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Abstract

Structural steel design standards recognize lateral torsional buckling as a failure mode governing
the capacity of long span unsupported beams with fladge crosssections. Standard solutions

start with the closed form solution of the Vlasov thialled beam theory for the caseasdimply
supported beam under uniform moments, and modify the solution to accommodate various
moment distributions throughament gradient expressions. The Vlasov theory solution is based
on the assumption that cressctional distortional effects have a negligible effect on the
predicted elastic critical moment. The present study systematically examines the validity of the
Vlasov assumption related to cresection distortion through a parametric study.

A series of elastic shell finite element eigerdue buckling analyses is conducted on simply
supported beams subject to uniform moments, linear moments and mid span psiais|oall

as cantilevers subject to top flange loading acting at the tip. -Secti®nal dimensions are
selected to represent structural steel esssdion geometries used in practice. Particular
attention is paid to model end connection details comyneséd in practice involving moment
connectionswith two pairs of stiffeners, simply supported ends with a pair of transverse

stiffeners, simply supported ends with cleat angle details, and built in fixation at cantilever roots.

The critical moments obta@a from the FEA are compared to those based on conventional
critical moment equations in various Standards and published solutions. The effects of web
slenderness, flange slenderness, web height to flange width ratio, and span to height ratios on the
critical moment ratio are systematically quantified. For some combinations of section geometries
and connection details, it is shown that present solutions derived from the Vlasov theory can

overestimate the lateral torsional buckling resistance for beams.
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Chapter 1

Introduction

1.1. Lateral Torsional Buckling

The flexural resistance of long span laterally unsupported beayydally governed by lateral
torsional buckling. The AI SC defines | ateral
member involving deflection out of the plane of bending occurring simultaneously with twist
about the shear center of the cresstionoFig. 1.1depi cts the beamds <cros
prior to loading, after loading at the onset of buckling, and in the final buckled configuration
after laeral torsional buckling has occurred. As figuresuggests, the applied load causes the
cross section to deflect vertically by from its initial position, and if the load is of sufficient
magnitude (referred to as the critit@hd), the beam translates laterally by displacenteand

twists about the shear center by an anfgleAt this point, the beam is considered to have failed

and is unable to resists additional forceateral torsional buckling is widely recognized as a
failure mode in various structural steel design standards. However, closed form solutions for the

problem are available only for very limitedses (e.g., Timoshenko and Gere 1961



Initial Position-
Prior to Loading

Deflected Position
At Onset of Buckling

Final Buckled
Position

i i
Fig. 1.1- Crosssectionduring lateral torsional buckling at the initial configuration, at onset of
buckling, and in the final position

1.2. Distortion

The classical lateral solution developed by Timoshenko and Gere (1961) is derived under the
assumption that when a beam undergaeskling, the cross section does not exhibit any local
deformations and acts as a rigid diskg( 1.2(a)). However, in reality, the cross section does not

act as a rigl disk and is thus susceptible to distortional changegs 1.2(b)). As depicted irFig.

1.2, distortion is characterized by deformation of the web which causes the angle of twist of the

top flange to be different from the angle of twist of the bottom flange.



(@a; = g @a;, 4
Fig. 1.2- Assumed bckled configuration of a crossection (a) Aassical lateal torsional
buckling, and (b) Btortional lateral torsional buckling

1.3. Outline of Thesis

The general focus of the thesis is to assess the effects of distortion on the elastic lateral torsional
buckling capacity of beams. Towards this aim, the body of th&stlwonsist of six chapters

(Chapter 2 through 7). The content of these chapters are as follows:

T Chapter 2 provides 1) reviews of the Stand
wide flange sections susceptible to failure in a lateral torsiomekling mode, and 2) a
review of available literature on distortional lateral torsional buckling of doubly

symmetric wide flange cross sections.

1 In Chapter 3, a dimensional analysis is conducted in order to determine the dimensionless
parameters influemeg the distortional buckling moment ratio. The Canadian Institute of
Steel Construction (CISC) Structural Selection Tables (SST) database is statistically
analyzed and representative sections of the database are selected for parametric
investigation. A series of Finite Element Analysis (FEA) is carried out and the effects of
each dimensionless parameter are analyzed and discussed. Finally, a sample of 54 beams

based on real crosections from the CISC SSiE analyzed through FEA and a



simplified solutionwhich predicts the distortional moment ratio for simply supported

beamssubject tauniform moments is developed.

Chapter 4 focuses on investigating the effects of distortion on the critical moment when
beams are subject to linear moment gradients. Cosgoer are made with the moment
gradient factors presented by CAN/CSA S5 ANSI/AISC 36010, EN 19931-1, and

AS 41001998 for various end conditions based on practical details

Chapter 5 investigates distortional lateral torsional moment rabuttsgh FEA of real
sections and most common simple connection details, (i.e., bolted web cleat). Attention is
given to the partial twisting restraints #ie ends as provided by the cleat angles. A
database of FEA runs is generated for the problem ancekshés are used to develop a

design procedure which accounts for partial twist restraints and distortional effects.

Chapter 6 focuses on the behaviour of laterally unsupported cantilever beams subject to
tip point loads acting at the top flange. Methqutoposed by the various standards are
critically evaluated and compared to FEA results, and a new design equation is developed

for the problem.

Chapter 7 provides conclusions reached through the FEA studies in each chapter and

provides recommendationsrffuture research.



Chapter 2

Literature Review

2.1. General

The literature review in this chapter is divided into four parts. A general background on the
classical lateral torsional buckling solution is provided in Sec®@ Section 2.3 provides a
review of the lateral torsional buckling design provisions in various standards. A concise survey
of various studies on moment gradient effects is then presented in Section 2.4. The chapter is
concluded with Section 2.5 wth provides a detailed review aftudies on distortional lateral

torsional buckling.

2.2. Classical Lateral Torsional Buckling Solution

When quantifying the lateral torsionbuckling capacity of a beam with a doubly symmetric

wide flange section, various structural steel design standards utilize, as a starting point, the
classical closed form expression of the critical momdptfor a simply supportetbeam under

uniform moments

o 2,
a (0)

in which L, is the length of unbraced segment of a be&nis the modulus of elasticity of steel,

|, is the out of plane moment of inerti&, is the shear modulus of elasticity of stel,s the

torsional constant, an@,, is the warping constanthe critical moment solutioM , is derived

under the assumption thlabth ends are simply supported relative to the lathsplacemenu

andangle of twistg ,i.e.u=u' g = O at both ends.

The standards then apply various modification factors to the expression to adapt it to other forms
of loading and boundary conditions. However, the classical solution as provided [&/1F ¢
based on the Vlasov theory assumptions (Vlasov 1961)thmughout deformation 1) any
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crosssection acts as a rigid disk within its own plane, and 2) shear strains within the middle
surface of the beam are considkmegligible. The first Vlasov assumption neglects possible
distortional effects within the beam cressction. As a result, it provides a stiffer representation

of the actual beam and is thus expected to overestimate the elastic critical moments.€lherefor
the adoption of the Vlasov theory based equation in design standards implies the neglect of such
distortional effects. This issue has been recognized in the analysis and design of cold formed
cross sections, but has generally been thought of as négligilthe analysis of rolled wide

flange sections. One of the objectives of the present thesis is to assess the implications of such a
simplifying assumption on the predicted critical moments. Towards this goal, Chapter 3 provides

a study on the effect ofarious geometric parameters of a beam on it is ability to attain the

critical moment as predicted by HQ.1] for the case of uniform moments.

In additionto neglecting distortional effects, the formulation of the classical lateral torsional
buckling solution is based on specific boundary conditions at both ends. These are full lateral
restrain and full twist restrain, but free rotation about the weak ariz@ro warping restrain at

both ends of the beam. In real life conditions, such idealized support conditions are seldom
encountered. Thus, another objective of the present study is to assess the effect of realistic
boundary conditions on the lateral tarsal buckling resistance of beams. This includes beams

with end stiffeners (Chapters 3 and 4), cleat angles (Chapter 5), and cantilevers (Chapter 6).

2.3. Standard Design Provisions

The flexural resistance of a laterally unsupported beam bent about theast®igygoverned by

one of three possible modes of failure. These are: 1) elastic lateral torsional buckling, 2) inelastic
lateral torsional buckling, and 3) yielding of the cresstion. The standards examined in this
study (CAN/CSA S189, ANSI/AISC 3®-10, AS41001998, and EN 1993-1:2005) introduce

various methods for quantifying a beams resistance under each failure mode.

For the elastic lateral torsional buckling mode, all standards use the classical lateral torsional
buckling solution Eq[2.1] as a starting point to quantify the critical moment for a hypothetical
simply supported beam subject to uniform moments and account feunifonm moment

distributions by the introduction of standard dependent moment gradient factors. The moment
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gradient factors in the various standards fall into one of two categories, based on either 1) the
ratio of end moments for linear moment distributions, or 2) momeiisaater span points of the

beam for more general moment distributions.

The first category of methods is used for beams subject to linear moment distributions. The
moment gradient facto€ takes a quadratic fornrC=a +ak & k, wherethe end moment

ratio & is the absolute value of the smaller factored moment to that of the larger factored
moment at ends of the unbraced length. The ratis taken as positive for douwbturvature and

negative for single curvature.

The second category of methods, known as quarter point methods, is used for general moment

distributions and is a function of the absolute values of the moMerdt quarter span, mome
M, at midspan, and momen¥ . at three quarter span addition to the maximum moment

M, ... within the unsupported span of the beam.

Regarding the yielding strength of beams,stdindards classify beam cresstions into three
categories:1) those that are thick enough (compact) to attain their plastic ressfarior
undergoing buckling?) those of moderate thickness (or rommpact) and thus exhibit local
buckling after attaiing their yield moment strength but before developing thleistic moment
resistance, an@) those thaaretoo thin (slender) to develop their yield moment capacity prior
exhibiting local buckling. For common rolled sections and steel grauest secbns are either
compact or noitompact. The yield strength of compact sectignsken as the plastic moment

while that of norcompact sections is taken as the yield moment.

Each standard uses their own set of terminologies for the classes or catdguoriesample

while the ANSI/AISC 36610 and AS 4104998 use the terms Compact/ NGompact/
Slencer, the equivalent terms in CAN/CS31609 and EN 19931-1:2005 are Class 1 or/2

Class 3/ Class 4. In all design standards, the inelastic lateral torsiamkiihuesistance of a
member is determined based on standard specific empirical equations which depend upon the
flexural yield strength and the elastic lateral torsional buckling resistance of the member.



CAN/CSA S1609
For laterally unsupported beamsdafubly symmetric crossections bent about their strong axis

CAN/CSA S1609 provides the following procedure for determining the flexural resistance.

Depending on the section class, the yield resistance is determined either based on the plastic

moment M =Z F or the elastic resistanct, =S, F, in which Z, is the plastic section

modulus taken about theaxis, S is the elastic section modulus taken aboutxtagis and F,

is the specified minimum yield stress. Also, the elastic critical lateral torsional buckling moment
is determined by multiplying the classical lateral torsional buckling moment for the case of

uniform moment as determined fincEq.[2.1] by a moment gradient fact&.,, given by

o 2,
_ p & £ 0
[22] M, =C. M, =CCAN:\/EI GJ ggl_— glyCW

The Canadian CAN/CSA Si@ Standard provides designers with two solutions for determining
the moment gradient factoC.,,. The general equation provided for use with any moment
distribution is a quarter point method which was introduced by Wong and Driver (2010). The

solution is given as

AM 2.5

C - en=
ML A F M a2

[2.3]

The standard also supports the use of an end moment ratio equation when the moment

distribution is linear based on a slight variatidrihe solution introduced by Salvadori (1955)
[24] C.,, =175 .04 0.3% 2

In CAN/CSA S1609, a slightly higher value of 2.5 is specified as an upper limit, i.e.,

[25] Comn. i =1.75 #.0% 0.3 2.

If M, <0.6M, for Class 1 or 2 sectionsr M, <0.6M, for Class 3 sectionshe resistance

of the member will be governed by elastic lateral torsional buckling and the resisting moment is

[26] M, =fM,



in which f= 0. is a resistance factor. IM_ 2 0.6, for Class 1 and 2 sections, or
M, 2 0.6, for Class 3 sections, the member resistance will be governed by either inelastic

lateral torsional buckling as determined by

& 0.2aV
[27] M, =f113M, &l
e

. whenf1L18M,(+ 0.284 /M) <M

P
cr

or by yielding as determined by
[28] M, =fM, whenf1.1M,(% 0.284,/M,) >M,

For nonrcompact(Class 3)sections similar equations are obtained aftreplacing the plastic

moment resistanc# , by the yield moment resistandé, .

ANSI/AISC 360-10
ANSI/AISC 36010 utilizes two limiting spand., and L, to determine the failure mode. Span
L, , which corresponds to the conditiodl, =0.7M  is known as the limiting laterally unbraced

length for the limit state of inelastic lateral torsional buckling. For a doublyr&tric section, it

is given by

2,
53 %5 _A0.7F
[29] L =195 —C JJ \/a )0 gk

. * o
“0.7F,\sh \¢sh <= ¢ E

where h, is the dstance between flange centroat® 1, is the effective radius of gyration given

€oor

by

[210] r’= '\Cu
S

ts

The limiting laterally unbraced length for the limit state of yieldihg,is given by

E
[211] L,=1.78, ’F
y

in which r, is the radius of gyration about tieaxis.



When L, > L,, the resistance is governed by elastic lateral torsional buckling and the nominal

moment resistance for a wide flange doubly symmetric section is given by
[212] M,=F,S, ¢M,

cre—Xx

in which

213 F, =S E h 9078 db E
alm g Shek -

o)

(;rts -

Equationd2.12] and[2.13] are an equivalent form of the equation

o 2,
a 6]
[2.14] Mn:CA,Scf\/EI GJ EELE o C

whereC, .. is the ANSI/AISC 36010 momengradientfactor given by

12.5M
[215] C,o.= mex @3.0
25M__+3M, ¥M, M,

This is a slightlyaltered version of a the momegradient factor expression proposed by Kirby
and Nethercot (1979) which took the form

12M
[2.16] Cy,y = max
25M__+3M, ¥M, M,

When L, <L, @, the resistance is governed by inelastic lateral torsional buckling and the

nominal moment resistancegiven by

[217 M, CAlSCeM {™m, @7st)£_—

p—uU

When L, ¢ L, the resistance igoverned by yielding and the nominal moment resistance is

calculated byM = Z,F, for compact sections dvl,, = S F, for subcompact sections.

AS 41001998
The Australian standard provides a single equation which tiakesaccount both elastic and
inelastic lateral torsional buckling. For compact sections, the nominal moment resistance is given
by

10



[218 M, =C,y,aM 6 M
In Eq.[2.18, C, s is the AS 41001998 momengradientfactor given as a

1.7,

219 C
»\/MAZ +MBZ "MCZ

2.5

AUS —

and a, is referred to as the slenderness reduction factor and accounts for reduction in strength
due to member global slenderness. It is given as

e
[2.20] a,=0.6¢

%Mp

e 0%
g =

in which M is a modified version of the classical lateral torsional buckling soligngiven

[a e |

by
8 & O
[2.21] MO:T\/EIyGJ Ee'-_ dl,Cu

where L, =k kk L, is an effective span which accounts for end twist restraint through a constant
k., for load height with respect to the shear center through a coeffikjerior weak axis

restraint k., and for the member sparlL,. AS 41001998 provides recommendations for

T

constantsk, , k , and k. for common end restrains. For small effective spahg,takes a large

value, the corresponding’Ip/M0 ratio is small, and Ed.2.20] yields a value in proximity of

unity. For instance, wherrvlp/M0 =0.1, the corresponding slenderness parametetakes the

value 0.981. In such a case, for a typical moment gradient greater than unity, the member

capacity will be dictated by the plastmoment. Conversely, when the effective span is large,

o

M, is small, the corresponding'lp/M0 ratio is large and Eq.2.20] yields a small value. For
instance WhenMp/M0 =10, the corresponding slenderness parameter takes the value 0.089,

signifying that the critical moment is a small fraction of the plastic moment.

EN 19931-1:2005
Under EN 19931-1:2005 the elastic lateral torsional buckling momeMt, for the case of
uniform moments is first determined. The standard does not provide a method for determining

11



M,. However, the Designers Guide (2005) suggests calculdiipgby the classical LTB

solution (Eqg[2.1]) and accounting for neaniform moment distributions througM_ which is
calculated by

[2.22] M, =CrcM,

in which C o, is @ moment gradieriaictor. No equations are provided f@ . Rather, the

commentary provides tables which give various loading patterns and support conditions and their
respectivemoment gradient factordlable 2.1 provides the momengradientfactors for the

various loading conditions of interest in the present study.

Table2.1 EN 19931-1 Guide momengradientfactors

Y Y
MZ) ., M2) /\ .,
/ ) /

X

Couro =10 Ceuro =1.365

! !
o | WD
/ e

X

Ceuro =1.87¢ Coumo = 2.752
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For Class 2sections, the nowlimensional slenderness paramefarr for lateral torsional
buckling is given as the square root of the ratio of plastic moment to the elastic critical moment
ratio, i.e.,
- ZF
[223] /LT = Xy
M

cr

For a Class 3 section, the plastic section modéluseeds to be replaced by the elastic section

modulusS, . Given the slenderness parameter, the dimensionless imperfection parameiter

determined from

224 F, 05§ & (h 03 "t

in which & ; is an imperfection factor which is taken as 0.21 for rolled sectitresnthe beam

depth to width ratiod/b¢ 2 and 0.34 wherd/b>2. Based on the slenderness paraméter
and the dimensionless imperfection parameter, one can then determine the reduction factor

for lateral torsional buckling through
1
[2.29] ¢, = — @.0
Fir +\j FET Fuir

where the upper bound correspseridthe case of short span memdn such a case the design

is governed by yielding. The corresponding nominal flexural resistance for a Class 2 section is
then given by

[2.26] M, =c ZF,

Again, for a Class 3ection, the plastic section modulds needs to be replaced by the elastic
modulusS,. The factored resistandd, is given by dividing the nominal flexural resistance by

the partial safety factor for resistance to instabigity taken as unity, i.e.,

[227] Mr:Mn xLTZxFy/ gl
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2.4. Overview of Studies on Critical Moments in Beams with Non

Uniform Moments

2.4.1. Simply Supported Beams

There is a wealth of studies dhe momentgradientfactor starting with the early work of
Salvadori (1955) which resulted in a moment gradient equation applicable for linear moment
distributions that is still being used (in CAN/CSA S1%) with a slight modification. Nethercot

and Rocky (1972) investigated the elastic lateral torsional buckling resistance of simply
supported beams with restrained warping at the end, restrained lateral rptatesmpletely

fixed end supports. They also considered three different loading positiinseapect to the

shear center. With this, they provided 41 different morgesdientfactors. Kirby and Nethercot
(1979) proposed a general quaipeint method momergradientfactor equation applicable for
simply supported beams subjected to any bendwment distribution. Their equation is being
used by ANSI/AISC 360 with a minor modification. Instead of providing a table of values for
specific moment distributions, Trahair (1993) conducted a study where he was able to provide
several equations fenoment distributions by curve fitting of numerical data. Through the use of
finite element analyses, Greiner et al. (1999) conducted a comprehensive numerical study on
lateral torsional bulking and provided momenadientfactors for numerous moment diags.

In their work, Greiner et al. (1999) also investigated lateral torsional buckling for beams with
upper and lower flange restraingmd presented their finding®©n a study on the moment
gradient factor in laterabrsional buckling of wide flange steel sections, Suryotamono and Ho
(2002) used finite difference to solve the governing differential equations of lateral torsional
buckling numerically and compiled a table of factors and cpseifsc equations for beams
subject to linear moment distributions, point loads, and varioudimesr moment distributions.

Lim et al. (2003) conducted a finite element based study on the elastic lateral torsional buckling
of I-beams under linear momegitadients. In their study, Lim et al. (2003) investigated simply
supported, warping prevented, and both lateral bending and warping prevented support restraints
and highlighted the inadequacy of the AISC standard equation for these cases. Through a study
on equivalent uniform moment factors for latet@asional buckling of steel members, Serna et

al. (2006) introduced a new quar®mrint based solution by curve fitting of numerical data which

includes a new coefficient which accounts both for moment loligion and lateral, rotational,
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and warping restrains at brace points. Using numerical data published by various studies, Wong
and Driver (2010) conducted a study on the equivalent moment factor procedures for laterally
unsupported beams. Using previouglyblished equations for quantifying moment gradient
effects, Wong and Driver (2010) studied 12 distinct bending moment distributions for simply
supported beams and compared results against published numerical results. Through the vast
database of numericaésults, Wong and Driver (2010) introduced a new quarter point based
method which was adopted by CAN/CSA S1%

2.4.2. Cantilevers

Although pervious work which investigated the buckling of cantilevers was conducteoldyy
(1956) andTimoshenkoand Gere(1961), their research was limitetb loading at the shear
center Additional work on the subject was carriedt by Kerenskey et al. (1956)owever, they

neglected to consider the effects of warping.

On his paper on the buckling of cantilevers, Nether@®878) investigated the influence of
loading type and lateral support on the lateral buckling of cantilevers. The work of Nethercot
(1973) is a continuation of previous studies in which warping and flange loading effects were
examined. Through comparisonsttwpreviously published literature, the author was able to
show the adequacy of using eight beam finite elements to model cantilevers.

Results presented by Nethercot (1973) suggest that top flange loading expedites the onset of
lateral buckling. To acamt for the large reduction in stability due top flange loading on
cantilevers, the author suggested altering loading position coefficients for simply supported
beams introduced by Nethercot and Rockey (1972). The author has shown that his new

coefficientsproduce results within 5% of finite element results.
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2.5. Detailed Review of Studies on Distortional Lateral Torsional

Buckling

2.5.1. Simply Supported Beams

Roberts and Jhita (1983)

Roberts and Jhita (1983) conducted an analytinalherical study on lateral, local and
distortional buckling of Beams. The study developed energy formulations based on plate theory
and compared results against finite element results. A computer program was developed to solve
the resulting eigewalue poblem in order to determine the buckling moments for beams
including distortional effects. Roberts and Jhita (1983) presented results for three loading
conditions for simply supported beams with symmetric | esestions. Loading cases
investigated werel) uniform moment, 2) midspan concentrated load acting at the section
centroid, and 3) midspan concentrated load acting on the top flange. The reference beam
investigated had a web thickness=10mmr and a heighth =400mm, flange thicknesd =
15mmand a spanL =3200nm with a depth to web thickness ratio dfw=40 and a flange

thickness to web thickness ratio giw=1.5. The flange widthb was varied to investigate the

effect of the flange width to depth ratiyd on the critical moment.

The authorsé results s ug g ebsams with $stdtky trostediians b u ¢ k |
is govened by lateral buckling or coupled lateral local buckling. However, coupled lateral local
buckling was observed to occur only after the point at which plastic yielding would govern. The
authors also pointed out thabéams with slender cross sections tipalarly those with high

flange thickness to web thickness ratig®/, experience a reduction in critical moment due to
distortion. However, this reduction was observed to be insignificant in beams of practical

dimensions.

Bradford (1986)

Bradford (1986) developed a finite element formulation for the prediction of inelastic distortional
buckling of determinate heblled I-beams. The finite element formulation uses a lengthwise
subdivision of a beam into ortBmensional elements. €hstudy assumes that the beam cross

section consists of two rigid flanges (within the plane of the esess8on) connected by a
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flexible web which is allowed to bend in the plane of the esession as the beam undergoes
buckling. The resulting elemenbmsists of two nodes with six degrees of freedom at each node.
The degrees of freedom correspond to the lateral displacements, flange rotations in the plane of
bending, and angles of twist of each flange. Bradford (1986) conducted convergence studies in
which he compared his results with numerical results by Bradford and Trahair (1981), and
Hancock (1978) and showed that only three elements per half span were needed to produce

results within 1% accuracy of published results.

Three loading and restraintroditions were considered; &mply supportecbeam under uniform
bending, 2) bam on a seat subjed to uniform moments, and 3¢dm with continuous restraint

at the tension flange under various linear moment gradients. Two-sgossns with stocky
flanges and slender webs, 838x292UB176 and 457x152UB52 were selected to promote
distortion during buckling. Dimensions of the 838x292UB176 were: beam dept816mi,

flange width b =292mm, flange thicknesd =18.8nm, and web thicknessv=14.0mm, while
dimensions of the 457x152UB52 wede=439mm, b=152mm, t=10.9mm, w=7.6mrr. By
comparing results with simply supportedams in uniform bending, the author observed there is

a maximum reduction in the critical moment of 5% for both the elastic and inelastic buckling due
to distortion while for beams on a seat the decrease was observed to be 6% and 12%

respectively.

Bradford (1992)

In a discussion on laterdistortional buckling of steel-dection members, Bradfb (1992)
surveyed the literature and discussed advances made in Australian research pertaining to elastic
and inelastic distortional buckling. The author indidatieat short beams with slender webs will
exhibit distortional buckling at loads much lower than those based on elastic lateral buckling
based on classical theories which neglect distortion. This behaviour was observed to be more
pronounced for mongymmetic I-beams with the smaller flange in compression. The author
suggested that for the majority of short beams, plastic yielding will occur before severe
reductions caused distortion may come into play. However, he highlighted that for certain beam

geometres and restraint conditions, the effects of distortion should not be neglected.
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Pi and Trahair (2000)

Pi and Trahair (2000) studied the effects of web distortion and warping restraints induced by
various end support conditions on thteral torsional bekling resistance of doubly symmetric |
beams. Several finite element and finite strip models were used towards obtaining simplified
approximations for the distortional LTB capacity of beams. The authors conducted elastic
buckling analyses badeon PRFELB(Papangelis et al. 1985the finite strip program THN-

WALL (Hancock and Papangelis 199& finite element model developed by Pi and Trahair
(1997), and a shell finite element analysis within ABAQUS. Two sets of beams were analyzed.
The first beam had wweb heighth=640mm, a flange widthb=160mm, a flange thickness

t =10mm, a web thicknessv=5mm, and spans ranging frorh =1,600nm to L =5, 400mnm.

The dimensions of the second beam wére 240mm, b=100mm, t =10mm, w=2.5mm, and
hadspans ranging fronb. =1,000nm to L =6,000nm. In ABAQUS, a load gplication scheme
consisting of two equal and opposite longitudinal tractions applied at both flanges at both ends
was used to simulate a uniform moment distribution. To simulate simply supported boundary
conditions, vertical and horizontal nodal transkasiand twist rotations about the longitudinal

axis of the beams were restricted at all nodes of both ends, and the longitudinal displacement at
the centroid of one beam was also restrained. Results of the distortional buckling analysis
revealed that the a$sical LTB solution overestimates the capacity of beams that do not have

substantial flange torsional rigidities.

To investigate the effect of warping restraints of various end supports, the authors used the finite
element developed in Pi and Trahair §I9 and ABAQUS. Through the use of ABAQUS, the
authors were able to simulate web cleat, end plate, web plate, web open web stiffener, and web
box stiffener details. Through the combination of distortional and warping restraint analysis, the

authors proposka modification of the classical LTB solution where the torsional and warping

rigidities GJ and El are replaced with effective torsional and warping rigidifsek and El.

Poon and Ronagh (2004)
Poon and Ronagh (2004) developed a model which idealizes flangebeaink as beam
elements assumed to act rigidly within the plane of the @esson while webs oflbeams were

idealized as plate elements whose deformation is modeled through ad#éttpotynomial along
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the web height. Their model is capable of handling elastic restraints and flange level loading.
Through the use of a beam with distance between flange centip#®l440mm, flange width

b =100mm, flange thicknesst =10mm, and web thicknessv=7.8mrr, the authors have shown

that their solution diverges from the classical LTB solution as the beam span decreases. For
beam spans of 29 the authas &olutions were foundot exactly match the classical elastic
lateral torsional buckling moment while for spans of, 3he classical solution was observed to
overestimate the critical moments by 9.986r beams with migpan point load with varying

flange widths and for beams Wislender webs, the use of a fifth order polynomial representation
was observed to be important in capturing distortional buckling compared to lower order

polynomials.

Ng and Ronagh (2004)

Ng and Ronagh (2004) introduced an analytical solution similtraioof Bradford and Trahair
(1981) and Bradfrod (198p6\here a one dimensional beam element method is used to discretize
the beam in the longitudinal direction. However their method differs in the way lateral
deflections and twists were discretized. WHradford and Trahair (1981) and Bradford (1986)
modeled the lateral deflections and twists of the members as cubic polynomials, their study
adopted Fourier Series, in which the number of Fourier terms is specified by the user. The
buckling loads and mas$ were determined from the model based on minimal computational
efforts. The authors conducted convergence studies in which predictions made by their model
were compared with results in previous studies. It was demonstrated that for beams under
uniform bending, only one Fourier term is needed to achieve accurate results while for a beam

with a central point load, four Fourier terms were needed to produce results within 1% accuracy.

A beam with a distance between flange centrdids 400mm, a flange widthb =100mn, a

flange thicknes¢ =10mm, and a web thickness'=2mn was subjected to uniform bending and

the span wasaried between 3,000t0 20,686h The aut horsd results su_
effects decrease as the length increases. A decrease in predicted moment capacity of 9.7% was
observed in beam a span 8m while a beam span c20m no distotion is observed and the

distortional critical moment was found equal to the classical critical moment.
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Zirakian and Showkati (2007)

Zirakian and Showkati (2007) experimentally investigated the occurrence of distortion in the
buckling of Fbeams throughull scale experimental testing. The testing consisted oflseais
fabricated from hot rolled IPE12 and IPE14 cross sections. The webs of thserbess were
removed just above and below the web to flange junctions and longitudinal plates were welded
in place of the removed webs with the aim of providing test sgasmwith more slender webs.

The sections fabricated from a IPE12 section had a di&pth80mrr, a flange widthb =64mi,

a flange thicknes$ =6.3mm, and a web thickness’=4.85mrr. The IPE14 sectiahad a depth

d =210mm, a flange widthb=73mm, a flange thicknesg =6.9mm, and a web thickness
w=4.9mm. Three spans of each bear8 @00nm, 4,400mm, and 5,200nm) were loaded

through a miespan point load and an effective lateral brace was introduced at the location of the
load. Through the use of atn gauges, Zirakian and Showkati (2007) were able to

experimentally verify the occurrence of distortion in the buckled configuration of the beams.

Kalkan and Buyukkaragoz (2012)

Kalkan and Buyukkaragoz (2012) investigated distortional bucklirtpoblesymmetric steel-I

beams through numerical and analytical studies. The numerical study simulated the loading and
bracing conditions of the beams experimentally investigated by Zirakian and Showkati (2007).
The analysis was conducted through the ds8atid45 elements in the finite element program
ANSYS. Hexagonal elements were used instead of quadratic elements to include the fillets at the
webto-flange junctions. The numerical study was successful in predicting buckling modes
identical to those olesved in Zirakian and Showkati (2007) and buckling loads with accuracy
ranging from 10 to 40%. Through their numerical study, Kalkan and Buyukkaragoz (2012)
demonstrated that as the web slenderness increases, significant reductions in buckling moments

areobserved compared to beams with thicker webs.

2.5.2. Cantilever Beams
Bradford (1992)

Bradford (1992) investigated the effects of distortion on the lateral torsional buckling of doubly
symmetric cantilever beams. Bradfrod (1992) altered the finite element &iromutieveloped in
Bradfrod and Trahair (1981) to produce results which account for loading above the shear center.
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To determine the suitable number of elements, the author conducted a convergence study in

which the cantilever was loaded at the sheamreent

The author conducted series of parametric runs in which the dimensionless parameters (web

slendernessatio h,/w, span to height ratid-/h, , width o thickness ratidy/t, and flange to

width ratio b/h,) and loading position with respetct the shear center are varieh @ aut hor & s
results suggest the following factors would lead to a decrease in the critical moment ratio; 1) a

decrease in the span hteight ratio (L/h, ), 2) a decrease in the web slenderndgg\), 3) an

increase in the beam width to height rati If, ), and 4) changing the load position with respect

to the load centerThe author highlighted that the effects of span to height ratio and web
slenderness are most pronounced but that at short beam spans, yielding would govern. It is also
demonstrated that although moving the load position either above or below the shear cen
causes a decrease in the critical moment ratio, moving above the shear center produces more
pronounced reductions. The author also investigated the effect of distortion on the inelastic
buckling resistance in which distortional moment obtained thrdtiy was substituted into a
solution which predicts the inelastic buckling moment for a simply supported beam due to a
combination of local and lateral buckling. Through this, it was shown that distortional effects

could reduce the inelastic buckling mombgtup to 15%.

Dowswell (2004)

In a study which investigates lateral torsional buckling of wide flange cantilever beams,
Dowswell (2004) conducted a FEA consisting of 216 models which includes variations in spans,
loading conditions, and restraint for ¢éer commonly used wide flange sections. The FEA
program used in the analysis was BASP, a shell based finite element program developed at the
University of Texas Austin. The FEA mesh consisted of four elements along the web height, one
element for the flangeidth and 10 elements along the span of the beams. Through curve fitting

of FEA results, Dowswell (2004) suggested altering the cantilever critical moment equation
proposed by Trahair (1983, 1993) to include coefficients which account for various Igatshei

with respect to the shear center and many types of bracing. Dowswell (2004) suggested the

continued use of the moment distribution coefficient already included in the critical moment
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solution. The reader is referred to Chapter 6 for further discussgerding the equations
introduced by Dowswell (2004).

2.5.3. Summary of Studies Incorporating Distortion
Table 2.2 provides a summary of the studies which focus on distortional lateral torsional
buckling for wide flange beams. The table presents the study along with the methodology used

for obtaining solutions, the support type investigated, the type of |lgadithwhether load

position with respect to the shear center was studied.

Table2.2 Summary of studies on distortional lateral torsional buckling

Load
Support . Position
Study Methodology Type Loading Type Effect
Condgdered
Roberts and Jhita | Energy Formulationg  Simply Uniform moment Yes
(1983) and FEA supported | & mid-span load
Bradford (1986) FEA Simply Unllform moment No
supported | & linear moment
Bradford (1992) FEA Cantilever Tip point load Yes
Pi and Trahai2000) FEA, Finite Strip Simply Uniform moment No
supported
Dowswell (2004) FEA Cantilever Tip ch)Jlr[])tLIoad & Yes
Ng and Ronagh | Energy rmulation- Simply Uniform moment Yes
(2004) Fourier Series supported | & mid-span load
Poon and Ronagh Simply Uniform moment
FEA . Y
(2004) supported | & mid-span load ©s
Zirakian and . Simply .
Showkati (2007) Experimental supported Mid-span load No
Kalkan and Simply .
Buyukkaragoz (2012 FEA supported Mid-span load No
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2.6. Aim of Thesis

As discussed in Section 2.4, theraisvealth of literature which investigates and quantifies the
effects of moment gradient on lateral torsional buckling. However, these studies do not
incorporate distortion and thus possibly err on theamervative side. The current studies

laterally unsupported beams susceptible to lateral torsional buckling which also consider
distortion are summarized ifable 2.2. Although many of these studies are based on detailed
finite element based analysis, each is only based on a handful of beam cross sections and is thus
possibly norrepresentative of the conape database of sections commonly used in practice. The

aim of the present study is to investigate the effects of distortioateral torsional buckling for

representative crossection dimensions and realistic design scenarios.

.7. Notationfor Chapter 2

constants for the end moment based moment gradient equation

standard dependent moment gradient factor

2

2

b flange/ beam width

C

C ANSI/AISC 366310 momengradientfactor

Caus AS 41001998 momengradientfactor

Cean CAN/CSA S1609 momengradientfactor

Cean cen  CAN/CSA S1609 general moment distribution momemnadientfactor
Cean. iy CAN/CSA S1609 linear moment distribution momegradientfactor
Ceuro EN 19931-1 momeniradientfactor

Cran momentgradientfactor proposed by Kirby and Nethercot (1979)
CenLy momentgradientfactor proposed by Salvadori (1955)

C, warping constant

d beam depth

E modulus of elasticity of steel

F specified minimum yield stress

critical stress

I:C

G shear modulus of elasticity of steel
h web height

h, distance between flange centroids
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effective out of plane moment of intertia
out of plane moment of inertia

torsional constant
effective torsional constant

load heighfactor
lateral rotation restraint factor
twist restraint factor

length of beam
effective length

limiting laterally unbraced length for the limit state of yielding
limiting laterally unbraced length for the limit state of inelastic LTB
length of unbraced segment of beam

factored bendinghoment at onguarter point of unbraced segment
factored bending moment at midint of unbraced segment
factored bending moment at thrgearter point of unbraced segment
elastic critical lateral torsional buckling moment

maximum factored bending moment magnitude in unbraced segment
nominal moment resistance

modified classical laterabrsional buckling solution

plastic moment resistance

factored moment resistance

classical lateral torsional buckling solution

yield momentesistance

effective radius of gyration

radius of gyration about theaxis

elastic section modulus taken about theexis

flange thickness

lateral displacement

web thickness

plastic section modulus taken about thaxis

slenderness reduction factor

imperfection factor
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partial factor for resistance of members to instability assessed by member checl
angle of twist

ratio of smaller to larger factored moment at endshbfaced length
nontdimensional slenderness parameter

dimensionless imperfection parameter

CAN/CSA S1609 structural steel resistance factor
reduction factor for lateral torsional buckling
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Chapter 3
Distortional Lateral Torsional Buckling in Simply

Supported Beams under Uniform Moments

3.1. Objective and Scope

The adoption of the Vlasov theory based equation in design standards implies the neglect of
distortional effects. This issue has been recognized in the analysis of cold formed cross sections,
but has generally been thght of as negligible in the analysis of rolled wide flange sections.
Within the above context, the present study aims at determining the conditions under which
distortional effects can be neglected when assessing the buckling strength for beams of common

crosssectional geometries. Towards this goal, a shell finite element based parametric study is

conducted to determine the critical momehts, including distortional effects.

3.2. Dimensional Analysis

According to the Buckingham Pi theoreih,there aren variables in a problem and these

variables contairm independent physical quantities, then the equation relating all variables will

have a set o(n- m) independent dimensionless groups constructed from thmalrivariables.

Buckingham referred to these groups as ~ grou
critical moment of a simply supported beam under uniform moment, there are eight variables
which are related through

[3.1] f(M,,b,t,h,wI,E,G)=C

cr?

in which M, = elastic critical moment capturing the effects of distortional bucklirgflange

width, t = flange thicknessh = distance between flange centroiag= web thickness| = length
of unbraced portion of beant; = elastic modulus of steel, ar@d = shear modulus of steel. In
general, any physical quantity can be expressed as a combination oFfpkeegth L, or time

T. As a notation convention, the dimension of a variable will be denoted by a bracket
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surrounding the variable, e.ndr] = FL, which signifies that the dimension M, is force F
multiplied by length L. In a similar mannerfb]=L, [t]=L, [h]=L, [w]=L, [I]=L,
[E] = FL?, and[G] = FL. For the problem under investigation, Tifiedoes not appearts,

theabove variables are expressed in terms of only two independent physical qu&trted-
and LengthL . TheBuckingham Pi theorem allows the reduction of the eight variables appearing
in Eg. [3.1] into six independent dimensionless parameters. Therefore, the nushber

independent parameters is six dimensionless groups denofediasl...6). A p, term is the

product of the eight variables, each raised to an exponent as follows
32 [p]=[Mc]"[B]*[t] A “Twf 1 °[E] G °

where exponents, througha, must satisfy the following condition
(33 (FL™(L)™(L) *(1) () () (Re?)7(FL?)=F'L

For Eq.[3.3] to hold true, the following two identities must be satisfied
[34] ata +a6

[35] a+3 +ta +a +ta +2 ;- a,;-0

In a matrix form, the above two equations can be expressed as

(36 [AL{a};,={9.,

in which matrix[ A] is given by

et 0 0O0OOO0 1 1

(371 [A]:SLl 1111-2 -2

and(a)'=(q a .,a ,a, a, a §.Anysolution for vecto{a} which meets Eq.

[3.6], leads to an admissibje term.The fllowing is a possible set of six independent vectors

{a}, which satisfyEq.[3.6]
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Each vecto{a}. corresponds to the terms =w/h, p, =t/b, p,=b/h, p,=I/h, p,=E/G

6
and p; =M, /EI®. According to thep theorem, dinear combinatio &6,{ &, in which b, are

i=1
arbitrary constants alsodds to an additional (albeit depkent) dimensionless parametéhe

classical solution for the elastic critical momewt, for a simply supported beam subject to a

uniform moment is given by

o 2,
0
[39] Muz'lg\/ElyGJ %IE J,C

The critical momentM , as predicted through an FEA buckling analysis, captures the effect of

distortional buckling. This contrasts with the elastic critical momdnt which neglects such
effects. It would be of interest to normaliaé, with respect toM,(b,t,h,w,l,E,G) in order to
guantify the effects of distortional buckling. Thus, it would be desirable to substitute the last Pi

term pg = M, /EI® with the more physically meaningful ratj@; = M /M, . Starting with the
six independent vec:tor%a}i introduced in Eq.[3.8], Appendix A provides the proof that
M, /M, can be used as the sixthterm p, rathe thanp, = M_ /EI*. With this substitution

we have

aMm, wt bl E
h

[3.10] f, R

For steel, the dimensionless parameéf¢6 is essentially constant, or

.
|
|
|- QI Ot
(@]

28



M aw t
311 —=&==f YT
VI

!
h

>lo

This signifies that the ratio of critical moment including distortional effects to the classical
critical moment depends upon only four dimensionless parameters whicky laret/b, b/h,
and I/h. Thus, in the following sections, a systematic parametric study is conducted to

investigate the effect of the above four parameterMgriM, .

3.3. Representativeness of CroSgctional Geometry of Real

Sections
The objective of the present section is to determine a -sex®n geometry that is
representative of steel sections commonly used in practice. The selection afstheection is
based on three of the four parameters identified ifE#1 namely, v/ h,t/b,b/h). Towards
this goal, the complete list of wide flange sections available in Stru@atettion Tables (SST)
of the Canadian Institute of Steel Construction (CISC 2001) was surveyed. The list consists of
281 sections ranging from W100x19 (the lightest section) to W920x1191 (the heaviest section).
Nominal heights varied from 100 to 1,0t Table 3.1 provides the range of dimensionless

parameters of the sections in the database. Values/for t/b, and b/h were selected around
midr ange to define a fireference d/aatofornhe. Al s

reference section near its mmignge value. It is noted that the above defirefdrence section
meets Class 1 requirements for a yield strength oMB%0 The reference section will serve as a
base value in the parametric study from which variations for the various dimensionless

parameters will be made, and the correspondihg/M,, will be determined.

Table3.1 Dimensionlesparameters of theections in the SSTathbase

h(mm) | b (mm) |t (mm)| w(mm)| wh t/b b/h t/w
Minimum | 106 100 4.9 43 | 0.0154| 0.0434 | 0.3037| 1.1042
Maximum | 1118 457 125 78 | 0.1757| 0.2753 | 1.1345| 1.900
Mean 570 286 31 10 | 0.0384]| 0.01019| 0.6109| 1.6315
Rse';ecrt?:r‘fe 500 305 | 21.034 | 14.706 | 0.0294| 00690 | 0.6100| 1.4300
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3.4. Selection of Upper and Lower Bounds 8pan

3.4.1. Selection of Upper Bound for Span

No explicit upper bounds for maximum spans are given for beams in various standards. Beam
maximum spans are typically determined by serviceability criteria such as deflections under live
loads or vibration control regrements. It is reasoned that flexural members are at best equally
prone to vibrations as tension members and therefore a similar maximum slenderness ratio is

adopted in the present study. Larger spans were reasoned to be uncommonly used. Thus, a value
of | . =300 . (in which r is the minimum radius of gyration of the chosen section) is
adopted as a possible upper limit for the span. Although the utilization, of 300 . could

lead to excessive lengths for certain sections, it was chosen so a wide range of lengths could be

analyzed in the parametric study.

3.4.2. Selection of Lower Bound for Span

The minimum span of a member is taken as the maximum unsupported beam length under

uniform moment gradient. For Class 3 sections, this length is calculated by equating the nominal
yield momentM =S F to the nominal inelastic lateral torsional moment resistaMge as
predicted in the Geadianstandards (CAN/CSA S189), in which S, is the elastic section
modulus, andF, is the specified mimnum yield strength taken as 3@Pain the present study.

For Class 3 SectiorM,, is given by

& 0.2aV
[312] M, =118V ¢l Y
e

u

For Class 1 and 2 sections, the plastic momeht=2F (Z, being the plastic section
modulus) is instead equated to the inelastic lateral torsional moment resistaniceEq,. [3.12)]
(instead of the yield momer¥ ). The conditionM, =M, (or M =M, as applicable) is then
used to solve for the elastic critical momeMt, and the corresponding unsupported length
|in =! is determined from E(3.9]. The capacity of beams with spaesd thanl ;, will be

governed by yield rather lateral torsional buckling capacity and thus the spans leds, than
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would be of no practical interest. The parametric study is performed on spans within the range

|, ¢ ¢.... Spanl is normalized with respect to the geometric dimengiorirhe bounds of

m

interestl .. /h and |, /h will be computedand examinedor each section in the parametric
runs. For the reference sectioifable 3.1), |, =4,270nm and |, =21,23MmMm which
correspond to the dimensionless bounds$ gffh=8.5and | __ /h=42.5. A reference span of

13,000nmis selected for the reference section.

3.5. End Details

Three types of web stiffening arrangementg( 3.1) were investigated. These are a)
Unstiffened web (STO) to simulate the case of simple shear connection, b) Stiffened web with a
pair of bearing stiffeners (ST1) to simulate the case wterdeam is bearing on base plates,
and c) Stiffened web with two pairs of transverse stiffeners (ST2) to simulate the case of a
welded moment connectioror Detail (ST1), the stiffener was #nfn thick, while that of
double stiffeners included two sceiust In the first scenario (ST2A), the stiffener wasnghd

thick. Which, for the reference section, corresponds to a web thickness to stiffener thickness

w/w, of 1.54. While in the second scenario (ST2B), the lthiess was taken equal to that of the

flange. The second scenario was chosen to simulate the configuration of-addeaim moment
connection between a beam and a column with the samesecissns.

3.6. Load Application Scheme

The loading case considered ismiform moment Fig. 3.2). The results of beams subject to
uniform moment are of particular interest since thessical solution for the elastic critical
moment M, is by definition derived under the application of uniform momeahd moments

were applied through one of two different schemes (equal and opposite longitudinal tractions (L)
applied at both flanges, and two transverse equabppdsite forces (T)). The load application
scheme is illustrated iRig. 3.1. The last letter of each identifier takes the values L or T to denote

the load applicatio scheme.
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Fig. 3.1- Details ofload application schemes and stiffeaerangementga) STOL (No
stiffenerlongitudinal forces applied), (b) ST (Single siffener- transverse forcegpalied),and
(c) ST2AT/ ST2BT (Double siffeners transverse forces applied
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Fig. 3.2- Uniform moment (a) &hematic, andb) Moment diagram

3.7. Boundary Conditions
To be consistent with the assumptions made in the derivation alabksical solution for the
elastic critical momentM, (beam is simply supported relative to the lateral displacement and

angle of twist),all beams analyzed were restrained in such a manner to simulate simply
supported boundarmonditions. At one end of the beaRid. 3.3(a)), displacement along they,

andz axis is restrained at the bottom widinge junction and displaneent along thex axis is
restrained at the top welange junction. At the other end of the bedfig(3.3(b)) displacement
along thex andz axis isrestrained at the bottom w4llange juncion and displacement along the

X axis is restrained at the top web flangection. For the ST detail, the boundary conditions
(Fig. 3.3) were imposed at the beam emdsile for the STAL detail they were imposed at the
location of the stiffenefFig. 3.1b). As for the ST2AT/ ST2B T detadls, boundary conditions
were imposed at the mjobint between the end stiffendfsg. 3.2¢).
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Fig. 3.3- Boundaryconditions (crossed arrows denote restrained displacements)

3.8. Finite Element Model

3.8.1. Software & Model Definition

Abaqus/CAE 6.141 is used to create the FEA model. Abaqus/CAE is a software application that
is part of the Abaqus Product Suite. The beams are modeled in a 3D modeling space using a

def ormabl e part. Abaqus/ CAE User 0 part fiat cana | de
deform under | oad; the | oad can be mechanical
el astic i sotropic mat er i alE=2006008Wa onud s P aii & 10 nY6
Ratio m= 0.

3.8.2. Model Seedng

Prior to meshing the beam, the model is seeded. Seeding is the process by which the user
specifies the mesh density. Because a uniform mesh is desired for the entire beam, global seeds

are assigned. An approximate global size of 0.03 is used, whigsponds to an element size
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of approximately30mm? 30mm For the reference casEig. 3.4) this gives 17 elements along
the section height, four elements along half flange width, and 433 elements along the

longitudinal direction for a total of 14,289 elements.

3.8.3. Element Used

The SIR element was chosen to mesh the beam. The S4R elementnsda,quadrilateral
stress/displacement shell element with reduced integration and a-$tn@e formulation. The
S4R el ement f a-purpsse comventgonal sheB elenewtEheéseelements allow

transverse shear deformation and they use a hybrid shiek shell theory.

3.8.4. Analysis Type

As it is of interest toconduct an eigenvalue buckling analysis, the beams are analyzed using
linear perturbation buckling analysis. A buckling lgse& is conducted by defining a reference
load in the eigenvalue buckling analysis. The magnitudiaeofeferencdoad is not important
sinceit is scaled by load multipliers found in the eigenvalue problem which is presented as

follows

(313 ([K]-7/[Ke]){u} %9}

in which [K] =the elastic stiffness matrix, =the eigenvalues[,KG] =the geometric stiffness
matrix due to the reference loads, afid}= the buckling mode shapes, also known as

eigenvectors. It is important to note that the bucklirmgimshapes{,ui} do not predict the actual

deformation magnitudes. They are normalized so that the maximum displacement is equal to 1.0.
Abaqus/CAE offers two types of eigenvalue extraction methods, the LanczoSubspace
iterationmethods. The Lanczos method is generally faster when a large number of Eigen modes
is desired. Since in this study a small number of Eigen modes are requirSahspeace itation

method is utilized. Inthe various runs, four eigenvalues were extractextracting four
eigenvalues served as a check to ensure the beam was modeled correctly. When the beam was
modeled and loaded symmetrically, the first four eignevalues will be two sets of equal
eigenvalus with one positive and one negative eigenvalue. datige eigenvalue indicates that

the beam would buckle if the loads were applied in the opposite direction.
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Ranges of Dimensionled3arameters Used

3.9.

Using the methods outlined in Secti8r8 the following maximum and minimum values for the

dimensionless parameters were used

Table3.2 Minimum & maximumvalues ofdimensionless grameers

/h

42

b/h
0

A48
81

0.

t/b

0.0555
0.0909

w/h

0.0222
0.0370

Min

Max

, each dimensionless parameter is varied one at a

With a practical range of interegtstablished

time and the dimensions of the corresponding sections are determined. The complete set of all

parametric runs conducted is tabulated in Appendix B. All sections studied have the same

h=500mrm. Sections will be assigned identification numbers consisting of two letters and a

number. The first two letters represent the parameter being varied and the number corresponds to
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the last three significant digits of the ratio. For example section corresponding to

w/ h=0.0222will have an identification number of wh222.

3.10. Results

Subsection3.10.1 provides a verification of the dimensionless analysis results. Each of the
following subsections is dedicated to discussing the effect of each dimensionless parameter, one
at a time on theM /M, ratio. Subsection8.10.2through3.10.5presat the results of varying

w/h, t/b, b/h, and I/h respectively while subsectioB.10.6 presents FEA results of real

sections.

3.10.1. Verification of Dimensionless Analysis Results

An important point to note is that the actual dimensions of a given section have no influence on
the resilting M_ /M, as long as the dimensionless ratigéh, t/b, b/h, andl/h are specified
Rather, it is the ratios of the dimensionless parameters which dictate the viiye/bf, . Two
sections with completely different dimensions will yield identical value®gf/M, as long as

both sections have thearme dimensionless ratios. Take for example the reference section
(h=500mm, b=305mm, t=21.034nm, w=14.706nn, and | =1300Gnm) and another
section (r=600mm, b=366mm, t =25.24Inm, w=17.647mm, and | =15600nm). Although

both sections have completely different physical dimensions, they both have identical ratios of
w/h, t/b, b/h, and I/h thus yielding an identical value d¥1,/M, equaling 0.987. This
finding is a direct result of the Bucklingham Pi theorem andoleas numerically verified by the

finite element analyses conducted in the present study.

3.10.2. Effect of Web Slenderness

In order to determine the effect of web slenderness, the dimensionless pamgfhetes varied
from 0.0222 to 0.03Y while other parameterg/b, b/h and I/h were held constant at the
reference values. This is achieved by varying the web thickme#ss shown inFig. 3.5, when

the web slenderness increase¥ If decreases)M_ /M, decreases for the tsgiiffened detail
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STOL, and to alesser extent in the single stiffener detail ST1and double stiffeners with
9.5mm thick plates ST2AT (w/w, =1.54). This is the case because slender webs are more
prone to distortional effects, which in turn redsidd_ /M, . The highest buckling capacity is

observed for beams with double stiffeners with thicknesses matching tiatflaihges (ST2B
T). As a general observation, the presence of stiffeners reduces the distortional tendency of the

web end and thus increzsstheM /M, ratio. The thicker stiffeners also provide partial warping

restraint resulting in highem /M, ratios.

Fig. 3.6(a-b) display isometric and cross section views of buckled configurations of aLSTO

beam withw/h=0.0370 andrig. 3.7(a-b) display isometric and cross section views of buckled
configurations of a STQ beam withw/h=0.0222.Fig. 3.6(a) illustrates that web distortion is
minimal and corresponds tdl /M, =0.96. More distortional effects are visible for the thinner

web (w/h=0.0222) for whichM_ /M, was observed to drop to 0.68g. 3.7(a)).

Table3.3 presentsM_, /M, results of allw/h values.Fig. 3.6(c) andFig. 3.7(c) show isometric

contour plots of the STQ detail with w/h=0.0370 and 0.0222 respectively. Thddgures

demonstrate that the test specimens are buckling in a lateral torsional mode. A closer look at the
FEA models shows that no lateral displacement occurs at the ends which prove that the boundary

conditions are enforced properly.
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Table3.3 Effect of web slenderness FEAsults

STOL STLL ST2AT ST2BT
W MU MCI‘ MCT Mcr MCT Mcr MCT MCT MCT
ID# —
h | (kNm) | (kNm) | My | (kNm) | My | (kNm) | My | (kNm) | M,
wh222] 0.0222| 523.5 | 485.8 | 0.928] 514.5 | 0.983| 525.9 | 1.005| 558.4 | 1.067
wh244| 0.0244| 529.8 | 496.0 | 0.936] 521.5 | 0.984| 533.3 | 1.007| 565.3 | 1.067
wh270][ 0.0270| 539.0 | 508.9 | 0.944| 531.4 | 0.986| 543.5 | 1.008| 575.0 | 1.067
(Ref.) | 0.0294| 548.8 | 521.3 | 0.950| 541.8 | 0.987| 554.1 | 1.010| 585.0 | 1.066
wh313] 0.0313| 557.5 | 531.5 | 0.953] 550.7 | 0.988| 563.2 | 1.010| 593.7 | 1.065
wh339] 0.0339| 571.5 | 547.5 | 0.958] 565.1 | 0.989| 577.9 | 1.011| 607.6 | 1.063
wh370] 0.0370| 590.7 | 568.3 | 0.962] 584.8 | 0.990| 597.7 | 1.012| 626.5 | 1.061
1.10
E ==ST2B-T
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Fig. 3.5- Effect of web fenderness
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3.10.3. Effect of Flange Slenderness

In this setion, the flange width tdhickness ratiot/b is varied from 0.0555 to 0.0909 while
holdingparametersv/h, b/h andl/h at their reference values. As displayedable3.4, this is
achieved by maintainind), w, b at the reference values while varying flange thickrness

shown inFig. 3.8, M, /M, decreases at/b increases for configurations STQ ST1-L, and
ST2AT. When t/b increases (i.e.t increases), the top flange attracts more compressive
stresses. This further destabilizes the member, and increases the web proneness to undergo
distortion. This is illustrated for the STQ Detail in Fig. 3.9(b) for t/b=0.0909 and-ig. 3.10(b)

for t/b=0.0555. In the latter case, where the thickness is small, the distortion of the web is
observed to be less pronounced than that of the former (with a thicker flange). As expected, the
corresponding critical moment rati , /M, takesa lower value of 0.91 for the thicker flange
while has a high value of 0.97 for the case of the thinner flange. TabWgjét¥, results are
presented imMable 3.4 and contour plots of the Sl0detail corresponding t¢/b=0.0909 and
t/b=0.0555 are displayed Fig. 3.9(c) andFig. 3.10(c) respectively.

For the ST2BT detail, an increase ityb (i.e., an increase in flange thickness) is associated with
two phenomena: 1) an increased destabilizing effect of the web due to the additional compressive
stresses attracted by the thicker top flange, making the member more tprdigtortional

effects, and 2) an increase in the matching thickness of the stiffener, which is associated with an
increased distortional restraint to the web (thus counteracting the destabilizing effect in (1)). As a

result, for the ST28 Detail, therds no clear trend betwedrtb and M, /M, .
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Table3.4 Effect offlangeslenderness FEAesults

STOL STI-L ST2AT ST2BT
t Mu MCT MCT MCT MCT I\/lcl’ MCT cr MCT
ID# —
b | (kNm) | (kNm) | My | (kNm) | My | (kNm)| My | (kNm)| M,

tb556 | 0.0556| 405.4 | 391.8 | 0.966| 403.0 | 0.994| 412.4 | 1.017| 428.8 | 1.058
tb588 | 0.0588| 437.7 | 421.4 | 0.963| 434.4 | 0.992| 444.4 | 1.015| 464.1 | 1.060
tb635 | 0.0635| 486.8 | 465.9 | 0.957| 481.9 | 0.990| 493.0 | 1.013| 517.6 | 1.063
(Ref.) | 0.0690| 548.8 | 521.3 | 0.950| 541.8 | 0.987| 554.1 | 1.010| 585.0 | 1.066
tb741| 0.0741| 611.3 | 576.2 | 0.943| 601.7 | 0.984| 615.4 | 1.007| 652.5 | 1.067
tb816 | 0.0816| 711.9 | 662.5 | 0.931| 697.6 | 0.980| 713.4 | 1.002| 760.1 | 1.068
tb909 | 0.0909| 848.7 | 776.2 | 0.915| 826.9 | 0.974| 845.5 | 0.996| 906.1 | 1.068
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3.10.4. Effect of Width to Height Ratio

In this serieof simulations, the ratidy/h was varied from 0.48 to 0.81 while keeping the ratios
w/h, t/b, andl/h constants and equal to the reference eslThis is achievedytkeepingh,

w, and | constant while varying the flange width and thicknesst (so thatt/b remains

constant at the reference value). The results are depictad.iB11. A wider flange relative to
the section height is observed to result in a lower/M, for the STOL, STIL, and ST2AT

details, all other factors being constant. In castir for detail ST2BT, the ratioM_ /M, is
observed to increase &gh increases. This is due tbe following:a) with an increase in flange

width, the stiffeners also become wider and thus provide mor¢aresido web distortion and b)

for a constant height an increase irb/h is associated with an increase in the flange wiilth
For a constant/b ratio, the flange thicknedslso increases, and simthe stiffener thickness for

detail ST2BT matches thicknesg, the increase ofb/h provides additional distortional

restraints to the web. Fdetail ST2B-T, the beneficial distortional restraining effect of the wider
stiffener more than offsets the destabilizing effect induced by the wider flange geofigtry.
3.12 andFig. 3.13display the buckled configuratisof a STO-L beam withb/h=0.48 and 0.81.

For the higherb/h ratio, the web exhibits more distortion. As a testhe M_ /M, ratio drops
from 0.97 forb/h=0.40to 0.92 forb/h=0.81.
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Table3.5 Effect of width to height ratio FEAesults

STOL STi-L ST2AT ST2BT

b Mu Mcr MCT Mcr MCT Mcr MCT cr MCT
ID# | —

h | (kNm) | (kNm) | My | (kNm)| My | (kNm)| My | (kNm) M,
bh048] 0.48| 235.8 | 228.2 | 0.968| 234.4 | 0.994| 240.3 | 1.019| 248.3 | 1.053
bh052] 0.52| 309.7 | 298.1 | 0.963| 307.2 | 0.992| 314.7 | 1.016| 327.5 | 1.057
bh057] 0.57| 428.7 | 409.7 | 0.956| 424.0 | 0.989| 434.0 | 1.012| 455.4 | 1.062
(Ref.) | 0.61| 548.8 | 521.3 | 0.950| 541.8 | 0.987| 554.1 | 1.010| 585.0 | 1.066
bh068| 0.68| 823.5 | 773.2 | 0.939| 810.3 | 0.984| 827.4 | 1.005| 882.1 | 1.071
bh075] 0.75| 1197.0| 1117.2| 0.933| 1176.3| 0.983| 1199.1| 1.002| 1289.7 | 1.077
bh081] 0.81| 1611.9| 1486.6 0.922| 1579.0| 0.980| 1606.9| 0.997| 1741.1 | 1.080

1.10
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Fig. 3.11- Effect width to heightatio
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3.10.5. Effect of Span to Height ratio

In order to investigate the effect of span to height reltig the reference section was chosen and
the span to height ratigh was varied from 9 to 4Zhis is achieved by maintainirdgw, b, and

t at the reference values while varying the span lehgthe relationship betweeM /M, and

|/h is depicted irFig. 3.14. For STOL and ST1L, M_ /M, exhibits a slight decrease witfh,

i.e., shorter spans tend to undergo more distortional effects than longer spdetaHeIST2AT

and ST2BT, a similar trend is observed. However, for shorter span belims9.0), a sharp
decline is observed iM_ /M, . When the span is small, the critical moment is high and the

transverse fores applied to simulate the moment increase accordingly. These forces prematurely
buckle thestiffeners priorto buckling the beam in a lateral torsional mode. As suggesté&agby
3.14, this phenomenon is more pronounced for the STZketail. The corresponding isometric

buckled configuration is illustrated Fig. 3.15.

Table3.6 Effect of span to heightatio FEAresults
STOL ST1L ST2AT ST2BT

| M M M M M M M M M

u cr cr cr cr cr cr cr cr
ID# —

h | (kNm) | (kNm) | My | (kNm) | My | (kNm)| My | (kNm)| M,

Ih9 | 9.00 | 2773.5| 2621.4| 0.945| 2712.8| 0.978 | 2506.8| 0.904 | 2823.3| 1.018

lh15 | 15.00| 1189.0| 1124.7| 0.946 | 1172.8| 0.986 | 1192.0| 1.003 | 1272.3| 1.070

lh21 | 21.00| 728.5 | 690.3 | 0.948 | 719.4 | 0.987 | 735.8 | 1.010 | 781.2 | 1.072

(Ref.) | 26.00| 548.8 | 521.3 | 0.950| 541.8 | 0.987 | 554.1 | 1.010 | 585.0 | 1.066

lh31 | 31.00| 440.8 | 419.7 | 0.952 | 434.8 | 0.986 | 444.2 | 1.008 | 466.4 | 1.058

Ih36 | 36.00| 368.8 | 352.0 | 0.954 | 363.6 | 0.986 | 370.9 | 1.005 | 387.5 | 1.051

lh42 | 42.00| 309.0 | 295.6 | 0.957 | 304.4 | 0.985| 309.9 | 1.003 | 322.1 | 1.043
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3.10.6. FEA of Real Sections

As presented in sectios10.2through3.10.5 variations inw/h, t/b, b/h, andl/h influence a

b e a nvg, pM, ratio. Theinfluence that a variation df/h has on the resulting/_, /M, ratio

is negligible compared to the other parameters, thus, it can be reasoned that Mpgdmsis
governed by the remainingréke dimensionless parametewg,h, t/b, and b/h. Although the

above study provides an understanding of how each dimensionless parameter influences
M. /M, , it fails toexplain what effect a combined variation of all parameters would have on the
resultingM_, /M, ratio. As such, a FEA of 54 real sections from the CISC SST was carried out.

The sections were chosen to be representative of the entiraskatdlhe studied sections ranged
from the W150 to W1000 designation classes. The results of the FEA are presented in Table B.2
of Appendix B. As shown in the tablé/ /M, values range from 0.830 (W460x64) to 0.977

(W310x21). As for the dimensionless parametesgh ranges from 0.0154 to 0.1551/b
ranges from 0.0488 to 0.2398, whitg¢h ranges from 0.308to 1.1345. A comparison of the

above mentioned ranges witfiable 3.1 confirms that the sample of chosen sections is
representative of the entire SST database. dalimegression analysis of various combinations of
three dimensionless parameters was conductaale 3.7 presents results of the linear regression
analysis. For each parameter combination analyzed, equations of best fit and 95% confidence are
displayed. As presented ifable 3.7, the combination of the three dimensionless parameters

gives the strongest correlation with & value of 0.955.
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Table3.7 Regression analysiesults

Parameter(s) R? Equation
[3.14] 'I\\/'/l =0.9717 - 0.49056 Best Fit
t/b 0.547 . i
[3.18] & =0.9593 - 0.614% 95% Confidence
M, _ 3 2 .
[3.16] M. 0.9693 - 0.319b -0.33 5 Best Fit
t/b,wh | 0592 i
M, _ L Y .
[3.17] i 0.9752 - 0.506b -0.65 7 95% Confidence
[3.18] 'I\\/l/l” =1.0536 -1.044% +l.26é% -0.12% Best Fit
t/b,wh, b h | 0.955 i

319 M =1.0443-1.1406 w.07% 0138
M B h h

u

95% Confidence

3.11. Notationfor Chapter 3

flange width

b
C. warping constant
E

elastic modulus of steel (200 000 MPa assumed)

physical quantity force

y  specified minimum yield stress

f function relating variables

f,  function relating dimensionless groups

G  shear modulus of steel (77 000 MPa assumed)
h

distance between flange centroids

<

A XN @

out of plane moment of ineati

torsional constant

elastic stiffness matrix

s geometric stiffness matrix
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c

N £ S

[\

1%

physical quantity length

length of unbracegdortion of beam

upper limit of length in FEA study

lower limit of length in FEA study

elastic critical moment capturing the effects of distortional buckling
nominal inelastic lateral torsional moment resistance

plastic moment resistance

classical lateral torsional buckling solution

nominal yield momentesistance

independent physical quantities in th

variables in a problem in the Bucking

minimum radius of gyration

elastic section modulus
time

flange thickness
buckling mode shapes
web thickness

stiffener thickness
plastic section modulus
Buckingham °~ theory exponents

eigenvalues
Poi ssonds Ratio

Buckingham pi parameters
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Chapter 4
Distortional Lateral Torsional Buckling of Beams

under Linear Moment Gradients

4.1. Objective and Scope

Structural steel members with linear moment gradiengs cammonly encountered in steel
construction. Various structural steel design standards relate the elastic lateral torsional buckling

resistanceM_ of the member to that of a beam with identical dimensions subjected to uniform
momentsM , through

[41] M, =C/M,

in which C, is a standard dependent coefficient which accounts for the actual moment
distribution within the beam. The uniform moment equatidn is based on ideal simply
supported conditions for a beam under uniform moments. It is based Whatioe thinwalled

beam theory which neglects section distortion. Moment gradient coeffidientdo not account

for distortional effects nor do they account for the effect of details including presdrsesice of

stiffeners or the load transfer details at member ends.

Within this context, the study in thishapter aims at quantifying the effect of end details and
section distortion on the critical moment of beams with linear moment gradients through a series
of shell finite elenent linear eigenvalue analys&eams with various practical end details are

modeled to mimic, as closely as possible, real design applications and the critical mbtpents
are determinedSubsegant comparisons are performed the M_ /M, ratios as determined

form the shell finite element model to the moment gradient fad@ysin various design

standards.
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4.2. Members Subject to Triangular Moment Distributions

Theoretically, flexural m@bers with triangular moment distributiofig. 4.1) arise when a
concentrated end momeM is applied at one end of a sim@ypported beam. Such a loading
case is uncommon in design applications. A more common loading case with a triangular
moment astribution is depicted ifFig. 4.2, in which a midspan point loadP is applied on a
laterally unsupported simply supported beam of splawith an intermediate lateral restrait

the point of application of the load. This will result in triangular distributions in the two laterally

unsupported segments, each of span

Y Y

] T

M(Z) ‘
M (A ,A, —7 —7
/ | | | /
X X
(a) (b)
Fig. 4.1- Triangular noment(a) Schematic, and (b) Momeriagram
Y Y
I Fi /‘\
e

X
(a) (b)

Fig. 4.2- Triangular moment througmid-spanpoint load applicatiorfa) Schematic, an(b)
Moment dagram

56



In another type of applicatiora triangular moment distribution is encountered when a lateral
point load is applied at the top of a simply supported portal or gable frame with columns that are
pinned at the bases. Portal frames are commonly used in prefabricated steel structures. In these
types of structures, the exterior siding is usually made of sheet metal which possibly transmits
lateral wind forces to th&op of the portal framekig. 4.3 depicts a schematic of such a gable

frame subjected to a lateral force at the top of the column.

Fig. 4.3- Bending moment in a gableaine

Using the code dependentoment gradeinequations introduced ihapter 2 the moment
gradient factors for beams under triangular moment distributions are tabulated. Based on the
guarterpoint mehods stipulated in ANSI/AISC 3600, CAN/CSA S1609, and AA1001998,

and using the quarter point moment valubg, =0.79M __, M, =0.50M ., and M_=

0.25v one obtains the moment gradient factorsTable 4.1. For the CAN/CSA S169

max?

linear moment equation, the end moment ratio was set to zerd; &ef,

Table4.1 Standardbased moment gradient factors for beams subject to triangataent

Standard Moment Gradient Factor
ANSI/AISC 36610 1.667
CAN/CSA S1609 General 1.746
CAN/CSA S1609 Linear 1.750
AS 41001998 1.817
EN 19931-1 Guide 1.879

57



4.3. MembersSubject to Reverse MomenBlistributions

As depicted inFig. 4.4, reverse moments are theoretically achieved when applying equal and
opposite end moments at ends of a beam. In a manner similar to the triangular moment case,
reverse moments can are pradhcancountered when a lateral point load is applied to a portal

or gable frame at the top of a column level. A reverse moment is obtained when the column
bases are fixed. This can be achieved by shop welding the column to a thick base plate, which
would then be fastened to a pier or footing via cast in place anchor rods placed outside the

footprint of the column or a similar anchoring scheme.

My “b—’ M(Z)I\\I
X/|<—|—»| /

() (b)

Fig. 4.4- Reverse mmment(a) Schematic, and (b) Momeriagram

P i

Fig. 4.5- Fixed supported portal frame

For the case ofull reversed moments (i.e., equal and opposite moments at both ends), quarter

point moment values oM, =0.50M M, =0.00M and M_=0.50M ., are used to

max’? max ?

determinemoment gradient factors for quadasoint bagd methods available in ANSI/AISC
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36010, CAN/CSA S1609, and AA1001998. In the linear moment based equation available in
CAN/CSA S1609, an end moment ratid = 4 was taken. The resulting moment gradient

values are summarized Trable4.2

Table4.2 Standard based moment gradient factors for beams subject to reeensatm

Standard Moment GradienFactor
ANSI/AISC 36610 2.273
CAN/CSA S1609 General 2.309
AS 41001998 2.404
CAN/CSA S1609 Linear 2.500
EN 19931-1 Guide 2.752

4.4. Applicability of End Details

It is noted that moment gradient equations in various codes depend solely on the moment
distribution, with no distinction between the various possible end details at the member end. To
expand on this discussion, the beam introducdeign4.2 has been enlarged and reproduced in

Fig. 4.6. For this bem, A and B denote the ends of the unbraced segment which would be used
to determine LTB resistance for segment AB. Code equations treat End A as a support in a
manner similar to End B even though Ends A and B can be detailed very differently. End A may
corsist of welded web cleats that are used to support the secondary beam framing
perpendicularly to the bearki§. 4.7(a)). In this case, the shop welded web cleats wbeltave

as stiffeners similar to the ST1detailin Chapter 3 Alternatively, the perpendicular secondary
beam could be supported via a bolted single angle or WT sd€&iigrd.7(b-c)), which would

result in behavior somewhere between a-&8Tdhd ST1L detail. End B could be detailed in a
variety of methods which include, but are not limited to, bolted web clE&ts4(8(a)), welded

web cleats Kig. 4.8(b)), and a stiffened beam sitting on a embedded steel plate on concrete
corbel Fig. 4.8(c)). The aboe connection details would behave in aiEmmanner to STQ

and ST1L details.
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Fig. 4.6- Support identification
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(©)
Fig. 4.8- End B details and theiocresponding idealization§a) Bolted web cleat, (b) Welded

angle, and (c) tdfened beam on corbel

4.5. Evaluation of Code Moment Gradient Factors

Using the procedures outlined Sections 3.3hrough 3.9, garametric study is conducted to

assess the effect of variations in the various dimensionless parameters on the rigkyltiig

ratios. The reference sectiam Chapter 3 isused again as a basis from which variations in
dimensionless parameters are made. One recalls the dimensions of the reference section are
h=500mm, b=305mnm, t=21.034nm, and w=14.706nm, which correspond to the

dimensionless parameterswfh=0.0294, t/b=0.699¢, b/h=0.610(, andt/w=1.43C.

4.6. Results
The results presented inulSections4.6.1through4.6.4investigate the effect ofv/h, t/b, b/h,

andl/h for different moment gradiés (uniform extracted from chapter) triangular, and fully

reversed). One of the dimensionless parameters was varied at a time while maintaining the other

three dimensnless parameters at their reference values.
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4.6.1. Effect of Web Slenderness

Fig. 4.9(a-c) provide the moment gradient factors as determined by FEANM., /M, ) versus

the web slenderness/h for all details considered for the cases of uniform, triangular, and fully

reversed moment distributions.

Table 4.3 to Table 4.5 provide anassessment of the ability of each Standard in predicting
moment gradientactors for various end details. The tables prowdeparisons othe standard
predicted moment gradient factor to FEA predicted moment gradient factor. Lowest, average,

and highest moment gradient ratios for various standards are providedtforhen subject to

triangular and fully reversed moment.

Fig. 4.9(ac) reveas that regardless of the moment distribution, the effect of varyiif
produces trends similar to those based on a uniform moment case. That is, for-theSTT0L
and ST2AT details, an increase iw/h resuts in an increase of the moment gradient ratio

M_ /M, due to a reduction in the level of distortion in relatively thicker webs. For the-3T2B

detail there is no clear trend betwekly, /M, versusw/h.

The following observations can be made about the studied Standards; ANSI/ASHD,360
CAN/CSA SB5-09, AS 41001998, and EN 1993-1 Guide:

1) While the FEA results show that the moment gradient factors vary depending upon end
details and web slerdness, various standard moment gradient factors do not recognize

the differences between such details.

2) ANSI/ASIC 36010 and CAN/CSA S189 provide conservative moment gradient
predictions for most web slenderness and end detail combinations considehed in

study

3) The EN 19931-1 Guide moment gradient predictions tend to err on theamservative

side for most combinations.
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4) The Australian standards AS 410098 seem to mostly err on the conservative side for
fully reversed moments and on the-conservative side for the triangular moment

distributions.

Results supporting the second point are presentd@bie 4.4 and Table4.5. One example of

this occurs for CAN/CSA S189 when the beam is subjeaota triangular moment distribution.

It can be seen thahe standard prediction changes from an underestimation 4folfbr the
ST2BT detail to a slight overestimation of 3.5% for the ST@etail. ANSI/AISC 360-10
provides the most conservative pretians by underestimating the critical moment dgy to
21.9% for a beam with a stocky web subject to reverse moment. Faethslenderness and end
details considered in this section, it is the only standard to never overestimate the critical

moments of deam.

The third point is clearly depicted iRig. 4.9(b-c) where EN 1993-1 overestimates all
variations of web slenderness for the ST®BTI-L, and ST2AT when subject to triangular and
full reversed moment gradient distributions. The degfegverestimation ranges from 1.2% for
the ST2AT detail to 12.7% for the STD detail when subject to a fully reversed moment

distribution.

Supporting observations for the fourth point can be made by a comparison of the results for the
AS 41001998 whena beams web is slender, i.a/h is low, in Table4.4 andTable4.5. The

results suggest that when a beam is subject to triangular moment, AS D 0verestimates
the moment gradient factor by 7.5%. On the contrary, when the beam is subject to fully reversed

moments, AS 4161998 provide a conservativetiesate of 1.6%.
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Table4.3 Effect of web slenderness ratwy h on percentage difference between standard
moment gradients and FEA moment gradients for the case of urMorment distribution

STO-L STI-L ST2A-T ST2B-T
All Low 7.2% 1.7% -0.5% -6.7%
Standards Average 5.3% 1.3% -0.9% -6.5%
High 3.8% 1.0% -1.2% -6.1%

All percentages are calculated (@, - C.,)/ Cee,. Positive values indicate that applicable

standards overestimate membapacity (urconservative)

Table4.4 Effect of web slenderness ratwy h on percentage difference between standard
moment gradients and FEA moment gradients for the case of taMuinent distribution

STO-L STI-L ST2A-T ST2B-T

ANSI/AISC Low -1.4% -7.1% -8.7% -15.6%
360-10 Average -3.4% -7.4% -9.1% -15.2%

High -4.7% -7.5% -9.4% -14.6%

Low 3.5% -2.5% -4.1% -11.4%

CAN/CSA S1609 Average 1.4% -2.7% -4.6% -11.0%
High 0.0% -2.9% -4.8% -10.3%

Low 7.5% 1.3% -0.4% -8.0%

AS 41001998 Average 5.3% 1.0% -1.0% -7.6%
High 3.8% 0.8% -1.2% -6.9%

Low 11.1% 4.7% 3.0% -4.9%

EN 19931-1 GUIDE Average 8.9% 4.4% 2.4% -4.5%
High 7.4% 4.3% 2.2% -3.7%

All percentages are calculatby (CSt
standards overestimate member capacitycmservative)

- CFEA)/CFEA. Positive values indicate that applicable
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Table4.5 Effect of web slenderness ratig h on percentage difference between standard
moment gradients and FEA moment gradients for the case of full reveoseent distribution

STO-L STI1-L ST2A-T ST2B-T
ANSIAISC Low -6.9% | -13.9% -13.9% -20.6%
360-10 Average -9.6% | -14.4% -15.5% -21.4%
High -11.5% | -14.7% -16.4% -21.5%
Low -5.4% -12.5% -12.5% -19.4%
CAg{ECNSé‘RSAT_GOQ Average -8.2% | -13.0% -14.1% -20.1%
High -10.1% | -13.4% -15.1% -20.2%
Low -1.6% -8.9% -8.9% -16.1%
AS 41001998 Average -4.4% -9.5% -10.6% -16.9%
High -6.3% -9.8% -11.6% -17.0%
CAN/CSA S1609 Low 2.4% -5.3% -5.3% -12.7%
LIN EAR Average -0.6% -5.8% -7.0% -13.5%
High -2.6% -6.2% -8.1% -13.6%
Low 12.7% 4.3% 4.2% -3.9%
EN 19931-1 GUIDE Average 9.4% 3.6% 2.3% -4.8%
High 7.2% 3.3% 1.2% -4.9%

All percentages are calculated (ﬁst - CFEA)/ C.c.. Positive values indicate that applicable

standards overestimates member capacity

4.6.2. Effect of Flange Slenderness
Fig. 4.10(a-c) provides the moment gradient factors as determined by FEA versus the flange

slendernesg/b for all details considered for uniform, triangular, and fully revensemnent
distributions.Table 4.6 - Table 4.8 provide assessments of Standaidsdetermining roment

gradient factors for various end details for low, average and high valugls wfhen subject to

triangular and fully reversed moment.

For STOL, ST1-L, and ST2AT, the moment gradient factor is observed to decrease as the
flange thicknesso-width ratio increases. A thicker flange can be thought of as attracting more
compressive stresses and thus destabilizing the member and making ipnoree to undergo
distortional buckling (in comparison to the classical solution which neglects the effect of
distortion). This deduction is confirmed by examiniig). 4.11, in which a section with the
smallest flange to thickness-flange ratio is observed to exhibit less distortion than the section
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with the largest thickned®s-flange ratio. For the ST2B detail, the trend is found to reverse. An
increase in flage thicknesgo-width ratio is found to be associated with an increase in the
moment gradient factor. Detailed explanations of these trends and supporting data obtained
through FEA were provided iBubsection 3.10.3 for the case of uniform moments andimema

valid for other linear moment gradients in this chapter

For triangular moment distributions, depending on the end detail considered and the flange
slenderness, th# /M, ratio is observed to range from 1.657 for the &Tdetail to 1.987 for

the ST2BT, both for the thickest slenderness considered/bf=0.090¢. The corresponding

code predictions range from 1.667 for ANSI/AISC 3@Dto 1.879 for EN 1993-1. For fully

reversed moment distributions, thd_ /M, ratio ranges from 2.398 for the STOdetail to

2.905 for the STHBI detail for the same slenderness if = 0.090¢.

Fig. 4.10(b-c) suggests that all Standards underestimatéthéM, ratio for the ST2BT detail

regardless of the lie moment distribution or the flange slenderness and ANSI/ASIC1860

consevatively estimatesM /M, ratio for all details and flange slenderness ratios except for the

STO-L detail when the flange is stocky.
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Table4.6 Effect of flange slenderness ratith on percentage difference between standard
moment gradients and FEA moment gradients for the case of unrfoment distribution

STO-L ST1-L ST2A-T ST2B-T
All Low 3.4% 0.6% -1.7% -5.8%
Standards Average 5.4% 1.4% -0.9% -6.4%
High 8.5% 2.6% 0.4% -6.8%

All percentages are calculated (Qst - CFEA) / Crea- Positive values indicate that applicable

standards overestimate member capacitycumservative)

Table4.7 Effect of flange slenderness ratith on percentage difference between standard
moment gradients and FEA moment gradients for the case of trianguizent distribution

STO-L STI-L ST2A-T ST2B-T
Low -5.6% -8.3% -10.2% -14.2%

ANSI/AISC
360-10 Average -3.3% -7.3% -9.1% -15.2%
High 0.6% -5.7% -7.5% -16.1%
Low -0.8% -3.7% -5.7% -10.0%
CAN/CSA S1609 Average 1.6% -2.6% -4.6% -11.0%
High 5.6% -1.0% -2.9% -11.9%
Low 2.9% -0.1% -2.1% -6.5%
AS 41001998 Average 5.5% 1.1% -1.0% -7.6%
High 9.7% 2.8% 0.8% -8.6%
Low 6.5% 3.4% 1.2% -3.3%
EN 19931-1 GUIDE Average 9.1% 4.5% 2.4% -4.5%
High 13.4% 6.3% 4.2% -5.4%

All percentages are calculated (Qst - CFEA)/ C.... Positive values indicate applicable

standard®verestimate member capacity {conservative)
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Table4.8 Effect of flange slenderness ratith on percentage difference between standard
moment gradients and FEA moment gradients for the case of full revaoseent distribution

STO-L ST1-L ST2A-T ST2B-T
ANSIAISC Low -12.2% | -15.4% -16.8% -20.9%
360-10 Average -9.6% | -14.3% -15.6% -21.5%
High -5.2% | -12.8% -13.8% -21.8%
CAN/CSA S1609 Low -10.8% | -14.0% -15.5% -19.6%
GENERAL Average -8.1% -13.0% -14.3% -20.2%
High -3.7% | -11.4% -12.4% -20.5%
Low -7.1% | -10.5% -12.0% -16.3%
AS 41001998 Average -4.4% -9.4% -10.7% -17.0%
High 0.3% -7.8% -8.8% -17.2%
Low -3.4% -6.9% -8.5% -13.0%
CANZIC':\ISQ A11609 Average -0.5% -5.8% -1.2% -13.6%
High 4.3% -4.1% -5.2% -13.9%
Low 6.3% 2.5% 0.7% -4.2%
EN 19931-1 GUIDE Average 9.5% 3.7% 2.2% -4.9%
High 14.8% 5.6% 4.4% -5.3%

All percentages are calculated (Qst - CFEA)/ C.c.. Positive values indicate that applicable

standards overestimates member capacity

-_'_"'—-—-—-_.__J_‘__‘_______-_-_-_-

(@) (b)

Fig. 4.11- Buckled onfigurations of ST detail: (a) t/b=0.055€, and (b)t/b=0.090¢
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4.6.3. Comparative Evaluation of Effect of End Details
As suggested blig. 4.10(a-c), depending on the values of the section dimensionless parameters,

the choice of end detail has a significant contribution on the resMingM, ratio. The most

prorounced example was observed to take place in beams subject to fully reversed moment

gradient distributions with thick flanges$/b is high). As depicted ifrig. 4.12 (a-d), M_ /M,
varies from 2.398 (STQ detail) to 2.905 (ST28 detail). From the FEA, it is concluded that

the STOL detail always corresponds to the lowedt, /M, values. Thusa moment gradient

factor equationM, /M, for the STOL detail, would be conservative for all four end details.
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Fig. 4.12- Comparison of end details (a) STQ(b) STET, (c) ST2AT, and (d) ST2Br
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4.6.4. Effect of Width to Height Ratio

Fig. 4.12(a-c) provides the moment gradient fac®as determined by FEA versus the web to
height ratiob/h for all details considered when subject to uniform, triangular, and fully reversed
moment distributions. A comparison of moment gradient factors as determined from the FEA in

the present study to those predicted by the various standards is preserabte h9 - Table
4.11. Finally, Fig. 4.14 presents buckled configurations of the STRAletail when the beam is

subject to a triangular moment distribution fgth=0.81.

A comparison oFig. 4.12(a-c) suggests that with the exception of sudden drops in the moment
gradient factorsthe general trends of the changeMn, /M, when abeam is subject to @nkar

moment distribution is the same as those of a beam subject to a uniform moment. The reader is

referred to Subsection 3.10.4 for supporting explanations.

As for the sudden declines in thd_ /M, ratio, Table 4.10 and Table 4.11 suggest that all
standards grosslgverestimate theM /M, ratio whenb/h=0.81. The overestimation is most

significant for EN19931-1 where it is observed to be 27.5%. To explain this observdtign,
4.14(a-c) depicts various buckled configuration snapshots of the SIT@étail while subject to a

triangular moment distribution fdo/h=0.81. It is evident from thdiguresthatthe beam is not

failing in a LTB mode, but rather a localized failure of the web stiffeners is taking place. This is
due to the combination of the large magnitude of forces and the load application scheme. The
reader is referred t8ection 3.7 for informi#on pertaining to the load application scheme. The
observed localized mode of failure is not a lateral torsional buckling failure mode and,
potentially, should not be considered when formulating standards lateral torsional buckling
provisions. Neverthelss it remains an important design criterion governing that should be

recognized and accounted for when designing the end connections.
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Table4.9 Effect of aspect ratido/ h on percentage difference between standawchent
gradients and FEA moment gradients for the case of unifmment distribution

STO-L ST1-L ST2A-T ST2B-T
All Low 3.2% 0.6% -1.9% -5.3%
Standards Average 5.3% 1.3% -0.9% -6.7%
High 7.8% 2.0% 0.3% -8.0%

All percentages are calculated (Qst - CFEA) / Crea- Positive values indicate that applicable

standards overestimate member capacitycumservative)

Table4.10 Effect of aspect ratido/ h on percentage diéfence between standard moment
gradients and FEA moment gradients for the case of trianguwlarent distribution

STO-L STI-L ST2A-T ST2B-T
ANSIAISC Low -5.2% -7.8% -9.9% -13.5%
360-10 Average -3.3% -7.5% -6.6% -15.3%
High -0.7% -7.2% 13.1% -16.9%
Low -0.5% -3.2% -5.5% -9.2%
CAN/CSA S1609 Average 1.5% -2.9% -2.0% -11.1%
High 4.3% -2.6% 18.7% -12.8%
Low 3.3% 0.5% -1.8% -5.7%
AS 41001998 Average 5.4% 0.8% 1.8% -1.7%
High 8.3% 1.1% 23.3% -9.4%
Low 6.8% 3.9% 1.5% -2.5%
EN 19931-1 GUIDE Average 9.0% 4.3% 5.2% -4.6%
High 12.0% 4.6% 27.5% -6.3%

All percentages are calculated (Qst - CFEA)/ C.c.. Positive values indicate that applicable

standards overestimates member capacity
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Table4.11 Effect of aspect ratido/ h on percentage difference between standard moment
gradients and FEA moment gradients for the case of full reversetent distribution

STO-L STI-L ST2A-T ST2B-T
Low -3.0% -15.1% -17.3% -20.8%

ANSI/AISC
360-10 Average -8.1% -14.5% -6.8% -21.4%
High -5.0% -13.9% 54.1% -21.4%
Low -1.5% -13.7% -16.0% -19.6%
CAg{ECNS;RSAT_GOQ Average -6.6% -13.2% -5.4% -20.2%
High -3.5% -12.6% 56.5% -20.2%
Low 2.6% -10.2% -12.5% -16.3%
AS 41001998 Average -2.8% -9.6% -1.5% -16.9%
High 0.5% -9.0% 63.0% -16.9%
CAN/CSA S1609 Low 6.7% -6.6% -9.0% -12.9%
LIN EAR Average 1.1% -6.0% 2.5% -13.6%
High 4.5% -5.3% 69.5% -13.6%
Low 17.5% 2.8% 0.1% -4.1%
EN 19931-1 GUIDE Average 11.3% 3.5% 12.8% -4.9%
High 15.0% 4.2% 86.6% -4.9%

All percentages are calculated (Qst - CFEA)/ C.c.. Positive values indicate that applicable
standards overestimates member capacity

U, Magnitude

+0.000e+00
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(b) (©)
Fig. 4.14- Triangular moment distributionb/h=0.81 buckled onfigurations of ST detail:

(a) Isometric ad contour pot for the lateal displacement, (b) Isometrio@, and (c) Cross
section

4.6.5. Effect of BeamSpan to Section Height Ratio
Fig. 4.15(a-c) provides the moment gradient factor as determined by FEA versus the beam span
to section height ratid/h and a comparison of moment gradient factors as deterrfriomdthe

FEA in the present study to those predicted by the various standards is pres@atald 4l 2 -
Table4.14.

FEA studies reveal sharp drops i /M, from smalll/h ratios This is primarily due to the

fact that beams tend to fail in a localized mode at lower load magnitudes than those
corresponding to lateral torsional buckling failures. As such, Sedtié6 is dedicated to a

buckling mode study which investigates this phenomenon in details.
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Fig. 4.15- Effect of span to height ratio on FEA predictedmentgradient factors for beams
subject to (a) Uniform, (b) Triangular, and (c) Reverse moments
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Table4.12 Effect of span to height ratiyh on percentage difference between standard moment

gradients and FEA moment gradients for the case of unifmment distribution

STO-L ST1-L ST2A-T ST2B-T
All Low 5.5% 2.2% 9.6% -1.8%
Standards Average 5.0% 1.5% 0.8% -5.4%
High 4.3% 1.5% -0.3% -4.3%

All percentages are calculated (Qst - CFEA) / Crea- Positive values indicate that applicable

standards overestimate member capacitycumservative)

Table4.13 Effect of span to height ratifh on percentage difference between standard moment

gradients and FEA moment gradients for the case of trianguolarent distribution

STO-L STI1-L ST2A-T ST2B-T
ANSI/AISC Low -5.2% -7.8% -9.9% -13.5%
360-10 Average -3.3% -71.5% -6.6% -15.3%
High -0.7% -7.2% 13.1% -16.9%
Low -0.5% -3.2% -5.5% -9.2%
CAN/CSA S1609 Average 1.5% -2.9% -2.0% -11.1%
High 4.3% -2.6% 18.7% -12.8%
Low 3.3% 0.5% -1.8% -5.7%
AS 41001998 Average 5.4% 0.8% 1.8% -71.7%
High 8.3% 1.1% 23.3% -9.4%
Low 6.8% 3.9% 1.5% -2.5%
EN 19931-1 GUIDE Average 9.0% 4.3% 5.2% -4.6%
High 12.0% 4.6% 27.5% -6.3%

All percentages are calculated (Qst - CFEA)/ C.c.. Positive values indicate that applicable

standards overestimates member capacity
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Table4.14 Effect of span to height ratih on percentage difference between standard moment
gradients and FEA moment gradients for the case of full reversetnt distribution

STO-L STi1-L ST2A-T ST2B-T
ANSIAISC Low 89.7% 1.6% 149.0% 10.4%
360-10 Average -1.8% -12.0% -3.5% -17.1%
High -9.9% | -13.5% -15.3% -20.0%
CAN/CSA S1609 Low 92.7% 3.2% 152.9% 12.1%
GENERAL Average -0.3% | -10.6% -2.0% -15.7%
High -85% | -12.1% -14.0% -18.7%
Low 100.7% | 7.5% 163.3% 16.8%
AS 41001998 Average 3.8% -6.9% 2.1% -12.3%
High -4.8% -8.5% -10.5% -15.4%
CAN/CSA S1609 Low 108.7% | 11.8% 173.8% 21.4%
LIN EAR Average 8.0% -3.2% 6.1% -8.8%
High -1.0% -4.8% -6.9% -12.0%
Low 129.7% | 23.0% 201.4% 33.7%
EN 19931-1 GUIDE Average 18.9% 6.6% 16.8% 0.4%
High 9.0% 4.8% 2.5% -3.1%

All percentages are calculated @St - CFEA)/ C.c.. Positive values indicate that applicable

standards overestimates member capacity

4.6.6. Buckling Mode Study

Analysis of the results produced through the parametric study discusSelkactions4.6.4and
4.6.5revealed that for short spans, there is a significant drdg jfM, . This observation held

true both for triangular and fully reversed moment distributions. Since beams subject to reverse
moment distribuibns were more susceptible to the decreaskljfyM,, , the present discussion

will focus on reverse moment distributions for beams with the ST2Btail.Fig. 4.16 displays

the deformed contour plot for the lateral displacement With=9.0 (shortest span to depth
investigated) Fig. 4.17 presents various buckled configuration snapshots of the same beam. A
look at the buckled configuratios suggests that the decrease hh,/M, is attributed to
localized buckling of the web in éhconnection region. To further assess the implications of this
phenomenon on the design of beams, a FEA study on the buckling modes of a real section is

conducted. A W310x52 section was chosen for the study. As presenfeable4.15, the
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dimensionless parameters for the chosen section are close to the average values of the
dimensionless parameters in the CISC SST section database, and are thus believed to be

reasonaly representative of practical section geometries.

Table4.15W310x52 and CISC SSTeandimensionlesparameters

w/h t/b b/h
W310X52 0.0249 0.0790 0.5479
CISC SST Mean 0.0384 0.1019 0.6109

The study on the W310x52 section included numerous FEA simulations which ranged from a
span of 4006imto 13000nm Spans greater than 1300@were discarded for two reasons: 1) it

is unlikely that a span of 13000nfor a beam of such a low weight would be encountered in
practice and 2) the purpose of the present study is to determinelifi®>modes could govern
design ofshortbeams. The raihale behind a minimum span of 40@®is based on the fact that

LTB would be a contributing design factor only when the critical monMptis less than the
plastic moment resistanckl ;. Given the conservativpossibility of using a high grade steel
with a specified minimum yield strength as high Bs=700MPa, the FEA study predicted a
lateral torsional buckling momeri¥l, =672.kNm at a span of 4,00@m This compares to a
plasticmoment of 583 KNmat F, =700MPa. As such, spans less than 4,000can be omitted

from the study since their design would be governed by vyieldiaple 4.16 and Fig. 4.18
present the results of the FEA study.

Fig. 4.18 displays the first five buckling loads as a function of span. The first two loads were
based on global LTBHig. 4.19(a)) corresponding to critical loads that are significantly lower
than those based on local buckling of the web in the connection region. The black plot line in
Fig. 4.18 highlights modes of failures due local buckling of the welg.(4.19(b)). A complete

set bucklig modes is provided in Appendix C. The corresponding buckling loads are observed

to be independent of spans. As such, the drolljjyM, values observed in Subsectioh$.4

and 4.6.5would only be of theoretical interest for the section considered. This study suggests

that, at least for common section geometries, web local buckling in the connection region will
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not govern the design. A more comprehensive study on othersgossnsvould be needed to

confirm or disprove this hypothesis.

U, Magnitude

+1.091e+00
+1.000e+00
+9.095e-01
+8.185e-01
+7.276e-01
+6.366e-01
+5.457e-01
+4.547e-01
+3.638e-01
+2.728e-01
+1.819e-01
+9.095e-02
+0.000e+00

Fig. 4.16- ST2B-T Detail subject to reverse momehth =9 isometric ontourplot for the lateral
displacement
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Fig. 4.17- ST2B-T Detail subject toreverse momeni/h =9: (a) Overallbuckledconfiguration,

(b) End detaill - undeformed, (c) End detait buckled, (d) End detail-1displacement contour,
(e) Section AA - undeformed, (f) Section AA - buckled, andg) Section AA T contour
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