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Abstract

The behaviars of braced steel frame members and comporam@snvetigated in

this projectusing finite elerent modelsthat weredeveloped to address the multi
scale mechanics of braced steel frame structures. The-soald mechanicare
based on three assessment scale leubkEt is, material (coupons)elemental
(bracing steel structural membergnd compoeant (bracegussetplate structural
members)evels. Eachfinite elementmodel was validated witdata fromphysical
laboratory testsThe models were then used to assess the current European code of
practicein the seisnmic design ofbraced steel frames, agll as exsting empirical
models and numerical models, and to derive new relationshipa famber of

design parameters.

The frameworldeveloped fofinite element modéhg of steel concentrically braced
frame struduresfollowed conventional guidelesfor 3D non-linear modelling but
includednovel advanced modelling techniques suchttes extended finite element
methodbasedcrack growth model developmerdutomatedgeneration of initial
imperfections in thebrace member andan innovative material nuelling
methodology applicationimportantly, realistic detailing for gusset plates and brace
members were employed in the studipe framework of modelling was developed

in thecommerciafinite element package ABQUS v.6.13.

The performance of finite @ment modal was assessed against variooeeasured
parameterobtained from physical laboratory testich as buckling compressive
loads, initial yield load, tensile load, ductility capacity, energy dissipatipadity,
cycles toinitiation of global andlocal bucking, fatiguelife capacity and failure
modes. It was found th#tefinite element modslpredicedthese response features
within engineering accuracy, for muicale mechanicdbehaviourof braced sel
frame members and componenttien sufected to lath static monotoni@andcyclic
ultra-low cycle fatigue loading reginseThus, the finite element models proposed in
this study can be used with confidence both in acadstudiesandby engineering
professioals for analyse and design afafer and robust structures as they were

calibrated and validated usipyysicaltest data.
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Chapter 1. Introduction

1.1 Overview

Earthquakes are naturally occurring phenomena by tectpnic a tsaddes
movement, releasing of seismic energy. Earthqualfest buidings by generating
inertial forces within the structure of buildings. Concentrically braced frame (CBF)
steel structures are one of the potential candidates for resisting earthquake loads,
espeailly for low- to medium rise building structuresThey area costeffective
solution for regions susceptible to frequent earthquakes. The lateral stiffness and
strength of this system depends upon the resistance capacity owned by bracing steel
membes, whch are typically comprise of steel braces andsgt platesend
connections. However, steel braces may be subjected to local buckling and fatigue
failure under cyclic axial loading. It is very important to be able to assess the impact
of these inelstic phenomena on the performance of the bracing mesndering
eathquakes, especially in terms of ductility, loading and energy dissipation
capacities. Similarly, other phenomena such as imperfections induced during
manufacture and/or construction cagsoutof-straightness of the elements and the
interacton betweerbrace element and gusset plate could have a significant effect on
the performance of the CBF system in earthquakes. In the light of these facts, the
characterisation and quantification ofetteffects of global and local geometric
imperfections e deemed rocially important, for braces subjected to static

monotonic and cyclic axial loading.
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On the other hand, steel braces suffer from initial yielding, strain hardening, necking
and fracture uder satic tensile loading. However, there was evideota lackof
coherent wunderstanding among cons[i]j tuti v
and Ling moddR]) thatare used to model this behaviour. This streisesieed to
develop a unified methodology using the constitutive models mentioned above,
including a crack driven approach to simulate steel braces behaviour under static
loading.

Recently, the seisim interaction mechanisms between brace elements asskigu
plates has been comparatively studied using the (conventional) standard linear
clearance method and a newly developed balance design apfBpdfchTrhere is a
dearth of research in the literature that covers the performance of the two methods
for gusset plates used for bracing members in concehrimaced frames designed
using the European seismicstign cod¢s-8]. Comprehensive research should be
done on this context in order to provide recommendationsnfprovement in the

guidelines of Eurocode standafds analyss and design of CBF structures.

This thesis intends to address the challenges highlighted above with the aid of
advanced finite element models. In this thesis, nzalile finite element nuels

were developed that successfully replicate theeisafespogre features of static and
fatigue behaviour of steel braces and brace gyats structural members. With the

aid of these models, recommendations are proposed to improve the guidelires in

European seismic design code for bracing steel ioeesn

This chapter serves as an introduction to the core topics of the thesis, as well as the
main tools and techniques employed throughout. Section 1.2 provides an overview
of t he ear t lempn,thdir eharacterpstice and timeir potential effeats

the bulding structures. Section 1.3 introduces the design philosophy of
concentrically braced steel frames. Section 1.4 provides an overview of finite
element framework in relation to modellingggageABAQUS. Section 1.5 asserts

the motivations andhjectives br the thesis and Section 1.6 presents a summary of

each chapter of the thesis.
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1.2 Earthquakes and their effects on buildings

Earthquakes are the result of release of seismic energy stordee daedbnic

boundary (faults)When this energy is redsed suddey, it travels through the earth

in the form of seismic waves, whi ch r1 eac
causing an earthqudl@. During an earthquake, the ground shakes in a complex
manner, as waves of different wavelength and amplitudes interact with atherano

(Figure 1.1) Therefore, there is a great variability in the characteristics (peak,
frequency contents) of the recorded earthquake (accelerograms), even for the same
earthquake recded at different stations. The salient atacteristts of the

earthquake ground motions are its (i) amplitude, (ii) frequency content and (iii)

duration.

Ground shaking damages a building by generating inertial forces by shaking of the
bui |l di n dadt sesultnra isternaltstresses and stsaim structiral members.

Inertial forces (F) are the product of the structure mass (m) and response acceleration
(a) (Newtonods Law: F = m x a). These ine

the aid of eahliquakeresistant dissipative steel struag10, 11].

Examples of these typical steel structures are illustrateéigare 1.2 These are
known as Concetrically Braced FramegCBFs), Ecentrically Braed Frames
(EBFs) and Moment Resisting Frames (MRFs). Concentrically braced frames, in
which members connected diagonally resist horizontal force, are further classified
into three groups: Diagonal brag, V-bracing, and Koracing where theK-bracing

is not recommended by Eurocode 8 due to the fact that it is highly likely that this
bracing may cause local damages to the connecting column, which may lead to the
state of structural collapse. In this &y it is mainly the behaviauof steelbraces

and brae gusseplate structural member in CBFs that is investigated.


../../../13233302/Desktop/Introduction.docx#C1F1
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b

R
ticte Mog_,

Body (soil volume) Body (soil volume)
(a) Compressive disturbance in particles (grid (b) To andfro disturbance in particle
lines are closer together) followed by a dilatatio in the perpendicular direction of

or extension (gridlines aréather apat). propagation.

OIP,M

Surface wave

Surface wave
(c) Elliptical disturbance in particles on surface: (d) To and fro dsturbancein particle

both vertical and horizontalisturbance in vertical and horizontal direction.

Figure 1.1. Perspective view of seismic waves (compressional (P), shear (S), Ra
love) through a grid representing a volume of elastic material. The direXtiandY are
parallel to thee a r t hface and ther direction is depth. T=0 through T=3 indical
successive times. The material return to its original shape after the wave has[d&$se
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(a) Concentrically Braced Frames (CBF)

Diagonal bracing V — bracing

Dissipative zones — tension Dissipative zones — tension &
diagonals only compression diagonals
(b) Eccentrically Braced Frames (EBF) (¢) Moment Resisting Frames (MRF)
Dissipative zones — bending or shear links Dissipative zones — beams &

bottom of columns

Figure 1.2.Main structure types of seismic resisting steel frame strucfd@s

1.3 Concentrically braced frames (CBFs)

Concentrically braced frames (CBFs), in which steel braces intersect the centrelines
of the beam and column members, form one of the most efficient systems for
providing seismic resistance in both land nediumrise building stuctures. Thy

resist lateal inertia forces by vertical iplane truss mechanisms consisting of
alternating compression and tension forces in the bracing members. Consequently,
the lateral stiffness and strength of CBFs depmathly on the performance dhe

steel lvaces. The wayhey performed under lateral load is schematically shown in
Figure 1.3

The steel braces deform hysterically in tension and comsipreshen subjeted to
cyclic axial loading. This hystetic behaviour depends on the properties such as
mechanical (crossection), material (fabrication) and applied loading history. This
hysteretic behaviour can be quantified using characteristicsasuichial yield load,
pre-post buckling compressivedd, ductility capacity, energy dissipation capacity,
lateral deformation, global and local buckling capacity, and fafifeieapacity.

Compared to other forms of structural bracing members, squareeaangular
halow steelsections are extensively etaped. These sections are very effective at

resisting axial compression loads, as they have uniform geometry along two or more
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Models for single

Model for concentrically storey braced steel

braced frame (schematic) frame in effect of

<T,

®  Simple beam and column
framework

= Diagonal steel bracing
members

®  Dissipative zones in steel
bracing members

Figure 1.3. Multi-storey braced steel frame model. A single storeyaviehr is
demongated in dfect of lateral load. Themt at ivwns st he yi e
b r a dCg" is théinitial buckling capacity;,,andC,.are the posbuckling capacities a

ductility 1 and 3, respectivdl{4].

-crosssectional axes, anduk uniform strength characteristics (although with some
changes to the material strength at corners and welds offaraléd sections).
However, when such section possesses-whilts, they are vulnelde to local
budkling at high compressive stresses. Thempressive stresses vary with the
fabrication route, with the colfbrmed section attaining higher compressive stress
than hotrolled sections, primarily due to celdork. The onset of local buckling
decrases the wlctility of crosssection, as well a$é overall stiffness and strength
of braces. Consequently, it is often used as a limiting state in dfsghg].
Another Imiting stae following the local buclhg is fatigue. Fatigue is associated
with tearing of crossection following the hinge formation at upper and lower

compressive corners of a locally buckled brace tube structural member. Thus, the
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above limiting staes form thedesign basis of the conceintlly braced frames when

they are subjected to lateral lodd8-24].

Physical laboratory tests arket mo$ accuratemeans of ssessing the structural
behaviour of steel braces under a certain type of loading, such as cyclic axial
loading. However, it is often difficult to conduct fidtale structural testing for
design purposes, primarily due to sigraint monetary osts and the consumption.

On the othethand, numerical models capable of formulating and reproducing test
behaviour are often employed in practice. Such models can be developed under the
framework of a commercial finite element packagehsasABAQUS v.613[25].

1.4 Finite element models

Finite element (FE) models are the discrete mathematical modelsuttessfully
replicate tesbehaviour through simulation, provided that computational inputs are
correctly executed. In these models, steel brace sections that are assumed continuum
in stress space are transformed into a finite number of elements. Eawkntls
connected by nodessach node has an unknown definite variable, which are
typically known as degrees of freedom. These degrees of freedom (rotation,
displacement, force and moment) are quantified with the aid of basic principles of
physics, suchsaequilibrium equations. Thesulting known degrees of freedom are
mathematically assembled into a global framework of system with certain tolerance.
The final framework is the approximated solution of the FE model in terms of load

and displacement.

The FE framework must considdng most appropriate material models, number and
type of elements, mesh size, imperfection model and solver model to be employed.
These are the inputs and acts aspoeessing units. Each of these units are further
divided intosubstructures based on thequirement of the input data. Python scripts

are often employed in FE frameworks to customise the models in tiprquessing

stage. Once all the components of the model are assembled into a global FE package,
the model is snulated with the aid of a Ber. The result of the simulation is
requested based on the design parameters and provided via colour scale contours,
which shows the distribution of output over the object, such as steel braces. A

schematic FE framework is mented irFigure 1.4
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Sketch

Assembly Evaluation Simulation Visulalisation

Data

Pre-processing Processing Post-processing

Figure 1.4.FE modelling framework with different modelling processing units.

1.5 Project scope, objectives, & goals

The main aim of tl project is to develop advanced FE medal concentrically
braced steel frames components and elements in a framework that can capture the
salient behaviour of CBF steel structures under cyclic loading using the commercial
software package ABAQUS v.6.125], as illustrated inFigure 1.5 Thus, the

following objedives are set for this project.

FE Component Models
5 FE Element Models
T
g 3 FE Material Models
: :
i T
i S <
= w g
-
p < v
- w &=
m o]
a pe &
i
0
Component Test Models Element Test Models Coupon Test Models Moulti-scale :

i Literature validation Literature validation Literature validation Finite Element Models

R PR B e r e RN AR R R R PR E LGN R SRR R P ararrrrerere e n

Figure 1.5.Multi-scale FE models. Each model has a contribution in the seismic des
concentrically braced steel frames.

1) To develop a design methodology foethehaviour of steel under static loading
incorporatiry a discrete crack growth model, and to demonstrate its applicability
to simulation of steel bracing members under static tensile and compressive axial

loading.
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2) To conduct imperfection sensitivity anags of square hollow steel sections and
to develop fiite element models of steel bracing members when subjected to
static and fatigue loading conditions.

3) To develop advanced finite element models of hollow steel sections in
congregation with gusset platesd connections under static and fatigue loading

condtions.

In order to achieve these objectives, the methodology outlinddgure 1.6was
followed. This methodology repsents a workflow scheme involving the following

crucial steps:

1) Initial test data assessment in relation to applicability and functionality.

2) Qualitative assessment and characterisation of salient response features of test

models.
3) Performance comparison aimulated and test models in terms of statistics
correlation.

4) Justfication of reasons causing differences in the results of test and FE models.
Following the project methodology, the project achieves the following (major) goals:

1) Recommendations on imprewment in the current Eurocode 8 design guidelines
regards the detiing guidelines on gusset plate end connections.

2) Recommendations on revising the imperfection factor in relation to thelexd
carbon steel bracing members.

3) Successful development ohite element models for application to design of

concentrically baced frames components and steel braces.
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PROJECT

' Physical/Numerical '

4 PHYSICAL TEST MODELS A 4 FINITE ELEMENT MODELS N\

Coupon and steel brace tests Material model
(TCD) (Static monotonic model)

— Steel brace model
Steel brace tests (ICL) (Static eyclic model)

Brace-pusset plate model
{Static cyclic model)

Brace gusset-plate assembly
tests (TCD)

Physical vs. FE models

Figure 1.6. Flow chartshowing the physical test models and FE models involved ir
project. Each FE model developed in this projeas bea validated against results froi
the tests conducted by colleaguesTrinity College Dublin (TCD), Imperial Colleg
London (ICL).

1.6 Thesis overview

In Chapter 2, a literature review is presented. This includes a detailed critical review
of the alrady pultished work on the response of thwalled tubular sections to
mondonic and cyclic loading via mulgcale physical laboratory tests. A framework
of multi-scale numerical models covering constitutive models and falifgue
predictive models is psented. European seismic design guidelines for
concentrically braced frarseare discussed. Importantly, this chapter also includes

the design challenges and the reasons behind addressing them through this project.

In Chapter 3, a new framework for advangdinite element modelling of CBFs
elements is presented. This includes Hackground behind and development of a
crack growth model for structural steel element. The main focus of the chapter is the
development of a design methodology using empirical elsodndits validation

using fifty-five coupon test results, which is thapplied to models of square and

rectangular structural steel brace tube sections.

-10-
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In Chapter 4, an imperfection sensitivity analysis and validation of finite element

models for cydtally loaded hollow steel sections is presented. It includes a detailed

imperfection study in relation to the salient parameters that influence the behaviour

of hollow steel section to cyclic loading. This is successfully followed by FE model

validation wsing plysical test results.

Modelling of both structural elements (stegisset plates and brace element) of the

CBFs is presented i€hapter 5. For the gusset plate design, both the traditional

method and a newer method are taken into account of thg stadlis the standard
linear clearance and elliptical clearance methadspectively. The study then

provides a comparison of the two design methodologies based on the outcomes of

the two results.

In Chapter 6, an executive summary of the work develbperen is presented. This

is followed by a series of conclusions, poiginapplications and recommendations

for future work.
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Chapter 2. Literature review

2.1 Overview of chapter

Over the past years, extensiVaboratory tests and numerical models have been
performed for hollow steel sections (HSS) used in concentrically braced frames.
Physical tests varied in test 4gis (structural, component, elemental and coupon),
spe i mecaniigarations(brace only, kace gusset plate system), loading protocols
(symmetric, asymmetric), loading regimes (low cycle fatigue, -litna cycle
fatigue), boundary conditions (fixed ends and pinned ends), and test type (static
monotonic, quas-static cyclic, anddynamiq. The tets aimed to investigate the
performance of bracing steel members with different structural shapes and materials
under different loading protocols. Moreover, several numerical models have been
built to simulate the bek&ur of HSS with different shapes, tedals and loading
protocols. This chapter provides antopdate summary and evaluation of previous
physical tests and finite element models andslihliem to the research addressed in

this project.
2.2Bracingsteelmenber 6 s formation and struc

Steel baces elements can be formed from a variety of materials including cold rolled
carbon steel, hot rolled carbon steel and stainless steel-rdield steel is
essentially hetolled steel that had further processingt kblled material is formed
when thesteel is above its recrystallization temperature (typically around°@p0
while cold rolled material is formed when the temperature of the steel is below its

recrystallization temperature and the process is perfoahenbient temperature
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after cooling @wn the virgin material. Hot rolled steel is typically cheaper than cold
rolled steel due to the fact that it is often manufactured without any delays in the
process while the cold rolled steel is followed by anneamdjor tempers rolling.

Table2.1. Common structured steel brace sections.

OO T L L

Square Circular hollow Double angle Channel I-shaped
hollow sec. section section section section

Table2.2. Features and characteristics associated with formatimt@ss of steel braces.

Hot-formed stel Cold-formed steel
i.  They usually have closer yield I.  Yield strength increasetue to
strength to the specified/nomina cold work of forming
yield strength of the parental
material
i. Attain specified/expected ii.  Subjectto less ductility
ductility )
iii.  Non-homogenous material
i. Homogeneous material properti properties around the cress
around crossection esulting in section

less uncertainty in struatal
response behaviour

iv.  Ultimate to yield strength ratio = V. Ultimate to yield strength ratio
nearly similar to the virgin reduces.

material ratio
v. Small flat surfaces and large

v. Large flat surfaces and small corner radii
corner radii : . . . .
vi.  Possessive high bending residt
vi.  Possessive negligible bending stresses due to inivement of
residual stresses bending process.

Bracing elements used to resist lateral loads can have several shapes as shown in
Table2.1. Moreover, they can be formed using-haited or coldforming process.

Differences between hablled and cold formed steel are shownTable2.2.
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Bracing steel memberseadesigned as a part of structural framing system such as
CBFs. They are cheaper than other lateral resisting systems, easy to repair and
provide easy accessibility to structural health monitoring systems.

2.3 Multi -scale mechanical tests

In order to undetand CBFs behaviour under seismic loadings.multi-scale
mechanical test framework is used as showfigure 2.1 In this framework, the

full-scale structure is divided to four assessment levels:

1. Material: it dealswith mechanical material properties. @ons testing are
used to find the material properties where the response of material is
recorded in terms of load versus elongation.

2. Elemental it deals with individual element behaviour, such as steel braces.
The egonse of the member is recorded innterof axial load and axial
di spl acement, Strain gauge recordings
such as local buckling.

3. Component it deals with bracgusset plate component. Similar to the
elemental level, thresponse of the specimen is recordeterms of axidl
load and axial displacement and strain gauges are used in both braces and
gusset plates.

4. Structural: it deals with structural full frame behaviour. The response of the
frame is recorded in terms ohfe shear and lateral storey drift deg@ment.
Moreover, strain gauges are used on different elements to record their
behaviour.A floor displacement ands and accelerations are recorded using

displacement transducer and accelerometers.

The above assesemt scales help collectively to bettenderstand the response of
structure from very basic scale (material) to full scale (structure) under a specified
loadingcondition andorovide a constructive mean for outlining design guidelines or
the design itselfTherefore, they are presented belowtést setup and findings. In

particular, they are categorized accordingly as:

A Material tests

o0 Static monotonic tests
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o Quaststaticcyclic tests
A Structural member and component tests
0 Static monotonic tests
o Quaststaticcyclic tests
A Full structural steel frammodel tests
0 Shake table tests
o Quaststatic cyclic tests

0 Pseudedynamic tests

2.3.1Material tests

Material tests are extensively performed in structural engineering application for the
purpose of obtaining tensile meclaa properties of material. The matéria
properties are usually found by coupon tests. These coupons are believed to have
identical mechanical properties and failure mechanisms to that of the larger
production piece, such as production of steel braces.cdhpon testing can be
performed by twomethods: (i)force-controlled tests, (ii) displacement (strain)
controlled tests. In thiorce-controlledtest, force is the controlling parameter, while
the displacements are recorded as outputs. This loadiug becomes vice versa in

the case of disgacemencontrolled setup, where instead of recording
displacements, loading response is recorded. Staaitrolled tests are frequently
used for testing ductility of steeltructures, primarily due to the fact th@uctile

crack usually nucleates fromgstic straining in the necking region, which can be
better characterised througtraincontrolled tests. Staircontrolled tests can be
conducted based on the requirement of the loading conditions. Consequently,
coypons may be subjected to, (i) monotorigancreasing static loading condition

and (ii) cyclically fully reversing static loading condition.
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2.3.1.1Static monotonic tests

In these tests, an increasing displacement (positive or negative) is applied to the
specimens to determine its monotonic tensile properfiéguie 2.2). Material
properties are found by coupons te$tsese couponsan be rectanguland circular

in cross-section. Ductile structural steel couparhen subjected to static tensile
loading suffers initial yielding, strain hardeninggcking and fracture. These features

can be quantifiedith the aid of following propers:

E = modulus of elasticity, MPa
fy = Initial yield strength, NPa
fu = ultimate tensile strength, R& = PrmadAo

%RA = Percent reduction in area= 100{As)/Ao

& = true fracture strain = In @Ar) = In [100/(100- %RA)]
St = true stress (F/As)

%EL = percent elongation = 100+Lo)/Lo

wherePmax is the maximum tensile load on the axial laformation curve, Ais
the undeformed (original) crossection area of coupon,: A the deformed (true)
crosssection area of coupony is the originalgauge length, andslis the elongated

gauge length after fracture.

A large amount of data exists characterizing the variation in responses of steel braces
with respect to a number of effects, such as elevating temperatures (fire), blasting,
fabrication pocess, strain rates variation (earthkps), etc. In the scope of this
project, data characterising the variation in steel behaviour by fabrication and

earthquake effects are reviewed.

Steel braces are usually composed of three materialsolled carlon steel, cold
formed carbon steel, andold-formed stainless steel. The properties of these
materialsvary with respect to the process of fabrication. Gardner dtljl.while
performing comparate analysis, found that the coupons spsns from hetolled

carbon steel had identical strength to the those from virgin material, while the cold
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formed carborsteel had higher measured values than virgin strengths values. The

cause of higher strengthgold-forming.

(b)

Figure 2.2. Static monotonic tensile testing of coupons using
displacement controlled loading protocol, for investigating material
properties of hollow steel sections (a) for flat walls, and (b) for
cornerg 2.

Mechanical properties of coldrmed carbon steels can be significantly different
from those of the virgin flat sheet before forming and-rotled steels due to the
cold-forming process, primarily due to the fabat they are fabricated by bending

flat sheets. Due to coffbrming, the yield and tensile strengths are increased
whereas the ductility decread@s5]. This increased strength is 4% ftat faces and
ranges between 287% fa corners and the yielding plateau disappears and the
strain hardening range decrea$ék The yield strength of the corners in celd
formed sections is increased, although the thickness of the steel at the corners is
reduced. The effect of this corner thinning is generally small since the corners
constitute a small portion of the cressction7]. For coldformed stainless steels,

the strength increase for corners is, on average, 50% higher than strength of

equivalent flat specime[t.

Working with coldformed carbon steel sections, Karf@h suggested that since the
corner regdns typically make up between 5% and 3@%ihe total crossectional

area, the influence of their enhanced strength should be allowed for in structural
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calculations. With this argument, he had proposed an empirical model for predicting
the enhanced yieldtrength of corners on the basis of pedjgs of the virgin

material, which is given as:

Oy = En'f' (2.1
G

b, = 0945 — 1315 n 2.2)

m = 0803 n (2.3)

wherg ko is the strength coefficient parameter, n is the strain hardexipgnent, a

is theinside radius of crossection, and tsithe thickness of section.

Moreover, Gardner and Netherd®i, while working on coldformed stainless steel
sectiors, proposed a simple formula for estimating the 0.2% enhanced yield strength

of corner regions{, ;... in terms of ultimate tensile strength of flat regifip,

which is given as:

fynze =085 (24)

The application of these models, as well as characterization of cold formed effects
on the mechanical properties of steel braces, are addressed with models- of cold
formedcarbon steel and colfbrmedstainlesssteelhollow section irChapter 4.

Another effect of the fabrication process is the evolution of imperfections.
Imperfection evolves in two states, (i) continuum stresses, and (ii) physical state. The
effect of thee states on the hysteresis loop of besltas been quantified by several
researcherd10-13]. However, these researchers employed limited imperfection
models ad amplitudes in their studies and, theme, they might not essentially
coverthe broad spectrum of the imperfection effects on performance of structural
steel braces. Therefore, a pilot investigation was undertaken, where the frontier
effects of imperfettons were characterized and quantifieith the aid of codified

and applied methods and amplitudes of imperfecibapter 4.

Hollow structural tubes can be subjected to variable straies andmay be
susceptible to highly stressed state during eagites. Steel mechanical properties,
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which are obtained from physical tests are established at abdigetOstrain rate
recommended by codd44], which is less than the rates received under seismic
loadings (1&/sec)[15]. It is found that the mechanical properties of the material
depend on the rate at which stresses are apligld Several studies showed that
increasing the strain rate increases static tensile yield strength, but does not affect
ultimate tensile strength significantf$, 15]. Moreover, it is found that strain rate

has a negligible effect on the elastic and strain hardening moduli ofsigel
2.3.1.2Quaststatic cyclictests

Under extreme seismic conditions, structural steel braces, particularly, those acting
as dissipative members, may experience small numbers of very large strain cycles.
The responsefestructural members to this form of hag depends on the geometry

and the hysteresis loop of the constituent material, which can be studied through
quaststatic cyclictesting at high strain amplitudes. Therefore, these tests are referred

as ultralow or extremely low cycle fatigue tests.

In these tests, coupons of structural steel are subjected to variable strain ranges

(£3%, + 5%, £7%,, etc.) up to the fracture occurrence, which is marked by failure

criterion, such as 10%rap in load[18]. The displacements are controlled with the
aid of an Instron actuator and operates at lower strain rates, as@x10° st
(recommend by BS 72744] for metallic testing). This strain rate ensures that heat

generated during testing would not affect behaviour of test model.

These tests assist in establishing the constitutive pazemand fatigudife of
bracing steel nmabers. Nip et al[18] while investigating cyclic material properties

of three brace matials (hotrolled carbon steel, colfbrmed carbon steel and celd
formed stainless steel) found that the three materials exhibit si@dfm[19]-
Manson20] relationship despite significantly different elongations at fracture
measured in monotonic tensile tests. They also found thatolhed material
generally displayed margirgl better fatigue performance than theldsformed
material, attributed to the increased level of damage and reduced ductility caused by
cold work. In addition, stainless steel, which had substantial strain hardening in
monotonic tensile tests, demonsttaéemuch larger degrees of cyclic harohgnthan

the hot and coldformed carbon steel materials.
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Cyclic loading has two substantial effects on the properties of steel material (i) cyclic
softening and (ii) cyclic hardening. When cyclic response of nadtiées below
monotonic response, it @lled as cyclic softening. When this phenomenon become
vice versa, it is referred as cyclic hardening. In order to predict material behaviour
under cyclic condition, Manson et §21] found a correlation between the degree of
softening or hardening and the ratio efy6. (where f is ultimate tensile strength,

and fo2 is 0.2% offset yield strength). écordingly, all materials investigated for
which f/fl02O 1. 2 snder ¢ydin straining and those for whichfp.O 1. 4
strain hardened. At intermediate values, 1.2Kyof> <1.4, both hardening and

softeningmay occur. The application of this model was demonstrat€thapter 4.

2.3.2Structural member ad component tests

Following the coupon tests, structural members and component tests are presented.
Monotonic and cyclic tests are carried out to investigate brace members and
components characteristics such as, initial yield strength, initial buckliad, lo
ductility capacity, energy dissipation capacity, cycles to global and local buckling,
and fatigue. This may be due to the simplicity involved in conducting and sefting

these experiments in the laboratory.

In these tests, steel braces can be tesii¢hl idealized or realistic end details
depending upon the interest of investigation. When the interest of investigation lies
in the hysteresis loop of braces, end stiffeners are used in the tests in order to allow
the force transmissibility from stiffedeto unstiffened region of brace. When the
interest of investigation lies in the hysteresis loop of brace gpkdetassemblies,
realistic end details are typically employed at the ends of braces. End plates are used
to connect the specimen with the tieg setup. Loading is applied by using
hydraulic actuators. Loading cells, string pods and suitable number of strain gauges

are used to record experimental data, as showigure2.3.
2.3.2.1Static monotonic tests

These tests are mainly carried out stocky/stub braces to obtain basic material
properties and to conduct a comparison with results of coupon tests. G2ggins
carried out twenty three tests of square and rectangular hollow steel sections
(40x40x2.5), (20x20.2.0, and 50x25x2.5mm) under static tensile loading. His results
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showed that stocky members of 40x40x2.5mm and 50x25x2.5mm had on average
1.23 and 1.12timeshigher yield strength than their respective coupons. However,
this wasreducedio an average of 1.01 for 20x20x2.0mm crssstions. A possible
reason was the presence of eoldrking effect in flat coupons of 20x20x2.0mm

section.

These tests have been performed over the past years in order to characterise the
influence of residual stresses on the load carrying capacity of hollow steel section.
The residual stresses are induced through fabrication process. A research group from
the Inperial College London (Gardner et Fl], Gardner et a[12] andAfshan &
Gardneif23]) has published extensive work in this area . Their results showed that
geometrical imperfections were identical in magnitudes inrbited and cold
formed hollow steel section. But, the degree of bending residual stresses were
observed significantly higher in cefdrmed hollow steel sections, primarily due to
coldwork. They have proposed a model for replicating residual stresses in FE
models. They found that ihcsion of residual stresses generally led to an increase in
the loadcarrying capacity of models stainlesssteelcolumns. On the other hand,

the inclusion of residual stresses did not significantly influence the numerical
performance ofstainlesssteel hollow sections when compared with numerical
response with models without residual stresses. It was concluded that residual
stresses will be inherently presented in the sisassn behaviour of material
extracted from structural sections, and would tloeee not generally have to be

explicitly re-introduced into numerical mod€i24].
2.3.2.2Quaststaticcyclic tests

Early studies on steel bracing members in effect of cyclic loading date back to 1970s

with the works of Kahn and Hanso[R5], Wakabayashi et aJ26] and Jain et al.

[27-29], and considerable work still continues toda®, 31]. But, it was not until
198006s that studi es began into the rela&é
buckling for the first time and their potentiafluence on the hysteresis loop and the

failure modes were characterised. Since, then there have been numerous laboratory
studies into the cyclic behaviour of hollow steel sections characterising geometrical,
material, and connecting end detailing effemtsthe response of steel braces. The

past experimental development of the last three decades are covered herein.
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Figure 2.3 Testing setp in Structures Research Laboratory at the National University of
Ireland-Galway, for models of brace gussaate structural components.

The interest of the earlier researchers was principally involved in understanding the
inelastic cyclic compressive response of braces. Earlier study showed that inelastic
buckling load decreases with increasing inelastic buckliggles [25]. This
observation was further validated by succeeding resear¢Bérs28, 32, 33].
Moreover, steel braces could have different buckling wave length depending upon
their corfigurationin frame, as such the buckling tgh of brace was about half of

the bar length for a single brace connected to a rigid frame. This buckling length was
0.6 times the bar length for cross diagonal braces when buckled in plane and 0.7
times the bar length when buckled -adtthe-plane[26].

Experimental studj28] concluded that effective member slendernes.&Eqwhere

L is the length of the brace,1Ks the effective length factor, and r is the radius of
gyration) was the single parameter affecting the hysteretic behaviour of braces, and
that compressive resistance degraded more rapidly in slender sections than stocky
ones, leading to fewer inelastiesponse cycles and smaller energy dissipation
capacity. This energy dissipation capacity was defined as the area under the

hysteresis loop. These observations was also obsenjé&d]by

A== (2.5)
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The interest of investigations went further, and the hysteresis loop was characterized
consequently. It was found that hysteresis loop gradually reduces in compression,
increases in tension, witlobading cycles of increasing deformation magnitude.
Regards end connections, rigid connection cause plastic hinges to form at the
member ends, in addition to that at Awdgth, leading to improved inelastic

performance in terms of stiffness and strergjthraceq432, 33].

The cyclic axial compressive loading has two important effects on the hysteresis
loop, that is, (i) the Baushinger effect (the increase in tensile yield strength as a result
of decrease in compressive yield strength, (i) residual deformation from the
previous tensile cycle. To account for these effects in design, reduction factors were
proposed on the basis of cumulative plastic strains and column eccentricity theory,
respectrely (Figure2.4 and 2.h This was the first attempt towards quantification of
postbuckling loads by mean of theoretical analySi].

Between 1982 and 1986, most of the research was focused on the applicability of the
previous observations on tests of wide flanges, double angles and steel tubes. The
most notable publications welr@6-39].
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Figure 2.5.Column buckling reduction factors dut Figure 2.6. Column buckling
to Bauschinger effect on two bases: tangent reduction factors due to
modulus, Et and reduced modulus,[&Q). eccentricity effeci4q.

It shouldbe noted that major research was carried out in the context of American
code of practice. Since, concentrically braced frames were evolving as the
economical alternative solution at that time in US, specifically, for construction of

low-to-medium rise buding structures.
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While assessing compactness criterion of AISC Plastic design specififatiorit

was found that this criterion isadequate for seismic design and that the sections
based on this criterion may not survive severe cyclic axial deformation without
fracture. This was the conclusion of the experimental studes42, 43, and
subsequently led to the testing of filled tubes as an alternative sofd&phnThe

main finding of this study was that when decreasing the widthness ratio from

30 to 14, the initial and severe local buckling were much delayed and consequently,
the fracture life increased. Moreover, for this witliickness ratio the performance

of filled section was comparatively better. However, when thehstdtkness ratio

was 30, the performance of fillesction was identical to that of unfilled brace tube.
Despite of having this alternative solution, the understanding on the cyclic behaviour
of steel braces was still limited and unclear, and there waishey on the part of

engineers to employ thef85|.

Although, it had already beestablished 39| that fracture state is more critical than
local buckling state, however, it was not until 1989, when the first model proposed
for fatigue predictiorj4qQ]. In this model, a deformation cyclB,normalized by yield
displacement)y is used to estimate the number of cycles causing fracture. However,
it is important to note that applied deformation historydse® transform into
standard loading history as per the details outlined below and illustrateduires-ig

2.7 and2.8 in order to predict the number of cycles to failure, Ns. In E2)6) -

(2.7), A, and A_ represents the deformatiam the tension and compression period

of loading, respectively. A standard cycle is defined as displacement from zero to

tensile yield displacement and back to zero.

No =2 (2.6)
By
For simple cyclessuch as cycles-2, 2-3 in Figure 2.7.
A —A
Ng = 2Ccte) (2.7)
By

For incremental cycles, such as cyclé B Figure 2.8.
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b
B
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standard deformation cyclp$(] . between hysteretic cycles and
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For given widththickness dimension and effective member slenderness, KL/r, the fracture
life of brace, N can be estimated then:

se—Lz KUr>60 (2.8)
2]
b
N¢ = CS(EEEDZJ KL/r < 60 (2.9)
]

where, b, d, t, are the brace width, depth, and thickness, respectively. Cs is a

numerical constant with a value of 262, which was derived from tests.

From Eq. 2.8), it is apparent that fracture life of braces is directly propaatitm
effective member slenderness ratio and inversely proportional to the square ef width
to-thickness ratio, for members with effective member slenderness ratio greater than
60. In Eq. R9), the fracturdife is an inverse function of square of wietth
thickness ratio for members with effective slenderness less than or equals to 60. This
shows that effective member slenderness has a constant effect on the fracture life of

brace in this slenderness range and that the fracture of braces in this slendernes

-28-



Chapter 2. Lierature Review

range is dominated by widtio-thickness ratio. In all, the two numerical identities

assist in the characterisation of failure modes.

After determining influential parameters for brace members, researchers had shifted
their attention to the gusset pladetailing. It was found that single gusset plate
develops almost pinonnection and influences the response braces in two ways (i)
out-of-plane buckling, (ii) formation of plastic hinges in the gusset plate next to the
brace ends. An @rlasesr n@au s yet swll aitt @ ® nwdis
rigid end conditions at brace end<, 44, 45].

On the other hand, it was found that buckling direction also affect the hysteresis loop
and the failure modes. The-ptane buckled specimens behaved as fixeded
columns while specimen with cof-plane buckled mode behaved as-pided
columns[36, 37]. In these studies, emphasize was given to the design of the gusset
plate end connections. Such that the gusset plate should be able to accommodate
brace axial loading capacity as well as the resulting end moments due to buckling of
steel braces. Moreover, in above tests, gusset plate was designed on the basis of
standard lineaclearance (SLC) method, in which a linearsét was used to specify

the distance between the brace end to that of a gusset plate end connection. This
distance was used as two times the thickness of gusset plédech gusset plate
designwasalso empoyed by other researchers in structural member tests

Between 1995 and 1998, it was found that occurrence of local buckling increases
with decreasing brace slenderng48, 47]. In addition, these studies concludedt tha
postbuckling compression capacity of steel bracing members is reduced between
20% and 100% of that in the first cycle depending upon the slenderness ratio of
braces. The reduction increases as the brace slenderness ratio increases.
Mathematically, a readattion factor was proposed (in terms of normalized global
slenderness) to estimatee postbuckling compressive capacity of braces in the first

and second cycles at ductility fiy48]:

B = { Lo For0=zi<1 (2.10)

- Lozan-11 Foril=zdz4
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wheref3 it is the ratio of the podtuckling capacity to the first buckling capagcity

A= ?LJ% it is the normalized global slenderness.

This model is then applied to the test measents and FE model49-51]. It was

found that model overestimated both test and FE results.

In 2002, a pilot investigation program was undertaken by Biayj®9], in which he

had used the results of tests of seventy six steel bracing members connected to

idealized end conditions, to develop expressions for displacement ductility capacity,

postbuckling compressive resistance, dateral deformations. This was the third
model proposed for predicting the pdmstckling capacity of braces. A ndimear

regression analysis of the experimental data resulted in a proposal of predictive

equation in terms of normalized global slenderness:

f— lr.
a+brit =28 o P=12 . . 2.11)
Afy
wherea , b and ¢ are the model 6s parameters
ductility ofyis the postrickling conipressiveddad in the i

ductility, C, is the initial buckling load, Ais the crossectionalarea of braced is

the nondimensional global slenderness. A model is graphically illustraté&dgure
2.8

The propsed equation was compared with results of square and rectangular hollow

steel sections tests composed of carbon steedtantesssteelmaterial. The models

were proved to be capable of predicting test re$bilils

Tremblay[49] proposed a simple model for ductilibapacity,in which the total
ductility reached at fracture (the sum of the peak ductility reached in tef»by) (
and the peak ductility attained in compressibd)) in any cycle before the half
cycle in tension in whi chrisfredated anly ® the f

normalised global slenderness rafipas:
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Figure 2.8 A typical hysteréic model of brace illustrating response

features (hax M Cu, o8 0uLC 6. fLi6 presented. Wherendindicates

the maximum tensile loady is the total displacement ductility capacity,

Cii s the initial.uy,bucdkhéthegostbuokiind , and
loads in the relevant ductility.

Cold-formed carbon steel:

Hp = 2.4 + 8.34 (212)

The application of this model was found representative over ranfdl ajlobal
slenderness for carbon steel sections but-representative forstainless steel
sectiong50]. This led to the proposal of EQ.24), for stainless steel&ens[50].

Tremblay also proposed a simple model for predicting the lateral deformations in
steel braces subjected to cyclic axial loading. This model is a functioppbéc

axial deformations and brace tube length, L as:

¥ =07yA L (2.13)

whereX is the lateral deformatiom, is the applied displacement, L is the brace tube

length, and 0.7 is a factor that represefiteral conditions.

The equation was later applied to carbon steel and esaisiteel braces and found

nonrepresentative at lower ductility levgsQ].
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An investigatim of the effect of section slenderness on the energy dissipation

capacity ofsteel braces is carried out using the concept of energy ind&?2] [53).

The energy index is expressed as:

— 1 n

where W is the energy under the axial ledidplacement curve in both tension and
compression cycles during the aycle, aad W,=1/2RKdy is the energy absorbed at

the tensile yield of the strut, in whichy IS the tensile yield capacity arig} is the

tensile yield displacement. The test res{fg showed that there is a general trend

of decreasing W, as the section slenderness increases, although there was a

considerable scattering observed in test results.

Shaback and Browr54] concluded that fracturfe of hollow steel sections
depends primarily upon the widtb-thickness ratio, and, to a lesser extent, on the
effective menber slendmess ratio. Fell55] also found identical conclusion, but he
added that loadingistory afects fracture life as well, although to a lesser extent.
Such conclusions were opposed to conclusions presented by TrpfBplay
Tremblay49] concluded that fracturife depends primarily uporthe effecive
slenderness ratio, and, to a lesser extent on the-tadthckness ratio and imposed
displacement history. Interestingly, the two contrasting statement concluded the
following, (i) fracturelife is not related to a single entity and (ii)i$ princpally an
interim function of widthto-thickness ratio and member slenderness ratio.
Therefore, It would be interesting to quantify the rationale limits characterising
hysteresis loop and failure modes of braces based on thetetititkness rao and

nomalised member slenderness as such they were given by Tang arjid@Roel

A re-calibration of fatigudife predictive model, which was originally developed by
Lee and Goi¢42], was perfor med][56band Bhebadk aantb a ul t
Brown[54] with their own test data. M\ addition& term reflecting material yield

strength, § was added into the final mod&4], which is giveras:
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ﬂtf=C

2g0 1.01 P o .55
(fy) (4‘(5[)5 ¢ 5) ('}’ﬁ)z for KL/r<70 (2.15)

% [p—2t/t]2=

:if=

% [p—2t/t]2= 5

2ggy 1oL by .55
(fy) (”‘(d) “'5) (KLﬁr)z for KL/r<70 (2.16)

In these models, the fractuiite was quantified in terms of displacement (mty,
rather than number a@fycles tofracture,Ns,

In 2004, Goggin®?2] used an independent set of test data to develop expression for
postbuckling capacity, similar to the one develdpay Tremb&y{49], in terms of

normalized global slenderness,

_—c_i-_
bA™" = At i=1,2,.. (2.17)
whereb and ¢ are the modal parameterds and

Goggins[22] also proposed the two following expressions for displacement ductility
capacity. These expressions (Ef3) and Eq2.14) are the functions of normalized

global slenderness and wiedlthrthickness ratio, respectively.

L= —0.65+ 26.2A (2.18)

w=29.1— 1.07(b/t) (2.19)

In Goggins [22] model, the ductility capacity, is derived by normalizing the

maximum elongation itension,D: by elongation at yield)y.

Another important contribution into the overall hysteresis behaviour was given by
Han et al.[57], in which they found that bracing members with smaller width
thickness ratio, could not always guarantee larger energy dissipation capacity than
those with larger widththickness ratio. This was due tarky fradure occurrences at

the slotted end with braces of small widththickness ratio. The contribution was an

attempt to assess the updated AISC manual conferring bracing steel members and
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slotted end connections according to AISC seismic designspmav(AISC 2002)

and the AISC connection manual 1997, respectively.

Upon further advancement, it was found that initial imperfection and material yield
strength can also affect the hysteresis loop and fracture life of steel pB8cels
particular, there was a general trend of decreasing fracture life and displacement
ductility capacity with increasing material yield strength. Tihacturelife and
energy dissipation capacity from tests were found to be inversely proportional to the
width-to-thickness ratio of the walls, and, to a lesser extent directly proportional to
effective slendernegs9g].

Haddad et al[58] also proposed an independeradual forpredicting fracturdife of
braces as a function of effective member slenderness and-twithtlttkness ratio
using test results of ten steel braces stiffened with thick stiffeners end conditions.

The model is given as:

Ay= 378N (b))~ (2.20)

where 4; is the sum of the absolutdisplacements#(; andi,), where4a, is the
tension displacement fromy/B to the load reversal point. Antl, is the tension

displacemat from R/3 to the unloading poinE{gure2.9).

Pl

Figure 2.9. Empirical fracturelife prediction, definition o} and D-.
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Haddad et al[58] also proposed a model ( in terms of effective member slenderness
and widthto-thickness ratio) for energy dissipation up to 50% ceesgion failure.

The model is given as:
E = 9.62x10% AN} /)~ 138 (2.21)

Oneprominent study was conducted by Nip et[&0] in which they had proposed
multi-variable expressions (in terms of normalized global slenderness andtevidth

thickness réo, where £ =,/235/f) for predicting the ductility capacity for

specimens of hetolled carbon steel, colibrmed carbon steel and stainless steel

materials. These expressions are given as:
Hot-rolled carbon steel:

L= 369+ 6974 — 0.05(b/ts) — 0.19(A)(b/t) (222

Cold-formed carbon steel:

n= 645+ 2284 — 0.11(b/ts) — 0.06(A)(b/t) (2.23)

Cold-formed stainless steel:

n=—342+4 19863 + 0.21(b/ts) — 0.64(A)(b/t) (2.24)

In subsequent years, major development was carried out in the context of gusset
plate design. Gusset plates aredito comect steel braces with beam and/or column

of the framing system, and thus, they are important from the design aspect. The latest
development in the context of gusset plate details for concentrically braced steel

frames has covered @hapter 5.

2.3.3Full structural steel frame building tests

This is obvious that member tests do not provide full information on the test

behaviour of braces, primarily due to inability of replicating the framing effects,

such as connection. Consequently, full frame tagsoftencarried out to determine

the complex axial loadisplacement behaviour in terms of base shear and storey

drift. In performing structural frame tests, shaking tables are frequamibloyed.
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2.3.3.1Shake table tests

Shaking tables are capabld esimulaing and reproducing effects in models
generated by earthquakes. However, conducting such tests on shaking tables requires
careful consideration of the desired motion, high quality apparatus, and sophisticated
testcontrolledsetup. One may follovthe shak table test design considerations by
Gogging[22].

Shaking tables are available in wide varigtierosshe world. The first shake table

was developed at the University of Tokyo in Japan in 1893. Until now (2018), the

| argest shaking table i-Befdeve¢dpedbamndt ol
City Japan, with a table size of 20mx15m. It canpsupa stucture with a mass of

1200 metric tonsKigure2.10).

i e Courtesy of
%‘ ¥ Simpson Strong-Tie.

.0

Figure 2.10 A six-storyfull scale model of wooden frame structure designed as per
performance based method, -sigt for testing on the biggest earthquake simulator ¢
behalf of woodenframe ma uf act uri ng compa+dTy eoi Si
collaboration of NEES (Network for Earthquake Engineering Simulation) in 20i
(Link:https://99percentinvisible.org/article/eartefenseshakingbuildingsworlds
largestearthquakesimulator/)

A historic noke on the development of shaking tables for earthquake simulation is

presented by SevdB], in which he had covered the developmental process from
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the late 19 century to the late 20century. In Europe, the biggest shake table is
located in Sacley, France with a table size of 6 x bigufe2.11). This shake table
records seismic man in sk degrees of freedom (DOF).

----- Mur de réaction (hauteur : 4 m)
Reaction wall (height : 13 ft)

Table AZALEE (6 x 6 m)
AZALEE shaking table (20 x 20 ft)

Aire d’essais
Testing floor Vérin hydraulique horizontal

Horizontal hydraulicactuator

Massif de réaction (2700 t)
Reaction mass (2700 t)

Accumulateurs | wy = B = T
LS

Accumulators

Support statique pneums:

Vérin hydraulique vertical
Vertical hydraulic actuator
Pneumatic static suppg .

Circuit hydraulique
Hydraulic circuit

Figure 2.11 Labelling and detailing of plate form and sections involved in latest
AZALEE shake table test agh (CEA, 2011).

One of prominent testing on a large scale model of a six storey concentrically
chevronbraced fame building was conducted by Foutch ef@0] and assessed by

his colleague$40, 61, 62] in details later on. Foutch et 460 showed that tested
structure appeared to remain elastic throughout the test when the ground motion was
0.065g, where g is the e&rThemstusturegsufferedi t y w
from limited yieldng and braces buckling following unusual failure in the
connections between the beams and the brace elements, for a ground motion of 0.25¢g
(medium). When the excitation was 0.5g (strong earthquake), the diagonal steel
braces had extensive bucldimnd yiéding behaviour following extensive yielding

in the connected elements (beams and columns) in the bottom three stories of the
structure[62]. This shows tlat damage matures from bottom stories and hupld

progressively in top stories.
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Foutch et al[60] investigated the performance of a dugstem corposed of V
chevron frame and moment resisting frame under strong seismic motion. The
investigation found that braces initially resist 80% of the total applied shear,
compared to 20% resistance given by moment resisting frames. This is consistent
with expetations that braces provide relatively higher stiffness initially. Later in the
tests, however, the braces were sevebelgkled,and their compressive strength
decreased. Therefore,-destribution of the loadccurred,and the moment frames
caried abou0% of the lateral load. This shows that without the support of moment
frames, the building would have little inelastic strength and stiffness and might not

have survived the major earthquake, such as outlined by Mazzolanicd] al.

Later, it was realized that conducting identical full frame testing of structure would
be difficult and costly, therefore, a redukscalemodel was designed. This reduced
scale model was able to comply with the similitude requirements of adeae
model. The first of this kind of model was used and tested by Berterd @4dior a

six storey concentrically chevrdiraced dual steel frame system with a reduced
model of 0.3048, for a peak ground acceleratemmgingbetween 0.063g and 0.65g
covering limit states such as, serviceability and collapse, respectively. It had found
that bracing members in the ductile moment resisting frame resisted W808/60f

the storey shear in each storey during the minothgaake.Brace buckling and
yielding observed during the major excitation, with two bracing members fracturing.
However, stable shear and instorey drift behaviour was observed after brace
buckling due to the ductility of the moment resisting framdse @uctilty of the
frame was found to be in between 2.5 and 3.0. They also noted the modification
factor coefficient (R) was 3.6, much less than the AISC (2002) recommendation of
4.5 for intermediate moment resisting frames or 8 for special moment ngsisti

frameswith concentric bracing structures.

From above publications, it was apparent that braced steel frames performed well in
low to mediumearthquakes butay substantially damage in strong earthquakes.
This follows the proposal of, special cases ®&FS suchas buckling restrained
frames that provides lateral resistance to bucKlBtg67], frames with shear panel

with improved detailg8], and frames with improved gusset plate connections end
conditions[69, 70].
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Buckling restrained braced frames (BRBFs) offer improved seismic resistance than
conventional braced steel frames, with the use of steel core encased in a Healtar fi

on hollow steel tubes, which allow axial forces to be resisted by only the steel core
and not by the surrounding mortar or the steel encasement. The steel core is laterally
braced and that itéds buckling strdength
strengh, thus allowing to yield both in the tension and compression. This system
also offered the advantage of balanced force mechanisms in the bracing steel
members, specifically in a chevron pattern, leading to smaller beam sections. Earlier
results[71, 72] of large scale testing showed BRBF could resist lahgetility
demands without damage but may deliver poor performance between the storey
drifts of 0.02 and 0.025 rad, in relation to end details. With improved connection
details[73], BRBF had drift capacity up to 0.048rad, with no sign of distortion and

damage in the gusset plates end condition.

Despite improvement, occurrences of large permanentwidast a shjective issue

with BRBF structures, primarily due to low peseld brace respongé5]. A dual

frame system with spedianomentresisting frame was proposed to reduce such
large deformation$74]. With this improved system, there was a reduction in the
maximum storey drift betaen 10% ad 12%, with a slight reduction in the brace
ductility demand. The research towards the sustainable BRBF systems did not
stopped here. Inspired by composite materials (ritkahium (NiTi) shape
memory alloy (SMA))[75, 76], seltcentering buckling restrained braced systems
was proposed, aiming to achieve embedded flexible structural respdthsenesat

after a major earthquake.

Dyke et al.[77], while proposing Vision 2020 for earthquake engineering research,
encourages researchers toward the development of resilient structures that should be
capable of deforming themselves against earthquake and restoring themselves back
in the original posion afterwards, subject to little or no structural damages. Such
intentions further strengthen the foundation of -selfitering systems for modern
structures. Such conditions were imposed in effect of recent investigation that
concluded that cost of maanance bcomes greater than the cost ebralding of a
structure in Japan if residual deformations exceed (786
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One of prominengroup that is working on novel selfentering composite structural
steel framing systems is Zhou et[a19-81]. They classified selentering systems

into thethree boad categories, such:as

) Seltcentering mechanisms via beam column joint, where opening and
closing occurs within the joint structure following the earthquake, with joint
forced to back its initial position after the earthquake by-spressed
terdons,

(i)  Sdf-centering systems via rocking foundations, where uplifting in the load
bearing and foundation joints creates -®elfitering mechanisms by peost
tensioned bars, and

(i)  Selfcentering braces with friction devices and/or eudle postensioned
composite tewlons, with the ability of adjusting themselves with the main

frame.

In ECS8, there are guidelines on the conventional braced steel frame members, such
that the global slenderness in X braced frames should be in the range of 1.3 and 2.0,
while the dobal slenderness in other bracing systems should be less than or equal to
2.0. Braced frames up to tvatoreysare free from these limitations. Moreover, there
are guidelines on the ducti | i-segtiondimit t he
states.Such that if high dissipative structural response is desired Class 1-cross
sections are recommended. Note: Class 1 @estons can deform up to plastic
hinge formation. If medium dissipative structural response is desired Class 2 and
Class 3 crossectons carbe used, such as those limiting by the local buckling effect
(before plastic hinge formation). EC8 allow the use of tensile diagonals only and
neglects the contribution of compressive diagonals in braced steel frame design. This
is a consequencef the stength degradation significantly following the instant of
global buckling in compression. The design of tensile diagofalsws the
conventional strength design basis. Such that the measured yield capacity of braces
(dissipative elements) shoul lesstian or equal to the nominal yield strength of
connection, such as gusset plates {dissipative) in order to accommodate cyclic
yielding in the braces. Regards gusset plate, the design should follow the

serviceability limit state, such as elastic
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Howeve, there are no clear guidelines on the detailing and dimensioning of the
gusset plate end condition. Instead, the EC8 recommends that the design follows the
basis of available methods, such as standard linear clearance method or using a
design acompaniedwith solid experimental evidence. However, obtaining data
from experiment may be costly and time consuming, leading to adapting the standard

linear clearance method in practice.

However, recentesearcH 69, 82, 83 shows that those designs lead to unexpected
failure modes (weld fracture, &m bendig and column buckling) and oveize
gusset plates when analysed with models with realistic end details under realistic
earthquake loading. Alternatively, a balanced design approach was proposed. With
this method, the drift range of specimen hasreéasedy 46% (on average) when
compared to that designed with conventional appr¢@8h However, hese arehe

early stage results and looking for further validation through experimental and
analytical means. This project has covered the model validation by physical tests and

finite element analysi€hapter 5).
2.3.32 Pseudedynamic tests

In absencef shaketable,the dynamicresponse obracedsteel frame structure can
be obtainedhroughpseudo dynamic tedesaudo-dynamic tst evaluategesponsef
structurebased onthe measurededoring force obtainedin each time stepThis
restoring force isthen usedto analytically obtain the next displacement increment
for testng systemin conjunctionwith inertia forces and damping forcdsom the
equation of motioninertia forcesand damping forceare not physicayl produced
and are modellednalyticdly. They are hybrid tets andallow very large model$o
be tested with only a relatively modest hydraulic power requirement.

2.3.3.2Quaststatic cyclic tests

Quaststatic testsare also carried oub obtain data oil€BF models A pre-defined
loading history is usedin conjunctionwith displacement &msducers and loading
hydraulic jack. The loadimgy is applied at theeripheralof the beam column joinin
terms ofdisplacement and theg@lting reaction isacorded irterms of base shear or
story ear dpending upon thescde of the modé. Braceaxial forces arebtained
by convertinglateral framedispgacementinto axial brace displacementoy cosine
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angle formed byeam column membeavith brace Digital imagecorrelation(DIC)
techrology can be used toanitor real timetestprogress These tests arelatively

simple anccheapcomparedvith pseudo dynamic testand shakeable test.
2.4 Multi -scale finite element models (FEMSs)

Similar to the purpose of mukscale tests, mulgcale finite element models
analysed structural response under given boundary conditions. Howewgpared

to test models, finite element models are more versatile;etfestive alternative,
and has tendency ofepresenting structural response over a wide range of
parameters. In alition, they assist in examining local phenomenon that are difficult
to trace and understood via testing. In modelling framework, thensae! that
essentially derive model performancand requires extensive effort is the
constitutive modelling. Therefer this section begins with constitutive models and
introduce finite &ment models and their findings subsequently. In particular, this

section follows the following context structure

-

A Constitutive models
o Models for static steel analysis
0 Models for quasstatic cyclicsteel analysis
A Finite element models (FEMSs) for structum@embers and components
0 FEMs for static monotonic analysis
o FEMs forquaststaticcyclic analysis
A FEMs for frame moel analysis
o FEMs for pushover model analysis

0o FEMs forquasistaticmodel analysis

2.4.1Constitutive models

Constitutive models, are mathematigasimplified versions of complex physical
phenomenon, offer accuracy within engineering precision and deal with rea
behaviour with simplified and idealized assumptions. In the scofte gfroject, two
constitutive models can be identified (i) modelslidgawith monotonic static steel

brace analysis, (ii) models dealing with cyclic steel brace analysis
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2.4.1.1Modds for static steel analysis

Hookds | aw 1 s t he adteuzing laeareladtiabehavioardfesteel ¢ h ar
by stress strain consttive relationship. Later, Hollom¢§8&4] proposed first model

for predicting nonlinear inelastic stresstst taking strain hardening into account,

with a valid threshold stress limit from initial yielding to ultimate etaf stress.

Ling[85] proposed first model for predinty stresses on account of necking state of

stress, with a valid threstd stress limit from ultimate tensile stress to fracture state

of stress. The intentions of these modelksreto ease the design process. However,

when it comes to application, the méxlelid not used effectively due to lack of
coherent understanding angpthemselves. This project has overcome this need by

developing a morlithic design methodologfChapter 3).

The effect of ductile cracking on steel properties, as well as the roleein th
development of ductile mechanisms (void nucleation growth and ceales) has

been well investigated, resulting in the proposals of rsakie fracture models. Rice

and Tracey[86] took a theoretical gpoach investigating void growth and
coalescence process by ductilad in steel, where an integrated exponential crack
growth theory was used. Further, Gur$8i| built on this work dracture criterion,
employing coupling of the yield surface and mean stress variable. Tvergaard and
Needlemer}88] went further and modified the Gurson mogi&¥] with physical test
results, in which the mean stress varialslg,was faind a dominating parameter
accelerating the crack growth process aftaertain threshold of void formation in
material matrix. These theories further refined with the advent of humerical models
[89, 90], electron scanning microscop§9, 91], latest material and geometrical test
measurement techniqug¢92, 93], aiming to design a universal applicable Void
Growth Model (VGM). VGM quantifies fracture relative to the critical void growth
formation. Although, the applications of VGM was prdveenefial, specifically in

the research investigations (see for exanh@895]), as well as gaining insight into

the crack growth crystgilasticity mecharsims by miti-scale modelling approach

[96, 97], however, they are not much appreciated in design, primarilytdue
compkexity and difficulty encountered in the calibration process. Alsagetigestill

no universal understanding that can describe the internal damage under all stages of

the fracture process, and thus make VGM models subjg&@)e
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Fracture in stel could also be predicted using the simplified rreesde empirical
models. Mackinza[99] took first simplified approach to investigating fracture
process in ductile steel, incorporating simplified plasticity theory in his model. In
this theory, fracture was modelled @s expliat function of the plastic strain. With
the arrival of mean stress pamnetersm and stress triaxiality factor, T (ratio of mean
stress to Von Mises stress) revealed by detailed miachanical studief86, 92,

100, 101], models were mdified accordingly, aiming to format an improved models
later termed as stress modifigelcture strain model or stress modified critical strain
models (SMCS), see for exampld®5 102 103. Models combine the
phenomenology of the maeszale models (conventional plasticity) and miscale
models (mcro-mechanics), thus, the author named these models as-stedss
hybrid models (SSM). Unlike micromechanical models, these models are close to
continuum models and they do not requargori definition of crack lengthL, to
characterise the localiddracture. Also, they are computationally cheaper when can

be employed as useefinedsubroutine in numerical models.

Chabocheg 104 and Lemaitref105 working independently on fracture problems,
proposed the characterisation of fracture based on the continuum mechanics
approach. In this approach, the process of fractsrassumed to be primarily
influenced by effective stress parameter over a representatiume of material
matrix. This, in part, in difficulties in monitoring crack progression from mgale
models, where unlike the micarack, the fracture is drivelny stresdriaxaility in

terms of the macrorack.

All fracture modelling scales coider appropriate constitutive parameters to justify
the scale of damage and the resulting fracture. Consequently, the performance of
multi-scale models were good, prirarfor identifying the instant of damage for
cases where they were employed as usknetk sub routines, see for exampd,

103 or independently predictive models, see for exampd®s 102 106, 107].
However, the complexities within the modelling framework arises as the scale of
assessment become localised. Thus, the rsoale models and mescale damage
models are preferred in design for dealing with the same problem, sullctds
fracture, with intentions to avoid the need of mesh requirement extensively, as well
as intense characteristic length feature requirement by ymeotanicallymotivated
models. These fracture modelsvedeen used with different meshing schemes i
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order to predict crack in steel. These meshing schemes are cove&ed 1h5.2.1

which form the basis of one of design challenges addressaubjoter 3.
2.4.1.2Models forquaststatic cyclicsteel analysis

The trend of the constitutive modelling laegwith the use of physicéheorybased
models and finite element models in the computational modelling of hysteresis loop,
where the constitutive modelling was perfeanas a part of global modelling. The
hysteresis loops ka two important characteriss from the modelling aspects, (i)
isotropic hardening, and (ii) kinematic shift. Mathematically, isotropic hardening is
defined as the stationery expansion and contracaif a yielding surface while the
kinematic hardening is defined as the shifting i@lding surface in a uniform and

kinematic manner.

Numerous constitutive models were proposed with the development of brace models.
The performance of the models in tarnof the computational efficiency and
reliability with test behaviour has been discukge detail in theChapter 5. Two
updated models that are being currently used by structural engineers are briefly
presented: (i) uniaxial GiuffritenegottePinto mate@&l mode]10g, and (ii)
combined nodinear isotropic/kinematic hardening material mod&D9, 11(Q.
Starting with former model, it was first proposed by Giuffre and Pinto in B¥1,

and subsequently modfl by Menegotto and Pinto in 197208, to take into
account the kinematic hardening, and Filippou et al. (1983} to take into
account the isotropic hardening. The model has been usmessfully in the
physical theory based modgR0, 113 under the framework of OPENSEES (Open
system ér earthquake Engineering Simulatifi®)4], primarily due to its physical
compatibility with the remaining modelling framework, as well as the simplicity of
the model it offersinterms sho d el 6 s ¢ a | idblwarks indhe form dfh e
curved transitions, each from a straijhe asymptote withlspe & (modulus of
elasticity) to another straigiihe asymptote with slope 1EbE; (yield modulus),
where b is the strain hardening ratio. The curvature of the famstirve between

the two asymptotes is governed by a cyclic curvature parameter € pdrimits the
Baushinger effect to be represented, and is dependent on the absolute strain
difference between the current asymptote intersection point and the previous

maximum or minimum strain reversal point, depending on whether the current strain
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isincreasing or decreasi ng.d Tatned)asetlpdatédn and
after each strain reverddl1g (Figure2.12).
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Figure 2.12 Menegotto and Pintoonditutive model for stedl10§.

On the other hand, the evolution law of combined-inogar isotropic/kinematic
hardening modetomprises of two components (i) isotropic hardening, and (ii)
kinematic hardening. Thisotropic hardening describes the change of the equivalent
stress defining the size of the yield surfasg, as a function of plastic strain
deformation: and a kinematihardening component describes the translation of a
yielding surface in stress spateaugh back stress variable, Further details othe

model can be found iG@hapters 4 and 5

Steel braces when subjected to cyclic loading suffers periodic buckihgielding
deformation followed by fatigue fracture in tension. Earthquake fatigudf ereht

than conventional fatigue in a sense that it is accompanied with large plasticity at
higher strains which causes fracture in less than thirty cycles of loddiagiumber

of models that deal with earthquake fatigue are very limited, primarilytaltiee
limited number of fatigue studies in the field of earthquake engineering. Although, a
significant data exist that characterizes high cycle (mechanical) fatigiteel, see

for examplg 116, 117].
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Until now, three constitutive models came across for eartlegtagigue prediction,
which are known as, (i) Coffifl9 and Manson[20], and (ii) Kanvinde and
Deierlein[89], and (iii) Hsiao et al[118. The major differences between the three
modds lies in the scale of assessment, such that, the first and last model,
characterises fatigue failure on the basis of plasticity theory, while the second model
characteze fatigue on the basis of void growth and coalesce (physical)
phenomenon, and, thusjicro-mechanical models. The basis of tkenvindeand
Deierleir{89] model follows traditional void growth theory (Rice and Tra¢8§])

with some advancement to accwfor compressive (negative) loading history in the
void growth mechanisms. The model assumes that, when the cyclic void growth
demand (net increased in equivalentsptastrains) becomes equals to or greater
than the subsequent degrading monotonidleenapacity of void growth in effect of
cyclic loading, it is highly likely the fracture has occurred in the material matrix.
This material matrix is defined as the argurrounding the plastic hinge formation
influenced by local buckling effect. The mddapplicability was assessed by
Fell[94] in tests of full scale models of bracing steel members and subsequently by
Myerqd119 and Hadda®0] with some modification.

More recentlyHsiao et al[118 proposed a constitutive model for brace fatigjtee
capady prediction. In this model, instead of plastic strains, maximum strain ranges
(summaion of absolute values of the maximum tensile and the maximum
compressive strains) were used as the parameter responsible for indicating the
damage instant in terms parameters influencing brace hysteretic behaviour, such
as widthto-thicknessratio, gbbd brace slenderness, and initial yield strength. The
applicability of the model was successfully demonstrated for forty four brace tube
sections in a single storeyawed frame, mulstorey braced frame, chevron braced
frame, brace tests, inclined beaest, which were relatively found better than the
predictions of the previous modé¢#2, 49, 54, 113.

Coffin[19] and Mansof20] model can also be used to characterize the earthquake
type fatigue in braces. Such that, the number of relgecsausing fracture can be
obtained with the growth of plasticity index, such as pdasfiiain amplitude.
However, plasticity index varies with the variation in the strain amplitudes for a
given loading history. As a result, a linear cumulative damage isulused to

characterize the fracture for apdicatpn ng st
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was assessed in this project with models of-fotthed square hollow steel sections

and found successfully applicable to earthquake fatigGhepter 5).

2.4.2FEMs for structural members and component analysis

This subsection introduces (FEMs)led¢ed to structural braces and components in

effect of static tensile and compressive loading, as well as static cyclic axial loading.
2.4.2.1FEMs for static monotonicanalysis

Several finite element models incorporating fracture models (describedcin Se
2.4.1.1) were proposed into modelling framework. The main intentions of these
modelswereto predict the stiffness degradation and cracking in the final stages of
failure. Such models were employed with different meshing schemes, such as,
element deletio method, adaptive reneshing method, and mesh free method. With
element deletion method, elements that experience damage can be removed upon
satisfying damage criterion FE models. FE models with this meshing scheme has
yielded good performance for pileims involving identification of critical stress
region, see for examplg¢l20, 121]. However, model 6s perfo
subjective for problems involving acking path/propagation in structures. Also, the
mass of the damage elements did natsewed after satisfying failure criterion
[104].

Alternatively, models with adaptive-raeshing scheme was introduced to trace the
cracking along there-defined path. Again, the technique can be used for problems
involving moving crackip field [106. However, the curse of#meshing makes this
technique difficult for problems involving cases, such as bigger geometry and
complex craking path.

Models with mesh free method 06 has alleviated the erp® of remeshing
scheme and allow the sophisticated modelling of a moving crack. However,
definition of apriori length is a complicated issue with the applicationtto$
method, although the method was acceptable forcmeked problems. Attempts
havebeen made to enhance the predicting crack growth capability of FE models with
additional crack growth functiongl22. Howeve, as being complex, immature
developmental as per the stafethe-art available, such model has limited
applications. Thus, the need to develop a 3D model thatreatel and predict
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stiffness degradation, as well as model and predict discrete crdcir@agating

path in the final stages of failure beyond conventional FE capabilities was required.
This project address this need by developing novel finite elemenglrdapter

3).

2.4.2.2FEMs for quaststaticcyclic analysis

A number of finite elen@t models investigating hysteresis loops under various
effects, such as global and local slenderness, fraliteyesteel materials, and
supporting end conditions wemeveloped[50, 90, 94, 123. Although, several
numerical models have investigated #difect of imperfection on the hysteresis loop

of braces, however, extremely limited model addressed imperfection with a wide
spectrum of magnitudes and shapes. Thus, phoject has covered this area by
employing wide range of magnitudes and imperfecttwms into analysigChapter

4).

Beside finite element models, physidhkorybasedmodels are extensively used.
These models tends to combine the blend of finite efmmodels and
phenomenological modeld24 by combining physical consideratidhat permit
cyclic inelastic behaviour, with a simple phenomenological representation of brace
geometry. It appears that physitlaorybasedmodels provide a promisgnmethod

for replicating cyclic inelastic behaviour of braces in large struct{86s113.
However, he incapability of not taking into account the effect of local buckling
phenomenon intostructural analysis make the performance of the model

questionable, specifically, for sections limiting by local buckling.

2.4.3FEMs for frame model analysis

Extensively @tailed and highly meshed finite element models are typically not
popular for buildingmodels of full frame structures. This unpopularity is associated
with the heavy computational cost that incurred in the-lmewar phase of
simulation. Instead, modelsf astructural members and components are typically
employed to conduct the finite elememalysis, which has been developed in this
project successfully. Another reason of limited presence ofsdéalle structural

FEMs is that the components of braced Istemmes are important and that the
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system as a whole (beam, column and slab) werecexl® remain elastic during

seismic action.

Indeed, a limited detailed full frame ANSY[$25 mode have come across in the

last decade investigating parametric influences of connecting details on the seismic
performance of concentrically braced frames, spedyicat the University of
Washington [126-128. Using thesemodels, it was concluded that elliptical
clearance model performed well in the range-8t,gwheret, is the plate thickness),

that is, it yields smaller and more compact gusset platesaaller local yielding in

the beams and columns. If the elliptical clearance was decreased bglavelt

crack initiation could be occurred and observed at smatend storey drift. If the
elliptical clearance was increased, brace fracture was peddit smaller frame
storey drift. In addition, tapered gusset plates resulted in predictions of brace fracture
at storey drifts similar to those predicted for modelthwiell-designed rectangular
gusset plates. These tapered gusset plates resulted@asdddocal yielding in the

beam and column adjacent to the gusset plate, but tapered gusset plates had earlier
predicted weld cracking than the rectangular alternattwe the other hand, thick
gusset plates significantly increase the stiffness of tilssdgplate connection. The
reduced stress in the plate can result in earlier and increased local yielding of the
beam and column adjacent to thlate andreduces the etey drift corresponding to
brace fracture. However, the lower stress levels assoaciatbdthe thicker gusset
plate reduces yielding in the gusset plate and the potential for weld crack initiation.
Regard brace angle, they concluded that steeper bngbesaesult in the potential

for earlier brace fracture and weld crack initiation.

The same research group also analysed the FE model of-staléy X diagonal
braced steel frame structure under cyclic aldalding andstudied the analytical
performane of it in effect of midspan gusset plate connection. They concluded that
frames withintermediate sizes performed well. Very light members sustained high
inelastic stress and strain demands on the middle beam arspamdgusset plate,
while heavy framig members reduced inelastic stress and strain demands on the
middle beam but retaineceohand on midspan gusset plates. Moreover, gusset plate
design has distinctive differences in performance between thapaidand corner

plate connections. For cornemugget plates, an Btelliptical clearance offers
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improved performance; for the mgpangusset plate a linear 8tlearance model

improved the performance.

FEMs of full frame models can be used to assess the progressive structural collapse
failure of a multi-storey braced steel frame building under one column failure
scenario. One columraifure scenario is widely used for risk assessment of a new
and existing buildings subjected to gravity load. In this analysis, an EI&8S(a
general practicing analysis tool) model is exported into ABA{11§ using
customzed tool (visual basic programming language by180@) and analysed in
effect of gravity loads in congregation with one column failure scenario. The resul
of this type of analysis dictates that a typical msitirey building with cross
bracing lateral resistance system is less vulnerable to progressive structural collapse
failure for a one column failure scenario. This effect is due to the structurasbeam
that sustained strains below the serviceability limit stet81]. It would be
interesting to conduct such analysis for matory concentrically braced steel fram

structure under lateral load and failure scenario of one brace orhradgs.
2.4.31 FEMs for push over analysis

FEMs can be used to conduct unidirectional-hio@ar static analysis. The model
analysed will carry a gravity load and a monotonic Htdrsplacementontrolled

load pattern will be applied. This displacement continuoustyeases through
elastic and inelastic behaviour until the ultimate load is achieved. The analysis
determines the overall lateral capacity of frame in terms of s{bwase) shear and
displacement. This storey shear at any point in the response depentis o
performance of the braces, which may be in their elastic;lpméted or yield state.
Therefore, it can be used to define limit states of damage as per trdefised or

code based criteria, such as FEMA R&3] for building fragility curves.

Broderick et al[133 carried out comparison of test frame loaded kinematitaléy
frame analysed statically (pushover), in which they found that maximum storey
shear of a frame is wefiredicted by a notinear push over analysis with the
contribution of both diagonals (tension and compression) members. With only
tensile diagonalghe analytical model underestimated test model. This effect follows
the EC8 guidelines that do not permit the contribution of compression diagonals for

account of CBFesistance capacity.
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Push over analysis is also used to determine the response atamiifi€actor
(behaviour factor), g, which is associated with the ductility and over strength of a
structure, and essentially used to transform the elastic responsa spiecinelastic
response spectra for force based seismic design in order to simpesguirement

set out by standards for conducting the nonlinear structural analysis. In this context,
ECHq 134 has recommateda definite measure of behaviour factor, g, based on the
ductility class of the system, such as concentrically braced frames (CBFs). If the
ductility class of CBF iglassified as medium to high then the behaviour factor, q,
should be used as 4, provitithat structural system must meets other cezsgion

requirements set out in accordance with structural ductility class.

The applicability of a push over analysissh@&cently been investigated for multi
storey framed structurgls3y, in which it was concluded that push over analysis
provides a reasonable solution for short period {iovnedium rge) regular frame
structures, but it is not reasonable for long period (high rise}p@ihl buildings as
such it lacks inncorporatingthe higher modes into modal analysis, which is best

suited to capture with inelastic dynamic analysi3q.
2.4.3.2 FEMs for non-linear time history analysis

Non-linear time history analysis is an accurate mean of evaluating dynamic response
behaviour of a structure for thévgn input (earthquake ground motion). It employs
numerical integration in the time dam and explicitly accounts for nonlinear
stiffness and strength features of the structural members. It also accounts for the
effects of higher modes and shifts in imerioad patterns as structural softening

occurs.

In NLTHA, the calculated responsencke very sensitive to the characteristics of the
individual ground motion used as seismic input and, therefore, several appropriate
selected accelerograms should bedusethe analyses to achieve a meaningful and
reliable estimation of the structural pesse[137]. Moreover, Goggins and Salawdeh
[138] advised that care should be taken with nonlinear time history analysis model
(e.g. number of fibres along the cressction, number of element, number of
integration points per element and initial imperfection), otherwise, they may not

accurately predt the real behaviour of the structural system.
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2.5 Summary

This section summarisehe literature review and relaté to the work carried out
during this project. Moreger, it highlights how the research project will fill some

important gaps and limitatisin the literature.

2.5.1Simulation of ductile steel behaviour

From Sedion 2.4.1.1, it is evident that ductile behaviour ofrbonsteel has been
well-investigated. Indct, most of the effects causing variation in steel behaviour

have been weltharactesed primarily due to the fact thatarbon steel is a
conventional and widely used material in construction. Howevene thias evidence

of a lack of coherent understanhg among <constitutive mo
Hollomon Law, and Ling modeland ther potential application ina multi-scale

analysis of braced steel frame structures. On the other hand, models predicting
fracture were availabjeébut are not essentially utiSed in practice. This drawback

was associated with the knowledge and expertise requireslibrate them, as well

as to incorporate them into numerical modelsthe seismic design and analysis of

concentrically braced steel frames

From Sedion 2.4.2.1, it was highlightedhat different meshing schemes have been
proposed over the dev@ment of analytical models in order to predict the crack
growth by simulation. However, the seorack growth capabilities restricted
potential applications of such mdslén the broadercontext This formedthe basis of

design challenge.

The main challege, and gap, identified from the literature review is the
development ofa unified constructive methodology using the constitutive models,
including fracture.Thus, thisbecame one of the initial focuses of this thesis.
developing the model, the mairsiss that will be encountered W be maintaining

the consistency wit hi,aswelhas ther@aumpledble scala p p | i
(macro, meso, micro) functiongti As such, variation within muklscale models

could lead to complications in the nedling and in its calibration framework. In

view of that, macro scale empirical modeisill be employed. Also, a
computationally efficient damage evolution modell Wwe incorporated into finite

element models. Thiwill allow the prediction of stiffnessegjladation and discrete
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crack propagation in the final stages of failuréhe development of unified
methodology and its successful applicatias well as further dets on the literature

that informed the methodology are giverGhapter 3.

2.5.2Geometrial imperfection models in finite element analysis

From Sedion 2.4.2.2, it is evident that experimental studies have identified global
and local slenderness as thenmry influential parmeters affecting the hysteretic
behaviourof structural steel squa and rectangular hollow sectiobraces. Other
secondary influentigharameters havalsobeen identified, such as initial geometric

imperfections.

Initial geometric imperfections are the geometric entity that comes from the
fabrication process. In pactilar, they can be dimples, ripples, enftstraightness
and other fabrication defects along and across steel bracing memoeesser, the
form they possesis stochast in thatthey have no definite magnitude and shape.
This makes the effect of imperteans on the characterisation of steel bracing

members to be found mainly from physical testing.

While looking atthe European standand 39, it was found that there is a lack of
firm information regarshg the magnitude and distribution of imperfectionbe used
in structural analysegarticularly, for htlow structuralsteel sectiong=rom Sedcion
2.5.2.3, it is evident that a fair numbef finite element models were developiad
the literatureto simulate the behaviour of steel hollow sectiofisere were some
guidelinesin the literature in relationottype and magnitude of imperfections to
include in the structural analysis of brace nmbers, but they areconflicting,
equivocal and inconsistent in applicatiéurthermorethere was a dearth sfudies
that considered sensitivity analysi®f the chamactersing effects of global and local

geometic imperfections on the hysteretic behl@mwiof bracemembes.

In the light of these facts, the characation and quantification ofhe effects of
global and local geometric imperfectswas deemed cruciglimportant, for braces
subjected to static monotonic and cyclic ad@hding andbeame the focus of
Chapter 4 of this thesis.Chapter 4 also provides an extensive overview of the

literature in the context of imperfection shapes and magnitudes.

-54-



Chapter 2. Lierature Review

2.5.3Brace-Gusset plate design and details parameters

From Sedion 2.4.3.1.,it is evident thatthere are strong guidelines in European
standards for the seismic design lwhcesmembers,although guidelines onthe
seismic design dheir connections (gusset platés)much mordimited. In fact, the
Eurocodeslo not providesxplicit guidelines on deting and dimensioning of gusset
plates end connections. Instead, they suggest that detailing of gusset plates should
follow the approach of available methods, such asdstrd linear clearance method.

In a recentstudy [69], however, it was found that this method could lead to
unexpected failure modes and subsequently the Isiddied to achieve desired
performance specified by AISC seismic design provisioreriatively, thecited

study has proposed a balanced design approach.

The recent findings was made by one prominent research group working extensively
on improving tle seismic design of concentrically braced frame structures at the
University of Washingpn, US, in a collaboration with National Taiwan University,

and the National Centre for Research in Earthquake Engineering, Taiwan, aiming to
provide recommendations dime AISC seismic design provisi@®, 82, 83].

There is a dearth of research in the literature that stutie suitability of this
balance design approach for gusset plates used for brgc members in
concentrically braced frames designed using the European seismic design code.
Thus, Trinity College in Dublin in collaboration with theNational University of
Ireland Galway, have caried out pushover tests on bracgusset plate specimens
under fully reversed cyclic axial loadingsdiscussed in more detail Chapter 5.
However, the difficulty enaantered in the tests was the exact characterisation of
structural models, primarily due several reasons, (i) limited strain gauge recording
capabilities, (i) difficulty in tracing evolution of local phenomenon, (iii)
involvement of too many effects, du as framing action, and (iv) test disruption.
Thus, a finite element modeklas also equred to successfully replicatehe
behaviourobserved in the physical laboratory testséove as a basfor evaluating
existing predictive models for ductility capity, fatiguelife capacity, lateral
deformation, and energy dissipation capacithus, Chapter 5 will assess the
suitability of the balanced design approached for use in the European context

through both laboratory testing and numerical models.
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of ductile structural steel incorporating a crack

growth modd

Article overview

This work presents the development of the design methodology for static analysis of
steel bracing memberslt first buildsup coherent understanding and then
demonstrates model 6s calibration process
the finite element framework, and validates the FEMs using experimental results.
The methodologypresentedncludes the empirad models and damage evolution
model based on the crack driven approach, known as extended finite element method
(XFEM). Empirical models are used to capture the-difele (as initial yielding,

strain hardening effect, and necking) events of steel miatenin it is subjected to

static tensile loading. A crack driven approach is used to predict the stiffness
degradation, including ductile cracking and fractdriee novelty of this work is that

afully automated, robust, cost effective (computationally)cd&rk driven FE model
hasbeendeveloped All models were linked empirically and systematically into a
unified format and that this format form the basis of design methodology. The
application of the methodology is demonstrated using coupon Hstse oupon

tests were fiftyfour in total and materialistically possessed structural properties of

stocky steel brace members. The demonstration has resulted a calibrated material
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model, which was used for application to simulation of steel braces by means of

finite element models.

This work also presents the development of the finite element models. These models
include the sulmodels and their modelling characterisation. Thesensodbels are
categorised as, mesh model, element model, interaction model,dierment solver
model, and test seip boundary state model. The resulted finite element model is
then used for static analysis of steel bracing members. This static acalysisall
life-cycle events of braces, including fracture. The static perfaenaf the FE
models was assessed in relation to various salient response features (initial yield
load, energy dissipation capacity, ultimate displacement, failure modes) of brace
steel members, and was validated successfully against experimental tesenfgr
threebrace specimenseeAppendix B). A part of it, the chapter covers the seismic
design aspects of steel braces for application to framing of concentrically braced
steel framesThe FE model developed is beneficial to be used in future resaadch

in conventional and advanced day to day design issues encountered by structural
design engineers in practicEhis work has been published in the jourB&luctures
(2018).1 am the first lead author in the paper, which isaathoredwith my
supervises. The test results used to validate the models were taken from my PhD
super vi s @oggiss 204 cited in Section 3.2.). Besides the physical

testing, | lead all other elements of the work with support from my PhD supervisors
Abstract

A design nethodology that addresses the modelling of ductile steel behaviour in a
unified format is presented. In this methodology, three empirical laws defined as
Hookdés Law, Hol | omon Law, Modi fied Weigh
law based on the extendeadife element method (XFEM) are linked empirically and
systematically to format an advanced design approach. A set of test data representing
forty-five coupon tests of 40 x 40 x 2.5, 20 x 20 x 2.0, and 50 x 25 x 2.5 (mm)
square and rectangular steel hollsections is used to demonstrate its applicability

and effectiveness in driving material model. The material model developed is
employed in a robust numerical model of the steel hollow sections. Another set of

data representing twentiiree monotonic statitests of steel hollow sections is

empl oyed to validate XFEM model 6s perfor
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match the physical tests values relatively well. In other words, when comparing the
ratio of yield force, ultimate displacement, and energgipéion capacity estimated

from the finite element (FE) model to the measured values in the physical test, the
mean values are found to be 1.03, 1.08, and 1.05 with a coefficientiatiora of

0.05, 0.19, and 0.1@&spectively. Hence, the design metHody presented and the
XFEM model developed can be used with confidence as they have been calibrated

and validated using the test data.
3.1 Introduction

The accuracy and performance of numerical models depend principally on
the correct representation of theteraal characteristics by constitutive relationships.
It is unlikely that a structural designer will have a comprehensive set of data on
material properties for modelling structural elements in practice, unless extensive
physical testing and data analysias been carried out in advance. In such cases,
models based on the empirical formulation play a crucial role and fill the design
gaps, saving cost and time associated with testing. Unlike fmechanical models,
empirical models only require basic ma&trproperties for characterisation of the
steel behaviour and are relatively simple to implement and are computationally
efficient. Hollomon[1] took an empirical approach to model hardening of steel by
incorporating exponential based theory in his analysis. Further, [2\Mftilt on this
work by developig a hardening model for stainless steel material by incorporating
an initial strain term. Ludwigsof] went further and modified the Hollomdd]
model by additional constants to capture better the double and triple strain hardening
behaviour of steel. On the other hand, Ljdjtook an analytical approach to model
steel necking behaviour by exponential and straliglet theory in his analysis. Jia
and Kuwamurd5] later proposed in their work an optimal factor to simplify the
method of extrapolation for modelling steel necking. Despite successful applications
of these empirical models for prieting strain hardening and necking, they are not
used extensively, due to their limited stress threshold capability, as well as the lack

of coherent understanding.

The capability to model angredictsstiffness degradation and fracture is a major
step inthe effective and safe design of structural elements, as well as steel structures,

in general. Despite the availability of a number of finite element (FE) models for
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predicting cracking and its role in the development of ductile fracture, there are
significant uncertainties in these predictions owing to their sgatgk growth
capability, as well as the lack of efficient modelling. In light of increasing structural
applications of hollow steel braces that are subjected to significant ductile demand
(for exanple, steel braced frames in earthquakes, offshore structures and blast
loading), there is a need for an efficient and robust crack growth model for the safe
design of braced steel frames. This is achieved through the extended finite element
method (XFEM)[6] in conjunction with the cohesive tractiseparation law. The
cohesive tractioseparabn model by Dugdald7] and Barenblat{8] efficiently
handles the process of fracture by simulations. However, it is important to assess the
potential ability and benefits of the relatively efficient crack growth capability of
XFEM in quantifying the ultimate behaviour of steel hollow sections for structural

engineering applications.

In the current study, a cohesive tractsgparation model and empirical models
defined in the literature are linked empirically and systematically ton fan
advanced design approach for modelling of steel ductile behaviour. This novel
approach is used to develop a material model using coupon tests that is then
employed to simulate static behaviour of hollow steel sections under monotonic
axial loading. his material model is incorporated into an XFEM based FE model to
replicate the salient behaviour of hollow steel sections during static monotonic axial
loading, including initiation of cracking of the section and crack development. The
application of XFEMcan lead to a significant saving in terms of simulatioruget

and model run time, and, importantly, does not require the prior definition of crack
path and length, which is an upgrade of the previous crack driven techniques. The
context of the present wo is application to design, model and simulation of
structural steel hollow section brace members subjected to static monotonic axial
loading. A study of the response of steel hollow sections was carried out in terms of
initial yield strength, ultimate dplacement, energy dissipation capacity, and
prediction of failure modes in order to highlight their practical usage by mean of
finite element models and physical test models.
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3.2 Material and Methods

3.2.1Physical laboratory tests

Goggins[9] carried out many coupon tests of céddmed carbon steel to
obtain data on tensile steel properties. These coupons were roud®a 40 x 2.5,
50 x 25 x 2.5, 20 x 20 x 2.0 square (SHS) and rectangular (RHS) steel hollow
specimens. The specimens were fabricated of grade S235JRH, material No.
1.003910]. The coupons were taken from the flat faces of the sections, except the
face containing the seam weld, as shown inRigeire 3.1 They were machined in
such a cofiguration that theyhad a fixed dimension of the tested lengtb) @nd
gauge length (4) of 75 mm and 50 mm, respectivellfigure 3.1). The parallel
length, L, which included the length of the grip ends, varied between 171 and 237
mm. The coupons we monotonically axially loaded in tension under controlled
displacement amplitudes as per the European standard for testing metallic metal
BS100021 [11]. Thus, a ®ain rate of 0.00025 s was employed up to a
displacement of 4 mm and a displacement rate of 0.00%S0 a failure. In total,

forty-five coupons (15 from each section) were tested to failure in tension.

Figure 3.2 shows the t&t results of coupons, which were extracted from 40 x 40 x
2.5 (SHS), 20 x 20 x 2.0mm (SHS) and 50 x 25 x 2.5 (RHS) sections, when loaded
in tension in terms of loadxtension curves. The coupons can be identified by the
section depth, d (either 40, 20, 50), face (either B, C, or D), and identity number

of coupons. As depicted, the response of coupons remains essentially elastic
followed by the onset of the yielding, and, subsequently, exhibit strain hardening.
However, the strain hardening effect wasrfd negligible for all coupons except for
those taken from the 40 x 40 x 2.5 crgsstions. For all coupons, the yield
point/plateau is unidentifiable on the leagtension curves due to ceforming

effect. For this reason, the 0.2% proof stress methsdyell as the straight line
(proportional limit) method was used to mark the yield loads, and, subsequently, the
yield strength of material. MacDonald et fl2] found that the highest strengths in
cold formed sections are found midway around the bend with peak values up to 1.4
times the strength of the virgimaterial. Moreover, they found that the yield
strengths for the parts at the middle of the faces were noticeably less, but still

showed some increase from the virgin material. Necking occurred in most of the
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coupon specimens. Typically, failure occurretlen loaded up to 4mm in tension
inside the gauge length; however, failure in a few specimens was located outside the

gauge length, as identified Trables3.1 -3.3.

Weld Face A

~=— Basze plate

- Stiffeners

Un-stiffened
S regon
Stiffened
region
Coupnnfmm
Steel hollow specimen
Gripped end Gripped end
l R_Z(]l l
[ 1 [ I B
tL
L.
L,

Figure 3.1. Section labelling and coupon detatilj (dimensions are given in Tablg4 -3.3
where A represents the area of coupon sample).

Physical tests of SHS and RHS specimens carried out by Gd@jinader static
monotonic axial tension and compression loading are used to validate the XFEM
models in this paper. The coupons were extracted from the same lengths of steel
used to manufacture these specimelfse normalised slenderness ratio of these
specimens was between 0.06 and 0.13 and classified aslQlessssections as per
Eurocode 3 (EC3J13]. In total twenty-one specimens were tested to failure by

axially loading them in tension, while two were loaded in pure axial compression.

Figure 3.3 shows the test behaviour of one of the 20 x 20 x 2.0 specimens loaded
axially in tensim. As depicted, the specimen behaves linearly elastic up to a
proportional limit, which is in accordance with thairo u p gespbrsse. The
response of specimen, however, hardened in theypmding stage significantly.

Other specimens had almost a fllttpau after the occurrence of yielding, similar to
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the observed behaviour of their related coupons. This be explained by two reasons:
(i) even though all coupons were taken from the centre of each flat face, in the
smaller sections this material is cloger the corners that were formed by cold
forming of the parent material and (ii) a relatively larger amount of the material in
the crosssection of the smallerestorsis more affected by coltbrming. After the
occurrences of peak load, the stiffness ddgd in a ductile manner up to the onset

of fracture. During elongation of both the coupons and structural hollow sections
throughdisplacementontrolledloading, necking was prominently evident.

(a) 18000 (b) 10000 (c) 12000
16000 10000 | |
14000 8000 - R —
5 12000 s 8000 4
= 10000 5 8000 7 ——2081 % —— 5081
3 — 3 ——20cC1 2 6000 - 50C1
— 8000 408t a 2001 S
——40C1 4000 - a 5001
€000 2082 4000 - 5082
4000 o —20c2 —_soce
2000 ——40c2 2000 ——20D2 2000 ——50D2
—— 4002
0 T r 0 - - T J 0 T T T 1
0 1 2 3 4 0 1 2 3 4 o] 1 2 3 4
Extension (mm) Extension (mm)

Extension (mm)

Figure 3.2. Response of coupons tekte failure under static tension loading, which
were extracted from hollow steel sections of (a) 40 x 40 x 2.5, (b) 20 x 20 x 2.0, and (
50 x 25 x 2.5 specimens (material strengths corresponding to 0.2% proof stress
Fiact n.20g iNitial yield strengh, £, .. and ultimate strengtif;. z.: are given in Tables

3.1-3.3).

50
45 -
40 -
35 | A Yield (Linear elastic)
30 | Initial linear elastic stiffness
5 25 +  Yield {1/10 method)
z — 110 initial stiffness
E ?g i Ultimate load
- 10 A Strain hardening
5 Linear (Strain hardening)
0

0 2 4 6 8
Displacement (mm)

Figure 3.3. Load-displacement response of 20 x 20 x 2.0 steel hollow specimen when loaded
in tension.

3.2.2Design methodology

When a specimen is subjected to uniaxial itamst first yields, then hardens, necks

and finally fractures. In order to capture these phenomena, appropriate methods are
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required. In this cont ext[]l], mddifieckniighteane t h o d
average (MWA) methofl5], and extended finite element method (XFEM] were
employed, which are given schematically Figure 3.4, as per the J@l stress

threshold limit they acquired for ductile steel behaviour. Each of these methods will
now be briefly described.

(o]
urain herdoeS— .. Neoking
— Hook’s Law *}
2 i
& — Hollomon Law ! g
[5] =
& @ Modified Weighted Method I:I%:‘p
Q
L‘g -—- XFEM based discrete crack |

model

e

Figure 3.4. Empirical laws and crack growth model as per the valid thresholds of
materialistic behaviour of steel.

3221Hookd6s met hod

As is known, a solid material that is loaded will return to its original shape after that
applied load is removed if it remains elastic during loading and unloading. Although,

a certain amount of plasticity prevails at spatial points ofntlagerial, their effect
remansne gl i gi bl e during this phase of defor
formula for describing the linear relationship between stress and strain by

engineering the term Modulus of Elasticity, E, which is given as:

g, =E«g, (3.1)
where o, are the recoverable stresseg,are the recoverable strains, aibds the

elastic modulus of engineered stress and strain data.
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3.2.2.2Hollomon method

Hollomon[1], while investigating steel behaviour by physical tests, found that the
stresses on account ofatr hardening can be best empirically captured through a

log-log straight line relationship, which is given as:

o, = K& (3.2)

wherek is the strength coefficientapameter, and mathematically it represents the

intercept of a straight line formed by true stress and true strain data points from the
point of initial yielding to the point of ultimate strength for the given true stress and

true strain data. The termis the strain hardening exponent and mathematically is

the slope of a line. The termg ands, indicates true stress and true strain during

the hardening phase of the material. It assumes that hardening terminates and

necking initiates in the structural element when the empirical relationship= (n)

is satisfied, which is a purely empirical in character and was not associated to
physical argument involving dislocation thedfyl]. However, it is preserved in this

study to preserve the integrity and the valid stress threshold of the Hollomon model

[1].

3.2.2.3Modified Weighted Average (MWA) method

Ling in 1999([4], while trying to model steel necking by tensile rod tests, found that
the stresses on account of necking can be extrapolated using a combined, closed

form of the paver law and straight line relationships, which is given as:

O, = O [m[l + e, — g (1 —w) (:%;)] (3.3)

whereg,;, ande,, is the true stress and true strain magnitudes of ultimate strength,
w IS the optimal factor, and, are the given true strain data points from point of

necking to the point of complete fracture for the stressesn account of necking.
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In Eq. 3.3) the power law (on the right side of the positive signlec$ a lower
bound solution, while the straight line (on the left side of the positive sign) reflects
the upper bound solution of the combined form. The two solutions are weighted by a
factor, w which is determined by matching the numerical results from
complementary finite element analysis to corresponding results obtained from

physical tests.

Recently, the Ling modgH] was modified by Jia and Kuwamujfd by taking into
account the upper bound solution of the Ling model. They found that the true stress
strain curve for many steels reims almost linear (constant hardening modulus)
after necking and due to that it can be used as an upper bound. The lower bound is

the one where the hardening modulus becomes zgre @, ) after necking. This

form the basis of the modified weightedeaage method (MWA);

Op = Ty + Q0O I:En - E1_1lt:I (34)

3.2.2.4Extended finite element method

To model fracture in the steel specimen, an extended finite element method (XFEM)
is employed, which is an efficient and powerful toavimg tendency of simulating
discontinuities within the classical finite element framework. It was first introduced
by Belytschko and Blackl5] as an alternative to model the crack growth problem. It

is basd on the concept of partition of unity6] and allows the modelling of surface
de-cohesion and mesmack propagatiorin the brittle and ductile materidb].
Conventional methods of analysing cracks reqtheg the mesh must be updated
over the course of analysis or either it must conform to the geometric discontinuity
to capture the stredeeld for a stationery crack. With XFEM, the crack can be
modelled independently from the mesh requirement, allowicgaek of arbitrary
shape and location to be model effectively, by incorporating special displacement

function,u, into the finite element approximation as:

w= T, N, () [y + Hxay + T oy Py ()b ] (35)
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whereN;(x) are the standard nodal shape functiogsis the nodal displacement

vector; the second term is the product of the nodal enriched degree of freedom

vectora; and the jump functiomix) that represents the crack surface; and the third
term is the product of the nodal estred degree of freedom vectgdf, and the elastic
asymptotic crack tigunctionF iz ). The two functions are illustrated Figure 3.5

and3.6. The jump function that represents the discontinuity (jump) betweeketta

elements is given as:

_ {1 when (x—x').n, =0
Hizl = 1 36
(=) {—1 otherwise (36)

wherez is a sample (Gauss) poigt, is the point on the crack closestdoandrn, is

the unit outward normal to the crack at pasitt*.

—b—p—P—<p
Fa et '\ﬁ"\ fan i1 I P
o LS wr = 7 o
e f.../ca +-
Y Fa £
= = o L
o—
© nodes with jump functions <> nodes with crack tip functions

Figure 3.5. Graphical illustration of finite element mesh showing additional displacel
functions for crack growth modelling; the jump function cut whole element at a time,

crack tip function derives the ss®field ahead of crack front.

The elastic asymptotic crack tip function, which represents the crack front is given

as:

F,(x) = [yrsin B‘/z, WTeos sz , /T sin @ sin Bj.fz ,yrsinBcos B‘/z] (3.7)

Wherer, 8 is the polar coordinates of the system with its origin at the crack tip and

the s is he curvilinear coordinates of the crack surface, as showigure3.6. This
set of trigonometric function and the corresponding jump function forms the basis of

crack modelling for XFEM.
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Figure 3.6. Represerdtion of normal and tangential coordinates for an arbitrary cre
growth.

Eq. 3.5) is a general expression of XFEM describing a conventional finite element
(FE) method in congregation with crack growth functions (the near tigusng).

The crack growth functions, collectively, implicitly represents the physics of a
stationery crack, in which the stress field drives the crack tip, while the jump
function represents the crack surface. Modelling a stationery crack is suited to
problams that are preracked and/or their behaviour is close to elastic material; as
such, it works under the framework of linear elastic fracture mechanics (LEFM)
approach, where the size of the crack is assumed to be relatively larger than the size
of the platicised zone ahead of it. In contrast, the moving crack, which is a second
form of the engineering crack, does not incorporate predictive functions for the stress
singularity, but does incorporate a jump function to represent a crack for -elastic
plastic nmaterial such as the steel in which the plasticity ahead of the crack tip is
assumed to be relatively larger and a governing factor for driving the ductile fracture
in elastic plastic fracture mechanics (EPFM) approach. In a moving crack, the whole
elements cut at a time due to the absence of a near tip function (in other words the
stress singularity is neglected). To achieve this, phantom nodes are superposed on
the real nodes to represent the crack cut, where the real and the corresponding
phantom nodedisintegrated and move independently at the instant of cracking. The
moving crack is versatile in functionality and can be used to model brittle and ductile
fracture[6], and, hence, used in this study for the growth of a crack during the
process of fracture.

Modelling a moving crack requires the quantification of the crack initiation criterion
and the crack evolution law as part of a bulk material property, as well as
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conventional properties of the material that is elastic and inelastic. The two laws
work under the framework of tractieseparation law that controls cracking
mechanisms from thpoint of initiation of crack to the point of complete fracture
between elemental stresses (traction) and separation of an element. The crack
initiation criterion can be defined on the basis of maximum or nominal stress/strain
magnitudes that likely triggehe crack growth when it will be satisfied at one of the
integration points of an element. On the other hand, the crack evolution law controls
the behaviour of specimen when the crack has initiated-{pasking) and format

the stiffness degradation ohaaterial by taking into account the crucial properties of

the material that are important from the fracture aspect, such as type of stiffness

degradation, degradation criterion and failure mode.

Phenomenologically, the initiation of crack will increasparation between cracked

parts of an element, while decreasing stresses (tractions) between them, as shown
schematically in(Figure3.7(a)) Scientifically, the displacement and stresses are two
unmatched unit terms; however, thegve been interrelated for XFEM to avoid the

modelling of characteristic length feature, L* for fracture characterisation.

The work driven by the tractieseparation mechanisms from the point of crack
initiation to the point of fracture (full separatiorgpresents the energy dissipation

capacity of an element. This energy can be termed as the fracture enengy,is a

major component driving the behaviour of a material at cracking stage. By
definition, it is a measure of resistance to crackpagation per unit area. With

known value of it denoted as; to the fracture energy dissipatet], the ratio of two
indicated the degred) of the overall damage occurring during the process of
fracturing:

D= % = 1 (For fractureoccurrence) (3.8)

e

The damage index can be monitored by AST

be varied from O to 1, as shown schematicalllyigure3.7(b).
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(a) ® D

I Tmax 1 B

° Cohesive traction, T

&
_m‘- GC 2 | Gf
Crack opening, & éc

Figure 3.7 (a) - (b): Ductile damage model (a) linear cohesivaction separation law.
where Thax is the maximum traction andhax is the maximum separation, (b) cra
evolution law.

3.3 Development of FE model incorporating XFEM

The design methodology defined in Section 2 i& @applied to steel coupons tested

by Gogging 9] in order to develop a material model for the finite elensanulation

of structural steel hollow sections. In addition, a convergence study, interaction
method, and finite element solver is defined as part of computational modelling of
steel hollow section, which are collectively outlinedrigure 3.8 and implemeted

using the commercial finite element package, ABAQUS v.f1L3

3.3.1Material model

A ductle material model is comprised of the three major components; that is, linear
elastic, isotropic hardening and a damage model. The development of these models
was carried out using the methodology outlined in Sec8&2 and shown
schematically inFigure 39. The material model is calibrated using finite element
modelling by incorporating data from coupons that were extracted from the same
lengths of steel used to manufacture the structural steel hollow sections (refer to
Section3.2.1 for details of the laboratory tests). This model simulates coupon
behaviour from initial yielding up to the instant of discrete fracture. Each of the
constitutive parts of the material model is described in more detail in the following

subsections.
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Main processing

(XFEI'-.-I based FE madel> Inputs

Elastic, Isotropic
STEP 1 ) MMaterial model from Fig 3.9
hardenmg, fracture =
Flement and mesh zize / Finite C3DER-solid element /
STEP 2
Meszh zize from study /
Y
Ennchment of crack
STEP 3 : ‘f XFEM formulation /
growth region
Actrvating enrichment ) )
STEP 4 Interaction technigue
featurs
Boundary condition End conditions as per tests /
STEP 5 ’
Loading as pertests /
Y
Finite element zolver -‘-UI Large deformation theory /
STEFP 6
(Full Newtomn)
7 Increment size and fterations /
Y

Q.Iadel's. response feature) <:| Output

Figure 3.8. Schematic illustration of finite element modelling methodology for hollow steel
sections. The scheme is universally applicable to applications of modelling other structural
elements.
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Figure 3.9. Schematic illustration of the desigrethodology for developing the material
model with input, processing, and output units.

3.3.1.1Modelling linear elastic behaviour

The loadextension responses of coupons obtained from physical tests by Goggins
[9] were transformed into an elemental engineered s$tesi® form by standardised

formula, defined asr, =F/A , whereF is the axial load and., is the original
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crosssectional area of coupons, ang =AL/L,, where AL is the applied
displacement and, is the original gauge length of the coupon. Thus, the modulus

of elasticity, E value for the given steel chre est i mated by Hooko
found that estimated E value varied between 75MPa and 172 MPa, which is much
lower than the standard E value of steel. The test data from Goj@jirisom

monotonic tensile axial loading of steel hollow sections were also employed to
assess further the E value. However, the results were almost identical to the ones
found for treir coupon tests. It was concluded that latHit in fixtures and fittings

of the test rigs during the initial loading contributed to these perceived lower values

for E (for, example, due to wear and bolts not having adequate torque applied).
Hence, a rnpresentative E value 190,000 MPa was selected for all tests of Goggins

[9], which is discussed in detail A, 17]. A Poisson ratioy value of 0.29 was used

to account for the elastic changes in material during simulation.

3.3.1.2Modelling strain hardening behaviour

Modelling strain hardening behaviour requires converting the engineered stress

strain datad, ;) into a true stressnd true strain magnitudes(«,). As such, the

assumption of uniform stresses across esegsion and strain along the gauge
length begins to deviate after yielding and is not completely valid after necking. The
two constitutive relationships théulfil the assumption of volume conservation for

true stress and true strain are given as:

True stress, = o1+ =) (3.9)
True straing, = In(1 + =,) (3.10)

whereg,, o, are the true and engineered stresses, respectivillg =, =, are the
true and engineered strains, respectively.

Hollomon[1] was unclear about the point to where the yielding should be taken for
the model. In the current study, this point is taken as the limit of proportionality of
the true stress and true strain miagdes. On the other hand, the ultimate point is

taken as the highest point of the true stress and true strain curves (remember the

-84-



Chapter 3. Advanced finite element simulation of ductile structural steel
incorporating a crack growth model

valid threshold limit of the model). This data is presented in terms dbtpgcale

and a linear portion of the curve {demined by applying a linear trend line with R
squared index of approximately 0.99) covering at least 50% of the data was
determined for all coupon tests. ThissRuared index indicates the fitness of the
model to the plotted data. As the coupon behavathserved by Gogging9] had
double and triple n (slopes) behaviour on theltmgscale, it was difficult tause a
single line over the full hardening region that had a fitness value to the test data with
an Rsquared index, Rof approximately 0.99. Hence, the reasoning for setting the
criteria for at least 50% of the measured data to be used when fittingaa lin
relationship. It should be noted that double and triple (slope) n behaviour was also
reported by Bergstrom and Aronssfbd] in mild steel behaviour, which later
became the basis of the modification of the original Holloiigrequation into the
forms of Ludwik[19], Swift [2], Ludwigson model$3], etc. However, to avoid the
complexity to model two or tiee n behaviours that these previous researchers have
done, the double and three n formulation is not accounted for this study. In this way,
the K and n parameters of the Hollompl) model were calibrated against each
coupon test, which were forty five in total, and are given relevant to their sections in
Tables3.1 to 33.

It was quanfied that the strength coefficient K parameter of Hollomon mdilgl
can be best confined under the cdostve relationship of actual and nominal
properties of the material. Hence, a novel expression for determination of K

parameter is proposed, which is given as:

K = (f““) % ( fyact )x S N
f}',ar_'t fy,n-:um !

K = [T.-HIY] [ql‘ru:-v] [fy,act] >— (311)

K = [Hardening]z[Overstrength factor]z[Actual yvield strength] |

f,

wheref, ot

u.act!

are the measured material properties in term of ultimate and initial
yield strength, respectively, from test data, wiijlg,, is the nominal yield strength

of the parent steel material. Constitutively, thgression to determine the stréss
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term on the expected hardening of steel in monotonic tension loading accounts for
the effects of strain hardening, osarength factor due to actual material yield
strength being higher than the nominag.(iminimum permitted) yield strength, and

the actual measured yield strength. The tsrngth factory,, is limited by a

factor of 1.25 according to the Eurocode 8 (E{CR) guidelines. EC820] implies

that sections that are used assigiative elements in braced steel frame should not
exceed the ratio of actual yield to nominal yield by 1.25 by material property in
order to avoid the prmature structural collapse as a result of material yielding in
nondissipative element prior to thgielding of dissipative elements during

earthquakes. Hence, it is preserved to comply with the design guidelines.

3.3.1.3Modelling steel necking

When steel specimens are subjected to tensile loading that causes necking, neither
their crosssection nor the stress across the section remains constant. The
distribution of the stresses depends on the shape of the specimens. For example,
rectangular type coupons likely experience biaxial stress state around the neck, while
circular coupons mainly experience triaxistress state at spatial points of the
material. In order to model necking of steel, the MWA mefltdds employed (refer

to Section3.2.2.3). In this method, the instant at which the necking initiate and
fracture occur is requiredhe instant of initiation of necking is retained from the
Hollomon model1]; that is, when hardening termates and necking initiates, while

the instant of fracture is identified from the fracture strain magnitjarehich was

available from the coupon tests by Goggj8% (given in Tables3.1 - 3.3). By
knowing the empirical values of strain for the ultimate and fracture events, the
necking behaviour of steel can be interpolatetween the two known strain

magnitudes. However, a value of the optimal weighted factonust be determined

using numerical models, which indirectly governed the degree of ultimate
displacement the specimens have during the necking. Isttldy, a default value of

w = 0.5 was selected for each initial run and a trial and error basis was used to
determine the optimal weighted factas,for structural steel hollow specimens. By

giving an initial value for the optimalattor, the stresstrain history can be

formulated. This stresstrain history is adjoined with the strestsain history

-86-



Chapter 3. Advanced finite element simulation of ductile structural steel
incorporating a crack growth model

developed from the Hollomon modél]. However, this inelastic component is a first

trial version, but the final value far is determined when a good agreement of the

necking behaviour of steel is found between the physicargsslts and numerical
models. A tolerance limit £10% of the ultimate displacement magnitude was set as a
criterion for good agreement. By this procedure, it was found that the optimal factor,

w was higher for specimens which displayed gredtetile response and vice versa.
For tests conducted by Goggif8, optimal weighted factorsg; of 0.5 and 0.9 are
found to be suitable.

3.3.1.4Modelling crack growth

To initiate cracking after necking, a crack initiation criterion and crack evolution law
are required for the completion of material modelling, as discussed in Section
3.2.2.4. A maximum priaipal strain criterionEq. 3.12) was used to quantify the
instant of crack initiation by fracture strain in coupon tests by God@hsThe
choice of strain criterion leads to the reduced effects of the stress concentration
during finite element modelling. The maximum principal criterion is given as
L0

F = {%} (3.12)
where =¢ the fracture isstrain andsy,,, is the strain at the enriched region. The
symboladrepresents the Macaulay bracket indicating that the pure compressive state
of strain could not initiate crackhe crack will appear when the provided magnitude
of the fracture strain becomes equal to or greater than the strain attained by the FE
model during the simulation. The appearance of a crack and its developmental role

will subsequently degrade the regigticapacity of the material, as per the crack

evolution model defined.

A fracture mode can be comprised of two and/or three failure criteria, depending
upon the properties of the material and its loading conditions. Modelling fracture
based on mukHfailure criterion and mode dependent is best suited to materials that
are nonisotropic (such as composites which have different strengths in different
directions, as well as mode dependent fracture). Although, steel behaves close to

isotropic material havingdentical properties in all directions, it begins to deviate
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from isotropy when it is near to fracture, where final fracture occurs at an angle of
approximately 45by shear stresses. However, due to lack of detailed data on the
metal fracture, as well ase&ping the objective of the modelling simple and
practical, the mixmode or mode dependent behaviour of steel is not accounted.
Faleskog et al.[21], while testing various pressure vessel steel at different
temperatures, found that the growth of a ductile crack occurred ratteuperature

(26 °C) at a fracture energy value of 170 N/mm, where other local effects due to
constraint had no influential role. Hence, this value was used to account for fracture
energy in the damage model for the remainder of this study. In additioreaa
softening response was also chosen for stiffness degradation in the crack growth

model.

3.3.2Convergence study

A threedimensionaleight node general purpose continuum solid element with
reduced integration, designated as C3D8R, was employed thraubbatudy. This
element allows the modelling of surfacea#esion and mestrack propagation by
linear interpolation ands preferred over linear tetra and wedge elements for crack
growth modelling. It has one integration point at the centre and tisplacement
degrees of freedom at each node. Unlike shell elements, they have been successfully
used in crack driven approaches by XFEM (refer, for exampld22). Their
performance relative to C3D1@hfeedimensionalquadratic tetra elements) was
compared using identical element sizes and boundary condition and found to be
computationally inexpensive (refer Table3.4).

In order to determine the size of an element that offers good computattongacy

and speed, a detailed meshing study was carriedsmyg different element sizes. By
definition, an optimal element size is an efficient size bearing tendency of simulating
continuum material properties, while optimising model run time. Magtetime can

be significantly influenced by inappropriate séil@e of mesh size, irrelevant
selection of iterations, poorly defined material model, etc. In general, the larger the

element size is, the lesser will be the model run.time
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Table 3.1Measura properties and calibrated programs associatgth coupon results o
40 x 40 x 2.5 steel hollow specimen

Measured monotonic tensile properties Calibrated parameters of the empirical models
Hook's Law Hollomon Law [1] MWA [2]
D Face b t Ay Ly L Ly B faw facoss fuser & E E K n R? ®

Physical test Empirical medel [Eq.3.11]/Physical test

(mm) (mm) (mm?) (mm) (mm) (mm) (mm) (MPa) (MPa) (MPa) (%) MPa (MPa) (MPa) No lumit Limit (y,,=1.25) (%)
Bl 12.502 2.483 31.175 50 75 154 20 245.7 276.6 319.5 41.0 136 378.6 0.9 0.9 0.070 95.0
1 C1 12.663 2.467 31.236 50 75 222 20 2584 278.4 3254 435 104 150000 391.5 0.9 0.9 0.075 95.0 0.5
D1 12.463 2.487 30982 50 75 211 20 2465 2743 3223 43.0 143 360.0 0.9 05 0.076 95.0
B2* 12.447 2.540 31615 50 75 216 20 4344 4642 5055 15.0 151 620.9 15 1.0 0.052 35.0
2 €2 12.523 2.527 31.642 50 75 176 20 4555 4716 5135 16.2 85 150000 620.3 1.6 1.0 0.054 99.0 0.5
D2 12,560 2.550 32.028 50 75 215 20 4303 455.9 452.7 17.0 138 613.3 15 1.0 0.054 95.1
B3 12.443 2.493 31.025 50 75 217 20 317.0 340.6 357.7 23.0 129 518.9 1.0 1.0 0.080 95.1
3 C3 12.4597 2.470 30.867 50 75 218 20 3158 339.3 358.9 24.0 154 190000 523.2 1.0 1.0 0.082 95.1 0.5
D3 12.447 2.480 30.868 50 75 218 20 3226 3511 416.6 27.0 951 546.5 10 1.0 0.082 95.1
B4 12.483 2.470 30.834 50 75 220 20 3008 3236 3730 225 139 482.1 1.0 1.0 0.074 95.1
4 C4 12,503 2.430 30.283 50 75 212 20 25859 320.2 3715 215 116 150000 483.1 1.0 1.0 0.076 95.1 0.5
D4 12.690 2.417 30.668 350 75 218 20 3009 320.8 3717 202 93 488.5 1.0 1.0 0.077 935.1
B5* 12.493 2.537 31.691 50 75 171 20 4314 4555 4554 17.5 145 611.6 1.5 1.0 0.053 95.0
5 C5 12,477 2.533 31.608 50 75 184 20 4122 437.2 4517 175 116 190000 603.8 14 1.0 0.053 95.1 0.5
D5 12.717 2.547 32.385 350 75 211 20 4093 443.6 486.6 15.0 170 600.0 1.4 1.0 0.054 95.1
Mean 345.6 370.5 418.8 24.8 127 522.8 1.2 0.97 0.07
Cov 0.21 0.20 0.17 0.38 0.15 017 0.22 0.04 [oE: B -

*Failed outside the gauge length

Table 3.2Measured properties and calibrated programs associated with coupon rest
20 x 20 x 2.0 steel hollow specimen

Measured monotonic tensile properties Calibrated parameters of the empirical models
Hook's Law Hollomon Law [1] MWA [3]
ID Face by t A, L, L. L B fyaer fracoas fusee & E E K n R? @

Physical test Empirical model [Eq.3.11]/ Physical test

(mm) (mm) (mm?) (mm) (mm) (mm) (mm) (MPa) (MPz) (MPa) (%) MPa  (MPa) (MPa) No limit Limit (yo,=1.25) (%)
Bl 12783 2.080 26.589 50 75 207 20 287.8 3117 308.4 200 123 389.9 1.0 1.0 0.034 99.0

1 €1 12.5932.53025.858 50 75 201 20 2782 3080 3129 23.5 156 190,000 3911 0.9 0.9 0.037 99.0 0.5
D1* 12.4702.047 25.522 50 75 191 20 2805 3024 310.6 29.0 120 3614 1.0 1.0 0.026 99.0
B2 12.4302.027 25.191 50 75 200 20 3203 3421 346.1 14.0 106 416.2 11 1.0 0.023 99.0

2 C2 12.5332.03325.484 50 75 201 20 3156 3378 3426 15.5 120 190,000 394.4 1.2 11 0.023 99.0 0.5
D2 12487 2.040 25473 50 75 204 20 2999 3344 3431 150 172 437.9 1.0 1.0 0.042 99.1
B3* 12,317 2.08725.701 50 75 173 20 3057 3251 326.8 15.5 92 398.3 11 1.0 0.030 99.1

3 €3 12.277206725372 50 75 178 20 2959 3215 3267 175 115 190,000 413.0 1.0 1.0 0.038 99.1 0.5
D3* 12.503 2.020 25.257 50 75 177 20 299.0 3228 325.5 14.0 113 400.7 1.0 1.0 0.032 99.1

B4*! 12.427 2.017 25.060 50 75 176 20 377.0 3343 340.0 14.0 75 - - - - -

4 CA%1 12,447 2.02025.142 50 75 176 20 333.2 3404 3425 15 97 190,000 - - - - - 0.5
D4 12,343 2.013 24.851 50 75 178 20 3064 3345 3404 13.0 165 427.9 1.0 1.0 0.038 99.1
B5* 12.407 2.077 25.765 50 75 176 20 2844 3255 333.0 15.0 218 447.2 0.9 0.9 0.050 99.0
5 C5 12.3052.09025742 50 75 177 20 2827 3130 324.0 21.0 144 190,000 430.2 0.9 0.9 0.050 99.1 0.5
D5** 12.437 2.030 25.246 50 75 177 20 - - - 135 - - - - - -
Mean 3048 3252 330.2 16.1 130 409.0 1.0 0.99 0.040
Cov - - - - - - - 008 004 004 0360.28 - 0.06 0.08 0.05 0.25 - -

*Failed outside the gauge length
*Negative strain hardening
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results of 50 x 25 x 2.5 steel hollow specimen

Measured monotonic tensile properties

Calibrated parameters of the empirical models

Hook's Law Hollomon Law [1] MWA[5]
ID Face b t A, Lo Lo Lo B fq facoow fuae & E E K a R o
Physical test Empirical model [Eq.3.11)/ Physical test
(mm) (mm) (mo?) (mm) (mm) (om) (mm) MPa) (MPa) (MPa) (%) MPa _ (MPa) (MPa) No limit Limit (Y, =125) (%)
B1 12.647 2.470 31.237 50 75 208 20 260.2 2844 327.3 405 138 345.9 1.0 1.0 0.030 99.4
1 C1 12.680 2.497 31.658 50 75 205 20 2798 3103 336.8 40.0 151 190,000 406.8 1.0 1.0 0.041 99.2 0.9
D1 12.567 2.507 31.500 50 75 207 20 2837 311.8 3329 355 159 381.2 1.1 1.1 0.031 98.5
B2 12.500 2.457 30.708 50 75 215 20 2647 289.8 330.1 41.5 133 357.2 1.0 1.0 0.032 99.1
2 C2* 12,567 2.487 31.249 50 75 216 20 2972 3215 338.4 355 117 190,000 395.3 1.1 1.1 0.031 99.2 0.9
D2 12.560 2.493 31.316 50 75 213 20 2943 3171 339.3 39.5 104 406.0 1.0 1.0 0.036 98.8
B3 12.330 2.437 30.044 50 75 217 20 2759 2945 332.2 48.5 100 3469 1.1 1.1 0.025 98.9
3 (3 12547 2.460 30.865 50 75 212 20 306.7 325.1 339.8 37.5 93 190,000 362.8 1.2 1.2 0.016 98.2 09
D3 12.460 2.48030.901 50 75 210 20 3003 3240 3414 455 110 4029 1.1 1.1 0.033 98.9
B4 12.383 2.467 30.546 50 75 19 20 2695 291.4  330.7 39.5 104 349.1 1.1 1.1 0.028 99.1
4 C4 12.453 2.47030.760 50 75 213 20 2963 289.4 3414 36.0 139 190,000 408.3 1.1 1.0 0.03599.3 0.9
D4 12.513 2.473 30950 50 75 215 20 3113 327.3 34009 36.0 8p 374.7 1.2 1.1 0.020 99.1
B5* 12.593 2.44030.728 50 75 228 20 2686 293.0 3324 40.0 128 364.3 1.0 1.0 0.033 99.6
5 €5 12.537 2.467 30.924 50 75 230 20 3039 323.7 338.7 37.5 95 190,000 443.6 1.0 1.0 0.050 99.5 0.9
D5 12.517 2.477 31.000 50 75 237 20 288.0 3189 337.9 32.0 138 390.6 1.1 1.1 0.028 99.5
Mean 286.7 308.1 336.0 39.0 120 3824 1.07 1.06 0.030
Cov 0.06 0.05 0.10 0.10 0.18 0.07 0.06 0.05 025 -
To conduct meshing, ABAQUE|of f er s t wo met hods:
Aseeding by part (the entire

over the neshirg scheme of the instance and set based on either the density of the
meshing required or approximate size of an element demand by accurate modelling.
In contrary, seeding by part method operates under approximate element size only.
For this study, theeediglocal edges method was used to give the element sizes of
5.0, 3.0, 2.0, and 1.5mm in the XFEM model of a 20 x 20 220 mm specimen

to carry out the mesh sensitivity study. A default element failure criterion was used

to verify the mesh densityeneated over the XFEM model in each trial simulation.

A nontbiasmeshing scheme was adopted.

Figure3.10 shows the axial loadxial displacement response of four XFEM models

model ) o.

iseed

~

when axially loaded in tension, each with differeleneert sizes. As expected, the

response of the model remains unchanged before the development of a crack.
However, the responses differ when a crack emerges in the enriched region,
indicating that the crack growth is sensitive to the mesh size. The FHsnvaitte

smaller element sizes experience earlier degradation of strength compared to FE

models with larger element sizes. Smaller element sizes facilitate the crack to grow
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smoothly through the thickness of the section. The growth of a crack can bedeffecte

by unequal dimensions of a cubic elemgsit hence, unequal sizing was avoided.

45
40
35 -+
30 A
25
20 4
15 -
10 A

--’Jb'h'_“‘-.:..-"

Load (KN)

0 2 4 6 8 10
Axial displacement (mm)

Figure 3.10. Effect of changing the size of element on the-ltiaglacement response
XFEM model for specimen behaviour of 20 x 20 x 2 x 120 mm hollow steel section.

Table 3.4 contains the result of a convergence study in terms ontimebe of
elements and nodes, the model run time and the storage space occupied by the FE
model during simulation. As expected, the model run time and storage capacity of
the models increases with decrease in the size of the element (i.e. increase in the
mesh ensity) and vice versa. The element size of 2 mm gives adispthcement
response close to the one given by the FE model with element size 1.5 mm,
suggesting that the result has been converged and that can be used confidently to
conduct the simulatins n this study. Also, the model with elements of 2 mm in size
consumes approximately half the simulation time and storage capacity as the model
with elements of 1.5 mm when run on computer with an Intel | core 7 CPU (Table
3.4). Hence, elements of 2 mimsize were adopted.

Table3.4. Results in terms of performance of C3D8R element over various selected sizes.

Number of Model run

Element size  Number Number elements time (17 Drive
(depth xwidth x of of through CPU) starage
thickness) elements nodes :
thickness
mm Mins GB
53x5.0x2.0 3016 5076 1 1.8 0.02
3.2x3.0x2.0 10,902 16,352 1 10.1 0.06
20x2.0x20 32,376 43,850 1 64.3 0.28
15x15x20 56,980 74,097 1 119.1 0.50
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3.3.3Interaction method

An interaction technique was use® fncorporate XFEM into conventional
modelling approach to allow the growth of a crack. The crack will appear and grow
in the enriched region when its element satisfies the crack initiation criterion defined
in the damage model, as detailed in Sec8@i2.4. Henceforth, the FE models are
termed as XFEM models, as shownFigure 3.11. Only the unstiffened length of
XFEM model was enriched with the XFEM formulation described in Section
3.2.2.4, as this is the region where fractooeured in specimens during physical
testing. A geometric cell entity tool was used to conduct partitioning of stiffened and
unstiffened lengths of the XFEM model.

Unenriched Enriched Unenriched -
e >

cod

Figure 3.11. XFEM model for a 2.0 x 2.0 x 2.0 SHS specimen, showispimecheme, anc
element type C3D8R, element sizing and enrichment of unstiffened length for crack
The enrichment is marked with yellow stars that means only these elements have cracl
shape functions.

3.3.4Finite element solver

For crack growttandysis, a stable simulation is required that essentially solves non
linearity during crack formation. The loading is applied in an incremental manner

with a unit scale factor.

A nonlinear geometric analysis that incorporates laggéormation theorynto a
standard numerical analysis was used to take into account thinean effects
experienced during necking. An automatic stabilization associated with numerical

analysis was used to overcome the convergence issue during crack growth. A default
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set facion value of 0.0002 was used for automatic stabilization. A number of
suitable increments were applied to solve equilibrium equations during the applied
loading. The first increment was set equal to a displacement of 0.005 mm, after
which this could beenhanced automatically by the program by a maximum of two
increments per solution. Moreover, the maximum number of iterations per increment
for convergence was set at 20 due to the complex response of material during

cracking. To solve equilibrium equatis,the NewtorRRaphson method was used.

3.4 Discussion and results

3.4.1Material model validation

FromTables3.1 to 33, it is found that thé&l andn parameters of the Hollomon law

[1] calibrated against physical tests conducted by Gog8]rere smaller than those
prescribed in literature for hardening of stg28, 24]. This difference is not very
significant for coupons of the 40 x 40 x 2.5 specimens due to the fact that the
coupons had relatively higher hardening than that displayed by coupons of other

speimens, as depicted ifrigure 3.2. Moreover, a general trend &f and n

parameters is that the higher the yield strength of the material, the higher is the

strength coefficient parametek)(and lower the strain haeding exponent,n and

vice versa (refer to Tabléx1 to 33). This trend was also observed by Lin et al.

[24]. On the other hand, the valueskbilerived byEq 3.11 using the imposed limit

of EC8[2Q] are found to be in good correlation with experimental valMeseover,

the comparison of stress and strain data provided to the XFEM model using the
design methodology outlined in this paper is found to be in good agreermgunie(
3.12).
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Figure 3.12. Comparison of stress and strain respon§eXBEM models to the provide
stressstrain data in the design methodology for (a) 40 x 40 XT2%53, (b) 40 x 40 x 2:5-
P-7, (c) 20 x 20 x 20-P-12, (d) 20 x 20 x 2:0-P-13, (e) 50 x 25 x 2:5-P-17, (f) 50 x 25
X 2.5T-P-19 specimens.

3.4.2XFEM model \alidation

XFEM models are used in the simulation of twethisee SHS and RHS specimens
tested by Goggin§9] unde static monotonic axial loading. Monotonic tests with
different dimensions, lengths, slenderness ratios, and material properties were
investigatedRefer to Tabl8.5). In Table3.5, the specimens ID are identified by the
dimersiors of brace tube crossection (d x b x t), followed by the type of loading
(either tension, T or compression, C), the type of end condition (either pinned, P or
fixed, F) and sequential numbersgfecimensSpecimen slenderness were calculated
accordiig to the given formula of EC313]. The test IDs are accompanied with
coupon IDs to which they were referred to during the coupon tests. This is to
facilitate the comparison of the yield strength between coupons and specimens by
test results. The geometrical parameters used for the XFEM models were

representative of the physical experiments. Tat8egives the initial yield load;,

ultimate disphcenent, &, and energy dissipation capacity, W, of the test results from

Goggins[9] and their corparison with XFEM models. The initial yield load is
measured by using the 1/10 slope method. In this method, the yield values
correspond to the point where the tangent at the origin and the tangent that has a

slope of ondenth the tangent at the origintensect (see, for exampldsigure 3.3).
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The axial loaebxial displacement responses of XFEM models and physical test

models of specimens are showrFigure3.13-3.28.

3.4.2.1Initial yield load

From Table 3.5, it is found that there is a relatively good agreement between the

XFEM and physical tests models of the initial yield lo&g)(for all specimens

investigated. In particular, the 40 x 40 x 2.5, 20 x 20 x 2.0, 50 x 25 x 2.5, 40 x 40 X
2.5C model hacaverge ratio of XFEM model to physical test model fgrof 1.01,

1.07, 1.07, and.05, with corresponding coefficient of variation (Cov) of 0.04, 0.05,
0.01, and 0.03, respectively. Thus, the equivalent mean @veaine forF for the

total 23 specimens was 1.03, with a corresponding equivalent Coy) (Gdwe of
0.05

Table 3.5.Summanof comparison carried out between XFEM models and physical ti
model 6s results.

Physical experiments

Comparison of extended

Enerey dissipation finite element models/ test

Specimen Slenderness Yield load & ultimate
capacity of

Yield strength, £ oce

disp. of specimens results
specumens
D Coupon i Specimen Specimen/coupon Fy 8u w Fy &y W Error
(dxbxt) ID MPa MPa/MPa KN mm KN.mm (%)
40 x 40 x2.5-T-P-1 1 0.06 324 1.29 116 235 3177 0.9 11 10 8
40x40x2.5-T-p-2 1 0.08 313 1.24 112 27 3529 1.0 09 09 6
40 x 40 x2.5-T-F-3 5 0.08 513 1.23 187 12.3 2970 1.1 09 08 10
40 x 40 x2.5-T-P-4 5 0.08 519 1.24 190 11.7 2547 1.1 1.0 1.0 4
40 x 40 x2.5-T-P-5 2 0.08 207 1.15 185 8.3 1950 1.0 1.1 1.2 10
40 x 40 x2.5-T-P-6 3 0.07 396 1.23 141 14 2244 1.0 1.0 1.0 1
40 x 40 x2.5-T-P-7 4 0.07 358 1.18 126 15.6 2150 10 098 1.0 10
Mean 376 1.22 151 16.1 2652 1.01 0.99 0.97 7.04
Cov 0.28 0.03 0.22 0.39 0.20 0.04 0.08 0.11 047
20 x 20 x2.0-T-P-8 1 0.07 289 1.02 39. 3.5 214 11 1.7 13 40
20x20x2.0-T-P-9 1 0.07 279 0.99 38 3.5 175 1.1 16 16 39
20x20x2.0-T-P-10 2 0.07 323 1.04 43 4.1 254 1.1 10 089 3
20x20x2.0-T-P-11 2 0.07 354 1.13 a7 3.6 177 1.0 1.1 13 10
20x20x2.0-T-P-12 3 0.07 283 0.94 38 3.8 200 .1 11 11 10
20x20x2.0-T-P-13 4 0.07 307 0.94 a1 4.1 234 1.0 09 09 6
20x20x2.0-T-P-14 5 0.07 292 1.03 a0 3.2 192 1.1 1.3 1.2 24
Mean 304 1.01 40.86 3.69 207 1.07 1.25 1.19 18.97
Cov 0.08 0.06 0.08 0.09 0.13 0.05 0.22 0.21 0.76
50x50%2.5-T-P-15 1 0.13 323 1.18 109 22.7 3000 11 1.0 038 0
50x50%2.5-T-P-16 1 0.13 322 1.17 108 24.3 3319 1.1 08 08
50x50%2.5-T-P-17 5 0.13 330 1.15 110 25 3127 11 09 08 6
50x50%2.5-T-P-18 5 0.13 328 1.15 109 23.6 2896 11 10 10 0
50x50%2.5-T-P-19 2 0.13 333 117 112 228 2921 1.1 10 09 5
50x50%2.5-T-P-20 3 0.13 328 1.11 109 25.1 3172 11 09 08 :
50x50%2.5-T-P-21 4 0.13 333 1.14 111 18.9 2567 1.1 1.1 1.2 10
Mean 328 115 110 23.2 3000 107 098 0.94 5.30
Cov 0.01 0.02 0.01 0.08 0.07 0.01 0.06 0.12 0.68
A0x40x2.5-C-P-22 1 0.09 107 1.18 107. 3.7 1440 1.0 1.1 1.2 5
A0xA0x2.5-C-F-23 1 0.09 113 1.24 113 3.5 1657 0.9 1.1 1.0 10
Mean 110 1.21 110 3.58 1549 0.95 1.08 1.10 7.76
Cov 0.03 0.02 0.03 0.03 0.07 0.03 0.03 0.07 0.34
Mean. 279 115 103 116 1852 103 108 1.05 9.77
Cove 0.36 0.07 0.46 0.67 0.65 0.05 0.19 0.19 1.00
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Figure 3.13. (a) Physical test and (b) FE model load displacement hysteretic curve
specimen 40 x 40 x 2BP-1.
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Figure 3.14. (a) Physical test and (b) FE model load displacement hysteretic curv
specimen 40 x 40 x 2BP-2.
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Figure 3.15. (a) Physical test and (b) FE model load displacement hysteretic curve
specimen 40 x 40 x 2BP-3.
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Figure 3.16. (a) Physical test and (b) FE model load displacement hysteretic curv:
specimen 40 x 40 x 2BP-4.

-96-



Chapter 3. Advanced finite element simulation of ductile structural steel
incorporating a crack growth model

~~

&
N
wl
o

Load (KN)
= = ]
o u (=]
o o o

Ul
o
1

0 T

5 10 1
Axial displacement (mm)

[fal
T

T

20

(@)

40 +
30 A
20 A

Load (KN)

10 A
of

1=

-2

0 2 4 6
Axial displacement (mm)

8

(b) 250
200

z
g150

T 100

o]
—

50

0

0 5 10 15

Axial displacement (mm)

Figure 3.17.(a) Physical test and (b) FE model load displacement hysteretic curv
specimen 40 x 40 x 2 BP-5.

=) L L
(2] J
oo

2 4
Axial displacement (mm)

10

20

Figure 3.18. (a) Physical test and (b) FE model load displacement hysteretic curv
specimen 20 x 20 x 2BP-8.

co
Jo

(@)

40 4
30 -

20 4

Load (KN)

10 A

-

\od

-2 0

2

4

6

Axial displacement (mm)
Figure 3.19. (a) Physical test and (b) FE model load displacement hysteretic curvi
specimen 20 x 20 x 2BP-9.

CA

8

T

a
()ﬁ 40 -
=
€| 30 -
Bl 20 -
K]
10 A
-2 0 2 4 6

Axial displacement (mm)

8

~

O

N—r
U
o

S
o

|

w
[=]

Load (KN)
S

=
o

0

(b) 50

w B
[ == ]

.

Load (KN)
S

[
o

0

2 4
Axial displacement (mm)

10

T

2 4
Axial displacement (mm)

Figure 3.20. (a) Physical test and (b) FE model load displacement hysteretic curv

specimen 20 x 20 x 2DBP-12.

-97-



Chapter 3. Advanced finite element simulation of ductile structural steel
incorporating a crack growth model

(a) 60

50 -
=40 4
s

—_—

0

530 -
M

920 1
10 -

2, . 4 6
Axial displacement (mm)

8

(b) 50

40 A

w
o

-

Load (KN)
S

=
o
L

0

0 2 4 6
Axial displacement (mm)

8

Figure 3.21. (a) Physical test and (b) FE model load displacement hysteretic curv
specimen 20 x 20 x 2BP-13.

50

~
QD
=~

B
o
1

Load (KN)

=
o
1

w
o
1

]
o
1

T T T

2 4 6
Axial displacement (mm)

.

0 2 4 6

Axial displacement (mm)

8

Figure 3.22.(a) Physical test and (b) FE model load displacement hysteretic curvi
specimen 20 x 20 x 2DP-14.

0

10 20 30
Axial displacement (mm)

40

(b) 140
12

=

X 80 -
T 60 -

Q

= 40 A
20 A

0

0 -
=100 -

.

0 10 20 30
Axial displacement (mm)

40

Figure 3.23. (a) Physical test and (b) FE model load displacement hysteretic curv
specimen 50 x 25 x 2BP-15.

(a) 140

120 1
=100 4
80 A
60 A
40 -~
20 A

Load (KN

0

0

10 20 30
Axial displacement (mm)

40

(b) 140
1

20 A
=100 -
80 A
60 A
40 A
20 A

Load (KN

.

0

0 10 20 30
Axial displacement (mm)

40

Figure 3.24.(a) Physical test and (b) FE model load displacement hysteretic curv
specimen 50 x 25 x 2BP-16.

-08-



Chapter 3. Advanced finite element simulation of ductile structural steel
incorporating a crack growth model

140 b 140
(@) 120 { e ( )120 -
=100 - =100 A
X 80 A X 80
E 60 T 60 A
S 40 4 3 40 |
20 - 20

0 ; . : 0 r : :
0 0 20 30 40 0 10 20 30 40
Axial displacement (mm) Axial displacement (mm)

Figure 3.25. (a) Physical test and (b) FE model load displacement hysteretic curv
specimen 50 x 25 x 2BP-17.

140 140
a b
@, ] (b) ., |
=100 - :2;100 -
X 80 - X< 80 -
T 60 A 60 1
S 40 - S 40 -
20 - 20 1
O T T T
0 T T T
0 10 20 30 40
0 10 20 30 40 i :
Axial displacement (mm) Axial displacement (mm)

Figure 3.26. (a) Physical test and (b) FE model load displacement hysteretic curv
specimen 50 x 25 x 2BP-18.

1 140
(@ % (b)
120 4 A 120 -
=100 - =100 1
> 80 - X 80 -
§ 60 ?g 60 -
3 40 - = 40 A
20 A 20 A
O T L T O

40 40

18 yicoia2d 30 10 120 0
Axial displacement (mm) Axial displacement (Smm)
Figure 3.27.(a) Physical test and (b) FE model load displacement hysteretic curvi
specimen 50 x 25X 5-T-P-20.

(@) 140 (b) 140
120 + 120 A
Z 100 7 =100 (\
X< 80 X g0 A
-r% 60 A 'g 60
S a0 8 40
20 A 20
0 T T ' 0 T T T
0 5 10 15 20 0 5 10 15 20
Axial displacement (mm) Axial displacement (mm)

Figure 3.28. (a) Physical test and (b) FE model load displacement hysteretic curve
specimen 40 x 40 x 2GP-22.

-99-



Chapter 3. Advanced finite element simulation of ductile structural steel
incorporating a crack growth model

Furthemore, comparing the loadisplacement responses of the XFEM nisde
physical test models (Figu®13-3.28), it is observed that the XFEM models gave
acceptable predictions of the linear elastic behaviour and strain hardening of the
specimens. Fosome specimens, it slightly underestimated the results of hardening

due to the fact that the seameld was not modelled in this study.

3.4.2.2Ultimate displacement

For all specimens, necking occurred at the unstiffened length of specimens. The
potential of neckig, and subsequently the softening of it, indicates the degree of
ultimate displacement the specimens attained during tests. This ultimate
displacement is crucially important for design of axially loaded steel elements such
as brace members, since it deterestheir deformation capacity, which can impact

the lateral storey drift. To determine the ultimate displacement, the point where the
load-displacement response begins to degrade was identified and the corresponding
displacement magnitude was noted. Hiex 25 x 2.5RHS test specimens with a
rectangular crossection possessed larger ductile responses than those with square
crosssections due to their geometrical property. Hence, a greater optimal factor

(«x=0.9) was used to derive their nawkibenaviour in the simulations. On the other
hand, a smaller optimal factof:£0.5) was deemed suitable for other specimens (40

X 40 x 2.5SHS, 20 x 20 x 2.0SHS) which had relatively less ductile response in

nature.

A low ductile response ofrbcespecimens is not desirable in design, especially for
seismic design of structures, as it could lead to inadequate energy dissipation
capacity, as well as inadequate redistribution of loading in the structure, which can
impact on the margin of safetp prevent collapse of the structure or significant
damage to its contents and put occupants at higher risk level during earthquakes. In
this context, a behaviour factor, g, has been introduced by[ET &0 control the
behaviour of braced frames during deformations to earthquakes, ensuring they
behave in an adequate ductile manner. The behaviour factor can be classified on the
basis of structuralcorfiguration (X-braced, Vchevron braced, etc.) and the cross
section, as given in the EG80] and EC313], respectively. The specimens used in
this study are classified as Cleksrosssections and valid for all structural systems

given in EC820] for the design of earthquake resistant braced steel frames.
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While comparing the ultimate displacement values from XFEM models anccahysi
tests (see Tabl8h), it is found that the XFEM models gave good predictions of
ultimate displacements for all specimens modelled. In addition, the percentage errors
for the ultimate displacement predicted by the XFEM model compared to the

physical tet madels for all specimens are withtn 0%. However, it should be noted

that two of the specimens (20 x 20 x-Z4P-8 and 20 x 20 x 2:0-P-9) displayed
lower ductile behaviour in physical tests, which is not permitted by standards in the
designof braced steel frames.

4000

3500 A Physical test model B XFEM model
3000 +
2500 A
2000 A
1500 4
1000 4

500 H

Energy dissipation Capacity (KN.mm)

O -
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 22 23
Test Number

Figure 3.29. Comparison of energy dissipation capacity between the XFEM and physic

test models.

3.4.2.3Energy dissipation capacity

The energy dissipation capacity (W) represents the area under thdidpkdtement
hysteretic rgponge of the specimen and is quantified in TaBlg. As depicted in
Figure 329, the specimens with smaller cressctions (i.e. 20 x 20 x 2.0) dissipated
lesser energy than those dissipated by specimens of other largesetoss In
general, the comparison between XFEM model and physical test models is in very
good agreement with an average value of 0.97, 1.19, 0.94, and 1.10 with Cov of
0.11, 0.21, 0.12, and 0.07 for 40 x 40 x 2.5, 20 x 20 x 2.0, 50 x 25 x 2.5, 40 x 40 x
2.5-C pecimens, respectively. Thus, the Mgand Coy was found to be 1.05, and

0.19, respectively, for all specimens studied.
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3.4.2 4Failure modes

Steel hollow sections when subjected to increasing static monotonic tensile loading
suffer initial yielding, strairharcening, necking and fracture of the cra@gxtion, as
shown, for example, iRigure3.30for the 40 x 40 x 2.8-P-2 specimen. In physical
experiments, however, without the use of advanced monitoring equipment such as
digital imagecorrelation, it is difficult to inspect in detail the kfg/cle behaviour of

a material from initial loading to full fracture unless analysing it through finite
element modelling. Existing models in the literature are typically unable to capture
thefull behaviour of test specimens observed in physical experiments, especially the
moment of rupture. With XFEM modelling in ABAQUS, the behaviour can be
analysed through full field stress and strain contours, including STAXEEM,

where STATUSXFEM is a c&amagecontour indicating the damage index from 0O to

1 [6]. Figure 3.31 shows the deformed specimen and Von Mises stresses for the
XFEM model of the specimen displayed kigure 3.30. It can be observed that
substantial inelastic deformation occurred by necking, followed by accumulation of
bulk plasicity ahead of the crack front, and finally ductile tearing of the corner
regions, which is the typical ductile steel behaviour observed when monotonic
tensile loading colormed structural steel square and rectangular hollow sections to
failure. Theapparance of an initial crack at flat faces of the section releases stresses
traction at material points, increasing the stress applied in toeacked region at

this crosssection such as at the corners of the section, which subsequently confines
plasicity around the corners of the XFEM model leading to full fracture through the

crosssection of the specimen, as showifrigure3.31.
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Figure 3.30. Tested to failure response of 40 x 40 xP-B-2 specimen, (a) Substantial
neckingvisible, (b) Crack at seam, (c) Crack extend across front and along sides, (d)
Fracture.
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Figure 3.31. Simulated response of 40 x 40 x-Z-:®-2 XFEM model (a)
Substantial necking, (b) Crack appearance, (c) Crack extension acrossaificbn
along sides, (d) Fracture.
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Figure 3.32. Comparison of failure modes of 50 x 50 x 2.5 specimen between th
XFEM and physical test models (a) tensile crack initiation at extremely neck regior
and (b) crack extension in shear neofMode Il) in physical test model, while tensile
mode (Mode I) in the XFEM model.

Figure3.32 shows the test behaviour of a 50 x 25 x 2.5 specimen during two phases
of cracking; during the physical experiment, a tensile (Mode 1) crack appeared at flat
face of the crossection upon maturity, which propagated towards the corners of the
section by shearing (Mode II) crack. In contrast, a tensile (Mode [) crack drove
entirely the fracture in the XFEM moddtigure 3.32). A possible reason would be

the absnceof interactive crack growth properties by tension and shear stresses in
the damage model. One can predict shear (Mode 1) failure, however, at the expense
of detailed micremechanical data for metal fracture. However, accounting for shear
Modell in the camage model would not significantly add benefits in improving the
fracture prediction capability of the XFEM model for three reasons: (i) the crack
initially emerges as tensile and drives the initial cracking mechanisms between the
material particleswhich is predicted well by the XFEM model, (ii) the pasacking
stiffness is not typically considered in design for large scale steel structures such as
earthquakeesistant buildings and, hence, it is not essential to capture this accurately
(although 1 is possible to do this by modelling crack miarechanically using a
multi-scale modelling approach), and (iii) accurately identifying the initial yield
strength, ultimate displacement, energy dissipation capacity, and initial mode of

failure are the keyperformance parameters of interest in structural engineering
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applications, which are all captured well by the XFEM model and is an advancement

on conventional FE mode]&5-27] and physical theory based modgl8, 29].
3.5 Conclusion

In this paper, a detailed description is presented of a structural grade steel material
stressstrain relationshighat models the full behaviour of the steel from the elastic
phase, strain hardening, necking and fracturing static monotonic loading. The
applicability of this design methodology has been demonstrated by calibrating
empirical par amet er s f ¢l andHlee dMKVA[S] méthoav , Hol
using data from steel coupons tests, and subsequently validating this material model
by employing it in 3D XFEM models of square and rectangstaictural hollow
sections subjected to monotonic axial tensile loading and comparing predictions to
measurements obtained from physical tests. This material model leads to a
computationally efficient numerical model of hollow structural steel sectioats t

can capture cracking of the specimens. The main findings are:

1 On average, the ratios of ultimate displacement of the XFEM to test models
are 0.99, 1.25, 0.98, and 1.08 with Cov 0.88, 0.22, 0.06, and 0.13 for 40 x 40
x 2.5SHS, 20 x 20 x 2.0SHS, 50 x 2825RHS, and 40 x 40 x 2.5SHS
specimens, respectively.

1 When comparing the vyield loads obtained from the XFEM models and
physical tests, it was found that the XFEM model gave very good predictions
of the measured test with average ratios for the nuaiariadel to physical
tests being 1.01, 1.07, 1.07, and 0.95, with corresponding Cov of 0.04, 0.05,
0.01 and 0.03, for the 40 x 40 x 2.5SHS, 20 x 20 x 2.0SHS, 50 x 25 x
2.5RHS, and 40 x 40 x 2.5SHSspecimens, respectively.

1 For energy dissipation capagcitye predicted to test values were, on average,
0.97, 1.19, 0.94, and 1.10 with Cov of 0.11, 0.21, 0.12, and 0.07 for those
specimens, respectively.

1 Finally, the XFEM model gave very good predictions of the failure modes

compare to those observed durthgphysical tests.
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Chapter 4. Determination of  geometrical
Imperfection models in finite dement analysis
of structural steel hollow sections under cyclic

axial loading

Article overview

This wak presents the development fafite element modslfor the analysis of
concentrically braced steel frame element structural mensdrjected to teson
compression cyclic axial loadinguch asvould be experienced by bracing elements
during medium and large earthquak€se models contain geometric imperfections
i the type and magnitudaf which were informed by, first, the literature presented
and, then, characterisation of theffects of three imperfection modelsn the
response oforace members under axial loadingith respect to observations in
physical testsOne of he noveltiesof the work isthat the incorporation of the
imperfections into 3Dinite element models of tubular steel brace elements has been
scriptedin Python(seeAppendix C) to automate the process within the ABAQUS
software The work also identifies the importance of adequately including
imperfectiors into structural analysighe cyclic analysis was carried out for square
and rectangular hollow steel sections, which are fabricated @bhed carbon steel,
cold-formed carbon and coffbrmedstainlesssteelsectionsA sensitivity analysiss
presented to highlight how and whenperfections should be incorporated into 3D

FE models of square and rectangular hollow structural steel sections subjected to
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cyclic axial loading, which is not only beneficial to researchers, but also to practicing

engineers

The cyclic analysis wasacried out for square and rectangular hollow steel sections,
which are fabricated of hablled carbon steel, colfbrmed carbon and coffbrmed
stainlesssteelsections. A total of sixteen finite element simulations is performed for
response feature chatarisation of test models to cyclic loadi(geeAppendix C

for full resulty. These salient response features should be known as, ductility
capacity, energy dissipation capacity, initial and post buckling compressive load,
number of cycles to global amacal buckling, and lateral deformations. A predictive
model is proposed for lateral deformation8lso, a comparison of this model to
existing predictive model is also presented. Existing predictive madetdso used

for comparing the performance ahite element models to them for number of
design parameters, such as ductility capacity and-lpeddling capacities, etc.
Moreover, various design parameters were assessed relative to current European
code of practice. A part of it, the chapter providebrief comparison on the two
modelling techniques identified as physical theory based model and finite element
models. This work has ba published in the journal dournal of Constructional
Steel Research (2018)am the first lead author in the papehich is ceauthored

with my supervisorsThe test results used to validate the models were taken from
tests by Dr KH. Nip et al (cited inSection4.2.]). | lead all parts of the work with

support from my supervisars
Abstract

Global and local imperfeicins are required to capture accurate buckling loads and
overall structural behaviour of axially loaded structural steel hollow sections in finite
element (FE) models. In this paper, three methods of geometrical imperfections are
considered for square anectangular structural steel hollow sections: (i) creating the
profile of the brace using a half sine wave, (ii) applying an equivalent notional lateral
load at midlength, and (iii) combining sinusoidal local imperfections with an
equivalent notional latal load for global imperfections. When modelling the initial
shape of brace members with global imperfection atlemdth of the magnitude
used to establish the European buckling curves (L/1000, where L is the length of the

brace member), it was foundaththe equivalent notional lateral load methodology
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could best predict the buckling capacity of brace members when compared to
physical test data and European buckling curves. However, both methodologies
neglect the effect of local imperfection on theialitbuckling loads. When it was

included by generating a continuous sinusoidal wave along the member length, it did
not affect the initial buckling loads, but gave a more overall representative behaviour

of the brace members.

The FE model is then validateising sixteen cyclic tests for brace members. The FE
results are found to match the physical tests values relatively well. In other words,
when comparing the ratio of yield force, buckling resistance, and total energy
dissipated estimated from the FE rabtb the measured values in physical tests, the
mean values are found to be 1.04, 0.99 and 1.24, respectively, with a coefficient of

variation of 0.07, 0.07 and 0.17, respectively.

Keywords: Imperfections; Hollow sections; Cyclic loading; Buckling; Stéehite

element models.
4.1 Introduction

Geometrical imperfections are one of the largest sources of uncertainty when
building numerical models of structural elements. These imperfections can be any
irregularity that deviates from the idealized geometry. Floenmechanical aspect,
they are the geometrical residuals that fail to obtain integration into a perfect shape
due to the fabrication process. The residuals that persist along the length of the
member after fabrication are considered as global imperfacéind those along the
section as local imperfections, in addition to the stresses that are usually locked
within geometry of a member. These imperfections should not be confused with
framing imperfections, which are caused by construction activity. Thetefof
imperfections have been successfully incorporated by design standards within the
formula given for design buckling curves, particularly, European buckling curves by
Eurocode 3 (EC3)1]. However, ECJ1] does not give guidance on how to model

the imperfections when modelling structural elements in Finite Element (FE)
models. In this context, the authors carried out a preliminary imperfection sensitivity
study[2] to investigate the effects of global and local imperfection models on the

strucural behaviour of steel hollow sections under static monotonic compressive

-111-



Chapter 4. Determination of geometrical imperfectiwodels n finite element
analsis of structurasteel hollow sections under cyclic axial loading

axial loading. The study was limited to one brace section size, but did identify
potential suitable ranges of imperfection amplitudes for the numerical modelling of
hotrolled tubulr brace member. The current paper builds on this work through a
parametric study to choose the most suitable method to be used to represent global
and local imperfections of square and rectangularvlaled tubular sections under
guasi static cyclic tes. The approach has been informed by past research on how
imperfections have been incorporated into steel section models fowahed
members, which is summarised in TaBblgé. The studies are categorised into (i) the
study type (either experimental emwumerical: 1D, 2D, and 3D), (ii) structural
component/classification (which is sghtegorised into structure: open section (OS)
and closed section (CLS), geometry: symmetry (SY);lo@esymmetry (LS), and
asymmetry (AS), forming route: hotlled (HR) and cold formed (CF), material:
carbon steel (CS) and stainless steel (SS)), (iii) section profile, (iv)-sectien
corfiguration, and (v) initial imperfection (which is categorised into shape and
amplitude of imperfection). As shown in Talfld, mostof the studies were carried

out on coldformed carbon CLS thiwalled sections with a symmetrical geometry
(SY). Creating the profile of the brace using a half sine wave is the most common
method for replicating imperfection in numerical analyses. Thisnnikat these
studies have considered the half sine wave method an appropriate model that
accounts for effects of imperfections in relation to those assumed by design
standards and possessed by structural members for numerical analysis. However, the
studiesdiffer in terms of the magnitudes of the imperfections and methods of
applying the effects of the half sine wave imperfection. Eigen mode analysis is
another approach used to determine the effective shape of imperfection4Iable

For plated elementdpcal imperfections were employed, denotednaswhile for

steel sections global imperfections were deemed most suitable, denated as

Residual stresses are another form of imperfection that are distributed along and
across the crossection. The maghide and distribution of these stresses depend
mainly on the fabrication method. They have been classified as bending and
membrane (axial) residual stresses on the basis of strain measurements. The
membrane stresses are assumed to be uniformly distrittwtadyhout the thickness

of the section, either compressive or tensile, whereas bending residual stresses are

assumed as linearly varying through the thickness of the s¢8tidn this context;
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Table4.1 A summary of the studies conducted previously in the context of initial geometric
imperfections in relation to thiwalled sections.

Study type Structural component/classification c fi Initial Imperfection
Author Physic Numerical Structure Geometry Forming MaterialProfile Céazsi?;tilgg used/proposed
al Tes' 1D[2D[3D OS CLS SY[LS]AS HR|[CF CSJss 9 Shape  Amplitude
= w1 = not founc™®
pawson & \ \ \ vV Vv Perfedly square plate - W /t=a
\Walker[4] 0.5
SylSer)®
. D/t 33, (for brace) w1 = not founc™
Kayvani & @ Out-of- -
Barzegai5] v v v D/t 50, (for portal straightnes 2= Not
column) found
Schafer, Pek® i =
\% vV Vv Lipped channel section Eigen - wa r_wot founc
(6] modes  w.= 0.006w
@ RHS 100 x100x4, 60 x '°
60 x 3, 60 » w1 = not found
Gardner etall7] VvV \% vV Vv 40 x4, 40 x - wo/t=b
40 x 4, 40 » (sy/ser)®®
40x3
*, *d
. Eigen wi?®=0.2%L
Kaitila [8] v vV [ C 100x40x15 modes  wz-h/200
. W1=
Elchalakanietal v VARRY @ CHS 19<D/t<56, outol- 6 53204,
[9] straightnes
w2=0
C815x37x 1.5,
Dubina & VIR, VEERY: E 1315 x 37 x1.5 Eigen  wi1=0.1%L
Ungueanu[10] CL815x37x 1.5, modes  w,= from[6]
1316 x 37 x 1.5
@ S =15x=15
Mamaghani et al @CHS 15.42< DIt = Half sine wi=0.1%L
\% \% \% =
[11] wave w2=0
@ 49,56
RHS 150 x 110 x 4.5
CHS D/t =11.2
RIS 100 x 100 x 6, 10 0.01%L <wi
Uriz et al.[12] \% Y \% vV Vv @ W 200 X 500, 150 x 50! V-shape < 3%L
=ﬂ[r‘AA 150 x 87.5 x 9 150 w2=0
500
W 300 x 400 x 5.5
T . wy= 0.106L
HSD/t=16.2&21.6 Eigen - !
Fell [13] \ vV Vv \% \% \% @] RHS 100 x 100 x 6, modes Wzg from
100 x100 X 9 16].
\ RHS 40 x 40 x 2.5, 20
20 x2,50 x 25
Salawdeh & v v v v O x2560x60x ,  O1PL<was
Goggins[14] 3,40 x40 x 3, p o
40 x 40 x 4, 60 W=
x40 x3
w=
. . Mpb 11— Byl
Fl'gl'e“ & Mehta v v v @ RHS 102 x 102 x 12.7 V-shape 7» (-2
w2=0
I W 200 x 500,
150 x 625, 150 x 50!
150 x 388, le =
Dicleli & Calik v v v v v @ C 200 x 288, Half sine —"—,I
[16] T 200 x 563 wave g 1.—=
RHS 20 x 20 x 2, \
40 x 40x 2.5,
CHS100x6

a wi= amplitude for global imperfectiom.=amplitude for local imperfectiorsy = yield strengths s critical buckling stress is coefficient tc
be determined experimentally D stands for diameter of circular section ardr thickness of tubé® b= 0.028 and 0.034 for hetolled and colc

formed sections, respectively, cresaction classification as (depth x width x thickne$$).= length of member, h is the height of Wé"qﬂi‘_ﬂi, is

plastic moment at buckig load,F; , E is the modulus of elasticity, and | is the moment of inertia
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Table4.2 Asummary of past studies characterising residual stresses and their impact
on the performance of the numerical models.

Study type Structural comppent/classification
Author PhysicaNumerical Structure _Geometry FormincMateria Profile Crosssection configuration Comment
Test 1D[2D[3D OS|CLS SY[LS[AS HR|[CF CS[SS
Bending residual stresses \
SHS 100 x 100 x 4, 60 x 71 and 79% 06o., in corner
Gardner 60 x 3, 40 x 40 x «aand flat region respective
et al.[7] v vV VvV [[:]] 40x40x3 So.2is the proof stress.
RHS 60 x 40 x 4, Membrane stress|
unreported.
Residual stresses in CHS \
Jiao, 50 and 20% ofso2 in the
Zhao \Y vV Vv vV Vv @ CHS D/t = 46.6% 23.88 longitudinal and transver:
[17] direction, respectively. (Stre
characterisation unreported)
AA 50 x50 x 2- 10
T RHS lzflé ?<O4X83(5 iOSOOXXBending residual stresses \
Gardner 3,100 x50 x 2 4, 5/ @nd 63% oBozin cormer
& Cruise  V V V Vv v Vv v @ 100x100x 24 2and  flat  region, —whil
(18] W 120 x 300, 50 x 50, 14TCMPrane stresses was 24
I % 70, 300 X 160, 37% of so», respectively i
250 x 140, 180 x RHS-
90
SHS 80 x 80 x 4, 100 x
Gardner 100 x 2- 8, 150 x Including residual s_tress
2 150 x 4 causes small reduc_tlon
Netherca \% vV Vv \ \% @ RHS 60 x 40 x 4, 120 x 8stiffness and have little T
(19 x 3- 6, 150 x 100 effect on the overall behavic
x 4, 100 x 50 x 2 of structural member
6
Schafer : .

Ater, Bending residual stressesvh
Pek& v \Y \Y vV Vv [ ¢ 76'237)(1[;1'2? géi‘w a small net effect on analyti(
6] 1;5.82 ’ results qualitatively.

Including Bending ar
membrane residual stresse
SHS 60 x 6 x 2, 80 x 80 ;= Model gave a good fit
Jandera v v vV Vv v v @ 2100 x 100 x 3’4 120 x the experimental predictic
et al.[20] 1’20 %4 ! However, the results from |
models with and witho
residual stresses were V|
close to eacbther.
SHS 80 x 80 x 4, 100 x
@ )J('ao )1(4:10 )1(2&3 )1(25‘Bending residual _stresses
Lin Ma i} 6,' 160 x 160 x 4‘be 80% ofs().z(m_axmum).
ot al.[21] \% vV VvV \% \% RHS 100 x 50 x 4, 200 x Membrane residual stres
@ 120 x 5, can be 20% of sof
CHS 89 x 3 4, 108 x 4, (Maximum).
133x4,139x6
Weng & CL75 XGgoxng.gé )1(2354XxResidual stresses can
Pekoz  V v v v v E 22,40 x 20 x 940 'aNged between 25 and 7
3] x40 x 9, 31 x 31 }of So.2 of materlal. (Stres
7 characterisation unreported)
Bending residual stresses w
'Young & 60% ofso.2in corners of colg
Man-Lui VvV vV VvV \% \% @ RHS 200 x 110 x 4 formed sections.
[22] Membrane stresses-un
reported.

- a summary is presented in Takle that covers the quantification of residual
stresses from practical aspects and highlights their potential effects on the behaviour
of structual members Although the review of existing literature summarised in
Table4.1 and Tablel.2 indicates that imperfections (geometric and residual stresses)
were mainly physically measured, such detailed measurements are highly unlikely to
be carried outn design due to the expense and time involved in carry out
experiments and inclusion in computations. Thus, a method of predicting geometric

imperfection is required that can (i) generate all effects of imperfections relative to
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those assumed by ECRL], (ii) deliver codifiedoriented structural response

behaviour of specimen, and (iii) improve the robustness of finite element analysis.

The effect of initial geometrical imperfections on the performance of steel hollow
sections are laracterised through numerical models by using three imperfection
methods (i) creating the profile of the brace using a half sine wave (Method 1) (ii)
applying an equivalent notional lateral load at 4eidgth (Method 2), and (iii)
combining sinusoidal Iad imperfections with an equivalent notional lateral load for
global imperfections (Method 3). Gardner & Nethercdfl] and Jandera etl. [20]

found that numerical models containing both the membrane and bending
components of residual stresses gave ampiredicts to models without residual
stresses with regards to overall member behaviour or ultimate load carrying
capacities. Thus, they determined that the influence of residual stresses in 3D shell
models can be neglected and, hence, are not considdtes paper. In this paper, a

shell based finite element model of square and rectangulaw#iied tubular
sections is developed. A parametric study is carried out to choose the most suitable
method to be used with the required global and local ifepgons. This model is
validated by comparing its predictions to values obtained from quasi static cyclic
tests.The context of the present work is application to simulations of brace members
under axial cyclic loading, which are fabricated of -taited, cold-formed and
stainless steel structural hollow sections. Hence, a key driver for the method of
imperfection presented here is the requirement to represent brace geometries that are

complex by imperfection.

4.2 Materials and Method

4.2.1Physical laboratory Test

Nip et al. [23] carried out sixteen quastatic cyclic tests on steel square and
rectangular hollow sections (SHS and RHS) to extremelydyele fatigue axial
loading. These thirwalled SHS and RHS specimens are used in this study to
conduct sensitivity analyses and then to validate finite element (FE) models. The
sections are fabricated from three structural materialstdiied carbon steel, cold

formed carbon steehd coldformed stainless steel. The specimens are comprised of
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40x40x3.0SHS, 40x40x4.0SHS, 50x50x3.0SHS, 60x60x3.0SHS and 60x40x3.0RHS
cross sections, categorised as Classross sections as per EQ3], with a

normalised slendeass ratio, defined in EC31], between 0.38 and 1.34. For all

specimens, the effective length, which was derived through linear buckling analyses
using ABAQUS[24], was determined as 0.45 times the overall length of the braces.
In this study, a hetolled carbon steel structural 40x40x3.0x1250mm SHSosect

selected for the sensitivity study. Different global slenderness ratiosiH2t?1 are

used in order to choose the most suitable imperfection method to model brace

members. The other section sizes are used to validate the FE model.

The loading protocol employed in this study follows the recommendation of the
European Convention for Constructional Steelwork (EQZ3%) which implies

using symmetric loading in compression and tension comprised of one cycle at each
ductility (d/dy) level of 0.25, 0.5, 0.75, 1.0 and three cycles at each level of 2, 4, 6, 8
etc., whered. anddy represents the applied axial displacement and measured yield
displacement, respectively. The applied axial displacement increases and decreases
at a costant strain rate up to a targetidplacement over a variable frequency
range, as shown iRigure4.1. For the parametric study, a stramntrolled loading

history compatible to each specimen length was employed.

To facilitate the imperfection studyrtiughout this paper, a brief discussion on the
specimen (40x40x3-:0250SHS) axial loadxial displacement response from the
physical test is described. The hysteresis loop of the specimen is shéiguia

42. Compression and tension loads are consida®dnegative and positive,
respectively. The area enclosed by the hysteresis loop represents the energy

dissipated by the specimen.

The response of the specimen in the initial few cycles remains essentially straight
(elastic). After the occurrence of firgtobal buckling in compression (indicated by

Fc in Figure 4.2), the compressive strength degraded as #madd of plastic
rotation increases at the mehgth and next to the end connections with the
stiffeners. The compressive resistance degraded isgymify in subsequent cycles

for the same axial shortening due to residual axial deformation from prexyioles,
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and to a lesser extent due to the reduction in compressive strength (Bauschinger
effect).

F Tension |

ey
=)
N

Loqd (KN)

Compression

300
300

Axial displacement (mm)

0 4 Ti 8 12 16 @ Buckling load = Maximum tensile force
ime (sec) @ Loss of load carrying capacity X Ultimate failure
Figure 4.1. Cycling loading protocol Figure 4.2. Axial load versus axial
recommendd by ECCS986][ 25 for testing  displacement response of
structural steel elements. 40x40x3x1250mm spewen to cyclic
loading.

At every tensile excursion, the specimen accumulated permanent elongation in
tension, which in reverse imposed larger lateral demand to the hinge causes the
effect of U-shaped pinching. The section was deemed as Class 1 cross section as per
EC3[1] with stockier characteristic, as a result the plastic hinges concentrated in the
compressive corners/web of the atgahgth cross section viibut reduction in cross
section resistance. Maximum tensile force resisted by the specimen is marked at
point Fy in Figure 4.2. The pointLc indicates the loss of load carrying capacity,
which occurred once the specimen was stretched in tension afteingiritéd
occurred. The ultimate failure occurred at paifitvhen the hinged region separated
abruptly. Further details on specimens and physical test set up, as well as

performance of specimens in uHmw cycle fatigue regime, are given|[ia3].

4.2.2Numerical Models

A commercial finite element package, ABAQBSL3 [24], was employed to
devdop the numerical models. A static nonlinear general solver was used with
tabular formulation. A flow diagram of the modelling steps with inputs, processing

and outputs is shown in tiregure 4.3.
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Sub-processing Main processing Inputs

4 . 4

( FE modelling )

Modelling geometric 1
imperfections

l

Parameters from extremely

Material model low cycle fatigue testing

Impaorting modal 1
coordinates (x, v,
7) Element and mesh siza Finite shell element (S4R)
1 Size from meshing study
Applying |
conditions and Geometric Shape and amplitude of
constraints on — imperfection imperfection
the coordinates

l

Listing new x, v,

. ECCS-1986 cyclic protocol
Boundary conditions
Fixed end condition

coordinates

Sub-program using python script

L~ ~L =
P e B L L

|
1 Einite element solver Large deformation theory,
increment range and size
Incorporating
new coordinates 1
into a model
1 Simulation

Gutput {imperfect rradeD. l
( Hysteresis loop ) <:| Output

Figure 4.3. Flow diagram of the modelling step with inpuprocessing and output.

4.2.2.1Material Model

A nonlinear isotropic/kinematic hardening material md@d] is used in this paper.

This model is used to simulate the inelastic behaviour of materials that a@etedbj

to cyclic loading. It is able to capture cyclic hardening and kinematic shift of the
yield surface in stress space. The model is based on the work by Lemaitre and
Caboche[26], and assumes two initial yielding conditions,flaw rule and a
hardening rule. The isotropic component defines the size of the yield surface as a
function of plastic strain, while the kinematic component defines the translation of

yield surface in the stress space through the back stress known Eeugahinger
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effect. Each component required three nonlinear parameters to be defined as part of a

material property, which are given as:

/~ |, = Yield stress at zero equivalent plasti

strain

_ _ C,.:,= Itis the kinematic hardening
Isotropic hardening parameters<
parameter

y = Determines the rate at which the bacl

stresse varesas the plastic st
increases

e a|,= Yield stress at zero equivalent

plastic strain
b;..= It is the hardening parameter that

of the yield surface changes as

plastic strain increases

.. = defines the maximum a@mge in

\ the size of the yield surface

The calibrated values of these parameterghe modelled specimen a#¢, = 478

(N/mn), &= 1.50,¢,, = 87 (N'mn?), C,.,,= 30200 (N/mrf), andy = 188. In

hin~
addition, the monotonic tensile material properties are described as modulus of
elasticity, E = 219,610 (N/m/) and yield strengthf, = 478 (N/mnf). These
monotonic and cyclic material properties were obtained from the cyclic testing of

coupons of structural carbon steel and stainless[&éel

4.2.2.2 Element and Mesh Size

Shell elements are used in this paper as they allow the modelling of thin features
with fewer elements than solid elements saving computatiom&l. A four node
doubly curved shell element with reduced integration to avoid shear and membrane
locking, designated as S4R4], is employed in this study. This element has been

successfully used in thin and thick shell formulation.
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Mesh size significantly affects the model run time and influences the-strass
outputs in addition tot$ tendency to alter the overall hysteretic response. Nip et al.
[28] has proposed using 32 elements without taking into account the brace sizes.
Moreover, Haddadi29] has proposed a mesh size less than the sectional thickness.
For this study, an element size of b/22 * b/22 was employed at théength of
specimen, where b is the width of the section. This elementw&zgeextended in

both directions from the mitbngth equal to 1.5 times the dimension of the larger
face of the section, to ensure that the mesh is sufficiently large to accommodate the
half wave length of the locally buckled shape, which was approximasslymed

equal to the larger face of the secti®8, 28]. The stiffener at each end of the
specimens were modelled and meshed with size b/116:%This mesh size was
extended 1.5 times the dimension of the larger face of the section beyond stiffened
length, to accommodate the half wavelength of the locally buckled shape of the
stiffened region. An element size of b/8 * b/4 was used for the ioatnemainder

region of the model. This element size ensures that the model have sufficient number
of elements to form continuum sinusoidal waves in regions that areritical. The

two ends of the models were fixed constraint in all six degrees afofreestiffeners

plates were employed at the ends of brace to exercise adequate weld capacity to

transfer axial load from the brace element into the end plate.

4.2.2.3Imperfection Methods

Imperfections will inevitably occur due to formation processes, eyadheing to
international manufacturing standards. Their effect can be highly uncertain and can
vary from sections of different material and for the sections of same material. Cold
working is a formation process that significantly induces imperfectidasce,one

can expect relatively larger imperfections in ctddned steel sections than hot
rolled steel sections. In spite of their rdefinite characterisation, imperfections are
believed to collectively prevail in a complex nature of residual stresstsut-of-
straightness. Based on these two components, it is highly difficult to format the exact
field of imperfection. In practice, they are usually taken into account by limiting

measured geometric imperfections.

Despite of their nomniformity in characteistic, design codes have introduced

simplified versions of imperfection to be used in analyses. One of the imperfection
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methods recommended by the EC[38, 31], AS[32] and CSA[33, 34] standards

for structural analysing of braced steel frames is the iwotiabf-straightness. This
out-of-straightness varies parabolically with maximum deflection at thelenigth.

They do not, however, explicitly characterise the patterd echnique to form a
continuum parabolic shape. Consequently, in practice this method is used as half
sine wave profile with a finite number of elements in FE analyses, (for example, see
[16]), while utilising a \fshaped in the physical theory baseddeis for example,
see[12, 14, 15, 39])

Method1: Half-sine wave imperfection

A half-sine wave imperfection is typically the lowest possible buckling mode shape,
which is generally occurs when a member is subjected to axial compressive loads.
This bukled mode shape is being used in the structural analysis due to simplicity
and accuracy, and has produced acceptable results for the compressive resistance and
the failure modes (for example, sg29]). The method can be applied to ideal
geometry via two methods (i) by conducting an Eigen mode analysis, or (ii) by
scripting a finite element code. For this study, a finite element code was written
using the programming language python. The finitement code perturbed the

nodal coordinates of a perfect geometry into a-biaké wave shape, similar to that
shown in theFigure4.4(a).

The model has a maximum eof-the-straightness at the midngth and zero at the
two ends as per standards. Thd badewave shape can also be formulated by using

another imperfection method known as the equivalent notional lateral load.
Method 2: Equivalent notional lateral load imperfection

Utilising an equivalent notional lateral load is another codified methioodiced by

the ECCS[30, 31] and CSA[33, 34] standards for structural analysis of the un
braced frames. EC31] suggests to replace the design value ofximam
imperfection by proportion of axial force to a system of horizontal forces that
account for initial sway imperfections and initial bow imperfections of unbraced
framed columns. For bracing systems, it suggests to apply only the initial bow
imperfectons interms of equivalent forces over whole bracing system, as diagonal

braces provide lateral stability and consequently cover the initial sway imperfection.
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It is, however, unclear regarding the method of imperfection for either individual
columns or dagonalbraces utilised in the structural analysis of braced frames. In
this context, Kim and Chef86] noted that in such cases an egigntnotional load

should be applied laterally at the mehgth of the braced columns. This method has
also been used successfully in the numerical simulation of steel H&8;€25].

Hence, it was used as an alternative way of generatinginalfwave imperfection

in this study and assessing effects of it on the performance of brace members. Upon
application, the lateral loads deform the stumuak member into a halsine wave

shape (described in the previous-sglotion), as well as inducing localised stresses.

The equivalent lateral loads were concentrated in the critical region atpadin

the outof-plane buckling direction, where thetaral region is the area where local
buckling is expected and is defined as a dimension equal to the larger face of the
section. The nodal loads can be determined by a unit load method; a reference load
at the nodes of the critical region is applied and essilt an equivalent load to give

the target initial oubf-straightness deformation at riehgth can be obtained from

the compatibility relationship. The method is slightly sensitive to mesh size; hence,
to avoid biases in terms of loading magnitugteracachment area, appropriate mesh
size should be utilised when applying this method in practice. Further, the method
requires two stages to be implemented; first the effect of imperfection should be
accounted in the numerical modé&idure 4.4b), thenthe atual analysis should be
carried out on the imperfect model.

Residual stresses are also used in the numerical analysis to account for imperfection
(see for examplg37, 38]). However, they are difficult to be used in design, because
they have relatively highly uncertain behaviour in terms of the magnitude and
distribution compared to imperfection comprised of a geometry, which is usually
assumed in the form of initiabutof-straightness. The initial owlf-straightness
method is readily used in design and considered as a simple and effective approach

to model imperfection, asepicted from Tabld.1.
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However,the notional lateral load imperfection methaslld be argued to be more
influential for an axially loaded member due to creating both geometric shape and

localised stresses.

©) (d)

Figure 4.4 Finite element meshed models of hot rolled, carbon steel hollow section
(40x40x3x1250 specimen) with initial geometric imperfection profile (a) Half sine
waveglobal imperfection (Methed), (b) Equivalent notional lateral loaglobal
imperfection (Metho@ ) , (c¢c) Sinusoidal Twehve 66fI
imperfection, (d) Combined sinusoidal and equivalent notional lateraldbaioial

and local imperfection (Methe8).

Method 3: Sinusoidal wave and equivalent notional lateral load imperfection
Previous methods neglect local buckling, which benmoelled in the form of a
number of small sinusoidal waves. A half wavelength equal to the larger face of the
section spread across the section pja@svas incorported irnto the finite element
model. A python scripting method is used to form this continuum sinusoidal wavy

i mperfection. Thi s form of I mperfecti on
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imperfection, due to its resemblandegure 4.4c). In this method, theinusadal
waves for local imperfection are combined with the equivalent notional lateral load

imperfection for global oubf-straightnessHigure 4.4d) to model brace elements.
4.2.24 Amplitudes of the initial geometric imperfections

In order to charderisethe effect of global geometric imperfections across a range of
amplitudes, a suitable range is selected for global imperfections from L/100 to
L/2000, donated asvi. The selected range represents a broad scale of global
amplitudes compared to the mdacuring tolerance limit L/500 prescribed in the
European (EN 10210) [39], North Amercan ASTM A501) [40], and Australian

(AS 1163)[41]] standards for the hablled steel hollow sections.

Gardner et al[7] and Gardner and Netherc§87] proposed a predictive model for

estimation of local imperfectiony,, in hotrolled, coldformed carbon steel and

stainless steel Hlow sections as follows:

wy ft = 0028 (a,/a,, )" (for hotrolled carbon steel)  (4.1)
wy/t = 0034 (a,/a,, )" (for cold-formed carbon steel)  (4.2)
w, [t = 0.023 (f,/0,,) (for cold-formed stainless stee  (4.3)

wheret is the plate thickness;, is the material yield stress, ang. representshe

plate critical buckling stress.

In this study, a range of t/10 to /200 was selected to account for local amphtedes,
in the sensitivity analysis. In particular, the range comprises of local amplitude t/50
given by EQ.4.1 for hot rolled specimenand t10 from the standardg39-41].
Moreover, t/25, /100 and t/200 were used for the assessment.1E4.2 and4.3

are used in the cyclic modelling validation.
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4.3 Sensitive Study

4.3.1Influence to the initial buckling loads and tensile loads

The nitial buckling loads (F for a 40x40x3CS-HR section with varying global
slenderness and amplitudes are presented in TélBlesnd4.4. They are compared

with boththeudf act or ed design buckling adsistan
hotrolled setions in EC3 [1] and the buckling load from physical testing of
specimen with global slenderness of 0.5§.(Moreover, the yield capacity given by

finite element models are compared with the yield load given by the physical test
specinen. They are tabulated in order of decreasing imperfection and increasing

specimen length.

When comparing the initial buckling loads obtained from FE models to the actual
buckling load of the physical test model for global slenderness of 0.55 (igiven
Table 4.3), it is found that models with higher global imperfection amplitudes
underestimate actual buckling capacity. The greatest difference occurs in FE models
for which the imperfection is applied using the equivalent notional lateral load
(Method 2) when w1=L/500 and are of the order of 48%, 23% and 8% for L/100,

L/250 and L/500, respectively. When using= L /1000 the FE model predicted the

actual buckling capacity closely.

On the other hand, utilising a haline wave to induce initiadut-of-straightness in
the brace element (Method 1) predicted the actual buckling load when the global

imperfectionw,= L/500. Based on the FE results, the upper tolerance limit L/500

specified by the international standards seems appropriatesircdbe. However,
these two methods do not take into account the effect of local imperfection. This can
be taken into account by combining the equivalent notional lateral load with
sinusoidal waves to model local buckling (Method 3). A global imperfection
amplitude of L/1000 is chosen as it gave close results for the equivalent notional
lateral load method and the European buckling curves was established using this
amplitude (L/1000).
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Table4.3. Results of 40x40x@SHR section with varying global slendexsss and
amplitudes for (a) half sine wave imperfection, (Method 1), and (b) Equivalent notional
lateral load (Method 2) obtain through finite element analysis.

Length,L I bfte Initizl

imperfection Method-1: Half sine wave Method-2: Equi.notional lateral load

Amplitude, @4 F-(KN) FoEC3-a Fo/Fp F.fAf Fo(KN) FEC3-a F/F.  FJ/Af

/100 = 12.5mm 1838 097 0.B6 0459 112.2 0.50 052 0.99

L/250 = 5.0mm 208.2 109 0487 103 181.2 0.85 0.77 1.00

1250 055 147 L/S00=2.5mm 2150 113 100 105 198.6 104 0.g2 104
/1000 = 1.3mm 2257 119 105 105 210.0 110 028 1.03

L2000 = 0.6mm 2778 120 106 105 778 117 104 103

/100 = 15.0mm 166.8 0.93 - 1.00 111.3 0.62 - 1.00

L/250 = 6.0mm 193.0 107 - 1.00 170.3 0.24 - 1.01

1500 066 147  L/S00=3.0mm 210.0 117 - 102 1884 104 - 101
/1000 = 2.5mm 219.0 122 - 103 205.3 112 - 104

L2000 = 0.8mm 2214 123 - 103 2155 119 - 104

/100 = 25.0mm 1147 10 - 102 91.0 0.80 - 1.02

/250 = 10.0mm 1335 111 - 102 1240 109 - 1.03

2500 110 147 L/S00=5.0mm 1427 126 - 102 138.1 132 - 1.03
/1000 = 2.5mm 164.3 145 - 102 154 8 136 - 103

/2000 = 1.3mm 1755 155 - 102 165.0 145 - 1.03

/100 = 35.0mm 710 111 - 106 68.7 107 - 1.05

/250 = 14.0mm 737 123 - 106 75.2 117 - 1.05

3500 149 147 L/S00=7.0mm 855 133 - 1.06 810 126 - 1.05
/1000 = 3.5mm 290 139 - 1.06 B52 133 - 1.05

/2000 = 1.Bmm 953 148 - 1.06 91.0 142 - 1.05

L/100 = 50.0mm 305 116 - 1.06 340 104 - 1.06

L/250 = 20.0mm 427 135 - 106 40.0 118 - 106

5000 221 147 |/500=10.0mm 428 1.26 - 1.06 410 1.20 - 1.06
/1000 = 5.0mm 440 129 - 1.06 416 122 - 106

L2000 = 2.5mm 46.0 135 - 1.06 45.0 112 - 1.06

The results of FE models with combined global and local imperfection (Method 3)
show that wHe utilising a global imperfection amplitude of L/1000, the effect of
local imperfection is negligible on the initial buckling loads, as can be seen in Table
4.4. Another observation is that the FE models experience buckling at loading
magnitudes similarot those for models without local imperfection (MetH)d
Hence, engineers should be aware of the impact that various methods of applying
imperfection have on the initial buckling loads of the structural members.

The results of the parametric study shdwattbuckling loads of FE models decrease

with increasing global slenderness regardless of the configuration of the

imperfection methods. Particularly, the stockier FE specimers §.66) buckled at

greater compressive loads relative to slendespecimend = 2.21, which were
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Table4.4. Results of 40 x 40 xG@SHR section with varying global slenderness and
amplitudes for the combined sinusoidal and equivalent notional lateral load imperfection
(Method 3) obtain through finite elemeartalysis.

length,L 1 bfte Initial combined global and local imperfection Fr FJEC3-a FfFp  FyfAfy
Global imperfection Local imperfection (KN)
Shape Amplitude, @y Shape Amplitude, ez
t/10=03mm 2080 110 058 102
Equi. notional snucoigy | 7257012mm 2090 110 098 103
lateral load {out- _ inusoidal _
1250 055147 ofstraightness 1000=13 - e(ocal Y50=006mm 2090 110 038 103
including mim imperfection) %/100=0.03mm 209.0 110 098 103
stresses) Y200=0015 5005 115 o8 103
mm
t10=03mm 2010 111 - 102
Immdm?T” cnusoiqq | Y25-012mm 2022 112 - 103
ateral load [out- INUSO0Ida3N
1500 066 147 ofstraightness 1000=15  e(ocal Y30=006mm 2025 112 - 103
including mm imperfection) t/100=0.03mm 2028 112 - 103
stresses) Y200=0015  n2y 317 - 103
mm
410=03mm 1535 136 -  1.02
|mmﬂm?Tm Snusoidq | Y25-012mm 1543 136 - 102
ateral load (out- INUSO0IdaEN
2500 11 147 ofstraightness = 000=25  ve(iocal Y50=006mm 1548 136 - 102
including mm imperfection) /100=0.03mm 1549 137 - 102
L =
resses) Y200=0015 4005 137 - 102
mm
410=03mm 845 132 - 105
Equi. notional Sinusoidal 1/25=012mm 850 132 - 1.05
lateral load (out- _ inusoidal B
3500 145 147 ofstraightness 1000=35 o e(ocal Y50=006mm &0 132 - 105
including mim imperfection) %/100=0.03mm 850 132 - 1.05
L =
resses) Y200=0015  aon 132 - 105
mm
$10=03mm 420 123 - 105
| Eq"'i :““:’:"a' Snusoiqq | U25-012mm 420 123 - 105
ateral load (out- INUSO0IdaEN
5000 221147 ofstaightness 10003 wave (local  Uo0=006mm 420 123 - 105
including mm imperfection) /100=0.03mm 421 124 - 105
L =
resses) Y200=0015 50 g4 - 103
mm

-buckled at lower compressive loads. This fact is due to the inverse relationship
between axial stiffness and specimen length. On the other hand, a good agreement of
ratio of the vyield force is found between FE models and physical test model
explaining that the imperfections have no detrimental effect on yielding capacity of

specimens.

Figure 45 shows initial buckling loads obtained from FE models normalised by
crosssection strength, i.e. croesection areaA, times material yield strengtH,
plotted against the imperfection amplitude normalised by the member |&nddin,
each imperfection method. As can be seen fragure 45, an almost inverse linear
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relationship exists between the buckling loads and imperfection amplitudes

regardles®f the impact that the amplitudes have on the initial buckling capacities of

the axially loaded member. Moreover, the buckling capacities of stockier axially

loaded specimens experience greater reduction due to increase in initial imperfection

when the imprfection is applied using Method 2 (i.e. applying equivalent notional
lateral load at midength), sed-igure4.5 (b). This is due to the fact that Method 2

induces both initial oubf-straightness and localised stresses. In addition, due to

stockier membrs having larger axial stiffness, their initial buckling capacity is

largely affected by the application of larger equivalent notional lateral loads.

(a) Half sine wave (b) Equivalent notional lateral (¢) Combined sinusoidal and
s (Method 1) 5 load (Method 2) |, quivalent notional lateral load
1 08— 1t ! 1st=t—s
s -
LI 0.8 1 3 0.8
) > 4 -
< i -3 —
..:0.6 S; 0.6 1 Los
woo ] ™ w’
04 fos . 1 04 t%e o .- * 0.4
02 4¢¢ = * 02 $%e¢ & — & 0.2 -
| | Global imperfection, w; = 0.1%L
0 0 0 ; " ; '
00% 0% 04% 06% O08% 10% 00% 02% 04% O05% 08K LOX 0% 2% 4% 8%  10%
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Figure 45. Linear trend between the initial buckling loads obtained from FE models and
imperfection arplitudes when imperfection was applied with (a) {satle wave (Method 1),
(b) equivalent notional lateral load (Method 2), and (c) combined sinusoidal and lateral
load imperfection (Method 3) for a constant global imperfection and different local
imperfedions.

The Ayrton-Perry formula[42] and the Europen design buckling curveld] are
based on the deformation theory of an axially loadedepoted column. This
deformation theory resulted in an approach to find out the most detrimental method
of applying imperfection to bendinggivylems. As a result of detailed experimental
and numerical studidgl3-45], the halfsine wave method was adopted to be used in
practice with a global imperfection having an amplitude of L/1000. This is the
reasoning behinthe employment of haline wave imperfection by default in most
bending oriented problems with amplitude L/1000. The European design buckling
curves are characterised on the basis of an imperfection factor. This imperfection
factor varies on the basis tife type of cross section, the steel grade, the forming
route, and the buckled mode shape suggesting that the imperfection is a function of

geometry and fabrication processes.
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(@}

Figure4.6 compares the European designkolici ng curve 06adé and
steel and coldormed respectively],1] (denoted as EC8 and ECZ) with buckling

loads obtained from finite element models in order to assess the relative performance
of the three imperfean methods. The buckling loads are normalised by €ross

sectional strengthA, for various global slendernesg)( Moreover, the global

slenderness limits imposed by EQ&] of between 1.3 and 2.for steel hollow

sections for X diagonal bracing systems is shown to facilitate the assessment.

(a) Method 1 (b) Method 2 (c) Method 3
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Figure 4.6 Trend of the buckling loads over global slemiss range for
imperfection method (a) hadine wave (Method 1), (b) equivalent notional
lateral load (method 2), and (¢) combined equivalent notional lateral load and
sinusoicl wave imperfection (method 3).

The lower limit 1.3 was imposed to prevent column overloading from stockgdra

in the prebuckling stage when both tension and compression diagonals are active,
while the upper limit was imposed to prevent braces from sudden strength and
stiffness reduction owing to their slenderness. Perry and Chdvgiand Tremblay

[48] have found that the buckling behaviour of intermediate slender specimens is

scattered fod>0.8 with coefficient of variation (COV) of 0.1@8] comparedo the

standard buckling curves of CS[84] and AISC[49] standards. This was also
observed in the current study for intermediate slender FE models when compared

with European buckling curved]; for example, for the members wifl¥1.1, the

ratio ofmaxi mum buckling | oad of the FE mod
between 1.01 and 1.55 for Method 1 and 0.8 and 1.45 for Method 2, as shown in the
Table 4.3. Tremblay[48] mentioned that relative high compressive strength of
intermediate specimens can be attributed to imperfection and residual stress

condition that could have beédess critical for the specimens studied compared to
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those used in establishing the buckling curves. However, due to the insufficient data

on the impewctions, the hypothesis could not be verified.

In Figure 4.6, the buckling loads obtained from FE models with Method 1
imperfection plotted against global slenderness shows a quadratic distribution of the
buckling loads over the slenderness range, wisiash compliance with the quadratic
formulation adopted by EQ8. Quantitatively, the buckling curve for hailled

steel hollow sections, marked as E&3underestimated the buckling capacity of
finite element models for which eéhimperfection amplitudes are L/1000 and L/500
(L/1000 is for design buckling curves and L/500 for fabrication). On the other hand,

the buckling curve gave closer values for global amplitwde L/250 and
overestimated the values when using globaplégode wi= I./100, which are not

permitted by standards to account of imperfection in the structural analysis. This
relative difference can be attributed to a generalised imperfections factor being
considered by design standddd to take into account the geometrical and residual
stress imperfections. However, as far as-rbed sections are used, they have
usually homogenous material properties around eesgBon, as well as low
uncertain structural response. Hence,dhera need to revise the imperfection factor
for hotrolled sections for the serviceability limit state. In practice, simplified and
effective imperfection forms are used. Hence, one can expect relatively greater
buckling load from the numerical outputhérefore, the code designed structures
will always underestimate the buckling capacity of intermediate specimens
significantly. However, for stocky and slender sections that underestimation would
be modest and marginal, respectively.

Better agreement withuckling loads was obtained from FE models using Method 2,
as shown irFigure4.6 (b). This is primarily due to the presence of localised stresses
beside initialout-of-straightness by Method 2 imperfection. These stresses should
not be confused with theeasured residual stresses in the actual section. Indeed, the
buckling curve once again underestimated buckling loads for limits that are adopted
by design standards. The effect of increased imperfection and decreased global
slenderness significantly redwscehe buckling loads of FE models. Thus, the

imperfection Method 2 is not applicable for specimens that are stockier and highly
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imperfect with global imperfectiom= L/250. This is the reason of choosing
wi= L/ /1000 to be used for the combineequivalent notional lateral load and

sinusoidal wave method (Method 3).

Figure 4.6 shows also the comparisons of the buckling loads with predictions to
Euler elast buckling formula. These predictions are based on the effective length
concept, rather than imperfection for characterisation of the buckling loads. This
definition is not suitable to predict the buckling load of stockier specimens both for
static and fague cases. The Euler buckling predictions were close to the buckling

loads of intermediate and slender FE mog#ls 1.1)

EC3 [1] characterise colbrmed buckling curves with a relatively larger
imperfection factor. Thissi understandable from the fact that efidned sections

are fabricated by bending flat sheets of the steel at ambient temperature into shapes
that can resist greater load than the load resistant by the flat sheets. Thus, one can
expect higher uncertaintyn the buckling behaviour of cofbrmed sections. The

larger imperfection factor is inferred to those fabrication defects.

4.3.2Influence on the Overall Behaviour

Figure4.7 shows a comparison of the hysteresis loops obtained from FE models and
physical test madels for the 40 x 40 x 3.0 x 1250SHS specimen. The specimen
buckles in compression after first yielding has occurred (inelastic buckling), which is
captured well by FE models. It can be seen that a drop in compressive resistance
after buckling is more prmunced in the FE models than in the tests and that the
load continues to rise until the maximum tensile displacement has been reached in
the FE model, as oppose to plateau seen in the experifa8ht¥hese discrepancies

are attributed to the limited number of parameters (four) in the material model,
which can lead to inaccuracies in fully capturing the precise material regf@hse

The response of the FE model utilising Method 3 to impose initial imperfections
matches the physical tests better, primarily due to the presence of local imperfectio
and localised stresses. In the absence of the local imperfections, there is a high
probability a fatter cycle would be obtained after the occurrences of local buckling,

as shown irFigure 4.7(a)(b). In conclusion, it is found that Method &ptures the
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hysteretic response of specimeunsder cyclic loadings relatively well and is

recommended in this study.

Figure 4.8 shows the local deformation at the upper compressive corner only for

intermediate FE specimei £1.1). This kind of deformatiowas also reported by

Goggins[50Q] in similar specimens that were used by Nip ef28] and named it
diamond deformation because it resembles with the shape of diamond.
Consequently, a plastic hinge formed at the -taidgth for specimens with this
slenderness ratio, whereagmore stocky specimens two plastic hinges are formed at

compressive corners, leading to early fracture.

(a) Method-1 (b) Method-2 (c) Method-3
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Figure 4.7. Comparison of experimental forcksplacement response of the specimen
40x40x31250 CSHR with simulated hysteretic respse of FE models using (a) half sine
wave imperfection (Method 1) withi=L/1000, (b) equivalent lateral load imperfection
(Method 2) withms=L/1000, and (c) combined global and local imperfection (Method 3)
with nse=t/10 for sinusoidal waves y89-41] and n4=L/1000 for equivalent notional lateral
load.

Figure 4.9 shows the sharp peak in the hysteresis loops of slender member

(4 =2.21) obtained using a FE model. Suclarphpeaks were also observed by

Goggins[50] in physical tests of slender specimens under axial cyclic loading, and
reported the cause as being due to sudden tensmpression load reversal effect.

As expected, members with larger global slenderness experience smaller or no local
deformations at midength regionEigure 4.10). As a result, the response of slender

specimens are stalded uniform Figure4.9).
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Figure 4.8. Experimentally observed Figure 4.9. Cyclic response of
diamond deformation at the midngth of  slender FE model

intermediate specimen reported by Goggi (40x40x3.0x5000mm) showing sharp
[50 and validated by intermediate FE peak due to global instability.

model with global slenderness ratic=1.1.

4.4 Cyclic Modelling Validation

The physial tests results carried out by Nip et [#3] are used to validate the
applicability of combined equivalent notional lateral load and sinusoidal wave
imperfection (Methd 3) to hot rolled, coleformed carbon and stainless steel
specimens. In the finite element modéhg yield strengths of the corners of the cold
formed carbon sections and stainless steel specimens were assumed to be (on
average) 18% and 19% greater thia¢ plate material, respectively, as per the
equations by Karrer§51] and Cruise and Gardnef52]. A global imperfection
amplitude ofwi = L/1000 is incorporated using the equivalent notional lateral load
imperfection method outlined in Section 2.2.3. The magnitude of local imperfection

for sinusoidal wavesy. is found from Eq.4.1), (4.2) and 4.3).

The test IDsare identified by geoetric confguration (depth x width x thickness x
length), structural material (either carbon steel, CS, stainless steel, SS), and forming
process (either hot rolled, HR, or cold formed, CF) in Table 5. It also gives section
properties of specimens, normsdid slenderness about-Y axis as defined in

Eurocode 31], 4, where the effective length was taken as 0.45 times the full length

of brace, yield strengtHy,, and initial imperfectiorwith relevant amplitudesThe

expected response of the material to cyclic loading against each specimen was
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estimated using the predictive model of Manson ¢68]. This modelcorrelates the
monotonic yield strengtHy to ultimate strengthfy for predicting material response

to cyclic loading. The number of cycles to global and local buckling observed for
each specimen from physical ®sind FEsimulation is also presented. In addition,
the ratios of yield force ¢, initial buckling load (k), the total energy dissipated by
specimen (Wta) of FE model and physical tests is also provided infdidgde4.5. In
addition, a comparison dhe hysteresis loop between FE models and physical test
models for hotolled, coldformed, and stainlessteel specimens, is given figure
411.
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Figure 4.10. The effect of increasing the global slenderness on the local bending behaviour
of specimen.
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From Table4 .5, it can be found that there is a good agreement between the results of
FE models and physical test models in terms of yield forge ifitial buckling load

(Fc), and energy dissipatiezapacity (Weta) With mean values of 1.04, 0.99, and
1.24 of those measured in the physical tests, respectively, and the corresponding
equivalent coefficient of variation (Equivalent Cov) are 0.07, 0.07, and 0.17,
respectively.

Table 4.5.Summary of comparison between response features of specimenstand fini
element models.

Initial imperfection Mumber of cycles to
) ol Global buckling  Local buckling ' £ Medel/Physical tests
Specimen A ’ Cyelic
mm?) behavi Amplitude
=haviour Test  FEmodel Test FEmedel Fy Fe Wecta
0.60 458 Mixec- = 1.8%t, @1 = 1/1000 5 4 7 B 086 095 147
BOX60X3 -2050-C5-HRF mode 2= LoaL o1 = - - :
A0xA0E -2050-c5-HRF 090 478 Softening 2= 2.8%t, 01 = /1000 4 3 15 12 1.03 095 118
A0KA0K3 -1950-C5-HRF 0-55 478 Softening  @z= 2%t 01 =1/1000 5 4 8 B 1.03 098 115
Mean 097 096 127
Cow 010 002 014
60X60X3 -2050-CS-CFF 0.51 361 Softening 2= 2.3%t, ©01 = L/1000 5 4 7 5 122 100 173
40X40%4 -2050-C5-CFFE 0.85 410 Softening @z = 3.4%t, @1 = /1000 4 3 - - 116 104 1.24
40X40%3 -2050-C5-CFFE 0.87 451 Softening @z = 3.3%t, 01 = /1000 3 2 5 B 121 111 1.40
40X40%3 -1250-C5-CFF 0.54 451 softening 2= 2.1%t, @1 = L1000 4 3 8 6 112 101 097
Mean 118 104 133
Cov 0.04 005 024
60XG0X3 -2850-55-CFF (.86 483 Hardening .\ -5 19¢t oy = L/1000 3 2 8 B 095 092 106
50X50%3 -2850-55-CFF  1.10 552 Hardening .. = 3 556t = L/1000 3 2 12 8 101 093 104
Mixed-
60X40X3 -2850-55-CF7F 1.34 538 mode @z = 2.7%t, @01 = L/1000 3 2 - 9 099 126 110
60X60X3 -2050-55-CFF  0.62 483 Hardening . _ 1 15t @y = /1000 5 4 g8 8 085 078 104
50X50%3 -2050-55-CFF  0.82 552 Hardening . _ 4 gost oy = L/1000 4 4 8 B 095 100 089
Mixed-
60X40X3 -2050-55-CFF  0.96 538 mode oz = 1.4%t, @01 = L/1000 4 2 8 B 096 097 114
6OX60X3 -1250-55-CFF  0.38 483 Hardening o = g 45t 1 = L/1000 5 5 8 B8 114 096 113
50X50%3 -1250-55-CFF  0.49 552 Hardening .\ - 0 goet, oy = L/1000 S 5 8 B8 106 103 124
Mixed-
60X40X3 -1250-55-CFF  0.43 538 mode @z = 0.5%t, 01 = 1/1000 5 4 6§ 5 088 083 137
Mean 098 097 111
Cov 008 014 012

Equivalent mean 104 0899 124

Equivalent Cov - - - - - - - 0.07 007 017

F tested to failure. E failed at end condition during physical test.
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Figure 4.11 Comparison of axial loa@xial displacement response for
specimens (a) 60x60x3x208EHR, (b) 40x40x3x205CSHR (c)
60x60x3x205€CS CF, (d) 40x40x4x205CSCF, (e) 40x40x3x205CSCF, (f)
40x40x3x125ACSCF, (g) 60x60x3x2858SCF, (h) 50x50x3x2858SCF (i)
60x40x3x2856BSCF, (j) 60x60x3x205@SCF, (k) 50x50x3x2058SCF (1)

60x40x3x2056BSCF, (m) 60x60x3x1258SCF, (n) 50x50x3x1258SCF,
(0) 60x40x3x125@GSCF from physichtest and FE model.
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On the other hand, the FE models also gave close predictions of cycles to global
and local buckling relative to test results. This shows that assumed imperfection
values were close to real geometric imperfection of the physicalnspesi One

way to reduce the impact of imperfection and residual stresses on structural steel
behaviour is employing high strength steel into praciteg 55]. The instant of

local buckling was observed by abstracting aredmining strain rate outputs from
locally deformed region. This instant of local buckling in uniaxial compression can
be identified by bell shape trends on ladigdplacement response of the specimen as
suggested by2]. One way to mitigate the effect of local buckling on structural
performance i€mploying filled sections mainly with concrete and/or sand material

in practice by Gogginfb6].

The predictions of Manson et §b3] state that hetolled carbon and coltbrmed
carbon steel material soften under cyclic loading, while stainless steel material
hardened under cyclic loading, which accords well with characteristics of the
hysteresis loop obtained in this study. On the other hand, a few FE models showed
failure occurences earlier than expecteigure 4.11). However, these models
would not affect the overall prediction capability of the FE model, as they could
simulate the test behaviour of specimen up to a ductility of 4, which is reasonably

accepted in practice.

Figure 4.12 shows initial and pogtuckling loads normalised by cressctional

strength A and yield strengtH,, of the material for various global slenderngésk

particular, Figure 4.12(a) compares the initial buckling loads of FE modeith
design buckling curvegl, 57], and shows that there is an excellent agreement of
the initial buckling load values between two models, which conveniently indicates
that the method selected in FE model for modellingarfections replicates all
effects of imperfections for those assumed by HL# establishing the design
buckling curvesFigure 4.12(b) shows that poftuckling capacity values of FE
models closely bound with the prediction wes suggested Qw8 50], except of
Remennikov and Walpolg58], which significantly oveipredicted the post

buckling reserves of FE models much of the slenderness range
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Figure 4.12 Comparison of the (a) initial buckling capacities between FE
models andlesignbuckling curves, defined in E®[1, 57] for hotrolled,
cold formed and stainless steel specimens, (b}pastling resistance
between FE models and predictive models (TrerfddyRemennikov and
Walpolg 58], and Goggin$5Q]) for first cycle of ductility 4.

Figure 4.13 quantifies the bending behaviour of FE models and test specimens in
terms of the local deformations, normalised by brace length, L for various ductility
levels (1, 2 and 4). In particulaFigure 4.13(a) shows that there is a very good
agreement of local defimation values between FE and physical test model for all
ductility levels. Similarly, a good agreement of local deformation can be observed
for FE models, test measuremefi8], and predictive model®, 48]. However, the
model of Tremblay[48] overpredicted the lateral deformations at lower ductility
levels, whereas the model of Hassan el[2] gave a good prediction for those

ductility levels, primarily due to imperfection factor.

The shape of the hysteresis loop reflect the energy dissipation capacity ofesgecim
over the applied loadingFigure 4.14(a) compares the total energy dissipation
capacity values of FE models and physical test models, which shows that there is a
good agreement between the two models. Very few FE models, however, shows
higher energy disipation capacity values. These values are referred to those FE
models where strain hardening was ovgnigdicted. On the other hand, the energy
index is the area under the load displacement curve both in compression and tension
cycle during the first agle of ductility 4, normalised by elastic energy for various

global slenderness, The trends of the two models show that energy index

decreases with increase in the global slenderness and a good correlation exists
between the FE model and plog test Figure 4.14(b)). Thus, it can be concluded
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that FE model developed using proposed imperfection method captures the salient

response features of specimens with engineering accuracy
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Figure 4.13. Comparison of the lateral deformationgtlveen test measurements and FE
models at ductility 1, 2 andl for specimens (a) 60x40x3x125&CF, 60x40x3x205&S
CF, and 60x40x3x2858SCF, (b) 40x40x3x125CSCF, and 50x50x3x1258SCF, with
prediction to Tremblay48 and Hassan et al[2].
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Figure. 4.14 (a) Comparison of the energy dissipation capacities between test mode
and FE models, (b) Energy index versus slenderness for first cycle at ductility 4 obt:
from physical test model and FE models.

4.5 Conclusions

In this paper, it is shown that whereating the profile of a brace using a hsilife
wave (identified as Method 1 in this paper), the stresses that are locked in the

structural members are not captured. An equivalent notional lateral load (identified
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as Method 2 in this paper) applies locaksses, but is not fully representative of
geometrical imperfections, especially for large imperfectidwsing a parametric
analysis, it is found that the behaviour of slender brace members was similar
regardless of which of the aforementioned methodseweamployed, as these
members were not susceptible to local buckling. Similarly, the behaviour of
members with small initial imperfections was similar regardless of which of the
aforementioned methods were employed, as local stresses imposed by thd notiona
lateral load were relatively small. However, applying a notional horizontal load to
stockier brace members to represent high initial global imperfections can cause local
deformations and high localised stresses across the section leading to reduced
capadty, as these members are susceptible to local buckling. When modelling the
initial shape of brace members with global imperfection at-lendth of the
magnitude used to establish the European buckling curves (L/1000, where L is the
length of the brace maber), it was found that the equivalent notional lateral load
methodology could best predict the buckling capacity of brace members when
compared to physical test data and European buckling c{tyeslowever, both
methodologies eglect the effect of local imperfection on the initial buckling loads.
When it was included by generating a continuous sinusoidal wave along the member
length, it did not affect the initial buckling loads, but gave a more overall
representative behaviouf the brace members. Hence, based on the results driven
by seventyfive FE models, the combined equivalent notional lateral load and

sinusoidal wave method is proposed.

This method was validated using sixteen hot rolled, -émiched carbon steel and
stairlesssteelcyclic tests with different cross section sizes and slenderness ratios.
Both global and local imperfections are taken into account. A global imperfection of

wi= L /1000 is proposed, but if another value is used it should not be greater than

L/500, which is the maximum tolerance limit specified by most international
standards for fabricating steel hollow sections. Values obtained from equations
available in literature are suggested to be used for local imperfections.

In general, a good agreentevas found between the FE model and physical tests.
For example, average ratios of maximum values obtained from the numerical model
to those obtained from physical tests for yield forcg, (fRitial buckling load (k),

and energy dissipatiecapacity (Wota) Were 1.04, 0.99, and 1.24, respectively. The
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corresponding equivalent coefficient of variation (Cov) were 0.07, 0.07, and 0.17,

respectively.

For very slender specimens, a global imperfection only can be used as they are found
to be insensitive tthe effect of local imperfections. When analysing and designing
stockier sections, both global and local imperfection fields should be utilised in
practice, as the failure of stockier sections is governed by global and local buckling.
Moreover, it is foud that the imperfection factor specified in HCBfor hotrolled
sections should be revised in order to avoid underestimation of the buckling capacity

of intermediate specimens
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Chapter 5. A study on detailing gussetplate
and bracing members in concentrically braced

frame structures

Article Overview

This work presentsresults and observations fromyclic pushover physical
laboratory testing of braegusset systeathat would form aconcentrically braced
frame.Two types of connection are employed; one using a common form of design
known as the standard clearance method, which leads to gusset plates being stronger
than the brae members that they are connected to. The other, usimliptical
clearance method that gives a more balanced design in relation to the strengths of the
brace member and gusset plate connected to it. The novelty in this work is that this
new design appach for gusset plates, which originated in the USA, &Gdokeen
previously tested for brace members designed to the European seismic design code,
Eurocode 8. Another core part of this work is thevelopment of finite element
models forthe cyclic analyss of bracegusset components goncentrically braced

sted frames. The framework of the modelling is presented that includes the sub
modelling techniques (material model, element and mesh size model, imperfection
model, and finite element solver) includim technique for representing tests end
conditions. In ddition, a damage assessment methodology and a -baaed
damage prediction approach is also integrated into FE model to predict the fatigue
capacity. The FE model 0 sstajicamdffatigueri@adinge i s
conditions for response feaéis that were important from the earthquake engineering

viewpoint These features include the initial yield strength, initial and post buckling
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load, ductility capacity, and energy dissipation cayaciumber of cycles to global

and local buckling, includg fatigue capacityA novel aspecof the workis that
strain gauges applied to the physical models were used to validate FE models for
conventional and balanced design meth®se Appendix D for resulty. The 3D

FE model developed is beneficial for domting full scale simulation of braced steel
members withrealistic end detailsoppose to previous models which were mainly
developed with idealized end connections end conditibne outcome oftte work
provides the recommendations on the improveméhe European seismic design

for concentrially braced steel frames. Thigork has beepublished inAdvances in
Computational Design, An International Jourr{@D18). | am the first lead author in

the paper. The physical tests presented in this work eegr@ucted byr Alan Hunt

in Trinity College Dublin as part of his PhD under the supervision of Prof Brian
Broderick. | conducted the numerical modelling work presented in the paper, as well

as anafsis and interpretation of data from the physical tests
Abstract

Conventional seismic design of concentrically braced frame (CBF) structures
suggests that the gusset plate connecting a steel brace to beams and/or columns
should be designed as ndissipaive in earthquakes, while the steel brace members
shouldbe designed as dissipative elements. These design intentions lead to thicker
and larger gusset plates in design on one hand, and a potentiallyrateder
contribution of gusset plates in design, tbe other hand. In contrast, research has
shown that comgct and thinner gusset plates designed in accordance with the
elliptical clearance method rather than the conventional standard linear clearance
method can enhance system ductility and energy digsipacapacity in
concentrically braced steel frames. Irder to assess the two design methods, six
cyclic pushover tests on full scale models of concentric braced steel frame
structures were conducted. Furthermore, a 3D finite element (FE) shell model,
incorporating statef-the-art tools and techniques in nental simulation, was
developed that successfully replicates the response of gusset plate and bracing
members under fully reversed cyclic axial loading. Direct measurements from strain
gauges applek to the physical models were used primarily to validd&emodels,

while comparisons of hysteresis ledidplacement loops from physical and
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numerical models were used to highlight the overall performance of the FE models.
The study shows the two desigretimods attain structural response as per the design
intertions; however, the elliptical clearance method has a superiority over the
standard linear method as a fact of improving detailing of the gusset plates,
enhancing resisting capacity and improving odefability of a CBF structure.
Considerations were propak for improvement of guidelines for detailing gusset

plates and bracing members in CBF structures.

Keywords: Seismic design; concentrically braced frames; steel structures;
earthquake engineering;ugset plates; steel hollow sections; finite element

modeling.
5.1 Introduction

Concentrically braced frame (CBF) steel structures, in which the diagonal members
intersect the centre line of beams and columns, forms one of the most effective
systems for proding seismic resistance in both loand highrise buildings. They

resist buildup forces during earthquakes by vertical in plane truss mechanisms
consisting of alternating compression and tension forces in the bracing members. In
strong earthquakes, howary these bracing members can be subjected to limisstate
such as local buckling and fracture. As a result, the key focus of earlier research was
mainly on investigating the cyclic axial response of steel brate§. It was
generally concluded that global and local slenderness were two important parameters
influencing the local buckling and fracture. Consequently, slenderness limits were
proposed in detailingbracing members to obtain better fatigue lives during

eathquakes.

More recently, interest has shifted to examination of details influencing gusset plate
behaviour in CBF structures. Gusset plates are a structurally efficient means of
connecting steel bces with beams and columns of the CBF, but their desigt
accommodate the unique hysteretic response behaviour of the steel braces. However,
there is a lack of sufficient guidance on detailing and dimensioning of the gusset
plates in CBF structures, iprarily due to absence of relevant data in the literature

To regulate the design process, Eurocode 8 (HB]83uggests detailing of gusset

plates in acordance with available methods or accompanied with experimental
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evidence in the absence of a suitable method. Physical laboratory tests can be time
consuming, difficult and costly. To avoid thisndrance, structural engineers
typically use establishedesign methods available. Of them, the Standard Linear
Clearance (SLC) method is one of the most commonly used due to its simplicity and
ease. This method, however, neglects important seismic effieetto bracing steel
members and frame actions both ian@ and oubf-plane[9-12]. As a result, the
ability of this method to develop and predict the perfance of test models of CBF
under realistic earthquakkeading was found to be poor and was below the required
performancd13]. In addition, it has been established that the method leads to gusset
plates that are typically thick, large and not the mostefigttive solution. On the
other hand, @alanced design approach, in which the-hoear offsetrule or so
called Elliptical Clearance (EC) method is used to balance the tensile yield
resistances of the structural steel brace and gussef pBteSalient features of the

two design philosophies are highlighted in Tahle

It is widely accepted that CBF structures display attractive stiffraesb strength

under low to moderate magnitude earthquakes but can perform less favourably in
strong earthquakes compared to some alternative structural systems (for example,
moment resisting framedIRF)) due to possessing lower ductility and less energy
absorption capabilities. With the aid of improved gusset plate design, these
deficiencies can be overcome in CBF structures. The relative stiffness of the gusset
plate compared to the brace memberl wifluence the location and extent of

buckling in the sgtem.

This paper provides essential information on the balanced design approach and
investigates the performance of this method relative to the conventional design
approach, which is currently usday structural engineers. Realistic gusset plate
details ad bracing members were used to generate experimental data. This
experimental data is utilised into a finite element framework to develop models of
test specimens. The paper is a part of a largesares project[14-16] that
investigates the influence of various gusset plate details with bracing members on
the inelastic response of CBF structures unearthquakes. In this paper, the
inelastic cyclic behaviar of brace gussgilate members is studied with the aid of
finite element models. In particular, the fatigue performance of the models in

relation to standardised seismic design methods for brasefplate members are
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investigated. Onis @are compheed ©® physral quakitic tests

conducted in the laboratory. The performance of the models is evaluated in terms of

initial yield strength, initialpost buckling compressive strengthyctility capacity,

energy dissipation capacity, numbefr cycles to global and local buckling, and

fatigue capacity

Table 5.1 Comparison of two gusset plate design philosophies.

Elliptical Clearance (EC) design

Standard Linear Clearance (SLC) design

V Both brace and gusset plate evolve
system performance.

V Gusset plate may experience
inelastic strains during brace
tension.

V Thebw ratio characterises the
balance of the brace and gusset pl
yielding mechanisms.

V The deformation of the system is
shared i two elements during
seismic action.

V Gusset plate has duole in this
system, (i) it accommodates brace
end rotation, (ii) contributes in
ductility and energy dissipation
capacity and increases brace fatigt
life.

V Thinner and compact gusset plates
provide reduced structural cost of
dissipative members.

V Wed& gusset plates reduce
probability of hinge formation at
joints formed by bearsolumn by
engaging themselves instead.

5.2 Physical Laboratory Test

V Braces mainly derive system
performance.

V Gusset plate remains elastic during
brace tension.

V No such sharing mechanisms exist foi
this g/stem.

V During seismic action, brace usually
suffer inelastic deformations.

V Gusset plate has a single role in this
system that is to accommodate brace
end rotation.

V Uneconomical, larger and thickgusset
plate typically arise.

V Large gusset plates remaitiff and
strong during seismic action and
facilitate formation of plastic hinges at
joints formed by beam and column Rol
dissipative members.

Hunt [17] carried out quasstatic tests on full scale mels of a single storey plane

CBF structure. Six brace gu-plate specimens designed with realistic structural

details were tested in a displacemeontrolled seup. These specimens were tested
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as part of a CBF structure to accurately represent reabistindary conditions. The

scope of the tests includesespmens that have following specifications:

1 Brace section size
0 S40 40x40x2.5 (mm)
o S60 60x60x2.5(mm)
1 Connection configuration
o CA Gusset connection to beam and column flange
0 CB Gusset connection to &m only
1 Gusset plate design
o0 G1 Conventional design witBtandard Linear Clearance (SLC)
o G2 Balanced design with Elliptical Clearance (EC)

The brace slenderness ratios were determined in accordance with Eurocode 3 (EC3)
[18] guidelines and covers the broad range of allowable steel braces permitted by

EC8[8] for braced steel frames structures, thaf is z.0. Also, all braces were

designated as Class 1 creestions as per EJ28]. Rectangular gusset plates were
used with four crossection sizes, identified asn(k Iv x tp), of 285x240x8,
270x230x4, 265x240x8 and 250x230x4mm. The specific details of the gusset plates
are given in Tabl®.2 and Figs.1. All specimens are dsified as G1 or G2 as per

the two design methods for the gusset plates; G1 refers to the specimen which is
designed as per the conventional design approach, in which the linsat affe or

so cdled Standard Linear Clearance (SLC) method was useasigrdthe gusset

plate, and G2 refers to the specimen which is designed as per the balanced design
approach, in which the ndmear offset rule or so called Elliptical Clearance (EC)
method is usedFigure 5.1). The difference between the design appresdies in

the fact that the former design approach supports thicker and larger gusset plates to
accommodate brace end rotation, while the latter supports thinner and compact
gusset plates to attaigusset plate yielding proportional to the yielding ofcbra
element in tension and, to accommodate brace end rotation in compression. This
proportional yielding, which is intaelated with yielding of bracing members,
formed the basis of a design appro&down as the balanced approach (Lehman et

al. 2008). Inthis approach, the primary yielding mechanism is carried by brace
action, while the secondary mechanisms by gusset plate action. The ratio, which is
defined asbww, of the yield resistances of the two mechanisms determines the

allowable proportional yielding between the two elements in accordance with
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properties associated with the geometry and material strength of steel braces and

gusset plates, as

wa — R}',hrncaFyAnat,brnca (51)

By pnanet Fymuaaat buwtp

whereE, is the ratio of the actual yield stress to the nominal yield stress of steel
material,F, is the yield capacity of brace,,,, ;... iS the net brace area effective
for gusset pla connectionp,, andt, are the width and thickness of the gusset

plate, respectively, and i ... is the yield capacity of gusset plate.

ECS8 [8] does not provide strong rules on the detailing of gusset plate connections
connecting steel braces with beams and columns in the CBF. Hence, two types of
detailing connectins were used in tests, one with the brace gusset plate connected to

the beam only, denoted as CB, and the other with the gusset plate connected to both

the beam and column, denoted as CA. In T&lfe specimens are identified by the

size of the brace, thier S40 or S60, gusset plate connecting detail with beam and
column as CA, or with only beam as CB, and the gusset plate design as G1 or G2,
including sequenti al nuwnbeérs 1T he2 Wht t mo T
which is a function of weld lengthnd width of brace section. The corresponding

ratio [3,,,, was calculated in accordance with Lehman €tl&].. All specimens were

tested on a plane @Bstructure supported by pinned end connections, as shown in

Figure5.2.

Table5.1. Summary of test moddl$7].

Specimen brac_e _ _Connect Gusset plate t by, Iy I, brace By
section size _iontype  Clearance Length, Ly

S40-CA-G1 40x40x2.5 CA SLC (3tp) 8 155 285 240 2368 0.38
S40-CA-G2 40x40x2.5 CA EC (8tp) 4 155 270 230 2503 0.75
S40-CB-G1 40x40x2.5 CB SLC (3tp) 8 155 265 240 2368 0.38
S40-CB-G2 40x40x2.5 CB EC (8tp) 4 155 250 230 2503 0.75
S60-CA-G1 60x60x2.5 CA SLC (3tp) 8 175 285 240 2368 0.52
S60-CA-G2 60x60x2.5 CA EC (8tp) 4 175 270 230 2467 1.03
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Figure 5.1 Detailing of gusset plates in test models of (a)-SA0G1, (b) S46CA-
G2, (c) S46CB-G1, (d) S46CB-G2, (e) S6ECA-G1, and (f S6OCA-G2.

UB305x165x54

(] )
¢ 4 UC203x203x46
g - : !
|

‘\

UC203x203x60

Figure 5.2. Test seup, including frame details.
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5.2.1Loading protocol

The specimens involved in this study are particularly designed for seismic regions
where they may undergo large inelastic strains causing fatigusssnthan thirty

cycles of loading. A loading protocol that can develop such a large plastic strain in
compression and tension periods was required. In this context, the EGCS
recommended cyclic protocol was employed. This protocpli@s using one cycle

of symmetric displacement m,aajlawiby thrdee o f C
cycles of di spl acement magni tudes of 2,
displacementKigure5.3). The loading was applied uniaxially at the joimtnfied by

the beam and column members with the aid of a hydraulic actiégorés.2).

5.2.2Hysteretic behaviour

A brief description on the response of specimen to-ldiracycle fatigue loading is
presentedFigure5.4 shows that the response of the specimaernsymmetric, but
essentially elastic for initial cycles of loading. The first major event is global

buckling and the load corresponding to it is labelled with initial buckling load.

40

30 0 6.0

20 A

10 0.7 29 ALA \ \ \
< o ERAANNA \
“ 10 VALY \\ nl

-30

-40

0 5000 10000 15000 20000
Time (sec)

Figure 5.3. Profile of loading protocol in Figure 5.4. Plot of hysteresis loops

obtained accordance with ECCS (1986) guidelines from test model of S40B-G2-4
specimen.

After occurrence of global buckling, axial compressive strength degraded as plastic
rotation demand increases at Aetgth brace tube. Further strémgreduction
occurs when identical loading magnitude is applied as a result -aff-the-plane
deformation and to a lesser extent due to the Baushinger effect. At each tensile
excursion, permanent elongation occurs in the specimen, which upon loadlreversa
causes additional thrust in compression and, thereby, the effeesltdpéd pinching

occurs. The effect of 8hape pinching varies with the global slenderness ratio; the
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