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Abstract 

The behaviours of braced steel frame members and components are investigated in 

this project using finite element models that were developed to address the multi-

scale mechanics of braced steel frame structures. The multi-scale mechanics are 

based on three assessment scale levels; that is, material (coupons), elemental 

(bracing steel structural members) and component (brace gusset-plate structural 

members) levels. Each finite element model was validated with data from physical 

laboratory tests. The models were then used to assess the current European code of 

practice in the seismic design of braced steel frames, as well as existing empirical 

models and numerical models, and to derive new relationships for a number of 

design parameters.  

The framework developed for finite element modelling of steel concentrically braced 

frame structures followed conventional guidelines for 3D non-linear modelling but 

included novel advanced modelling techniques such as the extended finite element 

method-based crack growth model development, automated generation of initial 

imperfections in the brace member and an innovative material modelling 

methodology application. Importantly, realistic detailing for gusset plates and brace 

members were employed in the study. The framework of modelling was developed 

in the commercial finite element package ABAQUS v.6.13.  

The performance of finite element models was assessed against various measured 

parameters obtained from physical laboratory tests, such as buckling compressive 

loads, initial yield load, tensile load, ductility capacity, energy dissipative capacity, 

cycles to initiation of global and local buckling, fatigue-life capacity and failure 

modes. It was found that the finite element models predicted these response features 

within engineering accuracy, for multi-scale mechanical behaviour of braced steel 

frame members and components, when subjected to both static monotonic and cyclic 

ultra-low cycle fatigue loading regimes. Thus, the finite element models proposed in 

this study can be used with confidence both in academic studies and by engineering 

professionals for analyse and design of safer and robust structures, as they were 

calibrated and validated using physical test data.  
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Chapter 1. Introduction  

 

 

1.1 Overview 

Earthquakes are naturally occurring phenomena by tectonic plateôs sudden 

movement, releasing of seismic energy. Earthquakes affect buildings 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, 

especially for low- to medium- rise building structures. They are a cost-effective 

solution for regions susceptible to frequent earthquakes. The lateral stiffness and 

strength of this system depends upon the resistance capacity owned by bracing steel 

members, which are typically comprise of steel braces and gusset plates end 

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 inelastic phenomena on the performance of the bracing members during 

earthquakes, especially in terms of ductility, loading and energy dissipation 

capacities. Similarly, other phenomena such as imperfections induced during 

manufacture and/or construction causing out-of-straightness of the elements and the 

interaction between brace 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 of the effects of global and local geometric 

imperfections are deemed crucially 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 under static tensile loading. However, there was evidence of a lack of 

coherent understanding among constitutive models (Hookôs Law, Hollomon Law[1], 

and Ling model[2]) that are used to model this behaviour. This stresses the need 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 seismic interaction mechanisms between brace elements and gusset 

plates has been comparatively studied using the (conventional) standard linear 

clearance method and a newly developed balance design approach [3, 4]. There is a 

dearth of research in the literature that covers the performance of the two methods 

for gusset plates used for bracing members in concentrically braced frames designed 

using the European seismic design code[5-8]. Comprehensive research should be 

done on this context in order to provide recommendations for improvement in the 

guidelines of Eurocode standards for analysis 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, multi-scale finite element models 

were developed that successfully replicate the salient response features of static and 

fatigue behaviour of steel braces and brace gusset-plate structural members. With the 

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

European seismic design code for bracing steel members.  

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 the earthquakeôs phenomenon, their characteristics and their potential effects on 

the building 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 modelling package ABAQUS. Section 1.5 asserts 

the motivations and objectives for 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 stored at the tectonic 

boundary (faults). When this energy is released suddenly, it travels through the earth 

in the form of seismic waves, which reach the earthôs surface and set it in motion 

causing an earthquake[9]. During an earthquake, the ground shakes in a complex 

manner, as waves of different wavelength and amplitudes interact with one another 

(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 recorded at different stations.  The salient characteristics 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 

buildingôs mass that result in internal stresses and strains in structural members. 

Inertial forces (F) are the product of the structure mass (m) and response acceleration 

(a) (Newtonôs Law: F = m x a). These inertial forces can be efficiently resisted with 

the aid of earthquake resistant dissipative steel structures[10, 11]. 

Examples of these typical steel structures are illustrated in Figure 1.2. These are 

known as Concentrically Braced Frames (CBFs), Eccentrically Braced 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 bracing, V-bracing, and K-bracing, where the K-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 study, it is mainly the behaviour of steel braces 

and brace gusset-plate structural member in CBFs that is investigated. 

 

../../../13233302/Desktop/Introduction.docx#C1F1
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(a) Compressive disturbance in particles (grid 

lines are closer together) followed by a dilatation 

or extension (gridlines are father apart). 

(b) To and fro disturbance in particle 

in the perpendicular direction of 

propagation.  

  

(c) Elliptical disturbance in particles on surface: 

both vertical and horizontal disturbance  

(d) To and fro disturbance in particle 

in vertical and horizontal direction.  

Figure 1.1. Perspective view of seismic waves (compressional (P), shear (S), Rayleigh, 

love) through a grid representing a volume of elastic material. The direction X and Y are 

parallel to the earthôs surface and the Z direction is depth. T=0 through T=3 indicate 

successive times. The material return to its original shape after the wave has passed [12] . 

 

Body (soil volume) 

waves 

Body (soil volume) 

waves 

Surface wave Surface wave 
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Figure 1.2. Main structure types of seismic resisting steel frame structures [13] . 

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 low-and medium-rise building structures. They 

resist lateral inertia forces by vertical in-plane truss mechanisms consisting of 

alternating compression and tension forces in the bracing members. Consequently, 

the lateral stiffness and strength of CBFs depend mainly on the performance of the 

steel braces. The way they performed under lateral load is schematically shown in 

Figure 1.3.  

The steel braces deform hysterically in tension and compression when subjected to 

cyclic axial loading. This hysteretic behaviour depends on the properties such as 

mechanical (cross-section), material (fabrication) and applied loading history. This 

hysteretic behaviour can be quantified using characteristics such as initial yield load, 

pre-post buckling compressive load, ductility capacity, energy dissipation capacity, 

lateral deformation, global and local buckling capacity, and fatigue-life capacity. 

Compared to other forms of structural bracing members, square and rectangular 

hollow steel sections are extensively employed. These sections are very effective at 

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

../../../13233302/Desktop/Introduction.docx#C1F3
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-cross-sectional axes, and thus uniform strength characteristics (although with some 

changes to the material strength at corners and welds of cold-formed sections). 

However, when such section possesses thin-walls, they are vulnerable to local 

buckling at high compressive stresses. The compressive stresses vary with the 

fabrication route, with the cold-formed section attaining higher compressive stress 

than hot-rolled sections, primarily due to cold-work. The onset of local buckling 

decreases the ductility of cross-section, as well as the overall stiffness and strength 

of braces. Consequently, it is often used as a limiting state in design [15-18]. 

Another limiting state following the local buckling is fatigue. Fatigue is associated 

with tearing of cross-section following the hinge formation at upper and lower 

compressive corners of a locally buckled brace tube structural member. Thus, the 

 

Figure 1.3. Multi-storey braced steel frame model. A single storey behaviour is 

demonstrated in effect of lateral load. The notations ñTYò is the yielding capacity of 

brace, ñ is the initial buckling capacity, and are the post-buckling capacities at 

ductility 1 and 3, respectively[14] . 
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above limiting states form the design basis of the concentrically braced frames when 

they are subjected to lateral loads [19-24]. 

Physical laboratory tests are the most accurate means of assessing the structural 

behaviour of steel braces under a certain type of loading, such as cyclic axial 

loading. However, it is often difficult to conduct full-scale structural testing for 

design purposes, primarily due to significant monetary costs and time consumption. 

On the other hand, 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 package, such as ABAQUS v.6.13 [25]. 

1.4 Finite element models 

Finite element (FE) models are the discrete mathematical models that successfully 

replicate test behaviour 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. Each element is 

connected by nodes. Each 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, such as equilibrium equations. The resulting 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 consider the 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 as pre-processing units. Each of these units are further 

divided into sub-structures based on the requirement of the input data. Python scripts 

are often employed in FE frameworks to customise the models in the pre-processing 

stage. Once all the components of the model are assembled into a global FE package, 

the model is simulated with the aid of a solver. 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 presented in Figure 1.4. 

../../../13233302/Desktop/Introduction.docx#C1F4
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Figure 1.4. FE modelling framework with different modelling processing units. 

1.5 Project scope, objectives, & goals 

The main aim of the project is to develop advanced FE models of 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.6.13 [25], as illustrated in Figure 1.5. Thus, the 

following objectives are set for this project. 

 

Figure 1.5. Multi-scale FE models. Each model has a contribution in the seismic design of 

concentrically braced steel frames.   

1) To develop a design methodology for the behaviour of steel under static loading 

incorporating a discrete crack growth model, and to demonstrate its applicability 

to simulation of steel bracing members under static tensile and compressive axial 

loading. 

../../../13233302/Desktop/Introduction.docx#C1F5
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2) To conduct imperfection sensitivity analyses of square hollow steel sections and 

to develop finite 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 plates end connections under static and fatigue loading 

conditions. 

In order to achieve these objectives, the methodology outlined in Figure 1.6 was 

followed. This methodology represents 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 of simulated and test models in terms of statistics 

correlation. 

4) Justification 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 improvement in the current Eurocode 8 design guidelines 

regards the detailing guidelines on gusset plate end connections.  

2) Recommendations on revising the imperfection factor in relation to the hot-rolled 

carbon steel bracing members. 

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

concentrically braced frames components and steel braces.   

 

../../../13233302/Desktop/Introduction.docx#C1F6
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Figure 1.6. Flow chart showing the physical test models and FE models involved in the 

project. Each FE model developed in this project has been validated against results from 

the tests conducted by colleagues in Trinity College Dublin (TCD), Imperial College 

London (ICL).  

1.6 Thesis overview 

In Chapter 2, a literature review is presented. This includes a detailed critical review 

of the already published work on the response of thin-walled tubular sections to 

monotonic and cyclic loading via multi-scale physical laboratory tests. A framework 

of multi-scale numerical models covering constitutive models and fatigue-life 

predictive models is presented. European seismic design guidelines for 

concentrically braced frames are 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 advanced finite element modelling of CBFs 

elements is presented. This includes the background 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 models and its validation 

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

rectangular structural steel brace tube sections. 
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In Chapter 4, an imperfection sensitivity analysis and validation of finite element 

models for cyclically 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 using physical test results.  

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

CBFs is presented in Chapter 5. For the gusset plate design, both the traditional 

method and a newer method are taken into account of the study; that is the standard 

linear clearance and elliptical clearance methods, respectively. 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 developed herein is presented. This 

is followed by a series of conclusions, potential applications and recommendations 

for future work. 
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2.1 Overview of chapter 

Over the past years, extensive laboratory tests and numerical models have been 

performed for hollow steel sections (HSS) used in concentrically braced frames. 

Physical tests varied in test set-ups (structural, component, elemental and coupon), 

specimenôs configurations (brace only, brace gusset plate system), loading protocols 

(symmetric, asymmetric), loading regimes (low cycle fatigue, ultra-low cycle 

fatigue), boundary conditions (fixed ends and pinned ends), and test type (static 

monotonic, quasi-static cyclic, and dynamic). The tests 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 behaviour of HSS with different shapes, materials and loading 

protocols.  This chapter provides an up-to-date summary and evaluation of previous 

physical tests and finite element models and links them to the research addressed in 

this project. 

2.2 Bracing steel memberôs formation and structure 

Steel braces elements can be formed from a variety of materials including cold rolled 

carbon steel, hot rolled carbon steel and stainless steel. Cold-rolled steel is 

essentially hot-rolled steel that had further processing. Hot rolled material is formed 

when the steel is above its recrystallization temperature (typically around 900 oC) 

while cold rolled material is formed when the temperature of the steel is below its 

recrystallization temperature and the process is performed at ambient temperature 
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after cooling down 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 annealing and/or tempers rolling.  

Table 2.2. Features and characteristics associated with formation process of steel braces. 

Hot-formed steel Cold-formed steel 

 

i. They usually have closer yield 

strength to the specified/nominal 

yield strength of the parental 

material 

ii.  Attain specified/expected 

ductility 

iii.  Homogeneous material properties 

around cross-section resulting in 

less uncertainty in structural 

response behaviour 

iv. Ultimate to yield strength ratio 

nearly similar to the virgin 

material ratio 

v. Large flat surfaces and small 

corner radii 

vi. Possessive negligible bending 

residual stresses 

 

i. Yield strength increases due to 

cold work of forming  

 

ii.  Subject to less ductility 

iii.  Non-homogenous material 

properties around the cross-

section  

 

iv. Ultimate to yield strength ratio 

reduces.  

v. Small flat surfaces and large 

corner radii 

vi. Possessive high bending residual 

stresses due to involvement of 

bending process. 

Bracing elements used to resist lateral loads can have several shapes as shown in 

Table 2.1. Moreover, they can be formed using hot-rolled or cold-forming process. 

Differences between hot-rolled and cold formed steel are shown in Table 2.2. 

Table 2.1. Common structured steel brace sections. 

     

Square 

hollow sec. 

Circular hollow 

section 

Double angle 

section 

Channel 

section 

I-shaped 

section 
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Bracing steel members are designed 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 understand CBFs behaviour under seismic loadings. A multi-scale 

mechanical test framework is used as shown in Figure 2.1 In this framework, the 

full -scale structure is divided to four assessment levels:  

1. Material: it deals with mechanical material properties. Coupons 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 response of the member is recorded in terms of axial load and axial 

displacement, Strain gauge recordings are used to observe local phenomenaôs 

such as local buckling. 

3. Component: it deals with brace-gusset plate component. Similar to the 

elemental level, the response of the specimen is recorded in terms of axialï

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 of base shear and lateral storey drift displacement. 

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 assessment scales help collectively to better understand the response of 

structure from very basic scale (material) to full scale (structure) under a specified 

loading condition and provide a constructive mean for outlining design guidelines or 

the design itself. Therefore, they are presented below by test set-up and findings. In 

particular, they are categorized accordingly as: 

Á Material tests 

o Static monotonic tests 
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o Quasi-static cyclic tests 

Á Structural member and component tests 

o Static monotonic tests 

o Quasi-static cyclic tests 

Á Full structural steel frame model tests 

o Shake table tests 

o Quasi-static cyclic tests 

o Pseudo-dynamic tests 

2.3.1 Material tests  

Material tests are extensively performed in structural engineering application for the 

purpose of obtaining tensile mechanical properties of material. The material 

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. The coupon testing can be 

performed by two methods: (i) force-controlled tests, (ii) displacement (strain) 

controlled tests. In the force-controlled test, force is the controlling parameter, while 

the displacements are recorded as outputs. This loading set-up becomes vice versa in 

the case of displacement-controlled set-up, where instead of recording 

displacements, loading response is recorded. Strain-controlled tests are frequently 

used for testing ductility of steel structures, primarily due to the fact that ductile 

crack usually nucleates from plastic straining in the necking region, which can be 

better characterised through strain-controlled tests. Stain-controlled tests can be 

conducted based on the requirement of the loading conditions. Consequently, 

coupons may be subjected to, (i) monotonically increasing static loading condition 

and (ii) cyclically fully reversing static loading condition. 
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Figure 2.1. Multi-scale mechanical test set-up and test output for specimens composed of hollow steel sections.  
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2.3.1.1 Static monotonic tests  

In these tests, an increasing displacement (positive or negative) is applied to the 

specimens to determine its monotonic tensile properties (Figure 2.2). Material 

properties are found by coupons tests. These coupons can be rectangular and circular 

in cross-section. Ductile structural steel coupon when subjected to static tensile 

loading suffers initial yielding, strain hardening, necking and fracture. These features 

can be quantified with the aid of following properties:   

E  = modulus of elasticity, MPa  

fy  = Initial yield strength, MPa 

fu  = ultimate tensile strength, MPa = Pmax/Ao 

%RA = Percent reduction in area= 100 (Ao-Af)/Ao 

ef = true fracture strain = ln (Ao/Af) = ln [100/(100 - %RA)] 

st = true stress = (F/Af) 

%EL = percent elongation = 100 (Lf-Lo)/Lo 

where Pmax is the maximum tensile load on the axial load-deformation curve, Ao is 

the un-deformed (original) cross-section area of coupon, Af is the deformed (true) 

cross-section area of coupon, Lo is the original gauge length, and Lf is 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 process, strain rates variation (earthquakes), 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 materials: hot-rolled carbon steel, cold-

formed carbon steel, and cold-formed stainless steel. The properties of these 

materials vary with respect to the process of fabrication. Gardner et al. [1], while 

performing comparative analysis, found that the coupons specimens from hot-rolled 

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

cause of higher strength is cold-forming.   

 

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 

corners[2] .  

Mechanical properties of cold-formed carbon steels can be significantly different 

from those of the virgin flat sheet before forming and hot-rolled steels due to the 

cold-forming process, primarily due to the fact that they are fabricated by bending 

flat sheets. Due to cold-forming, the yield and tensile strengths are increased 

whereas the ductility decreases [3-5]. This increased strength is 4% for flat faces and 

ranges between 23-47% for corners and the yielding plateau disappears and the 

strain hardening range decreases [6]. The yield strength of the corners in cold-

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 cross-section[7]. For cold-formed stainless steels, 

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

equivalent flat specimens[8].  

Working with cold-formed carbon steel sections, Karren [9] suggested that since the 

corner regions typically make up between 5% and 30% of the total cross-sectional 

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 yield strength of corners on the basis of properties of the virgin 

material, which is given as: 

                                                                                              (2.1) 

                                                                                   (2.2) 

                                                                                               (2.3) 

where, ko is the strength coefficient parameter, n is the strain hardening exponent, a 

is the inside radius of cross-section, and t is the thickness of section.  

Moreover, Gardner and Nethercot [8], while working on cold-formed stainless steel 

sections, proposed a simple formula for estimating the 0.2% enhanced yield strength 

of corner regions, , in terms of ultimate tensile strength of flat region, 

which is given as: 

                                                                                     (2.4)  

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-

formed carbon steel and cold-formed stainless-steel hollow section in Chapter 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 these states on the hysteresis loop of braces has been quantified by several 

researchers [10-13]. However, these researchers employed limited imperfection 

models and amplitudes in their studies and, therefore, they might not essentially 

cover the broad spectrum of the imperfection effects on performance of structural 

steel braces. Therefore, a pilot investigation was undertaken, where the frontier 

effects of imperfections were characterized and quantified, with the aid of codified 

and applied methods and amplitudes of imperfection Chapter 4.  

Hollow structural tubes can be subjected to variable strain rates and may be 

susceptible to highly stressed state during earthquakes. Steel mechanical properties, 
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which are obtained from physical tests are established at about 10-5/sec strain rate 

recommended by codes [14], which is less than the rates received under seismic 

loadings (10-2/sec) [15]. It is found that the mechanical properties of the material 

depend on the rate at which stresses are applied [16]. Several studies showed that 

increasing the strain rate increases static tensile yield strength, but does not affect 

ultimate tensile strength significantly [5, 15]. Moreover, it is found that strain rate 

has a negligible effect on the elastic and strain hardening moduli of steel [17].  

2.3.1.2 Quasi-static cyclic tests  

Under extreme seismic conditions, structural steel braces, particularly, those acting 

as dissipative members, may experience small numbers of very large strain cycles. 

The response of structural members to this form of loading depends on the geometry 

and the hysteresis loop of the constituent material, which can be studied through 

quasi-static cyclic testing at high strain amplitudes. Therefore, these tests are referred 

as ultra-low or extremely low cycle fatigue tests.  

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

( , %,  etc.) up to the fracture occurrence, which is marked by failure 

criterion, such as 10% drop in load [18]. The displacements are controlled with the 

aid of an Instron actuator and operates at lower strain rates, such as 5x10-3 s-1 

(recommend by BS 7272 [14] 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 parameters and fatigue-life of 

bracing steel members. Nip et al. [18] while investigating cyclic material properties 

of three brace materials (hot-rolled carbon steel, cold-formed carbon steel and cold-

formed stainless steel) found that the three materials exhibit similar Coffin[19]-

Manson[20] relationship despite significantly different elongations at fracture 

measured in monotonic tensile tests. They also found that hot-rolled material 

generally displayed marginally better fatigue performance than the cold-formed 

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, demonstrated a much larger degrees of cyclic hardening than 

the hot- and cold-formed 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 material lies below 

monotonic response, it is called 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 al. [21] found a correlation between the degree of 

softening or hardening and the ratio of fu/fy0.2 (where fu is ultimate tensile strength, 

and fy0.2  is 0.2% off-set yield strength). Accordingly, all materials investigated for 

which fu/fy0.2 Ò 1.2 softened under cyclic straining and those for which fu/fy0.2 Ó 1.4 

strain hardened. At intermediate values, 1.2< fu/fy0.2 <1.4, both hardening and 

softening may occur. The application of this model was demonstrated in Chapter 4.  

2.3.2 Structural member and 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 buckling load, 

ductility capacity, energy dissipation capacity, cycles to global and local buckling, 

and fatigue. This may be due to the simplicity involved in conducting and setting-up 

these experiments in the laboratory.   

In these tests, steel braces can be tested with 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 stiffened to un-stiffened region of brace. When the 

interest of investigation lies in the hysteresis loop of brace gusset-plate assemblies, 

realistic end details are typically employed at the ends of braces. End plates are used 

to connect the specimen with the testing set-up. Loading is applied by using 

hydraulic actuators. Loading cells, string pods and suitable number of strain gauges 

are used to record experimental data, as shown in Figure 2.3. 

2.3.2.1 Static monotonic tests  

These tests are mainly carried out on stocky/stub braces to obtain basic material 

properties and to conduct a comparison with results of coupon tests. Goggins[22] 

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 1.13-times higher yield strength than their respective coupons. However, 

this was reduced to an average of 1.01 for 20x20x2.0mm cross-sections. A possible 

reason was the presence of cold-working 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 Imperial College London (Gardner et al. [1],  Gardner et al. [12] and Afshan & 

Gardner[23]) has published extensive work in this area . Their results showed that 

geometrical imperfections were identical in magnitudes in hot-rolled and cold-

formed hollow steel section. But, the degree of bending residual stresses were 

observed significantly higher in cold-formed hollow steel sections, primarily due to 

cold-work. They have proposed a model for replicating residual stresses in FE 

models. They found that inclusion of residual stresses generally led to an increase in 

the load-carrying capacity of models of stainless-steel columns. On the other hand, 

the inclusion of residual stresses did not significantly influence the numerical 

performance of stainless-steel hollow sections when compared with numerical 

response with models without residual stresses. It was concluded that residual 

stresses will be inherently presented in the stress-strain behaviour of material 

extracted from structural sections, and would therefore not generally have to be 

explicitly re-introduced into numerical models [24]. 

2.3.2.2 Quasi-static cyclic tests  

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

with the works of Kahn and Hanson  [25], Wakabayashi et al. [26] and Jain et al. 

[27-29], and considerable work still continues today [30, 31]. But, it was not until 

1980ôs that studies began into the relationship between slenderness ratio local 

buckling for the first time and their potential influence 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 effects on the response of steel braces. The 

past experimental development of the last three decades are covered herein.  
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Figure 2.3. Testing set-up in Structures Research Laboratory at the National University of 

Ireland-Galway, for models of brace gusset-plate 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 buckling cycles [25]. This 

observation was further validated by succeeding researchers [27, 28, 32, 33]. 

Moreover, steel braces could have different buckling wave length depending upon 

their configuration in frame, as such the buckling length 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 out-of-the-plane [26]. 

Experimental study [28] concluded that effective member slenderness, Eq.2.5 (where  

L is the length of the brace, K1 is 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 inelastic response cycles and smaller energy dissipation 

capacity. This energy dissipation capacity was defined as the area under the 

hysteresis loop. These observations was also observed by [34].  

                                                      (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, with loading cycles of increasing deformation magnitude. 

Regards end connections, rigid connection cause plastic hinges to form at the 

member ends, in addition to that at mid-length, leading to improved inelastic 

performance in terms of stiffness and strength of braces [32, 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, (ii) 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, 

respectively (Figure 2.4 and 2.5). This was the first attempt towards quantification of 

post-buckling loads by mean of theoretical analysis [35].  

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 were [36-39].  

 
 

Figure 2.5. Column buckling reduction factors due 

to Bauschinger effect on two bases: tangent 

modulus, Et  and reduced modulus, Er [40] . 

Figure 2.6. Column buckling 

reduction factors due to 

eccentricity effect [40] .  

It should be 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 building structures.  
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While assessing compactness criterion of AISC Plastic design specification [41], it 

was found that this criterion is inadequate 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 studies [39, 42, 43], and 

subsequently led to the testing of filled tubes as an alternative solution [42]. The 

main finding of this study was that when decreasing the width-thickness ratio from 

30 to 14, the initial and severe local buckling were much delayed and consequently, 

the fracture life increased. Moreover, for this width-thickness ratio the performance 

of filled section was comparatively better. However, when the width-thickness ratio 

was 30, the performance of filled-section 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 was hesitancy on the part of 

engineers to employ them [35]. 

Although, it had already been established [39] that fracture state is more critical than 

local buckling state, however, it was not until 1989, when the first model proposed 

for fatigue prediction [40]. In this model, a deformation cycle, D normalized by yield 

displacement, Dy is used to estimate the number of cycles causing fracture. However, 

it is important to note that applied deformation history needs to transform into 

standard loading history as per the details outlined below and illustrated in Figures 

2.7 and 2.8 in order to predict the number of cycles to failure, Ns. In Eqs. (2.6) -

(2.7),  and  represents the deformation in 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.  

                                                    (2.6) 

For simple cycles, such as cycles 1-2, 2-3 in Figure 2.7. 

 

                                               (2.7) 

For incremental cycles, such as cycle 3-4 in Figure 2.8. 
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Figure 2.7. Illustration of concept behind the 

standard deformation cycles[40] .   

Figure 2.8. Equivalent conversion 

between hysteretic cycles and 

standard cycles[40] .  

 

For given width-thickness dimension and effective member slenderness, KL/r, the fracture 

life of brace, Nf, can be estimated then: 

    KL/r > 60                                  (2.8) 

     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 proportional to 

effective member slenderness ratio and inversely proportional to the square of width-

to-thickness ratio, for members with effective member slenderness ratio greater than 

60. In Eq. (2.9), the fracture-life is an inverse function of square of width-to-

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 slenderness 



Chapter 2. Literature Review 

- 29 - 

 

range is dominated by width-to-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 plate detailing. It was found that single gusset plate 

develops almost pin-connection 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 alternative solution ñCross gusset plateò was proposed to develop 

rigid end conditions at brace ends [42, 44, 45].  

On the other hand, it was found that buckling direction also affect the hysteresis loop 

and the failure modes. The in-plane buckled specimens behaved as fixed-ended 

columns while specimen with out-of-plane buckled mode behaved as pin-ended 

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 linear clearance (SLC) method, in which a linear off-set 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 plate, tp. Such gusset plate 

design was also employed by other researchers in structural member tests .  

Between 1995 and 1998, it was found that occurrence of local buckling increases 

with decreasing brace slenderness [46, 47]. In addition, these studies concluded that 

post-buckling 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 reduction factor was proposed (in terms of normalized global 

slenderness) to estimate the post-buckling compressive capacity of braces in the first 

and second cycles at ductility five [48]: 

                            (2.10) 
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where  it is the ratio of the post-buckling capacity to the first buckling capacity,  

 it is the normalized global slenderness.  

This model is then applied to the test measurements and FE models [49-51]. It was 

found that model overestimated both test and FE results.  

In 2002, a pilot investigation program was undertaken by Tremblay[49], 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, 

post-buckling compressive resistance, and lateral deformations. This was the third 

model proposed for predicting the post-buckling capacity of braces. A non-linear 

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

equation in terms of normalized global slenderness: 

(2.11) 

where a, b and c are the modelôs parameters and varies in value with respect to the 

ductility of interest. The Côui is the post-buckling compressive load in the ith 

ductility, Cu is the initial buckling load, Ag is the cross-sectional area of brace,  is 

the non-dimensional global slenderness. A model is graphically illustrated in Figure 

2.8.  

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

steel sections tests composed of carbon steel and stainless-steel material. The models 

were proved to be capable of predicting test results [50].  

Tremblay [49] proposed a simple model for ductility capacity, in which the total 

ductility reached at fracture (the sum of the peak ductility reached in tension (Dt/Dy) 

and the peak ductility attained in compression (Dc/Dy) in any cycle before the half-

cycle in tension in which failure of the brace is observed), ɛF is related only to the 

normalised global slenderness ratio, , as:  
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Figure 2.8. A typical hysteretic model of brace illustrating response 

features (Tmax, mT, Cu, Côu1, Côu2, Côu3) is presented. Where Tmax indicates 

the maximum tensile load, mT is the total displacement ductility capacity, 

Cu is the initial buckling load, and Côu1, Côu2, Côu3, are the post-buckling 

loads in the relevant ductility. 

Cold-formed carbon steel: 

                                                  (2.12)                                            

The application of this model was found representative over range of full global 

slenderness for carbon steel sections but non-representative for stainless steel 

sections [50]. This led to the proposal of Eq. (2.24), for stainless steel sections [50]. 

Tremblay also proposed a simple model for predicting the lateral deformations in 

steel braces subjected to cyclic axial loading. This model is a function of applied 

axial deformation,  and brace tube length, L as: 

           (2.13) 

where  is the lateral deformation,  is the applied displacement, L is the brace tube 

length, and 0.7 is a factor that represents all end conditions.  

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

non-representative at lower ductility levels [50].  
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An investigation of the effect of section slenderness on the energy dissipation 

capacity of steel braces is carried out using the concept of energy index  [52] [53]. 

The energy index is expressed as: 

                                             (2.14) 

where Wi is the energy under the axial load-displacement curve in both tension and 

compression cycles during the ith cycle, and Wy=1/2Fydy is the energy absorbed at 

the tensile yield of the strut, in which Fy is the tensile yield capacity and Dy is the 

tensile yield displacement. The test results [52] 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 Brown [54] concluded that fracture-life of hollow steel sections 

depends primarily upon the width-to-thickness ratio, and, to a lesser extent, on the 

effective member slenderness ratio. Fell [55] also found identical conclusion, but he 

added that loading history affects fracture life as well, although to a lesser extent. 

Such conclusions were opposed to conclusions presented by Tremblay[49]. 

Tremblay[49] concluded that fracture-life depends primarily upon the effective 

slenderness ratio, and, to a lesser extent on the width-to-thickness ratio and imposed 

displacement history. Interestingly, the two contrasting statement concluded the 

following, (i) fracture-life is not related to a single entity and (ii) it is principally an 

interim function of width-to-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 the width-to-thickness ratio and 

normalised member slenderness as such they were given by Tang and Goel [40].  

A re-calibration of fatigue-life predictive model, which was originally developed by 

Lee and Goel[42], was performed by Archambaultôs[56] and Shaback and 

Brown[54] with their own test data. An additional term reflecting material yield 

strength, fy was added into the final model [54], which is given as: 
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         for KL/r<70  (2.15) 

     for KL/r<70  (2.16) 

In these models, the fracture-life was quantified in terms of displacement (mm),, 

rather than number of cycles to fracture, Nf, 

In 2004, Goggins[22] used an independent set of test data to develop expression for 

post-buckling capacity, similar to the one developed by Tremblay[49], in terms of 

normalized global slenderness, : 

                                          (2.17) 

where b and c are the modal parameterôs and varies as per the ductility demand.  

Goggins [22] also proposed the two following expressions for displacement ductility 

capacity. These expressions (Eq.2.13) and (Eq.2.14) are the functions of normalized 

global slenderness and width-to-thickness ratio, respectively.  

                                                (2.18) 

                                             (2.19) 

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

maximum elongation in tension, Dt by elongation at yield, Dy. 

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-to-

thickness ratio, could not always guarantee larger energy dissipation capacity than 

those with larger width-thickness ratio. This was due to early fracture occurrences at 

the slotted end with braces of small width-to-thickness 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 design provision (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 braces [58]. In 

particular, there was a general trend of decreasing fracture life and displacement 

ductility capacity with increasing material yield strength. The fracture-life 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 slenderness [58]. 

Haddad et al. [58] also proposed an independent model for predicting fracture-life of 

braces as a function of effective member slenderness and width-to-thickness ratio  

using test results of ten steel braces stiffened with thick stiffeners end conditions. 

The model is given as: 

                                    (2.20) 

where,  is the sum of the absolute displacements (  and ), where  is the 

tension displacement from Py/3 to the load reversal point. And  is the tension 

displacement from Py/3 to the unloading point (Figure 2.9). 

 

Figure 2.9. Empirical fracture-life prediction, definition of D1 and D2 .  
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Haddad et al. [58] also proposed a model ( in terms of effective member slenderness 

and width-to-thickness ratio) for energy dissipation up to 50% cross-section failure. 

The model is given as: 

                                   (2.21) 

One prominent study was conducted by Nip et al. [50] in which they had proposed 

multi-variable expressions (in terms of normalized global slenderness and width-to-

thickness ratio, where ) for predicting the ductility capacity for 

specimens of hot-rolled carbon steel, cold-formed carbon steel and stainless steel 

materials. These expressions are given as: 

Hot-rolled carbon steel: 

                  (2.22) 

Cold-formed carbon steel: 

                  (2.23) 

Cold-formed stainless steel: 

             (2.24) 

In subsequent years, major development was carried out in the context of gusset 

plate design. Gusset plates are used to connect 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 in Chapter 5.  

2.3.3 Full 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 tests are often carried out to determine 

the complex axial load-displacement behaviour in terms of base shear and storey 

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

Shaking tables are capable of simulating 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 

test-controlled set-up. One may follow the shake table test design considerations by 

Goggins [22].  

Shaking tables are available in wide varieties across the world. The first shake table 

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

largest shaking table is developed and used by NIED óE-Defenceô Laboratory, MIKI 

City Japan, with a table size of 20mx15m. It can support a structure with a mass of 

1200 metric tons (Figure 2.10). 

 

Figure 2.10. A six-story full scale model of wooden frame structure designed as per the 

performance based method, set-up for testing on the biggest earthquake simulator on 

behalf of wooden frame manufacturing company ñSimpson Strong-Tieò with 

collaboration of NEES (Network for Earthquake Engineering Simulation) in 2009. 

(Link:https://99percentinvisible.org/article/earth-defense-shaking-buildings-worlds-

largest-earthquake-simulator/) 

 

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

presented by Severn[59], in which he had covered the developmental process from 

(c) 
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the late 19th century to the late 20th century. In Europe, the biggest shake table is 

located in Sacley, France with a table size of 6 x 6m (Figure 2.11). This shake table 

records seismic motion in six degrees of freedom (DOF).  

 

Figure 2.11. Labelling and detailing of plate form and sections involved in latest 

AZALEE shake table test set-up (CEA, 2011). 

 

One of prominent testing on a large scale model of a six storey concentrically 

chevron braced frame building was conducted by Foutch et al. [60] and assessed by 

his colleagues [40, 61, 62] in details later on. Foutch et al. [60] showed that tested 

structure appeared to remain elastic throughout the test when the ground motion was 

0.065g, where g is the earthôs gravity with a value of 9.8 m/s2. The structure suffered 

from limited yielding and braces buckling following unusual failure in the 

connections between the beams and the brace elements, for a ground motion of 0.25g 

(medium). When the excitation was 0.5g (strong earthquake), the diagonal steel 

braces had extensive buckling and yielding behaviour following extensive yielding 

in the connected elements (beams and columns) in the bottom three stories of the 

structure [62]. This shows that damage matures from bottom stories and build-up 

progressively in top stories. 
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Foutch et al. [60] investigated the performance of a dual system composed 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 expectations that braces provide relatively higher stiffness initially. Later in the 

tests, however, the braces were severely buckled, and their compressive strength 

decreased. Therefore, re-distribution of the load occurred, and the moment frames 

carried about 60% 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 Mazzolani et al. [63].   

Later, it was realized that conducting identical full frame testing of structure would 

be difficult and costly, therefore, a reduced-scale model was designed. This reduced 

scale model was able to comply with the similitude requirements of a large-scale 

model. The first of this kind of model was used and tested by Bertero et al. [64] for a 

six storey concentrically chevron-braced dual steel frame system with a reduced 

model of 0.3048, for a peak ground acceleration ranging between 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 up to 60-80% of 

the storey shear in each storey during the minor earthquake. Brace buckling and 

yielding observed during the major excitation, with two bracing members fracturing. 

However, stable shear and inter-storey drift behaviour was observed after brace 

buckling due to the ductility of the moment resisting frames. The ductility 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 resisting 

frames with concentric bracing structures. 

From above publications, it was apparent that braced steel frames performed well in 

low to medium earthquakes but may substantially damage in strong earthquakes. 

This follows the proposal of, special cases of CBFs such as buckling restrained 

frames that provides lateral resistance to buckling [65-67], frames with shear panel 

with improved details[68], 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 mortar filled 

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 itôs buckling strength (mortar + core + tube) exceeds its yield 

strength, 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  large ductility 

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 permanent drift was a subjective issue 

with BRBF structures, primarily due to low post-yield brace response [65]. A dual 

frame system with special moment resisting frame was proposed to reduce such 

large deformations [74]. With this improved system, there was a reduction in the 

maximum storey drift between 10% and 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 (nickelïtitanium (NiTi) shape 

memory alloy (SMA)) [75, 76], self-centering buckling restrained braced systems 

was proposed, aiming to achieve embedded flexible structural response settlement 

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 position afterwards, subject to little or no structural damages. Such 

intentions further strengthen the foundation of self-centering systems for modern 

structures. Such conditions were imposed in effect of recent investigation that 

concluded that cost of maintenance becomes greater than the cost of re-building of a 

structure in Japan if residual deformations exceed 0.5% [78].  
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One of prominent group that is working on novel self-centering composite structural 

steel framing systems is Zhou et al. [79-81]. They classified self-centering systems 

into the three broad categories, such as: 

(i) Self-centering 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 pre-stressed 

tendons,  

(ii)  Self -centering systems via rocking foundations, where uplifting in the load-

bearing and foundation joints creates self-centering mechanisms by post-

tensioned bars, and  

(iii)  Self-centering braces with friction devices and/or dual-tube post-tensioned 

composite tendons, with the ability of adjusting themselves with the main 

frame. 

In EC8, 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 global slenderness in other bracing systems should be less than or equal to 

2.0. Braced frames up to two storeys are free from these limitations. Moreover, there 

are guidelines on the ductility of the system based on the braceôs cross-section limit 

states. Such that, if high dissipative structural response is desired Class 1 cross-

sections are recommended. Note: Class 1 cross-sections can deform up to plastic 

hinge formation. If medium dissipative structural response is desired Class 2 and 

Class 3 cross-sections can be 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 consequence of the strength degradation significantly following the instant of 

global buckling in compression. The design of tensile diagonals follows the 

conventional strength design basis. Such that the measured yield capacity of braces 

(dissipative elements) should be less than or equal to the nominal yield strength of 

connection, such as gusset plates (non-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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However, 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 accompanied with 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, recent research [69, 82, 83] shows that those designs lead to unexpected 

failure modes (weld fracture, beam bending and column buckling) and over-size 

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 has increased by 46% (on average) when 

compared to that designed with conventional approach [83]. However, these are the 

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 analysis (Chapter 5).  

2.3.3.2 Pseudo-dynamic tests 

In absence of shake table, the dynamic response of braced steel frame structure can 

be obtained through pseudo dynamic test. Pseudo-dynamic test evaluates response of 

structure based on the measured restoring force obtained in each time step. This 

restoring force is then used to analytically obtain the next displacement increment 

for testing system in conjunction with inertia forces and damping forces from the 

equation of motion. Inertia forces and damping forces are not physically produced 

and are modelled analytically. They are hybrid tests and allow very large models to 

be tested with only a relatively modest hydraulic power requirement. 

2.3.3.2 Quasi-static cyclic tests 

Quasi-static tests are also carried out to obtain data on CBF models. A pre-defined 

loading history is used in conjunction with displacement transducers and loading 

hydraulic jack. The loading is applied at the peripheral of the beam column joint in 

terms of displacement and the resulting reaction is recorded in terms of base shear or 

story shear depending upon the scale of the model. Brace axial forces are obtained 

by converting lateral frame displacement into axial brace displacement by cosine 
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angle formed by beam column member with brace. Digital image correlation (DIC) 

technology can be used to monitor real time test progress.  These tests are relatively 

simple and cheap compared with pseudo dynamic tests and shake table test.  

2.4 Multi -scale finite element models (FEMs) 

Similar to the purpose of multi-scale tests, multi-scale finite element models 

analysed structural response under given boundary conditions. However, compared 

to test models, finite element models are more versatile, cost-effective alternative, 

and has tendency of representing structural response over a wide range of 

parameters. In addition, they assist in examining local phenomenon that are difficult 

to trace and understood via testing. In modelling framework, the sub-model that 

essentially derive model performance, and requires extensive effort is the 

constitutive modelling. Therefore, this section begins with constitutive models and 

introduce finite element models and their findings subsequently. In particular, this 

section follows the following context structure 

Á Constitutive models 

o Models for static steel analysis 

o Models for quasi-static cyclic steel analysis 

Á Finite element models (FEMs) for structural members and components 

o FEMs for static monotonic analysis 

o FEMs for quasi-static cyclic analysis 

Á FEMs for frame model analysis 

o FEMs for pushover model analysis 

o FEMs for quasi-static model analysis 

2.4.1 Constitutive models  

Constitutive models, are mathematically simplified versions of complex physical 

phenomenon, offer accuracy within engineering precision and deal with real 

behaviour with simplified and idealized assumptions. In the scope of the project, two 

constitutive models can be identified (i) models dealing with monotonic static steel 

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

Hookôs law is the fundamental model characterizing linear elastic behaviour of steel 

by stress strain constitutive relationship. Later, Hollomon[84] proposed first model 

for predicting nonlinear inelastic stress state taking strain hardening into account, 

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

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

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

of stress. The intentions of these models were to ease the design process. However, 

when it comes to application, the models did not used effectively due to lack of 

coherent understanding among themselves. This project has overcome this need by 

developing a monolithic design methodology (Chapter 3). 

The effect of ductile cracking on steel properties, as well as the role in the 

development of ductile mechanisms (void nucleation growth and coalescence) has 

been well investigated, resulting in the proposals of multi-scale fracture models. Rice 

and Tracey [86] took a theoretical approach investigating void growth and 

coalescence process by ductile crack in steel, where an integrated exponential crack 

growth theory was used. Further, Gurson [87] built on this work a fracture criterion, 

employing coupling of the yield surface and mean stress variable. Tvergaard and 

Needlemen [88] went further and modified the Gurson model [87] with physical test 

results, in which the mean stress variable, sm was found a dominating parameter 

accelerating the crack growth process after a certain threshold of void formation in 

material matrix. These theories further refined with the advent of numerical models 

[89, 90], electron scanning microscopy [89, 91], latest material and geometrical test 

measurement techniques [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 proved beneficial, specifically in 

the research investigations (see for example [93-95]), as well as gaining insight into 

the crack growth crystal-plasticity mechanisms by multi -scale modelling approach 

[96, 97], however, they are not much appreciated in design, primarily due to 

complexity and difficulty encountered in the calibration process. Also, there is still 

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

the fracture process, and thus make VGM models subjective [98].  
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Fracture in steel could also be predicted using the simplified meso-scale 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 as an explicit function of the plastic strain. With 

the arrival of mean stress parameter, sm and stress triaxiality factor, T (ratio of mean 

stress to Von Mises stress) revealed by detailed micro-mechanical studies [86, 92, 

100, 101], models were modified accordingly, aiming to format an improved models 

later termed as stress modified fracture strain model or stress modified critical strain 

models (SMCS), see for examples [95, 102, 103]. Models combine the 

phenomenology of the macro-scale models (conventional plasticity) and micro-scale 

models (micro-mechanics), thus, the author named these models as stress-strain 

hybrid models (SSHM). Unlike micro-mechanical models, these models are close to 

continuum models and they do not require priori definition of crack length, L, to 

characterise the localised fracture. Also, they are computationally cheaper when can 

be employed as user-defined subroutine in numerical models.  

Chaboche [104] and Lemaitre [105] working independently on fracture problems, 

proposed the characterisation of fracture based on the continuum mechanics 

approach. In this approach, the process of fracture is assumed to be primarily 

influenced by effective stress parameter over a representative volume of material 

matrix. This, in part, in difficulties in monitoring crack progression from micro-scale 

models, where unlike the micro-crack, the fracture is driven by stress-triaxaility in 

terms of the macro-crack.  

All fracture modelling scales consider appropriate constitutive parameters to justify 

the scale of damage and the resulting fracture. Consequently, the performance of 

multi-scale models were good, primarily for identifying the instant of damage for 

cases where they were employed as user defined sub routines, see for example [91, 

103] or independently predictive models, see for examples [89, 102, 106, 107]. 

However, the complexities within the modelling framework arises as the scale of 

assessment become localised. Thus, the macro-scale models and meso-scale damage 

models are preferred in design for dealing with the same problem, such as ductile 

fracture, with intentions to avoid the need of mesh requirement extensively, as well 

as intense characteristic length feature requirement by micro-mechanically motivated 

models. These fracture models have been used with different meshing schemes in 



Chapter 2. Literature Review 

- 45 - 

 

order to predict crack in steel. These meshing schemes are covered in Sec 2.5.2.1, 

which form the basis of one of design challenges addressed in Chapter 3. 

2.4.1.2 Models for quasi-static cyclic steel analysis  

The trend of the constitutive modelling began with the use of physical theory-based 

models and finite element models in the computational modelling of hysteresis loop, 

where the constitutive modelling was performed as a part of global modelling. The 

hysteresis loops have two important characteristics from the modelling aspects, (i) 

isotropic hardening, and (ii) kinematic shift. Mathematically, isotropic hardening is 

defined as the stationery expansion and contraction of a yielding surface while the 

kinematic hardening is defined as the shifting of yielding surface in a uniform and 

kinematic manner. 

Numerous constitutive models were proposed with the development of brace models. 

The performance of the models in terms of the computational efficiency and 

reliability with test behaviour has been discussed in detail in the Chapter 5. Two 

updated models that are being currently used by structural engineers are briefly 

presented: (i) uniaxial Giuffre-Menegotto-Pinto material model[108], and (ii) 

combined non-linear isotropic/kinematic hardening material model [109, 110]. 

Starting with former model, it was first proposed by Giuffre and Pinto in 1970 [111], 

and subsequently modified by Menegotto and Pinto in 1972 [108], to take into 

account the kinematic hardening, and Filippou et al. (1983) [112] to take into 

account the isotropic hardening. The model has been used successfully in the 

physical theory based models [30, 113] under the framework of OPENSEES (Open 

system for earthquake Engineering Simulation)[114], primarily due to its physical 

compatibility with the remaining modelling framework, as well as the simplicity of 

the model it offers in terms of modelôs calibration. The model works in the form of 

curved transitions, each from a straight-line asymptote with slope Eo (modulus of 

elasticity) to another straight-line asymptote with slope E1=bEo (yield modulus), 

where b is the strain hardening ratio. The curvature of the transition curve between 

the two asymptotes is governed by a cyclic curvature parameter R, which permits 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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is increasing or decreasing. The strain and stress pairs (Ůr,ůr) and (Ů0,ů0) are updated 

after each strain reversal [115] (Figure 2.12).  

 

Figure 2.12. Menegotto and Pinto constitutive model for steel [108] . 

On the other hand, the evolution law of combined non-linear isotropic/kinematic 

hardening model comprises of two components (i) isotropic hardening, and (ii) 

kinematic hardening. The isotropic hardening describes the change of the equivalent 

stress defining the size of the yield surface, so, as a function of plastic strain 

deformation: and a kinematic hardening component describes the translation of a 

yielding surface in stress space through back stress variable, a. Further details on the 

model can be found in Chapters 4 and 5. 

Steel braces when subjected to cyclic loading suffers periodic buckling and yielding 

deformation followed by fatigue fracture in tension. Earthquake fatigue is diff erent 

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 loading. The number 

of models that deal with earthquake fatigue are very limited, primarily due to the 

limited number of fatigue studies in the field of earthquake engineering. Although, a 

significant data exist that characterizes  high cycle (mechanical) fatigue in steel, see 

for example [116, 117].  
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Until now, three constitutive models came across for earthquake fatigue prediction, 

which are known as, (i) Coffin [19] and Manson [20], and (ii ) Kanvinde and 

Deierlein [89], and (iii) Hsiao et al. [118]. The major differences between the three 

models 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 

characterize fatigue on the basis of void growth and coalesce (physical) 

phenomenon, and, thus, micro-mechanical models. The basis of the Kanvinde and 

Deierlein[89] model follows traditional void growth theory (Rice and Tracey [86]) 

with some advancement to account for compressive (negative) loading history in the 

void growth mechanisms. The model assumes that, when the cyclic void growth 

demand (net increased in equivalent plastic strains) becomes equals to or greater 

than the subsequent degrading monotonic tensile capacity 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 area surrounding the plastic hinge formation 

influenced by local buckling effect. The model applicability was assessed by 

Fell[94] in tests of full scale models of bracing steel members and subsequently by 

Myers[119] and Haddad[90] with some modification.  

More recently, Hsiao et al. [118] proposed a constitutive model for brace fatigue-life 

capacity prediction. In this model, instead of plastic strains, maximum strain ranges 

(summation 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 of parameters influencing brace hysteretic behaviour, such 

as width-to-thickness-ratio, global brace slenderness, and initial yield strength. The 

applicability of the model was successfully demonstrated for forty four brace tube 

sections in a single storey braced frame, multi-storey braced frame, chevron braced 

frame, brace tests, inclined brace test, which were relatively found better than the 

predictions of the previous models [42, 49, 54, 113]. 

Coffin[19] and Manson[20] model can also be used to characterize the earthquake 

type fatigue in braces. Such that, the number of reversals causing fracture can be 

obtained with the growth of plasticity index, such as plastic strain amplitude. 

However, plasticity index varies with the variation in the strain amplitudes for a 

given loading history. As a result, a linear cumulative damage rule is used to 

characterize the fracture for varying strain loading. The coherent modelôs application 
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was assessed in this project with models of cold-formed square hollow steel sections 

and found successfully applicable to earthquake fatigue (Chapter 5). 

2.4.2 FEMs for structural members and component analysis  

This sub-section introduces (FEMs) related to structural braces and components in 

effect of static tensile and compressive loading, as well as static cyclic axial loading.  

2.4.2.1 FEMs for static monotonic analysis  

Several finite element models incorporating fracture models (described in Sec 

2.4.1.1) were proposed into modelling framework. The main intentions of these 

models were to predict the stiffness degradation and cracking in the final stages of 

failure. Such models were employed with different meshing schemes, such as, 

element deletion method, adaptive re-meshing method, and mesh free method. With 

element deletion method, elements that experience damage can be removed upon 

satisfying damage criterion in FE models. FE models with this meshing scheme has 

yielded good performance for problems involving identification of critical stress 

region, see for example [120, 121]. However, modelôs performance could be 

subjective for problems involving cracking path/propagation in structures. Also, the 

mass of the damage elements did not conserved after satisfying failure criterion 

[106].  

Alternatively, models with adaptive re-meshing scheme was introduced to trace the 

cracking along the pre-defined path. Again, the technique can be used for problems 

involving moving crack tip field [106]. However, the curse of re-meshing makes this 

technique difficult for problems involving cases, such as bigger geometry and 

complex cracking path. 

Models with mesh free method [106] has alleviated the expense of re-meshing 

scheme and allow the sophisticated modelling of a moving crack. However, 

definition of a priori  length is a complicated issue with the application of this 

method, although the method was acceptable for pre-cracked problems. Attempts 

have been made to enhance the predicting crack growth capability of FE models with 

additional crack growth functions [122]. However, as being complex, immature 

developmental as per the state-of-the-art available, such model has limited 

applications. Thus, the need to develop a 3D model that can model and predict 
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stiffness degradation, as well as model and predict discrete crack and propagating 

path in the final stages of failure beyond conventional FE capabilities was required. 

This project address this need by developing novel finite element model (Chapter 

3). 

2.4.2.2 FEMs for quasi-static cyclic analysis  

A number of finite element models investigating hysteresis loops under various 

effects, such as global and local slenderness, fracture-life, steel materials, and 

supporting end conditions were developed [50, 90, 94, 123]. Although, several 

numerical models have investigated the effect of imperfection on the hysteresis loop 

of braces, however, extremely limited model addressed imperfection with a wide 

spectrum of magnitudes and shapes. Thus, this project has covered this area by 

employing wide range of magnitudes and imperfection forms into analysis (Chapter 

4).  

Beside finite element models, physical theory-based models are extensively used. 

These models tends to combine the blend of finite element models and 

phenomenological models [124] by combining physical consideration that permit 

cyclic inelastic behaviour, with a simple phenomenological representation of brace 

geometry. It appears that physical theory-based models provide a promising method 

for replicating cyclic inelastic behaviour of braces in large structures [30, 113]. 

However, the incapability of not taking into account the effect of local buckling 

phenomenon into structural analysis make the performance of the model 

questionable, specifically, for sections limiting by local buckling. 

2.4.3 FEMs for frame model analysis  

Extensively detailed and highly meshed finite element models are typically not 

popular for building models of full frame structures. This unpopularity is associated 

with the heavy computational cost that incurred in the non-linear phase of 

simulation. Instead, models of structural members and components are typically 

employed to conduct the finite element analysis, which has been developed in this 

project successfully. Another reason of limited presence of full-scale structural 

FEMs is that the components of braced steel frames are important and that the 
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system as a whole (beam, column and slab) were expected to remain elastic during 

seismic action.  

Indeed, a limited detailed full frame ANSYS [125] model have come across in the 

last decade investigating parametric influences of connecting details on the seismic 

performance of concentrically braced frames, specifically, at the University of 

Washington [126-128]. Using these models, it was concluded that elliptical 

clearance model performed well in the range of 6-8tp (where tp is the plate thickness), 

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

the beams and columns. If the elliptical clearance was decreased below 6tp, weld 

crack initiation could be occurred and observed at smaller frame storey drift. If the 

elliptical clearance was increased, brace fracture was predicted at smaller frame 

storey drift. In addition, tapered gusset plates resulted in predictions of brace fracture 

at storey drifts similar to those predicted for models with well-designed rectangular 

gusset plates. These tapered gusset plates resulted in decreased local yielding in the 

beam and column adjacent to the gusset plate, but tapered gusset plates had earlier 

predicted weld cracking than the rectangular alternative. On the other hand, thick 

gusset plates significantly increase the stiffness of the gusset plate connection. The 

reduced stress in the plate can result in earlier and increased local yielding of the 

beam and column adjacent to the plate and reduces the storey drift corresponding to 

brace fracture. However, the lower stress levels associated with the thicker gusset 

plate reduces yielding in the gusset plate and the potential for weld crack initiation.  

Regard brace angle, they concluded that steeper brace angles result in the potential 

for earlier brace fracture and weld crack initiation.  

The same research group also analysed the FE model of multi-storey X diagonal 

braced steel frame structure under cyclic axial loading and studied the analytical 

performance of it in effect of mid-span gusset plate connection. They concluded that 

frames with intermediate sizes performed well. Very light members sustained high 

inelastic stress and strain demands on the middle beam and mid-span gusset plate, 

while heavy framing members reduced inelastic stress and strain demands on the 

middle beam but retained demand on mid-span gusset plates. Moreover, gusset plate 

design has distinctive differences in performance between the mid-span and corner 

plate connections. For corner gusset plates, an 8tp elliptical clearance offers 
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improved performance; for the mid-span gusset plate a linear 8tp clearance 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 column failure scenario is widely used for risk assessment of a new 

and existing buildings subjected to gravity load. In this analysis, an ETABS[129] (a 

general practicing analysis tool) model is exported into ABAQUS[110] using 

customized tool (visual basic programming language by Fu[130]) and analysed in 

effect of gravity loads in congregation with one column failure scenario. The result 

of this type of analysis dictates that a typical multi-storey 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 structural beams 

that sustained strains below the serviceability limit state [131]. It would be 

interesting to conduct such analysis for multi-story concentrically braced steel frame 

structure under lateral load and failure scenario of one brace or multi-braces. 

2.4.3.1 FEMs for push over analysis 

FEMs can be used to conduct unidirectional non-linear static analysis.  The model 

analysed will carry a gravity load and a monotonic lateral displacement-controlled 

load pattern will be applied. This displacement continuously increases through 

elastic and inelastic behaviour until the ultimate load is achieved. The analysis 

determines the overall lateral capacity of frame in terms of storey (base) shear and 

displacement. This storey shear at any point in the response depends on the 

performance of the braces, which may be in their elastic, post-buckled or yield state. 

Therefore, it can be used to define limit states of damage as per the user-defined or 

code based criteria, such as FEMA 356[132] for building fragility curves.  

Broderick et al. [133] carried out comparison of test frame loaded kinematically to a 

frame analysed statically (pushover), in which they found that maximum storey 

shear of a frame is well-predicted by a non-linear push over analysis with the 

contribution of both diagonals (tension and compression) members. With only 

tensile diagonals, the analytical model underestimated test model. This effect follows 

the EC8 guidelines that do not permit the contribution of compression diagonals for 

account of CBF resistance capacity.  
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Push over analysis is also used to determine the response modification factor 

(behaviour factor), q, which is associated with the ductility and over strength of a 

structure, and essentially used to transform the elastic response spectra into inelastic 

response spectra for force based seismic design in order to surpass the requirement 

set out by standards for conducting the nonlinear structural analysis. In this context, 

EC8[134] has recommended a definite measure of behaviour factor, q, based on the 

ductility class of the system, such as concentrically braced frames (CBFs). If the 

ductility class of CBF is classified as medium to high then the behaviour factor, q, 

should be used as 4, provided that structural system must meets other cross-section 

requirements set out in accordance with structural ductility class.  

The applicability of a push over analysis has recently been investigated for multi-

storey framed structures[135], in which it was concluded that push over analysis 

provides a reasonable solution for short period (low-to-medium rise) regular frame 

structures, but it is not reasonable for long period (high rise) and special buildings as 

such it lacks in incorporating the higher modes into modal analysis, which is best 

suited to capture with inelastic dynamic analysis [136].   

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 the given input (earthquake ground motion). It employs 

numerical integration in the time domain 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 inertial load patterns as structural softening 

occurs.  

In NLTHA, the calculated response can be very sensitive to the characteristics of the 

individual ground motion used as seismic input and, therefore, several appropriate 

selected accelerograms should be used in the analyses to achieve a meaningful and 

reliable estimation of the structural response[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 cross-section, number of element, number of 

integration points per element and initial imperfection), otherwise, they may not 

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

This section summarises the literature review and relates it to the work carried out 

during this project. Moreover, it highlights how the research project will fill some 

important gaps and limitations in the literature. 

2.5.1 Simulation of ductile steel behaviour  

From Section 2.4.1.1., it is evident that ductile behaviour of carbon steel has been 

well-investigated. In fact, most of the effects causing variation in steel behaviour 

have been well-characterised, primarily due to the fact that carbon steel is a 

conventional and widely used material in construction. However, there was evidence 

of a lack of coherent understanding among constitutive models (Hookôs Law, 

Hollomon Law, and Ling model) and their potential application in a multi-scale 

analysis of braced steel frame structures. On the other hand, models predicting 

fracture were available, but are not essentially utilised in practice. This drawback 

was associated with the knowledge and expertise required to calibrate them, as well 

as to incorporate them into numerical models for the seismic design and analysis of 

concentrically braced steel frames.  

From Section 2.4.2.1., it was highlighted that different meshing schemes have been 

proposed over the development of analytical models in order to predict the crack 

growth by simulation. However, the semi-crack growth capabilities restricted 

potential applications of such models in the broader context. This formed the basis of 

design challenge.  

The main challenge, and gap, identified from the literature review is the 

development of a unified constructive methodology using the constitutive models, 

including fracture. Thus, this became one of the initial focuses of this thesis. In 

developing the model, the main issues that will be encountered will be maintaining 

the consistency within the modelôs applicable limit, as well as their applicable scale 

(macro, meso, micro) functionality. As such, variation within multi-scale models 

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

view of that, macro scale empirical models will be employed. Also, a 

computationally efficient damage evolution model will be incorporated into finite 

element models. This will allow the prediction of stiffness degradation and discrete 
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crack propagation in the final stages of failure.  The development of unified 

methodology and its successful application, as well as further details on the literature 

that informed the methodology are given in Chapter 3. 

  

2.5.2 Geometrical imperfection models in finite element analysis  

From Section 2.4.2.2., it is evident that experimental studies have identified global 

and local slenderness as the primary influential parameters affecting the hysteretic 

behaviour of structural steel square and rectangular hollow section braces. Other 

secondary influential parameters have also been identified, such as initial geometric 

imperfections.  

Initial geometric imperfections are the geometric entity that comes from the 

fabrication process. In particular, they can be dimples, ripples, out-of-straightness 

and other fabrication defects along and across steel bracing members. However, the 

form they possess is stochastic in that they have no definite magnitude and shape. 

This makes the effect of imperfections on the characterisation of steel bracing 

members to be found mainly from physical testing.   

While looking at the European standard [139], it was found that there is a lack of 

firm information regarding the magnitude and distribution of imperfection to be used 

in structural analyses, particularly, for hollow structural steel sections. From Section 

2.5.2.3., it is evident that a fair number of finite element models were developed in 

the literature to simulate the behaviour of steel hollow sections. There were some 

guidelines in the literature in relation to type and magnitude of imperfections to 

include in the structural analysis of brace members, but they are conflicting, 

equivocal and inconsistent in application. Furthermore, there was a dearth of studies 

that considered a sensitivity analysis of the characterising effects of global and local 

geometric imperfections on the hysteretic behaviour of brace members.  

In the light of these facts, the characterisation and quantification of the effects of 

global and local geometric imperfections was deemed crucially important, for braces 

subjected to static monotonic and cyclic axial loading and became 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.  
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2.5.3 Brace-Gusset plate design and details parameters 

From Section 2.4.3.1., it is evident that there are strong guidelines in European 

standards for the seismic design of braces members, although guidelines on the 

seismic design of their connections (gusset plates) is much more limited. In fact, the 

Eurocodes do not provide explicit guidelines on detailing and dimensioning of gusset 

plates end connections. Instead, they suggest that detailing of gusset plates should 

follow the approach of available methods, such as standard linear clearance method. 

In a recent study [69], however, it was found that this method could lead to 

unexpected failure modes and subsequently the models failed to achieve desired 

performance specified by AISC seismic design provisions. Alternatively, the cited 

study has proposed a balanced design approach.   

The recent findings was made by one prominent research group working extensively 

on improving the seismic design of concentrically braced frame structures at the 

University of Washington, US, in a collaboration with National Taiwan University, 

and the National Centre for Research in Earthquake Engineering, Taiwan, aiming to 

provide recommendations on the AISC seismic design provision[69, 82, 83].  

There is a dearth of research in the literature that studied the suitability of this 

balance design approach for gusset plates used for brac ing members in 

concentrically braced frames designed using the European seismic design code. 

Thus, Trinity College in Dublin, in collaboration with the National University of 

Ireland Galway, have carried out push-over tests on brace-gusset plate specimens 

under fully reversed cyclic axial loading, as discussed in more detail in Chapter 5. 

However, the difficulty encountered in the tests was the exact characterisation of 

structural models, primarily due to several reasons, (i) limited strain gauge recording 

capabilities, (ii) difficulty in tracing evolution of local phenomenon, (iii) 

involvement of too many effects, such as framing action, and (iv) test disruption. 

Thus, a finite element model was also required to successfully replicate the 

behaviour observed in the physical laboratory tests to serve as a basis for evaluating 

existing predictive models for ductility capacity, fatigue-life capacity, lateral 

deformation, and energy dissipation capacity. Thus, 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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Article overview  

This work presents the development of the design methodology for static analysis of 

steel bracing members. It fi rst builds-up coherent understanding and then 

demonstrates modelôs calibration process, outlines parameters calibrated, explains 

the finite element framework, and validates the FEMs using experimental results. 

The methodology presented includes the empirical 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 life-cycle (as initial yielding, 

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

static tensile loading. A crack driven approach is used to predict the stiffness 

degradation, including ductile cracking and fracture. The novelty of this work is that 

a fully automated, robust, cost effective (computationally) 3D crack driven FE model 

has been developed. 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 tests. These coupon 

tests were fifty-four 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 sub-models and their modelling characterisation. These sub-models are 

categorised as, mesh model, element model, interaction model, finite element solver 

model, and test set-up boundary state model. The resulted finite element model is 

then used for static analysis of steel bracing members. This static analysis covers all 

life-cycle events of braces, including fracture. The static performance of 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 tests for twenty-

three brace specimens (see Appendix B). A part of it, the chapter covers the seismic 

design aspects of steel braces for application to framing of concentrically braced 

steel frames. The FE model developed is beneficial to be used in future research and 

in conventional and advanced day to day design issues encountered by structural 

design engineers in practice. This work has been published in the journal Structures 

(2018). I am the first lead author in the paper, which is co-authored with my 

supervisors. The test results used to validate the models were taken from my PhD 

supervisorôs work (Goggins 2014 - cited in Section 3.2.1). Besides the physical 

testing, I lead all other elements of the work with support from my PhD supervisors. 

Abstract 

A design methodology that addresses the modelling of ductile steel behaviour in a 

unified format is presented. In this methodology, three empirical laws defined as 

Hookôs Law, Hollomon Law, Modified Weighted Average Law and a crack driven 

law based on the extended finite 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 hollow sections 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 twenty-three monotonic static tests of steel hollow sections is 

employed to validate XFEM modelôs performance. The XFEM results are found to 
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match the physical tests values relatively well. In other words, when comparing the 

ratio of yield force, ultimate displacement, and energy dissipation 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 coefficient of variation of 

0.05, 0.19, and 0.19 respectively. Hence, the design methodology 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 the material 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 analysis has 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 micro-mechanical models, 

empirical models only require basic material properties 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, Swift [2] built on this 

work by developing a hardening model for stainless steel material by incorporating 

an initial strain term. Ludwigson [3] went further and modified the Hollomon [1] 

model by additional constants to capture better the double and triple strain hardening 

behaviour of steel. On the other hand, Ling [4] took an analytical approach to model 

steel necking behaviour by exponential and straight line theory in his analysis. Jia 

and Kuwamura [5] 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 predicting 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 and predicts stiffness degradation and fracture is a major 

step in the 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 semi-crack 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 example, 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 traction-separation law. The 

cohesive traction-separation model by Dugdale [7] and Barenblatt [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 traction-separation model and empirical models 

defined in the literature are linked empirically and systematically to form an 

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. This 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 XFEM can lead to a significant saving in terms of simulation set-up 

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 work 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 displacement, 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 

3.2.1 Physical laboratory tests 

 Goggins [9] carried out many coupon tests of cold-formed carbon steel to 

obtain data on tensile steel properties. These coupons were cut from 40 x 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. 

1.0039[10]. The coupons were taken from the flat faces of the sections, except the 

face containing the seam weld, as shown in the Figure 3.1. They were machined in 

such a configuration that they had a fixed dimension of the tested length (Lc) and 

gauge length (Lo) of 75 mm and 50 mm, respectively (Figure 3.1). The parallel 

length, Lt , which included the length of the grip ends, varied between 171 and 237 

mm. The coupons were monotonically axially loaded in tension under controlled 

displacement amplitudes as per the European standard for testing metallic metal 

BS10002-1 [11]. Thus, a strain rate of 0.00025 s-1 was employed up to a 

displacement of 4 mm and a displacement rate of 0.005 S-1 up to a failure. In total, 

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

Figure 3.2 shows the test 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 load-extension curves. The coupons can be identified by the 

section depth, d (either 40, 20, or 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 was found negligible for all coupons except for 

those taken from the 40 x 40 x 2.5 cross-sections. For all coupons, the yield 

point/plateau is unidentifiable on the load-extension curves due to cold-forming 

effect. For this reason, the 0.2% proof stress method, as well as the straight line 

(proportional limit) method was used to mark the yield loads, and, subsequently, the 

yield strength of material. MacDonald et al. [12] 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 virgin material. 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 occurred when loaded up to 4mm in tension 

inside the gauge length; however, failure in a few specimens was located outside the 

gauge length, as identified in Tables 3.1 -3.3. 

 

Figure 3.1. Section labelling and coupon detailing (dimensions are given in Tables 3.1 -3.3 

where A represents the area of coupon sample). 

Physical tests of SHS and RHS specimens carried out by Goggins [9] under 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 specimens. The normalised slenderness ratio of these 

specimens was between 0.06 and 0.13 and classified as Class-1 cross-sections as per 

Eurocode 3 (EC3) [13]. 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 tension. As depicted, the specimen behaves linearly elastic up to a 

proportional limit, which is in accordance with their couponôs response. The 

response of specimen, however, hardened in the post-yielding stage significantly. 

Other specimens had almost a flat plateau 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 closer to the corners that were formed by cold 

forming of the parent material and (ii) a relatively larger amount of the material in 

the cross-section of the smaller sectors is more affected by cold-forming. After the 

occurrences of peak load, the stiffness degraded in a ductile manner up to the onset 

of fracture. During elongation of both the coupons and structural hollow sections 

through displacement-controlled loading, necking was prominently evident.  

 

 

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

in tension. 

 

3.2.2 Design methodology 

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

and finally fractures. In order to capture these phenomena, appropriate methods are 

 

Figure 3.2. Response of coupons tested to 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 (c) 

50 x 25 x 2.5 specimens (material strengths corresponding to 0.2% proof stress, 

, initial yield strength,  and ultimate strength,  are given in Tables 

3.1 -3.3). 
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required. In this context, Hookôs method, Hollomon method [1], modified weighted 

average (MWA) method [5], and extended finite element method (XFEM) [6] were 

employed, which are given schematically in Figure 3.4, as per the valid stress 

threshold limit they acquired for ductile steel behaviour. Each of these methods will 

now be briefly described. 

 

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

materialistic behaviour of steel. 

 

3.2.2.1 Hookôs method 

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 of the material, their effect 

remains negligible during this phase of deformation. The Hookôs method has given a 

formula for describing the linear relationship between stress and strain by 

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

 
                                                  (3.1) 

where  are the recoverable stresses,  are the recoverable strains, and  is the 

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

Hollomon [1], while investigating steel behaviour by physical tests, found that the 

stresses on account of strain hardening can be best empirically captured through a 

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

 
                                                                          (3.2) 

 
where  is the strength coefficient parameter, 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 term  is the strain hardening exponent and mathematically is 

the slope of a line. The terms  and  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 ( ) 

is satisfied, which is a purely empirical in character and was not associated to 

physical argument involving dislocation theory [14]. However, it is preserved in this 

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

[1]. 

 

3.2.2.3 Modified 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 power law and straight line relationships, which is given as: 

                           (3.3) 

where  and  is the true stress and true strain magnitudes of ultimate strength, 

 is the optimal factor, and  are the given true strain data points from point of 

necking to the point of complete fracture for the stresses,  on account of necking.  
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In Eq. (3.3) the power law (on the right side of the positive sign) reflects 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 model [4] was modified by Jia and Kuwamura [5] by taking into 

account the upper bound solution of the Ling model. They found that the true stress-

strain curve for many steels remains 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 zero (  after necking. This 

form the basis of the modified weighted average method (MWA); 

                                                 (3.4) 

 

3.2.2.4 Extended finite element method 

To model fracture in the steel specimen, an extended finite element method (XFEM) 

is employed, which is an efficient and powerful tool having tendency of simulating 

discontinuities within the classical finite element framework. It was first introduced 

by Belytschko and Black [15] as an alternative to model the crack growth problem. It 

is based on the concept of partition of unity [16] and allows the modelling of surface 

de-cohesion and meso-crack propagation in the brittle and ductile material [6]. 

Conventional methods of analysing cracks require that the mesh must be updated 

over the course of analysis or either it must conform to the geometric discontinuity 

to capture the stress-field for a stationery crack. With XFEM, the crack can be 

modelled independently from the mesh requirement, allowing a crack of arbitrary 

shape and location to be model effectively, by incorporating special displacement 

function, , into the finite element approximation as: 

 

(3.5) 
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where  are the standard nodal shape functions,  is the nodal displacement 

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

vector,  and the jump function  that represents the crack surface; and the third 

term is the product of the nodal enriched degree of freedom vector, and the elastic 

asymptotic crack tip-function . The two functions are illustrated in Figure 3.5 

and 3.6. The jump function that represents the discontinuity (jump) between cracked 

elements is given as: 

                            (3.6) 

 

where  is a sample (Gauss) point,  is the point on the crack closest to , and  is 

the unit outward normal to the crack at position .  

 

Figure 3.5. Graphical illustration of finite element mesh showing additional displacement 

functions for crack growth modelling; the jump function cut whole element at a time, while 

crack tip function derives the stress field ahead of crack front.   
The elastic asymptotic crack tip function, which represents the crack front is given 

as: 

       (3.7) 

Where  is the polar coordinates of the system with its origin at the crack tip and 

the s is the curvilinear coordinates of the crack surface, as shown in Figure 3.6. This 

set of trigonometric function and the corresponding jump function forms the basis of 

crack modelling for XFEM. 



Chapter 3. Advanced finite element simulation of ductile structural steel 

incorporating a crack growth model 

- 79 - 

 

   

Figure 3.6. Representation of normal and tangential coordinates for an arbitrary crack 

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 tip and jump). 

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 

problems that are pre-cracked 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 plasticised 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 material 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 

element is 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 nodes disintegrated 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 traction-separation law that controls cracking 

mechanisms from the point 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 trigger the 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 (post-cracking) and format 

the stiffness degradation of a material 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 increase separation between cracked 

parts of an element, while decreasing stresses (tractions) between them, as shown 

schematically in (Figure 3.7(a)). Scientifically, the displacement and stresses are two 

unmatched unit terms; however, they have been interrelated for XFEM to avoid the 

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

The work driven by the traction-separation mechanisms from the point of crack 

initiation to the point of fracture (full separation) represents the energy dissipation 

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

major component driving the behaviour of a material at cracking stage. By 

definition, it is a measure of resistance to crack propagation per unit area. With 

known value of it denoted as,  to the fracture energy dissipated,  the ratio of two 

indicated the degree,  of the overall damage occurring during the process of 

fracturing: 

  (For fracture occurrence)                 (3.8) 

The damage index can be monitored by ñSTATUSXFEMò output in ABAQUS and 

be varied from 0 to 1, as shown schematically in Figure 3.7(b). 
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3.3 Development of FE model incorporating XFEM 

The design methodology defined in Section 2 is now applied to steel coupons tested 

by Goggins [9] in order to develop a material model for the finite element simulation 

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 outlined in Figure 3.8 and implemented 

using the commercial finite element package, ABAQUS v.6.13 [6]. 

3.3.1 Material model 

A ductile 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 Section 3.2.2 and shown 

schematically in Figure 3.9. 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 

Section 3.2.1 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.   

 

 

Figure 3.7 (a) - (b):  Ductile damage model (a) linear cohesive-traction separation law, 

where Tmax is the maximum traction and dmax is the maximum separation, (b) crack 

evolution law.  
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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 design methodology for developing the material 

model with input, processing, and output units. 

3.3.1.1 Modelling linear elastic behaviour 

The load-extension responses of coupons obtained from physical tests by Goggins 

[9] were transformed into an elemental engineered stress-strain form by standardised 

formula, defined as , where  is the axial load and  is the original 
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cross-sectional area of coupons, and , where  is the applied 

displacement and , is the original gauge length of the coupon. Thus, the modulus 

of elasticity, E value for the given steel can be estimated by Hookôs Law. It was 

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 Goggins [9] from 

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 their coupon tests. It was concluded that lack-of-fit 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 representative E value 190,000 MPa was selected for all tests of Goggins 

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

to account for the elastic changes in material during simulation. 

3.3.1.2 Modelling strain hardening behaviour  

Modelling strain hardening behaviour requires converting the engineered stress-

strain data ( ) into a true stress and true strain magnitudes ( ). As such, the 

assumption of uniform stresses across cross-section and strain along the gauge 

length begins to deviate after yielding and is not completely valid after necking. The 

two constitutive relationships that fulfil the assumption of volume conservation for 

true stress and true strain are given as:  

True stress                                        (3.9) 

True strain                                         (3.10) 

where ,  are the true and engineered stresses, respectively, while ,  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 magnitudes. On the other hand, the ultimate point is 

taken as the highest point of the true stress and true strain curves (remember the 
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valid threshold limit of the model). This data is presented in terms of log-log scale 

and a linear portion of the curve (determined 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. This R-squared index indicates the fitness of the 

model to the plotted data. As the coupon behaviour observed by Goggins [9] had 

double and triple n (slopes) behaviour on the log-log scale, it was difficult to use a 

single line over the full hardening region that had a fitness value to the test data with 

an R-squared index, R2 of approximately 0.99. Hence, the reasoning for setting the 

criteria for at least 50% of the measured data to be used when fitting a linear 

relationship. It should be noted that double and triple (slope) n behaviour was also 

reported by Bergström and Aronsson [18] in mild steel behaviour, which later 

became the basis of the modification of the original Hollomon [1] equation into the 

forms of Ludwik [19], Swift [2], Ludwigson models [3], etc. However, to avoid the 

complexity to model two or three 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 Hollomon [1] model were calibrated against each 

coupon test, which were forty five in total, and are given relevant to their sections in 

Tables 3.1 to 3.3. 

It was quantified that the strength coefficient K parameter of Hollomon model [1] 

can be best confined under the constitutive relationship of actual and nominal 

properties of the material. Hence, a novel expression for determination of K 

parameter is proposed, which is given as: 

                                

                                            (3.11) 

 
 

where   are the measured material properties in term of ultimate and initial 

yield strength, respectively, from test data, while  is the nominal yield strength 

of the parent steel material. Constitutively, the expression to determine the stress  
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term on the expected hardening of steel in monotonic tension loading accounts for 

the effects of strain hardening, over-strength factor due to actual material yield 

strength being higher than the nominal (i.e. minimum permitted) yield strength, and 

the actual measured yield strength. The over-strength factor,  is limited by a 

factor of 1.25 according to the Eurocode 8 (EC8) [20] guidelines. EC8 [20] implies 

that sections that are used as dissipative 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 pre-mature structural collapse as a result of material yielding in 

non-dissipative element prior to the yielding of dissipative elements during 

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

3.3.1.3 Modelling steel necking 

When steel specimens are subjected to tensile loading that causes necking, neither 

their cross-section nor the stresses 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 triaxial stress state at spatial points of the 

material. In order to model necking of steel, the MWA method [5] is employed (refer 

to Section 3.2.2.3). In this method, the instant at which the necking initiate and 

fracture occur is required. The instant of initiation of necking is retained from the 

Hollomon model [1]; that is, when hardening terminates and necking initiates, while 

the instant of fracture is identified from the fracture strain magnitude,  which was 

available from the coupon tests by Goggins [9] (given in Tables 3.1 - 3.3). By 

knowing the empirical values of strain for the ultimate and fracture events, the 

necking behaviour of steel can be interpolated between the two known strain 

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

using numerical models, which indirectly governed the degree of ultimate 

displacement the specimens have during the necking. In this study, a default value of 

 = 0.5 was selected for each initial run and a trial and error basis was used to 

determine the optimal weighted factor,  for structural steel hollow specimens. By 

giving an initial value for the optimal factor, the stress-strain history can be 

formulated. This stress-strain history is adjoined with the stress-strain history 
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developed from the Hollomon model [1]. However, this inelastic component is a first 

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

necking behaviour of steel is found between the physical test results 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, 

 was higher for specimens which displayed greater ductile response and vice versa. 

For tests conducted by Goggins [9], optimal weighted factors,  of 0.5 and 0.9 are 

found to be suitable. 

3.3.1.4 Modelling 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 principal strain criterion (Eq. 3.12) was used to quantify the 

instant of crack initiation by fracture strain in coupon tests by Goggins [9]. The 

choice of strain criterion leads to the reduced effects of the stress concentration 

during finite element modelling. The maximum principal criterion is given as 

                                                 (3.12) 

where  the fracture is strain and  is the strain at the enriched region. The 

symbol àð represents the Macaulay bracket indicating that the pure compressive state 

of strain could not initiate crack. The 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 resisting capacity 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 multi-failure criterion and mode dependent is best suited to materials that 

are non-isotropic (such as composites which have different strengths in different 

directions, as well as mode dependent fracture). Although, steel behaves close to 

isotropic material having identical 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 45o by shear stresses. However, due to lack of detailed data on the 

metal fracture, as well as keeping the objective of the modelling simple and 

practical, the mix-mode 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 at room temperature 

(26 oC) 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 addition, a linear 

softening response was also chosen for stiffness degradation in the crack growth 

model.  

3.3.2 Convergence study  

A three-dimensional eight node general purpose continuum solid element with 

reduced integration, designated as C3D8R, was employed throughout the study. This 

element allows the modelling of surface de-cohesion and meso-crack propagation by 

linear interpolation and is preferred over linear tetra and wedge elements for crack 

growth modelling. It has one integration point at the centre and three displacement 

degrees of freedom at each node. Unlike shell elements, they have been successfully 

used in crack driven approaches by XFEM (refer, for example, to [22]). Their 

performance relative to C3D10 (three-dimensional quadratic tetra elements) was 

compared using identical element sizes and boundary condition and found to be 

computationally inexpensive (refer to Table 3.4).  

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

and speed, a detailed meshing study was carried out using 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. Model run time can 

be significantly influenced by inappropriate selection 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 3.1 Measured properties and calibrated programs associated with coupon results of 

40 x 40 x 2.5 steel hollow specimen 

 
 

Table 3.2 Measured properties and calibrated programs associated with coupon results of 

20 x 20 x 2.0 steel hollow specimen 
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Table 3.3 Measured properties and calibrated programs associated with coupon 

results of 50 x 25 x 2.5 steel hollow specimen 

 
 

To conduct meshing, ABAQUS [6] offers two methods: ñseeding local edgesò and 

ñseeding by part (the entire model)ò. The ñseeding local edgesò provide more control 

over the meshing 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, the seeding local 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 x 2.0 -120 mm specimen 

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

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

A non-bias-meshing scheme was adopted.  

Figure 3.10 shows the axial load-axial displacement response of four XFEM models 

when axially loaded in tension, each with different element 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 FE models with 

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 be effected 

by unequal dimensions of a cubic element [6]; hence, unequal sizing was avoided.   

Table 3.4 contains the result of a convergence study in terms of the number 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 density) and vice versa. The element size of 2 mm gives a load-displacement 

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 simulations in 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 I core 7 CPU (Table 

3.4). Hence, elements of 2 mm in size were adopted.   

Table 3.4. Results in terms of performance of C3D8R element over various selected sizes. 

 

 

Figure 3.10. Effect of changing the size of element on the load-displacement response of 

XFEM model for specimen behaviour of 20 x 20 x 2 x 120 mm hollow steel section. 

Element size 

(depth x width  x 

thickness) 

Number 

of 

elements 

Number 

of 

nodes 

Number of 

elements 

through 

thickness 

Model run 

time (I7 

CPU) 

 

Drive 

storage 

 

 

mm    Mins GB  

5.3 x 5.0 x 2.0 3016 5076 1 1.8 0.02  

3.2 x 3.0 x 2.0 10,902 16,352 1 10.1 0.06  

2.0 x 2.0 x 2.0 32,376 43,850 1 64.3 0.28  

1.5 x 1.5 x 2.0 56,980 74,097 1 119.1 0.50  
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3.3.3 Interaction method 

An interaction technique was used to incorporate 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 Section 3.2.2.4. Henceforth, the FE models are 

termed as XFEM models, as shown in Figure 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 fracture occurred in specimens during physical 

testing. A geometric cell entity tool was used to conduct partitioning of stiffened and 

unstiffened lengths of the XFEM model. 

3.3.4 Finite element solver 

For crack growth analysis, 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 non-linear geometric analysis that incorporates large deformation theory into a 

standard numerical analysis was used to take into account the non-linear effects 

experienced during necking. An automatic stabilization associated with numerical 

analysis was used to overcome the convergence issue during crack growth. A default 

 

Figure 3.11. XFEM model for a 2.0 x 2.0 x 2.0 SHS specimen, showing meshing scheme, and 

element type C3D8R, element sizing and enrichment of unstiffened length for crack growth. 

The enrichment is marked with yellow stars that means only these elements have crack growth 

shape functions. 
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set fraction 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 be enhanced 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 equations, the Newton-Raphson method was used. 

3.4 Discussion and results 

3.4.1 Material model validation 

From Tables 3.1 to 3.3,  it is found that the  and  parameters of the Hollomon law 

[1] calibrated against physical tests conducted by Goggins [9] are smaller than those 

prescribed in literature for hardening of steel [23, 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 

specimens, as depicted in Figure 3.2. Moreover, a general trend of  and  

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

strength coefficient parameter () and lower the strain hardening exponent,  and 

vice versa (refer to Tables 3.1 to 3.3). This trend was also observed by Lin et al. 

[24]. On the other hand, the values of  derived by Eq 3.11 using the imposed limit 

of EC8 [20] are found to be in good correlation with experimental values. Moreover, 

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 agreement (Figure 

3.12). 
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Figure 3.12. Comparison of stress and strain response of XFEM models to the provided 

stress-strain data in the design methodology for (a) 40 x 40 x 2.5-T-F-3, (b) 40 x 40 x 2.5-T-

P-7, (c) 20 x 20 x 2.0-T-P-12, (d) 20 x 20 x 2.0-T-P-13, (e) 50 x 25 x 2.5-T-P-17, (f) 50 x 25 

x 2.5-T-P-19 specimens. 

3.4.2 XFEM model validation 

XFEM models are used in the simulation of twenty-three SHS and RHS specimens 

tested by Goggins [9] under static monotonic axial loading. Monotonic tests with 

different dimensions, lengths, slenderness ratios, and material properties were 

investigated (Refer to Table 3.5). In Table 3.5, the specimens ID are identified by the 

dimensions of brace tube cross-section (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 number of specimens. Specimen slenderness were calculated 

according to the given formula of EC3 [13]. 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. Table 3.5 gives the initial yield load,  

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

Goggins [9] and their comparison 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 one-tenth the tangent at the origin intersect (see, for example, Figure 3.3). 
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The axial load-axial displacement responses of XFEM models and physical test 

models of specimens are shown in Figure 3.13-3.28. 

3.4.2.1 Initial 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 load () 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 

2.5-C model had average ratio of XFEM model to physical test model for  of 1.01, 

1.07, 1.07, and 0.95, with corresponding coefficient of variation (Cov) of 0.04, 0.05, 

0.01, and 0.03, respectively. Thus, the equivalent mean (Meane) value for  for the 

total 23 specimens was 1.03, with a corresponding equivalent Cov (Cove) value of 

0.05. 

 

Table 3.5. Summary of comparison carried out between XFEM models and physical test 

modelôs results. 
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(b) 

        

          

 

 

Figure 3.13. (a) Physical test and (b) FE model load displacement hysteretic curves for 

specimen 40 x 40 x 2.5-T-P-1. 

 

  
Figure 3.14. (a) Physical test and (b) FE model load displacement hysteretic curves for 

specimen 40 x 40 x 2.5-T-P-2. 

 

  
Figure 3.15. (a) Physical test and (b) FE model load displacement hysteretic curves for 

specimen 40 x 40 x 2.5-T-P-3. 

  

  
Figure 3.16. (a) Physical test and (b) FE model load displacement hysteretic curves for 

specimen 40 x 40 x 2.5-T-P-4. 

  

(b) (a) 

(b) 

(b) 

(a) 

(a) 

(a) 

 

(b) 
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Figure 3.17. (a) Physical test and (b) FE model load displacement hysteretic curves for 

specimen 40 x 40 x 2.5-T-P-5. 
 

  
Figure 3.18. (a) Physical test and (b) FE model load displacement hysteretic curves for 

specimen 20 x 20 x 2.0-T-P-8. 

 

  
Figure 3.19. (a) Physical test and (b) FE model load displacement hysteretic curves for 

specimen 20 x 20 x 2.0-T-P-9. 

  

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

specimen 20 x 20 x 2.0-T-P-12. 

(a) 

(a) 

(a) 

(a) 

(b) 

(b) 

(b) 

(b) 
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Figure 3.21. (a) Physical test and (b) FE model load displacement hysteretic curves for 

specimen 20 x 20 x 2.0-T-P-13. 

  

  
Figure 3.22. (a) Physical test and (b) FE model load displacement hysteretic curves for 

specimen 20 x 20 x 2.0-T-P-14. 

  

  

Figure 3.23. (a) Physical test and (b) FE model load displacement hysteretic curves for 

specimen 50 x 25 x 2.5-T-P-15. 

 

  
Figure 3.24. (a) Physical test and (b) FE model load displacement hysteretic curves for 

specimen 50 x 25 x 2.5-T-P-16. 

 

(b) 

(b) 

(a) 

(a) 

(a) 

(a) 

(b) 

(b) 
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Figure 3.28. (a) Physical test and (b) FE model load displacement hysteretic curves for 

specimen 40 x 40 x 2.5-C-P-22. 

 

  

Figure 3.25. (a) Physical test and (b) FE model load displacement hysteretic curves for 

specimen 50 x 25 x 2.5-T-P-17. 

  

  

Figure 3.26. (a) Physical test and (b) FE model load displacement hysteretic curves for 

specimen 50 x 25 x 2.5-T-P-18. 

  

  
Figure 3.27. (a) Physical test and (b) FE model load displacement hysteretic curves for 

specimen 50 x 25 x 2.5-T-P-20. 

  

(b) 

(b) 

(a) 

(a) 

(a) (b) 

(a) (b) 
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Furthermore, comparing the loadïdisplacement responses of the XFEM models to 

physical test models (Figure 3.13 -3.28), it is observed that the XFEM models gave 

acceptable predictions of the linear elastic behaviour and strain hardening of the 

specimens. For some specimens, it slightly underestimated the results of hardening 

due to the fact that the seam-weld was not modelled in this study. 

3.4.2.2 Ultimate displacement  

For all specimens, necking occurred at the unstiffened length of specimens. The 

potential of necking, 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 determines their 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. The 50 x 25 x 2.5RHS test specimens with a 

rectangular cross-section possessed larger ductile responses than those with square 

cross-sections due to their geometrical property. Hence, a greater optimal factor 

( =0.9) was used to derive their necking behaviour in the simulations. On the other 

hand, a smaller optimal factor (=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 of brace specimens 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 safety to 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, q, has been introduced by EC8 [20] to 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 structural configuration (X-braced, V-chevron braced, etc.) and the cross-

section, as given in the EC8 [20] and EC3 [13], respectively. The specimens used in 

this study are classified as Class-1 cross-sections and valid for all structural systems 

given in EC8 [20] for the design of earthquake resistant braced steel frames. 
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While comparing the ultimate displacement values from XFEM models and physical 

tests (see Table 3.5), 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 test models for all specimens are within . However, it should be noted 

that two of the specimens (20 x 20 x 2.0-T-P-8 and 20 x 20 x 2.0-T-P-9) displayed 

lower ductile behaviour in physical tests, which is not permitted by standards in the 

design of braced steel frames.   

 

  

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

test models. 

 

3.4.2.3 Energy dissipation capacity 

The energy dissipation capacity (W) represents the area under the load-displacement 

hysteretic response of the specimen and is quantified in Table 3.5. As depicted in 

Figure 3.29, the specimens with smaller cross-sections (i.e. 20 x 20 x 2.0) dissipated 

lesser energy than those dissipated by specimens of other larger cross-sections. 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 specimens, respectively. Thus, the Meane and Cove was found to be 1.05, and 

0.19, respectively, for all specimens studied. 
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3.4.2.4 Failure modes 

Steel hollow sections when subjected to increasing static monotonic tensile loading 

suffer initial yielding, strain hardening, necking and fracture of the cross-section, as 

shown, for example, in Figure 3.30 for the 40 x 40 x 2.5-T-P-2 specimen. In physical 

experiments, however, without the use of advanced monitoring equipment such as 

digital image correlation, it is difficult to inspect in detail the life-cycle 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 

the full 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 STATUS-XFEM, 

where STATUS-XFEM is a damage contour indicating the damage index from 0 to 

1 [6]. Figure 3.31 shows the deformed specimen and Von Mises stresses for the 

XFEM model of the specimen displayed in Figure 3.30. It can be observed that 

substantial inelastic deformation occurred by necking, followed by accumulation of 

bulk plasticity 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 cold-formed structural steel square and rectangular hollow sections to 

failure. The appearance of an initial crack at flat faces of the section releases stresses 

traction at material points, increasing the stress applied in the un-cracked region at 

this cross-section such as at the corners of the section, which subsequently confines 

plasticity around the corners of the XFEM model leading to full fracture through the 

cross-section of the specimen, as shown in Figure 3.31.  
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Figure 3.30. Tested to failure response of 40 x 40 x 2.5-T-P-2 specimen, (a) Substantial 

necking visible, (b) Crack at seam, (c) Crack extend across front and along sides, (d) 

Fracture. 

 

Figure 3.31. Simulated response of 40 x 40 x 2.5-T-P-2 XFEM model (a) 

Substantial necking, (b) Crack appearance, (c) Crack extension across front and 

along sides, (d) Fracture. 
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Figure 3.32. Comparison of failure modes of 50 x 50 x 2.5 specimen between the 

XFEM and physical test models (a) tensile crack initiation at extremely neck region, 

and (b) crack extension in shear mode (Mode II) in physical test model, while tensile 

mode (Mode I) in the XFEM model.  
 

 
Figure 3.32 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 I) crack appeared at flat 

face of the cross-section upon maturity, which propagated towards the corners of the 

section by shearing (Mode II) crack. In contrast, a tensile (Mode I) crack drove 

entirely the fracture in the XFEM model (Figure 3.32). A possible reason would be 

the absence of interactive crack growth properties by tension and shear stresses in 

the damage model. One can predict shear (Mode II) failure, however, at the expense 

of detailed micro-mechanical data for metal fracture. However, accounting for shear 

Mode-II in the damage 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 particles, which is predicted well by the XFEM model, (ii) the post-cracking 

stiffness is not typically considered in design for large scale steel structures such as 

earthquake-resistant buildings and, hence, it is not essential to capture this accurately 

(although it is possible to do this by modelling crack micro-mechanically 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 key performance 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 models [25-27] and physical theory based models [28, 29].  

3.5 Conclusion 

In this paper, a detailed description is presented of a structural grade steel material 

stress-strain relationship that models the full behaviour of the steel from the elastic 

phase, strain hardening, necking and fracture during static monotonic loading. The 

applicability of this design methodology has been demonstrated by calibrating 

empirical parameters for Hookôs law, Hollomonôs law [1] and the MWA [5] method 

using data from steel coupons tests, and subsequently validating this material model 

by employing it in 3D XFEM models of square and rectangular structural 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 sections that 

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

¶ 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 25 x 2.5RHS, and 40 x 40 x 2.5SHS-C 

specimens, respectively.  

¶ When comparing the yield 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 numerical model 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 2.5SHS-C specimens, respectively.  

¶ For energy dissipation capacity, the 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.  

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

compare to those observed during the physical tests.  

 



Chapter 3. Advanced finite element simulation of ductile structural steel 

incorporating a crack growth model 

- 106 - 

 

3.6 Acknowledgment 

The first author would like to acknowledge College of Engineering and Informatics 

(COEL) of the National University of Ireland Galway for providing a Ph.D. 

studentship for this research. The first author acknowledges Dr. David Grogan for 

providing basic tutorship in XFEM. The third author would like to acknowledge the 

support of Science Foundation Ireland through the Career Development Award 

programme (Grant No. 13/CDA/2200). 

3.7 References 

[1] Hollomon, J., Tensile deformation. Transactions of the Society of Mining, 

Engineers of American Institute of Mining,ò Metallurgical and Petroleum 

Engineers, 1945. 162: p. 268-272. 

[2] Swift, H.W., Plastic instability under plane stress. Journal of the Mechanics 

and Physics of Solids, 1952. 1(1): p. 1-18. 

[3] Ludwigson, D., Modified stress-strain relation for FCC metals and alloys. 

Metallurgical Transactions, 1971. 2(10): p. 2825-2828. 

[4] Ling, Y., Uniaxial true stress-strain after necking. AMP J.Technol, 1996. 5: 

p. 37-48. 

[5] Jia, L.-J. and H. Kuwamura, Ductile Fracture Simulation of Structural Steels 

under Monotonic Tension. J. Struct. Eng., 2014. 140(5): p. 04013115. 

[6] ABAQUS, Analysis Userôs Manual I-V, in Version 6.13. 2013, Dassault 

Syst®mes: USA: ABAQUS, Inc. 

[7] Dugdale, D.S., Yielding of steel sheets containing slits. Journal of the 

Mechanics and Physics of Solids, 1960. 8(2): p. 100-104. 

[8] Barenblatt, G.I., The Mathematical Theory of Equilibrium Cracks in Brittle 

Fracture, in Advances in Applied Mechanics. 1962, Elsevier. p. 55-129. 

[9] Goggins, J., Earthquake resistance hollow and filled steel braces. 2004, 

Trinity College, University of Dublin. 

[10] BS EN 10219-2:2006 Cold formed welded structural hollow sections of non-

alloy and fine grain steels, in Part 2: Tolerances, dimension and sectional 

properties. 2006. 



Chapter 3. Advanced finite element simulation of ductile structural steel 

incorporating a crack growth model 

- 107 - 

 

[11] BS, EN. 10002-1:2001 Tensile testing of metallic materials. method of test at 

ambient temperature. 2001. 

[12] MacDonald, M. Rhodes, Crawford, and G.T. Taylor, A study on the effect of 

cold forming on the yield strength of stainless steel type 304-hardness test 

approach. 13thInternational specialty conference on cold-formed Steel 

Structures. Paper1, 1996. 

[13] IS EN 1993-1-1:2005, Eurocode 3: Design of Steel Structures - Part 1-1: 

General Rules and Rules for Buildings. 

[14] Samuel, K.G. and P. Rodriguez, On power-law type relationships and the 

Ludwigson explanation for the stress-strain behaviour of AISI 316 stainless 

steel. Journal of Materials Science, 2005. 40(21): p. 5727-5731. 

[15] Belytschko, T. and T. Black, Elastic crack growth in finite elements with 

minimal remeshing. Int. J. Numer. Meth. Engng., 1999. 45: p. 601ï620. 

[16] Melenk, J.M. and I. Babuġka, The partition of unity finite element method: 

Basic theory and applications. Computer Methods in Applied Mechanics and 

Engineering, 1996. 139(1): p. 289-314. 

[17] Goggins, J.M., B.M. Broderick, A.Y. Elghazouli, and A.S. Lucas, Behaviour 

of tubular steel members under cyclic axial loading. Journal of 

Constructional Steel Research, 2006. 62(1ï2): p. 121-131. 

[18] Bergström, Y. and B. Aronsson, The application of a dislocation model to the 

strain and temperature dependence of the strain hardening exponentn in the 

Ludwik-Hollomon relation between stress and strain in mild steels. 

Metallurgical Transactions, 1972. 3(7): p. 1951-1957. 

[19] LUDIK, P., Elemente der Technologischen Mechanik. Verlag Von Julius, 

Springer Leipzig, 1909: p. p. 32. 

[20] BS EN 1998-1:2004, Eurocode 8 : Design of Structures for earthquake 

resistance Part 1: General rules, seismic actions and rules for buildings. . 

[21] Faleskog, J., F. Nilsson, S. Shehu, and H. Öberg, Application of Constraint 

Modelling to Evaluation of Crack Growth Experiments,. Fatigue and Fracture 

Mechanics, 1997. 27th Volume(STP16229S, R. Piascik, J. Newman, and N. 

Dowling, Ed., ASTM International, West Conshohocken, PA): p. 72-89. 

[22] Grogan, D.M., S.B. Leen, and C.M. Ó Brádaigh, An XFEM-based 

methodology for fatigue delamination and permeability of composites. 

Composite Structures, 2014. 107: p. 205-218. 



Chapter 3. Advanced finite element simulation of ductile structural steel 

incorporating a crack growth model 

- 108 - 

 

[23] Bowen, A.W. and P.G. Partridge, Limitations of the Hollomon strain-

hardening equation. Journal of Physics D: Applied Physics, 1974. 7(7): p. 

969. 

[24] Lin, Y.-K., K.-M. Hsu, and P.-K. Lee, The Application of Flow Stress Model 

to Sheet Metal Forming Simulation. China Steel Technical Report, 2010. 23: 

p. 31-35. 

[25] Haddad, M., Concentric tubular steel braces subjected to seismic loading: 

Finite element modelling. Journal of Constructional Steel Research, 2015. 

104: p. 155-66. 

[26] Hassan, M.S., J. Goggins, and S. Salawdeh, Charactersing the effect of 

global and local geometric imperfections on the numerical performance of a 

brace member. Journal of Physics: Conference Series, 2015. 628: p. 012063. 

[27] Hassan, M.S., S. Salawdeh, and J. Goggins, Determination of geometrical 

imperfection models in finite element analysis of structural steel hollow 

sections under cyclic axial loading. Journal of Constructional Steel Research, 

2018. 141: p. 189-203. 

[28] Salawdeh, S. and J. Goggins, Numerical simulation for steel braces 

incorporating a fatigue model. Engineering Structures, 2013. 46 p. 332-49. 

[29] Ryan, T., B.M. Broderick, A. Hunt, J. Goggins, and S. Salawdeh, 

Recommendations for numerical modelling of concentrically braced steel 

frames with gusset plate connections subjected to earthquake ground motion. 

Journal of Structural Integrity and Maintenance, 2017. 2(3): p. 168-180. 

 

 



Chapter 4. Determination of geometrical imperfection models in finite element 

analysis of structural steel hollow sections under cyclic axial loading 

- 109 - 

 

 

 

 

 

Chapter 4. Determination of geometrical 

imperfection models in finite element analysis 

of structural steel hollow sections under cyclic 

axial loading 

 

 

Article overview  

This work presents the development of finite element models for the analysis of 

concentrically braced steel frame element structural members subjected to tension-

compression cyclic axial loading, such as would be experienced by bracing elements 

during medium and large earthquakes. The models contain geometric imperfections 

ï the type and magnitude of which were informed by, first, the literature presented 

and, then, characterisation of the effects of three imperfection models on the 

response of brace members under axial loading with respect to observations in 

physical tests. One of the novelties of the work is that the incorporation of the 

imperfections into 3D finite element models of tubular steel brace elements has been 

scripted in Python (see Appendix C) to automate the process within the ABAQUS 

software. The work also identifies the importance of adequately including 

imperfections into structural analysis. The cyclic analysis was carried out for square 

and rectangular hollow steel sections, which are fabricated of hot-rolled carbon steel, 

cold-formed carbon and cold-formed stainless-steel sections. A sensitivity analysis is 

presented to highlight how and when imperfections 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 was carried out for square and rectangular hollow steel sections, 

which are fabricated of hot-rolled carbon steel, cold-formed carbon and cold-formed 

stainless-steel sections. A total of sixteen finite element simulations is performed for 

response feature characterisation of test models to cyclic loading (see Appendix C 

for full  results). These salient response features should be known as, ductility 

capacity, energy dissipation capacity, initial and post buckling compressive load, 

number of cycles to global and local buckling, and lateral deformations. A predictive 

model is proposed for lateral deformations.  Also, a comparison of this model to 

existing predictive model is also presented. Existing predictive models are also used 

for comparing the performance of finite element models to them for number of 

design parameters, such as ductility capacity and post-buckling capacities, etc. 

Moreover, various design parameters were assessed relative to current European 

code of practice. A part of it, the chapter provides a brief comparison on the two 

modelling techniques identified as physical theory based model and finite element 

models. This work has been published in the journal of Journal of Constructional 

Steel Research (2018). I am the first lead author in the paper, which is co-authored 

with my supervisors. The test results used to validate the models were taken from 

tests by Dr K.H. Nip et al. (cited in Section 4.2.1). I lead all parts of the work with 

support from my supervisors. 

Abstract 

Global and local imperfections 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 and rectangular structural steel hollow sections: (i) creating the 

profile of the brace using a half sine wave, (ii) applying an equivalent notional lateral 

load at mid-length, and (iii) combining sinusoidal local imperfections with an 

equivalent notional lateral load for global imperfections. When modelling the initial 

shape of brace members with global imperfection at mid-length of the magnitude 

used to establish the European buckling curves (L/1000, where L is the length of the 

brace member), it was found that the 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 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 behaviour 

of the brace members.  

The FE model is then validated using 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 model to 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; Steel; Finite 

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. From the mechanical 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 imperfections and 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. The effects of 

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, EC3 [1] 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 

structural behaviour of steel hollow sections under static monotonic compressive 
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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 

hot-rolled tubular 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 rectangular thin-walled tubular sections under 

quasi static cyclic tests. The approach has been informed by past research on how 

imperfections have been incorporated into steel section models for thin-walled 

members, which is summarised in Table 4.1. The studies are categorised into (i) the 

study type (either experimental or numerical: 1D, 2D, and 3D), (ii) structural 

component/classification (which is sub-categorised into structure: open section (OS) 

and closed section (CLS), geometry: symmetry (SY), one-line symmetry (LS), and 

asymmetry (AS), forming route: hot-rolled (HR) and cold formed (CF), material: 

carbon steel (CS) and stainless steel (SS)), (iii) section profile, (iv) cross-section 

configuration, and (v) initial imperfection (which is categorised into shape and 

amplitude of imperfection). As shown in Table 4.1, most of the studies were carried 

out on cold-formed carbon CLS thin-walled 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. This mean that 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 

studies differ 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 imperfection (Table 4.1). 

For plated elements, local imperfections were employed, denoted as w2, while for 

steel sections global imperfections were deemed most suitable, denoted as w1.  

Residual stresses are another form of imperfection that are distributed along and 

across the cross-section. The magnitude 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 distributed throughout the thickness 

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

assumed as linearly varying through the thickness of the section [3]. In this context, - 
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Table 4.1 A summary of the studies conducted previously in the context of initial geometric 

imperfections in relation to thin-walled sections.  

Author 

Study type  Structural component/classification 
Cross-section 

configuration 

Initial Imperfection 

used/proposed 

 

Physic

al Test 

Numerical  Structure  Geometry  Forming  Material Profile 

1D 2D 3D OS CLS SY LS AS HR CF CS SS Shape Amplitude 

Dawson & 

Walker [4] 
V     V   V     V  V  

 

 Perfectly square plate - 

w1 = not found  

w2 /t=a 

sy/scr)0.5 

*a 

Kayvani & 

Barzegar [5] 
  V    V  V       V  

 

 

D/t 33, (for brace) 

D/t 50, (for portal 

column) 

Out-of-

straightness 

w1 = not found 

 w2 = not 

found 

*b 

Schafer, Peko 

[6] 
V     V    V    V  V  

 

 Lipped channel section 
Eigen 

modes  

w1 = not found 

   w2 = 0.006w 

 

Gardner et al. [7] V      V  V    V V  V  

 

 

 

RHS 100 x100x4, 60 x 

60 x 3, 60 x 

40 x 4, 40 x 

40 x 4, 40 x 

40 x 3 

- 

w1 = not found 

w2/t=b 

(sy/scr)0.5 

*c 

Kaitila [8]    V   V   V    V  V  

 

 C 100x40x15 
Eigen 

modes 

w1
*a = 0.2%L  

    w2 = h/200 

*d 

Elchalakani et al. 

[9] 
V      V  V     V  V  

 

 CHS 19<D/t<56, 
Out-of-

straightness 

w1 = 

0.032%L, 

   w2 =0 

 

Dubina & 

Ungureanu [10] 
   V  V    V    V  V 

 

 

 

C 815 x 37 x 1.5, 

    1315 x 37 x1.5 

CL 815 x 37 x 1.5, 

      1316 x 37 x 1.5 

Eigen 

modes 

   w1 =0.1%L  

w2 = from [6] 

 

Mamaghani et al. 

[11] 
 V     V  V    V   V 

 
 

 

S   15 x  15 

CHS 15.42  D/t    

49.56 

RHS 150 x 110 x 4.5 

Half sine 

wave 

    w1 = 0.1%L 

    w2 = 0 

 

Uriz et al. [12]  V 
 

 
  V V  V  V   V  V 

 
 

 

CHS D/t =11.2 
RHS 100 x 100 x 6, 100 
x 100 x 3 
W 200 x 500, 150 x 500 
AA 150 x 87.5 x 9 150 x 
500 

V-shape 

0.01%L < w1 

< 3%L 

     w2 = 0 

 

Fell [13] V   V  V V  V     V  V 

 
 

 

W 300 x 400 x 5.5 

CHS D/t = 16.2 & 21.6 

RHS 100 x 100 x 6,  

         100 x100 x 9 

Eigen 

modes 

w1 = 0.1%L,  

   w2 = from 

[6]. 

 

Salawdeh & 

Goggins [14] 
  V    

V  V    V V  V 

V 

  

RHS 40 x 40 x 2.5, 20 x 

20 x 2, 50 x 25 

x 2.5,60 x 60 x 

3, 40 x 40 x 3, 

40 x 40 x 4, 60 

x 40 x 3 

V-shape 

0.1%L < w1 < 

1.0%L 

      w2 = 0 

 

Dicleli & Mehta 

[15] 
  V    V  V    V   V 

 

  RHS 102 x 102 x 12.7 V-shape 

w1 = 

 

        w2 = 0 

*e 

Dicleli & Calik 

[16] 
  V   V V  V V V  V V  V 

 
 

 

W 200 x 500,  

     150 x 625, 150 x 500,    

150 x 388,  

C 200 x 288,  

T 200 x 563 

RHS 20 x 20 x 2,  

         40 x 40 x 2.5, 

CHS 100x6 

Half sine 

wave 

    w1 =  

 

a  w1= amplitude for global imperfection, w2=amplitude for local imperfection, sy = yield strength, scr is critical buckling stress, a is coefficient to 
be determined experimentally. *b D stands for diameter of circular section and t for thickness of tube. *c b= 0.028 and 0.034 for hot-rolled and cold 

formed sections, respectively, cross-section classification as (depth x width x thickness).  *d L= length of member, h is the height of web. *e is 

plastic moment at buckling load, , E is the modulus of elasticity, and I is the moment of inertia. 
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Table 4.2 A summary of past studies characterising residual stresses and their impact 

on the performance of the numerical models. 

Author 

Study type  Structural component/classification 

Cross-section configuration Comment Physical 

Test 

Numerical  Structure  Geometry  Forming  Material 
Profile 

1D 2D 3D OS CLS SY LS AS HR CF CS SS 

Gardner 

et al. [7] 
V      

V  V    V V  V  

 

 

SHS 100 x 100 x 4, 60 x 

60 x 3, 40 x 40 x 4, 

40 x 40 x 3 

RHS 60 x 40 x 4, 

Bending residual stresses was 

71 and 79% of s0.2, in corners 

and flat region respectively. 

s0.2 is the proof stress. 

Membrane stresses 

unreported. 

 

Jiao, 

Zhao 

[17] 

V      V  V     V  V  

 

 CHS D/t = 46.61 - 23.88 

Residual stresses in CHS was 

50 and 20% of s0.2 in the 

longitudinal and transverse 

direction, respectively. (Stress 

characterisation unreported) 

 

Gardner 

& Cruise 

[18] 

V     V V  V  
V   V   V 

 

 

AA 50 x 50 x 2 - 10 

RHS 120 x 80 x 3, 200 x 

110 x 4, 80 x 80 x 

3, 100 x 50 x 2 - 4, 

100 x 100 x 2 - 4 

W 120 x 300, 50 x 50, 140 

x 70, 300 x 160, 

250 x 140, 180 x 

90 

Bending residual stresses was 

37 and 63% of s0.2 in corners 

and flat region, while 

membrane stresses was 24 and 

37% of s0.2, respectively in 

RHS.  

 

Gardner 

& 

Nethercot 

[19] 

   V   V  V     
V   

V 

 

 

 

SHS  80 x 80 x 4, 100 x 

100 x 2 - 8, 150 x 

150 x 4 

RHS 60 x 40 x 4, 120 x 80 

x 3 - 6, 150 x 100 

x 4, 100 x 50 x 2 - 

6 

Including residual stresses 

causes small reduction on 

stiffness and have little net 

effect on the overall behaviour 

of structural member 

 

Schafer, 

Peko  

[6] 

V     V    V    V  V  

 

 
C 76.23 x 41.45 x 15.37, 

7.18 x 34.98 x 

15.82  

Bending residual stresses have 

a small net effect on analytical 

results qualitatively. 

 

Jandera 

et al. [20] 
V   V   V  V     V   

V 

 

 

SHS 60 x 60 x 2, 80 x 80 x 

2,100 x 100 x 3 - 4, 120 x 

120 x 4 

Including Bending and 

membrane residual stresses in 

FE model gave a good fit to 

the experimental prediction. 

However, the results from FE 

models with and without 

residual stresses were very 

close to each other. 

 

Lin Ma 

et al. [21]  
V      

V  V     V   
V 

 

 

SHS 80 x 80 x 4, 100 x 

100 x 4, 120 x 120 

x 4, 140 x 140 x 5 

- 6, 160 x 160 x 4, 

RHS 100 x 50 x 4, 200 x 

120 x 5, 

CHS 89 x 3 - 4, 108 x 4, 

133 x 4, 139 x 6 

Bending residual stresses can 

be 80% of s0.2 (maximum).  
Membrane residual stresses 

can be 20% of s0.2 

(maximum). 

 

Weng & 

Pekoz  

[3] 

V     V   V     
V   

V 

 

 

CL 75 x 40 x 17.8, 125 x 

63 x 20, 65 x 34 x 

22, 40 x 20 x 9, 40 

x 40 x 9, 31 x 31 x 

7 

Residual stresses can be 

ranged between 25 and 70% 

of s0.2 of material. (Stress 

characterisation unreported). 

 

Young & 

Man-Lui 

[22] 

V   

 
   

V  V     V   
V 

 

 
RHS 200 x 110 x 4 
 

Bending residual stresses were 

60% of s0.2 in corners of cold-

formed sections.  

Membrane stresses un-

reported.  

 

 

- a summary is presented in Table 4.2 that covers the quantification of residual 

stresses from practical aspects and highlights their potential effects on the behaviour 

of structural members. Al though the review of existing literature summarised in 

Table 4.1 and Table 4.2 indicates that imperfections (geometric and residual stresses) 

were mainly physically measured, such detailed measurements are highly unlikely to 

be carried out in 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 EC3 [1], (ii) deliver codified-oriented 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 characterised 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 mid-length (Method 2), and (iii) 

combining sinusoidal local imperfections with an equivalent notional lateral load for 

global imperfections (Method 3). Gardner & Nethercot [19] and Jandera et al. [20] 

found that numerical models containing both the membrane and bending 

components of residual stresses gave similar predicts 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 considered in this paper.  In this paper, a 

shell based finite element model of square and rectangular thin-walled 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 imperfections. 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 hot-rolled, 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 

4.2.1 Physical laboratory Test 

Nip et al. [23] carried out sixteen quasi-static cyclic tests on steel square and 

rectangular hollow sections (SHS and RHS) to extremely low-cycle fatigue axial 

loading. These thin-walled 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 materials: hot-rolled carbon steel, cold-

formed carbon steel and cold-formed 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 Class-1 cross sections as per EC3 [1], with a 

normalised slenderness ratio,  defined in EC3 [1], 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 hot-rolled carbon steel structural 40x40x3.0x1250mm SHS section is 

selected for the sensitivity study. Different global slenderness ratios up to =2.21 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 (ECCS)[25], which implies 

using symmetric loading in compression and tension comprised of one cycle at each 

ductility (dc/dy) level of 0.25, 0.5, 0.75, 1.0 and three cycles at each level of 2, 4, 6, 8 

etc., where dc and dy represents the applied axial displacement and measured yield 

displacement, respectively. The applied axial displacement increases and decreases 

at a constant strain rate up to a targeted-displacement over a variable frequency 

range, as shown in Figure 4.1. For the parametric study, a strain-controlled loading 

history compatible to each specimen length was employed.  

To facilitate the imperfection study throughout this paper, a brief discussion on the 

specimen (40x40x3.0-1250SHS) axial load-axial displacement response from the 

physical test is described. The hysteresis loop of the specimen is shown in Figure 

4.2. Compression and tension loads are considered as negative 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 first global buckling in compression (indicated by 

Fc in Figure 4.2), the compressive strength degraded as the demand of plastic 

rotation increases at the mid-length and next to the end connections with the 

stiffeners. The compressive resistance degraded significantly in subsequent cycles 

for the same axial shortening due to residual axial deformation from previous cycles, 



Chapter 4. Determination of geometrical imperfection models in finite element 

analysis of structural steel hollow sections under cyclic axial loading 

- 117 - 

 

and to a lesser extent due to the reduction in compressive strength (Bauschinger 

effect). 

 

 

Figure 4.1. Cycling loading protocol 

recommended by ECCS-1986 [25]  for testing 

structural steel elements.  

Figure 4.2. Axial load versus axial 

displacement response of 

40x40x3x1250mm specimen 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 mid-length cross section without reduction in cross-

section resistance. Maximum tensile force resisted by the specimen is marked at 

point Fy in Figure 4.2. The point Lc indicates the loss of load carrying capacity, 

which occurred once the specimen was stretched in tension after pinching had 

occurred. The ultimate failure occurred at point Uf when the hinged region separated 

abruptly. Further details on specimens and physical test set up, as well as 

performance of specimens in ultra-low cycle fatigue regime, are given in [23]. 

4.2.2 Numerical Models 

A commercial finite element package, ABAQUS-6.13 [24], was employed to 

develop 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 the Figure. 4.3. 
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Figure 4.3. Flow diagram of the modelling step with inputs, processing and output. 

4.2.2.1 Material Model 

A nonlinear isotropic/kinematic hardening material model [24] is used in this paper. 

This model is used to simulate the inelastic behaviour of materials that are subjected 

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, a flow 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 as the Bauschinger 

= Yield stress at zero equivalent plastic strain 

 = is the kinematic hardening parameter 
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effect. Each component required three nonlinear parameters to be defined as part of a 

material property, which are given as: 

 

 

Isotropic hardening parameters 

 

 

 

 

 

Kinematic hardening parameters 

 

 

 

The calibrated values of these parameters for the modelled specimen are  = 478 

(N/mm2), = 1.50,  = 87 (N/mm2), = 30200 (N/mm2), and  = 188. In 

addition, the monotonic tensile material properties are described as modulus of 

elasticity, E = 219,610 (N/mm2) and yield strength, fy = 478 (N/mm2). These 

monotonic and cyclic material properties were obtained from the cyclic testing of 

coupons of structural carbon steel and stainless steel [27]. 
 

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 computational time. A four node 

doubly curved shell element with reduced integration to avoid shear and membrane 

locking, designated as S4R [24], is employed in this study. This element has been 

successfully used in thin and thick shell formulation. 

= Yield stress at zero equivalent 

plastic strain 

= It is the hardening parameter that 

defines the rate at which the size 

of the yield surface changes as 

plastic strain increases 

 = defines the maximum change in 

the size of the yield surface 

 

 = Yield stress at zero equivalent plastic 

strain 

= It is the kinematic hardening 

parameter 

  = Determines the rate at which the back 

stresses varies as the plastic strain 

increases 
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Mesh size significantly affects the model run time and influences the stress-strain 

outputs in addition to its tendency to alter the overall hysteretic response. Nip et al. 

[28] has proposed using 32 elements without taking into account the brace sizes. 

Moreover, Haddad [29] has proposed a mesh size less than the sectional thickness. 

For this study, an element size of b/22 * b/22 was employed at the mid-length of 

specimen, where b is the width of the section. This element size was extended in 

both directions from the mid-length 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 approximately assumed 

equal to the larger face of the section [23, 28]. The stiffener at each end of the 

specimens were modelled and meshed with size b/11 * b/16.5.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 uncritical remainder 

region of the model. This element size ensures that the model have sufficient number 

of elements to form continuum sinusoidal waves in regions that are non-critical. The 

two ends of the models were fixed constraint in all six degrees of freedom. Stiffeners 

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. 

4.2.2.3 Imperfection Methods 

Imperfections will inevitably occur due to formation processes, even by adhering 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 imperfections. Hence, one 

can expect relatively larger imperfections in cold-formed steel sections than hot-

rolled steel sections. In spite of their non-definite characterisation, imperfections are 

believed to collectively prevail in a complex nature of residual stresses and out-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 non-uniformity in characteristic, 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 ECCS [30, 31], AS [32] and CSA [33, 34] standards 

for structural analysing of braced steel frames is the initial-out-of-straightness. This 

out-of-straightness varies parabolically with maximum deflection at the mid-length. 

They do not, however, explicitly characterise the pattern and technique 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 V-shaped in the physical theory based models (for example, 

see [12, 14, 15, 35]) 

Method 1: 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 buckled 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, see [29]). 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 finite element code perturbed the 

nodal coordinates of a perfect geometry into a half-sine wave shape, similar to that 

shown in the Figure 4.4(a).  

The model has a maximum out-of-the-straightness at the mid-length and zero at the 

two ends as per standards. The half sine wave 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 method introduced by 

the ECCS [30, 31] and CSA [33, 34] standards for structural analysis of the un-

braced frames. EC3 [1] suggests to replace the design value of maximum 

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 

imperfections in terms 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 diagonal braces utilised in the structural analysis of braced frames. In 

this context, Kim and Chen [36] noted that in such cases an equivalent notional load 

should be applied laterally at the mid-length of the braced columns. This method has 

also been used successfully in the numerical simulation of steel braces [23, 28]. 

Hence, it was used as an alternative way of generating half-sine wave imperfection 

in this study and assessing effects of it on the performance of brace members. Upon 

application, the lateral loads deform the structural member into a half-sine wave 

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

The equivalent lateral loads were concentrated in the critical region at mid-span in 

the out-of-plane buckling direction, where the critical 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 as a result an equivalent load to give 

the target initial out-of-straightness deformation at mid-length can be obtained from 

the compatibility relationship. The method is slightly sensitive to mesh size; hence, 

to avoid biases in terms of loading magnitude over catchment 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 model (Figure. 4.4b), then the actual analysis should be 

carried out on the imperfect model.  

Residual stresses are also used in the numerical analysis to account for imperfection 

(see for example [37, 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 initial out-of-straightness. The initial out-of-straightness 

method is readily used in design and considered as a simple and effective approach 

to model imperfection, as depicted from Table 4.1.  
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However, the notional lateral load imperfection method could be argued to be more 

influential for an axially loaded member due to creating both geometric shape and 

localised stresses. 

Method 3: Sinusoidal wave and equivalent notional lateral load imperfection 

Previous methods neglect local buckling, which can be modelled 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 plates[23] was incorporated into the finite element 

model. A python scripting method is used to form this continuum sinusoidal wavy 

imperfection. This form of imperfection is named as ñflowing fishò pattern 

 

  

(a)  (b) 

 
 

 
(c)  (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 

wave-global imperfection (Method-1), (b) Equivalent notional lateral load-global 

imperfection (Method-2), (c) Sinusoidal wave óôflowing fish patternôôïlocal 

imperfection, (d) Combined sinusoidal and equivalent notional lateral load-global 

and local imperfection (Method-3).  



Chapter 4. Determination of geometrical imperfection models in finite element 

analysis of structural steel hollow sections under cyclic axial loading 

- 124 - 

 

imperfection, due to its resemblance (Figure. 4.4c). In this method, the sinusoidal 

waves for local imperfection are combined with the equivalent notional lateral load 

imperfection for global out-of-straightness (Figure. 4.4d) to model brace elements.  

4.2.2.4 Amplitudes of the initial geometric imperfections 

In order to characterise the 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 as w1. The selected range represents a broad scale of global 

amplitudes compared to the manufacturing tolerance limit L/500 prescribed in the 

European (EN 10210-2) [39], North American (ASTM A501) [40], and Australian 

(AS 1163) [41] standards for the hot-rolled steel hollow sections. 

Gardner et al. [7] and Gardner and Nethercot [37] proposed a predictive model for 

estimation of local imperfection, , in hot-rolled, cold-formed carbon steel and 

stainless steel hollow sections as follows: 

 
(for hot-rolled carbon steel) (4.1) 

    
(for cold-formed carbon steel) (4.2) 

 
(for cold-formed stainless steel) (4.3) 

where t is the plate thickness,  is the material yield stress, and  represents the 

plate critical buckling stress.  

In this study, a range of t/10 to t/200 was selected to account for local amplitudes, w2 

in the sensitivity analysis. In particular, the range comprises of local amplitude t/50 

given by Eq. 4.1 for hot rolled specimens and t/10 from the standards [39-41]. 

Moreover, t/25, t/100 and t/200 were used for the assessment. Eq. 4.1, 4.2 and 4.3 

are used in the cyclic modelling validation. 
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4.3 Sensitive Study 

4.3.1 Influence to the initial buckling loads and tensile loads 

The initial buckling loads (Fc) for a 40x40x3-CS-HR section with varying global 

slenderness and amplitudes are presented in Tables 4.3 and 4.4. They are compared 

with both the un-factored design buckling resistance given as buckling curve ñaò for 

hot-rolled sections in EC3 [1] and the buckling load from physical testing of 

specimen with global slenderness of 0.55 (Fp). Moreover, the yield capacity given by 

finite element models are compared with the yield load given by the physical test 

specimen. 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 (given in 

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 w1 , the FE model predicted the 

actual buckling capacity closely. 

On the other hand, utilising a half-sine wave to induce initial out-of-straightness in 

the brace element (Method 1) predicted the actual buckling load when the global 

imperfection, w1 . Based on the FE results, the upper tolerance limit L/500 

specified by the international standards seems appropriate in this case. 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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Table 4.3. Results of 40x40x3-CS-HR section with varying global slenderness and 

amplitudes for (a) half sine wave imperfection, (Method 1), and (b) Equivalent notional 

lateral load (Method 2) obtain through finite element analysis. 

 
 

The results of FE models with combined global and local imperfection (Method 3) 

show that while 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 similar to those for models without local imperfection (Method-2). 

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 show that buckling loads of FE models decrease 

with increasing global slenderness regardless of the configuration of the 

imperfection methods. Particularly, the stockier FE specimens ( 0.66) buckled at 

greater compressive loads relative to slender FE specimens 2.21, which were  
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Table 4.4. Results of 40 x 40 x 3-CS-HR section with varying global slenderness and 

amplitudes for the combined sinusoidal and equivalent notional lateral load imperfection 

(Method 3) obtain through finite element analysis. 

 

-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 yield force is found between FE models and physical test model 

explaining that the imperfections have no detrimental effect on yielding capacity of 

specimens. 

Figure 4.5 shows initial buckling loads obtained from FE models normalised by 

cross-section strength, i.e. cross-section area, A, times material yield strength, fy, 

plotted against the imperfection amplitude normalised by the member length, L, for 

each imperfection method. As can be seen from Figure 4.5, an almost inverse linear 
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relationship exists between the buckling loads and imperfection amplitudes 

regardless of 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 imperfection is applied using Method 2 (i.e. applying equivalent notional 

lateral load at mid-length), see Figure 4.5 (b). This is due to the fact that Method 2 

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

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

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

 

Figure 4.5. Linear trend between the initial buckling loads obtained from FE models and 

imperfection amplitudes when imperfection was applied with (a) half-sine 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 

imperfections. 

The Ayrton-Perry formula [42] and the European design buckling curves [1] are 

based on the deformation theory of an axially loaded pin-ended column. This 

deformation theory resulted in an approach to find out the most detrimental method 

of applying imperfection to bending problems. As a result of detailed experimental 

and numerical studies [43-45], the half-sine wave method was adopted to be used in 

practice with a global imperfection having an amplitude of L/1000. This is the 

reasoning behind the employment of half-sine 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 of the 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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Figure 4.6 compares the European design buckling curve óaô and ócô for hot rolled 

steel and cold-formed respectively, [1] (denoted as EC3-a and EC3-c) with buckling 

loads obtained from finite element models in order to assess the relative performance 

of the three imperfection methods. The buckling loads are normalised by cross-

sectional strength, A, for various global slenderness (). Moreover, the global 

slenderness limits imposed by EC8 [46] of between 1.3 and 2.0 for steel hollow 

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

The lower limit 1.3 was imposed to prevent column overloading from stocky braces 

in the pre-buckling 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 Chilver [47] and Tremblay 

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

scattered for >0.8 with coefficient of variation (COV) of 0.16 [48] compared to the 

standard buckling curves of CSA [34] and AISC [49] standards. This was also 

observed in the current study for intermediate slender FE models when compared 

with European buckling curves [1]; for example, for the members with =1.1, the 

ratio of maximum buckling load of the FE models to curve óaô in EC3 varied 

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 been less critical for the specimens studied compared to 

 
Figure 4.6. Trend of the buckling loads over global slenderness range for 

imperfection method (a) half-sine wave (Method 1), (b) equivalent notional 

lateral load (method 2), and (c) combined equivalent notional lateral load and 

sinusoidal wave imperfection (method 3). 
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those used in establishing the buckling curves. However, due to the insufficient data 

on the imperfections, 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, which is in compliance with the quadratic 

formulation adopted by EC3[1]. Quantitatively, the buckling curve for hot-rolled 

steel hollow sections, marked as EC3-a, underestimated the buckling capacity of 

finite element models for which the imperfection 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 amplitude w1  and 

overestimated the values when using global amplitude w1 , 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 standard [1] to take into account the geometrical and residual 

stress imperfections. However, as far as hot-rolled sections are used, they have 

usually homogenous material properties around cross-section, as well as low 

uncertain structural response. Hence, there is a need to revise the imperfection factor 

for hot-rolled 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 output. Therefore, 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 with buckling loads was obtained from FE models using Method 2, 

as shown in Figure 4.6 (b). This is primarily due to the presence of localised stresses 

beside initial-out-of-straightness by Method 2 imperfection. These stresses should 

not be confused with the measured 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 reduces the 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 imperfection w1 . This is the reason of choosing 

w1  to be used for the combined equivalent notional lateral load and 

sinusoidal wave method (Method 3). 

Figure. 4.6 shows also the comparisons of the buckling loads with predictions to 

Euler elastic 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 fatigue cases. The Euler buckling predictions were close to the buckling 

loads of intermediate and slender FE models   

EC3 [1] characterise cold-formed buckling curves with a relatively larger 

imperfection factor. This is understandable from the fact that cold-formed 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 uncertainty in the buckling behaviour of cold-formed sections. The 

larger imperfection factor is inferred to those fabrication defects. 

4.3.2 Influence on the Overall Behaviour 

Figure 4.7 shows a comparison of the hysteresis loops obtained from FE models and 

physical test models 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 pronounced 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 experiments [23]. These 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 response [27]. 

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 imperfection 

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 in Figure. 4.7(a)-(b). In conclusion, it is found that Method 3 captures the 
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hysteretic response of specimens under 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 specimen ( 1.1). This kind of deformation was also reported by 

Goggins [50] in similar specimens that were used by Nip et al [23] and named it 

diamond deformation because it resembles with the shape of diamond. 

Consequently, a plastic hinge formed at the mid-length for specimens with this 

slenderness ratio, whereas in more stocky specimens two plastic hinges are formed at 

compressive corners, leading to early fracture. 

Figure. 4.9 shows the sharp peak in the hysteresis loops of slender member 

( 2.21) obtained using a FE model. Such sharp peaks 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 tension-compression load reversal effect. 

As expected, members with larger global slenderness experience smaller or no local 

deformations at mid-length region (Figure. 4.10). As a result, the response of slender 

specimens are stable and uniform (Figure 4.9). 

 

 

Figure 4.7. Comparison of experimental force-displacement response of the specimen 

40x40x3-1250-CS-HR with simulated hysteretic response of FE models using (a) half sine 

wave imperfection (Method 1) with w1=L/1000, (b) equivalent lateral load imperfection 

(Method 2) with w1=L/1000, and (c) combined global and local imperfection (Method 3) 

with w2=t/10 for sinusoidal waves by [39-41]  and w1=L/1000 for equivalent notional lateral 

load.  
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4.4 Cyclic Modelling Validation 

The physical tests results carried out by Nip et al. [23] are used to validate the 

applicability of combined equivalent notional lateral load and sinusoidal wave 

imperfection (Method 3) to hot rolled, cold-formed carbon and stainless steel 

specimens. In the finite element models, the 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 that the plate material, respectively, as per the 

equations by Karren [51] and Cruise and Gardner [52]. A global imperfection 

amplitude of w1 = 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 waves, w2 is found from Eq. (4.1), (4.2) and (4.3). 

The test IDs are identified by geometric configuration (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, normalised slenderness about Y-Y axis as defined in 

Eurocode 3 [1], , where the effective length was taken as 0.45 times the full length 

of brace, yield strength, fy, and initial imperfection with relevant amplitudes. The 

expected response of the material to cyclic loading against each specimen was 

  

Figure 4.8. Experimentally observed 

diamond deformation at the mid-length of 

intermediate specimen reported by Goggins 

[50]  and validated by intermediate FE 

model with global slenderness ratio 1.1. 

Figure 4.9. Cyclic response of 

slender FE model 

(40x40x3.0x5000mm) showing sharp 

peak due to global instability. 

Diamond deformation  
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estimated using the predictive model of Manson et al. [53]. This model correlates the 

monotonic yield strength, fy to ultimate strength, fu for predicting material response 

to cyclic loading. The number of cycles to global and local buckling observed for 

each specimen from physical tests and FE simulation is also presented. In addition, 

the ratios of yield force (Fy), initial buckling load (Fc), the total energy dissipated by 

specimen (Wtotal) of FE model and physical tests is also provided in the Table 4.5. In 

addition, a comparison of the hysteresis loop between FE models and physical test 

models for hot-rolled, cold-formed, and stainless-steel specimens, is given in Figure 

4.11. 

 

Figure 4.10. The effect of increasing the global slenderness on the local bending behaviour 

of specimen.  
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From Table 4.5, it can be found that there is a good agreement between the results of 

FE models and physical test models in terms of yield force (Fy), initial buckling load 

(Fc), and energy dissipation-capacity (Wtotal) 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 specimens and finite 

element models. 
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Figure 4.11. Comparison of axial load-axial displacement response for 

specimens (a) 60x60x3x2050-CS-HR, (b) 40x40x3x2050-CS-HR (c) 

60x60x3x2050-CS-CF, (d) 40x40x4x2050-CS-CF, (e) 40x40x3x2050-CS-CF, (f) 

40x40x3x1250-CS-CF, (g) 60x60x3x2850-SS-CF, (h) 50x50x3x2850-SS-CF (i) 

60x40x3x2850-SS-CF, (j) 60x60x3x2050-SS-CF, (k) 50x50x3x2050-SS-CF (l) 

60x40x3x2050-SS-CF, (m) 60x60x3x1250-SS-CF, (n) 50x50x3x1250-SS-CF, 

(o) 60x40x3x1250-SS-CF from physical test 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 physical specimens. One 

way to reduce the impact of imperfection and residual stresses on structural steel 

behaviour is employing high strength steel into practice [54, 55]. The instant of 

local buckling was observed by abstracting and examining strain rate outputs from 

locally deformed region. This instant of local buckling in uniaxial compression can 

be identified by bell shape trends on load-displacement response of the specimen as 

suggested by [2]. One way to mitigate the effect of local buckling on structural 

performance is employing filled sections mainly with concrete and/or sand material 

in practice by Goggins [56]. 

The predictions of Manson et al. [53] state that hot-rolled carbon and cold-formed 

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 occurrences earlier than expected (Figure. 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 post-buckling loads normalised by cross-sectional 

strength, A and yield strength, fy of the material for various global slenderness. In 

particular, Figure 4.12(a) compares the initial buckling loads of FE models with 

design buckling curves [1, 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 modelling imperfections replicates all 

effects of imperfections for those assumed by EC3[1] in establishing the design 

buckling curves. Figure. 4.12(b) shows that post-buckling capacity values of FE 

models closely bound with the prediction curves suggested by [48, 50], except of 

Remennikov and Walpole [58], which significantly over-predicted the post-

buckling reserves of FE models much of the slenderness range 
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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 particular, Figure 4.13(a) shows that there is a very good 

agreement of local deformation 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 measurements [23], and predictive models [2, 48]. However, the 

model of Tremblay [48] over-predicted the lateral deformations at lower ductility 

levels, whereas the model of Hassan el al. [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 of specimens 

over the applied loading. Figure 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 dissipation capacity values. These values are referred to those FE 

models where strain hardening was overly-predicted. On the other hand, the energy 

index is the area under the load displacement curve both in compression and tension 

cycle during the first cycle 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 physical test (Figure. 4.14(b)). Thus, it can be concluded 

  
 

Figure 4.12. Comparison of the (a) initial buckling capacities between FE 

models and design buckling curves, defined in EC-3 [1, 57]  for hot-rolled, 

cold formed and stainless steel specimens, (b) post-buckling resistance 

between  FE models and predictive models  (Tremblay[48] , Remennikov and 

Walpole[58] , and Goggins [50] ) for first cycle of ductility 4. 

(a) (b) 
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that FE model developed using proposed imperfection method captures the salient 

response features of specimens with engineering accuracy. 

 

  

Figure. 4.14. (a) Comparison of the energy dissipation capacities between test models 

and FE models, (b) Energy index versus slenderness for first cycle at ductility 4 obtained 

from physical test model and FE models. 

4.5 Conclusions 

In this paper, it is shown that when creating the profile of a brace using a half-sine 

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 

 

  

Figure 4.13. Comparison of the lateral deformations between test measurements and FE  

models at ductility 1, 2 and 4  for specimens (a) 60x40x3x1250-SS-CF, 60x40x3x2050-SS-

CF, and 60x40x3x2850-SS-CF, (b) 40x40x3x1250-CS-CF, and 50x50x3x1250-SS-CF, with 

prediction to Tremblay [48]  and Hassan et al. [2] . 

 (a) (b) 

(a) (b) 
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as Method 2 in this paper) applies local stresses, but is not fully representative of 

geometrical imperfections, especially for large imperfections. Using a parametric 

analysis, it is found that the behaviour of slender brace members was similar 

regardless of which of the aforementioned methods were employed, 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 the notional 

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 

capacity, as these members are susceptible to local buckling. When modelling the 

initial shape of brace members with global imperfection at mid-length of the 

magnitude used to establish the European buckling curves (L/1000, where L is the 

length of the brace member), 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 curves [1]. However, both 

methodologies neglect 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 behaviour of the brace members. Hence, based on the results driven 

by seventy-five FE models, the combined equivalent notional lateral load and 

sinusoidal wave method is proposed.  

This method was validated using sixteen hot rolled, cold-formed carbon steel and 

stainless-steel cyclic tests with different cross section sizes and slenderness ratios. 

Both global and local imperfections are taken into account. A global imperfection of 

w1  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 agreement was 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 force (Fy), initial buckling load (Fc), 

and energy dissipation-capacity (Wtotal) 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 to the 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 found that the imperfection factor specified in EC3[1] for hot-rolled 

sections should be revised in order to avoid underestimation of the buckling capacity 

of intermediate specimens 

4.6 Acknowledgment 

The first author would like to acknowledge the College of Engineering and 

Informatics (COEI) of the NUI-Galway for providing a Ph.D. studentship. The 

authors would like to acknowledge colleagues from Imperial College London (ICL) 

for providing test data. The third author would like to acknowledge the support of 

Science Foundation Ireland through the Career Development Award programme 

(Grant No. 13/CDA/2200). 

4.7 References 

[1] "Eurocode 3: Design of Steel Structures - Part 1-1: General Rules and Rules 

for Buildings," ed, 2005. 

[2] M.S. Hassan, J. Goggins, and S. Salawdeh, "Charactersing the effect of 

global and local geometric imperfections on the numerical performance of a 

brace member," J. Phys. Conf. Ser., vol. 628, p. 012063, 2015. 

[3] C.C. Weng and T. Pekoz, "Residual stresses in cold-formed steel members," 

J. Struct. Eng., vol. 116, pp. 1611-1625, 1990. 

[4] R.G. Dawson and A.C. Walker, "Post-buckling of geometrically imperfect 

plates," J. Struct. Div. ASCE, vol. 98, pp. 75-94, 1972. 

[5] K. Kayvani and F. Barzegar, "Hysteretic modelling of tubular members and 

offshore platforms," Eng. Struct., vol. 18 pp. 93-101 1996. 

[6] B.W. Schafer and T. Pekoz, "Computational modelling of cold-formed steel: 

Characterising the geometric imperfection and residual stresses," J. Constr. 

Steel Res, vol. 47, pp. 193-210, 1998. 



Chapter 4. Determination of geometrical imperfection models in finite element 

analysis of structural steel hollow sections under cyclic axial loading 

- 142 - 

 

[7] L. Gardner, Saari, N., Wang, F., "Comparative experimental study of hot-

rolled and cold ïformed square and rectangular hollow sections," Thinï

Walled Struct. vol. 48, pp. 495-507, 2010. 

[8] O. Kaitila, "Imperfection sensitivity analysis of lipped channel columns at 

high temperatures," J. Constr. Steel Res, vol. 58, pp. 333-351, 2002. 

[9] M. Elchalakani, X.L. Zhao, and R. Grzbieta, "Tests of cold-formed circular 

tubular braces under cyclic axial loading," Journal of Structural Engineering 

ASCE, vol. 129, pp. 507-514, 2003. 

[10] D. Dubina and V. Ungureanu, "Effect of imperfections on numerical 

simulation of instability behaviour of cold-formed steel members," Thin-

Walled Struct. vol. 40, pp. 239ï62, 2002. 

[11] I.H.P. Mamaghani, T. Usami, and E. Mizuno, "Inelastic large deflection 

analysis of structural steel members under cyclic loading.," Eng. Struct, vol. 

18, pp. 659-668 1996. 

[12] P. Uriz, F.C. Filippou, and S.A.  Mahin, "Model for cyclic inelastic buckling 

of steel braces," Journal of Structural Engineering ASCE, vol. 134, pp. 619ï

628, 2008. 

[13] B.V. Fell, "Large-Scale Testing and Simulation of Earthquake-Induced Ultra 

Low Cycle Fatigue in Bracing Members Subjected to Cyclic Inelastic 

Buckling," PhD, University of California, Davis, , 2008. 

[14] S. Salawdeh and J. Goggins, "Numerical simulation for steel braces 

incorporating a fatigue model," Eng. Struct, vol. 46 pp. 332-349, 2013. 

[15] M. Dicleli and A. Mehta, "Simulation of of inelastic cyclic buckling 

behaviour of steel box sections," Comput. Struct. vol. 85, pp. 446-457, 2007. 

[16] M. Dicleli and E. Calik, "Physical theory hysteretic model for steel braces," 

J. Struct. Eng. ASCE, vol. 134, pp. 1215-1228, 2008. 

[17] H. Jiao and X.-L. Zhao, "Imperfection, residual stress and yield slenderness 

limit of very high strength (VHS) circular steel tubes," J. Constr. Steel Res, 

vol. 59, pp. 233-249, 2003. 

[18] L. Gardner and R. Cruise, "Modeling of residual stresses in structural 

stainless steel sections," J. Struct. Eng, vol. 135, pp. 42-53, 2009. 

[19] L. Gardner and D. Nethercot, "Numerical modeling of stainless steel 

structural componentsða consistent approach," J. Struct. Eng, vol. 130, pp. 

1586-1601, 2004. 



Chapter 4. Determination of geometrical imperfection models in finite element 

analysis of structural steel hollow sections under cyclic axial loading 

- 143 - 

 

[20] M. Jandera, L. Gardner, and J. Machacek, "Residual stresses in cold-rolled 

stainless steel hollow sections," J. Constr. Steel Res, vol. 64, pp. 1255-1263, 

2008. 

[21] J.-L. Ma, T.-M. Chan, and B. Young, "Material properties and residual 

stresses of cold-formed high strength steel hollow sections," J. Constr. Steel 

Res, vol. 109, pp. 152-165, 2015. 

[22] B. Young and W.-M. Lui, "Behavior of cold-formed high strength stainless 

steel sections," J. Struct. Eng, vol. 131, pp. 1738-1745, 2005. 

[23] K.H. Nip, L. Gardner, and A.Y. Elghazouli, "Cyclic testing and numerical 

modelling of carbon steel and stainless steel tubular bracing members.," Eng. 

Struct., vol. 32 pp. 424-441, 2010. 

[24] ABAQUS, "Analysis Userôs Manual I-V," Dassault Syst®mes, USA: 

ABAQUS, Inc.2013. 

[25] "Seismic design recommended testing procedure for assessing the behaviour 

of structural steel elements under cyclic loads," ed. Technical Committee 1, 

ECCS, Structural Safety and Loadings ï Technical Working Group 1.3, 

Brussels, 1986. 

[26] J.L. Chaboche, "Time independent constitutive theories for cyclic plasticity," 

International Journal of Plasticity vol. 2(2), pp. 149ï188, 1986. 

[27] K.H. Nip, L. Gardner, C.M. Davies, and A.Y. Elghazouli, "Extremely low 

cycle fatigue tests on structural carbon steel and stainless steel," J. Constr. 

Steel Res, vol. 66, pp. 96-110, 2010. 

[28] K.H. Nip, L. Gardner, and A.Y. Elghazouli, "Ultimate behaviour of steel 

braces under cyclic loading," Proc Inst Civil Eng. Struct. Build, vol. 166, pp. 

219-234, 2013. 

[29] M. Haddad, "Concentric tubular steel braces subjected to seismic loading: 

finite element modelling.," J. Constr. Steel Res, vol. 104, pp. 155-166, 2015. 

[30] W.A. Thornton, "On the Analysis and Design of Bracing Connections," in 

National Steel Construction Conference, 1991, pp. 26-33. 

[31] "Ultimate Limit State Calculation of Sway Frames with Rigid Joints," in 

ECCS, Technical Constructional Structural Stability Technical Working 

Group 8.2-system, ed, 1984. 



Chapter 4. Determination of geometrical imperfection models in finite element 

analysis of structural steel hollow sections under cyclic axial loading 

- 144 - 

 

[32] W.A. Thornton and C. Lini, "The Whitmore Section: How to Use the 

Whitmore Method for Tension and Compression Strength Checks," Modern 

Steel Construction, July 2011 2011. 

[33] "Limit States Design of Steel Structures," ed. Canadian Standard 

Association, CAN/CSA-S16.1-M89, 1989. 

[34] "Limit states Design of Steel Structures," ed. Canadian Standard Association, 

Can/CSA-S16.1-M94, 1994. 

[35] M. D ôAniello, G. La Manna Ambrosino, F. Portioli, and R. Landolfo, 

"Modelling aspects of the seismic response of steel concentric braced 

frames," Steel and Composite Structures, An International Journal, vol. 15, 

pp. 539-566, 2013. 

[36] S.-E. Kim and W.-F. Chen, "Practical advanced analysis for semi-rigid frame 

design," ENGINEERING JOURNAL-AMERICAN INSTITUTE OF STEEL 

CONSTR., vol. 33, pp. 129-141, 1996. 

[37] L. Gardner and D.A. Nethercot, "Numerical modelling of stainless steel 

structural components ða consistent approach," Journal of the Structural 

Divison ASCE, vol. 130, pp. 1586-01, 2004. 

[38] K. Rasmussen and G. Hancock, "Design of ColdȤFormed Stainless Steel 

Tubular Members. I: columns," Journal of Structural Engineering ASCE, 

vol. 119, pp. 2349-2367, 1993. 

[39] "CEN; 2006, EN 10210-1, Hot-finished structural hollow section of non-

alloy and fine grain steels," in Part 1:  technical delivery conditions, 

European Standard., ed, 2006. 

[40] "ASTM A501 2005: Standard Specification for Hot-formed, Welded and 

Seamless Carbon Steel Structural Tubing in Round and Shapes.," ed, 2005. 

[41] "AS 1163:1991, Australian Standard Structural Steel Hollow Sections," 

1991. 

[42] W.E. Ayrton and J. Perry, "On Structs," The Engineer, vol. 62, pp. 464-465, 

1886. 

[43] A. Robertson, "The strength of struts," Institution of Civil Engineers, p. Paper 

28, 1925. 

[44] R. Maquoi and J. Rondal, "Mise en équation des nouvelles courbes 

européennes de flambement," Construction Métallique, vol. 1, pp. 17-30 

1978. 



Chapter 4. Determination of geometrical imperfection models in finite element 

analysis of structural steel hollow sections under cyclic axial loading 

- 145 - 

 

[45] J. Strating and H.J. Vos, "Computer simulation of the ECCS buckling curve 

using a Monte-Carlo method," Report Stevin Laboratory, Delft University of 

Technology.1973. 

[46] BS, "EN 1998-1:2004 Eurocode 8 : Design of Structures for Earthquake 

Resistance Part 1: General Rules, Seismic Actions and Rules for Buildings. ," 

ed, 2004. 

[47] S.H. PERRY and A.H. CHILVER, "The statistical variation of the buckling 

strengths of columns," Proc. Instn Civ. Engrs, Part 2,, vol. 61, pp. 621-623, 

1976. 

[48] R. Tremblay, "Inelastic seismic response of steel bracing members," J. 

Constr. Steel Res, vol. 58, pp. 665-701, 2002. 

[49] AISC, "Load and Resistance Factor Design Specification for Structural Steel 

Buildings," ed: Chicago, IL: American Institute of Steel Construction INC. 

(AISC), 1999. 

[50] J. Goggins, "Earthquake Resistance Hollow and Filled Steel Braces," PhD, 

Trinity College, University of Dublin, 2004. 

[51] K.W. Karren, "Corner properties of cold-formed steel shapes," Journal of 

Structural Engineering ASCE, vol. 93 (ST1), 1967. 

[52] R.B. Cruise and L. Gardner, "Strength enhancements induced during cold 

forming of stainless steel sections," J. Constr. Steel Res, vol. 64 (11), pp. 

1310-1316, 2008. 

[53] S.S. Manson, M.H. Hirschberg, and R.W. Smith, "Technical Note D-1574, 

National Aeronautics and Space Administration, Washington.," 1963. 

[54] K. Rasmussen and G. Hancock, "Tests of high strength steel columns," J. 

Const. Steel Res, vol. 34, pp. 27-52, 1995. 

[55] K. Rasmussen and G. Hancock, "Plate slenderness limits for high strength 

steel sections " J. Constr. Steel Res, vol. 23, pp. 73-96, 1992. 

[56] J.M. Goggins, B.M. Broderick, A.Y. Elghazouli, and A.S. Lucas, "Behaviour 

of tubular steel members under cyclic axial loading," Journal of 

Constructional Steel Research, vol. 62, pp. 121-131, 1// 2006. 

[57] "CEN, EN 1993-1-4 Design of steel structures ï Part 1-4: General Rules - 

Supplementary Rules for the Stainless Steel. European Standard," ed, 2006. 



Chapter 4. Determination of geometrical imperfection models in finite element 

analysis of structural steel hollow sections under cyclic axial loading 

- 146 - 

 

[58] A.M. Remennikov and W.R. Walpole, "A note on compression strength 

reduction factor for the buckled strut in seismic resisting braced system," 

Eng. Struct., vol. 20, pp. 779-82, 1998. 

 



Chapter 5. A study on detailing gusset plate and bracing members in concentrically 

braced frame structures. 

- 147 - 

 

 

 

 

 

Chapter 5. A study on detailing gusset plate 

and bracing members in concentrically braced 

frame structures 

 

 

Article Overview 

This work presents results and observations from cyclic push-over physical 

laboratory testing of brace-gusset systems that would form a concentrically 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 brace members that they are connected to. The other, using an elliptical 

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 approach for gusset plates, which originated in the USA, hadnôt been 

previously tested for brace members designed to the European seismic design code, 

Eurocode 8. Another core part of this work is the development of finite element 

models for the cyclic analysis of brace-gusset components in concentrically braced 

steel 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) including a technique for representing tests end 

conditions. In addition, a damage assessment methodology and a strain-based 

damage prediction approach is also integrated into FE model to predict the fatigue 

capacity. The FE modelôs performance is investigated for static and fatigue loading 

conditions for response features 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 capacity, number of cycles to global 

and local buckling, including fatigue capacity. A novel aspect of the work is that 

strain gauges applied to the physical models were used to validate FE models for 

conventional and balanced design methods (See Appendix D for results). The 3D 

FE model developed is beneficial for conducting full scale simulation of braced steel 

members with realistic end details, oppose to previous models which were mainly 

developed with idealized end connections end conditions. The outcome of the work 

provides the recommendations on the improvement of the European seismic design 

for concentrically braced steel frames. This work has been published in Advances in 

Computational Design, An International Journal (2018). I am the first lead author in 

the paper. The physical tests presented in this work were conducted by Dr Alan Hunt 

in Trinity College Dublin as part of his PhD under the supervision of Prof Brian 

Broderick. I conducted the numerical modelling work presented in the paper, as well 

as analysis 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 non-dissipative in earthquakes, while the steel brace members 

should be designed as dissipative elements. These design intentions lead to thicker 

and larger gusset plates in design on one hand, and a potentially under-rated 

contribution of gusset plates in design, on the other hand. In contrast, research has 

shown that compact 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 dissipation capacity in 

concentrically braced steel frames. In order to assess the two design methods, six 

cyclic push-over tests on full scale models of concentric braced steel frame 

structures were conducted. Furthermore, a 3D finite element (FE) shell model, 

incorporating state-of-the-art tools and techniques in numerical 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 applied to the physical models were used primarily to validate FE models, 

while comparisons of hysteresis load-displacement 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 design methods attain structural response as per the design 

intentions; 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 deformability of a CBF structure. 

Considerations were proposed for improvement of guidelines for detailing gusset 

plates and bracing members in CBF structures. 

Keywords: Seismic design; concentrically braced frames; steel structures; 

earthquake engineering; gusset plates; steel hollow sections; finite element 

modelling.  

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 providing seismic resistance in both low- and high-rise buildings. They 

resist build-up forces during earthquakes by vertical in plane truss mechanisms 

consisting of alternating compression and tension forces in the bracing members. In 

strong earthquakes, however, these bracing members can be subjected to limit states, 

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 braces [1-7]. 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 detailing bracing members to obtain better fatigue lives during 

earthquakes.  

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 braces with beams and columns of the CBF, but their design must 

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, primarily due to absence of relevant data in the literature. 

To regulate the design process, Eurocode 8 (EC8) [8] suggests detailing of gusset 

plates in accordance 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 this hindrance, structural engineers 

typically use established design 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 effects due to bracing steel 

members and frame actions both in plane and out-of-plane [9-12]. As a result, the 

ability of this method to develop and predict the performance of test models of CBF 

under realistic earthquake loading was found to be poor and was below the required 

performance [13]. In addition, it has been established that the method leads to gusset 

plates that are typically thick, large and not the most cost-effective solution. On the 

other hand, a balanced design approach, in which the non-linear off-set rule or so 

called Elliptical Clearance (EC) method is used to balance the tensile yield 

resistances of the structural steel brace and gusset plate [13]. Salient features of the 

two design philosophies are highlighted in Table 5.1. 

It is widely accepted that CBF structures display attractive stiffness and 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 frames (MRF)) 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 member will influence the location and extent of 

buckling in the system.  

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 used by structural engineers. Realistic gusset plate 

details and 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 larger research project [14-16] that 

investigates the influence of various gusset plate details with bracing members on 

the inelastic response of CBF structures under earthquakes. In this paper, the 

inelastic cyclic behaviour of brace gusset-plate 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 brace gusset-plate members are 
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investigated. The modelsô predictions are compared to physical quasi-static tests 

conducted in the laboratory. The performance of the models is evaluated in terms of 

initial yield strength, initial-post buckling compressive strength, ductility capacity, 

energy dissipation capacity, number of cycles to global and local buckling, and 

fatigue capacity. 

Table 5.1. Comparison of two gusset plate design philosophies.  

 

5.2 Physical Laboratory Test 

Hunt [17] carried out quasi-static tests on full scale models of a single storey plane 

CBF structure. Six brace gusset-plate specimens designed with realistic structural 

details were tested in a displacement-controlled set-up. These specimens were tested 

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 The bww ratio characterises the 

balance of the brace and gusset plate 

yielding mechanisms.  

V The deformation of the system is 

shared by two elements during 

seismic action. 

V Gusset plate has dual role in this 

system, (i) it accommodates brace 

end rotation, (ii) contributes in 

ductility and energy dissipation 

capacity and increases brace fatigue-

life.   

V Thinner and compact gusset plates 

provide reduced structural cost of 

dissipative members.  

V Weak gusset plates reduce 

probability of hinge formation at 

joints formed by beam-column by 

engaging themselves instead.   

V Braces mainly derive system 

performance. 

V Gusset plate remains elastic during 

brace tension. 

 

V No such sharing mechanisms exist for 

this system. 

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 thicker gusset 

plate typically arise. 

V Large gusset plates remain stiff and 

strong during seismic action and 

facilitate formation of plastic hinges at 

joints formed by beam and column non-

dissipative members. 
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as part of a CBF structure to accurately represent realistic boundary conditions. The 

scope of the tests includes specimens that have following specifications: 

¶ Brace section size 

o S40 40x40x2.5 (mm) 

o S60 60x60x2.5 (mm) 

¶ Connection configuration 

o CA Gusset connection to beam and column flange 

o CB Gusset connection to beam only 

¶ Gusset plate design 

o G1  Conventional design with Standard 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, that is . Also, all braces were 

designated as  Class 1 cross-sections as per EC3 [18]. Rectangular gusset plates were 

used with four cross-section sizes, identified as (lh x lv x tp), of 285x240x8, 

270x230x4, 265x240x8 and 250x230x4mm. The specific details of the gusset plates 

are given in Table 5.2 and Fig 5.1. All specimens are classified 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 linear off-set rule or 

so called Standard Linear Clearance (SLC) method was used to design the gusset 

plate, and G2 refers to the specimen which is designed as per the balanced design 

approach, in which the non-linear off-set rule or so called Elliptical Clearance (EC) 

method is used (Figure 5.1). The difference between the design approaches lies 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 attain gusset plate yielding proportional to the yielding of brace 

element in tension and, to accommodate brace end rotation in compression. This 

proportional yielding, which is inter-related with yielding of bracing members, 

formed the basis of a design approach known as the balanced approach (Lehman et 

al. 2008). In this approach, the primary yielding mechanism is carried by brace 

action, while the secondary mechanisms by gusset plate action. The ratio, which is 

defined as bww, 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 

                                    (5.1) 

where  is the ratio of the actual yield stress to the nominal yield stress of steel 

material,  is the yield capacity of brace,  is the net brace area effective 

for gusset plate connection,  and  are the width and thickness of the gusset 

plate, respectively, and the  is the yield capacity of gusset plate.  

EC8 [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 connections 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 Table 5.2, specimens are identified by the 

size of the brace, either 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 sequential number 1, 2 etc. The variable ñbwò is the Whitmore width, 

which is a function of weld length and width of brace section. The corresponding 

ratio  was calculated in accordance with Lehman et al. [13]. All specimens were 

tested on a plane CBF structure supported by pinned end connections, as shown in 

Figure 5.2. 

Table 5.1. Summary of test models [17] . 

Specimen 
brace 
section size 

Connect
ion type 

Gusset plate 
Clearance 

tp bw Ih Iv 
brace 
Length, Lb 

bww 

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) S40-CA-G1, (b) S40-CA-

G2, (c) S40-CB-G1, (d) S40-CB-G2, (e) S60-CA-G1, and (f) S60-CA-G2. 

 

 
Figure 5.2. Test set-up, including frame details. 

(d) 

(a) (b) (c) 

(e) (f) 
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5.2.1 Loading protocol 

The specimens involved in this study are particularly designed for seismic regions 

where they may undergo large inelastic strains causing fatigue in less than 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 ECCS [19] 

recommended cyclic protocol was employed. This protocol implies using one cycle 

of symmetric displacement magnitude of 0.25, 0.5, 0.75, and 1ŭy, follow by three 

cycles of displacement magnitudes of 2, 4, 6 ŭy, etc., where ŭy is the yield 

displacement (Figure 5.3). The loading was applied uniaxially at the joint formed by 

the beam and column members with the aid of a hydraulic actuator (Figure 5.2). 

5.2.2 Hysteretic behaviour 

A brief description on the response of specimen to ultra-low cycle fatigue loading is 

presented. Figure 5.4 shows that the response of the specimen is non-symmetric, 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. 

 

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 S40-CB-G2-4 

specimen. 

After occurrence of global buckling, axial compressive strength degraded as plastic 

rotation demand increases at mid-length brace tube. Further strength reduction 

occurs when identical loading magnitude is applied as a result of out-of-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 load reversal 

causes additional thrust in compression and, thereby, the effect of U-shaped pinching 

occurs. The effect of U-shape pinching varies with the global slenderness ratio; the 
















































































































































