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Abstract

Extended Direct Analys (EDA), developed at the Urawsity of Canterburyis an
advance on the AISC Direct Analysis methiod the analysisof frames subjected to
static forceseDA provides a faster, simple and more rational way to properly consider
the secongrder effects, initial residual stress@RS) and the initial imperfections for

steel structures under one directional loading ttmarventional analysis methods.

This research applied tieDA method to quantify the effect of member overstrength on
frame behaviour for a single storey frame. Also, the effectR§fwhich wereincluded

in the EDA static analysis, but which are nairnsidered explicitly in notinear seismic
analysiswereevaluated in two ways. Firstly, theyereconsidered for simple structures
subject to increasing cyclic displacement in different directions. Secondly, incremental
dynamic analysis with realistic @and motionwasused to quantify the likely effect of

IRSIin earthquakes.

It was foundthat, contrary to traditional wisdom and practigeeater member strengths

can result in lower frame strengtifier frames under monotonic lateral loadinbhe
structual lateral capacity of the ewstrength case was reduckey 6% compaed to the
caseusing the dependable member streng#iso, it resultedsignificantly different in
member demands. Thereforeisi recommended that when eitlpdastic analysisor EDA

Is used, that both upper and lower bounds on the likely member strength should be

considered to determine the total frame strength and the member demands.

Results ofpushpull analysis under disatement control showed that fiRSratio, g <
0.5 and axibcompressive force ratid\'/Ns, up to 0.5,IRS did affect thestructural
behaviourin the first half cycle. Howeverthe behaviorin the later cycles wasot
significantly affected. It also showed that the effect of initial residual stresses in the
framewas less significant than for the column alone when the column was subjected to

similar axial compressive force.

The incremental dynamic analysresults from both cantilever column and the three
storey steel frame showelat by increasingg = 0 to 0.5, theeffect of IRS on seismic
responseshased on the 50% confidence leveds less than 3% fdd /Ns, up to 0.5.
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1 INTRODUCTION

1.1 BACKGROUND AND RESEARCH MOTIVATION

Steel frame structures are widely constructed around the world in many different
countries. To ensarsatisfactory performancdesignmethod are used. Thesmethods
considemany factorsincluding the structuralstrength stiffnessand stability. Design is
generally conducted with aid of amalysis technique. It important to ensure that the

analysisechniquesreusedto approximate the frame behavi@adequately

Traditionally and commonly in New Zealand, computer tools usingplsi first-order
elastc analysis ardeing used. De to therecent increase in computer processing power
and the availability of more advanced software, material nonlineaggypmetric
nonlinearity, initial imperfections and combinations of actiomsy now be considered
Tableli 1 presentgshreemethod used in design for frames subject to static loads. These
are theNZS3404 Appendix Fmethod (NZS34041997) ¥, the seconeorder inelastic
aralysis methocused in computeprogrammessuch asSAP2000!*? and Mastan2'¥,
andthenewly introducedExtended Direct AnalysisEDA) method(Lu et al. 2008§> 3.

Tableli 1: Summary of Current Methods

ethods NZS3404 Second Order Inelastic Extended Direct
Detali Appendix F analysis programmes Analysis (EDA)
st . nd . .
Type qf 1™ order e_Iastlc oM order inelastic analysis 2" order mglasuc
Analysis analysis analysis
Geometric None Frame coordinates change Frame coordinates
Nonlinearity in models change in models
Initial Out-of- Additional notional Additional notional loads/ Additional notional
Plumbness loads Change in frame geometry loads

Initial Residual
Stress

Column curves
check each member
individually

Column curves
check each member
individually

Stiffness reduction
factor (SRF)

In-plane Check

Manually

Manually

Automatically

For the methods used in Appendix F of the New Zealand Steel Structures Standard
(NZS3404:2007), and for those using seconder inelastic analysigfter the computer
analysis has been conductednumberof additional checks arstill required as part of

the design proces€n the contrary, Extended Direct Analysidhich is an extension of



the AISC Direct Analysis method”, requiresno additional memberin-plane checks
since nitial imperfections (e.g. oudf-straightnesand outof-plumbnes} initial residual

stresses, member dependable strengths and section plasti@blsobeenconsidered.

The analysis/design methods described above generally usebenedependable
strengths and there are concerns that these methods may not be adequate for the design of
structuresunder nonotonic loading. It is becausbe member may be significantly
stronger than the minimum (dependable) possible strength due tonseatiations,

material yieldng strength variation, strain hardening and floor slab effect.

The second concern is that low-rise steel framas subject to wind loadingyherethe
wind may come from different directions Wwitlifferent magnitudeghe response from

cyclic loading may be more critical than fralre monotonic analysis.

Also, in most analyses for earthquake design of steel fraseeon initialresidual stress
effects andnitial imperfections areseldom considred explicitly in the anabs possibly

resulting indeterioratiorof structural performance.

1.2 RESEARCH OBJECTIVES

The objectives of this researelne to address the concerns described above by seeking

answers to the following questions:

i) Can the consideration of member oversfth, rather than the member
dependable strength, result in significantly different element demands or a weaker

overall structure strength?

i) How likely is the response of steel frames with initial residual stresses affected by

cyclic loadings, such as magaur from wind?

iii) Is the seismic response of steel frames likely to Hendentally affected by

member initial residual stresses?

iv) Based on thanswers to the questions abpkiew should steel frames need to be

analysed/designed?



1.3 THESIS OUTLINE

A general gerview of theAISC Direct Analysis methodaindthe methods imable 17 1
are described i€hapter 2ogether with information about member overstrength values
and initial residual stress distributionShapter 3 described the contaiion analysis

software used in the research.

Chapter 4llustrates the effect ofoverstrength on the plastic response of the steel frames

Chapter Sdescribes how OpenSEES was used in the analysis and hot the initial residual

stresses were considered.

Chapter 6 describes tmember and frame modealsed for both the static and dynamic

analysis. It is includes the dimensions of the model, mass and the member used.

Chapter 7 presents the effects of the initial residual stresses are inchairdoth the
monotonic and puspull responses. Theisenic responses of the framesnsidering the

initial residual stresses in the seismic analysis are presented in Chapter 8.

Chapter9 presents the conclusions$ the research, discussion on timitations andthe

recommendationfor the future studies.






2 LITERATURE REVIEW

2.1 AISC DIRECT ANALYSIS

Studies on th®irect AnalysisMethodhave been carriedut in the USA by White and
Clark (1997), Surovelaleck and White (2004)and Surovek et al. (2005amongst
others Results of this work have beercorporatednto the2005 AlSCspecificationfor

the design of steel structurééey elements of th®irect AnalysisMethodare described

below.

(a) Frame Oubof-Plumb Effects

The destabilizing effects of frame eoftplumb can be included bynodifying the
geometry used ithe analysis model. The AISC specificatiokppendix 74, assumes an
out-of-plumbness in the structure of each storey height divided by 500. This is the
maximum outof-plumbness permitted by trepecifcation. The AISC also permitan
alternative, the use of notional loaas shown by Eq.-2, which in this case equals 0.002
times the factored gravity load effects on a given storey. Here, notional #&wads
artificial lateral forces that are applied to the structure at each framing level in the

direction that adds to the destabilizing effects of the load combination being investigated.

The notional | oads are appl i etingteffectsoie st r u
geometric imperfections, nadeal conditions (such as incidental patterned gravity load

effects, temperature gradients across the structure, foundation settlement, uneven column
shortening, and any other effects that could induce swaystimat explicitly considered

in the analysis), inelasticity in structuraembers or combinations therddiSC, 2005).

For cases when the ratio of secanrder drift to firsto r d e r ,fl ghdoestnot gxceed

1.5, the imperfection or equivalent rarial load neeslonly be applied in the gravity

only load combinations and not in combination of with other lateral loads (AISC 2005,
Appendix 7.3(2)).

N, =0.002 Eq. 21

where

P
1

i = Notional lateral load applied at levigkN

<
I

Gravity load from LRFD load cobination or 1.6 times the ASD load
combination applied at level



(b) Partial Yielding, Residual Stress, and Member-QftGtraightness Effects

Since partial yielding, accelerated by the presence of residual stresses, could potentially
affect thestiffness & the frame, especially with members under high levels of axial force,
these factors are considered in the analysis. The reduced flexural stihegsts, given

by Eq. 22, with the factort, defined inEq. 23 (AISC 2005, Appendix 7.3(3f}. The
reduced axial stiffnes&Aes, iS given inEq. 24 and it uses a 0.8 factor similar to that
appearing irEq. 22, although ndy, factor is included. The parametdyin the equations

below is the section axial foe capacity.

El,, =08,El Eq. 22

1.0 forN— ¢05
N Eq. 23
4N—%- N—g forN—>0.5
N ¢ N, 2 N

S

t, =

——— —> ———>

S

EA, =0.8EA Eq. 24

These factors, including partial yielding, residual stresses, anof-gtitaightness, along
with the possibility of norconcentric axial loading and the requirement for a strength
reduction factoff (resistace factor in US notation) are represented in the design check
for compression members, which is giventy. 25. Here,t is thestiffness reduction
factor (SRF) equal t&El/El and given in Eq. 5 and shown inFigure 2i 1. The
difference between the Euler buckling cuNg,er and the AISC (2005) columdesign
curve N; may be used to obtain tawhich is defined asl ¢oud! eue)?. It includes the

effects of inelasticity with residuatresses and member aitstraightness.

* ?(El 2
N <AN,=F7 ( z)eﬁ =r P or i

Euler Eq 25

10 for E— ¢ 0.39

238914\LI

. Eq. 26
for N— >0.39
N
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Figure2i 1. AISC steel column design curve

Because the AISC column curve uses the value of 0.877 to account for the impact of
initial out-of-straightness on the behaviour of slenddurmms, this value could be used

to obtain a stiffness reduction factoy and can be dered directly by ( coud! 0.879% It
considers only the effects of partial yielding and residual stndgsh isgiven by Eq. 2

7. Thisequation is different from Eq-@ because fgnores the oubf-straightness effect.

*

e
i 1.0 form— ¢0.39
0 s
t, =1 AN AN 66 N’ Eq. 27
1. 2.7248&|n e &0 for — >0.39
|l é:a\ls C'Vs —+ Ns

Curves given byeq. 23, 26 and2-7 are shown irFigure2i 2. It should be noted that the

t curve considering outf-straightness is similar to 0.87indicating that the effect of
out-of-straightness is roughly equivalent to reidgcthe column stiffness by 12%.may

be seen that the AISC recommendation ot 0i8 similar to thet, for high axial loads
(N'/Ns > 0.7), indicating that the owlf-straightness effect is not included here. This may

be because geometrical imperfectiamne considered by the notional loads.
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Figure2i 2: Comparison of stiffness reduction factors

Since that outof-straightness usually does not impact the performance of stocky
members (e.g., with < 1.0), hence, the 0.87®ductionsmay seem overly conservative
for general applicationThe AISC specificatioruses the moresimple equationthus
giving a stiffness reduction factor of 0,8In lieu of usingt, < 1 when N'/Ns > 0.5,t}, =

1 is permitted AISC Appendix 7.3(4) providing thatan additive notional load with a
value of the 0.001 times the factored gravity load which is added tonoti@nal load

required in (a).

(c) Appropriate @nsideration oSecondorder Geometri&ffects

The AISC specification requires that secander effets be considered either through
the use of moment amplification factors, which is limited to conditions wheemnatio of
secondorder drift to firstorda  d r, fgidoesmot exceed 1.6y by use of rigorous
geometric nonlinear analysis. In order to ensure that a sexded analysis method is
accurate, AISC (2005) provides two benchmark probjeassgiven inAppendix A
requiring that the analysmsolution is within 3% of the given theoretical solution when

Mma{Mo andymalyo are greater than 2.5.

2.2 EXTENDED DIRECT ANALYSIS (EDA)

2.2.1 Description of Extended Direct Analysis
Extended Direct AnalysidEEDA) is an extension of AISC Direct AnalysiBN1) andwas

developed from University of Canterbuly. EDA methodis consideredto be more

sophisticatedhan conventional méhods such as Appendix F methiodthe NZS3404



because EDA considers the critical ttas all togetherin a more transparent wain
addition, this methodcan produce economicdéesignsvhencomparedwith the standard
codebased methods and can produce better estimation of frame behaviours that are
sensitive to secondrder effectd® 3.

The main concept of EDA is that both the model and analysis are so realistic so that
specialchecksdo not need to be made for desidine important elements for EDA, as
partiallymentionedn Tableli 1, are describetielow:

1 Initial residual stress, odf-straightness and accidental erection are considered by
means of &tiffness reduction factor6SRF defined as the ratio of effective flexural
stiffness,Elex, over elastic flexural stiffnesg|, arederived from the column curves
given in NZS3404as shown irFigure2i 3 (Lu et al., 2008). They arefunction of
the ratio of applied axiaforce,N’, over the section axial capacitys. Therefore, it
needs tde updated when the axial force chandéfive curves, froma,=-1to1,

correspondo the five different initial residual stress categories of the column curves.

[
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Figure2i 3: Stiffnessreductionfactor(SRF for NzZS340423

o

1 To account for destabilizing effects of geometric imperfectionf sganitial owtof-
plumb, nonrideal conditions such as foundation settlement, incidental patterned
gravity load effects, temperature gradients and uneven column shortestiogal
loads areused In EDA, theseare same as the notional loadsommendecth the US

Direct Analysis approaclfAISC, 2005). They arealculated byEq. 21 andare



requiredto be applied independently in two directions as a lateral load in all load

combinations and in addition to other lateral loads

1 To account fothe statistichvariations ofmaterid and sectional propertiestrength
reduction factorf, are used from thetandard. Both material yield strengtlif,, and
elastic modulusE, are multiplied by f to be the input values for the analysis

given by Eqg. 29 and 2-10 below. This is consistent with the US Direct analysis

approach.
Epu =E Eqg. 29
fy,input - ffy Eqg. 210

1 Second order effegsuch as global anadt¢al Rdelta effects are considerddectly
by analysisprogrammes that are able to perfoagequatesecond order analysié.
special provisiorgiven in ANSI/AISC 36605 2005 Cluse C7,&s mentionedh the
previous section andlsoattachedn Appendix A providesbenchmark proleims to

evaluate the accuracy cbmputer programmes to model second order effects.

2.2.2 Procedure ofperforming Extended Direct Analysis
EDA may be performed as follows witktandard elastic comput@rogrammes that
adequately consider secendereffects and section plasticity:
a) Construct a computational model of the frame using &g, andfy inpu: from Eq.
2-9 and Eq. 210.

b) Compute the notional forces and apghlemin the critical direction

¢) Run an initial analysis with rigorous seceordler inelastic software to obtain the

axial forces for each member;

d) Calculatethe plastic momeniyl,, considering the moment axiédrce interaction
and stiffness reduction factors faa member based on the member axial force
level. The stiffness reduction factoBRF, can be obtained beither of the

following two methods:

1 Actual SRFvalues can be fourdirectly fromFigure2i 3 or table!?.
1 SRF valuesiso may bepproximatedy Eq. 211andEq.2-12.
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SRFEL— 5 Eq. 211
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1+cR- Q
2 [N, [0
c=15*exp(- 1.8, )- 0.35 Eq. 212

e) Multiply the stiffness reduction factor the second moment of ardafor each

member

f) Reperform the secondrder inelastic analysisintil the forces in the frame
memberonverge to be the same as those used to compusRhe

g) Check the design criteria such as bending moments, axial forces and the
deflections of the frame. Alsaf the frame collapses under the applied loads,
then tke design may not be satisfactory. On the other hand, if it does not collapse,
then it is satisfactory for this limit state case. Each load oegeired tobe
checked separately.

The procedure described above can be carried out manliatign also beperformed
automaticallyby analysis softwar& >4 To achieve this, the compuitatal software
must incorporate the SRF values aodsider moment axidbrce interaction. Moreover,
the applied loads should be applied in small incremamismember stiffness and plastic
momentarealsoupdated at each load incremehgain, if the frames collapse, the design

is no good. On the contrary it does not collapse, then the desiggood

2.3 CURRENT DESIGN METHODOLOGY

2.3.1 Member dependable strength(f R,) in Limit States Design

In moderndesign of struct@sin New Zealand or around the worldimit State(LS)
design isthe mostwidely used degn approacHor all types of structureslhe approach
requires theeach structural design satisfigse two principal criteria which are the
ultimate limit state (ULS) and the serviceability limit state (SaS¥ktated in Section 2 of
AS/NZS 1170.002". The definitionsof these two principal criterigivenin Clauses
1.4 are:

11



1 Serviceability Limit State are defined asthe fstates that correspond to
conditions beyond which specified service criteria fortracture or structural

el ement are amdp | onger met o

9 Ultimate Limit Stats aredefined ashei st at es associ ated with

other similar forms of structural failuge

In the design of thesteel structuredy usingthe limit state theorythe dependable
strengthsf R,, of the member and connection are normally usedekampleClause 3.3

in NZS3404showsthat the design capacityk,, shallnot beless than the design actions,
S, for all members and connections wh&gs the nominal capacity dhe sections or
the connectionandf is the load reduction éor orload resistance factor, atlis from

the combination of factored loads. The dependable strength may be condmered

represent the minimum likely strength.

Theloadresistance factor®r load redation factor$, f, used ar¢o take account ofhe
likely variations in material stressrain characteristics, the cressction properties,
structural deterioration due to corrosion or fatigue and consequenceslohgthe limit
state.For the designof the steel structures in Nfhef = i9gerterally used for the
section capacitysuch as flexural or axial force capaci#y complete listof the f are

given in Table 3.3 in NZS®4:1997 for the sections and connections

2.3.2Member overstrength (f ;R,) in a Capacity Design approach

In current seismic design practices, apart from the checks of the dependable strength
criteria, it is alsamportant to consider the owrengtls of the sectionslt is especially
important in thecapacity design concefPark and Paulay 1975%ince it encourage
ductile performanceFor moment frame structures, it can be used to encourage specified
mechanisms uc h as w@ly @ a mewhichaisgerserally more ductile than the
Acol-uwnay 06 o r mecbahism as illusated inFigure 2i 4. As seen fronmthe
figures, thebeam sway mechanism has plastic hingabenbeams andt thebase of the

ground storycolumns.

12
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Figure2i 4. Structural deformadin mechanismior frame structures

The desird failure beamsway mechanism is achieved by ensuring that the secondary
members such as columnswhich are not expected to yieldan resist the maximum
forces generated from the primary members such as beatingut reaching their
strengths The maximum forcesor the ovestrength capacityf ,R,, can be obtained by
multiplying the overstrength factor anithe membemominalcapacity This overstrength
factor considers the effect tdie material having highergld strength than the nominal
value, strainrhardeningand the member size being larger than the nominally specified

valueand the slab effect

Clausel2.2.8in NZS3404 shown inTable2i 1 below, presers thatoverstrength factors

should be uge for different types of membeand steel gradeslhere aredifferent
overstrength factors fothe active links inthe eccentrically braced framem this table,
category 1 members are expected to sustain large amoumeglastic action, while
category 2 members are expected to sustain less, and category 3 members should remain
elastic. Members from outside Australian and those of higher grade steels tend to have

larger overstrength values then those shown in the table.

Table2i 1: Overstrength factors for normal membevigh Grade 300 steel produced in
Australian and New Zealand

Category 1 Category 2 Category 3

members members members
Strain hardening (f os) 1.15 1.05 1.00
Material variation (f o) 1.20 1.20 1.20
Overstrength Factor (f oms) 1.25 1.15 1.10
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In the current design practicethe overstrength demantly,s must be less than the
dependable capacitiebR,, shown inEqg. 213. Here the beam ithe yielding element

with a nominal strengtifpeam and the column is designed not to yield. It has a nominal
strength,Fcoumn It should be noted that dynamic magnification effects have not been
included in this equation. Foexample, for a category Australia Grade 300 steel

membey from the above tablé,s= 1.15 and om = 12 andf = TBe.n@ximum force

that the beam can produce is therefbge om (= 1.15x1.2 = 1.38}imes the nominal

force. The overstrength used for desigfioms = fosfom( = 0. 91 1. 38 = 1. 242
given inTable2i 1.

Demand ¢ Capacity
f gmfosteam: fomsteam:1'25Fbeam ¢ chqumn: 09F

columr

Eq. 213

2.4 DIRECT ANALYSIS FOR SEISMIC DESIGN

Recent studies have been conducted to expand the application and benefits of the Direct
Analysis method (DM) in seismic frame®Kazaki, Parkolap and Fahnestock (2069)

). The main objectivesof the project are as follows. First, to clarify how the DM
addressesasmic effects; secondly, to evaluate how the DM including plastic analysis,
termedidi recpl @as¢taiseci bi nge analysis, 0 addresse

identify research need related to the interface of the DM and seismic design requirements.

Preliminary analyses were conducted using 3, @ 2@story special steel momen
resisting framesIMRF$ which were extracted from the SAC projeand three different

levels of seismicity were considered. The dimensions, layout, section sizes and weight of
SMRFs were based on the pMerthridge design models reported by Gupta and
Krawinkler (1999)®. Both monotonic and cyclic analyses were conducted to evaluate
and clarify how the DM addresses seismic effect. For monotonic behaviour, five different

methods were used which are:

1. Secondorder distributed plasticity analysi®PA) - It was performed by using
OpenSEEswhich considered both initial imperfections anditial residual

stresses;

14



2. Direct elastieplastic hinge analysisDM-EP) 7 It was ky using SAP200019.

Here 20% reduction of elastic stiffness was used;
3. Secondorder analysis§OA with unreduced material elastic stiffness;

4. Firstorder analysisROA) with additional notional loads of 0.42% of the gravity
loads and with unreduced magétrelastic stiffness.

5. Plastic analysis.

The initial residual stress distribution they were using is according to Galambos and
Ketter (1959 [, While they applied the distribution directly into their analysiey did

not show whether those were related to any specific column curves.

The cyclic pushover analyses were conducted to examine the influence of the initial
imperfection and initial residual stresseffects on the cyclic behaviauBoth analyses
with and without these effects were performed and compared against each other.
OpenSE was used for cyclic analysis to perform the seeortibr plasticity analysis

for this analysis.

The first preliminary conclusion, which they have made, based on thksrebtained
above is that the current version of thé&ebt Analysis method (DMMay not be
adequate for seismic design 8MRFs because the amplification in force demaisds
underestimated. This can be expected becausdfheanvolves an elastic analysi
During earthquake motions, significant yielding can occur and developments may be
severaltimes greater than thedastic displacements. This results in greatdeRaeffects

and greater amplification of the forces than those fronbitle

They also oncludedthat the initial residual stresses and imperfestidrased on the
results, might accelerate the collapse of frame when de&diom concentrates in a
number of stories. On the other hand, the initial residual stresses and imperfections
generally lave greater effect on the taller structures and less effect on thesew
building.

15



2.5 INITIAL RESIDUAL STRESS DISTRIBUTION

The type of the nitial residual stresqIRS) distribution is one of the important
comporent in developing of theeolumn curvesThe magnitude and distribution (RS

in a section not only depenoh the types manufacturing process such asrdiled,
welded or coleformed they are also influenced ltlge types of cross sectiothickness

of the sectioncooling conditions, rollingdmperature, straightening method and steel
properties (Beedle et al., 196Figure 2i 5, taken fromFigure 3.3 ofGuide to Stability
Design Criteria for MetaBtructures??, illustrates thelRSdistribution in different cross
section.For a hotrolled section, it is generally expectétht fortension to form at centre
of web and edge of flandeecauséhose place always cool fast whereas the-flenge

junction, due to slowooling process, contain tensile initial residual stresses.

Shape Flange pattern Web pattern

_mmm

Bt
= 2
1

-
4 iy

W12 x 65 10

20
c

Figure2i 5: Typical initial residual stress distribution imot-rolled | shapeé”

As it is timeconsumingand impractical to incorporate the real initial residual stress
distribution directly intoan analysis, the column cwes, such as SSRC (Bjorhovde,
1972) and ECC%Beer and Schultz1970; Jacquet, 1970; Sfintesco, 19@8)showrnin
Figure 2i 6 a) and b) respectivelyare usedyenerallyin design process Both of the
column curves were developed basedh@multiple column curve conceBjorhovde,
1972) that each curve represena certain type ofsimilar initial residual stress
distribution. The methods for obtain column cusv®r different IRS are available. For
example, Brnscheuer (1981) and BjorhoVtfe(1972)
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Figure2i 6: Typical IRSpatterns general used in the researches

Thetwo methods presentaal the mh.D. thesis of Bjorhovde (197 2re:

1 Deterministic multiple column curves wedevelopedased on the experimental
data of 112 colums with different IRS distributions and an assumption of the
maximum initial owof-straightness of 1/1000 of the column lendthom those
experimental results, Bjorhovde observed that there were three dsstilgrbups.
For each subgroup, an average curve, according to statistical analysis, was given.
The resulting three curves are knowrntlasSSRC column curves.

1 Probabiistic analysis otolumn strength, based orcamputational method, was
conductd to compare with results fronetérministic method. These curves were
developed by statistical method &ocount for the uncertainties eachof the

parameters adeveloping theolumn curves.

The five Australan/New Zealand column curves also useltiple column curve The
column curves are sersmpirical, in that the analytical prediction which included a
number of imperfections, such as initial -@itstraightness(L/1000) or accidental
eccentric loadigs, as well as the range of the initial residual stresses found in,raadity
adjusted to agresvith experimental results (Davids et,al985; Key et al., 1988;
Rasmussen et al.,, 1989; HERA -R80, 1994). Hence, the initiatesidual stess

distribution asociated with each column curve tyipenotexplicitly addressed
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3 COMPUTATIONAL SOFTWARE

The analytical programmes used in this project are MASTANZnd OpenSEES?.
Both of theseareopen sourcdyeely availableand can be downloadém the websites.
In this project MASTAN2Z is usedto perform analysis for #hfirst part of the projedb
considerthe monotonic respons# frames undecombined effect of ovetrength and
initial residual stresse OpenSEEs is used for tkecond part of the research iah

requires performing more advanced anaysgchasinelastic timehistoryanalysis.

3.1 MASTANZ2

3.1.1 Descriptions of MASTAN 2

MASTAN?2Z is developed byrof. RonaldZiemian and Prof. William McGuire as shown
in Figure 3i 1. This programme is developed based on MATLAB® platform whica is
numerical computing and data analysis softwdteit has sophistided graphical
interface for users and provides varieties ofgnm@cessing, analysis and pgsbcessing
options.MASTAN2 has beempurposely limited in a number of prand postprocessing

options to minimize the timfr auser to become proficient.

MASTAN2

Developed by: Version 3.2
/ Ronald D. Ziemian

Professor of Civil Engineeting

Bucknell University
William McGuire
Professor of Civil Engineering, Emeritus
Cormell University
MATH BY
Updates at:
www.mastan2.com
Copyright® 2008
WI LEY R.0. Ziemian and
® W M Guire
Publivhers since 1807 All rights reserved. MATLAB

Figure3i1: MASTAN2c opyri ght and delfel operso

Preprocessing options are definitions of frame geometries, support conditions, section
and materiaproperties and loading conditions including temperature effects and initial
settlements. For the analysMASTAN?2 is able to perfornthe 1% or 2" orderelastic or
inelastic analysiof 2- or 3-dimensionsframe and truss structures subjectedstatic

loads There are alssome special optiong/hich performfunctionssuch agheelastic or

inelastic critical loacanalysisand natural period computatiofPostprocessing includes

19
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interpretation of results through diagrams, printed outpuipéotting of response curves.
The analysis routines of MASTAN2 are based on the numerical and theoretical

formulations presented in Matrix Structural Analysis, 2nd Edifibn

MASTAN2Z is able toperform Direct Analysis(DM) and Extended Direct Analysis
(EDA) auomatially. Thevalues ofstiffness reduction factdiSRH for different column
curves can be incorporatedto MASTANZ2 so thatSRF valuesan be found for different

member axial load ratid&.

However, MASTANZhas sore limitationswhich areexplained in the following:

a) It does not perform multiple cycle large displacement inelastic analgsidoes
it allow analysis for records.

b) The reduced stress situation does nadngje as flexural load is applied and
released, as it would be in a fibre model.

c) Only elastieplastic hingesreconsidered.

d) The current version of MASTAN2 is only able to specify one initial residual
stress categorfor all the members iframe.However,there isa possibility that
there are members with different initial residual stress categoriestemdEDA
method have fivalifferent SRF curves instead ohly one such as DM in US.
Therefore, it requirgto ensure thaall the members have the samiial residual

stress category or the code nmeed tdbe modified.

Anotherfeature ofMastan2 ighe optionfor the userto develop specifi@analysis routines.
As MASTANZ is written in the modular format, itenablesuser to write and implement

alternative or additional analysis routines to meet the spegifigect requirements.

3.1.2 Analysis Routines and Modelsn MASTAN2

3.1.2.1 Methods of solving nonlinear equilibrium equations

The 2%orderinelastic analysis in MASTAN2 iserformed byincrementalsinge-step
approacks where thetotal forces are applied in incrementand thestiffness matrix is
updated at each increment of applied load to account for both the material and geometric
nonlinearities The advantage of this single step approaches are the styn@iod
efficiency since only one or two analyses are performed in each incrétosvever,due
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to thefact that thewo solution methodare based on load control integratibicanonly

capture hestructural behaviour up the maximum capacitgtrength

Two solution types are provided the 2"%order inelastic analysis of MASTAN®D solve
the nonlinear equilibrium equationBhe fird approachs called Simple Step, that isthe
Euler method,and the other ispredicatorcorrector (PC) or 2"%order Runge-Kutta
method.The PC method is more accurate ththe Simple Step methodhis is because
the stiffness matrix for PC method is compubexin the tangent stiffness at the start of
the incrementK;, andthe stiffnessusing the deformed geometry and cepending
element forces at some point within the increm&at,On theother head, Simple Step
only uesK;. The formula of both methsdiregivenin Eq. 31 and 32. Figure3i 2 (a)
and (b), taken fromMatrix Structural Analysi$™, illustrate theinfluence of the size of
the load stepsand differem efficiency betweenthese two methodandthe incremental

iterative approactwhich isthe work control methad

0 0 Eq.3-1
0 0 0 EqQ.3-2
Euler, dA=0.1 ‘Work Control
Euler, di = 0.25 [ 1 -
ir
Euler,d1=0.5 ¢
,dA=U, AN 0.8
08 ‘Work Control - A\ Mid-point
o .% Runge-Kutta
=) = 0.6 dA=05
® 06 2
: k
: 3
] .
2 04 2 04
& <
<
02 0.2
: 0 o - 1 il 1 ]
(€ 0 10 20 30 49

! L i
0 10 20 30 40

Lateral displacement at point b (in.) Lateral Displacement at point b (in.)

a) Compariso of step size b) Comparison of solution type

Figure3i 2: Comparisons oftep sizes and solution types
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3.1.2.2 Modeling of the sectional and material pgoerties

The concentrated plasitig (CP) approachs used fo the nelastic analysislt assumes
that theplastic hingeswould only form at the ends o&lementsor at the nodesin
contrast to the spreamf-plasticity model that will be described in theter section,ti
ignores theprocess otthe partial yielding across the sectoand along the length of
elemens. Therefore, the hinges afermed ata certain point oncéhe section reaches the
section plastic capacity.The perfectelasticplastic relaionship used for modelling
material behaviour in MASTANRnoresthe strainhardeningf steel

The yield surfacenodel™ is appliedto account fothe axial forcemoment interactions

in both major and minoaxes.For simplicity and easineswith regard tocomputer
application a widely used equation as shownEq. 33 is appliedfor the light to
medium tshapedsections The interrl forces, the combination of axial fords,, and

the bending momentsyl’, and M*y, in each nodal point are checkedtla¢ end of each

load incement. According to the equation, the plastic himgmuld be formed at a
specified nodéf the valuefrom the combination o andM" is equalto or greater than
one.On the contrarythe sectiorremairsin theelastic region if the value is less than one.

It should be noted that this yield surface method only considers the internal axial forces

and moments. The shear force and torsion effects are neglected.

n & & o®d) a o8 G 18 a  pdr Eq.3-3
where
p = N/Ny;m,=M /My my=M /My,

N’ = Axial forceat the current load increment

N, = Compressive axial force cajiyoof the specified member
M’, = Strongaxis bending moment at the current load increment,
M, = Plastic bending moment capacity of strengds,

M’y = Weakaxis bending moment at the current load increment,
My, = Plastic bendig moment capacityf weakaxis
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3.2 OPENSEES

3.2.1 Description of OpenSEES
Open System for Ethquake Engieering Simulation QpenSEES)!*¥, which was

developed by F. McKenna and G. L. Fenves with many other contributors at the NSF
spon®red Pacific Earthquake Engineering (PEER) centre (Mazzoni et al.,, 20@)
open source andbject-oriented software frameworor finite element analysidt can
perform many types of analgsisuch aslinear or nonlineastatic pustover, reverse
cyclic analyses or inelastic timehistory analysiswith uniform or multisupported

excitations for both structural and geotechnical systems.

OpenSEES, including its interface, interpreter, source codes and commands, is based on
the Tcl/Tk scripting langage Each finite element analysis is perfounan the four main
abstractionan OpenSEESas shown inFigure 3i 3 below. ModelBuilder is the object

where the models are constructed and added to the domain that is responsible ¢pr storin
the objects.The analysis object moves the state of model ftamt plus Dt and the
recorder records usekefined parameters during the analysis. In OpenSEHESS are
required to develop the model in the modelBuilder sectaomd todefine how the
analysis is performed anttbw the parameterareto be recorded in the formaf @cl

commands.

[ModeIBuiIder ]4[ Domain ]_[ Analysis ]

[ Recorder ]

Figure3i 3: Main abstractionsn OpenSEES

Compared to other commercial softwar@penSEESs probably more difficult to use
becausaisersthemselvesieed to be familiawith the Tcl/Tkcommanddefore using it
andtheyneedto developthe modek on a norgraphical usemterfaceplatform Also, to
avoid errors, users must understand how the software wddwgever, OpenSEESstill
has the following featurebat make iconvenienfor theresearchrs:

1 the interchangeability of components and the ability to integrate new and existing

components into the framework without the need to change the current codes;
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1 as an open source software, the source codes are visible to all the users

1 it is a powerful program because OpenSEES contaiosmprehensive librarpf
material, section, element and arsady commands thaallows users to produce

simulations easily;

1 it has the ability to allow users to create and change parts of the program by

thenselves such asyhteretic rules;

1 OpenSEEShas been available for over 10 years asdstill in the process of
continuing being developed and improved by many researchesrshe results, the

number of available commands tdlsncreasing;

1 additionaltools are available such as BuildingTcl and OpenSEES naviga&ssist

users to creattne models and view the resulysaphically

1 models can be specified in a number of levels such as-strass relationship for
material models, relationship of fordésplacement or momewurvature for
sections and types of elements.

3.2.2 Descriptionsof the models in theModelBuilder

The current visionof the OpenSEESmanagement committee is to providegreat
number of materal, section and element model§he mateial models aremainly
categorised into stdetinforcingsteel, concrete, standard mdiial materials such as
elastic and elastiplastic materials and other waxial material including the models for
modelling soil-structure interactionThe available sectin objectsinclude elastic, uni
axial, fibre, plae and isolator2spring sect®nFor theelement types, there are truss,
zerolength beancolumn, bearing, quadrilateral, brick, contact elemeatsl some
special types. Since there are manyeatddht typesf models, only thoséeing used in

this research areriefly described in the following sections.

3.2.2.1 Steel02 MateriafiGiuffre-MenegottePintod Model

Steel02i Giuffre-Menegotto Pinto model with isotropic strain hardenisigne of the
inbuilt material maels developed by Filippo® in OpenSEES for steel.h& material
command allowsisers tamodify the behaviour of thsteelhysteresidoop in four ways.
The first is the valuef the postyielded stifhess tht is controlled by the straimarden
ratio. This is the ratio between pegteld tangent stiffness and initial elastic tangent

24



stiffness. Second is the type of transition from the elastic to plastic regooch as
smooth or sharp transition§he next isthe isotropic hardening responses under the
cyclic motion where thetresse®f the steel may increase decrease after each cycle of
loading The last modification is the incorpomatiof initial residual stressesdue tothe
manufacturing process thesection'*?.

3.2.2.2 Fibre with quadrilateral section

Fibre section isisedto incorporate the initial residual stress distribusiomo the steel
sections. Tis sectioncommandautomaticallygenerategjuadrilaterbsectiors according
to the userspecified pointsThese may then tsubdivided inb numbes of smaller fibre
elementsas shown irFigure 3i 4(a). Figure 3i 4(b) illustrates the discretization of an |

secton consistingof several quadrilateral fibre sectmnEach fibre section can be
assigned tats own specific material property.
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a) Fibre elements over a cressctional area IKrosssectional view of an-$ection

Figure 3i 4: Discretization of thelemens and sectios

3.2.2.3Forcebased onlinearbeamcolumnelement

The nonlinear bearoolumn element is based on either iterative or-ivemative force
formulation andautomattally considers the spread of pliagty along the elemeniThe
integration method is based dhe GaussLobatto quadraral rule ™ where the
integration points aréocated at theslement endslt denotes thathe section models
previouslydefined are assigned to the integration poamd the response of the element
is based on the responses at each integration point.
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3.2.2.4 Corotational geometric transformation

The rotational geometric transformatiooode in OpenSEES wasdevelopedto
transform from the local coordination system of stiffness and resisting force of the
members to the global coordination syst@ine speciality of the corotational geometric
transformation is that it can be uskx largedisplacenent smakstrain behaviouf*<.
However, a deficiency ofthe current corotational transformatias that it can only
consider the point loads anddoes not deal with any element loads such as uniform
distribution loads.

3.2.3 Spreadof-plasticity analysis

Spreadof-plasticity (SoB, or distributed plasticitfDP) analysis approa@s which are
used in the OpenSEESllow yielding to gradually develop through thesssectioral
areaof the membemnd along thanenber length.It is achieved bymplementing the
fiber sectionwith nonlinear beartolumn elemerstto the modelsThis type ofanalysis
approachs considered to benoreadvancegdrationaland realistidhanthe concentrated
plasticity hinge approachfor predicting the frame behavim because itcaptues the
responses afeductions in member stiffness prior to fplastificatin of the sectiosas

illustrated inFigure3i 5.

Forct
P —  Concentrate
IR d Plasticity
P -
7/
= /4
/ — = Spread of
/ Plasticity
i/

Displacement

Figure3i 5: Responses of loadisplacement from the two plasticity modEfs

Figure 3i5 shows the differensein loaddisplacement responses betwetie two
analysis approaches for a simfriame!*?. The SoPproduces a smootturvy transition
from the elastidesponseo the ultimate strengthinceit is able to capture the gradual
change of the stiffness within the sectio@ the contrary, theoncentrated plasticity
approachgives an abrupt responseghich the stiffnessonly changesat the pointsvhere

the hinges formas indicatedby the two dots in the figureMoreover, the ultimate
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strengthfrom the SoP approach in general,is smaller than he strength fromthe
concentrated plasticitjmethod Thisis because the secondder effect is stronger fahe
SoPapproach thathe concentrated plasticity approadbeto the larger deformati@nin
the early stage of the analysise tothe gradual regkctions of the stiffness.

3.2.4 Accounted effects by using above configurations

By applying the combination of the fibre discretization of the crosioseand the
spreadof-plasticity approachi.e. using the forcbase nonlinear beagolumn element,
the interaction betweethe axial force andhe bending momenof the element can be
accounted for. Also, with the usage of the above sa®am relationship, the kinematic
and isotropic hardeningas well as the Bauschinger effect thle material can be

consdered

It should be noted that the above configurations only account for the defaiinations

in the element. However, the large displacement geometry can be considered by the

corotational geometric transformation.

3.2.5 Descriptions of analysis commands

Each aalysis in OpenSEES congsif the following seven commanéé:

1 Constraint§ determinehow the constraint equations are enforced in the analysis.

Numbereii the wayto number the degreed-freedom inthe system equation.

1
1 Systemi construct the solving objects to store and solve the system of equation
1

Testi establish the convergence test to ensure the convergence can be achieved at

thean end of iteration step.

1 Algorithm 7 determinethe sequence of egps taken to solve the ndinear
equation.

1 Integratori determine themeaning of the terms in the system equatod the
incremental step for the next timeegt and specify the tangent matrix and
residual vector at any iteration.

1 Analysisi define thetype of analysiso be performed

OpenSEB provides more than one optioas listed in Table 3i 1, for each analysis

commands. It gives freedom and allows analysts to choose the most appropriate

computation procedures for their &ses.
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Table3i 1: List of options for analysis commands in OpenSEES

Commend Available Options
Constraints Plain Transformation Lagrange Multipliers Penalty
Numberer Plain RCM AMD
Band ) Sparse
System General Band SPD Profile SPD UmfPack SPD Sparse General
Norm Rel. Norm . Norm Rel Energy ‘Rel. Norm
Test Displacement Energy Displacement
Unbalance | Unbalance Increment
Increment Increment Increment
L Newtown
Algorithm Linear Newton Modified with Line Krylov Broyden BFGS
Newton Newton
Search
Load ArcLength Min. Displacem Central Hilber-
Integrator Unbalanced ) Hughes- | Newmark
Control Control ) ent Control | Difference
Disp. Norm Taylor
Analysis Static Transient Variable Transient

3.3 COMPARISON OF MASTAN2 AND OPENSEES

A simple monotonic secondorder elastic analysis was performed to evaluate how
differentthe computation routine between these tsadtwareis. Theconfigurations and
the loading conditions are givém Appendix B.Both softwaresubdividethe column into
8 subelements.The analysis was performed in 1000 load steps with the load increment

of 1/1000 of applied loads. The axial and lateral loads were analysed together.

Table3i 2 presents the actual values of horizontal and verticalatisphents ahetop of

the column and the bending moment at the bottom from MASTAN2 and OpenSEES.
Both computational programmesoduced similar structural responseshe differences

of the displacements and the moment betwibese two programmesere very small

(less than 3%)

Table3i 2: Column responses from MASTAN2 and OpenSEES

Horizontal Vertical Bending
Software displacement | displacement Moment at
at Top (mm) at Top (mm) | Bottom (kNm)
Mastan?2 19.6 -2.648 418.6
OpenSEES 19.85 -2.688 419.2
Difference (%) 1.26 151 0.143
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3.4 SUMMARY OF ANALYSIS SOFTWARE

The two programmes used in this research were MASTANZ2 and OpenSEES as described
in Chapter 3. For monotonic analysis i.e. pushover analysis, both progsamsed the

load control method to determine the ultimate structural capacity. The total applied
loadings were performed in small load step size and the deformed structural geometry
was updated after each load step to accourth&dP-delta effect. As gien inTable3i 2,

similar structural responses were obtained from both software.

For cyclic loadings, OpenSEES used displacement control integrator to conduct the push
pull analysis. By using the displacement control method,réaeiction in structural
capacity beyond yielding of structure could be captured. The inelastiehistoey
analysis (ITHA) was performed to evaluate the seismic behaviour of steel frames. Similar
to load control method?-delta effect was considered bydaping the current structural
state athe end of each time step. On the contrary, MASTANZ2 performed load control
method only andvas unable to perform analysis subjected to seismic loading since it

cannot incorporate earthquake records.
The method otonsidering initial residual stressdR§ in the section for MASTANZ is

by usingthe stiffness reduction factolSRH whereas OpenSEES considdre effect of

IRSby incorporating it directly intéhe sectional model.
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4 EFFECT OF OVERSTRENGTH

This chaper illustrates theffect of ovestrengthon the pastic responsof the frames by
comparing the two different ovstrength cases with théenchmark case. The
descriptions of the analysis method and the configurations of the frame including the
section ad material properties are given fifsllowed bythe descriptions of the three
analytical cases for evaluation. The results and summary of the findings are prasented

the end of this chapter.

4.1 FRAME MODELLING AND ANALYSIS

4.1.1 Basic frame descriptions

A singlestorey frane shown inFigure 4i 1 was speciallydesigned and selecteal this
study to evaluate the effect of materialerstrengh to the frame performance. Eh
selectedstructuralform can be envisaged as a simple conuagrstructurethat consists
of aone bay frame with a 3m overhanging roof on the left hand Aidertical prop o a
leaning column with pinned omectionat both endswas constructedto support the
overhanging rootllowing the cladding to be placed distinct point of this structural
layout is thefixity of the onebay frame Unlike the conventional layositwhereboth
supports have the same type of fixifiss analytical model uses fixed supporto the

central column but a pinnesipport taheright column

Section 2 Section 2 H

D

100UC14.8 500WC440 Section 1
3.0m

3.0m 7.0m

Figuredi 1. Configuration ofselectedanalytical nodel

All sections selectedre compactsectiors according to the NZS3404:2007. Hentiey
areable to reach their plastic flexuredpacites As the analyses were considered intwo
dimension only, all thenembes arefully braced ouiof-plane Table 4i 1 presentshe

general properties of the sections used are given in where the elastic section
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modulus andS; is the plastic section modulus according to the definition in the
NZ/Australia steel codes, is the second moment of area aRds the section area. The

nominal yielding strength, I's 300MPa andE, i¥200@Pg.Alsthemodul us
sections considedein this study are heblled and have the initial residual stress

category ofa, = 0.

Table4i 1: Section properties

SECTION | "9 b Zx S
(mm?) (x10° mm”) (x10° mm°~) (x10° mm°~)
500WC440 56000 2150 8980 10400
100UC14.8 1890 3.18 65.6 74.4
Section 1 109800 2090 12900 14900
Section 2 66800 6050 16100 18700

Table 4i 2 gives the dependable section plastic flexural capacityl,, and axial
compression capacity forcelN.. These wereomputed as the strength reduction fadtor,
times the nominasection capacitieddere, thestrength reduction factof, is 0.90.The
beamsectioral flexural strengthswvere designated to bgreater than for the columns.
Therefore, the plastic hinges aepected likely to form only in the columns. The steel
material is also assumed to behave pierfect elastiplastic mannersince strain

hardenings not consideret all the analyse

Table4i 2: Dependald sectioncapacities

SECTION M, N
(kNm) (kN)
500WC440 2808 15120
100UC14.8 17.71 347
Modified S1 3248 24487
Modified S2 5049 18036

4.1.2 Analytical methodology and configuration

The analysis method used is the Extended Direct Analysis mé&tfibds described in
Chapter 2, and all the analyses are performed by MASTANZ2. Rather than using the
traditional plastic analysis, EDA was used because it includes the initial residual stresses
effect cn the member stiffness and considers the other different nonlinearities

automatically as discussed previously. Moreover, EDA can easily incorporate the
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reduction factors or the owdrength factors bgimply multiplying the factors to the

material yieldingstrength otheelastic modulusnd use thesas the input values.

The analysis results are obtained based on the following configurations:
1 Secondorder inelastic analysis were performied a standard hawlled section
(NZ Et alpha=0.)
1 Ten subkelements are assigned to each member;
1 Incremental size is 0.00%uch that each load step i$/1000 of the applied
loadings;

1 System equations are solvedthg PredictorCorrector method.

4.1.3 Loading conditions

It should be noted that the model described abweagonly subjected to a lateral force
whereas lte gravity loadwas neglected.The reasorfor neglecing the gravity force is
thatthe gravity forcehas the tendendp alter the frame responseswiasfound that the
model wasable to resisanupper maximum lgeral force as well aa lowerlateral force
while the gravity loadings remaithe sameHowever,when the lateral force with the
valuebetween thgeupper and lowevalueswas applied, the frame collapsed.

The cause of the two lateral force valuesybedue to thesize of the load incremeris
mentiored previously, the size of each load incremédependedn the magnitude of the
applied load since the incremental size is calculated by 0.001 times the applied loads. In
this case, the upper limit would walarger load incremental size for the lateral force

than the lower limit when the gravity loads are the same.

4.2 EVALUATION METHODOLOGY

Three cases were consideredglswn inTable4i 3. They are:
1) Case 1: The minimum mneial strength, defined as the dependable strength, was
used as the benchmark case in this study. This case is ideotibat described

above for EDA; henc&inpue= Efandfyinpue =fy. f

2) Case 2: This is the first overstrength case which consi@el@ser bound estimate

on the likelyE, which could occur at the same times as a high material strength.
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Therefore, the yielding strengtfy,inpus is (1.25/0.9f, = 1.39 xff,. The Youngos

modulus Einput, Wasf E.

3) Case 3: In this overstrength casasiaissumedhatthe section strength fs, times
the nominal value. Th&npu is therefore (1.25/0.9), = 1.39 xff, which isthe
same as Case 2. Thgyur WasE in this case. In contrast to Case 2, this is a greater
estimate oE which may be due ta high strength with same section size or due to

section size variation.

Table4i 3: Summary of materialmppertiesfor each case

Case . Einput f Jinput
No. Case Title GPa)  (MPa)
1 Dependable Strength 180 270
2 Overstrength 1 180 375
3 Overstrength 2 200 375

Note that the overstrength factor used here is 1.25. According to Table 12.2.8(1)
NZS3404, the values of overstrength considering strain hardening and material variation
may be as large as 1.50 fimembers subject to large inelastic demands. The value of
1.25 represents the likely overstrength of a compact member manufactured in Australian
or NZ which is subjeed to moderate inelastic deformation. In general, approximately
20% of the strength increa occurs due to material strength variation and tab¥uis

due to strain hardeniny.

4.3 FRAME RESPONSES

Figure4i 2 specifies thdabels for the position of peak moment at the menaels. In

the convention used, positive displacements and forces are toward the left and upward.
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Figure4i 2: Labelling ofhinges,forces anadements in the Frame

4.3.1 Frame behaviour

For the dependable stigth case, Case 1, a column swagchanism occurs after three
hinges have formed in the columns and the frame becomes unstable-iguvedi 3, it

may be seen that the first hinge occurred at point &38hown irFigured4i 2. It is in the
central column (E3) which is restrained at the top and bottom. However, it has more
fixity at the bottom so that the moment is larger here than at the top. The second hinge
at E3T and the last hinge, which caused ahaeism, is at E5T. The maximum applied
lateral force is 3189kN when the mechanism occurred.

o
RO T E3B

—Casel

< ]/ —-Case2

--- Case3

0 % f f f f f f f f f f T T x

o 4 -8 -12 -16 -20 -24 -28 -32 -36 -40 -44 -48 -52 -56 -60
Horizontal Displacement, D, (mm)

Figured4i 3. Diagram of lateral forcé displacement responses

The collapse mechanism of Case 2, Overstrengtis formed due to the buckling of the
left hand column, E1. For Case 2, unlike Case 1, only the first hinge, which is located at

E3B, was able to form before the frame collapsed. In addition, the hinge formed at a
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higher applied force as indicated by ttteanging of gradient of linim Figure4i 3. It can

also be seen fromigure4i 3 that the strength of Case 2 is weaker than Case 1 since the
frame can only resist a maximum applied lateral force of 2984 (Bk1% lower than
Case 1).

The frame behaviour for Case 3, overstrength 2, is similar to Case 2. Case 3 also failed
when the left hand column buckled. A plastic hinge was also formed at E3B
approximately at the same force of Cas@&ording toFigure4i 3, Case 3 isnore stiff

than Case 1 andsincethe slope of line of Case 3 is steeper. Case 3 is stronger than Case
2 since it can resist a higher lateral applied force of 3147.5kN which is about 1.3% lower

than Case 1.

Table4i 4 compaesthe horizontal and vertical support reactions. The values in the table
are computedby using the ratio ofhe result of thecas considered divided by the result

of Case 1 and minus. Here, it was found thahé lagest increases in demand occurred
in horizontal reaction of central suppoR,3, and vertical reaction of leftand (LH)

support,Ry1. The maximum increaseas 34%.

Table4i 4: Support Reaction Forces

Case No H Ruy1 RH3 RH5 Rv1 Rvg Rv5
Case 1 0% 0% 0% 0% 0% 0% 0%
Case 2 -6% | -10% 29% -55% 22% -81% -38%
Case 3 -1.3% | -3% 34% -50% 29% -76% -32%

4.3.2 Reasons for lower strength of frame with greater element strength

Failure of the left hand ¢omn occurred in Cas2 and 3due to the yielding occurring

late Therewas, thereforeno reduction to the force applied to the column. Unlike Case 1,
the axial compression force increased at an approximately steady rate until the formation
of thesecond hinge. Then the axfalce demand in the column was decreasiigs was

due to the moments/forces in the frame being redistributed as illustrdteguine 4i 4. It

causd a reduction of moment in the left hand bearence,the axial force in Elwas

also reducedFigure 4i5 shows that thebehaviour after thesecond hinge (E3T)

formation isakeyin changingheframe behaviour
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On the contrary, there is no reduction of the axial force in the left hand column for Cases
2 and3 since the second hinge does not form in the system and there is only minor

moment redistribution in the system due to the formatidhedirst hinge

[ ] 5 7
\{948.7 ~~. 1748 =~ 1041

,,,,,, 807 oS AN FaS A
a) At moment okecond hinge b) Moment distribution for additional
formation lateral force after secondnige formation

Figuredi 4: lllustration of the distributing ahe bending moment after the formation of

the second hinga Case 1
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Figure4i 5: Axial Forces in Left Hand Column (E1)

The differences between Case 2 and 3 are caused by the different elastic nkoduias,
first difference is the stiffness of the frame. The Case 3 frame is stiffer th@askee2 as
shown by the slope of the line. The other difference is that the analysis of Gase 2

terminated earlier than Case 3 since the axial compression buckfiagityaof the left
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hand column for Case 2 is less than that for Case 3. The horizontal liRiggiia4i 5

show that the axial buckling capacities for Case 2 and Case 3 are 411.3kN and 435.4kN

respectively.

4.4 SUMMARY OF OVERSTRENGTH EFFECT

The effect of overstrength was investigated in this study. It was found that:
1) Member demands may increase significantly when the likely maximum material
strength is considered in the analysis. This will &l@ee animpacton connection

and founehtion design.

2) The likely minimum framdateralstrength does not alwagecur when the frame

has the minimum material/section strengths.

3) It was recommended thaivo sets of analysis be undertakim design One
should consider the dependable strength sdifthess. Theother should consider

the ovestrength.
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S INITIAL RESIDUAL STRESS RATIOS AND COLUMN CURVES

The main purpose of this chapter isdetermine the column curves associated \&ith
particular sectionof initial residual stresses (IR3atios As part of this, a number of
computer programme verification and sensitivity studiese conduded to ensure the

precision and accuracy of the results from OpenSEES.

5.1 ANALYSIS MODEL CONFIGURATIONS

This sectiondescribes theanalysissettingsof the moded in OpenSEESw~hereas the
background information of some of the settings has been given in Chapter 3. The
configurations described here dhe initial residual stress ratios withe column curves

initial residualstress distribution model artle implenentationof the distribution into
sections, material property and element modlee configurationstated in this section
arealsoused for the remainingnalysef the evaluation ofcyclic responseAll of the

codes for OpenSEES are given in Apperfdix

5.1.1 Initial residual stress distribution model

In OpenSEES models, the initial residual stress valyas defined asf, wheregis the
initial residual stress ratio defined specially for this research. The approximated values of

thelRSratiosaredeternined in the later section of this chapter.

5.1.1.1 Residual stress pattern 1 (Control caskyearmodel(ECCS)

Theinitial residual stresdRS) distribution used iinear model as shown ifigure5i 1
below. Note that the negative sign denotesthat the section is in compressiostress
initially. This distribution haghe maximum compresa IRS - s, in the edge of the
flanges anatentreof the web On thecontrary thejoints oftheweb and flangehavethe
maximum tensionatesidualstress s,. The initial residual stressesgary linearly with
constant gradient frormaximumcompressiorlRS at theedge of flanges or cemtiof

web to themaximumtensionalRSat the joints of web and flange.
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Figure5i 1. Linearinitial residual stress distribution mod&CC9

5.1.1.2 Residual stress patterri Zonstanpdtern

Apart from thelinear model usedin the control case, an additionebnstantinitial
residual stress distribution, as showrFigure5i 2, wasalso investigated as a reference
pattern tocomparewith the control case. Thisaftern is specifially defined for this
research. This pattern is consideredé@ morecritical initial residual stress distribian

for a hotrolled | section For this patterneachquarter of the flanges from tifieee ends is

in uniform maximum compession,-s. On the other hand, thest of the flanges im

uniform maximum tension stress,. For the web, one quarter of theelw from the
interfaces of the web and the flange is in maximum tension stress and the rest of the web

iS in maximum compression.
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Figure5i 2: Constaninitial residual stress pattern
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5.1.2 Implementation of residual stress distribution

5.1.2.1 Residual stress pattern 1 (Control cdskyearmodel

A fibre sectim with quadrilateral elemestis appled in OpenSEES tanodel the F
section with initial residual stress@ he OpenSEES code is given in Appendix Each
I-section is constituted with (6 3) fibre element totalas shown irFigure5i 3 fori =
8. Each clear widit of eachflange outstandcontainsi fibre elementsthere arg2i + 1)
elementsin the clear depth of the weblote that the clear width or deptfenotes the
lengthfrom the edge othe elemento the nearest face of the web between the inner
faces ofthe flangeas shown irthe figure The last two fibre elementse forthetop and

bottomjoints of theweband flange

2

A
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Figure5i 3: Sectionfibre discretizatiorfor the control case

Each fibre hags uniquelRSvaluebased orthe providedIRSdistribution Eq. 5-1 and5-
2 presenthe equationsised in OpenSEE® compute thealues of IRSfor each fibre in
the flanges and web respectiveebs in Eq. 51 is the width of the flange andlin Eq.
5-2 is the depth of the sectiohe x in both eqgations is the distance from tectioral
axes(thevertical axis for flange and horizontal axis for web as shown by the dasésd
in the figure aboveto the centre of each fibmement.The webflange jonts and the
centre of the welare simplyassigned witthe maximum tensional residual strdsslso
should be noted that tHRS pattern of the web iapplied to thdength between thavo
centresf theweb-flangejoints.
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Flange: s, =- r|X|+5r Eq. 51
P

Web: s = B Eq. 52
old-t )2

5.1.2.2 Residual stress patterri Zonstanpattern

The difference between tlo®nstantcase and the control case in the fibre discretization
of the cross sectiois that there is no fibre for the flange and weltjéor the constant
case Forthe constantcase, each half of tH&ngecontains fibres as shown ikigure5i

4 and therds atotal of 2i fibres in the clear width of the weblence, there are @ibres

in each crossectional area. e figure illustrates a fibrdiscretizatiorfor a cross section
with i = 8. In this casethe four elementsountingfrom each free end of the four flanges
are in fullmaximumcompressive initial residual stress (IR8)d the res8 fibres are in
maximumtensionlRS For the web, théour elements counting from both interfaces of
the web and flange have the saliR&§ which is in maximum tensigrand the rest of the
fibres are in same maximum compressR& The OpenSEES code is given in Appendix
C2.
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Figure5i 4. Section fibre discretizatiofor theconstantase

5.1.3 Material stress-strain relationship

Steel stresstrain relationship used in this studyestablishecby i Gi uMehegate
Pinto (GMP) Model with Isdropic Strain Hardeningas previously described @hapter
3.2.2.1 Table5i 1 gives the settingsf the commandsndFigure5i 5 illustratesthe full
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cyclic responsef the stressstrain relationship othe material It was plottedup to the
strain value of 0.02mm/mmbased on the given settm@nd was similar for geater
strains The response shown in the figure does not include the effect of initial residual
stressesThe material pperties used are 300MPa for material yielding strerfgtiand

200GPa for elastic modulus,

Table5i 1: Setting for parameters GMP steel model

Strain-Hardening Ratio (b) 0.0

RO 20
cR1 0.925
cR2 0.15

Isotropic Hardening 1 (al) 0.0
Isotropic Hardening 2 (a2) 1.0
Isotropic Hardening 3 (a3) 0.0
Isotropic Hardening 4 (a4) 1.0

This material configurationas the followindgey behaviour

1 No strain hardenings included
1 Smoothly transition fronthe elastic to plastic behaviour

1 Noincrease or reductian strengthdue tocyclic loading

350
300

0
1%0

00

50

o
O

0.02 / -0.016 0.012 -0/008 —0.0450 .00 0.008 0.01 0.016 / 0.02

Stress (MPa)

-300

-350
Strain (mm/mm)

Figure5i 5: Material stresstrain relationship used for OpenSEES

43



5.1.4 Element model configuration

The element type usésltheil F o -basezhonlinearBeamColuntrelementThedetailed
descriptions of the command ag&zen in ChapteB3.2.2.3 For this study, each column
and beam is subdivided intight nonlinearBeamColumalemens and each element

contains5 integration points.

5.1.5 Section sizausedfor all analyses of Chapter 5

The section used in this study is 310UC1Bl7e section property igiven in Tale 5i 2.
Here,d is the depth of sectiotf is thewidth of flange;t; is the thickness of the flange

tw is thethickness othe web;A, is the cross sectional aresndly is the second moment

of area about the major axisotethat the area calculated here is basedheidealized
shape where the ared fillet weld is ignored. Hence, both the area and the second
moment of area given in the table afightly less than the Wwes provided by OneSteel
(1% which is 1750amn? and 32%1¢° mm* respectively.

Tabe 5i 2: Idealised section property for 310UC137

d by t tw | Ag Iy
(mm) | (mm) | (mm) |(mm) (mmz) (mm4)
310UC137 | 321 | 309 | 21.7 |13.8|17241|325.5x10°

Section

5.2 PRELIMINARY ANALYSIS OF OPENSEES

In this sectionOperSEES was verified bysingthe analysis resulisith theclosed form
solutiors of the cantilever columfrom the ANSI/AISC 36605 2005 Clause C7,.3&s
shown inFigureAAT 1. Moreover,somesensitivity studiesvereconductedo investigate
the effect ofthe key modelling parameters suchrasnber of elemest number of fibre
discretizatios and he rumber of integration pointandto ensure the consistency of the

results

Table 5i 3 and Table 51 4 summarisehe analysisettingsand the configurations of the
elements used for the controhdse.Each analysis is carried out in ID8teps with the
load incremental ratiglS) of 0.001timesthe applied loadsvhich give a total applied
ratio of one It should be noted thdhe axial force is initially applietbeforethe cyclic

deformations are imposed.
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Table5i 3: Configurations of the analysis for the control case

Command Method
Geometric Transformation Corotational
Constraints Transformation
Numberer RCM
System Band General
Test NormDisplincr 1.0e-8 30 0
Algorithm ModifiedNewton
Analysis Static

Table5i 4. Configurations bthe elements for the control case

Type Number used
Sub-Element (SE) 8
Discretiztion (i) 8
Integration Points (IP) 5
Sub-Division (SD) 5

5.2.1 Verification of OpenSEES

The column properties of the mode{310UC137 as giverin Tade 5i2) for the

verification of OpenSEES are that the height of the columis 4.8mandthe applied
horizontal forceH, and the axial compressive fordd,, are 50kN( @.0018eye) and

4600kN ( &  ONeyd) BeSpectively Here, Neyier is the Euler bokling load which is

computed ap?El/L% With this configuration the Mma/Mo and ymadyo according to the
closel formsolutionsare 2.58 {1, = 240kNm) and 2.93( = 28.3mm) respectively.

It should be noted that the clasdorm solutions of the benchniarproblems only
consider the second orddfext and do not consideection plasticity. On the other hand,
the second order elastic analysis should be perforimedpenSEES to produce the
results that can be compared with the aliokem solutiors. To acheve this, instead of
construding a new modethat can perform the second order elastic analysis, a simple
methodis by usinga very largematerial yield stresdt ensursthatthe column, under the
applied forcesis remainingin the elastic regionin this verification process, § =
9000MPa is used.
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From the results showm Table 51 5, they showthat the values by OpenSEEfe
slightly less than the values liye closed formsolution but higher than the valugem
MASTANZ2. However, the differences between the OpenSEES #mclosed form
solutionfor the overturning moment at the base dhdlateral displacement at top of the
column are less than 2% and 1% respectivBBcause AISC (2005) requires that the
difference fromthe analysed and closed form solutions to be less thanh&¥efare,it

can be concluded th@penSEES is able to capture the second ordectegdroperly.

Table5i 5: Results of verification of OpenSEES

Analysis | Lateral displacement, | Diff. | Base Moment, Mmax | Diff.
Methods Ymax (MM) (%) (KNm) (%)

OpenSEES 81.5373 - 614.710

Clossoelgt; (:m 82.4927 1172 619.467 0.774
Mastan2 79.3000 2.744 604.700 1.628

5.2.2 Sensitivity studies
The model setting usedor the sensitivity studies for OpenSEH@&d the following
parameters:

1 Column heightL = 2400mm;

1 Applied axial compressive forch,= 3200kN (@ 0.61N);

1 Applied horizontal forcelH = 105N.

Here,the sensgivity study was conducted witthe second mlerinelastic analysisThis is
different to the verification of the OpenSBEvhich wasconductedby using elastic
analysis. The elastic lateralielded displacement at the top of the columhasiio
computingby Eq. 53, is 7.615 mm and the first order dladase momentlpase elastic=
HL = 252kNm.For the control case, the lateral displacement and dse lmoment are
9.60mm and 283l\Nm.

HL® HL
= +

= = Eqg. 53
elastic 3E| GA q

where

o

G= Shear modulus of elasticity (a
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5.2.2.1 Loadincrementafatio

Three differentoad incrementatatiosof 0.002, 0.005 and the control cageQ01 were
examinedHere the load incremental ratio is defined asltlaé step sizever an applied

force Table5i 6 presentghe results of the lateral displacement at the toph@fcolumn

and the overturning moment at the base for the threeit@aemental ratioslt clearly

shows that there is no difference between the control case and the other two cases for
both criteria. Therefore, tan beconcluded thathe load incrementaatio of 0.001can

produceconsistent results.

Table5i 6: Effect of load incremental ratio

Load Incremental Lateral Diff. | Base Moment | Diff.
Size (IS) displacement (mm) | (%) (KNm) (%)
0.001 (control) 9.960 - 283.626 -
0.002 9.960 0.000 283.626 0.000
0.0005 9.960 0.000 283.626 0.000

5.2.2.2Number ofmembersub-elemens

Seven differenhumbersof subelement{SE)with 2 to 16 sub-elementsvere compared

The results and comparisons between the current andeslingevalues fothe lateral
displacement ahetop of the columnandthe base momenrdre showrin Table5i 7. The

results showhat bothdisplacemersand momergincrease when the number of the sub
element increaseslowever, tle rate of the change decresgdth anincrea® of the sub
elements. Comparing the other cases with the control case, the results from the cases
having less than 8 suddlements are smaller than the values of the control case. On the
contrary, for the casdsaving subelements greater than 8, the values are slightly larger

or they are considered to be more preditmwever, the differences between these cases
and the control case are yet less than 0.5%. Therefore, it can still be concluded that the

accurataesult can still be achieved with 8 salements.
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Table5i 7: Effect of number of sulelements

Number of Lateral Diff. | Base Moment | Diff.
Elements (SE) | Displacement (mm) | (%) (KNm) (%)
8 (control) 9.960 - 283.626 -

2 9.806 1.548 283.134 0.173
4 9.915 0.445 283.485 0.050
6 9.942 0.176 283.570 0.020
10 9.969 0.094 283.656 0.011
12 9.975 0.150 283.674 0.017
14 9.978 0.186 283.686 0.021
16 9.981 0.211 283.693 0.024

5.2.2.3Section fibre discretization size

The effect of fibrediscretizationis minor according to the results given Table 5i 8.

From the resultghe values, both the lateral displacements and the base moments, tend to
decrease witlan increasing numbef the fibre. Corparing the control case and other
casesthe difference for the lateral displacement and the base masriess than 0.02%
Hence,i = 8 canproduce consistent resulfdote that the table only gives 3 significant
figures However,the differencegiven kelow were calculateavith the full values(5

significant figures)

Table5i 8: Effect of size of fibre discretization

Number of Lateral Diff. | Base Moment | Diff.

Discretizations (i) | Displacement (mm) | (%) (kNm) (%)
8 (control) 9.960 - 283.626 -

4 9.961 0.011 283.630 0.001

6 9.960 0.003 283.627 0.000

10 9.960 0.001 283.626 0.000

12 9.960 0.002 283.626 0.000

14 9.960 0.003 283.625 0.000

16 9.959 0.003 283.625 0.000

5.2.2.4 Element ntegration poirg
Table 51 9 presents the resultsf the displacement and base moment for 2¢dntrol
case)and 10 integration poin{@P). In this casethe analysis withP = 2 wasnot able to

reach thefull applied loadgwith the applied load ratio = 0.99istead of L. This case
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also gavehe greatest displacement and mome@émt.the contrary, the control case dRd
= 10 were able to reach the falppliedloads.The differencebetweenthe control case
andIP = 10are less than 0.01%r both displacemdrand momentThe results indicate
that the analysis must have at least 5 integration points in an element to be able to give

proper results. It also shows thaintegration pointareable to give consistesblutions

Table5i 9: Results for effect of number of integration psint

Number of Lateral Diff. | Base Moment | Diff.

Integration Point (IP) | Displacement (mm) (%) (KNm) (%)
5 (control) 9.960 - 283.626 -

2 11.085 11.296 286.359 0.964

10 9.960 0.003 283.625 0.000

5.2.2.5Number of fibre elemergubdivisions

The three valuethat are beingompared for the number of the subdivisam a fibre
element ard, 25and 1@. It means that there are 2, 5 and 10-sldments ireachi-j and

j-k directions as shown iRigure 3i 4(a). It should be noted that all the subdivisions in a

fibre elemenhave the same material property.

Theresults, as showim Table5i 10, aresimilar to the element integration poinkor the
case withSD = 4, the analysisvas not able to exh the full applied loads which the
analysis terminated at the applied load ratio = Q.99@lso results in digher laterh
displacement and base moment. The comparison betweeantaningtwo cases rd
SD = 4 indicates that it is best to use 5 or more-divisionsto generatesatisfactory
results.Another observationhat can be made is thale lateral displacemestand the

base momestbe@ame smallewith increasinghumber of subdivisio
As it clearly shows in the table, the difference between the control caseDand 00is

less than 0.1% for both criteriflence 5 elements along ead) andj-k direction are

sufficientto achieve good results.
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Table5i 10: Comparison for the number of sdivisions

Number of Sub- Lateral Diff. Base Moment | Diff.
Divisions (SD) | Displacement (mm) (%) (KNm) (%)
5 (control) 9.960 - 283.626 -

4 11.196 12.412 286.713 1.088
100 9.957 0.028 283.617 0.003

5.2.2.6Effect of differentcombinations of thanalysis options

In this section, the effect of the different combinations of the analysis commersds w
inspected. Thestudiedanalysis commends studied and the results of the comparisons
between all the different combinatis are presented ifables ABi1l and AB2 in
AppendixB. There areatotal of 17 casesvere conducted and companeidh the control
case as given ifable5i 3. These 17 casesrein combinations othe two constraints
which are fain and transformation, three systelandSPD, BandGeneral and UmfPack
and three algorithms which athe linear, Newton and ModifiedNewtoriThe results
show that only those combinationssing the linear algoritm give slightly less
conservativgsmalle) results.All other combinations have the same results as the control
case. Thdlifferencesbetween the combinations of using the linear algorithms and the
control case are 0.003% and 0.002% for the lateral displacement #te top and the
overturning nement at the base respectively.

5.3 DESCRIPTION OF ANALYSIS MODEL

The simply supported column ishown in Figure 51 6. This column has a pinned

connectiomatthebottom andaroller supportat the top, whickallows vertical movemen

P
B
L/2
A N

dmax

Y4 L/2

X, Oy

[
»

Figure5i 6: Illustration of vertical column with initial oedf-straightness
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An initial outof-straghtness is applied to the colunffrom Figure 5i 6, the maximum
out-of-straghtnessdnay islocated at thenid-lengthof the column.lt is assumed that the
column has an initial deflection shape that can be described by a half sineReave.
calculationsimplicity, the shape dhe initial out-of-straightness along the lengiheach
node can be computed by E&:4 below.Here,y is the height of the node measured from
the bottom of the column and is the length of the columiThe column sectionsed in

the remaining analysed this chapter is 310UC137 unlesdifferent section is spétd.
d(y)= a’maxsin%pg Eq.5i 4
g -

5.4 OBTAINING INITIAL RESIDUAL STRESS (IRS) RATIOS

5.4.1 Analysis cases

Threeinitial out-of-straightness values were studied. They are:

a) dmax = L/3000007 A small ou-of-straightness value was uséidis expected that
the results from this case would be similar to the first ahgg £ 0);

b) dnax = L/15007 It is theinitial out-of-straightneswalue that wasrecommended
by SSRC (1985) fothe development of design curves for steel colurtins also
the value used tdevelopthe AISC column curvéd:;

C) dnax = L/10007 This is the maximunpermissible at-of-straightness value. The
development oboth SSRC and ECCS multiple column curves was basdiisn
initial out-of-straightness vallf@ 2.

d) dmax = 07 a straight column with no initial owdf-straightness. Only perfored

for the control case, tHaearIRSpattern

In this research, the column curvesmpared areéhe Australia/New Zealand column
curveswhich are based on the SSRC cuites 2. For bothinitial residual stresgiRS)
patterrs, five initial residual stress ratiagereconsideredThey areg= 0.0, 0.3, 0.5, 0.7
and 0.9 For other ratiosthey could be approximated hgear interpolationThe lengths

of the columrstudied were from 2m to 30m.
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5.4.2 Method for obtaining critical forces of column with no initial deflection

In generalOpenSEES iable to capturéhe buckling loads automatically if an initial eut
of-straightness is applied to the coluniihis is becausthe analysis is able to terminate
when the buckling force is reache@®n the contrary, if there is no initial eaf-
straightnessuch aghe first casethe analysigan only baerminatel until the maximum
sectional compressive strengshreachedHowever, some irregularities occur during this

loading at the critical frame.

The way to obtairthe buckling forcefor a perfectly graight column igo approximatet
visually from the curve of the applied axial force versus the deflectiothe central
column The bucklingforce seemdo be the smallest force thehuss a relative large
deflection at the central of the column. FExample the axial force-lateraldisplacement
curve as shown irFigure5i 7, is forthe column havinghe initial residual stress ratio of
0.0 and the column length dfdm. For this case, only one forc8320kN cancause a
relatively large deflectiorat centreof the column Also, this force is very close to the
Euler buckling force which is 3278.12kN (difference is about 1.28Bkgrefore, this

force isconsidered to bthe buckling force for this specific column length andIfR§
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Figure5i 7. Curve of the applied axial force versus the displacement

5.4.3 Comparisons of the magnitudes of the initial oubf-straightness

Figure 5i 8 (linear IRS pattern) and Figure 5/ 9 (constantIRS patterr) present the
comparison of the effect of the initial eot-straightness values for the five initial

residual stress ratiot should be noted thdhe lengths of the column acenverted to
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the slederness ratios by using Eg5% wherer is theradius of gyration of the about the
axis consideredand k; is the form factor. For the section used in this comparison,
310UC137, the radius of gyration abodo tstrong axis is 137m and the form factor is 1
sincethe sectiorused is assumed to bee hotrolled sectioh’). In addition, the maximum
axial compressive forcesN’, are also normalised with the maximum gé&mal

compressive strengthl.

L f
/== Jk | == Eq.57 5
" r VTV 250 a->1

Figure5i 8 showsthatthe compressive axial forcagenerally decreasas theinitial out-
of-straightness increasd-or the lineatRSpattern inFigure5i 1, the most affected range
IS the slenderness ratiaosf less than 200. When the slenderness ratio is ab09ethe
magnitudes of the effect ofhe initial outof-straightnessbemme insignificant.
Comparing the results from the five initial residual strestios it can be seen thdhe
degreeof effectivenes®f theinitial out-of-straightnesss reduced with increasingitial
residual stressatio. The first casednax = 0, and the second castya, = L/3000M®, are
almost identicafor g= 0.0 to 0.5. Foig= 0.7 and 0.9, the results df,ax= L/300000are
slightly larger than the results df,ax = 0.0. The differences are most likely due to the
uncertaintiesof detrminng the bu&ling forces from the figures of the first case.
However, the differences between these two cases are small enough to be neglected.
Thereforetheresults from the second case be used to represent the first case.

For the constantiRS paternin Figure5i 2, the column curves are shownRigure5i 9.
These have the sanehaviouras those byhe linear IRS modelin that the buckling
forces decrease with the valoé the initial outof-straightness increase. However, a
sudden reductioin forces was observed fgp=05atl,4& 7 5g=a07étl,a 100 .
Moreover, br g = 0.9, dnax = L/300000 has the lowest strengths taor between
approximately 80 and 175[his is because the initial resial stresses are constant.
Hence thereis a higher chancdor a sudda change in the column strengtAnother
observatiorthat can be seen is that the difference betweerdihe= L/1500 anddyax =

L/1000 is smaller for theonstantase than the diffence frominearmodel.
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5.4.4 Matching with the column curves

5.4.4.1 LinearIRSpattern (control case)

Figure 5i 10 to Figure 5i 13 show the column curves fronNZS3404" and the critical
buckling forces, the Euler buckling capacifyhese results aralso expresed inthe

slenderness ratipk, from Eq. 54 and theaxial force ratiosvhich havedescribed in the

previous section.

Figure5i 10: Column curves for linedRS dmax= 0

Figure5i 10 shows thathe case ofj= 0.0 is identical to the Euler curve. For the other
four cases, the buckling forcesuld be equal to the values of the Euler |saadter the
slenderness ratsoarehigher than approximately10, 25, 145and 190 forg= 0.3, 0.5,
0.7 and 0.9 respectiwelFor ap, = -1, until | , 0145, it lies betweerg= 05 and 07 but it
tends to be closer = 05. Fora, = -0.5, itlies betweery= 0.7 and0.9 untill , ©130.
It then lies on the curve @f= 09 for| between 130 and 190. Fap = 0, theclosest
point thatcan be identified isn the line ofg= 09 atl , = 112. For botha, = 0.5 and 1,

no initial residual stress ratio che assigned
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