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ABSTRACT

A deficiency of the 2007 AISI specification, Sections C4 andZiar built-up, cold-
formed members under pure compression is experimentahtified. The AISI specifi-
cation is found to be exceedingly conservative, espediatigistortional-buckling mem-
bers with a larger cross section and a longer length. By usaggential batch-feeding,
nearly a thousand nonlinear-buckling finite element sinmre of built-up, cold-formed
sections are carried out to validate the model prior to erpantal work, identify the ex-
tent of the deficiency, and rectify the deficiency. In all,ragier less-conservative design
equation for cold-formed built-up members prone to digbod! buckling is proposed in
this two-phase work.

In Phase ] highly-nonlinear, finite-element models and a statekefdart modeling
strategy are used to validate and verify the geometricailtable built-up compression
members which exhibit a variety of buckling behaviors. Thédielement program AN-
SYS is used to validate over 265 experimental tests, whéeutfe of the finite element
program ABAQUS is used to verify the ANSYS results. Two tiytalifferent numerical
schemes of implicit-static and explicit-dynamic underi@as iterative and non-iterative
solution techniques, which include Newton-Raphson, Aecgth, Riks, and Central-
Difference integration methods, are converged towardtidansolutions. A structural
solid (brick) element is thoroughly examined and comparét @& structural shell ele-
ment (most commonly used in the modeling discipline for4vedled structures) which
provides advantages in: (1) advancing through a criticeklig state, (2) tracing a soft-
ening response of the post-buckling regime, and (3) aggthizamodeling of a true struc-
tural failure (not a numerically induced one).

In Phase || a parametric study of an additional 360 cold-formed buiteompres-
sion members are modeled to investigate new structuratippitonfigurations. The AlSI
specification flexural provision is applied in conjunctiortwthe slenderness modifica-

tion and the code predictions are compared to the resulteedanalytical models. A pro-
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posed design equation is developed based on a regressigaisoéa three-dimensional
surface fitting. The proposed equation corrects the defigien the distortional provi-
sion. An evaluation of the proposed design equation showsl ggreement with the

experimentally measured capacities.
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1 INTRODUCTION

Over 70% of all low rise commercial construction in the Udi®tates use thin-walled,
cold-formed sections due to their high strength-to-weitgytacity. These sections are
commonly used as compression members in structural systeaisas trusses and as
wall struts. On the other hand, being a slender member wigige lwidth-to-thickness
ratio has consequences with several pronounced bucklkogss The members tend to
fail at a critical stress well below the yield strength duddss of stability (Cook et al.,
2001), resulting from imperfections in loading (eccertyjcand/or in geometry out-of-
straightness and out-of-flatness (Yu and LaBoube, 2010).

Over the past two decades, limited studies have been cattuncthe area of built-up,
cold-formed structural sections and even less in the ar&toeéd sections with stitch-
weld attachments (Whittle and Ramseyer, 2009). As a coreseg the provision for the
built-up sections in the AISI specification has been sultistiyradopted from the AISC
hot-rolled steel counterparts, while disregarding a $igat difference in the failure be-
havior (Whittle, 2007; Whittle and Ramseyer, 2009). Bulitt; hot-rolled sections that
meet the AISC specification nearly always fail due to flextmatkling, whereas distor-
tional buckling may be a possible failure mode in cold-fodsections (Biggs, 2008).

Recently, a series of over 265 pure-compression, buckestston built-up, cold-
formed sections were carried out at the Donald G. Fearst8tal&Engineering Labora-
tory at the University of Oklahoma, by Brueggen and Ramsg&@03), Whittle (2007),
Biggs (2008), and Whittle and Ramseyer (2009). The objestwere: (1) to determine
the maximum capacities for a variety of built-up memberstaridvestigate the accuracy
of the previous 2001 AISI specification (Sections C4.1 anbGAISI, 2001)) and (2)
to validate the effectiveness of the modified slendernetis (&-) for built-up mem-
bers. The details relating to (1) the built-up charactesst(2) the test setup and (3)
the experimental results are given in Section 2.3. Thewotlg two conclusions were

drawn. The provision upon using the modified slendernesgswats found to be exceed-
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ingly conservative, especially, for longer and thickerltoup members (Brueggen and
Ramseyer, 2003; Whittle, 2007; Whittle and Ramseyer, 200%) on the other hand it
was also overly unconservative for larger built-up sediprone to distortional buckling
(Biggs, 2008). In addition it was suggested that there edist need to consider a gov-
erning distortional failure mode in addition to the globaixilral buckling mode. This
recommendation has been implemented in Section C4.2 otiinent 2007 AISI specifi-
cation. Nonetheless, a simple comparison between thefgadioin and the experimental
strengths indicates that the specification is exceedirmtgervative for larger and longer
members that are governed by distortional buckling. Thigcacy (poor estimation
of nominal strength yet requiring unnecessarily compéidatalculations) inspires the
present work. This investigation carefully evaluates tkisteng experimental data, vali-
dates a finite element model, expands our understanding asalytical methods, and (as
the ultimate contribution to the community) proposes a $&mpore accurate design pro-
vision for the distortional buckling mode of failure for ttuiip, cold-formed compression
members

To achieve these goals, a numerical simulation using thee #ément method (FEM)
was selected as an excellent candidate for obtaining acellgolutions (in addition to
the experimental simulation). With the advancement in el@ntechnology, more robust
implicit and explicit solution schemes, and more affor@éatmputational resources, re-
alistic analyses of geometrically unstable configuratidhat take into account all the
nonlinear sources may be possible. Not only can the ulticegeacity be accurately pre-
dicted, the deformed shape can also be visualized with ededcstress contours, indicat-
ing a critical region. The two finite element programs, ANSaf#l ABAQUS were used
to (Phase ): create a state-of-the-art modeling strategy based uglatating and verify-
ing over 265 tests (Chapter 3) arféh@ase 1): carry out a parametric study of previously
uninvestigated configurations to expand the buckling-ciéyparchive for the develop-

ment of the proposed distortional equation (Chapter 4).grbposed distortional design



equation was formulated using a least-square regressaipsas of a three-dimensional
surface fitting.

Two totally different numerical schemes, implicit-staéiied explicit-dynamic, under
various iterative and non-iterative solution techniquesluding Newton-Raphson, Arc-
Length, Riks, and Central-Difference integration methaae investigated and found to
converge toward identical solutions to handle a softemiegeending, post-buckling load-
ing branch that includes both brittle- and ductile-failanechanisms that are inherently
unstable. In short, the road map of the present work is rétistl in Fig. 1.

In the upper left corner of Fig. 1, you will find a summary of thetivation and ob-
jectives of this research. In the lower left corner, the liagkcapacity archive of three
two-dimensional arrays (whose elements represent theatki capacities of various built-
up configurations) represents the research matrix of thik veach array corresponds to
one unique section thickness of 0.064, 0.08, and 0.1 in.ptaddao correspond with the
265 experimental tests). The array row-wise representthtiee section widths (1.625,
2.625 and 3.625 in.) of two built-up orientatioris éndR-shape) and along the columns,
20 unbraced member lengths from 15 to 140 in. The elemengslicorresponding to the
column lengths of 42, 55.5, and 71 in.) are the 265 experiah&gdts that are used to vali-
date the numerical models. The elements in blue are analysiegd the numerical models
used as part of the parametric study. The following is a summiaccomplishments of

this work:

e Nearly 1,000 highly nonlinear buckling analyses of buiit-aold-formed sections
with various intermediate welding patterns are perfornimedugh an intensive pro-

gramming capability of sequential batch-feeding (ANSY 2009b);
e Validation of the ANSYS implicit-static model using over26xperimental tests;

e \erification of the ANSYS results using ABAQUS explicit-dgmic modeling (a

systematic procedure to dynamically tackle a contact-tdation difficulty en-



countered in the ABAQUS static simulations (Bacque and,RJ09a,b));

e Thorough comparison of the solution advantages to usingtstral brick element
SOLID45 (more precise in geometric and equilibrium appmedions (Bakker and
Pekoz, 2001)) versus structural shell element SHELL18Is{rm@mmonly used in

modelings of thin-walled structures) including the alyitib:
— advance through a critical buckling state;
— trace a softening response of the post-buckling regime;
— assure a true structural failure (not a numerical blowout);

e The creation of a more accurate and simpler distortionahegu along with a

suggested design approach for symmetrical built-up, tmiohed columns.

With the above accomplishments, the limited studies in tiea af built-up, cold-
formed sections have been surpassed. Cold-formed stesatan be better designed with
the suggested approach, which is the ultimate goal for asgareh on this topic, and is

the main contribution of this work to the structural engimeg community.



Motivation: An alleged experimentally-addressed deficiency Phase I: Calibration of a state of the art modeling strategy (322 simulations).
of the 2007 AISI specification (Sections C4 and D1.2) for The two packages of ANSY'S implicit-static and ABAQUS explicit-dynamic

concentrically-loading built-up, cold-formed sections of being are seamlessly integrated to validate and verify over 265 experimental tests.
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2 LITERATURE REVIEW

Reviews of the relevant experimental and numerical studilesed to buckling in built-

up, cold-formed sections include:

e a series of experimental studies by a research team from nihetdity of Okla-
homa to confirm the appropriateness of the modified slendsnradio in the AISI

specification

e the numerical modeling aspects of buckling in built-up,defdrmed sections in-

cluding the use of:

— geometric perturbation to trigger an instability bypagsam exaggerated bi-
furcation load (a severe discontinuity in the response ingua numerical

blowout)
— a pinned-end condition when using rigid-body contact elesne
— types of inherent nonlinearities

— embedded cold-work effects and residual stresses devkthpeng the man-

ufacturing process

2.1 Buckling in Cold-Formed Sections

While yielding (causing the failure of an entire member) @ianary concern for compact
and extremely short columns, buckling (a geometric-indunstability causing a critical
stress well less than the material yield strength) is proneappen in cold-formed sec-
tions due to their relatively high width-to-thickness atehslerness ratios. Buckling can
occur elastically or inelastically depending on whether tiaterial proportional limit is
exceeded. Figure 2 summarizes the limit states in compeessld-formed sections (Yu
and LaBoube, 2010). The two extreme failure modes of elasiikling are broadly cat-

egorized as global and local, whereas the in-between ti@tat buckling is contributed
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from the interaction of these two modes. Global bucklingnduiced by a geometric insta-
bility of the whole member (where the out-of-straight gawgethe behavior) while local
buckling of an individual element is induced by the largesithrto-thickness ratio (com-
monly seen as a rippling in the webs, flanges, or lips alongt&ber length). The three

failure modes of global buckling are:

e flexural buckling, a bending (translation) about the weahkgypal axis, likely in

slender closed sections with two axis of symmetry. Also kmas Euler buckling.

e torsional buckling, a twisting about the shear center,lyike occur in open or

cruciform sections due to lack of the torsional rigidity

o torsional-flexural buckling, a bending and twisting, sitankeously, likely to occur

in open, slender sections with one axis of symmetry

The theoretical critical stresses. of flexural and local buckling are given as follows:

(’,iE% ; flexural (Euler) buckling
Ocr = <7> (1)

2 2 .
12]21_52) (%) ; local buckllng

The slenderness ratio ¢£%) (to account for the effect of being out-of-straight in fleadur
buckling) consists ok, L, andr referring, respectively, to: (1) an effective-length fact
(taken as 1.0 for a flexural column under a pinned-end suppdrtaken as 4.0 for a local-
buckling, simply-supported plate under uniform compraski(2) an unbraced column
length, (3) aradius of gyration (taken fl, wherel andA are amoment of inertiaand a
cross-sectional area). The ratio(@ij (to account for the effect of being out-of-flatness in
local buckling) consists of a section thickness and theelstrgection width. The material
properties of the modulus of elasticity and Poisson’s rat® denoted a& and v, and

typically taken as 29.5e3 ksi and 0.3 for cold-formed steel.
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2.2 Buckling Provisions of the 2007 AISI Specifications

The provisions for built-up, cold-formed sections sulgelcto pure compression are in-
cluded in the 2007 AISI specification under Sections C4 and®[AISI, 2007). The
failure modes of flexural, flexural-torsional and distantdbucklings, specifically given
in Sections C4.1.1, C4.1.2, and C4.2(b), respectivelyappdicable to the built-up config-
urations tested in the experimental research at the UniyefsOklahoma (Brueggen and
Ramseyer, 2003; Whittle, 2007; Biggs, 2008; Whittle and Bayer, 2009). The nominal

strength of the first two modes is given as follows:

(0658%) 0] A ;A <15
P, = 2)

(50 e] a0 a5

Where

A=, ©)
e
ZEQ ; flexural
7o = U @
o [GJ + ”(2,3%”} ; flexural-torsional
kL kL\®  [a\?
o = - . 5
), - &0 o
ro = yJratrytal (6)

In Eq. (2), the buckling strength, is defined as elastic, when the slenderness parame-
ter of \. (EQ. (3)) exceeds 1.5; otherwise it is defined as inelastie. governing buckling
stress, (in Eq. (4)) is taken as the least of the flexural (Euler) aredft&xural-torsional
buckling stresses. The material properties consisting))ahdulus of elasticity, (2) shear
modulus, (3) Poisson’s ratio, and (4) yield stress are aehasE), G, 1, ando,, respec-

tively. The required sectional properties include: /1 Yhe full unreduced cross-sectional
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area, (2)A., the effective cross-sectional area of uniform compressdeiermined accord-
ing to the effective-width concept, (3), the Saint-Venant torsional constant, (4), the
torsional warping constant, (). andr,, the radii of gyration about the centroidal prin-
cipal axes (defined a: é, where! is the second moment of inertia about the x- and
y-axis), (6)r,, the polar radius of gyration about the shear center, and,(Zhe distance
from the shear center to the centroid along the principatis-daken as negative).

In Eq. (5), the terms of£%) and (&) refer to the modified and unmodified (over-
all) slenderness ratios about the weak axisr(&staken as the least betweenandr,).

k is the effective length factor (taken as 1.0 for a pinned-smuport).L is the unbraced
length.a is the stitch weld spacing ang, the minimum radius of gyration of an individ-
ual section. According to the built-up provision (Sectioh.P), a modification factor of
(Ti) is required when two elements in a built-up member globallgkite separately from
one another to account for a relative deformation-indu¢egsforce in the connectors.
The factor is limited and is not to exceed (J%)O; otherwise, additional stitch welds are
required. Examples of how to determine4fA., J, Cy, ., ry, andz, can be found in
Exampled-1, I-8, andlll-9 of the 2008 AISI manual (AlSI, 2008).

Flexural buckling tends to occur in slender members, wheeeout-of-straightness
significantly dominates its out-of-flatness. The mixed mofiexural-torsional buckling
tends to occur when there is an insufficient torsional rtgith slender members with
open sections. The out-of-straightness is usually aceauior using a slenderness ratio
of (%)O and the out-of-flatness using a thickness-to-width rati@%c)f The theoretical
threshold that allows a member to remain elastic and indeleessic flexural buckling is
taken as half the yield strength,). The associated lower bound in slenderness ratio is

defined as follows (Yu and LaBoube, 2010):

(), -)
"/ tim Oy
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As the member length becomes sufficiently shorter, makimgsienderness ratio
smaller than the slender limit in Eqg. (7), the interactiomween the effects of out-of-
straightness and out-of-flatness is triggered. Failuredsdn become more localized,
similar to a thin plate subjected to an in-plane membraresstiresulting in a transition
to distortional buckling. Aside from being bent about theakeaxis, the member also has
a distortion in the web, flange, or lip along the length. Tlgjget of failure modes is very
common for large built-up sections. The nominal distoréiobuckling strength £, ;)

according to Section C4.2(b) is given as follows:

P, Ay < 0.561
P,qa = 0.6 0.6 (8)

(1 ~0.25 (%51) ) (%) P ha > 0561

Where
P
N = Pyd 9)
Pm«d = AO’d (10)
oy = M (11)
k¢fg + k¢w9

In Eq. (8), the distortional load factoy; (Eq. (9)) limits P, 4 as the squash loakt,
(defined as a product of, and A), as its value becomes equal to or less than 0.561.
The parameters af; and P.,.; refer to the elastic distortional-buckling stress and dtss ¢
responding load. The former (Eq. (11)) is defined as the wattithe provided elastic
rotational stiffnessk,; ;. andkg,.) to the required geometric rotation stiffnegs (, and

l?;m,g) of the flange and the web to the flange/web juncture. Thesd¢iootl stiffnesses
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(as given in Section C3.1.4) are defined as follows:

kpre = (%)4 (Efxf(% —hy)? + ECyy — E%(% - hx)z) + (%)2 GJy (12)
Epwe = ﬁlﬁi[ﬂ) (13)
Koy = (%)2 Ag ((930 — hy)? (%)2 = 2yo(o — hs) (nyf) +h2+ y§>
Ly + Ly (14)
- 2413
oo = (i) & 9
Ler = (W(Iw(% — ha)? + Cuy — I]:?yff (2o — hm)z)) Z (16)
Y

Where: (1)b,, h,, and D, the outer dimensions of the flange, web, and lip, respdgtive
whereas) andd are their on-center counterparts, (2jhe section thickness, (3),; and
Yo, the distances along the x- and y-axis from the flange/wettjme to the centroid of
the flange, (4),, the x-axis distance from the centroid of the flange to theushenter
of the flange, (5)., the warping torsional constant of the flange, {5), the cross-
sectional area of the compressive flange and the lip/,(7and/,;, the x- and y-axis
moments of inertia of the flange, (8),,, a product of moment of inertia of the flange,

and (9) J; is the Saint-Venant torsion constant of the compressiomdamnd the lip.
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These aforementioned geometric parameters are deteriasfetiows:

b = b, —t (17)
d = D—0.5t (18)
Tof = 2(bb-i d) (19)
Yor = z(z;fd) (20)
A @)
Ay = (b+d)t (22)
L, - ((tb)2+f§i’ :;jbd+d4) (23)
feus = 412(;?2) (@3)
J, - bt3—?|:dt3 (26)

Equation (15) indicates thdt, ; (Eq. (8)) becomes constant for a longer lengths
the critical lengthL.. (Eq. (16)) has been exceeded. The governing buckling streng
for a given built-up section is taken as the least of the nairstrengths determined from
Egs. (2) and (8). An example of the AlISI design curve for athuyil, | -section determined

according to Egs. (8)-(26) is presented in Fig. 3.
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2.3 Experimental Study of Built-Up, Cold-Formed Sections
2.3.1 General

A series of experimental studies on the axial load capaditplul-formed members was
conducted by a research group in the Donald G. Fears Stal&nogineering Laboratory
at the University of Oklahoma (Brueggen and Ramseyer, 2003ttle, 2007; Biggs,
2008; Whittle and Ramseyer, 2009). This series of teststihegeomprise the largest
experimental study of cold-formed built-up members. Thecdtives of the test were to:
(1) determine maximum buckling capacities for a variety wfteup members, (2) inves-
tigate the accuracy of the 2001 AlSI specification, and (3gmheine the effectiveness of
the modified slenderness ratio for built-up members. Varimember properties and ge-
ometries commonly used in cold-formed trusses were exahimebtain a broad range of
experimental data that could more thoroughly represeniiokling behavior of built-up,
cold-formed sections. In all, over 265 pure-compressiststen single and built-up sec-
tions of square-lippe@-channels were carried out. The members were subjected¢o pu
compression with pinned-end conditions that was achieyedsing a swivel pivoting
head. The test setups and the section detail are shown indagel 5, respectively. The
compression force was applied using a hydraulic hand puntpttee corresponding axial

deformation was measured using a Linear Variable Displac¢ifransducer (LVDT).

2.3.2 Specimen Geometry and Welding Detail

The three chosen widths for the specimens were 1.625, 2a6@53.625 in., denoted as
1, 2, and3, respectively, in the last number of the specimen identiboa Each group
with the same width consists of specimens with three nontimelknesses of 0.064, 0.08,
and 0.1 in. and three member lengths of 42, 55.5, and 71 intWicnbuilt-up orientations
of openside-facing and -opposing (referred tdRaand|; see the right panel of Fig. 4)

were fabricated using two channels stitch welded togethem or both sides along the
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i 4 |-
v i

'-' b | Chord Section

Figure 4. The pure-compression, experimental setups (Brere and Ramseyer, 2003;
Whittle, 2007).

length (referred to aSW andDW, see Fig. 6). In addition to the case of no intermediate
stitch weld (i.e., end welds only), three intermediatecktjpatterns were used as follows:
one weld at mid-point, two welds at third-points, and five ageht sixth-points. They are
denoted in the specimen identification using the total nunobéhe intermediate welds
asl-, 2- and5-, respectively.

For instance, the specimen identificatibiV2-064R1refers to the following vari-
ables:Double-sidéWVelded specimen witB intermediate stitch welds at the third-points,
which is a 0064 in. thick, R-section withl.625 in. width. And, the specimen identifica-
tion DW-100I2refers to the following variabledouble-sideWelded specimen with no
intermediate stitch welds, which is a00 in. thick, | -section with2.625 in. width.

The length of the end and intermediate welds were variedrdogpto the width and
the member length. The end welds were 4 in.I®randR3sections with 42 in. and 71
in. lengths, 2 in. folR1- andR2sections with 71 in. length, and 1 in. f&1-sections
with 55.5in. length. The intermediate welds were 1.5 in.sections with 55.5 in. length

and 1 in. for the rest. All welds were approximately 3/46. thick.
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Figure 5: Section details of the single and built-up members

17



Intermediate weld

End weld
§ ] DW
¢ * jSwI
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{ % JDW1
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2” for 717-length and R/ & R2-sections 1.5” for 55.5”-length built-up sections

17 for 55.5”-length and R/-sections

Figure 6: Weld orientations.

2.3.3 Summary of Experimental Results

Comparisons between the experimental to the nominal designgths according to the
former 2001 and the current 2007 AISI specifications (AISIQ2, 2007), are shown in
Figs. 7 and 8, respectively. In Fig. 7, it is noted that the ifiedi slenderness rati(i%)m
was conservative, and for longer and thicker flexural memlé¢ends to be exceedingly
conservative. On the other hand, the specification becammenservative for members
prone to distortional buckling. The unmodified slenderrras® (%)O with the spacing
limit yielded a consistently conservative estimation. fiember orientation had a strong
impact on the failure load. In addition, the need to considgistortional mode in addition
to the governing flexural buckling mode, was recommended.

In the 2007 AISI specification, due to the work of Brueggen Raanseyer (2003),
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Whittle (2007), Biggs (2008), and Whittle and Ramseyer @08@ distortional provision
had been implemented under Section C4.2. Nonethelesslthdations are complicated
(see Section 2.2 for equations and Fig. 3 for the design fubué are not very accurate.
These equations result in an exceedingly conservativeastin for larger and longer

distortional members (see Fig. 8).
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Figure 7: Comparison of the experimental to the design ¢apsof the 2001 AISI spec-
ification. All the 55.5” members were conducted by Bruegged Ramseyer (2003)

whereas the members Bfl andR2 with 71" length were carried by Whittle and Ram-

seyer (2009). The rest were done by Biggs (2008). Three ewpetal repetitions per
one given configuration were done in Brueggen and Ramse@@B)2Whittle (2007),

and Whittle and Ramseyer (2009).
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Figure 8: Comparison of the experimental to the design ¢apsof the 2007 AISI spec-
ification. All the 55.5” members were conducted by Bruegged Ramseyer (2003)

whereas the members Bfl andR2 with 71" length were carried by Whittle and Ram-
seyer (2009). The rest were done by Biggs (2008). Three empgetal repetitions per
one given configuration were done in Brueggen and Ramse@@B)2Whittle (2007),

and Whittle and Ramseyer (2009).



2.4 Numerical Buckling Analyses of Build-Up, Cold-Formed Mem-

bers

Numerical analysis using the finite element method (FEM)lbag been used in struc-
tural engineering, since as early as 1960s (Bathe, 199&.nkhw well accepted as the
most powerful and reliable analytical approximation tegbe in various scientific dis-
ciplines including continuum mechanics (Lagrangian orarat coordinates) and fluid
dynamics (Eulerian or spatial coordinates). A complicatechain is broken into a num-
ber of smaller simplified and solvable mathematical domaihese solutions in an ap-
proximate sense are then assembled to establish the cameplisolution (Mish et al.,
2000). Using FEM the solution to coupled-field problems saslsoil-structure interac-
tions and thermal-induced stresses in structures are mastgbfe. The availability of
modern robust computational resources makes the techeiguremore attractive. With
well developed and reliable FEM packages such as ABAQUS aN8YS, and a sys-
tematic procedure to tackle errors in the model as sumnthiizé-ig. 9 (Bakker and
Pekoz, 2001), FEM simulation was chosen as the proper toohfdepth research. At
present no substantial numerical work has been carriedroablal-formed built-up col-
umn members. Developing a reliable state-of-the-art mogedtrategy based upon the
readily available experimental results (in Section 2.3)at been done prior to this work.
The ANSYS implicit-static and the ABAQUS explicit-dynanmid&EM models of the
built-up members presented in Figs. 4 and 5 are shown in E@snd 11. The im-
portant background issues that need to be dealt with in peifigg a nonlinear (large-
displacement) buckling analysis include: (1) inherentlimaarities, (2) imperfections to
avoid a bifurcation (i.e., a discontinuous in responseeaptsint of buckling (ABAQUS,
2007a)), and (3) a cold-work effect and residual stressastieg from a manufacturing

process.
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Reality e
* Idealization Error

Mechanics Model
Input Error — PREPROCESSING

Discretization Error: equilibrium approximated
Geometry Error: geometry approximated
Shortcoming in Element Formulation

v Program Bugs

Finite Element Model —

Solution Error

Convergence Error — SOLVING
v Program Bugs

Nodal Displacements
* Program Bugs

Derieved Result According to FE Model

Rendering Error: postprocessor inter/extrapolates
differently than FE model:
integration points nodes contour plots

v Program Bugs — POSTPROCESSING

Results According to Postprocessor

Interpretation Error: postprocessor shows
something else than is expected, for instance
v averaged instead of unaveraged stresses

Interpretation of Results —_

Figure 9: Overview of possible errors in finite-element mMoudgof thin-walled members
(Bakker and Pekoz, 2001).

2.4.1 Inherent Nonlinearities

The nonlinearity sources in structural mechanics includg:material nonlinearity due
to path- and/or rate-dependent relation(s) at the cotigtstress-strain and/or sectional
force-deformation level(s); examples including a bilinegsteretic and a Ramberg-Osgood
model (see Section 2.5), (2) boundary nonlinearity of stalependent conditions due to
a presence of contact elements, and (3) geometric nonliyearchanges in elemental
shapes and orientations resulting in changing of the glstiffthess (see Section 2.5 for
detail) (ANSYS®, 2009a)). Modeling the buckling response of built-up, efmidned
sections does requires that all of these nonlinearitieg texplicitly considered.

A bilinear hysteretic model with an isotropic work hardemiassumption coupled
with a von Mises vyield criteria is well suitable to model dteenstitutive relations in

large-displacement analyses (Cook, 1995; Cook et al., ;280IBYS®, 2009a). The
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Built-up rectangular section End weld modeled through SHELL181

Steel column elements modeled
through SOLID45 or SHELL181

Stitch weld modeled
through SHELL181

Surface-to-surface contact F::::E‘

elements (CONTA173)
along the lips

CONTAL173 or 177
along the end section

to model rigid body Stitch weld modeled | H

through SHELL181
End weld modeled H !

through SHELL181 = =

Cold-work effect at corners resulting = =

in higher strength but less ductility H =

Pinned-end condition applied r F
on the pilot node (TARGE170) \— B
of rigid body ' '

Rough and hard surface-to-surface
contact interaction defined along
the interface

Steel column elements modeled
through shell elements of S4R"

Stitch weld modeled
through shell elements
of S4R”

Frictionless general
contact interaction
along the webs

Loading steel plate modeled Stitch weld modeled
using discrete rigid elements through shell elements
of R3D4"™ of S4R”

End weld modeled using
shell element of S4R"

Cold-work effect at corners resulting

Pinned-end condition with a prescribed w0l u
in higher strength but less ductility

axial deformation imposed on the reference
point located at the center of the plate

* A 4-node doubly curved thin or thick shell, reduced integration, hourglass control, finite membrane strains
*# A 4-node 3-D bilinear rigid quadrilateral

Figure 11: ABAQUS explicit-dynamic model of the built-upsection.
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model is basically a non-degrading and path-dependentvgimplified 0.2 yield stress
as a sharp transition dividing the regions of elastic fromspt (Otani, 1974; Piyawat
et al., 2008). The strain hardening is incorporated thraugbsitive post-yield stiffness.
Upon reversal, an unloading branch with an identical elagtffness is preserved if it is
within twice of the yield-stress range; otherwise, unlogdporoceeds with the post-yield
stiffness.

In small-strain and/or small-displacement analyses saainaulations of prestressed
concrete girders under flexural loadings (Kim et al., 20119, element geometry is as-
sumed to remain unchanged during the loading history, swatfatlinear strain-displacement
approximation is accurate enough (Bathe, 1996; Boresi aminiit, 2003). In large-
displacement analysis, the stiffness has to be a functiamleformed configuration where
the quadratic strain is significant. The true stress and(tagarithmic) strain (denoted
asoy... andey,.,.) are required to determine the changes in elemental shapexi@nta-
tions. The conversion from the engineering format is givefollows: o;,.,. = o(1 + ¢)
ande;... = In(1+¢) (Boresi and Schmidt, 2003). In short, different types ofrgetrical
nonlinear analyses as summarized by Bakker and Pekoz (20®1iyted in Table 1.

Changing in boundary conditions during the analysis duetaxct elements between
surfaces, e.g., from in contact to not in contact and viceajesre highly nonlinear and
computationally expensive (ANSYS 2009a). It commonly occurs when there is a nor-
mal and/or tangential interaction(s) between compondlawiag forces to be transmit-
ted from one to another. A presence of nodal contact pairsistimg of a master surface
(target element) and slave nodes defined by contact elepmeogt be explicitly prede-
fined in advance between possible contacting surfaces éoadtual physical contact(s).
Misrepresenting these contact pairs results in “no cohtad the elements will simply
deform past each other leading to an inaccurate response.

The two types of flexible-to-flexible contacts are: nodestwface and surface-to-

surface. The FEM models shown in Figs. 10 and 11 require ceHtfasurface contact.
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| Type of Analysis | Displacements | Rotations | Strains |

First order (linear) | very small very small small (< 5%)
Second order small (negligible membrangsmall (< 10°) | small (< 5%)
(stress stiffening) | stresses due to out of plang
deflections, displacements|
smaller than the thickness
of the beam/plate/shell
Large displacement large (significant membranesmall (< 10°) | small (< 5%)
stresses due to out of plang
deflections, displacements|
larger than the thickness
of the beam/plate/shell
Large rotation large large small (< 5%)
Large strain large large large

Table 1: Types of geometric nonlinear analyses by BakkerRathz (2001). Stress
stiffening is a coupling phenomena between membrane egessl lateral displacements
induced by bending (Cook, 1995; Cook et al., 2001). A memipeleu a compressive
membrane stress will buckle as soon as the membrane sttaggi€nough to reduce the
bending stiffness to zero.
Contact elements are overlaid along the potential surfactée lips and the back panels
of theR- andl-sections, respectively. The frictionless interactiooparty is defined, al-
lowing the surfaces to freely slide past each other with monabforce being transmitted.
Careful consideration of the master-surface location sded to determine whether it
should either be double-sided (symmetric contact) or shsgded (asymmetric contact).
Nevertheless, if the meshes on the contacting surfaceslantical and sufficiently re-
fined (which is adopted in this investigation), there is natchmimprovement in accuracy,
but it does save time and more computational effort due ttirsgpifrom symmetric to
asymmetric contact (ANSYS 2009a). In this investigation the master surface is defined
on the lower member with its slave pair on the upper one.

While it is fairly straight forward to model a fixed-end cotidn, modeling a pinned
end for the ANSYS implicit-static model in Fig. 10 needs adigody of a node-to-surface

contact type. The rigid body consists of a single pilot (regshode and a slave surface

of nodes defined by contact elements. The pilot node govgthgmotion of the entire
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body is placed right at the centroid of the end section regmasg the swivel pivoting
head in the experiment (see Fig. 4). A set of nodes formingneessurface are defined
by surface-to-surface or line-to-surface contact elemdapending on whether structural
solid or shell elements are used for the column entity. Ttechient to the column (a
deformable body) is made by overlaying the contact elemamiis the end section. The
displacement boundary condition is directly imposed ongife node. On one end, all
translations and an axial rotation are prevented. On ther@hd, the same constraints
are adopted except for the axial translation being eitheonstrained under an applied
load or controlled by a prescribed deformation as in a fooce displacement-controlled
analysis, respectively. An Eigen-buckling analysis towdate an imperfection to induce
a geometric instability in a displacement-controlled mogéhr counterpart (more detail in
the following section) belongs to the former.

The ABAQUS explicit-dynamic model (in Fig. 11) has two extigid plates mounted
at the column ends to facilitate the inertial effect. Thedilgody pinned end is applied
to the plate outer surface. The reference point (pilot nagl&)cated right at the center
of the plate which coincides with the center of the end sactibhe contact elements
of a surface-to-surface type is defined at the interface d@tvihe section and the inner
surface of the plate. The master surface is laid on the plagewoarser meshes are de-
fined (ANSYS®, 2009a; Madenci and Guven, 2006). The interface intenagiioperty
is defined as rough-and-hard allowing normal force(s) tadmesimitted, while preventing
sliding (Narayanan and Mahendran, 2003; Yang and Hancdi}6;2Becque and Ras-

mussen, 2008).

2.4.2 Geometric Imperfection

An initial imperfection is used to trigger the geometrictatslity and by doing so by-
passing a discontinuous response and a numerical blowadl¢ dtifurcation load. The

use of an initial imperfection helps reveal the true buakliesponse, and is also another
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important consideration in the modeling of thin-walled niErs/structures. Qualitative
load-deformation responses of an imperfection-sensigli@drical shell demonstrating
the importance of using a geometric perturbation is presknt Fig. 12 (Cook et al.,
2001). The two types of implementing an initial imperfeatiare through loading and
geometry.

A loading imperfection is incorporated into the model by lgpym a small fictitious
load at a particular location, e.g., at mid-length to foroeoat-of-straightness resulting
in a desired global buckled shape. The magnitude must beisatly small not to alter
the overall solution. In addition, applying an eccentyit¢d a prescribed load or displace-
ment in a load- or displacement-controlled analysis is alsather means. Nonetheless,
a difficulty is in determining and justifying the correct &ton as well as the magnitude
level generally prevents the use of this imperfection type.

A geometric imperfection is implemented through a supetjposof a known de-
formed configuration onto a perfect mesh as illustrated g1 EB. Generally, the imper-
fection can be derived from: (1) an Eigen-buckling analyises, linear bifurcation analy-
sis), (2) a limit-load analysis (i.e., nonlinear (largsfacement) analysis performed on a
perfect configuration (Cook et al., 2001)) and (3) actualenfgctions measured from an
actual specimen (Becque and Rasmussen, 2008). Among fieeskng a factored Eigen
mode(s) is commonly used. Figure 14 shows the first Eigen rabttee DW-R1member.
Generally, the lowest mode is of interest. Nonetheles$giffirst few modes are closely
spaced, a single-mode imperfection may over- or undergirélae actual collapse load
(ABAQUS®, 2007a; Cook et al., 2001). A combination of (1) the first fewdas or (2)
the first global and local modes (sometimes overwhelmingg&ally for a large system,
since as many as 12 modes may need to be extracted) may bedd@sy and Gardner,
2007). It has been confirmed through the numerical bucklerges of 360 runs carried
out in Section 4.3 that failure to consider the first two-amgive (closely-spaced) Eigen

modes can have severe consequences with an underestitmatismuch as 30%. In con-

28



Compressive Load

Qualitative Load-Deflection Response of
An Imperfection-Sensitive Cylindrical Shell

/A-Bifurcation load
I/I
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Axial deformation

Figure 12: Qualitative load-deformation responses of andyical shell showing an im-
portance of geometric perturbation (Cook et al., 2001).

trast, implementing the first global and local modes sinmdtaisly does not significantly

affect the failure load.

A factor to adjust the magnitude of an Eigen-buckling mope(seferred to as an

imperfection factor and denoted aslt is usually defined as a percentage of the section

thicknesg and as a ratio of the unbraced member leng(for a local and a global imper-

fection). Aratio of -2

(a half of the upper limit specified in the AISC design codeS&l|

2005)) is typically adopted as a global factor (Ng and Gard2@07). The equations to

calculate a local imperfection factor are given in Eq. (2&¥nong the three expressions,

the first one (as proposed by Walker (1975) is widely adoptadg and Hancock, 2006).

According to Rasmussen and Hasham (2001) and Ng and Gab@f)( the predicted

buckling loads have a relatively low sensitivity to a loaalperfection when the ratio of
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& Geometry

Geometry (usually Mode 1%)

Imperfection
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Global:

+ L/2000
Local:

0.3(P, /Py,)">

Limit Load Bifurcation Load Buckling Load

Figure 13: An implementation of geometric imperfectionotingh seeding a known de-
formed configuration of an Eigen mode onto a perfect configaa The imperfection
factord is taken as;’ (for a global imperfection) or according to the first expiessf
Eq. (27) (for a local imperfection).

(2) exceeds 2.5%.

PCT

0.5
0.3 (Py ) / by Walker (1975)

Ocr

0.145 (%) (@) ¢t ; by BS 5950 (Talikoti and Bajaria, 2005)

6 = 0.023 ( v ) t : by Gardner and Nethercot (2004) (27)

The notations of’, and P, denote the squash and the critical (Eigen-buckling) lodm T
notations ofr,, ando,.,. denote the yield and the critical stress. The notatiof olenotes

the modulus of elasticity anfd the largest of the section width and depth.
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et of the DW-R1 member
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Numerical- and experimental-
simulated, post-buckling deformed shapes

Figure 14: The first Eigen of thBW-R1member. A flexural-torsional buckled shape is
illustrated on an exaggerated scale for clarity.

2.4.3 Cold-Work Effect and Residual Stresses

The effects of residual stress and cold-working are intceduto cold-formed sections
during the manufacturing process of roll-forming and piiessaking. The effect of resid-
ual stress causes an early yielding of the steel resultirg ieduction of the member
strength. It has been concluded in Gardner and Netherc@4§2énd Ellobody and
Young (2005) that this effect can be neglected in finite-eletmodelings, if the material
property is directly derived from the coupons obtained flomactual member, since the
residual stress is already inherently embedded. Ignosasglual stress in a member is
common is both hot-rolled and cold-formed structural stieslign.

The cold-work effect results in a higher strength but lesstitity of the steel in the
area that is cold worked, in the case of this research ardwnddrners and a thickness-
distance neighborhood (the red-shaded regions in Figsnd@ &) (Ashraf et al., 2005).
A failure to account for in the numerical modeling and dedegds to an underestimation

in load-carrying capacities (Gardner and Nethercot, 2004)
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Based on the concept of (1) strain compatibility, (2) voluooastancy principle of
plasticity, and (3) the theory of strain hardening, Kare96) arrived at Egs. (28)-(30) for

the strengthening effect of corner yield strength (denatgd, ) to virgin yield strength
(o).

oy = ( ) (28)

5= 369(0—“)—0819< ) —1.79 (29)

m = 0.192 (—“) —0.068 (30)
Oy

The parameters of andt refer to the geometric properties of the corner inner radius
and the section thickness. These equations have been ddotee AISI specification

as Eqgs. A7.2-4 with an applicable range applied as folloakat internal radius over a
section thickness: 7, (b) (g-z) > 1.2, whereo, denotes the ultimate strength, and (c) a
minimum bending angle of 6QHancock et al., 2001). Zhao et al. (2005) recommends an
enhancement of 22 % and 16 % for the yield and tensile strenggbpectively. Ashraf

et al. (2005) proposed Egs. (31) and (32) for stainlesd-se&mtions formed using both

roll-forming and press-breaking.

1.8810
Oye = —~omof (31)
(%)
fre = 0.750,2% (32)
Oy

In this investigation, the cold-work effect is implementetording to the suggestion
by Zhao et al. (2005), since some of the material propertiepted from Whittle (2007)
fall outside of the applicable range defined for Eq. (28).
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2.5 Solution Strategy

The major difference between an implicit and explicit sckasan equilibrium iteration
in the solution process. It is required in the implicit scleetm allow approximate simul-
taneous solutions of discrete equations (Belytschko e2@00). A static analysis which
include inertial effects is basically a dynamic analysid ean be carried out implicitly or
explicitly (Bathe, 1996). The time integrators of Centtafference and Newmark meth-
ods are an example of these two schemes. In a static anaysexjuilibrium iteration
indicating an existence of nonlinearity requires a linegtion of the equilibrium equa-
tion(s), [K]{D} = {R}. As the stiffness matrix ofK’] and/or the load vector of R}
become(s) a function of the displacement solutiod bf}, solving requires an iterative
process (Cook et al., 2001). The Newton-Raphson methodamanonly used technique
to effectively handle hardening behavior, while the comtition methods of Arc-Length
and Riks are excellent at tracing snap-back and snap-throelgaviors which are exhib-
ited in unstable structures, such as stiffened-platedtstres (Riks, 1979; Crisfield, 1998;
Bathe, 1996). Possible solution strategies in modelindinear brittle-collapse, post-
buckling behaviors of built-up, cold-formed members (asvpusly shown in Figs. 10
and 11) to ensure the accurate modeling of a structurakréadnd not a numerical blow

out are as follows:

e Perform the Newton-Raphson iteration with displacement catrolled: This
technique can moderately handle a softening descendinglbna a brittle-collapse
and snap-through behavior. It, however, fails under a $r@g-which is not a typ-
ical concern for buckling of cold-formed sections. Thisheicue has been mainly
adopted for the ANSYS implicit-static models us to validtte experimental re-

sults in Fig. 8.

e Treat a buckling response dynamically using an explicit inegrator: This tech-

nique is to approximate the response with inertial effeatsrey included at the
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beginning or partially after the static solution becomestable. An inclusion of ge-
ometric and material nonlinearities has little effect oa ifitegrator algorithm (Be-
lytschko et al., 2000). Discontinuous contact conditiamsfarmulated and used on
a node-to-node basis resulting in no iteration being regufABAQUS®, 2007b).
This solution technique has been adopted for the ABAQUS@&xolynamic model

to verify the ANSYS implicit-static models.

Use an energy stabilizer (i.e., dashpot(s))fhis technique adds an artificial energy
to an unstable structure when its load-carrying capacitgashed. The technique

works well with a hardening nonlinearity and/or ductildtapse response with an

almost flat plateau after becoming unstable. It ceases wnsigftening descending

branch which is a primary-concerned behavior in cold-fatieckling. Therefore,

this technique is not adopted.

Use the continuation method of the Arch-Length or Riks schera: The algo-

rithm was purposely developed to advance solutions passessnap-back and/or
snap-through behavior (Riks, 1979). Prior to its introttuttusing the aforemen-
tioned techniques or literally abandoning equilibriunmatéons in the close vicinity
of buckling loads or limit points was the common practicei¢@eld, 1998). Un-

fortunately, the method suffers from an inherent discantyndue to a presence of
contact elements. A numerical difficulty of using the Rikstihoel with surface-to-

surface contact elements defined along the back panels df-apu -shape section
was reported in Becque and Rasmussen (2008). An artificnapaey (energy sta-
bilizer) was used to stabilize the solution at the first felwstaps. A consideration
for the magnitude of the damping factor, as well as the stailstep size not to
alter an overall solution, is very critical. Thus, this tatfue is adopted exclusively

for single, cold-formed sections.
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EA=5.0e7N; Given: | SDOF System
/=12500 mm; m=1.0; ||mii(1) +r(ru(®) =71, (1) )
xcitation Histor
Kg = 1.35 N/mm; Hardening Tfm r, =10; i u(?) f ry
Kg =0 N/mm; Snap through e u,=1.0; hysteretic spring ) M/\/\/W\/W
z=25 mm; ullloe=02;
B . - n=11; / / —_—>
—_,,—“'_-‘— Ks z t[):O; fe‘xl(t)
— - 'X “Unitial Configuration Ar=0.01; r=J(ruw
o ts = 28m, Frictionless Surface

Figure 15: Two nonlinear single-degree-of-freedom systémreview the implicit and
explicit numerical schemes available for nonlinear buaklanalyses. On the left, a
nonlinear-geometric system of an elastic bar attached tler mand a linear spring on
the right end and pinned on the left end (Crisfield, 1998) ipliaitly solved under the
Newton-Raphson and Arc-Length methods as shown in Figsnii6l@. On the right,
a nonlinear-hysteretic dynamic system of a unit mass witlamlierg-Osgood restoring
force (Jennings, 1964) is exited under an amplitude-maeldlayclic loading (Piyawat
et al., 2008). At a given time step, the solution of the rastpforce is iterated under the
Newton-Raphson scheme, while the solution of displacemeadvanced along the time
span using an explicit Central-Difference integration.e Timplementation flowchart is
given in Fig. 18.

Three numerical examples of two nonlinear single-degfeecedom (SDOF) systems as
shown in Fig. 15 are performed for a thorough review of thepaekd solution techniques.
The review aspects includes: (1) nonlinear path-depenalethtpath-independent (i.e.,
systems with and without memory), (2) limitations of an ifmjpland an explicit scheme,
and (3) a simplicity of an explicit scheme versus a compjegitan implicit scheme.
All the presented numerical works are carried out under MABL(Harman et al., 2000;
Palm, 2001), unless otherwise stated.

The first system on the left in Fig. 15 is an elastic bar attddioea roller and a
linear spring on right end and pinned on the other end (ClasflE998). The vertical
displacement: of the tip subjected to an upward external forgg is the unknown of
interest. The governing equation as well as the equatioheofangent stiffnesg’; (i.e.,

—a i H g . .
gq';‘t, wherefi; denotes the internal force to equilibratg,) are given as a function of
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as follows:

foxx = (EA/P)(2%u+ 1.52u* + 0.5u®) + kyu (33)

K, = (BA/P)(2* + 3zu+ 0.5u%) + kg (34)

As indicated in EqQ. (34), this system has a geometric noatibyewith a path-independent
feature inferring that its current solution does not regaitknowledge of its previous so-
lutions. This system would contain the other nonlineasitie material and boundary if
the material stiffnes#&’ was a function ofu and there was a clearance between the bar
and the spring. With a given history of fe can be evaluated trivially. In the opposite,
an incremental-iterative approximation®fs needed under a given history f;.

The adopted properties of the material and the geometrysdadlaws: (1) the product
of F and the cross-sectional ardaequal to 5.0e7 Newtons, (2) the initial bar length
= 2,500 millimeters, and (3) the initial spring length= 25 millimeters. The Sl units
of Newton and millimeter are abbreviated as N and mm, hexeaf¥ith the presence of
the spring stiffness of, = 1.35 N/mm), the system expresses a hardening response in the
load-displacement history (see Fig. 16) and a snap-thrbeghavior wherk, = 0 N/mm
(see Fig. 17). With the two different values bf, the two sets of static solutions are
solved iteratively under the implicit schemes of: (1) theMdan-Raphson method with
force being controlled and (2) the Arc-Length continuatioethod, as shown in Figs. 16
and 17, respectively.

In the Newton-Raphson solution process, the incrementalilequm solution of a
nonlinear algebraic equation is advanced through a pseodestep (substep) through
iterations. Based on the assumption of the existence ofri$tecfider term of the Taylor
series and the truncation of the other high-order terms (Hiy, 1986; Mathews and
Fink, 2004), the iterative equation at a given substdap formulated in Eq. (35). The

superscript of and the subscript of denote the approximated solution and the iteration
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index starting from zero.

Ujpr = U — (fmt(ﬁz) - nAfext)/Kt('ai) (35)

With a uniform incremental forca fey: chosen as 5 N, a total of 17 substeps to trace a
hardening response history undgg of 75 N are carried out. The solution@tonverging
along a referenced load of 25 N is locally shown in the fifthsgep iteration history at the
upper-left corner of Fig. 16. The initial value ofis taken as zero for the first substep and
as the most-recently-converged solution for the rest,d;ey = u,,_;. The convergence
is archived upon the out-of-balance for(u;.1) — nA fex: OF g less than a tolerance of
1075 N. The localized convergence-history panel at the lowgnircorner indicates the
largest incremental displacemeft: is in the seventh substep and the largest iteration
number in the eighth substep.

Upon a removal of the linear spring, the response urnfdgrof 15 N changes to a
snap-through in behavior as shown in Fig. 17. A total of 1%sejis are carried out under
the Arc-Length continuation method to trace the whole raspdiistory. An equilibrium
iteration under the Newton-Raphson method would havedatehe ninth substep in the
vicinity close to the first limit point due to a singularity the stiffness inversion (see
Eq. (35)). Such difficulty motivates the introduction of th@ntinuation method by Riks
(1979). The solution ofi converges along a referenced spherical arc (as locallyrshow
the 17" iteration history) instead of a horizontal linear line asypously shown in Fig. 16.
The assumption made in the algorithm is tigtis proportional to a load factoy, which
becomes an additional unknown in return. In specific, therapsion results in: (1) a
modification of Eq. (33) to account for, and (2) an additional incremental quadratic-

constrained equation defining a referenced spherical argivan in Egs. (36) and (37),
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Figure 16: A hardening load-displacement response higtbeynonlinear SDOF of an
elastic bar resting on a linear spring and subjected to aratgpexternal force.,; of 85

N (Crisfield, 1998). The system has geometric nonlineasityce the stiffness depends
on the deformed configuration, i.es; = K;(u). The solutions of: are obtained it-
eratively using the forced-controlled Newton-Raphsonhodt The solutions converge
along referenced forces of a constant increment of 5 N. Ggewee is assumed upon an
out-of-balance force dffiny — fex| l€ss thanl0~¢ N. The convergence history including
the incremental displacemenis: and required iteration numbéas well as the iteration
history of the fifth substep are also provided.
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respectively.

Met = (BA/P)(Z2u+ 1.52u% 4 0.5u%) + ko (36)

.- >y
Vv
fint

AL* = Au?+ AN f2, (37)

The scaling factor of) to assure a compatibility in the unit of space is taken as A.O.
variable of AL referred as a radius of a referenced arc and originatingeaptévious
converged solutions af,,_; and\,,_1 fext IS given in Eq. (38) AL is kept constant during
iterations but varied between substeps reflecting in a mifeum step size. The notation
of i,,_; denotes as an iteration number required in the previougegub$he notation of
nmax denotes the permitted maximum substep and is taken as 300.

(fc—:%«/”max}\/1/Kt27+¢2 yifn=1

AL, = (38)
ALy 11/3/in1 : otherwise

The iterative unknowns ahu and A\ denote incremental quantitiesofand\. For
a given substep, they are iterated/updated based on the iterative charfigés and
d\ as in Egs. (39) and (40). The initial values &fi; and A)\; are taken as zero and
fext/ nmax, respectively, for the first substep (i.e.x= 1) and latter a&\u,,_; and according

to Eq. (37), for other substeps.

Adisr = AN+ 66X (40)

The variable o)\ is determined as a root of the quadratic equation given in(Z&L.

This equation is derived from substituting Eq. (36) into B3¥.). The variable obu is a
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linear function of§ A and can be determined according to Eq. (42).

a6\ + a0\ +as = 0 (41)

((fint - )\ifext)/Kt) + (fext/Kt)é)\ = ou (42)

The coefficients ofi;, a; andas in EqQ. (41) anday andas given latter in Eq. (48) are
defined in Egs. (43)-(47). Note th#t; and K, (as previously defined in Egs. (36) and
(37)) contained in Egs. (42) to (47) are now a functior.oénd/or)\;.

al = (feur/K:)* + (¥ fear)? (43)
a2 = 2(ferr/Ko) (Aui + (fint — Aifex) [ K2) + 2804 fext)? (44)
a3 = (Au; + (finr — Nifea)/EKi)? + (AN foxt)” (45)
as = Aui((finr — Nifext)/ Ki) + Au? (46)
as = (fex/Ki)Au; (47)

Only one of the two distinctive real roots (denotedéas andd ;) of Eq. (41) is taken
asdoA. The imaginary root(s) is invalid indicating a reduction&f. or a failure of the

algorithm. The criterion to choogg\ is as follows:

oA if (ag + as0) > (ad + abo
S\ — 1 (4 5 1) ( 2) (48)

0y ; otherwise
The converged\\,, can possibly be positive or negative with magnitude less tra
equal to a unit depending on whether an ascending or desacehrinch of the response
is being traced as evidenced in the local panel of the coewerghistory. Convergence is
assumed upon satisfying the condition| i — A\ fex/ < 107% N, same as in the former
method. Solution updating is ceased once the magnitudg@tceeding a unitindicating

the desired loading magnitude has been achieved; othemyigand \,, are kept updated
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Figure 17: A snap-through response history of the first SD@esn shown in Fig. 15.
Basically, the system is identical with the one in Fig. 16eptmo linear spring support-
ing at the bar tip, i.e.k;, = 0. The spherical Arc-Length scheme is used to trace the
solutions of the displacementand the load proportional factarconverging along refer-
enced spherical arcs instead of linear referenced loadskg.i16. Various convergence
histories including the incremental displacemat the incremental load factak ), the

arc radiusA L, and the iteration history at I&ubstep are also included.

until nmax IS reached. The associated recorded histories show themaaxiteration

number of five is required in the T7substep, while the 5substep is the largest in

step size, i.e., the largest NL and AX. To facilitate insightful detail, the graphical

implementation under LabVIEW (LabVIEW, 2000) is included in Appendix A. The

linearized version of the method (known as the Riks methed) & linear constrained

equation, which bypasses the issues of quadratic equatt@hshoice of roots, but is less

stable and slower to converge (Crisfield, 1998).
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The second SDOF system (on the right of Fig. 15) to review gii@k dynamic
integration of the Central-Difference method is a chake-Isystem consisting of a unit
lumped massn attached to a nonlinear-hysteretic spring featuring thalbag-Osgood
model (Jennings, 1964; Chopra, 2000; Piyawat et al., 2008 .system is excited under
an amplitude-modulated cyclic loafd.(¢) of 28r-second long and 0.75-Hz frequency.
The equation of motion along with the governing equationshef restoring force on:
(1) the virgin (skeleton) curve, and (2) the reloading anbtbading curves are given in

Egs. (49), (50), and (51), respectively.

mii(t) +r(ru(t) = fe(t) (49)
() - =
27’yp +K< 27’yp) - 2uyp (51)

The restoring force = r(r, r,, u, u,) is highly nonlinear path-dependent as a function
of itself, displacement. and selectively, the most recent reversal (denoted, @sdr,)
in the displacement vs. restoring force history (see Fig.ti& lower-left corner). The
variables ofu, andr, are kept constant during the unloading and reloading psoes
long as the sign of an incremental displacem&ntremains unchanged) and altered once
Awu changes in sign at a reversal. They are considered as lonahe(i.e., valleys), if
Au > 0, otherwise; local maxima (i.e., peaks). The parametets, @indr, (both taken
as 1.0) are referred as the yield displacement and yieldriegtforce. The parameters
of x andn (taken as 0.2 and 11, respectively) are parameters congydhe hysteretic
profile and the smoothness on an elastic-to-plastic tiansifThe value of, must be a
positive odd integer greater than one (Jennings, 1964j). Asoc, the model approaches
elastic, ideally plastic behavior.

With the presence of the Ramberg-Osgood model, an exptinittiie green back-

ground of Fig. 18) and implicit (on the red background) aidywns can be brought to-
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gether enabling a side-by-side qualitative visualizafiavoring the former simplicity
and the latter complexity. The price of avoiding equililmiuteration results in a con-
ditional stability, which is the opposite to the adopted licipintegrator (will be dis-
cussed shortly). With a second-order truncation error agesss in the Newton-Raphson
scheme, a stable time stépg needs to be smaller than a critical time st&f, defined
as a function of the maximum natural frequency; otherwisayreboundedly-growing so-
lution (Bathe, 1996; Belytschko et al., 2000; ABAQBYS2007b). Such restriction is not
as much of a concern in an implicit scheme, and thus, allovarger time steps. With
a uniform At of 0.01 seconds, nearly 8,800 time steps to complete theenbaling
history are carried out. The most computational work is spenthe approximation of
the restoring force. That is, at a given time stgpthe Newton-Raphson algorithm (as
shown on the red background) approximatgspon the known value af, from: (1) the
initial condition specified at = 0, and (2) the Central-Difference integration, thergafte
The iterative equation along with the characteristic eigual’(u;) and its first derivative
with respect toi; (denoted ad (1)) are given in Egs. (52)-(54), respectively (Naka-
mura, 1991). Again, the subscriptienotes an iteration index. Convergence is assumed
upon satisfying the condition df;,; — #;)/7; < 107¢. The being-approximated,

is then taken as the restoring force solution at timé.e., r,,). To facilitate the discus-
sion, the combined schematic of the integration and thatiter is summarized on the

left hand-side of Fig. 18.

(
uy (2 — K (’"— n) — Up  virgin curve
F — yA Yy A (53)
2uy(5E + K (’”1'2;;"’3))77 — (un —u,) ;reloading curves

P (n—=1) e
) (—) ; virgin curve 54

oo | G ()
) (

(n—1) .
) ; reloading curves
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The solution ofu,, is then updated along the time span to the next time stepiof
upon the committed value of, through the Central-Difference integration according to
Egs. (55)-(57) (the algorithm shown on the green backgrpbunatontrast to the implicit
algorithm, no iteration but only algebraic evaluation igded here, which highlights the

beauty of the explicit scheme.

tn — I'n
fipey = (fexltn) =) (55)
m
' U, + 1A, =0
Up+1 = (56)
u, + Ati,, ; otherwise
Upi1 = Uy + Atuy, (57)

OpenSees (Fenves et al., 2002) is adopted as a numericalfainto perform an im-
plicit integration of the Newmark method as the verificatidhe availability of the source
code enables the implementation of the Ramberg-Osgoodlmsdesubclass of tHeni-
axialMaterial class (Piyawat, 2005; Piyawat et al., 2008; Piyawat andZ@€9). A unit
nodal mass attached to a nonlinear zero-length elementeoéond fixed and axially free
in translation on the other end is constructed in the twoetisional modeling domain.
The newly-implemented model defining the elemental respanshe force-deformation
level is specified. With a uniformi¢ of 0.1 seconds, which is 10 times greater tkieof
the explicit scheme, the validation is made through conmggattie restoring force vs. the
displacement history, as shown on the lower left corner of E8.

Under a linear transient analysis, the Newmark integratamiconditionally stable.
This points out its advantage over the explicit integraBelytschko et al., 2000). With
the parameters of and s controlling the accuracy, numerical stability, and altfumic
damping chosen as 0.5 and 0.25, respectively, an unconalistability is obtained under
the current nonlinear analysis (Cook et al., 2001). Neweteds, the major drawback of

adding the algorithmic damping via using> 0.5 to suspend the high-frequency-noise
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is that the accuracy of the solution drops significantly {Bsthko et al., 2000). Under
this circumstance, the Hilbest-method is capable of providing the numerical dissipation

without as much loss of accuracy (Hilbert et al., 1977).
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3 PHASE I: ANSYS VALIDATION AND ABAQUS

VERIFICATION !

3.1 Overview ofPhase |

In this study, calibration of a state-of-the-art modelingategy for a nonlinear large-
displacement buckling analysis is carried out. Two norirfenite-element packages of
ANSYS and ABAQUS are used to validate and verify over 265 expental buckling
tests (previously reviewed in Section 2.3). ANSYS is deaigd to validate the exper-
imental results, and the ANSYS results are then verified byA@BS. Two different
numerical schemes of implicit-static and explicit-dynamie adopted. Also, a variety of
iterative and non-iterative solution techniques are ipooated including: (1) the Newton-
Raphson method, (2) the Arc-Length method, (3) the Riks otgtand (4) the Central-
Difference integration method. The ANSYS structural s@idck) element of SOLID45
is thoroughly examined in comparison with its shell elemmminterpart of SHELL181
for modeling a critical state of buckling and a softeningpsse in the post-buckling
regime to assure a true structural failure (not a numerigkced one). Finally, quanti-
tative and qualitative comparisons between the experiahand numerical analyses are

presented, which include:
e Axial load versus displacement histories along with ultien@xial load capacities
e Reaction and energy time histories before and after lovs-fiasring

e Deformed shapes along with von-Mises stress contours

1This section is designed to be independent and self-cardain facilitate submission as a journal
article. Therefore, some materials previously presemtéthiapter 2 is repeated.
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3.2 Numerical Simulation of Buckling in Built-up, Cold-For med Sec-

tions

The modeling procedure as summarized in Fig. 19 consistélpPreprocessing Phase
where the problem (i.e., stiffness matrix) is formulate2l, $olution Phasevhere the

solution vector is solved either implicitly through iteats or explicitly through central-
difference time integration, and (Bpstprocessing Phasehere the solutions of interest

are interpreted, e.g., the buckling capacities and theresponding deformed shapes.

3.2.1 Preprocessing Phase

The key details of the ANSYS implicit-static and the ABAQUSpécit-dynamic mod-
elings are summarized in Fig. 20. Their representativecfieiement (FEM) models are
shown in Figs. 21 and 22. The models contain all the sourcasmfnearity in material,
geometry, and boundary (ABAQWS 2007a). The use of a path-dependent, bilinear-
isotropic constitutive model causes the material nonliteaA large-displacement anal-
ysis, where the stiffness is a direct function of a deformafiguration, yields the geo-
metric nonlinearity. A presence of contact elements altiedips and the back panels of
the R- andl-shape orientations contributes in the boundary nonlityearhe cold-work
effect from the forming process usually results in a highesrgth, but less ductility of
the steel around the corners and in vicinity of a thicknestadice (as shaded under the red
regions) (Ashraf et al., 2005). The yield and ultimate gjtae are to be increased by 22%
and 17%, respectively, while the ultimate strain is to bael@sed by half (Hancock et al.,
2001). The residual stress is neglected, as the materipefres were experimentally
derived directly from the coupon tests performed on spesgn# the actual members
(Yang and Hancock, 2004; Yang et al., 2004; Ng and Gardn@7 20 he material char-
acteristics of the modulus of elasticiti), Poisson’s ratiox), the yield stress and strain

(0, ande,), and the ultimate stress and strai) @nde,,) are listed in Table 2.
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Figure 19: The modeling procedure to perform a nonlineag@alisplacement) buckling analysis.




Nominal Measured E v | Stress(ksi)| Strain(in./in.)
Thickness(in.)| Thickness(in.) (ksi) | (%) | o, | ou gy | &
0.064 0.06073 29.5e3| 0.3 | 71.1| 81.3| 2.41e-3| 2.68e-1
0.080 0.07530 29.5e3| 0.3 | 61.6| 81.0| 2.09e-3| 2.66e-1
0.100 0.10010 29.5e3| 0.3 | 71.8| 81.1| 2.43e-3| 2.68e-1

Table 2: Material characteristics obtained from coupotstperformed on specimens of
0.5-in width and 2-in. length, cut from actual members (\W&it2007). The averaged
values of three identical tests for each thickness areallistan engineering format. AN-
SYS requires material stress-strain relation in this fdrméile the logarithmic format
is required in ABAQUS. The relation between the two formatsje = In(1 + ¢) and
Otrue = 0 (1 +€).

In the first panel of Fig. 19, an Eigen-buckling mode is seenl®d a perfect mesh
to trigger a geometric instability to avoid an exaggeratédréation load (see Fig. 12),
where both perfect and infinitesimally-close buckled canfigions and a numerical blowout
are possible (Yang and Hancock, 2004; Yang et al., 2004;r@arahd Nethercot, 2004;
Ashraf et al., 2005; Ng and Gardner, 2007). The first Eigeneamnedommonly preferred,
unless, the first two-consecutive modes are closely spaaa@ddimagnitudes less than
0.5 kips. Then, the second mode is also required. Failurki®htay result in an under-
estimation of the ultimate load-carrying capacity as musB@P6 (see Section 4.3). The
degree of imperfection (denoted@sas suggested by Walker (1975), is adopted toward a
member expressing distortional or local failure. It is iqmarated into the first mode, and
a magnitude of one-tenth the thickness is applied to theskecmde, if applicable. For a

flexural and a flexural-torsional buckling membeis taken as a fraction of the unbraced

length. The imperfection factor is summarized as follows:

L : flexural (Euler) buckling
5— 2000 (58)
0.3t/ ]f:jq ; distortional and local buckling

WhereL andt denote an unbraced column length and a section thicknegsndtations
of P, andF,;, denote a squash load (causing a yielding failure of an emgm@ber) and an

Eigen-buckling load. Alternatively, a non-Eigen-basedymbation using an imperfection
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degree measured from an actual member was carried in BeoguRasmussen (2008),
which is time-consuming and believed not to yield any sigaliiit differences in accuracy
as long a9y exceeds a certain threshold. According to Rasmussen arfthkta&001)
and Ng and Gardner (2007), the predicted buckling loads haetatively low sensitivity
to a local imperfection when the ratio Qg) exceeds 2.5%. No loading eccentricity is
considered in the modeling to reflect a condition of the proeyression test. In short,
for a given nonlinear buckling analysis, an additional éinanalysis of Eigen buckling is

required in advance with at least two modes extracted.
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Figure 20:

ANSYS Implicit-Static Model

ABAQUS Explicit-Dynamic Model

Column entity (no mass required)
e  Brick element of SOLID45
e  Shell Element of SHELL181

Weld entity
e SHELL181 (extended at a thickness distance from the corner
edge)

e Attachment to the column made by the means of merging
coincident nodes (extremely rigid)

Pin-end BC (w/o loading plates)
e Arigid body applied directly to the end section (i.e., a
deformable body)

¢ A master node (TARGE170) placed at the center and a slave
surface (CONTA173/CONTA177) on the end section
surface/perimeter

* Fixed in translation and axial rotation applied to the master
node on the supporting end

e  Same constraints but with a described axial deformation on the
loading end
Contact Condition

e  Surface-to-surface CONTA173 overlaid on the outer surface of
the lips (I-Section) and back panels (R-Section)

e Cannot deform toward each other but free to slide with no
friction developed and no normal force being transmitted

Geometric perturbation

* Eigen-based deformed configuration(s)

Solution Techniques (def. controlled)

* Newton-Raphson method
e Arc-Length continuation method

Column entity (mass required)

e Shell Element of S4R (commonly adopted)
o Density (equivalently to the steel specific weight of 480 Ibs/ft3)

¢ Finer mesh to control a stable time step (typically a quarter to
half a million time steps)

Weld entity

*  S4R extended at a thickness distance from the corner edge
e Attachment to the column made by spotweld elements

Pin-end BC w/ loading plates
e Adiscrete-rigid element of R3D4

e Master surface on the plate where the coarser mesh is and the
slave surface on the end section perimeter

e A hard-and-rough contact property at the interface (i.e., no
sliding permitted while transmitting normal force and separating
interface being allowing)

Contact Condition

e Surface-to-surface type overlaid on the outer surface of the
elements of the lips (/-Section) and back panels (R-Section)

e Cannot deform toward each other but free to slide with no
friction developed and no normal force being transmitted

Geometric perturbation

¢ Eigen-based deformed configuration(s)

Frequency analysis

e Butterworth, low-pass filter with a cutoff frequency slightly
higher than the first natural mode

e Appropriate loading rate with a smooth loading profile

Solution Techniques (def. controlled)

¢ Implicit Riks continuation method (only the chords)

e Explicit-dynamic central difference integration (all 0.1-thick
single and built-up sections)

The key details of the ANSYS implicit-static aig tABAQUS explicit-dynamic modelings. The differencesvitn the
two modeling schemes are highlighted in red.




ANSYS Implicit-Static FEM model

ANSYS implicit-static modeling is adopted as the main pgekto validate the 265 tests.
The representative finite-element model of the builtBggection is shown in Fig. 21.
Two separate sets of modeling the column entity using a tstraicshell element of
SHELL181 (a commonly-used element in the modeling disegbf thin-walled struc-
tures) and a structural solid element of SOLID45 are cawigdo examine the modeling
advantages in: (1) advancing through a critical state aidpbuckled, (2) tracing a soft-
ening response of the post-buckling regime, and (3) asgartruly structural failure (not
a numerical blowout). According to Bakker and Pekoz (20@1g.(9), the SOLID45 is
supposed to be better (disregarding the demanding rdiatened meshes) due to less
errors in discretization and geometric approximation,, exgd-surface contact location
as commonly adopted in shell elements.

The pinned-end condition is modeled according to a rigidyb@oncept consisting of
a target element and a set of nodes defined by contact elenfesisgle pilot (master)
node of TARGE170 governing the motion of the entire rigidyp&dplaced coincidentally
at the center of the end section, representing the swivelipty head in the experiment
(see Fig. 4). A set of rigid-body nodes forming a slave s@fmscdefined by surface-
to-surface CONTA173 or line-to-surface CONTA177 depegdim whether SOLID45
or SHELL181 is being used for the column elements. The rigidybis attached to
the (deformable) column by directly overlaying the slavdfaee on the end section. A
displacement boundary condition is directly imposed onrniaster node. On one end,
all translations and axial rotation are prevented. On thero¢nd, the same constraints
are applied but with a prescribed axial deformation to penfa displacement-controlled
analysis.

For the built-up members, CONTA173 are overlaid on the lipd the back panels
of thel- andR-sections to prevent them from deforming toward each offilee contact

behavior is assumed as frictionless, i.e., free to slidaauit normal force being transmit-
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Built-up rectangular section End weld modeled through SHELL181

Steel column elements modeled
through SOLID45 or SHELL181

Stitch weld modeled
through SHELL 181

Surface-to-surface contact
elements (CONTA173)
along the lips

|

CONTA173 or 177
along the end section

to model rigid body Stitch weld modeled

through SHELL181

End weld modeled

through SHELL181
Cold-work effect at corners resulting
in higher strength but less ductility
Pinned-end condition applied
on the pilot node (TARGE170) \
of rigid body ‘ '

Figure 21: ANSYS SOLID45/SHELL181 implicit-static modédlthe built-up,R-section.

ted. The elements of the welds are accounted for using SH&LLThey are attached
to the column by means of merging coincident nodes. The watithe weld is assumed
to extend beyond the corners at a distance of the sectioknéngs. Therefore, there are
four merged nodes at a given cross section of the weld. Tgedamesh sizes across the
width and along the length are kept as 0.20 in. consistemtbuighout this work.

The errors inherent to running these numerous numerides @322 simulations are
compromised through a sequential, batch-feeding modey wsicollection of ANSYS-
Parametric-Design-Language (APDL) macros (Madenci andeGu2006; ANSYS,
2009b) to create and execute the models and retrieve th&osawf interest. With
the varying section properties (Fig. 5), stitch-weld patse(Fig. 6), and material char-
acteristics (Table 3) taken as the input arguments, theseosare called selectively,
sequentially, and repetitively by a unique global drives fiv handle different specimen

configurations.
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ABAQUS Explicit-Dynamic FEM Model

The ABAQUS explicit-dynamic model of the built-up;section is shown in Fig. 22.
A commonly-used shell element of S4R is adopted for the carapts of the column
and welds. The connections between these components arerigatty through spot-
weld elements, instead of merging the coincident nodes #®i®ANSYS modeling. A
discrete-rigid element of R3D4 is used to model the two sgjl@ading plates of 1.0-in
thick and 8.0-in. width. These plates, in contrast to the XISSmplicit-static modeling,
are included to facilitate the inertial effect. The columass is incorporated through a
common steel specific weight of 480 Ib$/fA lumped rotational mass of the plate located
at the centroid is taken as 4.7e-05 k¥firs No translational mass is required due to the
axial deformation being controlled.

A contact interaction of surface-to-surface type is defiakethe interface of the plate
and the column’s end section. The master surface is laid @pldte where the coarser
mesh is, and the slave surface is laid on the end section. dvdrat-rough behavior is
defined as the contact property, meaning that no slidingnsiped, while transmitting
normal force and separating interface is being allowed. diheed-end condition is di-
rectly applied to a reference point of the plate, locatedhatcenter. Fixed in translation
and in axial rotation is imposed to the supporting plate. S&@e constraint, but with a
prescribed axial deformation under a smooth loading praglanposed at the reference
point of the loading plate. A frictionless-general-contateraction is included along the
lips and the back panels of tiRe andl -sections. These surfaces are not allowed to deform

toward each other, but can freely slide pass with no frictiemeloped.

3.2.2 Solution Phase

All the numerical buckling analyses are carried out with gialedeformation being con-
trolled under a large-displacement assumption to congidemetrical nonlinearity. The

solutions are not unique and strongly dependent on thepocated geometric imperfec-
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Rough and hard surface-to-surface
contact interaction defined along
the interface

Steel column elements modeled
through shell elements of S4R”

Stitch weld modeled
through shell elements
of S4R"

Frictionless general
contact interaction
along the webs
Stitch weld modeled

through shell elements

of S4R"

Loading steel plate modeled
using discrete rigid elements
of R3D4"™

End weld modeled using
shell element of S4R”

Cold-work effect at corners resulting

Pinned-end condition with a prescribed —ole -
in higher strength but less ductility

axial deformation imposed on the reference
point located at the center of the plate

* A 4-node doubly curved thin or thick shell, reduced integration, hourglass control, finite membrane strains
** A 4-node 3-D bilinear rigid quadrilateral

Figure 22: The ABAQUS explicit-dynamic model of the builp;u-section.

tion (Mish et al., 2000). The solutions are obtained imgiainder ANSY S and explicitly

under ABAQUS. An overview of the Solution Phase (previousliewed in Section 2.5

through numerical exercises) is illustrated in the secamepof Fig. 19. The three pos-

sible solution techniques to handle a ductile- and a brtitlkapse failure mechanism in

built-up, cold-formed sections are described as follows:

e Using the Newton-Raphson method with displacement-dtedras the solution
technique The scheme under force-controlled (i.e., given force écaie on dis-
placement) is very effective for a nonlinear problem withaadening and ductile-
collapse, load-deformation relation (Kim et al., 2010)t fauls under a softening
one, such as in a snap-through and a brittle-collapse €ilGermination as ap-
proaching a critical buckling state due to a singularityhe stiffness-matrix in-
version is typical. This can be sometimes insufficient tdifys true structural

failure from a numerical blowout, resulting in a misleadiogd-carrying capac-
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ity. Alternatively, using the displacement-controllecheme may trace a solution
of the post-buckling regime, but with no guarantee. It dejseon several factors,
e.g., how the stiffness matrix is formulated, how large th@emental substep is
(using the smaller ones does not always assure a convejgancehow tight the
tolerance being used is. This technique is fully adoptedhduhe ANSYS implicit-
static solution process to validate both single and buydlsections. The tolerances
on an out-of-balance force and moment are left to defaulisl®é with a minimum
reference value of 1.0 kip and 0.01 kips-in. The initial, miom, and maximum
substeps for a load step are taken as 25, 5, and 3,200, riespecBisection is
activated once the predicted successful iteration for argsubstep exceeds 25 iter-
ations. A convergence history is monitored and recordethimioosening purpose
when the divergence in advancing through the buckling ssa¢@countered. The
tolerance on the out-of-balance force and moment are leosen0.5% with a min-
imum reference value of 50 kips and 0.1 kips-in., respelgtivEhese, thus, raise

the tolerance to 0.25 kips and 5e-4 kips-in, respectively.

Using the method of continuation as the solution techniqine method of contin-
uation was originally developed under a proportional lagdassumption to trace
a snap-through solution (Riks, 1979). The assumption,turmeleads to an addi-
tional quadratic equation as in the ANSYS Arc-Length methad an additional
linear equation as in the ABAQUS Riks method. In contrasghoNewton-Raphson
method, instead of converging along a referenced horiztodd (see Fig. 16), the
Arc-Length solution converges along a referenced spHeaitacentering at the
previous converged solution (see Fig. 17). This circumsémé singularity issue
in the stiffness matrix inversion, and thus, enables thé-poskling solution. The
Arc-Length method converges faster (at a cost of solving adratic equation at
each iteration) but has a hard time iterating a post-bugklilescending response,

whereas the Riks method is relatively good at solving a shemigh behavior.
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The continuation method suffers from a presence of contaotents (discontinu-
ity) in a built-up section (theoretically, due to a violatiof smoothness in behavior
(Crisfield, 1998)). The contact formulation cannot be dghbd properly. To over-
come the difficulty, the (static) Riks method was used inesewith an energy sta-
bilizer (a pseudo dashpot to dissipate energy) as in Beaggi®asmussen (2008).
In all, the Riks method is partially adopted in the ABAQUSwga@n process ex-
clusively for the single sections of the channels and thedshAll the controlling
parameters, including a minimum and a maximum load mudiphre left to de-
faults. The solution step size cannot be explicitly coméebland entirely depends

on the previous ones.

Using the explicit Central-Difference time integrationtimed as the solution tech-
nique Treating a nonlinear quasi-static problem dynamicallgnsther means to
overcoming the difficulty in the contact formulation. Nora&on required during
the solution process highlights the beauty of the explatiesne. Nevertheless, sig-
nificantly small increments and finer meshes for a stable alabte solution are
a tradeoff. An uncertainty in loading rate is also a critisaue and will be dis-
cussed later in Section 3.2.3. For a given run, all theseiderations literally lead
to a quarter or half a million time steps to achieve the remlipad-displacement
history. The solution of such a high-frequency simulati@imievitably noisy. The
behavior of the first mode is of interest, and the other hrglopiency components
need to be suspended using a Butterworth, low-pass filtenppavcutoff frequency
slightly higher than the first natural mode (Mitra, 2005)short, for a given explicit
run, one additional frequency analysis to determine a prop@ff frequency is re-
quired in advance. This solution technique is fully adopdedng the ABAQUS

solution process for the verification.
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3.2.3 Postprocessing Phase

The overview of the Postprocessing Phase is summarizeceithitd panel of Fig. 19.
Using different ANSYS structural elements of SHELL181 ar@L$D45 yields almost
identical histories of axial load versus deformation resss as shown Fig. 23 (see Ap-
pendix B for other histories of the adopted configuratiorBie latter, however, has a
convergent advantage enabling post-buckling solutionsnfost analyses without loos-
ening the default tolerances. This is particularly so fomrbers prone to distortional
buckling (i.e., all the series 8- andR3-sections). In contrast, SHELL181 nearly always
terminates prior to buckling. Moreover, it is significanthore sensitive to loading eccen-
tricity, specifically in the series of single-side®]-sections §W-RJ}. A relatively small
eccentricity (introduced) may cause the numerically sated shape to deviate from the
experimentally deformed shape. Therefore, only the reailSOLID45 are processed
and presented hereafter. The numerical validation is pedd for the ultimate buckling
capacities (see Figs. 24 and 25) and for the deformed shapegswith von-Mises stress
contours (Figs. 27-31 and Appendix C). The load-carryingfieation under ABAQUS
explicit-dynamic selectively performed on the thickesttgms are presented in Fig. 32.
The corresponding time histories of filtered and unfilteesttions as well as kinetic and

internal energy are presented in Figs. 33-35.
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Figure 24: Compressive load-carrying validation and veatfon of the single sections
under ANSYS implicit-static and ABAQUS explicit-dynamic.

Overall, the numerical modelings of ANSYS implicit-statind ABAQUS explicit-
dynamic closely predict the compressive strengths of thglsisections, approximately
within 15% difference as shown in Fig. 24. A noticeable dépamncy among the adopted
solution techniques is only found on the 0.1"-thick and Tdrig, C1-section where the
solution of the Riks method is underestimated by nearly 3@®/careful examination
is paid to the preprocessing and the solution phases of thBQAES static model, but
nothing wrong is found. A flexural-torsional mode commonlensler channels and its
non-stitched, built-up counterparts are precisely reypdid as depicted in Fig. 26. Numer-

ical challenges were encountered during the solution ggoéthe chords. The default
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Figure 26: Flexural-torsional buckling of the 71"-lo@j andDW-R1members.

tolerance became too tight as the members buckled and cotlloensatisfied for both
out-of-balance force and moment. Loosening was done, aydiwnthickest section was
able to go into the post-buckling regime. The ANSYS Arc-Lénigiethod was activated
instead of the Newton-Raphson method, yet the difficulty m@sproperly handled. On
the other hand, the implicit-static Riks method in ABAQUS @mmonly used in Yang
and Hancock (2004), Yang et al. (2004), and Ng and Gardné7()2@ould smoothly
advance the whole loading history. Figure 27 shows a loceklimg of the rippling lips
simulated in the chord section.

The degree of accuracy has dropped in the modeling of thedquidections as ranging
from the largest to smallest sections. The numerical modealverestimates the major-
ity of the measured capacities by as large as 40%. Two of the faetors toward the
discrepancy appear to be the experimental loading offsttlze improper setup of the
pinned-end condition, particularly so for th&-sections, where only one experimental
repetition was conducted for each individual configurati@his results in a suspicious

data quality. Such an imperfection was totaly excluded @rtiodeling as having the pre-
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Figure 27: Local buckling of the lips in the 55.5”-long chord

scribed deformation placed right at the section centro&ttd8 approximations are on the
R-section series as the distribution of the capacity corspas is narrower. The lower
bound of the upper-limit compressive strength has beerheshwith theDW1 pattern
(see Fig. 6). In addition, the post-buckling, deformed sisapf this pattern in Figs. 28
and 29 also representatively reflect their experimentahmyparts. Overall, the numeri-
cal analysis overestimated the experimental results by d2%verage. Thus, to account
for accidentally introduced eccentricity of the axial laadhe experiment, an adjustment
factor of 0.88 could be applied to the numerical simulatiatedobtained for the axial
load capacity for built-up, cold-formed sections subjegbtire compression. Similar ad-
justment has been done in the AISI standard (see Sectionlf@.3gction 4.4, the factor
will be implemented to the proposed distortional-buckiamation.

An exception aside from the above observation is made orettiessofSW1; SW2;
andSW5-R1(denoted aSW-R1hereafter). The simulated strengths are surprisingly low,
but despite this, the failure pattern of the channels prghbgut the mid-length is very
well captured as illustrated in Figs. 30 and 31. On the otlaerdh the larger sections
of these welding patterns, although having distortionakling, were closely predicted.

Debugging to increase the weld thickness and strength &y die¢ prying was attempted.

64



0.064” DW, 0.080” DW1, 0.10” DW1, 0.10” Sw2, 0.0;4” SWS,
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ql I H
i 4 o

Figure 28: Distortional deformed shapes of 42"- and 71gl&8-sections.

Nonetheless, the results remained unchanged. Thus, induded that the ANSYS
implicit-static model is inapplicable for asymmetricaingle-sided members prone to
flexural or flexural-torsional buckling. In this case, the A@US explicit-dynamic model
can be adopted.

The buckling-capacity verification under the ABAQUS exjititynamic modeling is
summarized in Fig. 32. The corresponding time historiesldffitered and unfiltered
reaction forces and (2) kinetic and internal energies agseeted in Figs. 33 to 35. The
verification is selectively performed on the thickest smtsi, where the ANSYS model-
ing provides the most reliable reference as less difficalthe post-buckling convergence

was encountered. In general, the buckling capacities oéxpécit-dynamic simulations
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Figure 29: Distortional deformed shapes of 42”- and 71glt8rsections.

well validate those of the implicit-static counterpartstsg a parametric study to deter-
mine a proper rotational mass and loading rate was condociéide chords, where less
complexity was encountered, while an insight has alreadyn lgmined from the static
solution of the Riks method. The study was initially focusedre on the strength aspect
regardless of minimizing a kinetic energy to dynamicallp@gach a quasi-static simu-
lation. While trying various loading rates by fixing the prabed axial deformation and
shortening the duration, the following combination wasfdsuitable for the chords: (1)
1.0 in./s loading rate of applying a 0.2-in. prescribed defation within a duration of 0.2
seconds (almost 19 times longer than the first fundameetgéncy of 93.64 Hz), and (2)
4.7e-05 kip.¥in. rotational mass of the top and bottom plates. Nonesisel&pplying the
same loading rate to the channels and its built-up countsrpatisfies the energy aspect,
but not the strength. Rather, a faster loading rate of 4/8 ia.generally found com-
patible for most built-up sections. A proper loading rateras to be section-dependent.

Applying a slower rate to minimize the inertial effect is ra& promising as thought. A
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Figure 31: Buckled shape of the 71"-lorgyWV5-064R ember.

Butterworth, low-pass filter with a cutoff frequency sligghhigher than the first natural
mode effectively cancels out the noise and higher-mode ocoents, revealing the true
buckling behavior (ABAQUS®, 2007b).

In Fig. 32 where kinetic-to-internal energy ratios are shptwo distinctive regions
divided upon a 10% ratio (with a transition on tR&-sections) establish an energy cri-
terion. A justified loading rate should yield a kinetic-teteérnal ratio less than 10% and
between 10%-30% for the built-up members prone to disteatiand flexural buckling,
respectively. As mentioned previously, the implicit-&tditnitation on theSW-RImem-

bers has been exceeded. Unfortunately, these membersciudexkfrom the preceding
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observation due to a violation of the no-sliding interactpyoperty resulting in a suspi-
cious simulation. Right before buckling, the members stastide on and completely off

the plates.
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3.3 Conclusion

The study in this section presents a state-of-the-art mmuglstrategy to handle nonlinear
buckling behaviors of built-up, cold-formed sections wiggometrically unstable con-
figurations. Over 265 experimental buckling tests are ueetlinerically validate the
ANSYS implicit-static model and ABAQUS explicit-dynamicadel is used for verifi-
cation. The ABAQUS model complements the ANSYS model byroftefeatures it
lacks. The ANSYS model generally ensures a satisfactorilimgccapacity prediction,
but leaves an uncertainty in the post-buckling respongéicptarly for members that are
likely to fail in flexural buckling. This sometimes resultsa difficulty in judging a true
structural failure from a numerical blowout. In contrasie ABAQUS explicit-dynamic
model is capable of tracing unstable descending loadirigries, although a proper load-
ing rate is still questionable. Furthermore, a variety efative and non-iterative solution
techniques, including Newton-Raphson, Arc-Length, Réws] Central-Difference inte-
gration methods, are adopted for obtaining reliable sohgti Overall, the numerical
analysis overestimated the experimental results by arageesf 12%. This is due to an
accidentally introduced eccentricity and an impropergetithe pinned-end condition in
the experiment. Therefore, an adjustment factor of 0.88 bhaapplied to each numer-
ical simulation to determine axial load capacity of a built- cold-formed section under

pure compression.

3.4 Discussion

Use of the first Eigen-mode is preserved for a member pronéstortional buckling,

unless the first two Eigen loads are closely spaced less thakifs in magnitude; oth-
erwise, they both should be incorporated in the geometnitugstion. Failure to do
this may result in a severe underestimation of the membemngtin. When dealing with a
flexural-buckling member, even though only the first modeudbwe weak-bending axis is

theoretically possible, the strong-axis bending mode negyrbctical due to improperness
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in fabrication and/or boundary condition. According to éx@erimental deformed shapes
of the double-sidedR1-sections, a strong-axis buckling is observed requirireglsg the
latter mode onto a perfect mesh.

Incorporating the end-plate condition in the ANSYS imgksiatic modeling was also
examined. The same principal of applying the contact anchédary conditions as in the
ABAQUS explicit-dynamic model was repeated. ldenticatiiessto the adopted modeling
strategy upon using a rigid-body concept were yielded inctiennels. Nonetheless, a
numerical blowout due to too much penetration of the elemehicolumns and plates
and rigid-body motion of the column due to improper contactstraints are encountered
when modeling the chords and the built-up sections. Moddiire weld connections,
as extremely rigid by directly merging column-to-colummndes instead of through the
weld entities, was also examined and found fairly good ferspymmetrical double-sided
members. Exceedingly conservative and totally misleadieigprmed shapes were an

outcome in the single-sided welding sections.
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4 PHASE II: FORMULATION OF THE PROPOSED

DISTORTIONAL EQUATION 2

4.1 Overview ofPhasell

An extensive numerical analysis of over 265 pure-compoeskuckling tests is carried
out using ANSYS implicit-static and ABAQUS explicit-dynamsimulations (Chapter 3).
The state-of-the-art modeling procedure has been provetiarately predict the geomet-
rically unstable behavior of built-up, cold-formed seato This work aims to assess the
aforementioned experimentally identified deficiency andrests it by developing a new
axial load capacity equation for built-up sections prondigtortional buckling. Through
a systematic parametric study, investigations are madieeotdrrelation between the ulti-
mate capacities and the geometrically induced failure madeanfluenced by the out-of-
flatness along the section perimeter and the out-of-stireégis along the member length.
A total of 360 ANSYS runs over 20 unbraced lengths and 2 lhugltrientations, each
associated with a set of three section widths and threertbgdes (identical to those
adopted in the tests), are compared with the AISI designesu(see Section 2.2). The
correlation between the distortional-buckling data aredrtesign values is analyzed to
develop an equation that addresses the deficiency usingtesigaare regression analysis

of a three-dimensional surface fitting.

4.2 Computational Modeling of Buckling in Built-up, Cold-formed

Sections

The state-of-the-art modeling strategy previously caliéd inPhase [(Chapter 3) through
the ANSYS implicit-static validation and the ABAQUS expticlynamic verification over

the 265 experimental tests (Section 2.3) is strictly fokkolw The representative FEM

2This section is designed to be independent and self-cardaim facilitate submission as a journal
article. Therefore, some materials previously presemtéthiapter 2 is repeated.
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models of the built-up|- and R-sections are presented in Figs. 36 and 37. The brick
element of SOLID45 is adopted for the elements of the columththe nonlinear shell
element of SHELL181 for the weld entities of 3/16 in. in thmass (Whittle, 2007). The
largest mesh sizes across the width and along the lengtleptednsistently close to 0.20
in. throughout the parametric study (Section 4.3). The rensbf elements vary from
5,000 elements in the smallest and shortest member to 3D@Jéthents in the largest
and longest member. One-sided contact elements consadtihg master and the slave
surfaces are overlaid on the lips of tResection and on the back panels of thgection.
The interaction of these surfaces is defined as frictiorfedisating that they can freely
slide pass and be apart from each other with neither tarajerdr normal forces being
developed. Once in contact, no force is transmitted fromsuréace to the other. The
pinned-end condition is simulated through a rigid body ¢stivgy of a master (target)
node and a slave surface. The target node of TARGE170 elambadated right at the
end-section centroid, reflecting the pure compression efceentricity being considered.
The slave surface of CONTA173 is overlaid on the entire af¢laeoend section. A fully-
fixed in translation and axially-fixed in rotation are impdde the target node on the
supporting end. The same constraint, but with a prescrikid @eformation to perform
a displacement-controlled analysis, is applied at therdtdeling end. The magnitudes
of the prescribed deformations to pass the critical bugkpnint into the post-buckling
regime vary from 0.15 - 0.50 in., depending on the length arel af the member being
simulated.

An Eigen buckling mode is seeded onto a perfect configuratianigger the geomet-
ric instability to bypass the (exaggerated) bifurcaticeddsee Fig. 12). The first mode is
usually of interest, unless the first two consecutive modeslasely spaced less than 0.5
kips in magnitude; otherwise, the second mode is also tdkature to do this may result
in an severe underestimation of the ultimate capacity (ndageussion in Section 4.3).

The degree of an imperfection (denotedégstaken as a percentage of the thickness as
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End weld modeled through SHELL181

Steel column elements modeled
through SOLID45 or SHELL181

Stitch weld modeled
through SHELL 181

Surface-to-surface contact
elements (CONTA173)
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through SHELL181

%

End weld modeled

through SHELL181 H =

Cold-work effect at corners resulting H =

in higher strength but less ductility = =

Pinned-end condition applied m M
on the pilot node (TARGE170) \ i
of rigid body ‘I\ EEJ

Figure 36: ANSYS SOLID45 FEM model of the built-upsection.

suggested by Walker (1975), is adopted toward a distoitiona local mode. For a
global-buckling membegp is taken as a fraction of an unbraced lengthrhe imperfec-
tion factoré (in Eq. (59)) is incorporated to factor the first Eigen modd ane-tenth of

thickness is applied toward the second mode, if needed.

5000 ; global (Euler) buckling

5 = (59)

0.3t % : distortional and local buckling
The notations of. andt denote an unbraced column length and a member thickness. The
notations ofP, andF,,, refer to a squash and an Eigen-buckling load.
An isotropic bilinear model with kinematic strain hardegia assumed for the consti-
tutive model. The material characteristics of the moduluslasticity (F), the Poisson’s
ratio (v), the 0.2% yield stress and strair), @ndc, ), and the ultimate stress and stradr) (

ande, ), are experimentally determined according to the ASTM cougests and summa-
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Built-up rectangular section End weld modeled through SHELL181

Steel column elements modeled
through SOLID45 or SHELL181

Stitch weld modeled
through SHELL 181

Surface-to-surface contact
elements (CONTA173)
along the lips

|

CONTA173 or 177
along the end section

to model rigid body Stitch weld modeled

through SHELL181

End weld modeled
through SHELL181

Cold-work effect at corners resulting
in higher strength but less ductility

Pinned-end condition applied

on the pilot node (TARGE170) \
of rigid body ‘ '
Figure 37: ANSYS SOLID45 FEM model of the built-ug;section.

rized in Table 2. The cold-work effect, as commonly foundatdeformed steel due to a
substantial plastic deformation around the bend duringrtheufacturing process, results
in a raise in strength but decreasing in ductility. The dffegncorporated to the corner
elements and its thickness-distance neighborhood (sexe Bégand 37) by a 22% and
17% increase of, ando,, respectively. The yield strain ef, remains the same, while
e, Is divided by half resulting in a steeper slope of the tangeotiulus. The effect of
residual stress is neglected, as it is inherently embeddttkimaterial properties exper-
imentally derived from actual members (Yang and HancocR42¥ang et al., 2004; Ng
and Gardner, 2007).
The solutions of a large-displacement assumption are rddaimplicitly under the

Newton-Raphson method with the axial deformation of theterasode being controlled.
The tolerances on the out-of-balance force and momentfate lgefaults as 0.1% with a

minimum reference value of 1.0 kip and 0.01 kip-in., respett. The initial, minimum
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and maximum substeps per a load step are taken as 25, 5 arid BR@ction is acti-
vated, once the predicted successful iteration for a giubstep exceeds 25 iterations. A
convergence history is monitored and recorded for the lniaggurpose as needed when
the divergence in advancing through the buckling state ée@ntered. The tolerance on
the residual force and moment are loosened as 0.5% with thienonin reference value of
50 kips and 0.1 kips-in., respectively. These raise thedalees to 0.25 kips and 5(19
kips-in. Nonetheless, the post-buckling solution may stk be possible with the loos-
ened tolerances. At this stage, the ABAQUS explicit-dyramodel (Section 3.2.1) is

brought in to assure a true structural failure.

4.3 Parametric Study to Numerically Expand the Buckling-Caacity

Archive

A total of 18 built-up configurations of thie andR-sections are considered in the para-
metric study. The same widths and thicknesses chosen ixgegimental tests are used
for each configuration. For a given configuration, 20 diffeénenbraced lengths varying
from 15 to 140 in. are examined. An increment of 5 in. in unbdalength is adopted up
to the length of 80 in., with a 10-in. increment for the restd@uble-sided stitch pattern
of two intermediate welds at third-point®\{2) is chosen to comply with the upper limit
of the fastener spacing. Table 3 summarizes the sectioregrepincluding: (1) the full
unreduced and its effective cross-sectional areaan(d A.), (2) the smallest radius of
gyration of an individual channelf) and its built-up counterpart), and (3) the ratio
of the fastening modification factc(%) to the unmodified slenderneﬁé;%)o. The er-
rors inherent in running about 360 numerical parametritstase compromised through
a sequential batch feed mode using a collection of ANSY SrRetrsc Design Language
(APDL) macros (Madenci and Guven, 2006), which create arde the models and
retrieve the solutions of interest.

The aforementioned 18 series of numerical-simulated ¢cagsare presented in Figs. 38-

79



I11& R1 b, =1.625" 12 & R2 b, =2.625" I3& R3 b, =3.625"
0.064" 0.08” 0.1 0.064" 0.08” 0.1 0.064" 0.08” 0.1
0.6432| 0.7869| 1.0219| 1.0076| 1.2387| 1.6225| 1.3720| 1.6905| 2.2231
A 0.6207| 0.7869| 1.0219| 0.6991| 0.9902| 1.4150| 0.6827| 1.0160| 1.5264
0.5954| 0.5888| 0.5777| 0.9395| 0.9453| 0.9554| 1.2741| 1.2684| 1.2587
0.6794| 0.6733| 0.6630| 1.1278| 1.1339| 1.1442| 1.5711| 1.5652| 1.5552

N

S 3 3

I

)
(2.

Table 3: The built-up characteristics of the 18 configuraioTl he fastening spacingis
taken as one third of an unbraced length for BNY2 pattern to comply with the upper
limit of the modified slenderness ratio, as the factof &} does not exceed 0(5)

0.3805| 0.3813| 0.3828| 0.4002| 0.4010| 0.4023| 0.4101| 0.4108| 0.4119

3|

o

40 and Figs. 41-43 as compared to the corresponding expgaheapacities and to the
AISI specification. Each figure presents the results of bontations [ andR) for a
given width and given three different thicknesses. Thrawuglall the series, it is demon-
strated that th®W2 welding pattern adequately holds the two individual chésbe
gether so as to interact as a whole member.

In Figs. 41 and 42, a transition of numerical failure modesidistortional to flexural
buckling is observed in the smallest @ndR1) and intermediatd? andR2) sections. For
the largest section, one failure mode of distortional bingkgoverns. The boundary of a
transition from distortional to flexural is the same for bbtland R-orientations, except
for the 0.08”-thick,|12- and R2-sections. The transition boundaries are at the unbraced
lengths of 40, 35, and 25 in. for thé- or R1-sections with 0.064, 0.08, and 0.1 in.
thickness, respectively. On the other hand, the boundare$ormed at the lengths of
110, 90 (forl2), or 100 (forR2), and 75 in. for the intermediate sections with 0.064, 0.08,
and 0.1 in. thickness, respectively. A smooth transitiotheffailure mode is observed in
the former (1 andR1), whereas a noticeable sudden jump is obvious in the ldte(d
R2). There is no significant difference in the ultimate capasibetween the two built-
up shapes. No difference is seen for the members that faiéxurfal buckling, as their
out-of-straightness totally governs. A small discrepasgyoticed for the members prone
to distortional buckling, and the discrepancy is increasethe members become thicker

and longer. The experimentally measured capacities dffleetions are lower than those
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of the R-sections in the small and intermediate sections, but tipesgife is the case for
the largest section. However, the numerical results indit@at the impact of the built-
up orientations on the maximum capacities is minimal as sp@do the experimental
results. A ductile-collapse mechanism is observed ffbmndR1-sections with lengths

longer than about 100 in., exhibiting a nearly flat plateathaload-displacement curve
right after flexural buckling. A brittle failure is typicabf the rest of the members failing
in both flexural and distortional modes. The post-buckliolyson of a ductile member

is faster in convergence. As the member that fails in flexouakling becomes shorter,
the tolerance on the out-of-balance force is exceeded aight after reaching a buckling
state, and thus, it results in a difficulty in differentiagia true structural failure from a
numerical blowout. At this stage, the ABAQUS explicit-dyma model is brought in to

resolve the concern.

As mentioned previously, special attention should be pddmdealing with the first
two closely-spaced Eigen modes with the difference in thgmitade of less than 0.5
kips. For the largest section 3 andR3 both the first and second modes would have
to be simultaneously incorporated in the geometric pedtioh. Failure to consider both
might underestimate the true capacity by as much as 30%n§&i@rice, the axial capacity
for the 0.1"-thick and 75”-longPW2-13 specimen jumps out of the trend (from 104.7 to
87.8 kips) when implementing only the first mode.

Overall, the AlISI Sections C4.1.1, C4.1.2 and C4.2(b) ferapplicable failure modes
of flexural, flexural-torsional, and distortional bucklingspectively, are conservative for
all the 18 numerical-simulated series, but are overly cosagize for the thicker and larger
sections, especially for those prone to distortional bngklAn identical conclusion was
drawn in the experimental study. Section C4.1.1 is efficfenthose smallest and in-
termediate sections that mainly fail in flexural buckling,their capacities are in good
agreement with the proposed design curves (the parabgioesgs of the blue-dotted

lines presented in Figs. 41 and 43). Thus, there is no comgettason to update this
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provision and its related provisions of slenderness madiba factor (Section D1.2).
One of the reasons enabling the exceedingly conservate@fgation is due to consid-
ering a flexural-torsional mode (AISI Section C4.1.2), asnbminal strength tends to
govern for most of the loner lengths after the flat plateathefdistortional provisions
(Section C4.2(b)). As evidenced throughout the 18 numlesieaes that no specimen
buckled in flexural-torsional mode (only either in flexuraldistortional), Section C4.1.2
shall be excluded from the design consideration of the ablptand R-sections with
the DW2 welding configuration. For the 228 distortional-bucklinggmbers, the out-
of-flatness has significantly more influence than the sleves=ras their capacity versus
length relationship is nearly linear (not parabolic) (ségsF42 and 43). However, the
provision of distortional buckling (Section C4.2(b)) doex reflect this regard, as its pre-
dicted strength becomes a constant after the member lexgleds the critical length of

L., (defined in Eqg. (16)).
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4.4 Formulation of the Distortional Equation

The formulation of the proposed equation for distortionaltbup sections is presented.
The correlation between the ultimate buckling capacitiestheir geometrical and mate-
rial characteristics is analyzed using a least-squaressgm analysis of a three-dimensional
surface fitting (Harman et al., 2000; MATLAB 2010). The complexities of the distor-
tional buckling as resulted from the interaction betweenftexural and the local buck-
ling (accounted through the out-of-straightnes$&f) and the out-of-flatness c(fbi>

in Eq. (1)) are lumped into the fitting coefficients.

A total of 114 data points are retrieved from the 228 exceglginonservative dis-
tortional members. Only the lower capacity between the tvientations is selected for
each data point. One data point represents three dimeasgquantities of (1) the ac-
tual thickness-to-largest width rat(oé), (2) modified slenderness rat{¢) , and (3)
buckling-to-yield strengtf(%). The meshgrid surface shown in Fig. 44 is achieved by
using a quadratic polynomial regression function. The sfisgoares due to the fitting
error, root mean square error, and square of the correlagbrneen the measured and
predicted values are 0.206, 0.043, and 0.922, respectiéhen the first two values are
close to zero and the third value is close to one, it is comsdléhat the fitting is highly
significant with a greater proportion of the variance (Mateend Fink, 2004). The re-

sulting distortional buckling equation is given as follows

t t\°> 1 (kL
P, =0.877P, {36.5 <b—) — 326.5 (b—) -5 (7)m} (60)

-

<1.0
A factor of 0.877 is applied to compensate for an initial &aness in the experimental
simulations, e.g., due to eccentricity and boundary conditThe factor (as previously
determined at 0.88 in Chapter 3) is adjusted according ta(Bao simplify its appli-
cation. The justification as well as the above definitionshef parameters are given in

Section 4.5.
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Parametric Study of /7- and RI-Sections vs. Experimental Tests
SR L | R A o

‘ SR 0:0804in. thk | 10.100-in. thk | | ANSYS
| . —Q—DWZ-H
—F— DW2-RI

Test

A Dw2-11 |
WV DW2-RI

70

60

W
(=]

Buckling Capacity, kips
N
(=]

(O8]
(=]

20

10 SENERSREER SRREEN Q" W N EEASEARIERNRRRA P .

0 LU b )] AR |
o (=) (e je) (=] S (=) S (=] =] o () (=] S
Member Length, in. Member Length, in.

Figure 38: Parametric study of Memb@&W®v2-11 and R1over varying unbraced lengths.
A comparison to their corresponding experimental coumtesds made.
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Figure 39: Parametric study of Memb@&W®/2-12 and R2over varying unbraced lengths.

A comparison to their corresponding experimental coumtesds made.
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Parametric Study of /3- and R3-Sections vs. Experimental Tests
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Figure 40: Parametric study of Memb@&W®v2-13 and R3over varying unbraced lengths.
A comparison to their corresponding experimental coumtesds made.
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Parametric Study of /7- and RI-Sections
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Figure 41: Parametric study of Memb@&W®/2-11 and R1over varying unbraced lengths.
A comparison to the nominal compressive strengths of th& 2081 specification and
the proposed distortional equation (Eq. (61)) is made.
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Parametric Study of 12- and R2-Sections
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Figure 42: Parametric study of Memb@&W®v2-12 and R2over varying unbraced lengths.
the proposed distortional equation (Eq. (61)) is made.
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Parametric Study of 73- and R3-Sections
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Figure 43: Parametric study of Memb@&W®/2-13 and R3over varying unbraced lengths.
A comparison to the nominal compressive strengths of th& 2081 specification and
the proposed distortional equation (Eg. (61)) is made.
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4.5 Evaluation of the Proposed Distortional Equation

Through the parametric study carried out in Section 4.3 justified that there are no
compelling reasons to (1) update the flexural built-up piovi (AISI Sections C4.1.1
and D1.2) or (2) consider the flexural-torsional provisiéihS] Section C4.2), as all the
specimens fail due to either flexural or distortional buegli Thus, the proper design
consideration for a symmetrical built-up section shallyaake into account for the flex-
ural provision and the proposed distortional equation (E)). The buckling-strength

calculation is simplified accordingly as follows:

0.877 <(£’)32 ) A., elastic flexural buckling (AISI Section C4.1.1)
P, = )
0.877P, < 36.5 t 326.5 t ! kL distortional bucklin
R R O “\b,) 68\ ) [ g

(61)
The material property of the modulus of elasticity is dedaeF, while the parameters
of b, andt refer to the section characteristics of the out-to-outdatgvidth and thick-
ness. The parameters df and P, denote the effective cross-sectional area of uniform
compression and a squash load (simply taken as a produdct gield strengttr, and the
full unreduced cross-sectional ardy The modified stiffness ratio c(f%)m is defined
asy/ ()2 + <TE>2 where(%) < 0.5 (&) . The first term in the square root refers
to the unmodified (overall) slenderness ratio, and the sktenm refers to the fastening
modification factor to account for a relative deformatioiced shear force in the welds.
The parameters df, L, andr are the effective length factor (taken as 1.0 for a pinnetl-en
support), the unbraced member length, and the weak-axissratigyration, respectively.
The parameters af andr; denote the weld spacing (taken ?sfor the DW2 welding

pattern) and the weak-axis radius of gyration of an indigidunannel.

The evaluations of Eq. (61) to the experimental and the AE3ligh curves are pre-
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sented in Figs. 45-47. The entire experimental set comgiboth compliant and non-
compliant welding patterns (according to the preceding égaations from AISI Sec-
tion D1.2) are adopted. The compliant patterns inclDi¢2 andDW5. Overall, for the
compliant patterns, the proposed design curves are moweadecand less conservative,
in particular for a thicker and larger distortional memb&lonetheless, th®W2 and
DW5-13members (shown in Fig. 47) are excluded from the precedisgroation due to
their unreliable experimental quality. They are suspeofeoeing severely prone to an
eccentricity and/or a defective setup of the pinned-endlitmm due to only one experi-
mental repetition conducted for each individual configioratFor instance, the measured
strength unexpectedly decreases from 100 kips irDW&2-100R3member to about 70
kips in theDW2-100I3member. In short, a further validation against more retatdta

of other widths and thicknesses is crucial for the justifarabf Eq. (61).

4.6 Conclusion

The current AISI specification for the axial load capacitybailt-up, cold-formed sec-
tions have been experimentally identified as being excgédronservative for longer
members and thicker sections that are likely to fail in disdoal buckling. The accuracy
of the specification using the modified slenderness ratidesjaate for built-up members
that are likely to fail in flexural buckling. But attention siube paid to the coexisting
distortional failure mode. Consequently, a regressiosetiaaxial load capacity equa-
tion is developed for distortional members. The evaluasioows strong correlation with
the experimentally measured capacities. However, more gampression tests on other
practical, built-up configurations and section propergiesneeded for further calibration

of the developed equation.
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Evaluation versus the Experimental Study of 77/- and R1
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sponding proposed nominal strengths.
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Evaluatlon versus the Experlmental Study of I2- and R2
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Buckling Capacity, kips

Figure 47: Experimental compressive strengti3®xfand R3-sections versus the corre-
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5 CONCLUSIONS

Section C4 of the 2007 AISI specification for the axial loagawty of built-up, cold-
formed columns has been experimentally identified as bedngervative for longer and
thicker sections that are likely to fail in distortional Iiiag. This analytical research
used nearly 1,000 highly nonlinear FEM analyses under ANBYicit-staticand ABAQUS
explicit-dynamic modelings to: (1) evaluate the existixgperimental data, (2) validate
a finite element model, (3) expand the understanding of cmlchéd built up columns
using analytical methods, and (4) propose a simpler moreratz distortional-buckling
equation and its corresponding design approach for synwakbuilt-up, cold-formed
columns.

This modeling strategy to handle nonlinear buckling betwavwof built-up, cold-formed
sections with geometrically unstable configurations hanlmrefully validated against
265 existing experimental tests. The ABAQUS explicit mocahplements the ANSYS
implicit counterpart by offering features ANSYS lacks. TABISYS model generally
ensures a satisfactory buckling capacity prediction baide an uncertainty in the post-
buckling response, particularly for members that are yikelfail in a brittle manner in
flexural buckling. This sometimes results in a difficulty udging a true structural fail-
ure from a numerical blowout, and thus, misrepresentingtteal capacity. In contrast,
the ABAQUS explicit-dynamic model is capable of tracing tafde descending loading
paths, although a proper loading rate for this scheme isgsidstionable. Furthermore,
a variety of iterative and non-iterative solution techrguincluding Newton-Raphson,
Arc-Length, Riks, and Central-Difference integration heats, are adopted for obtaining
reliable solutions.

The parametric study of 18 built-up configurations of 20 uastigated lengths shows
the accuracy of the flexural provision. But this investigatalso points out that attention
must be paid to the distortional provision. To simplify theaulations while improving

the accuracy the proposed distortional design equatiorojggsed. It has been formu-
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lated using the numerically simulated distortional-burtdldata and using a least-square
regression analysis of a three-dimensional surface fitfiing proposed equation and de-
sign approach are more accurate and simpler, making haculatbns possible, than the

present AlSI specification. This work includes:

e Validation: Over 265 pure-compression buckling tests are used to valida AN-

SYS implicit-static modeling;

e \erification: The ANSYS static results are verified by a totally differentmerical

scheme, ABAQUS using explicit-dynamic modeling;

e Justification: The experimentally-identified inaccuracy of the bucklimg\psions

in the 2007 AISI standard is numerically justified or confidne

e Rectification:The correlation between the distortional-buckling datd toeir de-
sign values is analyzed to develop an equation that addrédssenaccuracy using

a least-square regression analysis of a three-dimensarfate fitting;

e Evaluation: The proposed design approach is evaluated and comparesidgbr-

imental capacities and the AISI design curves.

This study results in a better understanding of bucklinguitt4up, cold-formed columns.
Assemblages, including trusses and wall struts can be made efficient by following
the suggested design approach. Recommendations for fesearch include: (1) fur-
ther validation of the proposed equation against morebigliexperimental data of other
section widths and thickness under both pinned- and fixedzendition (i.e., varying the
degrees of out-of-flatness and out-of-straightness),u@hér investigation/justification
on the explicit-dynamic characteristics of a proper logdite and an acceptable mode-
dependent minimum energy ratio, and (3) better static nioglstrategy that effectively

and certainly handles unstable softening descending paths post-buckling regimes.
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A LABVIEWS IMPLEMENTATION OF ARC-LENGTH
METHOD

Implementation of Arc-Length method as described in Cili${j#998) under LabView to
approximate a snap-through behavior of a nonlinear SDOtesys Fig. 17. Figure 48
shows the flowchart of the driver VI and the subVIs are presint Figs. 49 and 50.

102



€oT

Ns|300

Uf Fint.vi J_L]:,_MJ— pWLictor.vi
E LJ J —|mL |-

’:{ il — 1 _r 2 1 |1 ] | + b
— mﬂ ext F
E L @ ext
r;}—. ot i|[12% 3 ZE
E Ll o L > [REE]
EH{I —Iter.vi PLE"‘ ijLl_ : X Input )
oy LB . npu
[+ count_old] m | > Vinput
] | = | — @ - XY Graph >T|
- = . - — ||
-alr?ﬂa Fext vs. U
50000000 =] Lamd?2 @_ [£] I fE
DELE mlC =
m 2500 v 1B B 5
i 5 ;
EIIJ_l - u
et o] = i SIS
. b e
psi ( n E ‘ lamda_old

Figure 48: LabView implementation of spherical Arc-Lengtlethod to approximate a snap-through behavior of a nonligeametric
SDOF elastic bar as shown in Fig. 17. This VI is a driver cantey subVIs as shown in Figs. 49 and 50.
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B LOAD VS. DISPLACEMENT HISTORY

Experimental and numerical simulated load vs. displaceérestories of the adopted
cold-formed sections are presented in Figs. 51-178. Inygliatic and explicit dynamic
solution techniques of Newton-Raphson scheme, Riks methddentral-difference scheme,
are applied in the numerical analyses. Notation of Solid4d &hell181 indicates AN-
SYS solutions of using structural solid and shell elemeatsibdel column members.
S4R (4-node shell element with reduced integration) wittsRind Xpl refer to ABAQUS
solutions of Riks method and central-difference schenspeetively. The presentation
order ranges from single to built-up members, member lengtaction sizes and weld
orientations. The format for each figure adopts three cotumdicating three different
section thicknesses of 0.064, 0.08, and 0.1 in. Differeritiwg patterns, e.gDW and
SW1] are categorized row-wise.
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Figure 51: Overview of load vs. deformation history ©hord-sections presented in

Figs. 52-54.
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Figure 52: Load vs. deformation history of chord members

108



50 | 55. ”-llong, 080|Ch0rd |
0 R R B
_gn:z)o ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 3/ S S IO
C 3 W N A R S
%20 777777777777 7777777 Test: None k |
777777777777 /| Solid45:46.78 k|

Shell181: 46.88 k
T 7 |S4R (Riks): 44.62 k|
”””””” 4 S4R (Xpl): 44.38 k |
O(f ‘ 0?1 i O.i2 i 0‘13

Axial deformation, in

Test S4R (Riks)
Solid45 = = =S4R (Xpl)
----- Shell181

Figure 53: Load vs. deformation history of chord members
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Figure 54: Load vs. deformation history of chord members

110



Figure 55: Overview of load vs. deformation history@fections presented in Figs. 56-

70.
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Figure 56: Load vs. deformation history of 55.5”-long, 040@hick C1
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Figure 57: Load vs. deformation history of 55.5”-long, O:@@ick C1
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Figure 58: Load vs. deformation history of 55.5"-long, Othick C1
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Figure 59: Load vs. deformation history of 71”-long, 0.064ick C1
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Figure 60: Load vs. deformation history of 71"-long, 0.08&fek C1
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Figure 61: Load vs. deformation history of 71”-long, 0.higk C1
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Figure 62: Load vs. deformation history of 71”-long, 0.064ick C2

118



71”-long, 080C2
. e e

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
777777777777777777777777777777777777777777777777777777
*********************************************************

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

“Test: 14.59 k|-
Solid45: 13.44 k|-
Shell181: 13.36 k|-

0.2 0.3
Axial deformation, in
Test S4R (Riks)
Solid45 = = =S4R (Xpl)

----- Shell181

Figure 63: Load vs. deformation history of 71”-long, 0.G&fek C2
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Figure 64: Load vs. deformation history of 71”-long, 0.higk C2
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Figure 65: Load vs. deformation history of 42”-long, 0.064ick C3
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Figure 66: Load vs. deformation history of 42”-long, 0.08&fek C3
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Figure 67: Load vs. deformation history of 42”-long, 0.higk C3
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Figure 68: Load vs. deformation history of 71”-long, 0.064ick C3
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Figure 69: Load vs. deformation history of 71"-long, 0.08&fek C3
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Figure 70: Load vs. deformation history of 71”-long, 0.higk C3
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Figure 71: Overview of load vs. deformation history of 42 R3-sections presented
in Figs. 72-80.
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Figure 72: Load vs. deformation history of 42”-long, 0.064ick DW-R3
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Figure 73: Load vs. deformation history of 42”-long, 0.G&7ek DW-R3
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Figure 74: Load vs. deformation history of 42”-long, 0.higk DW-R3

130



42”-long, SWI1-064R3
= — T T T T T
1
LY.
€30 ,,,,,,,,,,,,,, S (S U SO
(]
(=)
= | 4L
=
=
o R S R B
<
: : : : TeSt: 3792
off :
A Solid45: 43.22 k
7 |Shelll81:42.46 k|
" | | | | i i i i i
0 0.1 0.2 0.3 0.4 0.5
Axial deformation, in
Test S4R (Riks)
Solid45 - - —-S4R (Xpl)

----- Shell181

Figure 75: Load vs. deformation history of 42”-long, 0.064ick SW1-R3
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Figure 76: Load vs. deformation history of 42”-long, 0.G87ek SW1-R3
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Figure 77: Load vs. deformation history of 42”-long, 0.higk SW1-R3
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Figure 78: Load vs. deformation history of 42”-long, 0.064ick DW1-R3

134



42”-long, DWI1-080R3
| | |

o e

50 4 A2 S S A S S
I I [ I I I I I I I

I
S

*******************************************************************

Applied Load, k
=

[\
S

Test: 56.72 k|
Solid45: 66.79 k| |
Shell181: 60.16 k

0 0.1 0.2 0.3 04 0.5
Axial deformation, in

Test S4R (Riks)

Solid45 = = =S4R (Xpl)

----- Shell181

10

Figure 79: Load vs. deformation history of 42”-long, 0.G8iek DW1-R3
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Figure 80: Load vs. deformation history of 42”-long, 0.higk DW1-R3
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Figure 82: Load vs. deformation history of 55.5”-long, 0406hick SW1-R1
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Figure 83: Load vs. deformation history of 55.5"-long, 0:@@ck SW1-R1
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Figure 84: Load vs. deformation history of 55.5"-long, Gthick SW1-R1
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Figure 85: Load vs. deformation history of 55.5”-long, G406hick SW2-R1
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Figure 86: Load vs. deformation history of 55.5"-long, 0:@@ick SW2-R1
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Figure 87: Load vs. deformation history of 55.5"-long, Gthick SW2-R1
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Figure 89: Load vs. deformation history of 71”-long, 0.084ick SW1-R1
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Figure 90: Load vs. deformation history of 71"-long, 0.G8fek SW1-R1
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Figure 91: Load vs. deformation history of 71”-long, 0.higk SW1-R1
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Figure 92: Load vs. deformation history of 71”-long, 0.084Aick SW2-R1
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Figure 93: Load vs. deformation history of 71"-long, 0.G8fek SW2-R1
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Figure 94: Load vs. deformation history of 71”-long, 0.higk SW2-R1
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Figure 95: Load vs. deformation history of 71”-long, 0.084ick SW5-R1
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Figure 96: Load vs. deformation history of 71"-long, 0.G87ek SW5-R1
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Figure 97: Load vs. deformation history of 71”-long, 0.higk SW5-R1
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Figure 99: Load vs. deformation history of 71”-long, 0.084ick SW1-R2
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Figure 100: Load vs. deformation history of 71”-long, 0.@8ick SW1-R2
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Figure 101: Load vs. deformation history of 71”-long, Othiek SW1-R2
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Figure 102: Load vs. deformation history of 71”-long, 0.0@dick SW2-R2
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Figure 103: Load vs. deformation history of 71”-long, 0.@B8ick SW2-R2
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Figure 104: Load vs. deformation history of 71”-long, Othiek SW2-R2
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Figure 105: Load vs. deformation history of 71”-long, 0.0@dick SW5-R2
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Figure 106: Load vs. deformation history of 71”-long, 0.@B8ick SW5-R2
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Figure 107: Load vs. deformation history of 71”-long, Othiek SW5-R2
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Figure 109: Load vs. deformation history of 71”-long, 0.0@dick SW1-R3
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Figure 110: Load vs. deformation history of 71”-long, 0.@8ick SW1-R3
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Figure 111: Load vs. deformation history of 71”-long, Othiek SW1-R3
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Figure 112: Load vs. deformation history of 71”-long, 0.0@dick SW2-R3
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Figure 113: Load vs. deformation history of 71”-long, 0.@B8ick SW2-R3
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Figure 114: Load vs. deformation

history of 71”-long, Othiek SW2-R3
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Figure 115: Load vs. deformation history of 71”-long, 0.0@dick SW5-R3
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Figure 116: Load vs. deformation history of 71”-long, 0.@8ick SW5-R3
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Figure 117: Load vs. deformation history of 71”-long, Othiek SW5-R3
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Figure 119: Load vs. deformation history of 55.5"-long,®10-thick DW-R1
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Figure 120: Load vs. deformation history of 55.5”-long,&:@hick DW-R1
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Figure 121: Load vs. deformation history of 55.5”-long, ®Hick DW-R1
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Figure 122: Load vs. deformation history of 55.5”-long,®0-thick DW1-R1
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Figure 123: Load vs. deformation history of 55.5"-long,&:®hick DW1-R1
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Figure 124: Load vs. deformation history of 55.5”-long, ®Hick DW1-R1

180



55.5”-long, DW2-064R1
30 T T T
””””””””””””””””” %”’””j;”-’i?;i”’”’””””””””””””"
200 "“‘ ,,,,,,,,,,,,,,,,,,,,,,,,,,,
=< \
,.c" [)
] |
(=)
- L
=
2
=y
o
<
IO TN
/ Test: None k
/| Solid45: 24.77 k|-
~ |Shell181: 24.83 k
0 | | i i i i i
0 0.1 0.2 0.3 04 0.5
Axial deformation, in
Test S4R (Riks)
Solid45 - - =S4R (Xpl)
----- Shell181

Figure 125: Load vs. deformation history of 55.5”-long,®0-thick DW2-R1
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Figure 126: Load vs. deformation history of 55.5”-long,&:@hick DW2-R1
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Figure 127: Load vs. deformation history of 55.5”-long, ®Hick DW2-R1
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Figure 129: Load vs. deformation history of 71"-long, 0.0@4ick DW-R1
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Figure 130: Load vs. deformation history of 71”-long, 0.@8ick DW-R1
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Figure 131: Load vs. deformation history of 71”-long, Othiek DW-R1
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Figure 132: Load vs. deformation history of 71”-long, 0.08dick DW1-R1
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Figure 133: Load vs. deformation history of 71”-long, 0.@8ick DW1-R1
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Figure 134: Load vs. deformation history of 71”-long, Othiek DW1-R1
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Figure 135: Load vs. deformation history of 71”-long, 0.08dick DW2-R1
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Figure 136: Load vs. deformation history of 71”-long, 0.@8ick DW2-R1
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Figure 137: Load vs. deformation history of 71”-long, Othiek DW2-R1
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Figure 138: Load vs. deformation history of 71”-long, 0.08dick DW5-R1
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Figure 139: Load vs. deformation history of 71”-long, 0.@8ick DW5-R1
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Figure 140: Load vs. deformation history of 71”-long, Othiek DW5-R1
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Figure 142: Load vs. deformation history of 71”-long, 0.0@4ick DW-R2
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Figure 143: Load vs. deformation history of 71”-long, 0.@8ick DW-R2
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Figure 144: Load vs. deformation history of 71”-long, Othiek DW-R2
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Figure 145: Load vs. deformation history of 71”-long, 0.0@&dick DW1-R2
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Figure 146: Load vs. deformation history of 71”-long, 0.@8ick DW1-R2
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Figure 147: Load vs. deformation history of 71”-long, Othiek DW1-R2
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Figure 148: Load vs. deformation history of 71”-long, 0.0@&dick DW2-R2
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Figure 149: Load vs. deformation history of 71”-long, 0.68ick DW2-R2
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Figure 150: Load vs. deformation history of 71”-long, Othiek DW2-R2
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Figure 151: Load vs. deformation history of 71”-long, 0.0@&dick DW5-R2
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Figure 152: Load vs. deformation history of 71”-long, 0.@8ick DW5-R2
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Figure 153: Load vs. deformation history of 71”-long, Othiek DW5-R2
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Figure 154: Overview of load vs. deformation history of 4@fg |3-sections presented

in Figs. 155-163.
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Figure 155: Load vs. deformation history of 42”-long, 0.0@dick DW-13
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Figure 156: Load vs. deformation history of 42”-long, 0.@8ick DW-I3
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Figure 157: Load vs. deformation history of 42”-long, Othiek DW-13

213



42”-long, SW1-06413
N ‘
ad AN\
2 ey i |
30 N '~.._. 77777777
S S :
= RPN
= L N e
= | Sey
o :
o B S e A
<
B A N Test: 40.0
| Solid45:45.24 k
[ |Shelll81: 44.25 k|-
0 | ; | ; | | | | |
0 0.1 0.2 0.3 04 0.5
Axial deformation, in
Test S4R (Riks)
Solid45 = = =S4R (Xpl)
----- Shell181

Figure 158: Load vs. deformation history of 42”-long, 0.0@4ick SW1-13
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Figure 159: Load vs. deformation history of 42”-long, 0.68ick SW1-13
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Figure 160: Load vs. deformation history of 42”-long, Othiek SW1-I3
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Figure 161: Load vs. deformation history of 42”-long, 0.0@dick DW1-I3
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Figure 162: Load vs. deformation history of 42”-long, 0.68ick DW1-13
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Figure 163: Load vs. deformation history of 42”-long, Othiek DW1-I3
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Figure 165: Load vs. deformation history of 55.5”-long,®10-thick DW-11.
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Figure 166: Load vs. deformation history of 55.5"-long,&:@hick DW-I1.

222



55.5”-long, DW-10011
30 — T T T T T
R NNV Af N N S
‘ ’ N ‘ ‘
v I
| ; NS ]
2 | —
6\30 ,,,,,,,,,,,,,,,,,,,,,,, Y D
& (
(=) |
- ]
= |
2 |
4&20- e T SR S p—
Y AN Test: 34.54 k| |
Solid45: 36.35 k
wop /S
§ Shell181: 35.80 k
/2 S R S4R: 42.81 k|1
" I T R R
0 0.1 0.2 0.3 04
Axial deformation, in
Test S4R (Riks)
Solidd5 - - - S4R (Xpl)
----- Shell181

0.5

Figure 167: Load vs. deformation history of 55.5”-long, ®Hick DW-11.
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Figure 168: Overview of load vs. deformation history of 7aig, single-sided3-
sections presented in Figs 169-177.
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Figure 169: Load vs. deformation history of 71”-long, 0.0@dick SW1-13
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Figure 170: Load vs. deformation history of 71”-long, 0.@8ick SW1-13
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Figure 171: Load vs. deformation history of 71”-long, Othiek SW1-13
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Figure 172: Load vs. deformation history of 71”-long, 0.0@dick SW2-13
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Figure 173: Load vs. deformation history of 71”-long, 0.@8ick SW2-13
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Figure 174: Load vs. deformation history of 71”-long, Othiek SW2-13
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Figure 175: Load vs. deformation history of 71”-long, 0.0@dick SW5-13
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Figure 176: Load vs. deformation history of 71”-long, 0.68ick SW5-13
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Figure 177: Load vs. deformation history of 71”-long, Othiek SW5-13
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Figure 178: Overview of load vs. deformation history of 1afg, double-sided3-
sections presented in Figs. 179-190.
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Figure 179: Load vs. deformation history of 71”-long, 0.0@dick DW-13.
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Figure 180: Load vs. deformation history of 71”-long, 0.@8ick DW-I3.
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Figure 181: Load vs. deformation history of 71”-long, Othiek DW-13.
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Figure 182: Load vs. deformation history of 71”-long, 0.0@dick DW1-I13
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Figure 183: Load vs. deformation history of 71”-long, 0.@Bick DW1-13
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Figure 184: Load vs. deformation history of 71”-long, Othiek DW1-I13
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Figure 185: Load vs. deformation history of 71”-long, 0.0@dick DW2-13
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Figure 186: Load vs. deformation history of 71”-long, 0.@Bick DW2-13
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Figure 187: Load vs. deformation history of 71”-long, Othiek DW2-13
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Figure 188: Load vs. deformation history of 71”-long, 0.0@dick DW5-I13
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Figure 189: Load vs. deformation history of 71”-long, 0.@Bick DW5-13
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Figure 190: Load vs. deformation history of 71”-long, Othiek DW5-13
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C QUALITATIVE COMPARISON OF BUCKLED SHAPES

ANSYS deformed configurations at buckle of the members ptegdn the last columns
of Figs. 51-178 are illustrated in Figs. 191-195. Compansswith actual deformed shapes
demonstrating capability of ANSYS and ABAQUS to captureimas failure modes are
made in Figs. 27-31.
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Figure 192: Post-buckling, deformed shapes with von Misess contours dr1-sections.



0S¢

71-in length R2 Members

SW SW1 SW2 DW DW1 DW2 DWS5

Figure 193: Post-buckling, deformed shapes with von Migess contours dR2-sections.
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Figure 194: Post-buckling, deformed shapes with von Migess contours dR3-sections.
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Figure 195: Post-buckling, deformed shapes with von Misess contours dflL- andI3-sections.
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