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ABSTRACT

For both building and bridge where slakon-girder construction is usethaintaining the
lateral torsional stability of girders during the constructtageis a critical issue.The
current industry practice is to use both lateral &vdional bracing to ensurgirder
stability. However,lateral bracingoecomes redundant and ineffective once the concrete
deck has hardened aadts as lateral bracing insteath addition, commonly laced on
the underside of the slalihe installed lateral bracingmay present a longerm
maintenance liability The currenDesign of Steel Structures Co@&A S16(2010)and
CanadianHighway Bridge Design CodeCSA S6 (2006) do not provide adequate
guidelines addressing the design of lateral stabilitg gifder system where thgirders
are braced solely with torsional bracinglthough asimplified methodis recommended
for strength desigin the standargl it doesnot provide an explicit stiffness requirement

for thetorsionalbracing system.

This study is motivated to investigate the behaviour and strengtbeafimswith only
discrete torsional bracingl'he experimentaprogramof a scaled twirgirder system with
different arrangements of lateral and torsional bragmag conducted Concurrently,a
finite element model was developed and verified with the test regulpgrametric study
using the finite element model was conducted to study further the effegirdar
spacing, crosframe stiffness, and number of crdssmes on the lateral torsial
stability of the twingirder system Results showed théthe girder spacing and number of
crossframes hadhe most significant effects on the critical moment of girders braced
with only torsional bracesChanging the crossame member stiffnessid not result in
any marked change in the critical momefithe comparison of numerical results with
design equations contained in the current CSA @d0) and S6(2006) standards
showed that a stiffness requirement for the torsional brace should be enpdeinA
relationship between the design critical moment #rel ratio of providedo-required

torsional stiffness was discussed.
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CHAPTER 1 INTRODUCTION

1.1 BACKGROUND OF RESEARCH

Slabon-girder bridges areommony used in bridge constructionA typical slabon

girder bridge is composed d#vo or moreevenly spacedteel plate girders that are
interconnected bya concrete deck slabFor the design check of the girdersthe
ultimate limit state, the girder is reasonably considered to be fully supported by the deck
slab for its lateral torsional buckling capacityHowever, during constructioonf the
concrete deck and prior to its hardeninige girdersare most susceptib to lateral

torsionalbuckling failure since the deck slab is not composite with the steel plate girders.

Figure 1.1 plots the critical momen{,) versus beam lengthAs shown in the figure,
lateral torsional bucklingoverns the flexural capacity of slender and intermediate beams
andis a phenomenon that occurs when beams in flexure undergd-plane buckling

andtwisting when a critical load iseached

Yielding Inelastic Lateral
Torsional Buckling

Elastic Lateral
Torsional Buckling

Stocky ' Intenmediate

Slender

e L L L L

L 4

L

Figure 1.1  Beam failure modes(adapted from Galambos, 1998)

For plate girdes fully braced by a concrete slab, the moment resistance is dependent on
crosssectional stregth. In comparison, plate girders braced at discrete locations along
the compression flang&ave a moment resistance dependent on an unbraced length of



girder (Timoshenko & Gerd961) To prevent lateral torsional buckling failure, beams

must be propeylbraced against lateral deflection and twisting

Since thegirder is most susceptible to buckling during the construction stage, the
Canadian Highway and Bridge Design Cq@HBDC) CSA S6 (2006) suggests that
bracing be prowded. In current practice, two types of bracings are often used in
combination to satisfy this requiremenamelylateral and torsional bracingrhe lateral
bracing is implemented in the pkuof the compression flange betwedwo girders
usuall oneexterior and the adjacegirderas shown irFigure1l.2. This type of bracing,

also referred to as plan bracing, is used to provide the lateral restrainhfpressie
flanges of the girder systemdn a multigirder system, no additional lateral bracing is
provided since the remaining girders are considevédl eoann0 t he t wo br ace
In addition to plan bracing between a pair of girders, the des¢orsional restraints,
often referred as croggeames, are also required at certain brace points over the girder
spanconnecting all girdersThetorsionalbraces are often in the form of X bracing or K
bracing, but for shallower girders single horizirthannels connecting the girder at mid
height is an econoity but less rigid alternative.A typical crossframe X bracingis

shown inFigure 1.3. When lateral and torsional bracing types are preseatumbraced
length ofthegirder is normallytaken aghe crossrame spacinglLy, shown inFigure1.2.

For plate girders, the combined lateral and torsional bracing has shown to produce
satisfactory results terms of buckling capacity

However, plan bracing is not always eppilar choice with camactors. If the bracing is

placed above the top flange for incorporation within the slab, it interferes tiath
installmentof reinforcement and formworkif it is placedbelowthe underside of the top
flange, it presents aohgterm maintenance lialiiy. The plan bracing becomes
redundant when the concrete deck attains 75% of its compressive strength allowing the
deck to behave as a lateral diaphragm due to the composite action developed between the

girder and deck.
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Figure 1.2  Plan view of twin girder system braced with combination of cross
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Figure 1.3  Typical crossframe X-bracing arrangement

Lateral torsional buckling of a single girdisra wdl understood phenomenon and its
design is well anchored imoth theDesign of Steel Structures Co@8SA S16(2010)and
CHBDC CSA S6(2006) However,there is little technical information eitherstandard

addressing théateral stability of agirder system with onlgrossframe bracingwvithout

the added latergllan bracing. The question of intexteis whether or not the unbraced

length, can still be considered ag &s shown inFigure 1.4, if only crossframes are

providedas bracing
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Figure 1.4  Plan view of twin girder system braced with only crosgrames.
1.2  OBJECTIVESAND SCOPE

This study is therefore motivated to investigate the efficien¢grefonal braces provided
by crossframesfor lateral torsional stabilityof plate girders Both experimental and
numerical analyses atiacluded inthe study. A parametric study using the verified
numerical model is also conducted to investigateatthdtional parameterdeyond the
scope of the experimental prograom the lateral torsional buckling capacityThe
ultimate goal of this study is to provid®me scientific information othe effective
unbraced legth of girderthat can be used witthe current desigprocedureCSA S6
(2006)for the lateral torsional buckling stability cheaken only crosgrames are used

as bracing

The detailed objectives of this research are:

1. To conduct a comprehensive litarst review on research relevant to the lateral
buckling of plate girders braced using crfssnes and a combination of cress
frames with lateral bracing.

2. To develop an experimental testing program to study the behaviour of twin beams
braced using crogsames and a combination of crdssmes and lateral bracing.

3. To develop a finite element model for thealysisof lateral torsional buckling of
twin beams.

4. To validate the finite element results using experimental results and other results from

available iterature.



5. To conduct a parametric study to investigate the effect of paranbtdrimclude
girder spacingbrace stiffness, angumber of braces on the lateral torsional buckling
capacity of twin girders.

6. To examine the current design standards, &#$A S16(2010)and CSA S6 (2006)
on the applicability of using the effective unbraced length in the girder stability

consideration for girders with torsional braces only.

1.3 OUTLINE OF RESEARCH

This research commenced withcamprehensivditeraturereview providedin Chapter

Two. The experimental work conducted on twin beam systems is described in Chapter
Threeandthe experimental results aggresented in Chapter Foalong with anajtical

results reported by others in literatureChapter Five presents the development of the
finite element model and its verificationing the experimental resultsThe parametric

study using the finite element model is presented in Chapter Six.teClsgven provides

the summary, conclusions and recommendations from this research.



CHAPTER 2 LITERATURE SURVEY

2.1 BEAM BRACING

Beam bracing requirements were adapted and modified from research conducted on
lateral bracing requirements for column bucklifitne early researchon lateral bracing
requiremerg to prevent column bucklingvas conducted byWinter (1960) Winter
showed thatto effectivdy resist bucklinga bracerequires adequate strength and
sufficient stiffnessin column buckling, the brace stiffness required to allow the column

to achieve a load corresponding to Euler buckling batvieace points is referred to as

the ideal brace stiffness. A brace system that only provides a minimum stiffness
equivalent to the ideal stiffness is not practical since the brace forces that are developed
during buckling become infinitely large. To mtin the brace force in the range of 1%

of thecolumn axialforce, the brace stiffneggovidedcommonly exceeds the ideal brace
stiffness by a factor of two. This theory has been verfiiedolumn bucklingoy Roddis

et al. (2008) using finite element analysis. The bracirgguirements developed by
Winter (1960) also apply for both elastic and inelastic bcheeembers. Gil and Yura
(1999) verified the bracing method developed Wyinter (1960) was applicable to
inelastic members because the bracing requirements were independent of the material

state.

Beam bracinghowever,is a much more complex topiban column bracingue to the

fact that beam buckling involves both flexure and torsiém.general, bam bracing is
classified into two categories known as fateand torsional bracing. ateral bracing
minimizes the amount of twist of the cresscton by restrainingth® e amés abi | i
displacelateraly, while torsional bracing resists twisting of the crgsstion diectly by

the use of a cross frame or diaphragetween adjacent bearf¥ura, 2001)

2.1.1 Lateral B racing

There are four categories of lateral bracing known as relative, discrete, continuous, and
leanon braces Relative bracing systems are normally in the form of a truss situated on

the compression flange of a beam as showkignre2.1. This system is also referred to

6



as plan bracing which is studied in this research. The purpose of a relative brace system
is to control relative lateral displacements betweetd points. When a beam buckles,
lateral displacements are prevented at the brace points resulting in sinusoidal buckling of
the girder between the laterally braced locations. Discrete bracing systems provide
lateral spring support at individual posi® along the span of a beam. L&anbrace
systems rely on adjacent beams for lateral support during lateral buckling resulting in all
beams buckling simultaneously. Continuous bracing systems have no unbraced length
and provide full lateral support tbe¢compression flangérura, 2001) The description

of other bracing configurations can be foundialambos (1998).

B1 B>

Girder top
flange

Relative
Brace

Figure 2.1  Plan view of relative brace system.

Yura (2001) showed that lateral bracing systems were most efficient to resist top flange
loading effects when the bracing system was situated on the top (compression) ltiange.
was observethatthe beam capacity increased linearly with a corresponding increase in
bracing stiffness He modified the Winter (196Qnodel topropose an equation feine
calculation of the ideal lateral bracing stiffnestswas concluded that a beamill buckle

in a global mode shape if the ideal brace stiffness wagrowided



2.1.2 Torsional Bracing

Torsional bracing systems can be described as either discrete or continuous systems.
Diaphragms and cross frames are the two main types of discrete torsional bracing used in
bridge construction, while a solidified concrete deck after construction is considered a
continuous torsional braceThe effectiveness of using a torsional bracingtay as a
method of lateral support has been questioned by some engineers since both girders can
still displace laterally under load. Yuet al. (1992) have proven theoretically and
experimentally that girders may be treated as braced if twisting e&tti®n is prevented
(Galambos, 1998) Similar to lateral bracing, effective torsional bracing must have
sufficient strength andtiffness (Helwiget al, 1993). Yura et al. (1992) showed that

unlike the case folateral braes, bp flange loading, the position of the brace on the cross
section and thewumber of braces doawot significantly affect the effectiveness of a
torsional brace. A torsional brace has the same effectiveness whether it was situated on

the tension flang or the compression flange of a beam.

Milner (1977)determinedhatthe stiffness of a torsional braceaigunctionof the brace
member stiffnessthe beam web stiffness, and the beam to brace connection stiffness.
Yura et al. (1992 modified theMilner (1977) expressiorto considerthe effects othe

girder crosssectional distortionas expressed in Equatiof2.1]. It was found that the
distortion could be minimized by installing web stiffenerghe brace locations or by
installing torsional braces oboth girder flangegYura, 2001) Helwig et. al (1993)
indicatad the magnitude of the torsional brace system stiffness was governed by the

component with the smallest stiffness.

1 1 N 1 N 1 21]
e te— Nl
bt bb bs e cbg
where,
by is theresultantorsionalstiffness of a single crogsame
by is the stiffness of the braceemberexpressed in E¢2.2],

bsec  is thestiffness dueo crosssectional distortion expressed in E8.3],



by is the girdemveb stiffness expressed in B8.4].

Yura et al. (1992) derived brace member stiffness expressibgsfor various cross

frame systems using elastic truss analyses. The tension cross frame system shown in
Figure 2.2 requires both top and bottom chords along with a diagonal strut to link
adjacent girders. This creffmmestiffness calculationvas adopted for the experimental
program dscribed in ChapteFhreeand the parametric study in Chapter Fivighe brace
stiffness for the tension crefmme system is expressed in Equafi®a].

_ ES™
Pag, s [2.2]
Ac Ah
where,
Ap is the area of horizontal crefsme members

Ac is the area of diagonal creBame members,

E is the modulus of elasticity,
Lc is the length of diagonarossframe member,
S is the spacing betweejacent girders,
hp is the height of cross frame.
C.L. C.L.
Beam /\3eam
F > LC F >
- c&
diagonal cross ~. 3
frame member P h
\\\Q
AF - F \\\\ P
- A =
C& ) S C &
3 3
Figure 2.2  Tension crossframe system(adapted from Yura, 2001)




The web stiffener arrangement displayed in Figure 2.3 can result in a torsional stiffness

component due torosssectional distortiof the girder web whiclkean be apmximated

using Equatiorf2.3]. This equation considers the potential reduction or increase in the

crossframe system stiffness due to web flexilyilby means of a web stiffenedf full

depth stiffenersvere welded tothe beam flanges the crossrame system, then the

crosssectional distortion component of tresultantorsional stiffness can be takenbe
infinitely stiff (Yura, 2001)

where,

Figure 2.3

E . p®E 3 tbs
3 3 PT= w, s 23
by &3 -3 12 12 23]

is the beam web thickness,
is the distance between beam flange centroids,
is the stiffener thickness,

is the stiffener width.

\ 4
A

bs

ho o

Typical full depth web stiffener at torsional brace location(adapted
from Yura, 2001).
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Helwig et al. (1993) developea girder web stiffness approximation shown in Equation
[2.4] for twin girders with one or multiple torsional braces along the span. The equation
was verified using FEM for a twin girder system that was simply supported and free to
warp with a applieduniform moment. The results of the study indicated that it was
unconservative to neglect the girder web stiffness when evaluating the torsional brace

system stiffness.

1 $%El,
= [2.4]
r™— 3
where,
L is thebeamlength,
Ix is the beamstrong axis moment of inertia.

Phillips (1990) found that initial imperfectionssuch as out of straightnessed a
significant effect onthe torsional brace stiffness and that increasing the initial
imperfections resuddin a decrease in theitical buckling load. It waproposedhat the
stiffness of the bracemember component in Equatiof2.2] be modified to acca for

initial imperfectiongo the form shown in Equatid.5].

P P
= 2.5
A [2.5]
~ p
A
p OT T[X'F[ [2.6]
where,
Ct is the rediction factor for imperfections in torsional brace stiffness,

(00} is the initialout of straightness of the girder
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Yura (2001) providad the ideal torsional stiffness expressed in Equdtior] and stated
that at least twice the ideal stiffness requiredin practice to account for itial

imperfections antb control anticipated torsional displacements and bracing forces.

Pg
[ T 068 [2.7]

where,
[ is the ideal stiffness of the torsional brace system,
Mc  is beambuckling moment,
n is number of intermediatersional braces along the beam length,
ly is moment of inertia about-gxisfor doubly symmetric section
Co is the factor accounting for moment gradient.

The brace forcexpressed in Equatid.8] is represented by a moment developed in the
brace based on the assumption of a one degree initial imperfecttba girderand a
brace stiffnes that is at least twice the ideal brace stiffr{elesdwig et al, 1993). Finite
element studies conducted Wyang and Helwig(2005) showedthat the main factors
which affect the magnitude of the brace foarethe size and distribution dhe initial

imperfections

TS T -, [2.8]
T %#

where,
Mp, is the brace moment,

For is the brace force.

2.2 LATERAL TORSIONAL BUCKLINGOFA BEAM

Timoshenkoand Gerg1961)developed a general equation presented in Equigidhto
calculate the elastic critical buckling moment for a simply supported doubly symmetric

beam with an applied uniform moment.
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A Y [2.9]

- — QY x = ) #
where,
M, is the elastic critical buckling moment,
Lp is the unbraced girder length,
G is the shear modulus of elasticity,
J is the StVenant torsion constant,
Cw is the warping torsion constant.

Salvadori(1955)further proposed the use of a factor to account for the effects of moment
gradient along the length of the beam using various loading condémrghown in
Equation[2.10].

- Ao #a i Ao [2.10]

For the case of a simply supported beam subjected to uneven end moments, the most
commonly accepted formula marious design standards fog iG:

#r p8xUL p8ffvdg8ur8ac [2.1]]

where,
{ is the ratio of the smaller to larger end moment/M4; + depending on

single or double curvature.

The G expression was further modified &mcountfor location of the applied load with
respet to the centroid of the beamGalambos(1998) provided approximate solutions
shown inFigure 2.4 based on conclusions frohethercot and Rocke{d972) For top
flange loading, €= A/B; C, = A for centroidal loading and G AB for bottom flange
loading. In 2010, Ziemianpublished an updated version of the Guide to Stability

13



previously written byGalambos(1998) in which the same references are utilized for

determining theC, factor fora simply supported beam subject to varying load heights.

Loading BMD M A B
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|
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" !_: " 3 z
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Figure 24  Equivalent moment factor for concentrated and distributed loads
(Galambos, 1998)

where,

wW is thewarping constant calculated in Equat|@?2].

N OBt

7 [2.17]

S T
Wong and Driver(2010) observed that Equatiof2.12] produced very conservative
results in the calculation of the moment gradient factor for unbraced simply supported
beans subjected to a point loadingHowever, thequarter point moment mettio
propo®d by Kirby and Nethercql979)had showrbetter resultsTherefore Wong and

Driver (2010) adopted and modified the quarter point method expressed in Equation
[2.13] to provide more accurate moment gradient values which represented the trends of
various experimental data.
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[2.13

where,
Mmax IS the maximum bending moment of unbraced segment,
M,  is bending moment at orgiarter point of unbraced segment,
My is bending moment at midpoint of unbraced segment,

Mc is bendingnoment at threguarter point of unbraced segment.
2.3 LATERAL TORSIONAL BUCKLING OF BEAMSWITH TORSIONAL BRACES

Taylor and Ojalvo(1966) developed a closed form solution to calculate the critical
moment of a doubly symetric beam subjected to a uniform moment with continuous
torsional bracing Equation[2.14] shows an expanded version of the equation with the
known substitutions provided in detail in the pap€Fhis expression expanded an
graphical solution previously developed that was limited to only a few bracing scenarios.

In the case of discrete bragesmn equivalent continuous torsional brace stiffness is

required.
L Mgy s AWE T A [2.14]
, T, A
where,
I
o [2.15
[ is thecontinuous torsional brace stiffnedsscribed in Equatiof2.15].
[ is thestiffness of a single torsional crefsame calculated usindgquation

[2.1].

Phillips (1990)simplified Equatior[2.14] to the form shown in Equatidi2.16].
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: -y [2.16]

where,
M, is the critical elastic buckling moment calculated using Equgt®]
with the warping component {gignored in the calculation,
[ is the continuous torsional creBame stiffnessexpressed in Equation
[2.14] which accounts for initialout of straightess as expressed in
Equation[2.5].

Yura (2001) modified Equatior[2.16] to consider the effects of cressction distortion,
moment gradient, and loading height de ctritical bucklingstrength shown in Equation
[2.17]. To accommodate the effects of imperfections, the factor to account for loading
height was doubledThe effects of crossectional distortion were aaaoted for by using

the continuousorsionalcrossframestiffness expressed in Equatighly].

- # - i I s [2.17]

where,

Chu  isthe moment gradient factor for a beam with an unbraced length of L,

Cop IS the moment gradient factor for a braced beam with an unbraced length
of Ly,

Cr is avariable to account for loading height; €1.2

l et is the effective moment of inertia abotté¢ b e axisdwbichys equal
to I, for a doubly symmetric beam,

My  is the yield moment,

Mp is the plastic moment.

Roddis et al. (2008) conducted a case study on the South Snyder River Bridge in
Nebraska where excessive deflections were observed in twin plate girders during

placement of te concrete bridgeeck The girders had a span of 45.7 m and were

16



interconnected using crefmmesat a spacing of 7 m. It was concluded the cross

frame stiffness was insufficient and that a crivame stiffness of three times the
provided brace stiffness was required to achieveklmgs between torsional braces.
Therefore, the excessive deflecsowere a result of girder instability dug inadequate
bracing stiffnessFinite element analysis of a single girder from the Snyder River Bridge
indicated that using the unbraced length of beam as the distance between the torsional
braces can only be lieved when the crodsames act as stiff braceRdddiset al,

2008).

Nguyen et al. (2010) developedan analytical methodising the energy method for
strength and stiffness requirements dfirderswith discrete ton®nal braces. It was
reported that the method compared weith finite element results presented Wura
(2001)and Trahair (1993)However,the method involved solving a series of differential

eguations and was codsred cumbersome to use for design
2.4 BEeavMSWITH COMBINED LATERALAND TORSIONAL BRACING

Phillips (1990) proposedan approximation (Equatiof2.18]) to calculate the critical
buckling moment of a beam braced with bd#teral and torsional bracing.This
combined the contributions of both the continuous lat@na torsional brace stifess
with the elastic critical buckling moment presentedEnuation[2.9]. Phillips (1990)

verified this equation using finite element analysis.

p ! [ % . [2.18]

I

where,
M, is the critical elastic buckling moment calculated using EquB®h
with the warping component (ignored in the calculation,
Py is theaxial force in the beardue to flexure

A is a valuecalculated irEquation[2.19],
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A is a reduction factor for imperfectioms lateral brace stiffness (Equation
[2.20]),
[ is thecontinuous lateral brace stiffnegsquation[2.21]),

Apy is the crossectional area of the lateral brace,

Lor  is the length of the lateral brace.

o 8T [2.19]
I
- p
A —P [2.20]
P puTERA
;o L® I [2.21]

2.5 GLOBAL LATERAL BUCKLING OFA GIRDER SYSTEM

Kozy and Tunstal(2007)conducted an investigation regarding a twin girder bridge that
showed large amounts of lateral displacement during the installation of the deck
formwork. It was indicated the girders were susceptible to lateral torsional buckling
failure with a global orsystem buckling mode. Finite element method was used to
analyze various bracing methoaisd t wasobserved thathe brace forces were in excess

of the suggested 1% or 2% of the beam compressive flange force by AISC for the design

of bracing members.

Yura et al. (2008) also acknowledgethat the globabuckling mode may occur when
torsional bracing systems are solely used to restrain twist and lateral movement of the
compression flanges of twin beams. The globaklwg of the system was found to be
entirely dependent on the geometry of the twin beaista et al. (2008) conducted a

finite element studyf a doubly symmetric twin girder system that was subjected to
uniform momenwith the girders braced using crefsames. Thdateral bending rigidity

of the twin girder system was expressed as@EIl The torsional rigidity of the system

18



contained three components referred to as the St. Venant shear stresses of the individual
flanges, warping stresses that are a result of lateral bending of the flangearpimg
stresses developed from the vertical bending about the strong axis of the twin girder
systemwhich isalso known as system warping. The torsional rigidity is expressed
Equation[2.22].

¢ %E ¢ %3 [2.22]
T T

Yura et al. (2008) presented &losed form solution to calculate the elastic global lateral
buckling moment of a twin girder system shown in Equaf®83]. This closed form
solution represents maximum global buckling moment of a twgiwrder system. To
ensure adequate creame stiffness, it was recommended that twice the ideal torsional
brace stiffnesbe provided.

) 2

’ E“l
— y 2
Mg =2— E|yG J "‘E tho+|X82 [2.23]

where,
Lg is girder length,
Mg is the global buckling moment of twin girder system.

All section properties from Equatio2.23] are based on a single girdeiThe global
critical buckling moment per girder would be one half of the value calculated for M
Additional investigationsoncluded the moment gradient factor a single girder was
applicable to the twin girder setup while the top flange loading effestsnegligible. It

was also identified that crosisame stiffness can influence the buckled shape of the
girders by allowing the girders to buckle globatly by forcing the girders to buckle
between the torsional brace locations as showrigure 2.5. When twin girder
specimens fail in global buckling, the cross fragiee and spacing provide minimal

effect. The theories presentedYayraet al. (2008)were developed without the use of an
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expermental testing prograro verify the closed formed solution and the finite element

results
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Figure 25  Buckling modes of twin girders with discrete torsional braces (Yuraet
al., 2008).

Zhaoet al. (2010) verified work presented bYura et al. (2008) usinga finite element
method witha variety of girder arrangements. The investigatmrused on deep plate
girders whichincluded parameters such as span length, girder spacing, girder section
properties, crosfamesize, and crosBame spacing. The finite element results were in
good correlation with the previous results presented using EqUatk$}. Zhaoet al.
(2010)suggested that the capacity of a twin girder system is governed by the maximum
allowable girder span, minimum number of crfiesnes along the span, and the

minimum crossrame stiffness.

Coffelt (2010) investigatedthe behavior of twin girder systems that were subjected to
both dead and winds loads. Buckling analyses were condusied finite elenent
methodto determine if buckling of crodsames could occuprior to buckling of the

girder systemif lateral loads were applied to the girdelt. was found thatthe primary
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buckling mode for simply supported beams with a déptirder spacing radi less than

0.5 was global buckling of the girder systekivhen appling a lateral load to the
windward girder of a twin girder systeite lateral stiffness of a twin girder system was
determinedapproximatelyto be2El, assuggestedy Yuraet al. (2008). Coffelt (2010)

also acknowledged that buckling of the braces was highly unlikely prior to girder
buckling, but twin girders with large spacing between girders have the highest risk of

buckling the brace members.

2.6 CODESAND STANDARDS

2.4.1 CSA S16 (2010)

The Design of Steel Structures CqQd€SA S16 (2010) adopts Equatiorf2.9] to
determine the elastic ciithl moment of a simply supported beam subjected to strong axis
bending without continuous lateral support to the compression flange. A moment
gradient factor,. , expressed in Equatiof2.24] was applied to the critical elastic
moment. Wong and Driver(2010) suggestedhat themoment gradient factotan be

calculated using the quarter point method in EqudRd8].

B I A [2.24]

To achieve stability in the plane of buckling for a memB&SA S16(2010)suggestshat

braces supporting members against buckling be designed to resist 2% of the compressive
force at each brace poinfAn additionalstipulation indicates this method is only effective
when the displacement of the brace does not exceeditiaénmsalignment of the beam.

No explicit provisions are provided for the stiffness requirement of a lateral brace unless
a detailed analysis @& beam system is conducted to compare the lateral displacement of

the brace with respect to the initial imperfection of the beam.

CSA S16(2010) also suggests that torsional brace systems should be proportioned for
beans that are reqred to resist torsional forcesdowever, it is nodirectly indicatel
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whether the 2% rule is applicable for the design of the members which compose the
torsional bracingsystem, such as a cresame dthough it does indicate the brace
member must be sufficient to transfer the forced #ve developed in the bracds.has
become a custom in standard practice to provide web stiffeners at the locations of
torsional and lateral bracing as a means to limit web distorti@iausel4.5detals the

design considerationsof web stiffeners namely sufficient widthto-thickness ratios,
moment of inertia, gross area, and the connection to the web and compression flange to

transfer forces to the braces.

2.4.2 CSA S6 (2006)

CHBDC CSA S6 (2006) provides the same design guidelines for simply supported
doubly symmetric beams subjected to flexure asDbsign of Steel Structures Code
CSA S16(2010)

For the design ohtermediate crosfames and lateral bracing, CHBDESA S6(2006)
adopts the Winte1960)model where both the crefmmes and lateral bracing must be
designed to resist only 1% tfie compression flange force of the beam at the braced
location in addition to lateral loads they attract. Again, no stiffness requirement is clearly
provided.

2.4.3 AISC 360 (2010)

AISC 360 Specification forStructural Steel Building2010 provides arequation for the
calculation of the elastic critical buckling stress as shown inatmu[2.25]. AISC
presents the critical buckling resistancetle form of a critical stress instead of the
critical moment as previously described for CSA6 (2010) Although expressed in
terms of stress, AISC Equatidi2.25 in essence produces nearly identical critical
moment values as CSA S16 (2010) and S6 (2006) Equ@4 with moment gradient
considered.
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& ZR®, n&xgjx—A'\— [2.25]
. E O
O
where,
Fer is the critical plate bucktig stress
Lb is thedistance between lateral braces,
ho is the distance between flange centroids,
J is the St. Venant torsion constant,
s is the effective radius of gyration calculatedequation[2.26],
c is a coefficient equal to 1.0 for doubly symmetrghlapes,

Co is a lateral torsional buckling modification factor for ramform

moments diagrams expressed in Equaiba7],

. )
O —— [2.26]
p &-

o — [2.27]

AISC indicates that beam bracing requires sufficient strength and stiffness if it is to be
used to define the unbraced length of a member. Table 2.1 presents the beam brace

requirements for lateral and torsional braces fAppendix 6 ofAISC 360(2010).
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Table 2.1

AISC Bracing Requirements(2010).

Brace Type Strength Requirement Stiffness Requirement | Equation
Lateral B o mBTY b 2.28
ateral Brace £ r f T E [2.28]
Torsional Brace L P 8 ; 2.29
T# " T o 229
where,
M, is theflexural strength of the beam,

Co is the equivalent moment factor expressed in EQuUaR@T],

P is the axial strength of brace,

My, is the flexural strength of the torsional brace,

ho is the distance between flange centroids,

f is the material restance factorl(.0 for this researgh
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CHAPTER 3 EXPERIMENTAL PROGRAM

3.1 GENERAL

The experimental program was designed to study the lateral torsional stability of twin
beans with different arrangements of lateral and torsional bragyatems Due to time
constraints only two specimen configurations were considefgdwo beams tied with

only crossframes; and 2) two beams tied whbth crossframes and plan bracing. The
test results are analyzed and discussed in the contéxt bfacing effect on the critical
buckling moment and are also used to validate the numerical nihadedasdevelod

concurrenty with the experimental program.

3.2 TEST SPECIMEN

The test specimen used in the experimental program was sicaledby a factoof four
to have similar geometric characteristics to a tginder bridge that would be
encountered ipractie. The practical platgirdersconsidered in this studyere simply
supported with a span df meters. The overall depth of thgirderwas 150 mm with
450 mm wide flangeghat had a thickness of 40 mnThe girders were spaced at 3.4
meterswith cross framespaced every 8 metersThe crosdrames were composed of
L102x102x13 bracing thatere bolted to web stiffenersThe web stiffeners were 200
mm wide plates thagxtendedfull depth of thegirder with a thicknes of 16mm. The
stiffeners were welded to thggrder flanges and webThe plan bracing was WT155%26
members that were bolted to gusset plates located 10DBaionw thebeamtop flange.

The test specimenonsised of two beams simply supported with aaspof 11 meters.

An overall view of the specimen is shownkigure3.1. A W360x33 sectionKigure

3.2) was selectedather thana fabricated -beam to reduce the associated fabrication
costs Table3.1 compares thgeometric propertiesf the real girder anthe scaledeam

which shows that theslenderness ratio and the sgafdepth ratioof both beamsvere
comparable The W360x33 section was also a Class 1 section that would prevent the test

specimen from failing prematurely by local buckling of the flangeseb. The spacing
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of thetwo beams was determined to be 800 mm to maintaigitder spacing togirder

depth ratigorovided in Table 3.1

Figure 3.1  Overall view of the test specimen.

450 mm
]
) 127 mmi
40 mm T
E 8.5 mm
1500 mm ——=14 mm 349 mm ——=5.6 mm
8.5 mm
L S m £
L S—
S 127 mm
450 mm ' —40mm
FULL SCALE GIRDER SCALED GIRDER - W360x33

Figure 3.2  Practical and scaled specimen beam.
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Table 3.1 Geometric configuration comparison.

Full Scale Design Scaled Test Specimen
Slendernesef
beamds wc¢ 410 416
%
Spanto-depth, L/d 26.7 31.5
Spacingto-depth,
P 9 P 2.27 2.29
S/d

The crosdframe memberswere scaled to be proportionate with the W388 beans
while maintaining adequate strength tsisé buckling forces as p&SA S6(2006) The
spacing of the crossame systems werselectedto achieve buckling of thepecimen
beans within the desired elastic stress range. As showhigure 3.3, the crossrame
system was composed of 60 mm widdél depth stiffeners that were 8 mm thick and
welded to thebeam flanges and websBy providing full depth stiffeners that were
welded to thebeams it was believed that crosection distortions prevente at the
crossframe locations. The crosdframe memberswere designedo resistboth tension
and compressiomuring beam buckling. With the scaleof the crossrames in the
specimen, it was not practidal achieve bolted connection$herefore, 5mm fillet welds
were used to attach tiheacing members to the stiffeners.

R s L38x 38 x 4.8 S
| )
/// /
60 x 8 THK. =
STIFFENER _—
//
///
//( * & 3
///// L'5% 7&%
///.
////
[ |
ezt P L38 x 38 x 4.8 SRCA N

Figure 3.3  Typical crossframe system.
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The plan bracing systenctonsistedof L64x64x4.8 angleswhich wereinstalled in a
Chevron(V-shapé arrangement between the crdsame brace & displayed inFigure
3.4. Due to the scale of thepecimen, the angles were welded to the topasardf the

compression flanges.

¢ W360

//C(;A x 6%

Figure 3.4  Typical compression flange bracing detail.

3.3 TEST SCHEME

Two specimen configurations were considemedhe experimental testing program as
described inrable3.2.

Table 3.2 Specimen configurations.

Specimen Configuration
Cl1 Twin beams with only crosame bracing
Cl2 Twin beams with oly crossframe bracing
C2 Twin beams with crosBame bracing and plan bracing

SpecimenCl1l refes to the configuration where two beams are connegsaag only
crossframes as shown irFigure 3.5, whereas specimen C2 reféosthe case where two
beams are connected with both crresnes and plan bracing as shownFigure 3.6.
For test C1, the specimen was expected to reach its bucklingvtokdremainingn the
elastic stressrange which would allow the specimen to be reused test C2 where
yielding of the materiais expectd. However, during the test of specimen C1, the
specimen buckled in the inelastic range and significant pldsformation was observed.
The higherthan anticipateduckling loadvalue was attributed to frictional forcethat

developedin the midspanloading system. The frictional force behaved as a lateral
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restraint at thdoeammidspanwhich causedeam?2 (Figure 3.5)to buckle inelasticajl.

A close physical inspection and strain readings indicatedbtbatn 1 was still in the
elastic range after the removal of tapplied load. It was decided thabeam?2 be
replaced with a neweamand that test C1 bepeatedigain with specimen G2. In the
test of C12, the loadingsetup at the interface of thead digribution beam and the top
flange of thetestbeam was mdified to reduce the frictionThe detailed discussion of

this modification is provided i®ection3.4.

¢ BRG. ¢ BRG.
11000
3667 3667 3667
L DIAPHRAGM L DIAPHRAGM
o BEAM 1
(@]
O
[+8]
@J
BEAM 2

Figure 3.5  Plan view of specimen C1 with grtical crossframes.

¢ BRG. ¢ BRG.
11000
3667 3667 3667
L DIAPHRAGM r DIAPHRAGM
o BEAM 1
=) —
BEAM 2

-L64 x 64 x 4.8 LATERAL BRACING (TYP.)

Figure 3.6  Plan view of specimen C2 with crosframes and plan bracing.
3.4  TEST SETUP

The schematic test setup for the loading of the twin beam system is sh&wuri@3.7.

The downward vertical load was applied through a load distribution beam to the
specimen at its midspan. A 500 kN hydraulic ram acting against an existidigdo
frame was used to apply the load. The load distribution beam was a stiffenedA%360
that was braced against potentateralmovement during testing using steel knife edges.
The knife edges were welded to the existing loading frame. The crosbleaad
(W621x241) of the existing framgas simply connected to the colun{ig360x51)with
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two sets of three 40 mm A325 bolts at each end. The columns of the frame were welded
to 35 mm thick baseplates that were imtanchored to the concrefleor with four 50

mm diameter bolts. The ram was mounted to the underside of the crosshead beam
through a 25 mm thick plate. The applied load from the hydraulic ram was distributed
through the load distribution beam and transferred to the top flange of eaghetasten

beam through a roller and pivot assembly as shoviAgure 3.7.

/W621x241

|=— Stiffener

€L €L

Hydraulic .
— Knif
W360x51 —=— Ram Load ~ Ed;:
Distribution

/ Beam

Roller __ o Pivot
Assembly -'-/Assembly

i Test
——— Specimen
= = Support
% 3 Assembly
i ‘ ." Concrete 4 o ", .
. 1+ | Block f

! 800

Figure 3.7  Schematic test stup.

The roller and pivoassemblies werdesigned to allow the beam top flange to translate
and rotate freely during testing. To achieve the desired movements, the roller and pivot
assemblies were required to have minimal friction between the rafidrtha plate of the

pivot assembly. Any appreciable friction between these surfaces would rekuéral

restraint for the beams.
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The initial roller assembly used in the testing program is showigure3.8. The roller
assembly consisted of five 25 mm diameter rollers connected together through a
rectangular cage made of steel flat bars. The rollers were high strength steal with
polished surfee However, this assembly still showed appreciable friction when
subjected to compression which resulted in a critical buckling load of the specimen that
was higher than the analytical value. After several modifications, it was determined that
commerciaHilman rollers werébestsuited for the roller assembly. The modified system

is shown in Figure 3.9The Hilman roller assemblyas suspended in a track that could
rotate around bearings to minimize frictional forces while maintaining the compression
forces exerted on the rollers. The bearing plate in the pivot assembly was surface grinded
to provide a smooth flat finish. A lubricant was applied between the surface of the
Hilman rollers and the pivot plate and on the surface of pivot roller to furduerce

friction during testing.

() (b)

Figure 3.8  Specimen C11 (a) Pivot assembly and (b) roller assembly
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. 5 _,i.-
Roller
Assembly

Figure 3.9  Specimen C12, C2roller and pivot assemblies.

The beam ends were supported on bearing assemblies situated on concrete blocks. The
bearing assembly simulated the simple support conditions. The requirement for
translation m the longitudinal and transverse directions for each support is illustrated in
Figure 3.10. The translational requirements were achieved by constructing roller
assemblies similar to the onehigure3.8(b). To achieve translation in the longitudinal
direction, transverse direction or both directions simultanepusiirdirectional and
multi-directional bearing assemblies were fabricat€de unidirectional bearings shown

in Figure3.11 had a single roller assembly while the muditiectional bearingshown in

Figure 3.12 had a roller assembly for each direction of translation. The test specimen
was kept at the same elevation at all four bearing supports by maintaining the total height

of the bearing assemblies.

¢ Support ¢ Support
| |
Fixed Free
- -
¢ Gmxedpg} S @Ipixed
BRG. 1 BRG. 4
€ G2 FreeIJ@} - - - - @I Free
MBRG. 2 L BRG. 3
Fixed Free

Figure 3.10 Bearing assembly novements
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Figure 3.13 Pinned bearing assembly

The beam rotation at bearing locations was achieved using ball bearings as shown in
Figure3.13. The ball rested in spherical grooves that were machined into both the beam
sole plate and the bearing plate.
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3.5 | NSTRUMENTATION AND DATA ACQUISITION

The load applied to the specimen was recorded using a 200 kN load cell that was attached
to the hydraut ram. The distribution of the applied load from the distribution beam to
the specimen was monitored using electrical strain gages. The webs of both beams were
instrumented with the electrical strain gages at the supportssindwgure 3.14. The
readings from these strain gages were usecerify equal load distribution between the

beams and all four support$he strain gages had mienseasurement precision.

¢ BRG

Vertical Strain Gage
Instrumented on Web

¢ Gagel

BRG
Stiffener

Figure 3.14 Strain gages instrumented at beam supports.

At midspan, st strain gagesvere installecbn the top and bottom flanges of both beams

to record the normal strains in the flanges. Ayl@rstrain gage was installatithe center

of the bottom flange while tavstrain gages were installed the top flange at either side

of the been we b . A typical mi dspan instrumentat
providedFigure 3.15 Strain gages were installedn the underside of the top flange to
accommodate installation of the pivot assembly from the loading seliqe strain

readirgs will indicate whether the beams have budldéstically or inelastically Since

the top flange strai gages were installeah the underside of flange, the recorded top

flange strain values would then be interpolated to the seétlis e xt r eme comp
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fibore. Two additional Bain gages were also installed the top and bottom flanges

the quarter point of a single beam to supplement the midspan strain readings.

Pu]]ey C.L. C.L.
M System Beam 1 Beam 2 1
/ 4' String Line
[ 1 [ ]
4 || S5
30mm S|
— iaﬁ)ra;! Top Flange

L2-T Strain Gage L5-T

—

Bottom Flange
Strain Gage
Vertical LVDT

Figure 3.15 Typical midspan instrumentation schematic.
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L1-T L2-T L3-T
L1-B L2-B L3-B

B1

) I I [

L4-T L5-T L6-T

Figure 3.16 Plan view of experimental specimen showingVDT locations on
specimen.

Lateral and vertical displacements were recorded for both beams using Linear Variable
Differential Transducers (LVDTs) as shown kigure 3.151 abel | ed as ALO
respectively. Themidspanvertical displacements wemeasuredn the underside of

each beam (Figure 3.17a). The lateral displacements were recorded at the midspan and
guarter point locations (Figure 3.17b). The LVDTs were instrumented on the top and
bottom flanges of beam 1 and only on the top flange of beam 2 @ayeéid inFigure

3.16. The top and bottom flange displacement readings provided a method to monitor the
twist of the section at various locations. Inclinometers \atge installed on the top and
bottom flanges of both beams at midspan. The inclinometers were used to verify the
amount of beam twist which was calculated using the LVDTs. A typical inclinometer
can be observed iRigure3.18. The load, deflections and strain readings were recorded

using an electronic data acquisition system throughout the loading history of each test.
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(@) (b)

Figure 3.17 (a) Vertical displacement; and (b) lateral displacement

Figure 3.18 Midspan inclinometer.
3.6 TEST PROCEDURE

The specimen was aligned over the end supports and undeatlied beam such that
the load would be applied at midspan of both beams. The support bearing assemblies at
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the beam ends were shimmed to ensure the specimen had the same top flange elevation at
each beam end. The load distribution beam al@medand te roller assemblies were
aligned above the center of the beam webs. Any initial eccentricities between the center

of the roller assemblies and the centers of the beam webs were corrected.

After the alignmenbf the load distribution beanthe initial mperfections such as oeat-
straightness of thddeamweb and lateral sweep of tHeeans were measured and
recorded. The initial outof-straightness of thbeamweb was measured by dropping a
plumb-bob from the edge of theeam top flange to bottom flangé& 3 mm differential

in flange location was recorded for bditbans as shown ifrigure3.19.

349 mm

Figure 3.19 Initial out -of-straightness of beam webs.

The lateral sweep of theeans was measured by running a string along the edge of the
beamflange from one end to the otheThe distance between the string line and beam
flangeat one meter station intervalsas measured using a set of Verrgalipers This
process was repeated for both the flanges and web ofbeach A maximum lateral
sweep 0@ mm was recorded at the midspan of eaem as shown in Figure 3.20he

measuwed initial imperfections fall within the allowable limits provided BYA S16

38



(2010) where the maximum allowable sweep was calculated to be 22 mm for the beam

span and a web owf-straightness of 5 mm.

.— -_

-t

ey tre————,
— e
e—" fe—
—

-

. —— .
- =t

. —

Figure 3.20 Initial lateral sweep of beams.

The initial location of the support bearing assembly rollers were recorded with respect to

the top and bottom bearing plates to determine the global translation of the test specimen

at the buckling load. Prior to actual testing, a preloading procedureonedscted where

20% of the predicted elastic critical buckling load was applied to the test specimen and
then removed. This process was repeated t
ino and al l i nstrument at i otestind.eDuring éestingf unct i
the specimen was loaded at a rate of 2.4 kN/min and the data was recorded at a scan rate

of 1 hertz. The applied load was removed from the specimen when visible signs of

buckling or yielding were observed.

3.7 TENSION TEST

Eight steel coupons were cut from a single beam of Specimeft €iice both beams
were fabricated from the same mill stock. Additioagght coupons were cut from the
replacement beam used in Specimer2Gind C2.For each beam, couponsnsisted of

2 from eab flange and 4 coupons from the web as showsigare3.21.
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Figure 3.21 Tension coupon cutting scheme.

The coupons were milled in accordance witle tASTM Standard A370 (201Zpr

specimens with a gauge length of 50 mm as showkigare 3.22. The coupons were

tested using an Instron universal testing machine with a capacity of 2000 kN as shown in

Figure3.23. The coupons were loaded at a constant rate of 3 mm/min and the elongation

of each coupon was measured using a digital extensometer with a 50 mm nominal gauge

length.

‘u L=200

- B=6l = ﬁAQGOﬂ ﬁiBzﬁlgj
N

o

W=12.5

G=50

Gi Gauge Length, mm

W i Width, mm

T 1 Thickness, mm

R T Radius of fillet, mm

L 7 Overall length, mm

A1 Length of reduced section, mm
B 1 Length of grip section, mm

C 1 Width of grip section, mm

Figure 3.22 Tensile coupon dmensions
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Figure 3.23 Tension coupon teststup.
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CHAPTER 4 EXPERIMENTAL RESULTS

4.1 MATERIAL PROPERTIES

The first beam stock consisted of beams from specimefhwlereas the second beam
stock consisted of the replaceméetam for specimens €.and C2. A summary of the
material propertigsincluding the modulus of elasticity E, yield stregsdnd ultimate
stress , is provided for each coupon rable4.1. A typical stresstrain curve for a
coupon that was removed from the flange of beam stock one is shéuwguie4.1. The
stressstrain wirve did not show a pronounced yielding plateau; therefore, the yield
strength was determined using the 0.2% offset method specified bAShsl A370
Specificationg2012. Additional coupon stresstrain plots can be observed in Appendix
A.
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Figure 41  Coupon OF 2 stressstrain curve.
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Table 4.1 Material properties.

Coupon No. | Beam Stock| Location E (MPa) fy (MPa) fu (MPa)
OF1 1 Flange 198684 378 503
OF 2 1 Flange 204293 378 524
OF 3 1 Flange 279434 396 525
OF 4 1 Flange 120631 386 528
mean 200761 385 520
Oow 1 1 Web 197475 417 530
oW 2 1 Web 213306 421 530
OW 3 1 Web 192101 415 539
OW 4 1 Web - - -
mean 200961 418 533
NF 1 2 Flange 240629 383 536
NF 2 2 Flange 234982 382 533
NF 3 2 Flange 202123 387 540
NF 4 2 Flange - - -
mean 225911 384 536
NW 1 2 Web 207303 445 -
NW 2 2 Web 218417 454 550
NW 3 2 Web 202280 432 531
NW 4 2 Web 218564 444 544
mean 211641 444 542

The modulus of elasticity used in the later calculation for each specimen is liStzoléen
4.2. The listed value for each beam is the average value of both the beam flange and web

modulus results presentedTiable4.1.

Table 4.2 Specimen modulus of elasticity

_ Modulus of Elasticity (MPa)
Specimen
Beam 1 Beam 2
Cl1 200861 200861
Cl2 200861 218776
Cc2 200861 218776
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4.2 RESIDUAL STRESS

The residual stress distribution for the specimen beams was not experimentally obtained
in this study. A commonly accepted residual stress distribution presented by Galambos

anddescribed irFigure4.2 was assumed instead.

The peak residual stressasre calculated to be 115 MRacompressiorat the flange
tips and43 MPa in tensionat the flange to web junctionA yield stress of 385 MPa
determined from the tension coupon testsflangeswas used to calculate sepeak
residual stress valuesThese values were used to moniwnether the specimen had

reached the inelastic stress range.

oy = BT ,
rt [BT+W(D-2T)] fre

Figure 4.2  Simplified Residual Stress Pattern(Trahair etal., 1972)
4.3 BUCKLING CAPACITY

Table 4.3 summarizeshe results of specimens including the critical buckling load,-mid
span top flange lateral displacemgmt, mid-span vertical displacementy, all taken at

the buckling load, and the failure mode for each specimen. The critical buckling doad, P
was defind as the load at which point the lateral displacement of compression flanges at

midspan showed a rapid increase while the applied load remained roughly unchanged.
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Table 4.3 Experimental results for test pedmens

Test Per Nuer | Nus2 | Nver | Nvpe2 -

Specimen | (kN) | (mm) | (mm) | (mm) | (mm) Failure Type
Cl1 99.5 3.0 2.0 79.1 | 78.2 Inelastic Buckling
C1-2 72.2 8.6 2.0 62.2 | 56.8 Elastic Buckling

c2 1453| 16 | 18 | 1330 127.9| ''eldingWeb
Buckling

The loadversusmidspan lateral displacement response for each specimen is presented in
Figure 4.3 to 4.5 whereas thdoad vs. midspan verticaldisplacementresponse is
presented irFigure 4.6 to 4.8. The respective buckling load of each specimen is also
identified in the lateral displacement plots. Toad vs. lateral displacement response of
specimens Gl and C12 showed a rapid increase in displacement at the buckling load.
At this point it is considered the beam has lost stability. Howekercorresponding

load versusvertical displacement respses remained almost linear up to the buckling
load. This indicates that the failure of these two specimens was by buckling. On the
other hand, the loadersusvertical displacement response of specimei €xhibited

signs ofnortlinearity at the buckiig load, indicating that yielding has occurred before
the web buckled. A yielding load afl9 kN wasdefined using experimental strain data
and vertical displacement readings. It is noted sipaicimens G2 and C2 exhibited
slightly differentload vs. ‘ertical displacementesponss. The vertical displacements
recorded for each beam of specimenZtleviated as loading increased whereas the
beams of specimen C2 experienced nearly identical vertical displacemestbelieved

that the presence of plabracing resulted in a beasystem that behaved as a unit

vertically.
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Figure 4.3  Specimen C11 load vs. midspan lateral displacement response.
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Figure 45  Specimen C2 load vs. midspan lateralisplacement response.
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Figure 4.8  Specimen C2oad vs.midspan vertical displacementresponse

Specimens Gl and C32 attained different buckling loads even though both specimens
were teted with identical crosBame bracing configuration.Specimen Cil attained
37.8% higher buckling load @m specimen G2. As discussed in Chapter 3, the
difference between these two specimens was the roller assdmblyupports the load
distribution beam. Also shown inFigure 4.3, little lateral displacement was recorded
prior to buckling for both beanfer speamen CZ%1. It was believed the roller assembly

used during testing of specimen-Chad exerted frictional forces that attributed to little
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lateral movement foboth beams prior to buckling. These frictional forces also
contributed to a higher lolling load than specimen €A The Hilman roller system
used in specimen G2 is designed to generate minimal friction during movements of
heavy loads.As shown inFigure4.4, beam 1 showed a pronounced lateral displacement
at buckling which indicates that a reduction in friction from thendih roller system was
present. As a result of the reduced friction, the buckling load was within the anticipated
rangeobtainedfrom a finite element analysis.Specimen C2 shown iRigure 4.5 had

little lateral displacement for both beam$his behaviour was anticped since the plan
bracing stallizes the compression flangesthe addition of plan bracing to the cress
frame bracing (Specimen C2) provided a significant increase in thdinmcapacity of

the specimen. This increase in capacity is 101% when comgatie specimen G2
which hasonly crossframe bracing.

4.4 FAILURE MODES

The schematic views ofhe buckled shapes are shown in Figure 4.9 for all three

specimens.
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(€)

Figure 4.9  Buckled shape of specimen: (a) G1, (b) C1-2 and (c) C2.

For specimen CL (Figure 4.9a), beam 2 {Bshowed an evident sinusial buckled
shape during expemental testing while beam 1 did not exhibit any evident signs of
buckling. Thereforeload vs. lateral displacement responses were relied upon to verify
the buckled shapef beam 1. A photograph tie failure modes shown inFigure4.10.

The frictional forceexerted bythe roller assembly at the loading point on the flarages
believed to attribute to thigailure mode The frictional force behaved as a lateral
restraint at midspan of each compression flange causing the specimen to buckle at a
higher mode resulting in a higher buckling capacity. The buckling of the beam 2 was in
the inelastic range wheréeyd lines were visible on the inside portion of the compression
flange of the midspan segment situated between -fraisges as shown iRigure4.11.

The inclinomete readings indicate there was 0.5 degrees of rotation recatu®d the
longitudinal axis of the specimen thie top flange when buckling occurred. It was also
noted that a 10 miongitudinal translation was measured in ffee end suppottearing

asserblies
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Figure 410 Deformed shape with gwusoidal buckling of specimen C11 post
failure.

% ™
Ly

Figure 4.11 Yielding of specimen C11 beam 2compressionflange

An expectedylobal elastic lateral torsional buckling failuneas achievedfor specimen

C1-2 after modifications weracorporatedo reduce the frictioal restraintin the roller
assembly.The buckled shape of the test specimen wasisthble due to the small lateral
displacements of the compression flanges. The load vs. displacement responses were
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relied upon to signify when the specimen had a sudden change in lateral stiffness as a
result of lateral torsional buckling. Once buoiliwas thought to have occurred, the
applied load was removed from the specimen to prevent the material from undergoing
strainhardening and failing from inelastic buckling. An inclinometer reading of 0.3
degrees was recorded for the top flange rotatibenwbuckling occurred and ann@m

longitudinal movement wameasured in thiree end suppotiearing assemblies.

Specimen C2 showeab apparentyield lineson the compression flange prior to failing

by web buckling of the midspan region at the ultimiai@d. The specimen buckled
between torsional cross frames in the segnoériieamthat was unbracedt midspan
shown inFigure4.12. This failure wasatastrophic resulting in lateral buckling of both

the girder flange and the web shownFigure 4.13 with visible yield marks in the web

and permanendeformations to both the compression flange and web. An inclinometer
reading of 1.0 degrees was recorded for the top flange rotation when buckling occurred.
No longitudinal movements were recorded for specimen C2 as a result of the specimen
leaving theend supporbearing assemblies when buckling occurred.

(@) (b)

Figure 412 (a) Inelastic buckling of specimen C2 and (b) magnified view of
inelastic buckling failure.
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Figure 4.13 Local buckling of specimen C2 compression flange and web.

4.5 VERIFICATION OF TEST SETUPS AND | NSTRUMENTATION

In this section, vertical displacement readings are verified with the calculated values, and
strain gaugeeadings are used to verify the stresses developed in ¢#oengm. The
midspan vertical displacement results were verified by calculating the midspan
displacement for a simply supported beam with a concentrated load at the beam midspan
usingEquation[4.1].

. 0,
T )%

[4.1]

where,
Ny is maximum midsparerticaldisplacement (mm),
P is the loachpplied to the bearfN),
L is the beantength (mm),
E is the modulus oflasticity tabulated fronTable4.2 (MPa),

I ist he b e amod snorseit of mertig(mm’x i s

The calculated vertical displacements are shown with the experimental restijsres
4.14t0 4.16 It shows that the calculated vertical displacements are in good agreement
with experimentally measured valuetien using the@erimentally obtained modulus.
Even for specimen C2, although the curve began to show nonlinearity due to yielding, the
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calculated vertical displacement compared well with experimental values for a major

portion of the curve.
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Figure 4.14 Specimen C11 comparison of calculated and gperimental vertical
displacements
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Figure 415 Specimen C12 comparison of calculated andexperimental vertical
displacements
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Figure 416 Specimen CZomparison of calculated andexperimental vertical
displacements

The dstribution of the applied load to the two beams was also verified using vertical
strainsmounted in thebeam webs at the end support&s shown inFigure 4.17, the
recorded vertical strains f@pecimenC1-1 were within5 microstrains at the beaemds
under an applied load of 99.5 kN which is acckigdrom a practical viewpointSimilar

strain eadings were obtained for specimensZdnd C2.
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o
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Figure 4.17 Specimen C11 vertical strains in webs ofbeamends.
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Strain readings were also obtained to monitor flexural stress at various locations along
the length of the specimen as showrFigure4.18. The location 1 was situated 3 meters

from the end of beam 2.

P 5.5m N

V|
B1 0
B, ) 9]

—
Legend ——— i B

#® Location1 S1 S2 S4 S5
# Midspan

T | S— | E—
S8 S3 S6
Location 1 Strain MidspanStrain

Figure 4.18 Location of longitudinal strain gages along specimen.

Figure 4.19 shows the neutral axis plobrf specimen C2 obtained atocation 1using
strain readings S7 and S8 he experimental neutral axis was measured at 175.2 mm
from the bottom flange. This was in compliance with the theoretical neutral axis

elevation of 174.5 mm calculated using the section properties of the beam.
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Figure 419 Specimen C12 experimental neutral axis plot at location 1

For midspan location, the normal strains from the flanges of both beamgplottee for

all threespecimens in Figure 4.20 4.22. Since gages were mounted on either side of
the beam web, the average of these strain readings was used in plotting the midspan
neutral axis.The figures show that the neutral axis locations for specimerisabtl G2

are similar.However, the neutral axis for the two specimens was determineé to b
approximately 22 mm (19674 = 22 mm) higher than that determined for location 1.
This discrepancy is believed tee attributed to the plate (part of the pivot assembly)
welded on the top flange of the two beams at midspan as shdwgure4.23. The weld

may have engaged a portion of the plate resulting in an increase in the elevation of the
experimental neutral axisThe engaged portion of the pivot assembly base was roughly
13 mm high by 50 mm wide. The average neutral axis location for two beams in
specimenC1-1 (Figure 4.20) was about 192 mm which was similar to the ottveo
specimens but the strain readings for two behats more pronounced variatiorfhis
variation was believed to attribute to the failure mode of specimeh illiere one beam
(beam 2) buckled inelastically and the otherrbe@eam 1) buckled elasticallyThe

normal strain distribution of beam 2 was affected by warping of the flange causing the

strains to be magnified at the S4 gage location when buckling had occurred.
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Figure 420 Specimen C11 midspan experimental neutral axis plot.
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Figure 421 Specimen C12 midspan experimental neutral axis plot.
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Figure 4.22 Specimen C2midspan neutral axis plot.
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Figure 4.23 Engagedportion of pivot assemblybase.

The stresses calculated using experimental load and section modulus are compared with
experimental normal stresses obtained from strain readings and the comparison is
presented inTable 4.4. Each beam had to be analyzed individually due to varying

el evati ons of t he beamsaod neutr al axi s res.

their section propertie¥he theoretical yield stress was also pre=ent the tableThese
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stresses were determined incorporating the residual $toessSection 4.2 It is noted

that the stresses for specimen C2 were calculated at lchtO&N when yielding had
occurred whereas the stresses for specimend @id C12 were calculated at the
buckling load. A comparison between the experimental stresses and theoretical yield
stress shows that specimen -Elremained elastic while specimens-Cland C2

developed yielding in beam Z'his is consistent with the experimental observation.

Table 4.4 Comparison of experimental and calculated flexural stress
Experimental Normal | Calculated Normal Streg Theoretical Yield
Test StresgMP3a) (MPa) Stress (MPa)
Specimen| Beam1 Beam 2 Beam 1 Beam 2 Beam 1 and 2
’ top/ " bottom | top/ " bottom | top/ " bottom | top/ " bottom ) top/ " bottom
Cl1 -208 /294 | -283/308 | -188/267 | -259/281
Ci1-2 -171/226 | -181/227| -147/195| -151/195 -270/ 342
C2 -289/328 | -310/385 | -211/281| -228/302

The results ofTable 4.4indicate the stresses calculated using theegxgntal strain
values were 10 20% greater than the stresses calculated using the appador all
specimens. This error was suspected to be frtwo sourcesone of which was from
strain gaugéransverse sensitivitgnd the other was a result of cregxtion warping and
twisting at lateral buckling A publication by the strain gage mdacturer, Vishay
Precision Group, states that the error due to transverse sensitivity ranges between 0.9
2.0% of the axial strain readinyishay Precision Group, 2011)The warping of the
crosssection will result in additinal axial strains either added or subtracted from the
flange strain of the test specimen and these strains were not included in the calculated
stresses Elsayed(2000) observedthat Fgirders without web stiffeners displayed web
distortion which resulted in an increase oietcompression flange stress@hese
observationsndicate that crossection warpingnay haveresulted in the experimental
flange stresses to be magnifien Table 4.4 since no web stiffeners were provided
beneath the midspan loading arrangement
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4.6 COMPARISONTO ANALYTICAL RESULTS

In this section, lie exerimental resultsre compared to the analyticehlues obtained
usingmethods presented in Chapter Phe experimental results of Specimen-Civere
not includedn the comparisosince the analytical methods do not account fotdteral

restraintdeweloped at the midspan loading points.
The experimental critical momewas calculated using Equation [4\&hich takesinto

account the moment developed from specimenveeifht that had been previously

neglected in the load vdisplacement responses.

o, x [4.2]

where,

0 is the experimental critical buckling load of the specimen (kN),

x s the uniformly distributed selfweight of the specimen/(ki\

4.6.1 Specimen C1 Comparison

The resultscomparison ofSpecimen CR wherebeamsarebraced using onlyotsional
bracing is presented ifiable4.5. The analytical solutionfr the buckling momentere
calculated fronresarch by Taylor and Ojalv{l966) Phillips (1990) Yura(2001) and

Yuraet al.(2008) The provicd torsional crosframesydem stiffness of a single cress
frame and thecontinuous torsional crogeame stiffnesswere calculatedni accordance

with Equation [2.1] and Equation[2.15] respectively. Since the intermediate web
stiffeners at the torsional brace locations were welded to the beam flanges, the stiffness
reduction due to crossectional distortiorwas neglectedh Equation[2.1]. All critical

moment calculationare presenteith AppendixB.
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Table 4.5 Specimen CIM¢, results comparison.

Taylor and Phillips Yura Yuraet al.

Specimen| Experimental| Ojalvo (1966) (1990) (2001) (2008)
Eqn.[2.14] Eqn.[2.16] | Egn.[2.17] | Egn.[2.23]
Ci1-2 209 kNm 212 KNm 200 KNm 229kN-m | 292kN-m

The calculated critical moment using a continuous torsional brace stiffressnted by
Taylor and Ojalvo(1966) overestimated the experimental moment by 1.4%. This
solution appeared to be quite accurate but the analytical value does not account for the
effects of moment gradient. If a moment gradient factor calculated using Equation [2.16]
was applied to this sdiion based on the length of the unbraced segment, the critical

moment would be overestimated by 10%.

The numerical solitin presented in Equatig2.16] by Phillips (1990) underestimates

the experimental moment by 4.5%. This solution does not account for the effects of
moment gradient or loading height, but considers the reduction in torsional brace stiffness
caused by initial impeeictions shown in Equatid2.5].

Yura (2001)modified the solution for the critical moment from previous work by Phillips
(1990) to account for l@h height and moment gradient. The analytical value
approximated the experimental critical moment to wittiBo. This method is simple to

use yet provides an approximate solution that is quite accurate and accounts for various
loading scenarios. A loadinheight factor €= 1.0 was used in the analysssnceYura
suggestedhat loading heigheffect wa negligible for twin girder systems with only

torsional bracesA moment gradient factavascalculated using Equatid.13].

The calculated critical moment using the closed foahiten presented by Yurat al.
(2008) overestimate the experimental moment 0%. Yura et al. (2008) applieda
moment gradient factor of 1.35 for a beam subjected to a midspan point load based on
recommendationprovided inGalambog1998) Yuraet al.also indicateshe top flange

loading effects are negligibdlfor twin girder systemand that a 30% reduction in critical
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moment should be applied for twin girders braced with only two intermediate torsional

crossframes(2008)

4.6.2 Specimen C2 Critical Moment Comparison

The comparison ofesults of Specimen C2 where beamshkaexed using a combination

of lateral and torsional bracing is presentedTable 4.6. The analyticalvalue was
calculated usg Equation[2.18] (Phillips, 1990). The torsional brace stiffness was
calculated using the same methodology as for Specimen C1. The stiffness of the top
flange bracing wagalculated using=quation[2.21]. The angular component of the
calculated member stiffness was required to determine the lateral stiffness provided to the
top flange at the brace poinfAn initial imperfection of 9nm was used to calculate the
reduction factor for imperfections.c Equation[2.18] does not consider the effects of

moment gradient.

Table 4.6 Specimen C2M¢, results comparison.

) ) Phillips (1990)
Specimen Experimental
Egn [2.18]
Cc2 364 kNm 364 KNm

The criticalmoment value of Equatiof®.18] was governed by yielding of theection,

My. Utilizing the yield stress presentedTiable4.1 a yield moment was calculate to be
within 1% of the experimental moment. The critical momeasistance with
combination of lateral and torsional bracing significantly increases the critical moment.
In comparison to Specimen €] the addition of lateral bracing force yielding ofthe

test specimefSpecimen C2) results an increasef critical moment by a factasf 1.73

4.7 COMPARISONTO DESIGN STANDARDS

Table4.7 compares the experimental critical moment for a single beam of specirrizn C1
with the analtical critical moment usingCSA S6 (2006) The moment magnifier
developed by Wong and Drivé2010) was adoptedo account for effects of moment

gradientand the dading heigheffectwas considered by implementing apvalue of 1.0
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with an effective length of 1.2Lwhere L, is the distance between intermediate cross
frames. Sample critical oment calculations based @BSA S6(2006) are included in

AppendixC.

A 33% reduction in the experimental critical moment was observed when to flang
loading effect was considered. As discussed in Chapter 2, ¥ur@. (2008) indicated

that top flange loading was negligible for twin girder specimens. When top flange
loading was neglected in ti@&SA S6(2006)calculation, the calculated critical moment
was within 3% of the experimental critical momdhtop flange loading is consideréal
designas perCSA S6 (2006) then an effective unbracetength of beam (distance
between intermediate crefames) of 2864 mm is required to achieve a moment
equivalent to the critical moment of specimenZfirovided inTable4.7.

Table 4.7 Specimen C12 M, Comparison to CSA S6(2006)(per beam)

Experimental Top Flange Loading No Top Flange Loading

Mg (KN-m) | 104.5 kN-m 69.8 kN-m 101.8 kN-m

This suggests that top flange loading does not have a significant effect on the critical
moment of twin girder specimens. This observation has also been suggested by Helwig
et al.(1993) Yura(2001) Yuraet al.(2008)as described in Chapter 2.

Specimen C2 critical moment is compared to the critical moment calculated in
accordance witlCSA S6(2006)in Table 4.8 Values in thesecond and third columns of
the table are the calculated crianoments using Equatid.24] for the unsupported
length of beam between creames (3.667 m) and the unbraced length of beam
measured between in plan brace points (1.838 m) respectinelye former case, the
CSA S6 (2006) equation markedlyunderestimat the experimental critical moment
regardless whether the top flange loadingafieas consideredin the latter casethe

CSA S6 (2006) critical moment with top flange loading only underestirdatbe

experimental results by a factor of 1.02 resulting in a calculated critical moment of 178.8
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kN-m per beamWhen top flange loadingras neglected CSA S6(2006) overestimate

the experimentaesults by a factor of 1.10.

Table 4.8 Specimen C2M, comparison toCSA S6(2006)(per beam)

Specimen C2 Mcr (KN-m) T L, between | M (KN-m) i L, between
crossframes lateral braces
Experimental 1820
Top Flange Loading 69.8 178.8
No Top Flange Loading 101.8 2000

For beams braced using a combination of lateral and torsimaaing, theCSA S6

(2006) equation is accurate when the distance between lateral brace points is considered
as the unbraced length atap flange loadingeffectis considered.It suggests that the
loading position effect should be included in the critical moment calculation when the
lateral braces are preseResearch conducted by Yufda001)alsoindicatedthat unlike

the torsionally bracedeams,loading height has a significant effect on the critical

moment of laterally braced beams.
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CHAPTER 5 FINITE ELEMENT ANALYSIS

51 GENERAL

A finite elementstudy was conductedto supplementthe experimental results while
providing an alternate methdd investigate additional parameters that may influence the

lateral stability of the twin girder specimen.

The moddahg was conductedusing Lusas Bridge Plus 14.7 finite element soft\%are
which is developedfor the analysis, design, and assessmentllofypes of bridge
structures (Lusas2013). This software provided the capability of incorporating
geometric and material nonlinearitythebuckling analysis

5.2 FINITE ELEMENT ANALYSIS

5.2.1 Description of Elements

The finite element model wadeveloped using QTS4 and BTS3 elerseavailable in

Lusas The beam flanges, wednd stiffener plates were all modeled using the QTS4
element which is a 3D,-Aode quadlateral thick shell elementThis element is suitable

for analyzing thick sheljeometries that are susceptible to material and geometric non
linearity such as large displments, rotations, and straing.he lateraland torsional
bracing members between beams were modeled using BTS3 elements which are 3D, 2
node thick beam element3hese elements aresalcapableof accounting folgeometrc

and material nofinearities. A summary of the degrees of freedom for each element used

in the finite element model is presented able5.1.

Table 5.1 Element simmary.

Element Name Number of Nodes Degrees of Freedom
QTS4 4 U, U, Uy, x, 4, d d
BTS3 2 U, Uy, Uy x @, @ d
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5.2.2 Material Non -Linearity and Stress - Strain Relationship

Two types of material models were used to represent the behaviour of Bheelirst
material model used to define the material behaviour in the parametric study was an
elastic perfectly plastic model shown kigure 5.1. The standard material properties
were usedor steelwherean elastic modulus E, of 200,000 MPa and a yield strgss F

350 MPawere assumed The second material model shown iRigure 5.2 was
implemented to validate the results of the experimental program by implementing a
multi-linear material model developed from coupon testiAgletailed description of the

material model can be found in Appendix

400 ~

350 ~ y

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
Strain (mm/mm)

Figure 51  Elasto-plastic material model.
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Figure 5.2  Test gpecimenmaterial model gpplied to finite element

5.2.3 Finite Element Mesh

The specimen waseshedusing thick shell elements for the girddarfges, webs, and
stiffenerswhereasall bracing members between girdevere meshed usinditk non

linear beam element All shell elements were meshed in the middle plane of each
comporent The nodes at the flange to web junctions and stiffener to web/flange
junctionswere madeoincidenal to allowthe nodes to be easily mergeto simpify the
model, the filletdeveloped from the hot rolling proceasthe web to flange junction was
ignoredwhile the distance between the bottom and top flange centroids of the girder was
maintained. This resulted in a small area of overlap from the web element being
extended half the thickness of flange at the web to flange junction as shbignrie5.3.

The overlap at the web to flange junction is negligible in comparison to the remaining
area of the girder and wésusignored in the analysis.
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Figure 5.3  Crosssection of finite element nesh

A convergence study was conducted to determine an efficient mesh density for the finite
element model Four different element sizes with edge lengths of 60 mm, 30 mm, 20 mm
and 15 mm were analyzed usiagnonlinear buckling analysis. The results of the
convergence study shown Trable 5.2 indicated that a mesh with a 20 mm edge length

provides sufficient accuracy and computational efficiency.

Table 5.2 Mesh convergence studyesults

Maximum Edge Length Per Difference Computational Time
(mm) (kN) (%) (hrs)
60 76.24 - 0.15
30 74.16 1.028 0.37
20 71.92 1.060 1.10
15 71.92 1.060 8.00

The flangs of the W360x33 section eve meshed using six elements across the flange
width. Each element wa8l mm x 20 mmwith a corresponding thickness of 8.5 mm
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The webshad a similarelement sizehat had dimensionef 20 mm x 20 mmwith a
corresponding thicknesof 5.6 mm.The lateral bracing membettsat compose the cross
frame system shown iRigure5.4 were meshewith member lengths of roughly 115 mm
reailting in the member beingibdivided into6 divisions between flange tip#As shown

in Figure 5.4, the crosdrame members were connected to both girders at the web to

flange junctions.

(D) A

S,

——— Brace Members Connected to
W360x33 Beam at Web to

Flange Junction (Typical at all
Vv CrossFrame Locations)

\J

Figure 5.4  Typical crossframe mesh.

5.2.4 Initial Imperfections

The initial outof-straightness of the specimen was incorporated directly intdirtive
element model geometryThis was achieved by plotting the nodes of the girder €ross
section based othe sweep measurements recorded at one metawaig along the
girder length. The coordinates of these nodes were input in the model formingmredc
geometry of the specimen.An alternative method to consider the initial outof-
straightness of thepecimenis to scale the deformed shapethe eigenvaluebuckling
analysis. However, t was thought thainodelingthe outof-straightnessisinglaboratory

measurementsould achieve a more accurate solution

5.2.5 Boundary Conditions

Boundary conditios wee applied to the modéb simulate a twirgirder system that was
simply supported in bending and torsiomransverse and longitudinal translations were

restrainedat the end supports based on the support conditions providedure 3.10.
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The restaints shown irFigure5.5 were situated at the web to bottom flangecpion at

all end supports

% s kool

(@) Brg 1 (b) Brg 2 (c)Brg 3 (d)Brg 4
Figure 5,5  Finite element nodel end support conditions.

5.2.6 Residual Stresses

The residual stress profile shownkigure 4.2was implemented into the finite element
analysis The triangular distribution was simplified usiagseries of uniform stresstémst
were applig to each element through the crssstion as shown ifigure 5.6. The
residual stresses were applied to the finite element model using the retigsmloading
applicationprovided in Lusa$2013) The residual stress distribution was applied to the

model during the first load increment of the Aorear analysis.

B ssmPa
B -15vPa

B 17 mPa

Figure 5.6  Residualstresspattern applied to finite element model.
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5.2.7 Load Application

Thelocationof the applied load in the finite element analysis was developsidhtdate
theloading transferred from the spreader beam tspeeimenn the experimental setup

A uniformly distributed load shown ifigure 5.7 was applied atthe top flange to web
junction at the beam midspan The length of the uniformly distributed load was
equivalent to the length of the pivot assemblgdusn the experimental programA
uniformly distributed load was applied to the model to preypeténtiallocal buckling
failure which may ocur if a single point load was applied at an infinitesimal point on the

beam midspan.

NS PR TR

R

AR et N R AR AUV N TN AT

Figure 5.7  Typical midspan load application at top flange to web junction.

5.2.8 Non-Linear Buckling Analysis

The crtical buckling load was determined using a +hioear analysis.The midspan load

presented irFigure 5.7 was applied to the model in a number of laacrements. For
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each load incrementiterationsare conducteth order for the structurtd converge to an
equilibrium state with the balanced forceksusas uses the Newtddaphson procedure

for this incrementaiterative method (Lusas, 2013).

In the sub stepof the first load increment, the residual stresses and the specimen self
weight were applied to the finite element model using an initial input Tikee following

loading increments were applied up to a limit that exceeded the anticipateahgucit

To ensure that convergence of the load increments was achieved, a value of twenty
iterations per increment was selectélhe time history utility available in Lusg2013)
provided the ability to plot the applied load versus the structural afam for each

load increment These time history plots formed the basis of the load versus
displa@ment responses that were uélizto determine the critical buckling load.

53 FINITE ELEMENT RESULTS

For each test specimethe load versus lateral siplacement and load versus vertical
displacementesponsesvere obtained The finite elementcritical buckling load was
defined from the load versus lateral displacemehagram in whichthe specimen
displayeda loss of lateral stiffness that was indichtey a sudden increase lateral
displacementvhile the load remained constanthe buckling modes for each test setup
were also determined by plotting the deflected shape of the specimen at the critical
buckling load. The numerical results are provided Table 5.3 along with the

experimental results of the three test specimens.

Table 5.3 Summary of finite element andtestresults forthree specimens.

Finite Element Study Experimental Study
Test

Per | NuB1 | NuB2 | Nver | Nvp2 Per | NuB1 | Nue2 | Nvel | Nve2
(kN) | (mm) [ (mm) | (mm) [ (mm) [ (kN) [ (mm) [ (mm) | (mm) [ (mm)
C1-1| 1050 41 3.4 84.0 | 79.7 | 99.5 0.3 1.2 79.1 | 78.2

Spec.

C12)| 700 | 115 | 95 | 698 | 58.0 | 722 | 8.6 20 | 62.2 | 56.8

C2 | 1426 15 | 26.1 | 126.4| 110.0| 145.3| 1.6 1.8 | 133.0| 127.9

73



Specimen C4l was modelled with the assumption that the friction developed in the roller
assembly provided lateral restraint to the top flange of each girder verify this
assumption, lateral springs situated at the roller location orofiiahge of eachbeam

were implemented ithe specimen G1 model tosimulate the effect ahis friction. A

small experimental procedusdown inFigure5.8 was developed to determitige spring
stiffnessrequiredin the finite element model. The experiment consisted of a small
column that was loaded axially under a constant load with rollemdd®smountedat

either end of the columnThe constant axial load was applied d\&el equivalent to the
buckling load of the CGIL specimen while a lateral load waseded at the column mid
height. The lateral movement of the roller assembly wasitooed using LVDTs while

the applied lateral load was recorded usar#p0 kN load cell. A plot of the lateral load
versus lateral displacement curve is showRigure5.9. A spring constant of 128/mm

was determined by calculating the slope of a linear segment of data around a
displacement of 0.4 mmThe initial displacement readings (< 0.4 mm) fréigure5.9

were ignored for the calculation of the spring stiffness since minimal movement was
recorded over a large increase in lateral lo8klis indicated the column and rollers in the
experimem were still stationary.The final displacement readings frdiigure 5.9 were

also omitted from the spring stiffness calculation due to the increaskteral
displacement over a constant loadhis indicated the rollers were in motion and the
lateral load had overcome the fricia resistance of the assembliyhe springs were

applied at the top flange to web junction for each beam.
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Figure 5.8  Specimen Cilroller friction experiment.
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Figure 5.9 Lateral load vs. lateral displacement of specimen CZI1 roller
assembly
Figure 5.10 compareshe lateral displacement profibtained fromthe finite element

modelandthe experimentor C1-1 specimen. The figure shows that FE results ame
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good carelationwith the test results.This also confirms that theestraintexisted athe
compression flanges from the roller assemblies during the experimental sasdirigd0

N/mm is a reasonable estimate of this restraint.

120 -

100 -
g 80 4 —— B1 Experimental
3 Results
S 60 - e B2 Experimental
3 Results
s 404 ke B1 FE Results
<

204 K eeeee B2 FE Results

0

-40 -20 0.0 2.0 4.0 6.0
Lateral Displacement of Top Flange (mm)

Figure 5.10 Finite elementload vs.midspan lateral deflectionresponse for
specimen CL1.

The buckling mode of the finite element modsl shown inFigure 5.11 where a
pronouncedinusoidal modeeferred to as beam bucklimgcurred in the midspan region

and much shallower sinusoidal shapes in the opposite direction on the two side spans.
This buckkd shape is in reasonably goadjreement with thexperimental buckling

mode shape shown in Figure 4.9a.

Torsional Cros$-rame

Figure 5.11 Specimen C11 sinusoidal buckling mode shapebetweencrossbraces

Specimen CR2 was modelled with the assumption that the lateral restraint of the roller

system was diminished greatly by changing the roller assembly to a set of Hilman rollers
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and by prowling smoother rolling surfacesTherefore Specimen G4 was initidly
modelled with no lateral springsgsent at the roller locationd he lateral displacement
at the buckling load shown irigure5.13 appeared todquite significant in comparison
to the experimental results. This indesitthatsome frictionstill existsin the Hilman
roller assembly. A similar spring stiffnesstest procedurepreviously conductedor
specimen C4L to determine the lateral sprintiffness to be appliedh the finite dement
model was conducted fopscimen C12. The data presented Figure5.12 provides a
spring stiffness of 8 N/mm. This value vas calculated using the same methodology

previously described for the spring stiffness of specimeii.C1

N N
o a1
o o
1 1

y =43.168x + 118.28

R2 =0.9356
150 -

1001 m

Applied Lateral Load (N)

al
o
1

0.0 1.0 2.0 3.0 4.0 5.0
Lateral Displacement (mm)

Figure 512 Lateral load vs. lateral displacement of specimen CZ2 roller
assembly

The application of a 43/mm lateral spring resulted ina lateral deflection response
shown inFigureb5.13 that was similar to the Specimen-2ZExperimental responserhis
suggests theoller assembly continued to indudection on the experimental behaviour

of specimenC1-2, but the friction was not as excessive as the friction induced in
Specimen CAl. Global buckling of the finite element specimen was evident by
observing tle buckling mode shaphown inFigure5.14, this mode shape is the saase

the buckling mode observéad the experimentakst.
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Figure 5.13 Finite element load vs. midspan lateral deflection regonse for
specimen C12.

Torsional Cros$rame

Figure 5.14 Specimen C22 global buckling mode shape

In the case of specimen GRe model wasmplementedusing top flange lateral springs
with a corresponding stiffness of 240 kN/m applied at the loading point of both beams.
The spring stiffness of specimen C2 displayedrigure 5.15 was determined using the

same method as specimen C1.

78



350 I
€ 300
©
©
S 250
=
% 200 -
=
= 150 - u y = 239.58x + 108.33
3 u R2 = 0.961
? 100 4
50 ®
0 T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Lateral Displacement (mm)

Figure 5.15 Lateral load vs.lateral displacement of pecimen Q roller assembly

Figure 5.16shows good agreement for theelal displacement responséB1 with the
experimental data when the lateral springs were modelled to account for the experimental
roller friction. The laeral displacement response o2 Bhowed a difference with the
experimental data when the applied load reached higher tharNLODhe difference was
thought to be a result diow the spring stiffness was applied to the compression flange of

each beam in the finite element model.

The lateral springs were situated at the midspan of each girthex finite element model

and thusthey behaved independently of one another in the modkE rollers in the
experimental program shown kigure5.17 were connected to a load dibuition beam
which prevented differential lateral displacement between adjacent rdllleis provided

the loading assembly with the ability to provide additional lateral stiffness to the weaker
beam B2) in the system by transferring frictional restraimtough the load distribution
beam to the roller assemblyin order to develop buckling of the specimen, the global
frictional restraint of the system had to be overconteés believed thaB2 of Specimen

C2 in Figure 5.16 was dependent oB1 causing the specimen to behave as a-tgan

bracing system.
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Figure 5.16 Finite element load vs. midspan lateral deflection e@sponse for
specimen C2roller assembly

/Load Distribution Beam

Frictional Restrai \Rigid Connection of
Developed From Roller Assembly to

Roller Assembly Load Distribution Beam

Figure 5.17 Connection ofroller assembly toload distribution beam

The buckled shape of specimen C2Figure 5.18 was in good agreement with the
experimental result$or beam buckling Beam 1 did not display significant lateral
buckling due to the Hplan bracing at the beam midspan preventing relative lateral
displacement between brace pointBeam 2 exhibited lateral buckling at the beam
midspan since the top flange of this spasnot laterally braced.

80



Figure 5.18 Specimen C2huckled shape between lateral bracegnts.

Figure5.19 to Figure 5.21 plot the load versusnidspan vertical displacemergsponse

for each specimenThe numericalvertical displacementurves aran good agreement

with the experimental resulter Specimen Cil. A small discrepancyin the vertical
displacement plot was observed for specimer2CAs previously discussed in Chapter

4, the variation between experimental vertical displacements for beams 1 and 2 was due
to each beam having a different modulughis trend was still visible when comparing

the experimental results to th& results. Up to a vertical load of 63 kN, the numerical

and experimental vertical displacement responses are in good correldbarever the

FE model exhibited a slightly laeg vertical displacemerior both beams at the ultimate
load. Note thatFigure 5.13 shows that the FE model had a larger lateral displacement
than the experimental results, indicating that the spring stiffness implemented in the
model is less than the restraint provided by thier@ssembly in the experimenthe

lateral displacement would result in bracing forces to be developed in the bracerg.syst
The brace forces developed in the diagonal strut would distribute some magnitude of
vertical load from beam 2 to beam IThe larger the bracing force, the larger this
distribution which in turn results in larger vertical displacemefihis may exmin the
discrepancy between the numerical and experimental vertical displacement at the
ultimate. Specimen C2 shown ifigure 5.21 was also in good agreement with the
experimental results for the displacement profileappears the experimental response
showed more nonlinearity towards the ultimate load than the finite element rebpibnse
the difference between the two was congdeo be insignificant since the specimen had

already failed by yielding of the material prior to buckling.
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CHAPTER 6 PARAMETRIC STUDY

6.1 GENERAL

Parametricstudies wereconductedto studythe effect ofadditional parametersn the
lateral stability of twingirder systens with torsional bracingoeyond the scope of the
experimental programlhe finite element model developed and validated in Chdpter
was used in this studylhe parameters investigdtavere girder spacingcrossframe
stiffness and number ofinterior crossframes installed betweegirders The finite
element model was simplified for the parametric study by removing the initial
impeifectionsand residual stresses. As showrFigure 5.1 an elastic perfectly plastic
material modelwas used for steekith a yield strength F= 350 MPa and an elastic
modulus E = 200 000 MP&he referencemodel is atwin-girder system consisting of
two W360%x33 beams simply supportedth a span of 11 mThe W360x33 section is a
Class 1 sectionUnless otherwise specifiedyreeinterior crossframesareincorporated
and they areequally spacedalong the beam spafhe configuration of the croggeame
used in Chapter 4 is maintained in the parametric stbdgcentrated loads were applied

to the topflange of each beam at midspan.

6.2 GIRDER SPACING

In this section, the effect of girder spacing ranging from 0.5Q@aniis studied. These
spacing values correspond to girder spacing I 20 4.3m for the large scale specimen

as described in Chapter 3 if a constant girder spacing to girder depth ratio is maintained.
This girder spacing range covers the majority ofesathat would be encountered in
practice.The criticalelasticmoment solution foa twin-girder system presentéxy Yura

et al. (2008) asn Equation[2.23] is alsocalculated for comparison. The finite element
critical moments are compared in Table &ith moment values calculated using
Equation[2.23]. It is noted that the critical moment resistance in the equation was
developed for twin girder systems that failed in global buckling in elastic range. This
resistance is dependent on the girder spacing, Sndependent of the torsional cress

frame stifness. Howeverusing a torsionalbrace stiffness eqal to twice the ideal
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stiffnessis suggestedo prevent twisting of the systeas well ascontroling the forces
generated in the bracebBhe FE critical moment was obtained from the load versus top
flange lateral displacement response of a girder. A typical response curve is shown in
Figure 6.1. The critical buckling load is deemed to have occurred where the response

curve begins to display ndmearity as represented by the red dot in the figure.

Table6.1 Critical moment comparison between finite element results and
Equation [2.23] with varying girder spacing.

Girder spacing| FE Py FE Mcr (kN-m) Equation[2.23] | % Difference
(mm) (KN) - OT C (KN-m) Moment
500 60.0 83.0 89.0 6.7
650 78.0 107.0 114.0 6.1
800 95.0 130.6 139.0 6.0
1000 1200 165.0 173.0 4.6

Table 6.1shows that for a given number of intermossframes (3 crosframes), ashe
girder spacing increases, the critical moment also increddas. increase in moment
capacity is believed to be due to an increase in torsional stiffness as a result of the

increase in moment arm between girders.
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Figure 6.1  Load versustop flange lateral displacement response of arger.

Figure 6.2plots the finite element load versus top flange lateral displacement curves for
varying girder spacing. It shows that the girder spacing increases, the critigibal
buckling load increases. The initial portion of the curves is practically identical with
almost zero lateral displacement prior to buckling. The comparison between the FE and
the calculated ritical momentvalues Table 6.} show that they are in reasonably good
agreement with a maximum difference less than 7%. The FE values are in general, lower
than the equation values. The listed FE critical moment values are determined as
(PcL/4)/2 for one girder where the critical lo&d wasdetermined using the load versus
lateral dsplacement curves in Figure 6 & sample calculatiomsing Equation[2.23] is

presented in Appendix E.
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Figure 6.2  Load versus lateral displacement response of 3 interior crogsame
specimen with varying girder spacing.

The effect of varying girder spacing on the critise@dment values is illustrated Figure

6.3. The increase in the critical mometisplaysa linear relationship with the increase in
the girder spacingAlthough a limtation on girder spacing was not explicitly specified
Equation[2.23], the maximum moment cannot exceed the yield moment capacity of the
crosssection, M, which is 165.9 kNn for W360x33. In addition, the practical
slenderness ratio of bracing members valtrict the girder spacing a realistic range.
The maximum permissible slenderness ratios accordinG34 S6 (2006) and S16
(2010)for the crosdrame diagonal tension member are 200 and 300 respectively, while
the horizontal crosBame compression mdrars cannot have a slenderness ratio in

excess of 160 and 200 respectively.
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Figure 6.3  Critical moment vs girder spacing for FE and Eqn. [2.23].

6.3 CROSS-FRAME STIFFNESS

As mentioned earlierwtin-girder systems that utilize torsional bracing as the sole method
for girder stability require bracing with sufficient stiffnesehe numericalstiffnessvalue

of the crossframe systentonsideredn this study was a combination of the brace ted
girder stiffness. The effect afrosssectional distortion of the welas ignored since the
stiffener was assumed to be welded to the compression flange therefore wetiomlisto
preventedIn this study, thevariation intorsional stiffnessvasachieved by changing the
crosssectional area of the bracing members while maintaining the girdefTsizke6.2

lists four models with varying crosBame brace stiffness. All models had a constant
girder spacing of 0.8 nwith girders braced usintpree crosgrames.The calculation of

the brace stiffness is based Bguation[2.1] anda sample calculation is presented in

Appendix E.
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Table 6.2 Calculated torsional stiffnessfor varying crossframe member szes

Member b, (N-mm/rad) by (N-mmvrad) b (N-mm/rad)
L19x19x3.2 8.9E+08 9.54E+07 8.6 E+07
L38x38x4.8 2.7F+09 9.54E+07 9.2E+07

L102x102x13 1.956+10 9.54E+07 9.50E+07

C250%30 3.0£+10 9.54E+07 9.51E+07

Table 6.2 displays the brace member stiffness for a single drasse @), girder web
stiffness by) and the resultant torsional stiffnestan intemediate crosframe (by). A
significant increase in the brace member stiffnigs$34 times) is achieved when the
braces are varied from an 419x3.2 to a C25830. However, thesystem stiffnessoes
not vary in the same magnitude. The much smaller vamiaf the latter is due to the fact
that the system stiffness governed bythe girder web stiffnes@Equation[2.1]) andthe
resultant torsionadtiffnessis significantly influenced byhe bracing component with the
smallest stiffness

Figure 6.4 shows the load versus top flange lateral displacement of the girder for-a twin
girder system with varying crodseame member stiffness and a three cifioasme
arrangement. As it can be seen, before the buckling occurredaribgon in the bracing
stiffness does not result in any marked variation in the behaviour. The increase in the
bracing member stiffness only results in minimal increase in the post buckling capacity.
This suggests that, for a given girder size, the fishfferent crosssections for bracing
members does not significantly affect the critical lémdglobal bucklingsince the girder
stiffness is the dominant component for the cifoasie system stiffness. Also noted is

that the system torsional stiffnassnot explicitly reflected ifequation[2.23] and thus no

comparison between results is presented.
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Figure 6.4  Effect of varying crossframe giffness on the load vs. top flange
lateral displacement curves of gders.

Table 6.3 presents the FE critical moment results for cffoases with varying member

sizes.The critical momentwersus crosframe memberstiffnessrelationship is further

shownin Figure6.5. Both the table and figure show that a variation in the brace member

stiffness presents minimal change in the critical moment.

Table 6.3 FE critical moment results of three cross fames with variation in
brace giffness.

Member b, (N-mm/rad) Mecr (KN-m) %Difference M,
L19%x19x%3.2 8.6E+07 125.1 4.2
L38x38x4.8 9.2E+07 130.6 -

L102x102%x13 9.50E+07 134.8 3.2

C250%30 9.51E+07 134.8 3.2
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Figure 6.5  Effect of torsional crossframe system $ffness oncritical moment for
varying crossframe brace members

6.4 NUMBER OF | NTERIOR CROSS -FRAMES

The twingirder systenbraced with two, three, and fiweterior crossframesis studiedn
combination with girder spacing in this sectidiable 6.4summarizes the finite element
and Equation[2.23] results. It is noted that Equatiof2.23] does not account for the
number of interior croskames n the critical moment calculation, therefore the
calculated critical moment presented Table 6.4 emains constant between varying
numbers of crosfames. The FE critical moment values are determined in the same
manner as described previously. The losstsus top flange lateral displacement
responses for the two and five interior crrgene arrangementse presented in Figures
6.6 and 6.7 respectively. Refer Fagure 6.2 for the critical load of the three interior

crossframe arrangements.
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Table6.4 Global elastic critical moment (KN-m) comparison with varying
number of interior cross-frames

Two CrossFrames Three Crosg-rames Five CrossFrames

Girder Calc. % Calc. %cp Calc. Yecp
Spacing FE (Eqn. M FE (Eqgn. M. FE (Eqn. M.,
(mm) [2.23]) [2.23]) [2.23])
500 66.0 | 89.0 | 25.8 | 83.0 | 89.0 | 6.7 | 90.8 | 89.0 | 2.0
650 88.0 | 1140| 22.8 | 107.0| 1140 | 6.1 | 1155| 1140| 1.3
800 102.0| 139.0| 26.6 | 130.6| 139.0| 6.0 | 141.6| 139.0| 1.9
1000 1240| 173.0| 28.3 | 165.0| 173.0| 4.6 | 176.0| 173.0| 1.7
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Figure 6.6  Load versus lateral displacement response of 2 interior crogsame
specimen with variable girder spacing.
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Figure 6.7 Load versus lateral displacement response of 5 interior crodsame
specimen with variable girder spacing.

Table 6.4 is graphically illustrated in Figure 6.8. As seen in both the figure angtieble
effect of girder spacing as discussed previously for threethnterior cros$rame
arrangement is also true for two and five interior cffoasie arrangements. An increase

in the girder spacing results in an increase in the critical load for all three interior cross
frame arrangements and this increase seemseti ba linear relationship with the
increasdn spacing. For twin girder systewith three and fiventerior crossframes, the

FE critical moment values are in gb@agreement with Equatiof2.23] values with a
maximum difference of 6.7% and 2.0% respectively. However, for-gyvder system

with two interior crosdrames, both the table and the figure show that a significantly
higher critical load in the order of 30% providedby the equation. Equatiof2.23]
seems to converge with the finite element results when at least three interidramess

are implemented within the spaut overestimate the girder capacity when only two
crossframes are present. This observation is in line with work conducted byeZtso
(2010). A modified curve reflecting a 30% reduction is seen to be in good agreement with

the finite element reswt(Figure 6.8). Tha indicates that Equatidi2.23] can be used to
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calculate the global elastic critical buckling moment of a gimder system provided that

it is modified for the two interior crosBame system

200.00
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Critical Moment per Girder (kNm)

40.00 . . . .
040 060 0.80 1.00 1.20

Girder Spacing (m)

Figure 6.8  Comparison of FE and Equation [2.23] results for the number of
crossframes.

6.5 CONTINUOUS TORSIONAL BRACING STIFFNESS

As presented in Chapter 2, the critical moment of a single beam braced with only
torsional braces can betdamined using Equatiof2.17]. In this equation, the torsional
brace stiffness is explicitly accounted for providing the additional lateral stiffoeb®

weak axs of the girder. The effects of moment gradient andadiing height are also
included. The torsional brace stiffness used in the equation is in the form of continuous
torsional brace stiffres as defined in Equatig@.15]. To assesghe validity of Equation
[2.17], the continuous torsional brace stiffness for tthoee, and five interior cross
frame arrangements was calculated for a ef@re system composed of L&Bx4.8
members and the results are listedable6.5. The continuous torsional brace stiffness
shows a significant increase in stiffness between two, three, and five interiofrarass

in Table6.5. Comparing with the dicrete torsional stiffness used in the previous section,
the equivalent continuous torsional stiffness is a more direct indicator of theitaan

torsional stiffness.
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Table 6.5 Continuous torsional bracestiffness.

[ (N-mm/radmm)

Member Two CrossFrames | Three Crosd-rames| Five CrossFrames

L38x38x4.8 1.68E+04 2.52E+04 4.20E+04

The analytical and FE critical moment values are compardalie 6.6. The analytical
values for an individual giet braced with continuous torsional bracingre based on
Equation[2.17] (Yura 2001). A sample calculation is provided in Appertitt is noted

that the FE critical moment determined in this section was obtained using the buckling
load represented by the plateau after the commencement of buckling in theisasl

top flange lateral displacement response. The curves for two, three, and five interior
crossframe arrangements are shownFigure 6.9. The manent presented in Table 6.6

for one girder is determined using.{4)/2. The rationale for using the load at buckling

for this comparison is due to the fact that the torsional braces are only engaged after
buckling has occurred. The table showsitt Eqation [2.17] yields values in good
agreement with FE results with the maximum percentage difference between these two
methods being around 11% for the two interiorssffitame arrangement. It @sseems

that the Equatio2.17] converge to FE results with more crdsames implemented.

Note that the analytical value in parenthesis for five efisse case is the yield moment
capacity M of the crosssection. Thissalue will govern the moment in design rather than
186.0 kNm calculated using the equation. This indicates that the-sexs®n will yield

prior to buckling. The finite element results also showed evident yielding at buckling as

seen inFigure6.10.
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Table 6.6 Comparison of FE critical moment and Equation [2.17] values

(KN-m).
Two CrossFrames Three Crosg-rames Five CrossFrames
Member
Ana. FE | %n | Ana. FE % n Ana. FE | %n
186.0
L38x38x4.8 | 109.8 | 125.0| 10.8| 158.2 | 167.0| 3.0 185.6| 2.6
(165.9)
160.0 -
14001 p =1350kN . = ===
= 120.0 - /== -
g P,=121.5kN ¢, ~
e 100.0 A L= === —
§ 80.0 - Per= 91.0 kN [] = == 2 Cross-Frames
[
£ 60.0 4 ] = = 3 Cross-Frames
g 40.0 - | = == 5 Cross-Frames
' |
20.0 [
0.0 : | : .
-2.0 -1.0 0.0 1.0 2.0

Lateral Displacement (mm)

Figure 6.9  Determination of critical load from load versus top flange lateral
displacement response of a girder.

82.637¢ 181.527 240 _4le 315.305
122.082 200.572 275 .86l 358.75

Figure 6.10 Von Mises stress at buckling folfive crossframe arrangement.
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6.6 CSA S6 (2006) CRITICAL MOMENT

In this section, the validity of lateral torsional buckling design provisions specified in the
current CHBDCCSA S6 (2006)standard is assessed using FE resSA S16(2010)
prescribes thessame design equation (see Qe 2). The elastic critical moment M
values are calculated for a single girder with the unsupported length of beam taken as the
distance between crofmmes. CSAS6(2006)adopts the moment magnifier developed

by Wong and Driver (2010) to account for effects of moment gradient in the critical
moment calculation. Loading heiglst considered by implementing an, value of 1.0

with an effective length of 1.2Lwhere L, is the distance between intermediate cross
frames. Sample critical moment calculations baseC8A S6 (2006) are included in
AppendixE.

The calculated critical moment values using CSA(3®06) including loading height
effectare compared to FE valuesTable 6.7 Also included in the table are FE provided
torsional brace stiffness for the given crfissne member sizes and the ideal torsional
brace stiffness basedn the CSA S6 (2006) critical moment usingequation[2.24].
Again, the CSAS6 (2006)value reported in parenthesis for five crissne case is the
yield moment capacity Mof the crosssection. The finite element moments were the
same aseviously presented ihable6.6 for two, three, and five crodsame systems.

Table6.7 shows that the calculated critical moment from CSAZ®6)underestimates

the two and three cro$same cases but overestimateg five crosdrame case.This
discrepancyin critical momet valuesis attributed to the variation between the FE
provided and CA required torsional stiffnessAs shown inTable6.7, the FE provided
torsional stiffness isigher than the CS/&A6 (2006)required stiffness in the case of two
and three crosBame arrangement and lower than the C83\(2006)required stiffness

in the case of #five crosdrame arrangementThe associated FE critical moments are
then higher ath lower than the correspondif@SA S6 (2006) values. This suggests the
provided brace stiffness in relation to the ideal stiffness affects the magnitude of the

critical moment.t should be pointed out that this stiffness requirement is not explicitly
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speified in the currenCSA S6 (2006)or S16(2010) standard. Results herein indicate

that if only torsional braces are present, using the unsupported length as the distance
between the brace points may be unconservative as in the tcdise crossframe
arrangement. If the provided stiffness of the crefiame is less than the ideal stiffness,
increasing the number of creBames does not increase the critical moment in proportion

to theCSA S6(2006) calculated design momer@SA S6(2006)gives an urgalistically

high critical moment value thus resulting in an unsafe design. On the other hand, if the
provided torsional bracing stiffnessequal to or greater than the required ideal stiffness,

the critical moment determined using (B8A S6(2006)procedure may be realized.

Table 6.7 Critical moment comparison between FE andCSA S6(2006)results

CSA S6(2006)
[ FE [ &
Mer (kNm) bprov‘dlbideal
(N-mm/rad) (kN-m) (N-mnvrad)
(Egn. [2.24)
2 Cross
9.22E + 07 125.0 67.2 4.26E + 07 2.16
Frames
3 Cross
0.22E + 07 167.0 107.5 7.28E + 07 1.27
Frames
5 Cross
9.22E + 07 185.6 220.6 (165.9) 1.84E + 08 0.50
Frames

Assuming FE values as the critical moments, an effective unbraced beam length can be
calculated based on tlEeSA S6 (2006) procedure and theesults are presented Trable

6.8. An effective length multiplier, k, is calculated using the ratio of the provided and
required unbraced length of beams the crosgrame number increases from 2 to 3 and

to 5, the k values increase from below unity bmae unity. It might be reasonable to
assume that when the provided torsional brace stiffness equals to the ideal torsional brace
stiffness, the k value is 1.df the torsional brace stiffness is either less or more than the
ideal brace stiffness, thevalue is eithetess than or greater than 1.The relationship

between the unbraced length modifier k and the ratio of provided torsional stiffness to
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required torsional stiffness is shownHkigure6.11 with the availake results. The trend

is not linear. It seems to suggest that the variation in k is more pronounced when
BprovdDigeal ratio is less than 1.2 and as the ratio increases above 1\@rihon in k is

not significant. More data points are needed to define the exact relationship between the
torsional stiffness and the unbraced length that can be used in combinati@BAIH6
(2006) procedure.Before this relationship is scientifita verified, it is recommended

that design requirements for torsional stiffness be implemented to prevent an
overestimation of the critical moment when the distance betweenfcaosss is used as

the unbraced length of beam.

Table 6.8 Effective length factor to achieve FE esults usingCSA S6(2006)

Lb, provodd
bprov'dlbideal Lb, ideal (mm) E —
(mm) ,
2 CrossFrames 2.17 3667 2517 0.68
3 CrossFrames 1.27 2750 2137 0.78
5 CrossFrames 0.50 1833 2015 1.10
1.2 -
1 * (1.0, 1.0)
L g
0.6 -
0.4 T T T 1
0.4 0.9 1.4 1.9 2.4

bprov'd /bideal

Figure 6.11 Relationshp between unbraced length modifier k and ratio of
provided torsional stiffness toideal torsional stiffness.
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In light of previous discussion which indicates that the loading height effect is not
significant for twin girder systems with torsional braces only, the CS£8@6)critical
moment values are also calculatethout considering the loading height effeamd
compard with the FE results imable 6.9. It can be seen thahe critical moment
calculatedwithout considering loading height effect for two créesne case is lot

closer to the FE resultFor 3 and 5 crosBames, the critical moment is over estimated
resulting inthe yielding strengt of the crossection govenmg the critical moment It
confirms that in the case of twin girder systems with torsional braces, the loading height

effect may be ignored when using CSA (8606)critical moment equations.

Table 6.9 Comparisonwith CSA S6(2006)without loading height effect

FE CSA S6(2006)(kN-m) CSA S6(2006)(kN-m)
(KN-m) Top Flange Loading No Top Flange Loading
2 CrossFrames| 125.0 67.2 96.3
3 CrossFrames| 167.0 107.5 190.7 (165.9)
5 CrossFrames| 185.6 220.6 (165.9) 365.7 (165.9)

6.7 BRACE FORCE

This section studies the forces developed in the torsional bmcesickling. As
mentioned in Chapter 2, CSA S{B010)and S6(2006) provide different requirements

for design brace forcesCSA S16(2010)suggests that a lateral or torsional bratech
supportsa member against bucklinghouldbe designed to resist 2% of the compressive
forcein thebraced membeat the location of thdorace point However,CSA S6(2006)
indicates that d% compressive forcés required to provide an adequate brace point
This discrepancy between codes is believed to be attributed to the different tolerances for
the maximum initial oubf-straightness that was considered in the dedmaif the brace

force requirement. Both standards refer to Wintet960 where a percentage of the
member 6s compressive force was used as a

brace to resist buckling of a member.
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The brace forces developed the critical moment from the FE analysis for all three
crossframe arrangements are compared to the theoretical brace faZ&AIH6 (2006)

The geometry of the cro$same system from the FE analysis used in the brace force
calculation is provided ifrigure6.12a. The calculation of th€SA S6 (2006)diagonal
brace force was calculated in accordance Wwigure6.12b where [ is the length of the
diagonal memberlIn this case, F is 1% of the flange compressive force at the buckling

load and the fand S are 340 and 800 mm respectively.

. — — — — N E E >
J \\\\\ _C & A
\\\ 3
\\\ O hb
-F \\
A F
S C &
3
(b)
Figure 6.12 Schematic for. (a) cossframe geometry; and (b) brace force

diagram.

The brace force comparisdretween the finite element results aD8A S6 (2006) code
valuesis presented ifable6.10. The horizontal and diagonal brace forces are presented
in the brace force versus vertical load curves for the two, three, and five interior cross
frame arrangements iRigure 6.13. For example, the brace forces for the three eross
frame arrangement presented in the table are identified in the figureespect to the
critical load. It is observed that up to the commencement of buckling, rdeedorce is
practically zero.The brace forces increase siipgantly after buckling occursThe table
shows thatbrace forces developed in crdsame members are dependent on the ratio of
provided to ideal ta@ional stiffness.In the case of two crodsame arrangement where
the ratio of the providetb-ideal torsional stiffness is greater than 2, the finite element
brace forces are lower but close to @8A S6 (2006) specified values.In the case of

three crosdrame arrangementhere the ratio of the providdd-ideal torsional stiffness
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is greater than 1 but less than 2, the finite eletnbrace forces are more thatirges the

CSA S6(2006) specified values.In the case of five crodsame arrangement where the
ratio of the providedo-ideal torsional stiffness is 0.5, tifiaite element brace forces are
about 6 times theCSA S6 (2006) specified values. This indicates that the 1%
compressive force as brace force rule is only valitiefgrovided torsional stiffness is at

least twice the ideal stiffness.

Table6.10 Crossframe bracing forces

FE CSAS6(2006)
(kN) (kN) bprov'(/ bideal
I:Hor. I:Dia. I:Hor. I:Dia.
2 CrossFrames 3.5 6.0 4.9 10.7 2.17
3 CrossFrames 24.3 401 9.8 21.4 1.27
5 CrossFrames 63.5 91.3 10.9 23.8 0.50
160 -
~ 140 A Fror =-24.3 Fpia=40.1 Po=1215
E [ o emmm . =SS . / e Gosmms ¢ Emmmn o =
; 120 — — === -~ | i
S 100 I // I = 2CF - Horizontal Brace
:—; : y : = 2CF - Diagonal Brace
'% 80 1 | | = == 3CF - Horizontal Brace
_i 60 1 : : = = 3CF - Diagonal Brace
(&)
= 40 1 I I = + 5CF - Horizontal Brace
o
< 20 : : — . 5CF - Diagonal Brace
| |
0 T T T T 1

-75 -50 -25 0 25 50 75 100
Brace Force (kN)

Figure 6.13 Applied load vs. brace brce response of crosgrame member.
6.8 FAILURE MODES

All the FE specimens investigated in the parametudysfailed by global bucklingThe
buckled shape presentedhigure 6.14 for all crossframe configurations is in the form

of a half sine wave.Regardless of the number of the crisgne implemented and the
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stiffness of the crosBame, the buckled shape for beams that are braced with only

torsional braces seems to remain in a half sine wave.

(a) Two intermediate cross-frame specimen

— T

(b) Three intermediate cross-frame specimen

(c) Fiveintermediate cross-frame specimen

Figure 6.14 FE buckled shape.
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS

7.1 SUMMARY

This study was conducted to investigate the efficiency of torsional braces provided by
crossframes for lateral torsional stability d¥vin plate girders. The applicability of
lateral torsional stability design procedures containedhéncurrent Canadian Highway
Bridge DesignCode CSA S6 (2006) is also examined.Both experimentation and

numerical analyses were undertaken

In the experimental portion, three tw@iirder specirens were testedubjected to a
midspan loadingvhere two specimens were implemented with only torsional braces in
the form of crosgrames and one specimen with a combination of torsional and lateral
braces. The huckling load andtheload versus defleans responses were presented and
discused in graph anthbularformats. The experimental results were compared with
values obtained from several analytical methods &@®A S6 (2006) code. The

observations and implications were noted and discussed.

Thenumerical portion of the research included the development of a finite element model
and a subsequent study investigate theeffects of several parameters on the lateral
torsional stability ofthe twingirder systems. The finite element model was veeifl

using the test results. The parameters considered in the numerical study included girder
spacing, bracetiffness, and number of braceShe numerical results were used to assess
the accuracy of the current design equations and to provide infornoatitre stiffness

and force requirement for torsional braces in tgimler lateral torsional buckling check.
7.2 CONCLUSIONS

The following conclusions are derived from both the experimental and numerical study of

this research:
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The experimentalesultsdemonstrated that a combination of lateral and torsional
bracing (specimen C2) increaksthe critical moment of the specimen by a factor
of 1.75 in comparison to a specimen braced with only torsional braces.
Incorporatingateral and torsional bracing alabows for beams to be designed to
fail by yielding of the section rather than buckling.

The finite elementresults compared well with experimental results, suggesting
that the finite element modeling is a good alternative for further sttalig®dict

the behavior of twin girder specimens

It is found thatincreasing thegirder spacing linearly increasehe global elastic

critical moment of the twin girder systern increase in the number of torsional
braces results in an increase in critical momentaofwin-girder specimen.
However, this increase is much more significant when the number of interior
torsional braces increases from 2 to 3. The critical momee véeems to
converge when the interior torsional braces are greater than 3. Changing the
brace member size, evema large degree, does not show any significant effect on
the critical moment of the girder systentlowever, thetorsional stiffnesss

dependent on thgirdercrosssection.

The comparison between the numerical results and those obtained from existing
analytical methods provided by Yura (2001) andga et al. (2008) showed that

the analytical methods are reasonably accurate in providmegldstic critical
moment values.One exception is when there amely two interior crossframes
present which results inan 11% (Yura, 2001) 0B80% (Yura et al, 2008)

difference in critical momentalues..

The comparisonfrom the parametric studpetveen the numeri¢aand code
values obtained fron€SA S6 (2006) showed that theritical moment value is
related to the ratio of provided-ideal torsional stiffness. When the ratio is
greater than unity, theurrent lderal torsional buckling equation in the code

providesconservativevalues; when the ratio is less than unity, the code provides
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overesimation of the critical moment.The application of an effective length
modifier further showed that an effective unbeddength can be implemented in
the code equation for evaluation of critical moment for girder systems with
torsional braces onlyA relationship between this effective lengtiodifier and

the ratio of providedo-idealtorsional stiffness is proposed.

1 The brace force study confirmed that for tvginder systems with only torsional
braces, a stiffness equal to twice the ideal stiffness needs to be provided in order

for the A1% comp rbmasedorce desighio becvalid.r ul e o f o

1 The failure modeof all finite element model specimens is by global buckling
regardless of the magnitude of the torsional stiffness. Although further study is
needed, it seems that the global buckling is the governing failure and buckling

between brace points is only tmetical but cannot be achieved physically.

7.3 RECOMMENDATIONS

The following recommendationsare developed from observations during the

experimentabnd numerical study

1 Implement two point loading system to achieve constamhemb region at girder
midspan. This would enable the moment magnifieg (€ - ;) to be considered as

1.0 eliminating some uncertainties in the calculation of the critical moment.

1 Install lateral restraints on either side of the test specimen to prexeegsese
lateral displacements during buckling. Implementing a system that will prevent
the specimen from leaving its bearings will maintain a safe environment during

testing.

1 Install web stiffeners beneath the loading points to minimize the possidility
web distortion which can contribute to increased normal stresses in the

compression flange.
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Modify the loading system to be essentially frictionless. This could be achieved
in a variety of ways: implementation of high molecular Teflon on the roller

suface of the pivot assembly; or construction of a pinned sway frame attached to
a jack secured beneath the specimen with the capability to load by pulling the

frame towards the floor.

Install rosette strain gauges at girder midspan to determine thetutsgof the
strong axiswarping stresseand theweak axisnormal stressethat occur during

buckling.

Residual stresses shoudd considereah finite elemenimodelling.

Torsional braces should be modelled with twice the ideal stiffness to verify that
providing twice the ideal stiffness does minimize the-afuplane deformations

along with the brace force as studied in the parametric study.

Finite element modelling of full scale bridge girders should be conducted to
determine the effects of loadingeight, torsional brace stiffness, material or
geometric imperfections, and unbraced length of girder between torsional braces.
It is suggested that loading conditions similar to those of construction loading be

applied to the finite element model basechon-composite behaviour.
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APPENDIX A

Figure A.
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Figure A.8 Coupon NF 1 stressstrain curve.
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Figure A.10 Coupon NF 3 stressstrain curve.
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APPENDIX B

Table B.1 Critical moment calculation of specimen C312 calculated using
continuous torsional brace stiffness (for Table 4.5; Taylor and Ojalvo,

1966).
Section Properties Critical Moment Capacity:
L= 11000 |mm
E_— 209819 MPT ba = OGO 202“@9” EL“)ZOQ 5s
l, 5 2.91E+0gmm 0 47 2
G35 77000 |MPa
J 5 8.59E+04mm*
h= 349 |mm
i o 9.70E+0fN mm ToE
i+ 1.76E+04(N mm/rad)/mm foy= % See below for calculations ¢
n 4 2 cross-frame torsional stiffne:

Torsional stiffness of single cross-frame:

M K £ 1.03E-08&ad /N mm
—r My b—
"o 'asta
Torsional stiffness of single brace: i = 3.07E+09N mm / rad
S= 760 mm
H
s 9{ Kgo h,= 330 mm
”[8 { L= 800 mm
10 Tk )
Acw= 340 mm
Torsional Stiffness of girder: I 4= 1.00E+08N mm/rad
w GHoLE S= 800 mm4
uHF'T l,= 8.27E+07mm
L= 11000 mm
Torsional Stiffness of web stiffener: leee= N/A Nmm/rad

prevented since web stiffener is weld:
to top and bottom flanges. Therefore
web distortion is prevented.

) Web distortion at cross-frame is

x4 §((be)@) K03

M H

M= 106 kN m Single Beam <N 182 kN m Adequate
M= 212 KkNm Two Beams
versus
Me.exp= 209 kN m  Specimen C1-2
%p =144 %
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Table B2 Simplified critical moment calculation of specimen C12 calculated
using continuous torsional brace stiffnesqfor Table 4.5; Phillips,

1990).
Section Properties
L 511000 mm
E 3209819  [MPa 0 0 '0Q
l,52.91E+06 |mm’
G 377000 MPa
J $8.50E+04 |mm*
=8.43E+10 |mm°
_Te
M,= 1815 kNm without warping Tv= =
11 =89976515.5|N mm/ rad See below for calculations
I 1916359.4 (N mm/ rad)/mm cross-frame torsional stiffne:
Torsional stiffness of single cross-frame MK £ 1.11E-0&ad /N mm
P P P
f 61 1
Torsional stiffness of brace member: i p,= 3.07E+0ON mm / rad
S= 760 mm
L 9{"kg _
sl 5 hy = 330mm
ﬂ,[%b%< L= 800 mm
A= 340mm’
Calculation of €
3 p pn I'9 mm
O - v —
o om T{%F[ G = 0.289474
Torsional Stiffness of girder: I 4= 1.00E+08N mm /rad
M EHOIE S= 800 mm4
uHF'T I, = 8.27E+07Mm
L= 11000 mm
Torsional Stiffness of web stiffener: I see= N/A  Nmm/rad
- o Web distortion at cross-frame is
x4 9(b b M)@?bffé_(_)a) prevented since web stiffener is weld
a MH MH to top and bottom flanges. Therefore
web distortion is prevented.
M, = 99.9 kN m Single Beam <M= 182 kN m Adequate
M, = 200 kN m Two Beams
versus
Merexp = 209 kKN m Specimen C1-2

%p =436 %
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Table B3  Simplified critical moment calculation of specimen C12 calculated
using continuous torsional brace stiffnes¢for Table 4.5; Yura, 2001).

Section Properties

L5 11000 |mm | —

E3 209819 [MPa v = o2 m2 g Py
l,5 2.91E+06 |mm" Ty c,
GF 77000 [MPa

J§ 8.59E+04 [mm’
C,d 8.43E+10 |mm°

M, = 18.15kN m
n s 2

iv= 96807664 [N mm =

i t_ 17601 IN I oy= TL‘C’ See below for calculations ¢
L mm v cross-frame torsional stiffne:

G.,4 126

Goo  1.08

G5 1

Torsional stiffness of single cross-frame system:
MK £ 1.03E-0&ad /N mm

M, M, M
"i'o '3
Torsional stiffness of brace member: Iy = 2.92E+09N mm / rad
HeH = 760 mm
Ny 3 Kg =
0 0 h,= 330 mm
B, °
o 'k = 800 mm
2

Acu= 340 mm
E = 200000 MPa
Torsional Stiffness of girder:

. j g = 1.00E+08N mm / rad
LLEIJMH 9 S= 800 mm

o)
[ I, = 8.27E+07mm’
L= 11000 mm
Torsional Stiffness of web stiffener: I ee= N/A Nmm/rad

of (b b )383 . .0 Web distortion at cross-frame is

i3 gJ@ O—Mb%> prevented since web stiffener is weldt

MH MH to top and bottom flanges. Therefore
web distortion is prevented.

M, = 114 kN m Single Beam <M 182 kN m Adequate
M, = 229 kN m Two Beams
versus
Mcrexp = 209 kKN m Specimen C1-2

%p =-935 %
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Table B4
et al, 2008).

Girder Section Properties
L,=(11000 mm
E =209819 |MPa
=2.91E+06 |mn
G =[77000 |MPa
8.59E+04 |mnt'
8.27E+07 |mn
h, =|349
S 5800
C,=[1.35

(]
11

mm
mm

292 KkNm

204 kN m
versus

209 kN m
=226 %

Mg =
0.7M, =

Mecr-exp =
%o

Global elastic buckling moment of speimen C1-2 (for Table 4.5; Yura

ao 9léDWb—_H9Hlé(léKQHE{H)
S E T

Top Flange loading was not considered |
critical moment calculation based on
previous observations observed by Yeta
al. (2008)

moment resistance of the system
70% of Yura Global Buckling Resistance
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Table B5 Critical moment calculation of specimen C2f¢r Table 4.6, Phillips,
1990).

Section Properties
L 311000 mm [
E 3209819 |MPa M., = l‘(Mg +
I, 42.91E+06 (mm N
G 477000 MPa
J 38.50E+04 |mm*
G, 98.43E+10 |mm

PZh2A
’4 )(1+A)+BTEI). < M,

h 43.30E+02 |mm
S 94.74E+05 |mm
F, =384 MPa

Lateral Brace Member Stiffness:
2

Ay= 582 mm i
E= 200000 N/mm? To= MT
Ly,= 3667 mm
O Y

ip= 5088 N/mm

n=_ 6 [= To€
B,= 278 N/mm 1=
No= 9 mm G = — ! A
o= 0449 1+ 1500—63—
A= 4504 . 0?67y §
= o)
R,= 448224 N Py is the compressive force in the beam expressed B /Ly’
Torsional stiffness of single cross-fram
MK E 1.12E-08&ad / N mm P P P
Toer 1
Torsional stiffness of brace member:
ip= 2.92E+ON mm/rad
S= 760 mm il
hy= 330mm ! 5rj_é Kgo
=
- e
L= 800 mm 0 'K
Acm= 340mm?
Calculation of € o
n r o mm 6 ——
G= 0.28947368 p ommrg
Torsional Stiffness of girder:
Ig= 1.00E+08N mm / rad M G”QLE
S= 80 mm tLH’T

l,= 8.27E+07 mm*
L= 11000 mm

Torsional Stiffness of web stiffener:

J sec= N/A N mm/rad of (b b M) K’gﬁo
a
Web distortion at cross-frame is prevent PN wn b_M
since web stiffener is welded to top and
bottom flanges. Therefore web distortion
is prevented.
Continuous Torsional Cross-Frame Stiffness:
n= 2 <
Tof
i = 89531075 N mm/rad Toy= i
it= 16278 Nmm/rad/mm
M,= 1.81E+07 N mm
My= 3371  kNm (single beam)
6743  kNm (twin beam specimen)
M, = 182 kNm (single beam) * Specimen fails by yielding of the material
364 kNm (twin beam specimen)
versus
Merexp = 364 kN m  Specimen C1-2

%p = 00 %
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APPENDIX C

Table C1  CSA S6 (2006) moment calculation for beam braced with torsional
crossframes (top flange loading not consideredfor Table 4.7).
Section Properties of W360x33:

E =[209819 MPa
|, =[2.901E+06 |mnt
G =77000 MPa
J58.59E+04  |mni'
c,=|8.43E+10 |mnf
Unsupported length of beam:
L=| 11000 [mm . 0
n= 2 cross-frames Vo=t v1
L,= 3667 mm
Calculation c
Mmax=| 1045 |kNm V.
M, = 87.1 kN m J,= G
M,=| 1045 [kNm MZax + 4MZ+7Mp+4M2
M.=| 871 |kNm
o= 1.086
5 _12 oG+ "0 2"@6'
M,= 101.8 kNm °7 D 0, 0
Determine Elastic or Inelastic Range:
Z,=| 5.42E+05 |mn?
F,=| 384  |MPa 0o 06704
Mp,=| 208 |kNm
0.67M,=| 139  |kNm
Calculated Moment Resistance:
ad [= 1.0 0, =00,
M,=| 101.8
versus
Mcrexp = 1045 KkNm (Specimen C1-2)
%p = 257 %
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Table C.2 CSA S6 (2006) moment calculation for beam braced with torsional

crossframes (top flange loading consideregfor Table 4.7).

Section Properties of W360x33:

E =|209819 MPa
l, =[2.91E+06 |mn'
=|77000 MPa
J 98.59E+04 |mni'
=|8.436+10 |mn?
Unsupported length of beam:
L=| 11000 |mm N 0
n= 2 cross-frames Vo=t 71
L,= 3667 |[mm
Calcul ation « /
Mpo=| 1045 —JkNm B ANy
Ma=| 871 [kNm 0T <
@+ amz
My = 1045 [KNm |
M.=| 871 —kNm
] >=| 1.086
¥H = 1.0 (when top flange loading is consider
b= 12 ogar —O g,
M,= 698 kNm 1.204 1.204
Determine Elastic or Inelastic Range
7, =| 5.42E+05 |mn?
F,=| 384 |vPa s 06704
M,=| 208 |kNm
0.67M,=| 139 |kNm
Calculated Moment Resistance:
i |[= 1.0 0; =00,
M, = 69.8
versus
Me-exp= 1045 kN m (Specimen C1-2)
%p =3325 %
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Table C3 CSA S6 (2006) moment calculation for beam braced withorsional
crossframes and lateral in plan bracing (top flange loading not
considered for Table 4.8).

Section Properties of W360x33:

E=209819 |MPa
I, =[2.91E+06 |mn

G =[77000 MPa

J 98.50E+04 |mni'

=|8.43e+10 |mn?

Unsupported length of beam:
11000 [mm 0

n= 5 Brace Points on B1
L,=| 1833 |mm

Calculation o

Mmax=| 184.0 |[kN m
_ _ AMpmax
M,=| 138 |kNm 5,= C
Mp=| 153.3 [kNm M2 + 4M2+7M2+4M2
M.=| 168.7 |kNm
¥,=| 1.181
o 12" o “0?
5 = = + Y
My= 3827 kNm bo =7, 00O+ 5~ &
Determine Elastic or Inelastic Range:
Z. =| 5.42E+05|mn?
F,=| 384 |MPa 06> 06704
M,=| 208 |kNm
0.67M, = 139 kKN m
Calculated Moment Resistance:
a | = 0.280 ;
d 1.0 [)l:].p U[‘D‘h 1 = 0 nf)ﬁ
M,=| 202.9 U
versus
Mer-Exp = 182 kN m (Specimen C2)

%p =-11.48 %
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Table C4 CSA S6 (2006) moment calculation for beam braced with torsional
crossframes and lateral in plan bracing (tg flange loading

considered for Table 4.8).

Section Properties of W360x33:
E =(209819 MPa

2.91E+06 |mm

77000 MPa

8.59E+04 |mmi

8.43E+10

ly
G
J

Cw

mm

mnf

Unsupported length of beam:

L=| 11000 |mm . _ 0
n= 5 Brace PointsonB1 | ® T E+ 1
L,=| 1833 |mm
Calculation o
M max = \lOYI‘S\kN\m 5= AMmax ¢
=
Ma=| 87.1 [kNm — Z o+ AMZ+TMZ+AM2
Mp=| 1045 [kNm
M.=| 871—kNm
] ¥,=| 1.086
¥, = 1.0 (when top flange loading is considered)
12" 2
M= 2305 kNm Vo =155, O9@+ 1355, &
Determine Elastic or Inelastic Range:
Z, =| 5.42E+05|mn?
F,=| 384 |MPa 06> 0670
M,=| 208 |kNm
0.67M, = 139 |kNm
Calculated Moment Resistance:
G |= 0.280 ;
d 1.0 Ulzlp UIL]P,‘] 1 m n n[‘)r‘]
M,=| 178.8 U
versus
Mer-exp = 182 kN m (Specimen C2)
%op =174 %

126



87.1 kN
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M

My / Mipax= 104.5 kKN m

87.1 kN

M. =

¢ BRG.

¢ BRG.
11000
3667 3667 3667
L DIAPHRAGM ¢ DIAPHRAGM
. BEAM 1
O
j=
0|
=S
BEAM 2

Figure C.1 Diagram for calculation of moment gradient ¢ ,) for crossframe only
condition (for Table 4.7).

138 kKN'm

M,
S RNV

153.3kN m
e M = 1687 KN M

=== Mpa= 184 kKN m

Moment Diagram

\<____ [

T T

BEAM 2

L64 x 64 x 4.8 LATERAL BRACING (TYP.)

Figure C.2  Diagram for calculation of moment gradient ( ,) for combination
crossframe and in plan bracing condition (for Table 4.8).
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Table C5  Calculated torsional brace stiffness (for Table 4.7).

L=l 11000 |mm
n= 2 cross-frames 1.200 3
E =| 209819 [MPa (Ko 0082
l, =|2.91E+0gmn’

Torsional Stiffness of Experimental Critical Moment:

C,= 1.086
Mg = 1045 kN m
b; = 1.00E+08N mm/rad VS. Bt-provicea= 9.70E+07N mm/rad

%p =318 %

Torsional Stiffness of S6 Critical Moment (top flange loading ignored):

C,= 1.086
Mg = 101.8 kN'm
b = 9.50E+07N mm/rad VS. Bt-provicea= 9.70E+07N mmv/rad

%p =208 %

Torsional Stiffness of S6 Critical Moment (top flange loading considered):

C,= 1.086
M= 69.8 kN m
b = 4.47E+07N mm/rad VS. Bt-provicea= 9.70E+07N mm/rad

%@ =53.97 %
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APPENDIX D
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Figure D.1  Stressvs strain diagram for beam 1 veb.
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Figure D.2  Stress vs strain diagram for leam 1flange
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APPENDIX E

TableE.1 Sample calculation of Equation [2.23 critical moment calculation
presented in Table 6.1.

Section Properties of Single Be

Ly= 11000 mm ] g
E = 200000 MPf ag " 9léDWb_(LéK§HE{H)
|, = 2.91E+06mm jE

G= 77000 MPa
J = 8.59E+04mn
I, = 8.27E+07mMn
hh= 349 mm

C,= 135
For S= 500 mm Mg= 179 kN m  moment resistance of the system
Mg= 89 kNm  moment resistance of single beam
For S= 650 mm Mg= 228 kNm  moment resistance of the system
Mg= 114 kNm  moment resistance of single beam

For S= 800 mm g= 278 KkNm  moment resistance of the system

g= 139 kN m moment resistance of single beam

For S= 1000 mm Mg= 346 kNm  moment resistance of the system
Mg= 173 kN m  moment resistance of single beam
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Table E.2

Girder Stifiness Component (N-mm/rad)

W360x33 Section Properties

Crossframe torsional stiffness @lculation presented in Table 6.2

L={11000 |mm by = 9.54E+07N-mm

E =[200000 |Mpa "

|, =[8.27E+07mnt ot

S 3800 mm [

Torsional Brace Me mbMmmr&l) i
E S h Le A, by

L19x19x3.2| 200000| 800 340 869 111 [9.00E+09 ‘ g{HKg
L.38x38x4.8] 200000 800 340 869 340 [2.76E+09 ] c-,lJ )
L102x102x] 200000| 800 340 869 2430 |1.97E+1( 'ngb,{—K
C250x30 200000 800 340 869 3780 |3.06E+1(

Torsional

System St;i{(N-mmirads s

by

L19x19x3.2| 1.16E-04

8.63E+01

L38x38x4.8] 1.08E-0§

9.22E+07

L102x102x] 1.05E-04

9.50E+07

C250x30 | 1.05E-0§

9.51E+07
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Table E.3 Equation [2.23 critical momentcalculations presented in Table 6.4

Section Properties of Single Bez
Lg=| 11000 |mm
- H9H Lé

E =| 200000 [MPa ag i 90D We—— (LakiHE ")
I, =|2.91E+0gmm" 3 it
,=|2.

G=| 77000 [MPa

J =8.59E+04mnt’

I, =|8.27E+07mm’

hy=| 349 |mm

Cb = 1.35

For S= 500 mm Mg= 179 kN m  moment resistance of the system
Mg= 89 kN m moment resistance of single beam
0.7My= 63 kN m  moment resistance of single beam

For S= 650 mm Mg= 228 kNm  moment resistance of the system
Mg= 114 kNm  moment resistance of single beam
0.7My= 80 kN m  moment resistance of single beam

For S= 800 mm Mg= 278 kNm  moment resistance of the system
Mg= 139 kNm  moment resistance of single beam
0.7Mg= 97 kN m  moment resistance of single beam

For S= 1000 mm Mg= 346 kNm  moment resistance of the system
Mg= 173 kNm  moment resistance of single beam

0.7My= 121 kN m  moment resistance of single beam
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TableE.4  Calculation of critical moment presentedin Table 6.6 using Equation

[2.17].

Section Properties of Single Beam
L5 11000 |mm % 00
E3 200000 [MPa Ba= 6h02+ 2 gy
l, 4 2.91E+06|mm’* o
G3 77000 |MPa —
J 3 8.59E+04|mm’ M=1 B,
G 3 1

* Crconsidered as 1.0 since top loading results are considered to be negligible for twin girder specimen.

Moment Gradient Factor For Each Cross-Frame Using Equation [2.16] Bag

Max Moment Equivalent to Critical Moment of FEA My
Unsupported &= s ¢
Mmax Ma Mb Mc QJU ot at W 4Me
Two Cross-Frames| 125.1 62.55 125.1 62.55 |1.26491106
Three Cross-Framgs 165.0 82.5 165 82.5 1.2649110$
Five Cross-Frameg  185.6 92.8 185.6 92.8 1.264911015
N ’
Moment Gradient Factor For Each Cross-Frame Using Equation [2.16] Bag Moment Gra_dlent Factor was
A - calculated using the moment
Max Moment Equivalent to Critical Moment of FEA ) .
diagram from the FE Analysis.
Supported
Mmax Ma Mb Mc an
Two Cross-Frames| 125.] 104.15 125.1] 104.15 |1.08685611
Three Cross-Framgs 165 103.13 123.79 144.38 |1.29352338
Five Cross-Frames 185.4 139.20 154.7 170.10 |1.18092272
Two Cross-Frames Three Cross-Frames Five Cross-Frames
J 15 2.55E+04|N-mm/mm J 15 3.82E+04|N-mm/mm J 15 6.37E+04|N-mm/mm
M, 5 17719874|N-mm M, 5 17719874|N-mm M, 5 17719874|N-mm
Gu,=| 1.265 Gu=| 1.265 Gu=| 1.265
Gp=| 1.087 Gp=| 1294 Gp=| 1.181
Mge 1343 |kKN'm Mg 1942 |KN-m MgS 2285 |kKN'm
M, 5 1659 [kKN-m M, 5 165.9 [kKN-m M,5 165.9 [kKN-m
M. Governs Failure Mode M, Governs Failure Mode M, Governs Failure Mode
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Table E.5

Section Properties of W360x33:

Calculation of critical moment using CSA S6 (2006) for two

intermediate crossframes presented in Table 6.7.

E =/200000 MPa
l, =[2.91E+06 |mn'
G =[77000 MPa
J 58.59E+04 |mni'
=|8.43E+10 |mn?
Unsupported length of beam:
L=| 11000 [mm . 0
n= 2 cross-frames Yo =531
L,=| 3667 |mm
Calculation ¢ /
Mmax=| 1045—~kNm | - 4M, o
2= q
M= 87.1 |kNm \@+4M3
M,=| 1045 |[kNm 1
M.=| 871 —KkNm
| —T7=[ 1086
¥y = 1.0 (when top flange loading is consider
. e "o ?
M,= 672 kNm Ub:ﬁ 0@+ o5~ @
Determine Elastic or Inelastic Range
Z, =| 5.42E+05 |mn?
F,=| 350 [MmPa Oy 06704
Mp=| 190 [kNm
0.67M,=| 127 |kNm
Calculated Moment Resistance:
G |= 10 0; =10,
M, =| 67.2
versus
Me.re= 1251 kN'm (FE Results)
%gp =4630 %
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Table E.6 Calculation of critical moment using CSA S6 (2006) for three
intermediate crossframes presented in Table 6.7.

Section Properties of W360x33:

E =| 200000 |MPa
I, =|2.91E+0mn
G=| 77000 [MPa
J ={8.59E+04mn"

C, =|8.43E+1gmn?

Unsupported length of beam:
L=| 11000 [mm 0
n= 3 cross-frames

L,=| 2750 [mm

Calcul ation /

Mmaxzmﬁ\km 5 = AMpmax C
=
M,=| 104.4 |kN m — 2~ AMZ+ TMZ+ AM2
M,=| 125.3 |kN m 1
M. =| 1464KN m
] ¥,=| 1.293
¥,= 1.0 (when top flange loading is considered)
. 1 2u o “0 2" .
. = + .
M,= 107.5 kNm Vo =125, 990+ 15, o

Determine Elastic or Inelastic Rang
Z, =|5.42E+04mn?
F,=| 350 |MPa 0g 06704
M,=| 190 |kNm

0.67M,=| 127 |KNm

Calculated Moment Resistance:

i |=10 0; =00,
M, =| 107.5
versus
Mepe= 167  kNm (FE Results)

%p =35.65 %
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Table E.7 Calculation of citical moment using CSA S6 (2006) for five
intermediate crossframespresented in Table 6.7

Section Properties of W360x33:

E = 200000 [MPa
l, =| 2.91E+06/mnt
G 77000 |MPa

J 5 8.59E+04{mnt

C,, =| 8.43E+10/mn?

Unsupported length of beam:
L=| 11000 [mm 0
n= 5 cross-frames

L,=| 1833 |mm

TT—_calculation /

Mmax: ES‘G)\kNQ 52: 4Mma>< C
Ma=[ 139.2 [KkNm — 2= AMZ+ TME+ AM2
Mp=[ 154.7 [KNm |
M.=| 1701kNm
//yz/= 1.181
¥y = 1.0 (whentop flange loading is considered)
. 12" "o %,
. = + —_— .
M,= 2206 kNm Vo 1.20, oga 1.20, o

Determine Elastic or Inelastic Ran
Z, =| 5.42E+05/mn?
F,=| 350 [MPa M, > 0.67M,
Mp=| 190 |kNm
0.67M,=| 127 |kNm

Calculated Moment Resistance:

i |= 0.28M
= 10 M, = 1.150M, {1 - ?’} < OM,
M,=| 165.9 M,
versus
Mg.re= 1856 kN m (FE Results)

% =10.61 %
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Table E.8 Calculation of torsional crossframe stiffness using CSA S6 (2006)

critical moment presented in Table 6.7.

L=| 11000 |mm 1.200 E-,
E =| 200000 |MPa o m
|, =|2.91E+0gmni

*1.2 factor in equation neglected in calculatioh giince

top flange loading was already considered in the
determination of the critical moment calculation.

Torsional Stiffness of Two Cross-Frame Specimen:
Cy= 1
n= 2 cross-frames
M= 67.2 kNm
b = 4.26E+07N mm/rac  vs. Btprovided= 9.22E+07N mm/rad
%mp =-53.75 %

Torsional Stiffness of Three Cross-Frame Specimen:
Cy= 1
n= 3 cross-frames
Mg = 1075 kNm
b = 7.28E+07N mm/rac  vs. Bt-provideda= 9.22E+07N mm/rad
%o =-21.09 %

Torsional Stiffness of Five Cross-Frame Specimen:
Cy= 1
n= 5 cross-frames
Mg = 2206 kN m
b; = 1.84E+08N mm/rac  vs. Btprovided= 9.22E+07N mm/rad
%mp =99.47 %

140



TableE.9 Calculation of effective length using CSA S6 (2006) critical moment

calculation for two intermediate crossframes presented in Table 6.7.

Section Properties of W360x33:

E =/200000 MPa
l, =[2.91E+06 |mni'
G =[77000 MPa
J 58.59E+04 |mni'
Cy=[8.43E+10 |mn?
Unsupported length of beam:
L=| 7551 |mm . 0
n= 2 cross-frames Yo =571
L,= 2517 |mm
Calculation ¢ /
Mpa=|  1045~kN.m . 4M,
2= q
Ma=| 87.1 |kNm \@+4Mg
My=| 1045 |kNm ]
M= 871 —kNm
| —T7=[ 1086
¥y = 1.0 (when top flange loading is considet
M,= 1251 KkNm 0o = 1.2200 0@+ 155, W
Determine Elastic or Inelastic Range
Z.=| 5.42E+05 [mn?
F,=| 350 |MPa 0o 06704
Mp=| 190 [kNm
0.67M, = 127 kKN m
Calculated Moment Resistance:
i |= 10 0y =nby
M,=| 125.1
versus
Mere= 1251 kNm (FE Resutts)
%m = 000 %
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Table E.10 Calculation of effective length using CSA S6 (2006) critical moment
calculation for three intermediate crossframes presented in Table 6.7.

Section Properties of W360x33:

E=[ 200000 [MPa
l,=| 2.91E+06 |mni
G 77000 [MPa
J3 8.59E+04 [mmi'

C,=| 8.43e+10 [mn?

Unsupported length of beam:

L= 8547 |mm . 0
n= 3 cross-rames | Y0 T 11
L,= 2137 mm
Calcul ation /
M max = - kN m AMpax
\PE S
M, = 1044 |kNm \@Eﬁ amz
M,=| 1253 |kNm m
Mc=| 1464 [kNm
] ¥,=| 1.293
¥, = 1.0 (when top flange loading is considered)
. 12" ‘o %
M,= 1670 kNm Ve = 1.2206 OO+ 155, o
Determine Elastic or Inelastic Range
Z.=| 5.42E+05 |mn?
F,=| 350 [MmPa 0o 06704
Mp=| 190 [kNm
0.67M, = 127 kN m
Calculated Moment Resistance:
G |= 1.0 0y =10,
M, = 167.0
Versus
Mer.Fe = 167 kN m (FE Results)

%p = 0.00 %
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Table E.11

Calculation of effective length using CSA S6 (2006) critical moment

calculation for five intermediate crossframes presented in Table 6.7.

Section Properties of W360x3:

E = 200000 [MPa
l, = 2.91E+06/mnt
= 77000 |MPa
J 5 8.59E+04{mn
C, = 8.43e+10mn?
Unsupported length of beam:
L=[ 12091 [mm ,‘
n= 5 cross-rames | Y0 T
L,=| 2015 {[mm

TT—__calculation

Mmax = EFG\M 5,= AMmax c
= ——
Ma 139.2 kN m aX+ 4M§+ 7M€+ 4Mg
Mp=| 154.7 |KN m —
M.=| 1701—kN m
e 1181
¥, = 1.0  (whentop flange loading is considered)
1 “ 2
M,= 1856 kNm Vo =125, 99O+ 155, o
\Dgermine Elastic or Inelastic Ral
Z, =15.42E+05mn?
F,=| 350 “[MRa M, > 0.67M,
Mp=| 190 |kNm
0.67M,=| 127 |kNm
Calculated Moment istance:
G | = 0.28M
i |=+0 M, = 1.150M, {1 - ”] < oM,
=| 155.7 u
versus
Mepe= 185.6 kN m (FE Results)
%p =16.10 %
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TableE.12 CSA S6 (2006) critical moment calculation with two crosframes
loaded through shear center (for Table 6.9).

Section Properties of W360x33:

E=| 200000 |MPa
l,=| 2.91E+06 |mnt
G=| 77000 |MPa
J5 8.59E+04 |mni'

c,=| 8.43e+10 |mnf

Unsupported length of beam:

L=[ 11000 [mm N
n= 2 cross-frames Yo =571
L,= 3667 mm

Calculation ¢

Mmax = 125.1 |[KN'm
M.=| 1084 |kNm 5,= Mmax q
M,=| 1251 |kNm MZax + 4MZ+7MZ+4MZ
M.=| 1084 |kNm
¥,=|  1.069
A “0°%
M,= 963 kN m Do =75~ 0@+ 5~ "o
Determine Elastic or Inelastic Range:
Z.=| 5.42E+05 |mn?
F,=| 350 |MPa 0o 06704
Mp=| 190 |kNm
0.67M, = 127 kN m
Calculated Moment Resistance:
i [= 1.0 D=0,
M, = 96.3
versus
Merpe = 125.1 KN m (FE Results)

%p = 23.04 %
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TableE.13 CSA S6 (2006) critical moment calculation with three crosfames
loaded through shear center (for Table 6.9).

Section Properties of W360x33:

E =| 200000 [MPa

|, =|2.91E+0gmnt

G=| 77000 |MPa
J =58.59E+04mn'

C, =|8.43+1qmn?

Unsupported length of beam:

L=| 11000 |mm . _ 0
ns 3 cross-frameg |0 T £+ 1
L,=| 2750 [mm

Calcul gtion
Mmax=| 167.0 |kN m

M.=| 104.4 |[kNm 5,= AMmax C
M,=| 125.3 [kNm MZax + 4MZ+7TM2+ 4M2
M.=| 146.1 |[kNm
¥,=| 1.293

“ wyy 2
My= 190.7 kNm ﬁé=1526 oga+ U—:) @0

Determine Elastic or Inelastic Ran
Z, =|5.42E+09mn?

F,=| 350 |MPa M, > 0.67M,

M,=| 190 |kNm

0.67M,=| 127 |kKNm

Calculated Moment Resistance:

a |=1.0 . . 0.280 4,
Ui =1lpuu, 1

ni)r«]

M,=| 157.4 i
versus
Mgre= 167 kN m (FE Results)

%@ =576 %
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TableE.14 CSA S6 (2006) critical moment calculation with five crosframes
loaded through shear center (for Table 6.9).

Section Properties of W360x3:

E =| 200000 [MPa
|, =|2.91E+0gmn
77000 |MPa
8.59E+04mnt"

8.43E+10mnT

J
Cw

Unsupported length of beam:
L=| 11000 [mm 0
n= 5 cross-frameq B

L,=| 1833 |mm

Calcul ation

Mpa=| 185.6 |kN m Y
M.=| 139.2 [kNm 5 ,= max ¢
M,=| 154.7 |kN m MZya + M2+ 7M2+ 4M2
M.=| 170.1 |[kNm
¥,=| 1.181
R B R “'02" .
M,= 365.7 kNm Us = O og+ By (@1

Determine Elastic or Inelastic Ral
Z, =|5.42E+0gmn?
F,=| 350 [MPa M, = 0.67M,
Mp=| 190 [kNm
0.67M,=| 127 |kNm

Calculated Moment Resistance:

a =10 " o 0.280 0
Uy =1puoi, 1 = oy
M, = 186.5 0
versus
Mere= 185.6 kN'm (FE Results)

%o =047 %
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TableE.15 AISC 360 (2010) critical moment calculation with two crossrames
loaded through shear center (for Table 6.9).

W360x33 Section Properties

E 5 200000 [Mpa o —
l, = 2.91E+0gmnt 9=28"2 1, 00782 Y%

’? Iu
S, =| 4.74E+05Mpa l“~‘” b8

a

J ={ 8.59E+04mni’
C, =| 8.43+1gmn?

ce 1
ho3 3405 |[mm

2

o= 1044.92 (® ]}
= 32.33 !

[exN)

Unsupported length of beam:

=| 11000 [mm b
= 2 cross-frames Og = Y]
Lp=| 3667 |mm

Calculation of G;

Mmax=| 125.1 [kNm . 12.50 ¢

M.=| 108.4 |[kNm 06 350 4 + 305+ 405+ 30 g

Mp=| 125.1 (KN m

Mc.=| 108.4 [KNm

C,=| 1.068

Fer = 203 MPa (critical buckling stress in accordance with AISC)

Mcr= 962 KkNm (critical moment in accordance with AISC)
versus

Mc.ss= 96.2 KN m (CSA-S6-06 Critical Elastic Moment; top flange load height neglect:

%p =-0.04 %
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TableE.16 AISC 360 (2010) critical moment calculation with three cros$rames
loaded through shear center.

W360x33 Section Properties
E=| 200000 |Mpa - —
|, =| 2.91E+06 |mnt g =22 14 00780 b
=| 4.74E+05 |Mpa o LRI
J = 8.59E+04 |mnt
C, =| 8.43E+10|mnf
(= 1
ho3 3405 |mm

= 1044.92 @

e= 32.33 !

QN
1

Unsupported length of beam:
L=[ 11000 |mm b
n= 3 cross-frames Og = i1
Lo=| 2750 [mm
Calculation of G
Mmax=| 167.0 [KN m B 12.50 4 ¢
0 = = = = =
Ma=| 1044 |kNm @ 250 g+ 30 g+ 40 o+ 30 g
Mp=| 125.3 |kNm
Mc.=| 146.1 |[KNm
C,=| 1.250
Fo = 389 MPa (critical buckling stress in accordance with AISC)
Mcr = 184.3 KkNm (critical moment in accordance with AISC)
versus
Mc.ss= 190.7 KN m (CSA-S6-06 Critical Elastic Moment; top flange load height neglect:
%p =338 %
My = 1659 kN m Material will yield prior to buckling; Therfore yielding governs desig
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Table E.17 AISC 360 (2010) critical moment calculation with five crosdrames
loaded through shear center (for Table 6.9).

W360x33 Section Properties

ES 200000 [Mpa _ .
_ 2 e 057 w  Og
Iy =| 2.91E+06|MM @=— 1+0078 55 —
- [
S, =| 4.74E+05|Mpa - b 4
a
J 5 8.59E+04|mmi’
Cy =| 8.43E+10{mn?
C= 1
hog 3405 |mm
o= 1044.92 &0
v
e= 32.33 1d =y
Unsupported length of beam:
L= 11000 [mm 5
n= 5 cross-frames 0= 3
e+ 1
Lp= 1833 |mm

Calculation of G
Mmax=| 185.6 |kN m ; 12.50 4 ¢
M,=| 1392 |kNm 00T B0 4+ 30+ 405+ 30 g
M,=| 154.7 |kNm
M.=| 170.1 |kNm

Cy,=| 1.154
Fer = 754 MPa (critical buckling stress in accordance with AISC)
Mcr= 357.3 KkNm (critical moment in accordance with AISC)
versus
Mc.ss= 365.7 kN m (CSA-S6-06 Critical Elastic Moment; top flange load height neglect:

%p =229 %

My= 1659 KkNm Material will yield prior to buckling; Therfore yielding governs desig
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TableE.18 CSA S6 (2006) brace force calculation for two intermedi&t cross
frames (for Table 6.10).

Two Cross-Frames

Mg = 125.1 kNm/beam

CF1 CF2

M @ Cross-Frame Locations 125.1 kN-mx 3.667 m/55m: 834  kN-m/beam

Fhorizontai

0

5~ T8p MoQ&a i

hy= 340 mm
# beams = 2

Fhorizontal * 4.9 kN

FDiagonai "0 ¢ O

L.= 8728 mm
S= 800 mm

Frorizontar © 10.7 kN
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TableE.19 CSA S6 (2006) brace force calculation for three intermediate cross
frames (for Table 6.10).

Three Cross-Frame

M = 167.0 KNm/beam

CF1 CF2 CF3

M @ Cross-Frame Location CF2: 167.0 kN-m/beam

Fhorizontai "0 UTh mdtp MOQKHA i

hh= 340 mm
# beams = 2

Fhorizontal ; 9.8 kN

FDiagonai "0 < O 0

L.= 872.8 mm
S= 800 mm

Fhorizontal ; 21.4 kN
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Table E.20 CSA S6 (2006) brace forcecalculation for five intermediate cross
frames (for Table 6.10).

Five Cross-Frames

M = 185.6 kNm/beam

N ARV
R (I

CF1 CF2 CF3 CF4 CF5

M. @ Cross-Frame Location CF3: 185.6 KkN-m/beam

I:horizontai

0

0 T3ip NQwa i

h= 340 mm
# beams = 2

Fhorizontar © 10.9 kN

Fbiagonai ” C O

I:horizontal : 23.8 kN
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