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A B S T R A C T   

In performance-based structural fire engineering, “travelling fires” is being gradually accepted as an important 
fire boundary condition. However, its application is still limited by uncertainties in the selection of different 
design travelling fire parameters, resulting from the lack of relevant experimental data and corresponding 
validated structural finite element models which can be used with advanced travelling fire methodologies, e.g. 
the Extended Travelling Fire Methodology (ETFM) framework. This paper aims to fill this gap through modelling 
a prototype steel-composite floor structure (representing a “slice” of a large open-plan office), to investigate its 
true structural response under a wide range of travelling fire scenarios, with an emphasis on considering the 
effect of concrete slab in a 3D finite element model, using LS-DYNA. To ensure the credibility of this numerical 
study, the model was first validated against the experimental data of the structural response from the Veselí 
Travelling Fire Test. In the parametric studies, 32 cases were examined to investigate the thermal and structural 
response, related to the selection of key design parameters for travelling fires (i.e. fire spread rates, fuel load 
densities and inverse opening factors (IOF)); fire protection (i.e. different fire protection schemes and required 
fire resistance rating (FRR)), and the effect of slab specification (i.e. thicknesses and steel reinforcements). 

It was found that solely satisfying the critical temperature and deflection criteria for the structural members 
might not guarantee a sufficient structural design for travelling fire scenarios, and it is suggested that the steel 
stress utilisation should also be examined. Compared with the IOF, it appears that the selection of fire spread 
rates and fuel load densities are likely to be more critical in identifying the worst travelling fire scenario for the 
structural response with fire protection. Moreover, the global structural response under travelling fire is also 
affected by the combination of fire protection (i.e. equivalent FRR in this paper) and fire spread rate. Under a 
“slow” travelling fire (e.g. 0.5 mm/s) with increasing FRR, the failure of structural elements during the cooling 
phase was prevented effectively; however, under a relatively “fast” travelling fire (e.g. 2.5 mm/s, 12.5 mm/s), 
increasing FRR may not always improve the fire performance of the structure. This work also indicates that steel 
reinforcement ratio has a greater influence on structural response than slab thickness under travelling fires. 
Furthermore, the 3D finite element model is very important for structural fire analysis, not only due to the more 
conservative internal force captured by the 3D model (i.e. reduced by over 80 % on the 2D model in our case) 
thereby reproducing the collapse triggered by the failure of the connection under fire in general, but also the 3D 
model was able to better represent the deflection and the “internal force reversal” caused by travelling fires.   

1. Introduction 

For structural fire design, appropriate fire boundary conditions are 
critical to fire severity calculations, which may differ significantly from 
those in standard tests. Current practice for fire safety design of struc
tures is often based on the prescribed provisions [1], but it is recognised 

that individual structural members under standard fire exposures do not 
provide information about the actual performance of a component or 
assembly in a real fire environment [2]. Performance-based structural 
fire engineering approaches have been published in national design 
codes [3,4] as desirable alternative design methods for fire resistance. 
With today’s large open-plan compartments that are typical of modern 
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buildings, there is a significant challenge in representing the fire expo
sures in a manner which is accessible to practitioners. This kind of 
problem has been tackled using “travelling fire” methodologies in recent 
years, a concept which invokes fires that may burn locally and spread by 
“travelling” across entire floor plates over a period of time, in larger 
compartments [5,6]. Further discussion is necessary regarding the 
application of the “travelling fire” methodology in performance-based 
structural fire engineering, namely, the effects of “travelling fire” on 
thermal and structural response. 

1.1. Travelling fires 

The “travelling” nature of fire and non-uniform temperature distri
bution within the large open-plan compartments has been observed in 
many fire accidents, such as those in the World Trade Center Towers 1, 2 
& 7 (2001) [7], the Windsor Tower (2005) [8], the Faculty of Archi
tecture Building at the Delft University of Technology (2008) [9], and 
the Plasco Building (2018) [10,11]. Moreover, some of these buildings 
partially or fully collapsed, such as the WTC Tower 7 where the large 
compartment was observed to support a “travelling” burning zone [7]. 
As part of an investigation into the mechanisms leading to collapse of 
World Trade Center Towers 1 & 2, the National Institute of Standards 
and Technology (NIST) reconstructed the potential fire impact inside 
building compartments [7]. The high levels of temperature in
homogeneity in the large compartments was reported where such 
developing/spreading fires occurred [7]. It was concluded that resorting 
to compartment temperature averaging may lead to significant errors in 
the thermal and structural response, since the fire conditions were 
probably highly variable spatially [5,6]. This underlines the potential 
role of “travelling” fires in modern constructions that may pose severe 
challenges to current structural fire safe design practice. 

“Travelling” fires in large open-plan compartments may result in the 
complexity and interconnectedness of the structural fire behaviour that 
can be highly unpredictable. Since the 1990 s, over ten full-scale trav
elling fire experiments have been conducted to reproduce the non- 
homogeneous temperature distribution and investigate travelling fire 
behaviours in large compartments. The literature reviews for the full- 
scale travelling fire experiments before 2015 [12,26,60,71–73] were 
carried out by Stern-Gottfried & Rein [5] and Dai et al. [6]. In very 
recent years, there are additional full-scale travelling fire tests, e.g. the 
Malveira Fire Test (2014) [13], the large-scale travelling fire experiment 
series from European RFCS TRAFIR project (2017–2020) [14,15], and 
the x-ONE and x-TWO (2017, 2019) [16]. These recent tests identified 
different modes of fire spread in the large open space, and provided 
valuable data for the travelling fire key design parameters, i.e. ventila
tion conditions and fuel load distributions. Those experimental results 
further confirmed the deficiency of current structural fire design without 
considering the travelling fires. 

A series of theoretical representations of travelling fire models have 
been developed in response to related fire accident investigation and 
experimental results, hereinafter referred to as Clifton’s travelling fire 
model [17], Travelling Fires Methodology (TFM) [5,18] and its subse
quent refined versions (i.e. Improved Travelling Fires Methodology 
(iTFM) [19] and Travelling Fires Methodology with flame extension 
(fTFM) [20]), and the Extended Travelling Fire Methodology (ETFM) 
framework [6,21,22]. Different from other travelling fire methods, the 
ETFM framework is postulated on a “mobilised” version of Hasemi’s 
localised fire model [24] for the fire plume near the structure (i.e. near- 
field), combined with a simple smoke layer calculation using the FIRM 
zone model for the areas of the compartment away from the fire (i.e. far- 
field) [25]. More importantly, the ETFM framework considers both en
ergy and mass conservation for the fire design of the large compartment. 
Furthermore, Dai et al. [22] confirmed the capability of the ETFM 
framework in reproducing the thermal responses of the structural ele
ments under travelling fire scenarios against the Veselí Travelling Fire 
Test [26], although only limited parametric studies were carried out to 

quantify the impact of travelling fire design parameters. This work 
showed that the IOF and the total heat loss are likely to be the most 
critical parameters for structural fire design under travelling fires [22]. 

To achieve the application of travelling fire scenarios in practice, 
further investigation of the input parameters for the ETFM framework 
should be carried out, e.g. travelling fire spread rates, fuel load densities, 
and opening factors, etc., as a focus of the current study. Performing 
Computational Fluid Dynamics (CFD) might be another alternative 
method [26–28] to characterise the fire severity for structural design. 
However, due to the massive computational demands, CFD might not be 
feasible on a day-to-day routine design basis for structural engineers. 
Moreover, the very detailed outputs that CFD models generate are 
necessarily tied to very specific definitions of the fire source and will 
typically embed excessive amounts of detail, which may be unwarranted 
for the purposes of defining sufficient thermal boundary conditions. And 
despite this level of detail, uncertainties in the sufficiency of the model 
representations, e.g. combustion over complex fuel beds, will remain 
high, requiring expert knowledge for interpretation, thus there is a 
strong indication that simplified approaches will be more useful for 
design purposes. Professional fire science knowledge is also required to 
interpret and judge results derived from complex fire scenarios. Hence, 
the ETFM framework is recommended as a simple design framework, 
which was developed to be implemented easily for structural fire 
performance-based design in a practical manner, thereby enabling the 
structural engineers to utilise a general fire-structure coupling concept 
without resorting to excessively large and complex simulations. Mean
while, the ETFM framework in principle addresses more of the fire dy
namics and provides a more fire science-bounded travelling fire model 
that incorporates mass and energy conservation. 

1.2. Structural analysis under travelling fires 

By the same token, a poor structural model cannot compensate for a 
rigorous fire model, as is the prevailing situation for travelling fires for 
performance-based structural engineering. For instance, Bailey et al. in 
1996 [29], and Moss & Clifton in 2004 [30] systematically investigated 
the behaviour of steel-framed buildings under “spreading fires” (i.e. so- 
called “travelling fires” nowadays). However, the travelling fire model 
applied in those studies was rather crude, essentially a series of para
metric fires with a time lag. More recently, the TFM [5,18] has been 
applied to investigate the effects of travelling fires on the structural 
response of the different structural systems, i.e. steel frame 
[18,23,38,39], concrete structure [33,34], and composite construction 
[32,35]. These studies concluded that the single worst-case fire scenario 
cannot be readily identified, i.e. it is important to consider various fire 
scenarios, both uniform and non-uniform to achieve the comprehensive 
analysis of the structural responses and failure modes. These findings 
also revealed that the travelling nature of fire, the extended travelling 
fire duration and the structural types are the vital factors affecting the 
differences between uniform fires and travelling fires. The TFM was 
implemented in the OpenSEES software framework [36] by Jiang et al., 
and the effects of travelling fires on the thermal responses of a large 
composite structure were studied [37]. The results showed that travel
ling fires with larger size (25–42 % of the floor area) might lead to 
earlier failure of steel beams, while travelling fires with smaller size 
could produce higher peak temperatures in the concrete slab. 

It is worth noting that the majority of the previous numerical studies 
on travelling fires [29–35,37] lacked structural model validation under a 
travelling fire scenario. This was mainly due to the limited availability of 
experimental data, i.e. that which well characterised both the travelling 
fire behaviour and the resultant structural response [6]. Rezvani & 
Ronagh in 2015 [38] and Rackauskaite et al. in 2017 and 2019 
[23,39,40] performed extensive numerical studies on structural 
response of steel-framed buildings, using 2D generic frame structures 
under the TFM [5,18] and its subsequent refined version iTFM [19]. 
These studies are practically of limited value, as a travelling or spreading 
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fire is by its nature a 3D phenomenon and 2D structural models simply 
cannot represent the complexity of behaviours presented in a realistic 
structure, such as the membrane behaviour of floor systems. The Car
dington fire tests clearly showed that the slabs carried most of the load at 
very high temperatures [41]. 

The performances of 2D and 3D model structures exposed to tradi
tional fire boundary conditions (i.e. either uniform heating or localised 
fire), have been examined in various studies [42–45]. Junior et al. [42] 
compared 2D and 3D numerical modelling analysis of a single storey 
industrial building under uniform heating. The 2D model was found to 
be unrealistic, since it failed to capture the lateral instability of the 
portal member. Quiel and Garlock [43] compared the predicted 
behaviour of high-rise steel frames under fire using 2D and 3D models. 
The results showed that the two models capture similar thermal re
sponses but that the continuous slab had a non-negligible effect on the 
member’s deflection. Jiang and Li [44,45] compared the progressive 
collapse analysis of steel frames with concrete slabs exposed to localised 
fire between 2D and 3D models. The results demonstrated that the 
collapse modes and load redistribution path of the 2D model and 3D 
model were different: the loads previously sustained by the buckled 
heated column were transferred more along the short span rather than 
the long span. The presence of slabs in the 3D model delayed the global 
collapse. Therefore, the 2D model produces more conservative results by 
underestimating the collapse resistance of structures. 

More recently, several studies have been conducted on 3D structural 
models to investigate the mechanical responses under travelling fires. 
Martinez and Jeffers [46] performed a computational investigation 
using a 3D structural model with slabs. Although only one travelling fire 
scenario was adopted, the simulation results revealed the dependency of 
the slab vertical displacement rate and the maximum vertical displace
ment upon both the fire origin and the extent of the travelling fire 
burning region. Rezvani et al. [47] assessed the robustness of a generic 
four-storey moment-resisting steel structure with one-hour FRR exposed 
to travelling fire with various fire sizes. The investigations demonstrated 
that the fire protection system based on the requirements of standard 
fire tests may not be adequate with real fires (e.g. travelling fires). 

An iterative design procedure for performance-based design of 
composite steel buildings was recommended by Gernay and Khorasani 
[48], in that systematic design changes were introduced to address the 
observed failure modes. Fire-structure behaviour for multiple design 
alternatives and hazard scenarios can be examined using performance- 

based fire design. This research revealed that only the full building 
model can realistically be used for multi-compartment fire (i.e. travel
ling fire) and multi-hazard fire after column loss. More specifically, the 
simulation results showed that the increase of the steel reinforcement 
mesh in the concrete slab is needed to achieve resistance to full burn-out 
under extreme events. 

Jiang et al. [49] investigated the disproportionate collapse of 3D 
steel-framed gravity buildings under travelling fires. It was found that a 
higher level of fire protection may prevent the collapse of structures, but 
may also lead to collapse in the cooling phase due to the delayed 
increment of temperatures in the heated members. However, only three 
travelling fire scenarios (i.e. different fire curves and spreading rates) 
were examined, using Clifton’s travelling fire model. A more sophisti
cated travelling fire model, ideally based upon energy and mass con
servation of the large compartment, is needed to investigate the 
structural global behaviour under various travelling fire scenarios sys
tematically. Besides, no secondary beams were modelled in the struc
tural and heat transfer models in this study [49]. However, fire 
protection is actually required for all structural steel members in the 
conventional fire resistance design. The investigation of the effect of fire 
protection removal from the secondary beams on the thermal- 
mechanical responses of the steel frame with composite floors under 
travelling fires is still needed. 

1.3. Research objectives 

This paper aims to identify the importance of concrete slab inclusion 
with a 3D structural model for steel-composite structures under travel
ling fires, with a special emphasis on its different structural implications 
compared with a 2D structural model. Further, a validated structural 
model is developed and applied under a more advanced travelling fire 
model (i.e. the ETFM framework) via various travelling fire scenarios. 
Such extensive analysis is to identify which travelling fire design pa
rameters (i.e. fire spread rate, fuel load density, and opening factor), or 
related structural design parameters (i.e. fire protection, slab thickness 
and steel reinforcement), are more critical to achieve a safe structural 
fire design. The importance of different failure criteria (i.e. critical 
temperature, deflection or deflection rate, and stress utilisation) are also 
assessed to identify their importance in reference to the practical 
performance-based design. 
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Fig. 1. (a). Photo of the fire progression during the Veselí Travelling Fire Test on the upper floor; and (b). Plan view of upper floor structural layout and wood crib 
distribution (unit in mm). (both figures adapted from Horová et al. [26]). 
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2. Validation of the structural model - Veselí Travelling Fire Test 

According to the literature, there are very few full-scale structural 
fire experiments aimed at the characterisation of both the structural 
response and the travelling fire behaviour; one notable exception is the 
Veselí Travelling Fire Test carried out in 2011 in the Czech Republic 
[26]. The experimental compartment is a two-story steel framed build
ing with composite floors, which had two by three bays in plan (13.4 m 
× 10.4 m) with a total building height of 9.0 m, see Fig. 1(a). 

2.1. Structural model 

In the Veselí Travelling Fire Test, the columns of the upper floor used 
HEB 200 and TR 245/8 filled with concrete C30/37, and the steel beams 
had dimensions of IPE 220, IPE 240, and IPE 270 (steel S355) respec
tively, see Fig. 1(b). The ceiling floor was composite with trapezoidal 
steel sheets (thickness 0.75 mm, S350), and the total thickness of the 
ceiling slab was 100 mm in the upper floor. The composite ceiling floor 
had steel wires ø 1 mm length of 60 mm with average tensile strength of 
1450 N/mm2, in quantities 30 kg/m3 [50]. It is important to note that 
the ceiling floor was not subject to any other mechanical loading except 
for its self-weight, which is equivalent to approximately 1.68 kN/m2. Fin 
plates and reverse channel connections were designed to resist shear 
forces. Two cross bracings were used for providing building horizontal 
stiffness. 

In this paper, an explicit dynamic analysis was performed for struc
tural responses under travelling fires. In the LS-DYNA finite element 
structural model [52], the formulation of steel structural elements was 
Hughes-Liu type with cross section integration and the number of inte
gration points in the cross-section was 21. The Young’s modulus and 
yield strength of steel elements were taken to be 210 GPa and 355 MPa, 
respectively. The material of steel beams used MAT_202: Steel_EC3, and 
thermal properties for MAT_202 were defined according to EC3 [53]. 
Considering the concrete-filled steel columns were protected in the 
experiment, besides the main research interest of this validation study is 
regarding the deflections of the steel composite floor system at mid-span 
under a travelling fire, hence the concrete-filled steel internal columns 
(TR 245/8) were simplified to steel tubular columns in the LS-DYNA 
model. Note that similar simplification was also applied by Horová 
and Wald [54] for the Vulcan model, i.e., the concrete-filled steel in
ternal columns were simplified to steel columns with I-section. The 
impact of such simplification on the thermal response is negligible for a 

protected column. The Cofraplus 60 composite slab in the upper floor 
was simplified as the equivalent self-weight of flat concrete slab with a 
continuous depth of 70 mm, reinforced by two layers of reinforcement 
mesh ø 5 mm 196 mm2/1000 mm placed 30 mm from the top of the 
cross-section [54]. The strength of reinforcements was 420 N/mm2. The 
shell element formulation of slabs was Belytschko-Lin-Tsay, which is 
computationally efficient for the explicit dynamic solver of LS-DYNA. 
The slab was modelled by a layered composite shell formulation, in 
which a distinct structural material, thermal material, and thickness can 
be specified for each layer (*PART_COMPOSITE). The material type of 
C30/37 concrete slabs was MAT_172: CONCRETE_EC2. The thermal 
properties of concrete were defined according to EC2 [55]. 

The unfactored design loads were applied as the mechanical loading 
according to the experiment setup [50]. A total self-weight of 1.68 kN/ 
m2 from the concrete slab was applied on the upper floor. The self- 
weight of the lower floor was 2.04 kN/m2 from the 120 mm thickness 
concrete slab. Two different types of connections, rigid and pinned, were 
considered to demonstrate the effects of connections on determining the 
validity of this LS-DYNA finite element model. To avoid the symmetric 
problem, an initial imperfection (horizontal point loads equal to 1/1000 
of the axial force in the columns) is applied at the top of the columns 
[45,51]. The shell element size was 0.5 m × 0.5 m, and 1.0 m × 1.0 m for 
the upper floor slab and lower floor slab respectively. The mesh size of 
the beam was the same as the shell elements on different floors. The 
columns were discretized with 7 elements, and the column element size 
was around 0.57 m (Fig. 2(a)). A mesh-sensitivity analysis was per
formed to investigate the extent to which the element size could be 
increased while maintaining sufficient accuracy. Three alternative 
meshes were considered for the upper floor slab, which are 0.25 m ×
0.25 m, 0.5 m × 0.5 m, and 1.0 m × 1.0 m. The largest discrepancy 
between the 0.5 m × 0.5 m mesh and the 1.0 m × 1.0 m mesh results was 
64 %, in terms of location V4. For the 0.25 m × 0.25 m mesh and the 0.5 
m × 0.5 m mesh, the mesh size has little effect (<10 %) on the results. 
The element size of 0.5 m × 0.5 m was used for the upper floor slab to 
maximise the computational efficiency. Another sensitivity analysis was 
also carried out to determine the appropriate timescale. It was shown 
that the duration of travelling fire can be scaled by a time factor of 1/ 
1000 for the explicit dynamic analysis in LS-DYNA. 

2.2. Fire boundary 

In the Veselí Travelling Fire Test, wood crib fuel bed was uniformly 

Fig. 2. (a). 3D finite element model of the Veselí Travelling Fire Test building (tags V1 to V4 are monitored locations for comparison in Fig. 3); and (b). Displacement 
contour of the model while reaching its maximum deflection (2 times scaled). 
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distributed in a rectangular shape, with dimensions of 3 m × 8 m, at the 
centre of the test compartment. Its equivalent fire load density on the 
whole floor area was 173.5 MJ/m2. The wood crib was ignited with a 
linear source at the left end, hence the fire could develop naturally in a 
“travelling” fire manner. More details of the Veselí Travelling Fire Test 
can be found in reference [50]. 

To minimise the comparison uncertainty between the structural 
model prediction and the experimentally measured structural response, 
the measured thermocouple time-temperatures of TG2-TG4, TG6-TG13, 
and TG14-TG20, from the gas phase, were applied to the related parts of 
the structural elements close to the locations of these sensors. Those 
time-temperature histories were multiplied with certain reduction ratios 
to consider the heat transfer within the structural member cross-sections 
following the assumptions by Horová and Wald in 2015 [54]. Fig. 3 
presents such temperature reduction patterns with certain ratios, which 
were originally benchmarked for numerical model simplification on 
structural fire engineering in general by Wald et al. [76]. For example, 
the temperature reduction ratios 0.7 and 0.6, were applied on the fire 
exposed surface and the unexposed surface of protected steel beams. 

2.3. Model validation 

Fig. 4 presents the validation of the LS-DYNA structural finite 
element model against the experimentally measured steel beam de
flections, and the Vulcan modelling results from Horová and Wald [54]. 
For expediency, the fin plates and reverse channel connections were 
simplified as either fixed (Fig. 4(a)), or pinned (Fig. 4(b)) to represent 
the connection rigidity. It can be seen that both models capture the 
structural deflection sequence when the fire travels, i.e. V1, V2, and V4 

start to deflect as a group first, as they are closer to the travelling fire 
ignition source, and displacement of V3 at the far end of the compart
ment starts to increase with approx. 5 mins time delay. This deflection 
sequence was also captured by the experiment. It is worth noting that V1 
of the LS-DYNA model reached its maximum 261 mm at 25 mins with 
the rigid connection, and 515 mm at 25.5 mins with the pinned 
connection, and results (V1) from the experiment showed that its 
maximum value at 27 mins with 340 mm, which lies in-between the two 
LS-DYNA model predictions. This is consistent with the expectation that 
in reality the connections should have a certain level of rotational 
stiffness, although the fin plates and the reverse channel connections 
were designed to resist the shear force only [56]. The structural residual 
deflection during the cooling phase was also properly reproduced by the 
two LS-DYNA models. 

3. A prototype steel framed composite structure under the 
baseline travelling fire scenario 

Although the finite element structural model was validated against 
the Veselí Travelling Fire Test [26,50] and other similar modelling ef
forts [54], it is important to note that the aspect ratio of the test 
compartment was close to 1, i.e. approx. 1.3 obtained by 13.4 m over 
10.4 m. This low aspect ratio is not ideal for carrying out parametric 
studies for travelling fire scenarios, as both the thermal and structural 
response of the structural members along the fire travelling trajectory 
are not very distinguishable in terms of time lag [22,26,54]. Hence, it is 
of value to further adapt the validated LS-DYNA 3D finite element 
structural model for the Veselí Travelling Fire Test to a prototype steel 
framed building which has a much higher compartment aspect ratio, i.e. 

Fig. 3. The temperature patterns for cross-sectional heat transfer analysis [54]: (a). Protected beam; (b). Unprotected beam; and (c). Floor slab.  

(a) (b)

Fig. 4. Deflection comparison between the Veselí Travelling Fire Test data, the Vulcan modelling data [54], and the LS-DYNA finite element modelling results, at 
various locations V1 to V4, when assuming: (a). Connection rigidity - fixed; and (b). Connection rigidity - pinned. 
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a long slim shape. Inspired by the structural layout of the BST/FRS 1993 
travelling fire test (performed within a “slice” of the large open-plan 
office compartment, see Fig. 5(a)) [12], the adapted new LS-DYNA 3D 
numerical model represents a one-storey prototype steel-framed build
ing with composite floors, having structural dimensions of 23 m length 
× 6 m width × 2.75 m height, see Fig. 5(b). This prototype steel framed 
building has three bays: the first bay and third bay have the same length 
of 7.5 m, which are slightly shorter than the length of the second bay, i.e. 
8 m. 

3.1. Modelling of the prototype structure 

This prototype structure was designed following the Eurocode [57] 
to resist an ambient design load on the floor (1.35 × dead load + 1.5 ×
live load = 1.35 × 4.13 + 1.5 × 2.5 = 9.3 kN/m2). Note that the 
unfactored design loads were used as the combination for the fire limit 
state [23]. The cross-section of all floor beams and columns was chosen 
as UB 406 × 178 × 54 with steel grade S355. The designed composite 
slabs were composed of trapezoidal sheets Cofraplus 60 [58] (thickness 
1.0 mm, steel S350) and concrete C30/37. The total thickness of the 

Fig. 5. (a). Test compartment of the BST/FRS 1993 Fire Test Series [12]; and (b). 3D finite element model of the newly adapted prototype building (beams and slabs 
tagged for reference). 

Fig. 6. The demonstration of travelling fire via the baseline fire scenario: (a). The schematic with the input parameters; and (b). The automatic rendering while 
carrying out the fire modelling in OpenSEES/SIFBuilder. 
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composite floor was 140 mm. The overall steel rebar mesh B503 (ø 8 mm 
100/200 mm) was placed 25 mm from the top and ø 8 mm reinforce
ment was used in each rib with the strength of 420 N/mm2. For the 
composite floor, the same simplification method used in the Veselí 
validation model was adopted. The Cofraplus 60 composite slab was 
simplified as the equivalent self-weight of flat concrete slab with a 
continuous depth of 110 mm, reinforced by structural mesh fabric B503 
(i.e. 503 mm2/1000 mm) including two layers of ribbed mesh ø 8 mm 
with the strength of 420 N/mm2. The two layers of reinforcement were 
placed 25 mm from the top and the bottom of the slab cross-section, 
respectively. All steel beams (including secondary beams and primary 
beams) and columns were designed for one-hour FRR, using mineral 
fibre spray of 15 mm thickness with thermal conductivity 0.12 W/(mK), 
density 300 kg/m3 and specific heat 1200 J/(kgK) following the rec
ommendations from Franssen et al. in 2009 [1]. During the fire simu
lation, the load imposed on the beams was in the range of 0.2 to 0.4 of 
their ambient design capacities. Both the travelling fire modelling and 
subsequent heat transfer analysis were carried out using OpenSEES [22]. 
Note that all the connections were modelled as pinned instead of rigid, 
as the former generally provides a more conservative structural 
response. Mesh sensitivity study was performed, suggesting the size of 
0.625 m × 0.75 m for shell element, the size of 0.6875 m for column 

element, and the length of beam element was in accordance with the 
shell element. 

3.2. The baseline travelling fire scenario using the ETFM framework 

To carry out the parametric studies of the structural response under 
various travelling fire scenarios, a baseline case has to be defined first. 
The selection of this baseline travelling fire scenario (see Fig. 6) follows 
the rules that the relevant design parameters are from common design 
practice. Meanwhile, it is required that this selected baseline fire sce
nario can challenge the prototype steel framed building close to its 
“failure”, i.e. either following the critical temperature criteria, or the 
maximum deflection (rate) criteria. Hence, a well distributed “spec
trum” of the structural response can be explored in the subsequent 
parametric studies. 

Fuel load density of 511 MJ/m2, and heat release rate per unit area 
(HRRPUA) 250 kW/m2, were selected for office buildings following 
Eurocode 1 [59]. Fire spread rate was assumed to be a constant 2.5 mm/ 
s, which was within the typical range between 0.1 and 19.3 mm/s based 
on the previous experimental results [19] and also could determine a 
fairly large fire size (i.e. 7.7 MW) in the ETFM framework. In addition, 
the total heat loss fraction 0.85 was adopted including a constant 

Fig. 7. The displacement development under the baseline travelling fire scenario with 5 times scaled (fire spread rate: 2.5 mm/s, fuel load density: 511 MJ/m2, 
HRRPUA: 250 kW/m2, and IOF: 9.6). 

Fig. 8. Thermal and mechanical response of the structural elements under the baseline travelling fire scenario, Beam1 - Beam10 and Slab1 - Slab9: (a). Temperature 
development; and (b). Deflection of the beams at mid-span and displacement of the columns head. 
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radiative heat loss fraction of 0.35 following the suggestions by Janssens 
[25]. Two openings with dimensions of 14 m × 1 m were assumed on the 
“long” sides of this large compartment, having sill height 1 m and soffit 
height 2 m (see Fig. 6). This opening assumption is equivalent to an IOF 
of 9.6, which is a suggested intermediate value in the region between 
fuel-controlled and ventilation-controlled burning, following Thomas & 
Heselden [61] and Dai et al. [22]. The fire was assumed to start at one 
short end of the compartment, travelling along the longitudinal 
direction. 

3.3. Thermal and structural responses under the baseline scenario 

Note that a Python script [74] was developed for interfacing the 
OpenSEES/SIFBuilder [21] generated thermal analysis (i.e., fire 
modelling from ETFM framework and heat transfer analysis), with the 
subsequent thermo-mechanical analysis using LS-DYNA. This script 
efficiently bridges the information between two software and supports 
extensive parametric studies presented in later sections. 

Fig. 7 presents the slab deflection contour development under the 
baseline travelling fire scenario every 30 mins. Generally, the deflection 
sequence of the steel beams in those three bays followed the travelling 
fire trajectory, i.e. as the fire travelled through each bay it would have 
the largest deflection compared to the other two bays; and as the fire 
travelled away from it, deflection would decrease due to cooling. 
Interestingly, the second bay, which has a slightly longer length, 8 m, 
had the largest residual deflection compared to the other two bays which 
are 7.5 m in length. This is because the longer primary beams of the 
second bay generated larger deflections in the heating phase due to their 
thermal expansion being restrained by the neighbouring cooler bays, 
and hence relatively larger residual deflection occurred during the 
cooling phase. 

Fig. 8(a) summarises the time-temperature histories of the beams 
and slabs along the travelling fire path. In Fig. 8(a), it can be seen that 
Beam9, located at the far end of this longitudinal compartment, expe
rienced the maximum member temperature 550 ◦C at 178 min. It 
reached critical temperature 550 ◦C, which was assumed for composite 
beams supporting concrete floor slabs when the building occupancy is 
not specified [77]. This is due to the effect of the far-field smoke tem
perature, which preheated the steel member for a long time, allowing 
the heat to penetrate through the fire protection, eventually reaching its 
maximum value, when the near-field fire reached the third bay. In 
contrast, Beam1 had a lower peak steel member temperature, i.e. 390 
◦C, as this beam was close to the travelling fire ignition location. When 
the near-field travelling fire left the first bay, only far-field smoke was 
left to heat this structural element. Fig. 8(a) shows the temperatures in 
the concrete slabs, and it should be noted that none of the slab top 
surfaces reached its critical temperature, i.e., 160 ◦C, which is defined 
based on the ASTM E119 [78]. 

The structural deflection history of the beams followed the same 
trend, i.e. Beam1 had the lowest deflection, 21 mm at 57 min, in contrast 
Beam5 had the largest deflection 93 mm at 124 min due to the larger 
deflection of the primary beams in the second bay. In addition, none of 
the beam members reached their critical deflection of 300 mm, i.e. L/20, 
where L was the beam member length of 6 m, as shown in Fig. 8(b). 
Fig. 8(b) presents the vertical and horizontal displacements of the col
umn head. The head of Column4 had the largest horizontal displacement 
of 15 mm at 186 min. This column was connected to Beam10 located at 
the very far end of the prototype structure. The higher temperature 
(around 550 ◦C) induced larger axial thermal expansion of Beam10, 
which was shown as the largest horizontal displacement of Column4 
head, resulting in larger axial forces in the connections, which also 
potentially challenged the connections at the far end of the prototype 
structure. This finding implies the fire ignition location might also 
potentially influence the structural response and subsequent structural 
failure modes, which requires further systematic study. Note that the 
vertical thermal expansion of the columns caused the decreasing abso
lute displacement of the beams. The horizontal displacement of the 
columns measured at the top end of the columns also indicates the axial 
thermal expansions and contractions of the corresponding primary 
beams. The range of horizontal thermal expansions was between 10 mm 
and 15 mm. 

Fig. 9 summarises the internal forces and stress histories of the steel 
beams along the travelling fire path. Positive axial force represents 
beams in tension, and positive bending moment represents tension in the 
bottom surface fibre of the structural members. In Fig. 9(a), all beams 
experienced “axial force reversal” sequentially [62], i.e. the beams were 
in compression during the heating phase and in tension during the 
cooling phase, due to the moving of the travelling fire near-field below 
those steel beams. Beam7 had the largest axial force, 545 kN (in 
compression) and 910 kN (in tension) at 133 min and 375 min respec
tively, and the largest bending moment at the mid-span 129 kNm at 85 
min. Beam7 is likely to be under the most unfavourable internal force 
because: 1) Beam7 is a primary beam which tends to bear more load 
compared with the secondary beams; 2) Beam7 carries the loading from 
both BAY2 and BAY3, in which BAY2 has a slightly longer dimension 
compared to BAY3 (i.e. 8 m and 7.5 m respectively); 3) considering the 
coupling effect of the thermal and structural responses, Beam7 experi
enced smoke pre-heating for a sufficiently long period, so when the near- 
field fire travelled through, the peak temperature of Beam7 reached 550 
◦C. It is worth noting that the axial forces and the bending moments of 
all beams were both lower than the plastic compression/tension resis
tance NRd = 2448 kN and the plastic bending resistance MRd = 374 kNm. 
More importantly, as presented in Fig. 9(c), most of the steel beams 
(except for Beam1) had their axial stresses of lower flange exceeding 
145 MPa, as the large tensile force was inevitably induced during the 
travelling fire cooling phase. Note that Beam1 had relatively lower 

Fig. 9. Internal force and stress of the beams at mid-span under the baseline travelling fire scenario, Beam1 - Beam10: (a). Axial force; (b). Bending moment; and (c). 
Axial stress of lower flange. 
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tensile forces compared with other beams, because it was close to the fire 
ignition location and acted as an edge beam of the whole prototype 
structure, implying this beam had both lower thermal loading (max. 
390 ◦C) and mechanical loading (only from BAY1). 

Fig. 10 presents the load-bearing capacity of beams at mid-span 
under the baseline travelling fire scenario. According to Eurocode 3, 
the degree of utilisation is used for the ultimate limit state design of 
uniform steel beam with I-section [53]. The corresponding design 
resistance in the fire situation, i.e. Nfi,Rd for tension or compression, and 
Mfi,Rd for bending, was adopted to conservatively evaluate the beam 
utilisation, as shown in Fig. 10. Moreover, the effective yield strength of 
steel at elevated temperature θa was adopted, and the temperature of 
steel θa is defined according to the maximum temperature through the 
member section depth. By comparing Fig. 9 and Fig. 10, it is observed 
that considering the corresponding design resistance in the fire situation 
with the effective yield strength at elevated temperature θa, the evalu
ation results of beam load-bearing capacity are more conservative, 
especially during the heating phase. 

As part of the performance-based structural fire design, in addition to 
determining the load-bearing capacity, the analysis of the stress state is 
also an important criteria. Based upon the leading author’s work expe
rience at Arup Shanghai, to assess the fire resistance performance of the 
complex large-span structures in practical projects (e.g. Beijing Daxing 
International Airport [64]), the structural stress state (i.e. Von Mises 
stress) analysis coupled with the structural deformation/plastic defor
mation analysis were adopted. Accordingly, by comparing Fig. 10 and 
Fig. 11, the utilisation of stress is usually greater than the utilisation of 
axial force and bending moment in the entire cross-section. Therefore, 
combining the definition of load-bearing capacity in Eurocode 3 and 

practical design experience, the stress utilisation at the mid-span of the 
beam is defined as one of the failure criteria of a single element in this 
paper, i.e. the ratio of the axial stress envelope in the whole beam cross- 
section over the steel yield strength, as shown in Fig. 9. The failure is 
defined as the beam reaches its yield capacity and can no longer support 
the structure above [63], i.e. the stress utilisation reaches 1.0 in this 
study. Furthermore, we also examined the baseline scenario where the 
stress utilisation that considers the temperature-dependent steel yield 
strength over the section will be conservative or non-conservative when 
compared to the steel yield strength at ambient temperature (i.e. 355 
MPa at 20 ◦C). According to the comparison between Fig. 11(a) and 
Fig. 11(b), the effect of the reduction of steel strength in elevated tem
perature is not significant on the stress utilisation of the beam. This may 
be related to the stress state on the cross-section when the beam is 
heated. At the lower flange, the bending moment due to deflection and 
the compressive stress induced by the restrained thermal expansion 
were effectively cancelled out by each other. In contrast, at the upper 
flange, the effects of bending moment and the compressive force were 
superimposed. However, during the heating phase, the temperature- 
dependent steel yield strength decreased obviously in the lower flange 
and web, but the effect of heating on the upper flange was less signifi
cant. Based on the above reasons, the stress utilisation considering the 
steel yield strength at ambient temperature (i.e. 355 MPa at 20 ◦C) is 
conservative enough to be adopted as the failure criterion. 

The investigation of the prototype structure under the baseline 
travelling fire scenario implies that, in the performance-based structural 
design practice, solely estimating one criterion (e.g. critical tempera
ture) might be over-conservative. The structural responses, including 
deflection and the utilisation of beams should also be considered to 

Fig. 10. Beam load-bearing capacity at mid-span under the baseline travelling fire scenario: (a). Utilisation for the tension/compression resistance; and (b). Uti
lisation for the bending resistance. 

Fig. 11. Beam stress utilisation at mid-span under the baseline travelling fire scenario: (a). Ratio of axial stress at beam bottom flange, mid-web and upper flange, 
over the temperature-dependent yield stress; and (b). Ratio of the axial stress envelope in the beam section over the yield strength 355 MPa at 20 ◦C. 
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guarantee a sufficient and economic design. 

4. Travelling fire scenario 

The structural response under the ETFM framework with various 
fire-related input parameters is presented in this section. It includes 
travelling fire spread rate, fire load density, and inverse opening factor 
(IOF). 

4.1. Travelling fire spread rates 

Travelling fire spread rates are among the most important design 
parameters for the thermal analysis of the structural members in a large 
compartment [22,70], however, their structural impact is still unclear, 
though pioneering work had been carried out [19,23,38–40], especially 
while the structural elements are supplied with fire protection to meet 
the required FRR (e.g. one hour rating in the baseline scenario) and the 
concrete slab is carrying the majority of the loading at high temperature. 
The selection of the travelling fire spread rates followed the literature 
summary by Dai et al. in 2020 [22], i.e. 0.5 mm/s, 2.5 mm/s (baseline), 
5.0 mm/s, 7.5 mm/s, and 12.5 mm/s. The purpose of this section is to 

investigate the effect of different travelling fire spread rates on the 
thermal and structural responses of the prototype structure with com
posite floors. 

Fig. 12(a) presents the thermal response of the steel Beam6 bottom 
flange and concrete Slab5 top surface, respectively, under the selected 
travelling fire spread rates. Beam6 and Slab5 were both at the second 
bay, which tends to have the largest structural deflections according to 
the findings in the aforementioned baseline travelling fire scenario. All 
the setup of the design travelling fire parameters were kept the same as 
the baseline scenario, except for changing the fire spread rates. The 
thermal impact of the fire spread rates on the protected steel members’ 
bottom flange, as well as on the concrete slabs’ top surface, were not 
distinguishable on their peak temperatures (i.e. 450 ◦C to 530 ◦C for the 
steel members, 85 ◦C to 105 ◦C for the concrete slabs). Instead, their 
predominant impact was mainly reflected in the total duration of one 
heat-cooling cycle, which was inversely proportional to their corre
sponding fire spread rates. The “non-distinguishable” peak member 
temperatures are mainly due to the “combination effect” of the presence 
of fire protection/concrete slab, and the travelling fire spread rate. When 
a fast travelling fire (e.g. 12.5 mm/s) approaches a structural member 
with a very high resultant HRR [22], i.e. 38 MW, it will also rapidly 

(a) (b)

Fig. 12. Temperature and axial stress development under various travelling fire spread rates - 0.5 mm/s, 2.5 mm/s (baseline), 5.0 mm/s, 7.5 mm/s, and 12.5 mm/s on: 
(a). Beam6 bottom flange and Slab5 top surface temperatures; and (b). Ratio of the axial stress envelope in the Beam6 mid-span section over the yield strength 355 MPa 
at 20 ◦C. 

Fig. 13. Contour of deflection at mid-span of the composite floor (all beams and slabs) under various travelling fire spread rates, 0.5 mm/s, 2.5 mm/s (baseline), and 
12.5 mm/s. 
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move away from the structural member, reducing the total near field 
exposure time for that member. By contrast, when a slow travelling fire 
(e.g. 0.5 mm/s) approaches a structural member even with a modest 
total HRR, i.e. 1.5 MW, the longer near field exposure will provide the 
fire a lot more time to “heat up” the structural member, which may 
result in more energy being absorbed by the structural member. As 
shown in Fig. 12(b), the stress utilisation of the steel Beam6 reached 
0.43 and 0.75 for the travelling fires with fire spread rates 12.5 mm/s 
and 0.5 mm/s respectively, due to the increasing tensile stresses during 
the cooling phase. Meanwhile, as shown in Fig. 13, the residual de
flections also increased under travelling fire scenarios with lower fire 
spread rates (i.e. 0.5 mm/s and 2.5 mm/s) during the cooling phase. This 
further implies that “slow” travelling fires cannot be ignored in 
performance-based structural design. 

Fig. 13 demonstrates the structural deflections along the travelling 
fire trajectory, from Beam1 to Beam10, as time evolves. Among the three 
cases with fire spread rates of 0.5 mm/s, 2.5 mm/s (baseline), and 12.5 
mm/s, it was found that 12.5 mm/s resulted in the largest structural 
deflection in the concrete slab between Beam5 and Beam6, i.e. Slab5. 
However, the structural deflections at mid-span under 2.5 mm/s fire 
spread rate scenario were similar to the structural deflections under 
12.5 mm/s fire spread rate scenario, even though the resultant HRR of 
the fire scenario with 12.5 mm/s fire spread rate was five times larger 
than the fire scenario with 2.5 mm/s fire spread rate. Again, the reason 
behind this was due to the aforementioned “combination effect”, be
tween the presence of fire protection/concrete slab, and the travelling 
fire spread rate. An exemplar of this deflection result is presented in 
Fig. 14(a), that in the group of travelling fire scenarios with increasing 
fire spread rates 5.0 mm/s, 7.5 mm/s, and 12.5 mm/s, the maximum 

deflections of those cases were similar, i.e. 105 mm, 102 mm, and 104 
mm, respectively. The lowest deflection was 56 mm, related to the 
slowest travelling fire, 0.5 mm/s, and is probably due to the fact that 
only a limited number of the structural elements were heated by this 
smaller 1.5 MW fire. This fire could only impact a limited area of the 
structure while the remainder of the structural bays stay at a relatively 
low temperature, and still provide high stiffness and load redistribution 
paths to prevent the heated part of the structure from deflecting 
significantly. Further, the presence of the concrete slab increases the 
continuity of the whole structure, compared to a 2D steel framed 
structural analysis. More detailed 2D vs 3D modelling under the trav
elling fires on the interpretation of the structural response is discussed in 
Section 7.1. Fig. 14(b) illustrates the deflection rates of Beam6, showing 
that fire spread rates have a limited impact on this value. 

4.2. Fuel load densities 

In the ETFM framework, it is assumed that all fuel load would be 
consumed over the entire fire duration [22]. Hence, the resultant HRR 
and the fire duration of travelling fire scenarios are directly decided by 
the fire spread rate and fuel load density, although the former is capped 
with a limit value once the fire is under entertainment-controlled 
burning. In the previous research by Dai et al. in 2020 [22], the fuel 
load density has a stronger impact than fire spread rate under certain fire 
scenario combinations. In this section, the investigated fuel load den
sities according to Eurocode 1 [59] considering 80 % fractile are: 280 
MJ/m2 (hospital room), 365 MJ/m2 (theatre cinema), 511 MJ/m2 

(baseline) (office), and 730 MJ/m2 (shopping centre). It aims to inves
tigate the effect of different characteristic fuel loads for the structural 

Fig. 14. Deflection of Beam6 at mid-span under various travelling fire spread rates, 0.5 mm/s, 2.5 mm/s (baseline), 5.0 mm/s, 7.5 mm/s, and 12.5 mm/s: (a). 
Deflection; and (b). Deflection rate. 

Fig. 15. Temperature and axial stress development under different fuel load densities, 280 MJ/m2, 365 MJ/m2, 511 MJ/m2 (baseline), and 730 MJ/m2 on: (a). 
Beam6 bottom flange and Slab5 top surface temperatures; and (b). Ratio of the axial stress envelope in the Beam6 mid-span section over the yield strength 355 MPa at 
20 ◦C. 
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response, while retaining the values of all other parameters the same as 
the baseline scenario. 

As shown in Fig. 15(a), with increasing fuel load densities, 280 MJ/ 
m2, 365 MJ/m2, 511 MJ/m2 (baseline), and 730 MJ/m2, the peak 
temperature of Beam6 at mid-span was also increasing to 430 ◦C, 473 ◦C, 
531 ◦C, and 598 ◦C, respectively. Fig. 15(a) also shows the time to reach 
maximum temperature of the steel Beam6 ranging from 106 min to 152 
min, which is proportional to their corresponding fuel load densities. 
The sudden change in stress utilisation of Beam6 also occurred at 
different times (i.e. from compression in the heating phase to tension in 
the cooling phase), as shown in Fig. 15(b). This is due to, in the ETFM 
framework, the burn-out time being introduced to quantify the time 

needed for burning out a certain area of fuel completely [22], which is 
proportional to fuel load densities. When the fuel load density was high 
enough (i.e. 730 MJ/m2), the peak temperature of Beam6 exceeded the 
critical temperature of the steel beam (i.e. 550 ◦C) and reached 598 ◦C, 
while the peak temperature of Slab5 top surface reached 153 ◦C which is 
close to the critical temperature of the concrete slab (i.e. 160 ◦C). 

As shown in Fig. 16(a), in the group of travelling fire scenarios with 
increasing fuel load densities, 280 MJ/m2, 365 MJ/m2, 511 MJ/m2, and 
730 MJ/m2, the maximum deflections of the Beam6 were increased, i.e. 
76 mm, 83 mm, 95 mm and 122 mm, respectively. Fig. 16(b) illustrates 
the deflection rates of the Beam6, when the fuel load density was high 
enough (i.e. 730 MJ/m2), the deflection rate of the steel beams increased 

Fig. 16. Deflection of Beam6 at mid-span under different fuel load densities, 280 MJ/m2, 365 MJ/m2, 511 MJ/m2 (baseline), and 730 MJ/m2: (a). Deflection; and 
(b). Deflection rate. 

Fig. 17. Temperature and axial stress development with different IOF, 2.5, 5.0, 9.6 (baseline), and 28.6 on: (a). Beam6 bottom flange and Slab5 top surface 
temperatures; and (b). Ratio of the axial stress envelope in the Beam6 mid-span section over the yield strength 355 MPa at 20 ◦C. 

Fig. 18. Deflection of Beam6 at mid-span with different IOF, 2.5, 5.0, 9.6 (baseline), and 28.6: (a). Deflection; and (b). Deflection rate.  
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significantly in the heating phase. Again, as the fuel load density is 
higher, it would generate larger HRR and longer heating duration 
correspondingly, and the localised heating domination by the near-field 
fire would be more significant. 

4.3. Opening factors 

Another important travelling fire design parameter which might 
affect the structural response is the inverse opening factor (IOF) [22], 
which has a direct impact on the accumulated smoke temperature for 
preheating the structural elements at the far-field in the large 
compartment. The IOF is changed by modifying the large compartment 
window soffit height (see Fig. 6(a)), resulting in equivalent IOF of 2.5, 
5.0, 9.6 (baseline), and 28.6 accordingly (i.e., with decreasing opening 
size), while maintaining the values of all other parameters the same as 
the baseline scenario. 

Unlike the structural response sensitivities due to various travelling 
fire spread rates and fuel load densities, the impact of the opening factor 
is not significant and displays a very linear relationship with the resul
tant thermal and structural response of the structural members, as pre
sented in Fig. 17 and Fig. 18. For example, with increasing IOF (i.e. 
decreasing opening size), 2.5, 5.0, 9.6 (baseline), and 28.6, the 
maximum steel member bottom flange temperatures are also increasing, 
to 480 ◦C, 500 ◦C, 525 ◦C, and 575 ◦C, respectively. This is due to more 
energy being confined within the large compartment as the opening size 
is reduced, hence higher gas phase temperatures are predicted by the 
ETFM framework. It is worth noting that higher gas phase temperatures 
due to reducing opening sizes also increase the stress utilisation of 

beams in the cooling phase as shown in Fig. 17(b). For example, with 
increasing IOF (i.e. decreasing opening size), 2.5, 5.0, 9.6 (baseline), and 
28.6, the maximum utilisation of Beam6 at mid-span is also increasing, 
as 0.58, 0.59, 0.62, and 0.68, respectively. 

4.4. Analysis of parametric studies 

This parametric study assessed the structural fire performance under 
various travelling fire scenarios considering different failure criteria. As 
shown in Table 1, a single criterion cannot ensure a safe structural 
design under travelling fires: 1) under different fire spread rates, the 
failure of structural steel beams for case 1 and 2, were determined ac
cording to the critical temperature (i.e. 550 ◦C) and the stress utilisation 
(i.e. reaching to 1), respectively. The failure case 2 caused by the large 
tensile axial force during the cooling phase implied that the slow trav
elling fires are also necessary travelling fire scenarios to be considered in 
design. Due to the “combination effect” of the presence of fire protec
tion/concrete slab and the travelling fire spread rate, the difference of 
deflection and stress utilisation is relevantly small for “fast” travelling 
fires, e.g., 5.0 mm/s, 7.5 mm/s and 12.5 mm/s; 2) under different fuel 
load densities, the failure of structural elements occurs for case 1 and 8 
were determined by the critical temperature. The structural element 
peak temperatures, deflections and stress utilisation of beams under 
compression all increased with increasing fuel load densities; 3) under 
different IOF, the failure of structural steel beams for case 1 and 11 were 
also determined by the critical temperature. Although the IOF has a 
limited impact on the structural responses, the IOF still directly affects 
the smoke layer (thickness and temperature of the far-field accumulated 

Table 1 
Summary of the case studies for the thermal and structural response and corresponding failure criteria, under various travelling fire scenarios (values in bold for 
highlighting failure, or very close to failure).  

Case 
No. 

Fire spread rate 
(mm/s) 

Fuel load density 
(MJ/m2) 

Inverse opening 
factor (IOF) 

Total HRR 
(MW) 

Critical temperature (oC) Critical deflection L/20 
(mm) 

Stress utilisation σθ/fy, 20 

℃ 

Beam 
(550) 

Slab unexposed 
(140+20) 

Beam 
(− 8300) 

Slab 
(− 300) 

Beam yield stress 
(355MPa) 

Tension Compression 

1* 2.5 511 9.6 7.67 549 133 − 95 − 107 0.63 − 0.53 
2 0.5 511 9.6 1.53 503 121 − 71 − 90 0.93 − 0.60 
3 5.0 511 9.6 15.33 531 122 − 105 − 120 0.57 − 0.56 
4 7.5 511 9.6 23.00 492 112 − 103 − 116 0.52 − 0.55 
5 12.5 511 9.6 38.33 450 106 − 104 − 118 0.46 − 0.54 
6 2.5 280 9.6 4.20 443 107 − 76 − 87 0.54 − 0.54 
7 2.5 365 9.6 5.48 488 117 − 83 − 93 0.58 − 0.53 
8 2.5 730 9.6 10.95 619 158 − 122 − 135 0.69 − 0.53 
9 2.5 511 2.5 7.67 504 119 − 87 − 99 0.58 − 0.54 
10 2.5 511 5.0 7.67 523 124 − 89 − 102 0.60 − 0.54 
11 2.5 511 28.6 7.67 589 148 − 106 − 120 0.68 − 0.52  

* Case 1 is the baseline scenario. 

Fig. 19. Thermal and mechanical response at mid-span of the beams under the baseline travelling fire scenario with different fire protection schemes, SWO and SW: 
(a). Temperature development; and (b). Ratio of the axial stress envelope in the beams section over the yield strength 355 MPa at 20 ◦C. 
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smoke layer), and has a direct impact on the heating and cooling phases. 
To summarise, it is recommended while applying the travelling fires for 
structural design, various travelling fire scenarios should be considered. 

5. Fire protection 

5.1. Fire protection scheme: with/without secondary beam fire protection 

Fire protection is one of the related structural design parameters 
which has a significant effect on the fire resistance of structures. It is 
recognized that columns and primary beams are usually protected in 
practice [65]. For conventional fire resistance design, the general 

approach is to protect all structural steel members to achieve the 
required FRR. However, for performance-based design of steel- 
composite floor systems, an alternative is to protect the columns and 
primary beams only and leave the secondary beams unprotected, to 
further encourage the development of the tensile membrane action 
(TMA) [66–69]. This section investigates the effect of fire protection 
removal of the secondary beams on the thermal-mechanical responses of 
the prototype structure with the composite floor under travelling fires. 
Note that all beams and columns were protected in the previous baseline 
travelling fire scenario with one-hour FRR. Two fire protection schemes 
were carried out: 

Fig. 20. Contour of deflection at mid-span of the composite floor (all beams and slabs) under the baseline travelling fire scenario with different fire protec
tion schemes. 

Fig. 21. Deflection of the beams at mid-span under the baseline travelling fire scenario with different fire protection schemes: SWO and SW.  
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• SW - the columns and primary beams are protected, with fire pro
tection of the secondary beams (referring to the prototype structure 
under the baseline travelling fire scenario in Section 3).  

• SWO - the columns and primary beams are protected, without fire 
protection of the secondary beams. 

Fig. 19(a) presents thermal response at mid-span of the steel beams 
under the baseline travelling fire scenario with different fire protection 
schemes. Due to the effect of fire protection, the peak temperature of the 
secondary beams dropped 33 %, i.e. from 820 ◦C to 550 ◦C, and formed a 
more clear thermal gradient in the beam section depth. Fig. 19(b) pre
sents the comparison of stress utilisation between the two fire protection 
schemes, i.e. SWO and SW. As shown in Fig. 19(b), stress utilisation of 
unprotected secondary beams reached 1.0. This was caused by the larger 
tensile stresses increasing in the cooling phase. Meanwhile, Fig. 19(b) 
also shows that the removal of the fire protection of secondary beams (i. 
e. SWO) has a limited impact on the stress utilisation of the primary 
beams, though the secondary beams have failed. This is due to the 
presence of the slabs, these carrying more loads after the failure of 
secondary beams. As shown in Fig. 20, the deflection also increased 
obviously when the SWO fire protection scheme was adopted. This 
further implies that leaving the secondary beams unprotected encour
ages the development of the tensile membrane action under travelling 
fires, which may enhance the fire resistance of the whole structure. 

According to the deflections shown in Fig. 20 and Fig. 21, although 
the secondary beams failed in terms of the stress utilisation, the peak 
deflection increased 38 %, i.e. the deflection of Beam3 increased from 
79 mm to 109 mm for the SW and SWO respectively, which is still much 
smaller than the critical deflection (i.e. 300 mm). This implies that the 
SWO approach (i.e. secondary beams without fire protection) is also an 
acceptable alternative for optimizing fire protection of a structure with 
the composite floor, even under the travelling fire scenarios. 

5.2. Combined effect of fire protection and travelling fire spread rates 

In literature, Jiang and Li [44] analysed the effects of fire protection 
on collapse modes and load redistribution schemes of 3D steel-frame 
structures exposed to compartment fires. It was found that the whole 
structure may have a higher FRR than individual members due to 
integrity, and fire protection of steel members plays an important role to 
prevent fire-induced disproportionate collapses. In this study, the 
thickness of the mineral fibre spray (i.e. fire protection) required to 
deliver the equivalent FRR for structural components was based on the 
simplified calculation in Eurocode 3 [53]. Hence, the parametric studies 
on various combinations of fire protection (i.e. equivalent FRR) and 
travelling fire spread rates were conducted. Beams were designed with 
five commonly adopted FRR according to the Eurocode 4 [75] (i.e. R30, 
R60, R90, R120, and R180) under the investigated travelling fire 

scenarios with different travelling fire spread rates (i.e. 0.5 mm/s, 2.5 
mm/s, and 12.5 mm/s). Here, the general approach of fire protection 
was adopted (i.e. SW). For columns, the temperature reduction ratio 0.7 
was applied through column height to achieve a higher FRR. 

Fig. 22 presents the thermal response at mid-span of Beam6 under 15 
different combination scenarios. When fire protection was lower (i.e. 
R30), the peak temperature of Beam6 exceeded the critical temperature 
of 550 ◦C. With higher FRR, the peak temperature of steel beams was 
decreased and the occurrence of peak temperature was delayed. For 
instance, under the travelling fire scenario with fire spread rate 0.5 mm/ 
s, the peak temperature of Beam6 decreased from 590 ◦C (R30) to 280 ◦C 
(R180), the peak temperature dropped 75 ◦C and the occurrence of the 
peak temperature was delayed 19 min on average; under the travelling 
fire scenario with fire spread rate 12.5 mm/s, the peak temperature of 
Beam6 decreased from 644 ◦C (R30) to 162 ◦C (R180), the peak tem
perature drops 121 ◦C and the occurrence of the peak temperature was 
delayed 10 min on average. Hence, under travelling fire scenarios, 
considering different fire spread rates, the effect of fire protection on 
thermal responses of the steel beams is different. When a slow travelling 
fire (e.g. 0.5 mm/s) approaches a structural member with a modest total 
HRR, i.e. 1.5 MW, the occurrence of the peak temperature of steel beams 
can be delayed effectively by increasing FRR. When a fast travelling fire 
(e.g. 12.5 mm/s) approaches a structural member with a very high total 
HRR, i.e. 38MW, the peak temperature of steel beams can be decreased 
effectively by increasing FRR. The reason behind this is due to the 
combined effect of FRR and travelling fire spread rates. The external 
heat for steel beams is mainly affected by size and the “stay” duration of 
the localised burning, and note that fire size is proportional to the fire 
spread rate. 

Fig. 23 presents the deflection of the structure under various trav
elling fire spread rates with different FRR of steel beams. Under the 
travelling fire scenario with spread rate 0.5 mm/s, the effect of 
increasing FRR on deflection of the structure was insignificant. The 
maximum deflection of the structure only decreased 19 mm, from 99 
mm (R30) to 80 mm (R180). When travelling fire spread rates increase, 
the effect of increasing FRR on the deflection of the structure becomes 
more significant. For example, with increasing FRR (from R30 to R180), 
under the travelling fire scenario with fire spread rate 2.5 mm/s, the 
deflection decreased 46 %, from 157 mm (R30) to 85 mm (R180); under 
the travelling fire scenario with spread rate 12.5 mm/s, the deflection 
decreased 72 %, from 183 mm (R30) to 52 mm (R180). The global 
structural responses under the travelling fire scenario with travelling fire 
spread rate 0.5 mm/s are different from the other two travelling fire 
spread rates. As shown in Fig. 23, the maximum deflection always 
occurred in the “side” bays (i.e. BAY 1 and BAY 3 as described in Fig. 5 
(b)) under the travelling fire scenario with spread rate 0.5 mm/s. Again, 
this is due to the structural responses being more significantly dominant 
in the cooling phase, when a fire travelled slowly (e.g. 0.5 mm/s) with a 

Fig. 22. Temperature development of the Beam6 bottom flange with different FRR - R30, R60, R90, R120 and R180 under various travelling fire spread rates: (a). 
0.5 mm/s; (b). 2.5 mm/s; and (c). 12.5 mm/s. 
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modest total HRR, i.e. 1.5 MW. Under the travelling fire scenarios with 
higher spread rates 2.5 mm/s and 12.5 mm/s, the largest deflection 
occurred in BAY2 with a longer span (i.e. 8 m) instead of the “side” bays. 
Hence, the global structural response, or the potential structural failure 
mechanism (if the load ratio was being artificially increased until the 
structure collapsed, Jiang et al. [49]), might be also affected by the 
layout of the structure, in combination with the FRR and the fire spread 
rate simultaneously. 

Fig. 24 summarises the maximum stress utilisation at mid-span with 
different FRR of all beams (i.e. R30, R60, R90, R120 and R180) under 
various travelling fire spread rates (i.e. 0.5 mm/s, 2.5 mm/s and 12.5 
mm/s). In Fig. 24(a), given the steel beams under compression, the 
changes of travelling fire spread rate or FRR have little effect on the 
stress utilisation of the steel beams which are between 0.2 and 0.6. In 

Fig. 24(b), given the steel beams under tension, with travelling fire 
spread rate 0.5 mm/s, the stress utilisation of steel beams decreased 
effectively with increasing FRR. However, with travelling fire spread 
rates 2.5 mm/s and 12.5 mm/s, when the FRR exceeded a certain level, 
the tension stress utilisation of steel beams increased with increasing 
FRR. This is due to the fact that the internal force of steel beams under 
fire is mainly affected by two types of deformation. The thermal 
expansion leading the steel beams to undergo compression, and the 
deflection reducing the compressive force, may cause the steel beams to 
undergo bending. The thermal expansion and deflection interact on the 
section and dominate in different phases. In addition, steel beams 
experience tension during the cooling phase or when the steel material 
softens due to high temperatures. 

When the steel beams were heated at a relatively higher temperature, 

Fig. 23. Contour of deflection at mid-span of the composite floor (all beams and slabs) with different FRR of all beams - R30, R60, R90, R120 and R180 under various 
travelling fire spread rates - 0.5 mm/s, 2.5 mm/s and 12.5 mm/s. 
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the compression and bending by the thermal expansion dominated the 
internal force analysis. In this phase, the utilisation of compression stress 
was reduced by enhancing fire protection (see Fig. 24(a)). For instance, 
under the travelling fire scenario with fire spread rate 0.5 mm/s, the 
median of compression stress utilisation decreased from 0.50 (R30) to 
0.35 (R180); under the travelling fire scenario with fire spread rate 12.5 
mm/s, the median of compression stress utilisation decreased from 0.46 
(R30) to 0.25 (R180). Note that the effect of enhancing fire protection on 
the compression stress utilisation is not significant for the travelling fire 
scenario with spread rate 2.5 mm/s. This is due to the interaction be
tween fire size and “stay” duration of localised burning. 

When the steel beams with a relatively lower temperature, i.e. the 
fire protection is "thick" enough to prevent the heating effectively, or the 
cooling phase, the tension and bending dominated the internal force 
analysis. In these phases, only for the travelling fire scenario with spread 
rate 0.5 mm/s, the utilisation of tension stress was reduced effectively by 
enhancing fire protection (see Fig. 24(b)). For instance, under the 
travelling fire scenario with fire spread rate 0.5 mm/s, with R30, R60, 
R90, R120 and R180, the average temperature change rate of steel 
beams reached 18 ◦C/min, 8 ◦C/min, 6 ◦C/min, 4.5 ◦C/min and 3 ◦C/ 
min respectively, and the median of tension stress utilisation decreased 
from 0.98 (R30) to 0.37 (R180) correspondingly. This is due to the fact 
that when a slow travelling fire (e.g. 0.5 mm/s) approaches a structural 
member the steel beams are always directly exposed to fire for a longer 
time, which essentially allows the heat to permeate the fire protection. 
Besides, under the travelling fire scenario with fire spread rate 2.5 mm/ 

s, the median of tension stress utilisation decreased from 0.95 (R30) to 
0.32 (R90) but recovered to 0.51 (R180); under the travelling fire sce
nario with fire spread rate 12.5 mm/s, the median of tension stress 
utilisation decreased from 0.78 (R30) to 0.40 (R60) but recovered to 
0.61 (R180). This is due to the sectional thermal gradients induced 
additional bending moments due to a shift in the section’s effective 
centroid (i.e. the section’s centre of stiffness) and a potential shift in 
plastic P-M capacity [63]. The sectional heat transfer was inhibited with 
increasing FRR, the tension and bending in the lower flange caused by 
the deflection dominated the internal force analysis. Details of stress 
capability at mid-span of all beams are presented in the Appendix. The 
combined effect of FRR and travelling fire spread rates should be 
considered, determining the fire severity of the structure under travel
ling fire scenarios. 

With fire protection of R30, the peak temperature of steel beams 
exceeded 550 ◦C, and the utilisation of most steel beams exceeded 0.9 
during the cooling phase, as shown in Fig. 24(b). The steel beams can be 
determined as a failure according to the criteria for single elements, 
either thermal or structural. However, as shown in Fig. 23, the de
flections of steel beams were much less than the critical deflection 300 
mm, the whole structure maintained stability under travelling fire sce
narios with different travelling fire spread rates. This is due to the 
presence of the slab increasing the stiffness of the whole structure. It also 
revealed that the fire protection design could be optimised in the 
structure with the composite floor, which is discussed in the following 
section. 

Fig. 24. Maximum stress utilisation at mid-span with different FRR of all beams - R30, R60, R90, R120 and R180 under various travelling fire spread rates - 0.5 mm/ 
s, 2.5 mm/s and 12.5 mm/s: (a). Compression; and (b). Tension. 

Table 2 
Summary of the case studies with different fire protections (i.e. SWO and SW under various travelling fire scenarios for the thermal and structural response and 
corresponding failure criteria (values in bold for highlighting failure, or very close to failure).  

Case 
No. 

Fire protection 
scheme 

Fire spread rate (mm/ 
s) 

FRR 
(min) 

Critical temperature (oC) Critical deflection L/20 
(mm) 

Stress utilisation σθ/fy, 20 

℃ 

Beam 
(550) 

Slab unexposed 
(140+20) 

Beam 
(− 300) 

Slab 
(− 300) 

Beam yield stress 
(355MPa) 

Tension Compression 

1 SWO 2.5 R60 819 133 − 129 − 143 1.0 − 0.61 
2* SW 2.5 R60 549 133 − 95 − 107 0.63 − 0.53 
3 SW 0.5 R30 590 121 − 81 − 99 0.98 − 0.58 
4 SW 0.5 R60 503 121 − 71 − 89 0.93 − 0.60 
5 SW 0.5 R90 433 121 − 71 − 89 0.83 − 0.56 
6 SW 0.5 R120 378 121 − 72 − 89 0.72 − 0.54 
7 SW 0.5 R180 298 121 − 65 − 80 0.63 − 0.50 
8 SW 2.5 R30 669 133 − 138 − 157 0.98 − 0.55 
9 SW 2.5 R90 450 133 − 91 − 106 0.36 − 0.52 
10 SW 2.5 R120 370 133 − 87 − 101 0.45 − 0.50 
11 SW 2.5 R180 258 133 − 72 − 85 0.60 − 0.45 
12 SW 12.5 R30 647 106 − 165 − 183 0.95 − 0.56 
13 SW 12.5 R60 450 106 − 104 − 118 0.47 − 0.54 
14 SW 12.5 R90 329 106 − 94 − 108 0.52 − 0.48 
15 SW 12.5 R120 251 106 − 77 − 91 0.59 − 0.42 
16 SW 12.5 R180 162 106 − 43 − 52 0.66 − 0.37  

* Case 2 is the baseline scenario. 
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5.3. Analysis of parametric studies 

Table 2 quantifies the combined effect of fire protection (i.e. equiv
alent FRR) and fire spread rates on the thermal and structural response 
and corresponding failures. It was found that: 1) although the localised 
failure of beams occurred with the SWO fire protection scheme (i.e. 
secondary beams not protected) according to the critical temperature 
and stress utilisation, there was no global collapse of the structure. This 
revealed that the fire protection design could be optimised in the 
structure with the composite floor; 2) it is obvious that the beam tem
perature would decrease with increasing fire protection, however, the 
effect of increased fire protection on the structural responses under 
different travelling fire scenarios with various travelling fire spread rates 
could be very different. It is suggested that the fire protection of the 
structural steel beams should be sufficiently considered to prevent fail
ure. Meanwhile, identifying the combination of the most severe fire 
scenario (e.g. a “fast” travelling fire 12.5 mm/s with a very high resul
tant HRR 38 MW) and the conservative structural analysis (e.g. a “slow” 
travelling fire 0.5 mm/s with a modest total HRR 1.5 MW) should be 
considered in performance-based design. 

6. The role of slab 

6.1. The effect of slab: 2D vs 3D 

This study also discusses the role of slabs for structural fire resistance 
in simulation predictions and design of structures. In literature, earlier 

studies [23,38–40] mainly focused on 2D steel frames. The nature of the 
travelling fires, however, is fundamentally a 3D phenomenon, and 2D 
structural models cannot represent the complexity of behaviours pre
sented in realistic structures, such as the development of tensile mem
brane action of slabs. Hence, the effect of a concrete slab was studied in a 
3D FEM model in comparison with a 2D steel-framed model under 
travelling fires. 

The 3D model studied in this section remained the same as the 
prototype structure presented in Section 3.1. In the 3D model, the steel 
beam elements shared the same nodes with the concrete shell elements, 
and the offset options were used to account for composite action effects 
between steel beams and concrete slabs. The 2D model with three spans 
(7.5 m, 8.0 m, and 7.5 m) was extracted from the longitudinal direction 
of the 3D prototype structure, i.e. Xbeams with the longest beam span in 
the 3D model and columns with a height of 2.75 m, as shown in Fig. 5(b). 
In the 2D model, the same structural element (i.e. UB 406 × 178 × 54 
with steel grade S355) and fire protection (one-hour FRR) as the 3D 
model were applied. To deliver a direct comparison, similarly as the 2D 
FEM models by [23,39,40], the concrete slab and the composite action 
between the beams and the slab were not taken into account in the 2D 
model. Nevertheless, the load from the concrete slab was still taken into 
account, which could have resulted in the equivalent mechanical load 
compared to the 3D model. The design area load imposed on the slabs 
and the self-weight of the concrete slabs were converted to the uniformly 
distributed load (UDL) imposed on the beams, and the effective width of 
the concrete slabs was assumed as the length of the half short span (i.e. 3 
m). For instance, the dead load Gk = 0.53 + (2.64 + 1.5) × 3 = 12.95 

Fig. 25. Displacement contour of the 2D steel frame under the baseline travelling fire scenario with 20 times scaled.  

Fig. 26. Deflection at mid-span of the structural frame under the baseline travelling fire scenario: 2D model vs 3D model.  
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kN/m and the live load Qk = 2.5 × 3 = 7.5 kN/m, were adopted as the 
unfactored design loads for the fire limit state, to be consistent with the 
3D model. Besides, similarly as [40], the heat sink effect due to the 
concrete slab was considered in the heat transfer analysis of our 2D 
model. The travelling fire remained the same as the baseline travelling 
fire scenario using the ETFM framework presented in Section 3.2, for 
both 2D and 3D models. The fire was assumed to travel along the 2D 
model in the longitudinal direction to represent the equivalent fire load 
compared to the 3D model. 

Fig. 25 presents the displacement contour of the “equivalent” 2D 
steel-framed structure under the baseline travelling fire scenario at 
every 60 mins. With comparison to Fig. 7, the structure experienced 
similar global structural responses in both the 3D and 2D models, with 
the 2D model having 27 % larger deflections on average. As shown in 
Fig. 26, the largest deflections of Xbeams in the 3D model were between 
− 87 mm and − 107 mm, however, the largest deflections of Xbeams in 
the 2D model were between − 93 mm and − 152 mm. This is because the 
3D model has larger overall stiffness due to the presence of the concrete 
slab compared with the 2D model. The 2D model was observed to 
overestimate deflections compared to the 3D model, confirming the 
fundamental load-carrying role of concrete slabs at high temperatures 
[67–69]. 

Moreover, Fig. 27 presents the internal force and stress at mid-span 
of Xbeams under the baseline travelling fire scenario for 2D model 
against 3D model comparison. It is found that the structural load path 
mechanisms are fundamentally different between the two numerical 
models, i.e. with or without concrete slabs. In Fig. 27(a), all Xbeams 
experienced “axial force reversal” sequentially, i.e. the beams were in 
compression during the heating phase and in tension during the cooling 
phase, similarly as aforementioned in Fig. 9. However, the 3D model had 
more conservative values for all Xbeams. For example, in the 2D model, 

the maximum axial forces of Xbeams were − 140 kN and 197 kN, for 
compression and tension respectively, which were decreased by over 
than 80 % compared to the 3D model. This is due to the Xbeams in the 
3D model were restrained by the columns which are connected to 
adjacent primary beams (i.e. Zbeams) and concrete slabs, hence 
inducing larger axial force in the Xbeams. The more conservative values 
of axial force captured by the 3D model induced the connection in a 
more unfavorable situation, which faithfully reproduced the structural 
collapse under fire, namely, the collapse triggered by the failure of the 
connection in general, which is unlikely to be addressed in a 2D model. 
Fig. 27(b) shows similar force development trends between the 3D and 
2D models for the bending moment of the Xbeams under the baseline 
travelling fire scenario, with the 2D model producing more conservative 
values. The realistic load redistribution cannot be captured in the 2D 
model as in the 3D model, where more loads were redistributed along 
the short span than those along the long span. Besides, the deflection of 
the Xbeams is induced due to the presence of the concrete slab and the 
adjacent structure. Hence, lower bending moments of the Xbeams were 
captured in the 3D model. However, as shown in Fig. 27(c), the Xbeams 
in the 2D model had smaller utilisation ratios under the baseline trav
elling fire scenario, except in the initial phase (i.e. 0 min – 60 min). 
During the initial phase (i.e. 0 min – 60 min), the 2D model produced the 
conservative utilisation ratios of Xbeams due to the rapid development 
of thermal expansion. These results indicate that the simplification for 
modelling the structure as a 2D frame is not always the most conser
vative under travelling fires. Besides, the running time of the 3D model 
using LS-DYNA was about 8 min, and the running time of the 2D model 
was about 3.5 min, which was only around 4 min shorter. 

Considering the fundamental load-carrying role of concrete slabs at 
high temperatures (the more realistic load redistribution can be 
captured by the 3D model) and the structural collapse under fire 

Fig. 27. Internal force and stress at mid-span under the baseline travelling fire scenario, 2D model vs 3D model: (a). Axial force; (b). Bending moment; and (c). Ratio 
of the axial stress envelope in the beams’ mid-span section over the steel yield strength 355 Mpa at 20 ◦C. 

Fig. 28. Thermal and mechanical response of Slab5 at mid-span under the baseline travelling fire scenario with different slab thicknesses − 120 mm, 130 mm, 140 
mm (baseline), and 150 mm: (a). Temperature development through the section; and (b). Deflection. 
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triggered by the failure of the connection in general (the more conser
vative values of internal force captured by the 3D model induced the 
connection in a more unfavourable situation), the 3D model is necessary 
and feasible for structural fire analysis to consider the importance of 
concrete slabs under travelling fire scenarios. 

6.2. Slab thicknesses and steel reinforcements 

Slab thicknesses and steel reinforcements are two key parameters for 
the structural design of the composite floor. The effect of slab thick
nesses and steel reinforcements on the global structural responses of the 
3D model under the baseline travelling fire scenarios was also investi
gated. Different slab thicknesses were selected: 120 mm, 130 mm, 140 
mm (baseline) and 150 mm, according to the Cofraplus 60 corrugated 
sheet for composite floors [58]. The overall steel rebar mesh A193 (i.e. 
193 mm2/1000 mm), A252 (i.e. 252 mm2/1000 mm), B385 (i.e. 385 
mm2/1000 mm), B503 (baseline, i.e. 503 mm2/1000 mm) and B785 (i.e. 
785 mm2/1000 mm) were selected, with the strength of 420 N/mm2. 
The same simplification method used in the Veselí validation model was 
adopted (referring to Section 2.1). All the investigated cases are 
designed to meet the requirement of the one-hour fire resistance 
(including beams, columns and slabs) according to Eurocode 4 [75]. 

Fig. 28(a) presents the thermal response of Slab5 at mid-span under 
the baseline travelling fire scenario with different slab thicknesses, i.e. 
120 mm, 130 mm, 140 mm (baseline), and 150 mm. During the heating 
phase, the largest peak temperature of the top surface almost reached the 
critical temperature, i.e. 160 ◦C, related to the thinnest equivalent slab 
thickness, i.e. 120 mm. In the group of designed slabs with increasing 
equivalent slab thicknesses 130 mm, 140 mm, and 150 mm, the peak 
temperature on the top surface was decreased, i.e. 144 ◦C, 131 ◦C and 121 
◦C, respectively. This is because the sectional thermal gradient increased 

significantly when the concrete slab thickness was increased, due to the 
low thermal conductivity of the concrete material. During the cooling 
phase, the effect of slab thicknesses on thermal response is not distin
guishable. However, the impact of slab thicknesses on the deflection at 
mid-span of Slab5 is more significant during the cooling phase, rather than 
during the heating phase, as shown in Fig. 28(b). For example, with the 
increasing equivalent slab thicknesses, i.e. from 120 mm to 150 mm, the 
largest deflection only increased 4 % (i.e. − 106 mm to − 110 mm) during 
the heating phase; however, the residual deflection increased 12 % (i.e. 
− 77 mm to − 86 mm) during the cooling phase. This is due to, with the 
increasing slab thicknesses, the self-weight of concrete slabs increased; 
however, the sectional stiffness also increased, which enhanced the 
resistance of concrete slabs under bending. According to the results, 
during the heating phase, the “advantages” (i.e. enhancing section stiff
ness) may outweigh the “disadvantages” (i.e. increasing self-weight) of 
the increasing slab thicknesses. 

Fig. 29 presents deflections of the Slab5 which is 140 mm thickness 
with different steel reinforcement mesh fabrics, i.e. A193, A252, B385 
(baseline), B503 and B785. As shown in Fig. 29, the maximum deflection 
of Slab 5 decreased “linearly” with the increasing reinforcement ratios. 
For example, with the increasing reinforcement ratios, 0.35 % (A193), 
0.46 % (A252), 0.7 % (B385), 0.91 % (B503) and 1.43 % (B785), the 
largest deflection of Slab5 at mid-span was decreased linearly, as − 127 
mm, − 123 mm, − 117 mm, − 107 mm and − 92 mm, respectively. This is 
due to the increase in reinforcement ratio causing an increase in load- 
carrying capacity of the concrete slabs, especially for the crack control 
of the composite floor [69]. When the concrete slabs are under fire ex
posures with thermal gradients, the larger reinforcement ratio is able to 
provide higher yield and ultimate strengths of the slabs. Decreasing the 
spacing of rebars is found to be more effective to decrease the deflection 
of the concrete slabs under travelling fire. For example, in the 

Fig. 29. Structural response of the Slab5 and Beam6 at mid-span under the baseline travelling fire scenario with different reinforcements (BS REF) - A193, A252, 
B385, B503 (baseline), and B785: (a). Deflection of Slab5; and (b). Axial force of Beam6. 

Table 3 
Summary of the case studies, considering the role of slab under the baseline travelling fire scenario for the thermal and structural response and corresponding failure 
criteria (values in bold for highlighting failure, or very close to failure).  

Case 
No. 

FE 
model 

Slab thickness Cofraplus 
60 (mm) 

Steel reinforcement (BS 4483 
Fabric Reference) 

Critical temperature (℃) Critical deflection L/20 
(mm) 

Stress utilisation σθ/fy, 20 

℃ 

Beam 
(550) 

Slab unexposed 
(140+20) 

Beam 
(− 300) 

Slab 
(− 300) 

Beam yield stress 
(355MPa) 

Tension Compression 

1 2D – – 548 – − 152 – 0.55 − 0.60 
2* 3D 140 B503 549 133 − 95 − 107 0.63 − 0.53 
3 3D 120 B503 548 166 − 91 − 106 0.52 − 0.50 
4 3D 130 B503 549 148 − 94 − 107 0.59 − 0.52 
5 3D 150 B503 549 122 − 97 − 110 0.68 − 0.57 
6 3D 140 A193 549 133 − 114 − 127 0.60 − 0.46 
7 3D 140 A252 549 133 − 104 − 123 0.68 − 0.50 
8 3D 140 B385 549 133 − 100 − 117 0.61 − 0.49 
9 3D 140 B785 549 133 − 84 − 92 0.64 − 0.57  

* Case 2 is the baseline scenario. 
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comparison between A252 and B503, the reinforcement ratio was 
doubled by adopting B503 (i.e. 0.46 % to 0.91 %), correspondingly, the 
largest deflection decreased 13 % (i.e. − 123 mm to − 107 mm). 

6.3. Analysis of parametric studies 

The role of slabs for predicting the structural responses and corre
sponding failure under travelling fire scenarios was investigated. The 
summary of the results is presented in Table 3. It was found that: 1) the 
2D model predicted larger deflection than the 3D model (i.e. approx. 60 
% larger), however, the 2D model underestimated the potentially high 
internal forces compared with the 3D model. This indicates that the 
simplification for modelling the structure as a 2D frame is not always the 
most conservative under travelling fires; 2) for the fire design of the 
composite floor, the results indicate that the increased steel reinforce
ment ratio results in higher influence on structural responses than the 
effect of increasing slab thickness. 

7. Conclusions 

This work first validated a 3D LS-DYNA finite element structural 
model against the Veselí Travelling Fire Test. Then a model for a one- 
story prototype steel-framed building with composite floors was 
adapted based on the structural layout of the BST/FRS 1993 travelling 
fire test. The established model investigated the thermal and structural 
responses as a “slice” of the large open-plan office compartment. The 
analysis includes a range of travelling fire scenarios with different fire 
spread rates, fuel load densities, and inverse opening factors (IOF) using 
the ETFM framework. Different fire protection schemes (i.e. with/ 
without fire protection of the secondary beams), the combined effect of 
design fire resistance rating (FRR) and travelling fire spread rates were 
also investigated. The effect of slabs on the prediction of structural re
sponses under travelling fires was studied, via investigating the differ
ence between a 3D FEM model with a 2D model. In addition, two key 
slab design parameters (i.e. thickness and steel reinforcement) were also 
investigated. 

The following conclusions can be drawn:  

(1) Based upon the 3D finite element study in this work, full heating 
and cooling cycles induced by the travelling fires on the structure, 
are suggested to be considered in the performance-based struc
tural fire design, similarly as the experimental findings from the 
Veselí Travelling Fire Test [26].  

(2) Based upon the baseline travelling fire scenario studied with the 
3D model of the prototype structure, a single criterion is difficult 
to ensure a sufficient structural fire design under travelling fires. 
Failure criteria are suggested to cover: critical temperature, mid- 
span deflection as well as deflection rate, stress conditions or 
utilisation of the structural member capacity.  

(3) To properly apply the travelling fire method for performance- 
based structural fire design, parameters should be carefully set 
up with appropriate bounds under a physically meaningful range. 
This is especially important under parameters such as travelling 
fire spread rate, due to its high influence on the thermal and the 
structural response. For instance, the tension stress utilisation, 
0.93 at 0.5 mm/s could be decreased to 0.46 at 12.5 mm/s, 
whereas fuel load densities and IOF have less impact. In general, 
travelling fire spread mechanism is a critical research direction in 
the future for defining the proper travelling fire scenarios.  

(4) Global structural behaviour could be fundamentally changed due 
to the selection of different fire spread rates in combination with 
the design fire resistance rating (FRR). This change is associated 
with the heat transfer delay caused by fire protection, especially 
under the travelling fires. For instance, our prototype structure 
under a “slow” travelling fire (e.g. 0.5 mm/s) with an increasing 
FRR, its failure during the cooling phase was prevented 

effectively due to the decrease of the tension stress utilisation of 
beams (i.e. 0.98 with R30 could be decreased to 0.63 with R180). 
However, under a relatively “fast” travelling fire (e.g. 2.5 mm/s 
and 12.5 mm/s), increasing FRR may not always improve the fire 
performance of the structure. Although the deflections of beams 
and slabs are decreased, once the FRR reaches a certain level (e.g. 
R120 and R90), the beams with increased FRR may even show 
slightly higher maximum stress utilisation during the heating 
phase. It is suggested that severe travelling fire scenarios, a “fast” 
travelling fire 12.5 mm/s with a very high resultant HRR 38 MW, 
and a “slow” travelling fire 0.5 mm/s with a modest total HRR 
1.5 MW, should both be considered in the performance-based 
design.  

(5) Maximum stress utilisation occurs in the cooling phase for most 
cases due to the large tensile forces, although this might be also 
associated with the simplification for modelling the connections 
as “pinned”.  

(6) The global structural response, or the potential structural failure 
mechanism, might be also affected by the layout of the structure, 
in combination with the FRR and the fire spread rate 
simultaneously.  

(7) The 3D FEM model is crucial for the structural analysis under 
travelling fires via considering the importance of the concrete 
slab, since the simplification for modelling the structure as a 2D 
frame cannot always provide the most conservative solution. 
Specifically, although the 2D model usually predicts larger 
deflection than the 3D model (i.e. approx. 60 % larger in our 
case), the 2D model could significantly underestimate the large 
internal force (i.e. reduced by over 80 % in our case). The more 
conservative and realistic internal force captured by the 3D 
model, would suggest the connection is likely to be at a more 
unfavourable situation which might induce structural collapse 
under travelling fires.  

(8) Furthermore, the structural response of the 3D model under the 
travelling fires is more sensitive to the 2D model. In our case, as 
the fire travels the largest deflection is normally at the same bay 
as the travelling fire near-field bay location. However, the 
maximum deflection of the 2D model is more likely to be at the 
second span, due to its structural simplification. In addition, the 
“internal force reversal” caused by the heating-cooling cycles of 
travelling fire is also more evident in the 3D model, especially for 
the axial force and stress utilisation.  

(9) Under the same baseline travelling fire scenario, the increased 
steel reinforcement ratio of the slab results in apparent lower 
deflection, whereas the slab thicknesses has limited impact. 
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Appendix A. Combined effect of fire resistance rating (FRR) and 
travelling fire spread rates 

Fig. A1. 

Fig. A1. Maximum beam stress utilisation at mid-span, with different combinations between FRR (R30, R60, R90, R120 and R180) and travelling fire spread rates 
(0.5 mm/s, 2.5 mm/s, and 12.5 mm/s). 
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