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Abstract 13 

Traditional prescriptive requirements for structural fire design do not explicitly ensure the load bearing 14 

capacity of the structure up to and including burnout. Therefore, a deterministic design method is 15 

presented, which enables to perform a quick check of the burnout bending resistance of a concrete 16 

slab exposed to a natural fire, and allows for the evaluation of (delayed) bending failure that can occur 17 

during or after the cooling phase, that would otherwise remain undetected. Subsequently, the 18 

influence of the inherent uncertainties associated with material properties and geometry on the design 19 

until full burnout is investigated. Reference fragility curves are presented and subsequently a global 20 

resistance factor (GRF) safety format for the fire design considering complete burnout scenarios is 21 

proposed. Application of the determined GRF allows for an explicit reliability-based design for fire 22 

exposed concrete slabs, without requiring the application of full-probabilistic methods. The concept is 23 

applied to simply supported reinforced concrete slabs and the calculated values are applicable to any 24 

compartment within the Eurocode parametric fire framework, through application of a scaling 25 

approach. The methods proposed in this contribution are intended as a stepping stone towards the 26 

development of GRF-based safety formats for more complex geometries and advanced numerical 27 

tools. 28 
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1 Introduction 31 

When employing traditional fire design, the primary qualification metric is the fire resistance R, which 32 

is expressed as the time a structural member can withstand exposure to a standardized time-33 

temperature relation, such as the ISO 834 [1] or ASTM E119 [2], while maintaining its structural 34 

integrity and load bearing capacity. Herein, the temperature rise is defined as monotonically 35 

increasing, which is considered to mimic the post-flashover heating conditions of a severe fire [3]. This 36 

way of assessing the performance of fire exposed structures is adopted in many design practices and 37 

national codes (e.g. EN 1992-1-2:2004 [4], ASTM [2]). Although tests based on predefined time-38 

temperature expressions provide a standardized way of comparing the performance of structural 39 

members exposed to fire, these methods fail to encompass information about the structural behaviour 40 

in a realistic fire scenario, which is not only characterized by a heating phase but also by a cooling 41 

phase, in which the temperature in the compartment decreases back to ambient conditions [5]. 42 

Therefore, considering a complete burnout scenario with a cooling phase in design also allows for the 43 

evaluation of (delayed) failure modes that would otherwise remain undetected [3,6]. More specifically 44 

in the case of reinforced concrete (RC) members, delayed failure can occur due to the fact that the 45 

maximum temperatures in the section can be reached a significant time after the beginning of the 46 

cooling phase [7,8]. Unlike in unprotected steel members, the relatively low thermal conductivity and 47 

high thermal capacity of concrete causes the inner layers of a section to heat up rather slowly. 48 

Consequently, the highest temperatures in the steel reinforcement can be reached long after the onset 49 

of the cooling phase. This is of major relevance for RC beams and slabs loaded in bending, which 50 

typically rely heavily on the steel tensile strength to maintain their load bearing capacities. Moreover, 51 

adopting the concept of designing structural members to survive the total duration of the fire until 52 

complete burnout provides clarity on the expected performance of the structure in case of fire (i.e. no 53 

loss of load-bearing capacity). This is very relevant in case of high rise buildings where the cost of a 54 

(partial) collapse would be enormous, or for irreplaceable assets such as precious cultural heritage. 55 

Moreover, this ensures the safety during fire brigades intervention and/or building inspection. 56 

Considering the above, a first objective of this article is to provide an easily applicable method to 57 

calculate the resistance until complete burnout for RC slabs. 58 

The input values for the material properties and loads used in structural design are usually based on 59 

characteristic values, combined with partial factors, ensuring an appropriately low probability of 60 

failure, while limiting the complexity of the analysis. This approach is commonly referred to as being 61 

‘‘semi-probabilistic’’ and provides a trade-off between simplicity and accuracy. For fire safety 62 

engineering applications however, no generally accepted safety targets and semi-probabilistic design 63 

methodologies currently exist [9]. Nonetheless, the structural fire engineering community has 64 
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demonstrated a growing interest in probabilistic methods in recent years [10–13], and there has been 65 

a call for the development of fragility curves for fire-exposed structural members, to support the 66 

application of probabilistic methods both in design as well as in standardization [14]. Therefore, a 67 

second objective of this paper is to develop reference fragility curves for bending capacity of simply 68 

supported RC slabs in a full burnout scenario. 69 

Furthermore, most design guidance provides for simplified approaches whereby the design of 70 

structures is carried out on the level of individual members. This approach significantly simplifies 71 

design, but does not allow to take into account the specifics of a structure and the interaction between 72 

its components. Some of these interactions can significantly increase the fire performance, e.g. the 73 

formation of catenary action has been observed in composite floor systems [15–18], or beams in RC 74 

frames [19]. To overcome the limitations of single member design methods, non-linear Finite Element 75 

Model (FEM) analyses have become a commonly used tool for evaluating the response of concrete 76 

structures during or after exposure to fire [19–24]. The safety format to be applied with these non-77 

linear numerical evaluations is currently unclear, and currently no generally accepted safety factor 78 

approach exists for reliability-based structural fire design [14]. In principle a full-probabilistic approach 79 

can be applied to incorporate uncertainties in structural fire design, using for example repeated 80 

sampling methods such as Monte Carlo simulations [25]. However, due to the highly non-linear 81 

behaviour of reinforced concrete and the time dependent exposure to fire, these design methods 82 

typically involve computationally demanding FEM evaluations. Consequently, the application of FEM 83 

for structural fire design requires the definition of a safety format which relies on a limited (ideally a 84 

single) evaluation of computationally expensive models. Various safety formats for non-linear FEM 85 

analyses have been proposed [26], such as partial factor methods, global safety formats and fully 86 

probabilistic methods. Cervenka [27] noted that the standard partial factor method cannot be applied 87 

to non-linear FEM calculations since the use of the extremely low design values for material properties 88 

may alter the structural response calculated by the non-linear FEM analysis. Cervenka concludes that 89 

a global resistance factor (GRF) is the most promising safety format to be used for non-linear fire design 90 

of concrete structures. A preliminary study into a GRF format for simply supported RC slabs was 91 

presented by Van Coile et al. [12]. Their investigation was based on studies by Allaix et al. [28] and 92 

Cervenka [27,29] amongst others, which propose to evaluate the global safety of a structure based on 93 

a single non-linear analysis using the mean values for the material properties and the geometry. The 94 

resistance obtained for this single non-linear evaluation constitutes a (first-order Taylor) 95 

approximation for the average resistance μR. This average resistance is divided by a GRF γR, to obtain 96 

the design value for the structural resistance Rd: 97 
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𝑅𝑑 =
𝜇𝑅

𝛾𝑅
. (1) 

As the use of the GRF safety format to evaluate the safety of fire exposed concrete structures in a 98 

probabilistic risk assessment is being adopted in a growing number of publications [12,14,28–30], the 99 

last objective of this article is to explore the feasibility of this concept for simply supported RC slabs 100 

exposed to parametric fires until complete burnout. Application of the determined GRF will allow for 101 

an explicit safety-based design for fire exposed RC slabs, without requiring the application of full-102 

probabilistic methods.  103 
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2 Fire resistance of RC slabs exposed to natural fire 104 

In the following, an efficient evaluation procedure for determining the fire resistance of RC slabs 105 

exposed to natural fires is presented. First, the Eurocode parametric fire is summarily discussed and 106 

equivalency equations are presented which allow general application of results listed for a reference 107 

compartment. Subsequently, an analytical equation for the bending capacity during fire is introduced 108 

in Section 2.2. This evaluation is applied in Section 2.3 for the evaluation of the nominal fire resistance 109 

and burnout resistance (resistance verification for parametric fire exposure). Finally, an efficient 110 

evaluation procedure is proposed, to quickly check the design of a simply supported RC slab against 111 

full burnout. 112 

2.1 Eurocode parametric fire curve 113 

In the performance based design of RC structures exposed to fire, the use of natural (design) fire curves 114 

is desired in order to overcome the previously mentioned shortcomings related to the use of a 115 

traditional standard time-temperature curve. Analytical expressions for the time-temperature 116 

evolution in compartment fires can be found in Annex A of EN 1991-1-2:2002 [31] or in the German 117 

national annex DIN EN 1991-1-2:2010 [32]. Both fire curve definitions include a separate cooling phase 118 

which follows the heating phase, thus characterizing the fire up to full burnout of the compartment. 119 

In this article, the parametric fire curve from EN 1991-1-2:2002 is used, which is specified for 120 

compartments up to 500 m² floor area, with vertical openings only, and up to a compartment height 121 

of 4 m. This parametric fire curve has been adapted from derivations by Wickström [33] for the heat 122 

balance in a compartment during the heating phase. Unlike the prescriptive heating regimes 123 

prescribed in ASTM or ISO 834, the temperature development of the Eurocode parametric fire curve 124 

depends on the thermal and geometrical properties of the compartment, such as amount of 125 

combustibles, ventilation through vertical openings and thermal inertia of the enclosing walls, floor 126 

and ceiling. These parameters influence the rate at which the temperature in the compartment 127 

increases, which is expressed using a time-scaling factor Γ. A value Γ = 1 corresponds to a heating phase 128 

close to the ISO 834 standard heating curve, while Γ > 1 implies that higher temperatures are reached 129 

earlier, resulting in a fire which is colloquially ‘hotter’ than the ISO curve. The opposite applies for Γ < 130 

1 [34]. Moreover, the Eurocode definition distinguishes two types of fires, i.e. fuel-controlled or 131 

ventilation-controlled. The nature of the fire is defined by the duration of the heating phase (DHP), 132 

which can be obtained using (2), with the DHP expressed in minutes and parameters listed in Table 1. 133 

Details on the calculation of these parameters are provided in Annex A of EN1991-1-2:2002. 134 

𝐷𝐻𝑃 = 0.012 
𝐴𝑓

𝐴𝑡

𝑞𝑓

𝑂
  (2) 
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If the calculated DHP is shorter than a predefined limit value tlim, the development of the fire is fuel 135 

controlled. In this case, the abundant supply of oxygen implies that the burning is limited by the heat 136 

release rate of the fuel itself, and not by oxygen supply. The heating phase duration then equals tlim, 137 

accounting for a minimum time required to burn fuel. In the other case the fire is ventilation-controlled 138 

where, depending on the ventilation characteristics of the compartment, the heating phase lasts up to 139 

multiple hours. Typically, for dwellings and offices tlim = 20 minutes is used, which corresponds to a fire 140 

with a medium growth rate, in accordance with EN 1991-1-2:2002, Annex A [31]. 141 

Table 1. Parameters of the Eurocode parametric fire curve, used in Eq. (2) 142 

Parameter Units 

Opening factor O m1/2 

Fire load density qf MJ/m² 

Compartment floor area Af m² 

Total compartment area At 

(floors, ceiling and walls) 
m² 

 143 

Figure 1 shows five Eurocode parametric fire curves and their corresponding Γ-values, together with 144 

the prescriptive ISO 834 heating regime. The parametric fires are expressed for a compartment with a 145 

floor area of 10x10 m2, a height of 3 m, thermal inertia b = 1450 J/(m²s0.5K), and fire load density qf = 146 

800 MJ/m². According to the definitions in the Eurocode, the curves with opening factors 0.02, 0.05, 147 

0.1 and 0.15 are ventilation controlled fires, while the curve for O = 0.2 represents a fuel controlled 148 

fire. Note that the heating regime for Γ = 1 approximates the ISO 834 heating regime [33]. 149 

  150 
Figure 1: EN 1991-1-2:2002 parametric fire curves for qf = 800 MJ/m² for different opening factors O, and ISO 834 151 

standard fire curve. 152 
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Although the formulation of the Eurocode parametric fire curve is based on a large number of 153 

geometrical and thermal parameters, in essence it only has two degrees of freedom. All possible time-154 

temperature relations can be expressed as a function of the Opening factor O and the fire load density 155 

per unit of floor area qf. This implies that any parametric fire in a generic compartment with a given 156 

set of geometric and thermal properties is identical to the temperature-time curve in a reference 157 

compartment with an invariant geometry and invariant thermal properties when considering 158 

appropriate equivalent values for the fire load density qt,eq and opening factor Oeq for this equivalent 159 

compartment [7]. The equivalency formulas are presented in expression (3) and (4), in which b is the 160 

thermal inertia. The suffix ‘eq’ refers to the equivalent compartment with fixed geometry and thermal 161 

inertia, while the other parameters refer to the generic compartment. 162 

𝑂𝑒𝑞 = 𝑂 ∙
𝑏𝑒𝑞

𝑏
 (3) 

𝑞𝑓,𝑒𝑞 = 𝑞 ∙
𝐴𝑓

𝐴𝑓,𝑒𝑞
∙

𝐴𝑡,𝑒𝑞

𝐴𝑡
∙

𝑏𝑒𝑞

𝑏
 (4) 

These equations are valid for both fuel and ventilation controlled fires. It should be mentioned that in 163 

the special case where the equivalent reference compartment parameters are Oeq > 0.04, qt,eq < 75 164 

MJ/m2 and beq < 1160 J/(m2s0.5K), an additional parameter k needs to be taken into account as 165 

discussed in Hopkin et al. [34]. This issue can however be avoided by choosing the reference thermal 166 

inertia beq ≥ 1160 J/(m2s0.5K). The above presented equivalency principles imply that the results 167 

presented further for RC slabs exposed to natural fires are applicable to any possible compartment, 168 

within the limits of the Eurocode parametric fire definitions. 169 

2.2 Bending capacity of a fire exposed slab 170 

The response of a simply supported RC slab, exposed from its bottom side to a natural fire scenario, is 171 

evaluated through a two-step procedure. First, the temperature development in the slab is calculated 172 

using a numerical 1D heat transfer model [7]. Herein, the entire cross-section is modelled as concrete 173 

with a moisture content of 1.5%, exposed to fire at the bottom. The temperature dependent material 174 

properties (lower bound thermal conductivity, specific heat and density) governing the heat transfer 175 

inside the concrete and the boundary conditions governing the heat transfer at the concrete-air 176 

interface are taken from EN 1992-1-2:2002 [4]. At the fire exposed side a concrete emissivity εc = 0.7 177 

is used. The convective heat transfer coefficient αc,ISO = 25 W/m²K for ISO 834 fire exposures and 178 

αc,PF = 35 W/m²K for Eurocode parametric fire exposures. At the unexposed side, the convection 179 

coefficient is taken as αc = 9 W/m²K, assuming it contains the effects of heat transfer by radiation. 180 

Figure 2 shows the temperature evolution over time in a 200 mm thick concrete slab exposed to a 181 

natural fire with a 60 minute heating phase and subsequent linear cooling phase. The figure clearly 182 
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shows that the maximum temperature inside the solid slab (e.g. at depth = 50 mm) is reached a 183 

significant time after the onset of cooling. The highest temperatures (and corresponding lowest 184 

strength) in a rebar at that location are thus reached during (or after) the cooling phase, which 185 

illustrates the importance of taking into account a full burnout scenario in the fire resistance design of 186 

RC slabs. 187 

 188 
Figure 2: Temperature evolution in a 200 mm solid concrete slab, exposed from below to a Eurocode parametric 189 

fire with Γ = 1 and a heating phase of 60 minutes.  190 

In a subsequent step, the temperature data generated with the heat transfer model are used as input 191 

to estimate the bending moment capacity MR,fi,t of a RC slab section with a single layer of bottom 192 

reinforcement using a simplified expression (5), as specified in Van Coile et al. [35].  193 

𝑀𝑅,𝑓𝑖,𝑡 = 𝐴𝑠𝑘𝑓𝑦(𝜃)𝑓𝑦,20°𝐶(ℎ − 𝑎) − 0.5
(𝐴𝑠𝑘𝑓𝑦(𝜃)𝑓𝑦,20°𝐶)

2

𝑏𝑓𝑐,20°𝐶
, (5) 

with As the area of reinforcement, kfy the strength retention factor for reinforcement yield stress at 194 

temperature θ, fy,20°C the steel strength at 20°C, h the slab thickness, a the rebar axis distance (i.e. 195 

concrete cover + ½ rebar diameter), b the slab section width and fc,20°C the concrete compressive 196 

strength. The expression was validated against more detailed numerical simulations [13], and is based 197 

on the following assumptions: 198 

− the concrete compressive area experiences only limited heating as the slab is exposed to fire 199 

from the bottom side only. Consequently, no reduction of the concrete compressive strength 200 

needs to be taken into account; 201 

− in agreement with EN 1992-1-2:2004, the temperature θ of the rebars is assumed equal to 202 

that of the concrete at the rebar axis position; 203 

− the influence of spalling on the structural fire resistance is not taken into account. 204 
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2.3 Fire resistance of a fire exposed slab 205 

Applied to a simply supported slab loaded in bending, the European standard definition of the fire 206 

resistance of a component or structure yields equation (6). Herein, MRd,fi,t is the design value of the 207 

bending moment resistance during fire exposure at time t. The design value for the bending moment 208 

induced by the load(s) MEd,fi is assumed to remain constant for the entire duration of the fire exposure, 209 

in accordance with EN 1991-1-2. 210 

𝑀𝑅𝑑,𝑓𝑖,𝑡 ≥ 𝑀𝐸𝑑,𝑓𝑖 for t ≤ tR (6) 

To express the ability of a structural member to survive a fire scenario until complete burnout, the 211 

Duration of Heating Phase burnout resistance (DHPR) is used, i.e. a new metric proposed by Gernay & 212 

Franssen [5]. The DHPR is defined as the shortest duration of the heating phase of a parametric fire 213 

that does not lead to eventual failure (possibly in the cooling phase) of the structural member under a 214 

certain design load. Consequently, for a fire with a longer duration of the heating phase, the member 215 

cannot survive the fire scenario until full burnout (assuming they have identical heating regimes, i.e. 216 

equal Γ values). Gernay and Franssen proposed to consider Γ = 1 as this allows a direct comparison of 217 

the DHPR with the fire resistance R evaluated considering the ISO 834 standard fire exposure. The 218 

concept of the DHPR is illustrated in Figure 3, which shows the evolution of the bending moment 219 

resistance MRd,fi,t over time of a RC slab as defined in Table 2, exposed to three Eurocode parametric 220 

fires with Γ = 1 and a DHP of 110, 120 and 130 minutes respectively. In the scenario with DHP = 110 221 

min, the bending moment resistance reaches a minimum value after 151 minutes, but the resistance 222 

stays well above the demand. Thereafter, due to cooling, the tensile strength in the steel 223 

reinforcement is (partially) recovered, and the slab is able to survive the complete burnout scenario. 224 

The recovery indicated in Figure 3 should be considered as indicative, as in real fire tests, irreversible 225 

damage phenomena can be observed in both concrete [36–38] and reinforcing steel [39–41]. The 120 226 

minute DHP scenario follows an identical heating phase trajectory, but the onset of cooling starts 10 227 

minutes later. Here, the minimum (i.e. most critical) value of the bending moment resistance is 228 

reached after 165 minutes, and stays just above the demand. If the DHP would be any longer, the slab 229 

would no longer fulfil the limit state design requirement as the bending moment resistance MRd,fi,t 230 

becomes smaller than the demand MEd,fi. This failure is shown in Figure 3 for the case where DHP = 130 231 

minutes. Thus, the slab defined in Table 2 has a burnout resistance DHPR of 120 minutes. 232 

To further illustrate the importance of considering a full burnout scenario, the bending moment 233 

resistance evolution over time for a ISO 834 standardized fire and a natural fire with Γ = 1 are compared 234 

in Figure 4. Following the definition in the Eurocode (6), the slab configuration in Table 2 has a fire 235 

resistance of 145 minutes. However, when taking into account a full fire scenario, the duration of the 236 
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heating phase should not exceed 120 minutes, otherwise a delayed failure is to be expected. In general, 237 

it can be concluded that the DHPR is significantly shorter than the traditional fire resistance time tR 238 

when the heating regimes are similar (i.e. for Γ = 1). Only for natural fires with a very low heating rate 239 

(e.g. the curve for O = 0.02 m1/2 in Figure 1) the DHPR can be longer compared to the traditional fire 240 

resistance, see for example [7]. 241 

Table 2. Properties of example RC slab 242 

height h width b 
Rebar axis 

distance a 

Area of 

reinforcement As 
fck fyk 

200 mm 1000 mm 35 mm 785 mm²  30 MPa 500 MPa 

 243 

   244 
Figure 3: a) Time temperature curves for natural fires with Γ = 1 and DHP of 110, 120 and 130 minutes; b) evolution 245 

of bending moment capacity for the RC slab defined in Table 2, exposed to said natural fires. 246 

 247 
Figure 4: a) ISO 834 curve and a parametric fire with DHP of 120 minutes; b) evolution of bending moment 248 

resistance MRd,ISO and MRd,PF over time, reaching the design demand at respectively 145 and 167 minutes. 249 
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2.4 Efficient evaluation tool 250 

The above presented method to demonstrate the bearing capacity of a RC slab considering complete 251 

burnout can be generalized using the equivalent compartment expressions and a regression model for 252 

the maximum rebar temperature ϴmax. The regression model relies on a large number of temperature 253 

calculations in a concrete slab. Through repeated calculation of the temperature development in a 254 

concrete slab, for a large number of possible combinations of Eurocode parametric fire curve 255 

parameters, i.e. opening factor O and fire load density qf, the maximum rebar temperature ϴmax is 256 

obtained, taking into account a range of rebar axis distances a. Figure 5 shows the maximum rebar 257 

temperature in a 200 mm concrete slab at a depth a = 35 mm, calculated for a reference compartment, 258 

as defined in Table 3. Since slab height h has been shown to have very limited influence on the 259 

maximum rebar temperature when exposed to a parametric fire [7], the values for ϴmax in Figure 5 can 260 

also be used to estimate the maximum rebar temperature in slab with different heights. In the graph, 261 

a discontinuity can be observed, dividing the data points in two groups. The biggest data group, 262 

containing the highest temperature values, corresponds to ventilation controlled fires, whereas the 263 

smaller group represents the maximum rebar temperatures from fuel controlled fires. The gap 264 

between the two groups can be attributed to the definition of the Eurocode parametric fire, which 265 

contains a discontinuity in the region where it distinguishes between fuel controlled and ventilation 266 

controlled fires. This discontinuity however has no physical basis [42]. 267 

Combining all temperature data points, similar to those presented in Figure 5, over a range of rebar 268 

axis distances a, a regression model for predicting the maximum rebar temperature ϴmax for any 269 

Eurocode parametric fire is developed. Using a least-squares fitting algorithm [43], polynomial 270 

expressions for the maximum rebar temperature in both fuel and ventilation controlled fires are 271 

obtained, and presented in Annex A. Fuel and ventilation controlled fires are considered in separate 272 

models because of the discontinuity in the maximum temperatures. For the case of fuel controlled 273 

fires, a 4th degree polynomial allows for a very accurate prediction of the maximum temperature, with 274 

a maximum error of ± 5 °C. Similarly, a 3rd degree polynomial expression was found for ventilation 275 

controlled fires. The maximum error for this model is ± 20 °C, with the largest deviations occurring for 276 

fires with low values for both the opening factor O and fire load density qf. Figure 6 presents the 277 

performance of both regression models where the dotted line represents perfect model behaviour. 278 

Furthermore, these figures show the mean average percentage error (MAPE) of the obtained 279 

regression models. When combined with the equivalence expressions for compartments, the obtained 280 

regression models allow for a very quick design procedure for a simply supported RC slab exposed to 281 

the parametric fire for a generic compartment within range of the Eurocode parametric fire curve 282 

parameters, as illustrated in Figure 7. Using the maximum rebar temperature and expression (5), the 283 
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burnout bending resistance MRd,fi (i.e. the minimum value for the capacity during the entire natural 284 

fire) of a RC slab can be obtained in only a few iterations. This is demonstrated further in Section 5.  285 

   286 
Figure 5: Maximum rebar temperature ϴmax in a 200 mm thick concrete slab, at depth a = 35 mm, as function of 287 

the opening factor O and fire load density qf. 288 

  289 
Figure 6: Performance of regression models for the maximum temperature ϴmax in a concrete slab at a certain 290 

depth, during a full burnout scenario. 291 

Table 3. Properties of reference compartment for ϴmax calculations 292 

length lc width wc height hc Thermal inertia b Opening factor O Fire load density qf 

10 m 10 m 3 m 1450 J/m²s0.5K variable variable 

 293 
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 294 

      295 
Figure 7: Deterministic design procedure for a RC slab exposed to a Eurocode parametric fire curve, to survive a 296 

complete burnout scenario.  297 
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3 Probabilistic evaluation of RC slab burnout resistance 298 

3.1 Uncertainty 299 

The preceding section clearly highlights the importance of taking into account the cooling phase of a 300 

compartment fire, to avoid delayed failure. Moreover, the evaluation tool presented in Section 2.4 301 

shows that taking into account a more realistic fire scenario is fairly easy and only requires a limited 302 

number of steps. The proposed method is however based on deterministic modelling assumptions in 303 

accordance with the Eurocode design methodology (EN 1991-1-2:2002 and EN 1992-1-2:2004). 304 

Contrary to the Eurocode guidance for normal design conditions, the target safety level for accidental 305 

design situations is not well-specified. To overcome this issue, Van Coile et al. [44] proposed target 306 

safety levels for structural fire design, based on a simplified cost-optimization model. Alternatively, 307 

probabilistic methods are increasingly applied in fire safety engineering as a modification of more 308 

traditional design approaches, since these methods can more thoroughly assess the uncertainties 309 

associated with the design and explicitly demonstrate the attainment of an adequate safety level [9]. 310 

Taking into account uncertainty is indispensable for evaluating the structural fire response of RC 311 

members. For example, both steel and concrete have been experimentally observed to show a 312 

dispersal in the value of their respective structural strengths at room temperature, but more significant 313 

scatter is observed at the high temperatures typically associated with a building fire [45]. As concerns 314 

geometry, indicative values for the uncertainties on the dimensions of concrete members can be found 315 

in [46]. In the following, the fire load density is considered deterministic, as the current contribution is 316 

oriented to the uncertainty quantification of the structural resistance in relation to a known fire load. 317 

To take into account the above uncertainties in the evaluation of the burnout capacity, first the 318 

probabilistic distribution of the bending moment resistance of RC slabs exposed to natural fire is 319 

obtained, and the influence of the opening factor and fire load density on these distributions is 320 

investigated. Taking into account the uncertain nature of the permanent and variable loads, a set of 321 

fragility curves are derived. Considering the previously presented equivalency expressions, these 322 

fragility curves are applicable for the entire range of Eurocode parametric fire parameters. 323 

3.2 Probabilistic bending resistance of a fire exposed RC slab 324 

To study the influence of the uncertainties related to the material properties and the geometry of fire 325 

exposed RC slabs, the distribution of the bending moment resistance is evaluated using Monte Carlo 326 

simulations. Figure 8.a and c shows the probability density function (PDF) and cumulative density 327 

function (CDF) for the bending moment resistance MR,fi,t of a RC slab, at ambient temperature (tfire = 0), 328 

and considering exposure to three ISO heating regimes with varying duration. These graphs are 329 

obtained through repeated evaluation of Eq. (5) for 105 MC samples. In each sample, the slab 330 
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configuration is characterized by a vector X of randomly generated values of the probabilistic 331 

parameters listed in Table 4, with a mean rebar axis distance μa = 25 mm and reinforcement area As = 332 

785 mm². By generating many variable vectors X, calculating MR,fi,t for each X, and analysing the results, 333 

the PDF and CDF of MR,fi,t are obtained [25]. Similar curves can be obtained for exposure to Eurocode 334 

Parametric fires, see Figure 8.b and d. 335 

 336 
Figure 8: Bending moment capacity of a RC slab with mean rebar axis distance μa = 25 mm and parameters 337 

specified in Table 4, with lognormal fitting curves: a) PDF for MR,fi,t for exposure to ISO 834 fires; b) PDF for MR,fi,t 338 

for exposure to Eurocode parametric fires with varying opening factor; c) CDF for MR,fi,t for exposure to ISO 834 339 

fires; d) CDF for MR,fi,t for exposure to Eurocode parametric fires with varying opening factor. 340 
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Table 4. Probabilistic models for RC slab variables 341 

Property Distribution μX COVX Reference 

Concrete compressive strength fc,20°C at 

20°C 
lognormal 

42.9 MPa 

(fck + 2σ) 
0.15 [47] 

Reinforcement yield stress fy,(ϴ) at ϴ°C 

(variation incorporated in kfy(θ)) 
Deterministic* 560 MPa - - 

Retention factor kfy(θ) for the steel 

yield stress at ϴ°C 
Logistic 

temperature 

dependent 

temperature 

dependent 
[45] 

Slab height h Normal 200 mm 
0.025 

(σ = 5 mm) 
[47] 

Slab width b Deterministic 1000 mm - - 

Bottom reinforcement area As Normal 1.02 As 0.02 [47] 

Rebar axis distance a Beta [μ ± 3σ] μa 
0.167 

(σa = 5 mm) 
[46,47] 

* The temperature dependent reinforcement yield stress retention factor is modelled using the logistic model by [45]. This 342 
strength retention factor model already incorporates the variation in reinforcement yield stress at ambient temperatures. 343 
Therefore, the retention factor is combined with the mean yield stress at 20°C (deterministic value). 344 
 345 
When lognormal curves are fitted to the obtained resistance distributions presented in Figure 8, the 346 

lognormal approximation is found to be an imperfect fit. In some cases, the lognormal approximation 347 

underestimates the frequency of low MR,fi,t values, while in other cases it gives a crude overestimation. 348 

For the Eurocode parametric fire with O = 0.15 and qf = 1000, the lognormal approximation 349 

overestimates the 1% quantile by nearly 7 kNm, i.e. 23 %. Van Coile et al. [35] attributed this 350 

phenomenon to the variability in the rebar axis distance σa, and showed that the lognormal 351 

approximation is worse for larger σa or for lower rebar axis distances to the exposed surface.  352 

In a full-probabilistic approach, variation in the concrete cover cannot be neglected, as several studies 353 

have emphasized the large influence of concrete cover on the structural performance of concrete 354 

structures during fire [30,48]. Since accurate lognormal fit curves cannot be obtained for the resistance 355 

distribution of RC slabs exposed to parametric fire, this paper presents a number of reference fragility 356 

curves for RC slabs exposed to parametric fire until complete burnout. 357 

3.3 Failure probability of RC slabs exposed to natural fire 358 

To demonstrate a high reliability with respect to the attainment of burnout resistance, the stochastic 359 

formulation for the bending capacity must be combined with appropriate load models and model 360 

uncertainties. The adequacy of the design can then be demonstrated by comparing the obtained 361 

probability of failure Pf to a specified target probability of failure Pf,t. Previous studies investigating the 362 

failure probability of concrete slabs [30,45] showed that in determining the capacity of the structure, 363 

the mechanical properties of steel at elevated temperatures cause large variance in the response. 364 

For the case of a simply supported fire exposed RC slab subjected to bending, and considering a 365 

functional requirement of structural resistance up to and including burnout, the probability of failure 366 
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Pf is defined as the probability of the bending moment due to the load effect ME,fi exceeding the 367 

burnout (minimum) value of the bending moment capacity MR,fi,t of the slab: 368 

𝑃𝑓 = 𝑃 (𝐾𝑅 𝑀𝑅,𝑓𝑖,𝑡 < 𝐾𝐸(𝑀𝐺 + 𝑀𝑄)). (7) 

Herein, KE and KR are the model uncertainties for the load effect and the resistance effect respectively. 369 

The load effect is considered as a combination of the moment induced by the permanent load MG and 370 

the moment induced by the applied variable load MQ. The probabilistic models for the model 371 

uncertainties and load effects are given in Table 5. Herein, the probabilistic model for the moment 372 

induced by the variable load MQ relates to an arbitrary-point-in-time load realization [49]. Moreover, 373 

the characteristic values MGk and MQk can be related by introducing the load ratio χ: 374 

𝜒 =
𝑀𝑄𝑘

𝑀𝐺𝑘+𝑀𝑄𝑘
. (8) 

The probability of failure Pf can be obtained in various ways, but the most straightforward method is 375 

to perform crude Monte Carlo simulations and evaluate the fraction of realizations for which the 376 

resistance effect is smaller than the load effect. Applying this technique, fragility curves can be 377 

obtained, which provide an easy way to evaluate the nominal load bearing capacity which satisfies a 378 

(maximum) target probability Pf,t of not meeting the burnout resistance requirement. Figure 9 shows 379 

a number of fragility curves for the slab with properties specified in Table 2 and Table 4 with mean 380 

rebar axis distance μa = 35 mm and As = 785 mm², plotted as a function of the fire design utilization ufi,, 381 

which for a RC slab in bending is defined as the ratio between the design load MEd,fi and design 382 

resistance MRd,fi evaluated at the start of the fire exposure (i.e. at ambient temperatures, with kfy = 1): 383 

𝑢𝑓𝑖 =
𝑀𝐸𝑑,𝑓𝑖

𝑀𝑅𝑑,𝑓𝑖(20°𝐶)
=

𝑀𝐺𝑘+𝜓𝑓𝑖 𝑀𝑄𝑘

𝑀𝑅𝑑,𝑓𝑖(20°𝐶)
. (9) 

The partial factors in the expression for MEd,fi are omitted as they are equal to unity and the 384 

combination factor for the variable load ψfi = 0.3, i.e. the recommended value for residential and office 385 

buildings. 386 

Additional fragility curves are provided in Figure 10 and Figure 11, illustrating the influence of the 387 

opening factor and fire load density on the probability of failure Pf. From the graphs it can be concluded 388 

that Pf increases significantly with decreasing opening factor O. Compartments with a small opening 389 

factor tend to lose less heat through the openings and thus reach higher temperatures, as can also be 390 

observed in Figure 6. Furthermore, the probability of failure also strongly depends on the fire load 391 

density and the load ratio, thus indicating the importance of considering these properties in fire design. 392 
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Table 5. Probabilistic models for load variables 393 

Property Distribution μX COVX Reference 

Moment induced by the permanent load MG Normal MGk 0.1 [49] 

Moment induced by the variable load MQ  

(arbitrary point in time) 
Gamma 0.2 MQk 0.95 [49] 

Model uncertainty for the load effect KE Lognormal 1 0.1 [49] 

Model uncertainty for the resistance effect KR Lognormal 1.2 0.15 [47] 

 394 

 395 
Figure 9: Fragility curves for RC slabs exposed to natural fires with varying opening factor O, and fire load density 396 

qf 397 
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 398 

Figure 10: Fragility curves for RC slabs exposed to natural fires, with varying opening factor O: a) utilization ufi = 399 

0.6; b) utilization ufi = 0.7 400 

 401 

 402 

 403 

Figure 11: Fragility curves for RC slabs exposed to natural fires, with varying fire load density qf:  404 

a) utilization ufi = 0.6; b) utilization ufi = 0.7 405 

  406 
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4 Global resistance factor for RC slabs exposed to natural fire 407 

As specified in the introduction, the global resistance factor (GRF) allows to perform a reliability-based 408 

evaluation, considering a single model evaluation using mean values for the stochastic variables. The 409 

design value for the resistance effect Rd is then obtained through Eq. (1). Applied to the situation of RC 410 

slabs subject to bending, the attainment of the target safety level is then confirmed through Eq. (10), 411 

where μR,fi,t is the evaluation of Eq. (5) considering the expected values for the stochastic variables.  412 

𝜇𝑅,𝑓𝑖,𝑡

𝛾𝑅
= 𝑀𝑅𝑑,𝑓𝑖 > M𝐸𝑑,𝑓𝑖 = M𝐺𝑘 + 𝜓𝑓𝑖𝑀𝑄𝑘 (10) 

In case the distribution of the bending resistance MR,fi,t can be accurately fitted with a lognormal 413 

distribution, the GRF γR can be approximated directly by Eq. (11), as applied in [12,14,27,28], with αR 414 

the sensitivity factor of the resistance, VR the coefficient of variation of the (bending) resistance, and 415 

β the target reliability index.  416 

𝛾𝑅 ≈  exp (𝛼𝑅𝑉𝑅𝛽) (11) 

However, as illustrated in the previous section, the lognormal distribution cannot be used to 417 

approximate the bending moment resistance distribution of RC slabs for natural fire exposure. 418 

Therefore, the simple approximation of the GRF using Eq. (11) is not appropriate, and an alternative 419 

calculation method is required [30]. To this end, a large number of Monte Carlo simulations and a full 420 

probabilistic analysis are used to directly calculate the design resistance MRd,fi. Dividing this value by 421 

the average resistance μR,fi,t immediately yields the GRF. By repeating this process for a large set of 422 

parameters, reference graphs for the GRF can be obtained for different target failure probabilities Pf,t.  423 

Figure 12.a presents the calculated values of the GRF for the slab configuration in Table 2 exposed to 424 

several ISO fire durations, for a load ratio χ = 0.5. The obtained GRF are significantly larger than those 425 

listed in Van Coile et al. [12], confirming the need to consider the non-lognormal distribution of MR,fi,t. 426 

After approximately 90 minutes of fire exposure, the value of GRF increases rapidly, to almost twice 427 

the value at room temperature (20°C), and slightly decreases after 210 minutes. Figure 12.b displays 428 

the GRF for a value of Pf = 0.001 and load ratios χ varying from 0.3 to 0.7. For short fire exposure times, 429 

the influence of the load ratio is rather small, but starts to increase after approximately 90 minutes.  430 
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 431 

Figure 12: Global resistance factor values for the RC slab specified in Table 4, exposed to various ISO fires; a) for 432 

different value of probability of failure pf  and load ratio χ = 0.5, b) for different load ratios χ and pf = 0.001. 433 

In contrast to the prescriptive ISO fire curve, where the duration of the exposure tf is the only variable 434 

influencing the fire scenario, for the Eurocode parametric fire curves at least two variables O and qf 435 

need to be considered. This is illustrated in Figure 13 which shows the calculated values for the GRF 436 

for the slab in Table 4, for a wide range of O and qf for a target failure probability Pf,t = 0.001, a load 437 

ratio χ = 0.5, a combination factor ψfi = 0.3 and a rebar axis distance a = 0.035 m. The graph shows that 438 

γR has the highest values for compartment fires with limited ventilation (small O) and a large amount 439 

of combustible materials (large qf), which also corresponds to the cases where the highest rebar 440 

temperatures ϴmax are attained (Figure 5). Moreover, coinciding with the discontinuity observed in the 441 

graphs for the maximum rebar temperatures, there is a discontinuity between the GRF values for 442 

ventilation controlled and fuel controlled fires, the latter values being slightly smaller. It can therefore 443 

be concluded that similar to the results for the ISO fire, higher GRF values are to be expected for more 444 

severe fires. To highlight some particular results, Figure 14 shows the GRF considering various target 445 

failure probabilities, for three opening factor values over a range of fire load densities qf.  446 
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   447 

Figure 13: Values for the global resistance factor for RC slabs exposed to natural fire for Pf,t = 0.001 over a wide 448 

range of opening factors O and fire load densities qf 449 
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 450 

 451 

Figure 14: GRF for RC slabs exposed to natural fire, for various opening factors, load ratios and target failure 452 

probabilities, over a range of fire load densities.  453 

4.1 Parametric study 454 

To study the influence on the GRF of several geometry and load related parameters, a parametric study 455 

was conducted for a target probability of failure Pf,t = 0.001, as illustrated in Figure 15. The graphs are 456 

calculated for two reference cases with fire load densities qf,k of 511 MJ/m² and 948  MJ/m², which in 457 

accordance with Annex E of EN 1991-1-2:2002 [31], corresponds to the 80% percentile of the 458 

recommended values for offices and dwellings respectively. The details and results from the study are 459 

summarized in Table 6. The last column of this Table, shows the relative deviation from the mean GRF 460 

value. This value corresponds to the worst pair of minimum and maximum values for the observed 461 

parameter pairs of O and qf, divided by the mean GRF. In general, it can be concluded that the rebar 462 

axis distance, load ratio and reinforcement ratio have the highest influence on the GRF values, while 463 

concrete compressive strength (spalling not considered) and steel tensile strength seem to have no 464 

significant influence. Thus, in order to provide a simplified GRF based design tool, the influence of 465 

these parameters could be neglected. 466 
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 467 

 468 

Figure 15: Influence of geometric parameters and material properties on the GRF for RC slabs exposed to natural 469 

fire: a) rebar axis distance; b) load ratio; c) slab height; d) reinforcement ratio; e) concrete compressive strength; 470 

f) steel tensile strength. 471 
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Table 6. GRF parameter study 472 

Property Investigated range Influence on GRF  Max-Min /mean (%) 

Rebar axis distance a 0.03 m - 0.05 m Very large effect 79.47 

Load ratio χ 0.3 - 0.7 Very large effect 17.56 

Slab height h 0.2 m - 0.4 m Very small effect 0.92 

Reinforcement ratio ρ 0.2% - 2% Small effect 5.83 

Concrete strength fck 30 MPa – 60 MPa Very small effect 0.26 

Steel strength fyk 220 MPa – 500 MPa Very small effect 0.51 

 473 

4.2 Efficient evaluation tool 474 

By generating a set graphs as shown in Figure 14, for various values of the load ratio and concrete 475 

cover, the GRF can be very quickly estimated for a wide range of geometric and material parameters.  476 

Using these graphs, the design procedure presented in Section 2.4 is further elaborated to provide for 477 

an explicit safety-based design for fire exposed RC slabs until full burnout, as illustrated in Figure 16. 478 

This is demonstrated further in the application example in Section 5. 479 

  480 
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 481 

Figure 16: Global resistance factor based design procedure for a RC slab exposed to a Eurocode parametric fire 482 

curve, to survive a complete burnout scenario. 483 

  484 
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5 Application example 485 

In this section, an example analysis of a RC slab spanning a compartment in a residential building is 486 

conducted to assess the burnout resistance under natural fire conditions. The evaluation is done 487 

considering first the deterministic, and subsequently the GRF based design methods. The deterministic 488 

design check is compatible with the current Eurocode fire design methodology, but the obtained safety 489 

level remains unknown. When applying the GRF based design, a clear target (i.e. maximum allowable) 490 

failure probability is specified. 491 

The geometric and material parameters for the compartment and the RC slab are presented in Table 492 

7 and Table 8 respectively. Moreover, the bending moment MEd,fi due to the transverse loads on the 493 

slab considered in this example is 51.7 kNm, corresponding to a load ratio χ = 0.3. 494 

5.1 Deterministic design check 495 

First, the nominal (design value) burnout bending moment resistance MRd,fi is checked against the 496 

design load MEd,fi considering a complete burnout scenario, using the compartment equivalence 497 

expressions (3) and (4) and design method as presented in Section 2.1. The equivalent reference 498 

compartment corresponding to the parameters in Table 7 is characterized by the parameters in Table 499 

3, and Oref = 0.1 m1/2 and qf,ref = 1500 MJ/m². Using Eq. (2) yields a duration of heating phase DHP = 500 

56.25 minutes, which corresponds to a ventilation controlled fire. The maximum rebar temperature 501 

ϴmax corresponding to Oref, qf,ref and rebar axis distance a is obtained directly from Figure 5 or the 502 

surrogate model in Annex A, i.e. ϴmax = 470°C. Finally, the temperature dependent steel tensile 503 

strength retention factor kfy = 0.848 corresponding to 470°C is obtained from the definition in 504 

EN 1992-1-2:2004, which is then substituted in (5) to obtain a burnout bending moment resistance 505 

MRd,fi = 62.7 kNm. From the deterministic design check, it can be concluded that the slab defined in 506 

Table 8 is able to withstand a complete burnout scenario (MRd,fi > MEd,fi) and will not lead to delayed 507 

failure during or after the cooling phase.   508 

5.2 GRF based design check 509 

When the uncertainties in the material properties and geometry of the RC slab are to be taken into 510 

account explicitly, the safety of the design can be quantified through the pre-calculated GRF values 511 

and Eq. (1). First, the average resistance µR,fi = 71.1 kNm is obtained from the mean values μX for the 512 

material properties and the geometry. Herein, the deterministic value of the strength retention factor 513 

kfy is obtained from the deterministic model presented in section 2.2. Then, from the previously 514 

calculated equivalency parameters Oref = 0.1 m1/2 and qf,ref = 1500 MJ/m², the GRF is taken directly from 515 

Figure 14. Considering a target failure probability Pf,t = 0.01 a value γR = 1.77 is obtained. In the last 516 

step, the average resistance μR,fi is divided by the GRF, through which the design burnout bending 517 
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resistance MRd,fi = 40.2 kNm is obtained. From this result, it can be concluded that design load MEd,fi 518 

exceeds the design resistance, thus the slab design is deemed not to achieve the (maximum) target 519 

failure probability Pf,t = 0.01. To confirm the accuracy of the GRF based design method, the design 520 

resistance MRd,fi is compared to the value obtained from a full probabilistic evaluation. From 5∙106 MC 521 

simulations MRd,fi,MC = 41.8 kNm is obtained. It can therefore be concluded that the GRF based design 522 

method yields a safe (conservative) estimation of the design resistance. 523 

Repeating the above evaluation for a higher value of Pf,t = 0.05 results in a design resistance MRd,fi = 524 

71.1/1.32 = 53.9 kNm, from which it can be concluded that the slab with parameters in Table 7 will 525 

have a failure probability lower than 5%. This evaluation thus indicates that the deterministic design 526 

check results in a failure probability between 1% and 5%. The latter is confirmed with a full probabilistic 527 

evaluation (5∙106 MC simulations), which yields a failure probability pf = 3.4%. 528 

The example above shows that a GRF based design check which takes into account all material and 529 

geometry related uncertainties is easily applicable.  530 

Table 7. Properties of example compartment 531 

length lc width wc height hc Thermal inertia b Opening factor O Fire load density qf 

8 m 8 m 2.5 m 800 J/m²s0.5K 0.055 m1/2 840 MJ/m² 

Table 8. Properties of example slab 532 

Parameter Deterministic Calculation Mean value evaluation (μR,fi) 

Slab height h 0.2 m 0.2 m 

Slab width w 1 m  1 m  

Rebar axis depth a 0.035 m 0.035 m 

Reinforcement ratio ρ  
0.471% 

(Rebar ø12 – 120 mm) 

0.481% 

(Rebar ø12 – 120 mm) 

Concrete strength fc fck(20°C) = 30 MPa fcm(20°C) = 42,9 MPa 

Steel strength fy fyk(20°C) = 500 MPa fym(20°C) = 560 MPa 

  533 
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6 Conclusions 534 

Traditional design approaches where deterministic capacity assessments are combined with nominal 535 

time-temperature curves are insufficient for assessing the expected performance of structures 536 

exposed to real fires. To help address this, a number of innovations to the traditional approach have 537 

been presented, as applied to the bending resistance of simply supported RC slabs. Firstly, it was 538 

demonstrated that considering a full burnout scenario rather than a prescribed heating regime is of 539 

significant relevance, since the possibility of a delayed collapse cannot be neglected. Moreover, 540 

obtaining knowledge with regard to the structural response until complete burnout of a fire and 541 

beyond is essential as it benefits the safety of fire brigades and first responders, and enhances property 542 

protection and resilience of the built environment. In this regards, this research proposes a simple 543 

design tool, based on a surrogate model for estimating the maximum rebar temperature to quickly 544 

check whether a simply supported RC slab can withstand a fully developed Eurocode parametric fire 545 

until complete burnout. 546 

The deterministic evaluation of the bearing capacity does not explicitly consider the many 547 

uncertainties associated with structures exposed to fire. Therefore, fragility curves are presented. 548 

These curves highlight the influence of the Eurocode parametric fire parameters on the load bearing 549 

capacity of RC slabs, indicating that the safety level obtained when applying deterministic design 550 

approaches is highly dependent on the compartment fire exposure characteristics. The load ratio (i.e. 551 

the ratio of the imposed load effect to the total load effect) is found to be of lesser importance, 552 

although not negligible. The analysis furthermore indicates that the bending capacity of concrete slabs 553 

during fire cannot readily be described by a traditional lognormal distribution.  554 

To allow for a straightforward application of reliability considerations in the design of RC slabs for 555 

burnout resistance, a global resistance factor (GRF) approach is proposed. Application of a GRF allows 556 

to determine the design value of the resistance effect, i.e. the design value of the burnout bending 557 

moment capacity considering parametric fire exposure, considering only a single model evaluation 558 

with mean values for all stochastic input variables. The application of such an approach is of particular 559 

relevance for situations where the model evaluation is computationally expensive. Taking into account 560 

the calculated fragility curves, the required GRF for a specified target safety level in case of fire is 561 

numerically derived. Using these values as an input, a more elaborate design procedure for 562 

implementing a GRF based evaluation in a design is presented. The procedure illustrates how the 563 

application of the GRF allows for an explicit safety-based design for fire exposed concrete slabs, 564 

without requiring the application of expert probabilistic methods. Moreover, the calculated values are 565 

applicable to any compartment within the Eurocode parametric fire framework, through application 566 
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of a scaling approach. The methods proposed in this contribution are intended as a stepping stone 567 

towards the development of global resistance factor based safety formats for more complex 568 

geometries, considering partial or full structures rather than single members. 569 
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 696 

Annex A: Regression model for maximum rebar temperature 697 

Table A.1: Polynomial equations from regression model for maximum rebar temperatures ϴmax 698 
Ventilation 

controlled 

fires 

ϴ(qf,O,a)  = 5.001E+02 - 1.450E+03*qf + 5.489E-01*y - 1.073E+04*a + 3.869E-01*qf*O  

- 4.963E+04*qf*a - 3.553E+00*O*a + 8.728E+03*qf² - 1.851E-04*O² + 1.419E+05*a²  

- 7.754E-01*qf²*O + 1.315E+05*qf²*a - 3.379E-06*O²*qf + 8.205E-04*O²*a  

+ 3.014E+05*a²*qf + 8.282E+00*a²*O - 9.689E+00*qf*O*a - 2.920E+04*qf³  

+ 2.565E-08*O³ - 7.189E+05*a³ 

Fuel 

controlled 

fires 

ϴ(qf,O,a) = -9.618E+01 - 7.650E+02*qf + 2.426E+00*O + 1.366E+03*a - 4.148E+00*qf*O  

- 2.804E+03*qf*a - 4.065E+01*O*a + 3.816E+03*qf² - 2.432E-03*O² - 1.432E+03*a²  

+ 2.030E+01*qf²*O - 1.783E+02*qf²*a - 3.517E-03*O²*qf + 1.521E-02*O²*a  

- 2.852E+02*a²*qf + 3.747E+02*a²*O + 4.528E+01*qf*O*a + 1.364E+03*qf³ + 2.177E-06*O³ 

- 1.638E+02*a³ - 8.841E+01*qf³*O + 1.248E+01*qf³*a - 4.949E-06*O³*qf - 2.663E-06*O³*a 

- 2.510E+01*a³*qf - 1.610E+03*a³*O + 3.565E-02*qf²*O² - 2.854E+01*qf²*a²  

- 3.761E-02*O²*a² - 6.878E+01*qf²*O*a - 1.793E-02*O²*qf*a - 1.308E+01*a²*qf*O  

+ 3.442E+02*qf
4 - 3.475E-10*O4 - 1.448E+01*a4 
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