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 Abstract 
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ABSTRACT 
 

 
The objective of current research is to investigate the possibility of using 

“Component-Based” method to predict steel joint behaviour at elevated 

temperatures. In this study, the beam web shear component of a joint has first been 

simplified into an equivalent girder web panel subjected to shear force. Five series 

of beams have been tested at both ambient and elevated temperatures, without 

thermal restraints. In addition, three more series of specimens have been tested 

subjected to thermal restraints at higher temperatures. All plate girders tested at 

elevated temperatures exhibit web buckling failure mode, similar to ambient 

temperature tests. A mechanical model for the shear component in present work has 

been improved from plate theory. In addition, simple analytical procedures have 

been developed to obtain a clear description for deflection behaviour of the shear 

component. Detailed finite element simulations have also been conducted, to 

investigate both single web and overall beam behaviour. Apart from structural 

component analyses, six steel beam-to-column joints have been tested as 

“Cruciform” assemblies, which consisted of three cruciform specimens tested at 

700oC with three restrained levels, and another three specimens tested at three 

isothermal temperatures, without thermal restraints. Detailed finite element 

simulations have also been conducted with good agreement with test results. With 

the utilization of “Component-Based” method, a simple analytical model has been 

established with incorporation of shear component in beam web. Moment-rotation 

results obtained from this analytical model show acceptable agreements compared 

with test results. Thus, proposed mechanical model is able to predict behaviour for 

extended end-plate joint at elevated temperatures. 
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crV  Critical shear force at ambient temperature 

testV  Experimental shear capacity  

)(TywV  Maximum shear force in web panel at elevated temperature 

ultV  Ultimate shear force at ambient temperature 

)(, TultV  Ultimate shear force at elevated temperatures 

α  The thermal expansion coefficient of steel 

β  Axial Restraint Ratio 

Tl ,ε  Limiting strain for yield strength at elevated temperatures 
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CHAPTER 1 

INTRODUCTION

 

 

1.1 Introduction 

Steel has been widely used in the construction industry as an important type of 

construction material. During 1991-1992, in the United Kingdom and Sweden, steel 

construction enjoyed a high market share in both single and multi-storey buildings, 

totally consumed 850,000 tones of steel (Latter, 1994). Steel is often the preferred 

construction form due to speed of construction, reduction of site work, ease of 

application and competitive cost over similar concrete structures. However, 

compared to other construction materials, steel performs rather poorly under fire 

conditions. Steel has high value of thermal conductivity, therefore steel temperature 

increases rapidly in fire conditions, resulting in rapid loss of strength and stiffness. 

Recognizing these disadvantages when choosing steel as structural material, the 

establishment of the British Fire Protection Committee in 1899 commenced 

research on structural fire resistance. The first international fire prevention congress 

was convened in 1903. In 1932, the first structural fire resistance standard BS 

476:1932 was issued (Shields et al. 1987). To date, a great amount of effort has 

been placed into the application of new protective materials and design methods for 

fire protection of steel structures.  

 

For steel structures, the most popular method to provide fire protection is by 

applying insulating material on structure to delay the temperature rise. The 

objective of such a design method is to ensure that sufficient strength and stiffness 
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of steel can be retained within the specified duration. However, this kind of method 

is costly due to additional expenditure and construction time. Over recent years, it 

has been a trend to design steel beams and single storey portal frames to withstand 

fire without any fire protection (Bailey et al. 1998). There have been a great interest 

to understand the structural behaviour of different steel elements under fire 

conditions (Cooke et al. 1987, Faris et al. 1998, Liu et al. 2002, Huang et al. 2004, 

Tan et al. 2006, etc.). As steel framed structures normally consist of steel joints to 

assemble steel structural elements together, it is necessary to study the steel joint 

behaviour and their effects on the behaviour of steel framed structures. This leads to 

the purpose of current study to investigate the behaviour of steel beam-to-column 

joints in steel framed structures under fire conditions.  

 

1.2 Fire Characteristic and Fire Experiments 

To study fire resistance of structural elements, it is essential to understand the 

growth and development of fires. Generally, fire starts as the material ignites. The 

growth and decay of fire is complicated as it depends on the heat source and 

surrounding environment. It can be simplified into several phases as shown in 

Figure 1.1. 

 
Figure 1.1Development of Real Fire 
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In the growth period, after ignition, fire spreads from the source towards other 

combustibles. In the early stage, the fire behaves similarly to that in the open 

situation. When the fire becomes fully developed and temperature increases rapidly, 

the compartment fire starts to experience growth. When the fire spreads to all 

available ignition sources within the compartment, there is a sudden transition from 

a growing fire to a fully developed fire, which is known as the “flashover” stage. 

After the flashover phase, the fire temperature rises quickly as the heat release rate 

within compartment reaches a peak. The rate of fire temperature rise continues until 

the fire sources deplete and decrease. Beyond the peak of fire temperature, the gas 

temperature begins to decrease as the fuel supply decreases. The fire reduces 

gradually and eventually dies out. As the fire growth is affected by the fire source, 

thermal characteristics of walls and ventilation area, etc., there is a need to define 

the standard fire temperature-time (T-t) relationship. Figure 1.2 shows the 

commonly used standard fire T-t relationship as defined in the ISO 834 (ISO, 1975), 

that is: 

( )18log345 100 ++= tTT  (1.1) 

in which:T = furnace temperature (oC); 0T =ambient temperature (20 oC); t =testing 

time (minute). 
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Figure 1.2 ISO Standard Fire Curve (ISO 834, 1975) 
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Obviously, ISO 834 standard fire curve does not represent the pattern of a natural 

fire as neither growth phase nor decay phase is defined in this curve. However, it 

establishes a common basis for comparing fire resistance tests conducted in 

different laboratories.  

 

1.3 Analysis of Steel Structural Member Fire Resistance 

In conventional practice, there are two most commonly used steel framed systems 

to resist lateral forces, viz. moment-resisting frames and braced frames (Chen et al. 

1985). For moment-resisting frames, the flexural rigidities of steel beams and 

columns provide lateral stiffness, and the beams and columns are connected by 

moment-resisting joints. For both types of steel frames, the most conventional 

method of providing adequate fire protection is using some kind of insulation 

material to limit the growth of temperature of steel so as to maintain sufficient 

strength and stiffness in the event of a fire.  

 

The British Steel Design Standard (BS 5950-8) specifies two design approaches for 

member fire resistance design in steel framed structures. The first method is the 

limiting temperature approach in which thermal insulation is provided to limit the 

rise in temperature in steel member to a value dependent on the type of member and 

stress level. The second approach is to calculate the strength capacity of a member 

using temperature-dependent material properties and temperature profile.  

 

The method of fire resistance design of steel members used in Eurocode 3 (EN 

1993-1-2) was first formulated in the European Convention for Constructional 

Steelwork Recommendations (ECCS, 1983). The original approach was to calculate 

the ratio of required strength at elevated temperatures to that at ambient temperature, 

for ensuring that the element would not collapse. Eurocode 3 gives two approaches 

for the fire resistance design of steelworks (EN 1993-1-2). The first approach is to 
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satisfy the load carrying criterion and the second is a limiting, or critical 

temperature approach. The second approach is only applicable to structural 

members which do not have stability problem. However, as discussed in Section 1.1, 

provision of fire protection is costly and time delay in construction due to the 

complexity of fire protection of steelworks. In recent years there have been more 

experimental investigations on structural response under fire conditions. This has 

resulted in the development of new engineering methods of analysis and design of 

steel members utilizing the inherent fire resistance of steel, and fire protection 

material, where necessary. As such, both insulation costs and construction time 

have been reduced significantly. It should be noted that in the UK practice, all 

columns are to be protected against fire. It is the secondary beams that can be 

designed to resist fire without insulation. 

 

1.4 Characteristics of Semi-rigid Joints  

In conventional steel frame analysis at ambient temperature, beam-to-column joint 

is assumed as “pinned” (no moment resistance) or “rigid” (full moment resistance). 

However, actual behaviour of joint is often intermediate between these two extreme 

situations (Jaspart, 2000). The moment-rotation characteristic of these 

beam-to-column joints are illustrated in Figure 1.3.  

 

Figure 1.3 Different Modelling for Beam-to-Column Joints 

Semi-rigid joint reduces the mid-span sagging moment of a beam by transferring 

the sagging moment to adjacent columns. This leads to a reduction of beam section 
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for design purpose. Moreover, Nethercot observed that semi-rigid joints can provide 

certain restraints against column buckling (Nethercot, 1985a). The relationship 

between different joint types and bending moment diagram is shown in Figure 1.4. 
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Figure 1.4 Effects of Different Types of Joint on Beam Bending Moment 

 

The flexural behaviour of a semi-rigid joint is commonly defined by the relationship 

between moment transmitted by the joint and relative rotation of joint, as shown in 

Figure 1.5. The gradients of the moment-rotation curves from different 

experimental results represent the rigidity of joints. The moment-rotation 

characteristics of joints are nonlinear over the complete range of loading. Aggarwal 

et al. (1986) tested eight beam-column joints under increasing static load. The fixity 

provided by the test joints in the elastic region was close to ideal, but beyond 60% 

of moment capacity, the joint behaviour deviated from linearity.  
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Figure 1.5 Rotation versus Moment of Steel Beam-to-Column Joint 
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In order to obtain the moment-rotation characteristics at the beam-to-column joints 

at elevated temperatures, Leston-Jones carried out several tests on small scale flush 

end-plate joints subjected to fire conditions (Leston-Jones, 1997a). However, until 

today, characteristics of steel joint moment-rotation responses at elevated 

temperatures are still not fully understood. The joint behaviour is affected by 

thermal restraint effects and material degradation at high temperatures. Three 

different approaches have been used to study the behaviour of joints, viz. 

mathematical model, finite element analysis and “Component-Based” method. The 

mathematical model is to fit expressions to experimental data for different joint 

types. This method can accurately describe the response of steel joints at elevated 

temperatures, but it is completely empirical in nature and requires a wide range of 

experiments. Finite element analysis is used to simulate the behaviour of joints at 

different temperatures. But as the complexity of steel joint increases, this method 

cannot accurately fit the experimental results. The “Component-Based” model 

identifies the behaviour of individual components and assembling them together to 

describe the whole joint behaviour. A detailed description of “Component-Based” 

method is included in the Section 1.5 and Section 2.6. It is also used to describe the 

test results of cruciform specimens in Section 8.4. 

 

1.5 “Component-Based” Method for Steel Joint Analysis  

The “Component-Based” analytical method at elevated temperatures stems from the 

ambient temperature model from the Eurocode 3: Annex J (ENV 1993-1-1), 

considering the steel degradation of mechanical properties at elevated temperature 

according to Eurocode 3 Part1.2 (EN 1993-1-2). With the “Component-Based” 

method, it is necessary to identify different components within a steel joint. For 

typical beam-to-column end-plate joint subjected to bending moment (as shown in 

Figure 1.6), these components can be divided into three main zones, viz. shear zone, 
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compression zone and tension zone. Each zone has different components as listed in 

Table 1.1.  

 

Figure 1.6 Component Identifications of Steel End-plate Joint 

 
Table 1.1 Main Mechanical Zones and Components of Joint 

Compression Zone Shear Zone Tension Zone 

Column Web Column Web Panel* End-plate 

Column Flange Beam Web Panel Column Flange 

Beam Bottom Flange  Column Web 

Beam Web  Beam Top Flange 

* Not incorporated for steel joint subjected to symmetrical end moments. 

The application of “Component-Based” method requires the following three steps: 

 Identification of active components in steel joint; 

 Evaluation of the stiffness or resistance capacity for each individual 

component; 

 Assembly of all components and evaluation of entire joint stiffness or 

resistance characteristics. 

In order to establish the “Component-Based” model at elevated temperatures, 

separate tests must be conducted to investigate behaviour of each component or a 

Tension zone 

Shear zone

M M 

Compression zone 
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group of components. Moreover, adequate analytical descriptions will need to be 

developed for each component to form the basis for overall mechanical modelling 

for steel beam-to-column joint, with the “Component-Based” method at different 

temperatures.  

 

1.6 Scope and Objective of Research 

Current steel design standards (BS 5950-8 and EN 1993-1-8) provide insufficient 

information about the behaviour of steel joints at elevated temperatures. Therefore, 

there is a growing need to study moment-rotation characteristics of steel joints in 

fire conditions. Some experimental studies based on steel joints show that it is 

possible to describe the moment-rotation characteristics at elevated temperature. 

But due to the diversity of steel joints, it is difficult to describe the different 

moment-rotation relationships for a wide range of joints types, dimensions and 

material properties. Furthermore, the finite element method is limited as it requires 

sophisticated modelling skill. Spyrou (2002) adopted the “Component-Based” 

method to investigate the behaviour of different components at elevated 

temperatures. Analytical models have been established for tension and compression 

components, with verifications from analytical predictions, finite element analyses 

and experimental results. However, in Spyrou’s investigations (Spyrou, 2002), there 

is still a lack of information about the shear component behaviour in beam web at 

elevated temperatures. The Cardington tests on frames and beams revealed that 

some beams actually failed in shear modes near the support region. Therefore, the 

mechanical behaviour of structural beam web shear component requires further 

in-depth investigations, in order to obtain a simplified model that can predict 

realistic moment-rotation-temperature characteristics arising from the geometrical 

and material properties of steel joints. 
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This study also focuses on establishing full moment-rotation-temperature 

relationships for an extended end-plate beam-to-column steel joint, which is 

commonly used as a rigid joint in construction industry. In this study, the 

component within the shear zone at elevated temperatures has been investigated 

experimentally and analytically under both axially restrained and unrestrained 

boundary conditions. The first stage of tests will be conducted to study the 

behaviour of beam web panels under shear force at three isothermal conditions, 

without any axial restraint effect. In the second stage, web panels will be subjected 

to axial restraint force. Furthermore, finite element and analytical models will be 

presented to predict the behaviour of beam web panel under shear force. Finally, the 

finite element and analytical predictions will be compared with test results. 

 

Observations from such component tests will be beneficial for developing a 

mechanical model incorporating different components. Thus, the overall joint 

behaviour can be obtained by assembling components together. In addition to 

experimental and analytical studies of joint component, full-scale steel joints tests 

will be conducted under different temperatures to verify the 

moment-rotation-temperature relationships derived from the “Component-Based” 

approach. The ultimate goal of this study is to explore the possibility of using the 

“Component-Based” method to incorporate non-linear load-deformation 

characteristics of each component and to obtain the overall joint behaviour at 

elevated temperatures. Thus, this proposed method will provide sufficient 

information on the joint properties under elevated temperatures without recourse to 

testing or finite element analysis (FEA). Moreover, this analytical approach will 

provide great help to other researchers, especially those developing numerical 

studies of steel and composite structures in fire. 
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1.7 Thesis Layout 

The thesis consists of nine chapters. The contents of the following chapters are 

briefly described as follows: 

 

In Chapter 2, a brief literature review about investigations of steel beam-to-column 

joint moment-rotation behaviour will be presented. Both simplified curve-fitting 

method and analytical models will be discussed in detail. In addition, finite element 

method was also used to simulate the behaviour of joints at different temperatures, 

which will also be presented in this chapter. Then various experimental 

investigations, the “Component-Based” method and spring stiffness models will be 

discussed and presented.  

 

In Chapter 3 the influence of elevated temperatures on the mechanical properties of 

steel and bolt will be presented. Different mathematical models for stress-strain 

relationship at elevated temperatures will be discussed. Other temperature 

dependent properties, such as thermal expansion, specific heat and thermal 

conductivity will also be presented. 

 

In Chapter 4, simple mechanical models capable of defining the behaviour of shear 

component of steel joint will be presented. Analytical predictions of ultimate shear 

stress and deflection characteristics will be compared with experimental and finite 

element analyses in the following chapters. 

 

In Chapter 5, a series of tests has been conducted to investigate the behaviour of 

beam web panel under shear at ambient and elevated temperatures. Details of test 

procedure, apparatus and results will be presented. Besides the unrestrained tests, 

the procedure and observations for restrained tests at elevated temperatures will also 

be discussed.  
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Chapter 6 describes finite element models used to study the behaviour of beam web 

panel under shear action at ambient and elevated temperatures. Both unrestrained 

and restrained boundary conditions will be considered. Comparisons among test 

results, finite element analyses and analytical predictions will be discussed.  

 

In Chapter 7, a series of overall steel beam-to-column testes is introduced to 

investigate the overall behaviour of steel joint at elevated temperatures. Details of 

specimens, procedure and test results will be presented in this chapter. Both 

restrained and unrestrained steel joint behaviour at elevated temperatures are also 

addressed in details. 

 

Chapter 8 describes the finite element simulations to investigate the behaviour of 

steel beam-to-column joints for restrained and unrestrained boundary conditions. A 

simple mechanical spring-stiffness model will be presented to incorporate the 

influences of shear components within steel joints. Comparisons among 

experimental results, finite element analyses and “Component-Based” analytical 

predictions will be discussed.  

 

Finally in Chapter 9, this research work will be summarized and general conclusion 

will be drawn. Future study for other components of steel joints will be presented.  
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CHAPTER 2 

LITERATURE REVIEW
 

 

 

2.1 Introduction 

For steel framed structures, the most adequate fire protection method is by applying 

insulating material on members to delay the temperature rise. The objective of such 

approach is to ensure that sufficient strength of steel can be retained within the 

specified fire time. However, this kind of protection method is costly due to 

additional expenditure and construction time. Over recent years in the UK, there is a 

trend to design secondary steel beams to withstand fire without any insulation due 

to inherent fire resistance and thermal insulation provided by concrete slabs placed 

on top of supporting beams (Bailey et al. 1998). For single-storey industrial or 

commercial structures, Building Regulations (1991) do not stipulate any fire 

resistance, so long as the fires will be contained and will not spread to adjacent 

structures. However, for high-rise buildings or basement structures, Building 

Regulations (1991) stipulates minimum fire resistance, which can be met through 

the provision of fire protections to steel members based on member type of, shape 

and the required fire resistance. Therefore, it has generated a great deal of interest to 

understand the structural behaviour of different elements under fire conditions for a 

greater cost-effective design. 

 

Steel beam-to-column joints are crucial components linking up structural members 

together to form an integrated steel-frame structure. They affect the integrity of 

whole system. Thus, there are some investigations to study the behaviour of typical 

steel beam-to-column joints and their effects on integrity of steel framed structures 
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under fire conditions. There are different forms of steel beam-to-column joint 

modelling ranging from simple curve-fitting, to empirical expressions, mechanical 

modelling and finite element analysis (FEA). These are commonly classified into 

five main categories as follows: 

 Mathematical (Curve-Fitting) Method; 

 Finite Element Analysis; 

 Experimental Investigations; 

 Simplified Analytical Models; 

 Mechanical Models (Spring Models). 

The various forms of investigation methods are discussed in following sections, 

with their respective advantages and limitations for both ambient and 

elevated-temperature analysis. 

 

2.2 Mathematical (Curve-Fitting) Analytical Methods 

It is well known that mathematical analytical method, especially curve-fitting 

method, is one of the powerful methods to directly represent both experimental 

observations and numerical simulations. It can also be in a suitable form to be 

incorporated into structural analysis. The derived equation should represent steel 

joint curves in terms of key parameters, such as rotational stiffness, moment 

capacity and rotational capacity, etc. 

 

The earliest mathematical model to describe joint moment-rotation behaviour was 

proposed by Baker (1934) and Rathburn (1936) (as cited by Sherbourne et al., 

1997). This mathematical model only represented the initial joint stiffness with a 

linear form and was simple enough to be adopted. However, it was not suitable for 

full-range analysis of joint behaviour. It also over-estimated the joint stiffness and 

was obviously inaccurate and unconservative at high rotation values.  
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In 1970, Romstad and Subramanian (1970) adopted a bi-linear curve fitting 

technique to represent the load-deformation characteristics of flexible riveted and 

bolted angle joints. From experimental observations, it was noticed that the 

mechanical behaviour of joint angle segments (as shown in Figure 2.1) was 

influenced by behaviour of three stages of loading, i.e. (a) elastic; (b) partially 

elastic and partially plastic; (c) plastic hinges formed at critical locations within 

steel joints. Based on a detailed analysis of the joint through these three stages, an 

empirical expression was developed which gave excellent agreement with test 

results as follows: 

( )
( ) n

n

l
llM +−

= 1

2
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72.0345.0
φ

φ           for inchl 1.01 ≥φ  
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lKlM
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φ
−

=           for inchl 1.01 <φ    

(2.1) 

in which: 1l  is the distance from the tension end to the centre of rotation; l  is the 

joint height; φ  is joint rotation in radians; Δ=1lφ  is the displacement at the 

tension end of joints; n is determined according to the range of joints considered; 

K is determined by solving the second stage equation with values of M  and φ  

associated with inchl 1.01 =φ  derived from the first stage equation. 
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Figure 2.1 Geometry Parameters of Flexible Joint (Romstad et al. 1970) 
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Due to limitations of bi-linear curve fitting method to represent the transition 

procedure between the steel joint elastic and plastic behaviour, Moncartz et al. 

(1981) obtained the following information from joint tests under monotonically 

increasing moment as: (1) initial stiffness 1ek ; (2) proportional limit PLM ; (3) 

shape of nonlinear portion of curve; and (4) linear strain-hardening envelope. This 

tri-linear curve fitting method incorporated an additional linear slope between the 

elastic proportional limit PLM  and the yield moment YM as shown in Figure 2.2 

with 1k , 2k and 3k as the respective stiffness in each stage.  

 

Figure 2.2 Tri-linear Moment-Rotation Curve-Fittings (Moncarz et al. 1981) 
 

In addition to multi-linear forms of curve fitting technique, Frye and Morris (1975) 

idealized the non-linear behaviour of joint moment-rotation curves into polynomial 

forms. Moment-rotation curves of different types of joints (Figure 2.3) were 

expressed by an odd power polynomial as follows: 

( ) ( ) ( )53
3

2
1

1 kMCkMCkMC ++=θ           (2.2) 

in which: k is the standardization constant depending on joint types and geometrical 

properties; 221 ,, CCC  are curve-fitting constants, which are shown in Table 2.1 in 

accord with different types of joints (Figure 2.3). Although the polynomial 

curve-fitting method (Equation 2.2) can accurately represent steel joint 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 2 Literature Review 

 - 17 -

moment-rotation characteristics, it showed a curve with a peak and a trough within 

the range of rotation, as it seeks to produce a curve as close as possible to the 

experimental data. Therefore, the curve sometimes has a negative joint tangent 

stiffness value, contrary to actual behaviour. 
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Figure 2.3 Semi-Rigid Joint Type and Geometrical Parameters (Frye et al. 1975) 
 

To avoid descriptive inaccuracies of polynomial curve-fitting method, Jones et al. 

(1980) used cubic B-spline curve fitting technique to achieve a more accurate 

representation of the joint behaviour. This curve-fitting method required the 

division of joint rotation range into a finite number of smaller segments. Within 

each range, a cubic function was fitted with the first and second derivative 

continuity being maintained between adjacent segments. This method produced 

smooth curve representations of experimental moment-rotation data. However, its 

nonlinear characteristics require iterative and special numerical procedure for 

implementation.  
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Table 2.1 Curve Fitting and Standardization Constants (Frye et al. 1975) 

Joint Type Curve Fitting Constants Standardization Constant 

Double Web Angles 
8

3

6
2

4
1

1057.4

1015.1

1066.3

−

−

−

×=

×=

×=

C

C

C
 15.081.14.2 gtdk aa

−−=  

Top and Seat Angles with 

Double Web Angles 12
3

8
2

5
1

1019.3

1085.1

1023.2

−

−

−

×=

×=

×=

C

C

C
 35.1694.0415.0128.1287.1 glttdk ac

−−−−=
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4
2
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−

−
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T-Stub 
9

3

6
2

4
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In 1983, Colson and Louveau proposed a simplified power model to represent joint 

moment-rotation characteristics. This model adopted a power function as follows: 

)( nn
cuki

n
cu

r
MMR

MM

−

×
=θ           (2.3) 

in which: kiR is initial joint stiffness; cuM is joint ultimate moment capacity; n is a 

parameter to account for curvature of joint moment-rotation relationship. As this 

model has only three parameters, it was not as accurate as the B-Spline model 

(Jones et al. 1980). However, the required data for this model is considerably 

reduced compared with other curve-fitting models. 
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Later Kishi and Chen (1987) proposed another power model to predict moment 

rotation characteristics of beam-to-column joints. In this procedure, the initial 

tangent stiffness and ultimate moment capacity of joint were determined 

analytically. With these values, the moment-rotation relationship of joint can be 

expressed in a general form as follows: 

( ){ } nn
r

rkiR
M /1

0/1 θθ

θ

+
=       (2.4) 

where: kiR is initial joint stiffness; oθ is a reference plastic rotation, which is equal 

to kiu RM / ; uM is ultimate moment capacity; and n  is a shape parameter 

determined by a least-squares curve fitting with experimental results. This 

suggested model could be implemented easily and it gave good correlation with 

experimental curves. However, this model may be difficult to be implemented for 

moment-rotation curves without any plateau. 
 
In Lui and Chen’s study about flexible joint frames in 1986, a multi-parameter and 

exponential model of joint was proposed as below: 
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in which: 0M is initial moment; jC joint model parameters derived by curve fitting to 

a set of moment-rotation data; rθ is absolute value of rotational deformation of 

joint; kfR is strain hardening rotational stiffness of joint;α is scaling factor. This 

model could provide efficient descriptions of flexible joint characteristics in the 

plane frame analysis (Lui and Chen, 1986).  

 

To predict moment-rotation behaviour of bolted end-plate joints, Yee and Melchers 

(1986) proposed a four-parameter exponential model as: 
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in which: pM is plastic moment capacity of joint; iK is initial elastic stiffness; pK is 

strain hardening stiffness and C is a constant controlling the slope of curve, which 

was empirically determined from test data. However, values of pM , iK  and pK  

were analytically predicted. The ultimate moment capacity of joint was governed by 

the weakest joint component, which was accounted by Yee and Melchers (1986) as 

bolt tension failure, plastic mechanism in end-plate, shear yielding of column web 

and column web buckling. Similarly, the overall deformation of joint included 

flexural deformation of end-plate, bolt extension, shear deformation of column web 

and flexural deformation of column flange, etc. Yee and Melchers (1986) also 

proposed methods to evaluate the elastic displacements corresponding to the 

deformation of each element and the plastic resistances of the joint elements. This 

approach was probably within the earliest examples of “Component-Based” method 

which was later specified in Eurocode 3 (EN 1993-1-8). 

 

In 1984, Ang and Morris first suggested to use standardized Ramberg-Osgood 

function (Ramberg, Osgood 1943, as cited by Ang and Morris, 1984) to predict the 

moment-rotation relationship for five different types of joints as follows: 
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in which: roθ is permanent rotation after unloading; ( )0M is reference moment equal 

to roKθ ; K is initial stiffness of joint and n is a shape factor characterizing the knee 

of moment-rotation curves. Equation 2.9 represents the nonlinear moment-rotation 

behaviour of a variety of joints reasonably well. 
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From bare steel and composite two-dimensional cruciform joint tests conducted at 

elevated temperatures by Lawson (1990), El-Rimawi et al. (1997) developed a 

series of moment-rotation curves based on the Ramberg-Osgood relationship 

(Ramberg, Osgood 1943) as below:  

n

b
M

a
M

⎟
⎠
⎞

⎜
⎝
⎛+= 01.0θ           (2.8) 

where: a , b and n are temperature-dependent constants;θ and M are joint rotation 

and moment, respectively. Different values of these temperature-dependent 

constants for flush end-plate and extended end-plate joints were postulated 

(El-Rimawi et al. 1997). 

2.3 Finite Element Analysis (FEA) Methods 

The behaviour of steel beam-to-column joint is complex under fire conditions due 

to non-linear material characteristics and sophisticated interactions among the 

components of the joint. Hence, finite element analysis (FEA) can be used to 

simulate the complex behaviour of the full joint at elevated temperatures.  

 Finite Element Investigations at Ambient Temperature 

Finite element modelling for investigations of steel beam-to-column joint behaviour 

at normal temperature began in the early 1970s. In 1972, Bose et al. first applied 

FEA method to study the steel beam-to-column joint at ambient temperature. Fully 

welded joints were studied, with a greater emphasis on column web panels as they 

involved plate stability and strength problem. From the comparisons with analytical 

predictions and experimental results, the numerical simulations provided sufficient 

accuracy to predict the actual behaviour of steel beam-to-column joints.  

 

Later Krishnamurthy and Graddy (1976) conducted two and three-dimensional 

finite element analyses of steel bolted joints. Thirteen commonly used eight-bolted 

extended end-plate joints were modelled using two-dimensional constant strain 

triangle element, and eight-node subparametric brick element. The joints were 
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analyzed elastically, under bolt pretension alone and pretension with additional half 

or full service loads. The objective of this investigation was to obtain correlation 

factors between two FE methods which could be used to extrapolate results for 

other joint configurations without the need of three-dimensional FE models. From 

numerical simulations, the corresponding correlation factors were determined to be 

1.4 for displacement and rotation, 1.2 for average stress and 1.8 for maximum stress. 

Since the contact problem was not modelled, this correlation factor could not 

accurately represent the rotational characteristics of the steel joint.  

  

In 1984, Patel and Chen performed a two-dimensional nonlinear analysis of 

different types of beam-to-column joints. The general-purpose NONlinear 

Structural Analysis Programme (NONSAP) has been used for this analysis. Due to 

symmetry about the centre of column web, only half of the beam-to-column joint 

structure was modelled. The first part of these analyses on beam-to-column flange 

moment joint was calibrated with full scale test results. The second part of this 

study was nonlinear FEA of the joint plate of beam-to-column web joint assemblage. 

From comparisons with test observations, despite the simplifications of 

two-dimensional finite element models, the numerical predictions gave acceptable 

correlation. 

 

In 1988, Sibai and Frey discretized one-sided welded flange joints of hot-rolled 

sections into a 3D FE model consisting of shell elements for webs and flanges and 

beam elements for end-plates and stiffeners. In their FE simulations, the influence 

of steel material strain-hardening was considered. However, welding imperfections 

were not incorporated in their FEA model. Although this would limit the accuracy 

of welded joints analysis, close agreement was achieved between numerical and test 

results.  
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Connecting bolts of steel joints are influenced by the prying forces between contact 

areas. Thus, it is necessary to use a more complex numerical method to represent 

the bolt behaviour. In 1980, Krishnamurthy conducted a series of finite element 

simulations of three different types of bolted joints, such as top and seat angle joint, 

T-stub joint and end-plate joint. Based on their previous two-dimensional finite 

element work (Krishnamurthy et al. 1976), bolt shanks and plate with bolt holes 

were simulated as two separate but overlapping regions. Using different sets of 

nodes and elements assigned to each, the two regions were joined together by 

common nodes at the front face of the plate on which the bolt head was idealized as 

rectangular elements. Based on these idealizations, a close correlation was observed 

between numerical and experimental results. This demonstrated there were 

significant effects of bolts and welds to accurately represent the joint rotational 

behaviour. 

 

In 1994, Gebbeken et al. used different finite element modelling techniques to 

predict the loading-carrying behaviour of joints and to calculate their limit loads. A 

series of beam-to-column end-plate joints, which consisted of weak column flange 

and stiff end-plate, or stiff column flange and weak end-plate, was considered. First, 

a two-dimensional finite element model was used with bilinear stress-strain form 

for steel material property. Friction between column flange and end-plate was 

neglected. However, this analysis presented a larger limit load compared with 

experimental results. The two-dimensional finite element models were too stiff 

although material strain-hardening was neglected and a fine grid was used. 

Three-dimensional finite element models provided limited success in predicting the 

moment-rotation behaviour of the joints. Numerical results compared well with 

experimental observations if material strain-hardening was considered. However, 

simplifying a joint into a T-stub may not be suitable for other types of joints, or 

end-plate joints that failed in ways other than tension.  
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In 1997, Bursi and Jaspart presented a series of finite element simulations of bolted 

steel joints. First, they proposed numerical simulations of T-stub joints, based on 

LAGAMINE software package. Nonlinear finite element analysis that incorporated 

large displacements, large rotations and large deformations was employed in this 

study. Due to symmetry of T-stub joint, only a quarter of the joint was modelled. 

Preloading forces inside the bolts were considered by using applied initial stresses. 

A series of T-stub joints was tested and they yielded close comparison with finite 

element predictions. Slight differences in deflections might be due to residual 

stresses in T-stub joint, which was omitted in the FE models.  

 

Later, Bursi and Jaspart (1997b) conducted the second part of finite element 

investigations of bolted steel joints. Finite element code ABAQUS was utilized to 

analyze the four-bolt unstiffened extended end-plate joint tests as well as previous 

numerical simulations of T-stub joints by LAGAMINE software package. The 

end-plate and beam flange were simulated with eight-node brick element. Special 

contact elements in ABAQUS were used to describe the interactions between the 

end-plate and the column flange. This reduced computational work when compared 

with conventional surface contact elements. Compared with corresponding 

experimental results, numerical results showed that the FE models could predict 

moment-rotation characteristics of bolted joints quite accurately. However, due to a 

lack of experimental results of strain measurements in bolts during tests, there was 

no comparison between experimental and numerical results of bolt force. Numerical 

work was presented in the following paper by Bursi and Jaspart (1998).  

 

At about the same time, Baharri and Sherbourne (1997) conducted a series of finite 

element investigations of end-plate bolted joints. In the first part of study, a 

three-dimensional finite element model of four-bolted unstiffened extended 

end-plate joint was developed using ANSYS. The finite element model was the 
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same with those numerical models used for hand-tightened bolt joints (Sherbourne 

and Baharri, 1994), except bolt preload was defined with truss elements 

representing the bolt shank. The bolt head and nut were simulated using eight-node 

isoparametric solid elements, which were compatible with end-plate and column 

flange, respectively. Special 3D interface elements were used to define the contact 

between the back of end-plate and the outer surface of column flange. Material 

nonlinearity was included. Experimental moment-rotation results agreed well with 

finite element predictions. In particular, the column flange was stiffened to provide 

additional rotation. In the second part of Sherbourne and Baharri’s investigation 

(Baharri and Sherbourne, 1997), from their parametric study, Richard-Abbot (1975) 

power functions was used to represent the moment-rotation relationship of extended 

end-plate joints. Based on a series of test results, an empirical equation was 

developed to describe the moment-rotation characteristics incorporating end-plate 

thickness, bolt size, beam and column dimensions. Similarly, Bose et al. (1997) 

developed FEA of unstiffened flush end-plate bolted joints. A sophisticated 

three-dimensional model of the joint was developed using LUSAS finite element 

package and was validated by a number of full scale tests of flush end-plate joints. 

Special bar element was used to model the bolts in tension and compression. In 

addition, 3D solid element was used to model column web, flange, end-plate and 

beam web, and flange. In particular, a three-dimensional joint element was chosen 

to simulate the contact between the column flange and the end-plate. The study 

showed the finite element models could present good predictions of 

moment-rotation behaviour of joints. However, effects of welds, bolt heads and 

column fillet were not addressed in this finite element analysis, which might have 

some effects on the joint rotational behaviour. 

 Finite Element Investigations at Elevated Temperature 

Based on previously developed end-plate joint model at ambient temperature, Liu 

(1996) first developed a 3D model to simulate the response of steel joints in fire at 
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the Manchester University. This finite element model incorporated material 

plasticity, deterioration with temperature, and non-uniform thermal expansion 

across the section. In addition to the eight-node shell element used to discretize the 

webs and flanges of beams, columns, stiffeners and end-plate, a thick beam element 

with special characteristics was used to simulate the bolts and the contact between 

the end-plate and the column flange. Two sets of extended end-plate joint tests 

conducted by Lawson (1990) were used as verifications of this model. Reasonable 

simulations of responses of joints were achieved, and the discrepancy between 

experimental and modelling results was partly due to limited information about the 

temperature distributions in the specimens, especially in some crucial areas like the 

end-plate, column flange and beam web near to the joint. More importantly, the 

material stress-strain relationships were only based on a generalized 

recommendation in Eurocode 3 (ENV 1993-1-2) which might be different from 

actual material behaviour.  

 

Then in 1999, Liu improved his three-dimensional model to simulate the response 

of bare steel and steel-concrete composite joints to predict the 

moment-rotation-temperature relationships. A special type of element was 

developed to simulate the bolt behaviour, which consisted of one conventional 

beam element joining two connecting nodes of column flange and end-plate and a 

fictitious node that represented the free end of bolt. A number of fire tests on steel 

beam-to-column joints have been simulated to calibrate the finite element 

predictions. The tests consisted of composite and bare steel joint tests by Lawson 

(1990), Lennon and Jones (1995), Leston-Jones (1997a) and Al-Jabri (1998). Both 

rotational behaviour and limiting failure temperatures of the joint were predicted 

with a small difference compared with experimental results. However, 

discrepancies between numerical predictions and measured experimental results 
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might be caused by temperature-dependent material properties in numerical 

simulations, a lack of information on temperature distributions in critical elements.  

 

With the development of “Component-Based” method for the analysis of steel 

joints, it is necessary to validate the modelling of different components using FEA 

method. In 2002, Spyrou used ANSYS to simulate the compression component in 

column web, and other tension components in the form of T-stub. In the first part of 

this finite element analysis, plane stress quadrilateral eight-node element was used 

to represent the column flange, web and end-plate of T-stub component. The 

contact forces between surfaces i.e. bolt head and flange plate, bolt shank and bolt 

hole, were simulated by special point-to-surface contact elements. Typical 

stress-strain relationship at elevated temperatures according to Eurocode 3, Part 1.2 

(ENV 1993-1-2) was applied. Comparison between numerical and experimental 

results showed acceptable accuracy. In the second part of FEA, half of column 

specimen was simulated in accord with compression component test of column 

flange and web. The 2D finite element model consisted of 8-noded quadrilateral 

element and 6-noded triangular element for column flange, web and hot-roll section 

root radius. Numerical results, particularly stress distribution, showed almost the 

same behaviour with analytical assumptions. Due to 2D simulation, the out-of-plane 

buckling of column web could not be modelled.  

 

Recently, Al-Jabri et al. (2006) presented one finite element study on the behaviour 

of flush end-plate bare steel joints at elevated temperatures using ABAQUS. The 

joint components were simulated with three-dimensional, eight-node 

reduced-integration brick elements. In addition, contacts between end-plate and 

column flanges were modelled using the surface interaction command in ABAQUS, 

which allowed limited relative sliding at the interface. Numerical predictions were 

compared with experimental results by Al-Jabri, Burgess et al. (2005), and showed 
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good agreement between the two results.  

2.4 Experimental Investigations  

The best description for rotational behaviour of steel beam-to-column joint 

behaviour is moment-rotational curve, which is the relationship between the 

bending moment transmitted by joint, and the rotation of beam relative to column 

axis. During the past few decades, quite a number of experimental investigations on 

different joint types with various parameters were conducted (Figure 2.4). The joint 

behaviour is in between two extremes, viz., perfectly rigid as vertical axis and 

perfectly pinned as horizontal axis as shown in Figure 2. 5.  
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Figure 2.4 Steel Beam-to-Column Joint Types (Jones et al. 1980) 

 
Figure 2. 5 Typical Moment-Rotation Curves (Jones et al. 1980) 
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 Experimental Investigations at Ambient Temperature 

The first experimental work of steel joint was conducted by Wilson and Moore 

(1917) to determine the joint rigidity in steel structures. However, research work on 

behaviour of semi-rigid joints continued to grow at a slow rate as the 

moment-rotation curves are highly non-linear throughout the entire range of 

rotations. Due to a lack of experimental data for a wide range of joint types with 

different beam and column arrangements, it was difficult to incorporate the 

semi-rigid joint characteristics into modelling and design. Since then, many 

experiments have been carried out to study the behaviour of different types of steel 

joints, such as Batho and Rowan (1934), Johnston and Deits (1942), Sherbourne 

(1961), Lipson (1968), Lewitt (1969), Bailey (1970) and Surtees and Mann (1970), 

etc. (as cited by Nethercot, 1985b). 

 

Johnson et al. (1960) conducted six tests with different end-plate joint details and 

with high-strength preloaded bolts. Test specimens consisted of four joints with 

bolts in equivalent shear, and two joints with bolts in combined tension and shear. 

Experimental results showed that the end-plate joint with high-strength bolts can 

develop full plastic capacity of connected members. This allowed the formation of 

plastic hinges in the beams which resulted in inelastic rotation capacity. 

 

In 1984, Hendrick et al. conducted a series of tests on two four-bolted flush 

end-plate moment joint configurations. The measured yield patterns were in general 

agreement with finite element modelling. In 1987, Davison et al. conducted a series 

of steel joint tests which consisted of web cleat, flange cleat, seat and web joint, 

flush end-plate joint and extended end-plate joint. The test cruciform specimens 

were assembled by two beams (UB 254x102x22kg/m) and one column (UC 

152x152x23kg/m). From this wider range of joint types, it can be concluded that 

web cleat joints showed more flexible behaviour than other types of joints. The 
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flange cleat joints exhibited bi-linear moment-rotation characteristics. However, the 

flush and extended end-plate joints showed large difference compared to other 

joints, which was due to distortions in the relatively thin column flange.  

  

In order to verify proposed analytical procedure and prediction modelling equations, 

Kukreti et al. (1987) tested eight flush end-plate joints subjected to increasing loads 

until failure. Each specimen was subjected to bending moment without shear by a 

symmetric two-point loading. The main failure phenomenon was separation of 

end-plate against column flanges, monitored by means of caliper gauges during 

tests. The experimental moment-rotation curves were compared with finite element 

analysis and prediction equations with acceptable agreement.  

 

Aggarwal and Coates (1986) conducted fifteen tests on extended end-plate joints. 

The joints consisted of three types of bolts and three end-plate thicknesses which 

were tested under static and pulsating loads. It was concluded that the design 

criteria (Australia Design Standard) gave conservative assessment of plate strength 

and bolt strength. In addition, the margin of safety of weld failures was rather low 

when joints were subjected to dynamic loads. 

 

In 1989, Janss et al. performed twenty-two beam-to-column joint tests at the 

University of Liège. Three types of beam-to-column joints were tested as: I. 

End-plate joint; II. Double web cleat joint; III. Flange cleat joint. For two end-plate 

joint tests, axial forces were applied to column heads with a combination of 

transverse load at the beam end. In addition to static loading, eight joints were 

tested under cyclic loading. From experimental results, it was found that the axial 

force of column had little effect on the initial stiffness of the end-plate joint. For 

joint with double web cleats, the initial stiffness was not altered by bolt-tightening 

forces; only bending moment capacity increased proportionally to preload in the 
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bolts. For joints with flange cleats, the initial stiffness and ultimate strength were 

not affected by the level of bolt tightening. 

 

Zandonini and Zanon (1989) tested two types of end-plate beam-to-column joints as 

end-plates with extension on one side and on two sides of beams. The beams were 

connected to a counterbeam with negligible deformations. Measured 

moment-rotation relationships showed that the extension of end-plate on the 

compression zone had little effect on the joint behaviour and strength. The 

responses of end-plate and bolts on joint behaviour were investigated separately. It 

was found that the bolts contribution on joint behaviour depended on the end-plate 

thickness; with greater thickness, the bolt contribution was great. Furthermore, the 

end-plate deformations contributed more to the joint flexibility than the bolt 

contributions. 

 

To determine the nonlinear moment-rotation relationship for joints in structural 

steel frame, Tschemernegg (1988) conducted four series of tests. The target of this 

study was to analyze the characteristic values of the moment-rotation curves as 

elastic, plastic limits of bending moment and elastic, plastic limits of rotation. From 

the experimental results, these critical characteristics values were determined easily 

which could be used for a wide range of steel joints. 

 

In 1990, Ghobarah et al. conducted five tests on bolted end-plate beam-to-column 

joints under cyclic loadings. The objectives of this investigation were to determine 

the behaviour of this type of joint under cyclic loading, and to evaluate the effect of 

joint parameters, such as end-plate thickness, column flange stiffener and bolt 

pre-tension force on the overall joint behaviour. The specimens consisted of one 

beam connected to a stub column on each side, by both extended end-plates, with 

and without column flange stiffeners. From testing results, it can be concluded that 
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the joints with unstiffened columns showed weak moment-rotation behaviour 

compared with those that were stiffened. The experimental results also showed that 

the end-plate thickness could be reduced significantly if it was properly stiffened.  

 

In 1991, Altmann et al. conducted an experimental research to study the behaviour 

of beam-to-column composite joints at the University of Liège. Totally, there were 

twenty-four tests conducted with two-cleat and three-cleat beam-to-column 

composite joints in a cruciform arrangement. Three different failure modes were 

observed as: buckling of column web, failure of reinforcement in reinforced 

concrete slab and shear failure of bolts. In addition, a parametric study was 

conducted based on experimental results; this included thickness and quantity of 

cleats, and the percentage of reinforcement in slab. However, there were few 

explanations on the non-significant effects of cleat thickness and quantity on the 

ultimate moment capacity of joints. 

 

Later, Xiao et al. (1994) and Li et al. (1996a) conducted a series of composite joint 

tests at the University of Nottingham. The main objectives were to assess the 

moment capacity, rotational stiffness and rotational capacity of composite joints. In 

the first part of study, the test specimens consisted of two types: cruciform and 

cantilever configurations. The joints had seating cleat with double cleats, flush 

end-plate, partial depth end-plate and finplate. Different failure modes were 

observed according to each type of joints. As an extension of study, Li et al. (1996a) 

reported a series of seven end-plate beam-to-column joint tests which consisted of 

six composite joints and one bare steel joint. The objective of this part of 

experimental work was to clarify the influences of unbalanced moment and the 

shear/moment ratio. It was concluded that variation of shear force had little effect 

on the moment capacities of flush end-plate composite joint and reinforcement of 

concrete slab mainly contributed to the moment capacity of composite joints.  
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In 2000, Liew et al. conducted an experimental investigation of composite steel 

beam-to-column joints. There were a total of six full scale flush end-plate 

beam-to-column joint tests, in which, three column types were used as bare steel, 

partially encased and fully encased. Although the objective was to study the effects 

of reinforcement area in concrete slab and the stiffeners in column web, on the 

moment-rotation relationships of this type of beam-to-column joint under 

monotonic loads. In addition to experimental works, a simple theoretical model was 

presented based on Eurocode 3 Annex J (ENV 1993-1-1) with an extension to 

include composite end-plate joint. The predicted tri-linear moment-rotation curves 

showed a close agreement with experimental results. 

 

Later, Sumner and Murray (2002) tested six bare steel beam-to-column joint 

specimens and one composite slab beam-to-column joint specimen under cyclic 

loads. Two types of extended end-plate were adopted: viz. four-bolted unstiffened 

and eight-bolted stiffened between end-plate and beam flanges. From test 

programme, they concluded that the extended end-plate joints were suitable for use 

under seismic circumstances. In addition, from the composite end-plate joint test, 

reinforcement in composite slab should be considered since it significantly 

increased the moment capacity of end-plate joints.  

 

As an extension of earlier experimental works by Liew et al. (2000), Liew et al. 

(2004a) conducted tests on composite end-plate joints under reversal loads. In this 

study, eight cruciform composite joint specimens were tested with one side of the 

joint under negative moment and another side positive moment. There were 

different types of joints tested in this study, viz. flush, extended end-plate and with 

haunched plates. All the cyclic loading tests showed that initial stiffness and 

moment capacity of flush end-plate composite joint were higher for negative 

bending than positive bending. Besides, shear deformation of column web panel 
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zone due to unbalanced moments required a special strengthening method to avoid 

shear buckling and failure in this area.  

 

 Experimental Investigations at Elevated Temperature 

In 1990, Lawson presented an experimental investigation of eight beam-to-column 

joint tests under fire conditions. The objective of this study was to establish the 

moment capacity of beam-to-column joints at elevated temperatures. This 

programme consisted of five tests of non-composite steel joints, two composite steel 

joint tests and one shelf-angle flush end-plate joint. Three different joint types have 

been chosen as extended end-plate, flush end-plate and web cleat joints representing 

rigid, semi-rigid and flexible joints. From experimental investigations, it was seen 

that the temperature of bolts (especially the upper bolts) determined the moment 

capacity of joints in fire. Besides, temperatures in the bolts were significantly lower 

than those in the bottom flange of the beam; the latter was defined as the limiting 

temperature of the beam section.  

 

In 1997, with the aim of developing of full moment-rotation-temperature 

characteristics for typical bare-steel and composite joints and assessing the effects 

of semi-rigid joint on frame responses, Leston-Jones et al. (1997a, 1997b) tested two 

series of bare steel and composite flush end-plate joints at ambient and elevated 

temperatures at the UK’s Building Research Establishment. A cruciform 

arrangement was chosen consisting of two 254x102x22UB Grade 43 beams of 1.7 

m length, symmetrically framing into both flanges of 152x152x23UC Grade 43 

column of 2.7 m length. A 12 mm thick end-plate was selected with six M16 Grade 

8.8 bolts (18 mm diameter). To maintain continuity, all bolts were tightened to a 

torque of approximately 160 Nm. The moment capacities of test joint at ambient 

temperature were calculated as 18.14 kNm and 14.07 kNm according to Eurocode 3 

(ENV 1993-1-1) and Horne and Morris (1981) respectively. Joint stiffness was 
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predicted to be 8.7x109 Nmm/rad according to the recommendations presented in 

Eurocode 3 (ENV 1993-1-1). The bare steel flush end-plate joint test programme 

consisted of one test under ambient temperature to determine moment capacity, one 

test under elevated temperature without any loads to investigate the influence of 

heating rate, and another five tests under elevated temperatures with different 

loading levels. From experimental observations, it can be seen there was significant 

deformation of column web in compression zone and column flange in tension zone 

for all bare steel joint tests. The composite steel joint specimens have an identical 

joint arrangement as bare steel joint tests, with additional 130 mm thick lightweight 

concrete slab. From ambient temperature test, it was observed that the failure of this 

type of joint was similar to that for the bare-steel joint tests. However, there was 

greater compression deformation in the column web. In addition to the ambient 

temperature test, another three composite joints were tested with different loading 

levels to obtain temperature-rotation characteristics. Based on experimental 

observations, a simple elevated-temperature spring stiffness model was constructed, 

which gave reasonable agreement with test results.  

 

In order to obtain a clear understanding of joint behaviour at elevated temperature 

conditions, a series of transient tests was conducted on beam-to-column flush and 

flexible end-plate joints at the UK’s Building Research Establishment (Al-Jabri, 

1999, 2005). The objective of this study was to obtain moment-rotation curves of 

joints at increasing temperatures for different load levels. In all cases the test 

specimens consisted of a symmetric cruciform arrangement of a single column 2.7 

m high with two cantilever beams 1.9 m long connected to the column. As a whole, 

twenty tests were conducted in five groups, namely, FB1, FB2, FLB3, FLC4 and 

FLC 5. FB1 and FB2 tests were conducted with bare steel flush end-plate joints 

with various section sizes and end-plate properties. In addition to flush end-plate 

joint tests, another flexible end-plate bare steel joint assembly group (FLB3) was 
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tested at elevated temperatures. To obtain rotational characteristics of composite 

joint at elevated temperatures, two more groups of composite flexible end-plate 

joints were also tested at both ambient and elevated temperatures. All 

elevated-temperature tests were conducted in a gas-fired portable furnace at a linear 

rate of 10 oC per minute. For FB1 and FB2 groups, the cruciform specimens were 

tested at load levels as joint movements of 0.2, 0.4, 0.6 and 0.8 of the calculated 

moment capacity of the joints. The flexible end-plate joint type tested in FLB3 was 

chosen as typical of the joints used in Cardington full-scale test frame and were 

tested at joint moments of 0.1, 0.2 and 0.5 of the joint moment capacity. For two 

groups of composite joint tests (FLC4 and FLC5), joint tests have been conducted at 

ambient temperature to determine the joint moment capacities. Therefore, load 

levels of elevated-temperature testes could be selected based on ambient 

temperature joint tests. From the measured temperature-rotation curves, it was 

observed that the rotational characteristics have three distinct stages as: I. Linear 

stage; II. Onset of yielding stage in one or more of the joint components; III. Joint 

failure stage with a plateau. From experimental findings, Al-Jabri et al. developed 

simplified mathematical expressions to represent the elevated temperature test data 

for incorporation in numerical modelling of steel-framed structures. 

Ramberg-Osgood equations were adopted to describe the moment-rotation versus 

temperature relationships in this study. However, these derivations were limited to 

certain types of joints.  

 

Since the introduction of “Component-Based” method, there has been some 

research works conducted on the investigations of separated component behaviour 

of steel joints at elevated temperatures. Recently, some experimental works on the 

compression and tension zones of steel joint have been conducted at elevated 

temperatures (Spyrou, S. 2001, 2002, 2004a. 2004b and 2004c). The experimental 

programme consisted of two parts: I. T-Stub tests; II. Compression tests of column 
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flange and web. A specially designed image processing system has been calibrated 

and used as a deflection measurement aid. From experimental observations, the bolt 

flexibility was crucial in the behaviour of the T-Stub specimen. Furthermore, three 

different failure modes of T-Stub were investigated analytically and numerically 

with good agreement in load-deflection relationships. From tests of column 

compression zone, it was noticed that current design standards gave very 

conservative values for the ultimate capacity of column sections. Furthermore, a 

simplified semi-empirical model has been derived based on the theory of partial 

edge loading on thick plate girder. Both analytical and numerical predictions were 

in good agreement with experimental measurements. However, there was no 

consideration of axial restraint effect in this study. This effect will be induced in fire 

situations by surrounding cooler structures.  

 

As an extension of Spyrou’s study, Block et al. (2004a, 2004b) conducted another 

experimental investigation on the compression zone in the column web with axial 

compression in column due to superstructure loading. A universal column section 

(UC 152x152x37kg/m) was chosen and tested under 20, 450, 550 and 600 oC, 

respectively, with axial load ratios of 0.0, 0.2 and 0.3. Numerical simulations 

showed close agreement with experimental force-deflection measurements. 

Furthermore, a semi-empirical model has been developed based on the parametric 

study with combination of initial elastic stiffness and final deflection at ultimate 

load. This derived analytical model compared well with the compression tests 

performed at high temperatures.   

 

2.5 Simplified Analytical Models 

From experimental investigations of different steel beam-to-column joints, various 

failure modes were identified. Based on these failure modes, major deformation 

sources and the collapse mechanism of joints can be identified. Initial rotational 
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stiffness can be predicted in addition to ultimate moment capacity. A number of 

researchers have considered the behaviour of crucial components for a wide range 

of joint configurations.  

 

In 1981, Johnson and Law provided an investigation of bending moment-rotation 

relationship for a beam-column joint in a composite frame. A typical flush end-plate 

beam-to-column joint was studied in this case. The general form of joint stiffness 

was assumed: 

( ) ( )[ ] ecb KKK
K

/1/1/15.0
1

++
=

λ
     (2.9) 

in which: bK , cK and eK were stiffnesses of the bolts, column flange and end-plate, 

respectively.  

 

The respective contribution from each component inside the joint was identified. 

Different components of joint were then superimposed without considering the 

interactions among the various components. From this analytical procedure, the 

elastic stiffnesses of bare steel and composite flush end-plate joint were provided by 

Johnson and Law. Therefore, the overall joint behaviour was expressed with a 

three-stage form using simplified elastic-plastic curve fitting. From comparison 

with experimental data, the approach gave a close agreement with test results. 

However, there was still a lack of clear description of other failure modes which 

might occur within the joint.  

 

In 1986, Yee and Melchers developed a mathematical model to predict the 

moment-rotation relationships of bolted extended end-plate joints. Both stiffened 

and unstiffened extended end-plate joints were considered in this study. They 

adopted a nonlinear mathematical expression to simulate the moment-rotation 

relationship of joints, as follows.  
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in which: pM is moment capacity of joint, iK and pK are initial and strain-hardening 

stiffnesses of joints, C is shape parameter. In their study, Yee and Melchers derived 

and presented the corresponding key parameters of two types of joints based on 

respective failure modes from different components within the joint. The shape 

parameter C was dependent on the type of bolted joint and assembly, which must 

be obtained from test measurements. Although discrepancies existed between 

experimental and predicted results, their method appeared to be the first example of 

“Component-Based” method. 

 

For joints consisting of top and seat angles with web cleats, Kishi et al. (1987, 

1988a, 1988b) derived the initial stiffness (Equation 2.13) based on certain 

assumptions 
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in which: tEI and aEI are bending stiffnesses of legs of top angle and web angle. 

The ultimate moment capacity was given by: 
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For the top and seat angle joints, the bending stiffness and ultimate moment 

capacity were given as: 
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In case of single web angle joints, the corresponding characteristics were given as: 
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After obtaining kiR and uM , Kishi et al. adopted a power model to describe the 

moment-rotation curves for joints, given as: 

( )[ ] nn
or

rkiR
M /1

/1 θθ

θ

+
=          (2.15)

in which: kiuo RM /=θ ; n is shape parameter. Detailed shape parameters were 

obtained and presented by Liew et al. (1993a) with good agreement with test data. 

With these detailed moment-rotation descriptions of beam-to-column angle joints, 

the inelastic response of semi-rigid steel frame could be determined based on a 

second-order plastic hinge analytical method by Liew et al. (1993b). 

70.0291.2log520.0 10 ≥+= on θ     for single web angle joints 

60.0952.3log322.1 10 ≥+= on θ     for double web angle joints 

30.0070.6log003.2 10 ≥+= on θ     for top and seat angle joints 

80.0745.14log483.5 10 ≥+= on θ   for top and seat angle joints with double web angles 

(2.16)

2.6 Mechanical Models (Spring Models) 

Steel beam-to-column joints consist of several deformable and rigid elements within 

the mechanical zones of joint. Simplified analytical models cannot define clearly 

the separated and overall behaviour of components within the joints. Therefore, 

mechanical models (spring models) have been developed to better describe the 

moment-rotational characteristics of steel beam-to-column joints. This procedure 

consists of a set of analytical model derivations for various elements within the joint. 

Overall joint characteristics then can be obtained by assembling all the separate 

mechanical models together. Therefore, this analytical method for the determination 

of joint mechanical property is defined as “Component-Based” method.  

 

The concept of “Component-Based” method was first proposed by Witteveen et al. 

at 1982. They found that the beam-to-column joint could not reach its maximum 
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capacity when one or more of the different mechanical zones became critical, i.e. 

compression zone, tension zone and shear zone as shown in Figure 2.6.  

Compression Zone

Shear Zone

Tension Zone

h1M

F

F

 

Figure 2.6 Critical Zones of Steel Beam-to-Column Joint (Witteveen et al. 1982)  
 

The corresponding failure forces for three modes of failure have been derived, from 

which the lowest value gave the beam-to-column joint moment capacity. In addition, 

the interactions of forces acting on the column web panel have been investigated 

experimentally. It was noticed that for tension and shear zones, effects of interacting 

forces on separately calculated failure loads were negligible. For the compression 

zone, the redistribution of stresses was influenced by buckling of column web panel. 

This was governed by normal force and bending moment in the column.  

 

In 1982, Wales and Rossow proposed a general model for double angle bolted joint. 

This model simplified the web angle bolted joint into two rigid bars connected by 

nonlinear distributed springs as shown in Figure 2.7 

 

Figure 2.7 Simplified Model for Double Angle Joint (Wales et al. 1982) 
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The stiffness within the tensile area was obtained from simple analysis with 

consideration of deformations from angles and bolts. However, the stiffness of 

springs within the compression area was obtained from assuming that the column 

web mainly resisted compressive forces in the joint. The derived moment-rotation 

relationships were in good agreement with experimental results. 

 

Later in 1988, Tschemernegg and Huber conducted a series of welded and bolted 

joint tests. Based on experimental observations, a general spring model was 

developed incorporating the springs as shown in Figure 2.8. For welded 

beam-to-column joint, in which, the connection spring was assumed to be infinitely 

rigid. The load introduction spring was defined to describe the load-deformation 

relationship, due to the load transmitted by the beam flanges. The shear spring 

represented the shear deformation of the panel zone of column. Therefore, the 

nonlinear behaviour of joints can be obtained by superposition of the 

moment-deflection relationships of these three springs. This modelling technique 

was verified by several tests conducted by Tschemernegg and Humer. However, the 

mechanical characteristics of individual springs must be obtained from experiments 

or simplified analytical methods, which might cause discrepancies compared with 

actual behaviour of steel joints.   
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Figure 2.8 Spring Models for Welded Joints (Tschemernegg et al. 1988a, 1988b) 
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From then on, it is realized that the active joint components and their mechanical 

descriptions can be collected and assembled together for overall analysis of the 

beam-to-column joints. This method for the determination of the mechanical 

properties of the joint becomes known as the “Component-Based” method. The 

principles of this method were also proposed by Zoetemeijer at 1983. Later, the 

“Component-Based” method was standardized in Eurocode 3 (ENV 1993-1-1). This 

analytical method has the following advantages compared with the simple analytical 

expressions and finite element models: 

 “Component-Based” method focuses on the mechanical, geometrical and 

material properties of different components within the joint; 

 “Component-Based” model is appropriate for failure load calculations under 

different failure modes, due to the changes in geometrical and material 

properties of the investigated joint; 

 “Component-Based” method can easily be implemented into frame analysis.  

With the “Component-Based” method, it is necessary to identify the different 

components within a steel joint. For instance, as shown in Figure 1.6, the 

components in a typical end-plate joint subjected to bending moment can be divided 

into three main zones, as shear zone, compression zone and tension zone. Each zone 

has different components as listed in Table 1.1.  

 

Based on a series of experimental investigation, Li et al. (1996b) presented a 

comprehensive method for predicting the moment capacities of flush end-plate 

composite joints. This approach was similar to Eurocode 3 (ENV 1993-1-1). In this 

method, both unbalanced moment effects and varying shear/moment ratios were 

taken into account. Li et al. (1996b) have identified twelve failure modes for the 

flush end-plate composite joint, with the exclusion of weld and shear stud failures. 

A series of simplified equations was given to calculate the resistance of each bolt 

row, buckling resistance of column web and resistance of reinforcement for both 
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symmetrical and unsymmetrical loadings. With this procedure, predictions of joint 

moment capacity were conducted with reasonable agreement with test results from 

Xiao et al. (1994), Anderson and Najafi (1994) and Li et al. (1996a).  

 

Based on a detailed experimental investigation, Leston-Jones et al. (1997a, 1997b) 

proposed spring stiffness models for bare steel and composite flush end-plate joints 

for a clearer representation of moment-rotation characteristics at elevated 

temperatures. This spring stiffness model was developed based on existing 

ambient-temperature studies, with modified material properties to account for 

temperature effects. However, time-dependent factors such as thermal creep and 

expansion were neglected in this modelling technique. To simplify the modelling 

procedure, the stiffness of various components within the tension zone was 

considered as a single spring with an equivalent stiffness (Figure 2.10). The detailed 

mechanical descriptions for different components within the tension and the 

compression zone were explained by Leston-Jones et al. However, due to typical 

balanced two-sided joint, there was no consideration of the shear deformation of 

column web panel. Initially, the proposed spring stiffness model for flush end-plate 

joint was compared with ambient-temperature tests. It can be seen that the proposed 

mechanical model provided a reasonable prediction of the initial stiffness of joint. 

Although, the predicted ultimate capacity of joint seemed to overestimate 

experimental results, it could provide a close prediction of ultimate capacity. 

Experimental results were compared with predicted values for two key parameters: 

stiffness and strength. From comparison, it was found that the predicted stiffness 

seemed higher than experimental measurement below 600 oC. However, the 

predicted moment capacity compared closely with experimental ones.   

 

Following the similar approach suggested by Leston-Jones et al. (1997a), Al-Jabri 

(1999) developed a component spring model for bare steel and composite flexible 
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end-plate joint. The joint components in this model were chosen as bolts, column 

flange end-plate in tension zone and column web panel in compression zone as 

shown in Figure 2..  
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Figure 2.9 Idealized Spring Stiffness Model for Bare-Steel Flush End-plate Joint 

(Leston-Jones et al. 1997a, 1997b) 
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Figure 2.10 General Spring Model for Flexible End-plate Joint (Al-Jabri, 1999) 

 

Due to a lack of experimental data, only rotational behaviour before contact 

between the beam bottom flange and the column flange was considered. From 

comparison with experimental result at ambient temperature, the proposed model 

could predict closely the initial stiffness of joint but underestimate the influence of 

material strain-hardening stage. Furthermore, from comparison with test results at 

elevated temperatures, the proposed model predicted joint stiffness well for 

temperature up to 400 oC. It then overestimated the joint stiffness beyond this limit. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 2 Literature Review 

 - 46 -

In addition, the proposed model gave slightly conservative values between 500 oC 

and 600 oC. 

 

Recently, Liew et al. (2004b) presented an additional analytical assessment of 

moment capacity and initial rotational stiffness of the beam-to-column joints based 

on the previous experimental investigations conducted by Liew et al. (2000, 2004a). 

The “Component-Based” method from Eurocode 3 (ENV 1993-1-1) was used to 

determine the hogging moment capacity and initial rotational stiffness. With the 

same methodology, the method was extended to include joints subjected to sagging 

moment. In this model, the respective stiffness and capacity of each component 

within the steel joint was described, with expressions for column web in shear, slab 

reinforcement and shear stud slip. Comparison between predictions and 

experimental results showed reasonable agreement. However, it was found that 

Eurocode 3 (ENV 1993-1-1) overestimated the rotational stiffness of joints 

subjected to hogging moment. 

 

2.7 Conclusion 

As described in this chapter, there were quite a number of investigations on steel 

beam-to-column joint moment-rotation behaviour. Many researchers tried to obtain 

a clear understanding of different rotational characteristics of joints and then 

incorporated these derivations into analyses of practical steel framed structures. 

However, due to a wide range of joint types and assemblies, simplified curve-fitting 

method and analytical models can not provide satisfactory solutions. Finite element 

method was also used to simulate behaviour of joints at different temperatures, but 

as the complexity of steel joint increases, this method becomes very costly and 

ineffective for practical designs. On the other hand, “Component-Based” model 

involves identifying the behaviour of individual components and assembling them 

together to describe the whole joint behaviour. Through experimental and analytical 
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investigations, it is possible to obtain an in-depth understanding of the relative 

importance of individual components of joints. The overall joint rotational 

behaviour can be achieved and better utilized for different joints. Although some 

components have yet to be investigated, the method seems the most promising. 

There is still a complete lack of information on the shear component behaviour at 

elevated temperatures. Therefore, investigation of the behaviour of this component 

forms the central theme of this thesis.  
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CHAPTER 3

ELEVATED-TEMPERATURE 

MATERIAL PROPERTIES

 

 

3.1 Introduction 

To obtain a clear understanding of the behaviour of steel beam-to-column joint 

exposed to fire, it is necessary to investigate effects of temperature on the 

mechanical properties of structural steel and connecting bolts. The important 

mechanical parameters defining the performances of steel and connecting elements 

at elevated temperatures are yield strength, elastic modulus, thermal expansion 

coefficient, specific heat and thermal conductivity. Extensive investigations have 

been conducted to study the influence of elevated temperature on the mechanical 

behaviour of steel, most of which have been adopted in Eurocode 3 (EN 1993-1-2) 

and BS 5950: Part 8 (BS 5950-8). But there are insufficient studies on the effects of 

elevated temperature on additional connecting bolts.   

 

3.2 Steel Mechanical Properties Degradation in Fire  

Steel strength reduces sharply at temperature exceeding 400 oC, approximately in a 

linear rate up to 800 oC, where it only has 11% of original strength at ambient 

temperature. There have been different recommendations for the strength decaying 

rates as a function of increasing temperature, but there are still variations within 

these recommendations. Different testing procedures and different steel constitutive 

properties account for the variations among these recommendations.  

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 3 Elevated-Temperature Material Properties 

 - 49 -

3.2.1 Steel Material Properties Tests  

There are two test methods for determining the steel stress-strain characteristics:  

 Isothermal (or Steady-State) test  

This method has been traditionally used for mechanical engineering applications. In 

this test, the tensile specimen is subjected to a constant temperature, and strain is 

mechanically induced at a steady rate. Therefore, the strain-stress response is 

appropriate for a given constant temperature.  

 

 Anisothermal (or Transient) test 

In this test, the specimen is subjected to a constant load with temperature increasing 

at a pre-determined rate, to certain temperature level. The total strains measured 

consist of mechanical, thermal and creep strain. The thermal strain can be deducted 

using “dummy” specimens heated at the same rate in an unloaded condition. The 

stress-strain curves may be interpolated from a series of curves at different stress 

levels. 

 

Kirby and Preston (1988) reviewed both testing methods and compared the test 

results from the two methods. In their investigation, two series of steel qualities 

(Grade 43A and 50B) were tested according to BS 4360 (BS 4360, 1979). Test 

results demonstrated that when only low strains were involved, predictions using 

stress-strain curves from steady-state tests on behaviour of steel would be optimistic, 

compared with material characteristics derived from transient tests. However, when 

considering strains approaching very high values, such as the limits of deflection or 

instability in standard fire resistance test, there should be some justifications in 

using data from either source of test procedures to predict the behaviour of steel 

elements in fire.  
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3.2.2 Steel Stress-Strain Models 

Traditionally, investigations on mechanical characteristics of steel under elevated 

temperatures were restricted to the maximum temperature of 550 oC. This was 

because, normally, the critical temperature of steel would be lower than 550 oC. 

Therefore, detailed knowledge of steel properties above 550 oC was deemed not 

necessary. As research progressed and resulted in a better understanding of 

structural response at elevated-temperature, there has been a gradual realization that 

steel structures have some reserve strength beyond this limit. Consequently, 

different stress-strain models for steel at elevated temperature are established. 

Experimental strain-stress curves should be nonlinear, but in actual analysis, 

simplified bi-linear or tri-linear curves are often used for simplicity. The 

stress-strain relationships are idealized as a bi-linear model, as shown in Figure 3.1. 

However, the bi-linear model does not have smooth transition from the elastic to 

plastic range, and therefore unable to represent the highly nonlinear steel property at 

elevated temperature. To overcome this problem, a tri-linear model (Figure 3.2) is 

introduced in which there is a smoother transition from the elastic to plastic range to 

account for material nonlinearity. 

 
Figure 3.1 Bi-Linear Model for Steel Stress-Strain Curve 
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Figure 3.2 Tri-Linear Model for Steel Stress-Strain Curve 

 

 Eurocode 3 Stress-Stain model (Adopted Model) 

Eurocode 3 Part 1.2 (ENV 1993-1-2) suggests a mathematical model based on the 

data from Kirby and Preston (1988). This stress-strain model consists of two 

straight lines connected by an elliptic curve, which is named as bilinear-elliptic 

model (Figure 3.3). It is smoother than bi-linear and tri-linear stress-strain models, 

and it has continuously differentiable characteristic which is beneficial for 

computational analysis.  . 

 
Figure 3.3 Idealized Bilinear-Elliptical Stress-Strain Model 

This idealized bilinear-elliptical stress-strain relationship is depicted in Figure 3.4. 

The first straight line represents the elastic stage up to the proportional limit 

Tpf , with the corresponding strain Tp,ε . The second elliptic curve models the 
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transition from the elastic to the yield strength Tyf , with the corresponding yield 

strain Ty ,ε . The third horizontal line represents the non-hardening plastic stage until 

the strain reaches the limit strain Tl ,ε at the yield strength Tyf , . The last declining line 

represents the steel strength reduction after the plastic stage until the strain reaches 

the ultimate strain Tu ,ε . In this bilinear-elliptical stress-strain model, the yield 

strain Ty ,ε , the limit strain Tl ,ε  for the yield strength and the ultimate strain Tu ,ε  are 

all specified to be temperature-independent. The stress-strain model relationship at 

various elevated temperature is defined in Table 3. 1. Table 3.2 shows the different 

values of reduction factors with respect to temperature: the effective yield 

strength Tyf , , the proportionality limit Tpf , , and the elastic modulus TaE , relative to 

the appropriate value at 20 oC. The variation of these three reduction factors with 

temperature is illustrated in Figure 3.5. As listed in Table 3.2, there is also a 

modified reduction factor Txk , for use in place of Tyk , where it is necessary to satisfy 

deformation criterion. Figure 3.6 shows the stress-strain relationship of steel grade 

S275 at different temperatures. 

 

Figure 3.4 Basic Formulation of Stress-strain Relationship of Steel at Elevated 

Temperature 
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Table 3. 1 EC 3 Stress-strain Relationship for Steel at Elevated Temperatures (ENV 

1993-1-2) 

Strain range Stressσ  Tangent modulus 
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where:  Tyf , =effective yield strength at elevated temperatures (MPa); 

  Tpf , =proportional limit strength at elevated temperatures (MPa); 

  TaE , =slope of the linear elastic range at elevated temperatures (MPa); 

  E =slope of the linear elastic range at ambient temperatures (MPa); 

Tp,ε =the strain at proportional limit at elevated temperatures is equal 

to TaTpTp Ef ,,, /=ε ; 

Ty ,ε =the yield strain at elevated temperatures, equals to 2%; 

 Tl ,ε =the limiting strain for yield strength at elevated temperatures (15%); 

Tu ,ε =the ultimate strain at elevated temperatures is equal to 20%; 

T =steel temperature. 
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Table 3.2 Reduction Factors for Stress-Strain Relationship of Steel at Elevated 

Temperature (ENV 1993-1-2:1995) 

Temperature 
(oC) 

Effective Yield 
Stress 

yyTyT ffK /=  

Modified Factor 
for Yield Strength

yyTxT ffK /=  

Proportionality 
Limit Stress 

ypTpT ffK /=  

Elastic Modulus

EEK TET /=  

20 1.000 1.000 1.000 1.000 

100 1.000 1.000 1.000 1.000 

200 1.000 0.922 0.807 0.900 

300 1.000 0.845 0.613 0.800 

400 1.000 0.770 0.420 0.700 

500 0.780 0.615 0.360 0.600 

600 0.470 0.354 0.180 0.310 

700 0.230 0.167 0.075 0.130 

800 0.110 0.087 0.050 0.090 

900 0.060 0.051 0.0375 0.0675 

1000 0.040 0.034 0.0250 0.0450 

1100 0.020 0.017 0.0125 0.0225 

1200 0.000 0.000 0.000 0.0000 
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Figure 3.5 Reduction Factors for Steel at Elevated Temperature (ENV 1993-1-2) 
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Figure 3.6 Variation of Stress-strain Relationship for Grade S275 Steel (ENV 

1993-1-2) 

 

 British Standard 5950 Stress-Strain Model 

BS 5950: Part 8 (BS 5950-8) adopts the concept of “strength reduction factor” to 

represent the steel strength deterioration at elevated temperatures. The strength 

reduction factors are specified as ratios of strengths at elevated temperatures to 

design strength at room temperature. At room temperature, the stress-strain 

characteristics of steel are approximately bi-linear. With temperature increasing, the 

stress-strain curves become increasingly nonlinear resulting in difficulty to define 

the exact yield point and elastic modulus. However, when assessing the structural 

performance in fire, consideration should be given to both the limiting strain in the 

steel and the corresponding strain in fire protection materials. As specified in BS 

5950: Part 8 (BS 5950-8), for composite members with or without fire protection 

materials, the limit level of strain demonstrated ability to remain intact is 2.0%. For 

non-composite members with or without protection materials, the limit level of 

strain is 1.5%. For steel members not coved in previous two categories, the strain 

level is suggested as 0.5%. The strength retention factors for Grade S275 to S355 

steels are given in Table 3.3. The degradation of steel strength according to strain 

limit of 0.5% and 2.0% as specified in both BS 5950: Part 8 (BS 5950-8) and EC3: 
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Part 1.2 (ENV 1993-1-2) (viz. xTK and yTK in Table 3.2) is shown in Figure 3.7. 

Since the same test data was used for both design codes (Al-Jabri, 1999), it is 

explicit that there are quite similar degradation trends between these two design 

standards. 

Table 3.3 Strength Retention Factors for Steel in BS 5950: Part 8 (BS 5950-8) 
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Figure 3.7 Strength Retention Factors according to BS 5950: Part 8 and EC 3: Part 

1.2 

 ECCS model (ECCS 1983) 

The European Convention for Constructional Steelworks (1983) provides 

recommendations for fire resistance calculations of load bearing steel elements and 

structural assemblies exposed to standard fire. In ECCS model (1983), the 

Strength reduction factors 
at a strain (%) of: 

Strength reduction factors 
at a strain (%) of: Temperature 

(oC) 
0.5 1.5 2.0 

Temperature
(oC) 

0.5 1.5 2.0 

100 0.97 1 1 550 0.492 0.612 0.627 

150 0.959 1 1 600 0.378 0.46 0.474 

200 0.946 1 1 650 0.269 0.326 0.337 

250 0.884 1 1 700 0.186 0.223 0.232 

300 0.854 1 1 750 0.127 0.152 0.158 

350 0.826 0.968 1 800 0.071 0.108 0.115 

400 0.798 0.956 0.971 850 0.045 0.073 0.079 

450 0.721 0.898 0.934 900 0.03 0.059 0.062 

500 0.622 0.756 0.776 950 0.024 0.046 0.052 
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stress-strain curve is cut off at a certain stress level, defined as effective yield stress, 

as shown by the dashed line in Figure 3.8.  

 

Figure 3.8 Stress-Strain Curve of Steel at Elevated Temperatures (ECCS 1983) 

The effective yield stress decreases with increasing temperature, and can be 

calculated using the following equations for different range of temperatures: 

( )⎥⎦
⎤

⎢
⎣

⎡
+=

1750/ln767
120,, T

Tff yTy    for ℃6000 ≤≤ T  

( )( )
⎥⎦
⎤

⎢⎣
⎡

−
−

=
440

1000/1108
20,, T

Tff yTy    for ℃1000600 ≤≤ T    

(3.1) 

 where: Tyf , =effective yield stress at elevated temperature (MPa); 

    20,yf =nominal yield stress at room temperature (MPa); 

    T =steel temperature (oC). 

The elastic modulus TE0 at elevated temperature can be obtained from the following 

equations: 

( )5273941220
00 109.15105.34108.11102.171 −−−− ×+×−×+×−= TTTEET     

                                            for ℃6000 ≤≤ T   
(3.2)

For ℃600≥T , TE0 is undefined as there is a lack of test data about steel properties 

beyond this temperature. 

 Improved ECCS Stress-Strain Model (Franssen 1987) 

Stress, σ 

Strain, ε 

Effective 

Yield Stress 

εy 

E0 

εy 0.5εy 0.1εy 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 3 Elevated-Temperature Material Properties 

 - 58 -

To overcome the limitations of the ECCS model beyond 600 oC, Franssen (1987) 

suggested the following relationships to describe the stress-strain characteristics of 

steel for temperature greater than 600 oC. 

20
y

T
y ff =    20

0EET
o =   for ℃100≤T    (3.3) 

For temperature between 100 oC and 500 oC, 
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For temperature between 500 oC and 600 oC, 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟

⎠
⎞

⎜
⎝
⎛−⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛−= 919.1

100
3806.0

100
02344.0

100
000421.0

23
20 TTTff y

T
y    

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟

⎠
⎞

⎜
⎝
⎛+⎟

⎠
⎞

⎜
⎝
⎛−= 982.0

100
036.0

100
018.0

2
20
0

TTEET
o     

(3.5) 

For temperature beyond 600 oC, 
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 Ramberg-Osgood Stress-Strain Model (El-Rimawi, 1989) 

Based on Ramberg-Osgood equations (Ramberg-Osgood, 1942), which are 

characterized by three parameters, viz., TA , TB and Tn , El-Rimawi (1989) suggested 

a mathematical model to fit the test data. The relationship between the stress and 

strain at certain temperature is expressed as follows: 
Tn

TT

T

TT

T
T

BbAa ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

σσε 01.0  (3.7) 
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in which:
180000

20 C
T

o

Ea = ; 
250

20 C
yT

o

f
b = . 

 For temperature between 20 oC and 100 oC, 

180000=TA   67.25426.000134.0 2 +−= TTBT  TnT 58.1237 −=  (3.8) 

 For temperature between 100 oC and 400 oC, 

3140194000 TAT −=  242=TB  ( ) 6104003.15 71.3 +×−= −TnT  (3.9) 

For temperature between 400 oC and 700 oC, 

333.393295333 TAT −=   TBT 6266.0667.492 −=  6=Tn  (3.10)

For temperature between 700 oC and 800 oC, 

TAT 1530500 −=      TBT 36.0306 −=      2204.0 −= TnT  (3.11)

 

3.3 Thermal Characteristics of Steel in Fire 

Under elevated temperatures, there are three crucial thermal properties for steel, viz. 

thermal expansion, thermal conductivity and specific heat of steel. 

3.3.1 Thermal Expansion of Steel 

It is well known that expansion of steel is significant at elevated temperatures. At a 

temperature between 200 oC and 600 oC, thermal expansion coefficient is generally 

assumed to be 14×10-6 / oC. Cooke (1988) suggested that when a solid material is 

heated up, it increases in length according to the following equation: 

( )3
2

2
10 1 TTTLLT ααα +++=  (3.12)

where: 0L =length at the initial temperature; TL = length after a temperature rise. 

For pure constitutive metal, the constantsα , 1α , 2α have values of the order of 

510− , 1110− and 1410− respectively. Since 1α and 2α are smaller thanα , the following 

equation is adequate for engineering calculations: 
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( )TLLT α+= 10  (3.13)

From elevated temperature tests conducted on 22 different steels but with similar 

carbon contents, Cooke (1988) obtained a mean value of 12.18×10-6 per oC for 

thermal expansion coefficient in the range of 0-100 oC to 14.81×10-6 per oC in the 

range of 0-1200 oC. Over the range of 0-550 oC, the mean value is 14.17×10-6 per oC. 

Therefore, a nominal value of 14×10-6 per oC was recommended for structural steel 

in fire.  

 

In BS 5950: Part 8 (BS 5950-8), the total elongation LL /Δ of steel is defined by a 

single coefficient 14×10-6 per oC above 100 oC. This has been further defined by a 

tri-linear relationship in EC 3: Part1.2 (EN 1993-1-2) to describe the different 

phases of heating in steel in the following equations and Figure 3.9. 

4285 10416.2104.0102.1/ −−− ×−×+×=Δ TTll        20 oC <T<750 oC 

2101.1/ −×=Δ ll              750 oC <T<860 oC 

35 102.6102/ −− ×−×=Δ Tll        860 oC <T<1200 oC 

(3.14)
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Figure 3.9 Thermal Elongation of Steel (EN 1993-1-2) 

3.3.2 Thermal Conductivity of Steel 

Thermal conductivity is defined as the heat flow rate arising from temperature 

gradient. Thermal conductivity in steel is high, approximately 50 times greater than 

that of concrete. For most calculations a constant value of 37.5W/moC is 
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recommended in BS 5950: Part 8 (BS 5950-8), but it is defined more accurately in 

EC 3: Part1.2 (EN 1993-1-2) for different temperature ranges. 

Ta
21033.354 −×−=λ 20 oC <T<800 oC and 3.27=aλ    800 oC <T<1200 oC (3.15)
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Figure 3.10 Thermal Conductivity Coefficient of Steel (EN 1993-1-2) 

3.3.3 Specific Heat of Steel 

The specific heat of steel is the amount of heat stored in a unit mass of steel for 1 oC 

rise in temperature. The greater the specific heat capacity, the smaller is the rise in 

temperature for a given amount of heat energy absorbed. For steel material, the 

widely used value of specific heat of steel is 520J/Kg oC in BS 5950: Part 8 (BS 

5950-8), but it rises rapidly at temperature above 600 oC. It is described in detail by 

EC 3: Part1.2 (EN 1993-1-2) for different temperature ranges.   

36231 1022.21069.11073.7425 TTTCa
−−− ×+×−×+=        20 oC <T<600 oC 

( )TCa −+= 738/13002666                                 600 oC <T<735 oC 

( )731/17820545 −+= TCa                                 735 oC <T<900 oC 

650=aC                                                  900 oC <T<1200 oC 

(3.16) 
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Figure 3.11 Specific Heat of Steel (EN 1993-1-2) 

3.4 Degradation of Bolts in Fire  

There have been extensive information on the influence of elevated temperature on 

the mechanical properties of steel, but unfortunately insufficient consideration has 

been given to the behaviour of bolts in fire. There have been limited 

recommendations for the degradation of bolts at elevated temperature in previous 

vision of Eurocode 3 (ENV 1993-1-2) due to insufficient experimental data. At the 

time of first drafting of BS 5950: Part 8 (BS 5950-8), there was no suitable 

experimental data, consequently the capacity of bots at elevated temperatures was 

defined to be 80% of the strength reduction factor used structural steel 

corresponding to 0.5% strain (as shown in Table 3.4).  

Table 3.4 Strength Retention Factors for Grade 8.8 Bolts in Fire (BS 5950-8) 

Temperature 
(oC) 

Strength Reduction 
Factors 

Temperature 
(oC) 

Strength Reduction 
Factors 

20 0.8 550 0.394 

100 0.776 600 0.302 

150 0.767 650 0.215 

200 0.757 700 0.149 

250 0.707 750 0.102 

300 0.683 800 0.057 

350 0.661 850 0.036 

400 0.638 900 0.024 

450 0.577 950 0.019 

500 0.498   
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However, in Japan, fire-resistant steels (FR steels) have been developed and put into 

practice (Sakumoto, 1992). The corresponding fire resistant bolts (FR bolts) were 

tested to verify the high-temperature mechanical property of bolts developed for FR 

steel joints (Sakumoto, 1993). The specimens were chosen as F10T torque-control 

bolts in accord with JSS II-09-1981 (1981). The experimental investigation 

consisted of elevated-temperature tensile and relaxation tests of bolts. In addition, 

high-temperature shear tests of joints were also conducted with temperature ranging 

between 20 oC and 800 oC. Experimental results showed that the strength and 

stiffness of bolts reduced with increasing temperature. In particular, it was noticed 

that a marked loss of strength occurred between 300 oC and 700 oC. 

 

A similar series of tests has been conducted by Kirby (1995) to quantify the 

degradation of high strength Grade 8.8 bolts at elevated temperatures. M20 nuts and 

bolts have been investigated through tests which have mechanical properties 

meeting the requirement of BS 3692 (BS 3692, 1967). Both tension and double 

shear tests were conducted over the temperature range between 20 oC and 800 oC. In 

all tests, the bolts showed a marked strength reduction between 300 oC and 700 oC. 

Tension tests also highlighted the problems of premature failure by thread failure, 

between the bolt and the nut. Based on experimental observations, a proposal was 

made to amend the design recommendations in BS 5950: Part 8 (BS 5950-8) to 

reflect more closely the influence of temperature on the bolt capacity, taking into 

account of possible occurrence of thread failure in tension. For bolts acting in 

tension and shear, Kirby (1995) recommended a strength reduction factor for the 

ultimate capacity of bolts by a tri-linear relationship as follows.  

0.1=SRF                  CT o300≤  

( ) 2102128.03000.1 −××−−= TSRF     CTC oo 680300 ≤<    

( ) 3105312.068017.0 −××−−= TSRF     CTC oo 1000680 ≤<  

(3.17)
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Figure 3.12 Strength Reduction Factor for Grade 8.8 Bolts (Kirby, 1995) 

These experimental findings have been incorporated into current Eurocode 3: 

Part1.2 (EN 1993-1-2), where θ,bK  is used to describe the strength reduction 

factor with elevated temperature of bolts (as shown in Table 3.5). 

 
Table 3.5 Strength Reduction Factors for Bolts in EC 3: Part1.2 (EN 1993-1-2) 

aθ (oC) θ,bK * aθ (oC) θ,bK *
aθ (oC) θ,bK *

aθ (oC) θ,bK * 

20 1.000 200 0.935 500 0.550 800 0.067 

100 0.968 300 0.903 600 0.220 900 0.033 

150 0.952 400 0.775 700 0.100 1000 0.000 

θ,bK *:Strength reduction factor for bolts in tension and shear. 

Based on nominal bolt properties at ambient temperature specified in BS 3692 (BSI 

1967), it is possible to ascertain the tensile strength of bolts at any given 

temperatures. However, since no recommendations or experimental results are 

presented for the degradation of elastic modulus for bolts at elevated temperatures, 

it is suggested to use recommendations in Eurocode 3: Part1.2 (ENV 1993-1-2) for 

Grade 50 steel (Leston-Jones, 1997). 

 

3.5 Conclusion  

When steel framed structures are subjected to fire, steel mechanical properties will 

deteriorate with increasing temperature. Since the stress-strain relationship at 
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elevated temperatures in Eurocode 3: Part1.2 (EN 1993-1-2) has been widely 

accepted in European countries, these same properties are adopted in the 

experimental and finite element analyses of currently study. With regard to thermal 

expansion characteristic of steel at elevated temperatures, the simplified thermal 

expansion coefficient of 14×10-6 per oC above 100 oC described in Eurocode 3: 

Part1.2 (EN 1993-1-2) is used. In addition, strength reduction factor for bolts 

specified in Eurocode 3: Part1.2 (EN 1993-1-2) is used for tensile and shear 

strengths in current research. Since there is no recommendation on the degradation 

of elastic modulus for bolts at elevated temperatures, the recommendations in 

Eurocode 3: Part1.2 (ENV 1993-1-2) for Grade 50 steel is used instead.  
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CHAPTER 4

BEHAVIOUR OF SHEAR ZONE IN STEEL 

BEAM-TO-COLUMN JOINT
 

 

 

4.1 Introduction 

As described in Chapter 1, it is crucial to predict overall behaviour of steel 

beam-to-column joint at ambient and elevated temperatures in steel framed 

structural analysis. Therefore, in current study, a “Component-Based” method has 

been adopted to evaluate mechanical characteristics of individual components and 

eventually assemble all components together to evaluate the whole joint stiffness at 

different temperatures. 

 

In a typical steel beam-to-column joint under fire conditions, mechanical 

components associated with shear zone consist of the column web and the beam 

web panels. They are possibly subjected to restrained compressive force induced by 

adjacent unheated structures. Mechanical investigations for column web panel shear 

behaviour have been conducted by several researchers (Krawinker et al. 1975, Liew 

et al. 1995 and Kato et al. 1998, etc.). Structural descriptions for column web panel 

have also been specified in Eurocode 3 (EN 1993-1-8) as “Component-Based” steel 

beam-to-column joint modelling at ambient temperature. However, the column web 

panels are normally not critical under shear force for interior joints with connecting 

beams subjected to equal but opposite direction bending moments. Besides, there is 

a lack of information about beam web panel shear component. Therefore, the first 

part of current study focuses on the shear strength and deflection characteristics of 
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beam web panel at elevated temperatures. This work will then be implemented into 

the “Component-Based” method for steel beam-to-column joint modelling in 

Section 8.4. Moreover, a number of beams in the Cardington fire tests (Wald et al. 

2004) exhibited tensile field action (TFA) failure mode in the beam web near the 

supports (Figure 4.1). This mode is similar to the shear failure of plate girders at 

ambient temperatures. Thus, the behaviour of beam web component under shear can 

be investigated using a girder web panel subjected to approximately pure shear 

force as shown in Figure 4.2. This also represents the upper limit of slenderness 

limit. In addition, UC sections were also used to investigate the lower slenderness 

limit of web component. These specimens are typical of column web shear 

component. Due to constraint in time and resources, the test programme did not 

include any UB sections. It felt that the behaviour of UB sections can be inferred 

from the upper limit (plate girder) and lower limit (UC section) of web slenderness 

ratios (as described in Section 5.2). 

 

Figure 4.1 Local Buckling of Beam in the Cardington Test (Wald et al. 2004) 

 
Figure 4.2 Equivalent Shear Zone Model for Steel Beam-to-Column Joint 
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4.2 Mechanical Modelling of Shear Zone with Plate Girder Theory  

In recent years, significant developments have been made on investigations of 

structural members at elevated temperature, either as an individual member, or as 

part of a frame, or as a whole structure. Due to a wide range of configurations of 

steel beam-to-column joint, a “Component-Based” method has been recommended 

in the Eurocode 3 (EN 1993-1-8) for modelling a joint as a set of different 

components. From research works at the University of Sheffield, the 

“Component-Based” method has been applied to compression and tension zones at 

elevated temperatures. Both experimental and analytical works have been 

conducted (Leston-Jones et al. 1997a; Al-Jabri et al. 1998; Spyrou, 2002). 

Nevertheless, there still remain some other components that need to be investigated 

in order to form an accurate integrated joint modelling at higher temperatures. One 

example is beam web panel in shear mode. To investigate beam web panel 

behaviour, one way is to load a plate girder web panel in shear as shown in Figure 

4.2. 

4.2.1 Mechanical Models of Plate Girder under Shear Load 

During the 1930s, the first investigation on buckling and post-buckling behavior of 

web plates subjected to shear was undertaken by Wagner for aircraft structures. 

However, findings from this investigation were not directly adopted into the design 

of plate girders until 1960s. In 1959, Basler and Thurlimann conducted an extensive 

study on the post-buckling behavior of plate girder web panels under shear. Based 

on these and the following investigations (Basler, 1961a and 1961b), the American 

Institute of Steel Construction (AISC, 1963) first adopted post-buckling shear 

strength into its specifications. Subsequently, in the 1970s, Rockey and his 

collaborators in the United Kingdom proposed a unified method to predict the 

ultimate strength of webs loaded in shear (Rockey and Skaloud 1972; Porter et al. 

1975; Rockey et al. 1978). The failure theory (Rockey et al. 1978) assumes that the 

flanges can develop plastic hinges after the formation of diagonal tensile field 
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action, and finally the web plate fails in a sway mechanism accompanied by 

excessive out-of-plane web deformation. Rockey’s method was eventually adopted 

by the British standard (BS 5950-1). Other notable contributions to this area are 

listed in a monograph by Narayanan (1983). To name a few are the work done by 

Calladine (1973), Harding and Dowling (1978), and Murray (1983, 1986), among 

others. At 2006, the classical mechanical models for plate girder under shear at 

ambient temperature have been extended to elevated temperatures by Vimonsatit et 

al. (2005) with incorporation of axial restraint compressive forces. Mechanical 

theories of plate girders at normal ambient condition have been well defined 

(Murray 1986; Narayanan 1992). For a plate girder under small loads, bending 

theory may be used to determine internal force distributions, i.e. transverse shear 

force and bending moment, are carried by the web and the flanges. When the 

applied load is increased, the failure mode of a plate girder will depend largely on 

the panel aspect ratio ( db / ) and the web slenderness ratio ( td / ), whereb is the 

clear distance between vertical stiffeners, d and t are the clear depth and thickness 

of web panel, respectively. When the panel is stocky enough the web will fail by 

yielding in shear, which is governed by theoretical shear yield 

strength 3/ywyw στ = , where ywσ is the uniaxial tensile yield strength of the web. 

For most practical plate girders, however, web panels are generally slender, and 

therefore buckle first before yielding. The overall behaviour of a web panel can be 

divided into three stages, (1) Unbuckled, (2) Post-buckled, and (3) Collapsed, as 

shown in Figure 4.3 (a), (b) and (c), respectively. 

 

Figure 4.3 Collapse Mechanism for Plate Girders under Shear  

(a) Unbuckled Stage (b) Post-buckled Stage (c) Collapsed Stage 

σtt V Vcr 

Plastic hinge 

Plastic hinge 

Vult 
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 Unbuckled Stage 

If a uniform shear force is applied to the web, principal tensile stress acting at 45o to 

the flange will be developed and is equal in magnitude with the web shear stress. At 

the same time, principal compressive stress of an equal magnitude is developed at 

135o. This stress state will continue until the applied shear stress reaches the critical 

shear stress crτ . The value of crτ  of an isolated panel can be determined from 

classical stability theory (Timoshenko and Gere 1985). Consequently, if the 

boundaries of the web are assumed as simply supported, the critical shear stress is 

given by 

( )
2

2

2

112
⎟
⎠
⎞

⎜
⎝
⎛
⎥
⎦

⎤
⎢
⎣

⎡
−

=
d
tEKcr ν

πτ     (4.1)

The buckling coefficient K  is obtained from  

2

435.5 ⎟
⎠
⎞

⎜
⎝
⎛+=

b
dK  if 0.1<

b
d ;  435.5

2

+⎟
⎠
⎞

⎜
⎝
⎛=

b
dK  if 0.1>

b
d  (4.2)

where: d is the clear depth of web plate between flanges; t  is thickness of web 

plate; b  is the clear width of web plate between vertical stiffeners; E  is the 

modulus of elasticity; and ν  is the Poisson’s ratio. Therefore, the critical shear 

load that causes web plate buckling is as following equation. 

dtV crcr τ=     (4.3)

Recent studies show that the restraints provided by flanges can enhance the 

buckling coefficient K , which will lead to greater calculated shear strength. The 

increased values of K can be obtained from charts (Bradford 1996), in which a 

semi-analytical finite strip method of analysis was used to incorporate the 

interaction between flanges and web of I-beams. Alternatively, simple design 

equations based on results of numerical analyses using 3-dimensional finite element 

modelling can be used to determine the shear buckling coefficients (Lee et al. 1996). 

The effects of large initial deformations on web panel shear strength have also been 
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studied (Lee et al. 1998). From numerical investigations by Lee et al. it was found 

that the shear buckling coefficient K  of a plate girder web can be determined as 

follows: 

( ) ⎥
⎦
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⎡
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(4.4)

in which: ssK  is shear buckling coefficient for plates simply supported around four 

edges as shown in Equation 4.2, and sfK is shear buckling coefficient for plates with 

two opposite edges simply supported and fixed as shown in Equation 4.5. 

( )
( )da

da
K sf /99.161.5

/
98.8

2 −+=  for 1/ <da  

( ) ( )32 /
99.1

/
61.598.8

dada
K sf −+=  for 1/ ≥da  

(4.5)

 Post-buckled Stage 

Once the critical shear stress is reached, web cannot carry any increase in shear 

stress. Additional shear VΔ  has to be supported by another load-carrying system. 

When web slenderness ratio ( td / ) is low, as for standard I-sections, failure of the 

web panel is governed by yielding. The mechanical system that takes up additional 

shear load after the web yielding will be provided by the top and bottom flanges. 

For a plate girder with a high td /  ratio, the web buckles before it yields. After the 

web has buckled, additional shear force will be supported by the mobilization of 

tensile membrane stress tσ in the diagonal band of web, as shown in Figure 4.4. For 

a web panel subjected to pure shear, the value of tσ  that causes the web to yield 

can be written, based on the von Mises equation, as: 

]3)2sin
2
3[(2sin

2
3 222 −++−= θτσθτσ crywcr

y
t     (4.6)
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where: unknown angleθ  is the inclination of tensile stress at membrane yielding 

strength y
tσ . 

 Collapse Stage 

The failure of plate girder occurs when plastic hinges have formed in flanges, which 

together with the diagonal yield zone, form a plastic mechanism. In Figure 4.4, the 

distance between plastic hinges in the compression flange cc , and in the tension 

flange tc , can be determined from the equilibrium of forces acting on the flanges. 

For a panel with symmetrical top and bottom flanges subjected to pure shear, it can 

be assumed that ccc tc == , which will occur at the location of maximum bending 

moment on the flanges where shear force is zero.  

d
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Figure 4.4 Membrane Tensile Stress Distribution and Collapse Behaviour  

The membrane tensile stress has a resultant force F calculated from: 

( ) tcbctgdF y
t ×+−×= θθσ sin     (4.7)

From the virtual work principle, external work done by the vertical component 

of F and work done by shear force m
ultV  should be equal to the internal work done 

at the four plastic hinge locations as follows:  

( ) ( ) ( ) φφθθσφ pfr
y
t

m
ult MccbctgdtcV 4sin 2 =+−×−     (4.8)
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( ) θθθσθσ 22 sinsin
4

d
y
t
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pfrm
ult ctgctgdtct

c
M

V −++=  

where: c = plastic hinge position; 

pfrM =plastic moment capacity of flange; 

dθ =diagonal degree of web panel, dbctg d /=θ . 

At collapse stage, the internal plastic hinges at the top and bottom flanges will form 

at the point of maximum moment where shear acting across a section is zero. 

Considering the equilibrium of the panel between the two plastic hinges in the 

flange, the position of plastic hinge can be derived as follows: 

Vult
m
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σ t
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Figure 4.5 Stress and Moments Distribution at Compressive Hinge 
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The total shear load is then equal to the sum of shear load which causes buckling 

and subsequent increase in load carried by the diagonal tensile field and the 

formation of plastic hinges in flanges, thus,  

m
ultcrult VVV +=         

( ) dtdttMV crd
y
t

y
tpfrult τθθθσθσ +−+= 22 sincotcotsin4  

(4.10)

Since the inclination of web tensile field θ  in Equation 4.8 is unknown, an 

iterative method is required to determine the value of θ  that provides the ultimate 

shear force ultV . The shear strength Equations 4.1 to 4.10 form the basis of many 

standard classical solutions as discussed in Porter et al. (1975). These include the 

case I. with flexible flange ( pfrM = 0), II. with a sufficiently thick web 
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(low td / ratio), and (iii) with an infinitely thin web ( crτ = 0). In the present work, 

the Equations 4.1 to 4.10 will be extended to consider the panel shear strength under 

the effects of elevated temperature.  

 

4.2.2 Mechanical Models of Plate Girder under Shear at Elevated 

Temperatures 

As described in Section 3.2, material properties of steel would deteriorate at 

elevated temperature. For steel material, the temperature-dependent yield 

strength )(Tyσ and the elastic modulus )(TE at temperature T can be expressed as a 

fraction of their ambient values, which are denoted by subscript )20( , in the 

following forms:  

)20()()( yTyTy k σσ =    )20()()( EkE TET =    (4.11)

where: subscript ( )T  denotes the value corresponding to elevated temperatureT ;  

)(Tyk and )(TEk  are the retention ratios of the material yield strength and elastic 

modulus, respectively.  

 

The behaviour of web panel under steady-state temperature is assumed to follow the 

three stages as under normal ambient condition. The critical shear at buckling stage, 

the tensile yield stress at the post-buckling stage and the ultimate shear strength at 

the collapse stage can be derived to take into account the degraded material 

properties. In all three stages, it is assumed that there is uniform temperature 

distribution across and along the web panel. In what follows, subscripts )20( and )(T  

will be associated with terms at the ambient and elevated temperature, respectively, 

to avoid confusion. Thus, for the case when elastic buckling occurs in the web panel, 

the critical shear strength becomes as: 
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)20()()( crTETcr k ττ =  (4.12)

In the post-buckled stage, the tensile yield stress can be written as: 

]3)2sin
2
3[( 2sin

2
3 22

)20(
2

)(
2

)20(
2

)()20()()( −++−= θτσθτσ crTEywTycrTETty kkk  (4.13)

Substituting Equation 4.12 and 4.13 into Equation 4.1 to 4.10, ultimate shear force 

)(TultV  is given by: 

t
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tdtdtkV
Tty

TPf
TtydTtycrTEwTult
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)(
)(

2
)()20()()( sin4 )cot(cotsin

σ
θσθθθστ +−+=  (4.14)

Equation 4.12 to 4.14 are suitable for both ambient and elevated temperature cases. 

The ambient case can be considered by simply taking all the retention ratios equal 

to 1. Furthermore, similar to ambient equations, the ultimate shear load )(TultV  and 

the inclination of principal tensile stress θ  in Equation 4.13 and 4.14 are unknown. 

A parametric study for the ambient case (Rockey et al. 1978) shows that the 

variation of )(TultV  withθ  is not abrupt. It was suggested that the assumption 

of 3/2 dθθ = , where bdd /cot =θ , would lead to either the correct value of )(TultV  

or to a slight underestimation. BS 5950: Part 1 (BS 5950-1:1990), on the other hand, 

provided a simplified version of the shear strength based on the assumption that 

2/dθθ = . Therefore, the equations given in the BS 5950 (BS 5950-1:1990) can not 

be extended directly to elevated temperature case. The shear load ratio )()( / TywTult VV  

is given by Equation 4.15, in which the term )(TywV  represents the maximum shear 

force in the web panel at elevated temperature ( 3/)()( dtV TywTyw σ= ). 
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in which: 
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)()()(1 / TywTEwT kkk =  (4.16)

)()()(2 / TywTyfT kkk =  (4.17)
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)20(
)20( 4 Pw

Pf
f M

M
K =  (4.21)

4/ 2
)20()20( tdM ywPw σ=  (4.22)

The subscripts f and w denote the values corresponding to flange and web properties, 

respectively. Equations 4.15 to 4.22 are written to resemble the equations 

recommended in the British standard, BS 5950: Part 1 (BS 5950-1:1990) for the 

shear strength calculations at ambient temperature. The first two terms on the right 

hand side of Equation 4.15 are referred to in BS 5950: Part 1 (BS 5950-1:1990) as 

the basic shear strength of the web, which combines the critical buckling strength 

and the post-buckling strength from web tension field action. The last term of 

Equation 4.15 represents the contribution from flanges. Thus, it can be seen that the 

effect of temperature rise on the web strength depends on the retention ratio 

between the web elastic modulus and yield strength, viz. )(1 Tk in Equation 4.16.  

The flange contribution to shear strength depends on the retention ratio between the 

flange and the web yield strengths, viz. )(2 Tk  in Equation 4.17. Since then, there 

have been some changes on the shear strength calculations of plate girders in BS 

5950: Part 1 (BS 5950-1:2000), that bring the new version closer to Eurocode 3 Part 

1.1 (ENV 1993-1-1), but quite different from original Rockey’s work (Rockey et al. 

1978). 
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4.2.3 Effects of Thermal Axial Restraint on Mechanical Behaviour 

of Plate Girder at Elevated Temperatures 

When the panel is subjected to the combined action of shear and compression at 

elevated temperatures, for example, due to a thermal axial restraint provided by 

adjoining cooler structures, their interaction phenomenon has to be considered.  

Under ambient condition, it was suggested in the Eurocode 3 Part 1.1 (EN 1993-1-1) 

that if the acting shear is less than 50% of the shear buckling resistance, no 

interaction exists, otherwise the interaction has to be taken into account.  

 

In extending the pure shear case for a panel to include axial stress, earlier work by 

Porter et al. (1975) and Murray (1986) assumed that the flanges are subjected to 

additional axial forces, while the stress system in the web remains the same as for 

pure shear. In current work, both flanges and webs are subjected to additional axial 

stress, which may be due to thermal axial restraint. The extensions of Equation 4.1 

to 4.10 include the panel axial compressive stress will be presented next. 

 

At the buckling stage, the elastic buckling of simply supported thin flat plate can be 

predicted by an approximate interaction between the two stresses. Thus, for panels 

subjected to shear and compression at ambient condition as shown in Figure 4.6, the 

following formula suggested by Horne (Harding and Dowling 1978) is used. 

 

Figure 4.6 Collapse Mechanism for Plate Girders under Shear with Restraints  
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where: T
cσ = thermal restraint compressive force; 

( )crcσ  = critical compressive stress for simply supported plate under a 

longitudinal compressive force; 

crτ = critical shear stress for simply supported plate under pure shear force;  

cτ  = modified critical shear stress for simply supported plate under a 

combination of shear force and restraint compressive force.  

 

The critical-buckling compressive stress for a plate when it is subjected to a pure 

compression is given by: 

2
2

2
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)1(12 d

tEKcxcr ⎥
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⎡
−

=
μ

πσ  (4.24)

in which: cK is the buckling coefficient, obtained as: 

2)/(
)/( 2
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++=
m

db
db

mKc  (4.25)

where: m  is a number of sinusoidal half-waves in z direction of compression. It is 

well known that for a simply supported flat plate with an aspect ratio 1/ ≥db , cK  

approaches the value 4 (Murray 1983). Thus for a panel under a compressive 

stress cσ , the reduced buckling shear stress, denoted by crτ ′ , can be calculated from 

Equation 4.23 as: 

2/1)1(
xcr

c
crcr σ

σ
ττ −=′  (4.26)

After elastic buckling, the panel behaviour is expected to undergo the post-buckling 

and collapsed stages, as in the pure shear case. The stress components developed in 

the post-buckling stage include the compressive stress cσ , the shear stress τ , and 

the tensile stress developed in the diagonal band of the panel tσ , as shown in 
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Figure 4.6. The elemental stresses on the inclined plane at θ and θ+090  are 

given by Equation 4.27. Substituting these equations into the von Mises yield 

equation for the web (Equation 4.28), the value of tyσ ′  which results in the web 

yielding is given in Equation 4.29. 

tcr
cc σθτθ
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σ +′+−−= 2sin2cos

221  
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(4.29)

In the presence of axial stress cσ  in the flanges, the reduced plastic moment of 

resistance of the compression and tension flanges that attain the yield strength fwσ , 

is given by Equation 4.30. Thus, the location of the plastic hinges in this case is 

given by Equation 4.30. 

])(1[ 2

yf

c
PfPf MM

σ
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−=′  (4.30)
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Based on virtual work principle described in Section 4.2.1, from the equilibrium of 

internal and external forces acting in the post-buckled range, the ultimate shear 

capacity can be obtained as: 
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( ) ( ) dtdttMV t
crd

t
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t
typfTult τθθθσθσ +−+= 22 sincotcotsin'4  (4.32)

The proposed equations were derived to consider the panel axial stresses due to the 

thermal axial restraint (Vimonsatit et al. 2005). The magnitude of cσ  in Equation 

4.23 depends on the temperature increment and the level of restraint factor. For 

instance, for a simply supported plate girder with an axial restraint at the end as 

shown in Figure 4.7, the axial stress in the panel when the panel temperature is 

uniformly increased to T is given by 

TE Tc Δ
+

= α
β

βσ )()
1

(  (4.33)

in which: β  is ratio of axial stiffness of the restrained member sk  to axial 

stiffness of girder panel bk ; α  is thermal expansion coefficient of steel; and )(TE  

is elastic modulus of plate girder member at T . 

 

Figure 4.7 Restrained Beam Model for Thermal Restrained Plate Girder 

 

4.3 Pre- and Post-buckling Out-of-Plane Deflection Investigation  

As described in Section 4.2, shear strength predictions of beam web panel at 

elevated temperatures have been developed based on classical plate girder theory at 

ambient temperature (Vimonsatit et al. 2005). With this analytical approach, the 

pre- and post-buckling stages of plated structures under shear loads can be 

described with derivations of corresponding buckling and ultimate shear strengths. 

Nevertheless, in addition to strength predictions for beam shear web component, the 

corresponding deflection characteristics for shear component need to be addressed 
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as well. This will be incorporated into the overall steel beam-to-column joint 

modelling using the “Component-Based” method, as presented in Section 8.4. Thus, 

to obtain a clear understanding of deformation mode for the shear component with 

different geometries, particularly for different initial imperfections, mathematical 

models have been used to study the in-plane and out-of-plane deflections under pure 

shear and combination of shear and induced compression under fire conditions.  

4.3.1 Background of Elastic Plate Buckling Theory  

Theoretical investigations of mechanical behaviour of plate structures have been 

carried out by some researchers over the past few centuries. The first membrane 

theory of plate was formulated by Euler (1766). Later, Bernoulli (1789) and Navier 

(1823) derived the differential equation of square plate. It was Kirchhoff (1877) 

who first combined bending and stretching in the plate theory. Saint Venant (1883) 

transferred Kirchhoff’s work into mathematical expressions, which have since then 

been referred to the basis of modern plate theory. This governing equation for the 

thin-plate loaded transversely with Y per unit area and in-plane loads, 

viz., xN , yN and xyN  per unit length, as follows. 
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(4.34)

Equation 4.34 demonstrates relationship between loads and deflection for isotropic 

plates in which the out-of-plane deflection is very small and its effects on 

membrane stresses can be neglected.  

 

Later, with introduction of stress functionΦ , von Karman (1910) first proposed the 

governing equation which satisfied force equilibrium and deflection compatibility 

of a perfectly flat thin plate, as: 
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To consider effects of initial imperfections of plate, Marguerre (1938) modified von 

Karman’s governing Equation 4.34 as follows. 
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(4.36)

Marguerre’s equation allows for plate post-buckling behaviour analysis, which is 

known as large-deflection plate analysis. This forms the theoretical basis for plate 

mechanical model in current study, which will be presented in Section 4.3.2. 

Besides, Marguerre derived analytical solutions for a simply supported plate 

subjected to a uniform transverse load with freely extending edges. His solutions 

were obtained through Rayleigh-Ritz energy method.  

 

In 1942, Levy and Greeman used six terms of truncated double Fourier series to 

find solutions for Marguerre’s equations. However, the assumed boundary 

conditions suggested the edge either has zero translation displacement or remains 

straight during translation. Although their solutions have these disadvantages, they 

obtained explicit solutions for both simply supported and clamped square plate 

under a combination of transverse and in-plane compression loads. 

 

Later, in 1946, Green and Southwell solved the plate problems with finite difference 

method. Instead of solving von Karman’s differential equation, they first modified 

the equation to be expressed in three unknown displacements, u , v and w . The 

derived equations were transformed into three sets of simultaneous equations by 
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finite difference method and solved by the relaxation method. However, in their 

analysis, the initial imperfections of plate were not incorporated and the boundaries 

of plate were constrained with zero transverse displacement. With this method, they 

obtained solutions for a built-in plate under uniform transverse load and a clamped 

plate subjected to a uniform in-plane shear stress along the edges.  

 

Wang (1948) first transformed von Karman’s equations into simultaneous equations 

by finite difference method. He used relaxation method and successive 

approximation technique in his analyses. He presented solutions for some 

rectangular plates with different aspect ratios. Later, Coan (1951) improved Levy’s 

method with allowance of non-uniform edge in-plane displacements. With 

consideration of initial out-of-plane imperfections, the deflected shape of a simply 

supported rectangular plate was approximated by a double Fourier series, in which 

the initial deflection has the same shape with the final deflection. The detailed stress 

function Φ included, has incorporated complementary functions of the edge 

in-plane loads. With the compatibility conditions specified at the plate edges, the 

different coefficients of the double Fourier series can be obtained by successive 

approximation method. His analysis method has been applied to a square plate with 

central initial deflection as tw 1.0'= . This gives good comparison with experimental 

results. Later, Yamaki (1959) used Levy’s method in his analysis of plate behaviour 

under in-plane compressive forces, which consisted of four different boundary 

conditions as: I. All edges simply supported; II. Loaded edges simply supported, the 

other edges clamped; III. Loaded edges clamped, the other edges simply supported; 

IV. All edges clamped. Analytical solutions for flat plate and plate with initial 

deflection as tw 1.0'=  gave good agreement with Levy and Coan’s results.  

 

In 1961, Timoshenko and Gere developed a linear solution for plate buckling 

problem. They assumed the membrane stresses of plate remain uniform during 
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bending. A double Fourier series was used in this analysis with energy method. 

However, in their solutions, the in-plane loading can not be greater than the critical 

buckling load (which can be considered as small deflection problem solution) and 

the membrane force effects were neglected.  

 

In 1969, Walker investigated the behaviour of rectangular plate subjected to edge 

compressive loadings. In this analysis, he used similar double Fourier series and 

Galerkin’s method to analyze simply supported plates. Later Williams and Walker 

(1975) incorporated perturbation technique into the plate behaviour investigations. 

In this method, the plate central deflection, stress and bending moments, etc. were 

derived as truncation series. Therefore, the non-linear problem could be transformed 

to a set of linear problems. Various explicit expressions for different edge 

conditions have been presented. Although divergence occurred in large initial 

imperfection case, their results were quite reasonable for practical design.  

 

Rhodes and Harvey (1971) also examined the buckling and post-buckling behaviour 

of plate. They assumed the stress function Φ  as a combination of trigonometric 

and hyperbolic functions. Their method was based on energy method which gave 

good agreement with experimental observations by Walker (1967). With aid of 

computer, Cheung (1976) and Murray (1980) applied finite strip method to the 

solutions of plate buckling problems. Based on a similar theory with finite element 

method, the plate was divided into long strips which reduced the total number of 

degrees of freedom of the plate system.    

 

In 1980, Fok conducted a series of finite difference analyses and experimental tests 

to investigate elastic post buckling behaviour of thin compressed plates. The initial 

imperfections have been detected and input into the finite difference analyses. Fok’s 

predictions gave better comparison with test results. In his investigations, the form 
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of initial imperfection has a marked effect on the behaviour of plate. Also the 

maximum load capacity of a plate is dependent on the smoothness and uniformity 

of the elastic buckling shape. 

 

In 1992, Zaras et al. investigated buckling and post-buckling behaviour of thin 

rectangular plates subjected to compression and shear simultaneously. In this 

analysis, double Fourier series was used to represent the deflected shape of simply 

supported plate. Energy method was used to minimize the total potential energy to 

obtain the coefficients of assumed deflection shape functions. The analytical results 

showed that post-buckling behaviour of plate was greatly influenced by the 

magnitude of shear loads. In 2003, Rhodes presented a brief examination of the 

research on the post-buckling analysis of plates and plated structures. Only the 

behaviour of plates under compression load was considered with a lower bound 

analysis method. The influences of eccentric compression loads were also studied. 

 

4.3.2 Elastic Pre- and Post-buckling Behaviour Investigations 

As described in Section 4.3.1, analytical and experimental investigations of pre- and 

post-buckling behaviour of plate have been conducted extensively. Load-deflection 

behaviour of plate with elastic-plastic material characteristic in the pre- and 

post-buckling stages may be found experimentally, numerically and analytically. 

However, there is still a lack of studies of mechanical behaviour of imperfect plates 

under a combination of compression and shear loads, and under elevated 

temperatures.   

4.3.2.1 Boundary Condition Assumptions  

In current study, the shear component in beam web of a steel joint is simplified into 

one simply supported flat plate subjected to shear load τ and compression load 

σ as shown in Figure 4.8. The longitudinal compression load represents thermal 
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restraint force induced by surrounding structures. The uniformly distributed shear 

stressτ acts along both longitudinal and vertical edges of the plate.  

 

Figure 4.8 Load Distributions and Geometrical Property 

The simple-supported boundary conditions at 0=x  and ax = simulate nodal lines 

which form at the edges of compression loading. Although the simply supported 

boundary conditions at 0=y  and by = are less accurate for junction lines between 

the web panel and the flanges, these assumptions become more reliable since these 

junction lines are normally kept straight lines in practical estimations. Detailed 

boundary conditions are presented as follows. 
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(4.37)

in which: w  is out-of-plane deflection; xM  and yM are bending moments about 

the −x and the −y axis, respectively, along four edges of plate. 
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4.3.2.2 Plate Out-of-Plane Deflection Functions  

For simply supported plate, the out-of-plane deflection w of buckled plate can be 

represented by the double sine series as follows. 
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The infinite sine series solution for the out-of-plane deflection generally converges 

quickly. However, it has been noticed that acceptable accuracy can be achieved by 

considering only the first few items in this series. Timoshenko et al. (1961) used 

five terms of double sine series to calculate the shear buckling strength of simply 

supported plate, in which the error between obtained shear strength and exact value 

was less than one per cent. Therefore, to save computational time, a double sine 

series consist of first five items is also adopted in current study. 
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4.3.2.3 Governing Differential Equations and Airy-Type Stress 

Function  

Considering geometrical changes of an infinitesimal plate element, a series of 

compatibility equations can be established with consideration of the effects of 

large-deflection of plate (Figure 4.9 represents derivation of xε , Murray, 1983). 

 

Figure 4.9 Strain xε Derivation due to Plate Out-of-Plane Deflection  
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For plate with initial out-of-plane imperfection, the detailed strains can be expressed 

as following equations. 
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in which: 0w represents the initial imperfection of plate, which is assumed to relate 

with w as follows. 
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where: 'w represents the half magnitude of initial imperfection of plate central point. 

 

Similarly, considering the equilibrium of external and internal forces acting on the 

infinitesimal plate element, the membrane stress can be expressed as follows. 
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in which: ),( yxΦ  represents Airy stress function (Szilard, 2004). 

 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 4 Behaviour of Shear Zone in Steel Beam-to-Column Joint 

 - 89 -

Therefore, by eliminating u and v from Equation 4.41, the compatibility equation 

can be obtained as. 
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By similar derivations, the relationship between membrane forces and large 

out-of-plane deflection can be represented as below. 
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These two differential equations represent compatibility and equilibrium conditions 

of plate under in-plane loading, which were first derived by von Karman in 1910 

and improved by Marguerre in 1938 with considerations of initial imperfections.  

Appling the compatibility Equation 4.45, Airy stress function can be obtained: 
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in which: the first term is an integral solution of Equation 4.44. The second term is a 

particular solution which satisfies Equation 4.43. The corresponding coefficients 

of ia , im and in  are derived by Zaras (1992) for perfect flat plates. Considering the 

effects of initial imperfection, the detailed coefficients can be obtained (Table 4.1).  

 

4.3.2.4 Analytical Method of Governing Differential Equations 

The exact solution of governing differential Equation 4.36 and Equation 4.37 is 

very rare. However, some indirect analytical methods have been developed which 

gave satisfactory results, such as Galerkin’s method, energy method, iteration 

method, etc. In current investigation, Galerkin’s method is applied in the 

mathematical procedure to solve the governing differential equations. 
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In Galerkin’s method, a complete set of functions is assumed to represent the 

out-of-plane deflections as shown in Equation 4.47, which is a general form of 

assumed deflection shape defined in Equation 4.38. 
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Since the assumed deflection shape for w  is only an approximation to the real 

deflection shape, the values of w  and the stress function Φ  may not satisfy 

equilibrium (Equation 4.45). Thus the error can be treated as a force acting normal 

to the plate surface. The total work performed by this force during a small 

defection dw  increment should be equal to zero as following form. 
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The small deflection increment can be expressed as: 
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Thus, Equation 4.48 can be obtained: 
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Since this Equation must satisfy any idw , therefore: 
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(4.51)

From Equation 4.51, the undetermined coefficients iw  can be calculated by 

mathematical programming. 
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Table 4.1 Coefficients of Airy Stress Function 
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In which: ba /=λ . 

4.3.3 Analytical Predictions and Comparisons 

As mentioned in Section 4.3.2.4, the formulation of mathematical models in 

dimensionless system and the discretization of governing equations (Equation 4.51) 
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by successive approximation and optimization methods, has made it possible to 

create a numerical code in Matlab environment. Analytical predictions are 

calculated and compared with numerical results as follows. 

4.3.3.1 One-Directional Compression Analysis 

In order to verify correctness of the analytical perditions, the load-deflection 

characteristics of a one-directional compression plate (as shown in Figure 4.10) 

have been studied with different initial imperfection ratios, which were then 

compared with numerical results from Coan (1951) and perturbation analysis results 

by Dawson (1971, cited by Murray, 1986).  

 

Figure 4.10 Load Distribution and Geometrical Property for One-Directional 

Compression 

 

As described in Section 4.3.1, Coan (1951) utilized three terms of double Fourier 

series to represent out-of-plane deflection of simply supported square plate loaded 

in edge compression. After iterative procedure, the central out-of-plane deflection 

was derived with different initial imperfection magnitudes. In 1975, Williams and 

Walker first adopted perturbation method to study the pre- and post-buckling 

behaviour of isolated plate. With this method, an explicit load-deflection expression 

was obtained for one square plate loaded in one-directional compression as follows. 
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To incorporate the effect of initial imperfection, this perturbation method can be 

easily extended by using the findings by Dawson (1971, cited by Murray, 1986), 

which resulted in the following expression. 

3max 022411.0721188.1 εε −=
t

w
  (4.53)

Where: ( )[ ] 2/1
max '/'1/ wwwcr ++−= σσε ; 316.0=ν ; maxw is plate central 

out-of-plane deflection; 'w is plate central initial out-of-plane imperfection. 

 

The detailed comparisons among analytical predictions are given in Figure 4.11. 

Two cases have been studied with both perfectly flat plate and plate with initial 

imperfection as 10/t . In both cases the Poisson’s ratio was set as 0.316 which was 

the same as Coan’s predictions. It can be seen that the analytical predictions in 

current study are in good agreement with Dawson’s equation. However, Coan’s 

predictions show a less stiff behaviour compared with both analytical predictions. 
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Figure 4.11 Comparisons between Different Analytical Approaches 

 

4.3.3.2 Pure Shear Load Analysis 

Similarly, the behaviour of plate under pure shear load along four edges was also 

investigated with different initial imperfection magnitudes. Firstly, the effect of 

plate thickness at certain initial imperfections was considered. Square plates (305 
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mmx305 mm) with thickness as 1.5, 2 and 2.7 mm (which were selected as the 

same geometrical properties with unrestrained and restrained plate girder beam web 

panels in Section 5.3 and 5.4) have been examined with three initial imperfection 

magnitudes ( 10/' tw = , 100/' tw = and 1000/' tw = ). The derived shear strength 

ratios ( crVV / , crV  is shear buckling load) are plotted with central plate defection 

ratios ( tw / ) as shown in Figure 4.12 (a), (b) and (c). It can be noticed that, for 

certain initial imperfection level, the curves for different plate thicknesses illustrate 

the same dimensionless load-deflection behaviour, which can be derived from 

Equation 4.51. Secondly, with higher initial imperfection ( 10/' tw = ), the plates 

buckle at much lower shear loads compared with perfect flat plates or plates with 

small initial imperfections ( 100/' tw = , 1000/' tw = ). The transition between pre- 

and post-buckling stage for plates with larger initial imperfections, is not 

distinguishable.  
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Figure 4. 12 Non-Dimensional Load-Deflection Behaviour of Imperfect Plates 

 

Numerical investigations have been conducted to verify the derived load versus 

out-of-plane equations. Simply-supported square plates with different thicknesses 

and initial imperfections are simulated using a commercial finite element (FE) 
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software MSC.Marc (2001). An eight-noded shell element is used to simulate the 

web and flange plates, with initial imperfections applied directly onto the mesh 

nodes. Numerical predictions have been compared with analytical predictions as 

shown in Figure 4.13 (a) and (b). Clearly, the analytical approach can predict the 

load-deflection behaviour of square plates with reasonable accuracy, especially at 

pre-buckling stage due to second-order linear elastic analysis. Thus, superimposing 

the ultimate shear strength predictions (Vimonsatit et al., 2005), and truncating the 

elastic behaviour beyond this strength, one can obtain the limit of elastic behaviour 

as shown in Figure 4.13 (a) and (b). Although the post-buckled behaviour cannot be 

modelled, current analytical approach gives reasonable behaviour up to the ultimate 

shear strength, which is sufficient for practical design purpose.  
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Figure 4.13 Comparisons of Load-Deflection Behaviour between Numerical and 

Analytical Predictions (Square Plate) 

 

In addition to square plate analyses, another series of studies have also been 

conducted for rectangular plates (457.5 mm x 305 mm plate, with aspect ratio 

5.1=λ ), based on the same thicknesses with square plates. As shown in Figure 

4.14 (a) and (b), similarly, it can be noticed that even for rectangular plates, the 

proposed approach gives acceptable accuracy compared with numerical simulations. 
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Analytical predictions for plates with the same initial imperfection ratio ( 10/' tw = ) 

are summarized in Figure 4.14, with two aspect ratios ( 0.1=λ  and 5.1 ). Clearly, 

for square and rectangular plates, load-deflection characteristics are in a similar 

form. However, for plates with a larger initial imperfection ( 10/' tw = ), the 

transition from pre- to post-buckling stages is much less obvious, causing difficulty 

to obtain elastic shear buckling strength. Also rectangular plates ( 5.1=λ ) present 

relatively lower shear buckling strengths compared with square plates, due to higher 

plate aspect ratios.  
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Figure 4.14 Comparisons of Load-Deflection Behaviour between Numerical and 

Analytical Predictions (Rectangular Plates 5.1=λ ) 

4.3.3.3 Analysis of Combination of Shear and Compression Loads  

Since there is thermal restraint effect when beam or plate girders are subjected to 

heating, the load-deflection relationships of plates under a combination of shear and 

compression loads is also necessary to be derived and compared with corresponding 

numerical simulations. Only square (305 mm x 305 mm, 1=λ ) and rectangular 

plates (457.5 mm x 305 mm, 5.1=λ ) have been studied with plate thicknesses as 2 

mm and 2.7 mm, both of which have initial imperfection magnitude, typically 

assumed as 100/' tw = . For each plate model, two compression stress ratios were 

considered as 1.0/ == crk σσ  and 3.0/ == crk σσ  ( crσ is the compressive 
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buckling stress for simply supported plates under one-direction compression load 

presented by Timoshenko et al., 1961), which were selected to ensure the plate fails 

predominantly due to shear. Typical comparisons between analytical and numerical 

predicted load-deflection curves are presented in Figure 4.15 (a). Predicted 

load-deflection behaviour is in close agreement with numerical curves. In order to 

obtain a clear understanding of the effect from compressive stress, analytical 

predictions are summarized in Figure 4.15 (b) for plates subjected to three 

compressive stress ratios ( 0=k , 1.0 and 3.0 ). A typical feature that characterizes 

the analytical results is a visible increase of web plate out-of-plane deflections at the 

same shear load level, due to compressive stress. Also, for lower compressive stress 

ratios, the plates still show similar shear-deflection relationships compared to the 

pure-shear case ( 0=k ). In addition, there exists much more obvious transition from 

pre- to post-buckling stages, if compared with Figure 4.14 (c). This shows the effect 

of initial imperfections on the buckling behaviour of web plate.  
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Figure 4.15 Comparisons of Load-Deflection Behaviour between Numerical and 

Analytical Predictions for Square Plates under Shear and Compression 

 

Similar to square plate analyses, rectangular plates (457.5 mm x 305 mm, 5.1=λ ) 

have also been examined with various compressive stress ratios.  Figure 4.16 (a) 
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presents load-deflection relationships for investigated plates. In combination with 

Figure 4.16 (b), it can be noticed that influences from compressive stress at certain 

out-of-plane deflection level (1 mm) are relatively less significant for rectangular 

plates. Instead of load-deflection characteristics, relationships between shear stress 

and out-of-plane deflection for both square and rectangular plates are compared in 

Figure 4.16 (b), with the same compressive stress ratio ( 3.0=k ). It is explicit that 

shear buckling stresses decrease proportionally with a larger plate aspect ratio (λ ), 

which is in accord with analytical predictions (Vimonsatit et al., 2005). However, 

all stress-deflection curves exhibit similar feature, that is, the shear stress dominates 

deflection developments for low compressive stress ratios.  
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Figure 4.16 Comparisons of Load-Deflection Behaviour between Square and 

Rectangular Plates under Combination of Shear and Compression 

4.4 Pre- and Post-buckling In-Plane Deflection Investigation   

In addition to analytical out-of-plane deflection predictions (Section 4.3), in-plane 

deflection of beam web shear component plays an important role in the joint 

rotation. Thus, the analytical predictions are crucial for obtaining an accurate 

representation of steel beam-to-column joint modelling using the 

“Component-Based” technique.  
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As described in Section 4.2, the overall behaviour of a web panel under shear can 

be divided into three stages, viz. (1) Unbuckled, (2) Post-buckled, and (3) Collapsed 

stage. Similar to pre- and post-buckling out-of-plane deflection, the development of 

in-plane deflection of shear component (Figure 4.17(a)) can be divided into two 

stages, that is, pre- and post-buckling behaviour as shown in Figure 4.17(b). This 

analytical model has been improved by the author, based on the research works 

conducted by Kharrazi et al. (2004) about bending and shear analysis of ductile 

steel plate walls.  
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Figure 4.17 In-Plane Deflection Development of Web Panel Shear Component 
 

 Pre-buckling Stage: 

Critical shear stress of a web panel can be obtained from Equation 4.1 and 4.12 for 

pure shear at both ambient and elevated temperatures. Furthermore, critical shear 

stress for a web panel subjected to a combination of shear and compression can be 

obtained from Equation 4.26: 

dtV crcr τ=    (4.54)

in which: crτ is shear buckling stress of web panel; d and t are the height and 

thickness of web panel. 

Critical shear displacement crU is obtained as: 
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EbGbU crcrcr /)1(2/ νττ +==    (4.55)

where:b is width of web plate; E is elastic modulus of web plate. 

 

 Post-buckling Stage: 

After the web panel has buckled, shear displacement '
uU from post-buckling 

component of shear force can be derived by equating work done through 

post-buckling component of shear force, with work done by normal stresses acting 

on flanges (internal work done at four plastic hinge locations, viz. Point W, X, Y 

and Z, as shown in Figure 4.4) and strain energy of tension field (Figure 4.17 (a)). 

This leads to: 
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where: y
tσ is tensile yield stress of plate under shear as described in Equation 4.13 

and 4.29; m
ultV  is post-buckling shear force component; c is plastic hinge position as 

in Equation 4.9 and 4.31; pfrM is plastic moment capacity of flanges.  

Thus, ultimate shear displacement can be expressed as: 
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Therefore, with shear strength and deflection derivations, shear force versus plate 

in-plane deflection relationship can be expressed as a tri-linear curve as shown in 

Figure 4.17. Corresponding stiffness for pre- and post-buckling stages ( crk and '
uk ) 

can be expressed as: 

)1(2 ν+
==

b
Edt

b
Gdtkcr       

( )
( ) dtc

McVEV
k

y
t

pfr
m

ult
m

ult
u 22

' 4

σ

−
=  (4.58)

However, in order to incorporate the shear component into overall steel joint 

modelling in Section 8.4, in-plane deflection of web plate needs to be transformed 
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into shear rotation with relationship as Φ= bU  and Φ= cU for pre- and 

post-buckling stages. Thus, rotational stiffnesses of plate for two stages can be 

expressed through the following relationships: 

)1(2, ν+
==Φ

EdtGdtk cr       
( )
( ) cdt

McVEV
k

y
t

pfr
m

ult
m

ult
u 2

'
,

4

σ

−
=Φ  (4.59)

 

4.5 Conclusion   

Mechanical models presented in this chapter aims to predict both shear capacity and 

deformation behaviour of the shear component of joints at ambient and elevated 

temperatures. A series of girders have been analyzed and results presented here will 

be used to compare with both experimental and finite element analyses in Chapter 5. 

The experimental results and finite element predictions will be described in Chapter 

5 and Chapter 6, respectively. Then, these mechanical models will be incorporated 

into the “Component-Based” mechanical modelling, which will be described in 

Section 8.4. 
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CHAPTER 5

EXPERIMENTAL INVESTIGATION OF SHEAR 

ZONE IN STEEL BEAM-TO-COLUMN JOINT
 

 

 

5.1 Introduction 

 

In the steel end-plate joint, the major components within shear zone are column web 

and beam web subjected to shear force, and restrained compressive force, in fire 

conditions. As presented in Section 4.1, beam web shear component has been 

modelled by using an equivalent girder web panel subjected to shear force, as 

shown in Figure 4.2. 

 

In this part of experimental investigations, five series of beams (TG1, TG2, TG3, 

TG4 and TG5 series) have been tested without thermal restraint effects. In addition, 

three more series of beams (RTG3, RTG4 and RTG5 series) were tested under 

thermal restraints to simulate more realistic situations of structural component. 

These test girders have different web slenderness ratios and material properties. 

TG1 and TG2 represented stocky sections, which are typical of column web shear 

component. The other specimens, TG3, TG4, TG5 and RTG3, RTG4, RTG5 have 

higher slenderness which represented slender beam web shear component as 

described in Section 4.1. Moreover, test results from unrestrained slender sections 

(TG3, TG4 and TG5 series) were used as benchmark cases to compare with three 

other series under thermal restraint conditions (RTG3, RTG4 and RTG5 series).  
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Under ambient condition, experimental results of unrestrained shear component test 

consisted of readings from strain gauges, affixed onto web panels and flanges, and 

from linear variable differential transducers (LVDTs). For specimens tested at 

elevated temperatures, there were no readings from strain gauges as it was not 

possible to obtain high temperature strain gauges at reasonable cost. Therefore, the 

deformation readings consisted only of the information from deflection transducers 

(LVDTs). In addition, thermocouples were fixed onto web panels and flanges for 

temperature measurements. 

 

5.2 Unrestrained Plate Girder Experimental Set-up and Programme 

In the first part of experimental work, five series of plate girder beams (TG1, TG2, 

TG3, TG4 and TG5 series) have been tested. These five series were tested under 

thermally unrestrained condition. The girders have different web slenderness ratios 

and material properties. The web slenderness ratio is defined as the ratio between 

the web depth and thickness ( td / ). Each series consist of one specimen tested at 

ambient temperature, and three specimens tested at three respective furnace 

temperatures, viz. 400, 550 and 700 oC, using a specially designed and fabricated 

electrical heating furnace. These three temperatures were chosen since they 

represent significant degradations of steel material properties as shown in Figure 3.5 

and Figure 3.6. These test results were considered as a benchmark to compare with 

three other series of tests performed under thermal restraint condition. 

5.2.1 Development of Unrestrained Plate Girder Test Programme 

The unrestrained shear component testing system (Figure 5.1) consist of one 

boxed-up electrical heating furnace, one hydraulic jack, and two steel supports 

ensuring roller end conditions for the specimens. The hydraulic jack is used as the 

loading device attached to an external portal frame system. The furnace is 

assembled from two electrical heating panels to affect elevated temperature 

conditions, and it is boxed up with two non-heating side panels and a top cover. 
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Figure 5.1Unrestrained Shear Component Test Set-up 

5.2.2 Test Specimen Preparations 

In total, five series of I-shaped test girders were designed and tested, namely, TG1, 

TG2, TG3, TG4, and TG5. The girders configurations are shown in Figure 5.2. TG1 

and TG2 were selected from universal column sections, i.e. UC 152x152x23kg/m 

and UC 203x203x52kg/m, respectively. On the other hand, TG3, TG4, and TG5 

were all fabricated from steel plates. The web and the flange plates were welded 

together using longitudinal fillet to ensure adequate shear force transfer between the 

two component plates. Clearly, from Table 5. 1, TG1 and TG2 series represented 

stocky plate panels with web slenderness ratio ( td / ) as 22.8, and 22.6. On the other 
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hand, TG3, TG4, and TG5 were slender plate panels with td /  as 152.5, 112.9, and 

203.3. All test girders had a total length of 1.90 m. The span measured from 

centre-to-centre of the support bearing blocks was 1.70 m for TG1 and TG2, and 

1.66 m for TG3, TG4, and TG5 girders, respectively. Transverse web panel 

stiffeners were provided such that the ratio of the distance between vertical 

stiffeners to web depth, denoted by db / , was 1, since it represents an intermediate 

value among those used in practice (BS 5950-1:2000) ranging from 0.4 to 3.0. It is 

also purposely chosen to have a relatively insignificant effect from bending 

moments for the end panels. The girders were symmetrical in cross section, with the 

load applied at centre. The purpose of the investigation was to study the web panel 

behaviour due to shear. Therefore, to prevent flexural failure caused by the plastic 

hinge formation at mid span, additional cover plates were welded onto the top and 

bottom flange plates of the test girders, as shown in Figure 5.2. The girders were 

designed such that the end panels would fail primarily due to shear force. These 

panels were marked as 1, 2, 3, and 4 in TG1, TG2, and TG5 girders, as seen in 

Figure 5.2. In TG3 and TG4, only panels 1 and 4 were investigated, as the other 

inner panels were stiffened by additional flange cover plates. In what follows, these 

panels would be referred to as the test panels. The detailed geometrical properties 

for these web panels are given in Table 5. 1. 
Table 5. 1 Properties of Unrestrained Test Girders 

Web Details Flange Details 
bw dw tw bf tf Specimen 

  (mm) (mm) (mm) 
bw/dw dw/tw 

(mm) (mm) 

TG1 139 139 6.1 1 22.8 152.4 6.8 

TG2 181 181 8 1 22.6 203.9 12.5 

TG3 305 305 2 1 152.5 80 6 

TG4 305 305 2.7 1 112.9 80 6 

TG5 305 305 1.5 1 203.3 80 6 
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Figure 5.2 Unrestrained Test Girder Configurations 
Before testing, geometrical imperfections along the longitudinal profile of flanges 

and web plates were measured at fourteen locations as shown in Figure 5.3. The 

measurement was conducted with the aid of Mitutoyo digimatic caliper and wood 

base ruler. The datum of the top and bottom flanges longitudinal profiles for TG3 

series are listed in Table 5.2.  

1900

22422011560 110 110103120

732 6541 8 9 10 11 12 13 14

220 115 110 110 103 120 60

 

Figure 5.3 Location for Geometrical Imperfection Measurement 
 

The numbers in Table 5.2 represent the distances between the measured face of the 

specimen and the base ruler. For a perfectly straight plate these numbers should be 

equal except for the middle section with additional flange stiffener plates. The 
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thickness measurements of the top and bottom flange were also conducted along the 

fourteen locations, and listed in Table 5.3. From Table 5.3, it can be observed that 

the measurement datum at No.6 to No.9 points were larger than the other 

measurements, as the top and bottom flange stiffeners attached shown in Figure 5.2. 

The longitudinal imperfection of the web was also measured at fourteen locations as 

shown in Figure 5.3. The measurement datum of the front and back faces of the web 

panel are listed in Table 5.4. 

Table 5.2 Detailed Measurement Datum for TG3-1 Flange Curvatures 

 
Measur

e point 

1 
(mm) 

2 
(mm)

3 
(mm) 

4 
(mm) 

5 
(mm)

6 
(mm)

7 
(mm)

8 
(mm)

9 
(mm)

10 
(mm) 

11 
(mm) 

12 
(mm) 

13 
(mm)

14 
(mm)

Top 

flange 
229.41 230.62 229.88 229.73 229.85 224.70 224.29 224.23 224.15 230.19 230.07 230.03 229.98 229.38

T
G

3-
1 

Bottom  

flange 
229.28 229.34 229.69 229.76 229.84 223.95 223.85 223.69 223.42 229.42 229.63 229.86 229.30 229.40

Table 5.3 Top and Bottom Flange Thicknesses of TG3-1 

 
Measure 

point 

1 

(mm) 

2 

(mm) 

3 

(mm) 

4 

(mm) 

5 

(mm)

6 

(mm)

7 

(mm)

8 

(mm)

9 

(mm)

10 

(mm)

11 

(mm) 

12 

(mm) 

13 

(mm)

14 

(mm)

Top 

flange 
5.91 5.94 5.97 6.17 6.15 12.15 12.07 12.01 12.06 5.93 5.96 6.10 5.98 6.01 

T
G

3-
1 

Bottom  

flange 
6.06 5.98 5.95 5.94 6.02 12.08 11.97 11.86 11.93 6.01 6.08 6.00 5.95 5.91 

Table 5.4 Detailed Measurement for TG3-1 Web Panel Curvatures 

 
Measure 

point 

1 
(mm) 

2 
(mm) 

3 
(mm) 

4 
(mm) 

5 
(mm)

6 
(mm)

7 
(mm)

8 
(mm)

9 
(mm)

10 
(mm) 

11 
(mm) 

12 
(mm) 

13 
(mm)

14 
(mm)

Front 

beam 
229.66 229.40 229.69 230.22 230.56 230.81 231.08 231.40 232.03 231.91 231.73 230.84 230.02 230.13

T
G

3-
1 

Back 

beam 
229.11 229.45 229.28 228.94 228.29 228.25 228.14 228.47 228.00 228.30 228.44 228.84 228.76 228.72

The objectives of initial imperfection measurement are to measure the crookedness 

of the top and bottom flanges, and the web panel imperfection. From initial 

out-of-straightness measurement of web panel for TG3-1, it can be found that the 

standard derivation of relative initial imperfection for web panel is approximate 0.8 

mm and 0.4 mm at the respective front surface and back surfaces of the beam. 

These are much smaller than the permitted initial out-of-plane deflection 
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( mmd 5.2120/ ≈ ) specified in the ANSI/AASHTO/AWS D1.5-96 Bridge Welding 

Code (AASHTO, 1996). Typically, for end panels 1 and 2 as shown in Figure 5.2, 

from measurements at points 3 to 5 and points 10 to 12 as listed in Table 5.4, the 

maximum relative out-of-plane imperfection is approximately 0.4 mm, which is 

within the acceptable fabrication tolerance by the above reference. For TG3 series, 

TG3-1 and TG3-2 had higher out-of-plane imperfections, approximately 0.8mm. 

However, corresponding measurements for TG3-3 and TG3-4 were around 0.7 mm 

and 0.5 mm respectively. A higher out-of-straightness imperfection caused TG3-1 

beam web panels to buckle at a much lower shear force compared with analytical 

predictions as shown in Table 5.7, since analytical predictions are derived based on 

perfectly flat plates. However, this effect becomes less significant for TG3-3 and 

TG3-4 due to smaller initial imperfections. Discrepancy between experimental and 

analytical shear buckling load is also due to slightly non-uniform temperature 

distribution across the web panels as shown in Figure 5.18. Material coupon tests 

were conducted to determine the mechanical properties for each series of specimens. 

The detailed material properties for TG1, TG2, TG3, TG4 and TG5 series are listed 

in Table 5.5. 

 

Table 5.5 Material Properties of TG1, TG2, TG3, TG4 and TG5 series 

Specimen Location Thickness (mm)
Yield Stress  

(MPa) 
Young’s Modulus 

(MPa) 
Flange 6.8 359 207000 

TG1 
Web 6.1 342 197000 

Flange 12.5 325 213000 
TG2 

Web 8 332 205000 
Flange 6 274.5 204000 

TG3 
Web 2 287.8 200000 

Flange 6 277 204000 
TG4 

Web 2.7 232.8 200000 
Flange 6 277 204000 

TG5 
Web 1.5 332 200000 
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5.2.3 Heating Furnace Configuration and Loading Device 

An enclosed furnace was assembled from two-sided, L-shaped, electric heating 

modules, two rectangular end panels with openings for the protruded specimen, and 

one top-piece cover. The assembled furnace was 1.5 m long, 1.2 m wide and 0.9 m 

high. The heating rate was monitored by a separate control panel. From a few trial 

heating tests, a rate of 7 oC per minute was chosen for the furnace temperature. This 

temperature increment is within the range described as a practical heating rate for 

steel sections by BS 5950 Part 8 (BS 5950-8), which stipulates a value from 5 to 20 

oC/minute. An ENERPAC hydraulic jack was used to apply the load at midspan. 

The jack was supported by a two-portal-frame system which had a combined 

capacity of 1000 kN. The loading level was measured by an annular compression 

load cell, which was placed in between the hydraulic jack and the loading rod, as 

shown in Figure 5.1. A rocker bearing was also inserted between the load cell and 

the loading rod to ensure verticality of applied force. To minimize reading errors, 

load cells with different ranges were used for different test girders depending on the 

expected failure loads. For example, since TG1 was expected to fail at 400 kN 

loading, a 500 kN capacity load cell was used; for TG3 the expected failure load 

was 175 kN, thus, the 500 kN capacity load cell was replaced by a 300 kN load cell 

instead. The jack was manually driven and the load cell was connected to a data 

logger control system. 

 

5.2.4 Deformation Acquisition System 

Linear variable differential transducers (LVDTs) were used to measure vertical 

deformations of test panels, mid-span deformations, and support settlements. 

Typical LVDT locations for a test girder are shown in Figure 5.4. Support rotations 

on the right-hand end were obtained by taking the relative displacement between 

LVDT7 and LVDT8. Line LVDTs were used to measure the out-of-vertical-plane 

deformations at the centre of the web panels to determine if shear buckling has 
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occurred. Basically, line LVDTs were used only at the two end panels for all the 

test series, except for the TG5 series where two additional line LVDTs were also 

introduced at the two inner panels 2 and 3 (Figure 5.2). In the TG5 series, the inner 

panels were expected to fail before the end panels as the former were subjected to 

greater bending moment. For the elevated temperature tests, it should be noted that 

since the LVDTs were not heat-resistant, alsint ceramic rods were used to connect 

the external LVDTs (LVDT 1 to LVDT4) with the measured positions on the 

specimen inside the furnace.   

LVDT9

LVDT5

Ceramic rod

Line LVDT1

LVDT2LVDT1

LVDT8

Ceramic rod

Line LVDT2

LVDT6
LVDT7

LVDT3

Furnace

LVDT4

 

Figure 5.4 Typical LVDT Measurement Location 

5.2.5 Strain Measurement System 

To monitor median strain in each flange and centre of web panel, normal strain 

gauges were used for ambient-temperature tests. For the ambient-temperature test, 

the instrumentation procedure consisted of fixing the strain gauges onto the web 

panel and the flanges in addition of installing LVDTs. There were two types of 

strain gauges used in this experiment, single-element and three-element rectangular 

rosette strain gauges. The single-element strain gauges were used to measure strain 

in the top and bottom flanges, while the three-element rosette strain gauges were 

used to measure the horizontal, vertical, and diagonal strain in the web panel. One 

rosette strain gauge consists of three single-element strain gauges measuring the 
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respective strain at two perpendicular directions, and also an additional gauge at 45o 

angle between the two directions. The locations of strain gauges for TG5 series are 

shown in Figure 5.5.  

S21 (Front) and S22 (Behind)S9 (Front) and S10 (Behind)

Panel 1 Panel 2 Panel 3 Panel 4

S6

S3 (Front) and S4 (Behind)

S5

S1

S2 S8

S7

S12

S11

S14

S13

S15 (Front) and S16 (Behind)

S18

S17

S20

S19

S24

S23

 

Figure 5.5 Locations of Strain Gauges for TG5-1 

5.2.6 Temperature Measurement and Thermal Insulation  

For elevated temperature tests, thermocouple wires were used to measure the 

temperatures of the specimen as well as the furnace temperature. The locations of 

thermocouple wires for TG5 series are shown in Figure 5.6. 

TC10

TC11

TC12

TC1 TC3

TC2 TC4

TC7

TC8

TC5

TC9TC6

Insulation Section

TC13

TC14

TC15

TC16

TC17

TC19

TC20

TC18 TC21

TC32

TC33

TC28

TC29

TC22

TC23

TC25

TC26

TC24 TC27

TC30

TC31

Panel 1
Panel 2

Panel 4
Panel 3

 

Figure 5.6 Location of Thermocouple Wires for TG5 series 

To minimize effects of bending moments and to study behaviour of beam section 

under shear force conditions, only the end panels were tested at elevated 

temperatures. The middle panels were insulated with rock wool so that the 

temperature in this section would be below the end panel temperature to prevent 

flexure failure at mid-span. To prevent heat loss, two sides of the heating furnace 

and the ends of the specimens outside furnace were heavily insulated using rock 

wool and wrapped up with insulation cloth. The loading rod was also carefully 

wrapped up by rock wool to keep the temperature as low as possible.  
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5.2.7 Unrestrained Plate Girder Test Procedure 

 Ambient Temperature Test 

A total of 5 test girders, one from each series, were tested at ambient temperature.  

They served as control specimens within a series. Loading was applied 

incrementally at the centre of the girders. In addition to the use of LVDTs for 

displacement measurements, strain gages were used to measure strains at the centre 

of the web panel, and at the top and bottom flanges of the girders. Typical locations 

of the strain gages on the test panels are shown in Figure 5.5. It should be noted that 

S3, S4, S9 and S10 are rosettes, while the others are uni-axial strain gages. 

 

 Elevated Temperature Test   

There are two standard methods of elevated temperature tests, namely, 

transient-state and steady-state tests. In the transient-state test, external load is 

applied to the member first and held at a constant level, while the temperature is 

increased gradually at a specified rate, conforming to ISO834 fire curve. The test is 

continued until the member cannot sustain the constant applied load. On the other 

hand, the steady state test is similar to the ambient temperature test except that it is 

conducted at a constant elevated temperature isothermal condition. Load is then 

applied to the member while the temperature is held constant. In the present work, 

the steady state test method was selected as it is not possible for the electric furnace 

to achieve the ISO834 heating rate. During heating stage, specimens were allowed 

to move freely in the longitudinal direction, so that there was no thermal strain due 

to support restraint. The atmosphere and steel temperatures were monitored by 

K-type thermocouple wires, and recorded automatically every fifteen seconds. 

Factors that may have an effect on the failure loads at isothermal conditions include 

initial imperfections, ceramic rod expansion, and support movements were 

anticipated and measured. Before discussing the test results, the following points 

should be made on these factors.   
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I. Initial imperfections 

As described in Section 5.2.2, the initial imperfections of the test girders were 

measured using a digital vernier caliper to determine the thickness of the top and 

bottom flanges. The measurements were made at fourteen locations along the 

specimen length on the top and bottom flanges. The maximum thickness variation 

of the flange plates were 0.44 mm within the specified tolerance of 0.5 mm 

(Hayward and Weare 1999). 

II. Ceramic rod expansion 

The ceramic rods used for deformation acquisition were calibrated under the present 

heating condition to check for thermal expansion. The average thermal expansion 

was found to be 7.744x10-6 /oC, close to supplier’s specification of 7.8x10-6 /oC.   

In the actual test set-up, the heated length of ceramic rod for TG1 was 200 mm, for 

TG2 was 150 mm and for TG3, TG4 and TG5 girders was 70 mm. The maximum 

thermal expansions were found to be 1.04, 0.78 and 0.38 mm for TG1, TG2 and 

plate girder tests (TG3, TG4 and TG5 series) at 700 oC. Therefore, the effect of rod 

expansion was very minimal and, thus, was not considered in deflection result 

analyses.   

III. Support movements 

Support settlements were monitored and incorporated with the measurements to 

obtain actual vertical deflections of the girder panel at respective locations. 

Furthermore, to check if the roller support condition provided a free thermal 

expansion condition, horizontal support movements of TG5 were monitored. It was 

found that at 700 oC before loading, horizontal expansion obtained from an LVDT 

reading was 15.3 mm, while thermal expansion from the FE simulation of the whole 

beam was 14.5 mm, as described in Section 6.2.2. In this FE simulation, a quadratic 

thick shell element (MSC, 2001) was used for both the web and the flanges of tested 

specimens. Actual temperature measurements and material properties have also 
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been incorporated into these simulations respectively. Therefore, there was 

reasonable agreement between the two.  
 

5.3 Unrestrained Plate Girder Experiment Results 

In this section, the experimental results of three series of specimens (TG3, TG4 and 

TG5 series) are plotted and studied. Each series consisted of four specimens, tested 

at ambient temperature, 400, 550 and 700 oC, respectively.  

5.3.1 Plate Girder Shear Buckling and Ultimate Shear Capacity 

From the experiments of the 18 test girders at different isothermal temperatures, the 

ultimate shear capacity of each girder is listed in Table 5.6. The ultimate shear 

strengths from the analytical method and FEM analyses will be shown and 

discussed in Section 6.3. 
 

Table 5.6 Shear Buckling Load and Ultimate Shear Strength of Test Girders 

Test 
Series 

Test 
Girder 

Temp 
(oC) 

Shear Buckling Load 
Vcr (kN) 

Shear Ultimate Load 
Vtest (kN) 

TG1-1 20 172.2 193.5 
TG1 

TG1-2 550 79.85 97.3 

TG2-1 20 270.3 343.8 

TG2-2 400 260 324.3 

TG2-3 550 183.6 234.6 
TG2 

TG2-4 700 62.4 74.2 

TG3-1 20 53.35 79.85 

TG3-2 400 30.08 67.63 

TG3-3 565 19.87 34.34 
TG3 

TG3-4 690 7.05 17.15 

TG4-1 20 101.4 111.8 

TG4-2 400 58.9 77.1 

TG4-3 550 24.54 37.75 
TG4 

TG4-4 700 10.59 15.94 

TG5-1 20 21.05 59.6 

TG5-2 400 17.63 46.4 

TG5-3 550 13 28.6 
TG5 

TG5-4 700 4.5 10.16 
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5.3.2 Test Results of Ambient Tests (TG3-1, TG4-1 and TG5-1) 

In this research, three specimens (TG3-1, TG4-1 and TG5-1) with different 

geometrical and material properties were tested at ambient temperature. The 

experimental datum consisted of readings from the strain gauges affixed onto the 

web panels and the flanges, and vertical deflections from the LVDTs.  

 Strain Results 

Strain measurements were recorded by strain gauges affixed onto the flanges and 

web panels shown in Figure 5.5. The strains of web panel 2 of TG5-1 specimen at 

locations shown in Figure 5.7 are plotted in Figure 5.8. 

S9 and S10 (behind)

S12

S11

Panel 2Panel 1 S8

S7

Panel 4Panel 3
y

d
x

 

Figure 5.7 Strain Measure points for TG5-1 Panel 2 

 

Figure 5.8 Strain Measurements for TG5-1 Panel 2 

The top flange strains S7 and S8 are almost the same showing that the strain across 

the thickness of the flange plate is nearly uniform. The same can be said for the 

bottom flange strains S10 and S11. The negative sign of S7 and S8 indicated that 

the top flange is in compression and the positive sign of S10 and S11 confirmed 

tension in the bottom flange. The strain measurements for the top and bottom 

flanges (S7, S8 and S11, S12) were almost symmetrical before web panel started to 
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buckle. After web buckling occurred, the median strain in compression flange (S7 

and S8) became greater than that in tension flange (S11 and S12) due to local 

buckling of flange and plastic hinge formation in the compression flange. 

The rosette strain gauges (S9 and S10) measured the vertical ( )Vε , horizontal 

( )Hε and diagonal ( )Dε at 450 angle strains at the centre point of the web panel. 

From the rosette strain gauges readings, the principal strain and maximum shear 

strain of the web panel can be calculated as follows: 

xH εε =  yV εε =  ( )xyyxD γεεε ++=
2
1

 (5.1)

The shear strain (γxy) can be calculated as: 

yxDxy εεεγ −−= 2  (5.2)

The principal strains can be calculated from: 
2 2

1,2 2 2 2
x y x y xyε ε ε ε γ

ε
+ −⎛ ⎞ ⎛ ⎞

= ± +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (5.3)

The maximum shear strain is associated with axes at 45° to the directions of the 

principal strains. It can be calculated from the following equation: 
2 2

max

2 2 2
x y xyε ε γγ −⎛ ⎞ ⎛ ⎞

= +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (5.4)

The principal strains and maximum shear strain at the centre of the web panel 2 of 

TG5-1 are shown in Figure 5.9.  
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Figure 5.9 Principal and Maximum Shear Strain for Web Panel 2 of TG5-1 
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The strain-versus-load curves show that maximum and principal strains increase as 

increasing load. When the specimen approaches the ultimate load the strains 

increase more rapidly until failure occurs. The test results will be compared with 

numerical finite element simulations in Section 6.3.  

 Web panel vertical deflection measurement 

Vertical displacements of beam specimens were measured by LVDT. The positions 

of LVDTs for TG3-1, TG4-1 and TG5-1 are shown in Figure 5.4. There are no 

load-versus-out-of-plane-deflection curves as horizontal LVDTs were not used for 

the ambient test. For TG3-1, the vertical deflections of panel 1 and 2 are shown in 

Figure 5.10. The load-versus-mid-span-deflection of beam specimen is shown in 

Figure 5.11. The L1 to L4 indicate the measurements from LVDT1 to LVDT4 as 

shown in Figure 5.5.  
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Figure 5.10 Load versus Vertical Deflection of TG3-1 Web Panels 
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Figure 5.11 Load versus Mid Span Deflection of TG3-1 
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In Figure 5.10, the load-versus-vertical-deflection curves of the web panel indicate 

that the vertical deflections reach plateau at approximately 160 kN. Therefore the 

ultimate shear capacity of TG3-1 is approximately 80 kN. The buckling of the web 

panel can be identified from the load-versus-vertical-deflection curves. Before 

buckling, vertical deformation behaves linearly. After buckling, nonlinear 

behaviour is expected in the web panel deformation. The load versus mid-span 

deflection curve is plotted in Figure 5.11 and will be compared with the finite 

element analysis results in Section 6.4. 

 

5.3.3 Elevated-Temperature Test Results (TG3, TG4 and TG5) 

Each TG3, TG4 and TG5 series consisted of three specimens tested at 400, 550 and 

700 oC, respectively. Steady-state test method was chosen, whereby the specimen 

was heated to the specified temperature and the temperature was held constant 

while load was applied at the beam centre until failure occurred.  

 Web panel vertical and out-of-plane deflection measurement 

For TG3-2 (tested at 400 oC), the vertical deflections of panel 1 and 2 are shown in 

Figure 5.12. The load-versus-out-of-plane-deflection curves of panel 1 and 2 are 

shown in Figure 5.13. The load-versus-mid-span-deflection and web panel 

out-of-plane deformation curves of beam are shown in Figure 5.14.  

 

Figure 5.12 Load versus Vertical Deflection of TG3-2 Web Panels 
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Figure 5.13 Load versus Out-of-Plane Deflection of TG3-2 Web Panels 
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Figure 5.14 Load versus Mid-Span deflection and Web Panel Deformation of 

TG3-2 Web Panels 

 

From Figure 5.12, it can be observed that the vertical displacements of both end 

panels show similar behaviour. The deformations at unloaded level were induced by 

thermal expansion during the heating stage. The panel deformation and mid-span 

curves in Figure 5.14 indicate that the panel failed at 136 kN since the panel 

deformation kept increasing without additional loads. From the 

load-versus-out-of-plane-deflection curves in Figure 5.13, it can be observed that 

the out-of-plane deflections of two web panels at the beginning of loading were 

very small and they increased slowly with applied load. However, after the load 

reached a certain value (at 136 kN), the out-of-plane displacements increased 

tremendously. This indicates the ultimate shear capacity of TG3-2 web panel (400 
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oC) is 68 kN. In Section 6.4, the test results of web panel vertical deflections, 

out-of-plane deflections and mid-span deflection versus load will be compared with 

finite element analyses (FEA) predictions. Based on the out-of-plane measurements, 

Southwell plot method (Mandal, 2003) can be used to determine critical loads and 

effects of initial imperfections. Typical Southwell plot of Pw / against w  ( w is 

out-of-plane deflection, P is vertical load) for TG3-2 is show in Figure 5.16. 

Critical load can be obtained from the best-fit straight line. Besides, principal mode 

of imperfection of web panel can be obtained, which is approximately 0.7 mm for 

TG3-2, in reasonable agreement with initial imperfection measurements as 

described in Section 5.2.2. 
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Figure 5. 15 Southwell Plot for TG3-2 Web Panel 

 

The test results of all test panels showed similar behaviour, that is, the web panel 

behaved elastically before web buckling occurred. After web buckling, the line 

LVDTs used to measure the out-of-plane deformation indicated an increase in 

deformation, and the web panel load-deformation curves became non-linear. The 

deformation rate increased and failure occurred when the web panel could not take 

up any further load increments. As a typical example, shear failure can be observed 

from a sudden increase in out-of-plane deflection as shown in Figure 5.16 for web 

panel 1 of TG4-2 tested at 400 oC. The out-of-plane deflection increased lineally up 

to approximately 80% of the ultimate load and then web panel 1 showed a large 

increase in out-of-plane deflection with a small increase in load. A similar trend can 
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be observed for web panel 1 of TG4-3 tested at 550 oC with significant ultimate 

shear strength reduction. Nevertheless, the out-of-plane deflection of web panel 1 of 

TG4-4 (700 oC) developed rather smoothly. This is because at higher temperature, 

the steel material stress-strain relationship becomes highly nonlinear and the 

distinction between the elastic and the plastic stage is blurred.  
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Figure 5.16 Shear Load versus Out-of-Plane Deflection for TG4 series 
 

For TG3 and TG4, end panels 1 and 2 buckled and failed primarily due to shear 

force. For TG5, the inner panels 3 and 4 buckled and failed earlier than the two end 

panels 1 and 2 (Figure 5.2) due to a combined bending moment and shear force 

effect. The interaction between the effects of the shear force and bending moment 

can be represented by Figure 5.17, where DM and DV are the respective theoretical 

maximum pure bending and pure shear capacity of the panel section, and oM and 

oV are the respective bending moment and shear force acting simultaneously on the 

section. Although panel 3 and 4 of TG5 series were subjected to the same shear 

force as end panels 1 and 2, the inner web panels 3 and 4 were subjected to greater 

bending moment. Thus, inner panels 3 and 4 failed earlier (as expected) than the 

two end panels.   
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Figure 5.17 Interaction between Shear and Bending Moment for Plate Girder 
 

 Temperature measurement 

The temperatures of different points of specimens were measured by thermocouples 

attached onto the top and bottom flanges, and web panels. The locations of 

thermocouples for TG3, TG4 and TG5 series are shown in Figure 5.6. The 

temperature of the heating furnace was also monitored. The detailed 

temperature-versus-time curves for TG3-2 are shown in Figure 5.18.    
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Figure 5.18 Temperature versus Time for Web Panel 1 and 2 of TG3-2 

The furnace was programmed to provide a heating rate of 7 oC/min. The rate of 

heating was set to be higher than the required steel specimen rate. This was because 

from a few trial heating tests, it was found that the temperature of specimen would 

be lower than the furnace by 50-100 oC at the end of testing. After the furnace 

temperature has reached the predefined value, the furnace temperature was held 

constant while loading was applied to the specimen. For TG3-2 which was to be 

tested at 400 oC, the furnace temperature was programmed to reach 470 oC. From 
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the temperature results at various locations inside panel 1 and panel 2 as shown in 

Figure 5.18, respectively, it can be observed that the final heating temperatures at 

different locations varied form 370 oC to 420 oC longitudinally. The maximum 

temperature variation across the web panel was around 50 oC. Figure 5.19 shows 

typical temperature variations for specimen TG4-4 versus time.  The temperatures 

of electrical furnace, top and bottom flanges, and web at mid-depth were plotted up 

to 700 oC. The top, bottom flanges and web showed little discrepancy in 

temperature distribution. Due to imperfect thermal insulation of furnace top cover 

panels, the top and bottom flange temperatures rose slowly compared to the centre 

of web. The temperature difference between the web and the top flange increased to 

approximately 50 oC after 3000 seconds. This was because the web was subjected to 

direct radiation from the heating elements placed on the side of furnace, while the 

top and bottom flanges were shielded from such radiation.  However, due to 

somewhat uniform heating distribution within the electrical heating furnace, the 

temperature difference between the top flange and the rest of the section was 

reduced to 20 oC when the web and bottom flange temperatures reached the final 

desired temperature. In addition, the specimens were allowed to expand freely in the 

longitudinal direction, so that there were negligible induced stresses and strains 

across the section due to heating and support restraint. However, as the test panels 

were located near the beam ends which were not directly exposed to the heating coil 

in the furnace, there was a small temperature gradient in the longitudinal direction. 

Figure 5.20 presents typical longitudinal temperature distribution of TG4-4 tested at 

700 oC. It shows that the temperatures of inner panels were about 15% lower than 

the corresponding temperatures of end panels due to thermal insulations at the inner 

panels to prevent flexural failure at mid-span. Nevertheless, a separate numerical 

simulation on the effect of longitudinal temperature variation showed that the panel 

shear capacity was not so sensitive to the recorded longitudinal temperature 

gradients within the end panels, as they were generally small.   
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Figure 5.19 Typical Temperature Distribution for TG4-4 tested at 700 oC 
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Figure 5.20 Typical Longitudinal Temperature Distribution at Web of TG4-4 

5.3.4 Ultimate Shear Capacity Results 

From the experiments of 18 girders at different isothermal temperatures, the 

ultimate shear capacity of each girder is listed in Table 5.7. The ultimate shear 

strengths from the analytical method are listed together for comparison purpose. 

These analytical predictions were derived based on an improved analytical approach 

as described in Section 4.2.2, with consideration of degradation of steel material 

properties at elevated temperatures. It can be seen that the mean deviations among 

the overall test results and the analytical predictions are very small. In general, the 

analytical ultV and testV  agree well, as shown in Column (7) of Table 5.7, with the 

mean and standard deviation as 0.93, and 0.09, respectively. It can be said that all 

the results agree well, except for TG4-3, which was not symmetrically supported 

due to undetected set-up problem. It should be noted that in the analytical 

predictions, the strength of steel at elevated temperature was taken by considering 
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the strength retention ratio at 2% strain level for TG1 and TG2, and at 0.5% strain 

level for TG3, TG4, and TG5 series (BS 5950-8 and ENV 1993-1-2). For TG3, TG4 

and TG5 series, plate buckling load and ultimate capacity mainly influenced by 

elastic modulus of steel at higher temperatures. In addition, degradation trend of 

steel strength at 0.5% strain level is close to that of steel elastic modulus at elevated 

temperatures. Also, from strain measurements at ambient temperature tests, it can 

be noticed that web panel reached ultimate shear strength at a much lower principal 

strain level, as shown in Figure 5.7. Therefore, reduction factor for steel strength at 

0.5% strain level is chosen for current analytical investigations. 

Table 5.7 Comparison of Results obtained from Analytical Approach, and 

Experiments 

Analytical predictions Test results 
Test 

Girder
Temp 
(oC) 

Vcr 
(kN) 

Vult 
(kN) 

Vcr 
(kN)

Vtest 
(kN) ult

test

V
V

 

(1) (2) (3) (4) (5) (6) (7) 

TG1-1 20 174 192.19 172.2 193.5 1.01 

TG1-2 550 100.6 111.09 79.85 97.3 0.88 

TG2-1 20 288.4 345.65 270.3 343.8 0.99 

TG2-2 400 288.4 345.65 260 324.3 0.94 

TG2-3 550 178.8 214.3 183.6 234.6 1.09 

TG2-4 700 66.34 79.5 62.4 74.2 0.93 

TG3-1 20 44.36 85.7 53.35 79.85 0.93 

TG3-2 400 31.05 65.2 30.08 67.63 1.04 

TG3-3 565 18.23 37.13 19.87 34.34 0.92 

TG3-4 690 5.77 15.7 7.05 17.15 1.09 

TG4-1 20 113.6 113.64 101.4 111.8 0.98 

TG4-2 400 76.34 85.89 58.9 77.1 0.90 

TG4-3 550 50.43 51.86 24.54 37.75 0.73 

TG4-4 700 14.53 18.19 10.59 15.94 0.88 

TG5-1 20 19.18 69.28 21.05 59.6 0.86 

TG5-2 400 13.43 53.17 17.63 46.4 0.87 

TG5-3 550 11.51 32.39 13 28.6 0.88 

TG5-4 700 2.49 11.48 4.5 10.16 0.89 

-- -- -- -- -- -- 0.93 a 

-- -- -- -- -- -- 0.09 b 
a Mean Value  b Standard Deviation 
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5.3.5 Failure Mode of Web Panel 

Two stocky panels, TG1 and TG2 with web slenderness ratio of 22.7 and 22.5 were 

tested at ambient, 400, 550, and 700 oC. From Figure 5.21 (a) and (b), it was evident 

that the panels failed due to yielding without buckling. The other three slender 

panels, TG3, TG4, and TG5, which were tested at ambient, 400, 550, and 700 oC, 

are also shown in Figure 5.21 (c), (d), and (e), respectively. The residual 

post-buckled, out-of-plane deformations are clearly evident. After the buckled 

phase, additional shear stresses were taken up by a diagonal band in the test panel. 

As the load increased, the width of diagonal band also increased, and tensile field 

action was mobilized until the membrane stress in the diagonal band reached the 

yield strength. At the ultimate state, plastic hinges were formed at both the top and 

bottom flanges, displaying a sway mechanism of the test panel. Clearly, towards the 

collapsed phase, the top and bottom flanges also participated in resisting the applied 

force, but with the web panel resisting majority of shear force.    

 

It is also noticed from Figure 5.21 11(c) to 11(e) that the buckled shapes are more 

visible at ambient temperature and 400 oC. This is because at higher temperature, 

the material non-linearity is more pronounced (as shown in Figure 3.6). At 700 oC, 

the Eurocode material stress-strain curve does not have a distinct demarcation point 

between the elastic and the plastic curve. The material behaves more like rubber 

with continuous non-linearity. From Figure 3.5, around 400 oC, there is a steep 

decline in reduction factor )(TEk  for elastic modulus, and beyond 600 oC, the curve 

)(TEk  is almost flat. 
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Ambient 400 oC 550 oC 700 oC 

 

  

(a) TG1 Panel 2 (d/t=22.8) 

   
(b) TG2 Panel 2 (d/t=22.5) 

  
(c) TG3 Panel 2 (d/t=152.5) 

  
(d) TG4 Panel 2 (d/t=112.9) 

   
(e) TG5 Panel 3 (d/t=203.3) 

Figure 5.21 Failure Modes of Unrestrained Plate Girder Tests 

 

Another factor governing the panel buckling is the slenderness ratio (d/t). A plot of 

ultimate shear strength testV  (as shown in Table 5.7) to maximum shear strength 

ywV  ( VA)20yw(τ= ) versus increasing temperature is shown in Figure 5.22 and Figure 

5.23, respectively, where vA is shear area, and ywτ  is the shear yield strength of 
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web panel. The respective reduction factor of steel yield strength ( )(Tyk or )(Txk ) 

and elastic modulus ( ))(TEk  at elevated temperatures according to Eurocode 3 

(ENV 1993-1-2) are also plotted as dashed lines in Figure 5.22 and Figure 5.23 for 

ease of comparison. From Figure 5.22 for stocky panels such as TG2, clearly, the 

ratio )20(/ ywtest VV  reduces with increasing temperature, following closely the trend 

of reduction ratio for steel yield strength, as TG2 failed due to yielding of web 

panels. It should be noted that for TG1 series, since there are only 2 points, they are 

not joined by a straight line. From Figure 5.23, it can be seen that the greater the 

d/t  ratio, the lower is the starting point for the entire curve )20(/ ywtest VV consisting 

of 4 temperature points for each series. Since TG5 has the greatest d/t ratio 

compared to TG3 and TG4, the post-buckling resistance is the least among the three 

series (cf. Vcr and Vtest in Table 5.7). There is a significant difference between the 

reduction factors for yield strength of steel at 0.5% strain (dashed line in Figure 

5.23) and at 2% strain (dashed line in Figure 5.22). For the former, the trend is 

closer to the reduction factor for elastic modulus (Figure 5.23). Thus, for TG3, TG4 

and TG5, the ratio )20(/ ywtest VV  reduces with increasing temperature, following 

closely the trend of reduction ratio for steel elastic modulus and yield strength for 

0.5% strain (ENV 1993-1-2) at elevated temperature. 
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Figure 5.22 Shear Capacity Ratios of Unrestrained Plate Girder Tests 
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Figure 5.23 Shear Capacity Ratios of Unrestrained Plate Girder Tests 

 

5.4 Restrained Plate Girder Experimental Set-up and Programme 

For steel beam-to-column joint subjected to uniform heating conditions, shear 

component of beam web panel does not only resist the shear force but also the 

restraint axial force induced by boundary conditions. In this research, in addition to 

unrestrained shear component tests, a total of twelve plate girders have been tested 

predominately in shear at elevated temperature with thermal restrained effects. The 

test girders consisted of three series, namely, RTG3, RTG4, and RTG5, respectively. 

Each series consisted of three specimens (i.e. RTG3-1, RTG3-2, RTG3-3 etc.) 

tested at three respective furnace temperatures, viz. 400, 550 and 670 oC, with axial 

restraint stiffness as 9.6 kN/mm. In addition, each series consisted of one additional 

specimen tested at 670 oC but with axial restraint stiffness as 8.2 kN/mm.   

5.4.1 Development of Restrained Plate Girder Test Programme 

The configuration of the restrained plate girder test set-up is shown in Figure 5.24. 

The test specimen was enclosed in one electrical heating furnace and simply 

supported onto a steel rocker bearing at each end. The rocker bearing supports were 

placed external to the furnace to avoid damage due to heating. A horizontal beam 

supported onto a reaction frame was placed at each end of the test girder to provide 

axial restraint. 
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Figure 5.24 Restrained Plate Girder Test Set-up (Elevation View) 

 

5.4.2 Design of Test Specimens 

Three series of bare steel plate girders were tested to failure in this part of 

experimental works, namely, RTG3, RTG4, and RTG5. The web and the flange 

details of the specimens are included in Table 5.8 and shown in Figure 5.25. Each 

series consisted of three specimens (i.e. RTG3-1, RTG3-2, RTG3-3 etc.) tested at 

three respective furnace temperatures, viz. 400, 550 and 670 oC, with axial restraint 

stiffness as 9.6 kN/mm. It should be noted that in the specimen nomenclature, the 

number after the hyphen indicates constant temperature, viz. “1” is for 400 oC, “2” 

for 550 oC and “3” for 670 oC, respectively. In addition, each series consisted of one 

additional specimen marked as “4” tested at 670 oC but with axial restraint stiffness 

as 8.2 kN/mm. The plate girders configurations are shown in Figure 5.25. The 
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overall dimensions of all plate girders were identical so that they had a constant 

panel aspect ratio ( db / ). Transverse web panel stiffeners were provided so that the 

ratio of the spacing between vertical stiffeners to web depth was unity. This value 

was chosen as it represented a practical design. The same configurations of plate 

girders have already been tested at elevated temperatures but without thermal 

restraint effect in the first part of experimental works as described in Section 5.2, 

that is, TG3, TG4 and TG5 series. The web and the flange plates were welded 

together through 6 mm longitudinal fillet to ensure adequate shear force transfer 

between the two component plates. The web slenderness ( td / ) ratio was taken as 

the primary parameter in the investigation, with td /  less than 250 as prescribed in 

BS5950: Part 1. The three series of plate girders, RTG3, RTG4, and RTG5, 

represented slender web panels, with web slenderness ratio of 152.5, 112.9, and 

203.3, respectively. All test girders had a total length of 1.90m. The span measured 

from centre-to-centre of the support bearing blocks was 1.66 m.  

 

The purpose of this part of experimental investigation was to study the web panel 

behaviour due to shear under thermal restraint condition. Therefore, to prevent 

plastic hinge formation at mid span and flange local buckling, additional cover 

plates were welded onto the top and bottom flange plates of the test girders at 

mid-span, as shown in Figure 5.25. The girders were designed such that the end 

panels would primarily fail in shear. The four panels of a typical specimen were 

marked as 1, 2, 3, and 4 as shown in Figure 5.25. In RTG3 and RTG4, only panels 1 

and 4 were investigated, as the other inner panels were stiffened with additional 

flange cover plates. In RTG5, the behaviour of inner panels 2 and 3 without cover 

plates was investigated as well.  
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Figure 5.25 Details of Steel Plate Girder Specimen (all dimensions are in mm) 
 

Table 5.8 Details of Restrained Test Specimen Series 
Web Details Flange Details 

Test Series bw 
(mm) 

dw 
(mm) 

tw 
(mm) 

bw/dw dw/tw 

Young’s 

Modulus  

E  (MPa) 

Yield Stress, 

yf (MPa) 

bf 
(mm) 

tf 
(mm) 

Young’s 

Modulus  

E  (MPa) 

Yield Stress, 

yf (MPa) 

RTG3 305 305 2 1 152.5 202000 264 80 6 200000 305 

RTG4 305 305 2.7 1 112.9 218000 255 80 6 201000 368 

RTG5 305 305 1.5 1 203.3 200000 332 80 6 204000 277 

 

5.4.3 Loading Facility and Axial Restrained System 

The main loading system used in unrestrained plate girder tests (Figure 5.1) was 

improved for restrained plate girder tests with additional axial restrained system as 

shown in Figure 5.24. The restraint system (Figure 5.26) consists of one beam 

(UC203x203x46kg/m) supported onto two reaction A-frames at each end of the 

testing specimen. One hydraulic jack was installed onto the mid-span of the right 

restraint beam to ensure adequate contact between the restraint beam and the 

specimen. On the left, a restraint beam (UC152x152x37kg/m) was connected with 

two flexible roller joints. The restraint force induced was monitored by one 300 kN 
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annular compression load cell at each end of the specimen. The stiffness of the 

whole restraint system was adjusted by altering the position of roller connections 

(Figure 5.26). The adjustable restraint stiffness varied between 8 and 10 kN/mm. 

Therefore, an axial restraint equal to 9.6 kN/mm was first selected at three 

temperature levels with corresponding restraint ratio 
)20( 0/

CBRS KK=β  as 3.8%, 

3.5% and 5%. Moreover, in order to investigate influences of various restraint ratios 

at elevated temperatures, another axial restraint equal to 8.2 kN/mm (restraint ratio 

as 3.3%, 3.0% and 4.3%) was chosen to vary the different restraint effects at 670 oC. 

This was to simulate possible axial restraint provided by adjacent cooler structures. 

 

Figure 5.26 Restrained Plate Girder Test Set-up (Plan View) 

 

5.4.4 Heating Facility 

Same electrical-heating furnace as unrestrained plate girder tests was used in this 

part of experimental works. The heating rate was monitored by a separate electrical 

control panel. The heating rate for the furnace temperature was set to a rate of 7 oC 

per minute. The heating procedure consisted of four incremental steps. Between 
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each step, temperatures of electrical heating modules were kept identical for fifteen 

minutes to ensure uniform heating within the furnace (say, 100, 200, 300 and 400 oC 

for specimen RTG4-1).  

 

5.4.5 Deformation and Temperature Acquisition Instrumentations 

The deflection acquisition system (as shown in Figure 5.26) consisted of nine linear 

variable differential transducers (LVDT1 to LVDT9) to measure the vertical 

deformations of test panels, mid-span deformations, and support settlements.  

Ceramic rods were used to transfer vertical deflections from test specimen to 

LVDTs outside the furnace. In addition, eight line LVDTs (LVDT10 to LVDT17) 

were used to measure the out-of-vertical-plane deformations at the centre of the web 

panel to determine if shear buckling has occurred. Line LVDTs were used at the 

two end panels 1 and 4 for all the test series, except for the RTG5 series where two 

additional line LVDTs were also introduced at the two inner panels 2 and 3 (Figure 

5.25). This was because in the RTG5 series, the inner panels were expected to fail 

before the end panels as the former were subjected to greater bending moment.  

Three additional LVDTs (LVDT18 to LVDT20) were placed to measure the 

horizontal movements of roller supports. To monitor flexural deformation and 

connection settlements of restraint system, three LVDTs (LVDT 21, 28 and 29) 

were used to measure the mid-span deformation and two roller connection 

settlements of the right restraint beam. Similarly, four LVDTs (LVDT22 to 

LVDT25) were used to monitor the mid-span deformations and the flexible roller 

joint settlements of the left restraint beams. During testing, temperatures of the plate 

girder were measured at several locations. Same with unrestrained plate girder tests, 

thermocouple wires were utilized to monitor temperatures inside test specimens as 

shown in Figure 5.6. Besides, furnace temperatures were also monitored by four 

K-type thermocouple wires. All thermocouple wires were connected to Fluke 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 5 Experimental Investigation of Shear Zone in Steel Beam-to-Column Joint 

 - 136 -

HYDRA temperature acquisition system and temperatures were recorded at 

fifteen-second interval.   

 

5.4.6 Restrained Plate Girder Test Procedure  

The experimental procedure consisted of three main stages: 1. Preload the test beam 

axially; 2. Heat the plate girder specimen to the desired temperature and maintain a 

uniform temperature distribution throughout the cross section; 3. Load the test beam 

at mid span until failure occurs in the web panel. Initially, a pre-load procedure was 

repeated to ensure proper contact of the specimen over the roller supports and 

proper functioning of the deformation acquisition system. Following the 

initialization of acquisition system, the electrical furnace was heated up to the 

desired temperature. This caused an increase in the axial force of the specimen due 

to restraint system. Subsequently, transverse load was applied onto the mid-span of 

specimen and deformation acquisition system readings were recorded for each load 

level. Transverse load was applied until the web panel buckled and the test 

continued with increasing deflection. The girders showed extensive out-of-plane 

deflection when the load approached failure. Ultimately, the vertical and 

out-of-plane deflections of beam started to increase rapidly with small load 

increments indicating impending failure of specimen.   

 

5.5 Restrained Plate Girder Experimental Results  

The objective of this part of experimental work is to investigate the effect of axial 

restraint due to adjacent cooler structures on the shear behaviour of steel plate 

girder. Material coupon tests were carried out at ambient temperature on the web, 

flange and stiffener plates. The results of the material yield strength and elastic 

modulus at ambient temperature are given in Table 5.8. The corresponding material 

properties at elevated temperatures were based on the Eurocode material reduction 
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factors for yield strength and elastic modulus (ENV 1993-1-2) as the material 

testing facility at elevated temperatures was not available at the time of writing.  

 

5.5.1 Plate Girder Ultimate Shear Capacity 

From the experiments of twelve plate girders at different temperatures and various 

restraint axial stiffnesses, the ultimate shear capacity of each girder is listed in Table 

5.9. The ultimate shear strengths ( analyV ) from the analytical predictions are also 

provided for comparison purpose. These analytical predictions were derived based 

on improved analytical approach as presented in Section 4.2.3 of Chapter 4. Clearly, 

analytical ultV and experimental testV  agree well, as shown in Column (8) of Table 

5.9, with the mean and standard deviation as 1.003, and 0.069, respectively. Finite 

element predictions of the ultimate shear capacities based on full beam models will 

be shown and discussed in Section 6.4. 

 

Table 5.9 Experimental Results of Restrained Plate Girder Tests 

Test Series 
Test 

Girder 
Temperature 

(oC) 
Restraint 
Ratios β  

Axial Force 
(kN) 

Vtest 
(kN) 

Vanaly 
(kN) 

Vtest/ 
Vanaly 

(1) (2) (3) (4) (5) (6) (7) (8) 

RTG3-1 400 3.8% 43.41 51.7 53.37 0.969 
RTG3-2 550 3.8% 48.27 26.6 29.64 0.897 
RTG3-3 670 3.8% 61.02 14 14.37 1.072 

RTG3 

RTG3-4 670 3.3% 53.92 15.4 13.29 1.053 
RTG4-1 400 3.5% 43.81 69.55 70.81 0.982 
RTG4-2 550 3.5% 51.32 28.95 27.24 1.063 
RTG4-3 670 3.5% 62.02 17.55 17.41 1.063 

RTG4 

RTG4-4 670 3.0% 57.78 18.5 16.3 1.077 
RTG5-1 400 5.0% 39.31 42.55 43.47 0.979 
RTG5-2 550 5.0% 45.59 17.8 20.38 0.873 
RTG5-3 670 5.0% 51.12 10.6 12.48 1.030 

RTG5 

RTG5-4 670 4.3% 49.69 12.85 10.82 0.980 
— — — — — — — 1.003a 
— — — — — — — 0.069b 

a Mean Value  b Standard Deviation 
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5.5.2 Temperature Distribution 

Figure 5.27 shows typical temperature variations for specimen RTG4-1 versus 

heating time of electrical furnace, top and bottom flange temperatures and 

mid-depth web temperatures during the ramping up of temperature to 400 oC. The 

bottom flange and web showed little discrepancy in the temperature distribution. 

Due to imperfect thermal insulation effect of top cover panels, the top flange 

temperature rose much more slowly compared to the rest of the cross section. The 

temperature difference between the web and the top flange increased to 

approximately 50 oC after 4000 seconds. However, due to uniform heating within 

the electrical heating furnace, the temperature difference between the top flange and 

the rest of the section was reduced to as little as 20 oC when the web and bottom 

flange temperatures reached the desired temperature of 400 oC after 6000 seconds. 

As the test panels were located near the beam ends which were not directly exposed 

to the heating coil in the furnace, there was a temperature gradient in the 

longitudinal direction. Figure 5.28 shows the temperatures of the test panels near 

the beam ends were about 15% lower than the corresponding temperatures of inner 

panels. However, a separate numerical simulation on the effect of longitudinal 

temperature variation showed that the panel shear capacity was not so sensitive to 

the recorded longitudinal and cross-sectional temperature gradient.   
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Figure 5.27 Typical Temperature Distribution for RTG4-1 
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Figure 5.28 Typical Longitudinal Temperature Distribution at Top Flange of 

RTG5-1 

5.5.3 Deflection Characteristics 

The plate girder web slenderness ratios (as shown in Table 5.8) were greater than 

the ε63  limit for slender sections as defined in BS5950 Part 1, in 

which 2/1)/275( yσε = , and yσ  is the material yield strength. These sections are 

defined by the BS5950 Part 1 as slender sections where local buckling governs 

instead of material yielding. Therefore, in the current tests, line LVDTs 10 to 17 

(Figure 5.26) were installed to monitor the web buckling in the test panels. As a 

typical example, shear failure can be observed from a sudden increase in 

out-of-plane deflection as shown in Figure 5.29 (a) for web panel 4 of RTG4-4 

tested at 670 oC. The out-of-plane deflection increased up to approximately 85% of 

the ultimate failure load and then web panel 4 showed a large out-of-plane 

deflection increase with a minor increase in load above this value.  
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Figure 5.29 Load versus Out-of-Plane Deflection Characteristics 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 5 Experimental Investigation of Shear Zone in Steel Beam-to-Column Joint 

 - 140 -

For RTG3 and RTG4, end web panels 1 and 4 buckled and failed primarily due to a 

combination of compression and shear forces. However, for RTG5, since there were 

no flange cover plates for inner web panels 2 and 3, the inner panels buckled earlier 

than end web panels 1 and 4. Out-of-plane web deformation results for RTG5-4 

panel 2 are plotted in Figure 5.29(b). Clearly, it can be noticed that at the initial 

loading stage the panel remained relatively straight in the elastic range. After the 

transverse load reached approximately 12 kN, the out-of-plane web deformation 

started to increase rapidly with load. This can be taken as the web panel buckling 

load. Figure 5.30 (a), (b), and (c) shows the tensile membrane failure mode of web 

panels for RTG4 series. It can be seen that plastic hinges formed in the corners of 

web panels and in the flanges due to mobilization of tensile field action. However, 

at high temperature level, the web panel tensile membrane failure mode seemed 

indistinctive. This is because at higher temperature, the Eurocode material 

stress-strain curve (Eurocode 3 Part 1.2) does not have a clear demarcation point 

between the elastic and the inelastic curves. Thus, the experimental buckled pattern 

is not very distinctive at high temperature.  

 
(a) Deformed shape for RTG4-1 tested at 400 oC 

 
(b) Deformed shape for RTG4-2 tested at 550 oC 
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(c) Deformed shape for RTG4-3 tested at 670 oC 

Figure 5.30 Deformed Shape for RTG4 Series 

 

Figure 5.31 (a), (b), (c) and (d) show the mid-span vertical deflection measured by 

LVDT9 for different test series and restraint levels. As shown in Figure 5.31 (a), the 

load-deflection curve of RTG4-1 clearly consisted of three stages. For stage 1, plate 

girders bent upwards at the beginning of loading due to preheating to the specified 

isothermal temperature. When transverse load was applied in stage 2, the beam 

deflected downwards under increasing transverse load. However, due to the 

presence of induced compression force from stage 1, the mid-span vertical 

deflection response was not linear. This nonlinear effect was most pronounced in 

the most slender web panels, i.e. RTG5 series. At stage 3, the mid-span deflection 

increased markedly when web panels 1 and 4 buckled under tensile membrane 

actions, causing a reduction in beam stiffness. Moreover, the gradient of the 

load-deflection curve in Figure 5.31 , that is, the beam stiffness, is clearly 

dependent on web slenderness. With greater slenderness, the beam stiffness 

becomes smaller. It can also be seen that at high temperature, both the beam 

stiffness and the ultimate shear strength reduced. The three curves in Figure 5.31 (b) 

are similar in the elastic stage as well as in the post-elastic stage. The mid-span 

deflection of RTG3-2 was linear up to the web shear buckling load (approximately 

20 kN) and then it became nonlinear subsequently. The ultimate load was 26.6 kN 

with corresponding deflection of approximately 15 mm. A similar behaviour was 

observed in Figure 5.31 (a), (c) and (d). The mid-span deflection of RTG4-4 was 

not available due to malfunctioning of LVDT9 during the loading stage.   
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Figure 5.31 Load versus Deflection (mid-span) Characteristics 

 

5.5.4 Effect of Axial Restraints 

During heating-up stage, axial compressive force developed when thermal 

expansions of heated specimens were resisted by adjacent restraint beam systems.  

Figure 5.32 show the increase of axial compressive force versus web panel central 

temperatures. As shown in Figure 5.32, it is observed that three specimens (RTG3-1, 

RTG4-1 and RTG5-1) developed similar axial compressive force with increasing 

gradients, indicating the three specimens had similar rates of thermal expansion. In 

addition, due to four incremental temperature steps discussed in Section 5.5.2, the 

increase of axial compressive force was not completely linear (compare Figure 5.27 

heating scheme with development of compressive force in Figure 5.32). The 

variations of maximum compressive force were mainly due to the variations of 
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section geometry. For thermal restraint stiffness of 9.6 kN/mm, the induced 

compressive force in RTG4 plate girder increased approximately to 21% when 

heated from 550 oC to 670 oC. This observation is in line with increasing 

temperature and consequent deterioration of axial stiffness of test specimens.  
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Figure 5.32 Axial Restraint Force Development  

A comparison of shear strength testV to maximum shear strength ywV  

( 3/wwywwwyw tdtd στ == ) is plotted in Figure 5.33 (a), (b) and (c). Since RTG3, 

RTG4 and RTG5 series have the same configurations with TG3, TG4 and TG5 

series tested in the first part of experimental works, the corresponding test shear 

strength ratios ( ywtest /VV ) are also plotted. In addition, the respective reduction 

factor of yield strength ( ))(Txk  and elastic modulus ( ))(TEk  at elevated 

temperatures according to Eurocode 3 part 1.2 are also shown in Figure 5.32. 

Clearly, with increasing temperature the test shear strength ratio ywtest /VV  reduces, 

following the general trend of degradation of steel material properties. Since RTG5 
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has the greatest web slenderness ratio ( ww td / ) compared to RTG3 and RTG4, the 

ultimate shear resistance ratio is the least at elevated temperatures. Besides, it was 

also noticed that the shear capacity ratio of restrained plate girders ( ywtest /VV ) 

reduces compared to unrestrained plate girders. For RTG3, RTG4 and RTG5 series 

tested at 400 oC, the shear capacity ratio ywtest /VV  reduces to 83%, 82% and 90% 

in comparison with TG3, TG4 and TG5 series test observations. It was also noticed 

that the greater the ww td /  ratio, the greater is the reduction of ywtest /VV  of 

restrained girders compared to unrestrained test results. 
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(c) 

Figure 5.33 Panel Shear Strength Ratios for RTG3, RTG4 and RTG5 Series 

As listed in Table 5.9, each test series consisted of two specimens tested at 670 oC 

with two different restraint stiffnesses (9.6 kN/mm and 8.2 kN/mm), through which, 

the effects of various thermal restraints were investigated at isothermal condition. A 
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comparison of shear strength ratios ( ywtest /VV ) between two restraint stiffnesses at 

670 oC is plotted in Figure 5.34. For RTG4, RTG3 and RTG5 series, the shear 

capacity ratio ( ywtest /VV ) with restraint stiffness of 9.6 kN/mm reduces to 95%, 91% 

and 82% in comparison with restraint stiffness of 8.2 kN/mm. From Figure 5.34, it 

can be observed that, with higher web slenderness ratio ( ww td / ), the influence of 

thermal restraint on the reduction of shear capacity ratio ( ywtest /VV ) is more 

significant.  
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Figure 5.34 Panel Shear Strength Ratios for axial restraint 8.2 kN/mm and 9.6 

kN/mm at 670 oC 

5.6 Deflection Characteristics and Analytical Predictions 

As described in Section 4.2, a simplified mechanical model has been introduced to 

predict the shear buckling and ultimate strength of web plates at elevated 

temperatures based on plate girder theory. In this model, a uniform shear force is 

applied to the web. This stress state will continue to increase until the applied shear 

stress reaches the critical shear stress of web panel plate. Once the critical shear 

stress is reached, the web out-of-plane deflection starts to increase. Additional shear 

force is resisted by the mobilization of tensile membrane stress in the diagonal band 

of the web. Failure of plate girder occurs when plastic hinges are formed in the top 

and bottom flanges bounding the buckled web panel. These hinges together with the 

diagonal yield zone form a plastic mechanism. In addition, to obtain a mechanical 

description of beam web panel behaviour under shear, analytical equations have 
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been developed for modelling out-of-plane and in-plane deflections of web panel as 

described in Section 4.3 and 4.4 of Chapter 4. Combining these two analytical 

approaches, relationships between shear force and panel centre out-of-plane, panel 

in-plane deflections can be predicted analytically. As typical examples, 

experimental out-of-plane measurements versus analytical predictions are presented 

in Figure 5.35 for TG3-3, TG4-4, RTG3-2 and RTG4-4, respectively. It can be 

noticed that the second-order linear elastic theory slightly underestimate actual 

out-of-plane deflections, since the mechanical model neglects influences from top 

and bottom flanges. However, this model still gives acceptable agreement with test 

measurements.  
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(c)  (d) 

Figure 5.35 Out-of-Plane Deflection Characteristics Comparisons between 

Experimental and Analytical Predictions 
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Examples of experimental in-plane deflection measurements, or vertical deflections, 

will also been compared with analytical predictions and numerical simulations. The 

comparisons will be presented in Section 6.3. To avoid the effects of non-uniform 

temperature distribution, numerical simulations are performed on unrestrained plate 

girders at ambient temperature, viz. specimens TG3-1, TG4-1 and TG5-1. 

Comparisons among analytical approach, numerical simulations and test 

measurements are shown in Figure 5.36(a), (b) and (c). 
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(c) (d) 

Figure 5.36 In-Plane Deflection Characteristics Comparisons among Analytical 

Prediction, Experimental Measurements and Numerical Predictions 
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Numerical simulations in these comparisons consisted of two parts, as single web 

panel and whole beam simulations. For single web panel models, only buckled web 

panels (viz. Panel 1 or 4 for TG3 and TG4 series) have been simulated. Finite 

element simulations of entire plate girders are described in Section 6.2.2. From 

comparisons, it is shown that analytical load-deflection predictions are in good 

agreement with single web panel FE predictions. However, there are clearly 

discrepancies with experimental measurements and whole beam FE predictions. As 

discussed in Section 4.4, this analytical approach only considers the web plate 

subjected to shear or combined shear and compression forces. Web panels of test 

specimens and FE simulations were subjected to not only dominant shear force but 

also bending moment effects. Therefore, these analytical predictions somewhat 

underestimate experimental in-plane deflections. However, as shown in Figure 

5.36(d), typical comparison for TG3-1 mid-span vertical deflection between FE 

predictions and experimental measurements, shows that the whole beam FE 

simulation shows acceptable capability to predict test specimen deflections. These 

comparisons will be discussed in Section 6.3. It is also noticed that there is minor 

difference between the analytical predictions of beam web stiffnesses during pre- 

and post-buckling stages for such slender beam sections, which is also in accord 

with numerical predictions. 

  

5.7 Conclusion 

In order to verify the proposed analytical models, an experimental program has 

been carried out on universal column sections and plate girder to investigate the 

shear behaviour with different web slenderness ratios ( td / ) at four isothermal 

conditions. It is concluded from this experimental investigation that the pure web 

panel shear yielding can be observed from universal column sections with a much 

smaller web slenderness ratio at both ambient and elevated temperatures. For 

slender beam sections, web tension field action (TFA) can be observed under a 
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relatively smaller shear force. The shear strength of plate girder section reduces 

significantly with increasing temperature. At certain temperature, the more stocky 

sections have a higher shear capacity. Moreover, for specimens tested at higher 

isothermal condition, the shear buckling failure behaviour becomes less apparent 

due to highly nonlinear mechanical properties of steel material at high temperatures. 

In addition to unrestrained tests, another series of experimental study has been 

carried out on plate girders subjected to predominant shear loading at elevated 

temperatures with thermal axial restraints. From experimental observations, it can 

be concluded that thermal restraints weaken the ultimate shear capacity of web 

panels. This influence is more significant at higher thermal restraint, and for web 

plates with higher slenderness( ww td / ). The detailed experimental results for 

unrestrained and restrained beams will be further compared with analytical and 

finite element predictions in Chapter 6.  
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CHAPTER 6

FINITE ELEMENT ANALYSIS OF SHEAR ZONE 

WITHIN STEEL BEAM-TO-COLUMN JOINT
 

 

 

6.1 Introduction 

Mechanical behaviour of steel joint presents complex characteristics even at 

ambient temperature. At elevated temperatures, this behaviour is much more 

complicated, with degradation of steel material properties, thermal restraint force, 

and interaction among different components of steel joint. To obtain an insight of 

this problem, finite element analysis (FEA) have been used to model various 

components within steel joint and overall joint behaviour by many researchers as 

described in Section 2.3. Finite element analysis (FEA), if applied properly, can 

lead to accurate results, with considerations of complex interactions among various 

joint components, bolt action, boundary and contact conditions. Therefore, joint 

modelling by finite element method can save cost and time against actual tests 

especially for different types of joints. However, finite element model should be 

validated by test results so that limitations of using FEA can be well addressed, 

before they can be used for different types of joints.  

 

This chapter presents a FEA for studying behaviour of shear component of a steel 

joint under elevated temperatures. The FEA was performed by considering the steel 

joint shear component as an isolated plate girder web panel, in short, web panel. In 

addition, an entire finite element (FE) model of the plate girder was also developed 

to simulate the overall behaviour of the beam and to compare it with experimental 
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results. For the isolated web panel model, the analysis consists of different types of 

boundary conditions, i.e., thermally unrestrained and restrained conditions. The 

objectives of this chapter are:  

 To construct a simplified FE model for steel joint shear component using a 

commercial FEA software MSC.Marc Mentat (MSC, 2001); 

 To investigate the behaviour of shear component at ambient and elevated 

temperatures with unrestrained boundary conditions; 

 To incorporate thermally restrained boundary condition into the FE model, and 

subsequently, to investigate the behaviour of shear component under thermal 

restraint condition; 

 To construct a whole beam model and to compare overall behaviour with 

experimental observations.  
 

In Section 6.2, a brief review on the FE modelling of web panel is given. The model 

developed to study the behavior of web panel at ambient and elevated temperatures 

will be presented. An entire FE simulation to study the behaviour of test girders will 

be described in Section 6.3. The results of FEA will be presented and compared 

with experimental results and analytical predictions in Section 6.4. Finally, the 

conclusions will be made in Section 6.5. 

 

6.2 Finite Element Analysis Models 

In this study, FEA was performed using a commercial FE software MSC.Marc 

Mentat (MSC, 2001) to study the behaviour of shear component in the steel 

beam-to-column joint at both ambient and elevated temperatures. The simplified 

model is shown in Figure 6.1, which consists of one web panel, top and bottom 

flanges. 
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Figure 6.1Simplified FE model of Shear Components of Steel Joint 

 

A quadratic thick shell element (element type 22 in MSC.Marc Mentat Element 

Library) was used for both web and flanges of shear component. This selected 

element is an eight-node quadrilateral thick shell element with global displacements 

and rotations in X, Y and Z directions as degrees of freedom. In current FE, the 

second-order interpolation is used for coordinates, displacements and rotations. The 

membrane strains are obtained from strain field and curvatures from rotation field.  

 

In the first part of FE investigation, the FE analysis consisted of two batches, 

namely, G series and TG series, in which, G series (G1, G2, G3, G4 and G5 series) 

consisted of G1, G4 and G5 series which had been tested by Rockey et al. (1972), 

Sakai et al. (1966) at ambient temperature, and G2 and G3 series which had been 

tested at both ambient and elevated temperatures by Vimonsatit et al. (2005). On 

the other hand, TG series (TG1, TG2, TG3, TG4 and TG5 series) consisted of test 

girders, as described in Section 5.2. For each series, ambient (20 oC) and elevated 

temperature tests (400, 550 and 700 oC) were conducted. For example, TG1-1, 

TG1-2, TG1-3 and TG1-4 represent specimens tested at ambient temperature, 400, 
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550 and 700 oC, respectively. Both G and TG series of specimens have been 

simulated with isolated web panel model and whole beam model. The FE 

predictions will be compared with experimental results and analytical predictions in 

Section 6.4. In the second part of FE simulations, the FE analysis consisted of three 

series, namely, RTG3, RTG4 and RTG5 series. Each series consisted of three 

specimens (i.e. RTG3-1, RTG3-2, RTG3-3 etc.) tested at three respective furnace 

temperatures, viz. 400, 550 and 670 oC, with axial restraint stiffness as 9.6 kN/mm. 

It should be noted that in the specimen nomenclature, the number after the hyphen 

indicates constant temperature, viz. “1” is for 400 oC, “2” for 550 oC and “3” for 

670 oC, respectively. In addition, each series consisted of one additional specimen 

marked as “4” tested at 670 oC but with axial restraint stiffness as 8.2 kN/mm. 

These three series have been simulated with whole beam model with axial restraint 

forces. The geometric and material properties of isolated web panel models are 

listed in Table 6. 1. 

 

Due to complex behaviour of steel at ambient and elevated temperatures, the 

present study dealt with steel material and geometric nonlinearity problems. 

Material nonlinearity occurs because this study takes into account plasticity 

problem. The stress-strain curves for steel material properties at ambient 

temperature were determined from the experimental data. It can be simplified for 

the purpose of numerical modelling. At elevated temperature, steel stress-strain 

characteristics become highly nonlinear compared with that at ambient temperature. 

Therefore, trilinear-elliptic stress-strain model for steel at elevated temperatures as 

specified in EC3: Part 1.2 (ENV 1993-1-2) has been utilized in current numerical 

simulations. Also current finite element programme is capable of simulating real 

steel mechanical behaviour according to stress-strain characteristics of steel, rather 

than simplified bi-linear steel stress-strain relationship as used in current analytical 

predictions as described in Section 5.3.4.  
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Table 6. 1 Geometric and Material Properties of Isolated Web Panel Models 

Geometric Properties 
Material Properties

(N/mm2) 
Model 

t 
(mm) 

b 
(mm)

d  
(mm) 

B 
(mm)

T 
(mm)

A 
(mm2) 

σyw σyf 

References 

G1 0.965 304.8 304.8 76.2 5 1056 224 289 Rockey et al. (1972) 

G2 2 305 305 80 6 1570 248 275 Vimonsatit et al. (2005) 

G3 1.22 305 305 80 6 1332 248 275 Vimonsatit et al. (2005) 

G4 8 687 560 250 30 19480 432 412 Sakai et al. (1966) 

G5 8 2000 720 250 30 20760 432 412 Sakai et al. (1966) 

TG1 6.1 139 139 152.4 6.8 2921 342 359 Chapter 5 of this Thesis 

TG2 8 181 181 203.9 12.5 6546 332 325 Chapter 5 of this Thesis 

TG3 2 305 305 80 6 1570 288 275 Chapter 5 of this Thesis 

TG4 2.7 305 305 80 6 1784 233 277 Chapter 5 of this Thesis 

TG5 1.5 305 305 80 6 1418 332 277 Chapter 5 of this Thesis 

RTG3 2 305 305 80 6 1570 264 305 Chapter 5 of this Thesis 

RTG4 2.7 305 305 80 6 1784 255 368 Chapter 5 of this Thesis 

RTG5 1.5 305 305 80 6 1418 332 277 Chapter 5 of this Thesis 

 

=d Clear depth of web plate between flanges; 

=b Clear width of the web plate ; 

=t Thickness of the web; 

=T Thickness of the flange; 

=B Flange width. 

Geometric nonlinearity considerations are neither large displacement, small strain, 

nor large displacement, large strain problem. MSC.Marc Mentat provides 

procedures for a geometric nonlinearity analysis (MSC, 2001), viz. Lagrangian 
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Formulation, Eulerian Formulation, and Arbitrary Eulerian-Lagrangian (AEL) 

Formulation. The analysis procedure incorporated small strain, large displacement 

and updated Lagrange approach. The large displacement and small strain option 

allows the programme to take into account the effect of geometric nonlinearity. The 

updated Lagrange approach was chosen instead of total Lagrange formulation 

because the former is more economical for the plasticity problem. The solution 

procedure selected for the present study is a full Newton-Raphson method. This 

method provides good convergence for most non-linear problems. 

 

6.2.1 Unrestrained Plate Girder Single Web Panel Model  

In the present study, shear component of steel joint has been analyzed with FE 

method at ambient temperature (20 oC) and elevated temperatures (400, 550 and 

700 oC). The FE model used in this section is one web panel between two adjacent 

flanges. The detailed FE model and associated boundary conditions are shown in 

Figure 6.2 and Table 6.2. Current study focused on the steady-state temperature test, 

the reason being that the electrical heating furnace was not suitable of providing 

rapid heating rate that is representative in standard fire test. The analysis was 

carried out in two stages. The first was heating stage, followed by loading stage. 

Different boundary conditions were used in these two stages. In the heating stage, 

the edges of right-hand side web panel, top and bottom flanges were free to expand 

in the horizontal direction (as shown in Figure 6.2). Moreover, degrees of freedom 

in the Y-direction were allowed for left and the right edges of top flange and web 

panel to simulate 3D thermal expansion. Nodal temperatures were applied to all 

nodes of model and increased gradually from 20°C to the desired temperature.  
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Figure 6.2 FE Model for Unrestrained Shear Component 

 

The second stage simulated the loading process. Shear loading was applied as 

uniform load along the right edge of web panel (Figure 6.2). Nodal temperatures 

were maintained at the final temperature specified in the heating stage. During the 

loading stage, the left edges of web panel (LW), and top (LTF) and bottom (LBF) 

flanges were assumed to be rigid, allowing only the out-of-plane rotation to 

facilitate web panel buckling. The right edges of web panel (RW), top (RTF) and 

bottom (RBF) flanges were fixed in the X and Z-directions, but free to move in the 

Y-direction to simulate roller-support conditions. The analyses were carried out at 

three different temperatures, viz. 400, 550, and 700°C, respectively. The 

corresponding ambient temperature FEA was conducted with same models in which 

nodal temperatures of FE models were set as constant as 20°C through heating stage. 

The detailed boundary conditions are listed in Table 6.2. To account for material 

degradation of steel at elevated temperatures, steel stress-strain-temperature 

characteristics as specified in EC3 part 1.2 (ENV 1993-1-2) has been adopted in 

current numerical simulations. The coefficient of thermal expansion ( Tα ) of steel 

Shear load 
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was assumed to be independent of temperature and set as 1.4×10-5 according to EC3 

part 1.2 (ENV 1993-1-2).  

 

Table 6.2 shows boundary conditions applied to all edges of the web panel. In this 

Table, 1 and 0 represent fixed and free conditions. The left edges of top (LTF) and 

bottom (LBF) flanges were arranged to remain straight during loading. However, 

the right edges of the top (RTF) and bottom flanges (RBF) were free along the 

shear-loading direction (or Y-direction). The left (LW) and right (RW) edges of 

web panel were allowed to have out-of-plane rotation (θy) to facilitate out-of-plane 

buckling in the web, while the edges of top and bottom flanges were restricted from 

any rotations as top and bottom flange edges were assumed to be rigid. Shear load 

was applied as a uniform distributed load along the right web edge in the 

Y-direction. During loading, the load would be increased gradually from zero to the 

estimated failure load with constant increment. 
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Table 6.2 Boundary Conditions for Unrestrained Plate Girder Model 

Phase Edges x y z θx θy θz 

Left Top Flange (LTF) 1 0 1 1 1 1 

Left Bottom Flange (LBF) 1 1 1 1 1 1 

Left Web (LW) 1 0 1 1 1 1 

Right Top Flange (LTF) 0 0 1 1 1 1 

Right Bottom Flange (LBF) 0 1 1 1 1 1 

H
ea

tin
g 

St
ag

e 

Right Web (LW) 0 0 1 1 1 1 

Left Top Flange (LTF) 1 1 1 1 1 1 

Left Bottom Flange (LBF) 1 1 1 1 1 1 

Left Web (LW) 1 1 1 1 0 1 

Right Top Flange (LTF) 1 0 1 1 1 1 

Right Bottom Flange (LBF) 1 0 1 1 1 1 

Lo
ad

in
g 

St
ag

e 

Right Web (LW) 1 0 1 1 0 1 

 

Note: x, y and z are translations; θx, θy and θz are rotations in the x, y 

and z directions, respectively. 0 denotes free and 1 denotes restraint 

DOF. 

 

Since the out-of-plane buckling deformation will not occur in perfectly flat plates 

under the in-plane loading condition of web, a small initial out-of-plane 

deformation of D/3000 was introduced, where D is the full depth of the web panel. 

This value is much smaller than the permitted initial out-of-flatness of D/120 in the 

ANSI/AASHTO/AWS D1.5-96 Bridge Welding Code (AASHTO, 1996). The 

shapes of initial deformations were based on predicted buckling shapes. In order to 

study effects of different initial imperfections on the shear capacity of web panel, 

three different initial imperfections as D/1000, D/1500 and D/3000 were considered 

on TG4-1 specimen at ambient temperature (20 oC). The out-of-plane deflection 
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developments at centre point of TG4-1 web panel for three different imperfections 

are plotted in Figure 6.3 against shear load. It can be observed that these three initial 

out-of-plane deformations had insignificant effect on ultimate shear strength. Since 

investigated web panel is assumed to be perfectly flat in the mechanical modelling, 

the initial out-of-plane deformation of D/3000 was adopted in this FE analysis for 

both G series and TG series. 
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Figure 6.3 TG4-1 Load versus Out-of-Plane Deflection with Different initial 

Out-of-Plane Deflection 

 

Preliminary finite element analyses on single web panels have been conducted to 

investigate FE mesh sensitivity. This finite element model consists of one web 

panel and adjoining flanges. The quadratic thick shell element (element type 22 in 

MSC.Marc Mentat Element Library) was used for both the web and the flanges, 

with different mesh sizes for discretization of web panel (6x6, 8x8, 10x10, 12x12, 

16x16, 20x20 elements for the entire web panel area). Comparisons among different 

mesh sizes are shown in Figure 6. 4. This finite element model represents a plate 

girder subjected to predominant shear (without thermal restraints) at normal 

temperature, with the same material and geometrical characteristics as RTG3 series, 

as described in Section 5.4.2.  
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Figure 6. 4 Load vs. Central Out-of-Plane Deflection for Different Meshes 

 

As shown in Figure 6. 4, it is obvious that the ultimate shear capacity predictions 

are not so sensitive to the selected mesh sizes. In addition, failure modes from each 

finite element model showed the same buckling behaviour. Initially, it was decided 

to utilized 16x16 mesh size to represent the web plate of a single web panel. 

However, to save computational time, a 6x6 mesh size has been adopted for the web 

plate.  

 

6.2.2 Unrestrained and Restrained Whole Beam FE Model 

In this research, shear component of steel beam-to-column joint was simplified into 

an equivalent girder web panel subjected to shear stress as shown in Figure 6.1. 

Five series of specimens (TG1, TG2, TG3, TG4 and TG5) have been tested at 

different temperatures as described in Section 5.2 without thermal restraint effects. 

In addition, three more series of specimens (RTG3, RTG4 and RTG5) were tested 

at three temperature levels with thermal restraint effects. The vertical and 

out-of-plane deflections of specimens were measured by LVDTs during the heating 

and loading stages. Therefore, it is necessary to construct whole beam model to 

simulate mechanical behaviour of test specimens at elevated temperatures. Similar 

to single web panel model, QUAD8 3D thick shell elements (element 22) were used 

for web, flanges, and stiffeners. Initial out-of-plane deformation of D/3000 was 
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applied to each of the web panels. Nodal temperatures of 20°C were applied as 

initial condition. The geometrical properties are shown in Section 5.2.  

 

In accord with FE modelling for single web panel described in Section 6.2.1, the 

whole beam simulations were also carried in two stages. The first stage represented 

the heating stage. Temperatures of different parts of beams were increased linearly 

to recorded measurements by thermocouples during tests. The longitudinal 

temperature distribution along the beam model was simply set according to 

thermocouple measurements. Since temperatures at different sections were set to 

thermocouple measurements approximately, temperature distributions of FE models 

bear slight differences compared with actual temperature distributions. However, 

for ambient temperature simulation, the nodal temperature of specimen was 

maintained at 20°C. For thermally restrained whole beam models, restraint axial 

forces were increased linearly up till the measured maximum axial force. The 

second stage represented the loading stage. The load was incrementally applied at 

mid-span until failure occurred. The boundary conditions for these two load cases 

are listed in Table 6.3.During the heating stage, the edge of left bottom flange (LBF) 

was assumed fixed. However, the edge of right bottom flange (RBF) was set to free 

and thermal elongation was allowed along the X-direction. The edges of left (LW) 

and right (RW) end web panels were fixed in the Z-direction displacement to avoid 

the out-of-plane deflection occurring during heating. Temperature increment was 

applied to all the nodes of web panel, top and bottom flanges. It was increased from 

ambient (20 oC) to a specified elevated temperature.  
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Table 6.3 Boundary Conditions for Whole Beam FE model 

Phase Edges x y z θx θy θz 

LBF 1 1 1 0 0 0 

LW 0 0 1 0 0 0 

RBF 0 1 1 0 0 0 H
ea

tin
g 

RW 0 0 1 0 0 0 

LBF 1 1 1 0 0 0 

LW 0 0 1 0 0 0 

RBF 0 1 1 0 0 0 Lo
ad

in
g 

RW 0 0 1 0 0 0 

LW

LBF

y

z
x

RW

RBF

Note: x, y and z are translations; θx, θy and θz are rotations in the x, y and z directions, respectively. 

0 denotes free and 1 denotes restraint DOF. 

 

6.3 Finite Element Analysis Results 

In general, FEA results of thermally unrestrained case showed that web panel 

behaviour at elevated temperatures was similar with that at ambient temperature. 

However, for thermally restrained boundary case, there was non-uniform stress 

distribution in the web panel at the end of heating. This caused the panel to buckle 

at a lower load level than that of unrestrained case. More discussions of the FE 

comparisons with: I. unrestrained; II. Restrained shear component model; III. 

Whole beam behaviour will be presented in Section 6.4. 
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6.3.1 FE Predictions of Unrestrained Shear Component at Ambient 

Temperature 

FE predictions showed that the stress distribution was uniform in the web panel at 

the beginning of loading. With increasing shear, higher stresses were mobilized 

along the diagonal band of web panel until stresses reached the yield strength of 

web (σyw). The equivalent von Mises stress distribution of TG5-1 specimen prior to 

panel failure is shown in Figure 6.5. After the diagonal web elements reached yield 

strength, plastic hinges were formed at top and bottom flanges. Finally, with a 

further increase in shear, web panels developed out-of-plane buckling and failed. 

The loads versus out-of-plane deflections at the centre of web panels for TG3-1, 

TG4-1 and TG5-1 (Figure 6.6) show that out-of-plane displacements were very 

small at the initial loading. After applied shear stress had reached a certain value, 

out-of-plane displacement started to increase, meaning that the applied stress 

attained web panel critical shear stresses. With increasing shear, the out-of-plane 

deflection further increased until it expanded greatly with a little increase of shear 

stress. This indicated that the diagonal web element stress had reached the material 

yield strength.  

 
Figure 6.5 von Mises Stress Distribution of TG5-1 Prior to Collapse 
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Figure 6.6 Shear Stress versus Out-of-Plane Deflection (TG3-1 TG4-1 TG5-1) 
 

6.3.2 FE Predictions of Unrestrained Shear Component at Elevated 

Temperatures 

As described in Section 6.2.1, the FE model for specimen at elevated temperature 

undergoes two stages. From FE results, as expected, it was observed that there was 

no additional stress at the end of heating stage. After the heating stage, at earlier 

increments of shear stress, the equivalent von Mises stress distribution of web 

panels was uniform throughout the web panel. With a further increase in shear, the 

stress of the elements inside the diagonal band of the web panel was greater than the 

other parts of the panel as shown in Figure 6.7. The stress within the band kept 

increasing until it reached the yield strength. The whole panel eventually failed, 

when the plastic hinges developed in the flanges. The detailed failure loads of 

G1-G5 and TG1-TG5 series at different temperatures will be discussed in Section 

6.4.  
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Figure 6.7 von Mises Stress Distribution of TG5-2 Prior to Collapse 

6.3.3 FE Results of Whole Beam Simulation for Unrestrained and 

Restrained Tests 

In current study, six series of unrestrained and restrained beam tests (TG3, TG4, 

TG5, RTG3, RTG4 and RTG5) were also simulated using whole beam models. The 

material properties of FE models were consistent with material coupon test results 

as described in Section 5.2 and 5.4. The whole beam model is shown in Figure 6.8. 

In total, there were around five thousand shell elements in the whole beam model. 

This, in practice, is not economical to analyze a beam. This FE model is considered 

here for research purpose, in order to verify test results using actual configuration. 

Figure 6.9 shows the equivalent von Mises stress distribution for web panel 2 and 3 

in TG5 series (400 oC) at failure. It can be observed that out-of-plane deflection 

occurred at inner web panels. Due to experimental set-up, the temperature of inner 

web panels (Panel 2 and Panel 3) was approximately 20 oC higher than outer panels 

(Panel 1 and Panel 4). Therefore, material degradation at elevated temperature has 

slightly greater effect on mechanical behaviour of inner web panels. Besides the 

temperature effects, bending moment effects of inner web panels were greater than 

outer web panels. Both of these effects caused inner web panels to fail earlier than 

outer web panels. For the whole beam model, actual temperature distribution was 

applied across a section to allow simulation of thermal gradient in the longitudinal 
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direction, according to thermocouple measurement locations as shown in Figure 5.6. 

During plate girder tests as described in Section 5.2.6, temperatures at the top and 

bottom flanges have been monitored by a series of thermocouples attached to the 

respective surfaces of flanges. Thus, these temperature measurements have been 

incorporated into whole beam FE model for a more realistic temperature 

representation for flanges. As shown in Figure 5.6, in addition to two thermocouple 

measurement points at adjoining flange plates, for web panels there, was one more 

temperature measurement point at the centre of the section. However, as shown in 

Figure 5.18, cross-sectional temperature measurements show a rather uniform 

distribution. Therefore, for simplicity of FE modelling, a uniform cross-sectional 

temperature distribution has been adopted in the whole beam FE model, but with 

variation of temperature in the longitudinal directions, as described in Section 5.3.3. 

The vertical-deflection versus loading curves for TG5-1 (ambient temperature) are 

shown in Figure 6.10. L1, L2, L3, L4 and L9 indicate the vertical deflections at the 

LVDT locations (LVDT 1 to 4 and LVDT 9) along the beam measurement points 

which are shown together with the plotted results. The comparison between FE 

predictions and experimental results will be presented in Section 6.6.4. 

 

Figure 6.8 Test Beam FE Model (TG5 series) 

Panel 1 Panel 2 Panel 3 Panel 4
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Figure 6.9 von Mises Stress Distribution of TG5-2 Prior to Buckling 

0

10

20

30

40

50

60

70

0 2 4 6 8 10 12 14 16
Vertical Deflection (mm)

Lo
ad

 (k
N

)

L1 & L4 L9L2 & L3

L2L1

Panel 1

L3 L4

Panel 4Panel 2 Panel 3

Mid-Span Deflection

 

Figure 6.10 Vertical Deflection versus Load for TG5-1 Specimen 

 

6.4 Comparisons of FE Predictions with Test and Analytical Results 

In current FE analyses, ten series of specimens (G1 to G5 and TG1 to TG5 series) 

were studied at ambient temperature, and at elevated temperatures with both 

restrained and unrestrained boundary conditions. Detailed geometrical and material 

properties are listed in Table 6. 1. The FE predictions were compared with both test 

data and analytical predictions. 

6.4.1 FE Predictions of Ambient Temperature Tests 

In this study, three specimens (TG3-1, TG4-1 and TG5-1) were tested at ambient 

temperature as described in Section 5.2. The ultimate shear strengths from the 
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analytical ( )analyV , FE ( )FEMV  and test results ( )testV  of all TG series are listed in 

Table 6.4 for comparisons. The FE model used was that of single web panel with 

appropriate boundary conditions described in Section 6.2.1. This case study is 

particularly important as it is used to verify the accuracy of FE model with test 

results at ambient temperature. 
Table 6.4 Comparisons among FE, Analytical Predictions and Test Results of TG1 

to TG5 series at Ambient Temperature 
Analytical Predictions FE Predictions Test Results 

Test 
Girder 

Temp 
oC crV  

(kN) 

analyV  

(kN) 

FEMcrV ,

(kN) 

FEMV  

(kN) 

testcrV ,  

(kN) 

testV  

(kN) 
analy

test

V
V

 
FEM

analy

V
V

FEM

test

V
V

TG1-1 20 173.99 192.19 170 190 172.2 193.45 1.01 1.01 1.02 

TG2-1 20 288.44 345.65 280 322 270.3 343.8 0.99 1.07 1.07 

TG3-1 20 44.36 85.7 45 88 53.35 79.85 0.93 0.97 0.91 

TG4-1 20 113.64 113.64 102 112 101.4 111.8 0.98 1.01 0.99 

TG5-1 20 18.7 61.92 19 59 21.05 59.6 0.96 1.05 1.01 

— — — — — — — — 0.97a 1.02 a 1.00 a 

— — — — — — — — 0.03b 0.04 b 0.06 b 

a Mean Value  b Standard Deviation 

Comparing FE, test results and analytical predictions, it is evident that the web 

panel model for shear component predicts mechanical behaviour very accurately. It 

is particularly encouraging that the standard deviation for FEMtest VV /  is only 0.06, 

indicating very consistent comparison between FE and analytical models. Due to 

careful design and detailing, actual test panels experienced little bending effect. 

This effect would cause the ultimate shear strength of test girder to be lower than 

analytical and FE predictions. From the comparison between the FE and 

experimental results (TG3-1, TG4-1 and TG5-1), it can be observed that ultimate 

shear strengths of web panel model is higher than experimental results. This FEA 

behaviour is also expected since the material model adopted is 
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elastic-perfectly-plastic at normal temperature as shown in Figure 3.4. This model 

disregards the nonlinearity in the stress-strain model and therefore leads to 

over-stiff behaviour. This material model, instead of the more realistic experimental 

stress-strain curve, is used in FE models to compare with analytical model which 

can only incorporate the material properties shown in Figure 3.4. As described in 

Section 5.3, strains at the centre of the web panels of TG3, TG4 and TG5 specimens 

tested at ambient temperature were measured by rosette strain gauges. In addition to 

results of critical and ultimate shear strength, FE simulations of principal and 

maximum shear strains were also compared with experimental results in Figure 6.11 

(a), (b) and (c) for TG3-1, TG4-1 and TG5-1, respectively. 
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(c) TG5-1 web panel 3 

Figure 6.11 Shear Stress versus Principal and Maximum Shear Strain 

As shown in Figure 6.11 , it can be observed that there was a little discrepancy 

between the test results and FE predictions. During instrumentation, rosette strain 

gauges might not be affixed exactly at the centre of web panels. The 
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elastic-perfectly-plastic material model also indicated a higher stiffness. All these 

explain why FE predictions were always on the high side.  

 

For the analysis of G series under ambient temperature, the detailed FE, analytical 

predictions and test results are listed in Table 6.5. From the comparison between FE 

predictions and experimental results, it can be concluded that the FE model can 

simulate the behaviour of web panel under shear force at ambient temperature. 

 
Table 6.5 Comparisons among FE, Analytical Predictions and Test Results of G1 to 

G5 Series at Ambient Temperature 

Girder 
Model 

Temp 
oC 

Analytical 
Predictions,

analyV (kN) 

FE 
Predictions 

FEMV (kN) 

Test results 

testV  

(kN) 
analy

test

V
V

 
FEM

analy

V
V

FEM

test

V
V

G1-1 20 28.77 27   29.35 (Rockey et al. 1972) 1.02 1.06 1.09 

G2-1 20 77.52 75.4   79.85 (Vimonsatit et al. 2005) 1.02 1.03 1.06 

G3-1 20 42.83 40.6   43.05 (Vimonsatit et al. 2005) 1.01 1.05 1.06 

G4-1 20 1160 1185   1195 (Sakai et al. 1966) 1.03 0.98 1.01 

G5-1 20 1159 1200   1176 (Sakai et al. 1966) 0.98 0.99 0.98 

— — — — — 1.02a 1.02 a 1.04 a 

— — — — — 0.02b 0.04 b 0.05 b 

a Mean Value  b Standard Deviation 

6.4.2 FE Predictions of Thermally Unrestrained Tests at Elevated 

Temperatures 

Ten series of specimens (G1-G5, TG1-TG5) were analyzed at elevated temperatures 

(400, 550 and 700 oC) without considerations of thermal restraint force. Part of 

analytical predictions (TG3, TG4 and TG5 series) has been compared with test 

results conducted in this study. FE predictions for TG 2 series (400, 550 and 700 oC) 

were compared with test results conducted by Vimonsatit et al. (2005). FE 
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simulations were also compared with analytical predictions. The detailed results for 

TG3, TG4 and TG5 series are given in Table 6.6. The detailed FE and analytical 

predictions for G1-G5 series are given in Table 6.7. 
Table 6.6 Comparisons among FE, Analytical Predictions and Test Results of 

Unrestrained TG2-TG5 series at Elevated Temperatures 
Analytical Predictions FE Predictions Test Results 

Test 
Girder 

Temp 
oC crV  

(kN) 

analyV  

(kN) 

FEMcrV ,

(kN) 

FEMtV

(kN) 

testcrV ,

(kN) 

testV  

(kN) 
analy

test

V
V

 
FEM

analy

V
V

FEM

test

V
V

TG2-2 400 288.44 345.65 280 314 260 324.3 0.94  1.10 1.03 

TG2-3 550 178.83 214.3 180 198 183.6 234.6 1.09  1.08 1.18 

TG2-4 700 66.34 79.5 62 72.6 62.4 74.2 0.93  1.10 1.02 

TG3-2 400 31.05 65.2 30 68.9 30.08 67.63 1.04  0.95 0.98 

TG3-3 565 18.23 37.13 19.2 35.8 19.87 34.34 0.92  1.04 0.96 

TG3-4 690 5.77 15.7 6.4 15.2 7.05 17.15 1.09  1.03 1.13 

TG4-2 400 76.34 85.89 67.26 78.8 58.9 77.1 0.90  1.09 0.98 

TG4-4 700 14.53 18.19 15 18 10.59 15.94 0.88  1.01 0.89 

TG5-2 400 13.43 53.17 18 50.1 17.63 46.4 0.87  1.06 0.93 

TG5-3 550 11.51 32.39 10 31.47 13 28.6 0.88  1.03 0.91 

TG5-4 700 2.49 11.48 3 10.5 4.5 10.16 0.89  1.09 0.97 

— — — — — — — — 0.95a 1.05 a 1.00 a 

— — — — — — — — 0.09b 0.05b 0.09b 

a Mean Value  b Standard Deviation 

From Table 6.6 and Table 6.7, it can be observed that the web panel model at 

elevated temperatures without thermal restraints can predict shear strength 

accurately. However, there are slight differences between the analytical and the FE 

predictions. In the web panel model, the assumed boundary conditions allowed 

thermal expansion in all three directions during heating. However, the analytical 

method only allowed 1-D thermal expansion in horizontal direction. Consequently, 
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geometric changes due to elevated temperature between the web panel model and 

analytical method are slightly different. The shear strength results of TG3-TG5 

series and G1-G5 series from FEA, analytical approach and test results are also 

plotted in Figure 6.12 (a), (b), (c), (d), (e) and (f) respectively. 

 
Table 6.7 Comparisons among FE and Analytical Predictions of Unrestrained G1 to 

G5 series at Elevated Temperatures 

Girder 
Model 

Temp 
oC 

Analytical 
Predictions 

analyV (kN) 

FE Predictions 

FEMtV (kN) FEM

analy

V
V

 

G1-2 400 22.05 23.4 0.94  

G1-3 550 13.45 13.8 0.97  

G1-4 700 4.74 4.8 0.99  

G2-2 400 58.35 58.2 1.00  

G2-3 550 35.75 36.9 0.97  

G2-4 700 12.36 12.96 0.95  

G3-2 400 32.88 31.6 1.04  

G3-3 550 20.05 21.85 0.92  

G3-4 700 7.07 7.1 1.00  

G4-2 400 859.67 871 0.99  

G4-3 550 523.06 571 0.92  

G4-4 700 186.45 191 0.98  

G5-2 400 852.52 951 0.90  

G5-3 550 526.82 578 0.91  

G5-4 700 174.88 180 0.97  

— — — — 0.96a  

— — — — 0.04b  

a Mean Value  b Standard Deviation 
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Figure 6.12 Ultimate Shear Stress vs. Temperature for G1-G5 and TG1-TG3 Series 
 

As described in Section 4.2, the ultimate shear capacity of web panel largely 

depends on material properties and web slenderness ratio ( )td / . TG3, TG4 and TG5 

series were designed to study the effects of different web slenderness ratios td /  
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on ultimate shear strength of specimens. A comparison between the ultimate shear 

strength FEMV and the maximum shear strength at ambient temperature is studied, 

where ( ) dtV ywyw )℃20(℃20 τ= . Figure 6.13 shows variations of ultimate shear stress 

ratio 20,/ ywFEM VV with temperature. 
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Figure 6.13 Shear Stress Capacity Ratio versus Temperature for TG3, TG4 and TG5  

 

In Figure 6.13, reduction factors of steel yield strength ( ))(Txk and elastic modulus 

( ))(TEk at elevated temperatures according to EC 3 Part1.2 (EN 1993-1-2) are plotted 

with FE predictions for different ( )td /  ratios. It can be noticed that with increasing 

temperature, the ultimate shear strength of web panel reduces following the trend of 

material degradation of steel. In addition, it can be observed that web panel with 

lower web slenderness demonstrates greater shear strength resilience compared with 

higher slenderness ratio. These FE predictions are consistent with analytical 

predictions. From Figure 6.13, it can also be observed that the ultimate shear 

strength of TG4-1 tested at ambient temperature slightly exceeds maximum shear 

strength of web panel. In the analytical method, the shear stress was assumed to be 

sustained wholly by the web panel. However, in FEA, it was noticed that the top 
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and bottom flanges of the FE model also contributed to the ultimate shear strength 

of web panel. This was particularly significant for lower ( )td / ratio. 

 

6.4.3 FE Predictions of Whole Beam Unrestrained Simulations  

Vertical deflections of the whole beam model were compared with experimental 

results. The deflection points for FE model correspond to LVDTs locations 

(LVDT1 to LVDT4, and LVDT9) along the specimen. The FE simulations of TG5 

series at ambient temperature are compared with experimental results (Figure 6.14). 
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Figure 6.14 Whole Beam Vertical Deflection Comparison of TG5-1 at Ambient 

Temperature between FE Predictions and Test Results 

 

In Figure 6.14, three load levels (at 10, 61 and 110 kN) are selected as comparison 

points. As in whole beam model, two beam ends were not allowed to have any 

vertical deflections to simulate the simply-supported condition. Therefore, the 

experimental vertical deflections measured by LVDTs in Figure 6.14 had to take 

account of differential support settlement at the two ends. From comparison, it can 

be observed that whole beam model is reliable. However, there are some 

discrepancies between the FE and experimental results as the material model in the 

FEA is elastic-perfectly-plastic. Material nonlinearity indicating strain-hardening is 

not considered and will soften the FE curves. In addition to ambient temperature 

tests, the FE model at elevated temperatures was also included in the present work. 
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The comparison between FE and experimental results of TG4-4 tested at 700℃ is 

shown in Figure 6.15.  
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Figure 6.15 Whole Beam Vertical Deflection Comparisons of TG4-4 at Elevated 

Temperature between FE Predictions and Test Results 

From Figure 6.15, it can be observed that the beam expanded upwards during 

heating. After load was applied at mid-span, the beam started to sag downwards 

until it failed. In the test set-up, the temperatures inside the web panels were not 

uniform. Therefore, in the whole beam model for elevated temperature tests, the 

longitudinal temperature distribution was simply set according to the thermocouple 

measurements as described in Section 6.3.4. In Figure 6.15, comparisons between 

FE and experimental results are conducted at three different load levels (at 0, 20 and 

30 kN). The FE predictions compare well with experimental results. However, there 

are some discrepancies between experimental and FE predictions, particularly at 30 

kN. Similar to FE model at ambient test, the material model in FE analysis is 

elastic-perfectly-plastic. Besides, the cross-sectional temperature distribution inside 

the FE model was assumed to be constant, unlike actual test panel.  

 

6.4.4 FE Predictions of Thermally Restrained Tests  

In current research, the effects of thermal restraint force on the behaviour of shear 

component of steel joint were simulated using a simplified whole beam model, as 

described in Section 6.2.2. The detailed finite element predictions and experimental 

results for RTG3 to RTG5 series are listed in Table 6.8. In general, the experimental 
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testV  and FE predicted FEMV  agree very well, as shown in Column (9) of Table 6.8, 

with the mean and standard deviation as 1.004, and 0.059, respectively. Almost all 

the test results agree well with FE predictions, with the exceptions of RTG4-2 and 

RTG3-4. It should be noted that in the FE predictions, steel material characteristics 

has been simulated by the stress-strain-temperature curve as shown in Figure 3.4 

(ENV 1993-1-2). Moreover, the shear strength ratio results of RTG3, RTG4 and 

RTG5 series from FEA and test are also plotted in Figure 6.16 (a), (b), and (c) 

respectively, with the reduction factors of steel yield strength ( )yk and elastic 

modulus ( )Ek at elevated temperatures according to EC 3 Part1.2 (ENV 1993-1-2). 

 
Table 6.8 Comparisons of Experimental Results with FE Predictions for RTG3, 

RTG4 and RTG5 Series 

Test Series Test Girder 
Test 

Temperature 
(oC) 

Restraint 
Ratios 
β  

Axial 
Force 
(kN) 

Vtest 
(kN) 

Vtest/ 
Vyw 

VFEM 

(kN) 
Vtest/ VFEM

(1) (2) (3) (4) (5) (6) (7) (8) (9) 

RTG3-1 400 3.8% 43.41 51.7 0.56 54.2 0.95  
RTG3-2 550 3.8% 48.27 26.6 0.29 27.7 0.96  
RTG3-3 670 3.8% 61.02 14 0.15 14.71 0.95  

RTG3 

RTG3-4 670 3.3% 53.92 15.4 0.17 15 1.03  
RTG4-1 400 3.5% 43.81 69.55 0.57 71.66 0.97  
RTG4-2 550 3.5% 51.32 28.95 0.24 29.36 0.99  
RTG4-3 670 3.5% 62.02 17.55 0.14 18.2 0.96  

RTG4 

RTG4-4 670 3.0% 57.78 18.5 0.15 19.9 0.93  
RTG5-1 400 5.0% 39.31 42.55 0.49 43.5 0.98  
RTG5-2 550 5.0% 45.59 17.8 0.20 20.85 0.85  
RTG5-3 670 5.0% 51.12 10.6 0.12 11.05 0.96  

RTG5 

RTG5-4 670 4.3% 49.69 12.85 0.15 13.04 0.99  
— — — — — — — — 0.96 a 
— — — — — — — — 0.04 b 

a Mean Value  b Standard Deviation 
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(c) RTG5 Series 

Figure 6.16 Shear Strength Ratio Comparisons between FE Predictions and 

Experimental Results 

 

As a typical example, shear failure can be observed from a sudden increase in 

out-of-plane deflection as shown in Figure 6.17 (a) for RTG4-4 and Figure 6.17 (b) 

for RTG5-4 both tested at 670 oC. The out-of-plane deflection increases up to 

approximately 85% of ultimate failure load and then the web panel shows a large 

out-of-plane deflection increase with a minor increase in load above this point. The 

predicted FE curve is in good agreement with experimental curve with a sudden 

increase in deflection towards the end. It can also be observed that the FE 

simulations give slightly conservative strength predictions. However, the difference 

in ultimate shear strength prediction is small, indicating a good fit to test results.  
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(a) RTG4-4 Panel 4 at 670 oC (b) RTG5-4 Panel 2 at 670 oC 
Figure 6.17 Comparisons of Shear Load versus Out-of-Plane Deflection between 

Experimental Results and FE Predictions 
 

Figure 6.18 (a) and (b) show the tensile membrane failure mode of web panels for 

RTG4 series. It can be seen that plastic hinges are formed in the corners of web 

panels and in the flanges due to mobilization of tensile field action. The deformed 

shape and the von Mises stress distribution from FE analysis are also included. 

Clearly, the deformation is similar to the observed buckled shape. 

 
(a) Deformed shape for RTG4-1 tested at 400 oC 

 
(b) FE Predictions of RTG4-1 tested at 400 oC 

Figure 6.18 FE and Experimental Deformed Shape for RTG4-1 Tested at 400 oC 
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6.5 Conclusion 

Comparing FE, analytical predictions and experimental results, it is obvious that 

proposed FE models are able to predict shear behaviour of test plate girders very 

accurately, at both ambient and elevated temperatures. Based on FE predictions, it 

can be concluded that shear behaviour of web panel at elevated temperature is 

similar to that at ambient temperature. However, due to degradation of steel 

material properties at elevated temperatures, the shear strength capacity also 

decreases accordingly. Under restrained boundary conditions, FE models showed 

similar behaviour with analytical predictions. The thermal restraints of web panel 

induced additional compressive stresses to web panel. These additional stresses 

caused the web panel to buckle at a lower shear load compared to the unrestrained 

case. 
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CHAPTER 7

EXPERIMENTAL INVESTIGATION OF STEEL 

BEAM-TO-COLUMN JOINT
 

 

7.1 Introduction 

During the past decades, a great number of experimental investigations have been 

carried out to establish moment-rotation relationships for bare steel and composite 

beam-to-column joints over a wide range of temperature. Investigations described 

herein focus on extended end-plate beam-to-column joint at elevated temperatures, 

with consideration of axial restraint force from surrounding unheated structure. A 

mechanical approach is developed to define the rotational characteristics of steel 

joints at both ambient and elevated temperatures. The idea is to implement joints as 

semi-rigid springs in the analyses of steel framed structures in fire in future work.  

 

7.2 Steel Beam-to-Column Joint Experimental Set-up 

In total, there were six extended end-plate beam-to-column joints tested as 

“cruciform” assemblies in two groups. In the first group, three cruciform specimens 

(CR1, CR2 and CR3) were tested at 700 oC with axial compressive force at 0, 2.5 

and 4% of plastic squashing capacity of the beam section at ambient temperature. 

Based on reduction factors for yield strength in Eurocode 3 part 1.2 (EN 1993-1-2), 

the axial load ratios were 0, 10.2 and 16.3% at 700 oC. The objective of test of this 

group is to investigate the effect of axial restraint on steel joint behaviour at 700 oC. 

This temperature was chosen as it represents the high end of elevated temperature 

test. In the second group, three more cruciforms (CR4, CR5 and CR6) were tested 

at 400, 550 and 700 oC, respectively, under unrestrained boundary conditions. 
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These tests were conducted to obtain the moment-rotation-temperature 

characteristics at three isothermal conditions. These two groups of assemblies 

consisted of identical beam and column sections for comparison purpose. The first 

three specimens had 20 mm thick end-plates. In the failure modes, one or two bolts 

appeared to undergo large extension due to significant tensile force. Thus in the 

second group of specimens, to obtain a clear picture of beam web shear component, 

thicker end-plates of 40 mm were used.  

7.2.1 Development of Cruciform Test Programme 

The cruciform testing system (Figure 7.1) consisted of a boxed-up electrical heating 

furnace (6), a transverse hydraulic jack (5) and an axial restraint system (1,7,V). 

The transverse hydraulic jack (5) was utilized as a loading device attached to an 

external portal frame system (4). A horizontal mounted hydraulic jack (1) 

provided axial force onto the beam sections of cruciform specimen. In addition, 

there were two fork support systems (8) seated onto supports (9) which prevented 

rotations of beam ends.  

 

1 Axial Hydraulic Jack 
2 Cruciform Specimen 
3 Support Beam 
4 Loading Portal Frame 
5 Transverse Hydraulic Jack 
6 Heating Furnace 
7 Reaction Frame 
8 Fork Support System 
9 Support 
V Restraint Beam 
 
 

Figure 7.1 Elevation View of Cruciform Test Set-Up 
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7.2.2 Cruciform Specimen Specifications 

A typical cruciform specimen consisting of two 1.6m UB 305x102x25kg/m beams 

symmetrically framing into the flanges of a 1.5m high UC 254x254x107kg/m 

section is shown in Figure 7.2. Steel of all sections are of Grade 43. An extended 

end-plate joint was chosen for investigation, since it is one of conventional steel 

joints in construction practice. Besides, the work focuses on the shear component of 

beam-to-column joint, instead of joint performance. Thus, it is prudent to select a 

rigid joint instead of a weak joint. For the first group of specimens (CR1, CR2 and 

CR3), 20 mm thick end-plates were chosen with four M20 Grade 8.8 bolts and four 

M27 Grade 10.9 bolts, which provide sufficient tensile strength in the tension 

region of joints. The second group of specimens (CR4, CR5 and CR6) had similar 

assemblies with the first group. They consisted of two UB 305x102x25kg/m Grade 

43 beams, 1.652m long, symmetrically framing into the flanges of an upright UC 

254x254x107kg/m column, as shown in Figure 7.3. In order to prevent the end 

plates from bending which would cause bolt failure, a thicker end-plate of 40 mm 

and eight M27 Grade 10.9 bolts were used instead. Besides, to prevent beam flange 

from buckling, additional cover plates of 16 mm were welded onto the top (in 

compression) and bottom flanges (in tension) of beam sections as shown in Figure 

7.2 and Figure 7.3. 
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Figure 7.2 Bare Steel Extended End-Plate Joint Detail (CR1, CR2 and CR3) 
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Figure 7.3 Bare Steel Extended End-Plate Joint Detail (CR4, CR5 and CR6) 
 

Prior to testing, material tests at ambient temperature and geometrical properties 

were measured and presented in Table 7.1. Material properties at elevated 

temperatures were obtained from steel material strength and stiffness reduction 

factors as specified in Eurocode 3 part 1.2 (EN 1993-1-2). 

 
Table 7.1 Material and Geometrical Property of Cruciform Specimen 

Specimen Section 
Coupon 
Location 

Thickness
(mm) 

Young’s Modulus 
E  (MPa) 

Yield Stress, 

yf (MPa) 

Ultimate Stress, 

uf  (MPa) 

Flange 20.5 208328 293 465 
Column 

Web 13 213975 333 480 

Flange 6.8 209000 337 482 
Beam 

Web 5.8 213000 333 475 

CR1 

CR2 

CR3 

End-plate 20 218372 340 469 

Flange 20.5 208328 293 465 
Column 

Web 13 213975 333 480 

Flange 6.8 205000 438 530 
Beam 

Web 5.8 218000 322 455 

CR4 

CR5 

CR6 

End-plate 40 213630 376 557 
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7.2.3 Heating Facility  

To obtain a relatively large uniform heating volume for the cruciform specimens, an 

electrical heating furnace was designed and fabricated, consisting of four individual 

heating panels with a maximum operating temperature of 900 oC as shown in Figure 

7.4. Overall dimension of the assembled furnace is 3.1m long, 1.7m wide and 2.2m 

high. Each electrical heating panel is composed of several heating modules with 

metallic spiral heating elements embedded in foamed ceramic fibre insulation. The 

exposed surfaces of each heating module were coated with one layer of hardener to 

prevent spalling. Each heating module was firmly secured onto a stainless steel 

frame. There was 75 mm ceramic fibre board insulation to minimize heat loss. In 

addition, stainless steel frames were chosen to construct the heating panel 

framework with stainless steel sheets as outer casing. A few trial tests have been 

conducted to determine a realistic heating rate and to extract the moisture content 

inside the heating panels. From these tests, it was decided to adopt a heating rate of 

7oC per minute. This rate is within the practical heating range for steel sections by 

BS5950 Part 8 (BS5950-8), which stipulates a value from 5 oC/minute (for well 

insulated sections) to 20 oC/minute (for poorly insulated sections). 
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Figure 7.4 Elevation View of Electrical Heating Furnace 
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7.2.4 Loading Facility and Restraint Systems 

The whole loading facility system of one ENERPAC hydraulic jack to provide 

vertical load at the top of a cruciform specimen and a two-portal-frame reaction 

system is shown in Figure 7.1. Vertical loads were measured by an annular 

compression load cell with 500 kN capacity, which was placed in between the 

hydraulic jack and the column head. A rocker bearing was also inserted between the 

load cell and column top to ensure verticality of applied force. The jack was 

manually driven with the load cell connected to a portable data logger control 

system. Based on the test set-up for restrained plate girder in Section 5.4, the axial 

restraint system was adjusted to provide certain axial restraint force onto the beam 

sections of cruciform specimens. This axial restraint system configuration is 

illustrated in Figure 7.1. The restraint system consists of one restraint beam (V) 

(UC203x203x46kg/m) together with two reaction A-frames (7) as shown in Figure 

7.7. One hydraulic jack (1) was installed on the mid-span of the left restraint beam 

to provide axial force onto the beam sections of cruciform specimens. On the right 

hand side, a specially designed flexible roller joint was connected between the 

restraint beam (V) and cruciform specimen. The axial restraint force was monitored 

by two compression load cells with 300 kN capacity each, placed between the 

cruciforms and the restraint beams at each end as shown in Figure 7.7. As shown in 

Figure 7.5 and Figure 7.6, for the second group of tests (CR4, CR5 and CR6), to 

prevent lateral torsional buckling and out-of-plane global buckling of beam sections, 

an additional lateral restraint system has been fabricated and attached to external 

portal frame (8) as shown in Figure 7.6. The lateral restraint system consists of 

three restraint support plate systems (4) to provide lateral restraints to the upright 

column and two attached beam sections. In addition, roller plate system (5) 

allowed the cruciform specimen to deflect vertically. The restraint support plates (4) 

were welded to lateral restraint beams (3), supported by cantilever transfer beam 

(2) and connected to reaction beams (1) as shown in Figure 7.6.  
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Figure 7.5 Unrestrained Cruciform Test Set-up 
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Figure 7.6 Plan View of Lateral Restraint System for CR4, CR5 and CR6 
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7.2.5 Deflection Acquisition System (LVDTs) 

To obtain a good description of the development of in-plane deflections, ten sets of 

linear variable differential transducers (LVDTs) were utilized to monitor the beam 

vertical deflections for CR1, CR2 and CR3, which consisted of L2 to L11 as 

illustrated in Figure 7.7. These LVDTs were situated at five locations along the 

centre line of the top flange of each beam, at distances of 270, 470, 670, 870 and 

1070 mm from the face of upright column flange. There was one additional LVDT 

(L1) at the top of column to measure the vertical displacement during test.  
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Reaction Frame

L17

Restrained Beam
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L11 L10 L9 L8

L16

Reaction Frame

Reaction Frame

Hydraulic Jack

L14
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Furnace
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Figure 7.7 Plan View of Deflection Transducers Locations (CR1, CR2 and CR3) 
 
Due to the presence of elevated temperature inside the furnace, ceramic rods were 

used to transfer vertical deflections of test specimens to LVDTs outside of furnace 

(L1 to L11 as shown in Figure 7.7). Three LVDTs (L12, L13 and L14) were used to 

measure the mid-span deformation and two supports settlements of right restraint 

beam. Similarly, three LVDTs (L15, L16, and L17) were used to monitor the 

horizontal mid-span deformation and settlements of left restraint beam. For 

unrestrained cruciform tests (CR4, CR5 and CR6), in order to obtain explicit 
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rotation measurements of beam sections, two sets of LVDTs (D9, D10 and D11, 

D12) were placed at each end of beam section outside the furnace at ± 120 mm 

distance from horizontal central axis, as shown in Figure 7.6. Based on experience 

from the first group of specimens, column deflections were monitored by two 

LVDTs (D1 and D2) with a measurement capacity of 300 mm at each side of 

column top stiffener. Another three LVDTs were installed onto each beam section 

to record beam vertical deflections as (D3, D4, D5 and D6, D7, D8).  

 

7.2.6 Temperature Distribution Acquisitions  

During the elevated temperature tests, temperature distributions within cruciform 

specimens were measured by thermocouples at locations shown in Figure 7.8 until 

the steel joint reached the desired uniform temperature.  
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Figure 7.8 Thermocouple Wire Locations 

 

As shown in Figure 7.8, to obtain a clear picture of temperature distribution within 

the left and right beam sections, eight K-type thermocouple wires with 1.6 mm 

sheath were attached onto surfaces of web plate, top and bottom flanges. There 

were eight additional thermocouple wires to monitor the temperatures of high 

strength bolts as shown in Figure 7.8. In addition, temperature of column web panel 

have also been recorded at three elevations along the column axis. Besides the 
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specimen temperature distributions, furnace temperature was monitored by two 

thermocouple wires attached to the side heating panels. All thermocouple wires 

were connected to Fluke HYDRA temperature acquisition system and recorded at 

time interval of fifteen seconds. For the first group of specimens, remote parts of 

beam and column sections from the joint zone were thermally protected using 

ceramic fibre wools to reduce the possibility of failure and to reduce heat transport 

to external air and axial hydraulic jack. Top flange and web of the beam sections 

within about 600 mm from either face of the joint, and the column section within 

steel joint were exposed to radiation of heating furnace as shown in Figure 7.8. In 

contrast, for the second group of specimens (CR4, CR5 and CR6), remote parts of 

beam sections were not thermally insulated since there was no axial jack attached 

onto beam sections. Therefore, only remote parts of column sections were insulated 

using ceramic fibre wools.  

 

7.3 Cruciform Test Procedure 

Steady-state heating has been used in current experimental programme. This was 

because the main objective was to obtain moment-rotation-temperature 

characteristics of bare steel end-plate joints at isothermal condition. Therefore, a 

uniform temperature distribution within the joint specimen was desirable, with 

minimal temperature differences. During the heating stage, the furnace and the 

specimen temperatures were monitored by K-type thermocouple wires and recorded 

at fifteen seconds interval. To minimize the heat loss, the openings at both sides and 

at the top for the protruded beams and column were heavily insulated by wool and 

insulation cloth. As described in Section 7.2.3, there were three cruciform 

specimens tested at 700 oC (CR1, CR2 and CR3) with three different restraint force 

levels. The experimental procedure consisted of three steps: 1. Load the beam 

axially to desired level; 2. Heat the cruciform specimen to desired temperature 

distribution and manually maintain the horizontal applied load; 3. Apply vertical 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 7 Experimental Investigation of Steel Beam-to-Column Joint  

 - 191 -

load at the column top until the joint fails. For the second group of tests, there were 

three cruciform specimens (CR4, CR5 and CR6) tested under unrestrained 

boundary conditions. The experimental procedure consisted of two steps: 1. Heat 

the cruciform specimen to desired temperature distribution; 2. Apply vertical load at 

the column top until the joint fails. 

 

7.4 Cruciform Experimental Results and Discussions 

This programme is to obtain moment-rotation characteristics of a steel joint at 

different temperature levels and with various axial restraint force ratios in beams. 

This part of experimental work consisted of three cruciform specimens tested at 700 
oC with axial restraint force ratio at 0, 2.5 and 4% of plastic squashing capacity of 

beam sections at ambient temperature. Another three cruciform specimens were 

tested at 400, 550 and 700 oC without axial restraint force. These three temperatures 

were selected due to that they represent significant degradations of steel material 

properties as shown in Figure 3.5 and Figure 3.6.  

7.4.1 Restrained Cruciform Test Temperature Measurement 

Temperature distributions of restrained cruciform specimens have been recorded by 

twenty-seven thermocouples as shown in Figure 7.8. Figure 7.9 shows typical 

temperature developments for CR1 specimen.  
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Figure 7.9 Typical Temperature Distribution of CR1 
 

Figure 7.9(a) and (b) represent temperature distributions for left and right beams. 

Due to thermal insulation, bottom flange temperatures (Temp 5 and 8 for left beam, 

Temp 22 and 25 for right beam) increase slowly as compared to beam web panels 

and top flange. Temperature difference among bottom flange, web panel and top 

flange of the beam section increases to about 30 oC after 100 minutes of heating 

when joint area of specimen reaches the target temperature (700 oC). Due to heavy 

thermal insulation, temperature distributions within the insulated areas of left and 

right beams (Temp 1 and 2 for left beam, Temp 26 and 27 for right beam) rise much 

more slowly than the exposed area. Temperature difference between the insulated 

area and the exposed area approaches to approximately 120 oC after CR1 specimen 

reaches desired temperature at 700 oC as shown in Figure 7.9(a). Due to heat loss 

through radiation from the observing window of furnace (as shown in Figure 7.4), 

there is a clear temperature difference of 30 oC between the column web panel and 

the beam sections as shown in Figure 7.9(a), (b) and (c). Similarly, due to insulation 

and heat loss through radiation, it can be observed that temperature of the bottom 

row of bolts (right bolt 4 and left bolt 4 as shown in Figure 7.9(d)) increase slightly 

more slowly than the upper row of bolts. However, temperature difference between 

the bottom row of bolts and other rows decreases to as small as 10 oC as shown in 

Figure 7.9(d).  
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Since CR1, CR2 and CR3 were tested at a rather high temperature of 700 oC, 

average relative temperature distributions of test cruciform assemblies are 

summarized in Table 7.2. Temperature measurements across the beam sections 

were determined based on average thermocouple readings of the same locations at 

left and right beams. The same approach was adopted for temperature measurement 

of bolt rows. For ease of reference, relative temperature measurements in Table 7.2 

are presented in a non-dimensional form, obtained by dividing average 

thermocouple measurements by the reference temperature at beam top flange.  

 

In Table 7.2, there is negligible temperature variation in the beam area adjacent to 

steel joint, viz. beam top flange and web. Therefore, the joint area temperature can 

be represented by the average value of these two measurements. However, beam 

bottom flanges have been thermally insulated with a maximum difference of 0.9% 

for CR3 specimen. Due to heavy insulation at remote parts of beam from the joint 

area, relative temperature measurements show a maximum difference of 

approximately 13% compared to beam top flange temperatures. Due to heat loss by 

radiation and column thermal insulations, bolts and column web temperatures at the 

top of joint area is approximately 2% lower than the beam top flange temperature. 

However, this difference decreases significantly for bolts and column webs in the 

centre and bottom area of joint. It can be seen that the average furnace atmosphere 

temperature is approximately 2% higher than the beam top flange temperature. 

Table 7.2 also shows cross-sectional average temperature measurements for beam 

sections, bolts and column web as S1 to S5 for CR1, CR2 and CR3 as shown in 

Table 7.2. Clearly, it can be seen that there is a temperature gradient along the beam 

length. Due to heat loss from observing windows, the average section temperatures 

for S2, S4 and S5 are slightly lower than the reference section S1. In addition, 

because of thermal insulation at section S3, average temperature at this part shows a 

significant decrease.     
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Table 7.2 Relative Temperature Measurements for CR1, CR2 and CR3 

Location CR1 CR2 CR3 Average Location CR1 CR2 CR3 Average

T1 1.000  1.000  1.000 1.000 T10 0.961 0.969  0.985 0.972 

T2 1.000  0.992  1.006 0.999 T11 0.969 0.977  0.993 0.980 

T3 1.000  0.999  0.997 0.999 T12 0.983 0.991  1.004 0.992 

T4* 0.842  0.826  0.925 0.864 S1 1.000 0.997  1.001 0.999 

T5* 0.794  0.838  0.965 0.866 S2 0.992 0.991  0.993 0.992 

T6 0.973  0.977  0.978 0.976 S3* 0.818 0.832  0.945 0.865 

T7 0.979  0.983  0.985 0.982 S4 0.982 0.986  0.990 0.986 

T8 0.986  0.989  0.998 0.991 S5 0.971 0.979  0.994 0.981 

T9 0.990  0.994  0.999 0.994 Furnace 1.002 1.001  1.016 1.006 
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7.4.2 Restrained Cruciform Test Deflection Characteristics  

No axial compressive force was applied to the first cruciform specimen (CR1) 

tested when joint average temperature reached 700 oC. Detailed experimental 

results are shown in Figure 7.10. As presented in Section 7.2.5, there were ten 

LVDTs measuring vertical deflections along both left and right beam top flanges 

(Figure 7.7). Corresponding beam deflection measurements of CR1 are shown in 

Figure 7.10(a) and (b). From the load-deflection curves, it can be seen that vertical 

deflection measurements increase linearly up to certain load (approximately 36 kN). 

Then run-away deflection occurs with further load increment until the failure load 

approaches 60 kN. In addition, it can be noticed that small negative deflection 
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occurs before vertical load is applied. This is because temperature of beam top 

flange and web panel increased faster than that of bottom flange as shown in Figure 

7.9. Besides, it is shown that vertical deflections of both left and right beams are in 

reasonably good agreement. This validates the set-up of thermal insulation and 

cruciform specimens. Similarly, measured vertical deflection at the column top is 

shown in Figure 7.10 (c). It can be seen that thermal expansion at the column top 

was approximately 2 mm before vertical load was applied. This is close to 

theoretical prediction of thermal expansion of column which is 2.5 mm. After 

vertical load approached failure load (approximately 60 kN), vertical deflection 

increased rapidly to 50 mm, and eventually grew to around 80 mm due to spread of 

plasticity in the steel specimen. At failure, the column vertical deflection increased 

significantly, and it was difficult to continue applying the vertical load due to rapid 

deflection. After the test, it was observed that failure of specimen was mainly due to 

yielding of the end-plate adjacent to the beam bottom flange as shown in Figure 8.7, 

and out-of-plane deflection in the beam web panel as described in Section 7.4.3. 

Average rotations obtained from beam displacements for left and right joints are 

compared in Figure 7.10(d). It can be seen that rotations for both joints are in good 

agreement. However, initial negative rotation of the left joint is slightly less than 

that of the right joint. This difference becomes negligible after applied moment 

exceeds 20 kNm. It can also be seen that the left and the right joints are capable of 

resisting moment up to around 30 kNm without experiencing any significant 

rotations. When moment approaches 50 kNm, joint rotation increase significantly, 

resulting in a plateau of moment-rotation curves followed by joint failure.      
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Figure 7.10 Deflection and Rotation Measurements of CR1 
For CR2 test, 45 kN axial force was applied to beam sections before vertical load 

was applied, which was 2.5% of compressive capacity of beam section at ambient 

temperature. Recorded deflections and rotations are given in Figure 7.11. From 

vertical beam deflection measurements in Figure 7.11(a) and (b), it can be seen that 

negative deflection measurements for both left and right beams are greater than 

CR1 test, due to axial compressive force and thermal bowing of beams at elevated 

temperature. Also, it can be found that compared with CR1, both the left and the 

right beams show stiffer load-deflection characteristics before load reaches 30 kN. 

This is because of larger negative beam deflections after heating stage. When 

external load reaches 40 kN, the beams start to sag downwards. Applied axial 

restraint force can induce significant increase of beam deflections and speed up the 

run-away deflection, due to P-δ effect.  
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Load-versus-column top deflection relationship of CR2 is shown in Figure 7.11(c). 

It can be seen that relative thermal expansion measurement at column top was 

around 3 mm before loading was applied.  Vertical deflection of column top 

increased linearly up to 15 mm. Then the load-deflection curve followed a nonlinear 

shape and a plateau indicating joint failure. Figure 7.11 (d) shows joint rotations 

versus applied moment. It can be seen that there is a good agreement between the 

left and the right joints. Both joints can sustain up to 30 kNm of moment without 

any significant rotations. After which, joint rotations started to increase 

progressively due to spread of plasticity in the joints, mainly due to a combination 

of yielding of end-plate and out-of-plane deflections at beam web panels. The 

bending moment sustained by the joints was slightly reduced in comparison with 

CR1 due to axial compression.    
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Figure 7.11 Deflection and Rotation Measurements of CR2  
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CR3 was tested at 700 oC with 72 kN axial compressive force, which was 4% of 

compression capacity of beam section at ambient temperature. Beam vertical 

deflection measurements are shown in Figure 7.12 (a) and (b), except for LVDT5 

and 11 due to malfunctions. It can be seen that negative deflection measurements 

for two beams are smaller than the previous two tests (CR1 and CR2), due to higher 

temperature of beam web panels compared to top and bottom flanges as shown in 

Table 7.2. In the presence of high axial compression, vertical deflections increased 

linearly up to 25 kN. With increasing load, the beams started to deflect rapidly until 

the joint failed at 50 kN, which was mostly due to a combination of yielding of 

end-plate and out-of-plane deflections at beam web panels.  

 

Vertical deflection at column top versus load is shown in Figure 7.12(c). It can be 

seen that there is similar load-deflection characteristics between column top and the 

beams. Vertical deflection of column top increases up to around 65 mm when load 

reaches failure value. The beam rotations for left and right joints are shown in 

Figure 7.12(d). It can be seen that there are minor variations between the rotations 

measured for these two joints. Due to higher axial compressive force, ultimate 

bending moment of joints is reduced to 45 kNm in comparison to that of CR1 and 

CR2 specimens.  
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Figure 7.12 Deflection and Rotation Measurements of CR3  
 

Detailed deflection and rotation characteristics for the first group of cruciform tests 

are illustrated in Figure 7.10 to 7.12. From these measurements, it can be seen that 

there is good agreement between the rotations of the left and the right joints for 

each test indicating the loading arrangement was rather symmetrical. 

Load-deflection characteristics from CR2 test was slightly stiffer than CR1 due to 

larger negative beam deflections in CR2 after the heating stage just before loading 

was applied. In the presence of axial restraint which induced P-δ effect and 

additional compressive stress in the critical compression zone, a reduction in the 

joint moment capacity can be observed for CR2 and CR3 compared with CR1 

tested without thermal restraint. Tested cruciforms showed clearly out-of-plane 

deflection in the beam web panels, as described in Section 7.4.3. In addition, for 

CR1, CR2 and CR3, significant bending deformations were observed at the 

end-plate adjacent to the beam bottom flange due to significant tensile stress from 

bending moment action. This was confirmed with numerical simulations in Section 

8.3.3. Generally, in these three restrained specimens, CR1 shows the greatest 

end-plate bending deflection due to a greater tensile force transferred from the beam 

bottom flange, followed by CR2, and then CR3. It should be noted that, for CR2 

and CR3, bending deformations in end plates are not as significant compared to 

CR1 due to axial compressive forces. 
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7.4.3 Beam Web Measurements of Restrained Cruciform Tests 

For the first group of steel joint tests, all three specimens (CR1, CR2 and CR3) 

show that certain out-of-plane deflections can be found for beam web panels 

adjacent to the steel joints. Thus, for purpose of obtaining accurate deflection 

behaviour, cruciform specimens have been dismantled, with the beam sections 

measured by a special scanning system. These three specimens were measured after 

tests to ascertain if shear web buckling has occurred in the web. In this section, this 

scanning system and measurements will be introduced and discussed.  

 

This scanning system (Figure 7.13) consists of one measuring frame, an adjustable 

sitting table, a vertical line transducer, a transverse deflection transducer and one 

automatic hoisting system. In this system, the out-of-plane deflections were 

measured by the transverse deflection transducer along each reference line. The 

transducer was raised by the hoisting system. To obtain an accurate profile 

measurement, seven longitudinal reference lines were first drawn onto the beam 

sections (Figure 7.14). The measurements started from the vertical reference line 50 

mm apart from the beam left vertical stiffener as shown in Figure 7.14. The 

measuring procedure consisted of three stages: I. Erect the beam section onto the 

sitting table, with welded end-plate on top; II. Calibrate initial positions of line and 

transverse transducers; and III. Measure out-of-plane deflections along each 

reference line.  

 

Typical out-of-plane deflection measurements from beam web panels of CR2 are 

shown in Figure 7.15. For left beam measurements, right end of beam web 

represents area adjacent to steel joint. The converse is true for the right beam 

measurement. From Figure 7.15, it can be seen that both the left and the right beam 

webs show out-of-plane buckling near steel joint. The maximum out-of-plane 

deflections are 6 mm and 8 mm, respectively. Though these out-of-plane deflections 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 7 Experimental Investigation of Steel Beam-to-Column Joint  

 - 201 -

are insignificant in comparison with vertical deflections of test cruciforms, it is 

clear that, for this group of specimens, shear buckling has occurred in the beam web 

near to joint. 

  
Figure 7.13 Measurement Scanning System Details 
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Figure 7.15 Test Web Panel Out-of-Plane Deflection Measurement of CR2 

7.4.4 Initial Imperfection Measurement of Unrestrained Tests 

From testing of the first group of specimens, it was realized that initial out-of-plane 

imperfection has considerable influences on beam web shear behaviour, as 

described in Section 6.2. Thus, for the second group of specimens (CR4, CR5 and 

CR6), prior to assembly with column sections, initial imperfections of beam web 

panels have been measured by the scanning system as shown in Figure 7.13. 

However, only three longitudinal reference lines were drawn onto the beam webs, 

that is, the web midline and other two reference lines at 70 mm distance from the 

midline, as shown in Figure 7.16. Different from the first group of measurements, 

scanning was started from the vertical reference line at 50 mm distance from the 

end-plate.  
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Initial out-of-plane imperfection measurements were conducted on six beam 

sections. Typical measurements of left beam web of CR4 are shown in Figure 7.17. 
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Figure 7.17 Initial Out-of-Plane Deflection Measurements for CR4 Left Beam Web  

 

It can be seen that the initial imperfections along three reference lines (BW, MW 

and TW) indicate similar deflected trends along beam length. The maximum 

relative initial imperfections are located near to the beam end stiffeners. In 

comparison, there is less imperfection in the web panel near to the welded end-plate. 

The detailed maximum initial out-of-plane imperfections of CR4, CR5 and CR6 are 

shown in Table 7.3. The measured initial imperfections will be introduced into the 

numerical simulations as described in Section 8.3 for CR4, CR5 and CR6. However, 

due to time constraint, initial beam web out-of-plane imperfections of the first 

group of specimen (CR1, CR2 and CR3) were assumed as half-wave sinusoidal 

curve along the beam length in finite element simulations, with maximum 

magnitude of imperfection as D/3000. This is in accord to the assumption used in 

plate girder numerical analyses presented in Section 6.2. In addition, due to 

significant beam out-of-plane deflections occurred after the second group of tests, 

deflected shapes for this group of specimens showed no need to be scanned, which 

will be presented in Section 8.3, with comparisons to finite element simulations.  
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Table 7.3 Maximum Initial Out-of-Plane Measurements for Unrestrained Cruciform 

Beam Sections 

Cruciform 
Specimen 

Left Beam 
Maximum 

Imperfection (mm) 
Right Beam

Maximum 
Imperfection (mm) 

TW 1.3107 TW 2.0124 
MW 1.0523 MW 1.8281 CR4 
BW 1.0025 BW 0.7133 
TW 2.2413 TW 2.5910 
MW 1.4105 MW 1.1126 CR5 
BW 0.6271 BW 0.8095 
TW 0.9676 TW 2.7484 
MW 0.8430 MW 2.1259 CR6 
BW 0.4500 BW 0.7861 

 

7.4.5 Unrestrained Cruciform Test Temperature Measurements 

For the second group of cruciform tests, three specimens (CR4, CR5 and CR6) were 

tested at 400, 550 and 700 oC. Temperature distributions have been recorded by 

attached thermocouple wires as shown in Figure 7.8. Typical temperature 

developments for CR4 test are shown in Figure 7.18.  
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(a) Left Beam Temperature Distribution (b) Right Beam Temperature Distribution 
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(c) Column Web Panel Temperature Distribution (d) Connecting Bolts Temperature Distribution 

Figure 7.18 Typical Temperature Distribution of CR4 
 

Figure 7.18(a) and (b) present temperature distributions for the left and the right 

beams of CR4. Different from the first group of tests, beam sections were not 

insulated at the remote parts, since there was no axial load applied at the beam ends. 

From temperature developments as shown in Figure 7.18(a) and (b), it can be seen 

that, disregarding presence of small discrepancy, beam sections eventually reach 

approximately uniform temperature distributions. This is because furnace was 

normally kept heating for extra 200 minutes after furnace control temperature 

reached target level. For this group of test, observing windows of furnace were 

blocked by lateral restraint beams as shown in Figure 7.6. This reduced heat 

radiation loss. Thus, it can be seen that a more uniform temperature distribution was 

achieved for both column web and bolts as shown in Figure 7.18(c) and (d).  

 

Similar to the first group of tests, the average relative temperature distributions of 

the second group of tests are summarized in Table 7.4. Due to geometric symmetry 

of specimens, the average temperatures of both beams and bolts are determined 

from the records of thermocouple readings at the same locations on either side of 

the joints. All the relative temperature measurements in Table 7.4 are obtained 

through dividing the average thermocouple readings by the reference temperature at 

the beam top flange. For CR4, CR5 and CR6, these reference temperatures are 
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402.6, 547.3 and 699.4oC, respectively. From Table 7.4, it can be seen that the 

temperature of beam top flange in remote area is approximately 2% lower than that 

of beam top flange adjacent to steel joint, due to thermal insulation from cover 

panels of furnace. However, temperature differences among other parts of 

specimens are relatively insignificant compared to the first group, indicating 

uniform temperature distribution across the sections in these three specimens. 

Besides, the average furnace atmosphere temperature was about 1.5% higher than 

the beam top flange temperature. In addition, from sectional average temperatures 

(S1 to S5), there is negligible temperature gradient along the beam length.  

 
Table 7.4 Relative Temperature Measurements for CR4, CR5 and CR6 

Location CR1 CR2 CR3 Average Location CR1 CR2 CR3 Average

T1 1.000  1.000  1.000 1.000 T10 0.978 0.995  0.990 0.988 

T2 1.003  1.000  1.000 1.001 T11 0.984 0.989  0.986 0.986 

T3 1.002  1.000  1.000 1.001 T12 0.983 1.000  0.991 0.991 

T4* 0.968  0.976  0.977 0.974 S1 1.002 1.000  1.000 1.001 

T5* 1.002  0.999  1.003 1.001 S2 0.993 0.999  0.999 0.997 

T6 0.983  0.997  1.001 0.994 S3 0.985 0.987  0.990 0.987 

T7 0.981  1.000  0.986 0.989 S4 0.985 1.001  0.993 0.993 

T8 0.988  1.004  0.993 0.995 S5 0.981 0.995  0.989 0.989 

T9 0.990  1.004  0.994 0.996 Furnace 1.006 1.022  1.002 1.010 
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7.4.6 Unrestrained Cruciform Test Deflection Characteristics  

For the second group of tests, vertical deflections of left and right beams were 

monitored by three LVDTs (D3 to D5 and D6 to D8 as shown in Figure 7.6), at 

distance of 270, 870 and 1070 mm from column flange. Vertical deflections at 

column top were recorded by two deflection transducers (D1 and D2) with 300 mm 

stroke. Moreover, another two sets of LVDTs (D9, D10 and D11, D12) were 

installed at each end of beam sections, to obtain explicit beam rotations.  

 

CR4 was tested at 400 oC without axial compressive force. Vertical deflections of 

left and right beams are shown in Figure 7.19(a) and (b), respectively. It can be seen 

that both left and right beams are capable of resisting vertical load up to 

approximately 250 kN. After this value, the load-deflection curve becomes 

nonlinear up to around 350 kN, indicating yielding of beam web shear component 

inside the steel joints. With further load increment there is progressive run-away of 

deflection until failure is reached at about 380 kN. Although left beam deflects at a 

slightly faster rate than right beam, it can be noticed that vertical deflections of both 

left and right beams are in reasonable agreement. It is also noticed that vertical 

deflection at D6 stops at around 95 mm, due to measurement stroke of 100 mm.  
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Figure 7.19 Deflection and Rotation Measurements of CR4 

Column vertical deflections obtained from average measurements of D1 and D2 of 

CR4 are shown in Figure 7.19 (c).  CR4 was tested at 400°C with no external 

restraint.  It can be seen that initial thermal expansion was not exactly equal from 

D1 and D2 measurements, possibly due to frictions between roller plates (5) and 

restraint support plate systems (4) as shown in Figure 7.6. However, this difference 

became negligible when applied load exceeded 300 kN. There was an 

approximately linear increase in deflection up to around 250 kN. Beyond this limit, 

vertical deflection increased significantly up to around 70 mm, and finally reaching 

110 mm at joint failure. This was due to formation of tensile field action in the 

beam web panels, similar to shear failure mode in plate girders, as shown in Figure 

8.8 (a). Rotations obtained from beam end deflections (D9, D10 and D10, D11) for 

both left and right beams are compared in Figure 7.19(d). In addition, rotations 

derived from beam vertical deflections are also incorporated as supplementary 

verifications. It can be seen that rotations for left and right joints are in good 

agreement. Rotations of joints linearly increase up to 0.02 radians, with bending 

moment reaching approximately 220 kNm. Beyond this limit, rotation starts to 

increase rapidly indicating yielding of steel joints. Rotations reach a plateau after 

exceeding 0.07 radians, representing joint failure. Figure 7.19(d) also compares 

rotations derived from beam end and vertical deflection measurements. They are in 

good agreement.  
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Second Specimen CR 5 was loaded till failure at 550oC. Beam vertical deflections 

recorded by transducers are shown in Figure 7.20 (a) and (b), respectively. It can be 

seen that initial negative deflections for both left and right beams were greater than 

those of CR4 test due to higher test temperature. Similar to CR4, beams showed 

smooth deflection response until vertical load reached 150 kN. Above this limit, 

vertical deflections of specimen increased rapidly with slight loading increment. 

And finally, at around 150 kN, it was difficult to further increase applied loads, 

indicating joint failure due to significant beam out-of-plane deflections.  
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Figure 7.20 Deflection and Rotation Measurements of CR5 
Average vertical deflection of column top is shown in Figure 7.20(c) compared with 

deflection measurements by D1 and D2. Due to elimination of frictions induced by 

lateral restraint system, it can be seen that measurements by two deflection 

transducers are in good agreement. Vertical deflection of column top increases 

linearly to 70 mm and finally reaches 172 mm. Beam rotations obtained from 

vertical and horizontal end displacement measurements are compared in Figure 
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7.20(d). It can be seen that rotations derived from vertical deflections show a 

slightly more flexible behaviour. However, the agreement is generally acceptable. 
 

As the third specimen of this group, CR6 was loaded under a uniform temperature 

of 700 oC. Vertical deflection measurements of beams are shown in Figure 7.21 (a) 

and (b), respectively. It can be seen that negative deflection measurements for two 

beams were greater than previous two tests (CR4 and CR5), due to even higher 

isothermal temperature. From load-deflection relationships, vertical deflections 

increased linearly up to approximately 70 kN with a rapid growth until failure load 

(approximately 87 kN), which was mainly due to a combination of slipping of 

bottom rows of bolts in tension and out-of-plane deformations in beam web as 

described in Section 8.3.3.  
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Figure 7.21 Deflection and Rotation Measurements of CR6 
Average vertical deflection of column top obtained from transducers D1 and D2 are 

presented in Figure 7.21(c). Column top deflection increases significantly when 
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load reaches approximately 87 kN. However, it can be noticed that CR6 shows a 

significant increase in ultimate strength, in comparison with CR1 tested at 700 oC 

without axial compressive force. This is due to modifications of cruciform 

specification as described in Section 7.2.2, with thicker end-plate and larger 

diameter bolts. Rotations obtained from both vertical and horizontal end deflections 

are compared in Figure 7.21(d). It can be seen that there is a close correlation 

between the left and the right joints.   

 

Detailed joint responses for the second group of unrestrained cruciform tests (CR4 

to CR6) are presented in Figure 7.19 to 7.21. For these three specimens tested at 

three different isothermal temperatures, rotational characteristics obtained from the 

beam end deflections and vertical deflections show a similar trend. Based on 

deflection measurements, it may be seen that there is a progressive degradation in 

the bearing capacity and stiffness of joints with increasing temperature. Due to the 

presence of flange cover plates, CR4 specimen shows significant out-of-plane 

deflections in the web panel region adjacent to the steel joint. Test results will be 

compared with numerical simulations in Section 8.3.3. However, at a higher 

temperature of 700oC, CR6 specimen exhibits less significant out-of-plane 

deformation for web plate, because that the steel material stress-strain curve does 

not have a distinct demarcation point between the elastic and the plastic stages. At 

this temperature, it is analogous to a rubbery material with continuous non-linearity. 

Thus, at much higher isothermal temperature such as 700 oC, under increasing load 

the web plate simply softens. 

 

7.5 Conclusion 

The “Component-Based” method was utilized to explore the mechanical behaviour 

of typical steel beam-to-column end-plate joint at elevated temperatures. Therefore, 

it is crucial to investigate the behaviour of overall joint experimentally with 
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considerations of thermal restraint effects. In this research, six steel joint specimens 

(cruciform assemblies) have been tested at elevated temperatures with and without 

thermal restraint effects. Moment-rotation characteristics of both restrained and 

unrestrained cruciform specimens are obtained. These results will be compared with 

analytical and finite element analyses in Section 8.3.  
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CHAPTER 8

STEEL BEAM-TO-COLUMN JOINT 

NUMERICAL AND MECHANICAL MODELLING
 

 

 

8.1 Introduction 

In conventional studies about mechanical behaviour of steel framed structure, steel 

beam-to-column joints are normally idealized as either perfectly rigid or perfectly 

pinned. Nevertheless, actual behaviour of steel joint, namely, semi-rigid joint, can 

not be incorporated into steel framed structural analyses, unless accurate 

mechanical modelling technique can be established at both ambient and elevated 

temperatures.  

 

As described in Chapter 2, during past few decades, there have been a number of 

analytical methods to represent steel joint rotational characteristics over a wide 

range of joint types and assemblages. In this study, a “Component-based” method 

has been adopted to describe extended end-plate joint behaviour at both ambient 

and elevated temperatures. Particular emphasis is on shear component of beam web 

panel. In addition, as a powerful and alternative technique, finite element (FE) 

model has also been developed to simulate rotational behaviour of such joint. Finite 

element analysis (FEA) can provide accurate predictions incorporating complicated 

interactions among various joint components. Therefore, joint modelling by finite 

element method can save experimental cost and time. But the FE models have to be 

validated by test results in the first place.  
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This chapter presents a FE simulation of rotational characteristics of steel joint at 

elevated temperatures, with both unrestrained and restrained boundary conditions. 

A suitable FE model has been constructed to simulate rotational behaviour of steel 

beam-to-column joint in a cruciform assembly form. The objectives of this part of 

numerical simulations are:  

 To construct a suitable FE model for steel beam-to-column joint using 

commercial FEA software MSC.Marc Mentat (MSC, 2001);  

 To investigate mechanical behaviour of steel beam-to-column joint at elevated 

temperatures with unrestrained boundary conditions; 

 To investigate mechanical behaviour of steel beam-to-column joint 

incorporating thermal restraint effects at elevated temperatures; 

 

8.2 Steel Beam-to-Column Joint Numerical Modelling  

Finite element analyses have been conducted using a commercial FEA software 

package MSC. Marc Mentat (MSC, 2001) at higher temperatures. The simplified 

FE model of cruciform specimen is illustrated in Figure 8.1.  

 

Figure 8.1 Steel Beam-to-Column Joint Finite Element Model 

 

Beam, column and end-plates are modelled by a quadratic thick shell element 

(element type 22 in MSC.Marc Mentat Element Library). This selected element is 
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an eight-node quadrilateral thick shell element, with global displacements and 

rotations in X, Y and Z directions as degrees of freedom. In current finite element 

analyses, second-order interpolation technique is used for coordinates, 

displacements and rotations. The membrane strains are obtained from strain field, 

and curvatures from rotation field.  

 

In addition to eight-node shell element, connecting bolts (as shown in Figure 7.2 

and Figure 7.3) are simulated by three sets of springs, representing both axial 

tension stiffness and another two dimensional shear stiffnesses. These are specified 

in Eurocode 3 Part 1.8 (EN 1993-1-8) incorporating strength reduction factors for 

bolts at fire limit state in Eurocode 3 Part 1.2 (EN 1993-1-2). Another type of spring 

with special characteristic was used to simulate contact links between the edge of 

end-plate and adjacent column flange surface. Steel material properties obtained 

from material coupon tests performed at ambient temperature have been used in this 

analysis.  

 

Unlike bilinear stress-strain model adopted in previous plate girder finite element 

analyses (Section 6.2), a trilinear-elliptic stress-strain model is adopted in this part 

of finite element simulation, which incorporated strain-hardening as specified in 

Eurocode 3 Part 1.2 (EN 1993-1-2) at elevated temperatures. In this chapter, both 

restrained and unrestrained steel beam-to-column joints will be investigated using 

the proposed FE model. Geometrical and material properties of restrained cruciform 

specimens (CR1, CR2 and CR3) and unrestrained cruciform specimens (CR4, CR5 

and CR6) are in accord with experimental measurements as described in Section 7.2. 

The detailed FE results will be compared with experimental and analytical 

predictions in the following sections.  
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8.2.1 FE Model of Restrained Steel Beam-to-Column Joint  

In the first part of cruciform simulations, restrained boundary conditions are 

modelled to compare with CR1, CR2 and CR3 tests. The cruciform tests were 

conducted under steady-state heating (as described in Section 7.2). Numerical 

analysis was carried out in three stages, viz. 1. Axial loading stage; 2. Heating Stage; 

3. Vertical loading stage. Different boundary conditions were used in these three 

stages (as shown in Table 8.1).  

 

Table 8.1 shows the boundary conditions for cruciform FE model edges. In this 

table, “●” represents fixed condition and “○” represents free condition. In the axial 

loading and heating stages, the bottom flanges of left and right beam ends (LST and 

RST) were free to expand in the horizontal direction (Y-direction). Moreover, left 

and right ends of beam (LB and RB) were allowed to move in Z-direction to 

simulate beam thermal expansion. However, beam rotations refer to Z-direction 

were restricted in LB and RB, to simulate the beam end rotational restraints (8) as 

shown in Figure 7.1. Before heating stage, axial load was applied normal to the 

beam end surface and was kept constant through heating and vertical loading stages. 

In the heating stage, nodal temperature increments were set for different heating 

area of FE models and increased gradually from 20°C to measured temperatures.  

 

In the vertical loading stage, vertical load was applied as a uniform distributed face 

load onto the centre area of column top. At this stage, edges of both the left and 

right beams (LST and RST) were set free in the horizontal direction (Y-direction) to 

simulate roller supports at each end of cruciform specimens. Moreover, vertical 

edges of the left and right beam stiffeners (LB and RB) were fixed for X-direction 

movement and Z-direction rotation to simulate rotational restraint effects as 

described in Section 7.2.  
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Table 8.1 Boundary Conditions for Restrained Cruciform FE Model 

Stage Edges x y z θx θy θz 

LST ● ○ ● ○ ● ○ 

LB ● ○ ○ ○ ○ ● 

RST ● ○ ● ○ ● ○ 

A
xi

al
 L

oa
di

ng
 

RB ● ○ ○ ○ ○ ● 

LST ● ○ ● ○ ● ○ 

LB ● ○ ○ ○ ○ ● 

RST ● ○ ● ○ ● ○ H
ea

tin
g 

RB ● ○ ○ ○ ○ ● 

LST ● ○ ● ○ ● ○ 

LB ● ○ ○ ○ ○ ● 

RST ● ○ ● ○ ● ○ 

V
er

tic
al

 L
oa

di
ng

 

RB ● ○ ○ ○ ○ ● 

Note: x, y and z are 
translations;  
θx, θy and θz are rotations in 
x, y and z directions, 
respectively; 
 
○ denotes free 
● denotes restraint DOF. 

 

 

8.2.2 FE Model of Unrestrained Steel Beam-to-Column Joint  

To obtain a good understanding of steel beam-to-column joint at different elevated 

temperature levels, numerical simulations were conducted to compare with 

experimental observations from CR4, CR5 and CR6 tests. Similarly, this part of 

numerical analysis was carried out in two stages, such as, 1. Heating Stage; 2. 
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Vertical loading stage. Separate boundary conditions were used in these two stages 

(as shown in Table 8.2).  

Table 8.2 Boundary Conditions for Unrestrained Cruciform FE Model 

Stage Edges x y z θx θy θz 

LST ● ○ ● ○ ● ○ 

LB ● ○ ○ ○ ○ ● 

RST ● ○ ● ○ ● ○ 

RB ● ○ ○ ○ ○ ● 

H
ea

tin
g 

LR ● ○ ○ ○ ○ ● 

LST ● ○ ● ○ ● ○ 

LB ● ○ ○ ○ ○ ● 

RST ● ○ ● ○ ● ○ 

RB ● ○ ○ ○ ○ ● 

V
er

tic
al

 L
oa

di
ng

 

LR ● ○ ○ ○ ○ ● 

 

Note: x, y and z are 
translations;  
θx, θy and θz are rotations 
in x, y and z directions, 
respectively; 
 
○ denotes free and  
● denotes restraint DOF. 

 

In the heating stage, the bottom flanges of left and right end of beam (LST and RST) 

was set free to expand in horizontal (Y-direction) to simulate beam thermal 

expansion. Nodal temperatures were applied to all nodes of FE model and increased 

gradually from 20°C to desired final temperatures. In the vertical loading stage, 

edges of both left and right beam (LST and RST) were fixed in X- and Z-direction 

simulating roller supports at each end of specimen. Similar to restrained cruciform 

FE model, rotational restraint system effects were simulated by fixing vertical edges 
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of both left and right beam stiffeners (LB and RB) in the X-direction movement and 

Z-direction rotation. In addition, lateral restraint system effects were simulated by 

fixing movements in X-direction for lateral restrained area (LR) as shown in Figure 

7.6. To obtain a clear beam web panel buckling behaviour, measured initial 

out-of-plane imperfections (as described in Section 7.4) were introduced into FE 

model. The beam web nodal imperfections were applied onto FE mesh nodes as 

approximate curves along the beam length.  

 

8.2.3 Verifications of FE Steel Beam-to-Column Joint Model 

To verify the FE models, FE simulations were first conducted for tests performed 

by Bailey (1999) at ambient temperature. In his experimental investigations, 

different column failure modes have been studied with cruciform assemblies. 

Column web panel shear test (Test 9) was compared with numerical predictions 

from the FE model. Details of cruciform specimen are given as follows. 
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Figure 8.2 Web Buckling Test Cruciform Specifications (Bailey, 1999) 

 

Vertical load colP was first applied onto column up to a desired value. Then another 

vertical load beamP was applied incrementally at the beam end, as shown in Figure 8.2. 

With increasing beamP , column load colP started to decrease at the same rate to 
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maintain a constant load level in lower-part of column. From the numerical analysis, 

it can be observed that proposed FE model could simulate rotational behaviour of 

specimens at ambient temperature. The von Mises stress distribution of column web 

buckling is shown in Figure 8.3. Moment-rotation relationship obtained from 

experimental and FE investigation is shown in Figure 8.4. 

 

Figure 8.3 Failure Mode for Ambient Temperature Cruciform Test 
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Figure 8.4 FE and Test Results for Ambient Temperature Cruciform Test 

 

Although column web out-of-plane deformation is restrained, to some extent, by 

column flanges, such restraint will be reduced by axial load applied onto column 

section. Thus, from Figure 8.3, an inclined yield stress distribution can be seen in 

the column web panel zone, indicating column web shear buckling due to 

single-sided bending for test specimen. From comparisons as shown in Figure 8.4, 

proposed FE model is capable of predicting initial rotational stiffness and bending 

moment capacity of joint accurately.   
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8.3 FE Predictions of Steel Beam-to-Column Joint  

Generally, FE results for thermally restrained tests, viz. CR1, CR2 and CR3, 

showed that beam web panels exhibited small out-of-plane deformation, in addition 

to bending of end-plate near the tension flange (bottom flange) of beams. 

Nevertheless, for thermally unrestrained specimens (CR4, CR5 and CR6), FE 

predictions showed that beam web panel near steel joint could develop significant 

out-of-plane deformations, similar to tensile field action in plate girder under shear. 

Detailed discussions about FE predictions of both thermally restrained and 

unrestrained cruciform tests will be presented in Section 8.3.1 and 8.3.2. 

 

8.3.1 FE Predictions of Thermally Restrained Steel Joint  

FE predictions showed that equivalent von Mises stress distribution was quite 

uniform within the steel joint at the end of heating stage. With increasing column 

load, higher stresses were formed in beam web panels and end-plates. Finally, 

end-plates developed significant bending deflections near beam bottom flanges. 

 

Typical FE predictions for CR2 tests are shown in Figure 8.5. From 

load-versus-deflection of column top, predicted deflection compares closely with 

test results. Although with higher restraint force level (2.5%), FE predictions show 

less stiff behaviour, since compressive restraint force was manually kept constant 

from deviations during tests. However, this compressive force has been kept 

constant during heating and vertical loading stages in finite element simulations. In 

addition, minor difference in temperature distributions between FE models and test 

specimens also contribute to the discrepancies between FE predictions and 

experimental results. In addition, vertical deflections of beams at L2, L3, L9 and 

L10 (Figure 7.7) are also compared with FE predictions, as shown in Figure 8.5(b), 

(c). Similarly, FE predictions show less stiff behaviour. Despite these discrepancies, 

FE simulations are reasonably close to test results. As described in Section 7.4, 
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rotational characteristics of joints were obtained from beam vertical deflection 

measurements. Thus, corresponding FE perditions are compared with experimental 

results as shown in Figure 8.5(d). From both comparisons, it can be seen that FE 

predictions are in close agreement with experimental measurements. However, 

slight discrepancies may be attributed by differences in the temperature field and to 

a small extent on associated material properties. 
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Figure 8.5 Comparison between FE Predictions and Experimental Results for CR2  
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8.3.2 FE Predictions of Thermally Unrestrained Steel Joint  

As described in Section 7.4, in the second group of tests, three cruciform specimens 

were tested at 400, 550 and 700 oC without any thermal restraint. Figure 8.6(a) 

presents comparisons between FE predictions and experimental measurements of 

column top deflection. It can be seen that FE model gives good agreement with 

actual joint behaviour at elevated temperatures. Due to a more uniform temperature 

distribution across the cruciform specimen and absence of axial compressive force, 

FE predictions for this group of tests (CR4, CR5 and CR6) show a better correlation 

compared with the first group of tests.   

 

In addition, vertical deflection measurements of connected beam sections are 

compared with FE results as shown in Figure 8.6(b) and (c). It can be seen that 

proposed FE model shows good agreement with test results. However, there are 

slight discrepancies between FE predictions and experimental measurements, 

possibly due to friction between roller plates and restraint support plates, which in 

certain extent hinder the beam sections from deflecting freely. As described in 

Section 7.4, the rotational characteristics were derived based on beam end 

deflections, which are compared with FE predictions in Figure 8.6(d). The FE 

predictions present an acceptable agreement with experimental response. However, 

discrepancies between test results and FE predictions are primarily due to the 

unpredictable frictions during tests.  
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Figure 8.6 Comparison between FE Predictions and Experimental Results for CR5  
 

8.3.3 Failure Modes and Comparisons of Cruciform Tests 

The first group of specimens (CR1, CR2 and CR3) were tested at 700 oC, with axial 

load ratios as 0, 2.5 and 4% of beam plastic squashing capacity. In addition to 

out-of-plane deflection in the beam web panels, as described in Section 7.4, 

significant bending deformations can be observed at the end-plate adjacent to the 

beam bottom flanges (in tension) as shown in Figure 8.7. The behaviour is similar 

to FE predictions. Clearly, CR1 shows the greatest end-plate bending deflection due 

to tensile force transferred from the beam bottom flanges. The beam sections were 

subjected to axial compressive forces for CR2 and CR3, that is, the gap between the 

end-plate and column flanges decreases with increasing axial restraint, as shown in 

Figure 8.7(b) and (c). However, these applied axial forces induce significant 

increase of beam deflections due to P-δ effect. In addition, Figure 8.7(a) shows 

bending of bottom rows for bolts CR1, due to end-plate bending and reducing bolt 

resistance at high temperature. However, CR2 and CR3 show less bolt slip in Figure 

8.7(b) and (c) due to applied axial compressive force onto the beam sections. This 

failure mode is reasonable since the thickness of end-plate was only 20mm and 

cover plate thickness on beam flange was 16mm. Therefore, in order to obtain a 

clear picture of beam web shear component, thicker end-plate (40mm) was used for 

the second group of cruciform specimens. 
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(a) CR1 Cruciform tested at 700 oC with 0% axial load 

 

(b) CR2 Cruciform tested at 700 oC with 2.5% axial load 

 

(c) CR3 Cruciform tested at 700 oC with 4% axial load 

Figure 8.7 Comparisons of Failure Modes for Restrained Cruciform Test 
For the second group of cruciform specimens, FE predictions show that both left 

and right beam web panels developed out-of-plane deflections (X-direction) 

adjacent to the end-plates. Figure 8.8(a) presents FE simulations and experimental 
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failure modes for CR4 specimen tested at 400 oC. From comparison, it can be seen 

that beam web panels formed tensile field action similar to shear failure mode in 

plate girder web panel, as described in Section 4.2. The joint tests have to be 

stopped when column deflection approached 190 mm to avoid damaging the 

furnace. However, numerical simulations could continue, showing significant 

out-of-plane deflections due to spread of plasticity in beam web panel. Similar web 

out-of-plane deformation behaviour can be observed from FE predictions and 

experimental photos for CR5 as shown in Figure 8.8(b). However, at higher 

temperature (700 oC), steel material stress-strain relationship becomes highly 

nonlinear and the distinction between elastic and plastic stage becomes blurred 

(Figure 3.6). Thus, both FE prediction and experimental results for CR6 exhibited 

less apparent out-of-plane deformations as shown in Figure 8.8(c). In addition, due 

to degradation of bolts at higher temperature, the failure mode for CR6 is a 

combination of slipping of bottom rows of bolts in tension and out-of-plane 

deformations in beam web. 

  

 
 

(a) CR4 Cruciform tested at 400 oC 

Out-of-Plane 

Deflection Strip 

Out-of-Plane 

Deflection Strip 
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(b) CR5 Cruciform tested at 550 oC 

 
 

 
 

(c) CR6 Cruciform tested at 700 oC 

Figure 8.8 Comparisons of Failure Modes for Unrestrained Cruciform Test 
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Typical overall failure mode for CR4 is shown in Figure 8.9(a) and (b), with a 

comparison between FE and actual failure mode. This specimen is selected for the 

following discussion on stress and strain analysis, as it represents typical behaviour 

of cruciform specimen under fire conditions. It has a more uniform temperature 

field compared to the first three specimens, and its behaviour is quite similar to that 

of CR5 and CR6. The contours in the FE model show out-of-plane deformations at 

failure. It can be seen that tensile yielding zones are formed in the beam web panels 

adjacent to column flanges. As shown in Figure 8.9(a), there is positive out-of-plane 

deflection formed in the left beam web of cruciform. However, negative 

out-of-plane deflection can be found on the left beam, almost in an anti-symmetric 

mode to the first. It is in accord with observed failure mode as shown in Figure 8.9 

(b). From the two failure modes shown in Figure 8.9(a) and (b), clearly, shear 

deformation is significant and should be taken into account in the joint modelling 

when using “Component-based” method (see Section 8.4). 

 

From Figure 8.9(a) and (b), proposed FE model could predict the overall 

deformation of cruciform specimen accurately. Due to high cost associated with 

strain gauges, it is impractical to install a great number of strain measurements for 

elevated temperature tests. Besides, it is difficult to obtain stress distribution across 

the section based on a few strain gauges. Thus, FE model is used to provide 

valuable information about the stress development within the test specimen during 

the loading stage. Figure 8.10 shows maximum out-of-plane deflection versus 

bending moment for the right beam of CR4, as shown in Figure 8.9. From Figure 

8.10, there are pre- and post-buckling stages for beam web panel. Four different 

points have been selected to describe the stress development in the beam web based 

on equivalent von Mises and principal stresses, as shown in Figure 8.11. 
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(a) 

 
(b) 

Figure 8.9 Typical Failure Mode Comparison between FE Prediction and CR4 Test  
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Figure 8.10 Moment versus Maximum Out-of-Plane Deflection for CR4  
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(a) Point 1 Equivalent von Mises Stress Distribution (b) Point 1 Principal Stress Distribution 

 
(c) Point 2 Equivalent von Mises Stress Distribution (d) Point 2 Principal Stress Distribution 

 
(e) Point 3 Equivalent von Mises Stress Distribution (f) Point 3 Principal Stress Distribution 
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(g) Point 4 Equivalent von Mises Stress Distribution (h) Point 4 Principal Stress Distribution 

Figure 8.11 Equivalent von Mises Stress and Principal Stress Distribution for Beam 

Web of CR4 at Separate Stages 

By examining the equivalent von Mises stress scalar and principal stress 

distribution as shown in Figure 8.11, stress concentration can be observed from 

Figure 8.11(a) and (b) at the top flange of beam, within the lateral restrained area at 

the beginning of vertical loading stage. This is due to lateral restraint system as 

described in Section 7.2, which exerts some influences on the beam out-of-plane 

deflection. However, the local stress concentration diminishes after vertical load is 

applied. At the end of pre-buckling stage (Point 2 as shown in Figure 8.10), there is 

uniform distribution of equivalent von Mises stress at the top and bottom parts of 

beam web in Figure 8.11 (c), which are under compression and tension, respectively. 

It is in accord with beam bending behaviour, and agrees well with principal stress 

distribution in Figure 8.11 (d). After the beam web starts to develop out-of-plane 

deflection (Point 3 as shown in Figure 8.10), plasticity spreads within the bottom 

part of beam web, which is under tension as shown in Figure 8.11 (e). In addition, a 

small area of beam top flange starts to yield due to compression. However, as 

shown in Figure 8.11 (e) and (g), there is some stress release in the buckled area of 

beam web. This region is in accord with the buckled shape of CR4 specimen as 

illustrated in Figure 8.12(a) and (b). After yielding has occurred at the top part of 

beam web adjacent to the end-plates, the local region also buckles due to significant 
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compression from bending moment. However, it can also be noticed that the final 

buckling shape of beam web panel is similar with the tensile field action (TFA) 

failure mode of beams in the Cardington fire tests, which is analogous to the shear 

failure of plate girders at elevated temperatures. Therefore, the development of 

out-of-plane beam web deflection is due to a combined action from bending 

moment and shear force. It should be noted that these two actions have been 

separately considered in the “Component-based” mechanical modelling.    

 

Figure 8.12 Beam Out-of-Plane Deflection Distribution at Failure Stage of CR4 
 
Bending moment capacities for restrained and unrestrained joint tests are compared 

with FE and analytical predictions. The detailed comparisons are given in Table 8.3. 

In general, the experimental testM  and FE predicted FEMM  compare well, as 

shown in Column (8) of Table 8.3, with the mean value and standard deviation as 

1.005, and 0.035, respectively. The discrepancy between FE prediction and test 

result for CR4 is primarily due to friction of lateral restraint system during the test. 

In addition, FE analyses slightly over predict moment capacities for CR1 and CR2. 

This is mainly attributed to differences in the temperature field. However, this 

discrepancy becomes negligible for CR5 and CR6 since there is a more uniform 

temperature distribution across the specimens. Detailed descriptions of analytical 

procedure will be presented in Section 8.4. 
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Table 8.3 Comparisons of Experimental Results with FE and Analytical Predictions 

Test 
Cruciform 

Temperature 
(oC) 

Axial 
Force 
Ratio 

testM  

 (kNm)

analyM  

(kNm)

FEMM  

(kNm) test

analy

M
M

 
test

FEM

M
M

 
analy

FEM

M
M

(1) (2) (3) (4) (5) (6) (7) (8) (9) 
CR1 700 0% 49.89 51.82 51.99 1.04 1.04 1.00  
CR2 700 2.5% 47.85 46.61 49.67 0.97 1.04 1.07  
CR3 700 4% 43.06 42.48 42.48 0.99 0.99 1.00  
CR4 400 0% 328.33 311.77 310.74 0.95 0.95 1.00  
CR5 550 0% 205.06 199.11 206.09 0.97 1.01 1.04  
CR6 700 0% 75.40 71.95 76.26 0.95 1.01 1.06  
— — — — — — 0.979a 1.005a 1.027a 
— — — — — — 0.032b 0.035b 0.031b 

a Mean Value  b Standard Deviation 

8.4 Steel Beam-to-Column Joint Spring Stiffness Model at Elevated 

Temperatures 

During current experimental investigations, moment-rotation characteristics for 

typical extended end-plate steel joint have been recorded for three elevated 

temperatures and three axial thermal restraints. However, it is costly and impractical 

to conduct numerous tests to obtain a wide range of steel joint behaviour at different 

elevated temperatures. Thus, there are a number of techniques for modelling steel 

joints at ambient temperature. However, to date, there are a very limited number of 

studies on steel joint behaviour at elevated temperatures. Therefore, it is necessary 

to provide an accurate prediction technique of steel joint rotational characteristics at 

both ambient and elevated temperatures. This can then be implemented in structural 

analysis for ambient and elevated temperatures. As descried in Section 2.6, 

“Component-Based” method is able to bridge the gap between tests and complex 

FE models. Consequently, this method was selected as the basis to model the 

rotational characteristics of extended end-plate steel beam-to-column joint in 

current investigations. 
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8.4.1 “Component-Based” Mechanical Model for Extended 

End-plate Steel Joint 

“Component-Based” method is a mechanical modelling technique. The novelty is 

that it can predict steel joint behaviour throughout moment-rotation relationship at 

elevated temperatures by assembling contributions from individual mechanical 

components within steel joints. In this context, a steel joint is assumed to be a set of 

rigid and deformable elements. Thus, assuming negligible interactions among 

different components, overall rotational behaviour of steel joint can be obtained by 

superimposing stiffnesses of individual components in compression, tension and 

shear zones. The shear component in beam web within steel joint is analogous to a 

typical plate girder web panel loaded under shear in Section 4.1. Thus, it is possible 

to predict different joint failure modes due to deformational behaviour of shear 

component. In addition, influences of thermal restraint at elevated temperatures 

were also incorporated into overall steel joint mechanical model. As described in 

Section 2.6, with “Component-Based” method, a steel joint could be modelled into 

a two-dimensional mechanical spring model. The overall steel joint rotation is 

assumed to develop about the centre line of beam compression flange. The 

stiffnesses of individual component are simulated by different springs as shown in 

Figure 8.13. The overall spring model consists of the following components: 

 Column Web in Shear (cws)  Column Web in Compression (cwc)  Beam flange in Compression (bfc) 

 Column Web in Tension(cwt)  Column Flange in Tension(cft)  End-plate in Tension(ept) 

 Bolts in Tension(bt)  Beam Web in Shear(bws)  

This mechanical model was extended from the work by Faella et al. (2000). In their 

model, bN and cN  represent axial thermal restraint forces induced by surrounding 

unheated sub-structures at fire conditions, M represents bending moment of steel 

beam-to-column joint and V represents shear force. Components influencing both 

rotational stiffness and capacity are represented by elastic-perfectly-plastic spring 
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elements. Notably, the beam flange in compression, which provides a limit of 

rotational resistance, is represented by a rigid-plastic spring element. Moreover, 

beam web in shear is simplified into a rotational spring element by the author, with 

elastic-perfectly-plastic response.  

Nb

Elastic-Plastic Component

Nc

K

F

FRd

Nc

epb

epb

epb

Rigid-Plastic Component

δ

cws

F

FRd

bfccwc bws

MV

cwt

cfb

cfb

cfb

cwt

cwt

epb

cwt cfb

δ

bt

bt

bt

bt

φ
V M

 

Figure 8.13 Steel Beam-to-Column End-plate Joint Spring Model 

According to Eurocode 3: Part 1.8 (EN 1993-1-8), flexural resistance RdjM ,  of 

steel beam-to-column end-plate joint is defined by the following relationship: 

∑
=

=
n

i
RdiiRdj FhM

1
,,     (8.1)

where: RdiF , is resistance of thi − bolt row; ih is distance of thi − bolt row from the 

centre of compression. In addition, resistance of each bolt group cannot exceed the 

one of the components independent of bolt rows (column web in compression and 

shear, beam flange in compression and beam web in shear).  

Rotational stiffness of steel joint subjected to only bending moment M can be 

obtained by the following form, with incorporation of rotational stiffness bwsK of 

beam web shear component suggested by the author. 
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 (8.2)

where: tiK is equivalent stiffness of thi −  bolt row; th is lever arm length; cwcK is 

compressive stiffness of column web; cwsK is equivalent shear stiffness of column 

web; bwsK is equivalent rotational shear stiffness of beam web panel.  

 

In addition, Sokol et al. (2002) proposed the rotational stiffness joint depends on the 

bending moment M is influenced by normal axial compressive force N applied 

onto beam sections. Thus, the rotational stiffness of joint under combination of 

bending moment and axial compressive force in this study can be obtained as: 

ϕϕ K
NeM

MK
ult

ult

0

'
−

=   in which, 
cwct

ttcwcc

KK
KzKze

+
−

=0   (8.3)

in which: ultM is pure bending moment capacity of joint; cz and tz are distance from 

beam section centre to compression and tension zones.  

 

The following assumptions are adopted in current mechanical model: 

 Material properties for beams, column and end-plates are based on those 

obtained from material tests, as described in Section 7.2. Nominal values are 

adopted for bolts. 

 Degradation of mechanical properties of steel at elevated temperature is based 

on Eurocode 3: Part 1.2 (EN 1993-1-2), with a strain level of 2% for strength. 

The degradations of bolts stiffness and strength are based on Eurocode 3: part 

1.2 (EN 1993-1-2), as described in Section 3.4. 

 Both geometrical imperfections of beam sections and temperature distributions 

across sections are based on actual test results. 
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In the following sections, descriptions of various components within compression 

and tension zones will be presented and discussed briefly. 

8.4.2 Simplified Mechanical Predictions for Tension Zone  

In steel beam-to-column end-plate joints, major components within the tension zone 

compose of column flange, column web panel, beam flange, end-plate and rows of 

bolts. All these components can be simplified into an equivalent T-stub as shown in 

Figure 8.14. 

F F

Beam Flange

End plate
Column Flange

Column web panel
or Web Panel Stiffener

 

rr

0.8r

e mmin

t f 

emin

t f 

 

mme

∑L eff

e

 

Figure 8.14 Simplified T-stub Model and Dimensions (EN 1993-1-8) 
In Eurocode 3: Part 1.8 (EN 1993-1-8), three different failure modes are specified 

with corresponding simplified formulae to calculate the strength and stiffness of 

T-stub. The three failure modes are shown in Figure 8.15. 

Failure Mode 2:Bolt Failure with flange yielding

Ft FtFt

Failure Mode 1: Complete flange yiedling Failure Mode 3:Bolt Failure  

Figure 8.15 Failure Modes for T-stub Assembly 

Tensile resistance of T-stub according to respective failure mode is specified as 

follows: 
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Failure Mode 1: 
m

M
F Rdcf ,

1

4
=  (8.4)

Failure Mode 2: 
nm

BnM
F RdRdcf

+
+

= ∑,
2

2
 (8.5)

Failure Mode 3: ∑= RdBF3  (8.6)

in which: iF is resistance of T-stub at failure mode i ; RdcfM , is flexural strength of 

T-stub flange, equal to ∑ cfycfeff tl σ225.0 ; RdB is design tension strength of single 

bolt; minen = but mn 25.1≤ . Detailed mine and m are shown in Figure 8.14. Thus, the 

resistance of each bolt-row can be obtained by the minimum value according to 

different failure modes. 

 

In addition to T-stub tensile resistance, stiffnesses of various mechanical 

components within T-stub are given as follows, which are summarized by Faella et 

al. (2000): 

 Column Flange and End-plate in Bending 

Effective widths of column flange and end-plate in bending are based on a 45o 

spread from bolt head. Thus, the respective stiffness of column flange and end-plate 

are described as the following forms: 

3

3
,

,

'5.0

cf

cfcfeff
Tcfcft m

tb
EK =  (8.7)

3

3
,

,

'5.0

ep

epepeff
Tepept m

tb
EK =  (8.8)

where: cfeffb ,' and epeffb ,' are effective width for column flange and end-plate, 

respectively; cft is column flange thickness; ept is end-plate thickness; cfm is distance 

between bolt shank centre and column flange root fillet; epm is distance between bolt 

shank centre and weld between beam and end-plate. 
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 Column Web in Tension 

Stiffness of spring element respecting column web in tension is expressed as: 

cw

cwcwteff
Tcwcwt d

tb
EK ,

,

'
=  (8.9)

where: cwtefb ,' is effective width of column web in tension, equal to cfeffb ,' ; cwt is 

column web thickness; cwd is column depth between root fillets; bft is beam flange 

thickness; pa is throat thickness of weld.  

 Bolt in Tension 

As specified in Eurocode 3: Part 1.8 (EN 1993-1-8), stiffness of a bolt in tension 

can be expressed as: 

b

s
Tbbt L

AEK 6.1
,=    (8.10)

where: sA is bolt shaft area; bL is bolt elongation length as sum of connected plates, 

thickness of washers and half of nut and bolt head. 

 

With descriptions of stiffness of each component in tension zone, the overall 

tension stiffness of thi − bolt row can be derived as: 

ibtiepticfticwtit KKKKK ,,,,,

11111
+++=    (8.11)

Where: itK , is equivalent stiffness of thi −  bolt row; icwtK , , icftK , , ieptK , and ibtK , are 

equivalent tensile stiffness of column web, column flange, end-plate and bolts of 

thi − bolt row. 

 

8.4.3 Simplified Mechanical Predictions for Compression Zone  

The key components within compression zone consist of column web, column 

flange, and beam bottom flange. Corresponding failure modes in this zone mainly 
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consist of local buckling and crushing of column web. Faella et al. (2000) specified 

the effective width of column web in compression as: 

( )ccfeppbfcwceff rttatb ++++= 2222' ,    (8.12)

This effective width is based on compressive force transmitted from beam flange 

with a 1:5.2  gradient through column flange and column web-to-flange area. 

 

Initial stiffness of column web in compression is specified in a similar form to 

column web in tension, as follows: 

cw

cwcwceff
TcwTcwc d

tb
EK ,

,,

'
=  (8.13)

The crushing resistance of column web in compression is given by: 

0,,, /' McwceffcwTcwyRdcwc btF γρσ=    (8.14)

where: Tcwy ,σ is yield strength of column web at elevated temperatureT ; cwt is column 

web thickness; ρ is correction coefficient considering effects from column web 

compressive stress due to axial load and bending. 

 

Column web in compression also can also fail in buckling. A number of researchers 

have conducted investigations of stability of column web in compression (Aribert et 

al. 1990, Faella et al. 1995., etc.) The buckling resistance of column web in 

compression is given by: 

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ −=

λλ
22.011

,,
'

RdcwcRdcwc FF   for 67.0
' 2/1

,, >⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

cr

Tcwycwcwceff

F
tb σ

λ  (8.15)

in which, ( ) cw

cwTcw
cr d

tE
F 2

3
,

13 ν
π
−

= ; for 67.0≤λ , RdcwcRdcwc FF ,,
' = . 
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Evaluations of rotational resistance and initial rotational stiffness of joints, 

according to mechanical descriptions of tension and compression zones suggested 

by Faella et al. (2000), give close agreements with experimental results conducted 

by a number of researchers. Faella’s proposed analytical method gives a significant 

improvement over Eurocode 3: Part 8 (EN 1993-1-8). Thus, these mechanical 

descriptions are incorporated into overall steel joint model in current study. The 

author’s contribution lies in the incorporation of beam shear component, which will 

be introduced in Section 8.4.4.  

  

8.4.4 Simplified Mechanical Predictions for Shear Zone 

For single-sided beam-to-column joints or double-sided joints but subjected to 

unsymmetrical bending moments, unstiffened column web panel will withstand 

shear action. Eurocode 3, Part 1.8 (EN 1993-1-8) specifies shear resistance of 

unstiffened column web panels is given by: 

0

,
, 3

9.0

M

vcTcwy
Rdcws

A
V

γ
σ

=  (8.16)

in which, vcA is shear area of column web panel, and is equal to 

( ) cfccwcfcfcv trttbA 22 ++− ; Tcwy,σ is yield strength of column web T . 

 

The rotational stiffness of a column web panel under shear force is specified by 

Eurocode 3: Part 1.8. (EN 1993-1-8) as follows. 

t

vccw

t

vccw
cws h

AE
h
AGK

ββ
38.0

==  (8.17)

where: th is column lever arm length;β is transformation parameter from internal 

actions applied onto steel joint, which is equal to 0 in case of internal joint with 

symmetrical end moments.   
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For bare steel beam-to-column joints and composite joints, beam web panel may 

show yielding or buckling behaviour due to shear and compressive force (Li et al. 

1996a, 1996b). Therefore, rotation of beam web panel due to shear and 

corresponding bending moment should be considered when calculating the steel 

joint rotational stiffness and capacity. For rectangular simply supported plates, 

Chapman and Davidson (1987) found that, for web aspect ratio ( ww db / ) larger than 

1, both critical shear stress and tension field resistance diminish with 

increasing ww db / . However, this decreasing trend approaches a constant beyond the 

limit of 3/ =ww db , for separate plates with three slenderness ratios (80, 120 and 

180). Therefore, for current investigation, the buckling length of beam ( wb ) is 

assumed as wd3 ( wd is depth of beam web). As described in Section 4.2 and 4.3, 

shear capacity of beam web panel and load versus panel deflection at elevated 

temperatures have been derived based on classical plate girder shear theory and 

stability theory with consideration of thermal restraint effect. Nevertheless, 

“Component-Based” analysis of steel joint requires consideration incorporations of 

relationship between shear force and web in-plane deflection (vertical deflection). 

As described in Section 4.4, the respective rotational stiffness of shear component 

in the beam web panel for pre- and post-buckling stage is expressed as:  

)1(2, ν+
==Φ

B
Bcr

EdtLGdtLk       
( )
( ) cdt

McVLEV
k

y
t

pfr
m

ultB
m

ult
u 2

'
,

4

σ

−
=Φ  (8.18)

in which: BL is beam length. Corresponding shear capacity can be obtained from the 

analytical method as presented in Section 4.2. However, as described in Section 5.6, 

there is minor difference between the analytical predictions of beam web stiffnesses 

during pre- and post-buckling stages for such slender beam sections in shear. Thus, 

simplified rotational stiffness of beam web shear component at pre-buckling stage 
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will be incorporated into the “Componet-based” model for both pre- and 

post-buckling stages, as discussed in Section 8.4.5. 

 

8.4.5 Moment-Rotation Relationship of Steel Joints 

Based on the derivations of rotational stiffness and capacity for respective 

components, initial overall rotational stiffness of the steel joint can be obtained 

from Equation 8.2. In this section, the author proposes a trilinear mathematical 

representation to simulate the overall steel joint response as specified in Eurocode 3 

(EN 1993-1-8) and shown in Figure 8.16.  

 

Figure 8.16 Trilinear Approximation of Steel Joint Moment-Rotation Relationship 

(EN 1993-1-8) 

For the first branch of moment-rotation curve, initial elastic linear behaviour of 

steel joint is defined as: 

ϕϕKM =   for 3/2 ,RdjMM ≤  (8.19)

The second branch represents the nonlinear rotational characteristics of steel joint, 

obtained from the following expression. 

ϕξ
ϕ
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in which, coefficientξ depends on joint types, which is equal to 2.7 for welded and 

end-plate joints and 3.1 for seat angle joints as specified in Eurocode 3 (EN 

1993-1-8). Thus, for current study, the post-yielding rotational stiffness is 

simplified as 7/' ϕϕ KK ≈ . 

 

Although Eurocode 3 (EN 1993-1-8) neglects strain-hardening effect of steel, this 

beneficial characteristic can be incorporated into moment-rotation relationship by 

introducing of rotational stiffness at strain-hardening stage as )//( hEEKϕ , 

where hEE /  is strain hardening ratio of steel material and ϕK  is initial rotational 

stiffness of steel joint. Notably, steel material has little strain-hardening behaviour 

at elevated temperatures (Figure 3.6), thus, this effect is insignificant for steel joints 

at higher temperatures. The author derives a simplified rotational and capacity 

model for extended end-plate steel joint, based on different mechanical components 

including beam web shear component.  

 

The proposed analytical modeling of joint was validated by both restrained and 

unrestrained cruciform specimens. The assumed temperature distribution and 

material properties were those obtained experimentally as described in Section 7.4. 

First, as shown in Figure 8.17, analytical predictions of joint rotational behaviour 

without incorporation of beam web shear component are compared with test results 

for six cruciform specimens in current investigation. It is evident that, without 

consideration of shear component, this analytical model slightly over-estimates the 

rotational stiffnesses for the first group of restrained joint tests (CR1, CR2 and 

CR3), as shown in  Figure 8.17 (a), (b) and (c). As described in Section 8.3.3, the 

first group of cruciform specimens shows a combined failure mode of end-plate 

bending and beam web in shear. This causes some discrepancies in the rotational 

stiffness between analytical predictions and experimental measurements for this 
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group of tests. However, for the second group of tests (CR4, CR5 and CR6), 

analytical predictions without shear component (Figure 8.17 (d)) illustrate much 

stiffer rotational behaviour when compared with experimental measurements. This 

is because the beam web shear failure mode dominated the deflection developments 

for this group of specimens, which consisted of relatively slender beam section but 

much thicker end-plate compared with CR1, CR2 and CR3, to prevent local 

bending of end-plate at elevated temperatures. As a contrast, comparisons between 

analytical predictions incorporating the shear component in beam web and test 

results (CR1 to CR3, CR4 to CR6) are shown in Figure 8.18 (a), (b), (c) and (d).  
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Figure 8.17Comparison between Analytical Prediction and Test Results without 
Shear Component in Beam Web 

Clearly, as shown in Figure 8.18 (a), (b) and (c), for the first group of tests (CR1, 

CR2 and CR3), there is a good correlation between these analytical predictions and 

experimental measurements with shear component introduced, the stiffnesses of 
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joints are lesser compared to theoretical prediction in Figure 8.17 (a), (b) and (c). 

For the second group of test (CR4, CR5 and CR6), when comparing between 

analytical predictions without and with shear component in the beam web panel 

(Figure 8.17 (d) and Figure 8.18 (d)), it is evident that the proposed analytical 

model gives much better agreement in terms of rotational stiffness. 
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(c) (d) 

Figure 8.18 Comparison between Analytical Prediction and Test Results with Shear 
Component in Beam Web 

 

8.5 Conclusion 

A series of FE simulations have been conducted for current cruciform tests, with 

reasonable agreement with test results at elevated temperatures. Thus, it can be 

concluded the FE models are able to predict the steel joint behaviour accurately. 

Some discrepancies were due to imprecise temperature distribution and to a small 

extent, associated material properties. To provide an accurate prediction method for 
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steel joint rotational characteristics at both ambient and elevated temperatures, an 

analytical method called “Component-Based” method is extended to include the 

shear component in beam web. Mechanical descriptions for different components 

within compression and tension zones are reviewed, with incorporation of analytical 

equation for shear component in beam web. Moment-rotation results obtained from 

this analytical model show acceptable agreements compared with test results. Thus, 

proposed mechanical model is able to predict behaviour for extended end-plate joint. 

It can also be concluded the “Component-Based” model is accurate and economical 

compared to the complex FE analysis. It offers practical benefits in predicting 

failure mechanism and moment-rotation behaviour for such kind of joint. 

Furthermore, this analytical method allows different temperature distribution for 

each component of steel joint, to obtain a more realistic prediction of steel joint 

rotational characteristics under elevated temperatures. Finally, this method can also 

be extended to composite joints, which is outside the scope of this study. 
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CHAPTER 9

CONCLUSIONS AND FURTHER

RECOMMENDATIONS
 

 

 

9.1 Introduction 

Until recently, provisions of adequate fire protections for steel and composite 

structures are mainly through prescriptive path by applying sufficient fire protection   

materials for beams and columns. It should be noted that conventional fire 

protections for structural steel can add up to 30% to the cost of the bare steelwork 

(Lawson, 2001). This represents a significant addition to the construction cost, and 

places steel structures at a disadvantage compared with concrete structures. 

Therefore, to minimize fire protection costs provides a strong impetus to research 

work on fire effects on steel structures. Based on these research programmes, a 

“Performance-Based” design approach has evolved and adopted by the European 

building authorities. This design approach is now considered as a part of “Fire 

Safety Engineering”, which is a holistic approach, integrating a wide range of 

activities such as structural engineering, building services, mechanical engineering, 

etc.  

 

Until recently, some research studies have been conducted to investigate the 

influence of temperature on steel structures and isolated members (Cooke et al. 

1987, Faris et al. 1998, Tang et al. 2001, Liu et al. 2002, Huang et al. 2004, 2006, 

Tan et al. 2006, etc.). Because steel members are assembled together through joints, 

there is a pressing need to better understand the joint behaviour and its effect on 
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overall behaviour of steel framed structures under fire conditions. However, to date, 

there has only been a limited number of experimental investigations conducted with 

relatively few types of joints at elevated temperatures. In addition, due to 

complexity and diversity of steel joints, it is more convenient to consider a joint as 

an assembly of various mechanical components, basically, as tension, compression 

and shear zones, viz. “Component-Based” method. 

 

Current research focuses on experimental, numerical and analytical investigations 

of beam web component within the shear zone, at both ambient and elevated 

temperatures. With incorporation of other components from compression and 

tension zones, a “Component-Based” model was constructed to represent rotational 

characteristics of typical extended end-plate joints at ambient and elevated 

temperatures. This model has been verified by experimental results and finite 

element analyses in Section 8.4.  

 

9.2 Mechanical Investigations of Beam Web Shear Component 

In typical steel beam-to-column extended end-plate joints, mechanical components 

within the shear zone consist of column web and beam web panels subjected to 

shear force, and under fire conditions, restraint compressive force induced by 

adjacent cooler structures. In this study, the beam web shear component is further 

simplified into an equivalent girder web panel subjected to shear force. 

9.2.1 Experimental Investigation of Shear Component 

In the first part of experimental investigation of beam web shear component, five 

series of beams (TG1, TG2, TG3, TG4 and TG5) were tested at ambient and 

elevated temperatures without thermal restraint effects. In addition, three more 

series of beams (RTG3, RTG4 and RTG5) were tested under thermal restraint at 

higher temperatures. These series have different web slenderness ratios and material 

properties. From unrestrained tests, it was observed that shear yielding occurred in 
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the web of universal column sections (with stocky web slenderness) at both ambient 

and elevated temperatures. For slender beams, web tension field action (TFA) was 

observed under a relatively smaller shear force. Ultimate shear strength of plate 

girder section reduced significantly with increasing temperature. Moreover, at 

higher temperature, shear buckling failure became less apparent due to significantly 

nonlinear strain-stress characteristics of steel. For three series of thermal restrained 

tests on beams with slender webs, web tension field action behaviour was observed. 

From measurements, it is concluded that the thermal restraints weakened the 

ultimate shear capacity of plate girder web panel compared with unrestrained plate 

girders. This influence appeared to be more significant with higher thermal 

restraints, and with greater web plate slenderness ( ww td / ).  

 

9.2.2 Mechanical and FEM Investigations of Shear Component  

During current analytical investigations, first, an analytical approach to predict plate 

buckling and ultimate shear strengths at elevated temperature has been improved 

from classic plate girder theory at normal temperature. This classical theory of plate 

girders in shear under normal ambient condition has been extended to incorporate 

temperature-dependent material properties and thermally-induced axial stress in fire 

conditions. The derived equations form the basis for the analysis of steel plate 

girders subjected to shear web buckling under fire conditions. The predicted shear 

strengths from this work compare reasonably well with both experimental results 

and FE predictions. From current investigations, it is shown that the shear strength 

of a plate girder web panel reduces corresponding to an increase in temperature, as 

well as thermal restraint stress.  

 

In addition, to obtain a clear description of beam web panel under shear, 

mathematical models have been used to study the in-plane and out-of-plane 

deflections under pure shear and combination of shear and induced compression 
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under fire conditions. In this research, Galerkin’s energy method has been applied 

to analyze pre- and post-buckling out-of-plane deflection characteristics web plates 

of plate girders at elevated temperatures. This part of analytical investigation 

concerns plates with various initial imperfections, plate aspect ratios  and 

compressive stress ratios. Theoretical predictions show that, with the same initial 

imperfection ratios, rectangular plates present similar load-deflection behaviour. 

However, shear buckling strength is greatly influenced by plate aspect ratios. With a 

combination of shear and compressive loads, both square and rectangular plates 

exhibit similar load-deflection relationships due to lower compressive stress ratios. 

Besides, a simple analytical approach has also been presented to depict in-plane 

deflection developments for web plates. Proposed analytical approaches for both 

out-of-plane and in-plane web plate deflection predictions have been verified by 

experimental measurements and finite element simulations. These approaches offer 

a practical and economical way of predicting deflection characteristics for plates, 

and are relatively convenient to be used in structural practices.  

 

In addition to analytical investigations, a series of finite element analysis (FEA) has 

also been conducted with MSC.Marc Mentat (MSC, 2001). Both single beam web 

panel model and whole beam model were studied. From comparison among FEA, 

analytical and experimental results, it is clear that proposed FE models were able to 

predict shear behaviour of beam web panel accurately at both ambient and elevated 

temperatures. Under restrained boundary conditions, FE models gave good 

agreements with analytical predictions. For beams subjected to thermal restraint, 

these additional stresses caused the beam web panel to buckle at a lower shear stress 

compared to unrestrained specimens.  

9.3 Experimental Investigations of Steel Beam-to-Column Joint 

In this part of experimental investigations, typical bare steel extended end-plate 

beam-to-column joints have been tested to obtain moment-rotational characteristics 
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of steel joints. The objective was to provide verifications for the proposed 

“Component-Based” joint model. Six steel joints were tested as “cruciform” 

assemblies, which consisted of three cruciform specimens (CR1, CR2 and CR3) 

tested with thermal restraint forces and another three cruciform specimens (CR4, 

CR5 and CR6) tested under thermally unrestrained boundary conditions to 

investigate the shear component in beam web panel.  

 

From the three thermally restrained cruciform tests, it was observed that both left 

and right connected beams showed almost symmetrical deflection development. 

From deflection measurements at the beam ends, moment-rotation relationships can 

be obtained. It was noticed that axial restraint force has significant effect on steel 

joint moment capacity at higher temperature. Current design standard, Eurocode 3, 

Part 1.8 (EN1993-1-8) only considers axial force effect when it exceeds 5% of 

squash load of member cross-section. Therefore, it is suggested that in steel joint 

modelling at fire conditions, axial thermal restraint forces should be incorporated 

into the beam and column components. From restrained cruciform tests, in addition 

to out-of-plane deflection in the beam web panels, significant bending deformations 

can be observed at the end-plate adjacent to the beam bottom flanges (in tension). 

CR1 shows the greatest end-plate bending deflection due to tensile force transferred 

from the beam bottom flanges. The gap between the end-plate and column flanges 

for CR2 and CR3 specimens decreased with increasing axial restraint. For thermally 

unrestrained cruciform tests, due to lateral support system, there was clear beam 

web tension field action near the column for the specimen (CR4) tested at 400 oC. 

But such behaviour was not pronounced at 550 oC and 700 oC (CR5 and CR6). This 

was due to already highly nonlinear steel material characteristics at these 

temperatures. Based on these obtained moment -rotation-temperature characteristics, 

it is anticipated that these results will be beneficial in validating 

“Component-Based” modelling for steel joints under fire conditions.  
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9.4 Numerical and Mechanical Investigations of Steel Joint  

As a supplementary verification, FE models were constructed for currently 

investigated steel beam-to-column joints using MSC.Marc Mentat (MSC, 2001). 

Quadratic eight-node thick shell element was chosen for discretization of beams, 

columns and end-plates. In addition, the bolts were simulated with three sets of 

springs representing axial tension and two-dimensional shear stiffnesses. To 

represent cruciform specimens more realistically, measured initial beam web 

out-of-plane imperfections of the beam section were applied onto FE mesh as 

approximate curves along the beam length, as well as temperature distributions 

obtained from experimental investigations. From comparison between predictions 

and test results, the FE models could predict the steel joint behaviour accurately, 

which consisted moment-rotation characteristics and failure behaviour, etc. 

Nevertheless, small discrepancies existed and were mainly due to imprecise 

temperature distribution and to a small extent, associated material properties. 

 

With application of “Component-Based” method, steel joint behaviour can be 

idealized as a combination of separate mechanical components in designated 

mechanical area. In current investigation, proposed analytical models of the beam 

web shear component have been incorporated with other components within 

compression and tension zones. Simplified joint analytical model was established 

by superimposing respective stiffness of each component in different zones. The 

moment-rotation result obtained from this mechanical model gave acceptable 

agreement with test results, especially suitable for the experimental results from 

cruciform tests with beam shear failure. Therefore, proposed mechanical model can 

predict the behaviour of such joint well. Moreover, current “Component-Based” 

analysis approach allows different temperatures for the components in the joint. 

This means that the “Component-Based” method can give more realistic 

simulations of steel joints in fire conditions.  
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9.5 Recommendations for Future Works 

Current research work in NTU represents the first step forward of investigating the 

applicability of “Component-Based” method to steel joint behaviour under fire 

conditions. In this research, the shear component in the beam web region has been 

singled out and studied analytically. Moreover, thermal restraint effect has been 

addressed. Major components in tension and compression zones, have been studied 

experimentally and analytically by several researchers (Spyrou 2002, Block 2004a, 

etc.). However, there still remain some other components in the steel joint which 

require detailed experimental and analytical investigations. One such example is the 

beam flange in compression. In addition to investigations of individual components, 

interactions among several components should also be addressed, especially 

between column web in shear and column flange in tension or compression, or 

between beam web in shear and flange in compression. Only with these further 

studies, a holistic understanding of steel joint behaviour is possible in the future, by 

substituting the joints as semi-rigid springs which represent the respective stiffness 

and strength of individual components.  

 

Besides, commercial finite element program has yielded reasonably good agreement 

with test results. However, it still needs further improvement, particularly in the 

area of contact phenomenon between the bolts and the connecting elements, 

representations of material degradation at elevated temperatures, etc. It is evident 

that that the use of such finite element programs could offer a much cheaper 

alternative to testing, providing an improved understanding of the joint behaviour 

through parametric studies. Besides, these FE models can also be used to validate 

“Component-Based” model. Thus, what remains is the actual implementation of 

individual components as semi-rigid springs in structural analyses, which is for 

future research. 
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