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1. Introduction 

High-strength steel (HSS) reduces carbon footprint and promotes sustainable 
construction practices by lowering the weight of structures due to slimmer sec-
tions compared to mild steel [1], requiring less welding surface and reducing 
transportation pay-load. Furthermore, open-plan spaces which are cost-effec-
tive due to fewer partition elements and easily adaptable to accommodate future 
changing needs of building space promote both sustainability and the use of 
HSS. In open-plan spaces with long-span beams and fewer column partitions, 
the possibility of nonuniform and complex fire scenarios increases due to the 
higher probability of variable fire-load distribution. With the development of 
the understanding of fire phenomenon in large spaces, it is useful to improve 
the understanding of the behaviour of long-span structures exposed to complex 
fire scenarios and possibly enhance the robustness of such structures using HSS. 

1.1 Background and motivation 

Behaviour of HSS at elevated temperature 
The yield strength of HSS can be more than twice of that of mild steel. However, 
the elastic modulus of HSS is at the same level, which complicates the design 
and limits the use of HSS for structural members sensitive to deflection. Unlike 
mild steel which has standardised material properties, the characterisation of 
the material properties of HSS at elevated temperature is not fully developed 
because of an observable deviation among the values reported in literature. This 
deviation affects the reliability of the HSS material parameters needed for nu-
merically studying the fire safety of the members. Several studies of HSS with a 
yield strength close to 700 N/mm2 [2-10] have pointed out that the measured 
mechanical properties generally and the values measured for the modulus of 
elasticity in particular [11-12] differ from the values in the design standard EN 
1993-1-2 [13]. The code extension EN 1993-1-12 [14] allows the material prop-
erties of mild steels defined in EN 1993-1-2 [13] to be used for strength grades 
up to S700. However, the observations in literature [2-10] about HSS suggest 
that values provided in EN 1993-1-2 [13] cannot be reliably used for analyses 
describing structural behaviour at elevated temperatures. Therefore, the mate-
rial properties of selected HSS should be measured to formulate the material 
model for a reliable performance-based fire-safety design [15-17]. 
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Numerical studies on the behaviour of HSS structures have been carried out 
in recent literature using the EN 1993-1-2 [13] reduction factors and the meas-
ured values from literature. A study [18] concluded that the reduction factors 
provided in EN 1993-1-2 for HSS frames may lead to underestimation of critical 
temperatures. Additionally, the deviation in the HSS material properties in lit-
erature leads to different deformation outputs [18]. A numerical study [19], 
which used the reduction factors of Eurocode, concluded that the buckling 
curves for S690 steel beams in EN 1993-1-2 are not always safe for both room 
and elevated temperatures. An experimental study [20] on restrained HSS 
beams concluded that the load-bearing capacity of steel beams degenerates 
faster in higher steel grades. An experimental and numerical study [21] high-
lighted that the Q690-grade HSS beams failed due to overall buckling at ele-
vated temperatures unlike mild steel beams. Further studies should be done to 
broaden the understanding of the effect of using HSS compared to mild steel at 
elevated temperatures. 

Response of beams to fire in open-plan spaces 
In open-plan spaces, fire can remain localised in one region [22] or travel across 
the floor [23], thus creating a nonuniform temperature field within the building 
envelope. Travelling fire represents a scenario with temporal and spatial nonu-
niformity of temperature. The travelling fire models by Clifton [24] and Rein 
[25] are not able to capture the dynamics of the smoke layer. Therefore, ad-
vanced fire simulations using detailed computational fluid dynamics (CFD) 
model that encompasses physics, like pyrolysis and smoke layer, are useful for 
providing boundary conditions to finite element (FE) analyses for a more accu-
rate simulation of temperature profiles of steel structures.  

In open-plan spaces, the effect of suppressing fires using water monitors can 
also be captured through fire simulations, but the studies are limited [26]. For 
the suppression of large fires, the defensive approach, where fire is contained by 
cooling the structures and unburnt fuel, is preferred over the offensive ap-
proach, where the fire-source is sprayed with water [27]. For the suppression of 
fires in open-plan spaces with larger fuel potential compared to fires in a small 
compartment, fire-fighting tactics are integral to efficiently use the limited wa-
ter resource. From a structural point of view, a fire intervention leading to sud-
den cooling of structures may also affect the safety and reusability of the steel 
members. The consequence of travelling fire and fire intervention for an open-
plan space is temperature nonuniformity, which can be determined through ad-
vanced fire simulations. The spatially and temporally varying temperature his-
tory recorded from the fire simulations can be used as input to structural simu-
lations. 

It is apparent that long-span steel beams have nonuniform temperatures 
when exposed to travelling fires [28] or eventual fire intervention [26]. Travel-
ling fires can have several peaks of temperature and prominent heating-cooling 
phases [29]. In response to such fire exposure, the beams exhibit fluctuations of 
axial forces [30-31] and deformations [29]. The effects of local peaks and valleys 
of fire temperatures on the mechanism of the beam response have not been 
comprehensively studied, as the failure criteria of the beams according to EN 
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1993-1-2 [13] are based on the performance of isolated members in standard 
furnace fire tests [32-34]. A beam usually fails because it exceeds its deflection 
limit [35-36] or its load-bearing capacity [13]. The end-connections of the beam 
also influence the deformation mechanism, as high axial restraints can lead to 
low beam deflection and early catenary action, thus prolonging the integrity of 
the structures [37-38]. The deformation mechanism of beams with 5.7 m–8.55 
m span was characterised in a study [39] while considering nonuniform cross-
sectional temperature. It was shown [39] that lateral restraints delay the cate-
nary action temperature. It is useful to evaluate the deformation mechanism 
and failure criterion for the beams considering the varying temperature along 
the span. Therefore, the failure of steel beams and applicability of existing fail-
ure criteria considering the travelling fire exposure and the boundary conditions 
of a beam made of both mild and HSS are relevant research topics. 

The analysis of long-span structures exposed to nonuniform fires reveals a va-
riety of responses and considerations in recent literature. Using the localised 
fire based on the standardised curve [40], a truss with a 12 m span was numer-
ically investigated [41]. It was shown that critical temperatures are sensitive to 
the degree of restrained thermal expansion of the structures exposed to nonu-
niform heating. According to studies [30-31], structures have larger defor-
mations when exposed to travelling fires than uniform fires. Numerical studies 
[42-43] indicated that long-span portal frames exposed to localised fire col-
lapsed outwards. According to a numerical study [44], a significant midspan de-
flection was observed for a 33.6 m long truss beam exposed to temperatures as 
low as 200 ℃. Due to computational costs or scope of the numerical studies in 
the literature mentioned above [40-44], fire simulation for open-plan spaces 
and three-dimensional (3D) sections of steel in the FE model to incorporate the 
non-uniform temperature fields on long-span structures were not considered. 
This limits the ability of these studies to resolve temperature nonuniformity at 
cross-sectional level and identify local failures in structures. 

To incorporate the temperature results of fire simulations into FE model for 
structural analysis, a unidirectional coupling of the FDS [45] software to an FE 
analysis programme ANSYS [46] for analysing a square tubular steel column of 
1.6 m height was demonstrated [47]. It was highlighted in the study that the 
temperature difference between the column face on the fire side and the face 
opposite to it leads to significant bending of the column. To identify local and 
global failure mechanisms of the structures, it is necessary to use 3D models 
that can describe nonuniform temperature distributions over the section and 
along the span. A few numerical studies have explored the effect of fire inter-
vention on structural behaviour. If the coupling of fire and structural analysis is 
computationally effective, it is possible to study in detail larger structures of dif-
ferent material strengths exposed to nonuniform fire scenarios due to spreading 
fire and fire intervention. The fire-structure interaction may also be applied to 
study the effects of fire-fighting intervention on structural behaviour and to de-
velop intervention tactics for large-scale fire scenarios. 
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1.2 Objectives and scope 

In this study, the behaviour of long-span steel beams made of both mild steel 
and HSS considering their material and geometrical non-linearities is explored 
using the advanced FE methods. The possibilities of utilising the results of CFD 
analysis as input data to structural analysis are also examined. Moreover, the 
study promotes the use of HSS by defining the material model for an HSS that 
can be used for structural fire-safety design. 

The first objective of the thesis is to develop the understanding of the behav-
iour of long-span beams in fire by using advanced numerical analyses. For this 
objective, the study employs numerical simulation to study the mechanical re-
sponse of HSS structures compared to mild steel structures through the FE 
method. Thermal and mechanical responses are used to determine the critical 
temperatures for comparative study. Regarding the open-plan spaces, the de-
formation mechanism of long-span steel beams of both HSS and mild steel ex-
posed to nonuniform temperature fields is characterised. Finally, a case study 
of a truss beam from a single-storey warehouse demonstrates the coupling of 
CFD-results to structural analyses to study the effects of travelling fire and fire 
intervention on a long-span truss beam. 

In Nordic countries, SSAB AB is a major producer of S700 MC grade, which is 
a relevant and important HSS grade in the region. The second objective of the 
present research is to define the material parameters of S700 MC to analyse 
the behaviour of structures of this steel grade at elevated temperatures. To 
achieve this, the material properties at elevated temperatures must first be de-
fined experimentally through tensile tests. Thereafter, the constitutive equa-
tions can be derived by determining the reduction factors in relation to temper-
ature. Using the reduction factors, the material model of this steel can be for-
mulated for FE analyses to simulate the behaviour of S700 MC steel structures 
at elevated temperatures. 

Figure 1 summarises the objectives and research questions addressed in this 
thesis. The research questions are answered in five publications, which are in-
dicated as P1 to P5 in the figure. 
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Figure 1. Thesis outline using research objectives and questions (P: Publication number) 

The thesis is organised into five main sections. The Introduction includes the 
background and motivation for performing this research as well as the objec-
tives and scope of work undertaken. In the Methods section, the experimental 
methods related to material testing and numerical methods related to the anal-
yses of steel structures are presented. The Results and discussion presents and 
discusses the material properties of HSS and the analysis of steel structures ex-
posed to nonuniform temperatures. Finally, the Conclusion presents the main 
conclusions to the objectives and research questions of the thesis. 
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2. Methods 

In the current thesis, numerical methods were used to study the thermal and 
mechanical response of steel structures to elevated temperatures. The mechan-
ical properties available in the literature were utilised for the material model of 
the steel, but for a better understanding of the specific features of HSS material 
when exposed to fire, experimental tests were also conducted. The results of the 
tests completed the set of material values needed for numerical analysis. 

2.1 Experimental method for uniaxial tensile tests 

2.1.1 Tensile test specimen and experimental setup 

A 4 mm thick S700 MC steel sheet manufactured through thermomechanical 
control process was used for the tests. This material was manufactured by 
Ruukki Construction Oy. The steel sheet was within the tolerances and fulfilled 
the delivery conditions according to EN 10051 [48] and EN 10149-2 [49], re-
spectively. The test specimens were cut to the dimensions (Figure 2) specified 
in the code [50] for tensile testing at elevated temperatures. A waterjet cutter 
was used to manufacture the specimens since it offered precise cut with minimal 
localised heating compared to laser or mill cutting. 

The specimen was attached to the clamp rods of the tensile testing machine 
manufactured by Roell+Korthaus GmbH, here with a load limit of 50 kN (Figure 
3). To control the thermal environment around the specimen, a furnace manu-
factured by Maytech GmbH was retrofitted on the tensile testing machine. For 
measuring the steel temperature, 3 k-type thermocouples were also attached to 
the specimen. Since the furnace and specimen temperature relationship was es-
tablished with three repetition tests, the thermocouples were not used in the 
strain measurement tests. An extensometer with a gauge length of 25 mm, 
measurement accuracy of ±0.003 mm and measurement limit of 16% was at-
tached to the specimen using ceramic rods. 

 

Figure 2. Dimensions of the test specimen (units in mm) 
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Figure 3. Tensile testing and temperature measurement equipment 

2.1.2 Procedure for transient and steady state tests 

In both the transient and steady state tests, the ceramic rods were removed at 
6% strain to prevent their breakage because of accelerated deformation of the 
specimen. Therefore, the strains up to 6% were measured by the extensometer, 
and the strains beyond 6% were based on the crosshead movement of the tensile 
testing machine. Steady state and transient state tests according to ISO 6892-2 
[50] were conducted to measure the mechanical properties of S700 MC. These 
tests have been previously used in several publications to obtain the mechanical 
properties of steel [6] [9] [51]. For these tests, a preload of 10% for the nominal 
yield stress was used.  

The procedure of transient state tests can simulate the real loading sequence 
of a structure with mechanical loading exposed to fire. In addition, through 
these tests, the creep behaviour of the steel could be implicitly considered for 
the heating rate used. The tests were performed at 13 stress levels (Table 1). The 
specimen was first loaded to a stress level, and then, the temperature was raised 
at either 10 C/min or 20 C/min to study the effect of heating rate. The test 
continued until failure or until the furnace temperature was 900 C. The strain 
versus temperature curves obtained directly from these tests (Figure 4) need to 
be further transformed into stress–strain curves (Figure 5) for reading the me-
chanical properties. The heating rate of 10 C/min corresponds to fire-protected 
steels [52] and was particularly selected for comparison with similar literature 
as the same rate was used for performing transient tests in [53] and [54]. 

Compared to the transient state tests the steady state tests are easier to per-
form. They directly produce the stress–strain results, cover a larger range of 
strains and can include unloading–reloading cycles. The steady state tests were 
performed at six different temperature levels (Table 1). A heating rate of 20 
C/min was used to reach a temperature level that was maintained for 12 min. 
After reaching the final temperature level, the specimen was loaded at a 
0.00025/s strain rate according to ISO 6892-2 [50] until failure. 
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Table 1. Tests performed in this research 

Test Stress/temperature levels Repetitions 

Transient state at 10C/min 
15, 60, 90, 120, 180, 250, 320, 400, 500, 600, 700, 
730, and 750 N/mm2 

2 

Transient state at 20C/min same as above 1 

Steady state (monotonic loading) 200, 400, 500, 600, 700, and 800 C 2 

Steady state (repeated loading) same as above 1 

 

Figure 4. Strain–temperature curves of 
steel for different stress levels (N/mm2) 

Figure 5. Stress–strain curves of steel produced 
using strain vs. temperature curves 

2.1.3 Determination of mechanical properties using the stress–
strain curves 

The elastic modulus can be determined using the initial elastic range of the 
stress–strain curve according to EN ISO 6892-1 [55]. However, the stress–
strain curves obtained from the tests were prone to irregularity in the initial 
portion of the curve approximately up to 10% of the yield strength because of 
imperfect specimen shape and slip in the testing system [5]. In addition, the 
initial part of the curves obtained at 400°C and above were highly nonlinear. 
Because of these features of the experimental curves, the first elastic modulus 
(EL) was determined using a regression analysis of the loading part of the 
stress–strain curve between stress levels of 10% and 40% of the yield strength 
[55] (Figure 6). The second value for the elastic modulus was taken from the 
linear part of the reloading curve (EHL). The third set of the elastic moduli (EH) 
was defined as the secant modulus between the lowest stress part of the hyste-
resis curve H1 and upper crossing point H2 of the unloading–reloading part of 
the curves.  

The effective yield strength (Figure 7) was defined as the strength at 2% of the 
total strain, that is, 𝑓 .  in the design code [13]. However, depending on the type 
of steel and increased nonlinearity of the stress–strain curve at elevated tem-
peratures, the effective yield strength can also be defined using 0.2% proof 
strength (𝑓 . ) and total strains of 0.5 % (𝑓 . ) and 1.5 % (𝑓 . ), as shown in [5] 
and [56]. 
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The proportional or elastic limit is the maximum stress that a material with-
stands without permanent deformations after unloading, and it marks the end 
of the linear elastic range. In the current study, as in [5], the proportional limit 
was defined as the stress at which the plastic strain (𝜀 ) exceeds the elastic 
strain (𝜀 ) by 2% (Figure 7), that is, 𝜀  is 1.02 times larger than 𝜀 . 

The room temperature (20 ℃) values of the mechanical properties were used 
to calculate the reduction factors. The ratio of the effective yield strengths at 
elevated temperatures to the effective yield strength at room temperature 𝑓 . ,  

was used to define the reduction factors of effective yield strength. Similarly, the 
ratio of the elastic modulus and proportional limit at elevated temperatures to 
their respective values at room temperature were used to define their reduction 
factors. 

Figure 6. Elastic modulus measurement us-
ing the stress–strain curve with unloading and 
reloading 

Figure 7. Effective yield strengths and propor-
tional limit measurement using the stress–
strain curve 

2.2 Numerical method for thermal and structural analysis 

2.2.1 Unidirectional coupling of thermal and mechanical analysis 

The finite element (FE) method was selected to analyse the thermal and me-
chanical performance of structures. In FE method the domain is discretised into 
a finite number of elements, the behaviour of which is specified by a number of 
nodal parameters. The local equilibrium equations of the individual elements 
are then assembled to obtain the global solution of the studied domain [57]. The 
explicit solver of Abaqus software version 6.13-3 [58] was selected for perform-
ing FE simulation. The analysis procedure leading from fire modelling to FE 
thermal and mechanical analysis is described in Figure 8. 

Depending on the structures studied, fires were modelled either as fire curves 
or as CFD fire models. For the analysis of simple structures, such as beams ex-
posed to fire, the fire curves were used for the thermal input. The fire curves 
included standard fire curves, fire curves from furnace tests and travelling fire 
curves based on building fire tests (e.g., [59]). For the analysis of complex struc-
tures with long-span truss beams, CFD simulations performed in ‘Fire Dynam-
ics Simulator’ (FDS) [45] were used to generate the thermal input. The CFD 
simulations also included the effects of the fire intervention from water sprays. 
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Figure 8. The process of coupling of the fire modelling to thermal and mechanical analyses of 
structures used in the thesis 

The simulation of steel structures exposed to fire were performed using three 
types of analyses in this thesis:  

 Temperature dependent mechanical analysis: The tempera-
ture of the steel with respect to time was directly defined in the me-
chanical analysis by using predefined fields.  

 Sequential thermal and mechanical analyses: For beams us-
ing geometrically similar models for thermal and mechanical analysis 
in the 2D or 3D domain, the nodal temperature history obtained from 
the thermal analysis model was used as an input for the subsequent 
mechanical analysis.  

 Unidirectionally coupled CFD-FE analyses: For the large-span 
truss beam simulations, the AST history obtained from the CFD anal-
ysis was used as a temperature input for the sequential thermal and 
mechanical FE analyses. 
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2.2.2 Thermal analysis of structures exposed to fire 

Transient thermal analysis was performed using Abaqus/standard to simulate 
the temperature development of steel structures exposed to different fire sce-
narios. The temperature of the fire curves was used to define the radiation and 
convection boundary conditions of the FE model for thermal analysis. The total 
net heat flux to the surface [60] in the FE model can be expressed as follows: 
𝑞 , 𝜀𝜎 𝑇 𝑇 ℎ 𝑇 𝑇              (1) 

where 𝜀 is the resultant emissivity of fire on the surface, 𝜎 is Stefan Boltzmann 
constant, 𝑇  is the temperature of hot gas adjacent to the surface, 𝑇  is the sur-

face temperature, and h is the coefficient of heat transfer by convection. The gas 
temperature is either the standardised fires or fires from furnace tests and 
building fire tests. 

If the fire was simulated by CFD, the adiabatic surface temperatures (AST) 
received from the CFD calculations were used instead of the temperatures of the 
fire curves.  

The CFD simulation was performed in fire dynamics simulator (FDS) [45] and 
the total net heat flux could be used as a thermal input to the FE model. The 
total net heat flux includes the surface temperatures of the solid structure which 
are calculated in the fire simulation. The total incident net heat flux [61-62] 
along with the inclusion of convective cooling by water droplets calculated in 
the CFD analysis can be expressed as follows: 
𝑞 , 𝜀 𝑞 𝜎𝑇 ℎ 𝑇 𝑇 ℎ , T ,   𝑇     (2) 

where 𝑞  is the incident radiation to the solid surface, ℎ ,  is the heat transfer 
coefficient between the droplets and solid, and 𝑇 ,   is the effective temperature 

of the water droplets. However, the CFD solver is not accurate in calculating 
conduction, leading to unreliable 𝑇  values. To overcome this shortcoming, AST 
represented by 𝑇  in equation 3 can be used as a fictitious temperature calcu-
lated with the assumption that the solid surface is a perfect insulator, that is, the 
total net heat flux to the surface is zero [61-62]. The equation 2 then becomes:  
εσ𝑇 ℎ  ℎ , 𝑇 ℎ , 𝑇 , ℎ𝑇  𝜀𝑞 0  (3) 

With the values of AST, the coefficient of emissivity, and the coefficient of con-
vection, which is the sum of ℎ and ℎ ,  in the cooling phase, the temperatures 

of the structures in the heating and cooling phase can be resolved by the FE 
method. To define the thermal boundary conditions as in equation 1, the 𝑇  
received from equation 3 can be used instead of 𝑇 . 

2.2.3 Method for mapping data from FDS to Abaqus models 

A coupling tool called FDS2FEM [63] was used for mapping of AST from FDS 
to the FE models. The mapping requires that the FE model is divided into node 
sets. The number of node sets depends on the nonuniformity of the temperature 
distribution. The data were transferred from devices or boundary files in FDS to 
node sets of the FE model. In the ‘boundary file’ approach, the AST data from 
the FDS surface nodes were mapped to the nodes in the FE model. Because the 
FDS and Abaqus models had different mesh resolutions, the boundary file ap-
proach was implemented using the nearest neighbour mapping algorithm. In 
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Figure 10, the temperature of the Abaqus node is determined as the distance-
weighted average of the FDS nodes. The temperature is calculated using the 
nearest k-neighbours on the surface, that is, k=4 in this case. In the ‘devices’ 
approach, the AST data of individual devices are transferred to the FE node sets. 
In Figure 9, the ‘boundary file’ and the ‘devices’ approach are illustrated. The 
‘boundary file’ approach leads to a smoother and more accurate transfer of AST 
but requires more computational effort. In the present work, the ‘boundary file’ 
approach was used for validating the concept of unidirectional mapping with a 
beam model, while the ‘devices’ approach was used for the rest of the models. 

 
  

 

Figure 9. Illustration of the ‘boundary file’ and ‘devices’ ap-
proaches of mapping of thermal input from (a) beam model 
in FDS to the (b) beam model in Abaqus. (TF: top flange; 
BF: bottom flange) 

Figure 10. Illustration of the 
nearest neighbour mapping al-
gorithm using the four nearest 
neighbours on the surface  

2.2.4 Mechanical analysis of structures exposed to fire 

For performing the mechanical analysis, the explicit procedure was selected to 
avoid convergence issues with nonlinear problems with large deformations. An 
explicit dynamic solver can solve the problem as quasi-static, which is compu-
tationally efficient compared with implicit solvers. However, the dynamic ef-
fects should be kept insignificant by keeping the kinetic energy within 10% of 
the internal energy of the domain [58]. The explicit procedure involving nonlin-
ear geometric analysis and temperature-dependent material model can take a 
long time to execute. To preserve the natural time scale and speed up the simu-
lation time, a mass-scaling technique was used. A fixed mass-scaling factor was 
defined at the beginning of the analysis step to scale up the mass of the elements 
and increase the stable time increment. The value of mass scaling was selected 
based on the sensitivity analysis. 

Material modelling of steel 
The mild steel at elevated temperatures was modelled according to EN 1993-1-
2 [13] using the reduction factors (Figure 11) defined in [13]. Similarly, the HSS 
was also modelled according to EN 1993-1-2 [13] using the reduction factors 
from [13] and also from the HSS material tests. For modelling the specific S700 
MC grade steel, the reduction factors from the material tests in Article II were 
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used. The engineering stress–strain curves were transformed into true stress 
versus true strain curves (Figure 12), which were used as material data input in 
the FE simulations. For all the simulations, the Poisson’s ratio was taken as 0.3, 
and thermal expansion of steel is considered according to EN 1993-1-2 [13]. 

  

Figure 11. Reduction factors, according to 
[13] 

Figure 12. True stress vs. true strain curves for 
S700 steel 

 
In temperature dependent mechanical analysis, the geometrical imperfec-

tions and residual stresses were modelled for the studied beams (IPE 80) and 
two-bay frames. According to EN 1993-1-1 [64], the equivalent initial bow im-
perfection of the weak axis can be adopted as k*e0,d. For IPE 80 beam for e.g., k 
is 0.5 and e0,d is L/250, which leads to an equivalent imperfection of L/500. The 
shape of the imperfection was produced through FE buckling analysis, and the 
magnitude of imperfection was added to the FE model as initial nodal displace-
ments. 

The residual stresses were assigned to the individual partitions of the beam, 
as shown in Figure 13, where the residual stresses are represented in two ways: 
A simplified distribution shown with dotted lines and typical distribution shown 
with solid lines. These residual stresses were introduced as predefined stress 
fields at room temperature in the initial step of FE simulation where they 
achieve self-equilibrium. 
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(a) (b) 

Partition 
Assigned residual 

stress 

1 0.77 ∗ 0.3𝜎  

2 0.22 ∗ 0.3𝜎  

3 0.14 ∗ 0.3𝜎  

4 0.47 ∗ 0.3𝜎  

5 0.82 ∗ 0.3𝜎  

6 0.3 ∗ 0.3𝜎  

7 0.068 ∗ 0.3𝜎  

8 0.44 ∗ 0.3𝜎  

9 0.81 ∗ 0.3𝜎  

Figure 13. Assignment of residual stress to the beam profile: (a) residual stress distribution 
across the section (solid lines: typical distribution; dotted lines: simplified distribution); (b) av-
eraged values of stress for each partition (𝜎 : yield strength of steel) 

2.2.5 FE models used for numerical studies 

The FE models created for different types of analyses were validated and veri-
fied by the selected experimental tests performed in different fire scenarios. The 
selected test cases for different analyses are as follows: 
 Temperature dependent mechanical analysis: Tests on a 1.14 m beam and 

a two-bay frame heated uniformly were selected for validating the FE mod-
els studying the behaviour of the beams and frames made of HSS. 

 Sequential thermal and mechanical analyses: Test on a 4.5 m beam with 
fire-protected top flange exposed to furnace fire was selected for validating 
the FE models and studying the effect of nonuniform temperature across the 
section. A 9 m beam exposed to travelling fire in a building was selected for 
studying the effect of nonuniform temperature field across the cross-section 
and along the span. 

 Unidirectionally coupled CFD-FE analysis: Test on a 3 m beam exposed to 
pool fire and cooled using water sprays was selected for validating the FE 
models and studying the effect of temperature nonuniformity due to rapid 
cooling. Test on a 1.6 m steel column exposed to pool fire was selected for 
validating the FE models and studying the effect of temperature nonuni-
formity due to local heating. 

The results of the validation studies are available in articles I, III, IV and V. 
The validated models were used for further studying the effect of high strength 
steel on the response of steel structures, and deformation mechanism of long-
span beams exposed to travelling fires. The variety of responses that a large span 
truss beam may exhibit were well covered with the selected tests for validation. 
As an application case of the CFD-FE analysis method, a warehouse was selected 
for studying the effect of travelling fire and fire intervention on the behaviour of 
long span truss-beams. The summary of the models used for parametric studies 
is presented in Table 2 and explained in the sub-sections. 
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  Table 2. FE models used in this research for parametric studies 

FE 
model 

Span 
(m) 

Analysis 
type 

Thermal expo-
sure 

Studied parameters Studied variable 

IPE 80 
beam 

1.14 

Tempera-
ture de-

pendent me-
chanical 

Nominal fire 
with measured 
surface temper-

ature 

High strength material Deflection 

Two-
bay 

frame 
2.4 

Tempera-
ture de-

pendent me-
chanical 

Nominal fire 
with measured 
surface temper-

ature 

High strength material Deflection 

H250 
beam 

4.5 
Sequential 
thermal and 
mechanical 

Furnace fire 
with heating and 
cooling phase 

Temperature nonuni-
formity across the cross-

section 

Deflection and axial 
force 

IPE 450 
beam 

9 
Sequential 
thermal and 
mechanical 

Travelling fire 
with heating and 
cooling phases 

Temperature nonuni-
formity due to travelling 
fire, high strength mate-

rial 

Deflection and axial 
force 

IPE 200 
beam 

3 
Coupled 
CFD-FE 

Pool fire with 
fire intervention 

Temperature nonuni-
formity due to fire inter-

vention 

Temperature devel-
opment, and heat-

ing and cooling 
rates for validation 

Truss 
beam 

31 
Coupled 
CFD-FE 

Travelling fire 
with and without 
fire intervention 

Temperature nonuni-
formity caused by differ-
ent travelling fires and 

fire intervention 

Temperature devel-
opment and deflec-

tion 

FE models for temperature dependent mechanical analysis of steel 
structures heated by nominal fire 
For temperature dependent mechanical analysis, the tests of steel beams and 
frames [65] exposed to nominal fire were selected and then were extended to 
study the effects of HSS on the behaviour of steel beams and frames. These 
beams and frames were selected because the authors provided extensive details 
and results of their tests, which can be used for comprehensive FE modelling 
and comparison of the simulation results. In addition, the beams and frames 
were tested without any protections and are suitable for studying the effects of 
HSS. 

The tested beam had an IPE 80 profile, 1.14 m span, and a yield strength of 
399 N/mm2 [65]. During these tests, a mechanical load was applied and kept 
constant at the midspan of the beam. The temperature of the beam was then 
increased at a constant rate. Three different heating rates 2.67 K/min and 5.33 
K/min were used in the tests to simulate the effects of fire protection, and 32 
K/min for the unprotected steel. The FE model of the beam (Figure 14) was cre-
ated in Abaqus [58] and was discretised into 19,608 continuum-type elements 
(C3D8R). The support boundary conditions, and mesh discretisation of the 
beam model can be seen in Figure 14. 
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Figure 14. FE model of the IPE 80 beam Figure 15. Illustration of the ZSR1 frame 

 
A two-bay frame (ZSR 1) (Figure 15) composed of IPE 80 profile steel with a 

total span of 2.4 m and yield strength of 355 N/mm2  was used in the tests [65]. 
In the tests, the mechanical loads were applied and kept constant, as shown in 
Figure 15, while the left bay was uniformly heated over time. The bases of the 
columns had pinned supports. The FE model of the frame was discretised into 
106,200 continuum-type elements (C3D8R). 

FE models for sequential thermal and mechanical analyses of steel 
beams exposed to nonuniform temperature fields 
For sequential thermal and mechanical analyses, the test on restrained steel 
beam of 4.5 m span [33] exposed to furnace fire were selected. The beam in-
cluded the effects of non-uniform temperatures across the cross-section of the 
beam and was exposed to fire with both heating and cooling phase. The deflec-
tion and axial force response of the beam were used to evaluate the effects of 
temperature nonuniformity across the cross-section. 

The steel beam in the test had an H250 profile, 4.5 m span and yield strength 
of 271 N/mm2 [33]. The beam had an axial restraint of 39.5 kN/m and rotational 
stifness of 20 kNm/milrad. The top flange of the beam was protected with a ce-
ramic fibre blanket. Two vertical loads of 130 kN each were applied at room 
temperature, as shown in Figure 16 (d). While the loads were maintained, the 
beam was uniformly heated inside a furnace.  

For the transient thermal analyses, a 2D model of the beam section was cre-
ated (Figure 16 (a)) and discretised with 2,128 heat transfer elements (DC2D4). 
The thermal properties of steel and ceramic fibre were obtained from [40] and 
[66], respectively. The convection coefficient and emissivity that were assigned 
to the steel and ceramic fibres can be seen in the figure. The temperature values 
received from the FE thermal analyses were used as thermal boundary condi-
tions for the FE mechanical analyses. 

For mechanical analyses, a 3D model of the beam was created (Figure 16 (d)) 
and discretised with 9,640 shell elements (S4R) (Figure 16 (c)). The mechanical 
loads on the structures were applied as pressure loads on the surface (Figure 16 
(b)). The boundary condition of the end supports of the beams was described 
using reference nodes, which were placed at the middle of the cross-section at 
the ends of the beam. The degrees of freedom of the reference node were kine-
matically tied to the degrees of freedom of the individual nodes of the beam sec-
tion. This allowed for assigning boundary conditions such as hinge, fixed, slid-
ing and so forth. The top flange of the beam was prevented from torsion, and 
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the web line visible on the top flange surface was prevented from moving later-
ally. 

 

(a) 

 

(b) 

 
(c) (d) 

Figure 16. FE modelling: (a) 2D thermal analyses model with mesh; (b) mechanical boundary 
conditions (c) part of the mesh for 3D mechanical analyses; (d) and 3D mechanical analyses 
model with boundary conditions 

The tests on a 9 m long beam [59] with an IPE 450 profile inside a building 
exposed to travelling fire was selected for studying the effects of nonuniform 
temperature distribution along the span and the effect of  high-strength material 
was also evaluated. The steel beam was heated by temperature curves of TG1 to 
TG3 at different locations, as shown in Figure 17. Compared with the furnace 
fire curves, the fire curves TG1 to TG3 inside the tested building had heating–
cooling cycles and reached their peak values at different times and locations 
(Figure 18). 

 

 

Figure 17. Model of the 9 m long beam with 
concrete on top and the location of fire curves 

Figure 18. The temperature of the fire curves 
TG1 to TG3 with respect to time 

For thermal analysis, the FE 3Dt model of the steel beam was discretised with 
17,100 shell elements (DS4), and the concrete slab was discretised with 64,800 
solid heat transfer elements (DC3D8). The convection and radiation boundary 
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conditions applied to the steel beam and concrete slab are shown in Figure 19. 
For the FE mechanical analyses, the model of the 9 m long beam was created 
with fixed supports to satisfy the deflection criteria in the serviceability limit 
state. The model for FE mechanical analyses was based on S4R elements with a 
mesh discretisation identical to the FE 3Dt thermal analyses model. 

 

Figure 19. Thermal boundary conditions and mesh discretisation of the FE model of the 9 m 
beam 

FE model for coupled CFD-FE analysis of steel beam exposed to pool 
fire and fire intervention 
For coupled CFD-FE analysis, the tests performed on a 3 m steel beam exposed 
to pool fire and rapidly cooled with water sprays were used. The temperature 
nonuniformity due to fire intervention was the evaluated parameter in this 
study. The tests were carried out using the IPE 200 steel beam (Figure 20 (a)) 
subjected to a kerosene pool fire. The distance between the lower flange of the 
beam and fuel surface was 1.6 m. The surface area of the kerosene pool was 1.0 
m2. To quantify the cooling capacity of water monitor sprays, after steady state 
fire conditions, the beam was sprayed with water monitors to simulate the fire-
fighting intervention. The FE model of the steel beam was discretised with 
5,000 DS4 elements (Figure 20 (b)) and was partitioned into nine equal parts 
for mapping the adiabatic surface temperatures as thermal boundary conditions 
from CFD analysis. In the simulation, the beam was heated by the local fire in 
the heating phase for 6 min and was cooled by water monitors in the fire inter-
vention phase for 15 s, and in the post-fire intervention phase, the beam was left 
without sprays from the water monitors for approximately 25 s. 
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(a) (b) 

Figure 20. Steel beam subjected to localised heating and subsequent water cooling: (a) experi-
mental test; (b) dimension, partitions, and mesh discretisation of the beam model 

FE models for the truss beam exposed to fire spreading and back 
travelling with and without fire intervention 
A warehouse with dimensions of 38 m × 31 m × 9.6 m depicted in Figure 21 (a) 
was used for the application of coupled CFD-FE analysis for studying the effect 
of travelling fires. The FDS models of the warehouse for the two fire scenarios 
are shown in Figure 21 (b) and (c). The fire scenarios were designed according 
to the travelling path of fire. In Scenario 1, the fire travelled perpendicular to the 
truss and in Scenario 2, the fire travelled parallel to the truss.  The duration of 
simulation for Scenario 1 and Scenario 2 was 35 min and 43 min, respectively. 
The starting location of the fire, the opening of the warehouse with dimensions 
of 24 m × 9.6 m, and the travel path of fire are indicated in the figures.  

Using the same warehouse, the effect of rapid cooling because of the fire-
fighting intervention were also studied. For simulating fire interventions, the 
FDS model of the warehouse including three water monitors from the opening 
was created in Scenario 1 (Figure 21 (b)). In the intervention case, the truss 
beams were exposed to fire for 900 s; and for the next 360 s, the beam was 
sprayed at the midspan with three water sprays; finally, the beam was without 
the sprays for the next 140 s. The entire simulation period for fire intervention 
case was 1400 s. 

(a) 

 

(b) 

 

(c) 

Figure 21. Truss beam inside a warehouse: (a) CAD model of the warehouse; (b) FDS model for 
Scenario 1 and fire intervention; and (c) FDS model for Scenario 2 
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For studying the effects of non-uniform temperature field, the truss beam at 
the location of fire initiation was selected for FE analysis i.e., truss beam 1 for 
Scenario 1 and truss beam 4 for Scenario 2.  

To map the adiabatic surface temperatures from the CFD simulation to the FE 
model, the truss beam was partitioned, as depicted in Figure 22. The partition 
size of the columns was 0.5 m, and the top and bottom chords were partitioned 
every 1 m. The diagonal elements and vertical chords were not partitioned.  

The truss beam was discretised with 31,572 elements; the FE mesh discretisa-
tion at the top corners of the truss beam is shown in Figure 22. The average 
length of the mesh elements for the chords and columns was 0.05 m, and for the 
vertical and diagonal braces, it was 0.03 m. For FE thermal analysis, the DS4 
element type was used. For FE mechanical analysis, the S4R element type was 
used.  

For mechanical analyses, rigid supports were assigned at the bottom of the 
columns. The out-of-plane displacements of the truss beam were not con-
strained. The mechanical loads included self-weight of the steel beam, snow 
loads (2.28 𝑘𝑁 𝑚 ), per [67], and horizontal wind loads (0.623 𝑘𝑁 𝑚 ), per 
[68]. The loads were combined according to [69]. 

 

Figure 22. Dimension, partitions, and mesh discretisation of the selected truss beam 
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3. Results and Discussions 

3.1 Material properties of high-strength steel S700 MC 

3.1.1 Results of the uniaxial tensile tests 

Material properties of S700 MC at room temperature 
In total, six tensile tests were performed to obtain the mechanical properties at 
room temperature. The average values of mechanical properties are presented 
in Table 3. The yield strength f . ,  corresponds to the proof strength at a 0.2% 

strain offset. The proportional limit was determined using the procedure de-
fined in section 2.1.3. The values in Table 3 were used to calculate the reduction 
factors at elevated temperatures. 

Table 3. Average mechanical properties of steel at room temperature 

Elastic modu-
lus, 𝑬𝑳,𝟐𝟎 

(N/mm2) 𝟏𝟎𝟑 

Proportional 
limit, 𝒇𝒑,𝟐𝟎 
(N/mm2) 

Proof 
strength, 

𝒇𝟎.𝟐,𝟐𝟎 (N/mm2) 

Ultimate tensile 
strength, 𝒇𝒖,𝟐𝟎 

(N/mm2) 

Strain at ulti-
mate tensile 

strength, 𝜺𝒖,𝟐𝟎 

Strain at 
fracture, 
𝜺𝒕,𝟐𝟎 

216 530 764 839 11.2% 15.1% 

Stress–strain curves received from transient state tests 
For obtaining the stress-strain curves from transient tests,  thermal elongation 
is measured first. Figure 23 presents the thermal elongations measured at the 
stress level of 5 N/mm2 with the heating rate of 10 °C/min and 20 °C/min. The 
figure also shows the values of thermal elongation provided in EN 1993-1-2 [13], 
[5], and [6].  

The two heating rates resulted in similar values for thermal elongation until 
750 C. After that, the different thermal elongations were observed. With the 
heating rate of 10 °C/min, the elongation decreased before 850 C. However, 
with the heating rate of 20 °C/min, the thermal elongation was almost constant 
between 750 C and 860 C.  

For both heating rates, the thermal elongations deviated gradually from the 
EN 1993-1-2 curves as the temperature increased. The measured thermal elon-
gation was higher than the values of Chen et al. [6] for the whole temperature 
range, and was close to the values of Neuenschwander et al. [5] up to 550 °C but 
was lower than the values of Neuenschwander et al. at higher temperatures.  

After excluding the thermal strains, the stress–strain curves of the transient 
tests with the heating rate of 10 °C/min are shown in Figure 24. Using these 
stress–strain curves, the effective yield strength at different strain levels, the 
proportional limit and the modulus of elasticity were evaluated. 
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Figure 23. Thermal elongation for S700 
compared with EN 1993-1-2 and the liter-
ature values 

Figure 24. Stress vs. strain curves of the S700 
using transient state tests (up to 4% strain), 
where circles represent measured values and 
squares interpolated ones 

Stress–strain curves received from steady state tests 
The stress–strain curves were obtained from steady state tests with both mon-
otonic and repeated loading. The curves with unloading at 2% strain and reload-
ing up to failure are presented in Figure 25. In the curves, the hysteresis behav-
iour can be seen at all temperatures. As shown in the figure, the reloading part 
followed the stiffness of the initial elastic loading part well. The steel exhibited 
strain hardening up to 200 °C but failed at strains below 20%. The effect of 
strain hardening was reduced from 400 C and above, which can be attributed 
to the heat treatment and chemical composition of this HSS. The specimen from 
500 C onwards failed well beyond 20% strain, thereby showing increased duc-
tility of the HSS at elevated temperatures. 

 

(a) 

 

(b) 

Figure 25. Stress–strain curves obtained from steady state tests (series 3) with unloading and 
reloading (a) up to 25% strain and (b) up to 4% strain 

Failure modes of specimen 
The failure modes of the specimens used in steady state tests are presented in 
Figure 26. The right side of the figure corresponds to the top clamp side of the 
testing machine. The location of the necking and failure of the specimen moved 
from the middle when at a lower temperature to the left when at higher temper-
atures. Since the longer rod of the top clamp had more material for heat storage 
than the shorter rod of the bottom clamp, the specimen had the tendency to fail 
close to the bottom clamp where it experienced higher temperature. The strain 
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values for these specimens were higher than 10% at failure. The transient tests 
were stopped when either a strain of 6% or when the furnace temperature of 
900 °C was achieved. Therefore, the transient test specimens did not fail, as 
shown in Figure 27. Uniform strain in the parallel length region of the transient 
test specimen can be seen up to the measured strain of 6%. 

   

Figure 26. Specimen after steady state 
tests 

Figure 27. Specimen after transient state tests at dif-
ferent stress levels (N/mm2) 

3.1.2 Comparison of elevated temperature mechanical properties 

Comparison of the reduction factors obtained through steady state 
tests 
Using the stress–strain curves of all the steady state tests, the average values of 
the mechanical properties were obtained, and the corresponding reduction fac-
tors were calculated. In Figure 28 (a), the reduction factors of the effective yield 
strength at different strains, proportional limit and ultimate tensile strength are 
presented. The effective yield strengths at 1.5% and 2% strain were slightly 
higher than the effective yield strengths defined at lower strains up to 500 °C. 
The reduction of all the effective yield strengths was about 25% at 400 C and 
50% at 500 C. The proportional limit was between 55% and 70% of the effective 
yield strength 𝑓 . ,  for the entire temperature range. There was little variation 

of the reduction factors between the ultimate tensile strength and the effective 
yield strengths up to 400 C and almost no difference above it, which indicates 
the absence of strain hardening above 400 C.  

In Figure 28 (b), the values of the elastic modulus measured using different 
methods are presented. The parameter 𝐸 ,  is the average value of the elastic 

modulus, determined at temperature θ using the initial loading portion of the 
three tests. The values of 𝐸 , , , 𝐸 , ,  and 𝐸 , ,  were determined from the in-
dividual tests. The average values of 𝐸 ,  and 𝐸 ,  were determined from the 

unloading–reloading part of the stress–strain curves. Up to 400 C, the values 
determined using different methods were quite similar, but a larger scatter was 
observed afterwards.  
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(a) 

 

(b) 

Figure 28. Measured mechanical properties using steady state tests: (a) strength comparison 
(b) elastic modulus (subscripts s1: series 1; s2: series 2; and s3: series 3) 

Comparison of reduction factors of transient and steady state tests 
with other literature 
The reduction factors of the mechanical properties of the transient state tests 
are presented and compared with the values obtained from the steady state 
tests, EN 1993-1-2, and other literature in Figure 29. The reduction factors of 
yield strength based on the transient state and steady state tests were close to 
each other. The reduction factors obtained from the tests had a similar trend as 
EN 1993-1-2, but between 200 C and 700 C, the values received from the tests 
were lower. A large scatter in the yield strength reduction factor among the val-
ues of literature was also observed between 200 C and 700 C. The reduction 
factors of the current tests were close to the values of Qiang et al. [7]. The current 
test values were higher than the values of ch et al. [8] and Neuenschwander et 
al. [5] from 450 °C and 550 C onwards, respectively. The current test values 
were lower than the values of Chen [6].  

The reduction factors of elastic modulus based on transient state tests are 
compared with the values of steady state tests, EN 1993-1-2 and the literature in 
Figure 30. Since the transient test included the effect of creep or lower strain 
rate, the reduction factors of elastic modulus received by transient tests were 
10% to 20% lower than the reduction factors of the elastic modulus based on the 
steady state tests between 400 °C and 700 °C. Overall, the reduction factors of 
elastic modulus based on the transient state tests were lower than the reduction 
factors based on steady state tests. The reduction factors from the current tests 
were higher than the EN 1993-1-2 values, with the largest difference being at 
400 C. The values of the current tests were similar to the values of Chiew et al. 
[8] and Neuenschwander et al. [5], and lying in between the values of Qiang et 
al. [7] and Chen et al. [6]. Figure 30 also shows that the EN 1993-1-2 values were 
smaller than most of the reduction factors in the literature. 

The reduction factors of the proportional limit in the current study are pre-
sented in Figure 31, along with EN 1993-1-2 values and values in the literature 
[5] [70]. The transient state test values were slightly higher than those of the 
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steady state tests up to 400 C but were close to each other at higher tempera-
tures. The proportional limit values of the current tests were lower than EN 
1993-1-2 values at low temperatures and close to EN 1993-1-2 values from 300 
C onwards. The proportional limit values from the current tests had observable 
differences with the values in the literature until 400 C but developed similarly 
at higher temperatures.  

   

Figure 29. Yield strength reduction factors 
of HSS compared with Eurocode 3 and 
other literature 

Figure 30. Comparison of the elastic modulus 
reduction factors of HSS 

 

 

Figure 31. Proportional limit reduction factors of 
S700 obtained using transient and steady state 
tests and comparison with Eurocode 3 and liter-
ature values. 

3.1.3 Material modelling using the measured mechanical proper-
ties of S700 MC 

Comparison of material models formulated using reduction factors 
from tests  
In this section, the applicability of the material model provided in EN 1993-1-2 
[13] for defining the material properties of S700 MC is studied. The reduction 
factors of transient state and steady state tests were used for the material model. 
Ramberg-Osgood formulations were also proposed as an alternative for model-
ling S700 MC based on the steady state test results, which provided strains be-
yond 6%. 
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The stress–strain curves obtained using the equations and reduction factors 
in EN 1993-1-2 for the S700 strength grade are compared with the test results 
in Figure 32 (a) and (b). The curves of the tests are lower than the curves of 
EN 1993-1-2, except at 20 C. The curves followed a similar trend as a function 
of temperature. However, there was a difference of up to 200 N/mm2 between 
EN 1993-1-2 and the test curves, especially at 500 ℃.  

To reduce the difference in the stress levels, the curves of EN 1993-1-2 were 
modified by using the reduction factors obtained from the measured material 
properties of S700 MC instead of those provided in EN 1993-1-2. The calibrated 
EN 1993-1-2 curves are compared with the curves from the transient and steady 
state tests in Figure 33 (a) and (b), respectively. 

 

 

(a) 

 

(b) 

Figure 32. Comparison of the stress–strain curves in EN 1993-1-2 with the curves from (a) 
transient state tests and (b) steady state tests 

In Figure 33 (a), the EN 1993-1-2 curves fit well with the transient test results 
for the strain limit of 4 %. Differences between the transition part of the curves 
(the part where the trend of the curve transitions from linear to non-linear) of 
Eurocode and tests are observed for 20 °C and 600 °C. The EN 1993-1-2 curves 
using the reduction factors of steady state tests had similar levels of stress, but 
some differences were observed, as can be seen in Figure 33 (b). Because of 
strain hardening up to 200 °C, the test curves gave larger stresses than the code-
based approach after 2% strain. For the rest of the temperatures, the test curves 
had lower stresses beyond 5% strain. The ultimate uniform strains and strains 
at fracture differed for the two curves. The transition part of the stress–strain 
curves was also different for the two curves. Therefore, to make the material 
model and results of the steady state tests match better, as an alternative to the 
Eurocode model Ramberg-Osgood formulations were developed, which were 
also used in [53] and [56]. 
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(a) 

 

(b) 

Figure 33. Comparison of the stress–strain curves in EN 1993-1-2 formulated using the reduc-
tion factors from the tests with the curves from (a) the transient state tests up to a 4% strain 
level and (b) the steady state tests. (TSRF: transient state reduction factor; SSRF: steady state 
reduction factor) 

Material model proposed using reduction factors of steady state 
tests 
According to the derivation in the Annex of Article II, the stress (𝜎) and strain 
(𝜀) relation of the steel at temperature 𝜃 can be defined as follows: 

𝜀 𝛽 . , .
,

           (4) 

where 𝛽  and 𝑛  are the degree of nonlinearity and hardening of the stress–
strain curve, respectively. Using the effective yield strength 𝑓 .  at 2% strain and 
the modulus of elasticity 𝐸 , the values of 𝛽  are defined as follows:  

𝛽 0.02
.

1              (5) 

Fitting the test results to the material model gave for the hardening parameter 
𝑛  the following equations: 
𝑛 32 0.115 𝜃 4 10  𝜃   20℃ θ 400℃   (6.a) 
𝑛 50       400℃ θ 800℃     (6.b) 
In Figure 34, the stress–strain curves based on the Ramberg-Osgood equa-

tions from 4 to 6 are compared with the steady state tests. These two sets of 
curves match  reasonably  regarding  the transition part and overall trend. The 
material model captured well the hardening at 20 °C and 200 °C. For the rest of 
the temperature levels, the stresses for the material model curve were consid-
ered constant after a strain of 2%. 
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Figure 34. Comparison of the stress–strain curves using
the Ramberg-Osgood formulation with the curves from
steady state tests. (SSRF: steady state reduction factor) 

Discussion 
The difference in the thermal elongations in Figure 23 between current tests and 
literature can be due to several reasons. The heating rates were not published 
by Chen et al. [6] and Neuenschwander et al. [5], but the differences in the ther-
mal elongation can be because the steel used by these studies was quenched and 
tempered and had different chemical compositions than the thermomechani-
cally rolled steel used for S700 MC in the current research. This indicates that 
differences in manufacturing routes and chemical composition can result in dif-
ferent thermal elongations. 

The comparison of the reduction factors of S700 MC from steady state tests 
with EN 1993-1-2 in Figure 28 (a) and (b) shows that the measured properties 
of yield strength and elastic modulus have significant deviations from the code 
values between 200 °C and 800 °C. The proportional limit of S700 MC differs 
from the code values up to 200 °C. These differences suggest that reduction fac-
tors in EN 1993-1-2 are not representative of the HSS used in this research.  

The elastic modulus 𝐸 ,  was determined using two clear points on the un-

loading-reloading curves making it free from human error. Error may occur in 
the method of measuring the elastic modulus using the linear portion of the 
stress-strain curve which becomes increasingly nonlinear at elevated tempera-
tures. In addition, the elastic modulus measured using the unloading-reloading 
part of the stress-strain curves in Figure 28 (b) can be useful for material mod-
elling considering strain reversals due to mechanical unloading and reloading 
conditions. 

The transient test results in Figure 29 show that the reduction factors of yield 
strength provided in EN 1993-1-2 were larger than most of the reduction factors 
of HSSs presented in the literature. This means that the yield strength of HSS at 
elevated temperature degrades more than the values suggested by the code. In 
Figure 31, the comparison of the reduction factors of proportional limit suggests 
that, at lower temperatures, the HSS enter the non-linear stage earlier than the 
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code curve. Therefore, using the reduction factors given in EN 1993-1-2 for de-
signing members made of HSS could lead to a less safe design.  

In the tests carried out by Outinen et al. [2], the testing device was the same 
as the one used in the current tests, but the specimen type and manufacturing 
processes of steel with the same strength grade were different. Under the same 
test conditions, the difference in the results of the current test (S700 MC) and 
tests by Outinen et al. [2] (S700 QL) observed in Figure 29 was because of the 
different chemical composition and delivery conditions of the steel. The ob-
served scatter in the reduction factors of the modulus of elasticity in Figure 30 
can also be attributed to the different test methods and chemical composition 
of the steels with the same strength grade. 

The observed scatter among the values of HSS means that HSS cannot be re-
liably modelled using a single universal set of reduction factors. Therefore, ele-
vated temperature tests for each HSS grade should be conducted separately. 

Comparisons of stress-strain curves obtained from tests with those predicted 
using equations and reduction factors given in EN 1993-1-2 show that, the ma-
terial model and reduction factors in Eurocode are not safe for accurate model-
ling of S700 MC steel. The measured reduction factors from tests are proposed 
for material modelling. The reduction factors from transient state tests can be 
used for modelling the studied HSS based on EN 1993-1-2 equations. At tem-
peratures below 400 C, for capturing the strain hardening in the larger range 
of strains, the reduction factors from the steady-state tests can be integrated 
into the Ramberg-Osgood-based equations. At temperatures above 400 C, the 
proposed equations predict stress-strain curves well up to maximum uniform 
strains.  

Beyond the uniform elongation, stress relaxation due to recovery and recrys-
tallisation of steel can be seen in the form of material softening [71]. This behav-
iour is due to the rate of relaxation of steel being faster than the strain rate used 
in the test [71], and is observed at 400 ℃ and above in the steady state tests in 
Figure 34. To include the stress degradation in the material model at larger 
range of strains under a slow strain rate, the equations that include the strain 
rate effects should be considered. In this research, the mechanical properties 
and the corresponding reduction factors of S700 MC steel were determined 
through transient and steady state tensile tests. These parameters were used for 
proposing the experimentally validated material model of S700 MC steel which 
can be used for the analysis of structures made of this HSS grade. 
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3.2 Response of beams and frames exposed to different fire sce-
narios 

3.2.1 Effect of HSS on the critical temperature of beams and 
frames exposed to nominal fire 

Definition of critical temperature 

The critical temperatures for the beams can be determined using the deflection 
limit and deflection rate limit in EN 1363-1 [35]. The deflection limit is defined 
as  

𝐷  𝑚𝑚                (7) 

and the deflection rate limit is defined as 

𝑚𝑚/𝑚𝑖𝑛            (8) 

where L is the span, and d is the distance between the extreme fibre of com-
pression and tension zone of the cross-section. According to previous version of 
EN 1363-1:2012 [72], the structure fails when the criteria of equation (7) or (8) 
is fulfilled. According to the latest version of 1363-1:2020 [35], the structure 
fails when either deflection exceeds 1.5×Dlimit or both Dlimit and (dD/dt)limit are 
exceeded. Based on [35], the critical temperature of the beam is the temperature 
taken when either of the criteria is fulfilled first. Using the critical temperatures, 
the effects of HSS and the travelling fire on the beam responses are studied. 

Steel beams and frames heated with nominal fires 
Figure 35 (a) compares the midspan displacement and the critical temperature 
of the 1.14 m beams made of HSS (yield strength of 700 N/mm2) and mild steel 
(yield strength of 399 N/mm2). The same load ratio of 0.85 was used for both 
the beams exposed to nominal fires. The critical temperature of the beams was 
based on the deflection limit criterion (DLC) of equation (7).  

The deflection for the HSS beam was greater than that for mild steel up to 
runaway failure. The same load ratio of 0.85 created larger load to HSS beam 
than to mild steel beam. Since the modulus of elasticity for both the HSS and 
mild steel was the same, the same profile and same reduction factor for modulus 
of elasticity lead to a greater deformation of the beam with larger load. The crit-
ical temperature for the HSS beam was 26 °C lower than that of mild steel beam. 

The reduction factors of S700 HSS from literature were integrated into the EN 
1993-1-2 equations for material modelling, and the resulting midspan displace-
ments for the 1.14 m beam under the load ratio of 0.85 are compared in Figure 
35 (b). The reduction factors of the literature had observable variation among 
them and also differed from the code values. The variation affected the midspan 
displacement behaviour of the studied HSS beams. The critical temperatures of 
the beam varied from 415 °C using Qiang et. al values to around 500 °C using 
Chen et.al values. 
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(a) 

 

(b) 

Figure 35. Deformation response of steel beams made of HSS with a load ratio of 0.85: (a) 
comparison with mild steel (b) comparison with HSS in literature 

The horizontal displacement of the U1 and U2 joints of the two-bay frames 
described in section 2.2.5 are presented in Figure 36 (a). Both HSS and mild 
steel frames using the same imposed load were studied. The critical temperature 
of HSS frame was approximately 110 ℃ higher than that of the mild steel frame. 
Both the frames had similar runaway deflection failures close to the critical tem-
peratures. The HSS frame failed at higher temperature and after a longer dura-
tion. 

The reduction factors of S700 HSS from literature were integrated into EN 
1993-1-2 equations for the material modelling. The resulting U1 horizontal dis-
placements are compared in Figure 36 (b). The frame using EN 1993-1-2 reduc-
tion factors failed first while the frame using Chen et. al’s values failed last at 70 
℃ higher critical temperature. The reduction factors of yield strength in Chen 
et. al’s model were at the same level as EN 1993-1-2 values but the reduction 
factors for the modulus of elasticity in Chen et. al’s model were much higher. 

 

(a) 

 

(b) 

Figure 36. Deformation response of two-bay frames made of HSS: (a) comparison with mild 
steel (b) comparison with HSS in literature 

The critical temperatures of the studied HSS beams and frames are summa-
rized in Table 4. The ratio of the critical temperatures using reduction factors 
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from literature for material modelling to the critical temperature using EN 
1993-1-2 data reveals the deviation of the critical temperatures. The critical tem-
perature ratio varied between 0.86 and 1.03 for the beam with load ratio of 0.85 
i.e., the code values overestimated the critical temperatures compared to the 
values of some literature. However, the code values were conservative for the 
studied frames since the critical temperature ratio varied from 1.01 to 1.11. 

Table 4 Comparison of critical temperatures of the studied beams and frames 

Structures EC3 (for S700) 

Comparison 

𝑶𝒖𝒕𝒊𝒏𝒆𝒏
𝑬𝑪𝟑

 
𝑸𝒊𝒂𝒏𝒈
𝑬𝑪𝟑

 
𝑪𝒉𝒆𝒏
𝑬𝑪𝟑

 
𝑪𝒉𝒊𝒆𝒘
𝑬𝑪𝟑

 
𝑴𝒂𝒓𝒂𝒗𝒆𝒂𝒔

𝑬𝑪𝟑
 

Beam (𝐿𝑅 0.85) 
𝜃  (°C) 

484 1.01 0.86 1.03 0.93 0.93 

Frame 
𝜃  (°C) 

605 1.01 1.04 1.11 1.10 1.02 

Discussion 
The comparisons of the mechanical responses of the frames made of HSS and 
mild steel indicate that the use of HSS can increase the load-bearing capacity of 
the frames and beams with same loads and same load ratio at elevated temper-
ature. For the studied beams with the same load ratio, the elastic modulus was 
the same for both HSS and mild steel which resulted in enlarged deformation 
and lower critical temperature due to higher loads experienced by the HSS 
beam. However, until failure, the load-bearing capacity for HSS beam was 
higher than the mild steel. Therefore, when the structures are designed accord-
ing to the load-bearing capacity of HSS, structural solutions can be imple-
mented to manage the deformations. 

The critical temperature of the structures made of HSS are affected by both 
yield strength and modulus of elasticity. The scattering of the yield strength had 
more influence on the critical temperatures of the beams because the runaway 
failure was caused by plastic hinge mechanism. The influences can be observed 
from the deviations of critical temperatures from code-based values for the 
beams after 200 C, which was also the range when the yield strength in litera-
ture reduced more than the code as can be seen in Figure 29. Whereas the scat-
tering of the modulus of elasticity had more influence on the critical tempera-
ture of the frames because the runaway deformation in the frames was caused 
by inelastic instability. Higher influence of the elastic modulus can be observed 
for the critical temperatures of the frames calculated using the elastic modulus 
measured by Chen and Chiew. Their values had a larger devivations from the 
code values in the whole range of the temperatures as can be seen in Figure 30. 
The results highlight the importance of performing the material tests for obtain-
ing the reliable mechanical properties at elevated temperatures. 

3.2.2 Load-bearing mechanism of the studied beams exposed to 
travelling fire 

A 4.5 m beam with H250 profile exposed to furnace fire with both heating and 
cooling phases as described in section 2.2.5 is used for studying its load-bearing 
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mechanism. Using the mechanism of this beam, the responses of a 4.5 m beam 
and a 9 m beam exposed to TG1 fire and travelling fire are also investigated. 

Five-stage mechanism for beam exposed to furnace fire  
The temperature development at the midspan, and section forces at the end sup-
ports of the 4.5 m mild steel beam exposed to furnace fire are presented in Fig-
ure 37 (a) and (b), respectively. The midspan displacement and axial force re-
sponse at the support of the 4.5 m beam identified as ‘short beam’ are presented 
in Figure 38 (a) and (b), respectively. 

In Figure 37 (a), the top flange is significantly cooler than the web and the 
bottom flange in the heating phase because of the presence of the concrete slab 
on top of the beam. Since the cross-sectional temperature distribution was non-
uniform, the material degraded at different times in different parts of the cross-
section. This affected the development of midspan deflection and section force. 
Since the bending moment at hinge support was close to zero, the development 
of the section forces in Figure 37 (b) showed the effects of the non-uniform tem-
perature field across the cross-section. 

Both Figure 37 and Figure 38 indicate that, between points 1 to 4, the temper-
ature across the cross-section started to be nonuniform and the web had the 
highest temperatures. Large axial forces were mainly induced by the tempera-
ture of the web, and the magnitude of the axial force is the sum of the sectional 
forced developed of webs and flanges. Between points 4 and 6, the cross-section 
continued to experience nonuniform heating. The magnitudes of the section 
force of the web and flanges were close to each other. The development of axial 
forces was similar to the section forces and showed the transition from com-
pression to tension. After point 7, the axial forces and the section forces experi-
enced increased tension due to the start of cooling. After point 8, the full section 
entered the cooling phase, and the development of the axial force was similar to 
the section force developed at the bottom flange.  

 

(a) 

 

(b) 

Figure 37. Response of the 4.5 m steel beam with a concrete slab on top exposed to furnace 
fire: (a) temperature development at the midspan; (b) section forces at the end support 
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(a) 

 

(b) 

Figure 38. Response of the 4.5 m beam exposed to furnace fire and TG1 curve and the 9 m 
beam exposed to TG1 fire: (a) midspan displacement; (b) axial force at the end support 

Using the temperature-induced responses of axial force and midspan dis-
placement, the load-bearing mechanism of the studied beam can be divided into 
the following five stages: 

Stage 1 (points 0–1) is characterised by the activation of the axial compres-
sion. The axial compression force developed because of the restrained thermal 
expansion. The magnitude of the compression force depended on the axial stiff-
ness of the beam, the stiffness of the support and the temperature distribution 
inside the beam. This stage ended when the material properties started to de-
grade at elevated temperature. 

Stage 2 (points 1–5) is characterised by a decrease of the axial force re-
sponse because of the degradation of mechanical properties, the yield of the ma-
terial and the instability or formation of the plastic hinge mechanism in the 
beams. The degradation of the elastic modulus retarded the increase in com-
pressive axial force, hence enlarging the deflection of the beam. The degradation 
of the yield strength promoted the yielding inside the beam, which also de-
creased the axial compression force. The next stage started when a large defor-
mation occurred because of the hinge mechanisms or instability of the beam. 

Stage 3 (points 5–6) is characterised by the transition of the axial force re-
sponse from compression to tension because of large deformations that acti-
vated the catenary action. The cooling of the beam can also activate this transi-
tion. The end of this stage was indicated by a local peak of the axial tension force. 

Stage 4 (points 6–8) is characterised by the development of axial tension 
in all parts of the beam section. The decrease in the axial force at this stage was 
caused by the increased deformation of the beam caused by further heating or 
partly cooling down. The maximum displacement typically occurred during this 
stage, and the end of this stage was indicated by the beam cooling back to 400 
℃. 

Stage 5 (point 8 onwards) was characterised by an increase in axial ten-
sion force caused by the restrained contraction of the cooling beam. The axial 
tension force developed gradually if no material failure occurred in the beam. 
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Response of beams exposed to TG1 fire and travelling fire 
Using the five-stage mechanism, the responses of both the 4.5 m beam and the 
9 m beam exposed to TG1 fire and the reponses of the 9 m beams exposed to the 
travelling fires (see Figure 18) are compared with the response of the 4.5 m 
beam exposed to the furnace fire.  

The temperature distributions across the cross-section of the beam exposed to 
TG1 fire is shown in Figure 39 (a) and the web temperature distribution along 
the beam exposed to travelling fire (TG1 to TG3 along the span) is shown in Fig-
ure 39 (b). Compared to the furnace fire curve, the TG1 curve reached a lower 
maximum temperature with a slower heating rate, included local heating–cool-
ing cycles, and had a longer duration. The temperature across the cross-section 
distributed similarly between the beams heated by TG1 fire and furace fire ex-
cept the fluctuations of the temperatures in the beam exposed to TG 1 fire. For 
the 9 m beam exposed to the travelling fire, the nonuniform temperature field 
along the span was observed between 600 s and 2400 s when the fire travelled 
from the ignition location to the end of the beam.  

 

(a) 

 

(b) 

Figure 39. Thermal response of the 9 m beam exposed to (a) TG1 fire and (b) travelling fire 
(TG1 to TG3 fires); TG1-TG2 and TG2-TG3 are the transition locations along the beam 

The trends of the midspan displacement and axial force response of the 4.5 m 
beams exposed TG1 fire to and furnace fire were similar but with some differ-
ences. As shown in Figure 38 (a), the deflection of the short 4.5 m TG1-exposed 
beam was lower than the beam exposed to the furnace fire. Since TG1 was a 
slowly developing fire with heating rate of about 27 ℃/min and had a lower peak 
temperature than the furnace fire which had a heating rate of about 100 ℃/min, 
the TG1-exposed beam had a lower deflection in the heating stage and a higher 
recovery in the cooling stage. In Figure 38 (b), because of the prolonged elastic 
range at lower temperatures, the peak of the axial compression force induced by 
the TG1-exposed beam was larger than the beam exposed to the furnace fire. 
The high axial force resulted in buckling of the web at temperatures lower than 
400 C, which led to the decrease of the axial compression force. The TG1-ex-
posed beam achieved a higher axial tension force upon cooling because of 
greater recovery of the elastic strains compared to the beam exposed to the fur-
nace fire.  
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Figure 38 shows that the 9 m beam (‘long beam’ in the figure) and short beam 
heated by TG1 behaved similarly but with a few differences. For the axial force 
in the 9 m beam, the curves indicate a gradual change towards point 4, a delayed 
transition between point 5 and point 6 and higher tension forces after point 7. 
In the 9 m long beam, these different features of the axial force occurred because 
of the formation of the hinges at fixed supports and lower axial stiffness com-
pared to the short beam. During the TG1 fire, these factors also delayed the ac-
celerated midspan displacement of the 9 m long beam at point 5. 

The mechanical responses of the 9 m beam heated by the travelling fire are 
presented in Figure 40 (a) and (b). The behaviour of this 9 m beam is consistent 
with the five-stage mechanism. Exposed to the travelling fire (illustrated in Fig-
ure 17), the beam initially behaved according to the temperature field close to 
the location of fire ignition (FE TG1), developed a transition from compression 
to tension because of a large deflection caused by temperatures close to the lo-
cation at the midspan (FE TG2) and hanged from the support because of cate-
nary action, later experienced runaway deflection based on the temperatures 
close to the end of the travelling path (FE TG3). The large deformation of the 
beam occurred when the global hinge mechanism inside the beam was activated 
as the fire travelled. In addition, fluctuations of the axial force were not observed 
because the behaviour of the beam in the later stage was affected more by the 
smoother TG2 and TG3 curves than by the TG1 curve. 

 

(a) 

 

(b) 

Figure 40. Response of the 9 m beam exposed to TG1, TG2 and TG3 curves and travelling 
fire: (a) midspan displacement; (b) axial force at the end support 

Discussion 
The five-stage load-bearing mechanism is applied to all the studied beams with 
varying span and fire exposure. The large deformation of the beams was acti-
vated by the plastic hinge mechanism. For the beam heated by the furnace fire, 
the plastic hinge mechanism was affected by the nonuniform temperature field 
across the cross-section. For the beam heated by the travelling fire, the plastic 
hinge mechanism was activated when the cross-section close to the mid-span 
was exposed to high enough temperatures to exceed its plastic sectional re-
sistance. In addition, the heating-cooling cycles of the TG1 fire induced the fluc-
tuations of the axial forces. These fluctuations were more in the shorter beam 
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which indicates that the lower slenderness led to increased fluctuations of the 
axial forces. 

3.2.3 Effect of load ratios and HSS material on the response of the 
beams exposed to travelling fire 

Effect of load ratio 
The effects of load ratios of 0.3 and 0.5 on the reponse of the 9 m steel beam 
exposed to travelling fire are studied using the 9 m beam. As shown in Figure 41 
(a), compared to the beam with the load ratio of 0.3, the beam with the load 
ratio of 0.5 had a lower peak of compressive force, the transition of the axial 
force from compression to tension was about 700 s earlier, and had higher fluc-
tuations. For the beam with load ratio of 0.5, the catenary action occurred before 
the start of the degradation of effective yield strength at 400 ℃. The early cate-
nary action of the beam can be explained by the distribution of the von-Mises 
stresses on the top flange of the beam in the midspan due to the travelling fire. 
As shown in Figure 41 (b), the repeated exceedance of the proportional limit and 
unloading of the yielded parts of the beam led to the residual deformation. The 
cyclic yielding accumulated and contributed to accelerated deformation, thus 
advancing the initiation of the catenary action of the beam. 

(a) (b) 

Figure 41. Response of the 9 m steel beam with a load ratio (LR) of 0.3 and 0.5 exposed to
travelling fire: (a) axial force developed at the end support; (b) Von-Mises stress developed at the 
midspan of the beams in the top flange (TF) 

Effect of HSS material 
The midspan displacements and axial force responses of the 9 m long beam 
made of HSS and mild steel with load ratios of 0.3 and 0.5 are presented in Fig-
ure 42 and Figure 43, respectively. The 9 m beam had fixed supports and was 
subjected to the heating and cooling stages of travelling fires. Since the load ra-
tios were the same for both steel grades, the magnitude of the load was roughly 
twice for the HSS beam because the yield strengths were 700 N/mm2 and 355 
N/mm2 for the HSS and mild steel, respectively. The results of the HSS beam 
using the measured mechanical properties are presented in the figures as ‘HSS 
(Shakil et al.)’. 
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At the load ratio of 0.3, HSS beams deflected more than mild steel beams due 
to the higher load applied to the HSS beams (Figure 42 (a)). The HSS beam with 
the measured mechanical properties had a higher displacement than the beam 
with code values but survived longer because of the differences in the reduction 
factors of yield strength and elastic modulus at elevated temperatures. In Figure 
42 (b), the peak axial compression force of the HSS beam was twice as large as 
this peak in the mild steel beam, leading to a quicker transition from compres-
sion-controlled behaviour to bending-controlled behaviour. The transition from 
compression to tension for the HSS beams was 200 s earlier and at a lower tem-
perature than the transition of the mild steel beam. More fluctuations were ob-
served in the axial force response of the HSS beams than that of the mild steel 
beams.  

At the load ratio of 0.5, both the HSS and mild steel beams had similar trends 
and magnitudes in terms of midspan displacement in Figure 43 (a). The runa-
way deflection occurred at the same time for all the beams because of the highly 
degraded material at the midspan. The peak axial compression force of the HSS 
beam was twice as large as the force in the mild steel beam in Figure 43 (b). Both 
beams reached catenary action before the start of the degradation of their effec-
tive yield strength at 400 C. The fluctuation of the axial force was higher for the 
HSS beams than for the mild steel beams. The HSS beam with measured me-
chanical properties experienced higher amplitude of fluctuations than the HSS 
beam with code values. 

 

(a) 

 

(b) 

Figure 42. FE results of the 9 m long beam with a load ratio of 0.3: (a) midspan displacement 
and (b) axial force response  
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(a) 

 

(b) 

Figure 43. FE results of the 9 m long beam with a load ratio of 0.5: (a) midspan displacement 
and (b) axial force response 

Discussion 
The comparative study of the 9 m long mild steel beam with two different load 
ratios reveals that, at higher load ratio of 0.5, the the catenary action is activated 
before the reduction of the yield strength at elevated temperatures due to the 
fluctuations in the axial force response. These fluctuations result in cyclic yield-
ing at early stages which is visible in the von-Mises stress history of the studied 
beams. The repeated yielding of the beam accumulates the residual defor-
mation, thus activating the large deformation leading to early catenary action. 
The larger deflections that activate the catenary action should also be consid-
ered in practical design. 

Compared to the long-span beam made of mild steel, the HSS beam with the 
same load ratio experiences larger load in the elastic range of material at room 
temperature, leading to larger fluctuations in the axial force response during the 
travelling fire. For the studied load ratios, the HSS beams developed twice as 
large compressive axial force than the mild steel beams, and experienced fluc-
tuation during the transition stage. In addition, at higher load ratio of 0.5, the 
HSS beam modelled using the measured values compared to the HSS beam 
modelled using the code values experienced catenary action 300 s earlier and 
oscillated heavily due to larger degradation of yield strength and smaller degra-
dation of modulus of elasticity at similar temperatures (see Figure 29 and Figure 
30). When the fluctuations and the magnitude of axial forces are large, their 
effect on the behaviour of the connections at the supports should be considered, 
especially during the cooling stage. 

3.2.4 Critical temperature for the design of beams exposed to trav-
elling fires 

The critical temperatures according to EN 1363-1 and the temperatures corre-
sponding to catenary actions for the beams exposed to different fire scenarios 
are presented in Figure 44 (a) and (b), respectively. The temperature is taken at 
the bottom flange of the midspan of the beams as this location experienced the 
highest temperature compared to other parts of the beam. A comparison was 
made with the reduction factors of effective yield strength given in EN 1993-1-2 



 

54 
 

[13] and in [73] for HSS. The reduction factors of the proportional limit have 
also been added in Figure 44. 

The critical temperatures according to EN 1363-1 (Figure 44 (a)) coincided 
with the yield strength criterion for both load ratios if the effective yield strength 
was based on reduction factors. The only anomaly was the ‘short-mild-furnace’ 
case, where the critical temperature was lower than the effective yield strength. 
This difference can be attributed to the average sectional-temperature of the 
beam being lower when defining the critical temperature according to EN 1363-
1 and the maximum temperature used to define the reduction factors in the 
code. 

The temperatures at the catenary action for the beams with a load ratio of 0.3 
coincided well with the effective yield strength in Figure 44 (b), here supported 
by the fact that the mechanism of catenary action was connected to large defor-
mations. However, for a load ratio of 0.5, the catenary action temperatures were 
close to EN 1993-1-2 reduction factors for the proportional limit. 

 

(a) 

 

 
(b) 

 

Figure 44. Comparison of the critical temperatures determined for different load ratios (LR) using 
EN 1993-1-2 reduction factors and reduction factors from [73] with (a) critical temperatures using 
EN 1363-1 as the limiting criteria and (b) catenary action temperatures 
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Discussion 
When exposed to the travelling fire, the beams with a lower load ratio of 0.3 can 
be reliably designed by using EN 1363-1 criteria of critical temperature or the 
effective yield strength reduction factors presented in EN 1993-1-2 and for S700 
MC HSS in [73]. However, for the beam with a higher load ratio of 0.5, the tem-
peratures activating catenary action should also be considered for the design of 
the 9 m long beams because the early transformation from ‘bending-controlled’ 
to ‘axial stress-controlled’ behaviour in the beam endangers its structural integ-
rity. Since the catenary action temperatures coincided well with the propor-
tional limit reduction factors, the yield strength based on the proportional limit 
is recommended for the design of the beams with higher load ratios. However, 
the proportional limit-based criterion can be conservative and requires further 
validations by tests. 

3.3 Application of CFD-FE analyses on long-span truss beams 
with and without fire intervention 

As application cases for coupled CFD-FE analyses, the hot-rolled steel beam is 
used for studying the thermal effects of both exposure of a pool fire and fire 
intervention using a 3 m wide water spray. The temperature results of the test 
are used to validate the FE model of the beam. The effect of two fire scenarios 
and fire intervention on the response of large-span truss beams inside a ware-
house is then studied. 

3.3.1 Effect of rapid cooling on the thermal response of a steel 
beam 

A 3 m beam, as described in section 2.2.5, was subjected to local heating and 
subsequent cooling in the tests conducted to characterise the effect of water 
sprays and study the effect of rapid cooling (Article V). In Figure 45 (a), the 
measured temperatures at the midspan of the beam cooled by a 3 m wide water 
spray are compared with the FE results. The temperature nonuniformity along 
the span is clearly observed in the beam before and after cooling, with highest 
temperatures at the midspan. The heating rate of the beam at the middle was 
approximately 95 ℃/min. A good compatibility was observed between the 
measured and predicted temperatures. The results of the cooling phase are pre-
sented in Figure 45 (b). The start of the cooling was adjusted so that both the 
measured and predicted cooling started at 342 s. The cooling rate of the mid-
span was approximately -1100 ℃/min. For the left, middle and right positions, 
the FE results were roughly 50% below, 11% below and within 1% of the meas-
ured temperatures, respectively. The differences in the prediction of tempera-
tures were mainly because of the uncertainties in the burning rate and move-
ment of the flame away from the beam, as well as the necessary simplifications 
in the modelling of the spray cooling process. The heating and cooling rates of 
the test and the simulation were within 10% of each other. 
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(a) 

 

(b) 

Figure 45. Temperature development of the steel beam cooled with a 3 m spray: (a) heating 
and cooling phase at the middle; (b) cooling phase of the whole beam (FE: finite element) 

Figure 46 presents the temperature contours of the beam at the end of the 
heating phase and at the end of the rapid cooling phase. At the midspan, the 
beam temperatures were higher than in the rest of the beam, reaching a value 
of 580 ℃, as depicted in Figure 46 (a). The beam was cooled down using the 3 
m water spray to a range of 118 ℃ to 254 ℃, as shown in Figure 46 (b). At the 
end of the cooling stage, the nonuniform temperature field both vertically and 
transversely across to the cross-section of the beam was also observed. The non-
uniformity in the transverse direction is about 200 C on the top flange and is 
not typical for the beam cooled inside the furnace tests. 

(a) (b) 

Figure 46. Temperature contours of the validation simulation of the steel beam with fire inter-
vention using 3 m spray: (a) at the end of heating phase; (b) at the end of the cooling phase 

A reasonable congruence of temperatures between the beam test and the sim-
ulation results points out that the model for unidirectionally coupled CFD-FE 
analysis can be used for resolving the spatial and temporal nonuniform temper-
ature field of steel beams due to local heating by pool fire and rapid cooling by 
water sprays. The modelling method is used for studying the thermal and me-
chanical response of the long-span truss beams inside a warehouse. 
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3.3.2 Effect of two fire scenarios on the response of truss beams 

The effects of fire spreading or travelling on the thermal and structural response 
of the truss beams are studied in this section. There is little experimental data 
available for large-span truss beams exposed to travelling fires. The variety of 
responses that long span trusses exhibit as mentioned in the background and 
motivation subchapter are covered through the validation cases used in this re-
search. Therefore, it was deemed sufficient to extend the application of CFD-FE 
analysis method to analyse a truss beam.  

Figure 47 shows the two fire scenarios considered in the simulations: Scenario 
1 and Scenario 2, where the fire paths were perpendicular and parallel to the 
span of the truss beams, respectively. To achieve the combination of ventilation 
and fuel-dependent fire behaviour, one opening (24 m × 9.6 m) was defined for 
each scenario. Two truss beams were selected for further thermal and mechan-
ical analyses: Truss beam 1 which was directly above the ignition point in Sce-
nario 1, and truss beam 4 which was directly above the ignition point in Scenario 
2. 

 
(a) (b) 

Figure 47. The studied fire scenarios: (a) Scenario 1 with fire path perpendicular to the span 
of the trusses and fire intervention and (b) Scenario 2 with fire path parallel to the trusses 

According to fire simulation results in Article IV, five phases of fire spread-
ing/travelling can be defined for the two scenarios: ignition, local fire, rapid 
spread towards the opening, burning at the opening and backwards travelling. 
The durations of the phases in the two fire scenarios are shown in Table 5. The 
non-uniform temperature field developed in the truss beams are explained ac-
cording to these phases. 

Table 5. Durations of fire phases (min) in the two simulated fire scenarios. 

No. Phase 
Scenario 1 

[min] 
Scenario 2 

[min] 

I Ignition 0–3 0–6 

II Local fire 3–10 6–14 

III Spread to opening 10–21 14–23 

IV Burning at the opening 21–25 23–27 

V Backwards travelling 25–35 28–43 
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AST temperatures of truss beams from fire simulations 
Figure 48 (a) and Figure 49 (a) show the ASTs calculated in FDS along the span 
of truss beam 1 and 6 from Scenario 1 and truss beam 4 and 6 from Scenario 2, 
respectively. During the first 15 mins, the heat exposures for truss beam 1 in 
Scenario 1 and truss beam 4 in Scenario 2 resembled a local fire (phase II) be-
cause only a small portion of truss beams were exposed to high temperatures. 
At 15 min, the difference in the AST along the span of truss beam 1 in Scenario 
1 was 800 ℃ and along the truss beam 4 in Scenario 2 was 1000 ℃ approxi-
mately. From phase IV onwards, the AST values along the truss beams became 
more uniform for both the scenarios due to the formation of hot gas layer. As 
there was no direct flame impingement on truss beam 1 20 min (end of phase 
III) onwards in Scenario 1, the bottom and top chords had little variation in AST 
along the span. However, as the fire travelled along the span of the truss beam 
4 in Scenario 2, there was significant variation in AST along the span until the 
end of phase V. At both 25 min and 30 min, two peaks of AST along the truss 
beam 4 were observed due to the back travelling of the fire together with fire 
spreading. This phenomenon was not covered by the available travelling fire 
models presented in [24] and [25]. 

The results in Article IV show that in Scenario 1, the fire spread was driven by 
the depletion of oxygen at the closed end of the compartment. The spread of the 
fire towards the opening (phase III) and burning at the opening (phase IV) re-
duced the AST at truss beam 1. The top and bottom chords experienced similar 
trend of AST values but with different magnitude at the same locations along 
the span. In Scenario 2, the spreading of the fire (until phase III) was a combi-
nation of both oxygen depletion and fuel burnout. The simultaneous burning 
observed in Scenario 2 was a result of the shorter fire path to the opening (phase 
IV). The turbulence was high during the backward travelling phase (phase V). 
The AST for the bottom chord in the backward travelling clearly confirmed the 
existence of heating–cooling cycles, which were similar to the long beam ex-
posed to travelling fire studied in section 3.2.2. 

Compared to truss beam 1 in Scenario 1, the truss beam 6 in the same scenario 
experienced highly nonuniform temperature fields during the phases of fire 
spreading (phase III) and burning at opening (phase IV). The temperature var-
ied between 600 C and 1100 C along the span. In other phases, the tempera-
ture along truss beam 6 was quite uniform. During the phase of back travelling 
(phase V), the temperature reached around 800 C due to the burning of fuel 
close to truss beam 6. In Scenario 2, truss beam 6 had relatively uniform tem-
peratures until phase V. During the back travelling phase, the bottom chord of 
truss beam 6 close to the openings had temperatures around 1100 C and was 
about 200 C higher than the top chord. 

Thermal and mechanical responses of truss beams 
For studying the truss beams with high temperature nonuniformity, truss beam 
1 and 4 from the two respective scenarios were selected for FE analysis. Figure 
48 (b) and Figure 49 (b) show the temperature calculated by FE analysis along 
the span of truss beam 1 in Scenario 1 and truss beam 4 in Scenario 2, respec-
tively. For both studied truss beams, the temperature development followed 
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trends similar to those of the corresponding ASTs but was in details different in 
both the top and bottom chords. In Scenario 1, the maximum temperatures were 
observed close to the midspan at around 20 min which is at the end of fire 
spread (phase III) in both the top and bottom chords. Temperature variations 
along the span were most prominent at 15 min within phase III, with maximum 
differences within the top and bottom chords at about 690 ℃ and 800 ℃, re-
spectively. In Scenario 2, at 15 min (beginning of phase III), the part where the 
fire originated had a higher temperature than the rest of the truss beam. The 
temperature variations along the top and bottom chords were most prominent 
at 20 min (phase III), with maximum differences of about 700 ℃ and 900 ℃ 
within the top and and bottom chords, respectively. Temperature variations 
along the span continued until 25 min (phase IV), when the maximum temper-
atures were observed. Cyclic changes in temperature history at the locations of 
ignition and close to the opening  were observed during the backwards travelling 
phase of fire (phase V). 

(a) 

 
(b) 

 

Figure 48. Temperature development in the bottom and top chords of truss beams in Scenario 
1: (a) Comparison of AST of Truss 1 and 6 from FDS analysis; (b) Steel temperature from FE 
analysis compared to AST for Truss 1 presented in (a) 
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(a) 

 

 
(b) 

Figure 49. Temperature development in the bottom and top chords of truss beams in Scenario 
2: (a) Comparison of AST of Truss 4 and 6 from FDS analysis; (b) Steel temperature from FE 
analysis compared to AST for Truss 4 presented in (a) 

The lateral or out-of-plane and vertical deflections of the midspan of the bot-
tom chord of the truss beams analysed using FEM in Scenarios 1 and 2 are pre-
sented in Figure 50 (a) and (b), respectively. In Scenario 1, the lateral displace-
ment was larger than the vertical displacement. At 11 min (phase III), the lateral 
displacement was 471 mm towards the back wall, after which the direction of 
the displacement was reversed, and a peak lateral displacement of 833 mm was 
observed at 16.6 min. The deformation behaviour was caused by the increase of 
the temperature close to the ceiling due to the fire spread (phase III) from back 
of the warehouse towards the opening between 10 min and 21 min. A maximum 
vertical displacement of 335 mm towards the ceiling was observed at 18.3 min.  

In Scenario 2, the vertical displacement was more significant than the lateral 
displacement. According to the deflection limit of L/20 [74], the global failure 
of the studied truss beams occured at a midspan displacement of 1,550 mm. 
During the times between 25 min (phase IV) and 43 min (phase V), the truss 
beam in Scenario 2 had heating-cooling cycles as well as movement of local high 
temperatures from one side of the span to another. At 35.5 min, truss beam 
reached the displacement limit of L/20. Therefore, the backwards travelling 
(phase V) of fire prolonged the duration of fire and contributed to further heat-
ing-cooling cycle leading to large deflections in the truss beam. On the contrary, 



Results and Discussions 

61 
 

the truss beam in Scenario 1 had local temperatures of about 1100 C which were 
similar to Scenario 2, but the total duration of fire was shorter than in Scenario 
2 by 8 min. The truss beams reaching a local high temperature indicates the 
need to seek a criterion to define the failure of critical members of the truss, as 
studied in [41].  

The deformation behaviour of the truss beam in Scenario 2 during the back-
wards travelling phase (V) of the fire was similar to the 9 m steel beam exposed 
to the travelling fire. The axial force response of the truss beam was not calcu-
lated, but the deformation mechanism can be correlated to the 9 m beam stud-
ied earlier. The truss beam experienced midspan deformation starting at 25 min 
which corresponds to Stage 1 and Stage 2 of the deformation mechanism of the 
9 m beam where first the axial compression developed in response to thermal 
expansion followed by the degradation of the yield strength and elastic modulus 
leading to the midspan displacement. The accelerated deformation of the truss 
beam between 32-35 min was similar to Stage 3 of the deformation mechanism 
where the beam developed catenary action due to transition from axial com-
pression to axial tension. Finally, the runaway deformation at 35 min corre-
sponds to Stage 4 where the truss beam has pure axial tension.  

 

(a) 

 

(b) 

Figure 50. Comparison of the lateral and vertical displacement of the midspan of the bottom 
chords of the truss beams in (a) Scenario 1 and (b) Scenario 2; with fire phases I to V 

The deformed shapes of the truss beam 1 from scenario 1 at 650 s (11 mins 
approximately) and 900 s (15 mins), as a result of travelling fire, have been su-
perimposed on the undeformed shape in Figure 51 (a) and (b), respectively, to 
demonstrate the change of deformation over time. At 650 s, the midspan of the 
truss beam deforms in the direction opposite the opening of the building in Fig-
ure 51 (a). Both the top and bottom chords transversely deform with the same 
magnitude since they had high temperatures at the midspan (see Figure 48). At 
900s, the truss beam deforms towards the building opening in Figure 51 (b). At 
this moment, the bottom chord has overall higher temperatures than the top 
chord and as a result deforms more. 
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(a) (b) 

Figure 51. Deformed truss beam superimposed on the undeformed beam with total displace-
ment (units: m) contours at (a) 650 s and (b) 900 s 

Discussion 
For the two scenarios, ASTs calculated by CFD analysis, and the steel tempera-
tures calculated by FE analysis had a similar trend, but the FE curves were 
smoother. Since the temperatures calculated by FE analysis included the effect 
of three-dimensional heat conduction, they  were generally lower than the AST 
values at the respective  times. The differences between AST and steel tempera-
tures pointed out the importance of using FE analysis for determining the solid 
body temperatures while AST values could only be used to describe thermal ef-
fect on the solid body. 

The FE results showed that, in Scenario 1, the midspan of the truss beam had 
higher temperatures for the entire duration of fire compared to the rest of the 
span. However, Scenario 2 led to higher temperature variations along the span 
of the truss beam due to the span orientation parallel to the travel path of fire 
and simultaneous occurrences of spreading and back travelling of fire. In addi-
tion, for the studied scenarios, both (i) the orientation of the beam with respect 
to the fire travel path and (ii) the duration of the fire phenomenon affected the 
deformation behaviour of the truss beams. The fire path perpendicular to the 
span affected the response of truss beams more locally whereas the fire path 
parallel to the span affected the response of the truss beams more globally. The 
above two factors should be studied further for the understanding of the behav-
iour of long-span structures exposed to nonuniform fire scenarios. 

The temperature output from the warehouse application case confirms the ex-
istence of temperature nonuniformity at three distinct levels: 

1. Building level: the studied truss beams 1 and 6 in Scenario 1, and truss 
beams 4 and 6 in Scenario 2 had different temperature development 
while belonging to the same building envelope. 

2. Member level: The truss beams had high temperature nonuniformity 
along the span in both the studied scenarios. 

3. Cross-section level: The top chord and the bottom chord of the truss 
beams had different levels of temperature due to the formation of 
smoke layer and direct flame impingement based on different phases 
of fire spreading and travelling. 
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The variation of AST of the truss beams inside the building depends on the 
location of the burning front of fire. For the trusses far from the burning front, 
the AST along the truss beams is uniform. However, the temperatures can be 
quite high depending on the phases of fire spreading and travelling. For the 
trusses close to the burning front, the AST along the truss beams is highly non-
uniform with high amplitudes.  

The studied fire scenario parallel to the span of the trusses had heating-cool-
ing cycles similar to the travelling fire of the 9 m long beam. However, the ap-
plicability of the five-stages for characterizing the load-bearing mechanism of 
the truss beams exposed to travelling fire needs further research. The effects of 
multiple peaks caused by simultaneous occurrence of fire spreading and back 
travelling also needs further investigation.  

For the studied fire scenario perpendicular to the span of the trusses, large 
transverse deflections at elevated temperatures pointed out the contribution of 
lateral restraints which were not considered in the current study. In Figure 51 
(a), the lower chord of the beam has similar transverse movement as the top 
chord, while in Figure 51 (b), the bottom chord has more transverse displace-
ment than the top chord. Therefore, the effect of adding lateral bracings to the 
top and bottom chords, and also the effect of adding space trusses for lateral 
restraints can be investigated for spreading fire scenarios.  

3.3.3 Effect of fire intervention on the response of truss beams 

Truss beam 1 from Scenario 1 was selected for fire intervention. The truss beam 
was exposed to fire for 900 s (15 min) which is at the middle of phase III, and 
then, the centre of the truss beam was cooled with three water sprays for 360 s 
(6 min), as shown in Figure 47 (a), and was left without cooling for 140 s. The 
AST fields were mapped onto the FE model of the truss beam using the mappi-
nig tool FDS2FEM, and the temperatures and deformations of the truss beam 
were analysed; the results were compared with a truss beam without fire inter-
vention. 

Figure 52 (a) shows the temperature distribution at the end of 900 s of thermal 
exposure. The highest temperature of 1100 ℃ was observed at the midspan. At 
900 s, a temperature gradient developed between high temperatures at the mid-
span and low temperatures at the ends of the beam. The bottom parts of the 
columns were close to room temperature, while the top parts were about 300 
℃. 

Figure 52 (b) presents the temperature distribution of the truss beam at 1260 
s, just after the phase of fire intervention. The truss beam cooled down to at least 
700 ℃ at the midspan. However, the overall temperatures of the truss beam at 
the two ends were 200 ℃ higher after 360 s of fire intervention. The tempera-
ture towards the right of the cooled region gradually rose to approximately 1100 
℃ by the end of the cooling period. This means that the fire intervention using 
water sprays at the midspan of the truss managed to cool the beam locally but 
resulted in the displacement of flames towards the right of the midspan. 
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(a) 

 
(b) 

Figure 52. Temperature of the truss beam (a) at the end of the heating period of 900 s 
and (b) at the end of fire intervention period at 1260 s. 

In Figure 53, the steel temperatures of the truss beam are presented at differ-
ent times of the FE thermal analysis with fire intervention. The temperature de-
veloped similar to a localised fire until 900 s. At 1260 s, the temperatures at the 
midspan of the top chord decreased by 200 ℃ and by 400 ℃ for the bottom 
chord because of fire intervention. The temperature reduction was not con-
sistent across the span because the water sprays pushed the flames and hot 
gases from the initial region towards the ends of the truss beam. This resulted 
in higher temperatures between distances 20 m and 25 m along the span of the 
truss beam from its left support. The bottom chord had a higher peak tempera-
ture than the top chord after 900 s which is an indication of direct flame im-
pingement. 

 

(a) 

 

(b) 

Figure 53. Temperature of the steel truss beam along the span for different times of FE simu-
lation with fire intervention: (a) top chord and (b) bottom chord 

In Figure 54, the temperature development at the midspan is presented for 
the beams with and without fire intervention. For the truss beam without fire 
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intervention, the temperature of the top chord increased at a higher rate than 
the bottom chord at the beginning and had higher temperatures up to 1000 s, 
after which the bottom chord was hotter than the top. The higher temperature 
of the top chord is opposite to the scenario which would be the result of a local 
fire plume assumption. For the cooled truss beam, the temperatures of both the 
top and bottom chord started to decrease after the beginning of cooling at 900 
s, reaching 450 ℃ and 200 ℃, respectively, in 300 s. This showed the effective-
ness of the water sprays at the midspan. After the cooling period, that is, 1260 s 
onwards, the temperatures increased by about 500 ℃, leading to the heating–
cooling cycles in the truss beam due to fire intervention. 

As can be seen from Figure 54, the temperature in the truss beam fluctuated 
many times and at different rates. The temperature at the top chord of the beam 
with fire intervention rose with the rate of 155 ℃/min before being cooled down 
by fire intervention at the rate of -488 ℃/min. Similarly, the temperature at the 
bottom chord of the beam with fire intervention rose with the rate of 55 ℃/min 
before being cooled down by fire intervention at the rate of -192 ℃/min.  

The effect of the fire intervention on the displacement response can be seen in 
Figure 55, where the transverse and vertical displacements of the bottom chord 
at the midspan of the truss beam are shown. Because of the absence of out-of-
plane restraints, the transverse displacement was larger than the vertical dis-
placement for the truss beam with and without fire intervention. The transverse 
displacement started to develop at 300 s in the direction opposite to the building 
opening. The direction of the transverse displacement reversed at 650 s, indi-
cating that the hot smoke layer that had developed reduced the temperature dif-
ference in the truss beam. At 900 s, the thermal bowing deflected the truss beam 
650 mm towards the building opening. The fire intervention at 900 s onwards 
reversed the transverse displacement, resulting in a deflection of 200 mm. The 
truss beam without fire intervention had the maximum transverse displacement 
of 800 mm at 1000 s, which decreased to 560 mm at 1260 s.  

The overall rise in temperature increased the vertical displacements of the 
truss beam towards the ceiling in both cases studied. As Figure 55 indicates, the 
vertical displacement of the truss beam with fire intervention stayed at the same 
level during the cooling phase. However, the vertical displacement of the truss 
beam without intervention continued to increase from 900 s to 1050 s and then 
gradually decreased. At the end of the cooling period, the vertical displacement 
of the truss beam with fire intervention was 75 mm lower than the truss beam 
without an intervention. In the post-intervention period, the increase in tem-
perature did not affect the deformation significantly. In neither of the cases did 
the beams reach the displacement limit of L/20, even though the truss beams 
had local temperatures of about 1100 ℃. 
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Figure 54. Temperature development at the 
midspan of the studied truss beam with and 
without fire intervention 

Figure 55. Transverse and vertical displace-
ment of the midspan of the bottom chord of the 
truss beam with and without fire intervention 

Discussion 
Fire intervention was effective in decreasing both the temperature and the over-
all deformation of the truss beam at the midspan. However, 360 s of fire inter-
vention using water spray at the midspan was not sufficient to extinguish the 
fire and led to an increase in the overall temperature of the truss, especially to-
wards one end of the span. In addition, water spray also caused fluctuations of 
the deformation response similar to the beams exposed to travelling fire scenar-
ios. Further parametric studies on the behaviour of the truss beams can reveal 
the efficient fire-fighting tactics for combating similar fire scenarios. 

The effects of different heating and cooling rates of the top and bottom chords 
of the truss beam with fire intervention on the deformation response indicate 
that the steel material models for fire may need heating-rate dependent terms. 
This observation promotes the adoption of material properties of steel meas-
ured using transient tests performed at different heating rates. In addition, the 
post-fire mechanical properties from the cooling down tests can be used for the 
material modelling for capturing the behaviour of reheated steel members.   
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4. Conclusions 

To study the responses of long-span HSS beams to nonuniform temperature 
fields induced by travelling fires, both experimental and numerical methods 
were used. The experimental methods included elevated temperature transient 
state and steady state tensile tests. The parameters of S700 MC grade steel ob-
tained from the tests were used for the material modelling. The numerical meth-
ods included temperature-dependent mechanical analyses, sequential thermal 
and mechanical analyses, and unidirectionally coupled CFD-FE analyses. These 
analyses were used to study the load-bearing mechanism and the critical tem-
perature of long-span steel beams made of HSS and mild steel exposed to trav-
elling fire as well as the effect of travelling fires and fire intervention on the be-
haviour of long-span truss beams. 

4.1 Material parameters of S700 MC grade for structural fire 
analyses 

The measured yield strength and elastic modulus have significant deviations 
from the values in EN 1993-1-2 between 200°C and 800°C. The proportional 
limit of S700 MC differs from the code values up to 200°C. The observed devi-
ations suggest that reduction factors in the code are not representative of the 
HSS. Therefore, using the reduction factors given in EN 1993-1-2 for material 
modelling of HSSs could lead to a less safe design. 

The elastic modulus 𝐸 ,  was determined using two clear points on the un-

loading-reloading curves, thus reducing human error. In addition, the elastic 
modulus measured using the unloading-reloading part of the stress-strain 
curves can be useful for material modelling considering strain reversals due to 
mechanical unloading and reloading conditions.  

In the transient state test, the heating rate and load were constant, whereas in 
the steady state test, the strain rate and temperature were fixed. The results of 
the two tests matched but revealed the sensitivity of the parameters to the strain 
rate, which may partially explain the scatter of the values received for the HSS 
at elevated temperatures. In addition, the chemical composition and manufac-
turing process can explain the scatter among the values of literature for the same 
strength grade of HSS. The observed scatter among the values of HSS means 
that they cannot be reliably modelled using a single universal set of reduction 
factors. Therefore, elevated temperature tests for each HSS grade are proposed 
to be conducted separately. 
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In the steady state tests, the material softening beyond the uniform elongation 
was observed in the stress-strain curves above 400℃. This softening behaviour 
is due to the faster rate of relaxation of HSS than the strain rate used in the test. 
To include the stress degradation in the material model at larger range of strains 
under a slow strain rate, the equations that include the strain rate effects should 
be considered. 

The reduction factors derived from transient state tests can be integrated into 
the EN 1993-1-2 equations for modelling the S700 MC material. The reduction 
factors based on the steady-state tests can be integrated into the Ramberg-Os-
good-based equations for the material model of S700 MC, which can represent 
strain hardening in the larger range of strains up to 400C. A representative 
material model improves the reliability of numerical analyses of structures 
made of HSS. 

4.2 Understanding the behaviour of long-span beams in fire 

The study points out that advanced numerical methods combined with experi-
mental investigations deepen the understanding of the fire design of long-span 
steel structures. As the advanced numerical methods enable more reliable mod-
elling of fires and structural behaviour in the design phase, they support sus-
tainable use of new, innovative steel materials in buildings. 

Effects of using HSS for the studied beams and frames 
The temperature-dependent analyses for beams exposed to nominal fire showed 
that the use of HSS increased the load-bearing capacity at elevated tempera-
tures. However, when the strength increases and the elastic modulus remains 
the same, higher load ratios can enlarge the deformation of HSS beams. If these 
effects are considered properly during design, the benefits, such as structures 
with longer spans and material savings, can still favour the structural applica-
tion of HSS.  

The temperature-dependent analyses of beams and frames exposed to nomi-
nal fires indicated that the critical temperatures of the studied structures were 
affected by both yield strength and modulus of elasticity. Because of plastic 
hinge mechanism, the deviations of the yield strength of HSS from code values 
200C onwards more significantly influenced the critical temperatures of the 
HSS beams than the mild steel beams. Meanwhile, the deviations in the modu-
lus of elasticity from the code values in the whole range of temperatures influ-
enced the critical temperature of the HSS frames, which failed due to inelastic 
instability. 

Effects of travelling fire on the long-span beams 
The five-stage load-bearing mechanism was found to be applicable to all the 
studied beams with varying span and fire exposure. The large deformation of 
the beam was activated by the plastic hinge mechanism. For the beam heated by 
travelling fire, the plastic hinge mechanism was activated when the cross-sec-
tion close to the mid-span was exposed to temperatures that were high enough 
to exceed its plastic sectional resistance.  
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The heating-cooling cycles of the TG1 curve of the travelling fire induced fluc-
tuations in axial force response. The high frequency of fluctuations in shorter 
beams indicates that the decrease in slenderness increased fluctuations. Com-
pared to the long-span beam made of mild steel, the HSS beam with the same 
load ratio carried larger load in the elastic range of material at room tempera-
ture, which increased fluctuations in the axial force response during the travel-
ling fire. The fluctuations in the beams at a higher load ratio of 0.5 can lead to 
cyclic yielding of material, resulting in premature activation of the catenary ac-
tion which can occur at a much lower temperature than the critical temperatures 
determined according to EN 1363-1. The larger deflections that activate the ca-
tenary action should also be considered in practical design. 

The results indicate that beams with a lower load ratio of 0.3 exposed to trav-
elling fire can be reliably designed by using EN 1363-1 criteria for critical tem-
perature. However, for beams with a higher load ratio of 0.5, the yield strength 
based on the proportional limit is recommended because the temperatures at 
catenary action coincided well with the temperatures of defining the reduction 
factors of the proportional limit. The proportional limit-based criterion can be 
conservative and requires further validation. 

Effects of travelling fires and fire intervention on long-span trusses 
The temperature output from the warehouse application with 31 m span truss 
beams confirmed the existence of temperature nonuniformity at three distinct 
levels: building, member, and cross-section. The variation of AST among truss 
beams inside the building depended on the location of the burning front of fire. 
For trusses close to the burning front, the AST along the truss beams was highly 
non-uniform and had high amplitudes. 

The unidirectionally coupled CFD-FE analyses showed that the midspan of the 
truss beam had higher temperatures for the entire duration of fire compared to 
the rest of the span when the fire travel path was perpendicular to the span of 
the truss beam (Scenario 1). When the travel path of fire was parallel to the span 
of the truss beam (Scenario 2), higher temperature variations caused by simul-
taneous occurrence of spreading and back travelling of fire were observed along 
the span.  

Both the orientation of the beam with respect to the fire travel path and the 
duration of the fire phenomenon affected the deformation behaviour of the truss 
beams. The fire path perpendicular to the span affected the response of truss 
beams more locally, whereas the fire path parallel to the span affected the re-
sponse of the truss beams more globally. The fire with path parallel to the span 
of the trusses created heating-cooling cycles similar to the ones affecting the 
long-span beam exposed to the travelling fire. Five stages for characterising the 
load-bearing mechanism of the truss beams can be used in this case but needs 
further research for general applicability. The travelling fire with the path per-
pendicular to the span of the trusses led to large transverse deflections at ele-
vated temperatures, emphasising the role of lateral restraints which were not 
considered in the current study. Therefore, the effect of adding lateral bracings 
to the top and bottom chords and adding space trusses for lateral restraints can 
be investigated for spreading fire scenarios. 
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The fire intervention of 360 s effectively decreased the temperature and the 
overall deformation of the truss beam at the midspan. However, insufficient fire 
intervention moved flames towards one of the ends of the span, where the tem-
perature of the truss beam increased. Efficient strategies for combating such fire 
scenarios could be developed through further parametric studies. The fire inter-
vention led to rapid cooling and reheating of the steel at different rates, which 
supports the use of post-fire material properties and heating-rate-dependent 
material models for mechanical analyses in the future. 
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