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1. Introduction 

 

1.1 General 

 

When structural steel frames or buildings are subjected to fire conditions, they suffer a loss of 

stiffness and strength. Members tested in isolation in the standard fire test behave different to 

members forming part of complete structural systems subjected to real fire conditions [1].  

Member end fixity conditions and thermal restraint offered by connections and cooler adjacent 

structure have a major influence on the capacity of these members [2].  Coupled to this is the 

effect of the bracing system.  Members located at considerable distances from the fire 

compartment are significantly affected in a frame with a flexible bracing system as opposed to a 

frame with an infinitely rigid bracing core [3]. 

 

Under real conditions, fire normally develops in a compartment and gas temperatures vary from 

the compartment floor level to the ceiling level.  This usually causes temperature variations in 

members enclosing the fire compartment.  The temperature of members under fire conditions can 

be uniform, non-uniform or have a temperature gradient along their lengths and/or have a cross 

sectional temperature gradient.  Temperature distribution has a major effect on the capacity of 

these members [4].  Joints in steel framed buildings heat up at a slower rate than the material at 

mid span of a slower rate than the material at mid span of a beam or column and could be as 

much as 62 to 88% lower in temperature [5]. 

 

1.2 Historical Background 

 

Applying fire protection to steel framed buildings remains the traditional means to satisfy the fire 

resistance requirements of these structures [5].  In addition Al-Jabri et al. [5] stated that it is more 

rational to design a structure to withstand fire as a load case, rather than to design the structure 

for ambient temperature conditions and applying fire protection afterwards. 

 

Over the past two decades, many studies have been conducted and papers published on 

techniques of dealing with structures under fire conditions.  The British Steel Corporation [6] 

tested various individual members in the standard fire test, subjected to both convective and 

radiative heat transfer processes in order to assess the heating rate of these members and their 

failure loads at various temperature levels. 
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1.3 Limitations 

 

The research is based on finite element modelling using the analysis software package, ADINA 

[7], due to the extensive costs of conducting laboratory tests. 
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2. Introduction and Literature Review  

2.1 Introduction 

The collapse of the World Trade Centre in New York, USA, on September 11, 2001, prompted 

engineers to consider the effect of temperature on steel in more detail. As a result the central 

focus of researches conducted over the past decade was to investigate the effect of heat on the 

stiffness and strength of structural steel. 

Laboratory experiments were conducted on isolated members and a limited number were 

conducted on complete frames at the Cardington Laboratory [1] and at other institutions in the 

USA and Britain etc. 

This thesis will look at the experiments and research conducted over the past two decades. The 

development of temperature in isolated members and members forming part of complete frames 

are discussed in this chapter under section 2.1, `Steel Heating Rates and Observations’. The 

developments around analysis and design techniques are also considered in this chapter under 

section 2.2 ` Analysis and Design Techniques’. 

These research are critically reviewed in this chapter and will form the basis of the types of steel 

members and steel frames to be modelled in the finite element program, ADINA [7].  

2.2 Literature Review 

2.2.1 Steel Heating Rates and Observations 

The fire resistance of a structural member is defined by its resistance time when subjected to 

different load levels and increasing heat under controlled conditions in a standard fire test. 

Analytical techniques for this calculation are based on empirical, predictive equations derived 

from data, obtained from a large number of specimens tested in the standard fire test procedure. 

T.R Kay, BR Kirby and RR Preston [8] noted in their comments on the European code of 

practice for “actions on structures exposed to fire”, ENV.1991-2-7[9], that different furnaces 

heat up test specimens at different rates due to differences of net heat flux provided at the 

specimen. ENV.1991-2-7[9] allows designers to choose curve-fitting factors, �C and �r to ensure 

heating rates in alignment with approved fire-resistance testing furnaces in the UK. The authors 

also discuss, evaluate and recommend values for furnaces and structural steel emissivity (εf and 
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εm), the furnace gas temperature (Өg) and the configuration factor (Φ). In order to predict the 

temperature rise in members correctly, it is important to use suitable values for these factors. 

It must also be stated, that the standard fire resistance test is much concerned with the fire 

resistance time i.e. the time it takes for a member to reach its critical temperature. This is 

understandable from a safety concern with regards to the safe evacuation of people and 

valuables. But focus must remain with the criteria to design buildings appropriately to withstand 

these temperatures in order to minimize damage to property. It is quite difficult to predict the 

heating rate of members in frames / structures as a large number of conditions play a major role 

in the intensity of a fire as well as direction of spread. Isolated members observed in the standard 

fire test behave vastly different from members forming part of building frames. This approach 

also assumes that the emissivity does not change with temperature. 

The standard heat transfer model proposed by EN 1993-1-2: 2005 [10] does not include the 

effect of combustion products on the rate of heat transfer from the fire to structural elements and 

consequently over estimates the temperature increase of structural members.  

This effect was investigated by J.I. Ghojel and M.B. Wong [11] and proposed a model with a 

particular medium. The model assumes a grey enclosure i.e. steel, the inside of which is filled 

with an isothermal non-grey gas. The model takes into account the thickness of the gas layer as 

thin layers transmit more radiation than thick layer. It is also assumed that the steel is a black 

body which does not emit heat. This can be true at the beginning of the heating process when the 

steel is cold and major process is heat absorption. But as the process progresses, the gas steel 

temperature becomes almost equal so that the steel might emit heat and even more so when the 

steel temperature is higher than that of the gas. 

Kang-Hai et al. [12] mentioned in his review that observations made during the Cardington tests, 

revealed that steel members in a building frame heated up at a much slower rate than in the 

standard fire test. Observations from the Cardington test also revealed interactions between 

frame members and that steel columns possibly experience both axial and rotational restraint. It 

was also speculated that initial imperfections affect the failure time of steel columns under the 

effect of increased temperatures. Kang-Hai Tan, Wee-Siang Toh, Zhan –Fei Haung and Gaun-

Hwee Phng [12] decided to verify these observations with experiments. 

Column crookedness, load eccentricities and longitudinal temperatures development were 

measured in these experiments. Steel columns, having different slenderness ratios, and subjected 

to different degrees of axial restraints stiffness were tested under increasing temperature 

conditions. The columns were first tested under ambient temperature conditions to determine 
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their load capacity (Pu
20) and were subjected to a constant working load that was taken as 50% of 

Pu
20. 

Kang-Hai Tan, Wee-Siang Toh, Zhan –Fei Haung and Gaun-Hwee Phng [12] observed that 

column imperfections and load eccentricities markedly reduce the column failure times. The 

column axial loads were significantly increased by axial restraints, resulting in a reduced column 

failure time. From these experimental results, the authors developed a simple Rankine approach 

to compute column failure times which compared well with test results. In the experiments, the 

steel columns were heated all-round, so that the cross sectional temperature of the steel columns 

were uniform. Again, this will most likely not be the case for columns under real fire conditions. 

Fire compartments are used in buildings to stop the spread of fire, resulting in a zone of 

structural members at a higher temperature than the surrounding structure outside of this 

compartment. These weaker structural members are supported by the cooler surrounding 

structure providing alternative load paths and thus preventing collapse of the complete structure. 

The cooler and stiffer surrounding structures also prevent the thermal expansion of the heated 

members in the fire compartment inducing additional internal axial forces and moments. 

Members subjected to these forces will have lower failure strength than members tested in 

isolation in the standard fire test. Again, this might not be entirely true as YC Wang and JM 

Davies [13] stated that applied moment had no effect on the failure load of columns. 

Compartment fire test were conducted by the Building Research Establishment on a full scale 

eight storey building in their Cardington Laboratory in 1995 and 1996. C.G. Bailey, D.B. Moore 

and T. Lennon [14] observed that heat protected columns were subjected to moments caused by 

the lateral displacements of heated beams. Moments calculated by using the standard slope-

deflection equations were significantly lower than the recorded column moments. Purpose 

written computer software [15] was employed to model the frame in figure 2.1 and the predicted 

moments compared well to the test results. The model stiffened with steel cross-bracing 

indicated that the whole structure was affected by the expansion of the heated beam which 

induced moments in columns located some distance outside the fire compartment. Using infinite 

horizontal restraint in the centre of the frame by using shear walls resulted in a localised effect 

induced by the heated beam causing lateral deflection in the direction of least horizontal 

restraint. It was also noted that the axial stiffness of the beam has a huge impact on the amount 

of deflection induced in the column. 
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Figure 2.1: Predicted Lateral displacements of the two-dimensional frame representing the structure along gridline 4 

[14] 

Very little observation is made about the contribution of the column stiffness towards axial and 

rotational restraint. It must also be noted that the moments in columns are also induced by 

unbalanced loading on beams especially end columns. This might explain why moments 

determined from the slope-deflection equations were lower than actual recorded readings. 

Structural steel frames experience a reduction in strength for the duration of a fire which can 

result in permanent deformations while the strength of these frames will be regained after the 

duration of the fire. Structural steel subjected to constant loading will deform permanently at 

temperatures in excess of 450 degrees due to creep and this was noted by Kirby and Preston [16]. 

Although almost no loss of stiffness and strength occur at low temperature levels, stresses of 

significant magnitude will lead to plasticity and fatigue of critical members in statically 

indeterminate structures. 

These phenomena were studied by Lyle P. Carden and Ahmad M Itani [17] at the University of 

Nevada on a single level steel structure used as a training facility to extinguish fires. The 

structure was approximately 5 years old at the time of the study and was subjected to 

approximately three (3) fire simulations a week. The structure was also equipped with a sprinkler 

system to cool the areas of steel that had the highest temperatures. Based on physical 

measurements, the frame was analyzed for uniform cross-sectional temperature and for a 

temperature gradient across the cross section in both the x and y directions. 
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For a uniform temperature increase in the members of the steel frame, the resulting ultimate 

loads were very low compared to a differential temperature applied to the member cross-sections 

over the full length. Differential temperatures often result in permanent deformations in moment 

and eccentrically loaded frames (Figure 2.2). Hardening of the steel was evident at temperatures 

below the transition temperature and was caused by plastic strains induced by thermal actions in 

the structural members. 

   

Figure 2.2: Permanently deformed column caused by different temperature between the west and east face [17]. 

The difference in temperature between the opposite faces of a structural member is kept constant 

through out the length of the members. This cannot be true for real structures, but definitely shed 

some light on structures subjected to repeated fires. 

 

2.2.2 Analysis and Design Techniques 

 

Steel frames under fire conditions experience an interaction of an elastic form of failure as well 

as a plastic form of failure and can be described by the Merchant Rankine formula.  The critical 

load for the stability of these frames is in the non-linear range and the non-linear model of heated 

steel must be accounted for in the analysis.  W Skowronski [18], has proposed a method for 

describing the behaviour of columns in a fire. 
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Skowronski [18] used the force method of analysis for the assemblage of a displacement matrix 

which consists of displacement components for columns externally loaded and for beams not 

axially loaded.  For columns that are not axially load, the elements of the displacement matrix 

were calculated by taking the non-elastic effect of the heated steel into account.  The elements 

for axially loaded columns were computed by taking into account the tangent modulus (E) to 

obtain linearized equations. 

 

The method proposed by Skowronski [18] is reasonably accurate in the approach to the solution, 

but does not take into account the thermal expansion of steel.  The assumption that the column 

behaves linearly elastic cannot be true.  Some columns are either directly or indirectly affected 

by heat and depending on the level of load may or may not be in the linear elastic range.  

 

Members of structural steel frames under fire conditions behave different to the simply supported 

members tested in the standard fire test. Y.C. Wang and D.B. Moore [1] developed a finite 

element computer program to include the behaviour of semi-rigid beam column connections, 

second-order geometrical nonlinearity, residual stresses and initial deflections. They also noted 

that both gas and steel temperatures recorded on a full-scale portal frame tested in a natural fire 

by the Fire Research Station (FRS) and the British Steel Corporation [19] at the FRS Cardington 

Laboratory differed quite remarkably from the standard fire exposure. It must be noted that the 

full-scale tests were carried out under specific fire conditions i.e. specific fire load, specific 

ventilation conditions, etc. 

 

Advanced finite element analysis programs do not solve problems in a fashion in which the 

interaction of the governing parameters is clear. These finite element programs also do not allow 

for code prescribed equations that are of use in structural designs.  M.A. Bradford, T. K. Luu and 

A. Heidarpour [20] addressed this issue in 2007 by using a fundamental mechanics approach 

based on virtual work. 

 

M.A. Bradford, T. K. Lun and A. Heidarpour [20] derived an equation based on the principle of 

virtual work to describe all possible degrees of displacement as follows; 

 

∫-L
L ∫A (σ.δε) dAdZ + (kL ωL. δωL + kR ωR. δωR + rLνL

´. δνL
´ + rRνR

´. δνR
´) 

 - ∫-L
L q (z). δνdz =0         (2.1) 
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Where kL and kR are the elastic spring stiffness of the supports, rL and rR are the elastic rotational 

spring stiffness of the supports ωL and ωR is the deformation in the z-direction, νL and νR are the 

end transverse displacements and δ is the deflection and the direction of the deflection is defined 

by the subscripts νL, νR, ωL and ωR. δε is the deflection induced by strain and σ is the stress in the 

member. The superscripts in νL
´ and νR

´ define the first derivative of the transverse 

displacements. The subscripts L and R refer to z at –L and L respectively. 

 

The substitution of the thermal and mechanical components of the nonlinear strain- displacement 

relationship, together with the stress-strain relationship at elevated temperature, into this 

equation results in a formulation of the principles of virtual work.  This equation is slightly 

improved by enforcing an arbitrary reference axis at the centroid of the cross sectional area at a 

given temperature. 

 

The arbitrary variations in both the transverse and axial directions in the integrand of this 

equation can be used to derive the familiar beam-column or tie-beam deformation equation.  The 

transverse displacement can be obtained from the analytical solution of the differential equation 

together with the kinematical end conditions and static boundary conditions. The equations of 

equilibrium are based on the strain at the reference level and the static boundary conditions 

which can be solved to produce the axial force in a member. 

 

Although the above approach allows transparency of the influence of the various parameters of 

the structural behaviour, it still requires a high level of mathematical skill to solve and develop 

these equations especially for more complex sub-frames.  Also sub-frames as proposed by this 

method, do not really take into account the influence of members on the outside of the sub-

frame. 

 

Finite element analysis is often used to model both the mechanical and thermal response of 

structures under fire conditions.  However, this method sometimes becomes too complex and 

time consuming for many practising engineers.  On the other hand, the simple calculations model 

is more widely used but the results obtained are often very inaccurate and conservative. 

 

M B Wong and M Szafranski [21] developed a simple elastic method to fill the gap between the 

simple and advanced calculation models.  The method is based on the following equation which 

defines the degree of utilization of a member; 
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d

tdfi
fi R

E ..=η           (2.2) 

 

Where Efi,d is the design effect of fire actions and Rfi,d,t is the design resistance of the steel 

member.  The equation is used to establish the interaction relationship for pure bending and for 

axial bending through which the limiting temperature can be obtained.  The method assumes a 

uniform temperature increment for all members of the frame or structure.  This is not acceptable 

as all members in a frame or structure will not be heated up at the same rate and there will be a 

temperature gradient across the length of the member or its cross-section.  This assumption will 

result in axial deformation of members only and will not take care of the curvature induced by 

the cross-sectional temperature gradient. 

 

The method also does separate analyses for both static and thermal loading.  One would think 

that these two processes are inter-related and by separation may not reflect the true behaviour of 

the structure. The method has shown by way of examples that as the complexity of the failure 

criterion increases, the limiting temperature for a frame or structure reduces. 

 

Structures subjected to fire experience geometrical and material non-linear behaviour as well as 

thermal straining effects. It is important to understand the failure mechanism or progressive 

collapse of these structures under thermal loading. To this end Y.B.Yang, I.J. Lin, L.J. Leu and 

C.W. Huang [22] presented a finite element procedure for the inelastic post-bucking analysis of 

steel trusses under thermal loading. 

 

Their method uses the basic principles of mechanics to develop a force displacement relationship 

for the truss members. The relationship is also presented in an incremental form to allow the 

loads or the temperature to be applied in increments. Fixed-end thermal loads are generated by 

fixing the ends of members while the member is allowed to displace in a subsequent phase by 

unlocking the member ends and simultaneously apply forces that are equal and opposite to these 

generated forces. Procedures for dealing with load and temperature changes separately are 

developed to overcome the instability associated with the limit points. The generalised 

displacement control method (GDC) is used to indicate the limit point. 

 

The method is effective and sound in terms of current principles of mechanics.  The method 

however assumes that the truss members experience a uniform temperature increase which 

cannot be entirely true.  A member under non-uniform temperature will develop a moment which 

will influence the buckling load of the member. Also, in real fires, all members of a truss will be 
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at different temperatures, so that cooler members will provide restraint to thermal expansion. It is 

however worthy to note that this method has shown that the critical load decreases significantly 

with an increase in temperature. 

 

Members of a frame experience intricate processes when exposed to fire conditions that are 

different from members subjected to the standard fire test.  The heating conditions of the 

standard fire test do not match the conditions of real fires.  These factors cause a change in both 

the boundary conditions and the load in a structural member of a frame. 

 

This effect was investigated by Y.C.Wang [23] with the aide of a finite element computer 

programme.  Boundary conditions for columns in a sub frame were modelled for cold conditions 

with various beam and column lengths.  The limiting temperature was determined for the cold 

condition for columns with procedures recommended in Eurocode 3 Part 1.4 [24] and BS 5950 

Part 8 [25]. Then limiting temperatures were obtained with the help of the finite element 

program. These temperatures were higher than those obtained by using Eurocode 3 procedures.  

New effective length ratios were calculated from the higher limiting temperatures which were 

close to values for fixed end boundary conditions. 

 

The restraining effect of column continuity was also modelled in the finite element computer 

programme. An equation expressing the increase of the column axial compressive force was 

developed and validated by the author.  This increased compressive load is added to the initial 

load in the column to give the total axial load.  This load is then used to calculate the limiting 

temperature of the column, by using the relationship between the steel column limiting 

temperature and its load ratios recommended by Eurocode 3 Part 1.4 [24]. 

 

It is clear that the restraining effect of frame continuity results in the increase of the axial 

compressive force in the column and thus reducing the limiting temperature.  An increase in the 

slenderness ratio also reduces the column limiting temperature. It was also noted that the effect 

of a column restraining a beam’s thermal expansion has a very small influence on the column’s 

limiting temperature. This is caused by the expanding beam inducing lateral deflections and 

movements in the column at early stages and at later stages restrains the less stiff column lateral 

deflections. 

 

It must be noted that the author does not include all possible conditions that might influence the 

behaviour of columns.  For instance a column less affected by heat than the restraining beam will 

cause large lateral deflections and movements in such a column. 
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Steel frames under fire conditions experience a degradation of strength due to the loss of strength 

of individual members at elevated temperatures.  This effect is approximately reflected by the 

decrease in the elastic buckling strength of the structure.  Elastic buckling of members are caused 

by the axial compression and bending action and will cause overall elastic buckling of the frame 

when these members interact with other members of the structure. 

 

The phenomenon was thoroughly studied by M.B. Wong and N. Patterson [26] in 1995.  From 

first principles of mechanics, they derived the axial forces in a cross-section caused by uniform 

temperature increase and the associated movement induced when there exists a temperature 

gradient across the cross-section. Based on the assumption that structures behave linearly elastic 

until instability occurs, the external loads were increased proportionally by a common factor, λc, 

to obtain the tangent stiffness matrix of the structure. Because of this assumption the axial loads 

of the geometric stiffness matrix caused by the temperature effect are separated from the axial 

loads caused by the external loads. 

 

This cannot be entirely true as the axial loads induced by temperature reduce the axial force 

effect caused by the external loads. This might have the effect of increasing the elastic buckling 

load factor of the frame. The limiting temperature of the frame can also be obtained when the 

elastic buckling load factor is equal to unity. It is interesting to note that the results of an 

example frame showed little difference in the elastic buckling load factor for a uniform 

temperature increase across the cross-section compared to a temperature gradient across the 

cross-section. 

 

Columns under fire conditions restrained against both rotation and sway has been studied 

extensively in theoretical format but not experimentally. Based upon this, Y.C. Wang and J.M. 

Davies [27], decided to observe the behaviour of restrained columns under heated conditions and 

under various levels of axial loads and primary bending moment levels. They noted that columns 

under increasing temperatures and subjected to a high primary bending moment and a low axial 

load, experience a reversal in the column moments shortly before failure. However, for columns 

under similar conditions, but subjected to a low primary bending moment and a high axial load 

will experience a reversal in the column moment long before failure. This can be ascribed to the 

P- δ effect experienced by the weakened flexible column behaving like a cable and causing a 

hogging moment at the stiffer beam-column connections.  
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Y.C. Wang and J.M. Davies [27] also developed a fifth degree polynomial equation for 

calculating the effective length of tested columns. It was observed that the effective length of the 

column increased to unity under increasing temperature and then reduced to lower values. This 

indicates that the beam-column connections exhibited pin-end conditions while the lower 

effective length values border fixed-end conditions. This observation is quite interesting as it 

might help to explain why members in structures under real fire conditions seem to exhibit more 

durability than its members tested in isolation thus far. However, in their case, the pin-end 

condition at the connection was enforced but the application of a moment at the connection. This 

also explains why the effective lengths remain unchanged when no external moment is applied. 

Failure temperatures and failure loads were calculated by Y.C. Wang and J.M. Davies [27] 

according to BS 5950 Part 8   [25] and Eurocode 3 Part 1.2 [10], respectively. It was found that 

the calculated values, using BS 5950 Part 8 [24], compared well to experimental values when the 

bending moment was ignored and the effective length of 0.7 was increased to 1.2. The values 

predicted by the Eurocode 3 Part 1.2 [10], were based on effective length ratios of 1.0 and 0.7. 

These values were more conservative than the values predicted by BS5950 Part 8 [25], having 

failure loads of approximately 30% and 10 % lower than the actual failure loads obtained from 

experimental results. 

Y.C. Wang and J.M. Davies [27] also concluded that column failure at elevated temperature was 

mainly due to axial load and was not affected by the connection stiffness i.e. pinned or fixed and 

by the initially applied bending moments. This is another interesting observation as one would 

expect moment in addition to axial load to reduce the strength of columns even further. 

A theoretical analysis that can be performed by hand is required to enable engineers to quickly 

determine the buckling load of a column under fire conditions. Various experiments have been 

performed on columns under non-uniform longitudinal temperature conditions but these did not 

consider the influence of end restraints on the buckling load. 

In 2006, K.H. Tan and W.F. Yuang [28], developed an analytical method for determining the 

buckling load of columns under non-uniform longitudinal temperature conditions. The critical 

buckling load is obtained from the conditions of equilibrium for bending moments based on 

curvature and deflection. The authors use a linear temperature distribution to determine the force 

PT induced by the temperature and the restraint effect. A step temperature distribution is also 

used to determine the critical buckling load (Pc-cr) and the critical external buckling load (Po-cr). It 

should be noted that the Young’s modulus and the thermal expansion ratio are adjusted for the 

linear and stepped temperature distribution along the column length. In this method the 
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temperature is only non-uniform along the column length and the cross-sectional temperature is 

kept constant. This however is not acceptable as a column in real fire conditions will have a 

differential cross-sectional temperature. 

K.H. Tan and W.F. Yuang [28] noted that if the bottom temperature is kept constant and the top 

temperature is increased, the value of PT increased while the value of   Pc-cr decreased. By 

plotting the values of PT and Pc-cr divided by the Euler buckling load (PE) at the column bottom 

temperature one can observe the above trends. For the case of uniform temperature it can be seen 

that the gradients for PT and Pc-cr are much steeper, so that by assuming this situation will lead to 

a significant under estimation of the critical buckling had as can be seen in figure 2.3. 

 

Fig. 2.3. Axial forces versus T2: Two step distribution [28]. 

This analytical method however lacks the ability to analyze steel columns that experience plastic 

behaviour in fire. The authors also observed that the critical temperature of columns is reduced 

by axial restraint and is enhanced by rotational restraint. 
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3. Background Theory 

 

3.1  Introduction 

This chapter will discuss relevant theoretical and classical theory as background to this research. 

In order to achieve these objectives, this chapter will deal with the following; 

i) The heat transfer model for unprotected steel members in a compartment fire. 

ii)  The calculation of the heating rate of an unprotected steel member in the Standard Fire 

Resistance Test. 

iii)  The material properties of structural steel at elevated temperature. 

iv) The temperatures in fire based on ISO 834 [29] time-temperature curve and Eurocode 1 

Part 2-2 [30]. 

v) The behaviour of beams and columns in furnace tests and a brief discussion on the design 

concepts of structural steel at elevated temperature. 

vi) The basic principles of structural behaviour of elements under fire conditions.    

 

3.2 Heat Transfer model for unprotected steel members in a standard 

compartment fire 

3.2.1 Eurocode approach 

 

According to Eurocode 3 [10], the temperature increase, ∆Ts during time increment ∆t in the 

case of bare unprotected steel members in a fire through convection and radiation, is given by 

 

( ) tqq
A

P

c
Ts rc

ssps

∆+







=∆

ρ
1

                                                (3.1) 

 

where cρs is the specific heat of steel in J/kg K, ρs is the density of steel in kg/m3 and P/A is the 

massivity or section factor ( perimeter/ cross-sectional area). The two heat flux components: 

convection qc and radiation, qr , both in W/m2, are represented as follows: 

 

( )sgcc TThq −=                    (3.2)  

 

and  ( ) ( )[ ]42734273 =−+= sgres TTqr σε                         (3.3) 
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where  hc  is the heat transfer coefficient ( assumed 25 W/m2  K, Tg and Ts are the temperatures 

of the fire and steel, respectively ( º C), σ is the Stephan-Boltzmann constant (5.67 x 10 -8  W/m2  

K4 ). The resultant emissivity εres is given by  

 

       

1
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1

−




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



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


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


=

fs

res

εε

ε                                                                                       (3.4) 

where εf  and εs are the emissivities of the fire and steel members, respectively. Emissivity is the 

ability of an object to emit radiation and is a function of surface finish.  Equation (3.4) assumes 

that the fire has a constant emissivity εres and is radiating to a structural element through a 

perfectly transparent medium, and that the combustion products are not influencing the radiation 

exchange rate. Also, it is very unlikely that the resultant emissivity will not change with 

temperature. 

 

3.2.2 Model with participating medium 

 

D.K. Edwards and R. Matavosian [31] proposed the following equation to describe the radiative 

heat exchange between a gas and a steel member, assuming a grey (partially absorbing and 

emitting) enclosure filled with isothermal non-grey gas; 

 

( ) ( )44 273273 +−+= ssgg TFTFq σσ                                                                               (3.5) 

 

Where σ is the Stephan-Boltzmann constant, Tg and Ts are the temperatures of the fire and steel, 

respectively (º C) and the transfer factors, Fg and Fs, are as follows; 
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εs is the emissivity of the inner surface of the grey enclosure, εg is the total emissivity of the 

gaseous mixture at temperature Tg over the mean beam length of the enclosure, and αg is the total 

absorptivity of the gaseous mixture for the radiation from a black surface at temperature Ts 

absorbed over the mean beam length by the gaseous mixture at temperature Tg. The subscript 1 

denotes properties for the mean beam length of the enclosure and subscript 2 for the two mean 

beam length lengths including the effect of one reflection. The mean beam length is a 

characteristic dimension of the thickness of the gas layer transmitting radiative energy and is 

denoted by Le = 3.6 Vc/ Ac. Where Ac and Vc are the surface area and the volume of the 

compartment, respectively. From the radiation property chart, the total emissivity, εgs, is first 

determined at atmospheric pressure as a function of the average gas temperature, partial pressure 

of the water vapour content and the thickness of the gas layer. This is then scaled to any 

pressure, up to 10 times the atmospheric pressure using a scaling component chart. 

 

 

gs
s

g
gs T

T εα
2

1








=         (3.7) 

 

For the case of a grey gas radiating to a black enclosure, sε =1.0 and substituting into Eqs. (3.5) 

and (3.6), yield the following; 

   

( ) ( )44 273273 +−+= sgggr TTq σασε                                                                             (3.8) 

  

 

If this equation is used for the radiation heat transfer in models, an improved correlation is found 

between measured and predicted temperature responses of structural members under standard 

and wood fire conditions (Ghojel [32], and Wong et al. [33]). By deduction, one would consider 

this effect to be similar for framed structures.  
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3.3 Calculation of the Heating Rate of an unprotected Steel Member in a 

Standard Fire Resistance Test 

 

3.3.1 Introduction 

 

Much of the work presented here is based on research carried out by T.R. Kay [8]. The fire 

resistance of a structural member is founded on its performance in the standard fire resistance 

test, EN. 1363-1 (ISO 834-1) [34 & 29] and can either be measured by testing or calculated using 

appropriate methods of analyses as recommended by ENV.1991-1-2-7 [9]. Due to the difficulty 

of testing in existing furnaces and due to financial reasons, the latter option has become more 

favourable in the design of structural members. The accuracy, however, is dependant on the 

validity of material property data used in the calculations and also on the chosen analytical 

model used.  

 

In the European standard, ENV 1991-2-7 [9], for actions on structures exposed to fire, it is 

recommended that a standardized technique be employed to calculate the fire resistance of 

structural members. 

 

Normally, the fire resistance of a load bearing structural member is calculated in two stages. First 

of all, the manner in which the temperature of the member increases with time, in the standard 

fire resistance test, must be determined (the thermal response model). The deformation of the 

structure/member, under the action of its applied load, can then be determined with increasing 

temperature (the mechanical response model).  

 

The accuracy of the thermal response model, proves to be the most critical calculation, as most 

mechanical analysis types will produce similar deformations, stress values etc. with time. 

 

3.3.2 Heating models for structural steel members 

 

The structural member to be tested is positioned in a large furnace and is subjected to both 

convective heat transfers from the hot gases in the furnace and the radiative heat from the 

furnace inside surfaces. 

 

The quantity of heat transferred per unit length of the test member, over a short time interval, ∆t, 

is: 
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( ) tAq mfm ∆−= ... θθα                                                                                        (3.9) 

where α= total heat transfer coefficient (W/m2 K), Am = surface area per unit length exposed to 

fire (m2/m), θf = temperature of hot gases ( º C), θm = temperature of the test specimen ( º C). 

If the temperature of the test specimen is increased by ∆θm when q units of heat are absorbed, 

then 

 

mmmmcq θ∆= .                                                                                                             (3.10) 

 

Where ( ) t
m

A

c mf
m

m

m
m ∆−=∆ ... θθαθ                                                                             (3.11) 

  

Since mass is volume x density, therefore 
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=           (3.12) 

 

The ratio Am/V(m-1) is known as the section factor of the test piece. Substituting eqn(3.12) into 

eqn(3.11) gives the following expression for specimen’s temperature increase; 

 

( ) t
V

A

c mf
m

mm
m ∆−=∆ ... θθ

ρ
αθ                                                                                     (3.13) 

 

This equation forms the basis of the majority of existing models for the calculation of the heating 

rate of a structural member/structure in a standard fire resistance test. The disadvantage of eqn 

(3.13) is that it assumes the temperature of the test specimen is uniform and the advantage is that 

it takes into account the variation of the physical material properties with temperature increase. 

The estimation of an appropriate value for the total heat transfer coefficient, α, the variance of 

the density, ρm, and the specific heat, cm, are of paramount importance to accurately determine 

the temperature increase of the structural member/structure. The total heat transfer coefficient, α, 

consists of two components, as follows; 

 

rc ααα +=           (3.14) 

      

where  cα  = the coefficient of heat transfer by convection, and rα  = the coefficient of heat 

transfer by radiation. 
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3.3.3    Convective heat transfer 

 

The heat flux is proportional to the temperature difference between the test member, θm, and the 

furnace gases, θg (Newton’s Law). The convective heat flux per unit surface area of the specimen 

is given by 

 

( ) 2mWh mgcc θθα −=         (3.15) 

 

The coefficient of αc is ascribed a value of 25 W/m2 , by ENV. 1991-2-7 [9], and is not 

temperature dependant. Both, C. and Twilt, L., Report No. BI-89-208 [35], has suggested that 

the value of θg and θm becomes almost the same as time progresses and can be seen in Fig. 3.2. 

Therefore the effect of hc becomes insignificant in the heating process of the structural steel 

member. 

 
Fig. 3.1 Schematic section through a standard fire resistance test furnace [8] 

 

3.3.4      Radiative heat transfer 

 

As time progresses in a standard fire resistance test, radiation becomes the dominant heating 

process. The rate at which energy is radiated from a body is proportional to the fourth power of 

its absolute temperature, thus 
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( ) 24273 mWhr += θσ         (3.16) 

 

where σ is the Stefan-Boltzmann constant, is 5.67 x 10-8 W/m2 K4. A body radiating this amount 

of heat (no body actually does), is called a black body. Only a fraction of black body radiation is 

emitted and is defined by the following equation; 

 

( ) 24273. mWhr += θσε         (3.17)                                                                  

where ε (‹ 1) is the emissivity. Emissivity is largely dependant on surface finish, being low for 

polished metal surfaces and closer to unity for dull, oxidized materials. The value of ε is assumed 

to be independent of temperature for calculation. 

 

The structural member under investigation, at a temperature θm, will emit some radiation and 

will receive a greater amount of radiation from the furnace, which is at a temperature of θf. 

Therefore, the net heat flux received by the member is 

 

hr = heat flux received from the furnace minus heat flux radiated back to the furnace 

 

The net heat flow per unit surface area of the test member, hr, depends on the relative sizes and 

positions of the test member and the furnace. 

 

a) For very small test members (i.e. in relation to the furnace size), the radiant heat emitted by 

it and if ever reflected back by the furnace walls and/or gases, is the defined by 

 

( ) ( )[ ] 244 273273. mWh mfmr +−+= θθσε                                                                  (3.18) 

 

Figure 3.1 which show a test geometry conforming to this condition. 
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Fig. 3.2 Heating rate of a 406mm x 178mm x 54 kg/m steel beam in a standard fire resistance test [8] 

 

b) For large test members, the emissivity of the furnace becomes dominant and the radiation 

emitted by the test member is absorbed or reflected back to it by the furnace, and is given 

by 

 

( ) ( )[ ] 244 273273
.
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                                             (3.19a) 

 

It was shown, by Fishenden et al. [36], Lankford et al. [37] and Thor [38], that in a standard fire 

resistance test on a steel member, the values of both εf and εm are approximately 0.8, thus 
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       (3.19b)              

The above expression is normally replaced by  

 

64.0. == mfr εεε          (3.19c) 
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This is known as the resultant emissivity and is used in EN.1991-2-7[9]. EN.1991-2-7[9] gives 

the radiative heat flux to a steel member in a standard fire resistance test as 

 

( ) ( )[ ] 244 273273.. mWh mfr +−+Φ= θθσε                                                                (3.20) 

 

where Ф is a configuration factor usually taken as one (1.0) for test members completely 

surrounded by flames and must be corrected by an appropriate section factor if member is not 

completely engulfed in flames. 

 

According to EN.1991-2-7 [9], the total heat flux radiated to a test steel member in a standard 

fire resistance test is  

 

rrcc hhh .. γγ +=                                                                                                           (3.21) 

 

Where cγ  and rγ  are safety factors. The γ is a curve fitting factor chosen to ensure the prediction 

of a heating rate in agreement with observed heating rates in nationally approved fire-resistance-

testing furnaces. The factors for determining hc are known because: 

 

225 mWc =α          (3.22) 

 

and ( ) 2018log345 10 ++= tgθ  from EN. 1363-1 [34].     (3.23) 

 

However, to determine hr, one has to assume values for εf, εm and θf. There have been many 

suggestions, by others, for the emissivity values of steel (Fig. 3.3) and in the range of 20-800 º C, 

the value of εm is always in excess of 0.79. 
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Fig. 3.3 Emissivity of dull oxidized mild steel [8]. 

 

On the other hand, the emissivity of the furnace, εf, is determined by its size, construction, 

linings and the composition of the flames. Radiant heating of the test member in a natural-gas-

fire test furnace is dependant on emissions from the walls and floor of the chamber and therefore 

θf in eqn. (3.20) should describe the temperature of these surfaces rather than that of the gas, θg, 

adjacent to the test member. For oil-fired furnaces, it may be justifiable to equate θf to θg.  

 

3.3.5 Analytical methods 

 

From earlier discussion, it is clear that calculation, from first principles, of the heat transfer 

within a gas-fired furnace is a reasonably intricate problem. The normal procedure is to make a 

large number of observations on a particular design of furnace and then use the resulting data to 

develop empirical, predictive equations. Equation (3.13), which describes the heating of the test 

steel member, can be rearranged as follows; 
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                                                                                                      (3.24) 

 

Where h is the effective heat flux, both radiative and convective, at a certain point on the test 

member at any instant (i.e. incident heat flux – heat flux emitted by the test member). 

Thus, knowing the heating rate of a steel beam, Am/V, in a standard fire resistance test furnace, 

allows one to determine the value of h at regular intervals throughout the test. This exercise has 
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been carried out for unprotected 254 x 146 x 43 kg/m I-section steel beams tested in the floor 

furnace at Warrington Fire Research Centre [8]. Figure 3.6 reflects the observed mean 

temperature/time values for the lower (exposed) flange of the beam. Figure 3.5 shows the 

effective heat flux, h, calculated from the curve shown in figure 3.6. The general shape of the 

curve arises from the requirement to heat the furnace gases in such a manner that they display the 

same temperature/time curve prescribed in ISO 834-1 (EN.1363-1) [34].  

 

 
     

Fig. 3.4: 254 x146 x 43 kg/m unprotected beam-lower flange heating rate [8]. 

 

 

 
       

Fig. 3.5 Effective heat flux calculated from heating rate of beam in standard fire resistance test [8] 

 

The effective heat flux = incident heat flux – heat flux emitted by the steel beam or  
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mi hhh −=           (3.25) 

 

The value of mh  can be obtained from the following expression; 

 

( )4273. += mmmh θσε          (3.26) 

 

Assuming εm is 0.8 (Fig. 3.3), the values of hm, and hence hi, have been calculated at regular 

intervals as shown in Fig. 3.6. 

 

 
Fig. 3.6 Total incident heat flux estimated during a standard fire resistance test on a steel beam at 

Warrington Fire Research Centre [8] 

  

If the above analysis is correct and furnace operation is well controlled, then calculated values of 

the incident heat flux, hi, should be the same regardless of the size of the beam under test. 

 

3.4 Discussion of EC3 - Fire Engineering Design of Steel Structures 

 

3.4.1     Mechanical properties of steel 

Most construction materials suffer a progressive loss of strength and stiffness as their 

temperature increases.  For steel these effects can be seen in Eurocode 3 [10] stress-strain curves 

(Fig. 3.7) and occurs at temperatures as low as 300 º C.  

 



 27 

S tra in  (% )

3 0 0

2 5 0

2 0 0

1 5 0

1 0 0

5 0

0 0 ,5 1 ,0 1 ,5 2 ,0

S tre s s  (N /m m    )2

2 0 °C

2 0 0 °C

3 0 0 °C

4 0 0 °C

5 0 0 °C

6 0 0 °C

7 0 0 °C

8 0 0 °C

P ro p o rt io n a l l im it (6 0 0 °C )

E f fe c t iv e  y ie ld  s t re n g th  (6 0 0 °C )

E la s t ic  m o d u lu s  (6 0 0 °C )

 
Fig. 3.7.Reduction of stress-strain properties with temperature for S275 steel [10]. 

 

3.4.2 Thermal properties of steel 

 

3.4.2.1 Thermal expansion of steel 

 

Top flanges of steel members experience a differential thermal expansion and this may be due to 

shielding of the top flange, for example a beam that supports a concrete slab which causes a 

heat-sink effect. In larger structures e.g. frames, it is necessary to recognize the restraining effect 

to thermal expansion by the structure outside of the fire compartments. It is considered necessary 

that one appreciates the variance of the coefficients of steel with respect to temperature (Fig. 

3.8). 
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Figure 3.8 Variation of Eurocode 3 thermal expansion coefficients of steel and concrete with temperature [10]. 
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3.4.2.2    Thermal conductivity of steel    

 

This is a coefficient that affects the rate at which heat arriving at the steel surface is conducted 

through the metal (Fig. 3.9). For simple fire engineering calculations, one may use the constant 

conservative value of 45 W/mo K. 
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Fig. 3.9 Eurocode 3 representations of the variation of thermal conductivity of steel with temperature [10]. 

 

3.4.2.3 Specific heat of steel  

   

The specific heat of steel is the quantity of heat required to increase the steel temperature by 1 
oC. This value varies somewhat with temperature and can be observed in figure 3.10. One 

observes a sharp increase in this value at a temperature range of approximately 735 oC and this 

can be due to the fact that the material undergoes a crystal-structure phase change. Once again, 

for simple fire engineering calculations a value of 600 J/kg 0C may be used, but does not allow 

for the endothermic nature of the phase change. 
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Figure 3.10  Variation of the specific heat of steel with temperature [10]. 
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3.4.3 Temperatures in fires 

 

Real fires in buildings grow and decay in relation to the mass and energy balance within the 

compartments (Fig. 3.11). The energy released depends upon the quantity and type of fuel 

available and also upon the ventilation conditions prevailing.  
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Figure 3.11 Phases of a natural fire, comparing atmosphere temperatures with the ISO834 standard fire curve [10]. 

 

Real fires can be defined by three phase’s viz. growth, full development and decay. Fire 

resistance times stipulated in most national codes relate to the test performance of structural 

members when heated in accordance with an internationally agreed time-temperature curve 

defined in ISO 834 [34]. This curve portrays atmosphere temperatures which rise continuously 

with time, but at a diminishing rate (Fig. 3.12). This curve has become the standard design curve 

which is employed for furnace testing of structural steel members. 
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Figure 3.12 Atmosphere temperatures for ISO834 standard fire [10]. 
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The ‘’External Fire’’ curve may be used to determine the fire resistance of structures exposed to 

exterior fire, which have lower atmosphere temperatures (Fig.3.13). The ‘’ Hydrocarbon Fire’’ 

curve on the other hand may be used in cases where buildings are used for the storage of 

hydrocarbon materials (Fig. 3.13). 
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Figure 3.13. EC1 Part 2-2 nominal fire curves compared with a parametric fire [10]. 

 

An alternative method, is to attempt to model a natural fire using a ``parametric’’ fire curve for 

which equations are provided in EC1 Part 2-2 [30]. This enables one to compute simple models 

of fire temperatures in the heating and cooling phases of the post-flashover fire and the time at 

which the maximum temperature is attained. Data, however is required on the material properties 

(density, specific heat, thermal conductivity etc.) enclosing the compartment, the fire load (fuel) 

density and the ventilation conditions/areas when employing these equations. 

 

When using the parametric curve, the ‘equivalent time’ can be employed to compare the severity 

of the fire in consistent terms and also to relate the resistance times of structural members in real 

fires to their resistance in the standard fire. 

 

3.4.4    Behaviour of beams and columns in furnace tests 

 

The behaviour of frame structural members is assessed by subjection to testing in furnaces using 

the standard time-temperature atmosphere curve. Full-scale testing of structural members under 

load is difficult due to furnace size restrictions. The only support condition of a member in a 

furnace is simply supported, with the member allowed to expand axially. A member normally 

forms part of a fire compartment in a frame/structure surrounded by adjacent members of the 

frame/structure, which are unaffected by the fire and consequently these members resist the 

thermal expansion of the heated member.     



 31 

At ambient temperatures structural deflections are very small and axial restraint is very rarely an 

issue of significance. Axial restraint operates in various manners at different stages of a fire. In 

the early stages the restraint of thermal expansion is associated with the development of high 

compressive stresses. At later stages the weakening of the material is high and the restraint may 

begin to support the member by resisting pull-in. These effects cannot be reproduced in a furnace 

test and a complete collapse would occur if no safety cut-off criterion is applied. This also seems 

to be the reason for limiting the test cut-off to a deflection of span/20.  

 

It is only recently, that fire tests have been conducted on compartments of whole structures. Full-

scale testing is extremely expensive; with the consequence that there will never be a large 

volume of documented results and current results will be used to verify numerical models on 

which future developments in design will be based. At present, Eurocode 3 Part 1-2 [10], Cl. 

3.4.1-4, allows for the use of advanced calculation models, but their design procedures are still in 

terms of isolated members and fire resistance is mainly determined for real or simulated furnace 

test. 

 

3.4.5      Loadings 

 

Eurocode 1 Part 2-2 [30] presents rules for calculating design actions (loadings) in fire, which 

allows for the low probability of a major fire event coinciding with high load intensities. In 

Eurocode 3 Part 1-2 [10], for the fire event, the permanent characteristic actions (dead loading) 

are used unfactored (γGA = 1.0) while the principal characteristic variable action (imposed 

loading) is factored down by a combination factor Ψ1.1 whose value lies between 0.5 and 0.9 

depending on the building usage. The reduction factor can be expressed as follows: 

d

tdfi
fi R

E ..=η           (3.27)           

(loading in fire as a proportion of ambient-temperature design resistance), which is relevant 

when global structural analysis is used, or  

 

d

tdfi
fi E

E ..=η           (3.28)   

(loading in fire as a proportion of ambient-temperature factored design load). This is 

conservative and employed in the design of individual members, when only the principal 

variable action is used together with the permanent action. This may be defined in terms of the 

characteristic loads and their factors as follows: 
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1.1.

1.1.1

..

.

kGkG

kkGA
fi GG

QG

γγ
ψγη

+
+

=         (3.29) 

       

3.4.6     Basic Principles of fire resistant design 

 

Fire resistant design of structural steel members is the calculation of the fire resistance time of 

the members, when subjected to the standard fire curve, before it would fail. It needs to be within 

specified time limits, as dictated in relevant national building regulations, for example Eurocode 

1 Part 2-2, section 2 [30]. This may be expressed in three alternative forms: 

 

• The fire resistance time should exceed the requirement for the building usage and type. 

When loaded to the design load level and subjected to a nominal fire temperature curve: 

requfidfi tt .. ≥          (3.30) 

 where dfit .  is the design standard fire resistance time of a member and requfit .  is the standard 

fire resistance nominal time required.  

• The load-bearing resistance of the member should exceed the design loading when it has 

been heated for the required time in the nominal fire: 

tdfitdfi ER .... ≥          (3.31) 

 where tdfiR ..  is the design load-bearing resistance time of a member and tdfiE ..  is the design 

effect of actions on a member at a given time. 

 

• The critical temperature of a member loaded to the design level should exceed the design 

temperature associated with the required exposure to the nominal fire: 

θcr.d  ≥  θd          (3.32) 

 where dcr .θ  is the critical design temperature of a member and dθ  is the design temperature 

of a member. 

 

3.4.7    Cross section classification 

 

In fire design, compression members and beams carrying a concrete slab on the compression 

flange are classified as for ambient-temperature design, because of low strain levels which are 

developed in the compression flanges at failure. Similarly, this also applies to class 3 and 4 

members, for which the strains are also low. For other members, the limiting proportion value of 

ε is decreased as temperature rises, adversely affecting section classification. Therefore, the 
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limiting proportions of members in classes 1 or 2 are modified to an effective width/thickness 

ratio: 
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where  

b/t = actual width/thickness 

fy = steel yield strength 

ky.θ = yield strength reduction factor for steel at temperature θ 

kE.θ = elastic modulus reduction factor for steel at temperature θ. 

 

One needs to note that this effect may cause the classification of a member to change as the 

temperature changes and imply that section classification becomes an iterative process. 

 

3.4.8 Critical temperature 

 

The temperature at which a member fails under a given loading is the critical temperature. This 

can be calculated for all types of members in Eurocode 3 Part 1-2 [10] from the degree of 

utilisation µo of the member in the fire design situation. Equation (3.34) is plotted in Fig. 3.14 

and defines the critical temperature: 
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Figure 3.14 Critical temperature, related to degree of utilisation [10]. 
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This equation applies to all classes of members except the very slender class 4 sections, for 

which a single conservative value of 350 0 C is specified. 
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The degree of utilisation µo is basically the design loading in a fire situation as a proportion of 

the design resistance at ambient-temperature (or at time t = 0), but using the material partial 

safety factors which apply in fire design. 

0..

.
0

dfi

dfi

R

E
=µ           (3.35) 

A simple conservative version can be used for tension members and restrained beams, where 

lateral-torsional buckling is not possible, as follows: 


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fiM
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3.4.9       Resistance of tension members 

 

For a tension member under uniform cross-sectional temperature θ the design resistance in fire is 

determined by using the reduction factor ky.θ on yield strength at elevated temperature and an 

adjustment for the relative material safety factors in normal design and fire design: 












=

ifM

M
RdyRdfi NkN

.

1
... ..

γ
γ

θθ         (3.37) 

so that the degree of utilisation is  
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3.4.10  Resistance of restrained beams 

 

For the moment of resistance in fire for class 1 and 2 sections with uniform cross-sectional 

temperature θ is calculated from the normal plastic resistance moment for strength design by 

using the reduction factor ky.θ on yield strength at elevated temperature. An adjustment for the 

relative material safety factors in normal design and fire design is applied as follows: 








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


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RDyRDfi MkM
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... ..

γ
γ

θθ         (3.39) 

For a class 3 section the same expression applies but with the elastic moment of resistance used 

for MRd. In the case of beams supporting concrete slabs, the design moment of resistance is 

calculated by dividing the cross-section into uniform strips and reducing the strength of each 

strip according to its temperature. The moment of resistance is then obtained by summation 
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across the section. Alternatively it may be determined by the use of empirical adaptation factors 

к1 and к2 to obtain the moment of resistance at time t as: 

 

21

..
.. .kk

M
M RDfi

RDtfi
θ=          (3.40) 

 

where  к1 is the factor non-uniform cross-sectional temperature and к2 is the factor for 

temperature reduction towards the supports of a statically indeterminate beam. The values of 

these two factors are specified in Eurocode 3 Part 1-2 [10]; к1 is specified as 0.7 for slabs 

supported on the top flange and к2 is 0.85 for indeterminate beams (specified in Eurocode 3 [9] 

the UK), while the default values is 1.0. 

 

Shear resistance follows the same concept for tension and bending and the expression is as 

follows: 

21.

1
max.... .

1
kk

VkV
fiM

M
RDyRDtfi












=

γ
γ

θ        (3.41) 

 

3.4.11      Lateral-torsional buckling 

 

If the compression flange of a member is not continuously restrained, the lateral-torsional 

buckling moment is determined for class 1 and 2 sections using the formula from Eurocode 3 

Part 1-1 [39], with minor amendment for the fire situation: 
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where 

 

fiLT .χ  = lateral-torsional buckling reduction factor in fire design situation 

ky.θ.com = yield strength reduction factor at the maximum compression flange temperature at time 

t 

 

The factor 1.2 is an empirical correction factor for a number of effects. The lateral-torsional 

buckling reduction factor fiLT .χ  is determined as in ambient-temperature design, except that the 

normalized slenderness used is adapted to the elevated temperature steel properties:  
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Where  

 

KE.θ.com  = elastic modulus reduction factor at the maximum compression flange temperature at 

time t  

It must be noted that lateral-torsional buckling only needs to be considered if  comLT ..θχ  exceeds 

0.4 for lower slenderness only the bending resistance is necessary.   

 

3.4.12      Resistance of compression members 

 

The design buckling resistance of columns of class 1, 2 and 3 is determined by allowing for a 

reduction in strength and an increase in normalized slenderness at elevated temperatures. The 

design buckling resistance Nb.fi.t.Rd at time t for a compression member is given by: 

fiM

yfi
Rdtfib

kA
N

.

.
... γ

χ θ=         (3.44) 

where fiχ  is the reduction factor for flexural buckling in the fire design situation and θ.yk  is the 

reduction factor for the yield strength of steel at the steel temperature aθ  reached at time t. 

 

3.5 Theory of structural steel behaviour under fire conditions 

 

3.5.1 Introduction 

 

A significant amount of research has been conducted in order to understand the complex 

interactions of the different structural mechanisms that take place when structures are subjected 

to fire conditions. One result of this was the paper produced by A.S. Usmani et al. [40] on which 

most of the discussion in this section is based. 

 

3.5.2 Thermal Expansion 

 

The following relationship governs structures subjected to fire conditions: 

  

mechanicalthermaltotal εεε +=         (3.45) 
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where thermalε  equal to the thermal strain and mechanicalε  equal to the mechanical strain and with 

 

δεσε →→ totalmechanical and         (3.46) 

 

which implies that total strains govern the deformed shape of a structure δ  and that the stress in 

the structure σ  depends only on the mechanical strains. An increase in temperature results in 

thermal strains in most structural materials and is given by 

 

TT ∆=αε           (3.47) 

 
Fig. 3.15. Uniform heating of a simply supported beam [40] 

 

Figure 3.15 shows a simply supported beam with no axial restraint and subjected to a uniform 

temperature, ∆Τ .  This beam will simply experience an increase in length of ∆Τ∝l .  The beam 

will not develop any mechanical strain and therefore the total strain ( )tε will be equal to thermal 

strain( )Tε .  Therefore no stresses will be generated in this beam. 

 

3.5.3 Rigid lateral restraints to thermal expansion 

 

The total strain ( )tε  in an axially restraint beam is equal to zero because the thermal expansion is 

balanced out by the equal and opposite contraction caused by the restraining force Ρ  as shown in 

figure 3.16.  The above scenario applies to a beam subjected to a uniform temperature increase, 

∆Τ . 

 
Fig. 3.16. Axially restrained beam subjected to uniform temperature [40] 

 

 

The beam will respond in the following two ways, if the temperature is increased indefinitely 

and will be dependent on the slenderness of the beam: 
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• In a stocky beam the yield stress ( )yσ  will be attained and will continue to yield without an 

increase in the stress if the beam material has an elastic-plastic stress-strain relationship.  

The yield temperature increment is given by    

 

αE
T y

y

∆
=∆           (3.48) 

 

• A slender beam will exceed the Euler buckling load before the material reaches its yield 

stress.  The critical buckling temperature in equation 3.49 can be obtained by equating the 

Euler buckling load to the restraining force P. 

•  

2

222

λαα
Π=







Π=∆
l

r
Tcr         (3.49)  

 

Where r is the radius of gyration, λ is the slenderness ratio l/r and l is the effective length. 

 

If the temperature of the beam is increased further, then the following will happen to a beam that 

consists of an elastic material which has no thermal degradation of it’s properties: the increase in 

thermal expansion strains will be absorbed in the outward deflection ( )δ  of the beam as the 

restraining force P remains constant (Fig 3.17). 

 
Fig. 3.17. Buckling of an axially restrained beam subjected to uniform heating [40] 

 

3.5.4 Finite lateral restraints to thermal expansion 

 

Figure 3.18 shows a beam that is axially restrained by a translational spring of stiffness Kt.  In 

this case, the compressive axial stress is given by  

( Lk
EA

TE

t
+

∆∝=
1

σ          (3.50) 

 

And the critical buckling temperature is given by: 
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Fig. 3.18. Heating of beam with finite axial restraint [40] 

 

3.5.5 Thermal Bowing 

 

Concrete slabs that are supported by steel beams on the ceiling of a compartment, have a 

significant effect on the behaviour of the steel beams. The steel beams and concrete slabs are 

subjected to very high temperature gradients due to the slow rate of heat transfer to concrete.  

The surfaces of the members on the outside of the compartment will be much cooler than the 

surfaces of the members on the inside of the compartment as these surfaces are directly exposed 

to the fire.  Therefore, the inner surfaces will expand more than the outer surfaces.  This will 

cause bending in these members and is referred to as thermal bowing. The thermal gradient 

yT , over the depth is 

  

d

TT
T y

12
,

−
=           (3.52) 

 

A uniform curvature φ  is caused along the length as a result of the thermal gradient, 

yT,αφ =           (3.53) 

      

The curvature induces a contraction strain, and can be computed from Fig 3.19 as: 

 

2
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φ
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l
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−=          (3.54) 
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Fig. 3.19. Simply supported beam subjected to uniform thermal gradient [40] 

 

If a uniform thermal gradient yT ,  is applied to an axially restraint beam as shown in figure 3.20, 

then tension will be induced in the beam.  If a uniform temperature gradient is applied to a fix 

ended beam, an equal and opposite curvature is induced by the support moments which cancel 

out the thermal curvature at midspan.  The beam remains straight with a constant moment 

φEIM = along its length as can be seen in figure 3.21. 

 

 
 

Fig. 3.20. Laterally restrained beam subjected to a uniform thermal gradient [40] 

 
Fig. 3.21. Beam with finite rotational restraint with a uniform thermal gradient [40] 

 

A beam that is restrained rotationally at the supports by rotational springs of stiffness is shown in 

figure 3.22.  Perfect internal and rotational restraints are not easily achieved in real structures and 

therefore have finite capacities only.  Therefore, the restraining moment in the springs due to a 

uniform thermal gradient yT , can be expressed as  
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Fig. 3.22. Combined thermal expansion and bowing in a fix ended beam [40] 

 

3.5.6 Deflections 

 

A slender beam that is axially restrained and is subjected to uniform heating will buckle at low 

elastic strains.  The beam will deflect outwards if there is any further expansion and the midspan 

deflections can be estimated by 

 

2
2 2

Tr εεδ +
Π

= l
         (3.56) 

 

This is an approximation of a sine curve length ( )Tl ε+1  where Tε  is the thermal expansion 

strain( )T∆∝ .  

 

If this beam is subjected to a uniform thermal gradient, only bowing will result and is governed 

by the flexure-tension interaction.  The deflections are limited by the δ−P   moments which 

restrain the curvature caused by the thermal gradients.  The deflections can be determined from  

2
2 2

tt εεδ +
Π

= l
         (3.57) 

 

Where tε  is the tensile strains produced in the beam and is given by  

EA

P
t =ε           (3.58) 

 

The tensile force Pt can be calculated from the following equation: 
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        (3.59) 

The equation for the tensile force is obtained by substituting Eq (3.58) into Eq (3.57). 

The uniform curvature φ  for a simply supported beam is  

φ=
2

2

xd

yd
          (3.60) 

A tensile force P will be generated in a laterally restrained beam and will cause a movement Py 

over the beam length.  Therefore  
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          (3.61) 

Or 
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         (3.62) 

where 

EI

P
k =           (3.63) 

Therefore, the deflection of the beam in figure 3.20 can be expressed as follows: 
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      (3.64) 

 

3.5.7 Thermal expansion and thermal bowing combined 

 

The beam in figure 3.22 is restrained rotationally and laterally at both ends and is subjected to 

both a mean temperature rise and a thermal gradient through its depth.  This beam will 

experience a uniform compressive stress due to the restraint to expansion and will experience a 

uniform moment due to the thermal gradient. 

 

The top of the beam will experience either significant compression or tension while the bottom 

of the beam will experience very high compressive stresses.  These compressive stresses cause 

local buckling in the lower flanges. Local buckling causes a hinge at interior support which is 

considered as fixed and thus relieves the hopping moment.  This support now only provides 

lateral restraint. 

 

In the previous section restrained expansion caused compression and bowing caused tension.  

These two effects are dependent on an average equivalent temperature rise T∆  and an average 
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equivalent thermal gradient T,y . The effective strain Eeff for combinations of thermal expansion 

and bowing can be defined as follows: 

φεεε −= Teff          (3.65) 

 

 

 
Fig. 3.23. Effective expansion strains [40] 

 

 

 
Fig. 3.24. Case 1: Zero stress [40] 

 

Positive values of Eeff mean that compression is dominant while negative values imply that 

tension is dominant. Figure 3.23 shows a plot of effective strain Eeff against various thermal 

gradients T,y.   While the temperature is increased from zero to 400 three cases of stress in a 

beam will be discussed as follows: 
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i) Case 1: Zero stress in the beam ( )0=effε  

 

• All the thermal strains are converted in displacements as shown in figure 3.24. 

 

• Deflections are caused by thermal bowing in order to absorb the excessive length generated 

by thermal expansion. 

 

The deflection can be defined as:  

2

2 2
T

TmY
εε +

∏
= l

         (3.66) 

 

 

ii) Case 2: Thermal expansion dominant ( )0〉effε  

 

Pre-and post-buckling phases are produced when φεε >>T .  A small part of pre-bucking 

deflections ( mY ) generated by elastic bending while a larger part are generate from the 

deflections imposed by curvature (( )φmY ).  
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Y0 is the initial elastic deflection before heating due to the imposed loads on the beam and 

( ( )φmY ) is the additional deflection due to thermal bowing given by 

 

( )
2

2
2
φ

φ

ε
εφ +

∏
= l

mY          (3.68) 

 

The critical buckling temperature ( )crT∆  is increased because the thermal gradient delays the 

buckling event.  The critical buckling temperature is now given by 
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 45 

Typical variation in buckling temperature with a change in gradient for a beam of slenderness 

ratio l/r equal to 70 is given in figure 3.25. 

 

 
Fig. 3.25. Critical buckling temperatures vs. thermal gradient [40] 

 

The post-buckling deflections will continue to increase due to the additional expansion strains 

+
Tε  and is given by  

 

2

2 2+
++ +

∏
= T

TmY
εεl

         (3.70) 

 

iii) Case 3:  Thermal bowing dominant ( )0〈effε  

 

Deflection resulting from the bowing of the excess length generated through expansion can be 

defined as follows: 

 

( )
2

2 2

1
T

TmY
εε +

∏
= l

         (3.71) 

 

The tension force (Peff) resulting from the excess contraction strain (Eeff) produces a tensile strain 

given by 

 

EA

Peff
t =ε           (3.72) 

 

This will produce further deflections which can be defined as 
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( )
2

2 2

2
t

tmY
εε +

∏
= l

         (3.73) 

 

3.6 Conclusions 

 

The standard fire resistance test focuses mainly on the fire resistance time of isolated members 

forming part of complete steel framed buildings. This focus should rather be shifted to the design 

of these buildings to withstand these fire temperatures, thus minimizing loss of life and damage 

to property. Current analytical techniques for estimating the heating rates of isolated members 

are purely empirical and predictive. Individual members of steel framed buildings subjected to 

fire conditions experience a slower heating rate than predicted by the standard fire resistance test. 

 

Members that are exposed to fire conditions and forming part of complete frames experience 

axial and rotational restraint which may increase or decrease their failure strength. Members in a 

fire compartment experience expansion and induce lateral deflections and moments in columns. 

Temperature gradients along the length and across the cross section of steel members influence 

the level and type of stress experienced by these members. 

 

A number of authors have developed numerous analytical and design techniques over the past 

two decades. The computational results obtained from these techniques were in most cases 

compared to the results obtained from experiments conducted. These experiments yielded 

conclusions as follows: 

i) The effective length of columns varied from values below unity to unity representing fixed 

ended and pin ended boundary conditions. 

ii)  The failure of columns at elevated temperature is only dependent on the axial load applied 

and not on the connection stiffness and the applied moment. 

iii)   The restraining effect of frame continuity reduces the limiting temperature of frames. 

iv) Frames subjected to fire conditions experience a loss of strength and is reflected in an elastic 

buckling analysis. 

 

Classical formulae from the Eurocode standards are presented for the estimation the steel heating 

rates, the analysis and the design of steel members. From the literature review and the above 

summary, it is clear that these formulae are rather conservative. The fundamental theory behind 

structural steel behaviour under fire conditions is presented in this chapter. 
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3.7 Problem definition 

 

Although a lot of research has been conducted, over the past two decades, about the effects of 

heat on steel structures, it is evident that there are matters that still require further investigation. 

The following are of concern: 

 

i) The effects of heat on the behaviour of structural steel members 

The behaviour of structural steel members subjected to heat need to be assessed in terms of their 

deformations, stress developments and overall strength. 

 

ii) The effect of boundary conditions on isolated steel members 

The behaviour of isolated steel members with different support conditions i.e. pinned or fixed, 

must be studied in terms of deformations, stress developments and overall strength for different 

heating regimes. 

 

iii) The effect of different heating regimes on complete frames 

The behaviour of members of complete frames that are subjected to heat must be studied in 

terms of deformations, stress developments and overall strength. Initially, all members of a 

frame will be subjected to a uniform temperature increase and then individual members forming 

part of a frame will be subjected to either a uniform or gradient temperature increase. 
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4. Investigation of fire behaviour of structural steel members and 

frames 

 

4.1 Introduction     

 

A finite element analysis software package, namely ADINA [7] was employed to investigate the 

effects of temperature on structural steel elements and one-dimensional frames. This software 

was developed by Bathe [7] Professor of Mechanical Engineering, Massachusetts Institute of 

Technology. 

The objectives of this chapter are to demonstrate the effects of temperature on some or all of the 

members in terms of the stress and deformations developments, and the reduction of strength in 

simple structural steel members to complex one-dimensional structural steel frames. The models 

vary from simple members, for example, individual beams and columns to more complex 

frames, for example, portal frames and multi storey frames. 

In order to achieve the above mentioned objectives, this chapter will discuss the following 

issues: 

• FE background 

• FE models investigated under which the support conditions, the global degrees of 

freedom and the applied temperature loadings are discussed. 

• Element groups 

• Material models under which the application of the gradient temperature on members is 

explained. 

• Model verification 

• Discussion of results 

 

4.2 FE Background 

 

The development of finite element method began in the 1940’s with the structural engineering 

work of Hrennikof [41] in 1941. Tremendous advancements occurred in its application to solve 

complicated engineering problems since the early 1950’s. In short the general steps of the finite 

element method are as follows; 

 

• Discretization and selection of element types 

• Selection of a displacement function 

• Defining the strain/displacement and stress/strain relationship 
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• Deriving the element stiffness matrices and equations 

• Assemblage of the element equations to obtain the global equations and the introduction 

of boundary conditions 

• Solving the unknown degrees of freedom 

• Solving for the element strains and stresses 

• Interpreting the results. 

 

4.3 Modelling using ADINA 

4.3.1  FE Models Investigation 

 

The models that were set up in the finite element program are listed below and in table 4.1.  

  

1. Pinned support Beam at varying uniform temperatures, refer to figure 4.7. 

2. Pinned support Beam with a varying gradient temperature along its length, refer to figure 

4.8 

3. Fixed support beam at varying uniform temperature, refer to figure 4.9. 

4. Fixed support beam at varying gradient temperature along its length, refer to figure 4.10. 

5. Column: one end fixed the other end free to move in y-direction only at varying uniform 

temperature, refer to figure 4.11. 

6. Column: same support conditions at varying gradient temperature along its length refer 

to figure 4.12. 

7. Portal Frame at varying uniform beam and column temperatures, refer to figure 4.13. 

8. Portal Frame at varying uniform beam temperatures, refer to figure 4.14. 

9. Portal Frame at varying uniform column temperatures, refer to figure 4.15. 

10. Portal Frame at varying gradient beam temperatures, refer to figure 4.16. 

11. Portal Frame at varying gradient column temperatures along its length, refer to figure 

4.17. 

12. Multi-storey Frame at varying uniform beam and column temperature in fire 

compartment, refer to figure 4.18. 

13. Multi-storey Frame at varying uniform beam temperatures, refer to figure 4.19. 
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Table 4.1: Summary details of models investigated 

No. Model Section sizes (kg/m) Support conditions Loading       Length (m)
UDL (kN/m) Point load (kN) Temperature load (°C) Beam Column

1 Simply Support Beam 356x171x51:I-Beam Simple 15 N/A Various uniform temperatures 6m N/A
20 º C - 1000 º C

2 Simply Support Beam 356x171x51:I-Beam Simple 15 N/A Gradient temperature along 6m N/A
the beam length
95 º C - 952 º C

3 Fixed Support Beam 356x171x51:I-Beam Fixed 15 N/A Various uniform temperatures 6m N/A
20 º C - 1000 º C

4 Fixed Support Beam 356x171x51:I-Beam Fixed 15 N/A Gradient temperature along 6m N/A
the beam length
95 º C - 952 º C

5 Column 254x254x73:H-Column Lower end: fixed N/A 1079 kN at top Various uniform temperatures N/A 4m
Upper end: vertically of Column 20 º C - 1000 º C
unrestrained 10.79 kN at mid

height-horizontal

6 Column 254x254x73:H-Column Lower end: fixed N/A 1079 kN at top Gradient temperature along N/A 4m
Upper end: vertically of Column the column length-as in beam
unrestrained 10.79 kN at mid 95 º C - 952 º C

height-horizontal

7 Portal Frame 305x165x41: I-Beam Both Supports Fixed 25.4 500 kN on top of Various uniform temperatures 5.7m 3.5m
203x203x52:H-Column each Column apllied to all members in the 

compartment (20 ºC - 1000 ºC)

8 Portal Frame 305x165x41: I-Beam Both Supports Fixed 25.4 500 kN on top of Various uniform temperatures 5.7m 3.5m
203x203x52:H-Column each Column applied to the beam only

20 º C - 1000 º C

9 Portal Frame 305x165x41: I-Beam Both Supports Fixed 25.4 500 kN on top of The column at various gradient 5.7m 3.5m
203x203x52:H-Column each Column temperatures along it's length

95 ºC - 952 ºC(see Table 4.4)

10 Portal Frame 305x165x41: I-Beam Both Supports Fixed 25.4 500 kN on top of Various gradient temperatures 5.7m 3.5m
203x203x52:H-Column each Column applied to the beam length

RHS Col. at ambient temp.
LHS Col. -a third of top length
at 7% of beam edge temp.

11 Portal Frame 305x165x41: I-Beam Both Supports Fixed 25.4 500 kN on top of Various uniform temperatures 5.7m 3.5m
203x203x52:H-Column each Column applied to the LHS column only

20 º C - 1000 º C

12 Multi Storey Frame 305x165x41: I-Beam All Supports Fixed 25.4 75.5 kN on top of Various uniform temperatures 3 bays at 3 floors at
203x203x52:H-Column external columns applied to the beam and the 5.5m each 3.5m high

151 kN on top of columns of the lower LHS
internal columns compartment (20 ºC - 1000 ºC)

13 Multi Storey Frame 305x165x41: I-Beam All Supports Fixed 25.4 75.5 kN on top of Various uniform temperatures 3 bays at 3 floors at
203x203x52:H-Column external columns applied to the beam only of the  5.5m each 3.5m high

151 kN on top of lower LHS compartment
internal columns  (20 ºC - 1000 ºC)

 

 

The load ratio R for beams is given by  

c

f

M

M
R =           (4.1) 

where Mf  is the applied moment and Mc is the moment capacity. The load ratio R for columns is 

given by  

yc

fy

b

fx
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f

ZP

M

M
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F
R ++=         (4.2) 
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where Ff is the axial load at the fire limit state, Ag is the gross area, Pc is the compressive stress, 

Py is the design strength of steel, Zy is the elastic modulus about the minor axis, Mfx and Mfy are 

the maximum moments about the major and minor axes, respectively and Mb is the buckling 

resistance moment. The load ratio (R) on the isolated beam members were kept low at 0.2 in 

order to prevent the beam from collapsing at low temperatures. The load ratio for the beams of 

the portal and multi-storey frames were approximately 0.5 while the load ratio for the columns of 

these frames were at approximately 0.3 and 0.1, respectively. These values were chosen so that 

the frames still have sufficient capacity for the additional range of temperature loads. 

 

The master degrees of freedom (MODF) are the global degrees of the complete model and allow 

the modeller to specify the directions in which the model is allowed to move and rotate. The 

supports can be fixed for some or all of these movements or rotations. Table 4.2 gives a 

summary of the master degrees of freedom and the support fixity details for all the models. X, y 

and z indicates the axes directions as shown in figure 4.1. xθ , yθ  and zθ  are the x-, y- and z-

rotations about the respective axes as shown in figure 4.1. 
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Fig. 4.1: Positive axes used for all models 
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Table 4.2: Summary of master degrees of freedom (MODF) and support fixity detail for each model 

Degrees of freedom

Model X Y Z

Pinned Beam Support A χ χ χ χ χ F
Support B χ χ χ χ χ F

MODF χ F χ χ χ F

Fixed Beam Support A χ χ χ χ χ χ

Support B χ χ χ χ χ χ

MODF χ F χ χ χ F

Beam-column Support A χ χ χ χ χ χ

Support B χ F χ χ χ F
MODF F F χ χ χ F

Portal Frame Supports χ χ χ χ χ χ

MODF F F χ χ χ F

Multi-storey Supports χ χ χ χ χ χ

Frame MODF F F χ χ χ F

χ                            fixed for the degree of freedom

F                                          free to move for the degree of freedom

xθ yθ
zθ

 

 

4.3.2 Element Groups 

 

The software ADINA [7] allows the use of various element types viz. truss elements, 2D and 3D 

elements, shell elements, beam elements with limitation to the type of material models that can 

be applied with each specific element group. 

 

For the current models, the hermitian beam was utilized which allows the input of the physical 

dimensions of the I-beam profile. When creating the element group, ADINA [7] prompts for the 

material properties/model to be associated with this type of section. Basically, all types of 

sections are available for use with this program for example, U-beams, L-beams. 

 

4.3.3 Material Models 

 

The software offers various material models, for example, bilinear and multi-linear plastic 

materials, isotropic elastic and orthotropic elastic materials and so on. Since Adina does not 

allow non-linear material models to be used with hermitian beams; the isotropic elastic material 

model was used. The only drawback of this was that while it is possible to perform a temperature 
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analysis, it was not possible to utilize the temperature model effectively in terms of temperature 

gradients across the cross-sectional profile and along the length of the member. Consequently, 

values of Young’s modulus (E) and the coefficient of thermal expansion (α ) had to be entered 

for each material model used to represent the complete steel members or section length of 

members at various temperatures. The variance of the modulus of elasticity, taken from the M.B. 

Wong et al. [26] is given below in equation 4.1: 
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where E (20) is the modulus of elasticity of steel at ambient temperature, that is, at 20˚C  while E 

(T) is the modulus of elasticity of steel at a given temperature. The coefficient of thermal 

expansion, α, of steel increases with temperature and can be defined by the linear functions [25] 

in equation 4.2. 

 

( ) ( ) CTT o61001.04.11 −∗+=α                              (4.2) 

 

The gradient of temperature along the length of a beam and column were based upon 

temperature models in ADINA[7].  The beam temperature and the portal temperature distribution 

are shown in figures 4.2 and 4.3, respectively. These models were based on emissivity values of 

0.5 to 0.85 for  

0 ˚C to 1000 ˚C and 199.5 to 13.3GPa for values of E in the temperature range of 0˚C to 1000˚C  

(Table 4.2). 

 

 
Fig. 4.2 ADINA model of beam temperature distribution 
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Fig. 4.3 ADINA model of Portal frame temperature distribution 

 

Table 4.3: Relationship between T, E & α (Equations 4.1 and 4.2) 

T emperature E -V alues α -V alues

106(kN /m2) 10-6/ 0C

20 199.5 11.6
100 195.8 12.4
200 188.3 13.4
300 176.9 14.4
400 160.5 15.4
500 136.6 16.4
600 101 17.4
700 77.6 18.4
800 50.4 19.4
900 29.6 20.4

1000 13.3 21.4  

 

Figure 4.4 shows the temperature gradient applied along the beam length. A temperature is 

applied at midspan of the beam, that is, at point 3. The temperature at point two is obtained by 

reducing the temperature at point 3 by 11% and the temperature at point 1 is obtained by 

reducing the temperature at point 2 by 38%. The same principle is applied to point 0 which is 

obtained by reducing the temperature at point 1 by 51%. Therefore the total temperature gradient 

is equivalent to 87% from the point 3 at midspan to point 0 at the support end of the beam.  

 

The temperature T3, for the length L3, was calculated as the average of the temperatures at 

points 2 and 3. The applied temperatures and the calculated temperatures (T1 to T3) for the 

lengths L1 to L3 are listed in Table 4.3. The values for the Young’s modulus (E) and the 

coefficient of thermal expansion (α ) were obtained from Table 4.2 and intermediate values were 

obtained by interpolation. 
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Figure 4.4: Temperature gradient along the beam length 

 

For the column models the actual column length was divided into the same number of segments 

(6) as for the beams and therefore the same temperature gradient was applied as for the beam 

models. 

 

Table 4.4: Derivation of applied gradient temperature along the beam length and the temperature at the 1/4 top 

length of the column. (Read in conjunction with figure 4.4) 

Applied temperature Variance Point 2 Point 1 Point 0 T3 (º C) T3 (º C) T3 (º C) Top 1/4 Length of column
at Point 3 (º C) (º C) (º C) (º C) Temp 2-3 Temp 1-2 Temp 0-1 7% of temperature of L1

100 87 90 57 13 95 74 35 22.45
200 174 181 115 26 190 148 70 24.9
300 261 271 172 39 286 222 106 27.42
400 348 362 229 52 381 296 141 29.87
500 435 452 287 65 476 370 176 32.32
600 522 543 344 78 571 443 211 34.77
700 609 633 402 91 667 517 246 37.22
800 696 723 459 104 762 591 281 39.67
900 783 814 516 117 857 665 317 42.19
1000 870 904 574 130 952 739 352 44.64  

 

For the portal frame models, the column lengths were divided into 3 segments. The temperature 

of the top third (1/3) length was modelled at 7% of the beam length L1 plus 20˚C (ambient 

temperature) and are shown in Table 4.3. This distribution is only applicable for the portal frame 

beam at various gradient temperatures, that is, model 10. 

The portal frame with the column at various gradient temperatures, that is, model 9, the 

temperature gradients applied to the column are shown in Table 4.4 and in Figure 4.3. 

 

A static and linearized buckling analysis was performed for every temperature step for each of 

the models investigated.  
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4.3.4 Model verification 

 

The verification model was taken from M.B. Wong et al. [26] and can be seen in fig. 4.5.  A 

linearized buckling analysis was performed and the marginal difference (2 to 3 %) was rather a 

constant value lower than predicted by the unit load factor method (Figure 4.6). This difference 

can be ascribed to differences in the models e.g. the stiffness of the joints, grade of steel etc. 

 
Fig. 4.5 Frame model used as verification model taken M.B.Wong et al. [26] 

 

0

0.5

1

1.5

2

2.5

3

20 200 300 400 500 600 700

Degrees Celsius

E
ig

en
 V

al
u
es

Unit Load Method

Adina Model

 
Fig. 4.6: Buckling values for the frame from the unit load method versus the ADINA model. 
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The results obtained for the bending moments of model 5, a beam-column subjected to uniform 

temperatures, an axial load of 1079 kN and a horizontal load of 10.79 kN at mid height, 

compared identical to the results obtained for a similar model by J.Y. Richard Liew et al. [42]. 

The bending moment of the beam-column (5.4 kNm) remained constant throughout the uniform 

temperature increases. The x-deflection of model 5 in this current research is 0.32 mm at 600 ˚C. 

The x-deflections predicted by the model of J.Y. Richard Liew et al. [42] is well below 0.5 mm 

up to approximately 550 ˚C and then rapidly increases to 7.87 mm at 603 ˚C. The current 

research model therefore compares well to the model of J.Y. Richard Liew et al. [42] in terms of 

x-deflections up to 550 ˚C but at higher temperatures (for example at 600 ˚C) predicts 

approximately 96 % lower x-deflections. This can be ascribed to factors such as the actual 

degree of stiffness applied to fixed supports, the type of elements used, the actual material model 

used and also the actual fineness of the mesh employed.    

 

4.4 Discussion of results 

 

4.4.1 Simply Supported Beam Model 

 

4.4.1.1 Model 1: Uniform heats applied to the beam 

 

It was considered necessary to model a simply supported beam as this type of member is one of 

the fundamental members of larger structures. The beam is a 356 x171 x 51 kg/m section 

subjected to a 15 kN/m uniformly distributed load (Figure 4.7). 

 

 

 

 

 

 

 

 

Figure 4.7: Model 1: Simply supported beam with various uniform temperature along the beam length 

 

The beam was modelled as line segments and the elastic hermitian beam properties were 

assigned to this line. The elastic hermitian beam cross sections available in the program are I-, L-

, and U-sections. The actual cross section dimensional properties were entered for the beam 

section modelled. The material model used was an isotropic linear elastic material with values of 
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Young’s modulus and the coefficient of thermal expansion entered which corresponded to the 

appropriate temperatures applied to the various segments. The supports were allowed to rotate 

about the z-axis only. A uniformly distributed load was applied along the beam length and a 

uniform temperature was applied to the beam cross section. The bending moment distribution 

remained unchanged throughout all the temperature ranges at a value of 67.5 kNm (Figure 4.9). 

 

In figure 4.8, it can be seen that the deflection gradually increases as the temperature increases 

uniformly to reach a peak value of approximately 140 mm at a temperature of 1000 ˚C. The limit 

deflection (L/300 = 6000/300 = 20 mm) as given SANS 0100-1[43] is clearly exceeded at about 

650 ˚C. However, when studying the buckling strength of the beam, it can be observed that the 

beam collapses at 450 ˚C with a residual strength of 6.25% of its strength at ambient temperature 

(Figure 4.10). The results for the beam moments and the y-deflections for this model are shown 

in table 4.5, respectively.   

 

Table 4.5: Summary of the results for model 1 (simply supported beam) 

Values at 20 ºC and percentage Values at 200 ºC and percentage Values at 400 ºC and percentage Values at 600 ºC and percentage Values at 800 ºC and percentage Values at 1000 ºC and percentage 
increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient 

Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of
Ambient(20 ºC) value from ambient 200 ºC value from ambient 400 ºC value from ambient 600 ºC value from ambient 800 ºC value from ambient 1000 ºC value from ambient

Moments Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(kNm) Mid span 67.50 0.00 67.50 0.00 67.50 0.00 67.50 0.00 67.50 0.00 67.50 0.00

Support B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Y-Deflections Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(mm) Mid span -1.80 0.00 -9.70 538.89 -11.30 627.78 -18.00 1000.00 -36.08 2004.44 -136.43 7579.44

Support B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Figure 4.8: Pinned beam Y-deflections at uniform temperatures 
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Figure 4.9: Pinned beam moments at uniform temperatures 
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Figure 4.10: Eigen buckling values for the pinned beam at uniform temperatures 
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4.4.1.2 Model 2: Various gradient heats applied along the beam length 

 

The same beam was modelled once again; the exact line segments, hermitian beam elements, 

material models and static loads were applied. Only this time a temperature gradient was applied 

along the beam (Figure 4.11). 

 

 

 

 

 

 

 

 

 

Figure 4.11: Model 2: simply supported beam with various temperature gradients along the beam length  

 

The deflection behaviour for the beam can be seen in figure 4.12 up to a temperature of 571 ˚C, 

which corresponds to the strength deterioration curve of figure 4.13. The reduced strength of the 

beam is at 5.8 % of the ambient frame strength. It should also be noted that for both beams, the 

buckling strength increases after approximately 330 ˚C and 476 ˚C, respectively, (Figures 4.10 

and 4.13). Also, it was observed that beams that were subjected to gradient temperatures, 

deteriorated at a slower rate. The beam moment profile is shown in figure 4.9. The beam 

moments and the y-deflections for this model is shown in table 4.6, respectively. 

 

Table 4.6: Summary of the results for model 2 (simply supported beam) 

Values at 20 ºC and Values at 95 ºC and Values at 190 ºC and Values at 286 ºC and Values at 381 ºC and Values at 476 ºC and Values at 571 ºC and Values at 667 ºC and Values at 762 ºC and Values at 857 ºC and Values at 952 ºC and 
percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase
 of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient 

Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of
value value value value value value value value value value value

Ambient(20 ºC)  from ambient 95 ºC  from ambient 190 ºC from ambient 286 ºC  from ambient 381 ºC  from ambient476 ºC  from ambient 571 ºC  from ambient 667 ºC  from ambient 762 ºC  from ambient 857 ºC  from ambient 952 ºC  from ambient
Moments Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

(kNm) Mid span 67.50 0.00 67.50 0.00 67.50 0.00 67.50 0.00 67.50 0.00 67.50 0.00 67.50 0.00 67.50 0.00 67.50 0.00 67.50 0.00 67.50 0.00
Support B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Y-Deflections Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 N/A N/A N/A N/A N/A N/A N/A N/A
(mm) Mid span -1.80 0.00 -9.25 513.89 -9.54 530.00 -10.00 555.56 -11.30 627.78 -12.00 666.67 -14.55 808.33 N/A N/A N/A N/A N/A N/A N/A N/A

Support B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 N/A N/A N/A N/A N/A N/A N/A N/A
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Figure 4.12: Pinned beam Y-deflections at gradient temperatures along the length 
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Figure 4.13: Eigen buckling values for the pinned beam at gradient temperatures 

 

4.4.2 Fixed Support Beam 

 

4.4.2.1 Model 3: Uniform heats applied to the beam 

 

 This time a beam was modelled with both supports fixed. The beam was modelled as line 

segments and the hermitian beam element group was used to model the 356 x 171x 51 kg/m 

section. The same isotropic linear elastic material model was used with the values of Young’s 
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modulus and the coefficient of thermal expansion corresponding to the applied various 

temperatures of the beam segments. The same static loading of 15 kN/m was applied with a 

uniform cross sectional temperature applied throughout the beam length (Figure 4.14). 

 

 

 

 

 

 

 

Figure 4.14: Model 3: Fixed supported beam with various uniform temperatures along the beam length  

 

Table 4.7: Summary for the results of model 3 (fixed support beam) 

Values at 20 ºC and percentage Values at 200 ºC and percentage Values at 400 ºC and percentage Values at 600 ºC and percentage Values at 800 ºC and percentage Values at 1000 ºC and percentage 
increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient 

Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of
Ambient(20 ºC) value from ambient 200 ºC value from ambient 400 ºC value from ambient 600 ºC value from ambient 800 ºC value from ambient 1000 ºC value from ambient

Moments Support A 45.00 0.00 45.00 0.00 45.00 0.00 0.00 0.00 45.00 0.00 45.00 0.00
(kNm) Mid span -22.50 0.00 -22.50 0.00 -22.50 0.00 0.00 0.00 -22.50 0.00 -22.50 0.00

Support B 45.00 0.00 45.00 0.00 45.00 0.00 0.00 0.00 45.00 0.00 45.00 0.00

Y-Deflections Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(mm) Mid span -1.80 0.00 -1.93 107.22 -2.27 126.11 -3.60 200.00 -7.22 401.11 -27.35 1519.44

Support B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Figure 4.15: Fixed beam moments at uniform temperatures 
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Figure 4.16: Fixed beam Y-deflections at uniform temperatures 
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Figure 4.17: Eigen buckling values for the fixed beam at uniform temperature increases 

 

As the temperature is increased uniformly, the bending moment remains constant at -22.50 and 

45.00 kNm at the mid span and supports of the beam, respectively (Figure 4.15 and Table 4.7).  

The vertical deflection at midspan is very small with increasing temperature up to about 800 ˚C 

and then suddenly jumps to a total increase of 1489% at 1000 ˚C (Table 4.7). In figure 4.16, it 
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can be seen that the beam exceeds the serviceability limit of 20 mm. Figure 4.17 shows that 

when the beam is at 1000 ˚C, it has approximately 1.4% of its ambient temperature strength. 

Table 4.7 gives the beam moments and the y-deflections for this model, respectively.   

 

4.4.2.2 Model 4: Gradient heats applied along the beam length 

 

The same fixed support beam was modelled (Figure 4.18), but this time with a varying gradient 

temperature along the beam length but with a constant cross sectional temperature. The same 

beam was modelled as line segments and the hermitian beam element group was used to model 

the 356 x 171 x 51 kg/m section. The same isotropic linear elastic material model was used with 

the values of Young’s modulus and the coefficient of thermal expansion corresponding to the 

applied various temperatures of the beam segments, as before.   

 

 

 

 

 

 

 

 

 

 

Figure 4.18: Model 4: Fixed supported beam with various gradient temperatures along the beam length 

 

Table 4.8: Summary of the results for model 4 (fixed support beam) subjected to gradient temperatures 
Values at 20 ºC and Values at 95 ºC and Values at 190 ºC and Values at 286 ºC and Values at 381 ºC and Values at 476 ºC and Values at 571 ºC and Values at 667 ºC and Values at 762 ºC and Values at 857 ºC and Values at 952 ºC and 
percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase
 of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient 

Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of
value value value value value value value value value value value

Ambient(20 ºC)  from ambient 95 ºC  from ambient 190 ºC  from ambient 286 ºC  from ambient 381 ºC  from ambient 476 ºC  from ambient 571 ºC  from ambient 667 ºC  from ambient 762 ºC  from ambient 857 ºC  from ambient 952 ºC  from ambient
Moments Support A 45.00 0.00 45.11 100.24 45.33 100.73 45.67 101.49 46.22 102.71 47.11 104.69 48.69 108.20 50.23 111.62 52.61 116.91 55.15 122.56 57.91 128.69

(kNm) Mid span -22.50 0.00 -22.39 99.51 -22.17 98.53 -21.83 97.02 -21.28 94.58 -20.39 90.62 -18.81 83.60 -17.27 76.76 -14.89 66.18 -12.35 54.89 -9.59 42.62
Support B 45.00 0.00 45.11 100.24 45.33 100.73 45.67 101.49 46.22 102.71 47.11 104.69 48.69 108.20 50.23 100.00 52.61 116.91 55.15 122.56 57.91 128.69

Y-Deflections Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00
(mm) Mid span -1.80 0.00 -1.80 0.00 -1.90 105.56 -1.90 105.56 -2.00 111.11 -2.15 119.44 -2.39 132.78 -2.66 147.78 -3.12 173.33 -3.71 206.11 -4.64 257.78

Support B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00 0.00 0.00
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Figure 4.19: Fixed beam moments at gradient temperatures along the beam length 
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Figure 4.20: Fix beam Y-deflections at gradient temperatures along the length 
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Figure 4.21: Eigen buckling values for the fixed beam at gradient temperature increases 

 

It can be seen in figure 4.19 that the mid span moment is distributed to the supports as the 

temperature increases. Distribution in this context implies that more of the moment is absorbed 

by the stiffer end supports of the beam which is at a lower temperature than the weaker mid span 

section of the beam. The decrease of moments in the mid span is approximately 43 % and the 

increase at the supports is approximately 128 % (Figure 4.19 and Table 4.8). Figure 4.20 and 

table 4.8 show that the vertical deflection increased by approximately 258 %. It can be seen from 

figure 4.21 that the beam still has 2% of its strength remaining, which is about 0.6% more than 

for the uniformly heated beam. Table 4.8 gives a summary of the beam moments and the y-

deflections for this model, respectively.    

 

4.4.3 Beam-column 

 

4.4.3.1 Model 5: Uniform heats applied to beam-column 

A column composed of a 254 x 254 x 73 kg/m H-Section was modelled as fixed at the base and 

the top was only allowed to move vertically (figure 4.22). A vertical load of 1079 kN was 

applied to the top of the column and a horizontal load of 10.79 kN (0.01P) at mid-height as 

shown in figure 4.22. The column was modelled as line segments and the hermitian beam 

element group properties were assigned to the line segments to model the 254 x 254 x 73 kg/m 

H-section. The linear elastic material model was used to represent the structural steel and the 
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appropriate values for the Young’s modulus and the coefficient of thermal expansion, 

corresponding to the applied various temperatures of the beam segments, were assigned.  

 

 

 

 

 

 

 

Figure 4.22: Model 5: Beam-column fixed at base and allowed to move vertically at the top only with various 

uniform temperatures applied along the beam-column length   

 

For the uniformly heated column at varying uniform temperatures, the bending moment 

remained constant at values of -5.40 kNm and 5.40 kNm at the mid height and supports of the 

column, respectively. The vertical deflection was also negligible. The x-deflection was the only 

other notable variable with an increase of 1506% of ambient temperature deflection (Figure 4.23 

and Table 4.9). Figure 4.24 show the column possesses only 1.09 % of its ambient temperature 

strength at 1000 ˚C.  Table 4.9 gives a summary of the output values for the column moments 

and the x-deflections for this model, respectively. 

Table 4.9: Summary of the results for model 5 (top support of beam-column free to move vertically) subjected to 

uniform temperatures 

Values at 20 ºC and percentage Values at 200 ºC and percentage Values at 400 ºC and percentage Values at 600 ºC and percentage Values at 800 ºC and percentage Values at 1000 ºC and percentage 
increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient 

Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of
Ambient(20 ºC) value from ambient 200 ºC value from ambient 400 ºC value from ambient 600 ºC value from ambient 800 ºC value from ambient 1000 ºC value from ambient

Moments Support A 5.40 0.00 5.40 0.00 5.40 0.00 5.40 0.00 5.40 0.00 5.40 0.00
(kNm) Mid span -5.40 0.00 -5.40 0.00 -5.40 0.00 -5.40 0.00 -5.40 0.00 -5.40 0.00

Support B 5.40 0.00 5.40 0.00 5.40 0.00 5.40 0.00 5.40 0.00 5.40 0.00

X-Deflections Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(mm) Mid span 0.16 0.00 0.17 106.25 0.20 125.00 0.32 200.00 0.64 400.00 2.41 1506.25

Support B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Figure 4.23: Beam-column X-deflections for varying uniform temperature [Beam-column Y-deflection-negligible; 

Beam-column X-moment-constant] 
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Figure 4.24: Beam-column Eigen buckling values 
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4.4.3.2 
M

odel 6: G
radient heat applied along the beam

-colum
n length 

A
 sim

ilar be
am

-colum
n as in m

odel 5, w
ith the

 sam
e 

support conditions and sta
tic loa

ds (F
igure

 

4.25) w
as used for this m

odel. T
he

 colum
n w

as m
odel

led as line se
gm

e
nts a

nd the
 herm

itian 

bea
m

 e
lem

ent group w
as used to m

odel the 254 x 254 
x 73 kg/m

 H
-se

ction.  

T
he sa

m
e isotropic linea

r ela
stic m

ate
rial m

odel w
a

s used w
ith the va

lue
s of Y

oung’s m
odulus 

and 
the 

coe
fficient 

of 
therm

a
l 

expa
nsion 

corre
spond

in
g 

to 
the

 
applied 

various 
gradie

nt 

tem
pera

tures of the
 be

a
m

 segm
ents (F

igure 4.25). 

       F
igure

 4.25: M
ode

l 6: B
e

a
m

-colum
n fixe

d
 at base

 a
nd

 a
llow

e
d to m

ove
 ve

rtica
lly a

t the
 top

 only w
ith va

rious 

gradie
nt te

m
pera

ture
s a

pplie
d alon

g the
 be

a
m

-colu
m

n le
n

gth
   

T
he colum

n at gra
dient tem

pe
rature

 distribute
s its 
m

om
e

nts from
 the m

id span section of the 

bea
m

 to the
 supports (F

igu
re 4.26). T

his distributi
on a

m
ounts to a

 141 %
 increase of the 

m
om

e
nts at the

 suppo
rts and a

 redu
ction 42 %

 in the
 m

id span m
om

e
nts (F

igu
re

 4.26 and
 T

able 

4.10). T
he

 y-d
eflection see

m
ed incre

a
se

d to a m
a

xim
um

 of just over 4m
m

 (F
igu

re
 4.27). T

he
 y-

defle
ction values in table

 4.10 are
 give

n at 1m
 fro

m
 the

 base or the
 top of the colum

n and not at 

m
id spa

n. T
he x-defle

ction incre
ased b

y 288
 %

 a
nd i

s considerably low
er than for the

 uniform
ly 

hea
ted colum

n, as can be
 see

n in figure
 4.28 and in

 table 4.10. 
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Table 4.10: Summary of the results for model 6 (top support of beam-column free to move vertically) subjected to 

gradient temperatures 

Values at 20 ºC and Values at 95 ºC and Values at 190 ºC and Values at 286 ºC and Values at 381 ºC and Values at 476 ºC and Values at 571 ºC and Values at 667 ºC and Values at 762 ºC and Values at 857 ºC and Values at 952 ºC and 
percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase
 of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient 

Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of
value value value value value value value value value value value

Ambient(20 ºC)  from ambient 95 ºC  from ambient 190 ºC from ambient 286 ºC  from ambient 381 ºC  from ambient476 ºC  from ambient 571 ºC  from ambient 667 ºC  from ambient 762 ºC  from ambient 857 ºC  from ambient 952 ºC  from ambient
Moments Support A 5.40 0.00 0.00 5.40 0.00 0.00 5.60 103.70 0.00 5.90 109.26 0.00 6.60 122.22 0.00 7.60 140.74

(kNm) Mid span -5.40 0.00 0.00 -5.30 98.15 0.00 -5.20 96.30 0.00 -4.80 88.89 0.00 -4.20 77.78 0.00 -3.10 57.41
Support B 5.40 0.00 0.00 5.40 0.00 0.00 5.60 103.70 0.00 5.90 109.26 100.00 6.60 122.22 0.00 7.60 140.74

Y-Deflections Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(mm) Mid span 0.10 0.00 0.00 -0.53 -630.00 0.00 -1.10 -1200.00 0.00 0.00 -1.40 -1500.00 0.00 0.00 -0.60 -700.00 0.00 0.00 2.00 1900.00

Support B 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

X-Deflections Support A 0.00 0.00 0.00 0.00 100.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(mm) Mid span 0.16 0.00 0.00 0.17 106.25 0.00 0.18 112.50 0.00 0.00 0.21 131.25 0.00 0.00 0.29 181.25 0.00 0.00 0.46 287.50

Support B 0.00 0.00 0.00 0.00 100.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Figure 4.26: Beam-column moments at gradient temperatures along the length 
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Figure 4.27: Beam-column Y-deflections at gradient temperatures along the length 

 

 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

1.
2

1.
4

1.
6

1.
8

2.
0

2.
2

2.
4

2.
6

2.
8

3.
0

3.
2

3.
4

3.
6

3.
8

4.
0

Column length (m)

X
-d

e
fle

ct
io

n
 (

m
) Temp20

Temp190

Temp381

Temp571

Temp762

Temp952

Figure 4.28: Beam-column X-deflections at gradient temperatures along the length 
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4.4.4 Portal Frames 

 

4.4.4.1 Model 7: All members heated uniformly 

 

The portal beam is loaded with a UDL of 25 kN/m and two axial loads of 500 kN on each 

column. The beam is a 305 x 165 x 41 kg/m I- Beam and column a 203 x 203 x 52 H- section 

(Figure 4.29).  

 

The frame was generated as line diagrams for the columns and beams. The hermitian beam 

element group was assigned to the line segments in order to generate the 305 x 165 x 41 kg/m 

and 203 x 203 x 52 kg/m beam and column sections, respectively. An isotropic linear elastic 

material model was generated for the beam or column line segments sharing the same material 

and cross sectional properties. In this case, it was only necessary to generate two material models 

and two element groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.29: Model 7: Portal frame: all members at various uniform temperatures 

 

The values of Young’s modulus and the coefficient of thermal expansion corresponding to the 

applied various uniform temperatures of the beam and column line segments were assigned to 

the appropriate corresponding material model (Figure 4.29). 

 

The temperature of the beam and the columns were increased constantly in increments of 100 º 

C. It can be seen that the moments in the beam are distributed away from the mid span toward 

the rigid connections between the beam and column (Figure 4.30 and Table 4.11). 
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As expected, the beam experiences an axial expansion (Figure 4.31) and results in a moment in 

the columns (Figure 4.32 and Table 4.11). It can be seen how the column reacts to the axial 

thrust of the beam in figure 4.33. It first forms a half sine curve, resisting both axial and 

horizontal load and is eventually forced outwards by the horizontal axial thrust of the beam. 

Studying the x-deflection curve in figure 4.33, it can be seen that the deflection in mid span is 

counteracted by the stiffer section of the column-beam connection (table 4.11) which possesses 

more strength due to the fact that it is at a lower temperature. In figure 4.34, it can be seen how 

the buckling strength of the frame decreases with temperature to approximately 9.44% at 960 ˚C. 

The results for model 7 is given in table 4.11 which gives output values for the beam moments, 

x-deflections, y-deflections and column moments.  

 

At 1000 ˚C, the bending moment in the beam has a load ratio of R = 80/169 = 0.47 and limiting 

temperature of 659 ˚C as per BS 5950 Part 8:1990. The design temperature would be 767 ˚C for 

a resistance period of 30 min. If the limiting temperature is less than the design temperature, a 

beam will require fire protection as per BS 5950 Part 8:1990. It can therefore be seen, that the 

frame beam does not comply with this criteria and fire protection is required. However, it must 

be noted that the frame beam has been subjected to a temperature of 1000 ˚C at a load ratio (R) 

of 0.47, which exceeds the design temperature of 767 ˚C by 233 ˚C. The y-deflection at 600 ˚C is 

approximately at the deflection limit of 19 mm (L/300) and is exceeded by approximately 360 

˚C. This may cause irreversible deformation but the beam however has not collapsed.  

Table 4.11: Summary of the results for model 7 (supports fixed in all directions) subjected to uniform temperatures 

Values at 20 ºC and percentage Values at 200 ºC and percentage Values at 400 ºC and percentage Values at 600 ºC and percentage Values at 800 ºC and percentage Values at 1000 ºC and percentage 
increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient 

Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of
Ambient(20 ºC) value from ambient 200 ºC value from ambient 400 ºC value from ambient 600 ºC value from ambient 800 ºC value from ambient 1000 ºC value from ambient

Beam Moments Connection B 46.44 0.00 55.49 119.49 59.48 128.08 69.17 148.94 76.05 163.76 77.43 166.73
(kNm) Mid span -59.60 0.00 -47.84 80.27 -43.84 73.56 -34.13 57.27 -27.25 45.72 -25.87 43.41

Connection C 46.35 0.00 55.41 119.55 59.48 128.33 69.15 149.19 76.05 164.08 77.41 167.01

Column Moments Support A -23.93 0.00 -43.31 180.99 -56.89 237.74 -47.71 199.37 -32.44 135.56 -35.96 150.27
(kNm) Mid span 11.25 0.00 6.41 56.98 3.01 26.76 5.31 47.20 9.12 81.07 8.32 73.96

Connection B 46.44 0.00 56.12 120.84 62.90 135.44 58.32 125.58 50.69 109.15 52.60 113.26

Beam Connection B -1.10 0.00 6.51 -691.82 15.34 -1494.55 33.40 -3136.36 48.25 -4486.36 51.89 -4717.27
Y-Deflections Mid span -10.91 0.00 -1.41 12.92 7.46 -168.38 25.66 -335.20 25.87 -337.12 -76.09 697.43

(mm) Connection C -1.10 0.00 6.51 -691.82 15.34 -1494.55 33.40 -3136.36 48.25 -4486.36 51.89 -4717.27

Column Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
X-Deflections Mid span 1.78 0.00 4.33 243.26 7.69 432.02 14.13 793.82 30.11 1691.57 30.42 1708.99

(mm) Connection B 0.28 0.00 6.59 2353.57 14.13 5046.43 23.27 8310.71 30.65 10946.43 88.56 31628.57
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Figure 4.30: Portal beam moments for the portal beam & columns at uniform temperatures 
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Figure 4.31: Portal beam X-deflections for the portal beam & columns at uniform temperatures 
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Figure 4.32: Portal column moments for the portal beam & columns at uniform temperatures 

 

 

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

90.00

100.00

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

1.
2

1.
4

1.
6

1.
8

1.
9

2.
1

2.
3

2.
5

2.
7

2.
9

3.
1

3.
3

3.
5

Column length (m)

X
-D

e
fle

ct
io

n 
(m

m
) Ambient temperature

200 Degrees

400 Degrees

600 Degrees

800 degrees

1000 Degrees

 
Figure 4.33: Portal column X-deflections for the portal beam & columns at uniform temperatures 
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Figure 4.34: Eigen buckling values for the portal frame models 7, 8 & 9 

 

4.4.4.2 Model 8: Only the beam heated uniformly  

 

The same portal frame, as in model 7, was modelled with the same line segments for the beam 

and the columns, but with only the beam temperature varied uniformly (Figure 4.35). The exact 

same material models with the values of Young’s modulus and the coefficient of thermal 

expansion corresponding to the applied various uniform temperatures of the beam and column 

line segments were assigned to the appropriate corresponding material model. In this case it was 

again only necessary to generate two material models and two element groups (Figure 4.35). The 

beam and column sections used were 305 x 165 x 41 kg/m and 203 x 203 x 52 kg/m, 

respectively, and the exact static loads were applied as before (Table 4.1). The supports of the 

frame were fixed in all degrees of freedom and the beam-column connections were modelled as 

fixed connections. 

 

Again, when looking at figure 4.36, it can be noted that the distribution of moments away from 

mid span causing a maximum increase of 80 % at the supports at 800 ˚C (Table 4.12).   At this 

point the moments at the supports suddenly starts decreasing and the mid span moments start to 

increase at approximately 800 ˚C. It can be assumed that there is a redistribution of the loads to 

prevent failure as the moment capacity at the connection is reached. The reverse increase in 

moments is approximately equal to 20 % (Table 4.12). 
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Figure 4.35: Model 8: Portal beam at various uniform temperatures 

 

The column is however subjected to large moments caused by the horizontal thrust of the 

expanding beam. The column however, also redistributes the moments within itself so that it can 

be observed that a rather larger moment is developed in the base of the column (Figure 4.37) 

with an increase of 741 % as shown in table 4.12 for model 8. It can also be seen that the column 

deflection exceeds the L/300 serviceability deflection limit. Here L/300 = 11.67 mm, whereas 

the maximum deflection of the column is at 57.8 mm, equalling to an approximate increase of 

11115 % due to temperature (Figure 4.38 and Table 4.12). 

 

Once again, it can be seen that the beam y-deflection is reduced as the beam heats up. It can be 

taken that the cooler and stiffer joints are reducing the mid span deflections. However, at about 

1000 ˚C the deflection in mid span increases dramatically to close to 40 mm, and exceeds the 

L/300 serviceability limit of 190 mm (Figure 4.39 and Table 4.12). The reverse percentage 

deflection increase is equal to 350 %, (Table 4.12). 

By studying the buckling analysis, it can be seen that the strength of the portal frame at 1000 ˚ C 

is still at 42 % (figure 4.34) while the strength for the complete portal frame heated uniformly is 

only at 9.44%. The beam x-deflection is shown in figure 4.40 and ties up with the column 

deflection of 57.8 mm. The expansion of an unrestrained beam [40] is given by  

Expansion = TLα          (4.3) 

Where α  the coefficient of expansion, L is the length of the beam and T is the difference 

between the temperatures of the heated member and the temperature of the member at room 

temperature, that is, 20 ˚ C.  
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 The estimated thermal expansion from eqn 4.3, for this beam is 121.98 mm which is 

approximately twice the actual deflection shown in figure 4.40. Based on this observation, it can 

be assumed that the columns have played a major part in restraining the expansion of the beam. 

The output values for the beam moments, x-deflections, y-deflections and column moments are 

summarized in       table 4.12.  

Table 4.12: Summary of the results for model 8 (supports fixed in all directions) with beam subjected to uniform 

temperatures 

Values at 20 ºC and Values at 100 ºC and Values at 200 ºC and Values at 300 ºC and Values at 400 ºC and Values at 500 ºC and Values at 600 ºC and Values at 700 ºC and Values at 800 ºC and Values at 900 ºC and Values at 1000 ºC and 
percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase
 of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient 

Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of
value value value value value value value value value value value

Ambient(20 ºC)  from ambient 100 ºC  from ambient 200 ºC  from ambient 300 ºC  from ambient 400 ºC  from ambient 500 ºC  from ambient 600 ºC  from ambient 700 ºC  from ambient 800 ºC  from ambient 900 ºC  from ambient 1000 ºC  from ambient
Beam moments Connection B 47.20 0.00 0.00 0.00 59.10 125.21 0.00 0.00 74.30 157.42 0.00 0.00 84.80 179.66 0.00 85.50 181.14 0.00 75.90 160.81

(kNm) Mid span -56.00 0.00 0.00 0.00 -44.00 78.57 0.00 0.00 -28.90 51.61 0.00 0.00 -18.40 32.86 0.00 -17.70 31.61 0.00 -27.30 48.75
Connection C 47.00 0.00 0.00 0.00 59.10 125.74 0.00 0.00 74.20 157.87 0.00 0.00 84.70 180.21 100.00 85.40 181.70 0.00 75.80 161.28

Column momentsSupport A -24.93 0.00 0.00 -48.70 195.35 0.00 -81.24 325.87 0.00 100.00 -117.00 469.31 0.00 0.00 -152.90 613.32 0.00 0.00 -184.50 740.07
(kNm) Mid span 9.14 0.00 0.00 2.20 24.07 0.00 -7.80 -185.34 0.00 0.00 -21.70 -337.42 0.00 0.00 -40.40 -542.01 0.00 0.00 -61.50 -772.87

Connection B 47.23 0.00 0.00 59.10 125.13 0.00 74.27 157.25 0.00 100.00 84.80 179.55 0.00 0.00 85.50 181.03 0.00 0.00 75.90 160.70

Beam Connection B -1.10 0.00 0.00 -1.40 127.27 0.00 -1.31 119.09 0.00 100.00 -1.20 109.09 0.00 0.00 -1.10 100.00 0.00 0.00 -1.00 90.91
Y-Deflections Mid span -10.91 0.00 0.00 -8.40 76.99 0.00 -4.88 44.73 0.00 0.00 -1.80 16.50 0.00 0.00 -1.60 14.67 0.00 0.00 -38.20 350.14

(mm) Connection C -1.10 0.00 0.00 -1.40 127.27 0.00 -1.31 119.09 0.00 100.00 -1.20 109.09 0.00 0.00 -1.10 100.00 0.00 0.00 -1.00 90.91

Column Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.00
X-Deflections Mid span -1.79 0.00 0.00 -4.19 234.08 0.00 -7.49 418.44 0.00 0.00 -11.25 628.49 0.00 0.00 -15.22 850.28 0.00 0.00 -18.93 1057.54

(mm) Connection B -0.52 0.00 0.00 -7.54 1450.00 0.00 -17.40 3346.15 0.00 100.00 -29.43 5659.62 0.00 0.00 -43.46 8357.69 0.00 0.00 -57.80 11115.38
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Figure 4.36: Portal beam moments for the portal beam at uniform temperatures 
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Figure 4.37: Portal column moments for the portal beam at uniform temperatures 
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Figure 4.38: Portal column X-deflections for the portal beam at uniform temperatures 
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Figure 4.39: Portal beam Y-deflections for the portal beam at uniform temperatures 
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Figure 4.40: Portal beam X-deflections for the portal beam at uniform temperatures 
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4.4.4.3 Model 9: Column heated at various uniform temperatures  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.41: Model 9: Portal column at various uniform temperatures 

 

In this case, the same portal frame was modelled with line segments for the columns and the 

beam. The hermitian beam elements were used to generate the 203 x 203 x 52 kg/m columns and 

the 305 x 165 x 41 kg/m beam (Figure 4.41). In total three element groups were generated as 

well as three isotropic linear elastic material models.  

 

The values of Young’s modulus and the coefficient of thermal expansion corresponding to the 

applied various uniform temperatures of the column line segments were assigned to the 

appropriate corresponding material model. In this case the column temperature was varied 

uniformly. The same portal frame with the same static loads and boundary conditions, beam 

sections, and so on, was used (Figure 4.41). 

The beam moments, obtained from a static analysis, increased at mid span by 161 % and reduced 

at the right hand side (RHS) support by 76 % and 69 % at the left hand side support (Figure 4.42 

and Table 4.13). It can be noted that the left hand side (LHS) support moment initially increased 

by 10 % up to 400 ˚C before being reduced to 31 %. This is a notable behaviour pattern, because 

so far there was distribution to the supports away from the mid span regions. There may be 

various explanations for this behaviour. One explanation may be that the heated column has a 

reduced moment capacity but still have sufficient axial capacity. The beam cannot redistribute its 

moments as it is not subjected to heat as is the case in models 7 and 8. The beam therefore 

behaves similar to a simply supported beam. 

The other scenario could be that the vertically expanding column causes curvature in the beam 

member resulting in an increase in moments in the mid span of the beam. This additional 
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curvature causes a reduction in curvature at the supports, resulting in reduced moments at the 

beam-column connections. 

In figure 4.43, it can be seen that the column expands vertically by the same amount that the 

beam deflects in the y- direction. The deflection at 0.0 meters, that is, LHS support, increases by 

-4815 % (upwards) while the deflection increases by 139 % (downwards) at the other end 

(Figure 4.43 and Table 4.13). 

Furthermore, figure 4.44 shows that the column moment at the top reduces by 68 % and that the 

base moments reduced by 71 % (Table 4.13). 

The column x-deflection, shown in figure 4.45 exhibits a notable pattern. It forms a half sine 

curve that later develops into a form that is about a 75% of a full sine curve. The column x-

deflection at mid span has increased by – 540 % (outwards in the negative x-direction) while it 

increased by + 127 % (inwards in the positive x-direction) at the top (Figure 4.45 and Table 

4.13).  

The beam x-deflection is shown in figure 4.46 and it can be seen that the left hand side (LHS) of 

the graph goes from a positive to a negative deflection. 

 

Table 4.13: Summary of the results for model 9 (supports fixed in all directions): LHS column subjected to uniform 

temperatures

Values at 20 ºC and percentage Values at 200 ºC and percentage Values at 400 ºC and percentage Values at 600 ºC and percentage Values at 800 ºC and percentage Values at 1000 ºC and percentage 
increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient 

Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of
Ambient(20 ºC) value from ambient 200 ºC value from ambient 400 ºC value from ambient 600 ºC value from ambient 800 ºC value from ambient 1000 ºC value from ambient

Beam Moments Connection B 47.20 0.00 49.40 104.66 51.80 109.75 47.60 100.85 36.50 77.33 14.60 30.93
(kNm) Mid span -56.00 0.00 -57.60 102.86 -58.90 105.18 -64.30 114.82 -74.30 132.68 -90.20 161.07

Connection C 47.00 0.00 41.80 88.94 36.60 77.87 29.90 63.62 20.90 44.47 11.40 24.26

Column Moments Support A -24.90 0.00 -19.40 77.91 -16.20 65.06 -15.41 61.89 -13.98 56.14 -7.17 28.80
(kNm) Mid span 9.10 0.00 15.00 164.84 17.80 195.60 16.09 176.81 11.27 123.85 3.70 40.66

Connection B 45.20 0.00 49.40 109.29 51.80 114.60 47.60 105.31 36.53 80.82 14.57 32.23

Beam Connection B -1.10 0.00 7.75 -804.55 19.64 -1885.45 33.50 -3145.45 48.22 -4483.64 51.87 -4815.45
Y-Deflections Mid span -10.91 0.00 -6.69 61.32 -1.09 9.99 4.53 -141.52 9.46 -186.71 7.48 -168.56

(mm) Connection C -1.10 0.00 -1.53 139.09 -1.53 139.09 -1.53 139.09 -1.53 139.09 -1.53 139.09

Column Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
X-Deflections Mid span -1.79 0.00 1.24 -169.27 0.89 -149.72 1.43 -179.89 3.26 -282.12 7.88 -540.22

(mm) Connection B -0.52 0.00 -2.20 423.08 -4.76 915.38 -6.54 1257.69 -6.70 1288.46 -0.66 126.92
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Figure 4.42: Portal beam moments for varying uniform LHS column temperatures 
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Figure 4.43: Portal beam Y-deflections for uniform LHS column temperatures 
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Figure 4.44: Portal column moments for uniform LHS column temperatures 
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Figure 4.45: Portal column X-deflections for the LHS column at uniform temperatures 
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Figure 4.46: Portal beam X-deflections for the LHS column at uniform temperatures 

 

4.4.4.4 Model 10: Various gradient heats applied along the beam length 

 

The study on the portal frame is extended further by applying a temperature gradient along the 

beam only and keeping the columns constant except for allowing heat distribution of 7% to a 

third length of the LHS column top length (Figure 4.47). Table 4.14 lists the actual temperatures 

applied to the top third (1/3) length of the column.  

The portal frame was modelled with line segments for the columns and the beam. The beam was 

modelled with six line segments and the LHS column was modelled with two segments while the 

RHS column was modelled with a single line segment. The hermitian beam elements were used 

to generate the 203 x 203 x 52 kg/m columns and the 305 x 165 x 41 kg/m beam (Figure 4.47).  

 

 

 

 

 

 

 

 

 

 

Figure 4.47: Model 10:  Portal beam with temperature gradients along the beam length 
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Figure 4 .48: Po rtal beam  w ith tem perature grad ients along the beam  length
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Overall, five element groups were generated as well as five isotropic linear elastic material 

models. The values of Young’s modulus and the coefficient of thermal expansion corresponding 

to the applied various uniform temperatures of the beam and column line segments were 

assigned to the appropriate corresponding material model. It can be seen in figure 4.47 that the 

same portal frame as model 9 was used with the same static loading; the supports are fixed as 

well. 

 

It can once again be seen, that the mid span moments of the beam are reduced by 90 % and the 

support moments are increased by approximately 200 % (Figure 4.48). As can be seen in table 

4.14, the magnitude of these values can have a negative impact on the structural integrity of the 

frame (Figure 4.48). 

 

The column moments are once again increased by the axial thrust of the beam (approximately      

210 % at the top and 567 % at the base of the column). The moments for this model are shown in 

table 4.14 and will impact negatively on the structural integrity of the frame (Figure 4.49). 

Figure 4.50 indicates the extent of the column x-deflection or lateral deflection. The percentage 

deflection increase is approximately 7340 % from ambient (Table 4.14). 

 

Figure 4.51 shows that the beam mid span has a downwards deflection at low temperatures but 

changes to an upwards deflection at temperatures above approximately 800 º C. This indicates a 

reverse bowing effect. The reverse deflection percentage of 127 % is a notable value and can 

influence the durability of the frame and the actual development is seen in table 4.14. The beam 

x-deflection (Figure 4.52) also increased by approximately 7340 % due to temperature increase. 

The temperature gradient however has reduced both the beam and column deflections compared 

to the deflections of the portal frames in models 7 and 8 in which the beams were subjected to 

uniform temperature increases (Tables 4.11, 4.12 and 4.14).  

 

Figure 4.53 shows the deterioration of the frame for a temperature gradient along the beam for 

heat increments of approximately 100 ˚ C up to 1000 ˚ C. It can be seen that the remaining 

strength of the frame is still approximately 77 % (Figure 4.53) while the remaining strength of 

the portal frame (model 8) with the beam subjected to uniform temperature increases is  at 42 

%(Figure 4.34) . 
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Table 4.14: Summary of the results for model 10 (supports fixed in all directions): beam subjected to gradient 

temperatures 
Values at 20 ºC and Values at 95 ºC and Values at 190 ºC and Values at 286 ºC and Values at 381 ºC and Values at 476 ºC and Values at 571 ºC and Values at 667 ºC and Values at 762 ºC and Values at 857 ºC and Values at 952 ºC and 
percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase percentage increase
 of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient  of values from ambient 

Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of
value value value value value value value value value value value

Ambient(20 ºC)  from ambient 95 ºC  from ambient 190 ºC from ambient 286 ºC  from ambient 381 ºC  from ambient476 ºC  from ambient 571 ºC  from ambient 667 ºC  from ambient 762 ºC  from ambient 857 ºC  from ambient 952 ºC  from ambient
Beam moments Connection B 47.20 0.00 55.20 116.95 66.70 141.31 79.90 169.28 91.50 193.86 98.90 209.53

(kNm) Mid span -56.00 0.00 -47.90 85.54 -36.40 65.00 -23.30 41.61 -12.10 21.61 -5.90 10.54
Connection C 47.00 0.00 55.20 117.45 66.70 141.91 79.80 169.79 90.60 192.77 95.60 203.40

Column momentsSupport A -24.93 0.00 -40.00 160.45 -62.30 249.90 -87.82 352.27 -115.07 461.57 -141.30 566.79
(kNm) Mid span 9.14 0.00 6.00 65.65 0.40 4.38 -6.36 -169.58 -14.71 -260.94 -27.90 -405.25

Connection B 47.20 0.00 55.20 116.95 66.70 141.31 79.93 169.34 91.55 193.96 98.90 209.53

Beam Connection B -1.10 0.00 -1.36 123.64 -1.31 119.09 -1.25 113.64 -1.20 109.09 -0.81 73.64
Y-Deflections Mid span -10.91 0.00 -9.31 85.33 -7.10 65.08 -4.70 43.08 -1.40 12.83 2.94 -126.95

(mm) Connection C -1.10 0.00 -1.36 123.64 -1.31 119.09 -1.25 113.64 -1.20 109.09 -1.33 120.91

Column Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
X-Deflections Mid span -1.79 0.00 -3.76 210.06 -6.29 351.40 -9.24 516.20 -12.47 696.65 -15.46 863.69

(mm) Connection B -0.52 0.00 -4.81 925.00 -11.30 2173.08 -19.04 3661.54 -27.77 5340.38 -38.17 7340.38
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Figure 4.48: Portal beam moments for the beam at gradient temperatures along the length 
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Figure 4.49: Portal column moments for the beam at gradient temperatures along the length 

 

 

-45.00

-40.00

-35.00

-30.00

-25.00

-20.00

-15.00

-10.00

-5.00

0.00

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

1.
2

1.
4

1.
6

1.
8

1.
9

2.
1

2.
3

2.
5

2.
7

2.
9

3.
1

3.
3

3.
5

Column length (m)

X
-D

ef
le

ct
io

n 
(m

m
)

Ambient Temperature

95 Degrees

190 Degrees

286 Degrees

381 Degrees

476 Degrees

571 Degrees

667 Degrees

762 Degrees

857 Degrees

952 Degrees

 
Figure 4.50: Portal column X-deflections for the beam at gradient temperatures along the length 
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Figure 4.51: Portal beam Y-deflections for the beam at gradient temperatures along the length 
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Figure 4.52: Portal beam X-deflections for the beam at gradient temperatures along the length 
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Figure 4.53: Eigen buckling values for the portal frame models 10 & 11 

 

4.4.4.5 Model 11: Gradient heats applied along the LHS column length 

 

The same  portal frame with the exact physical dimensions were modelled with line segments for 

the 305 x 165 x 41 kg/m and 203 x 203 x 52 kg/m beam and column sections respectively 

(Figure 4.54).  

 

The column was divided into three segments while the beam was divided into two segments. The 

hermitian beam element group was assigned to the line segments in order to generate the 305 x 

165 x 41 kg/m and 203 x 203 x 52 kg/m beam and column sections respectively. An isotropic 

linear elastic material model was generated for each of the beam or column line segments 

sharing the same material and cross sectional properties. In this case, it was necessary to generate 

five material models and five element groups. The supports of the frame were fixed in all 

degrees of freedom and the beam-column connections were modelled as fixed connections. 
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Figure 4.54:  Model 11: Portal column with temperature gradients along the length 

 

The values of Young’s modulus and the coefficient of thermal expansion corresponding to the 

applied various uniform temperatures of the beam and column line segments were assigned to 

the appropriate corresponding material model (Figure 4.54). For this frame, a temperature 

gradient was applied to the LHS column only. The segment L2 was modelled at the same 

temperature as for the beam mid span at T3 and the segments L1 and L3 were modelled at 42% 

lower than T3. For the beam gradient temperature model and values for T3, respectively (Figure 

4.4 and Table 4.3). Table 4.15 lists the temperatures used for the column and beam segments. 

 

It can be seen that there is a downward distribution of beam moments at the LHS and RHS 

column supports of approximately 10 % and 34 % (Figure 4.55 and Table 4.16). Figure 4.56 

shows that the moment at the top of the RHS column increases by 10 % up to approximately 600 

˚C and then reduces by approximately 19 % up to 1000 ˚ C. The total decrease in moment is 

approximately 10 %. The same tendency applies to the base of the column with a decrease of 

approximately 25 % up to 600 ˚ C and an increase of 29 % afterwards up to 1000 ˚ C (Figure 

4.56 and Table 4.16). The column therefore, is distributing its load to the beam mid span.   

 

The column x-deflection is depicted in figure 4.57 and exhibits a half sine profile with a total 

increase in deflection at mid height of 185 % inwards and a outwards deflection of 

approximately -1625 % at the top (Figure 4.57 and Table 4.16). The actual deflection is small (8 

mm) when compared to the portal frame of model 7 (Figure 4.29) with the uniform temperature 

increase for all members (90 mm) and compared to the portal frame models with different 
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Figure 4.55: Portal beam with temperature gradients along the beam length
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Figure 4.55: Portal beam with temperature gradients along the beam length
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heating regimes. This could mainly be due to the portal beam acting as a tie-beam in this case 

except for model 9 (Figure 4.45) in which the column only was heated uniformly. 

 

Table 4.15: A list of the gradient temperatures that were applied to the LHS column, temperature for L4 and apply to 

other figures as well. 

Segment Length (m) Temperature Type Temperature Range (º C) Comment

L1 1.167 T5 55 to 545 42% of mid span temperature i.e.
temperature for segment L2

L2 1.167 T3 95 to 952

L3 1.167 T5 55 to 545

L4 1.167 T6 23.9 to 58.2 Beam segment closest to the 
support modeled at 7% of L1 plus
20 º C (ambient temperature)

T3                                  Refers to figures 4.4, 4.11, 4.18, 4.25, 4.47 & 4.54 and to table 4.4

T5 & T6             Refers to figure 4.54

 

 

The beam y-deflection is shown in figure 4.58 and table 4.16. The beam experiences an upward 

vertical deflection due to the expansion of the column. This increase of deflection is in the order 

of approximately 3535 % at 1000 ˚C compared to the ambient temperature (Table 4.16). 

 

The beam x-deflection is slightly restraint by the heated column that is forced outwards and 

downwards by mainly the axial load. It can be seen in figure 4.59 and table 4.16 that the beam 

however experiences very little expansion in the order of 8.5 mm (185 % compared to the 

ambient temperature). Compared to the deflections for the heated beams of model 8 (Figure 

4.40) and model 10 (Figure 4.52), this deflection is very small. 

 

Table 4.16: Summary of the results for model 11 (supports fixed in all directions): LHS column subjected to 

gradient temperatures 

Values at 20 ºC and percentage Values at 200 ºC and percentage Values at 400 ºC and percentage Values at 600 ºC and percentage Values at 800 ºC and percentage Values at 1000 ºC and percentage 
increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient 

Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of
Ambient(20 ºC) value from ambient 200 ºC value from ambient 400 ºC value from ambient 600 ºC value from ambient 800 ºC value from ambient 1000 ºC value from ambient

Beam Moments Connection B 47.20 0.00 48.60 102.97 50.80 107.63 51.70 109.53 49.90 105.72 42.70 90.47
(kNm) Mid span -56.00 0.00 -57.00 101.79 -57.40 102.50 -58.50 104.46 -60.90 108.75 -66.10 118.04

Connection C 47.00 0.00 43.60 92.77 40.50 86.17 37.30 79.36 34.20 72.77 31.20 66.38

Column Moments Support A -24.90 0.00 -21.00 84.34 -19.00 76.31 -18.60 74.70 -21.20 85.14 -26.20 105.22
(kNm) Mid span 9.10 0.00 11.80 129.67 14.00 153.85 14.60 160.44 12.40 136.26 6.30 69.23

Connection B 47.20 0.00 48.60 102.97 50.80 107.63 51.70 109.53 49.90 105.72 42.70 90.47

Beam Connection B -1.10 0.00 4.51 -510.00 11.88 -1180.00 20.38 -1952.73 29.71 -2800.91 37.78 -3534.55
Y-Deflections Mid span -10.91 0.00 -8.22 75.34 -4.58 41.98 -0.53 -95.14 3.62 -133.18 6.46 -159.21

(mm) Connection C -1.10 0.00 -1.53 139.09 -1.52 138.18 -1.52 138.18 -1.52 138.18 -1.52 138.18

Column Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
X-Deflections Mid span -1.79 0.00 -1.36 75.98 -1.12 62.57 -1.10 61.45 -1.60 89.39 -3.32 185.47

(mm) Connection B -0.52 0.00 1.39 -367.31 3.14 -703.85 5.13 -1086.54 7.14 -1473.08 7.93 -1625.00
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Figure 4.55: Portal beam moments for the column at gradient temperatures along the length 
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Figure 4.56: Portal column moments for the column at gradient temperatures along the length 
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Figure 4.57: Portal Column X-deflections for the column at gradient temperatures along the length 
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Figure 4.58: Portal beam Y-deflections for the column at gradient temperatures along the length 
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Figure 4.59: Portal beam X-deflections for the column at gradient temperatures along the length 

 

4.4.5 Multi-Storey Frame 

 

4.4.5.1 Model 12: All members of lower LHS compartment heated 

uniformly 

 

To take the investigations further, a multi-storey frame, three bays with two storeys, was 

included. The first bay, bottom left hand side, marked ‘Bay 1’was considered as a fire 

compartment (Figure 4.60). Firstly, all the columns and the floor beam is uniformly heated and 

each member considered as heated on all four sides. All beams are 5.5 m long and made up of 

305 x 165 x 41 kg/m I-beam sections while the columns are 3 m high made up of 203 x 203 x 52 

H-column sections. A uniformly distributed load of 25.4 kN/m was applied to all beams with 

point loads of 75.5 kN and 151 kN (Figure 4.60). 

 

The model was generated with line segments for each column and beam. The hermitian beam 

elements were used to generate the column and beam sections. For this frame, a total of four 

element groups and two isotropic linear elastic material models were generated. All the supports 

and beam-column connections were modelled as fixed.  
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The values of Young’s modulus and the coefficient of thermal expansion corresponding to the 

applied various uniform temperatures of the beam and column line segments were assigned to 

the appropriate corresponding material model.  

 

In figure 4.61 and table 4.17 it can be seen that the maximum bending moments are located at 

the beam-column connections, with the minimum bending moments in the span. The moments in 

the span is only slightly increased by 21 % up to approximately 800 ˚C and then decreases by 13 

% up to 1000 ˚C. The moment at the external beam-column connections is increased by 364 % 

up to 600 ˚ C before it drops to 169 % up to 1000 ˚ C (Table 4.17). At the internal connection the 

moments increase by 225 % up to 800 ˚ C before it drops by 11 %. It can be seen that the 

moments are distributed to both supports (fixed joints) until joints reach capacity limits, for 

example, internal and external joints. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.60: Model 12: Multi Storey frame with a uniform temperature applied to the beam and columns of Bay 1 

 

The moment at the top of the external column increased by 387 % and follows exactly the same 

profile of the joint moments (Figure 4.62 and Table 4.17). It can be seen in figure 4.63 that the 

column x-deflection of ± 107 mm exceeds the serviceability limit of L/300 (3000/300 = 10 mm) 

by approximately 100 mm. 
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The beam y-deflection shows the same tendency as in the portal frame models 8 and 10. The 

deflection is once again upwards and increases by - 469 % from ambient up to 600 ˚ C before it 

reduces to a downwards deflection of + 550 % up to 1000 ˚ C (Figure 4.64 and Table 4.17). 

However, the deflections are just within the serviceability limit of L/300 = 18.3 mm for the 

downwards deflections but exceeds this limit by approximately 14.5 mm for the upwards 

deflections (Figure 4.64 and Table 4.17). The beam x-deflection is the most severe at the 

external joint of the frame (Figure 4.65). It can be seen in figure 4.66 that the strength of the 

frame reduces to 22.7% at 1000 ˚C of its strength at ambient temperature. 

Table 4.17: Summary of the results for model 12 (supports fixed in all directions): beams & column of bay subjected 

to uniform temperatures 

Values at 20 ºC and percentage Values at 200 ºC and percentage Values at 400 ºC and percentage Values at 600 ºC and percentage Values at 800 ºC and percentage Values at 1000 ºC and percentage 
increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient 

Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of
Ambient(20 ºC) value from ambient 200 ºC value from ambient 400 ºC value from ambient 600 ºC value from ambient 800 ºC value from ambient 1000 ºC value from ambient

Beam Moments Connection B 49.00 0.00 84.70 172.86 154.60 315.51 192.30 392.45 178.30 363.88 82.70 168.78
(kNm) Mid span -36.90 0.00 -34.70 94.04 -34.30 92.95 -39.90 108.13 -44.60 120.87 -39.90 108.13

Connection C 69.50 0.00 78.40 112.81 97.80 140.72 126.90 182.59 156.30 224.89 148.50 213.67

Column Moments Support A -16.60 0.00 -75.40 454.22 -143.10 862.05 -170.00 1024.10 -147.70 889.76 -64.30 387.35
(kNm) Mid span 5.10 0.00 4.60 90.20 5.80 113.73 11.10 217.65 15.30 300.00 9.20 180.39

Connection B 49.00 0.00 84.70 172.86 154.60 315.51 192.30 392.45 178.30 363.88 82.70 168.78

Beam Connection B 0.07 0.00 7.40 10471.43 17.77 25285.71 30.26 43128.57 44.57 63571.43 56.17 80142.86
Y-Deflections Mid span -5.04 0.00 2.48 -149.21 12.07 -339.48 18.62 -469.44 16.84 -434.13 -32.77 550.20

(mm) Connection C -0.64 0.00 6.56 -1125.00 16.63 -2698.44 28.19 -4504.69 39.93 -6339.06 39.96 -6343.75

Column Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
X-Deflections Mid span -1.02 0.00 -5.63 551.96 -12.66 1241.18 -23.59 2312.75 -40.26 3947.06 -65.04 6376.47

(mm) Connection B -0.93 0.00 -10.18 1094.62 -23.76 2554.84 -42.40 4559.14 -67.33 7239.78 -100.00 10752.69
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Figure 4.61: M/storey beam moments for the beam and columns at uniform temperatures 
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Figure 4.62: M/storey column moments for the beam & columns at uniform temperatures 
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Figure 4.63: M/storey column X-deflections for the beam & columns at uniform temperatures 
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Figure 4.64: M/storey beam Y-deflections for the beam & columns at uniform temperatures 
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Figure 4.65: M/storey beam X-deflections for the beam & columns at uniform temperatures 
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Figure 4.66: M/storey frame Eigen buckling values for models 12 & 13 

 

4.4.5.2 Model 13: Lower LHS compartment beam heated uniformly 

 

The same model as model 12 was used with the same loads and fixed support conditions with 

fixed beam-column connections (Figure 4.67). The model was generated as line segments 

representing the beams and columns. The hermitian beam elements were used to generate the 

column and beam sections. For this frame, a total of three element groups and two isotropic 

linear elastic material models were generated. The values of Young’s modulus and the 

coefficient of thermal expansion corresponding to the applied various uniform temperatures of 

the beam line segment were assigned to the appropriate corresponding material model (Figure 

4.67). 

 

It can be seen in figure 4.68 and table 4.18 that there is a distribution of moments in the 

compartment beam to the LHS joint with very little bending moment in the span. The span 

moments are similar to the multi-storey frame of model 12 with a reduction of approximately 14 

%. The external joint increases in moment by 808 % from ambient up to 1000 ˚C while the 

internal joint reduces in moment by 8 % (Figure 4.68 and Table 4.18). Once again the column 

moments follow the exact profile of the external joint moments (Figure 4.69 and Table 4.18). 
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The column x-deflection, as shown in figure 4.70 and table 4.18, is increased by 6417 % up to   

1000 ˚ C and is about 40 % less than the deflection of the column for the frame of model 12 

(Figure 4.63 and Table 4.17).   

 

The beam y-deflection increases downwards and has a total increase of 1071 % at a temperature 

of 1000 ˚ C (Figure 4.71 and Table 4.18). This deflection of about 54 mm exceeds the 

serviceability deflection limit of L/300 = 18.3 mm by 35.7 mm. 

 

It can be seen that the beam x-deflection is large at the external joint (Figure 4.72), but is only 

approximately 30 % of the beam deflection for the frame of model 12 (Figure 4.63 and Table 

4.17). 

In figure 4.66, it can be seen how the frame buckling strength deteriorates with temperature up to 

18% of ultimate strength at ambient temperature. This is less than the case of the frame with the 

beams and columns heated uniformly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.67: Model 13: Multi Storey frame with a uniform temperature applied to the beam only of Bay 1 
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Table 4.18: Summary of the results for model 13 (supports fixed in all directions): beam of bay subjected to uniform 

temperatures, only 
Values at 20 ºC and percentage Values at 200 ºC and percentage Values at 400 ºC and percentage Values at 600 ºC and percentage Values at 800 ºC and percentage Values at 1000 ºC and percentage 
increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient increase of values from ambient 

Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of Value at % Increase of
Ambient(20 ºC) value from ambient 200 ºC value from ambient 400 ºC value from ambient 600 ºC value from ambient 800 ºC value from ambient 1000 ºC value from ambient

Beam Moments Connection B 49.00 0.00 88.70 181.02 175.30 357.76 276.00 563.3 377.00 769.39 395.80 807.76
(kNm) Mid span -36.90 0.00 -35.20 95.39 -32.90 89.16 -31.10 84.3 -30.70 83.20 -31.60 85.64

Connection C 69.50 0.00 68.30 98.27 67.40 96.98 65.70 94.5 64.30 92.52 64.00 92.09

Column Moments Support A -16.60 0.00 -81.00 487.95 -171.20 1031.33 -276.50 1665.7 -383.30 2309.04 -403.80 2432.53
(kNm) Mid span 5.10 0.00 3.80 74.51 2.10 41.18 -0.20 -103.9 -3.10 -160.78 -4.00 -178.43

Connection B 49.00 0.00 88.70 181.02 175.30 357.76 276.00 563.3 377.00 769.39 395.80 807.76

Beam Connection B 0.07 0.00 -0.51 -828.57 -0.38 -642.86 -0.26 -471.4 -0.13 -285.71 -0.01 -114.29
Y-Deflections Mid span -5.04 0.00 -5.50 109.13 -5.55 110.12 -7.46 148.0 -13.86 275.00 -53.98 1071.03

(mm) Connection C -0.64 0.00 -1.23 192.19 -1.13 176.56 -1.03 160.9 -0.94 146.88 -0.83 129.69

Column Support A 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0 0.00 0.00 0.00 0.00
X-Deflections Mid span -1.02 0.00 -5.73 561.76 -12.33 1208.82 -20.04 1964.7 -27.88 2733.33 -29.40 2882.35

(mm) Connection B -0.93 0.00 -10.63 1143.01 -24.21 2603.23 -40.13 4315.1 -56.45 6069.89 -59.68 6417.20
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Figure 4.68: M/storey beam moments for the beam at uniform temperatures 
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Figure 4.69: M/storey column moments for the beam at uniform temperatures 
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Figure 4.70: M/storey column X-deflections for the beam at uniform temperatures 
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Figure 4.71: M/storey beam Y-deflections for the beam at uniform temperatures 
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Figure 4.72: M/storey beam X-deflections for the beam at uniform temperatures 
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4.5 Summary     

 

Beam members spread the moments from the span towards the supports depending on whether 

the supports are pinned or fixed and fall in the range of 0 to 50 %. The only variance seems to be 

the isolated fixed end supported members, that is, beams and columns at varying uniform 

temperatures. 

 

The type of support or connection affects the moment behaviour of the beams. Simply supported 

beams are unable to spread the applied moments to the stiffer regions i.e. distribute, as their 

supports cannot absorb moments. 

 

 The isolated members, that is, beams and columns, having fixed end support conditions and 

temperature gradients along the lengths exhibited moment distribution away from the midspan 

regions to the supports in a range of 15 to 90 %. This gradient temperature seems to enable the 

distribution of moments in beam/column members. The deflections generated by the thermal 

expansion are less than the deflections for the beams subjected to uniform temperature increases. 

This difference is in the order of 38 %. For the columns the y-deflection increase was in the 

order of 3936 %. 

 

Isolated beam and column members, which have simple and fix end support conditions and are 

subjected to varying uniform temperatures seem unable to spread the moments from weaker to 

more rigid sections. The result is a constant bending moment while the extra length that is 

generated, causes further y-deflections (x-deflections for the column members). The deflections 

for these beams with simple and fix end support conditions and subjected to uniform temperature 

increases, are higher than for the beams with the same support conditions but subjected to a 

gradient temperature. For the columns the y-deflections were negligible. 

 

In the portal frames the beams have a reduction in the mid span moments of 52 to 90 % while the 

support moments are increased by approximately 60 to 209 %. This is evident in all models 

where the beam is subjected to heat. In the models where the columns were heated, the moments 

were spread to the mid span of the beam. The mid span moments increased by 117 to 406 % 

while the support moments were reduced by 4 to 34 %. The y-deflection of the beam in portal 

frames with the beam and column subjected to gradient temperatures, increases upwards from – 

126 to – 159 %. The upward y-deflection of the beam in portal frames with the column heated 

uniformly also showed an increase of – 171 %. These upward deflections indicate a stiffening 
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effect of the beam and column members which is probably reflected in the buckling analysis 

where some models actually show an increase in strength from 9.44 to 77 %. 

 

For the multi storey frame with all the compartment members heated uniformly, the mid span 

moments are initially reduced by 8 % and then increased by 20 % before it drops to a final 

increase of 7 %. For the multi storey frame with the beam heated only, the mid span moments 

are reduced by 15 % while the LHS support moments increased by 807 %. 

 

The column base moments for the portal frames with heated beams showed an increase of 105 % 

to 739 % while the moments at the top of the columns were increased by 113 % to 218 %. The 

portal frames with columns heated showed a decrease of base moments of approximately 70 % 

except for model 11 which had a slight increase of 105 %. The moments at the top of the 

columns for these models showed a general decrease of 10 to 70 %. In general columns have 

showed an increase in moments at the beam-column connections and can be attributed to the 

thermal expansion of heated beams.    

 

Isolated members and complete frames/structures with increasing gradient temperatures tend to 

exhibit more strength than isolated members or complete frames/structures subjected to 

increasing uniform temperature. 
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5. Conclusions 

 

Clearly beam and beam-column members in frames, with fixed supports, exhibit the ability to 

spread their loads from weaker midspan sections to more rigid supports or connections. Isolated 

members with either fixed or pinned supports and subjected to a uniform temperature increase 

are unable to spread the applied moments. However, isolated fix end supported beams that are 

subjected to a gradient temperature have the ability to spread the applied moment to the supports. 

This knowledge implies that steel framed buildings can now be designed for this increased 

moment at the supports of these members. 

 

Heated beams of portal frames induce moments in the columns of these structures. The increase 

in the moments in the columns of the investigated systems is in the region of 113 % to 208 %. 

This means steel structures can now be designed to withstand these induced moments. 

Alternatively, a bracing system can be employed to counteract these induced moments in 

columns.  

 

Gradient temperatures applied to individual members of portal frames causes a reduction in the 

beam mid span deflection and results in an upwards deflection of up to 159 %. This behaviour 

pattern can be beneficial if the deformation under fire conditions is permanent. It will counteract 

downward deflections of members under normal loading conditions. 

 

It is clear from the behaviour patterns that it is unrealistic and conservative to consider uniform 

temperature increases in members as these members will definitely have a temperature gradient 

along their lengths and even across their cross-sections. 

 

It seems that a large portion of the integrity of the structure hinges on the ability of the joints to 

absorb the additional moments. Therefore more detailed attention to the connection performance 

is imperative to ensure the absorption of the additional moments which are in the range of 20 % 

to 100 % more. Therefore, the applied temperature loading on steel structures under fire 

conditions should not include the application of uniform cross sectional and longitudinal 

temperatures on individual or a combination of members forming part of complete frames. 

 

Pattern loading i.e. applying heat to individual or a combination of members forming part of a 

frame, will result in a combination that will yield the highest stresses for a particular or number 

of members. This will ensure that steel framed buildings are designed for the highest possible 

stresses that the building can experience under fire conditions.   
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Portal frames with members subjected to a gradient temperature increase, seem to have a greater 

overall strength than portal frames with members subjected to a uniform temperature rise. This 

improvement in overall strength is in the region of 35 % to 49 %. 

 

However a number of aspects could not be considered in this investigation. These are however 

important. Some of them are mentioned below; 

 

The analysis of steel structures subjected to fire conditions must take into account the variation 

of temperature along the length of the individual members of these structures. More investigation 

is required to determine the effect of a temperature gradient across the cross sections of the 

individual members of steel framed structures. 

 

The global effect of members that form part of larger structures and that are subjected to 

localized heating need to be investigated. 

   

Finite element programs need to incorporate the interaction between the temperature model and 

the structural model to account for the exact distribution of temperature related stresses, strains 

etc in frame modelling. 

 

Further investigation is required on the effects of pattern loading i.e. applying heat on individual 

or a combination of individual members forming part of a complete frame, in order to obtain the 

combination that produces the worst stresses in the members.  
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