0.13%.

The relative difference of the ultimate load of the M1 mesh to the M4 mesh is
11.7%, the relative difference of the mesh M2 to the mesh M4 is 8.12% and the relative
difference of the mesh M3 to the mesh M4 is 5.72%, notingféihabhe M4 mesh there
wasnumerical convergence difficulty and the solution was interrupted prematurely.

Considering the results of tested meshes, the discretization finite element chosen
for the acquisition of the results was the mesh M3 with maximum elements of size of 5.3
mm agedng with LANDESMANN and CAMOTIM [31] which maximum size

considered was 5 mm.

5.2 Validation Study

In this section, the numerical ANSYS SFE validation study is presented. This
study compares experimental results reported in settiavith the caresponding values
provided by the column geometrically and materially inear analges, which
procedures was described in sectoh

Table5.2 provides for the specimens (i) their experimental failure loads (already
presented inTable 4.6), (i) the column numerical failure loads and (iii) its relative
differences with regards to the experimental ones.

Assuming that the columns considered in this validation study had presented
similar structural responses, four representative cases were selected for the presentation
of individual results and subsequent discussibitgire5.9 andFigure5.10 compare the
numerical and experimental (i) equilibriumtpaP vs.01 ,1 and ) and (ii) failure
modes (deformed shapes at the onset of collapse) for 136R91G30x180CPsg,
130x91CGPFr and 150x105€PFr columns. The following observations were made from

these comparisons:
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Table 5.2 - Experimentally tested columns with their (i) experimental and (ii) numerical failure
loads and (iii) percentage difference between them.

p

Pugp  Pumem  Piee” Rinum

(kN) (kN) Riew

100x70G Pr 162.6 167.8 -3.20%
100x70G Pr 184.2 193.5 -5.05%
100x100CGPr | 163.0 1741 -6.81%
130x91G Pr 161.5 162.8 -0.82%
130x91G Pr 192.2 187.4 2.49%
130x130CGPs | 106.5 106.8 -0.27%
150x105GP- | 151.4 155.3 -2.59%
150x105CG P+ | 160.5 171.5 -6.85%
150x150C¢Ps | 101.7 111.7 -9.87%
180x126CG P | 152.6 159.7 -4.66%
180x180C Ps 90.8 96.1 -5.84%
200x140CPs | 121.0 112.5 7.04%
200x200C Ps 86.0 85.6 0.52%
100x70GPFr | 167.0 175.9 -5.35%
100x100CGPFs| 144.2 160.5 -11.29%
130x91GPFr | 183.0 190.5 -4.10%
130x130CPF:| 134.0 144.0 -7.46%
150x105CGPFs| 176.7 186.1 -5.31%
150x150CGPFs| 116.2 118.3 -1.83%
180x126CGPFs| 144.0 163.0 -13.21%
180x180CGPFs| 119.0 114.8 3.53%
200x140CGPFs| 125.7 128.1 -1.88%
200x200CGPFs| 99.0 102.2 -3.19%

Column

i.  First it is noted that the maximum absolute relative difference between the
experimental and numerical peak ldadl3.21% and most of thegalues are
less than 7.5%.

ii.  The numerical and experimental pasickling equilibrium pathsre close to
each other and showed a similar behavior. However, it should be noted that the
ductility was considerably higher in the experiments. Those differences concern
mainly the equilibrium path shapes and stem, essentially, from the factdhat (i
the experimental displacement control provided by the UTM was not fine
enough to enable capturing adequately the ductility prior to failure obtained in
the numerical simulations, andofii t he di spl acement trans
during a test, due to the meight crosssection rigidbody motion, which
means that the measured displacements do not concern exactly the same points
throughout a given test.

li.  With respect to the failure mechanisms, the numerical madedble to reflect
accurately the distortiondailure mode, in theséour cases, one symmetrical

inward halfwave.
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Based on the above facts it is possible to conclude that the SFE models can

represent with good accuracy the geometrically and materially nonlinear post

Iv.
buckling behavior and ultimate strgth.
130x91GP:
200 P (kN) P (kN)
150 + / 1
100 NUM EXP EXP NUM 1
50 |- |
D(mm) 1 (mm)

O L L J L L L L

0.0 0.5 1.0 15-12 -9 6 -3 0
200 [ P (kN) P (kN) 1
150 | / \ /\ 1
100 r NUM EXP EXP NUM N
50 | .

0 \ 1 (mm) g (mm)

-1 1 3 5122 9 6 -3 0

180x18OCPB
100 P (kN) | P (kN) T
75t 8
50 + 8
25 + 8

0 | | D(mm) 1 (mm) ‘

-0.5 05 10 15 20-35 -2 5
100 ¢ P(kN) Py | 10
75 475
50 + 1 50
25 425

1 (mm) (mm)
O L L L O
-1 1 335 -2 -15 5
(a)

20C

15C

10C

50

20C

15C

10C

50

10C

75

50

25
0
C

Figure 5.97 (a) Experimental and numerical equilibrium paths relating P vs.gpand a5, and (b)
numerical and experimental collapsemechanismsfor 130x91GPr and 180x180CPs columns
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Figure 5.1071 (a) Experimental and numerical equilibrium paths relating P vs.gpand @5, and (b)
numerical and experimental collapse mechanisnfer 130x91GPFr and 150x105CGPFF column.
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5.3 Numerical Results

results of the parametric study, involving the sections presenieabla3.1. The results
presented here are (i) elastic pbatkling analysis to determine thk@aver equilibrium

From the previously validated methodadleg) the following sections describe

8 6 -4
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pathconsidering thédirectiorbto the initial deformation according to critical distortional
mode( i nwar d or out wa (ideladtidplastiogpesbuckiing @analysis,n 0 )
collapse mechanism and comparison between modelgiw)tendboltedand(ii2) end
bolted andixed end considering loading by friction and contaetd finally (iii) ultimate
strength data

5.3.1 Elastic PostBuckling Analysis

In order to illustrate the elastic pdsiickling equilibrium paths obtained and
address the qualitative and quantitative assessment of how the column elastic distortional
postbuckling behavior is influenced by tlead support conditiongigure5.11 shows
the postbuckling equilibrium paths of the 200x200 columns exhibiting the four boundary
conditions dealt with in this work. Thesquilibrium pathglot the applied loa® against
the maximunmabsolutedisplacemenfd| occurring along the flangstiffener longitudinal
edges In theseexamples, the maximunmamplitude of critical buckling form amitial
geometric imperfectionsasconsidered as &.ITheobservation of these four sets of two

distortional elastic podtuckling equilibrium paths prompts the following remark:

200 - P (kN) P 200 [ P (kN) PF,
150 | 150 E
100 | E 100
1(= o/
| d| (mm) | | d| (mm)
O L | | | | 0 L | | | |
0 10 20 30 0 0 10 20 30 40
200 P (kN) P, 200 - P (kN) PF,
150 | 150 E
100 E 100
50 | (: 50 | (:
; | | | d) (mm) | | | dl (mm)
0 10 20 30 40 0 10 20 30 40

Figure 5.117 Elastic equilibrium path P vs.| d|to 200x200 columns unde(i) end-bolted and (ii)
end-bolted andfixed end conditions frictional and bearing load type with initial distortional
outward and inward deflections.

i.  The postbuckling strength increases as one travels along the column end
support condition sequende to PF agreeing with LANDESMANN and
CAMOTIM [31].
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ii.  The same can be said to the loading sequence bagp@do frictionaitype.
lii.  The lower equilibrium path is the inward initial distortiomaperfection.

5.3.2 Elastic-plastic PostBuckling Analysis and Ultimate Strength

Attention is nowdevotedo the qualitative and quantitative influence of the end
supportand bolt loaetype conditionson the column elastiplastic distortional post
buckling and ultimate strength behavior. In tkisction,the columns with different
geometries (dimensio@dlengths) presented ihable3.1 are discussed consideri(iyy
the material mechanics propriefy=34.5 kN/cm? (yield strength)E=20500 kN/cm?
(Y o u nngpdukus) and=0.3 P o i s satopadds(ii) the initial imperfection agitical
distortionalinward buckling with maximum amplitude of ©.1

Table 5.3 shows for eachboundarycondition (i) the critical (distortional)
buckling loadsP«.p (already presented ifable 3.2), (ii) the distortional relative
slenderness ratio and (iii) the relationship between the ultimatePlogabtained from
ANSYS seconebrder elastigplastic shell finite element analg$ with the critical
buckling load\which provides an estimation of the pasitical reserve) together with the

corresponding meavalues and standard deviations.

Table 5.3 - Distortional critical loads, distortional slenderness and ultimatdoad ratios for Pr, PFr,
Ps and PFg columns

(Pe)

(PFg)

(Ps)

(PFg)

Column

I:>Cr.D
(kN)

/

v

0

IDcr.D
(kN)

/

U s

PCr.D
(kN)

/

U g

I:)cr.D
(kN)

/

v

0 ¢

100x70

100x100
100x142.9
130x91

130x130
130x185.7
150x105
150x150
150x214.3
180x126
180x180
180x257.1
200x140
200x200
200x285.7

321.4
217.8
142.0
234.1
157.9
102.7
196.7
134.0
85.8
159.0
106.6
69.0
139.8
94.2
60.7

0.84
1.13
1.59
1.11
151
2.13
1.30
1.76
2.50
1.59
2.16
3.05
1.78
2.43
3.42

0.51
0.74
1.01
0.69
0.96
1.18
0.81
1.038
1.29
0.96
1.21
1.41
1.05
1.28
1.46

330.7
236.5
151.9
264.8
172.8
114.7
214.7
153.1
94.5
175.5
117.3
74.7
154.0
103.1
66.3

0.82
1.09
1.54
1.05
1.45
2.01
1.25
1.65
2.38
151
2.06
2.93
1.70
2.32
3.27

0.49
0.69
0.96
0.63
0.89
1.08
0.76
0.94
1.20
0.89
1.11
1.36
0.98
1.18
1.47

322.9
215.5
139.7
2355
157.0
101.6
198.7
132.3
85.5
159.6
106.6
68.6
140.9
93.8
60.3

0.83
1.14
1.60
1.11
1.52
2.14
1.30
1.78
2.50
1.58
2.16
3.06
1.78
2.43
3.43

0.52
0.75
0.92
0.70
0.90
0.98
0.76
0.93
1.01
0.92
1.04
1.08
0.99
1.16
1.13

349.4
234.4
154.0
264.1
171.4
113.3
214.1
145.4
96.5
175.3
119.3
775
154.2
102.6
67.0

0.80
1.09
153
1.05
1.45
2.02
1.25
1.69
2.35
151
2.05
2.87
1.70
2.32
3.26

0.48
0.39
0.90
0.64
0.87
1.01
0.77
0.94
1.10
0.88
1.02
1.28
0.95
1.10
1.41

Mean

S.D.

1.4
0.27

0.98
0.27

0.92
0.17

0.92
0.27
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Figure5.12 displays, for each end support and bolt igek condition, samples
of nonlinear (geometrically and materially) equilibrium paths determined to obtain the
ultimate load<P, (identified by white circles) these equilibrium paths concepg, Pg,
PFr andPFg for 100x70, 180x126 and 200x140 columns where the ordinate axis is given
by the compressive forde@ normalized by the critical distortional buckling lo&d p,
since theabscissa is given by maximum absolute displacem#horn the Y axis
normalized by wall thicknegs Figure5.13 depicts the column deformed configurations
occurring in the close vicinity of the limit points of each equilibrium path displayed in
Figure5.12, alsoin this figure are shown theon Misesequivalent stress distribution. It
is worth noting that the deformed have been amplified by a factor of 2.5.

Figure5.14 and Figure 5.15 show the elastiplastic equilibrium path and the
evolution of its deformed configuration with tkien Misesquivalent stress distribution
(I at the beginning of yieldl andlIl in evolution andV at the ultimate load) for 200x140
() Pr and Ps and (ii) PFr and PFs columns, respectively. Also in these figures, the

amplitudes of the deformed have been scaled by a factor of 2.5.

L2 PRy Pe L2 [ PPy Py
08 | 08 |
180x126  200x140 .
0.4 0.4 180x126
| dl/t | d|/t
00 1 '00 1 1 J
0 2 4 6 8 0 2 4 6 8
12 _P/PCF.D PFF 12
200x140
0.8 | 180x126 0.8
0.4 H100x70 0.4
| d|/t | d|/t
0.0 ' L ' 1 0.0 L L L )
0 2 4 6 8 0 2 4 6 8

Figure 5.121 Elastic-plastic distortional equilibrium paths (P/Pcr vs.| U |/t) concerningPr, Ps, PFF
and PFg for 100x7Q 180x126and 200x140 columns.
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100x70Pk 180x126-Pr 200x140-Pr

100x70Ps

100x70PFr 180x126-PFr

180x126-PFg ’
115 19.2

Figure 5.1371 Distortional failure modes andvon Misesequivalent stresdistribution concerningPr,
Ps, PFr and PFg for 100x70, 180x126 and 200x140 columns.

200x140-PFe

100x70PFg 200x140-PFg

kN/cm?2 3.8

26.8 34.5
E—

After observing the elastiplastic distortional podbuckling and ultimate

strength results presentedrigure5.12 up toFigure5.15, the following conclusions can

be drawn:

i.  First, it is noted thathere is a slight difference between the equilibrium paths

concerning the (iPr andPs and (ii) PFr andPFg columns, respectively, which

are presented iRigure5.12 that shows that the ductility prior to failure also

varies slightly between these pair of colum(isgnd-boltedand(ii) end-bolted
andfixed).



ii.  Figure 5.13 depicts the deformed columns settings that occurs close to the
ultimate point for each equilibrium path describe#igure5.12, these promote
an accurate representation of the failure mode (distortional) displayed for
100x70/180x126/200x14BF, Ps, PFr and PFs columns. For each boundary
condition, the nature of failas is exactly the same as the distortional mode
shown by the Eigen buckling analysis.

1.5 -P/Pcr.D PF

Elastic

1.0 r

05 r

0.0 1 1 1

3.8 115 19.2 26.8 345

157 P/Ps p PB

Elastic
1.0 r |

I
Il

05 /I

|d]/t
0.0 : ! :

I EEESSEEEEE . ]
3.8 11.5 19.2 26.8 345

Figure 5.141 The elastic and elastieplastic equilibrium path with the distortional buckling collapse
mechanism for 200x140Pr and Ps columns.

iii.  Figure5.14shows in 200x140F andPs columns the yield begins at the loading
area, specifically near at holés see stagel. With the loading progress,
according to the columns present the distortional deformed, yield also starts at
stiffeners in the center of the spaseestagelll. Contnuing charging, occurs
the formation of one fAdistortional
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0.0
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seestagelV. In addition, the 200x148r column was slightly more resistant
than 200x14®g column, however, 200x14@ was more ductile than 200x140

Pr.
P/Pcr_D PFF ’
Elastic
gV
|
|d|/ t kN/cm=
o 1 2 28 115 1902 268 345
P/Per b PFB ’
Elastic
v
Ll
i |
ld]/t kN/cm2
0 1 5 3 4 3.8 11.5 19.2 . 34.5

Figure 5.157 The elastic and elastieplastic equilibrium path with the distortional buckling collapse
mechanism for 200x14@®PFr and PFe columns.

In Figure5.15 can be seen in 200x 140 andPFg columns the ld starts at

the loading regiofi see thestagel. With the progress of loading, according to

the columns present the distortional deforpadsb yield starts in lips about-%

height from the region between the holes to the fixed iesée stagelll.

Continumg charging
at same height as the beginning of lip yield &eagdV). As well, the 200x140
PFr column was slightly more resistahian200x140PFg column.
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5.3.3 Ultimate Strength Data

The aim of this section is to present and discuss the ultimate strength data
gathered from the parametric study carried out. In order to achieve a more meaningful
comparison, all the posiuckling results presented and discussed in this section concern
columns made of a steel with their distortional slenderhes$Py/Pcrp)°° varying from
04to035 this slenderness are ensured by propce
stressesfy)°.

This parametric study, which involved a total of 2520 columns, corresponding
to all possible combinations of (i) the fifteen cresxtions described ihable 3.1, (ii)
four boundary conditions dealt with in this wotRe( Ps, PFr and PFg), (iii) fourteen
distortional slenderness and (iv) three differaakimum amplitudes of distortional form
as initial imperfection(seeitem ii> in section5.1.2 for each column. Table€1-20,
presented irmppendix C, provide the squash loadB €A f,), the associated distortional
slenderness valuéép) and all the numerical column ultimate loaBg)for each column.
Those four sets of values (one for each column boundary contlipepare also plotted
in Figure5.16 where on theerticalaxis is the ultimate loaB, normalized by the squash
load Py and on thénorizontalaxis the relative distortional slendernéss

Examining the type of failure of the columns plottedrigure5.16 it was found
that in some of them, especially those that distortional slendeisésss than 1.50,
occurred localized yielding in the region close to the holes (loading). In these cases, the
numerical solution was interruptég the programand he fAdevel opment 0 of
buckling was not possible. The collapse of these columasdeatified in the Tables C1
20 as Yield Nearby the Hole’ NH). In Figure5.17 is shown the qualitativelyon Mises
equivalent stresses distribution the 200x285.#PF, Pg, PFr and PFs columns with
/p?1.5 in which solutions were discontinued due to localized effect for the three initial
imperfectiong the deformed have been amplified by a factor of 2.5.

The criterion to determine the localized failure, besides the observation of the
equilibrium trajectory and the failure mode figure, Wak2A:) O y, KutdefeA. is contact
area an is the stress concentrator coefficient. Two contact areas were analyzed

represented by green linekigure5.2 andAc 2 represented by red line in the same figure,

5 Note that some of the yield stresses considered in this work are unrealistically high, led&lfpthtdt

largely exceed the current DSM limit for pgealified columns E/f,=340). The reason for selecting such
highyield stresses was to make it possible to analyses columns with high slenderness values, thus covering
a wide slenderness ranga1l].
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thus, Ac1 = dra-(t+2-3.00)/2 = 21.5-1.696-(2.65+2-3.00)/2 = 157.7 mm? Agel =
37-a-112 =37-1.696-2.65/2 = 83.1 mm?2. Considering the localized failure occurs in lower

area Ac») theK factor was determined approximately as 2.8.

P/P °P¢ 0.1t P,/ P, °Pg 0.1t
v *P£0.23 ol °Pg 0.23
1.0 r oPg 1t : oPg 1t

05
0.0 : : 0.0 ‘ o
0 1 2 0 2 3
P./P, °PFg 0.1t P,/P, °PFg 0.1t
*PFr 0.1% 0 °PFg 0.1
1.0 | oPF 1t 1.0+ °PFe 1t

Figure 5.167 Numerical results Pu/Pyvs.f _concern toPr, Ps, PFr and PFs columns.

As the purpose of this work is notéwaluate the ultimate load of columns that
presents localized effects such columns were excluded from the analysis. From a total of
2520 columns, 25 Pr columns, 26 Pg columns, 29 PFr columns and others BPFg
columns were excluded. In sum4dscolumns were used for the numerical analysis in
this research. Replacing the graphicsFajure 5.16 by Figure 5.18 disregarding the
columns collapsed by localized effects, one can observe that tHeéfBws./pfic | oud s o
foll ow trends that c &nterdh ¢ p& © ccuhves Maecower, des cr i

smal |l er (accep

the fivertical di spersiono i s

friction (Ps andPFe).
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Figure 5.1771 Qualitatively distribution of equivalent von Misesstresses in 200x285 P, Ps, PFr
and PFe columns with¢ _°1.5 in which solutions were discontinued.

In examininghe numerical failure modes of thes&ldéemaining columns were
detected 267 cases of failure modes involving distortional/local interactiorP£1020
PFr and 39PFs columns)i in Figure5.18i gr ey mar ker so i denti fy t
failure modes exhibthisinteraction Figure5.19 shows the collapse mode arah Mises
equivalent stress distribution in 100xP8, Ps, PFr and PFs columns considering Ot1
inward flangegimotiond as the maximum distortional amplitude oitigl imperfection.
Whenever such evidence was found, the columns were identified in Tall28 &4
ex hi bDH.0 nfga ifil uFigwe5.18 siAolvsstitat the grey and white markers are
wel | Abl endedo, whi ch indicates t hat ul ti
distortional/local interaction follow exactly the same trend. Thieradtion was
considered week (agreeing with KWON and HANCO[1K]) and these columns were
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included in this investigation, since they collapse in predominantly distortional modes.
There was n®+L interaction in thePs columns.The criterion to determine the+L
interaction, besides the observation of the equilibrium trajectory and the failure mode

figure, wasP, reache$p1 L.

P,/P, oP: 0.1t D P,/P, °Pg 0.1t D
oP¢ 0.1t D+L °P50.23 D
1.0 + P:0.23 D 1.0 - °Pg 1t D
P 0.23 D+L
5 P 1t D .
& Pp1tD+L 8
0.5 B g
0.0 | |
0 1 1 2 3
P,/P, *PF£0.1t D P/ P, ©PF5 0.1t D
sPFe 0.1t D+L PFg 0.1t D+L
10 - *PF£0.12 D 10 - oPF50.19 D
*PF: 0.1a D+L oPFg0.1% D+L
oPFe 1t D . +PFg 1t D
Yo =PFeltD+L g o PFg 1t D+L
05 | %
0.0 ‘
0 1

Figure 5.187 Numerical resultsPu/Pyvs.f _ concern toPr, Ps, PFr and PFs columns disregarding
the columns collapsed by localized effects.

Analyzing the ultimate load results for each numerical solution carried out in
this work (Tables Ci120) it was noted that th&nal strength is not very sensible to
variations of the maximum amplitude of the initial imperfectiont(Odlto 1.@) with one
half-wave distortional inward shape. In fact, the maximums relative standard deviation
(S. D./Mean) are 4.91%, 6.94%, 4.94%1da6.88% forPr, Ps, PFr and PFs columns

respectively.
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f,=45.3kN/cm?
_F=0.950
FM=D

f,=198.5kN/cm?
_=1.988
FM = D+L

f,=384.6kN/cm?
_F=2.767
FM = D+L

f,=44.7kN/cm?
_I'=0.950
M=D

f,=195.7kN/cm?
_f=1.088
M=D

f,=379.1kN/cm?
_=2.767
M=D

fy=58.7kN/cm? |
_I=1.067
FM =D

fy=197.4kN/cmj
_F=1.957 '

fy=417.7kN/cm?
_F=2.847
M = D+L

fy=61.1kN/cm?
_F=1.067
M=D

fy=205.3kN/cm?
_=1.957
FM =D

f,=434.4kN/cm?
_F=2.847
FM = D+L

PFs

1/9 1/3 5/9 7/9 sify
| I I | |

Figure 5.197 von Misesequivalent stresses and collapse mode in 100x7?6, Ps, PFr and PFs
columns considering maximum distortional amplitude of initial imperfection equal 0.17 inward.
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6 DSM Design Considerations

This section addresses the applicability of the Direct Strength Method (DSM) to
estimate the ultimate strength of lipped chamo&imns failing in distortional modes and
exhibiting four boundary condition®{, Ps, PFr and PFg), experimentally tested and
numerically analyzed in this work. The first step consists of compBtBdPr.0 andPn e,
according toEgs. (2.12), (2.13) and(2.14), to 23 specimens described in chagtand
2520 columnsumerically analyzed in sectidn3.3 in order to assess the nature of the
columns collapse predicted by DSM. The prediction failure by the DSM to the 2520
numerical columns and 23 experimental specimens was distortional, rRupel#Pn.o.

All the Pnp nominal loads, together with the corresponding semelss values, are
presented inappendix C (Tables C1-20) for numerical results andable 6.1 for

experimental values.

Table 6.17 Experimental and DSM results concerning the columns behavior and strength.

Py fy Pcr.D Pu Pn,D U : 8
Coumn | () aniemd) = N k) M ) (kN
100x70GP- | 2274 350 084 3213 1626 D 1938 19338
100x70GP; | 2704 426 090 3317 1842 D 2193 2193
100x100GP: | 3198 426 127 1997 1630 D 1956 1776
130x91GP: | 2933 350 112 2318 1615 D 1994 1994
130x91GPr | 3563 426 118 2579 1922 D 2330 2256
130x130GP; | 4237 426 172 1431 1065 D 1921 1386
150x105GP. | 3309 350 132 1895 1514 D 1945 1703
150x105GP. | 3911 426 140 1993 1605 D 2175 1818
150x150GPs | 4787 426 193 1278 1017 D 1922 1288
180x126GP. | 4720 426 183 1415 1526 D 2013 1398
180x180GP; | 5700 426 249 922 908 D 1750 1019
200x140GP; | 5068 426 203 1226 1210 D 1932 1257
200x200GP; | 6380 426 278 824 80 D 1732 953
100x70GPF; | 2566 426 092 3031 1670 D 2052 2052
100x100GPF: | 3143 426 124 2042 1442 D 1958 1808
130x91GPF: | 3449 426 112 2730 1830 D 2346 2346
130x130GPF: | 4105 426 158 1636 1340 D 2024 1545
150x105GPF: | 3996 426 132 2278 1767 D 2344 2048
150x150GPFs | 4916 426 179 1529 1162 D 2137 1501
180X126GPF- | 4565 426 169 1598 1440 D 2108 1539
180x180GPFs | 5854 426 229 1113 1190 D 1963 1193
200x140GPFs | 5129 426 187 1465 1257 D 2133 1459
200x200GPFs | 6394 426 258 963 990 D 1889 1080

Table6.1 summaries the experimental and DSM results obtained in the course
of this work and provides the corresponding (i) squash Id3is(i() steel yield strength
(f,), (iii) distortional slenderess values §), (iv) critical load elastic distortional buckling
(Pcr.p) numerically calculated, (v) ultimate load3,)( experimentally obtained, (vi) the
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failures mode EM) observed, which were only distortion&)( (vii) DSM distortional
ultimate strength estimatesP{p) and (viii) the ultimate strength estimates DSM
distortional design curve suggested by LANDESMANN and CAMOT3] (0°g ).

Pu/P P:0.1t Do 1.5

y P: 0.1t D+L o Pu/Pnp
10 PF 0.23 D~
Pr0.23 D+L o
PeltDo 1.0
Pe 1t D+L &
05 Pr EXP.
Eq. (213) - 0.5 -
2 /_ -
0.0 ‘ ‘ ! ! D 0.0 | | | /\D
0 1 2 3 0 1 2 3
. 1.
Py / Py Ps 0.1t D 5 Pu /Pn.D
1.0 Pg0.23 D ©
PsltD"
Ps EXP. 1.0
Eq. (213)—
0.5 t
0.5 |
/
0.0 ‘ 0.0 ‘ ‘ LD
0 1 2 3 0 1 2 3
P /P PFe0.1t Do 1.5
uty PFr 0.1t D+L o Py /Pnp
1.0 PFF0.12D
PFe 0.12 D+L » 1.0 pEE RS
PFe1tD o : s BT
PFe 1t D+L =
05 - PF: EXP.
Eq. (213) 0.5 -
/_ —
00 | | | . D 00 ‘ ‘ ‘ /D
0 1 2 3 0 1 2 3
P /P PFs 0.1t D° 1.5
Lo e PF5 0.1t D+L © Py/Pop
. PFs 0.1 D
PFg0.1% D+L * 1.0
PFs 1t Do
PFg 1t D+L =
0.5 - PFgs EXP.
Eq. (213)— 0.5
'/ /
0.0 ! ! ! D 0.0 ! ! ! . D
0 1 2 3 0 1 2 3
(@) (b)

Figure 6.17 (a) Comparison between the numerical and experimental ultimate loads with current
DSM distortional curve (Pnp) and (b) Pu/Pno vs.f - for Pr, Ps, PFr and PFs columns.
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numerically obtained ultimate loads that buckle in distortional modes and exhibit either
distortional or interactive locadlistational collapses along with experimental data
described in sectiod.5.2 concerningPr, Ps, PFr and PFs columns.Figure6.1(b), on

the other hand, shows the correspond?a@n.o vs./p plots (values given in Tables C1

Figure 6.1(a) compares the current DSM distortional design curve with the

20 andTable6.1) thus providing pictorial representations of the accuracy and safety of

t he

whose failure modes exhibitsdiortional/local interaction. The observation of these pairs

DSM

u l

ti

mat e

strength

of figures prompts the following remarks:

It is possible to see ifrigure 6.1(a) thatdata obtained numerically and

experimentally follows the same trend and are mixed with each other. This

esti

mat es.

shows a correlation between the numerical and experimental data.

It is readily observed that their ultimate strengths are excessively overestimated
by the DSM design curvdn Figure 6.1(b) it is noticeable the numbe of

Pu/Pn.p values closely below and/or above.0lhis fact indicates a progressive

deterioration of the (already poor to start with) quality of the DSM distortional

n

ultimate strength estimatebhis can be verified through the averages, standard

deviations, maximum and minimuR/Pnp values presented ifiable 6.2 for

numerical and experimentF, PB, PFF andPFB columns.

Table 6.2 Pu/Pn.p values for numerical and experimentalPr, Ps, PFr and PFs columns

Pu/Pn.D PF PB PFF PFB

Num Exp Num Exp Num Exp Num Exp
Mean 0.81 0.80 0.58 0.55 0.80 0.74 0.65 0.57
S. D. 0.13 0.04 0.09 0.05 0.13 0.06 0.06 0.04
Max. 1.09 0.84 0.91 0.63 1.07 0.81 0.93 0.61
Min. 0.54 0.74 0.44 0.50 0.57 0.66 0.54 0.52

is not suitable for application iRr, Ps, PFr and PFg columns. Therefore, it may be

necessary to consider different DSM design curve to predict efficiently the distortional

In view of the above facts, it can be stated that current distortional DSM curve

failure loads of these columns.

experimentally study carried out in this worlcén bethe proposal of LANDESMANN
and CAMOTIM [31] described by Eq(2.15). Figure6.2(a) relates this proposed DSM

Guided by the ultimate strength data acquired through the parametric and
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distortional curve §°3 ), comparing with results obtained in this woBkgure 6.2(b)

shows the correspondifRy/0°g vs./p plots (values given in Table andTable6.1).

P,/P P-0.1t Do 2.5
y P=0.1t D+L o
1.0 7\ P-0.23D- 2.0
Pc0.23 D+L »
@\ Pe1tDo 1.5
\% Pe 1t D+L ®
0.5 - 2 P: EXP. 1.0
Eq. (2.B)
% ~ 05 -
= / -
00 | | | | D OO ) | | (D
0 1 2 3 0 1 2 3
P/P Pe0.1tD o 25
utly Ps0.23D P,/Pp
10 PeltD o 20 -
Ps EXP.
o Eq. (2.B) — 15
05 r 1.0
05 -
/.
0.0 ‘ 0.0 ‘ ‘ P
0 1 2 3 0 1 2 3
P,/ P PF: 0.1t D° 2.5
Y PFe 0.1t D+L ©
1.0 RN PF:0.194D° 2.0
PFr 0.1 D+L ©
\ PFe1tD?® 15
PFr 1t D+L ®
05 - i PFr EXP. 1.0
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10 PF0.12D o 20 L
\ PFg0.19 D+L «
. PFe1tD o 15 -
e\ PFg 1t D+L =
05 PFgs EXP. 1.0
Eq. 2.B) —
05 | B
Sy /
0.0 ! ! ! D 0.0 ! ! ! , D
0 1 2 3 0 1 2 3

Figure 6.21 (a) Comparison between the numerical and experimental ultimate loads with the DSM
distortional curve (|}i4) and (b)Pu/ || g vs.f  for Pr, Ps, PFr and PFs columns.
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For this proposal the averages, standard deviations, maximum and minimum

Pu/0’5 values are given ifiable6.3 for numerical and experimenta¢, Ps, PFr andPFs

columns.
Table 6.31 Pu/ |- g values for numerical and experimentalPr, Ps, PFr and PFs columns

Pu/ng Pr Ps PFr PFs
Num Exp Num Exp Num Exp Num Exp
Mean 1.36 0.89 0.96 0.86 1.34 0.84 1.09 0.89
S. D. 0.30 0.09 0.07 0.08 0.31 0.06 0.12 0.09
Max. 2.13 1.09 1.19 0.96 2.06 0.94 1.32 1.00
Min. 0.86 0.81 0.83 0.77 0.78 0.78 0.79 0.77

The curve suggested by LANDESMANN and CAMOTIBL] i (Eg. (2.15))
best

Afitso

Afagreemento

t o

t he

occurs

numeri cal

mai n

|y

i n

and

t he

c Pk umns

andPFg) due to thesmaller vertical dispersion. On the other hand, for the columns which

load condition is frictional B= and PF¢), this proposal is also safer in relation to the

current DSM distortion curve.

6.1 Load and Resistance Factor Design (LRFD)

This section addresses the evaluation of the LRFD (Load and Resistance Factor

Design) resistance factbrassociated with the proposed DSised design approach.

According to the North American coefdrmed steel specificatid23], f is calculated by

the formula given in section K.2.1.1 of chapter K,
f =G (Mo ) & @ V88

where (i)Cr is a calibration coefficientd;=1.52 for LRFD), (ii)Mnw=1.10 and~»=1.00

with

(6.1)

are the mean values of the material and fabrication factor, respectively, iéithe target

reliability index ((=2.5 for structural members in LRFD), (iW=0.10,Vr=0.05 and

Vo=0.21 are the coefficients wériation of the material factor, fabrication factor and load

effect, respectively , and (©Qp is a correction factor that depends on the numbers of tests

(n) and degrees of freedomr#n-1). In order to evaluaté for the proposed DSM

procedure, it is necessary to calculBteandVp, the average and standard deviation of

thePy/0°g ratiosi thePy values are either experimental, numerical or experimental and

numerical.
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Table6.4 shows the nCp, Pm, VP andf values obtained for the column failure
load predictions provided by tHeANDESMANN and CAMOTIM [31] DSM design
approach for the experimental, numerical and combined failure loads. It is observed that:

Table 6.47 LRFD f values according tg[23] concerning the prediction of the experimental,
numerical and combined failure loads obtained in this work by the proposed DSM design

approach.
n Cp Pm Vo f

Exp. 8 1.58 0.89 0.10 0.76

Pr Num. 405 1.01 1.36 0.22 1.00
Exp. + Num. 413 1.01 1.35 0.23 0.99

Exp. 5 2.40 0.86 0.09 0.72

Ps Num. 414 1.01 0.96 0.07 0.86
Exp. + Num. 419 1.01 0.95 0.07 0.86

Exp. 6 1.94 0.84 0.07 0.74

PFr Num. 411 1.01 1.34 0.23 0.98
Exp. + Num. 417 1.01 1.34 0.23 0.97

Exp. 4 3.75 0.89 0.11 0.68

PFs Num. 414 1.01 1.09 0.11 0.95
Exp. + Num. 418 1.01 1.09 0.11 0.94

Combined Exp. 23 1.15 0.87 0.09 0.77
Columns Num. 1644 1.00 1.18 0.24 0.85
Exp. + Num. 1667 1.00 1.18 0.24 0.85

i.  When the total (experimental and numerical) failure load data are considered,
the resistance factor values associated with each proposed-aSad
procedure are{) f =0.76 (Pr columns) f =0.72 (Ps columns)f =0.74 PF¢) and
f=0.68 (PFs columns), for the experimental datay) (i =1.00 (P columns)
f=0.86 P& columns)f=0.98 PFr columns)andf =0.95 (PFs columns), for the
numerical data, andsfif=0.99 (Pr columns) f=0.86 s columns),f=0.97
(PFr columns)andf =0.94 (PFs columns), for the experimental and numerical
data.

ii. There is quite solid evidence thit0.85 can be recommended ) end

boltedor (ii) end-boltedfixed lipped channel colfbrmed steel columns.

5 North AmericanAlSI-S100[23] specification valueecommendefbr cold-formed steel compression
members.
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/ Concluding Remarks

This work reported a numerical (ANSYS shell finite element analysis) and
experimental investigation on the influencesatiboltedsupport conditions on the pest
buckling behavior and DSM (Direct Strength Method) designppielil channel cold
formed steel columns buckling and failing in distortional modes.

The columns analyzed exhibited (i) two end support conditions, gdimetnd
boltedand(i2) endbolted andixed, (ii) two boltedloadtypesi frictional and bearing
type, (iii) fifteen geometries ofippedchannelscolumns(various lengths and croess
sectiondimensios) and (v) several yield stress@gere considered’ hese characteristics
were carefully selected (i) to ensur e, as
and failure modesd.€., to preclude interaction with local and/or global buckling modes)
and (ii) to cover a wide (stortional) slenderness rg@. The experiments contributed to
validate numerical methodol@gwhich in turn increased the amount of data.

The ultimate strength data acquired during the performanteeqfarametric
study involving1644 columnsand 23 specimens (¥hdboltedand 10endbolted and
fixed) weretested. These data wetteen used to show that, regardless of the column
geometry (and corresponding distortional gwmstkling features), the current DSM
distortional design curve is not able to predict adequately the ultimate lo&ji€od
boltedand(ii) end-bolted andixed lipped channetolumns

Therefore, adequate ultimate strength estimates fofittendbolted and (ii)
endbolted andfixed columns analyzed in this work could only be achieved by an
additional DSM distortional design curve. Based on the results obtdioen the
experimental tests and parametric study carried out, modified distortional design curve
was proposed for these columns. In fact, such a modification is the confirmation of the
suggestion made by LANDESMANN and CAMOTI1]. The failure load predictions
yielded by this proposed design curve are conservadiviictional loadtype columns
with _['>1.5taking into account the vertical dispersion of the numerical @uathe
ot her hand, this pr otgpelsaddoluning. in pastioulargionasd f or
confirmed (even reinforced) that the LRFD resistance fdet0r85, currently prescribed
in North American coleormed steel specificatiof23] for the design of compression
members, can also be safely adopted for the failure load predict{greattboltedand

(i) endbolted andixed lipped channetolumnsby the proposed DSM desigpproach.
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Finally, four importantresultsemergefrom this study:(i) the postbuckling
strength increases as one travels along the column end support condition s€giwence
PF agreeing with LANDESMANN and CAMOTIM31], (ii) the same can be said to the
loading sequencbearingtype to frictionaltype, (iii) the distortional/local interaction
was considered week agreeing with KWON and HANCJC8] and(iv) the ultimate
strength is not sertsie to maximum amplitudevariation of theinward halfwave

distortionalinitial imperfection deals with in this research (Qp to 1.@).
7.1 Suggestions for future works

In order to prove robustness and universatifythe proposed methodit is
suggesteanore compression tests.

Themethodologypresented hergan be usenh different crosssections such hat,
rack and Zsectionamong othersAlso, it can be studied imembes underaction of
bending momentsr combined axial and bendingading

Furthermore, the influence of the ehdlted conditionsin columns with
longitudinal web and/or flange stiffeners, punchemlumns and subjected to high
temperaturesould beinvestigated

Also, it can be studied web ehdlted connections.
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Appendix A

In this appendix are presented the specimen datasheets showing:

the specimens design (side, front and top view) with the displacement
transducers readings (D71 i see Figure 4.8) of the initial
imperfections.

the measured dimensions at the three esestionsaccording td-igure

A.1 in section9-0.51Lo (seeFigure4.1), the average length&d, Lt
andLo), the distance of the web to the hole bordbe), the hole diameter

(ds), the calculated area according to the measured dimensions average
(A), the squash loadP’() and ultimate loads™)).

the experimental equilibrium patfsvs.07 ,7 and] with the

specimendefore and after the test.
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Figure A.1 - Cross-section measured dimensions in lipped channel specimens
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Figure A.2 - 100x70GPr column (a) design and (b) initial imperfectionreadings.

Table A.17 Initial measures (mm), calculated area (cm?), squash and ultimate load (kN) for

100x70GPr column

. bw br by t
Position
- br1o br.76 b2 bze  t tze G @ [0 [o’)
0 100.45 68.00 70.83 10.80 10.21 2.62 2.67 90.0 92.0 90.0 89.0
0.5, | 100.07 68.30 70.75 10.68 10.46 2.64 2.67 90.5 925 91.0 88.0
Lo 99.99 68.80 69.55 10.66 10.68 2.65 2.67 88.5 90.0 90.5 90.5
Average| 100.17 69.37 10.58 2.65
LD LT LO ba df A Py Pu
Average| 400 471 330 13.19 215 6.50 227.4 162.6
200 ¢ P (kN) 200 P (kN)
150 150
100 100
50 t 50
A(mm) 82, (mm)
0 ; S0 - ' !
0.0 0.2 0.4 0.6 0.8 -2 0 2 4 6 8
200 P (kN) 200 P (kN)
150 | 150 +
100 | 100 -
50 F 50 -
&k (mm) &P (mm)
0 ) : : ' ) &
-1 0 1 (a)-2 0 2 4 6 8 e
(b)

Figure A.3 - 100x70GPr column (a) experimental equilibrium pathsP v s#T , #&and ﬁ;, and
column (b) before and (c) after the test.
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2. 100x70GPr
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Figure A.4 - 100x70GPr column (a) design and (b) initialimperfection readings

Table A.27 Initial measures (mm), calculated area (cm?), squash drultimate load (kN) for
100x7@C-Pr column

bw b by t

- br1o br.76 bz bz tiz  trw G @ Qs o
0 99.00 69.00 69.40 11.50 11.00 2.61 2.65 89.0 90.0 91.0 91.0

0.9Lo 99.00 69.40 69.30 11.50 11.50 2.57 2.58 89.0 89.0 90.0 91.0
Lo 99.40 69.00 69.00 11.00 11.50 2.53 2.58 90.0 88.0 90.0 91.0

Position

Average| 99.13 69.18 11.33 2.59
LD LT LO ba df A Py Pu
Average| 399 469 329 14.28 21.00 6.35 270.4 184.2
200 P (KN) P(kN)7 200
150 + 1 150
100 + 4 100
50 f 1 50
A(mm) {51-'32 (mm)
0 oo ‘ - 0
-0.5 0.5 1.5 -8 -6 -4 -2 0
200 P (kN) P(KN) 1 200 L&
150 4 150
100 F 1100 |f
50 F 150 |
8k (mm) 675 (mm)
0 ' b : : 0
-0.5 0.5 1.5 25 -8 -6 -4 2 0 8 o S :
@ (b) ()

Figure A.5- 100x70GPr column (a) experimental equilibrium pathsP v T, #gpand ﬁf_r, and
column (b) before and (c) after the test.
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3. 100x100CGPr
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Figure A.6 - 100x100GPr column (a) design and (b) initialimperfection readings

Table A.3 - Initial measures (mm), calculated area (cm?), squash and ultimate load (kN) for
100x100CGPF column

bw b by t

- br.12 br.76 bz b tz te @ ¢ & &
0 100.50 99.00 99.40 10.30 11.40 2.46 2.47 90.0 90.0 90.0 89.0

0.9Lo 99.50 100.00 100.00 10.30 11.40 2.45 2.44 90.0 90.0 91.0 89.0
Lo 98.40 100.00 100.40 9.00 11.00 2.44 2.45 90.0 90.0 91.0 88.0

Position

Average| 99.47 99.80 10.57 2.45
LD LT LO ba df A Py Pu
Average| 452 520 382 24.20 20.95 7.51 319.8 163.0
200 - P (kN) P (kN) T
150 T
100 1
50 - .
0 . . A (mm)I 6152 (mm)
0.5 0.5 1.5 25 .22 -18 -14 -10 -6 -2 3
200 P (kN) P (kN) 7
150 1
100 1
50 1
8y (mm) 875 (mm)
0 D s \ .
-1 1-16  -12 -8 -4 0

(a) ®  ©
Figure A.7 - 100x100GPr column (a) experimental equilibrium pathsP v 4T , #Epand ﬂf_r , and
column (b) before and (c) after the test.
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4. 130x91GPr
039 0 . 1.00 rDT8/Lo
Al [y A F T P A
|\E<n? ! - — \l - DT7
| ,E | |\8§~§ 0.75
| | | A
| | | - DT1
2| | S o o = 050 |
1 & 2 |l | =
| | | | 265 DT2
i I
a8 i I s e
E |@§ { _I/V 7 3039_| Upper view DTs
— EE o o
Side view Front view (a) ' -0.50 0.00 0.50
Figure A.8 - 130x91GPr column (a) design and (b) initialimperfection readings
Table A.4 - Initial measures (mm), calculated area (cm?), squash and ultimate load (kN) for
130x91GPr column
N bw br t
Position
- br.12 br.76 bz bz tiz  trw G @ G5 G
0 130.50 89.55 91.03 10.46 10.61 2.60 2.65 92.0 91.0 90.0 89.0
0.5, |130.19 89.86 90.83 9.90 10.69 2.66 2.68 92.0 90.5 90.2 89.0
Lo 129.85 90.51 89.93 9.50 10.64 2.66 2.65 90.0 90.0 89.0 93.0
Average| 130.18 90.29 10.30 2.65
LD LT LO ba df A Py Pu
Average| 450 521 380 19.59 21.50 8.38 293.3 161.5
200 [ P (kN) P (kN)q 200
150 4150
100 | 100
50 F 450
A(mm) 85 (mm)
0 a : : : 0
0.0 0.5 1.0 1.5 -12 9 -6 3 0
200 [ P (kN) P(kN) 7 200
150 + 1150 B
100 + 1100 B
50 F 450
8j (mm)  §2 (mm)
0 o ‘ 0
-1 1 3 5 -12 9 -6 -3 0
(a) (b) (©)

Figure A.9- 130x91GPr column (a) experimental equilibrium pathsP
column (b) before and (c) after the test.

92

v ST ,ﬂltpandﬁj_r, and



5. 130x91CPr
03% 130 1.00
51
A [ A T ' 7N
|\t<“ N | Tt\& = )2 DT7
| V | ok 0.75
| B e A
| _ DT3
gl | e _ | | & 0.50
| ) |l |
| | | 265
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9 ‘ @) 0.00
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Figure A.10- 130x91GPr column (a) design and (b) initialimperfection readings
Table A.5 - Initial measures (mm), calculated area (cm?), squash and ultimatead (kN) for
130x91GPr column
» bw br by t
Position
- br.12 br.76 bz bz tiz  trw G @ Qs o
0 131.40 90.30 90.00 12.00 11.80 2.60 2.62 90.0 91.0 90.0 90.0
0.5, |131.40 90.30 90.30 12.00 11.80 2.60 2.61 90.0 90.0 90.0 90.0
Lo 132.00 90.00 90.30 11.80 11.40 2.61 2.61 90.0 90.0 90.0 90.0
Average| 131.60 90.20 11.80 2.61
LD LT LO ba df A Py Pu
Average| 398 469 328 20.58 20.78 8.36 356.3 192.2
200 P (kN) P (kN) 7 200
150 f 150
100 100
50 f 50
o ‘ A(mm). ,‘5102 (mm)‘ ‘ o
0.5 0.5 1.5 -15 -11 -7 -3
200  P(kN) P(N) 7 200
150 - 150
100 | 100
50+ 50
85 (mm) 87 (mm)
0 ; b : : 0 .
2 0 2 4 -15 -11 -7 -3 = =
(a) (b) (c)

Figure A.11 - 130x91GPr column (a) experimental equilibrium pathsP v stT , #€and ﬁf_r , and
column (b) before and (c) after the test.
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6. 130x130CGPs
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Figure A.12 - 130x130GPs column (a) design and (b) initialimperfection readings

Table A.6 - Initial measures (mm), calculated area (cm?squash and ultimate load (kN) for

130x130CPs column
Position P P . t
- br.12 br .76 bz bze G [07) G G
0 131.00 129.80 129.00 11.50 10.00 2.52 2.50 90.5 90.0 90.0 91.0
0.5, |131.40 129.00 129.50 12.30 10.00 2.50 2.50 90.0 90.0 90.0 90.0
Lo 132.00 127.50 130.00 12.30 9.50 2.50 2.50 91.0 90.0 90.0 90.5
Average| 131.47 129.13 10.93 2.50
Lo Ly Lo ba dr A Py Py
Average| 549 619 479 37.33 21.00 9.95 423.7 106.5
120 p(kN) PNy 120

90 r

60

1.5

U 7 (mm) 6% -

1 90
4 60
o A (mm) |51Dz (mm) .
0.5

-8 0 8 16

2 -8
@)
Figure A.13 - 130x130CGPs column (a) experimental equilibrium pathsP
and column (b) before and (c) after the test.
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7. 150x105GPr

05 150 05 1.00 rDT8/Lo
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Figure A.14- 150x105GPr column (a) design and (b) initialimperfection readings

Table A.7 - Initial measures (mm), calculated area (cm?), squash and ultimate load (kN) for
150x105GPr column

bw b by t

- br1o br.76 bz bz tiz  trw G @ Qs o
0 149.55 104.50 103.55 10.42 10.60 2.58 259 88.0 88.5 90.5 89.0

0.9Lo 149.56 105.95 103.10 10.77 10.40 254 2.74 89.5 88.5 91.0 88.0
Lo 149.92 104.60 103.12 10.33 10.60 2.54 259 91.0 89.0 92.0 89.0

Position

Average| 149.68 104.14 10.52 2.60
LD LT LO ba df A Py Pu
Average| 500 570 430 23.78 21.50 9.46 330.9 151.4
160 P (kN) P (kN)7 160
120 - 4 120
80 - 1 80
40 - 4 40
A(mm) 85 (mm)
0 ' : . ‘ : 0
0.0 0.5 1.0 1.5 -12 9 -6 3 0
160 P (kN) P(kN)7 160
120 - 4120
80 - 4 80
40 440
8j (mm) 5P (mm)
0 o : : 0
-1 1 3-12 -9 -6 -3 0 »
(a) (b) (©)

Figure A.15- 150x105GPr column (a) experimental equilibrium pathsP v stT , #€and ﬁf_r ,
and column (b) before and (c) after the test.
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Figure A.16- 150x105GPr column (a) design and (b) initialimperfection readings

Table A.8 - Initial measures (mm), calculated area (cm?), squash and ultimate load (kN) for

150x105CGPr column
Position P P > t
- br.12 br.76 bz bz tz te @ 7)) G (o
0 151.80 104.20 103.60 11.50 10.40 2.49 2.50 91.0 90.0 90.0 91.0
0.5, |151.40 104.00 104.00 11.50 11.20 2.50 2.50 90.0 89.0 90.0 91.0
Lo 151.40 103.00 103.00 11.50 11.50 2.51 2.51 90.0 90.0 90.0 91.0
Average| 151.53 103.63 11.27 2.50
Lo Lt Lo ba o A Py Py
Average| 501 569 431 23.93 20.85 9.18 391.1 160.5
(b) (©)

Figure A.17 - 150x105GPr column (a) experimental equilibrium pathsP v s#T , #fpand ﬁf_r ,
and column (b) before and (c) after the test.
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