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1 INTRODUCTION 

In the framework of the Fire Safety Engineering (FSE) approach, the fire behaviour of steel open car parks 

exposed to localised fires has been widely investigated in the last twenty years for which natural fire curves 

and fire scenarios have been derived. Full-scale tests were performed in France in the late ‘90s and 

recommendations about the rate of heat release (RHR) of typical Class 3 cars and commercial vehicles to 

be adopted in design are now available [1] 3. Analytical models describing the effects of localised fires were 

included in the structural Eurocode EN1991-1-2 [1], i.e. Hasemi and Heskestad correlations. However, they 

have limited field of applicability, e.g. the Hasemi model is valid only for flame impacting the ceiling and 

it is typically employed for horizontal structural members located at the ceiling level, whereas the Heskestad 

model may be applied to vertical elements fully engulfed into the localised fire. Due to the absence in the 

code of a suitable model able to provide the thermal action on vertical members external to the fire, safe 

assumptions are usually taken. For instance, one common assumption is to take the heat flux computed at 

the top of the column by means of the Hasemi model and to apply it to all column cross sections or is to 

1
 Senior Engineer, Arcelormittal Steligence Italy 

e-mail: mauro.sommavilla@arcelormittal.com
2
 Assistant Professor, Department of Civil, Environmental and Mechanical Engineering, University of Trento, Italy
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It worth mentioning that a major event that occurred at the Liverpool Echo Arena car park fire that destroyed 1400 vehicles in 2018 was 
not in line with the proposed fire scenarios.
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FIRE PERFORMANCE OF A STEEL OPEN CAR PARK IN THE LIGHT OF THE 

RECENT DEVELOPMENT OF THE LOCALISED FIRE MODEL “LOCAFI” 

Mauro Sommavilla1, Nicola Tondini2 

ABSTRACT 

The paper presents the results of a comprehensive finite element thermo-mechanical analysis conducted 

on a steel open car park subjected to localised fires. In particular, the LOCAFI model, a localised fire 

model recently developed in a European research project to estimate the radiative heat flux received by 

vertical members, was exploited to evaluate the fire performance of bare steel columns under the 

typical fire scenario of 4 vehicles burning around a column. The car park, to be built in Italy, was 

designed according to the Italian Building Code and the Eurocodes with steel grade S460M. Different 

column profiles were selected in order to optimise the structural fire performance, structural weight 

and related costs. The parametric analysis showed that, for this fire scenario and the selected profiles, 

the LOCAFI model was not the major governing factor of the column collapse. Indeed, when collapse 

occurred, it was mainly caused by material fracture in the column element just below the slab and 

subjected to the Hasemi model. As a result, it was observed that cross sections with thicker flanges and 

webs, i.e. HE of the M series are to be preferred with respect to cross sections with same area but higher 

inertia such as HE of the B series, that are characterised by thinner flanges and webs. Finally, no 

composite action and fireproofing are potentially needed for the vertical members by accounting for a 

profile with an adequate low section factor and higher strength, e.g. in this specific case an HE 260 M 

series S460M quality. 

Keywords: Localised fires; LOCAFI model, steel structures; open car park; finite element modelling 
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compute the Hasemi heat flux at each column cross section by using in the model correlation the height of 

the considered cross section, as indicated in the French guidelines [3]. Computational Fluid Dynamics can 

be a viable option but it is still rather computationally demanding and its use is not straightforward for 

engineers with typical structural background [4]. Therefore, by applying simplified and safe assumptions, 

the most severe scenario for the columns generally leads to the design of either fireproofed columns or 

steel-concrete composite columns (partially encased H-sections or concrete filled tubes) hindering the use 

of potentially more economical compact bare steel elements. This increases the costs of application and of 

maintenance, in the first case, or the complexity of joint detailing between the composite column and the 

unprotected steel-composite I-beams, in the second one. In the last few years, to overcome the lack of a 

simplified method that covers the computation of the radiative heat flux received by a column outside a 

localised fire, comprehensive research on localised fires at European level has been done [5,6] and it has 

led to the development of an analytical model [7], the LOCAFI model, able to predict the radiative heat 

flux in space and in time emitted by a fire of conical shape to vertical members exposed to localised fires. 

The LOCAFI model was implemented in the thermo-mechanical software SAFIR [8] that was thoroughly 

used in this work. 

2 DESCRIPTION OF THE CASE STUDY 

This work describes a detailed numerical investigation of an unprotected steel open car park to be built in 

Italy (see Figure 1), subjected to a fire scenario relevant for the column, i.e. 3 Class 3 vehicles and 1 

commercial vehicle around it, as depicted in Figure 2a. This fire scenario is included in the Italian Fire 

Prevention Code [9] and others code in Europe, e.g. France [1]. The rate of heat release (RHR) is shown in 

Figure 2b, where Car 3 corresponds to the commercial vehicle. This fire scenario can be seen as four 

localised fires, which surround the column, but they do not engulf it. In more detail, the car park will be 

realised in the area of Turin. The structure is a 3 to 4-storey split-levels car park of dimensions 48 m x 40 

m x 9/12 m (interstorey height = 3 m) with 16-m long IPE 500 steel-concrete composite beams and 220-

mm deep steel decking spanning transversally over 5-m long beams and directly connected to the beam 

web by means of appropriate connectors so-called “wings”. In the transverse direction, between each 

column HE 120 B 5-m long profiles were employed. To minimise the impact on the structural weight the 

use of fine grain steel S460M according to EN10025-4:2019 was foreseen for both beams and columns. 

Concrete of class C35/45 inside the ribs and over the upper beam flange (plain slab of 8/10cm) was 

employed. Joints between columns and beams are pinned and horizontal loads are withstood either by 

appropriate steel bracings or concrete walls. The live load was taken equal to 2.5 kN/m2. The car park was 

designed in accordance with the Italian Building Code and the relevant parts of the Eurocodes. 

In the original project, partially encased columns were envisaged, which were composed of an HE 260 A 

S355 with 8 additional ϕ = 22 mm reinforcement bars and concrete strength class C35/40 that filled the 

steel section between the two flanges. However, it was decided to also investigate a different solution by 

considering bare steel columns. In this respect, different profiles were considered in order to analyse their 

performance under the selected fire scenario and they are reported in Table 1. It is possible to observe that 

the utilisation ratio μ is in the order of 15%-20%; thus, about half of the maximum suggested by the French 

Guidelines [3], i.e. 35%. These μ values are due to the adopted philosophy that aims at the column 

overdesign to avoid fireproofing or a composite solution. Indeed, the partially encased solution would have 

entailed a higher utilisation ratio equal to 29%. Moreover, it is worth presenting the selection criteria of the 

column profiles. For instance, let us consider an HE 260 M and an HE 450 B. They have basically the same 

cross-sectional area (and consequently weight per unit length); therefore, the axial resistance Npl.Rd is pretty 

much the same. However, they differ in terms flexural properties for which the HE 450 B profile has more 

favourable properties by having larger height and width, which in turn entails thinner thicknesses of the 

flanges and the web with respect to the HE 260 M. Thus, if the axial force is governing, as it is case because, 

apart from bending moments caused by second order effects, the columns are predominantly axially loaded 

due to the pinned connections and an HE 260 M should then exhibit a more favourable behaviour since it 

has a smaller section factor. Similar observations can be made for the HE 240 M and the HD 320x158. 
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Moreover, an HP 320x184 was also selected. It has an increased cross-sectional area (A = 234 cm2) as well 

as enhanced flexural properties with respect to an equivalent HE 280 M profile (A = 240.2 cm2), by keeping 

at the same a reasonable size, with respect to an equivalent HE 500 B profile (A = 238.6 cm2), that it is 

important for a car park in order to maximise the available space for the parking spots. 

Table 1. Column profiles 

Profile 
h 

(mm) 

b 

(mm) 

tw 

(mm) 

tf 

(mm) 

A 

(cm2) 

Iy 

(cm4) 

Iz 

(cm4) 

G 

(kg/m) 

Section factor  

(m-1) 

NEd/Npl 

(-) 

λy 

(-) 

λz 

(-) 

HE 240 M 270 248 18 32 199.6 24290 8153 157 73 0.192 0.41 0.70 

HE 260 M 290 268 18 32.5 219.6 31310 10450 172 72 0.174 0.37 0.65 

HE 450 B 450 300 14 26 218.0 79890 11720 171 93 0.176 0.23 0.61 

HD 320x158 330 303 14.5 25.5 201.2 39640 11840 158 89 0.190 0.32 0.58 

HP 320x184 329 317 25 25 234.5 42340 13330 184 78 0.163 0.33 0.59 

 

 

 

 

 

Figure 1 – Layout of the car park. Dimensions in cm. 
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(a) (b) 

Figure 2 – a) Selected fire scenario according to the Italian Fire Prevention Code [9] and b) RHR of a 4-car scenario. 

3 LOCAFI MODEL 

Localised fires result from a liquid or solid fuel burning on a limited surface. Several models are available 

in literature to study localised fires and they can be classified among field/computational fluid dynamics 

(CFD) models and empirical/analytical models. Tondini et al. [7] showed how the analytical LOCAFI 

model compared with CFD models to predict the radiative heat flux emitted from localised fires and how 

it fared against experimental measurements. Among empirical/analytical models, solid flame models adopt 

a specific shape for the flame geometry, that may be a cylinder, an elliptical cylinder or a cone. These 

models consider that the radiative heat fluxes are emitted from the surfaces of the solid representing the fire 

and that the radiative heat flux received by an external element is the sum of the radiative heat fluxes emitted 

from each surface based on the computation of the configuration factor, which may be done analytically 

and/or numerically depending on the flame shape assumption. In the framework of this research, a solid 

flame model is adopted with the use of the LOCAFI model developed within the European LOCAFI 

Project. This model was developed and calibrated based on experimental tests and CFD numerical analyses 

[7]. A brief description is summarized herein.  

The LOCAFI model represents the localised fire with a conical shape, as depicted in Figure 3. It means that 

the fuel is distributed in such a way that an equivalent circular representation of its distribution is still a 

reasonable assumption, i.e. when the ratio of the two sides of a hypothetical rectangular distribution is not 

greater than two. It has to be noted that LOCAFI model neglects wind effects, as it was done in this work. 

The fire model relies on the existing localised fire correlations provided in Annex C of EN1991-2 [2]. Thus, 

the length of the flame is defined in Equation (1) as a function of the fire diameter D and the rate of heat 

release Q. 

 
Figure 3. Solid flame modelled with conical shape in the LOCAFI model. 
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2/51.02 0.0148fL D Q= − +           (1) 

where D is the diameter (or its equivalent) of the localised fire (m) and Q is the RHR (W). The temperature 

along the vertical flame axis can be expressed with Equation (2) as a function of the height z 

( ) ( )
5/32/3

0

2/5

0

20 0.25 900

1.02 0.00524

cT z Q z z

z D Q

−
= + − 

= − +
        (2) 

where T is the temperature (°C) along the centreline of the localised fire, Qc is the convective part of the 

RHR Q in (W) taken as 0.8 times the RHR, z is the height along the fire centreline (m) and z0 is the virtual 

origin (m) and D is the diameter (or its equivalent) of the localised fire (m). 

Once a localised fire is defined with a conical shape and a temperature evolution along the flame axis, 

incident radiative heat fluxes can be computed for any external element considered. Equation (3) defines 

the incident radiative heat flux ''

.inc A Bq →
 emitted by a surface A and received by a surface B. 

( )
4''

. 273.15inc A B A B A Aq T  → →= +         (3) 

Where ϕA→B is the configuration factor, εA is the emissivity of surface A, σ is the Stefan-Boltzmann constant 

(W/m2K4) and TA the temperature (°C) of surface A. The surface A is an element discretising the conical 

fire and the surface B is an element discretising the structural steel members. The emissivity of the flame 

εA, or εf, is conservatively taken equal to 1. The configuration factor can be determined analytically, if 

available, otherwise through numerical integration. In this work, the model implemented in SAFIR is based 

on numerical integration of the configuration factor. It discretizes the surfaces of the fire and the member 

with small elements. The temperature of each slice is calculated with Equation (2), by considering its 

average height. Steel members are represented with their actual cross section and shadows effects are 

considered. As explained in Section 4, the columns are modelled with beam elements with two points of 

integration each. At each integration point a 2D thermal analysis is performed with thermal boundary 

conditions that are representative of the position of the structural element with respect to the localised fire 

(or fires). In fact, SAFIR is able to compute at each time step and for each finite element located on the 

border of the cross section an incident radiative heat flux, which is calculated by summing all the radiative 

heat fluxes emitted by the surfaces discretizing the fire (or fires) and visible by the element according to a 

numerical procedure. Then, the net heat flux is expressed as the difference between the absorbed radiative 

heat flux and the heat fluxes reemitted by the surface B through radiation and convection at ambient 

temperature. 

4 NUMERICAL MODELLING 

The numerical was developed with the thermo-mechanical software SAFIR [8]. A 3D FE model of half of 

the ground floor (48 m x 20 m x 3 m) was developed with the steel beams and columns modelled with 

Bernoulli beam elements and the concrete slab with quadrangular shell elements, as illustrated in Figure 4. 

Since the columns were continuous, the ones above the floor under study were also modelled and kept cold. 

Each exposed column was divided into 6 finite elements, with the top one just below the slab subjected to 

the Hasemi model, whilst the other five subjected to the LOCAFI model. The beams and the slab were 

subjected to the Hasemi model. Typically, this is a conservative assumption since the flame does not impact 

the ceiling during the whole duration of the fire scenario. The selected fire scenario of the 4 vehicles burning 

around one column described in Section 2 was included in SAFIR. The parking spots 2.5 m x 5 m were 

defined as equivalent circular areas centred at the middle of the parking and whose diameter was taken 

equal to 3.91 m. The thermal and mechanical material properties were selected according to the relevant 

fire parts of the Eurocodes. Partial reversibility of the steel strength was considered when the steel 

temperature exceeded 600°C by allowing for a loss of 0.3 MPa/°C. For the concrete slab a bi-axial plane 

stress element that included the explicit transient creep strain model developed was employed [10]. The 

concrete model is calibrated on the EN 1992-1-2 model and it is able to take into account the non-

reversibility of transient creep strain when the stress and/or the temperature decrease. Thus, the use of an 

explicit transient creep model allowed a more accurate analysis. Plasticity is based on a Drucker-Prager 
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yield function in compression and a Rankine cut off in tension. Compressive strength equal to 35 MPa was 

considered. The fracture energy, that was set to approximate the tension-stiffening effect, was taken as 1500 

N/m2. This value was chosen based on the considerations made by Gernay et al. [11] to have a more robust 

numerical simulation. In this respect, the characteristic concrete tensile strength was lowered from 2.2 MPa, 

typical of a C35/40 concrete strength class, to 0.5 MPa. The other material parameters were considered as 

default values [8]. Concrete degradation at elevated temperature followed the EN 1992-1-2 provisions for 

siliceous aggregates. In the thermal analysis, the beam elements representing the IPE 500 were modelled 

with the slab on top of them only for thermal purposes as the slab acts as heat sink, as shown in Figure 4b, 

because in the mechanical analysis the slab was modelled with shell elements. Moreover, since the rib depth 

of the profiled steel sheet was significant (220 mm), in order to better model the slab, the ribs were 

represented by means of beam elements spanning transversely with section shown in Figure 4c, where only 

the rib is acting in the mechanical model, whereas the slab on the top was exploited only for the thermal 

analysis. Distributed loads were applied to the slab and point loads were applied at the top of the columns 

to simulate the load coming from the upper floors. After a sensitivity analysis on the mesh, the mechanical 

model wass composed of 4581 nodes, 2347 beam elements and 1764 shell elements.  

 

 

(a) (b) 

 

(c) 

Figure 4. a) 3D finite element model; b) main beam modelling; c) slab rib modelling. 
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5 RESULTS AND DISCUSSION 

The results of the thermo-mechanical analyses will mainly focus on the column surrounded by the burning 

vehicles since it is the objective of this work to investigate its fire behaviour. Moreover, it will be shown 

that the structural fire performance of the car park was governed by the column profile choice and failure, 

if it occurred, was indeed due to the loss of load-bearing capacity of the column. 

5.1 Thermal analysis 

The results of the thermal analysis relative to the selected columns are illustrated in Figure 5 and Figure 6. 

In particular, in Figure 5 the temperature distributions after 30 min of exposure to the fire scenario for three 

profiles (HE 260 M, HE 450 B, HP 320x184) are shown both for the Hasemi exposed element below the 

ceiling and for the LOCAFI most thermally impacted element at about 70 cm from the ground. It is possible 

to observe that, the Hasemi model is much more demanding in terms of thermal attack than the LOCAFI 

model. In fact, it causes peak steel temperatures in the order of 800-850°C. However, the temperature 

distributions in the three cross sections is markedly different (see Figure 5a, c and e). If we look at Figure 

5c relative to HE 450 B, the entire web, i.e. about ¼ of the entire cross-sectional area, is at temperatures 

higher than 800°C, which corresponds to a steel retention factor for the effective yield strength kyθ ≤ 0.11 

[12]. Now, for the HE 450 B profile, as shown in Table 1, the utilisation ratio is 0.176 and this data already 

provides a hint that an HE 450 B may not be enough to support the applied axial load under the considered 

fire scenario. In this respect, the average temperature of the cross section after 30 min is beyond 750°C, 

which implies kyθ < 0.17. Conversely, looking at Figure 5a relative to the HE 260 M, which has about the 

same cross-sectional area as the HE 450 B, one may observe that, as expected, the temperature field is 

characterised by lower temperatures, with only about half of the web characterised by temperatures higher 

than 780°C. Moreover, the average section temperature can be roughly estimated in a value below 750°C; 

thus kyθ > 0.17 and being μ = 0.174 this profile may have enough strength to survive the fire. The 

temperature field of the HP 320x184 is more uniform since the web and the flanges have the same thickness 

(Figure 5e) and similarly to the HE 260 M the average temperature in the cross section is less than 750°C 

with a utilisation ratio equal to 0.163. Figure 6a and b show the evolution in time of the temperature in the 

flange and in the web for each profile under the Hasemi model. It is possible to note that the HE 240 M and 

the HE 260 M have very similar temperature evolutions, which is consistent with their respective section 

factors and geometries, as shown in Table 1. However, the HE 240 M has a cross-sectional area, which is 

10% less than the HE 260 M, and this may be affect the ability of the profile to sustain the applied loads 

under the fire scenario. 

As expected, the LOCAFI model caused a significant non-uniform temperature distribution in the cross 

sections and along the member. Here, only the most heated cross sections are shown. In particular, Figure 

5b, d and f highlight that at 30 min, a time that corresponds to all 4 vehicles burning (see Figure 2b), one 

flange corner is hotter than the rest of the cross section. Indeed, that part of the cross section is oriented 

towards the burning commercial vehicle that produces higher heat fluxes. However, peak temperatures lie 

under 500°C (see also Figure 6c) with most of the cross section being below 400°C, that is the temperature 

at which kyθ starts to decrease below 1.0. Therefore, the thermal impact of the LOCAFI model, despite 

causing thermal bowing and enhancing second order effects, should not govern the possible failure of the 

selected profiles. In sum, by analysing the results of the thermal analysis, a loss of the cross-section axial 

resistance of the column element subjected to the Hasemi model seems the main factor that can lead to the 

structural failure of the column. 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 5. Column thermal analysis at 30 min: a) Hasemi HE 260 M; b) LOCAFI HE 260 M; c) Hasemi HE 450 B; d) LOCAFI 

HE 450 B; e) Hasemi HP 320x184; f) LOCAFI HP 320x184. 
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(a) (b) 

 

(c) 

Figure 6. Column thermal analysis: a) Hasemi flange temperature; b) Hasemi web temperature; c) LOCAFI maximum 

temperature in the cross sections. 

5.2 Mechanical analysis 

All five mechanical responses were run based on the outcomes of the thermal analysis. Three out of five 

analyses did not converge and structural failure of the column was observed. Indeed, as hinted before by 

looking at thermal analysis results, the top column element heated by the Hasemi model was the cause of 

collapse owing to loss of load-bearing capacity under the applied forces, as shown in Figure 7 for the HE 

450 B case. The analyses with the HE 260 M and the HP 320x184 profiles survived the whole duration of 

the fire with maximum vertical displacement of the slab above the commercial vehicle being in the order 

of 50 cm, as illustrated in Figure 8. Indeed, based on the thermo-mechanical outcomes that exploit the new 

available LOCAFI fire model that allows for the prediction of the heat fluxes along the height of the column, 

a design strategy that aims at the column overdesign could be a viable option for steel open car parks. 

Moreover, the use of a steel grade S460 revealed to be beneficial in sustaining the applied loads. Finally, 

the choice of columns made of profiles HE 260 M S460M was the most economical solution. 
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Figure 7. HE 450 B column failure owing to mainly crushing in compression. 

 
(a) 

 
(b) 

Figure 8. a) Deformed shape (x5) and vertical displacements (m) of the car park at about 30 min with HE 260 M S460 column; 

b) maximum vertical displacement evolution of the slab. 
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6 CONCLUSIONS 

The paper presented a refined finite element thermo-mechanical of a steel open car park to be built in Italy 

and subjected to a fire scenario relevant for the column, which is represented by 4 localised fire of burning 

vehicles that surrounds it. According to a design strategy of the column overdesign, a parametric analysis 

was performed with the aim to find a suitable bare steel column profile that could satisfy the requirements 

of structural fire performance by surviving the entire duration of the fire scenario without collapsing. The 

Hasemi model combined with a newly developed localised fire model, the LOCAFI model, were employed 

to predict the radiative heat fluxes along the height of the column. The analyses showed that the thermal 

impact caused by the Hasemi model is much more demanding than the one determined by the LOCAFI 

model. In particular, failure was attained by mainly crushing in compression of the cross section in the 

column element just below the ceiling and impacted by the Hasemi model. Moreover, as the axial load was 

the most significant action on the columns, compact profiles with low section factor, e.g. HE profiles of the 

M series, are more suitable than profiles with the same cross-sectional area but characterised by more 

slender flanges and web, e.g. HE profiles of the B series. Finally, an HE 260 M S460M with utilisation 

ratio of 0.174 in the fire situation was identified as a potential option that could avoid the use partially 

encased or fireproofed profiles. 
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