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Life safety in single-story steel frame 
buildings, Part II – probabilistic design 
Joakim Sandström, Luleå University of Technology/Brandskyddslaget AB 

1 Abstract 

Including consideration to the fire conditions in structural fire safety design enables a nuanced evaluation of the life 

safety objective in single-story-, single-compartment buildings. This paper investigates the probability of unacceptable 

consequences from structural fire damage in a typical Scandinavian single-story steel frame building and discusses it in 

relation to life safety. The investigated building does not meet the safety levels as stipulated by EN 1990 for 

structural fire damage. However, by including consideration to the fire conditions in the compartment, it is shown 

that the life safety objective is not compromised by the structural fire damage, i.e. the structure remains intact as long 

as any individuals/firefighters can survive within the fire area compartment. 

This paper is a complement to the paper Life safety in single-story steel frame buildings, Part I – deterministic 

design by Sandström (2019) considering the same design philosophy but with a deterministic design approach. 

Keywords: Structural fire safety design, Performance-based design, Fire engineering, Life 

safety, Monte Carlo simulation 

2 Introduction 

2.1 Background 

The probability of structural fire damage using probabilistic methods have been evaluated in several 

studies. Most of them focus on multi-story buildings where the life safety objective is addressed by 

ascertaining a sufficiently low probability of structural fire damage (Shi et al., 2013; Van Coile et al., 

2013). Sandström et al. (2017) shifted the focus for structural fire safety design of single-story, single-

compartment buildings from structural fire damage alone to include consideration to the fire conditions 

in the fire compartment. In previous work, Sandman (1989) addressed the combination of structural 

fire safety of steel frame buildings and fire conditions by suggesting that interior firefighting attack was 

impossible if flashover had occurred in the fire compartment. Sandman (1989) promoted early 

suppression as the only feasible means of saving the building content. In more recent work, Guowei et 

al. compared the time to structural fire damage with the time of egress from a sports arena as one of 

several critical conditions (Guowei et al., 2016). 

The approach to evaluate the life safety in relation to structural fire damage in single-story, single-

compartment buildings as suggested in this paper, was first presented in a paper by Sandström (2019). 
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Sandström showed that a steel truss in the investigated building could meet the life safety criterion even 

though the structural stability was compromised in case of fire and without achieving code compliance. 

In this paper, the probability of unacceptable consequences to firefighters due to structural fire damage 

is investigated for the same building configuration but by using the Monte Carlo method (Metropolis 

and Ulam, 1949). 

2.2 Lethal fire conditions 

It is assumed that after a certain time of a fire, survival of occupants and firefighters are not possible in a 

zone adjacent to the fire. Sandström (2019) introduced the concept of a critical time, 𝑡𝑐𝑟𝑖𝑡, as the time 

when the level of thermal radiation to occupants or firefighters, �̇�𝑟𝑎𝑑
′′ , exceeds a critical threshold value, 

�̇�𝑟𝑎𝑑,𝑐𝑟𝑖𝑡
′′ . However, the thermal radiation at the threshold level is only lethal in combination with a 

sufficiently long time of exposure, here denoted 𝑡𝑚𝑎𝑟𝑔𝑖𝑛. Sandström (2019) suggested the combination 

of �̇�𝑟𝑎𝑑,𝑐𝑟𝑖𝑡
′′  = 30 kW/m² during the time of exposure, 𝑡𝑚𝑎𝑟𝑔𝑖𝑛  = 150 s as a conservative estimate of 

conditions that preclude survival of occupants egressing, and/or firefighters performing interior attack. 

Thus, a structural design where the time to structural fire damage, 𝑡𝑠𝑡𝑟, is longer than 𝑡𝑐𝑟𝑖𝑡 + 𝑡𝑚𝑎𝑟𝑔𝑖𝑛 

implies acceptable fire resistance with respect to life safety, see Figure 1. 

 

Figure 1 𝑡𝑐𝑟𝑖𝑡, 𝑡𝑚𝑎𝑟𝑔𝑖𝑛 and time interval where structural fire damage does not lead to unacceptable consequences, 

(Sandström, 2019) 

The failure criterion for the area affected by structural fire damage, in this case study the entire building, 

is therefore formulated as 

𝑡𝑠𝑡𝑟 < 𝑡𝑐𝑟𝑖𝑡 + 𝑡𝑚𝑎𝑟𝑔𝑖𝑛 (1) 
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That is; failure, or unsafe outcome, occurs if structural fire damage take place prior to lethal conditions 

being present in the building. 

2.3 Case study building 

The geometry of the building is identical to that of the building evaluated in the case study by 

Sandström (2019). Thus, information on some of the deterministic models and design assumption used 

can be found there. 

The studied commercial single-story steel frame building for selling utensils has a load-bearing structure 

as shown in Figure 2. More details regarding the dimensions are presented in Table 1. 

 

Figure 2 Overview of the load-bearing structure in the case study, from Sandström (2019). 

3 Stochastic case study 

To demonstrate the capabilities of the approach, methods and situations in this paper are chosen with 

the concept of ‘consistent level of crudeness’ and especially the epistemic uncertainty in mind, i.e. the 

uncertainty in the modelling process and uncertainty regarding discrepancy between the model and 

reality (Elms and Brown, 2006). However, combining the models and using a conservative approach is 

assumed to present an efficient model with reasonable results on the safe side (Frank et al., 2011). 

Important parameters were assumed randomly distributed. Others were assumed to be deterministic, 

since they were assessed to have negligible impact on the overall results. 

3.1 Building and fire parameters 

The fire was modelled with the computer code B-Risk (Wade et al., 2016). With this code it is 

possible to use crude Monte Carlo simulation with randomized variables. Each simulation is initiated by 

realization of the stochastic parameters. For assumptions regarding openings and other building 

parameters, see Table 1. 
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At the back of the building, there is a rolling door for loading goods with a low probability of being 

open. However, to create a variation of the heat release rate, HRR in the post-flashover stage the 

opening height of the rolling door was assigned a stochastic distribution in the model. This variation 

was induced to evaluate the importance of HRR in relation to the risk for loss of life. 

Table 1 Assumptions regarding stochastic parameters used in the fire modelling. 

 Distribution Mean CoVa Comment 

Building envelope 

Length Deterministic 87 m -  

Width Deterministic 42 m -  

Height Deterministic 6 – 8.5 m - Eaves to ridge 

Thermal inertia of sandwich 

walls √𝑘𝜌𝑐 
Deterministic 2400 J/m²Ks½ - 

Steel – rockwool – 

steel sandwich panel 

Openings 

Width of main entrance Deterministic 3 m - 
Open at all times 

Height of main entrance Deterministic 3 m - 

Width of glass section Deterministic 3 m - Breaks according to 

model in B-Riskb Height of glass section Deterministic 3 m - 

Width of port for loading Deterministic 3 m -  

Height of rolling door for 

loading 
Normal 3 m 1 

Bounded by 

dimensions 

Width of doors for egress Deterministic 1.2 m - Probability of open 

during fire is 0.1 for 

each of 6 doors 
Height of doors for egress Deterministic 2 m - 

Fire 

Heat release rate per unit 

area, �̇�𝑓𝑖
′′  

Normal 460 kW/m² 0.15 Est.c,e 

Fuel load density Normal 600 MJ/m² 0.15 Est.d,e  

Fire growth rate Normal 0.04 kW/s² 0.5 

Fast growth ratee 

(bounded by 0.01 and 

0.2) 

Height of fire Deterministic 1.3 m - Est. e 

a CoV stands for Coefficient of Variation 

b (Parry et al., 2003) 

c (PD 7974-1, 2003)  
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d (Thomas, 1986) CoV chosen in the lower range to reduce required computational cost. 

e (Sandström, 2019) 

3.2 Thermal action on steel elements 

The heat flux from the fire to the steel elements is calculated as the maximum of heat flux from the hot 

upper gas layer temperature, �̇�𝑈𝐿
′′ , and the heat flux from localized exposure, �̇�𝑝𝑙𝑢𝑚𝑒

′′ . 

�̇�𝑡𝑜𝑡
′′ = 𝑚𝑎𝑥 {

�̇�𝑈𝐿
′′

�̇�𝑝𝑙𝑢𝑚𝑒
′′  (2) 

The heat flux from hot gas layer to the steel structure, �̇�𝑈𝐿
′′ , is calculated according to equation (3) based 

on the hot gas layer temperature, 𝑇𝑔,𝑈𝐿, calculated by B-Risk. 

�̇�𝑈𝐿
′′ = ℎ𝑐(𝑇𝑔,𝑈𝐿 − 𝑇𝑠) + 𝜀𝑈𝐿𝜀𝑠𝜎 ((𝑇𝑔,𝑈𝐿 + 273)

4
− (𝑇𝑠 + 273)4) (3) 

𝑇𝑠 is the steel temperature, ℎ𝑐 is the convective heat transfer coefficient, 𝜀𝑈𝐿 the emissivity of the upper 

gas layer for the purpose of this paper assumed equal to unity, 𝜀𝑠 the emissivity of the steel surfaces and 

𝜎 = 5.67∙10-8 Wm-2K-4 is Stefan-Boltzmann’s constant. ℎ𝑐 = 35 W/m²K and 𝜀𝑠 = 0.7 for all subsequent 

calculations in the following sections as suggested for natural fires and steel surfaces by EN 1991-1-2 

and EN 1993-1-2 respectively. 

The calculation of �̇�𝑝𝑙𝑢𝑚𝑒
′′  for different relations between the structural elements and the localized fire is 

described in the following sections. 

3.2.1 Fire origin area 

The spatial relation between each structural element and the fire plume was renewed for each 

simulation. Thus, the origin of the plume central axis defined by the 𝑥 and 𝑦 values was randomized 

with a uniform distribution within the bounds of the fire origin. From the assumption of symmetry, the 

area was located only on one side of the truss with a width of 3 m from the truss center line, see Figure 

3. 
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Figure 3 A symmetric part of the fire origin area in relation to the investigated steel truss. 

3.2.2 Heat transfer to the lower chord  

The heat flux from the localized fire to each element in the lower chord is calculated as 

�̇�𝑝𝑙𝑢𝑚𝑒
′′ = 𝜀𝑠𝜎 ((𝑇𝑝𝑙(𝑧, 𝑟) + 273)

4
− (𝑇𝑠 + 273)4) + ℎ𝑐(𝑇𝑝𝑙(𝑧, 𝑟) − 𝑇𝑠) (4) 

𝑇𝑝𝑙(𝑧, 𝑟) is the plume temperature at height 𝑧 (m), and the distance 𝑟 (m) from the plume central axis. 

Figure 4 illustrates the different key concepts regarding the calculation of 𝑇𝑝𝑙(𝑧, 𝑟) along the distance 

from the plume central axis and outwards.  

Investigated steel truss 

Fire origin area 
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Figure 4 Key concepts regarding the calculation of 𝑇𝑝𝑙(𝑧, 𝑟) at the lower chord. 

The first step in each simulation is to find the plume radius, 𝑏 (m), as defined by Heskestad (2008), see 

equation (5). 

𝑏 = 0.12 (
𝑇𝑝𝑙(𝑧, 0)

𝑇𝑔,𝐿𝐿

)

1 2⁄

(𝑧 − 𝑧0) (5) 

𝑇𝑔,𝐿𝐿 is the lower layer temperature, and 𝑇𝑝𝑙(𝑧, 0) is the plume central axis temperature at height 𝑧 (m), 

calculated according to Eurocode (EN 1991-1-2, 2002), see equation (6). 

𝑇𝑝𝑙(𝑧, 0) = 20 + 0.25(𝜒𝑐�̇�𝑓𝑖)
2 3⁄

(𝑧 − 𝑧0)−5 3⁄ ≤ 900 (6) 

�̇�𝑓𝑖 is the total heat release rate in W from the localized fire, 𝜒𝑐 = 0.8 is the convective heat fraction of 

�̇�𝑓𝑖, 𝑧 is the vertical distance in m from the plume base to the element, and 𝑧0 (m) is the height of the 

virtual plume origin, i.e. a translation from point to area source of the plume to account for differences 

in heat release rate per unit area, �̇�𝑓𝑖
′′ , calculated as. 

𝑧0 = −1.02𝐷 + 0.00524�̇�𝑓𝑖
2 5⁄

 (7) 

The second step is to calculate the thermal exposure to each element located at 𝑟 ≥ 𝑏 at its 

corresponding element height 𝑧, i.e. 𝑇𝑝𝑙(𝑧, 𝑟). This is done by assuming 𝑇𝑝𝑙(𝑧, 𝑟) equal to the adiabatic 

surface temperature (Wickström et al., 2018) calculated from the combination of the thermal radiation 

from the flame to the element, �̇�𝑖𝑛𝑐
′′ (𝑧, 𝑟), and the gas temperature at element height, 𝑇𝑔(𝑧), see equation 
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(8). This numerical translation is performed to obtain a consistent quantity of the thermal exposure, i.e. 

temperature, along 𝑟. 

𝜀𝑠 (�̇�𝑖𝑛𝑐
′′ (𝑧, 𝑟) − 𝜎(𝑇𝑝𝑙(𝑧, 𝑟) + 273)

4
) + ℎ𝑐 (𝑇𝑔(𝑧) − 𝑇𝑝𝑙(𝑧, 𝑟)) = 0 (8) 

The gas temperature near the element, 𝑇𝑔(𝑧), is calculated in B-Risk as either 𝑇𝑔,𝑈𝐿, or 𝑇𝑔,𝐿𝐿 depending 

on the vertical location of the element in relation to the height of the gas layer interface. The incident 

thermal radiation from the flame to element at distance 𝑟, from the plume central axis, �̇�𝑖𝑛𝑐
′′ (𝑧, 𝑟), is 

estimated by simplifying the flame as a cylinder with the same diameter as the fire base, 𝐷 (m). To 

consider the differentiated temperature along the flame height, the flame is divided into segments, each 

of them radiating to the horizontal element based on the segment mean plume central axis temperature. 

The view factor, 𝛷𝑖, from each flame segment perimeter, 𝐴1,𝑖, to the annular ring segment, 𝐴2, is 

calculated as proposed by Brockmann (1994) with adjustments by Antwerpen and Greyvenstein (2008), 

see Figure 5.  

 

Figure 5 The view factor is calculated from the surface of each flame segment, 𝐴1,i, and the annular ring at the 

distance of the receiving element, 𝐴2. 

The incident radiation from the plume to the annual ring 𝐴2 at the distance 𝑟 from the plume central 

axis, �̇�𝑖𝑛𝑐
′′ (𝑧, 𝑟), is integrated in eight discrete steps over the height of the fire plume and is adjusted to 

the receiving surface as 

�̇�𝑖𝑛𝑐
′′ (𝑟) =

1

𝐴2

∑ 𝜎𝐴1,𝑖𝛷𝑖𝜀𝑓𝑙(𝑇𝑓𝑙,𝑖 + 273)
4

𝑖=1

 (9) 

The flame emissivity, 𝜀𝑓𝑙 is calculated with equation (10) (Mudan and Croce, 1988; Tien et al., 2008) 

and is assumed equal over the entire flame height. 

𝜀𝑓𝑙 = 1 − 𝑒−𝜅𝐿𝑏 (10) 

𝜅 is assumed to 0.8 m-¹. The 𝜅-value is an approximation from Hägglund & Persson (1976), and 

Beyreis et al. (1971). 𝐿𝑏 is the mean beam length of the fire cylinder calculated according to Tien et al. 

(2008) as 

A2

A1,i  (cylindrical perimeter of plume)
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𝐿𝑏 = 3.6
𝑉

𝐴
 (11) 

The heat transfer from the fire plume to the element, �̇�𝑝𝑙𝑢𝑚𝑒
′′ , is then calculated depending on the 

element height, 𝑧, and gas layer interface height, LH, as 

�̇�𝑝𝑙𝑢𝑚𝑒
′′ = 𝜀𝑠(�̇�𝑖𝑛𝑐

′′ (𝑟) − 𝜎(𝑇𝑠 + 273)4) + ℎ𝑐(𝑇𝑔(𝑧) − 𝑇𝑠) (12) 

The third step is to estimate the plume temperature, 𝑇𝑝𝑙(𝑧, 𝑟), at 0 < 𝑟 ≤ 𝑏. The temperature is assumed 

to follow a Gaussian distribution as suggested by Heskestad (2008) from the plume central axis 

temperature, 𝑇𝑝𝑙(𝑧, 0), to the temperature at the plume radius, 𝑇𝑝𝑙(𝑧, 𝑏), see Figure 4. 

3.2.3 Heat transfer to the upper chord 

For elements at ceiling height, 𝑧 = 𝐻, the choice of equation for calculating the heat transfer from the 

fire plume to the elements, �̇�𝑝𝑙𝑢𝑚𝑒
′′ , is governed by the flame height, 𝐿𝑓, in m as  

�̇�𝑝𝑙𝑢𝑚𝑒
′′ = {

𝜀𝑠𝜎 ((𝑇𝑝𝑙(𝑧, 0) + 273)
4

− (𝑇𝑠 + 273)4) + ℎ𝑐(𝑇𝑝𝑙(𝑧, 0) − 𝑇𝑠) 𝑓𝑜𝑟 𝐿𝑓 < 𝐻

�̇�𝑖𝑛
′′ − 𝜀𝑠𝜎((𝑇𝑠 + 273)4 − 2934) − ℎ𝑐(𝑇𝑠 − 20) 𝑓𝑜𝑟 𝐿𝑓 ≥ 𝐻

 (13) 

𝑇𝑝𝑙(𝑧, 0) is calculated as the plume central axis temperature at distance 𝑧 = 𝐻 + 𝑟 in m from the plume 

base, see equation (6), where 𝑟 is the horizontal distance from the plume central axis to the element, see 

Figure 6. 𝐿𝑓 is calculated in m as suggested by Heskestad (2008) from the fire diameter, 𝐷 (m), and heat 

release rate, �̇�𝑓𝑖 (W), see Figure 6 and equation (14). 

𝐿𝑓 = −1.02𝐷 + 0.0148�̇�𝑓𝑖
2 5⁄

 (14) 

�̇�𝑖𝑛
′′  in equation (13) is the sum of the incoming heat flux to a surface at a temperature of 20 °C with 

the same heat transfer properties, 𝜀𝑠, and ℎ𝑐 as is assumed for the target body surface. According to EN 

1991-1-2, Annex C (EN 1991-1-2, 2002) �̇�𝑖𝑛
′′  is specified in W/m² as 

�̇�𝑖𝑛
′′ = {

100 000 𝑓𝑜𝑟 𝑦 ≤ 0.3
136 300 − 121 000𝑦 𝑓𝑜𝑟 0.3 < 𝑦 ≤ 1.0

15 000𝑦−3.7 𝑓𝑜𝑟 1 < 𝑦

 (15) 

𝑦 is a dimensionless parameter that depends on the rate of heat release, �̇�𝑓𝑖, the diameter of the fire base, 

𝐷, the distance from the fire base, 𝐻, and the horizontal distance from the plume central axis to the 

element, 𝑟, see Figure 6.  
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Figure 6 Parameters used for calculation of the fire exposure from the localized fire to elements at ceiling height. 

3.3 Steel temperature- and resistance calculations 

The element numbers of the steel truss are presented in Figure 7, and their properties are presented in 

Table 2. 

 

Figure 7 Steel truss layout and element numbers, from Sandström (2019). 

Table 2 Steel properties of the elements of the steel truss, from Sandström (2019). 

 Steel Quality, 𝑓𝑦,𝑘 Dimensions 𝐴𝑚 𝑉 ⁄  𝑘𝑠ℎ
i 

Upper chord S420J L 100x10 203 𝑚−1 0.63 

Lower chord S355J L 100x10 203 𝑚−1 0.87 

Diagonals S355J UNP 100 320 𝑚−1 0.78 

i correction factor for the shadow effect. 

 

The mean value of the steel is calculated from the characteristic value assuming a lognormal distribution 

and a coefficient of variation (CoV) 0.07 as suggested by JCSS (2001). For each simulation, all elements 

are assigned yield strength independently and to include for uncertainties regarding geometrical 

imperfections, a coefficient of variation of 0.1 is assumed. The assumption of individual realization of 

yield strength was compared to fully correlated yield strengths for the entire steel truss and was found to 

be on the safe side and was therefore used in this case study. The difference in results between the 

assumptions of statistical independence and full correlation was also small. 

The critical steel temperature for each element in deterministic design, 𝑇𝑠,𝑐𝑟𝑖𝑡 is shown in Figure 8.  
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Figure 8 Critical design temperature for each element, 𝑇𝑠,𝑐𝑟𝑖𝑡. 

For every iteration, 𝑇𝑠,𝑐𝑟𝑖𝑡 is recalculated to a real critical temperature, 𝑇𝑠,𝑐𝑟𝑖𝑡,𝑟𝑒𝑎𝑙 , for each element. 

This recalculation is performed by comparing the utilization, 𝜇0,𝑓𝑖, for each element based on the real 

load, 𝑄𝑖 + 𝐺𝑖, and resistance, 𝑅𝑟𝑒𝑎𝑙,𝑖, from the stochastic values realized for each simulation to the 

design values of load, 𝜓1𝑄𝑘 + 𝐺𝑘, and resistance, 𝑅𝑑,𝑓𝑖,𝑖, see equation (16).  

𝜇0,𝑓𝑖,𝑖 = 𝜇0,𝑓𝑖

(𝑄𝑖 + 𝐺𝑖)
𝑅𝑟𝑒𝑎𝑙,𝑖

⁄

(𝜓1𝑄𝑘 + 𝐺𝑘)
𝑅𝑑,𝑓𝑖,𝑖

⁄
 (16) 

This new utilization, 𝜇0,𝑓𝑖,𝑖, is then translated to 𝑇𝑠,𝑐𝑟𝑖𝑡,𝑟𝑒𝑎𝑙,𝑖 using EN 1993-1-2. The use of 𝑇𝑠,𝑐𝑟𝑖𝑡,𝑟𝑒𝑎𝑙 

in the structural design is assumed conservative in comparison to a full structural analysis. However, this 

is deemed sufficient for the study in this paper.  

For each iteration, the time of structural fire damage, 𝑡𝑠𝑡𝑟, occurs when the steel temperature in any 

element supersedes the real critical temperature, 𝑇𝑠,𝑐𝑟𝑖𝑡,𝑟𝑒𝑎𝑙,𝑖, for the element. 

3.4 Load calculations 

Data on the self-weight, 𝐺, is presented by the steel entrepreneur who provided the steel frame to the 

project. For this project it was assumed normally distributed with a mean value of 0.77 kN/m² as given 

by the entrepreneur, and with a coefficient of variation of 0.05 according to JCSS handbook (JCSS, 

2001). 

The snow load was calculated based on historical data between 1961-2017 from the Swedish 

Meteorological and Hydrological Institute, regarding snow depth in Skövde, Sweden (“SMHI Open 
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data | Meteorological Observations”, n.d.). Using the conversion equations presented in JCSS 

handbook (JCSS, 2001), the snow load at an arbitrary point in time, 𝑄, was found to be gamma 

distributed with a shape factor, 𝛼 = 0.78, and a scale factor, 𝛽 = 0.41, see Figure 9.  

According to the same statistics database, the probability of snow load, 𝑝𝑠𝑛𝑜𝑤, for an arbitrary day was 

found to be 0.15. In each simulation, a uniformly distributed variable, 𝜉𝑖 (0 ≤ 𝜉𝑖 ≤ 1), was realized and 

the load acting on the truss, 𝐸𝑖, was calculated as 

𝐸𝑖 = {
𝐺𝑖 + 𝑄𝑖 𝑓𝑜𝑟 𝜉

𝑖
≤ 𝑝

𝑠𝑛𝑜𝑤

𝐺𝑖 𝑓𝑜𝑟 𝜉
𝑖

> 𝑝
𝑠𝑛𝑜𝑤

 (17) 

 

 

Figure 9 Gamma distribution for the snow load for an arbitrary point in time in Skövde, Sweden. 

 

3.5 Probability of fire occurrence 

The probability of one ignition, 𝑃𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛, over a reference time interval of 50 years is calculated 

according to the Poisson distribution presented by Lie (1974) as  

𝑃𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛 = 50𝐴𝑓𝜆𝑝𝑒−50𝐴𝑓𝜆𝑝 (18) 

where 𝐴𝑓 is the building area, e.g. 3 654 m² and 𝜆𝑝 is the probability of ignition assumed to be 4 ∙ 10−7 

per year and m² as recommended by Holický et al. (2005). Consideration is taken to the probability of 

occupants’ and firefighter intervention, 𝑃𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑡 = 0.6 and 𝑃𝑓𝑖𝑟𝑒𝑓𝑖𝑔ℎ𝑡𝑒𝑟 = 0.9 respectively as suggested 

for public spaces by Holický et al. (2005) and supported by Fontana et al. (1999). Sprinklers are not 
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accounted for in this paper. The resulting probability of one severe fire occurrence, 𝑃(𝑠𝑓), is calculated 

as 

𝑃(𝑠𝑓) = 𝑃𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛 ∙ (1 − 𝑃𝑜𝑐𝑐𝑢𝑝𝑎𝑛𝑡) ∙ (1 − 𝑃𝑓𝑖𝑟𝑒𝑓𝑖𝑔ℎ𝑡𝑒𝑟) =

= 6.79 ∙ 10−2 ∙ (1 − 0.6) ∙ (1 − 0.9) = 2.72 ∙ 10−3 
(19) 

 

3.6 Calculation procedure 

Figure 10 is an adaptation of the flowchart presented for the deterministic design case in Sandström 

(2019) and presents an overview of how the Monte Carlo method is applied in this case study. Blue 

boxes in Figure 10 represent the realization of stochastic values while black boxes represent 

deterministic calculations based on these values. If the failure criteria in the final box, 𝑡𝑠𝑡𝑟 < 𝑡𝑐𝑟𝑖𝑡 +

𝑡𝑚𝑎𝑟𝑔𝑖𝑛, is true, a structural fire damage can lead to an unsafe outcome, see section 2.2. 𝑡𝑐𝑟𝑖𝑡 is the time 

when the hot gas layer produces thermal radiation to the floor level at all locations in the fire 

compartment equal to, or higher than 30 kW/m² and 𝑡𝑚𝑎𝑟𝑔𝑖𝑛 = 150 s, see section 2.2.  
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Figure 10 Flow chart describing the calculation process for each simulation when using the Monte Carlo method. 

An in-house code was written in the Java programming language with the purpose of automating the 

calculations according to the described methods and for realization of stochastic values for each 

simulation. 

4 Results 

The time at which occupants or firefighters are subjected to the lethal fire conditions is assumed 

deterministically and conservatively, see Sandström (2019). Using the Monte Carlo method aims at 

investigating the risk of lethality due to structural fire damage rather than death in a fire exposed 

building regardless of reason. The probability of structural fire damage before lethal fire conditions is 

therefore referred to as the probability of an unsafe outcome, 𝑃(𝑢𝑜). 

Structural fire damage (s f d ) is defined as the time when the individual critical temperature in any of the 

steel elements is superseded, see section 3.3. Of the 1000 simulations, s f d  occurred 909 times, i.e. 

𝑃(𝑠𝑓𝑑) is estimated to 0,909. In combination with the probability of one severe fire occurrence, 𝑃(𝑠𝑓), 
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see equation (19) section 3.5, this yields a total probability of structural fire damage over the reference 

period of 50 years to 

𝑃(𝑠𝑓) ∙ 𝑃(𝑠𝑓𝑑) = 2.72 ∙ 10−3 ∙ 0.909 = 2.47 ∙ 10−3 (20) 

However, by adding consideration to the fire conditions in the compartment, i.e. evaluating whether 

s f d  occurs before or after the lethal conditions in the building, it is observed in the calculations that 

𝑃(𝑢𝑜) occurs only in 7 out of 1000 simulations, i.e. 𝑃(𝑢𝑜) is estimated to 7 ∙ 10−3. Thus 

𝑃(𝑠𝑓) ∙ 𝑃(𝑢𝑜) = 2.72 ∙ 10−3 ∙ 7 ∙ 10−3 = 1.90 ∙ 10−5 (21) 

As the building is a public building in consequence class CC2, the target reliability is derived from 

ultimate limit state design safety for reliability class RC2, and a reference period of 50 years to 7.23 ∙

10−5 (EN 1990. Basis of Structural Design, 2002). Thus, evaluating the safety solely from a structural fire 

damage perspective, the building cannot be considered safe. However, by including consideration to 

the conditions in the fire compartment and instead evaluate the probability of unsafe outcome, it is 

possible to conclude that the probability of harm or death from structural fire damage is sufficiently low 

to accept the building design as safe compared to RC2. 

The 7 out of 1000 simulations shows that the elements in the lower chord, being closest to the fire 

origin are the most sensitive to structural fire failure before the time to lethal fire conditions as seen in 

Figure 11. 

 

Figure 11 Number of structural fire damages with unsafe outcome out of the 1000 simulations for each truss 

member. 
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To understand what creates situations prone to induce risks for unsafe outcome, the thermal radiation at 

the time 𝑡𝑠𝑡𝑟 was compared to different input parameters. Some interesting findings were observed, 

such that structural fire damage with unsafe outcome occurs early in a fire, see Figure 12.  

 

Figure 12 Time of structural damage 𝑡𝑠𝑡𝑟 in relation to thermal radiation from the hot smoke layer �̇�𝑟𝑎𝑑
′′ . Red data 

points represent simulations with an unsafe outcome.  

As shown in Figure 12, the time to structural fire damage is not a good predictor for unsafe outcome. It 

is, however, possible to conclude that structural fire damage with unsafe outcome tends to occur before 

accumulation of hot gases in the upper layer, i.e. when the thermal exposure is largely from the 

localized fire. It is therefore a much stronger correlation between the probability of unsafe outcome and 

the heat release rate per unit area, �̇�𝑓𝑖
′′ , at time 𝑡𝑠𝑡𝑟 − 𝑡𝑚𝑎𝑟𝑔𝑖𝑛, see Figure 13. 

 

Figure 13 Heat release rate per unit area, �̇�𝑓𝑖
′′ , in relation to thermal radiation from hot smoke layer, �̇�𝑟𝑎𝑑

′′  at time 

𝑡𝑠𝑡𝑟 − 𝑡𝑚𝑎𝑟𝑔𝑖𝑛. Red data points represent simulations with an unsafe outcome. 

A high value of �̇�𝑓𝑖
′′  alone is not sufficient to induce a high probability of unsafe conditions. The 

maximum heat release rate of the localized fire, �̇�𝑓𝑖,𝑚𝑎𝑥, needs to be large enough and the horizontal 
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distance from the plume central axis small enough to the lower chord where structural fire damage is 

most prone to induce unsafe conditions, i.e. element 17, 18 and 19. For �̇�𝑓𝑖
′′  > 600 kW/m², it is possible 

to observe that �̇�𝑓𝑖,𝑚𝑎𝑥> 50 MW in combination with a small horizontal distance, 𝑟𝐿𝐶 < 2 m from the 

plume central axis to the closest of element 17, 18 and 19 produce a high probability of structural fire 

damage with unsafe outcome, see Figure 14. 

 

Figure 14 For simulations with �̇�𝑓𝑖
′′  > 600 kW/m², the combination of horizontal distance, 𝑟𝐿𝐶 , to element 17, 18 

and 19 and �̇�𝑓𝑖,𝑚𝑎𝑥 at time 𝑡𝑠𝑡𝑟 − 𝑡𝑚𝑎𝑟𝑔𝑖𝑛 creates situations prone to induce a high probability of unsafe outcome. 

Structural fire damage is for most simulations unrelated to the real critical temperature, 𝑇𝑠,𝑐𝑟𝑖𝑡,𝑟𝑒𝑎𝑙. Figure 

15 shows the simulations yielding unsafe outcome in relation to the real critical temperature of the 

steel, 𝑇𝑠,𝑐𝑟𝑖𝑡,𝑟𝑒𝑎𝑙, calculated from the stochastic values realized for each simulation. The general trend in 

Figure 15 with a line of black dots corresponds to structural fire damage in the upper chord and 

diagonals. The eight dots (seven red and one black) outside this general trend corresponds to structural 

fire damage in the lower chord due to direct exposure from the localized fire, see Figure 15. 
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Figure 15 The real critical temperature, 𝑇𝑠,𝑐𝑟𝑖𝑡,𝑟𝑒𝑎𝑙 , in relation to thermal radiation from hot smoke layer, �̇�𝑟𝑎𝑑
′′  at 

time 𝑡𝑠𝑡𝑟 − 𝑡𝑚𝑎𝑟𝑔𝑖𝑛 . Red data points represent simulations with an unsafe outcome. 

For the simulations where structural fire damage occurs in elements with low real critical temperatures, 

i.e. 𝑇𝑠,𝑐𝑟𝑖𝑡,𝑟𝑒𝑎𝑙 < 600 °C, �̇�𝑓𝑖
′′  aid in explaining unsafe outcome, see Figure 16. The leftmost red data 

point in Figure 16 is from a simulation with almost perfect alignment of the plume central axis below 

element 18 where structural fire damage occurred. 

 

Figure 16 For simulations with 𝑇𝑠,𝑐𝑟𝑖𝑡,𝑟𝑒𝑎𝑙 < 600 °C, the �̇�𝑓𝑖
′′  > 450 kW/m² creates situations prone to induce a 

high probability of unsafe outcome. 

For the seventh simulation with unsafe outcome, �̇�𝑓𝑖
′′  is high, e.g. equal to 69 MW. Even though a high 

value of �̇�𝑓𝑖
′′  alone is not sufficient to explain structural failure with unsafe outcome, the combination 

with all other parameters creates a situation with a resulting unsafe outcome. 

5 Discussion 

The studied building of shoe-box type with no interior walls is well suited for demonstration of the 

approach in this paper. Addressing situations with interior walls, partial collapse of the building 

envelope, and/or more complex structural configurations would require further elaboration of the 

approach without adding to the conceptual understanding. 

Firefighting systems are not included in the studied case although it is possible to include it in the 

analysis, either as sprinkler or as roof vents. Consideration to sprinkler should be included in the 

calculation of the probability of a severe fire, 𝑃(𝑠𝑓), while consideration to roof vents should be 

included in the fire model itself. 
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6 Conclusion 

For buildings with the design objective of having no failure during a limited duration of a fire, the approach 

presented in this paper allows for the life safety objective to be evaluated in a much more nuanced way 

than previously possible. However, the approach does not replace deemed-to-satisfy solutions as 

presented in building codes, rather it constitutes a complement to these when determining the safety in 

more complex buildings where the objective is no failure during an entire fire. 

The building investigated in this paper should be considered safe with regard to life safety. The 

probability for unsafe outcomes at the time of structural fire damage is small in comparison to other 

accidental load designs. This correlates to the findings in the case study by Sandström (2019) where the 

same approach was used but with deterministic design values. 

The analysis of data showed that combinations of some of the parameters tend to increase the 

probability of unsafe outcome. These parameters include: 

• The maximum heat release rate, �̇�𝑓𝑖,𝑚𝑎𝑥 , 

• The heat release rate per unit area, �̇�𝑓𝑖
′′ , 

• The real critical steel temperature, 𝑇𝑠,𝑐𝑟𝑖𝑡,𝑟𝑒𝑎𝑙, and 

• The distance from the plume centerline to the most sensitive elements in the lower chord, 𝑟𝐿𝐶 , 

However, no single parameter can alone induce unsafe conditions. 

The approach in this paper presents a feasible complement for the design of buildings where life safety 

is the only objective. It also addresses structural fire safety design as an alternative to probabilistic 

approaches with a sole focus on structural fire failure during an entire fire. Still, there is much left to be 

explored with regards to the life safety objective in structural fire safety design and much data is needed 

on stochastic distributions and design values to enable the approach to its fullest. However, it is the 

authors strong conviction that this approach is a possible road forward and that it can lead to new and 

more informed/efficient structural fire safety designs.  
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