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Abstract
“Travelling fires” discriminate a fire plume at the near-field and a hot smoke layer pre-
heating the ceiling at the far-field, with the intent of ensuring the robustness of structural 
design for large compartments under realistic fires. Once the fire is “travelling”, the near-
field has a leading edge representing the fire spread, and a trailing edge representing the 
burnout of the fuel. Despite the recognised effects of travelling fires, the mainstream 
of efforts into their effect on structural response has been limited to 2D models using 
the finite element method (FEM). This paper aims to identify the importance of slab 
inclusion with a 3D FEM structural model for steel-composite structures under travelling 
fires, assessed against the corresponding simplified 2D structural frame models (i.e., with 
and without effective slab in the 2D steel frame model). The first step is a comparative 
structural analysis of a prototype composite structure under various design fire scenarios, 
including standard fire, parametric fires and travelling fires. The role of the fire protection 
scheme for the simplified 2D models against the 3D model for the numerical predictions 
is also explored. It is found that the structural load path, and the potential structural failure 
mechanisms, could be fundamentally different between the 3D model and the simplified 
2D models. Although the 2D frame model tends to predict larger deflections (i.e., more 
conservative) than the 3D model, it could also significantly underestimate the large inter-
nal forces from the beams, so that the connections' failure under travelling fires might be 
overlooked. Further, due to the simplification of the 2D models in omitting the significant 
stiffness contribution from the slab and the adjacent structural components, the effect of 
the fire protection is likely to be amplified. This may give misleading information on the 
performance-based structural fire design under different travelling fire scenarios. Hence, 
the 3D model can be considered as feasible but also necessary for structural fire analysis 
for travelling fires as a complement to the simplified 2D model approach.

Keywords  Travelling fires · 3D FEM · Steel-composite structure · Performance-based 
design

1 3

http://orcid.org/0000-0002-9617-7681
https://doi.org/10.1007/s10694-025-01800-3
http://crossmark.crossref.org/dialog/?doi=10.1007/s10694-025-01800-3&domain=pdf&date_stamp=2025-9-14


Fire Technology

1  Introduction

In structural fire engineering, the “travelling fire” methodology has been gradually accepted 
as an appropriate fire boundary condition for structural member calculations for large open-
plan compartments [1]. Over the past three decades, various theoretical models of travelling 
fires have been formulated in response to fire incidents and experimental studies. A pioneer, 
the Clifton’s travelling fire model, proposed in 1996, consists of a sequence of parametric 
fires with time lags [2]. However, the applicability of this simplified model is limited. Sub-
sequently, Rein et al. developed a more explicit representation of the two fire regimes, with 
a series of enhancements: the Travelling Fires Methodology (TFM) [3, 4], its improved 
version (iTFM) [5] and the version with flame extension (fTFM) [6]. In the TFM and its 
subsequent refined versions, the near-field represents the flames directly impinging on the 
ceiling and assumes the peak flame temperatures as 800–1200 ℃. Alpert’s ceiling jet cor-
relations [7] are adopted for calculating the far-field smoke temperature. Although the TFM 
reflects the non-uniform temperature distribution and the long fire durations observed in real 
fire incidents, it also has limitations, such as not accounting for the impact of discontinuous 
fuel load distributions and different ventilation conditions on the resultant heat release rate 
[8]. In 2016, Dai et al. [9] established the Extended Travelling Fire Methodology (ETFM) 
framework. The ETFM integrates a “mobilised” version of Hasemi’s localised fire model 
[10] for near-field plume analysis, and a simplified smoke layer calculation using the FIRM 
zone model [11] for the far-field. Considering both energy and mass conservation, the effi-
cacy of the ETFM framework in simulating the thermal response of structural elements 
under travelling fire conditions was benchmarked [9] against results from the Veselí Travel-
ling Fire Test [12]. Additionally, Charlier et al. introduced an analytical model combining 
the concept of a virtual solid flame (with different fire development stages) with a zone 
model (representing hot gases at upper levels) [13], capturing some of the TRAFIR test 
n⁰2 [14] experimental results. Recent developments, such as GoZone [15] and a natural fire 
model in OpenSees for fire [16], offer enhanced descriptions of fire phases in large open-
plan compartments, ranging from ignition to various stages of growing, “travelling” and 
intense burning. Computational Fluid Dynamics (CFD) simulations have also contributed 
to understanding complex fire dynamics in such environments [12, 17], leading to a more 
detailed characterisation of fire spread validated against large-scale travelling fire tests. 
Nonetheless, the evolution of modern architecture continues to influence the fire dynamics 
expected in large open-plan compartments, challenging conventional modelling assump-
tions. For instance, the increasing use of sustainable construction materials, such as timber, 
in structural elements introduces a fundamental shift in the dynamics of compartment fires, 
as evidenced by the outcomes of the CodeRed fire tests [18].

Considering the demand for effective numerical simulations which can be undertaken 
within the constraints of limited computational resources and time, 2D models using beam 
elements are a potentially attractive approach. They can also show good qualitative agree-
ment with 3D models and, in some cases, provide conservative predictions for deflections 
by neglecting the composite action between the beams and the concrete floor slab [19]. This 
makes 2D models useful for early-stage structural fire analysis in complex structures, such 
as high-rise buildings, where developing a full 3D model would be computationally expen-
sive and time-consuming. However, an over-simplified structural model cannot compensate 
for a more representative fire scenario, as is the prevailing situation for travelling fires for 
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performance-based structural engineering. For instance, Rezvani & Ronagh [20] and Rack-
auskaite et al. [8, 19, 21] performed extensive numerical studies on structural response of 
steel-framed buildings, using 2D generic frame structures under the TFM [3, 4] and the 
iTFM [5]. These studies are practically limited in applying travelling fires on 2D structural 
models, which cannot represent the complexity of behaviours presented in a realistic struc-
ture, such as the membrane behaviour of floor systems.

More importantly, the Cardington fire tests clearly showed that the slabs carried most 
of the load at very high temperatures [22]. Jiang and Li [23, 24] compared the progressive 
collapse analysis of steel frames with concrete slabs exposed to a 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 fundamentally different. Jiang et al. [25] further 
investigated the disproportionate collapse of a 3D steel-framed gravity building under three 
travelling fire scenarios (using Clifton’s travelling fire model [2]). It was found that a higher 
level of fire protection may prevent the collapse of structures but may also lead to structural 
failure in the cooling phase due to the delayed increment of temperatures in the heated mem-
bers. A lack of understanding persists about the effect of fire protection on failure mecha-
nisms between 2D and 3D FEM models under various travelling fire scenarios.

This paper aims to identify the importance of concrete slab inclusion by using a 3D 
FEM structural model for steel-composite structures under travelling fires, with a special 
emphasis on the significance of ignoring the slab structural capacity contribution for the 
corresponding simplified 2D structural frame models. Further, the paper investigates such 
structural behaviour differences under various design fire scenarios, i.e., standard fire, para-
metric fires and travelling fires. This study further addresses the role of the fire protection 
scheme on numerical predictions of thermal and structural responses for performance-based 
structural fire design.

2  Methodology

2.1  The Structural Model

Inspired by the BST/FRS 1993 travelling fire test structural layout [26], a prototype struc-
ture representing a “slice” of a steel framed building with composite floors was developed, 
see Fig. 1a. It has structural dimensions of 23.00 m length × 6.00 m width × 2.75 m height, 
with three bays. This structure was designed by following the Eurocode to resist ambient 
design load on the floor (1.35 × 4.13 (dead load) + 1.50 × 2.50 (live load) = 9.30 kN/m2). The 
cross-section of all floor beams and columns were chosen as UB 406 × 178 × 54 with steel 
grade S355. The Cofraplus 60 [27] composite slab with thickness of 140 mm is used.

This study employs an LS-DYNA 3D modelling approach [28], validated against the 
global behaviour measured at mid-span deflections from the Veselí Travelling Fire Test 
and previous Vulcan modelling results by Horová and Wald [29]. Further validation details 
(while the structure is under the fire limit state) can be found in reference [28]. In this study, 
the LS-DYNA 3D model simplifies the composite slab as the equivalent self-weight of 
flat concrete slab with a continuous depth of 110 mm concrete C30/37, reinforced by two 
structural mesh fabric B503 (i.e., 503 mm2/1000 mm) placed 25 mm from the edges of the 
cross-section. The design of reinforcement B503, with a reinforcement ratio of approxi-
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mately 0.005 in the longitudinal direction, falls within the typical reinforcement ratio range 
of approximately 0.004 to 0.008 [30]. The relatively large reinforcement in both the upper 
and lower layers of the slab cross-section not only supports the use of thin slabs with high 
reinforcement ratios, allowing for large deflections, but is also beneficial for managing the 
complex stress redistribution that occurs during a fire. As the fire spreads, the regions of 
compression and tension in the slab shift significantly due to heating and cooling, necessi-
tating such a reinforcement design. The beam elements share the same nodes with the shell 
elements to account for composite action effects. The formulation of steel structural mem-
bers and slabs were Hughes-Liu and Belytschko-Lin-Tsay, respectively. In the LS-DYNA 
model, the materials of steel and concrete were modelled using MAT_202: Steel_EC3 and 
MAT_172: CONCRETE_EC2, with thermal properties (e.g., thermal conductivity, specific 
heat capacity, thermal expansion, Young’s modulus, and the stress-strain relationship at 
elevated temperatures) defined according to the Eurocodes [31, 32]. Type 7 siliceous aggre-
gate was used for the stress-strain-temperature relationship for concrete, as per EN 1992-1-
2:2004, for fire engineering analysis. In LS-DYNA R9, the maximum allowable cracks are 
set at 2. In our model, the strain required to fully open a crack was defined as 0.0025, which 
falls within the typical range observed for concrete exposed to elevated temperatures. The 
model accounts for concrete damage at elevated temperatures, including the consideration 
of cracking [33]. It should be noted that LS-DYNA automatically adjusts parameter values 
based on temperature. During the cooling phase, these parameters (i.e., material properties) 
of steel revert to their values at lower temperatures (but plastic strains are still kept), without 

Fig. 1  Schematic of the prototype structure load path in the second bay: a 3D model; b 2D model with 
effective slab width; and c 2D steel frame model
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accounting for the material’s degradation and changes after exposure to heat. This repre-
sents a limitation in the current numerical model, as it does not fully capture the complexi-
ties of material behaviour during the heating-cooling cycle in a fire. Further development 
of material models that incorporate the cooling effect should be considered for establishing 
more robust and comprehensive modelling approaches in future work. All the connections 
were modelled as pinned.

Notably, the effects of continuity and restraint from adjacent structures on the extracted 
“slice” of the steel frame building with composite floors were not represented in the numeri-
cal models. This may contribute to a potentially early structural failure under fire due to 
the absence of the horizontal constraints that would typically be present. The mechanical 
boundary conditions are complex, particularly when simplifying structural models in vari-
ous ways, including the 3D model and 2D models with or without slabs. Therefore, this 
study focuses on comparing the performance of 3D versus 2D models, intentionally exclud-
ing the differences caused by the boundary condition simplifications themselves.

The complexity of structural-fire responses may require the use of simplified 2D models, 
as opposed to the more detailed 3D models, for effective analysis and design. Previous stud-
ies [8, 19–21, 24, 25] have employed two methods to simplify 3D structural models into 2D 
models, i.e., (1) using an effective width approach to represent the behaviour of the compos-
ite slab in accordance with the Eurocode [34], and (2) using a simplified steel frame model 
that neglects the contribution of the slab to the overall structural capacity.

The corresponding simplified 2D models with three spans (7.5 m, 8.0 m and 7.5 m) were 
extracted from the longitudinal direction of the 3D prototype structure, i.e., XBeams with 
the longest beam span in the 3D model and columns, as shown in Fig. 1b and c. Besides, 
similarly as [19], the heat sink effect due to the concrete slab was considered in the heat 
transfer analysis of the simplified 2D models. As shown in Fig. 1b, in the 2D model with 
effective slab width, the reinforced concrete slab with a width of 2.0 m (i.e., span/4 of the 
longest primary beam [35]), was modelled to represent the composite beam. In the 2D steel 
frame model, as shown in Fig. 1c, the concrete slab and the composite action between the 
beams and the slab were not considered. Nevertheless, the load from the concrete slab was 
still considered in the 2D models, which could have resulted in an equivalent mechanical 
load compared to the 3D model. A mesh sensitivity analysis was conducted to ensure both 
modelling accuracy and time efficiency. For the 3D model, each slab shell element was 
divided into 32 meshes, 4 in the length direction (X direction) and 8 in width direction (Y 
direction), as shown in Fig. 1. Beam elements were meshed to match the corresponding 
shell element lengths, and each column was divided into 4 meshes. The same meshing 
approach was applied to the 2D models. The duration of travelling fire was scaled by a 
time factor of 1/1000 for the explicit dynamic analysis following the “lessons learnt” in 
LS-DYNA by Rackauskaite et al. [36]. To avoid inertia effects from thermal expansion 
and large deflections caused by rapid temperature increases, a linear ramping of the load 
over time was applied to reduce numerical instabilities and approach a quasi-static solution. 
Additionally, damping was applied in the structural model to dissipate kinetic energy, allow-
ing the use of scaled thermal load durations [36]. Given the expectation that the thermome-
chanical response would be pseudo-static throughout most of the fire, dynamic events were 
considered secondary in this model [37].

Fire protection is a design parameter having a significant effect on the structural behav-
iour under travelling fires. For conventional fire resistance design, the general approach is 
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to protect all structural steel members to achieve a prespecified fire resistance rating (FRR) 
according to the building use and height. However, instead of protecting all steel members, 
only the columns and primary beams were protected in this study while leaving the second-
ary beams unprotected. This fire protection scheme is to encourage the development of 
the tensile membrane action [38–41], which has increasingly been considered in practical 
projects for performance-based structural fire design of steel-composite floor systems. The 
effect of such a fire protection scheme on the structural response for both the 3D and 2D 
models under travelling fires is also investigated in detail in Sect. 5. In this study, the thick-
ness of the fire protection was required to deliver an equivalent FRR for structural compo-
nents. The fire protection thickness is based on the simplified calculation in Eurocode 3 [32]. 
The sprayed mineral fibre of 15 mm thickness is adopted, with thermal conductivity 0.12 W/
(m·K), density 300 kg/m3 and specific heat 1200 J/(kg·K) following the recommendations 
from Franssen et al. in 2009 [42]. Note that all primary beams and columns are protected to 
achieve at least a one-hour FRR (i.e., R60).

2.2  The Design Fire Scenarios

Various types of design fires are considered in this study, including the ISO 834 standard 
fire curve and the Eurocode parametric fires [43]. Moreover, travelling fire scenarios are 
also addressed using the Extended Travelling Fire Methodology (ETFM) framework, which 
considers both the energy balance and mass balance of the large compartment compared 
with other travelling fire models [1, 9]. In OpenSees, gas temperatures generated from the 
fire models are converted to heat fluxes, accounting for both convection and radiation, and 
applied as thermal boundary conditions for the heat transfer analysis. In this study, the con-
vective heat transfer coefficient and surface emissivity were set to 25 W/(m2·K) and 0.7, 
respectively. The thermal conductivities of the steel and concrete materials at elevated tem-
peratures followed the Eurocode. The exposed surfaces of the composite slab are depicted 
in Fig. 2a. For heat transfer analysis in OpenSees, 15 data points from a 2D I-beam and 9 
data points from a 1D slab were used to extract time-temperature data, as shown in Fig. 2b, 
c. Additionally, the cross-sectional heat transfer analysis of I-beams and slabs was validated 
against experimental measurements from full-scale composite floor systems exposed to fires 
in large enclosures, as conducted by the National Institute of Standards and Technology 
(NIST) at the National Fire Research Laboratory [44].

2.2.1  Standard Fire and Parametric Fires

Figure 3 summarises the time-temperature curves in this study with a uniform temperature 
distribution in the compartment, i.e., standard fire and parametric fires [43]. Note that the 

Fig. 2  Schematic for heat transfer analysis in OpenSees: a Fire-exposed surfaces; b Temperature data 
points and fibres in the I-beam; and c Temperature data points and fibres in the slab
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duration of the standard fire is limited to 60 min, corresponding to the assumed fire resis-
tance of the beams in this study.

The parametric fires are determined according to the compartment conditions of the 
BST/FRS 1993 travelling fire test [26], i.e., a fire load density for offices, i.e., 511 MJ/m2. 
The intensity and duration of the design parametric fire scenarios are varied by changing 
the opening factor (O = AwH1/2/At (m1/2)) (i.e., opening sizes, assuming a window height 
of 1.0  m). Two Eurocode parametric curves, namely “Short-hot” and “Long-cool” fires, 
are considered [45]. The Short-hot fire, with an opening factor of 0.08 m1/2, exhibits high 
temperatures (maximum temperature of 1284 °C) but a relatively short duration of approxi-
mately 37 min. In contrast, the Long-cool fire, with an opening factor of 0.02 m1/2, provides 
less ventilation, resulting in a lower maximum temperature of 1091 °C but a longer dura-
tion of around 252 min. To ensure the “consistency” between the assumed parametric fires 
and the travelling fires, a parametric fire curve with opening factor of 0.06 m1/2 is used to 
approximate the “Short-hot”, as this opening factor is equivalent to an inverse opening fac-
tor (IOF = AwH1/2/(At - Av - Afloor) (m− 1/2)) = 9.6 which is the opening condition which was 
assumed for the design travelling fires in this study. Note that the parametric fire curve with 
opening factor of 0.06 m1/2 is still a close representation of Short-hot defined in reference 
[45], see Fig. 3.

2.2.2  Travelling Fire

A more advanced travelling fire model, the Extended Travelling Fire Methodology (ETFM) 
framework [9] was applied in this study. Both the travelling fire modelling and subsequent 
heat transfer analysis were carried out using OpenSees [9]. The fire was assumed to start at 
the left short end of the compartment, travelling along the longitudinal direction (i.e., left to 
right as shown in Fig. 4).

To investigate the structural response under travelling fires, representative scenarios 
were defined first. For this study, it is critical that the selected fire scenarios are likely to 

Fig. 3  Time-temperature curves: ISO 834 standard fire, and the parametric fires (Short-hot, Long-cool, 
IOF = 9.6)
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challenge the prototype structure to its failure. The relevant parameters of travelling fire 
scenarios were selected for typical office buildings [43, 46, 47]: fuel load density 511 MJ/
m2, heat release rate per unit area (HRRPUA) 250 kW/m2, inverse opening factor (IOF) 
9.6, total heat loss fraction 0.85 and radiative heat loss fraction 0.35. Travelling fire spread 
rates are among the most important parameters for the structural fire design, due to their 
potentially high influence on the thermal and the structural response [9, 28]. Hence, this 
paper investigates different fire spread rates and the corresponding structural performance 
for the 2D and 3D models. Within the typical range of fire spread rates, i.e., between 0.1 and 

Fig. 5  Comparison of heat transfer analysis results using OpenSees [16] with experimental data of an 
unprotected beam at Crib 2 from the BST/FRS 1993 travelling fire test 2 [26]. (Note: LF = Lower flange; 
UF = Upper flange; Ops = OpenSees)

 

Fig. 4  The demonstration of travelling fire scenarios: a Travelling fire scenario 1 (2.5 mm/s); and b Trav-
elling fire scenario 2 (0.5 mm/s)
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19.3 mm/s based on the previous experimental results [5], two representative travelling fire 
scenarios, as shown in Fig. 4, were selected for the ETFM framework:

1.	 Scenario 1: fire spread rate 2.5 mm/s (with resultant HRR 7.7 MW).
2.	 Scenario 2: fire spread rate 0.5 mm/s (with resultant HRR 1.5 MW).

2.3  Summary of Numerical Investigation Cases

This study first focuses on comparing the structural fire responses of models without fire 
protection layers, in Sects. 3 and 4. In Sect. 3, this comparison is crucial for understanding 
how the 3D structural model responds to both “uniform” design fires and more realistic 
travelling fires. Section 4 further explores the importance of slabs in influencing structural 
responses, specifically by comparing the 3D model to 2D models under travelling fire sce-
narios. Moreover, it lays the groundwork for evaluating the effectiveness of fire protection 
design in different structural models (3D vs. 2D) under travelling fires, as discussed in 
Sect. 5.

It should be noted that this study adopts multiple failure criteria to analyse structural 
responses under various design fire scenarios, providing a more comprehensive assessment 
of fire-induced structural failure. This approach aligns with previous research [19, 48], 
which similarly utilises multiple criteria to investigate structural performance under fire. 
Meanwhile, our previous study [28] suggests that relying on a single criterion is insufficient 
to ensure adequate structural fire design, particularly for travelling fires. The multiple fail-
ure criteria include critical temperature, critical deflection, critical deflection rate and stress 
utilisation. While these criteria are applied at the element level, they collectively enhance 
the understanding of global structural behaviour under fire, including the potential for pro-
gressive collapse. The critical temperature of 550 °C is assumed for composite beams sup-
porting concrete floor slabs when the building occupancy is not specified [49]. The critical 
temperature of 160 °C for unexposed concrete slab surfaces is defined based on the ASTM 
E119 [50]. The critical deflection is calculated as L/20, and the critical deflection rate is cal-
culated as L2/9000d, where L is the length of the beam. The stress utilisation at the mid-span 
of the beam is defined as one of the failure criteria of a single element [28], i.e., the ratio 
of the axial stress envelope in the whole beam cross-section over the steel yield strength. 
The failure is defined as the beam reaches its yield capacity at ambient temperature (i.e., 
355 MPa at 20 °C) and can no longer support the structure above [51], i.e., the stress utilisa-
tion reaches 1.0. These criteria are applied to individual structural components, including 
both steel beams and concrete slabs. By employing these criteria, it becomes possible to 
more comprehensively assess the failure of key structural elements, which, in turn, enables 
the prediction of global structural responses and the potential for progressive collapse.

3  Structural-fire Behaviours Under Design Fire Scenarios

This section builds upon the preceding section in exploring the behaviour of the steel-com-
posite prototype structure without fire protection when exposed to various design fires, as 
outlined in Sect. 2, including a range of fire boundary conditions, i.e., the ISO 834 standard 
fire, parametric fires and travelling fires (using the ETFM framework). Despite steel’s non-
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combustible nature, its performance under fire conditions, especially without fireproofing, 
often falls short of requirements. When exposed to rapidly increasing temperatures, steel 
structures are vulnerable to failure, particularly under “uniform” design fires where the tem-
perature of all structural elements rises quickly, potentially triggering the progressive col-
lapse of the entire structure. These critical issues will be the focus of Sects. 3 and 4. Kindly 
note that in real-life design, a certain level of fire protection is still needed. This research 
deliberately omitted the fire protection to enhance the comparison studies on 2D simplified 
frame models against the 3D models with inclusion of steel-concrete composite floor struc-
ture. Fire test results [14, 26] indicate that the heating and cooling rates of steel structural 
members under travelling fires are not significantly slower than the surrounding gas tem-
perature changes, albeit with a small offset in time. The temperature increase in unprotected 
steel members closely follows the measured gas temperature, with a slight delay and a 
lower peak due to heat transfer. During the cooling phase, the temperature decrease in steel 
members is slower than that of the surrounding gas, as shown in Fig. 6. However, the overall 
trend remains consistent.

Furthermore, the heat transfer analysis has been validated using OpenSees [16] against 
experimental data from the BST/FRS 1993 travelling fire test 2 [26]. Figure 6 demonstrates 
that the model effectively captures the heating of steel beams. While the heat transfer analy-
sis predicts a faster cooling rate for steel beams compared to experimental results, the over-
all trend and error margin remain reasonable. The model reliably represents the thermal 
response of unprotected steel structural members under travelling fires.

3.1  “Uniform” Design Fires

3.1.1  Standard Fire (ISO 834)

Under the ISO 834 standard fire exposure, assuming a spatially uniform distribution of 
gas-phase temperature, the thermal responses of structural members are identical (when the 
cross-sections and materials are the same). Figures 6a and c show the temperature develop-
ment across the cross section of the I-beam and slab, respectively, under ISO 834 standard 
fire.

The displacement development of the 3D model subjected to the standard fire (ISO 834) 
is presented in Fig. 7. As expected, the displacement of the structure increases with rising 
temperature due to the weakening and softening of the steel members. As observed in Fig. 7, 

Fig. 6  Thermal response of the structural elements in 3D model under the standard fire (ISO 834): a Aver-
age temperature of the I-beam lower flange, web and upper flange; b Temperature distribution across the 
I-beam cross section at 40 min; and c Temperature development in the slab cross section
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the deflections in the middle bay are slightly larger compared to the neighbouring bays. This 
discrepancy is attributed to the relatively longer span of 8.0 m in Bay 2, in contrast to the 
7.5 m spans in Bay 1 and Bay 3. Consequently, YBeam5 and YBeam7 in Bay2 fail earlier, 
characterised by rapidly increasing deflections, see Fig. 8a. Specifically, the deflection rate 
of YBeam5 continuously escalates, beginning at 8.1 mm/min after 31 min of standard fire 
exposure. Similarly, the deflection rate of YBeam7 increases from 18.4 mm/min starting at 
32 min of exposure.

Figure 8a demonstrates that the deflection of the YBeams (referring to the beams in the 
latitudinal direction of the compartment, as shown in Fig. 1) increase with the elevation 
of the beam temperature. Once the upper flange temperatures of the beams are close to 
800 °C, the deflection of the YBeams increase rapidly as “run-away” at around the 40 min, 
indicating the occurrence of progressive collapse. At this stage, the temperature across the 
entire beam section ranges from 750 °C to 880 °C (see Fig. 8b), causing the steel material 
to lose over 90% of its strength [32], rendering the steel beams incapable of bearing loads. 
Figure 8b demonstrates that, as the temperature rises, the YBeams experience compression 
with increased axial forces up to 600 kN. However, after 15 min of exposure, the axial force 
of the YBeams decreases due to significant strength reduction at elevated temperatures, 
resulting in a loss of bending strength. Consequently, with the continuous development of 
deflections, the compressive force rapidly decreases, eventually transitioning to tension as 
the beams primarily support loads through catenary action.

3.1.2  Parametric Fires (Long-cool and “Short-hot (with IOF 9.6)”)

Parametric fires, despite accounting for some fire dynamics and compartment conditions 
(e.g., opening size and thermal inertia of the compartment linings), were originally devel-

Fig. 8  Structural response of the YBeams (Y direction) in 3D model at mid-span under the standard fire 
(ISO 834): a Deflection; and b Axial force

 

Fig. 7  Displacement contour under the standard fire (ISO 834)
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oped based on scaled compartment fire tests that assume a uniform temperature distribution. 
Hence, it is more suitable for post-flashover fires in compartments with sizes up to 500 m2 
[9]. Figures 9 and 10 demonstrate the thermal responses of the steel beams and slabs under 
the Short-hot (with IOF 9.6) and Long-cool parametric fires, respectively. It is important to 
note that the definition of thermal properties according to Eurocode 3 [32], as mentioned 
above does not extend to steel temperatures above 1200 °C. Consequently, in the OpenSees 
heat transfer analysis, the steel temperature is capped at a maximum of 1200 °C. This adjust-
ment explains the plateau observed in the average temperature of the beam’s lower flange 
and web under the Short-hot (with IOF 9.6) parametric fire, as shown in Fig. 9a.

Figures 11 and 12 illustrate the structural response of the YBeams under two different 
parametric fire scenarios, the Short-hot (with IOF 9.6) and Long-cool, respectively. Despite 
variation in input parameters, the structural response under these two parametric fire sce-
narios, including deflection and axial force of the structural beams, is quite similar. This 
similarity arises from the fact that the parametric fires still provide uniform gas-phase tem-
peratures. Furthermore, as the structure is left unprotected, both parametric fire scenarios 
result in structural failure during the heating phase, when the upper flange temperature 
approaches 800  °C. At this point, the maximum temperature at the bottom flange often 
surpasses 1000 °C. This increase in temperature causes steel to lose more than 90% of its 
proof strength [32], leading to beam failure, as indicated by rapidly increasing and “run-
away” deflections, demonstrated in Figs. 11a and 11a. The failure times for the Long-cool 
and Short-hot (with IOF 9.6) are at approximately 10 min and 30 min respectively, due to 

Fig. 10  Thermal response of the structural elements in 3D model under Long-cool: a Average tempera-
ture of the I-beam lower flange, web and upper flange; and b Temperature development in the slab cross 
section

 

Fig. 9  Thermal response of the structural elements in 3D model under Short-hot (with IOF 9.6): a Aver-
age temperature of the I-beam lower flange, web and upper flange; and b Temperature development in 
the slab cross section
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the distinct gas-phase temperature development of the parametric time-temperature curves 
under different opening conditions, as discussed in Sect. 3.1.

These findings highlight that, although various design fire scenarios with uniform heat-
ing were considered, there is no significant impact on the structural fire behaviour in these 
cases. This suggests that uniform design fire scenarios might only represent a limited range 
of more complex fires and may not be sufficiently representative for structural fire design 
in practice.

3.2  Travelling Fires

3.2.1  Travelling Fire Scenario 1 (2.5 mm/s)

Travelling fire scenario 1 represents a design fire scenario with a resultant HRR of 7.7 MW, 
which is higher than the typical design value of 5.0 MW for commercial buildings [52]. 
Here, the fire duration for each bay is around 60 min with a fire spread rate of 2.5 mm/s. It 
could provide sufficient heating and cooling time for the structural members, and satisfy the 
general requirements of structural fire design for fire resistance rating (FRR) (i.e., R60) [34].

Figure 13 summarises the time-temperature histories of the beams and slabs along the 
travelling fire path in the 3D model, specifically focusing on the lower flange of beams and 
the bottom surface of slabs. Full heating and cooling cycles are induced by the travelling 
fire on the structure. In Fig. 13a, the beams in the latitudinal direction of the compartment 
(i.e., Y direction refers to Fig. 1) have a peak temperature of 820 °C, exceeding the critical 
temperature of 550 °C. YBeam1 and YBeam10 have relatively lower peak temperatures, 

Fig. 12  Structural response of the YBeams (Y direction) in 3D model at mid-span under Long-cool: a 
Deflection; and b Axial force

 

Fig. 11  Structural response of the YBeams (Y direction) in 3D model at mid-span under Short-hot (with 
IOF 9.6): a Deflection; and b Axial force
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i.e., approximately 665 °C, as these beams are at the edge of the compartment during the 
travelling fire initial developing and decaying stages. In Fig. 13b, note that none of the slab 
top surfaces reaches its critical temperature, i.e., 160 °C. It should be mentioned that the 
temperature of the steel beams connected to the columns is multiplied by a reduction ratio 
of 0.7 to estimate the column temperature, assuming a uniform temperature distribution 
across the column. The rationale for applying the 0.7 reduction factor is that columns typi-
cally require larger cross-sections or thicker fire protection layers to enhance fire resistance; 
however, in our design structures, the column and beam cross-sections are identical. Given 
the complexity of conducting 3D heat transfer analyses on columns, particularly under trav-
elling fires, this simplification aligns with our earlier work [28, 29].

Figure 14 presents the displacement development of the 3D model under the travel-
ling fire scenario 1. For this figure, critical structural response events at specific times are 
selected and demonstrated: 35 min, 95 min, 155 min, and 245 min. Note that scenario 1 
has entered the cooling phase at 245 min. In general, the deflection sequence of the steel 
beams follows the travelling fire trajectory, i.e., as the fire travelled to each beam it would 
have the largest deflection; as the fire travels away from each beam, the deflection would 
decrease due to cooling. As shown in Fig. 15a, YBeam1 has the lowest deflection of 0.08 m 
at 38 min, in contrast YBeam5 has the largest deflection of 0.28 m at 241 min. It should 
be noted that the second bay which has a slightly longer span (i.e., 8.0 m) has the largest 
deflection compared to the other two neighbouring bays with 7.5 m span. This is because the 
longer primary beams of the second bay have larger deflections in the heating phase due to 
the thermal expansion. The thermal expansion of the longer primary beams is restrained by 
the neighbouring cooler bays; hence, a relatively larger residual deflection of 0.33 m is also 
induced at the second bay in the cooling phase.

As revealed in Fig. 15b, all beams experience “axial force reversal” sequentially. Namely, 
the beams are subjected to compressive force during the heating phase and tensile force dur-
ing the cooling phase, triggered by the movement of the travelling fire near-field beneath 
the steel beams. YBeam7, for example, experiences large axial forces, such as 650 kN (in 
compression) and 2311 kN (in tension) at 25 min and 200 min, respectively.

The membrane tractions in the slab of the 3D model at selected times under travelling 
fire scenario 1 are presented in Fig. 16. The red shaded area represents the fire size, i.e., 
approximately 30 m2. In Fig. 16a–c, the 3D model is subjected to travelling fire direct flame 
for the near-field, and pre-heated by the smoke layer for the far-field. The composite slabs 
heated by the near field result in large displacements and thermal expansion. The expan-
sion of the composite slabs is subsequently restrained by the surrounding bays. As the fire 

Fig. 13  Thermal response of the structural elements in 3D model under the travelling fire scenario 1 (fire 
spread rate: 2.5 mm/s): a YBeam1 to YBeam10; and b Slab1 to Slab9
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is travelling away, the temperature continues penetrating the slab in-depth, hence yielding 
an even higher compression during the “local” cooling phase, see Fig. 16d. If the deflection 
is (artificially) increased by enhancing the mechanical loading to a higher magnitude, the 
composite slab is likely to present an apparent tensile membrane action, which features hav-
ing a compressive ring supporting a central tensile region [53]. The observed irregularity in 
Figs. 16 and 20 is likely due to the presence of numerous blue and red vector icons, resulting 
in visual distortion.

3.2.2  Travelling Fire Scenario 2 (0.5 mm/s)

Travelling fire scenario 2 represents a design travelling fire scenario with a “slow” spread 
rate of 0.5 mm/s, yielding a modest total HRR of 1.5 MW.

Fig. 15  Structural response of the YBeams (Y direction) in 3D model at mid-span under the travelling fire 
scenario 1 (fire spread rate: 2.5 mm/s): a Deflection; and b Axial force

 

Fig. 14  Displacement contour of 3D model under the travelling fire scenario 1 (fire spread rate: 2.5 mm/s, 
fuel load density: 511 MJ/m2, HRRPUA: 250 kW/m2, and IOF: 9.6)
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As shown in Fig. 17, under scenario 2, the peak lower flange temperature of the YBeams 
reaches 670 °C, exceeding the critical temperature of 550 °C. Further, the “distinguishable” 
full heating and cooling cycles are observed for all the structural elements. When the slow 
travelling fire approaches a structural member even with a modest total HRR, 1.5 MW, the 
longer near-field exposure (due to slow fire spread rate) would enable the fire more time to 
“heat up” the structural member, which may still result in more energy being absorbed by 
the structural member.

Fig. 16  Membrane tractions in the slab under the travelling fire scenario 1 (fire spread rate: 2.5 mm/s): a 
35 min; b 95 min; c 155 min; and d 245 min
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Figure 18a presents the development of the YBeams deflection at mid-span under the 
scenario 2 (0.5 mm/s). The observed pattern is similar to the scenario 1 (2.5 mm/s), but the 
deflections are relatively smaller. For instance, under scenario 2, YBeam3 has the largest 
deflection, peaking at 0.097 m during the cooling phase. In comparison, YBeam5 experi-
ences the largest deflection at 0.28 m under scenario (1) This difference is due to lower 
resultant HRR in scenario (2) This 1.5 MW fire impacts only a limited area of the struc-
ture, allowing the remaining structural members to maintain a relatively lower temperature, 
higher stiffness, and more effective load path redistribution.

The “axial force reversal” phenomenon is also observed under scenario 2, as shown in 
Fig. 18b. Notably, scenario 2 induces larger axial forces compared to those in scenario 1. 
For instance, YBeam7 undergoes significant axial forces, reaching 873 kN in compression 
and 2379 kN in tension at 502 min and 824 min, respectively. In contrast, under scenario 1, 
the same beam experiences 650 kN in compression and 2311 kN in tension at 25 min and 
200 min, respectively. This difference is also attributable to the relatively modest 1.5 MW 
fire in scenario 2, which impacts a limited area of the structure, allowing adjacent cooler 
structural components to provide stronger restraint to the heated area. Even though the 
deflection of steel beams under the travelling fire scenario with a “slow” spread rate of 
0.5 mm/s is significantly less (barely reaching 0.1 m), the high axial force is recorded dur-
ing the cooling phase, as high as 2379 kN in Ybeam7. The high axial force causing the 
high utilisation of structural members’ capacity, meanwhile, could lead to the connections' 
failure, as experimentally identified by Dai et al. [54]. Consequently, this suggests that even 
“slow” travelling fires, which may appear less severe in fire size, however still should be 

Fig. 18  Structural response of the YBeams (Y direction) in 3D model at mid-span under the travelling fire 
scenario 2 (fire spread rate: 0.5 mm/s): a Deflection; and b Axial force

 

Fig. 17  Thermal response of the structural elements in 3D model under the travelling fire scenario 2 (fire 
spread rate: 0.5 mm/s): a YBeam1 to YBeam10 (Y direction); and b Slab1 to Slab9
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considered in performance-based structural fire design due to the associated very large axial 
force development.

The membrane tractions in slab of the 3D model at the selected times, i.e., 140 min, 
400 min, 660 min and 840 min (cooling phase), under scenario 2, are presented in Fig. 19. 
In contrast to the membrane tractions presented in Fig. 16 for the scenario 1, more slab area 
is demonstrated in tension and there is a lower magnitude of compression during the cooling 
phase. This is because the fire size of scenario 2 is significantly smaller, i.e., approximately 
6.0 m2 with a modest total HRR of 1.5 MW, compared with 30 m2 which has a total HRR 
of 7.5 MW.

3.3  Summary of the Comparative Analysis

This subsection evaluates the structural fire performance under various design fires, includ-
ing standard fire, parametric fires and travelling fires. As Fig. 20 illustrates, YBeam7 is used 
as a representative structural member for this comparative analysis. This beam is prone to 
experience less favourable conditions due to several factors. YBeam7 is a primary beam, 
which normally bears a higher load demand than secondary beams. Considering the cou-
pling effect of thermal and structural responses, YBeam7 is exposed to hot layer pre-heat-
ing for a considerable duration. Consequently, when the near-field of the travelling fire is 
beneath the YBeam7, its upper flange peak temperature reaches 664 °C, even with a modest 
fire size of 1.5 MW.

As presented in Fig. 20a, a key discrepancy between the temperature profiles under the 
standard fire and the parametric fires (Long-cool and Short-hot (with IOF 9.6)) arises from 
the inclusion of a cooling phase in parametric fire models. Nevertheless, the lack of fire 
protection leads to a structural collapse during the heating phase, under the situation of the 
uniform gas-phase temperature distribution within the compartment. As demonstrated in 
Figs. 8, 11 and 12, significant deflection of the steel beams occurs, theoretically reaching 
the critical deflection of 0.3 m (equivalent to L/20 for the YBeam with a length, L, of 6 m 
in this case), and is followed by “run-away” deflections, indicating structural collapse. As 
a result, the structural responses under these scenarios are similar, as presented in Fig. 20b. 
The major difference lies in the failure time of YBeam7, which stands at 6 min, 13 min and 
18 min for the parametric fire (Short-hot (with IOF 9.6)), the parametric fire (Long-cool) 
and the standard fire (ISO 834), respectively.

However, Fig.  20 highlights notable differences between the thermal and structural 
responses under the uniform design fire scenarios and the travelling fire scenarios. These 
differences primarily stem from the spatially and temporally non-uniform gas-phase tem-
perature distribution observed in the travelling fires. A significant structural response to fire 
only occurs when the near-field of the travelling fire approaches, as shown in Fig. 20b and c. 
For instance, YBeam7 has its largest deflections, 0.15 m at 126 min and 0.05 m at 786 min, 
under the travelling fire scenario 1 (2.5 mm/s) and the travelling fire scenario 2 (0.5 mm/s), 
respectively. Even under the scenario 1, with a fire spread rate of 2.5 mm/s and a fire size of 
7.7 MW, the maximum deflection of YBeam7 is 0.15 m, which is still lower than the critical 
deflection of 0.3 m (i.e., 6 m/20, one-twentieth of the beam length).

Note that despite the relatively minor deflections under the travelling fire scenarios, the 
heating-cooling cycles induced by the travelling fires result in “axial force reversal” and 
a large tensile force during the cooling phase, which might cause unforeseen failure. For 
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example, Fig. 20c shows that YBeam 7 undergoes maximum axial compression forces of 
approximately 600 kN during the heating phase of the uniform fire scenarios. Following the 
failure of beams and the subsequent structural collapse, the restraints are released, result-
ing in the axial forces approaching nearly zero. However, under travelling fire scenarios, 
YBeam7 experiences its highest axial compression forces, recorded at 650 kN and 873 kN. 
These peaks occur as the fire moves closer to, and directly beneath, YBeam7 at 25 min for 
scenario 1, and at 502 min for scenario 2, respectively. Furthermore, YBeam7 experiences 
“axial force reversal” during the cooling phase of the travelling fire scenarios. Specifically, 

Fig. 19  Membrane tractions in the slab under the travelling fire scenario 2 (fire spread rate: 0.5 mm/s): a 
140 min; b 400 min; c 660 min; and d 840 min
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during the cooling phase, the axial forces in YBeam7 escalates to a higher order of mag-
nitude, reaching 2311 kN and 2379 kN in tension, for scenarios 1 and 2, respectively. This 
reversal is attributed to the contraction of the heated, expanded steel beams, which remains 
constrained by surrounding structural components. This observation underscores a signifi-
cant difference between the uniform fire scenarios and the travelling fire scenarios in terms 
of structural fire responses. Given that uniform design fire scenarios may only encompass a 
limited variety of complex fire situations, incorporating travelling fire scenarios into perfor-
mance-based structural fire design offers a more realistic approach to analysing structural 
fire responses.

4  The Significance of Slab

This study aims to improve numerical modelling for structural fire analysis by bridging 
the gap between simplified 2D models and more detailed 3D simulations. A key distinc-
tion is that the 3D structural model in this paper accounts for stiffness contributions from 
slabs, which are typically neglected in 2D models. While boundary conditions in full-scale 
structures remain a challenge, our focus is on understanding the fundamental differences 
between 2D and 3D approaches.

In this section, to maximise the structural deformation under different travelling fire sce-
narios for the 3D model against 2D models (i.e., 2D model with effective slab width and 2D 
steel frame model), all the structural steel members were still left unprotected. The effect of 
fire protection is further investigated in Sect. 5.

Fig. 20  Thermal and structural response of YBeam7 (Y direction) in 3D model at mid-span under various 
design fire scenarios: a Upper flange temperature; b Deflection; and c Axial force
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4.1  3D Model vs. 2D Models Under Travelling Fire Scenario 1 (2.5 mm/s)

Figure 21 presents the displacement contour development of the 2D models under the trav-
elling fire scenario 1. Critical structural response events at specific time are selected and 
demonstrated: 35 min, 95 min, 155 min and 245 min for the 2D model with effective slab 
width (consistent with the 3D model), and 35 min and 75 min for the 2D steel frame model, 
respectively.

A comparison of Figs. 14 and 21 highlights that the global structural response and the 
potential structural failure mechanism could be fundamentally different between the 3D 
model and the 2D model. Specifically, under the scenario 1 (2.5 mm/s), as the fire moves 
through each bay, it induces the maximum deflection which subsequently decreases due 
to cooling once the fire has moved away. However, the maximum deflection in each bay 
of the 2D model with effective slab width is larger than 0.7 m, exceeding both the largest 
deflection of 0.33 m observed in the 3D model, and the critical deflection of 0.4 m, i.e., 
L/20, where L is the longest XBeam with length of 8 m. Interestingly, during the cooling 
phase, the deflections of Bay1 and Bay3, at 0.99 m and 0.95 m respectively, are larger than 
the 0.77 m recorded in Bay2. This is different with the 3D model, which exhibits the larg-
est deflection in Bay2 during the cooling phase. The 2D model with effective slab width, 
reacting as a continuous three-span composite beam, allowed the middle span (Bay2) to 
be in favourable conditions, with lower bending moments. This reveals that the simplified 
2D model, even when considering the slab with effective width, still deviates from the 3D 
structural response under travelling fires.

The structural collapse of the 2D steel frame model occurs at around 77 min under the 
scenario 1, see Fig. 21b. The maximum deflection of the XBeams reaches 1.31 m before its 
failure. This value is significantly larger than the critical deflection 0.4 m. In contrast, the 
largest deflection of the slabs of the 3D model reaches 0.33 m at the second bay during the 
cooling phase, with no indication of structural collapse (refer to Fig. 14). This is because the 
3D model has higher overall stiffness due to the presence of the composite slab compared 
with the simplified 2D model.

Figure 22 shows the comparison of structural response between the 3D model and the 
2D models under the travelling fire scenario 1. In Fig. 22, the largest deflection of XBeam1 
and XBeam2 in the 2D steel frame model reaches 1.31 m and 0.96 m respectively (both far 

Fig. 21  Displacement contour under the travelling fire scenario 1 (fire spread rate: 2.5 mm/s, fuel load 
density: 511 MJ/m2, HRRPUA: 250 kW/m2, and IOF: 9.6): a 2D model with effective slab width; and b 
2D steel frame model
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beyond the critical deflection of 0.4 m), prior to the global structural collapse. In the 2D 
model with effective slab width, the largest deflection of the XBeams ranges from 0.67 m to 
0.85 m, all higher than the critical deflection of 0.4 m. In contrast, XBeam2 in the 3D model 
has the largest deflection of 0.22 m, which was below the critical deflection.

Figure 23 presents the deflection rate at mid-span of the XBeams for the 3D model, the 
2D model with effective slab width and the 2D steel frame model. Again, the compari-
sons of the three figures indicate a fundamental difference in the global structural responses 
between the 3D model and the 2D models. In the 3D model, the largest deflection rate 
of XBeam1 reaches 6.4 mm/min, significantly lower than the critical deflection rate, i.e., 
L2/9000d, where L is the longest XBeam length of 8 m and d is the cross-sectional depth of 
0.403 m. Whereas the largest deflection rates of the XBeams in the 2D model with effective 
slab width are all beyond the critical deflection rate of 18 mm/min. Furthermore, the largest 
deflection rates of XBeam1 and XBeam2 in the 2D model are over an order of magnitude 
higher. Note that the temperatures of most steel structural members exceed 600 °C, and up 
to 800 °C, under the travelling fire scenario 1. It means the loss of steel strength can be as 
high as 80–95% according to the Eurocode [32].

Figure 24 summarises the axial force and stress utilisation of the XBeams under travel-
ling fire scenario 1 for 2D models against the 3D model. In Fig. 24b, the stress utilisation 
of the XBeams in the 2D model with effective slab width, and the 3D model, all approach 
to 1.0 during the cooling phase. The axial forces of XBeam1 to XBeam3 in the 3D model 
are 2180 kN, 2350 kN, and 2105 kN, respectively, close to the axial force capacity of NRd 
= 2448 kN (see Fig. 24a). In the 2D model with effective slab width, the axial forces of 
the XBeams peak within a range of 1118 kN and 1434 kN, which is roughly 40% less than 
the maximum axial force noted in the 3D model. In contrast, due to lack of neighbouring 
restraints and stiffness (from the slab and adjacent structural members), the 2D steel frame 
model collapses in a very early stage of the whole travelling fire duration, and the beam 
axial forces are also significantly lower compared with the values in the 3D model. These 
observations suggest that the inclusion of an effective slab width in the 2D model might 
provide a better representation.

In summary, the global structural response and potential failure mechanisms differ fun-
damentally between 3D and 2D models, both under traditional fire boundary conditions 

Fig. 22  Deflection of XBeam1 to XBeam3 (X direction) at mid-span under the travelling fire scenario 1 
(fire spread rate: 2.5 mm/s), 3D model vs. 2D model with effective slab width vs. 2D steel frame model
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(uniform or localised heating) [23, 24] and travelling fire scenarios [28]. Compared to the 
3D model, 2D models tend to produce more conservative results, underestimating structural 
collapse resistance due to the absence of neighbouring restraints and stiffness from slabs and 
adjacent structural members. Although incorporating effective slab width in the 2D model 
provides a better representation of global structural responses and helps prevent early-stage 
collapse, the simplified 2D model (even with the effective slab width) still diverges from 
the 3D structural response under travelling fires. Notably, axial forces in the 2D model with 
effective slab width are approximately 40% lower than those in the 3D model. Additionally, 
the largest deflections during the cooling phase are only observed in the 3D model, as the 
2D model with the effective slab width, functioning as a continuous three-span composite 
beam, places the middle span (Bay 2) into more favourable conditions with reduced bend-
ing moments.

4.2  3D Model vs. 2D Models Under Travelling Fire Scenario 2 (0.5 mm/s)

In Fig. 25, the maximal deflections for the XBeams are 0.07 m for the 3D model, 0.48 m for 
the 2D model with effective slab width, and 0.53 m for the 2D steel frame model. Compared 
with the structural response from scenario 1, lower deflections from travelling fire scenario 
2 are observed, due to its slower travelling fire spread rate, 0.5 mm/s, and smaller fire size of 
1.5 MW which could only “heat up” a limited number of structural elements. Note that the 
fire area is approximately 6 m2 for this travelling fire scenario. This fire could only impact a 
limited area of the structure while the remainder of the structural bays remain at a relatively 

Fig. 24  XBeam1 to XBeam3 (X direction) at mid-span under the travelling fire scenario 1 (spread rate: 
2.5 mm/s), 3D model vs. 2D model with effective slab width vs. 2D steel frame model: a Axial force; and 
b Stress utilisation: ratio of the axial stress envelope over the yield strength 355 MPa at 20 °C

 

Fig. 23  Deflection rate of XBeam1 to XBeam3 (X direction) at mid-span under the travelling fire scenario 
1 (fire spread rate: 2.5 mm/s): a 3D model; b 2D model with effective slab width; and c 2D steel frame 
model
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lower temperature (pre-heated by the smoke temperature for the far field). Hence, the sur-
rounding bays could still provide high stiffness and load redistribution paths to prevent the 
heated part of the structure from significant deflection.

As shown in Fig. 25, the largest deflections of the XBeams in the 3D model are between 
0.06 m and 0.07 m. However, in the 2D model with effective slab width and the 2D steel 
frame model, these deflections are notably higher, ranging from 0.42 m to 0.48 m and from 
0.47 m to 0.53 m, respectively. This marks difference in predicted deflections underlines the 
fundamental load-carrying role of the slab at elevated temperatures [38–40]. Specifically, in 
real structures composed of frames with primary beams and attached secondary beams, the 
slab forms an integral part of the load-bearing framework.

In addition, it is worth noting that there are “small plateaus” of deflection for the XBeams 
in the simplified 2D models, see Fig. 25. Such plateaus are attributed to the over-simplifica-
tion of the 2D models, where the thermal expansion of the steel members (i.e., beams and 
columns) has an “interplay” effect on the overall deflection at the mid-span of the beams: the 
heated beams tend to deflect whereas the heated columns tend to lift-up the structural steel 
beams on top. For example, Fig. 26 demonstrates such an “interplay” effect in the 2D steel 
frame model, via decoupling the deflections for the beams and the vertical displacements of 
the heads of the columns, respectively. This effect is likely to be avoided in the 3D model 
due to the presence of the slab.

Further, lower deflection rates of the XBeams are found in the 3D model, below 0.8 mm/
min as shown in Fig. 27a. In Fig. 27b, the 2D model with effective slab width demonstrates 
a higher deflection rate for the XBeams, reaching a maximum of 13.6 mm/min. However, 
this rate does not exceed the critical deflection rate of 18 mm/min. On the other hand, the 
failure of the XBeams could be determined according to the critical deflection rate being 
exceeded in the 2D steel frame model, see Fig. 27c. For instance, the peak deflection rates 
of the XBeams are 66 mm/min at 58 min, 29 mm/min at 309 min and 21 mm/min at 576 min 
for XBeam1, XBeam2 and XBeam3, respectively.

Figure 28 presents the axial force and stress utilisation of the XBeams under the travel-
ling fire scenario 2. The 2D frame model has maximum axial forces of -105 kN and 251 
kN for compression and tension, respectively, decreases by over 80% compared with the 
2D model with effective slab width and the 3D model. More conservative axial forces are 

Fig. 25  Deflection of XBeam1 to XBeam3 (X direction) at mid-span under the travelling fire scenario 2 
(fire spread rate: 0.5 mm/s), 3D model vs. 2D model with effective slab width vs. 2D steel frame model
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captured by the models with slabs. This large force might result in the connections adopting 
a more unfavourable situation, i.e., the potential structural collapse triggered by the failure 
of the connections under such shear force [54], which is unlikely to be addressed in an over-
simplified 2D steel frame model. Note that the “axial force reversal” and the increased ten-
sile forces during the cooling phase are more apparent in the 2D model with effective slab 
width compared to the 3D model. This may arise from the absence of adjunctive primary 
beams and secondary beams in the 2D model with effective slab width. With these structural 
components in place, the 3D model allows for more reasonable load redistribution than the 
2D model with effective slab width.

Furthermore, Fig. 28b shows that the stress utilisation of the XBeams in the 2D model 
with effective slab width and the 3D model are both above 70% and 90% in the heating 
phase and cooling phase, respectively. In contrast, only the stress utilisation of XBeam3 
reaches 97% during the cooling phase in the 2D steel frame model. The results indicate 
that the simplification for modelling the composite structure as a 2D frame is not always 
the most conservative under travelling fires, in terms of internal forces. Further, compared 
with scenario 1 with a higher fire spread rate of 2.5 mm/s, the peak stress utilisation of the 
XBeams in the three models are all close to 1.0 under the travelling fire scenario 2.

In summary, under travelling fire scenario 2, characterised by a slower fire spread rate 
(0.5 mm/s) and a smaller fire size (1.5 MW), which heats only a limited number of struc-
tural elements, the differences in structural responses between the 3D and simplified 2D 

Fig. 27  Deflection rate of XBeam1 to XBeam3 (X direction) at mid-span under the travelling fire scenario 
2 (fire spread rate: 0.5 mm/s): a 3D model; b 2D model with effective slab width; and c 2D steel frame 
model

 

Fig. 26  Thermal and structural response of the steel beams in 2D steel frame model under the travelling 
fire scenario 2 (fire spread rate: 0.5 mm/s): a XBeam1 to XBeam3 (X direction); and b The vertical dis-
placements of the heads of Column1 to Column 4
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models become more pronounced. This significant variation underscores the fundamental 
load-bearing role of slabs at elevated temperatures [22, 38–40]. The Cardington British 
Steel Corner Test demonstrated that the tensile membrane action of slabs plays a signifi-
cant role at large deflections under extreme temperature [22]. During the heating phase, 
the concrete slab restrains the more rapidly heated steel beams, causing large, self-limiting 
deflections that lead to potential yielding of steel beams under axial compression. How-
ever, our numerical investigation of composite floors under travelling fires with “heating-
cooling” cycles reveals that restrained deformations can affect structural behaviour in both 
heating and cooling phases. As shown in Figs. 24 and 28, “axial force reversal” occurs in 
steel beams during the “heating-cooling” cycles, with stress utilisation approaching 1.0 in 
the cooling phase, indicating a higher risk of beam failure under tension. This underscores 
the crucial load-bearing role of concrete slabs during both heating and cooling phases. For 
instance, the 3D model captures smaller deflections but exhibits more conservative axial 
forces, avoiding the “interplay” effect observed in the 2D steel frame model, caused by the 
coupling of beam deflections and vertical displacements at column heads. These findings 
suggest that simplifying composite structures into 2D models is not always the most con-
servative approach when considering the stress utilisation of steel members under travelling 
fires, particularly in scenarios involving “slow” travelling fires with limited heating areas. 
This implies that “slow” travelling fires are not advised to be ignored in performance-based 
structural fire design.

5  The Role of Fire Protection on 3D Model vs. 2D Models

This section investigates the effect of the performance-based fire protection design scheme 
on the structural response for both the 3D and 2D models under the travelling fire scenarios 
1 and 2.

The mid-span thermal response of the YBeams is presented in Fig. 29, for scenario 1 (fire 
spread rate 2.5 mm/s) and scenario 2 (fire spread rate 0.5 mm/s), respectively. Note that the 
secondary beams are left unprotected. The peak temperatures of steel beams can be reduced 
effectively by fire protection. For instance, under the scenario 1, the peak temperature of 
YBeam7 decreases from 820 °C (without fire protection) to 540 °C (with fire protection); 
under the scenario 2, the peak temperature of YBeam7 with fire protection drops by 170 °C 
and the occurrence of the peak temperature is delayed by approximately 35 min.

Fig. 28  XBeam1 to XBeam3 (X direction) at mid-span under the travelling fire scenario 2 (spread rate: 
0.5 mm/s), 3D model vs. 2D model with effective slab width vs. 2D steel frame model: a Axial force; and 
b Stress utilisation: ratio of the axial stress envelope over the yield strength 355 MPa at 20 °C
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Figure 30 a, c and e display the deflection for the 3D model, the 2D model with effective 
slab width and the 2D steel frame model, respectively, all under the travelling fire scenario 
1. The figures contrast one case without any fire protection (w/o p) against the other case 
with fire protection (w/ p) for the primary beams and columns. It is found that the effect of 
fire protection on the deflection of the structure is significant, especially for the 2D steel 
frame model. As shown in Fig. 30a, upon the application of fire protection, the maximum 
deflection at the mid-span of the slabs in the 3D model decreases by around 50% on average. 
For instance, the maximum mid-span deflection decreases from 0.27 m (w/o p) to 0.13 m 
(w/ p), 0.33 m (w/o p) to 0.15 m (w/ p) and 0.21 m (w/o p) to 0.13 m (w/ p) for BAY1, BAY2 
and BAY3, respectively. As depicted in Fig. 30c, the application of fire protection in the 2D 
model with effective slab width leads to an average reduction of approximately 80% in the 
maximum mid-span deflection of the XBeams. Furthermore, in the 2D steel frame model, 
Fig. 30e demonstrates that the fire protection prevents the collapse of the steel frame very 
effectively, such that the maximum deflection of XBeam2 at mid-span was only 0.15 m, 
which is far below the critical deflection of 0.4 m. It further proves that the fire protection 
of steel members plays a critical role to prevent the disproportionate collapse of the steel-
framed structures when the slab is absent.

Figure 30 b, d and f present the deflection of the three structural models under the travel-
ling fire scenario 2, for one case without any fire protection (w/o p) against the other case 
with fire protection (w/ p), for the primary beams and columns. In the 3D model, when the 
fire spread rate decreases to 0.5 mm/s in the travelling fire scenario 2, the effect of fire pro-
tection on the deflections becomes less significant, see Fig. 30b. The maximum deflection 
of slabs in the 3D model decreases by only approximately 11% on average. For instance, the 
maximum deflection at BAY2 decreases from 0.086 m (w/o p) to 0.074 m (w/ p). In contrast, 
Fig. 30d shows that the application of fire protection in the 2D model with effective slab 
width led to an average reduction of 68% in the maximum deflection of the XBeams. For 
example, the maximum deflection of XBeam2 is reduced from 0.42 m (w/o p) to 0.16 m (w/ 
p). Moreover, the maximum deflection of the XBeams decreases significantly once the fire 
protection is applied in the 2D steel frame model, i.e., from 0.501 m (w/o p) to 0.086 m (w/ 
p), 0.531 m (w/o p) to 0.119 m (w/ p) and 0.468 m (w/o p) to 0.087 m (w/ p), respectively, 
see Fig. 30f.

By comparing Fig. 30a and b, it can be seen that under scenario 1 with a higher spread 
rate of 2.5 mm/s, the largest deflection occurs in BAY2 with a longer span (i.e., 8.0 m). 
However, under the scenario 2 with a “slow” spread rate of 0.5 mm/s, the maximum deflec-
tions are likely to occur in the “side” bays of the 3D model (i.e., BAY1 and BAY3, as 

Fig. 29  Thermal responses of YBeam1 to YBeam10 (Y direction) in the 3D model under travelling fires, 
with fire protection of primary beams and columns: a scenario 1 (fire spread rate: 2.5 mm/s); b scenario 
2 (fire spread rate: 0.5 mm/s)
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described in Fig. 1a) instead of the longer bay (i.e., BAY2). This implies that the global 
structural response, or the potential structural failure mechanism, might be affected by the 
structural details (including with or without concrete slabs and the layout of the structure), 
in combination with the fire protection and the fire spread rate, simultaneously.

6  Conclusions

The application of finite element structural models to investigate the thermal and structural 
responses of large open-plan office compartments is demonstrated via an approach based on 
a representative “slice” of the structure, with a one-story prototype steel-framed structure 
with composite floors adapted based on the structural layout of the BST/FRS 1993 travelling 
fire test. The role of the slab must be considered, and insights into the impact on the FEM 
predicted structural responses under various design fires are obtained via investigating the 
difference among the 3D model, the 2D model with effective slab width and the 2D frame 
model. The sensitivity of fire conditions is assessed via study of the ISO834 standard fire, 
parametric fires (Long-cool and Short-hot (with IOF 9.6)), and two representative travelling 

Fig. 30  Deflection under the travelling fire scenarios, without any fire protection (WOP) vs. with fire 
protection (WP): a 3D model under travelling fire scenario 1; b 3D model under travelling fire scenario 
2; c 2D model with effective slab width under travelling fire scenario 1; d 2D model with effective slab 
width under travelling fire scenario 2; d 2D steel frame model under travelling fire scenario 1; and f 2D 
steel frame model under travelling fire scenario 2
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fire scenarios with spread rate of 2.5 mm/s and 0.5 mm/s, respectively. The performance 
is also sensitive to the effects of fire protection, assessed via a 3D model or simplified 2D 
models. The following specific findings are highlighted:

(1)	 The differences in structural responses under uniform design fires and travelling fires 
are highlighted by “axial force reversals” and the large tensile forces observed dur-
ing the “heating-cooling” cycles of travelling fires. These effects result from the non-
uniform temperature distribution in travelling fires, where the localised heating and 
expansion of steel beams, constrained by surrounding structural components, followed 
by cooling, cause the beams to be under tension. While cooling effects are also present 
in parametric fires, the unique impact of travelling fires is due to the movement of the 
fire, leading to sequential “heating-cooling” cycles. This underscores the importance of 
incorporating travelling fire scenarios into structural fire design for a more realistic, and 
more conservative, analysis of structural fire responses in large compartments.

(2)	 The global structural response, or the potential structural failure mechanism between 
the 3D model and the simplified 2D models, could be fundamentally different, and 
sometimes non-conservative, for the simpler 2D models. This result is likely to arise 
from differences in the layout of the structure, in combination with the fire protection 
and the fire spread rate, simultaneously.

(3)	 The 3D model is therefore critical for the performance-based structural fire design for 
travelling fires, via consideration of the importance of the slab, since simplified 2D 
models may not always provide the most conservative solution.

(4)	 Although the 2D models usually predict much larger deflections compared with the 3D 
model, they could significantly underestimate the large internal forces, which might 
potentially induce connections' failure in a more realistic scenario such as travelling 
fires.

(5)	 The “internal axial force reversal” caused by the heating-cooling cycles of travelling 
fires is more evident in the models with slabs, i.e., the 3D model and the 2D models 
with effective slab width.

(6)	 Due to the simplification of the 2D models omitting the significant stiffness contribu-
tion from the composite slab and the adjunctive structural components, the effect of the 
fire protection is likely to be amplified. Such a simplification may result in mislead-
ing results for performance-based structural fire design under different travelling fire 
scenarios.

Due to the above observations it is recommended that 3D models are always considered, as 
a minimum as a complement to simplified 2D models, to ensure robust structural fire analy-
sis in scenarios involving travelling fires.
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